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Abstract

Material characterization has been a topic of interest for many years due to numerous
applications in industry and research. Free space material characterization has seen lots
of interest lately due to the non-invasive and non-destructive nature of the measurement
procedure which is an important feature for some applications such as medical, food quality
and production lines applications. In this thesis, a new method for characterizing materials
and extracting parameters like dielectric constant, loss tangent and thickness, is presented.
The method relies on using Frequency Modulated Continuous Wave (FMCW) radars with
complex baseband to extract those features from both the magnitude and phase of the
reflection coefficient of the material. Our study shows that utilizing both the magnitude
and phase can enhance the accuracy of measurement and provide some extra information
regarding the material configuration e.g., dielectric suspended in air or placed on a metal
substrate. Using FMCW radar in free-space material characterization is a very good alter-
native to traditional free-space methods which rely on expensive and bulky VNAs. Two
dielectric materials were tested, and the results were compared to data from literature.
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Chapter 1

Introduction

1.1 Motivation

Accurate extraction of material parameters like dielectric constant and dielectric loss is
very important for many applications that either use these materials as part of a larger de-
sign like RF/Microwave applications [10] and PCB manufacturing [47], or in applications
like food quality [1] and non-invasive medical testing [3]. There are numerous ways for
extracting those parameters including cavity-resonance based methods [48] and one-Port
or two-Port waveguide based methods in [44], [19] and [2] . Some of these methods require
direct contact with the sample material and others are non-contact or non-invasive which
are also known as free-space methods as discussed in [32],[13] and [30]. Most of these meth-
ods rely on a bulky and expensive VNA to extract reflection or transmission parameters
for these materials and also require special sample preparation. Radar transceivers are a
promising alternative to VNA for extracting reflection coefficient for characterizing mate-
rials [43]. These radar transceivers are very compact and low-cost and can characterize
the material from a distance which makes them ideal for application requiring non-invasive
testing. Some of these applications are medical testing for tumor detection, testing ma-
terial and products in production line, testing food quality and quick characterization for
materials used in RF applications e.g. dielectric resonator.

Due to the fact that most modern automotive applications use FMCW radars for col-
lision avoidance and safety [35], means that adding the material characterization feature
to these radars can also provide an additional data about the target needed for taking the
proper action e.g. identifying human targets through fog or rain. The work in this thesis
represents an early study for the use of a complex baseband radar system with a special
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waveform (FMCW) in the 77 GHz band which is very common for automotive applica-
tions, for extracting dielectric properties and configuration information about the target
material. The use of both magnitude and phase information of the complex baseband of
the radar is found to be a good way for enhancing the measurement accuracy and providing
more information about the target.

1.2 Research Objectives

The main objectives of this research are:

• Exploring the possibility of using FMCW radar with complex baseband for free space
material characterization.

• Studying the possibility of utilizing the phase information in the reflection factor to
enhance the measurement accuracy and identifying material configuration.

• Deriving the theoretical foundations for complex FMCW material characterization.

• Exploring possible applications and studying the limitations for using FMCW for
free space material characterization.

1.3 Thesis Layout

This thesis is organized in 6 chapters starting with the introduction. In Chapter 2, a gen-
eral literature review about free-space material characterization is discussed. The review
starts with a discussion for general free-space material characterization methods including
transmission and reflection based methods. Additionally, several reflection based methods
are further reviewed with a discussion for their applications and limitations. An early study
for the usage of ultra wide band real-only FMCW radar is discussed with its advantages
and drawbacks.

In Chapter 3, we introduce the full theoretical foundations and the different models
for our problem. Three models are discussed, transmission line and reflection model for
the problem of a dielectric slab backed by air or metal, and a complex baseband FMCW
model for the same problem. Furthermore, an extension for the previous models for the
problem of multi-layer dielectric is introduced. The difference between different types of
dielectrics and their corresponding reflection factor magnitude and phase is examined with
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emphasis on the phase information importance in enhancing the measurement accuracy
and identifying the material layer configuration. Additionally, some MATLAB simulations
for the aforementioned models are introduced.

In Chapter 4, the FMCW Radar board used for our research is reviewed in detail. The
used board is AWR2243 77GHz FMCW radar from Texas Instruments with 3 Tx and 4
Rx channels. In order to obtain maximum reflection from the target material, a lens has
to be used with the radar. A 3D-Printed hyperbolic lens was designed and fabricated for
the Tx and Rx antennas used in the TI radar board. The lens design and fabrication is
discussed in detail in Chapter 5 with a brief discussion of types of lenses that can be used
for the same purpose with their advantages and drawbacks.

Chapter 6 introduces the experiment results that were accomplished on different materi-
als to verify our theoretical models and simulations. Finally, Chapter 7 discusses the future
work needed for enhancing the system capabilities and enabling an automatic calibration
process by adding extra sensors to the system.
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Chapter 2

Background and Literature Review

Measuring the dielectric properties of materials and samples is a very important process
for many research and industrial domains such as absorber material and circuit board
substrates characterization for microwave applications, food ripeness research, biological
and tissue engineering etc. [46], [45], [28]. The aim of these methods is to measure
and estimate the dielectric parameters of the material under test including the dielectric
constant εr and loss tangent tan δ.

The dielectric parameters of a material are fundamentally the complex permittivity ε
and complex permeability µ. The real part of the complex permittivity, represents the
amount of energy stored in the material due to an external electric field. On the other
hands, the imaginary part represents the amount of energy lost or dissipated inside the
material as a result of an external electric field. This value is equal to zero for lossless ma-
terials. The ratio between the imaginary part and the real part of the complex permittivity
is known as the loss tangent tan δ. For the complex permeability, the real part represents
stored energy in the material resulting from an externally applied magnetic field, and the
imaginary part represents the lost energy in the material due to the same magnetic field.
For dielectric material, the value of the complex permeability is very close to free space
permeability [5], [45]. Table 2.1 below shows some material examples with their values for
dielectric constant and loss tangent measured at 2.45 GHz.

Most of the material characterization methods rely on the transmission and reflection
coefficients for extracting the dielectric parameters. There are many methods that have
been developed for measuring the transmission and reflection coefficient data from the ma-
terial and algorithms derived for estimating the dielectric parameters from the processing
of these measured data [31],[15],[29]. In this chapter, we are going to review these mea-
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Material εr tanδ

Teflon 2.1 0.0003
Alumina 9 0.0006

Glass Ceramic 6 0.005
Concrete (Dry) 4.5 0.0111

Wood 1.2-5 0.004-0.4167

Table 2.1: Examples of materials and their dielectric properties at room temperature and
2.45 GHz frequency [45]

surement methods and briefly go through the algorithms used with them. Additionally,
more detailed discussion on some interesting examples of those techniques are presented
[45]. The measurement methods can be mainly classified into four categories based on the
technique used. Those methods are:

• Resonance Method

• One-Port Method

• Two-Port Method

• Free-Space Method

2.1 Resonance Method

In the Resonance method, a material sample is shaped and placed in a cavity resonator
and the change of the resonance frequency and the quality factor is monitored. Before
that, the resonance frequency and the quality factor Q of this cavity, which is defined
as the frequency/bandwidth ratio, are measured when it is empty [46]. The resonance
frequency and the quality factor shift from the empty cavity to cavity filled with material
sample, as shown in Figure 2.1, has a direct relationship with the dielectric constant εr
and loss tangent tan δ of the sample material according to equations 2.1 and 2.2 which
were introduced in [34].

ε′s =
Aε′rVc
Vs

(
fc − fs
fs

)
+ ε′r (2.1)
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ε′′s =
BVc
Vs

(
ε′2r + ε′′2r

ε′r

)(
Qc −Qs

QcQs

)
+
ε′sε
′′
r

ε′r
(2.2)

Figure 2.1: Change of the resonance frequency and the quality factor Q after inserting the
material.

where ε′ and ε′′ represent the real and imaginary parts of the complex permittivity
respectively; the subscripts r and s represent the material of the cavity, and the sample
being measured respectively (for air filled cavity ε′r=1 and ε′′r=0 ). Moreover, fC and fS
are the resonance frequencies of the empty and sample filled cavity respectively, QC and
QS are the quality factors of the empty and sample filled cavity , Vc is the cavity volume
and Vs is the volume of the sample. Finally, A and B are constants that depend on the
geometry of the cavity [34].

This method is very accurate especially with low loss materials. However, in order
to achieve this high accuracy, a VNA with very high frequency resolution is needed for
detecting the finest frequency shift (e.g., 1 Hz) [45].

There are some reported techniques which use a cavity made into a substrate integrated
waveguide SIW which is compact and easy to manufacture compared to conventional cavity
resonators. It can also be used to characterize liquid samples as discussed in [26].

Despite the accuracy of this technique, it suffers from some drawbacks such as the
limited frequency band for measurement due to the nature of the cavity resonance principle.
The sample also needs to be prepared and shaped before the measurement. Furthermore,
it needs a very high resolution and complex VNA for an accurate measurement.
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2.2 One-Port Method

The second method is the one-port method which relies on reflection coefficient measure-
ment of a material sample terminating an open-ended waveguide. This waveguide can be
either a coaxial or a rectangular waveguide [46]. The basic principle behind this method is
that the reflected signal in an open-ended waveguide terminated by the material sample,
will be affected by the presence of that sample so that the reflection coefficient S11 will
contain information about the material dielectric properties. This S11 is measured using a
VNA and post-processed to extract the desired parameters [45].

