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ABSTRACT

Reconfigurable microwave material is a promising candidate for designing and man-
ufacturing tunable microwave components. Nematic liquid crystals (NLC) are such
materials since their permittivity can be tuned by an external electric field. How-
ever, many NLC mixtures were not properly characterized at higher frequency bands
due to requiring a complex measurement setup. In this work, a novel method using
circular patch resonator (CPR) is developed to measure the dielectric constant and
loss tangent of NLCs at microwave frequencies. In addition to using the cavity model
for the preliminary design and analyzing the fringing effect for a better accuracy,
full-wave simulations are employed to confirm the final design and aid the character-
istic analysis. Three prototypes were fabricated and measured to reduce uncertainty
from manufacturing defects. To avoid the possible damage when higher voltage is
required for a large range tuning, a coupling mechanism is proposed between the
microstrip line and coplanar waveguides (CPWs) to replace connection through vias.
A high accuracy with an uncertainty of 0.02 for relative permittivity estimate has
been demonstrated with experiment verification, approximate 80% improvement
than other typical methods. The simple design and PCB-based manufacturing tech-
niques can be widely employed to characterize the properties of newly-developed LC
mixtures.
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1. Introduction

Microwave-based technologies play an important role in today’s society, which utilize
frequencies in the millimeter-wave (mmWave) regime so as to obtain the necessary
large bandwidth and satisfy the demand of higher data rates. In some communication
systems, such as 5G and low-orbit satellite systems, ground mobile terminals might
access the communication infrastructure via beam-steering antenna arrays to increase
the coverage and reduce the latency [1,2]. To implement such devices with the function
of beam steering, different methods employing various materials and techniques have
been used, such as semiconductor [3], RF Micro-electromechanical systems (MEMS)
[4], ferroelectrics [5] and liquid crystals (LCs) [6]. However, for systems with a large
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number of beams, it is not practical to be steered by the bulky mechanical systems
when the ground terminals are moving. Hence, smart RF components with compact
and low insertion loss properties are demanded to adjust the beams for more efficient
use of spectrum resources. To design and manufacture such smart RF components,
LC shows a promising characteristic. Based on their unique birefringence property, LC
materials are initially utilized mainly for the optical applications (e.g., displays, lenses,
etc.) [7,8]. In the last two decades, following the evolution of microwave techniques,
novel nematic liquid crystal (NLC) has drawn significant attention because of its large
anisotropy and low loss characteristic at higher frequency band. In addition, compared
to the conventional ferroelectric materials, the main advantages of LC material are
lower voltages required for tunability and being moderately low cost. Therefore, NLCs
are promising materials for reconfigurable millimeter-wave applications [9,10]. Several
types of applications based on NLC have been demonstrated in the literature, such as
phase shifters [11-13], tunable reflectarray antennas [14], dielectric waveguides [15,16],
and steerable phased arrays [17-19].

Some studies have been carried out to determine the properties of LC materials
in the literature. Early study for characterising the properties was presented in the
1950s, which applying a magnetic field to align the orientation of LC for a fast proof-
of-concept in the lab [20]. Nowadays, with the development of microwave devices,
several technologies covering a large frequency range have been proposed to estimate
the characteristics of LCs with help of an electric biasing, which can be classified as a
broadband method and resonator-based method. Broadband methods can determine
the dielectric properties over a broad frequency range while the measurements of per-
mittivity usually are not accurate enough. Thus, they are very useful for applications
in higher frequency bands (e.g., above 30 GHz for optical components). Some methods,
such as temperature-controlled coaxial transmission line [21] and a covered microstrip
line [22,23], have been proposed to obtain a rough estimate of LC properties.

