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K- and W-Band Free-Space Characterizations of
Highly Conductive Radar Absorbing Materials
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Abstract— This work presents a characterization technique
of highly conductive material in the K- and W -bands. The
transmission line theory model is modified to adapt to the
phase challenges observed in the measured S-parameters at high
frequency. The S-parameters measurements are obtained using
the nondestructive focused beam free-space system connected
with the network analyzer and the millimeter-wave frequency
extenders. The system provides measurements in a frequency
range from 5.8 to 110 GHz, and it includes focused beam
horn lens antennas to minimize sample edge reflection. The
thru-reflect-line (TRL) calibration and the time-gated feature
of the network analyzer are used. Good agreement between
the measured and calculated S-parameters in the transmission
mode is achieved using the extraction algorithm. The measured
S-parameters are further used to obtain the electromagnetic
shield effectiveness parameters and the percentage of power
absorbed in the material. In addition, the return loss of the metal-
backed material is calculated using the extracted permittivity to
obtain the maximum absorption at the desired frequencies.

Index Terms— Free-space measurements, K- and W -band char-
acterizations, material characterization, radar absorbing materi-
als (RAMs), thru-reflect-line (TRL) calibration.

I. INTRODUCTION

W ITH the inclusion of radar systems in the automotive
industry, the interest to manufacture radar absorbing

materials (RAMs) has increased in recent years. Newly intro-
duced car models are equipped with radar-based advanced
driver assistance systems (ADAS), such as collision warning
and collision avoidance (CW/CA), adaptive cruise control
(ACC), assisted lane change, collision mitigation braking
(CMS), and automated parking assist (APS), which provides
high volume production with low-cost potential [1]. The radar
sensors for these advanced systems are primarily deployed
to function in the 24–26-GHz (short-range) and 76–77-GHz
(long-range) allocated frequency bands [2]. The sensor at
77 GHz is typically much smaller, reducing the volume- and
weight-related costs [3]. In addition, the long-range radar
(LRR) systems at 77 GHz have shown improvement in many
aspects from the short-range radars (SRRs) and mid-range
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radars (MRRs) [4], [5]. However, the deployment of ADAS
systems has led to an increase in the number of automotive
radar sensors operating simultaneously in a compact space.
This results in signal interference that can lead to a reduced
signal to noise ratio or ghost targets [6]. Furthermore, the cou-
pling between transmit and receive antennas and the reflections
from the adjacent metal structures of the vehicle can cause
electromagnetic interference (EMI) in the automotive radar
system.

Engineering and characterization of high-frequency RAMs
have been investigated in the literature for years [7], [8].
In addition, the shielding from the EM waves depends
on the critical properties of the engineered composite
materials [9]–[11]. Therefore, the electromagnetic character-
ization of the RAM material versus frequency is of significant
importance, i.e., obtaining the complex electric permittivity
(ε) and complex magnetic permeability (μ). The literature
is rich with reports on the aspect of material character-
ization [12]–[43]. These materials were characterized as
lossy or low-loss materials, where a variety of extrac-
tion methods based on the measured S-parameters were
reported [12]–[43].

In this work, we use the free-space characterization tech-
nique to measure the S-parameters with thru-reflect-line (TRL)
as the calibration methods. While the electromagnetic charac-
terization of lossless and low-to-moderate lossy materials is
well-established in the literature, we focus here on characteriz-
ing highly conductive, inhomogeneous carbon-based materials
in the K- and W -bands for the SRR and LRR radar systems,
respectively. For example, among the samples handled in this
work, sample P1 validates the success of the presented iterative
extraction method where the obtained ε�� = ∼6 in the K -band
and ∼4 in the W -band. Sample P2 demonstrates its potential
use in the automotive industry as a radar-absorbing material
where the absorption dip in the metal-backed measurements
occurred in the K -band at 24 GHz after changing the thickness
from 3.33 to 2.704 mm. Finally, sample P3 is different from
the other two samples, demonstrating a very high-conductive
material with ε�� values of ∼100 and ∼50 in the K - and
W -bands, respectively. The proposed optimization technique,
to find the initial guess values of the unknown relative per-
mittivity, to be used in the extraction method highlights the
novelty of this work. Our developed extraction algorithm is
based on the transmission line theory [45], the iterative opti-
mization algorithm [46], the modification due to configuration
inhomogeneity in the W -band [15], and the inhomogeneity
observation in 3-D metamaterial characterization, as reported
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Fig. 1. Microwave and millimeter-wave free-space measurement system.

in [48]. The proposed method provides the correct extraction
of the relative permittivity of highly conductive samples mea-
sured in both the K - and W -bands. In addition, the extracted
complex permittivity is further used to calculate the metal-
backed return loss at several estimated sample thicknesses to
obtain the maximum absorption at 24 and 77 GHz for use in
the SRR and LRR systems, respectively. We present the per-
centage of power absorbed and the shielding effectiveness (SE)
of materials, calculated based on the measured S-parameters.
To the best of our knowledge, this is the first time that this
extraction method has been investigated for microwave and
millimeter-wave characterizations of highly conductive RAM
samples measured using the free-space method.