Due to the presence of the waveguide between the VNA cable and the material sample,
a standard one port calibration process must be done before doing the measurements. This
step is known as de-embedding. The error terms added by the presence of the waveguide
are removed by using the conventional TRL (Thru-Reflect-Line) calibration method used in
VNA. After de-embedding, the measurement reference plane is transplanted to the surface
of the sample material.

Figure 2.2: Coaxial probe based one-port measurement setup with material sample.

Figure 2.2 above shows the different components of the measurement system using the
open-ended waveguide method with a coaxial probe for characterizing a tissue sample. The
calibration or de-embedding is done first to translate the connector plane to the probe end
or the material surface shown in the figure as aperture plane. The reflection coefficient
measurement is then used to calculate the dielectric parameters of the material [45].

Figure 2.3 shows different configurations for the open-ended waveguide method using
coaxial waveguide for thick a) and thin b) samples and similar for rectangular waveguide
probe c) and d). Both the rectangular waveguide and coaxial probes are suitable for thin
film samples when supported by metal as shown in 2.3(b),(d). For thicker samples, the
rectangular waveguide is generally used with larger sample dimensions due to the much
larger radiation distance (20 cm for WR90).
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Figure 2.3: Different configurations for one-port measurement setup with coaxial trans-
mission line a), b) and rectangular waveguide c), d) [46] (Reused under a CC-BY license)

This method is non-destructive and requires no special shaping or preparation for the
sample material. However, it is required that the probe is in close contact with the sample
. Additionally, air gaps between the probe and the sample introduces extra errors.

2.3 Two-Port Method

The third method is the Two–Port method utilizing both reflection and transmission char-
acteristics of the material under test. This method is very similar to the One-Port method
previously discussed in the general principle of calculating the dielectric properties of the
material from the measured S parameters using a waveguide probe and VNA. However,
in this method, the material sample is placed inside a waveguide and both reflection and
transmission coefficients, S11 and S21 respectively are measured as seen in Figure 2.4. The
dielectric constant is then calculated from both those parameters [46].

Due to the use of the waveguide, which can be a rectangular or coaxial, a good cali-
bration is required before doing the measurement. This calibration can be done by two
methods: The first one is by compensating the phase error added by the waveguide length
before and after the sample material to translate the measurement plane from the connector

8



Figure 2.4: Two-port measurement setup with rectangular waveguide [45]

to the sample material surface. The second method is using the standard TRL calibration
technique for VNA similar to the open-ended waveguide method. This technique is good
for measuring samples with high loss [45], and also capable of measuring both permittivity
and the permeability of sample material unlike the open-ended method which is only able
to measure permittivity [45]. However, this method needs special preparation and shaping
for the sample material to fit inside the waveguide as shown in Figure 2.5, which makes it
a destructive method.

Figure 2.5: Different configurations for two-port measurement setup with coaxial trans-
mission line a) and rectangular (Reused under a CC-BY license).
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2.4 Free-Space Method

The fourth and the last material characterization technique, and the one of which our
proposed work is based on is the Free-Space method. In this method, the material and the
probes or the measurement setup are separated and not in contact with each other. This
kind of measurement is mainly used for applications where the access to the material under
test is restricted or could damage the measurement equipment. For example, characterizing
a material placed in a furnace or a production line. The setup for this method consists of a
transmit and receive antennas (usually horn antennas) connected to a VNA for measuring
the S-Parameters of the material which is separated from the antennas by a certain distance.

Figure 2.6: Various configurations for free-space measurement setup [46] (Reused under a
CC-BY license)

There are various configurations used depending on the transmit and receive antennas
setup and which S parameters are used for the characterization as shown in Figure 2.6.
Some configurations rely on the transmission parameters only as seen in Figure 2.6(a),(c).
Other rely on the reflection parameters as shown in Figure 2.6(b),(d).

One of the common configurations for this method is using the two antennas facing
each other with the material between them as shown in Figure 2.7. This method utilizes
the transmission coefficient S21 for calculating the dielectric properties of the material.
Other configurations have the antennas located beside each other and directed towards

10



Figure 2.7: Free-space measurement setup.

the material utilizing the reflected signal from the material. In all cases, the measurement
setup needs to be calibrated before starting the measurement. The calibration is done in
order to remove the effect of the antennas and the separation between the antennas and
the material. After the calibration, the measurement reference plane is translated to the
material surface.

Free-space method is non-contact and non-destructive. However, it requires flat and
relatively large samples for measurements. One of the problems with the free-space method
is the multi-reflections between the antennas and the material, and multi-path reflections
from the environment around the setup which requires that the test is done inside an
anechoic chamber for accurate measurements.

In [37] , researchers tried to mitigate this problem by proposing a technique for reducing
the multi-path reflections from the environment by doing several tests while rotating the
setup in multiple directions and changing the separation distance between the material
and the antennas and then averaging the results to cancel out the multi-patch reflections
from the walls. The setup they use consists of a VNA connected to two antennas close to
each other and directed at the material which is located at some distance away. The angle
of incidence could be assumed to be equal to 0 as the two antennas are very close to each
other as shown in Figure 2.8.
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Figure 2.8: Free-space measurement system used in [27]

The de-embedding is preformed by first considering that the parameter S21, measured
by the VNA, is equal equation 2.3.

Stotal
21 = B

e−2jk0R

2R
ΓMUT + A (2.3)

where A and B are the antenna mutual coupling and the incident wave amplitude
respectively. The distance between the material and the antennas is expressed by R while
k0 is wave number. ΓMUT represents the reflection coefficient at the surface of the material
which contains the information about its dielectric properties. This simply means that the
S21 seen by the VNA is nothing but the reflection coefficient at the surface of the material
attenuated and phase shifted with the antenna mutual coupling added to it. In order to
extract this reflection coefficient, A and B has to be determined. In order to extract the
mutual coupling A, a test without the material is preformed to measure only the coupling
of the two antennas:

Santennas
21 = A (2.4)

Another test is completed with the material replaced by the its metallic equivalent:

Smetal
21 = −B

e−2jk0R

2R
+ A (2.5)

From those 3 tests, ΓMUT can be extracted easily using the following formula:

ΓMUT =
Stotal

21 − Smetal
21

Santennas
21 − Smetal

21

− 1 (2.6)
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As mentioned previously, this embedding and testing is done N times with different
distances and changing the setup direction inside the room. All the results are then summed
and divided by the number of tests N in order to average and reduce the multi-path effect
as shown in equation 2.7.

ΓMUT
mean =

(
N∑

i=1

ΓMUT
i

)
/N (2.7)

Figure 2.9: Free-space measurement setup in a) a multi-path and b) an anechoic environ-
ment [37] (Reused with permission from AIP Publishing).

.

The results of the measured reflection coefficient are compared to reflection coefficient
obtained in the anechoic chamber, results without de-embedding and simulation results
are shown in Figure 2.10. The results show that the de-embedding method is very effective
in removing the multi-path reflections from the environment with the results almost equal
to the results obtained in an anechoic environment and the CST simulation.

In order to extract the dielectric constant of the material from the measured reflection
coefficient, an extra test is preformed with the same previous step but with material backed
by metal. Finally the dielectric constant of the material can be directly calculated using
the following set of equations based on the model for TE polarization developed by Fenner
et al. in [11].
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Figure 2.10: Reflection coefficent of teflon sample from different measurments compared
with simulation [37] (Reused with permission from AIP Publishing).

.

εr =
Z2

0

Z2
+ sin2 Φ0 − TE polarization (2.8)

Where

Z2 =
Z0Z

AZB

Z0 + ZA − ZB
(2.9)

ZA = Z0

(
1 + ΓMUT−MP

1− ΓMUT−MP

)
(2.10)

ZB = Z0

(
1 + ΓMUT

1− ΓMUT

)
(2.11)

Where Z0 and Z2 represent the wave impedance of free space and transverse impedance
respectively, while ZA and ZB represent the wave impedance of the sample in the case of
material backed by metal (MUT-MP) and material only (MUT). Moreover, Φ0 is the wave
incidence angle.

The resulting epsilon over the bandwidth from 2 to 18 GHz compared to the result
obtained inside the anechoic chamber, from a coaxial and waveguide probe and value
reported in datasheet is shown in Figure 2.11:

This method is proven to be effective in reducing the multipath reflections from the
environment. However, it requires an expensive VNA and bulky horn antennas and is not
able to extract the loss tangent or the thickness of the material.
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Figure 2.11: Extracted dielectric constant of Teflon sample from different methods com-
pared with the datasheet [37] (Reused with permission from AIP Publishing).

In [9], the authors propose another free-space technique using a signal generator with
an oscilloscope instead of the VNA. This method utilizes the Radar Cross Section (RCS)
characteristics of the material for calculating its dielectric properties. The setup consists of
a pulse signal generator connected to the Tx antenna and synchronized through a trigger
with an oscilloscope connected to Rx antenna for sampling the received signal.

Figure 2.12: Measurement setup for the RCS based method in [9].

The material sample is located 1 m away from the two Vivaldi antennas which are
placed side by side in quasi-monostatic configuration. The principle used for calculating
the dielectric constant and loss tangent of the material depend on the time-domain reflected
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pulse characteristics for the target (Material Sample). Those reflected pulse characteristics
can be used to calculate the RCS of the target, which is related to the reflection coefficient
of the target material according to equation 2.12.