Compared with the broadband methods, resonator-based techniques can estimate
the parameters with a higher accuracy but only at single or some discrete frequen-
cies, and are primarily applied in low microwave frequency range. Meanwhile, one of
advantages is that the resonate frequencies and other properties can be accurately
analyzed by means of a cavity model. Several methods such as using a split-cylinder
ring [24,25], a patch resonator [26], a circular patch resonator (CPR) [27], and an
inductive coupled ring resonator [28], have been reported in the literature. In [24], it
can yield £0.22 uncertainty on permittivity measurement for QYPD-036 material by
using a split-cylinder ring. In contrast to a microstrip line resonator [22], a CPR with
a cavity can tune a larger volume of LC, which potentially leading to a better orien-
tation alignment of the molecules, accordingly a better accuracy is expected. In [27],
a CPR was also used to determine the permittivity but a complex experimental setup
is needed. In addition, compared with [27], this work provided a numerical approxi-
mation that allows a better prediction of the effective circular radius, and achieves a
higher accuracy for dielectric constant determination.

In this work, a low-cost printed circuit board (PCB)-based CPR with high resolu-
tion is designed, fabricated, and tested to determine the dielectric constant and loss
tangent of the newly developed off-the-shelf NLCs. An cavity model is developed to
investigate the relationship between the physical dimension and resonant frequency of
the CPR. The parameters of the cavity model are verified by a full-wave simulator.
Finally, one CPR is designed and three samples are fabricated and measured. The
experimental results from vector network analyzer (VNA) had a good agreement with
those from the full-wave simulation, as well as the cavity model. It should be noted



that the proposed CPR has an operating frequency lower than 10 GHz based on the

following considerations: i) there are many wireless applications operating in sub-10

GHz frequencies including 5G and low-orbit satellite communication system; ii) the

manufacturing cost is relatively low, meanwhile it is easier to analyze the measurement

uncertainty; iii) permittivity & keeps reasonably constant over this frequency range,

while it has relatively large variation in other higher millimetre wave frequency bands.
The main contributions of this investigation are as follows:

e The proposed design is solely based on a PCB technology without involving
a complex process as in the existing methods, hence it is applicable in most
scenarios where accurate characterisation are required for high-tunability devices
at a low cost.

e Compared to other methods such as in [27], this study considers the fringing
effect of circular patch, therefore yields a better accuracy. The error of the per-
mittivity in the proposed method is less than 0.02, which was typically over 0.1
based on the previous methods.

e To calculate e, with respect to the resonant frequency, a closed-form expres-
sion has been derived to determine the effective radius a. by decoupling the
permittivity e, where a, and €, have a high correlation.

e To avoid possible damage to the instrument caused by external high bias voltages
required for a large range of tuning, this study utilizes a coupling mechanism,
which is beneficial for applications that require a higher bias voltage as it is
isolated for DC between the microstrip line and two CPWs for feed.

The paper is organised as follows: Section 2 introduces the cavity model of a CPR
and presents a closed-form expression with respect to the resonant frequency and the
permittivity of the LC material; Section 3 first describes the design and fabrication
of the CPR, then the experimental results and the uncertainty analysis are provided,
finally the uncertainty of the proposed CPR are compared to those by other typical
methods in the literature; The conclusion is presented in Section 4.

2. Material and methods

As an anisotropic material, the unique feature of nematic LC is that the direction
of LC molecules can be re-oriented, by means of an external low-frequency electric
or magnetic field, which can then lead to different dielectric constants. Anisotropy is
the key characteristic attractive in microwave devices. According to the orientation
of LC molecules, the permittivity of LC can be simply represented as a tensor vector
from the parallel direction ¢ to the perpendicular direction €, as shown in Figure
1. Anisotropy can be defined as the maximal difference of these two extreme values,
Ae =¢ | — El.

The choice of LC material for a microwave device depends on some intrinsic param-
eters, such as permittivity, loss tangent and Frank elastic constants, etc. Among these
parameters, elastic constants are mainly considered in optical applications, and out
of scope of this work. Loss tangent is a useful parameter to evaluate the dissipation
factor of RF devices, and can be derived from the quality factor. Both the relative per-
mittivity and loss tangent have been examined in this study due to their importance
for the design of microwave components.