A total of 51 RAM samples were characterized under a
nondisclosure agreement. Preliminary results to validate the
method with commercial RAM materials were reported in our
conference papers [28], [49], where materials of 1- and 2-mm
thicknesses were purchased from the ARC Technology Inc.

The free-space system is described in Section II, the TRL
calibration in Section III, the model formulations in Section IV,
the experimental results in Section V, and the conclusion in
Section VI. The Appendix describes the time gating feature
used in the measurements, in addition to presenting the 3-dB
beamwidth of the system in the K - and W -bands.

II. FREE-SPACE SYSTEM SETUP

The microwave and millimeter-wave free-space measure-
ment system is sketched in Fig. 1. It is composed of transmit-
ting and receiving conical lens horn antennas with bandwidth
from 5.8 to 110 GHz, a sample holder, an Agilent PNA
E8361C network analyzer, an N5260A millimeter-wave con-
troller, and two millimeter-wave frequency extenders. The
antennas and the sample holder are mounted on a positioning
scanner fixed on a large aluminum table in the XZ plane. This
positioning system provides four degrees of freedom for the
antenna movement in the X , Z , elevation angle (theta), and
azimuth angle (phi) directions with a precision of ±2 μm [39],
[40]. The sample holder stage provides motion in the
Y -direction only.

In order to focus the antenna beam on the sample center, two
equal planoconvex dielectric lenses are mounted back-to-back
in the conical horn antenna. The distance between the two
antennas is ∼61 cm, and the focal distance to the diameter
ratio of the lens is unity, with the lens’s diameter equal to
∼30.5 cm. Thus, the dielectric lens focuses the beam incident
on a sample at a specific frequency to a footprint of diameter

approximately one wavelength [39]. The 3-dB beamwidths in
the K - and W -bands are ∼1.2 cm and 4 mm, respectively
(see Fig. 11). A custom-made sample holder is placed at the
common focal plane of both antennas. It holds the sample
under test between the two antennas such that the focal point
of port 1 antenna is at the front face of the sample and that of
port 2 antenna is at the back face of the sample. The sample
holder is made of acrylic material and can hold the samples
of size 6�� × 6�� and 12�� × 12��.

The PNA E8361C network analyzer provides frequencies
from 10 MHz to 67 GHz using 1.85-mm female coaxial
cables from the network analyzer to the rest of the system.
A coaxial to waveguide adapter is used to feed the antennas.
These adapters are designed for the specific frequency ranges
at which only the TE10 dominant mode is excited [33]. A total
of eight pairs of the coaxial to waveguide adapters cover
the frequency range from 5.8 to 110 GHz. In this work,
the coaxial to waveguide adapters of the K -band (1.85-mm
female connector) and the W -band (1-mm female connec-
tor), purchased from Keysight Technologies (W281C for the
W -band and K281C for the K -band), are used. For the
frequency bands up to 67 GHz, the horn antennas are directly
connected to the network analyzer, whereas, for the frequency
bands higher than 67 GHz, the horn antennas are connected
to the millimeter-wave frequency extenders, which provides
frequencies ranging from 67 to 110 GHz.

The same conical horn lens antennas can be used for the
entire range from 5.8 to 110 GHz. However, the appropri-
ate coaxial to waveguide adapter that connects the network
analyzer to the horn antenna is replaced for each desired
bandwidth.

III. FREE-SPACE CALIBRATION AND

MEASUREMENT PROCEDURES

A. System Calibration

The electromagnetic characterization of materials depends
on the correct measurement of its complex S-parameters.
To account for measurement errors in cables and network
analyzer, a calibration procedure is needed. Among many
well-known two-port calibration techniques [35], [38], [44],
the TRL is considered the most appropriate technique for the
free-space measurements [15], [28], [39]. The calibration steps
are summarized in the following (see Fig. 2).