σMUT = σ∞
∣∣Γ2

MUT

∣∣ (2.12)

Where σMUT and σ∞ represent the RCS for the material and its metallic equivalent
respectively. The RCS in both cases can be calculated using the following equation:

σavg =

∫∞
−∞ |r(t)|

2dt∫∞
−∞ |s(t)|2dt

· (4πR2)
2

het · her
(2.13)

Where r(t) is the received pulse reflected from the material in time domain, and s(t)
is the transmitted pulse also in time domain. Figure 2.13 shows the transmitted pulse
s(t) along with the recieved pulse r(t) for the case of ambient, metal and Granite sample.
The distance to the target is expressed by R while het and her are the heights of the Tx
and Rx antennas respectively. After measuring the RCS of the material and its metallic
equivalent, then ΓMUT can then be calculated and eventually the dielectric constant can
be obtained using equation 2.14.

εr =

(
1− ΓMUT

1 + ΓMUT

)2

(2.14)

In this case, the incidence angle is assumed to be zero (normal) to simplify the calcu-
lations. However, equation 2.15 is a more general formula taking incidence angle θi into
account. This equation holds for perpendicular (horizontal) polarization only, which is the
polarization of the used Vivaldi antennas.

Γ⊥ =
cos θi −

√
ε2/ε1 − sin2 θi

cos θi +
√
ε2/ε1 − sin2 θi

(2.15)

The main advantage of this method is that it does not require a planar or especially
shaped material samples compared to other reported methods. The utilization of the target
RCS means that any arbitrarily shaped material can be characterized using this technique.
However, it requires a pulse signal generator along with an oscilloscope in order to generate
and resolve the pulses from the target.
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Figure 2.13: Transmitted and received pulse signals from a granite slab [9]
( c© 2015 IEEE).

The authors also proposed a modified method for extracting the dielectric constant and
loss tangent as a function of frequency. Figure 2.14 shows the extracted dielectric constant
and loss tangent for a granite slab using this method, and compared to the same parameters
extracted using Agilent probe. The results show a good agreement for the extraction of the
real part of the dielectric constant. However, deviation in the loss tangent data is obvious.

Another interesting free-space technique was reported in [6] and [7]. The researchers
proposed a material characterization system using Ultra Wide Band UWB Frequency Mod-
ulated Continuous Wave FMCW radar with 50 GHz bandwidth using the setup shown in
Figure 2.15.

The purpose of this technique is first extracting the reflection coefficient of the material
from the FMCW real-only baseband signal and consecutively estimating the dielectric con-
stant from it. Before starting the measurement, a traditional calibration or de-embedding
steps are done in order to eliminate the effect of the channels and antennas and bring
the measurement reference plane to the surface of the material. This is the same princi-
ple used in VNA calibration. The extracted reflection coefficient over the frequency band
of the radar is then fitted to the Fresnel reflection factor equation using Gauss-Newton
algorithm to extract the dielectric constant and the loss tangent of the material.
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Figure 2.14: Extracted dielctric constant and loss tangent for a granite slab [9] ( c© 2015
IEEE).

Figure 2.15: Material characterization test setup used in [6]
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Figure 2.16: Calibrated and uncalibrated reflection coefficient extracted using FMCW
radar for a PTFE sample [6] ( c© 2017 IEEE).

This method uses a custom designed UWB radar chip with 50 GHz BW and utilizes
the real only data from the radar baseband. Also due to the high frequency band used
(200GHz to 250 GHz), the measurement range is relatively shorter than other lower fre-
quency systems. There are other material characterization systems that use parallel plates
with the material between them to monitor the change in capacitance according to the
change in material permittivity. However, these systems are more suitable for low fre-
quency measurements and for thin sheet samples. The strengths of each technique are
summarized in Figure 2.17.

Finally, a comparison between all the discussed methods with respect to the frequency
band used and the tested material loss is shown in Figure 2.18

2.5 Summary

In this chapter, several material characterization methods were discussed and compared.
Resonance methods are very accurate and work well for low loss materials. However, it
requires direct contact with the material sample and needs a very accurate VNA. One-
port method is broadband and suitable for lossy materials. It also works well with liquid
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Figure 2.17: Comparison between different material characterization techniques according
to their strengths ( c© Agilent Technologies) [27].

Figure 2.18: Comparison between different material characterization techniques according
to frequency range and material loss ( c© Agilent Technologies) [27].
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samples and does not require special machining for the solid materials. In contrast, two-
port methods require a machined solid sample to fit inside the waveguide. Both one-port
and two-port methods need a direct contact with the samples and depend on a bulky and
expensive VNA for measurements. Free-space method does not require any contact or
shaping for the sample which makes it ideal for some applications where direct contact
with the material is not possible or poses a risk to the measurement equipment.

Different techniques for the Free-space method were discussed. The first technique pro-
poses a solution for the multipath reflections when the measurement is done outside an
anechoic environment. The second technique introduces a method for characterizing sam-
ples with arbitrary shapes based on the RCS of the material. Finally, a UWB radar based
technique was discussed which uses FMCW real-only baseband information to extract di-
electric properties of the material instead of using an expensive VNA. In conclusion, it was
evident that a solution which overcomes most of the drawbacks of these methods is needed.
Such a system would dispense with the need for a VNA or expensive lab equipment. It
should also be non-contact and non-destructive and suitable for multi-path environments.
In our literature, we propose such a system using a complex baseband FMCW radar that
can accurately characterize all kinds of materials and identify the layer configuration using
both magnitude and phase information. Our system is compact, mobile and low-cost which
makes it ideal for many applications.
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Chapter 3

System Model and Analysis

In the previous chapter, a comprehensive discussion about material characterization meth-
ods was introduced. It was obvious that most of these methods are either reliant on
expensive equipment or require a direct contact or special shaping for the sample. The
FMCW technique in [6] required a custom radar design with 50GHz bandwidth [42] and
does not utilize the complex baseband information from the radar. We propose a free-
space system that uses a commercial 77GHz FMCW radar chip with 4GHz bandwidth,
widely used in the automotive industry, to accurately and reliably characterize materials
in a non-contact and non-invasisve way. The used board has a complex IQ baseband pro-
viding both magnitude and phase information about the reflected signal from the target.
In this chapter, we will investigate our system model in-depth and provide analysis and
simulation results to verify our theoretical models. The importance of using the phase in-
formation for enhancing the measurement accuracy and identifying the layer configuration
is discussed. Finally, the methods for extracting the dielectric parameters from the radar
complex baseband information are introduced.

3.1 Problem Modeling

In order to extract the dielectric parameters of a material sample, the first step is to
accurately extract the reflection coefficient at the surface of the material. In this section,
we are modeling the material sample as a flat dielectric slab with finite thickness with the
aim of extracting the input reflection coefficient at its surface (z = −d). For simplicity,
we are assuming that the sample is suspended in air. However, our models can be easily
modified to assume a metal substrate or even a 2nd dielectric layer. Additionally, we
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Figure 3.1: Proposed material characterization setup.

assume a constant dielectric constant εr and loss tangent tan δ for the entire band of
interest in all our models.

Figure 3.2: Model for flat dielectric slab with finite thickness backed by air.

Two theoretical models are discussed for the flat dielectric slab assumption. The first
model is derived using transmission line theory for modeling the material and the next layer
as a transmission line with a characteristic impedance Z01 and electric length γ d where γ
is the propagation constant and d is the slab thickness. The second model is the multiple
reflections model which accounts for the multiple reflections and transmissions inside the
material sample. Finally, an FMCW model taking into account the radar waveform and
the channel delay is introduced. This model is essential for demonstrating how the complex
reflection coefficient is related to the complex baseband of FMCW radar.
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3.1.1 Transmission Line Model

In the transmission line model, the dielectric slab is modeled as a lossy transmission line
terminated by a load representing the backing layer. The dielectric slab is assumed to be
surrounded by air on both sides, and the characteristic impedance of the air before and
after the dielectric slab are represented by Z0 and ZL while the characteristic impedance
of the dielectric slab is Z01. These characteristic impedances are equivalent to the wave
impedances of the air and the dielectric layer.

Figure 3.3: Transmission line model for flat dielectric slab with finite thickness backed by
air.

The characteristic impedance Z0 representing the air before the dielectric slab is almost
equal to free space impedance which is valued 376.7 ohms. The characteristic impedance
of the dielectric slab is a function of the complex permittivity of the slab material as shown
in equation 3.1 from [11].

Z01 = Z0 ·
√

1

εr
(3.1)

The input impedance Z in of the equivalent transmission line can then be calculated as
shown in equation 3.2 from [38].

Zin(z = −d) = Z01

[
ZL + Z01 · tanh(γd)

Z01 + ZL · tanh(γd)

]
(3.2)

Where γ is the propagation constant and d is the slab thickness. Finally, the input
reflection coefficient can be easily calculated using the reflection coefficient formula as seen
in equation 3.3 from [38].
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Γin =
Zin − Z0

Zin + Z0

(3.3)

This input reflection coefficient Γin represents the reflection coefficient seen at the surface of
the dielectric slab (z = −d) which contains the information needed to extract the dielectric
parameters for the slab material.