Taking conventional phase shifter as an example, the maximal phase delay A®
mainly depends on the physical length of shifter [ and two extreme dielectric constants
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Figure 1. Orientation of LC molecules under different biasing voltages.

g and €, can be written as [13]:

2wl f
a® = L( /- vED) (1)
where f is the operating frequency, c is the speed of light.

Several LC mixtures initially designed for the display devices, such as E7 (Merck
KGaA), K15 (5CB), etc., have been used for the microwave components. However,
they demonstrate relatively small anisotropy and high loss tangent at mmW frequency
band. Recently some high performance LC materials have been developed to meet the
demand of microwave applications, e.g., GT7-29001 provided by Merck KGaK showing
a large anisotropy (Ae, > 1 at 19 GHz), but it is not widely available. In addition,
some LC mixtures might have a great potential for the microwave applications, but
they only provide parameters for the optical devices, and their characteristics at the
microwave frequency band need to be thoroughly examined. Thus, to achieve the op-
timal performance of LC-based microwave devices, it is very important to develop
low-cost and easily implemented technique to accurately determine the characteriza-
tion of various LC materials.

This study uses a CPR to analyze the characteristics of LC because of its simple
structure and high estimation accuracy. A basic model of CPR is shown in Figure 2.
In contrast to examining structures with a rectangular patch and transmission line,
we used the cylindrical coordinate (p, ¢, z) system to investigate CPRs. In addition,
only one parameter (radius a of the disc) is needed to determine the orders of electro-
magnetic modes. For LC-based CPR design, the circular patch is in (z,y) plane, LC
material is filled in the middle cavity which is formed between the inverted circular
patch and the ground plane. The bulk of LC material in the cavity can be treated
as a substrate for characteristic analysis. Meanwhile, to control the direction of LC
molecules, the patch and ground plane are also used as electrodes to provide bias
voltage.

Several approaches have been adopted to design CPRs, including transmission line
model, cavity model and full-wave simulations. In this work, cavity model and full-wave
simulation were implemented to design the CPRs and characterize the LC materials
used in the devices. Full-wave simulation is more accurate than any other models, how-
ever it needs a large number of optimization iterations and usually gives less physical
insight. Whereas the cavity model is simpler and can indicate good physical insight.
The following presents the main principle and key parameters of a cavity model. The
results for a CPR design based on full-wave simulation and the cavity model are given
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Figure 2. Geometry of a CPR with parameters of circular radius a, substrate height h and dielectric constant
er in a cylindrical coordinate (p, ¢, z) system.

and compared in the end.

2.1. Cavity model of a CPR

RF properties of LC materials can be studied by using a CPR with the cavity model,
which exploits the relationship between the resonant frequency and dielectric constant,
and is a commonly-used method to estimate the permittivity ¢, and the loss tangent.
As shown in Figure 2, since the substrate height h is much smaller than the wavelength
of RF signal A (h << ), the primary electric and magnetic modes that are supported
in a CPR are TM?, where z is taken perpendicular to the patch.

Based on the electromagnetic field theory, the fields propagating in the cavity can
be derived by using the vector potential method, which satisfies the homogeneous
wave formulation in the cylindrical coordinate. In this section, the principle equations
are provided to derive the dielectric properties, and more detailed description regard-
ing the cavity model can be found in [29] and Appendix A. The resonant frequency
corresponding to the permittivity for the dominant mode TM?,,, can be written as