1) THRU standard in the TRL calibration is implemented
by keeping both port 1 and port 2 antennas at their home
positions and taking the measurements through the air.
Here, the incident beams from both antennas are focused
on the reference plane marked as the red dotted line
in Fig. 2. This selected reference plane is the common
focal plane of both antennas with a focal distance of
∼305 mm, as shown in the figure.

2) REFLECT standard is implemented by placing a gold-
plated plate (also known as the gold-plated mirror) of
thickness D = 6.35 mm in the sample holder. The mirror
in the sample holder is placed at the common focal
plane of the two antennas. Thus, the golden mirror side
facing port 1 antenna is aligned with the reference plane,
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Fig. 2. TRL calibration procedure for the free-space measurement system.

i.e., the incident beam from the port 1 antenna is focused
on the air–gold mirror interface. However, due to the
thickness of the gold mirror, port 2 antenna is moved
back by a distance DR = d + D from the reference
plane, and the measurement of the reflect standard is
recorded.

3) LINE standard is implemented by removing the gold
mirror from the sample holder and positioning port
2 antenna at a distance of DL = d + λ/4 from the
reference plane. Here, λ/4 distance is calculated at the
mid-frequency band, and the measurement through the
air is recorded.

In order to verify the correctness of the calibration, S11 and
S22 of a gold-plated plate are measured. The measurement is
obtained by moving the port 2 antenna back by the distance
DR = d + D from the reference plane, as described in step
2 of the TRL calibration. The threshold of the S11 and S22

magnitudes should be within ±0.1 dB, and the phase should
be within 2◦ from ±180◦. If these conditions are not achieved,
the calibration is repeated.

B. Free-Space Measurements

In this work, two types of measurements are con-
ducted: transmission mode and metal-backed reflection mode.
As known, the measurements are sensitive to the thickness
accuracy of the samples. Here, the sample thickness is mea-
sured at ten different points on the sample, and their average
(D = Dave) is considered the sample thickness. The measure-
ments of ten points are acquired using the Mitutoyo Digimatic
micrometer mounted on a flat granite stand. The sample is
placed in the holder, while the incident beam from port 2
antenna is focused on the air–sample interface by positioning it
back by the distance (d+D) from the reference plane. The four
complex S-parameters—S11, S21, S12, and S22—are measured
and recorded using the network analyzer. For the metal-backed
reflection mode, the sample is placed in the holder and backed
with a gold-plated plate of 6.35-mm thickness. The front
face of the sample is facing port 1 antenna, aligning with
the reference plane, and only the S11 parameter is measured.

Fig. 3. Measured S-parameters phase of sample P1 in the K - and W -bands.

All results of this work are obtained using the time-gated
feature of the network analyzer (see the Appendix for details).

IV. EXTRACTION METHOD

A. Transmission Line Model

The concept of the extraction method to obtain the complex
relative permittivity is based on the transmission line the-
ory [45], [46]. However, our material samples have an unusual
level of inhomogeneity and conductivity that necessitated
additional work to accurately extract the complex relative
permittivity ε̂r = ε� − jε�� with ε�� = σ/ωεo, where σ is
the conductivity of the material, ω is the angular frequency of
the incident beam, and εo is the free-space permittivity. The
reflection coefficient and transmission coefficients are [45]

� = Z S − Zo

Z S + Zo
=

√
μ̂r

ε̂r
− 1√

μ̂r

ε̂r
+ 1

, T = e− jω
√

ε∗μ∗ D (1)

where Zo is the characteristic impedance of air, Z S is the char-
acteristic impedance of the material, ε∗ = εoε̂r , and D is the
thickness of the sample under test. For nonmagnetic materials,
the magnetic permeabilities are μ̂r = 1 and μ∗ = μo.

The extraction method reported in [46] is based on itera-
tively minimizing error functions between the S-parameters
measurements and calculations in each iteration. However,
the literature reported that this method has some challenges
in inhomogeneous configurations [15], [48]. In [15], the work
in the W -band reported inhomogeneity in the configuration
due to the antennas’ movement, while the tested samples
were lossless or of low-loss homogeneous materials. In [48],
the work reported inhomogeneity due to the inclusion of
the metamaterial cells. In both works, the iterative method
was slightly modified. In this study, we observed that the
samples are inhomogeneous in the W -band due to both factors,
i.e., antennas’ movements and mixing several ingredients at
specific percentages (e.g., carbon, fiber, and nylon). Note that
the RAM industry aims at engineering highly absorbing radar
materials by adding carbon-based ingredients. The discussed
challenge is demonstrated in Fig. 3 in the W -band and not
the K -band. The phase of S11 is not equal to the phase of
S22, while the phases of S21 and S12 are equal. This phase
difference prohibits the minimization of the error functions
between the measured and calculated S-parameters to provide
accurate values of the extracted permittivity. The magnitude
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of the measured S-parameters is almost the same with some
small differences due to measurement accuracy. As a result,
we modified the model to combine the methods reported
in [15], [45], and [46] in the W -band while keeping the same
model of [46] in the K -band.