This equation can then be used to simulate the model using the dielectric constant εr,
the loss tangent tan δ and the thickness d of the slab as inputs. Figure 3.4 below shows
the simulation results for the input reflection coefficient’s magnitude and phase of a Teflon
slab (εr = 2.07, tan δ = 0.0001) with a thickness of 5mm over a bandwidth from 10 to 100
GHz.

(a) Magnitude

(b) Phase (Unwrapped)

Figure 3.4: The magnitude and the unwrapped phase of Γin for a 5mm thick Teflon sample
using the transmission line model.

This model is simple and can be easily extended to multi-layer dielectrics as sown in
Figure 3.5, by using the Zin of the transmission line as a load impedance for the previous
layer as shown in the following figures and set of equations.

Z01 = Z0 ·
√

1

εr1
(3.4)

25



Figure 3.5: Model for multi-layer flat dielectric slab with finite thickness backed by air.

Figure 3.6: Transmission line model for multi-layer flat dielectric slab with finite thickness
surrounded by air.
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Z02 = Z0 ·
√

1

εr2
(3.5)

ZL1(z = 0) = Z02

[
ZL2 + Z02 · tanh(γ2d2)

Z02 + ZL2 · tanh(γ2d2)

]
(3.6)

Zin(z = −d1) = Z01

[
ZL1 + Z01 · tanh(γ1d1)

Z01 + ZL1 · tanh(γ1d1)

]
(3.7)

Γin =
Zin − Z0

Zin + Z0

(3.8)

Figure 3.7 shows the magnitude and phase of Γin for the 5mm Teflon slab backed by
a 1mm Acrylic layer and then by air. The layer thicknesses are chosen so that we have
obvious disturbance on the magnitude and phase caused by the second layer reflections. It
is obvious that the magnitude and phase are changed compared to Figure 3.4 due to the
extra reflection components added by the Acrylic layer.

(a) Magnitude

(b) Phase (Unwrapped)

Figure 3.7: The simulated magnitude and the unwrapped phase of Γin for Teflon-Acrylic
dielectric slab backed by air using the transmission line model.
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3.1.2 Multiple Reflections Model

The second model used for modeling the dielectric slab with a finite thickness (θ = γd),
is the multiple reflections model which is similar to FP interferometer method commonly
used in photonics. In this model, all reflections happening internally between the two sides
of the slab due to an incident wave are considered. The incident wave is assumed to be a
plane wave normal to the surface of the slab with a normalized amplitude of one. Upon
the wave incidence on the slab surface, part of the incident wave is reflected due to the
contrast between air with a relative permittivity ≈ 1 and the dielectric material with a
relative permittivity εr as shown in figure 3.8.

Figure 3.8: Transmissions and reflections inside a dielectric slab with finite thickness.

The reflected portion at this first incidence, expressed as Γ12 is dependent on the di-
electric constant of the material as shown in equation 3.9 from [11].

Γ12 =
1−√εr
1 +
√
εr

(3.9)

The transmitted part of the wave, expressed as T21 = 1 + Γ12, is then transmitted
through the slab to the other interface and affected by the propagation constant γ. The
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reflection and transmission are repeated indefinitely between the two interfaces. The input
reflection coefficient at the surface of the slab is the summation of all the reflection and
transmission components seen at the first interface (z = −d) as seen in equation 3.10 and
3.11. Finally, equation 3.14 represents the closed form for that summation [5].

Γin (z = −d) = Γ12 + T12Γ23T21e
−2θ + T12Γ21Γ2

23T21e
−4θ + . . . (3.10)

Γin (z = −d) = Γ12 + T12Γ23T21e
−2θ
[
1 + Γ21Γ23e

−2θ +
(
Γ21Γ23e

−2θ
)2

+ . . .
]

(3.11)

Γin (z = −d) =
Γ12 + Γ23e

−2γd

1 + Γ12Γ23e−2γd
(3.12)

Γ23 = −Γ12 (3.13)

Γin (z = −d) =
Γ12(1− e−2γd)

1− Γ2
12e
−2γd

(3.14)

Where
γ = α + jβ (3.15)

β =
2π
√
εr

λ
(3.16)

α =
π
√
εr
λ

tan δ (3.17)

While β is the phase constnat, α represents the attenuation constant and λ is the free-
space wavelength. Figure 3.9 shows the MATLAB simulation results for the magnitude
and phase of Γin for a 5mm Teflon slab extracted using this model and compared with the
transmission line model. The simulation results show a perfect agreement between the two
models. However, the transmission line model is easier for multi-layer extension.

29



(a) Magnitude

(b) Phase (Unwrapped)

Figure 3.9: A comparison between the magnitude and the unwrapped phase of Γin from
the multiple reflections and the transmission line models for a 5mm teflon slab backed by
air.
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3.1.3 FMCW Model

After introducing the input reflection coefficient models in the previous section, another
model is needed for extracting the input reflection coefficient from the complex baseband of
the FMCW radar. In this section, an introduction about FMCW theory is presented along
with derivations for the complex baseband formulas and discussion on the equivalency
of the complex baseband information and the complex input reflection coefficient of the
dielectric slab. A more detailed discussion regarding the FMCW radar board used for the
measurement is introduced in Chapter 4. FMCW radar is a special type of radar which uses
a frequency modulated waveform for measuring the range of the target. This modulating
waveform is usually a periodic linear or sawtooth waveform that drives a Voltage Controlled
Oscillator VCO for generating what is called a Chirp signal.

Figure 3.10: Chirp Waveform [17]

This chirp signal is then transmitted towards the target and reflected back to the
receiver after a specific duration that is proportional to the range of the target. The
received chirp is then mixed with the conjugate of the transmitted chirp, lowpass filtered
and finally converted to frequency domain through Fast Fourier Transform FFT to produce
the baseband signal also known as Beat signal.

Figure 3.11: Block diagram of FMCW radar [17]

Due to the time shift between the received and transmitted chirps, the beat signal re-
sulting from the mixing of the two chirps will have a frequency that is directly proportional
to the time delay between transmitting and receiving the chirp. This simply means that
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the frequency of the beat signal is directly proportional to the range of the target as shown
in equation 3.18.

Figure 3.12: Transmissions and reflections inside a dielectric slab with finite thickness [17]

fbeat =
2BR

tcc
(3.18)

Where fbeat is the frequency of the baseband beat signal, B is the chirp bandwidth, R
is the target range, tc the period of the transmitted chirp and c is the speed of light. In
order to formulate the FMCW model and relate it to Γin model, we first need to formulate
the Γin model in time-domain. The Γin model that best describes what happens in reality
and the model that is more relevant to the transmission and reflection behaviour of the
chirp signal, is the Multiple Reflections model.

Starting from equation 3.10, and assuming a lossy dielectric material, the slab thickness
expressed as θ = γd, can also be represented as ωC1 +jωC2 as seen in equation 3.21, where
C1 and C2 represent the constant terms as shown in equation 3.22 and 3.23.

θ = γd = (α + jβ) d =

(
π
√
εr
λ

tanδ + j
2π
√
εr

λ

)
d (3.19)

=
π
√
εrtanδ

λ
d+ j

2π
√
εr

λ
d =

ω
√
εrtanδ

2c
d+ j

ω
√
εr
c

d (3.20)

= ωC1 + jωC2 (3.21)
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where

C1 =

√
εrtanδ

2c
d, (3.22)

C2 =

√
εr
c
d (3.23)

As a result, equation 3.10 can then be represented as a function of frequency ω as
shown in equation 3.24 (Assuming no chromatic dispersion due to limited bandwidth of
the radar).

Γin (ω) = Γ12 + T12Γ23T21e
−2ωC1e−j2ωC2 + T12Γ21Γ2

23T21e
−4ωC1e−j4ωC2 + . . . (3.24)

For simplicity, we are representing the constant reflection and transmission terms as
a0,a1,a2....

Γin (ω) = a0 + a1e
−2ωC1e−j2ωC2 + a2e

−4ωC1e−j4ωC2 + . . . (3.25)

This equation is rewritten to reach the simpler expression in 3.26.

Γin(ω) =
∞∑
n=0

ane
−2nωC1e−j2nωC2 (3.26)

The complex chirp signal x(t) generated by the FMCW radar with amplitude A0 and
initial phase θ0 as shown in equation 3.27, is transmitted from the radar towards the target,
reaching it after a duration τ/2 as x′(t) (The time delay τ/2 is resulting from the distance
to target R). In equation 3.27 , ω(t) represents the linear frequency variation in the chirp
starting from an initial frequency ω0 with a slope equal to B/tc as seen in equation 3.29,
where B is the chirp bandwidth and tc is the chirp duration. This equation also represents
the relationship between the time t and the frequency of the chirp ω(t).

x(t) = A0e
j(ω(t)t+θ0) (3.27)

Where
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τ =
2R

c
(3.28)

ω(t) = ω0 +
B

tc
t (3.29)

Due to the equivalency between the frequency and the time of the chirp, the time domain
chirp equation x(t) can be expressed entirely in frequency domain using the relationship
between frequency and time shown in equation 3.29. The resulting frequency domain chirp
is presented in equation 3.30.

x(ω) = A0e
j(ω2 tc

B
−ωω0

tc
B

+θ0) (3.30)

The chirp is then delayed by a duration τ/2 resulting from the path between the radar
and the material.

x′(ω) = x(ω).e−jω
τ
2 = A0e

j(ω(t)2 tc
B
−ω(t)ω0

tc
B
−ω τ

2
+θ0) (3.31)

The delayed chirp x′(ω) is then multiplied by the input reflection coefficient of the
material Γin(ω) generating y(ω) as seen in equation 3.33. This y(ω) signal exhibits another
path delay τ/2 resulting from the return path from the material to the radar, before being
received by the radar as y′(ω) as shown in equation 3.34.

y(ω) = x′(ω).Γin(ω) =
(
A0e

j(ω(t)2 tc
B
−ω(t)ω0

tc
B
−ω τ

2
+θ0)
)
.