Fomo = 1 X/mn _ lenUO (2)
e 2ma. /e a 2man/e,

where f,.n0 is the resonant frequency, which is the key parameter required to derive
€r, and can be obtained from scattering parameters of S11 or S2 based on VNA mea-
surements or the full-wave simulations. ¢, is the relative permittivity of LC material,
a is the radius of the inverted circular patch, h is the height of LC in the cavity, vg is
the speed of light in free space, x.,,,, (m = 0,1,2,--- ,n=1,2,3,---) is the zeros of the
derivative of Bessel function Jp,(x) which is used to determine the order of resonant
frequency. Therefore, according to a given TM; ,, mode, the dominant value of Xonm
can be calculated using the Bessel functions. Taking the first four modes of TM?,,,
as an example, we can calculate, in ascending order, X/11 = 1.8412, X,21 = 3.0542,
X61 = 3.8318, and X:%l = 4.2012, respectively. Thus, by means of the known values of
other parameters in (2), we can directly derive ¢,.

2.2. Effective radius of a circular patch

In practice, fino predicted from the cavity model based on (2) is usually slightly
higher than that from the measured results. The reason is that it does not take into
account the fringing effect of the circular patch, which makes the electrical radius a
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Figure 3. Fringing effect and resonant frequencies corresponding to the circular radius a and effective radius
ae vs. different dielectric constants.

larger than the physical size, as shown in Figure 3a. To optimize the parameter for
the cavity model and improve the estimate accuracy of &,, we need to compensate the
extra length for the radius a. In this work, effective radius a. is considered to include
the fringing effect, and a good approximation is made in [32] and can be written as

4o = a x {1 + 73; [ln (%) n 1.7726} }(;) . (3)

Based on the geometry of the proposed CPR (a = 6.5mm, h = 0.265 mm), when
the range of the permittivity of 1 < € < 3 is considered, the resonant frequencies
corresponding to the physical radius a and the effective radius a. are calculated and
plotted in Figure 3b, respectively. We can observe the frequencies determined from
ae by (3) are less than those with the physical radius a, which mainly because a. is
greater than a due to the the fringing effect. Meanwhile, the deviation decreases with
an increase of g, and the maximum discrepancy is about 1 GHz when ¢, = 1. Adopting
the effective radius a. and taking x;; as an example, the resonant frequency for the
dominant mode TM7;, of (2) can be rewritten as

X11vo  1.8412vg
2Mae\/Er  2Tacr/Er

(4)

fiio =

2.3. Determination of permaittivity

With the known values of fi19 and ae, €, can be directly calculated using (4) and can

be written as:
oo 2
11%0
g = | =+ . 5
" (27Faef110> 5)

However, in order to calculate a. using (3), we must know the value of &,, which
means there is a high correlation between a. and ¢, in (3), so we must decouple a,
from e, first. In the literature, considering the fact that a >> h for LC-based devices
(since h should be small enough to have a quick response time for tuning), and for the
majority of microwave LC materials, ¢, is usually between 1.6 to 3.5 at sub-10 GHz



band. We can fit a. by assuming different values to ¢, in the range from 1.6 to 3.5
in (3). With this approach, for the proposed CPR structure, the associated effective
radius a. with respect to a is obtained by interpolation method, and can be expressed
as
a+0.04(mm), e, =1 (©)
A =
" la+0.02(mm),1.6 <&, <3.5

2.4. Determination of loss tangent

In addition to permittivity, loss tangent tand can be estimated by seeking the quality
factor and the relationship between them is approximately given as [29]

tand ~ 22 (7)

where () is the unloaded quality factor when the energy dissipation of conductor
is considered and radiation loss is neglected in the microwave resonator. Accurate
determination of loss tangent is a very complex task [30] since the loss from various
sources is difficult to distinguish. For transmission type resonators such as a CPR, the
loaded @, can be calculated as

fmnO
QL= 8
fi— [ (®)
where f; and fy are respectively the half-power frequencies according to the resonant
frequency fmno for a given mode, which can be obtained at 3 dB power points deviated
from the resonant frequency. The loss tangent tand is initially defined as [31]

"

ET
tand = - (9)

<

where £, is the imaginary part of permittivity, which can be determined by

" Ve 1 1

& = 4‘/5(@ - @) (10)

where V, is the volume of the empty cavity and Qg is the value of quality factor. When
the LC is filled in the cavity, the value of the volume (V;) remain unchanged. But the
value of the quality factor will be reduced (Qr). €, is the real part of permittivity,
which can be obtained as

r Vc(fc - fs)

where f. is the resonant frequency with an empty cavity, and fs is the resonant fre-
quency after the NLC sample is filled. With (8), (9), (10) and (11), the loss tangent
can be derived accordingly.