Thus, the novelty of this work lies in the proposed opti-
mization technique that demonstrates the significance of the
initial values of the unknown permittivity for such highly
conductive materials in both the K - and W -bands. To find
these initial guess values, the error functions to be minimized
in the K -band are

Fun1 = 10 ∗ log10|S11m − S11c| (2a)

Fun2 = 10 ∗ log10|S21m − S21c| (2b)

Fun3 = 10 ∗ log10|S12m − S12c| (2c)

Fun4 = 10 ∗ log10|S22m − S22c| (2d)

where, in the W -band, we minimize the following functions:

Fun1 = 10 ∗ log10|S21m − S21c| (3a)

Fun2 = 10 ∗ log10|S12m − S12c| (3b)

Fun3 = 10 ∗ log10||S11m| − |S11c|| (3c)

Fun4 = 10 ∗ log10||S22m | − |S22c|| (3d)

where S11m , S22m , S21m , and S12m are the measured complex
transmission parameters, and S11c = (�(1 − T 2))/(1 − �2T 2)
and S21c = (T (1−�2))/(1−�2T 2) are the calculated complex
parameters at each iteration in the minimization search using
the equation in [46]. Theoretically, S22c = S11c, and S12c =
S21c. Note that the error functions in (2a)–(2d), (3a), and (3b)
minimize both the amplitude and phase of the parameter, while
the functions in (3c) and (3d) minimize only the magnitude
of the parameter.

B. Absorption in Transmission and Metal-Backed Modes

The main interest of the RAM industry is to examine
the absorption of the material in transmission and when the
material covers a metallic target. In the transmission mode,
the amount of power absorbed, reflected, and transmit-
ted through the sample is obtained using the measured
S-parameters as follows:

Power reflected

Power incident
= |S11m |2 (4a)

Power transmitted

Power incident
= |S21m |2 (4b)

Power absorbed

Power incident
= 1 − |S11m|2 − |S21m |2. (4c)

For the metal-backed reflection, S11refc is given by [13]

S11refc =
√

μ̂r

ε̂r
tanh

(
jω

√
ε∗μ∗ D

) − 1√
μ̂r

ε̂r
tanh

(
jω

√
ε∗μ∗ D

) + 1
(5)

where D is the sample thickness, and ε∗ = εoε̂r , μ∗ = μoμ̂r ,
and μ̂r = 1 for nonmagnetic materials. The S11refc is measured
upon backing the sample with the gold mirror and is also
calculated using the extracted complex permittivity ε̂r .

C. Electromagnetic Shield Effectiveness

The electromagnetic shield effectiveness (SE) is defined
by the ability of a material to attenuate the intensity of
electromagnetic radiation to an adequate level desired based on
the application. The total SE is the summation of the reflection,
absorption, and multiple internal reflection losses at the air–
sample interface. When SEA is ≥10dB, the multiple internal
reflections is negligible, which is usually the case. Therefore,
the total SE is expressed by [47]

SE = SEA + SER (6a)

where SEA and SER are the absorption and reflection shield-
ings, given as functions of the S-parameters by

SEA = −10 log10

( |S21m |2
1 − |S11m |2

)
(6b)

SER = −10 log10

(
1 − |S11m |2). (6c)

The SE depends on the frequency of the excitation, the thick-
ness of the sample, the material composite, and the fabrication
and processing conditions [9].

V. EXPERIMENTAL RESULTS

In this section, we present the results of three samples in
both the K - and W -bands. While the developed method is
applicable to magnetic and nonmagnetic materials, all samples
presented here are assumed nonmagnetic, based on informa-
tion from the manufacturer. The samples are referred to by
P1, P2, and P3 and are made of highly conductive materials
with an average thickness of around 3 mm. For each sample,
the extracted complex relative permittivity, the magnitude
validation of S-parameters (dB), and the return loss (dB) are
presented versus frequency. The SE and the percentage of
power absorbed for each sample are also presented in both
the K - and W -bands.