(
∞∑
n=0

ane
−2nωC1e−j2nωC2

)
(3.32)

y(ω) = A0

∞∑
n=0

ane
−2nωC1e−j(2nωC2−ω(t)2 tc

B
+ω(t)ω0

tc
B

+ω τ
2
−θ0) (3.33)

y′(ω) = y(ω).e−jω
τ
2 = A0

∞∑
n=0

ane
−2nωC1e−j(2nωC2−ω(t)2 tc

B
+ω(t)ω0

tc
B

+ωτ−θ0) (3.34)

It is worth mentioning that due to the small wave travelling time inside the material,
compared to the chirp duration, the frequency of the multiple reflection components can
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be assumed to be almost constant. To study this frequency shift effect, we first derive a
formula for the time difference td, due to the wave travelling between the two interfaces of
the sample, as presented in equation 3.35.

td =
2nd
√
εr

c
(3.35)

where n is the order of the reflection term. Using equation 3.29, the frequency difference
of the chirp corresponding to this duration is presented in equation 3.36.

∆ω =
B

tc
td (3.36)

In our case, the first reflection term has a frequency difference of 23.8 KHz which
correspond to a frequency error of 0.0005 % when compared to the 4.41 GHz sweeping
bandwidth of the radar. In practice, and according to our simulations, the first 4 reflec-
tion terms are the main contributing terms in the input reflection coefficient, while the
remaining terms are very small and can be neglected.

Finally, the received signal by the FMCW radar is mixed with the conjugate of the
transmitted chirp x(ω) to generate the baseband signal z(ω) as seen in equation 3.37.

z(ω) = y′(ω).x(ω) =

(
A0

∞∑
n=0

ane
−2nωC1e−j(2nωC2−ω(t)2 tc

B
+ω(t)ω0

tc
B

+ωτ−θ0)

)
.
(
A0e

−j(ω(t)2 tc
B
−ω(t)ω0

tc
B

+θ0)
)

(3.37)

z(ω) = A2
0

∞∑
n=0

ane
−2nωC1e−j(2nωC2−ω(t)2 tc

B
+ω(t)ω0

tc
B

+ωτ−θ0+ω(t)2 tc
B
−ω(t)ω0

tc
B

+θ0) (3.38)

The phase factors ω(t)2tc/B, ω(t)ω0tc/B and the initial phase term θ0 from the two
signals cancel out, resulting in equation 3.39

z(ω) = A2
0

∞∑
n=0

ane
−2nωC1e−j(2nωC2+ωτ) (3.39)

In comparison with Γin(ω) formula in equation 3.26, it is obvious that the baseband
signal z(ω) contains the magnitude of Γin(ω) scaled by A2

0. Additionally, the phase of the
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FMCW baseband signal is similar to the phase of Γin with the additional linear phase
distortion term ωτ . This linear phase distortion is resulting from the channel path from
the radar to the material and from the material back to the radar. It is also worth noting
that in reality, the received signal y′(t) will also be affected by the Tx and Rx antenna
gain, the channel path loss and the target RCS, which would also appear at the complex
baseband of the radar. Moreover, the real exponential term e−2nωC1 is responsible for the
attenuation resulting from the losses in the material, and is equal to one in the case of a
lossless material.

In order to compare this model with the earlier discussed transmission line model 3.1.1
and multiple reflections model 3.1.2, the FMCW model is simulated using MATLAB. This
simulation model is simply the Multiple Reflection model with the complex chirp used as
an incident signal. The multiple reflections and transmissions inside the material slab seen
in equation 3.10, are considered up to the first 10 terms. Those 10 terms are enough to
represent the input reflection coefficient Γin as all the subsequent terms have a very small
contribution and can be neglected. The simulation results for this model are presented in
Figure 3.13 with a comparison between the FMCW model and Multiple Reflections model.
Due to the limited memory of the machine and the maximum sampling rate that can be
used, the simulation was created for a Teflon sample over a small bandwidth of 0 to 10
MHz. In order to have sufficient variations for the magnitude and phase of the FMCW
baseband over this small bandwidth, a large theoretical material thickness of 40m was used.
The amplitude A0 of the transmitted chirp x(t) is simulated for values of 0.5V and 0.25V
as seen in Figure 3.13(a). The Tx and Rx antenna gain, the path loss and the target RCS
are all assumed to be unity for simplifying the comparison. The magnitude comparison
shows a difference of 12 dB between each curve which corresponds to A2

0 scaling, while the
phase comparison confirms the linear phase distortion resulting from the term ωτ .

There is no doubt that a distortion in the phase or the magnitude of the input reflection
coefficient Γin can cause unwanted errors when used for extracting the dielectric properties
of the material sample. For this reason, an accurate calibration is required for removing all
magnitude and phase distortions. The details of the calibration are discussed in the next
section.

3.2 Calibration

As discussed in the previous section, the magnitude and phase of the FMCW complex
baseband, seen in equation 3.39, are distorted compared to magnitude and phase of Γin in
equation 3.26. The magnitude is scaled by A2

0 while the phase has a path delay dependent
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(a) Magnitude

(b) Phase (Unwrapped)

Figure 3.13: A comparison between (a) the magnitude and (b) the unwrapped phase of
Γin from the Multiple Reflections and the FMCW models. The magnitude of the multiple
reflection model is compared with the FMCW model for an amplitude A0 of 0.5V and
0.25V while the phase is compared with FMCW model with target distance R of 10m and
20m.
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linear distortion. Additionally, the magnitude will also be affected by the antenna gain of
the transmitter and receiver, the path loss and the RCS of the material sample. Fortunately,
a system calibration can remove all these magnitude and phase distortions for extracting
a clean Γin from the complex baseband of the FMCW radar. Our setup can be modeled
as a one-port network terminated by a load representing the input impedance Zin of the
material slab and its backing layer. Additionally, all the magnitude and phase distortions
due to the channel, the antennas or the RCS of the material can be modeled by a two-Port
error network connected to the load and the measurement system as shown in Figure 3.14.

Figure 3.14: Signal flow diagram for the material under test (MUT) with the error network

This model can be considered as an extension to the transmission line model in Figure
3.3 by taking the error effects into consideration. This type of error network is well-known
in VNA measurements and can be easily removed using one-Port calibration method [41].
To formulate the calibration technique we should first relate the desired input reflection
coefficient Γin to the measured reflection coefficient Γm using the S parameters of the error
network as shown in equation 3.40 and 3.41.

Γm = S11 +
S12S21Γin
1− S22Γin

(3.40)

Γin =
Γm − S11

S12S21 + S22 (Γm − S11)
(3.41)

This simply means that in order to extract Γin of the material, all S parameters of
the error network have to be known. The first parameter S11 can be measured directly by
matching the load for setting Γin to zero as seen in equation 3.42.
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Γm−match = S11 (3.42)

In practice, this means removing the material sample and measuring the reflection
coefficient using the measurement system. For simplicity, the product of S21 and S12 can
be considered as one unknown. Therefore, we need two more equations to extract the
S12S21 product and the S22 parameter.

The second equation can be obtained by replacing the material with its metallic equiv-
alent acting as a short circuit termination to the error network. In this case, Γin will be
equal to -1 and the measured reflection coefficient Γm will reduce to equation 3.43.

Γm−short = S11 −
S12S21

1 + S22

= Γm−match −
S12S21

1 + S22

(3.43)

The third equation can be be obtained by assuming a shift to the short circuit termi-
nation by a known distance ∆d which will translate to a phase shift of 2ω∆d

c
. The input

reflection coefficient Γin in this case becomes equal to -ei2ω
∆d
c yielding to the third equation

3.44.

Γm−line = S11 −
S12S21e

j2ω∆d
c

1 + S22e
j2ω∆d

c

= Γm−match −
S12S21e

j2ω∆d
c

1 + S22e
j2ω∆d

c

(3.44)

By solving those three equations together, all the unknown parameters can be calculated
as demonstrated in the following two equations:

S22 =
(Γm−line − Γm−match)− (Γm−short − Γm−match)e

j2ω∆d
c

((Γm−short − Γm−match)− (Γm−line − Γm−match))e
j2ω∆d

c

(3.45)

S12S21 = −(Γm−short − Γm−match)(1 + S22) (3.46)

Finally, The input reflection coefficient of the material Γin can be easily calculated using
equation 3.41 as discussed before.

The practical implementation of this calibration technique is presented in chapter 6
with a further discussion about the effect of the calibration errors on the obtained results.
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3.3 Extraction of Dielectric Parameters

In the previous sections, we explained the different models for Γin and how we can extract
Γin after calibrating the complex baseband of FMCW radar. In this section, we will explain
how the dielectric properties and the material thickness can be obtained using the extracted
Γin. There are two methods proposed for this purpose, the maxima and minima method
and the curve fitting method.