To sum up, according to the above-mentioned equations, &, and loss tangent tand
can be determined by a full-wave simulation or VNA measurements. Taking the VNA



measurement as an example, f11¢ is obtained from the S-parameter (Si; or Sg2) mea-
surements with TMy9 as the dominant mode, then we can derive the relative dielectric
constant &, using (5) and the numerical approximation a. defined in (6). Finally, loss
tangent tand can be estimated by (9) with the corresponding frequencies.

2.5. Feastibility analysis of the cavity model

In order to verify the feasibility of the proposed cavity model, we first acquire the
resonant frequencies using (4), then the results are compared with those from the
full-wave simulation. The main parameters used for this analysis are identical to the
fabricated CPR provided in Section 3, e.g., a=6.5 mm and h=0.265 mm. Five distinct
dielectric constants are assigned separately (the range from 2.22 to 2.98) for verifica-
tion, we obtained the resonant frequencies based on the cavity model and the full-wave
simulation, respectively, as illustrated in Figure 4. In Figure 4, the curves represent
the refection coefficient S1; from the full-wave simulation, and the straight lines are
the frequencies calculated by using (4) from the cavity model. Taking ¢, = 2.22 as
an example, the resonant frequency from the lowest value of S7; using the full-wave
simulation is 8.84 GHz, and it is estimated 8.81 GHz based on the cavity model, the
discrepancy is only 0.03 GHz, which is close enough to demonstrate the high accuracy
on determination of dielectric characteristics through the cavity model.
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Figure 4. Comparison of the resonant frequencies from the cavity model and a full-wave simulation vs.
different values for dielectric constant of the LC material.

3. Experimental results and discussion

To accurately evaluate the characteristics of LC in mmW band, a CPR was designed
with the optimized parameters by a full-wave simulation. Three prototypes were fab-
ricated and tested. The experimental results including permittivity and loss tangent
for the two types of newly-developed LC materials are provided and verified.



3.1. Design and fabrication

Figure 5 illustrates the structure of the proposed CPR, LC is contained in a closed
cavity between the circular patch on the top and the ground plane on the bottom. As
shown in Figure 5 (a), on top layer three holes are designed for filling the LC material,
the diameter of each hole is 1 mm. A cavity for LC cell is produced on middle layer,
the ground plane is fabricated with a 40 mm X 24 mm x 1 mm copper sheet. The
top layer and middle layer have the same thickness of 0.254 mm, and are made of
commercially available FM4BX with different dielectric permittivity where &, = 2.2
for the former and e, = 3 for the latter. The geometry of other parameters are given
in Figure 5 (b).

In contrast to a conventional CPR design, this work proposed a coupling mechanism
for microwave transmission, to avoid the possible damage to the instrument caused
by a higher bias voltage. Instead of a direct contact through the vias, we used copper
patches to couple the RF signal between the transmission line of the resonator and the
CPWs for feeding, as shown in 5 (c). More detailed analysis on the coupling mechanism
is given in Subsection 3.2.

Copper  Coupling patch Substrate Units:mm 0

I |

30 4 |
9.9
)

24 |20 T 1.4
T
LC Filling Hole
Microstrip Line Feeding Line Circular Patch
(a) (b)
CPW Circular Patch Microstrip Line

Coupling Patch

Ground Plane LC Substrate

©

Figure 5. Structure of the proposed CPR device. (a) Top view of the first layer. (b) Dimensions of the CPR.
(c) Side view of the CPR with three layers.

