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Abstract ─ In this paper, a novel design of
microwave phase shifter with enhanced high level
of flexible integration is proposed and analyzed
using 3D finite difference time domain. The
proposed design is based on the combination of
dielectric resonators and nematic liquid crystal
(NLC) layer of type E7. The effects of the structure
geometrical parameters on the transmission angle
are carried out. Based on the simulation results,
optimizations of the geometries are curial for
varying the phase of the transmitted signal. In
addition, the use of NLC layers placed in silica pan
as a substrate to the dielectric resonator offers a
number of advantages over existing microwave
phase shifters such as simple design, high
bandwidth and phase tunability. Moreover, the
suggested design has an excellent potential for
being very useful in microwave encryption systems.
Index Term  ـــDielectric resonator filter, finite
difference time domain, liquid crystal, phase shifter.

I. INTRODUCTION
Dielectric resonator (DR) has primarily been
used in microwave circuits, such as oscillators [1],
filters [2], and recently as antenna [3]. The DR is
normally made of high-permittivity material, with
dielectric constant εr > 20. The unloaded Q-factor of
the DR can be as high as 10,000 [4]. In addition,
inexpensiveness, high power tolerance and high
temperature stability can be achieved [5].

The DR structures are divided into two basic
configurations: individual dielectric resonators that
are loaded axially in metal enclosures, in which it is
difficult to physically support the resonators [6-8],
or individual resonators that are mounted in a planar
configuration [9-12]. In the latter case, DRs are
centered in position and mounted inside a filter
housing using a support of low-dielectric-constant
and low-loss material.
Phase shifters are one of the key elements for
future reconfigurable radio frequencies (RF)
devices. Widely known technologies include
passive tunable dielectrics like barium-strontiumtitanate (BST) [13], micro-electro-mechanical
system (MEMS) [14] and semiconductor solutions
are mostly based on varactor diodes [15]. Also,
liquid crystal (LC) can give very promising
opportunity to realize tunable RF devices. The LC
material consists of anisotropic molecules, where by
applying an external electrical ﬁeld, the molecules
of the LC type start to align along the ﬁeld lines. The
magnitude of the orientation is depending on the
ﬁeld strength. Due to the anisotropy of the
molecules, this effect can be employed to tune the
effective permittivity of the LC layer inside the
device continuously [16].
This work represents new numerical finite
difference time domain (FDTD) calculations of the
transmission angle of the DR bandpass filter
proposed by [17]. Simulation effects of the
geometrical parameters on the transmission angle
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are carried out. Based on the simulation results,
optimizations of the geometries are crucial for
varying the phase of the transmitted signal. A
simple implementation of tunable phase shifter is
proposed and based on inserting a thin layer of
liquid crystal material of type E7 as a substrate in
the considered DR structure. By this way, an
electrical frequency dependent tunable phase shifter
can be obtained. Furthermore, this work has opened
up an entirely new direction for the usage of the
presented phase shifter as a real time encryptor in
various communication systems.

II. DEVICE ARCHITECTURE
Figures 1 (a) and 1 (b) show 3-D view and front
view of the conventional DR [17], respectively. As
shown from the figure, the DR structure consists of
two cylindrical dielectric discs made of ceramic
type material (Ca5Ta2Tio12) of εr =38 separated by a
distance ζ. The two dielectric discs of radius R, and
relative permittivity εr act as coupled resonators
such that the entire device becomes high quality
bandpass filter which feed through two coaxial
coupler. One of the coaxial coupler is used as an
input port while the other is taken as the output port.
These two ports are drilled on a metallic ground
plane substrate of thickness h. The two dielectric
discs are placed above the ground plane with an
offset distance d (air substrate height).