3.3.1 Maxima and Minima Method

According to Γin models discussed before, and assuming a lossless dielectric material,
we can observe the unique periodic behaviour of the magnitude of Γin resulting from the
summation of the multiple reflection components with different phases as shown in equation
3.10. The location of the maxima and minima of the magnitude over the frequency axis
and the value of the maxima are specific to the type of the dielectric material and its
thickness. This means that those characteristics can be considered as a fingerprint for a
certain material with specific thickness.

To derive the relationship between the characteristics of maxima and minima of Γin
magnitude with the dielectric properties of the material, we start with Γin equation 3.47
for a lossless dielectric material derived from the multiple reflections model.

Γin =
Γ12(1− e−j2βd)
1− Γ2

12e
−j2βd (3.47)

The maximum value of Γin magnitude occurs when the term e−i2βd in the numerator
and denominator of the equation is equal to -1 resulting in equation 3.48.

|Γin|max = | 2Γ12

1 + Γ2
12

| (3.48)

Solving this equation for Γ12 results in 2 different values with one of them representing
a realistic solution for Γ12 which ranges between 0 and -1. The other solution is discarded
as it is less than -1. The value of the dielectric constant εr can then be calculated from
Γ12 as shown in equation 3.49.

εr =

(
1− Γ12

1 + Γ12

)2

(3.49)
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Similarly, the condition at which the magnitude of Γin is minimum occurs when the
term e−i2βd is equal to 1 resulting in Γin to be equal to 0. This particular case occurs when
2βd is equal to integer multiples of 2π as shown in equation 3.50 where n is the order of
the minima.

2βd = 2nπ (3.50)

A further manipulation to this formula results in equation 3.51 which directly relates
the dielectric constant εr , the thickness d, and the frequency f where c is the speed of
light.

εr =

(
nc

2fd

)2

(3.51)

d =
nc

2f
√
εr

(3.52)

By obtaining the dielectric constant first from the maxima of the magnitude using
equation 3.49, the material thickness can then be calculated by knowing the frequency
where a minimum is occurring and the order of this minimum. The order can be obtained
by dividing the frequency at which the minimum or maximum is occurring by the difference
between two subsequent minima or maxima as seen in equation 3.53. This also means that
at least one minimum and maximum or two maxima or minima are needed for extracting
the thickness using this method.

n =

(
fmin

fmin(i) − fmin(i−1)

)
=

(
fmax

fmax(i) − fmax(i−1)

)
(3.53)

It is noted that this method works only with lossless dielectric materials. For highly
lossy materials, the dielectric constant can be directly obtained from the value of Γ12 that
the magnitude eventually converges to, by using equation 3.49.

3.3.2 Curve Fitting Method

The second method that can be used for recovering the dielectric properties and thickness
of the material for lossy and lossless samples is the non-linear least squares curve fitting
method. This method works by finding a solution xi for the following function :
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min
(∑

|F (xi)− yi|2
)

(3.54)

Where F (xi) represents a nonlinear function while yi is the data that we are trying
to fit. In our case, F (xi) would be replaced by equation 3.55 for magnitude curve fitting,
and equation 3.56 for phase curve fitting, while yi would be the measured Γin data of the
material sample.

|Γin| =
√

(|Γ12| − |Γ12|e−2αd cos 2βd)2 + (|Γ12|e−2αd sin 2βd)2√
(1− |Γ12|2e−2αd cos 2βd)2 + (|Γ12|2e−2αd sin 2βd)2

(3.55)

∠Γin = tan−1

(
|Γ12|e−2αd sin 2βd

|Γ12|(1− e−2αd cos 2βd)

)
− tan−1

(
|Γ12|2e−2αd sin 2βd

1− |Γ12|2e−2αd cos 2βd

)
(3.56)

It is worth mentioning that equation 3.55 and equation 3.56 are the closed form ex-
pressions for the magnitude and phase of Γin obtained from equation 3.14.

This method works for both magnitude and phase of Γin as both have the same in-
formation regarding the dielectric properties and the thickness according to our previous
discussion in Section 3.4. This means that we can use the magnitude and phase of Γin
separately for recovering the dielectric constant εr , the loss tangent tan δ and thickness
d of the material sample. For enhancing the accuracy of the curve fitting, we can use the
data extracted from the magnitude curve fitting as initial values for the phase curve fitting
and vice versa. The curve fitting can be done using curve fitting tool on MATLAB.

3.4 Phase Information and Layer Configuration

In this section, the importance of using the phase information of the input reflection co-
efficient Γin is discussed. Most of the reported free-space techniques in Chapter 2 rely on
the magnitude information for extracting the dielectric parameters. While the magnitude
information is enough for calculating the dielectric constant εr, the loss tangent tan δ and
the thickness d, the same information can also be found from the phase. According to
equation 3.56 which represents the phase of Γin from equation 3.14, the phase has a rela-
tionship with the dielectric constant εr contained in Γ12, α and β while the loss tangent
tan δ is also embedded in α .
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(a) Magnitude

(b) Phase (Unwrapped)

Figure 3.15: A comparison between the magnitude and the unwrapped phase of Γin for a
metal sample and a teflon sample backed by metal.

This simply means that the phase can be used alone for extracting those parameters or
used with the magnitude information for enhancing the measurement accuracy. Another
important detail that can be obtained from the phase in conjunction with the magnitude,
is the layer configuration. For example, using both magnitude and phase information, a
metal backed dielectric can be distinguished from metal only material as shown in Figure
3.15 for a 2cm thick Teflon sample. The phase information can also identify the lossy
material backed by metal as shown in Figure 3.16 for 4cm thick lossy material with εr of
3 and tan δ of 0.1 .

For lossy materials, the attenuation is usually large enough so the magnitude decays
significantly with frequency. This decay continues until the magnitude converges to a fixed
value representing Γ12 which is the first reflection from the material. All other multiple
reflection components are eventually attenuated inside the material. Similarly, the phase
also starts to converge to a fixed value of nπ

2
representing the phase of Γ12 as seen in Figure

3.16.
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(a) Magnitude

(b) Phase (Unwrapped)

Figure 3.16: Magnitude and unwrapped phase of Γin for a 4cm thick lossy material backed
by metal.
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Chapter 4

Radar Board

In this chapter, we are going to discuss the details of the radar board we are using for
the material characterization measurements. FMCW radars are widely used today for
many sensing applications such as automotive collision avoidance, tank level monitoring
and consumer electronics. The high range resolution and the simple architecture and post
processing makes FMCW radar a favourable option for these applications. The theory and
principle of operation of FMCW radar was previously discussed in subsection 3.1.3. The
FMCW radar board we are using is TI AWR2243BOOST radar evaluation board shown in
Figure 4.1, which is based on AWR2243 radar chip. This board is mainly targeted towards
automotive and short range radar imaging applications [22].

Figure 4.1: AWR2243BOOST FMCW radar board from Texas Instruments [42]
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This radar board covers a 5 GHz sweeping bandwidth starting from 76 to 81 GHz with
3 Tx and 4 Rx channels. The radar also supports MIMO and phased-array modes for high
resolution detection and imaging.

Figure 4.2: Functional block diagram for AWR2243 radar chip ( c© Texas Instruments) [42]

4.1 Complex Baseband Architecture

One of the interesting features of this radar board and the main reason for choosing it for
our material characterization measurements is the complex baseband architecture. Nor-
mally, the demodulation of FMCW radar systems is performed using a real-only baseband
architecture as shown in Figure 4.3.

In this architecture, the received signal is directly mixed with the instantaneous signal
cos (φT (t)) of the local oscillator LO shown in Figure 4.4. The received signal represents
attenuated and delayed versions of the LO signal for different targets. The desired in-
formation is located in the in-band part of the Rx signal spectrum, while the remaining
spectrum (image band) contains only noise which is also spread across the in-band spec-
trum. After the mixing, the IF signal spectrum exhibits a noise foldback originated from
the image-band noise. This noise foldback results in up to 3 dB degradation in the signal
to noise ratio SNR of the IF signal.
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Figure 4.3: Block diagram for FMCW radar with real-only baseband architecture ( c© Texas
Instruments) [42]

Figure 4.4: Spectrum of real mixer with baseband signal foldback. (a) Instantaneous LO
signal spectrum (Tx), (b) Rx signal spectrum from multiple targets, (c) Baseband (IF)
signal spectrum with foldback ( c© Texas Instruments) [42].
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In complex baseband architecture, the received signal is divided between in-phase I and
quadrature Q paths as shown in Figure 4.5. In the in-phase I path, the received signal is
mixed with the same version of the instantaneous LO signal cos(phi(t)), while it is mixed
with sin (φT (t))in the quadrature Q path.

Figure 4.5: Block diagram for FMCW radar with complex baseband architecture ( c© Texas
Instruments) [42].

Due to the quadrature mixing and the IQ baseband architecture, the resulting IF signal,
seen in Figure 4.6, is not affected by the noise foldback seen with the real mixing which
enhances the SNR of the IF signal by up to 3dB.