Figure 6 shows the key fabrication processes of the CPR. The top board con-
sists of the primary elements, including an inverted circular patch, coupling patches,
CPWs, feeding lines, and filling holes, CPWs are designed with a 50-(2 characteris-
tic impedance, as shown in Figure 6 (a). The board after the deposition and curing
treatments with Polyimide (PI, AL 1254) on the patch surface is presented in Figure
6 (b), the thickness of PI is about 100 nm and the curing process at 230 °C took 20
minutes. The microscopic grooves are realized by rubbing the PI surface with velvet
in the same direction, shown in Figure 6 (c). Figure 6 (d) illustrates the device under
test (DUT) by a vector network analyzer (VNA, N9918A of Keysight).



Figure 6. Key fabrication steps for the CPR: (a) main board including the circular patch, (b) depositing
and curing treatment of PI on the patch surface, (¢) microscopic grooves on the PI surface, and (d) a CPR
under test using a VNA.

Table 1. Resonant frequency and calculated permittivity for air from the CPR
with the coupling mechanism and vias connection (where &, = 1 is the norm).

Parameter Frequency (GHz) Permittivity (e,)
Experiment(coupling) 12.48 1.0—0.994
Full-wave simulation(coupling) 12.45 1.0
Full-wave simulation(vias) 12.33 1.0—1.06

3.2. Experiments

In this section, experiments are carried out to estimate the dielectric characteristics of
new developed LC materials. The procedure to determine the dielectric properties of
the NLCs are summarized into three steps: Step 1, the reflection coefficients of DUTs
are acquired by using the VNA, to determine the resonant frequencies. Step 2, the
values of dielectric constant €, are calculated using (5) by the cavity model. Finally,
€, obtained from Step 2 was further verified with the full-wave simulation.

As mentioned earlier, in order to support higher bias voltages for achieving the full
anisotropy potential, a coupling mechanism is proposed for feeding the resonator in
this work. Thus we first analyze the impact of the coupling mechanism, in comparison
to conventional vias arrangements. The relativity permittivity of air (where ¢, = 1
without the presence of the LC material) is used as a testing benchmark to evaluate the
accuracy of the method. The scattering parameter S1; obtained from measurement and
the full-wave simulation is shown in Figure 7. It depicted that the coupling mechanism
pushes the resonant frequency slightly towards higher frequency compared with via
arrangement. When the coupling mechanism is employed, we observe that the resonant
frequency from measurement (12.48 GHz) is very close to that from simulation (12.45
GHz) (see Table 1 for details).

Two types of LC mixtures, JC-M-LC-E7 from JCOPTIX and QYPD-470-10-N001
from Qingdao QY Liquid Crystal Co., are used for testing. They are commercially
available and both have been developed primarily for optical applications. Their di-
electric properties at the optical spectrum are summarized in Table 2 but short of
description on characteristics at microwave frequencies, and the molecule structure of
the intermediate compounds for typical E7 mixtures is depicted in Figure 8. They can
be potentially employed to design and manufacture microwave or mmWave compo-
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Figure 7. Scattering parameters of the empty CPR device with the coupling mechanism and via connection
without LC filled in the cavity (e, = 1).

Table 2. Comparison of dielectric properties of available new NLCs and classical mixture E7
(Merck) for display applications.

LC Ne No An €r, 1 € Aey Clearing point T
@589 nm @1 KHz (°C)
E7(Merck) 1.739 1.523 0.216 5.2 19.6 14.4 58
QYPD-470-10-N001  1.778  1.523 0.275 6.5 20 13.5 101
JC-M-LC-E7 1.741  1.517 0.224 5.3 16.7 11.4 58

o o

(a) C;gHoN (b) CyH,3N
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Figure 8. Molecule structures for typical E7 intermediate compounds, and associated empirical formulas.

nents. Thus this study investigates their dielectric characteristics (dielectric constant
and loss tangent) at the microwave frequency bands. It is pointed out that for JC-M-
LC-E7, this is the first time to examine its properties in microwave frequencies as far
as we understand.