III. SIMULATION RESULTS
Firstly, 3D FDTD method is used to investigate
the effects of the mesh size on the accuracy of the
simulation results. In this study, the DR geometrical
parameters are taken as d= 6 mm, R = 5.85 mm, and
ζ = 13.5 mm, h = 3.9 mm, εr = 38. In addition, the
substrate has dimensions of 66×16 mm and the
surrounding space has dimensions of 66×24×16
mm. Figure 2 (a) shows the variation of S21
parameter with different mesh densities. It can be
noted from this figure that to keep a reasonable
accuracy, this structure should be discretized with a
mesh cell size equal to λ/35 or less. Figure 2 (b)
shows variation of magnitude of S21 and frequency
calculated by finite integration time domain (FITD)
[17], and that obtained by FDTD [18-20] at different
mesh densities. It is evident from the figure that
there is a good agreement between the presented
results and the published results by [17] where, the
operating resonant frequency for the considered
bandpass filter is equal to 4.525 GHz.

Fig. 2. Simulation of DR: (a) transmission
coefficients vs. meshing step, (b) magnitude of S21
vs. frequency.

Fig. 1. DR geometry details: (a) 3D view, (b) front
view.

The effect of the structure geometrical
parameters that may affect the angle of the
transmission signal to the output coaxial port is
investigated. In this study, the initial parameters are
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chosen to be h = 3.9 mm, R = 5.85 mm, d = 6 mm,
and ζ = 13.5 mm. It should be noted that, the
numerical simulations reveal that to maintain
bandpass performance, the ranges of h, R, d, and ζ
are chosen to be (1:11), (5.85:5.87), (4:8), (10:17)
in mm, respectively.
First, the effect of the ground plane thickness
(h) on the transmission angle is studied while the
other parameters d, R, and ζ are kept constant at their
initial values. Figure 3 (a) shows the calculated S21
angle for different values of the ground plane
thickness (h) at two different frequencies, 4.52 GHz
and 4.53 GHz. It can be noted from this figure that
the phase of S21 (θ) decreases linearly as ground
plane thickness increases and this linear relation can
be equated as follows:
Θ = -Ah+B,
(1)
where the calculated value of A is around 16.87 and
the value of B is variable that depends on the
resonant frequency. The correlation coefficient r2 ≈
1 between the fitting data and the original data
indicates that a linear approximation is a good fit to
this data. The small variability in the data and the
large number of data points have resulted in a small
standard deviation of 5×10-4 between an angleestimate for a given value of h. It should be noted
that, any positive or negative output phase can be
easily obtained by changing the ground plane
thickness. For example, at the operating frequency
4.52 GHz, the phase +90º and the complementary
phase -90o can be easily obtained by using ground
planes of thickness 1 mm and 11 mm, respectively.
These obtained phase values can be used in
encryption.
Next, the effect of the outer radius (R) of the
dielectric disc on the transmission angle is studied
while the other parameters d, h, and ζ are kept
constant at 6 mm, 3.9 mm, and 13.5 mm,
respectively. Figure 3 (b) shows the calculated angle
of S21 as a function of R at two different frequencies
4.52 GHz and 4.53 GHz. It is evident from the
figure that, the phase of S21 decreases with
increasing the outer radius of the dielectric disc, and
this linear relation is estimated as follows:
Θ = -AR+B,
(2)
where the calculated value of A is around 3465.8