A. Initial Guess

While, in the K -band, the initial guess in the iterative solver
for the complex relative permittivity can start with (1 – j0),
which is more involved in the W -band, the simplest method
to select the initial guess of the material in the W -band is to
use the values extracted at 26.5 GHz in the K -band. Another
method to select the initial guess in the W -band is to map
the roots of error functions in (3) individually and select
those that are close to each other. The initial guess is used
in a line search using the MATLAB code, and the algorithm
stops when a preassigned threshold error is achieved. In order
to validate the extracted permittivity, the error between the
calculated and measured S-parameters is obtained, and the
results are selected based on the minimum error. In some
cases, all initial guess values provide the same solutions. Fig. 4
demonstrates the map of the roots of (3a), (3c), and (3d) for
sample P1. Table I lists various initial guess values used in the
line search of the W -band solution. The listed values of the
initial guess converged to the same solution of the extracted
permittivity that is shown in Fig. 5(a), except for a couple of
initial guess points. For example, the first point marked as 1
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Fig. 4. Initial guess in the W -band for sample P1. (a) 3-D Error function
showing the minimum error between S21measured and S21calculated. (b) Top
view of (a). (c) 3-D error function graph showing minimum error between
|S11|measured and |S11|calculated. (d) Top view of (c). (e) 3-D error function graph
showing minimum error between |S22|measured and |S22|calculated. (f) Top view
of (e).

TABLE I

SAMPLE P1—INITIAL GUESS POINTS BASED ON S21, S11,
AND S22 ERROR FUNCTIONS

with (ε� = 4.1 and ε�� = 2.8) gave a wrong validation when
comparing the measured and calculated S-parameters with a
difference of ∼25–30 dB in the S21 parameter. The second
point marked by 8 (ε� = 52.8 and ε�� = 18.9) was a random
point in the considered space, giving an ambiguous solution
of the permittivity. This means that the values of the real
and imaginary parts demonstrate jumps in a stepwise manner
at certain frequencies similar to what was reported in [50]
and [51]. Therefore, the solutions based on these two initial
guesses were rejected, and the converged solution with the
good S-parameter validations was selected.

B. Electrical Properties
The extracted permittivity of P1 sample is shown

in Fig. 5(a); the validation of the S-parameters is shown
in Fig. 5(b) for the K - and W -bands. The solid black line
represents the real part, and the red solid line represents
the imaginary part of the extracted permittivity in Fig. 5(a).
The large values of ε�� across the K - and W -bands demonstrate

Fig. 5. (a) and (b) Results of sample P1 in K - and W -bands. (a) Relative
permittivity plot showing real and imaginary parts ε� and ε��, respectively.
(b) Comparison between the measured and calculated S-parameters magni-
tudes. (c) and (d) Return loss of metal-backed material of Sample P1. (c) Mea-
sured and calculated return loss for the metal-backed reflection measurement
at different thicknesses in the K -band. (d) Measured and calculated return
loss for the metal-backed reflection measurement at different thicknesses in
the W -band.

the high conductivity of the material. The relative permittivity
of P1 shows a decreasing trend in the K -band as the frequency
increases, where, in the W -band, it is almost constant versus
frequency with an average value of 10.67 for ε� and that
of 3.89 for the ε��. The extracted relative permittivity of
P1 in both K - and W -bands is further used to calculate the
S-parameters, as shown in Fig. 5(b). A maximum difference
observed between the magnitudes of calculated and measured
S11 (red solid and black lines, respectively) is 0.51 dB and that
between calculated and measured S21 (dashed red and black
dotted line, respectively) is 0.001 dB in the K -band. On the
other hand, in the W -band, the error is 0.026 and 0.8 dB
between the calculated and measured S11 and S21, respectively.
This demonstrates a good validation of the extraction model
for sample P1.

C. Return Loss for Metal-Backed Material

The return loss for sample P1 is obtained versus frequency
in the K - and W -bands, as presented in Fig. 5(c) and (d),
respectively. The red solid and black lines in Fig. 5(c) and (d)
represent the measured and calculated return loss values
obtained at the average thickness of the sample (3.153 mm).
An approximate maximum error of the 1.0-dB difference
between the calculated (red solid line) and measured return
loss (solid black line) is observed at a 26.5-GHz frequency
in Fig. 5(c), whereas, it is ∼0.001 dB at 110.0 GHz
in Fig. 5(d). More importantly, with the sample thickness
of 3.153 mm, there was no observed resonance in the measured
return loss at any frequency in the K - or W -band. Upon
using the extracted complex permittivity in (5) with different
thicknesses, the sample can demonstrate resonance if made
of different thicknesses. The calculated return loss at four
other thicknesses is shown in Fig. 5(c) for the K -band and
Fig. 5(d) for the W -band (see dotted colored lines). In the
K -band figure, the black dotted, magenta, red, and blue lines
in Fig. 5(c) represent return loss calculated at a thickness
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TABLE II