To determine the anisotropy and loss tangent of the two types of LCs (JC-M-LC-E7
and QYPD-470-10-N001), the experiments were performed by applying external bias
voltages. To reduce the random errors, three devices dubbed as DUT1, DUT2, and
DUTS3, were fabricated, as shown in Figure 9. The LC material was filled into the
cavity through the filling holes, and a 1 KHz sine wave voltage is applied with a AC
power source. By adjusting the voltage step by step, a largest phase shift was observed
when the bias voltage was reaching 32 V (the peak to peak voltage), where the long

11



axis of the LC molecules was expected to be approximately in parallel to electric field
of the propagated waves.

Figure 9. Three CPR devices manufactured for material characterization.

When JC-M-LC-E7 was filled in the cavity of DUT1, Figure 10 demonstrates the
scattering parameter S1; obtained from the VNA and full-wave simulation, respec-
tively. We can see there is a good agreement on the resonant frequency between sim-
ulation and experiments, whether 0 or 32 V voltage was applied. In Figure 11, Sy for
JM-M-LC-E7 from experiments using three DUTs was presented. As expected, three
DUTs have the approximate performance. The similar results for QYPD-470-10-N001
were also observed, as shown in Figure 12. Using the frequencies acquired from mea-
surements, the dielectric constant and loss tangent for both types of LC mixtures were
calculated based on the cavity model, and the results were listed in Table 3 and Table
4, respectively. The term unbiased and biased in these tables mean that 0 and 32 Volts
are applied, respectively.

—e—Simulated, OV ||
—6—Measured, OV
—e— Simulated, 32V
—6— Measured, 32V

Reflection Coefficient (dB)

7.5 8 8.5 9 9.5 10
Frequency (GHz)

Figure 10. Scattering parameter S1; for JC-M-LC-E7 from the full-wave simulation and experiment using
DUT1 at 0 and 32 V, respectively.
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Figure 11. Scattering parameter Si1 for JC-M-LC-E7 from experiments using three DUTs at 0 and 32 V,
respectively.

Table 3. Resonant frequency, calculated dielectric constant and loss tangent for JC-
M-LC-ET7 using three DUTs.

Device Condition Resonant frequency (GHz) tand Permittivity

unbiased 8.73 0.045 2.27
DUT 1 biased 8.07 0.018 2.70
unbiased 8.78 0.042 2.24
DUT 2 biased 8.12 0.016 2.65
unbiased 8.80 0.041 2.23
DUT 3 biased 8.14 0.014 2.63

3.3. Uncertainty analysis

Uncertainty may exist in every step of the investigation. There were many potential
sources of errors, such as material stability, manufacturing tolerance, optimal position
for biasing, etc. Two key steps have been taken to reduce the uncertainty:

1) Coupling mechanism is used to make connection between the transmission line
where the CPR is connected to and the CPW, which can obtain a more stable and
accurate measurement than the case where a direct connection exists through a vias,
especially for higher external voltages.

2) More than one samples have been made for cross checking and reducing the
uncertainty. Three devices have been fabricated to make reliable test for the proposed
method. The resonant frequencies and the corresponding dielectric constant from the
measurement and simulation are summarized in Table 5, and a slight discrepancy

Table 4. Resonant frequency, calculated dielectric constant and loss tangent for
QYPD-470-10-N001.

Device Condition Resonant frequency (GHz) tand Permittivity

unbiased 8.61 0.072 2.33
DUT 1 biased 7.59 0.009 3.04
unbiased 8.66 0.071 2.29
DUT 2 biased 7.53 0.007 3.08
unbiased 8.71 0.070 2.28
DUT 3 biased 7.56 0.007 3.06
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Figure 12. Scattering parameter S11 for QYPD-470-10-N001 from the full-wave simulation and experiment
using DUT1 at 0 and 32 V, respectively.