Other benefits for the complex baseband architecture include:

• Enhanced interference tolerance

• Lower intermodulation impact

• Enhanced functional safety monitoring

4.2 Chirp and Frame structure

The chirp signal transmitted from the FMCW radar represents a linear frequency sweep
over a sweeping bandwidth B. Ideally, a train of these transmitted chirps would look
similar to the chirps in Figure 3.12 with no separation period between the chirps and an
instantaneous transition from fhigh to flow. However, in practice, and due to the hardware
limitations,a separation time (Idle Time) between the subsequent chirps is needed for
allowing enough transition from fhigh to flow as shown in Figure 4.7. The ADC also needs
some time to start before sampling. The ADC sampling window represents the effective
duration of the transmitted chirp at which the actual sweeping bandwidth is represented.
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Figure 4.6: Spectrum of a quadrature mixer without baseband signal foldback. (a) In-
stantaneous LO signal spectrum (Tx), (b) Rx signal spectrum from multiple targets, (c)
Complex LO signal spectrum, (d) Baseband (IF) signal spectrum without foldback ( c©
Texas Instruments) [42].

Figure 4.7: FMCW chirp structure ( c© Texas Instruments) [23].
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The actual values chosen for our setup according to the manufacturer recommendation
are presented in Table 4.1.

Tx start time 1 µs
Frequency slope 96.994 MHz/µs

Idle time 20 µs
ADC start time 5 µs

Effective bandwidth 4.41 GHz

Table 4.1: Actual chirp parameters and effective bandwidth used for our measurements

A set of subsequent chirps is called a “frame” which represents an observation window
for post processing as seen in Figure 4.8. To allow the radar to collect enough reflections
from the material after each chirp is sent, we choose a 1 chirp per frame configuration with
a frame periodicity of 200 ms. For each measurement, 100 frames are sent towards the
material and then averaged over the number of frames for minimizing the noise effects.

Figure 4.8: FMCW frame structure [23].

4.3 Antenna Front end

The radar board has 3 Tx and 4 Rx series-fed patch antenna arrays with two dummy
antennas around the receiver as shown in Figure 4.9. The 3 Tx antennas are separated by
λ while the 4 Tx antennas are separated by λ/2. Additionally, the middle Tx antenna is
elevated by λ/2. This antenna configuration allows angular estimation for the target in
azimuth and elevation in MIMO mode.

Each antenna has a gain of around 10 dB with an H-plane HPBW of 60◦ and E-
plane HPBW of 26◦ degrees as shown in Figure 4.10. Due to the nature of the series-fed
antenna arrays, the direction of the main lobe in elevation changes with frequency as
shown in Figure 4.10. This change in the main lobe direction is not a significant problem
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Figure 4.9: Antenna front end for AWR2243BOOST radar board.

for radar detection applications. However, for material characterization applications, the
theoretical models assume a normal incidence on the surface of the material. Therefore,
the change in the main lobe direction could generate errors especially with relatively long
range measurements.

Figure 4.10: Simulation results of E-plane radiation pattern for single series-fed antenna
array for 76, 78.5 and 81 GHz.

In order to overcome this problem, and for maximizing the reflections from the material
under test, a dielectric lens is designed and fabricated for a better main beam collimation
and enhancing the radar antenna gain. The details of the design and the fabrication of
this lens are discussed in Chapter 5.
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Chapter 5

Lens Design and Fabrication

In this chapter, we are presenting the dielectric lens antenna design and fabrication for
enhancing the radar antenna gain and focusing the main beam over the whole band of
interest. Dielectric lens antennas are commonly used in communications and radar appli-
cations for enhancing the antenna gain and boosting the range. There are various types
of lenses (e.g., Hyperbolic, Elliptic, Fresnel, GRIN) depending on the principle of design.
Various methods can be used for fabricating the lens structure, such as machining and 3D
printing as discussed in [16] and [25]. While machining is better for design accuracy and
surface finishing, 3D printing is a faster and cheaper option. The goal of our lens design is
to achieve maximum gain while focusing the beam for a normal incidence on the material
over the whole sweeping bandwidth of the radar. The focused beam of the hyperbolic lens
is assumed to be plane wave as shown in Figure 5.2, which is a fundamental assumption
in our theoretical models discussed in Chapter 3. Two design options were explored. The
first design option is using a single large 3D-Printed Fresnel zone lens as seen in Figure
5.1, with a radius of 10cm, focal length 20cm and a focal point between Tx1 and Rx4
antennas. The lens dimensions along with the focal length are chosen so that a maximum
gain is achieved within a specific setup dimensions of 20 cm, while achieving a minimum
beam shift due to the location of the focal point between the two antennas. This design
yields a gain of 30dB, however, due to the focal point location between the two antennas,
the Tx and Rx beams are tilted horizontally by a small angle which generates errors with
long ranges. Additionally, the far field zone for this design starts beyond 20m due to the
large size of the lens, according the far-field region equations in [38].

The second design option is using two identical hyperbolic 3D-Printed lenses for the two
antennas. The lens design started with a trade off between the lens size, the focal length
and the gain. In order to allow enough space for each lens and minimizing the overlap,
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Figure 5.1: First design option using a large Fresnel zone lens

the two antennas used were the furthest Tx and Rx antennas (Tx3 and Rx1). The design
of the hyperbolic profile of the lens, shown in Figure 5.2, is based on equation 5.1 which
relates the profile of the lens ρ(ψ) to the refractive index n , and the focal length f with
angle ψ.

Figure 5.2: Hyperbolic lens geometry [36].

ρ(ψ) =
(n− 1)f

n cosψ − 1
(5.1)
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In order to minimize the reflections from the antenna structure, a 3D-printing PLA
material with a dielectric constant of 3 is chosen. The choice of this specific material is
made in order to minimize the reflections coming back from the lens structure due to the
contrast between the permittivity of the lens and free-sapce. The profile of the lens ρ(ψ)
can then be calculated using equation 5.1.

The radius of each single lens is optimized for minimum overlap between the two lenses
and maintaining a relatively high gain. The radius is chosen to be 12mm with a focal
length of 7mm. The initial design for a single lens is generated in 3D on HFSS simulation
software as seen in Figure 5.3.

Figure 5.3: Initial hyperbolic lens design

The design is further optimized in elevation in order to cover the main beam of the
antenna underneath for the whole sweeping bandwidth. This optimization is performed by
extending the lens body in elevation by various lengths in order to find the extension length
that matches the antenna beam to the lens for all frequencies. The optimum extension is
found to be 2.5mm in elevation as shown in Figure 5.4(a). The two lens structures for Tx
and Rx antennas are then accurately positioned and attached together as seen in 5.4(b).
The model is then simulated using HFSS for extracting the gain and confirming the main
beam angle correction.

The simulation results are presented in Figure 5.5. The maximum gain is equal to 18
dB with the main beam direction corrected for the entire sweeping bandwidth compared
to results in Figure 4.10.

In order to fix this dual lens structure with the radar board and maintain an accurate
alignment with the on-board antennas, a holder structure is designed and fabricated. The
holder fixes the dual antenna structure to a frame through four beams. Moreover, The
frame is mounted on two sliding pillars which are attached to a holder mounted to the
radar board through screws as seen in Figure 5.6.

The lenses along with the holder structure are finally fabricated using the high resolution
Raise3D Pro2 3D printer. The fabricated dual lenses structure attached to the holder are
shown in Figure 5.7. The complete printed structure attached to the radar board can also
seen in Figure 5.8.
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(a) Side view for a single lens

(b) Top view

Figure 5.4: Final optimized hyperbolic lens design, (a) Side view for a single lens with
2.5mm extension, (b) Top view for the dual lenses aligned to the on-board antennas un-
derneath.

Figure 5.5: Simulation results of E-plane radiation pattern for single series-fed antenna
radar with the hyperbolic lens structure for 76, 78.5 and 81 GHz.
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Figure 5.6: The dual lenses structure supported by the holder and attached to the radar
board.

Figure 5.7: 3D-printed lens structure with the holder.

56



Figure 5.8: The dual lenses structure attached to the radar board through the holder.
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Chapter 6

Experimental Results

In this chapter, we are discussing the test setup and presenting the calibration steps and
the experimental test results. An additional discussion regarding the test challenges is also
presented.

6.1 Setup Overview

Our experimental test setup is an actual representation for the setup model seen in Figure
3.2. The setup consists of the radar board with the lens attached to it and connected
to a laptop for post processing. The radar board is mounted on an adjustable tripod
for stabilization and accurate alignment to the material sample. The material sample is
mounted on a wooden holder that provides stabilization and allows easy replacement and
adjustment for the sample. The complete measurement setup is shown in Figure 6.1.

6.2 Calibration

The calibration step is essential for removing the effects of the channel and any distortion for
the magnitude and phase that may affect the measured Γin results. The theory and a more
detailed discussion about the calibration procedure was introduced in Section 3.2. For this
section, we are presenting the actual implementation of the calibration process discussed
before. The first step for the calibration is measuring the reflection coefficient Γm−match
while the material is removed as seen in Equation 3.42. This calibration step is needed for
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Figure 6.1: Experimental material characterization setup .

removing the effect of the material holder and the reflections from the environment. The
second step in the calibration process is measuring the reflection coefficient Γm−short by
replacing the material sample with its metallic equivalent. This metallic equivalent, seen
in Figure 6.2(a), is simply an aluminum plate with the same dimensions of the material
sample (12”x12”). The final calibration step is shifting the metallic plate used in the
previous step by a known distance ∆d to extract Γm−line according to Equation 3.43.
This shift is created by placing two 3D-Printed plastic pieces with a known thickness of
3mm between the metallic plate and the holder as shown in Figure 6.2(b). It is worth
mentioning that any error in estimating the shift distance ∆d would correspond to a linear
phase distortion of 2ω∆l

c
, where ∆l is the error in the estimated shift. After the calibration

steps, the measurement reference plane is translated to the surface of the material sample.
The complex reflection coefficient of the material Γin can then be accurately measured.