CALCULATED ABSORPTION VALUES USING NEW
THICKNESS SHOWN IN FIG. 5(c) AND (d)

Fig. 6. Results for sample P2 in the K - and W -bands. (a) Real and imaginary
parts of permittivities, ε� and ε��, respectively. (b) Comparison between the
measured and calculated S-parameters magnitude. (c) and (d) Measured and
calculated metal-backed return loss at different thicknesses in (c) K -band and
(d) W -band.

of 0.970, 0.920, 0.870, and 0.820 mm, respectively. Similarly,
for the W -band, the black dotted, magenta, red, and blue
lines in Fig. 5(d) represent the return loss calculated for
0.300, 0.280, 0.260, and 0.240 mm, respectively. In addition,
the data in Table II show the frequency at which the maximum
absorption occurs for each thickness and the bandwidth at
−10 dB. The table indicates that the obtained bandwidth
in the K -band is ∼6 GHz at each thickness, whereas it is
more than 20 GHz in the W -band. Furthermore, it can be
observed from Fig. 5(c) and (d) and Table II that, for a small
change in the sample thickness of ∼50 μm, in the K -band
and ∼20 μm in the W -band, the resonance shifts by ∼1.5 and
∼5.0 GHz, respectively. Thus, to use the sample material as an
absorber for radar systems, it is imperative to manufacture the
sample at the correct thickness of the needed frequency. For
example, in the automotive industry, the use of 24 GHz in short
range and 77 GHz in LRR detection units is commonplace
with the advent of environment object detection technologies
being deployed in all high-tech automobiles. To utilize sample
P1 as an absorber in these SRR and LRR systems, it has to
be manufactured precisely at a thickness equal to 0.870 and
0.3 mm, respectively.

The results of the second sample P2 are shown in Fig. 6.
This sample has an average thickness of 3.33 mm. Similar
to sample P1, the initial guess of the complex permittivity
is selected using the solution of the K -band validated by
selecting the initial guess based on the error functions of
(3). The results are not shown here due to space limitations.

The extracted results of the complex permittivity are shown
in Fig. 6(a). The solid black line in Fig. 6(a) represents the
real part of the permittivity, and the red solid line represents
the imaginary part. The real part demonstrates an increasing
trend until around 22 GHz and then shows an almost constant
value of ∼34 in the K -band. For the W -band, it shows an
almost constant value with an average of 32.46 for ε� and that
of 2.11 for ε��.

In order to validate the permittivity solution, the
S-parameters are calculated using the extracted permittivity
values in the K - and W -bands and compared with measure-
ment magnitudes. A maximum difference in S11 was observed
to be 0.16 dB and in S21 to be 0.76 dB in the K -band, while
it is 0.2 and 0.36 dB in the W -band, as shown in Fig. 6(b).
The results demonstrate a good validation of the extraction
model in both K - and W -bands for this sample, consistent
with sample P1.

The metal-backed return loss (dB) is shown in
Fig. 6(c) and (d), for the K - and W -bands, respectively.
The red solid and black lines in Fig. 6(c) and (d) represent
the measured and calculated return loss values obtained
at the actual average sample thickness of 3.33 mm. Unlike
other samples discussed earlier, the measured return loss
of this sample (solid black line) indicates the maximum
absorption of the signal at 19.42 GHz, as shown in Fig. 6(c).
This sample demonstrates a narrow band absorber providing
a bandwidth of ∼600 MHz at 19.42 GHz. A shift of
approximately 400 MHz from the measured maximum
absorption is observed in the calculated return loss (red solid
line) obtained at the same sample thickness (3.33 mm). This
shift could be due to a slight change in the sample thickness
when the measurements are performed. As described earlier,
our method of taking the sample thickness is based on
measuring the thickness at ten different points on the sample
and averaging them. It is likely that, when the measurements
are performed, the spot on the sample at which the beam hits
has a slightly different thickness than the average thickness
used in the algorithm. In addition, as observed earlier in
this section, a slight change of ∼50 μm in the thickness
caused the resonance to shift significantly. To prove this,
the return loss for this sample is calculated at the sample
thickness of 3.43 mm (a change of 0.1 mm), which shifted the
maximum absorption back at the same 19.42-GHz frequency
(blue dotted line) of the measured return loss, as shown
in Fig. 6(c). The return loss is also calculated at the other
two thicknesses, −3.017 and 2.704 mm, which displays the
maximum absorption at 21.43 and 24 GHz, as shown in
magenta dotted and red lines in Fig. 6(c), respectively.