Table 5. Uncertainty analysis based on resonant frequency and interpolation from
full-wave simulations when the cavity is empty.

Devices Resonant freq. (GHz) Af, Freq. dev. (GHz) ér Aey

Simulated 12.45 0.00 1.00 0.0
DUT 1 12.48 +0.03 0.994 -0.006
DUT 2 12.53 +0.08 0.985 -0.015
DUT 3 12.56 +0.11 0.980 -0.020

among these devices is observed. It is shown that the error for anisotropy determination
is within a scope of 0.02.

To clearly demonstrate the performance of the proposed CPR, uncertainty compar-
ison between the proposed method and other similar methods in the literature is listed
in Table 6. As shown in Table 6, the uncertainty for the permittivity determination
proposed by this work is about 0.02, which is much lower than that based on other
conventional techniques, a significant improvement is observed.

3.4. Discussion

This work shows that the resonator based technique can achieve a high accuracy in
determining permittivity and loss tangent of NLC with a low cost. However, there are
still some problems to be addressed in the future work. For example, although we have
made some analysis on the effect of coupling mechanism, quantitative analysis such as
numerical model, propagation characteristics and impedance mismatching, should be

Table 6. Uncertainty comparison of the proposed work to that of methods found in the

literature.
Method Freq. (GHz) ¢, €| Ae  Uncertainty
Split-Cylinder Ring [24] 5 2.28 3.08 0.8 +0.22
Patch Resonator [26] 40 2.74 3.16 042 0.1
Circular Patch Resonator [27] 4.8-8.7 2.69 3.12 043 0.07
This work (JC-M-LC-E7) 5-10 2.25 267 042 0.02
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investigated more thoroughly.

The alignment procedure is critical to establish and control the relationship between
the orientation of the LC molecules and polarization of the waves propagating through
the material. However, we can not evaluate the performance of alignment procedure
by some simple methods. In addition, one of the concerns in practical applications is
the response time of LC. which depends primarily on the thickness of the LC cells.
The response time is not the main focus of this study and would be investigated in
future studies.

4. Conclusions

A technique using a CPR to determine the dielectric constant and loss tangent of
NLC materials has been developed and validated at a moderately low cost. Numerical
methods, including the cavity model and the full-wave simulation, are used to assess
the CPR performance with the optimized design parameters, aiming for a high-level
determination accuracy for material characterisation. Three prototypes are manufac-
tured with a PCB-based process and measured to reduce the random errors. The
results demonstrate a good agreement between the simulation and experimental mea-
surements. The uncertainty for determining anisotropy of the NLC materials based on
the proposed CPR is below 0.02, which is significantly lower than that reported in the
literature. The proposed method can be used to design high-performance microwave
devices at microwave and mmWave frequency bands.
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Appendix A. Mathematical expressions for calculating the resonant

frequencies of a CPR

Applying the magnetic vector potential theorem, the potential A, satisfies the
Helmholtz wave equation,

VA.(p,¢,2) + k*As(p, ,2) =0 (A1)

where A, is the magnetic vector potential, V is the Laplace operator. For TM? models,
the electromagnetic fields can be written as
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subject to the boundary conditions

E,0<p<a,0<¢<2m,2=0)=0
E(0<p<a,0<6<2mz=h) =0 (A3)
Hy(p=0a,0<¢<21,0<2<h)=0.

A, can be derived as

A, = BrnpIm(kpp)[Azcos(me) 4+ Bosin(me)|cos(k. z) (A4)
with the constraint equation
(kp)2 + (k2)? = k? = w?pe. (A5)

r =

where k, and k. can be calculated as

X/
ky = Yo
k=12
" (A6)
m=0,1,2,3---
n=1,23,-
p:0717213a"'
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