In order to validate the quality of the calibration process, the metallic plate is placed
again and its reflection coefficient is measured. Another measurement is taken while there
is no material on the holder. Ideally, we should expect a flat line at 0 dB for the reflection
coefficient magnitude of the metal and -∞ for the magnitude of the reflection coefficient
while no material on holder .The results of those two tests, presented in Figure 6.3, confirm
the accuracy of the calibration with the magnitude of Γin for the metal is almost 0 dB and
the magnitude of Γin with no material, is around -40 dB.
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(a) Metal plate used for Γm−short mea-
surement.

(b) Plastic pieces used for Γm−line mea-
surement.

Figure 6.2: Calibration procedure (a) Extracting Γm−short using metallic plate with the
same dimensions of the material sample, (b) Extracting Γm−line by shifting the metallic
plate using a 3mm thick plastic piece.

Figure 6.3: Magnitude of Γin for match and short measurments.
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6.3 Measurement Results

In this section, we are introducing the test results for two dielectric materials with differ-
ent dielectric properties and thicknesses. The first material is High-density polyethylene
(HDPE) plastic which is widely used for manufacturing bottles and pipes. The second
material is Poly(methyl methacrylate) (PMMA) which is also known as ”Acrylic”. The
purpose of the two tests is to extract the dielectric properties (εr, tanδ), and thickness of
each sample using the two extraction methods discussed in Section 3.3, and to compare
the extracted parameters with the actual parameters reported in literature for verifying
the effectiveness of our technique.

6.3.1 HDPE

The first sample used for testing is a flat plate of HDPE plastic material with (12”x12”)
dimensions and 1” thickness shown in Figure 6.5. This material has a dielectric constant
εr of 2.3 and a loss tangent tanδ of 0.0003. The material is placed at a distance of 2m
away from the radar. This distance is found to be the optimum distance for our setup
for accurate measurements. Measuring the reflection coefficient Γin for a material sample
that is closer than 2m was found to be generating magnitude and phase distortion due to
the significant multiple reflection components between the radar board and the material
surface, generating high frequency components in the FMCW radar baseband as shown in
Figure 6.4. On the other hand, measuring Γin for a material placed further than 2 meters
was found to be also generating errors in the magnitude and phase as the beam width
becomes large enough to collect unwanted reflections from the environment around the
setup, and also due to the low SNR of the received signal.

The complex reflection coefficient Γin results from the test at 2m are presented in Figure
6.6. The frequency band starts at 76.38 GHz to 80.8GHz which represents the effective
bandwidth of the radar board with the chosen chirp parameters as discussed in Section
4.2.

Using the maxima and minima method introduced in Section 3.3, the extracted dielec-
tric constant is found to be equal to 2.44. The order of the first maxima is calculated from
the frequency difference between the maximum and minimum of |Γin| and is found to be
equal to 21. The thickness is then extracted using Equation 3.52 and is calculated to be
equal to 2.63 cm. Using the non-linear least squares curve fitting method, the magnitude
of Γin is first fitted using multiple initial values for εr, tanδ and the thickness d, until
finding the values achieving the best fit. Those values can then be used as initial values for
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Figure 6.4: The magnitude and phase distortions resulting from the multipe reflections
between the radar and the sample for a 1 m distance.

Figure 6.5: HDPE sample.
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(a) Magnitude

(b) Phase (Unwrapped)

Figure 6.6: Measured magnitude and unwrapped phase of Γin for a 12”x12”x1” HDPE
sample.
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the curve fitting on the phase of Γin. The values of εr, and d extracted from the Maxima
and Minima method can also be used as initial values for the curve fitting on either the
magnitude or phase of Γin. The fitting of both the magnitude and phase of Γin is presented
in Figure 6.7.

(a) Magnitude

(b) Phase (Unwrapped)

Figure 6.7: Curve fitting on the magnitude and phase of Γin for the HDPE sample.

The extracted dielectric properties and thickness of the HDPE sample with the curve
fitting method using the magnitude and the phase are presented in Table 6.1 along with the
values extracted from the maxima and minima method and the actual dielectric properties
of HDPE from the literature. The results show that while the maxima and minima method
is simple and fast, the curve fitting method is more accurate. Moreover, the maxima
and minima method can be more useful for extracting the initial values for the curve
fitting method for quickly reaching an accurate fit. Both methods, however, confirm the
effectiveness of the FMCW complex baseband methods.
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Parameter Maxima and Minima Curve fit (Magnitude) Curve fit (Phase) Actual

εr 2.44 (6%) 2.378 (3.3%) 2.27 (1.3%) 2.3
tanδ N/A 0.0008 (166%) 0.0004 (33%) 0.0003
d (cm) 2.63 (3.5%) 2.57 (1.1%) 2.50 (1.5%) 2.54 (1”)

Table 6.1: Measurement results for the dielectric parameters of the HDPE sample using the
maxima and minima method and the curve fitting method, and compared with the actual
values from literature. The error percentage in each measurement is indicated between
parentheses.

6.3.2 PMMA

Figure 6.8: PMMA sample.

The second sample used is a flat PMMA plate with similar dimensions to the HDPE
sample (12”x12”) and half the thickness (0.5”). This material has a dielectric constant εr of
2.6 and loss tangent tanδ of 0.012. The material is placed at the same holder with the same
distance away from the radar, similar to the HDPE sample. The measured magnitude and
phase of Γin along with the curve fitting are presented in Figure 6.9. Using the maxima
and minima method, the dielectric constant is calculated to be equal to 2.08 .The thickness
is also found to be equal to 1.49 cm. Those values are then used as initial values for the
curve fitting method. The extracted parameters using the two methods are presented in
Table 6.2.

It can be noted that the accuracy of the maxima and minima method is relatively lower
for this test. The reason for this low accuracy is that the minima and maxima method
assumes that the material under test is lossless. However, PMMA has relatively high losses
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(a) Magnitude

(b) Phase (Unwrapped)

Figure 6.9: Curve fitting on the magnitude and phase of Γin for the PMMA sample.

(tanδ =0.012). In contrast, the accurate results obtained using the curve fitting method
proves the effectiveness of this technique for lossless and lossy materials.

Parameter Maxima and Minima Curve fit (Magnitude) Curve fit (Phase) Actual

εr 2.08 (20%) 2.4 (7.6%) 2.5 (3.8%) 2.6
tanδ N/A 0.0099 (17.5%) 0.0099 (17.5%) 0.012
d (cm) 1.49 (14.6%) 1.32 (1.5%) 1.3 (0%) 1.3 (0.5”)

Table 6.2: Measurement results for the dielectric parameters of the PMMA sample using
the maxima and minima method and the curve fitting method, and compared with the
actual values from literature. The error percentage in each measurement is indicated
between parentheses.

66



Chapter 7

Conclusions and Future Work

In this thesis, we demonstrated the ability of remotely characterizing materials with high
accuracy using a complex baseband FMCW radar. We started with an introduction and
literature review of the current techniques and methods used for material characterization
with the advantages and drawbacks of each technique. We presented a detailed analysis
of the system with three different models that mathematically explain the behaviour of
the system and predict the challenges for obtaining accurate measurement results. These
models were verified using MATLAB simulation with a complete consistency across all the
models. Moreover, a discussion regarding the importance of using the phase information
for enhancing the measurement accuracy and providing extra information about the ma-
terial was introduced. Two different methods for extracting the dielectric properties of
the material from the measurements were explained. Finally, we tested our models and
complete system in practice with two different material samples placed at 2m away from
the radar system. The extracted results proved the accuracy of the system for remotely
measuring the dielectric parameters and thickness of materials with high accuracy using
a compact and cheap FMCW radar system. Our setup has an accuracy comparable with
expensive VNA based material characterization systems used in research labs. Our early
study paves the way for unlimited innovations and applications in many fields, such as
automotive, smart homes, food quality and production lines.

7.1 Future Work

One of the limitations of our system is the on-board antenna front end design. In order to
characterize materials at ranges beyond 2m, a completely redesigned antenna front end and
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a new larger lens with higher gain are needed. The calibration process before starting the
measurement consumes time and is sensitive to errors. An automatic calibration method
that estimates the channel error effects and the RCS of the sample in real time would be
an optimal solution for making the system more practical and commercially viable. Such
a system would rely on an extra sensor that can estimate the RCS of the material under
test, and use the radar range measurements along with the predetermined antenna gains
in order to model and automatically calibrate the system. Another interesting feature
of the radar board used is the MIMO beamforming. Utilizing this feature may enhance
the measurement accuracy and allow measurement at longer ranges with smaller sample
dimensions. Finally, a comprehensive study for the theoretical and practical system limita-
tions (e.g., minimum thickness that can be measured), is needed for a complete assessment
for the system.
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