The return loss for sample P2 in the W -band is presented
in Fig. 6(d). At high frequencies, multiple reflections are
observed, as shown in the figure. However, the calculated
metal-backed return loss (red solid) follows the same behavior
as the measured one (solid black line), demonstrating a max-
imum difference of ∼0.76 dB at 75 GHz. This validates the
extraction method for this sample. In addition, in Fig. 6(d),
the blue dotted, magenta, and red lines represent the metal-
backed return loss calculated, using the extracted permittivity
and sample thicknesses of 0.857, 0.757, and 0.657 mm,
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TABLE III

MEASURED AND CALCULATED ABSORPTION AT ACTUAL AND NEW
SAMPLE THICKNESSES SHOWN IN FIG. 6(c) AND (d)

Fig. 7. Results of sample P3 in the K - and W -bands. (a) Real and imaginary
parts of the relative permittivities, ε� and ε��, respectively. (b) Comparison
between the measured and calculated S-parameters magnitudes.

respectively. Table III lists the frequency of the maximum
absorption at each of these thicknesses and the bandwidth
obtained using the −10-dB threshold. To utilize sample P2 as
an absorber in the SRR and LRR systems, it has to be
manufactured precisely at a thickness equal to 2.704 and
0.857 mm, respectively.

The results of the third sample, P3, are shown in Fig. 7,
where the average thickness of the sample is 3.373 mm. This
sample represents the highest conductive material among all
the 51 samples characterized in this project. Here, the error
functions of (3a) and (3b) were modified to be similar to
(3c) and (3d) where the phase minimization was removed
and only the error in magnitudes was used. Here, even in
the K -band, the initial guess is marked as 1 where (ε� = 1
and ε�� = 0), provided a negative value of the real part of ε̂r ,
as listed in Table IV. The same for the random initial guess
is marked by 7 (ε� = 6 and ε�� = 10.3). All other initial
guess values obtained from the error functions converged
to the same solution that also provided good comparisons
between the calculated and measured S-parameter magnitudes,

TABLE IV

SAMPLE P3—INITIAL GUESS POINTS BASED ON S21, S11,
AND S22 ERROR FUNCTIONS

as shown in Fig. 7. Here, the initial guess of the permittivity
in the W -band is obtained from the solution in the K -band
at 26.5 GHz.

The results of the extracted permittivity are shown
in Fig. 7(a) for the K - and W -bands. The black solid line
represents the real part, and the red solid line represents the
imaginary part. The comparison between the measured and
calculated S-parameters magnitudes is shown in Fig. 7(b) with
the solid lines representing S11 and the dashed or dotted lines
representing S21. It is observed that the real and imaginary
parts of the extracted permittivity in Fig. 7(a) are noticeably
higher in the K -band compared with those in the W -band.
This observation is consistent with samples P1 and P2 results
but with less difference between the two bands. We also note
wavy plots in the permittivity versus frequency consistent
with the P2 sample results. This behavior could also be
due to the multiple reflections in the sample. In Fig. 7(b),
the sample P3 is highly reflective due to its high conductivity,
demonstrated in the permittivity imaginary parts in Fig. 7(a).
The magnitude of S11 is in the range between −1 and ∼0 dB in
the K - and W -bands, while that of S21 is between ∼−20 and
∼−30 dB in the K -band and between ∼−40 and ∼−50 dB
in the W -band.

The maximum difference observed between the magnitudes
of calculated and measured S11 and S21 is 0.01 dB in the
K -band, as shown in Fig. 7(b), whereas it is 0.012 and 0.86 dB
between the calculated and measured S11 and S21, respectively,
in the W -band. Even with almost no transmission through this
sample, the difference between the measured and calculated
S-parameters is less than 1 dB, proving the validity of this
extraction model for highly conductive materials.

For the metal-backed configuration, this sample proved to
be unsuitable as a RAM. The return loss results (not included)
did not show absorption in the mm-range of sample thickness.
However, it is possible to use this material as absorbing thin
film covering metallic targets, where thicknesses of less than
50 μm were observed to provide absorption of fewer values
∼−12 dB at 110 GHz.

D. Absorption and Shield Effectiveness

The percentage of power absorbed in the transmission
mode is obtained using (4c). A comparison between the three
samples is shown in Fig. 8. Sample P1 demonstrates higher
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Fig. 8. Percentage power absorbed based on measured S-parameters in
samples P1, P2, and P3 obtained in the K - and W -bands.

Fig. 9. Electromagnetic total SE based on the measured S-parameters of
samples P1, P2, and P3.

absorption values compared with that in samples P2 and P3.
This behavior is consistent with the extracted permittivity of
these materials.

A comparison of the total SE of the three samples, obtained
using (6a), is shown in Fig. 9. The value of SE (total SE)
is the sum of SEA (absorption SE) and SER (reflection SE).
Due to space limitations, we omitted the results of SEA and
SER and presented only the SE values in Fig. 9. As observed
in the results, the SE is higher in the W -band than in the
K -band in all three samples. In addition, as the frequency
increases, the SE increases, except for P3 in the W -band,
where it shows wavy behavior versus frequency. P3 shows
higher SE values than that of P1, followed by P2. Furthermore,
a wavy behavior in the SE plots observed in samples P2 and
P3 is consistent with their extracted permittivity and also with
the literature [9] for carbon-based nanostructured polymeric
materials. The work in [9] described such behavior as the
irregular nature of the included conductive materials.

VI. CONCLUSION

We presented the results of the free-space characterization
method for three highly conductive nonhomogeneous carbon-
based RAM samples. The TRL calibration was utilized here,
and the measurements were conducted in the K - and W -bands.
The developed method is based on an iterative optimization
model to extract the complex permittivity of the engineered
materials. The initial guess technique and the extraction
algorithm that we presented in this article have successfully
provided the correct relative permittivity of highly conductive
samples (e.g., sample P3). The validation of the extracted
permittivity was based on minimizing the error between the

Fig. 10. Time-domain gating on the S11 data of sample P1 obtained in
the W-band. (a) Inverse Fourier transformed time-domain S11 magnitude
showing the applied gating window using the network analyzer gating feature.
(b) Ungated (black solid line) and gated (red solid line) S11 magnitude (dB).

Fig. 11. Plot for 3-dB beamwidth of the incident beam on the sample under
test across the whole K- and W-bands.

measured and calculated S-parameters. The S-parameters cal-
culations were based on using the extracted complex permit-
tivity in the S-parameters expressions of the transmission line
model [45]. In all samples, the maximum error was less than
1 dB. Furthermore, a validation was demonstrated for the
metal-backed samples based on a minimum error between the
measured and calculated return loss.

The phase difference between the S11 and S22 parameters
in the measurements using the TRL calibration was reported
in the literature in the W-band [15] and the Ku-band [48].
We observed the same issue, particularly for the high-
conductive materials considered here. These phase discrepan-
cies represented a challenge when using the original extraction
methods in [45] and [46] as it has led to ambiguous solutions
similar to those reported in [50] and [51] or to incorrect valida-
tion of the measured and calculated S-parameters, as discussed
in Section V.

Here, we modified the extraction method by simultaneously
minimizing the functions of the S-parameters based on their
magnitude and also generating a pool of initial guesses based
on the individual error functions. Otherwise, it would have
been almost impossible for the W-band measurements to start
the optimization algorithm with an initial guess as ε� = 1
and ε�� = 0 (similar to the K-band). Therefore, we adopted a
similar technique to that reported in [15] to obtain the initial
guess in the W-band, as presented in Fig. 4.

The results also show that using metal-backed samples
does not necessarily demonstrate resonances at the desired
frequency. However, the extracted complex permittivity can be
utilized to design the appropriate thickness of the sample in
order to obtain the maximum resonance in the return loss at the
desired frequency. In addition, the total SE and the percentage
of power absorbed in the transmission mode were obtained to
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guide the selection of the appropriate material, in particular at
24 and 77 GHz, for the automotive radar application.

APPENDIX

Upon measuring the S-parameters, the time gating is imple-
mented on the raw data. This feature in the network analyzer
helps remove the postcalibration errors caused by the reflection
of the sample’s edge and load impedance mismatch due to any
imperfection in the calibration standards. Here, we show the
raw and gated data of S11 of the metal-backed reflection mode
of sample P1, as an example, in Fig. 10. First, the inverse
Fourier Transform of the frequency-domain S11 raw data is
obtained, as shown in Fig. 10. Then, the gating window is
applied to the time-domain transformed data that include the
main lobe and two side lobes. The gated time-domain data are
transformed back to the frequency domain using the Fourier
transform, as shown in the figure (red curve). An additional
advantage of the gating is removing the noise. This procedure
is applied to all S-parameters measured in this work.

The 3-dB beamwidth across the K - and W -bands is pre-
sented in Fig. 11, where the distance between the two dashed
lines represents the beam spot diameter versus frequency,
following the method at the X-band reported in [39].
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