and the value B is a variable that depends on the
resonant frequency. The correlation coefficient r 2 =
0.9988 between the fitting data and the original data
indicates that a linear approximation is a good fit to
this data. The large variability in the data and the
large number of data points have achieved a small
standard deviation of 0.6868 between an angleestimate for a given value of R.
It should be noted from Fig. 3 (b), that at the
operating frequency 4.52 GHz, the phase +90º can
be easily obtained by setting the outer radii of the
two dielectric discs to 5.855 mm.
The effect of air substrate height (d) on the
transmission angle is also investigated while the
other parameters R, h, and ζ are kept constant at 5.85
mm, 3.9 mm, and 13.5 mm, respectively. The
correlation coefficient r2 = 0.9 between the fitting
data and the original data indicates that a parabolic
approximation is a good fit to this data. The small
variability in the data and the large number of data
points have resulted in a small standard deviation of
0.14597 between an angle-estimate for a given
value of d. Figure 3 (c) shows the calculated angle
of S21 for different values of air substrate height (d)
at two different frequencies, 4.52 GHz and 4.53
GHz. It can be found form the figure that, the
relation between them follows a parabolic shape
where the phase decreases by increasing the offset
distance d from 4 to 6 mm, while the phase increases
with increasing offset distance from 6 to 8 mm.
The effect of the separation distance between
the two dielectric discs (ζ) on the transmission angle
is also studied while the other parameters R, h, and
d are kept constant. Figure 3 (d) shows the
numerical analysis of S21 for different values of (ζ)
at two different frequencies, 4.52 GHz and 4.53
GHz. It is evident from this figure that, the phase
values of S21 tend to be constant with increasing the
value of ζ. The correlation coefficient r2 = 0.994
between the fitting data and the original data
indicates that a parabolic approximation is a good
fit to this data. The small variability in the data and
the large number of data points have produced in a
small standard deviation of 0.133925 between an
angle-estimate for a given value of ζ.
Based on the above geometrical study, -90o
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phase shifters at the operating frequency 4.52 GHz
with allowable bandwidth of 1 MHz can be obtained
using the considered structure shown in Fig. 1 with
R = 5.87 mm while the other parameters d, h and ζ
are taken as 6 mm, 10.9 mm and 13.5 mm,
respectively. Further, +90o phase shift can be
obtained at R to be 5.8525 mm, as shown in Fig. 4
(a). Also, physical movement of the dielectric discs
above the ground plane results in tunable phase
shifter with allowable range -21o to 21o at the
operating frequency 4.53 GHz when dielectric disc
is moved above the ground plane with dielectric
discs radius of 5.87 mm, as shown in Fig. 4 (b).
Figures 4 (c) and 4 (d) show the steady state zpolarized magnetic field distributions along the xyplane at frequencies of 4 GHz and 4.53 GHz,
respectively. It is evident from these figures that, the
field along the structure is highly confined at port 1
at f = 4 GHz, while at f = 4.53 GHz the field
propagates from port 1 to port 2. These field
distributions confirm the behavior of S21 shown
earlier in Figs. 4 (a) and 4 (b). Figure 4 (e)
demonstrates the steady state distributions of the zpolarized magnetic field along the propagation x
direction at the wavelength of 10.7 mm for the
chosen ground plane thicknesses h = 0.9 mm and
10.9 mm, respectively. It can be observed from the
figure that, the transmitted signal at h = 10.9 mm
overrides the transmitted signal at h = 0.9 mm by
about ℓ = λ/2, which clearly fits with the behavior of
the argument of S21 shown in Fig. 4 (a).
The designed phase shifter has some limitation
such as complexity of design, implementation and
physical movement which is obtained using an
electrically
driven
actuator.
The
actual
configuration can vary considerably from
‘trombone’ transmission lines adjusted by stepper
motor to dielectric/capacitive loading adjusted with
solenoid/piezo-electric actuators. The most
common is the ‘trombone’ type and these are
usually associated with high-precision bench top
test equipment, rather than high volume use [21].
By using values in Fig. 4 (a), the proposed phase
shifter can be used as asymmetric hardware key for
data encryption and decryption as referenced by
Nihal, et al. [22]. The phase of the audio data can be
encoded by adding a constant phase shift 90o within

the frequency band of the signal. However,
complementary phase shift -90o will be added to
decode the signal. The accuracy of retrieved signal
is estimated through root mean squared error (RMS)
calculations which equals to 3.6333×10-4.

Fig. 3. Effect of geometrical parameters on the
phase of S21: (a) ground plane thickness, (b)
dielectric disc outer radius, (c) thickness of air
substrate, and (d) separation between two dielectric
discs.
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dielectric resonator instead of air to obtain an
electrical tunable phase shifter as shown in Fig. 5.
The LC consists of anisotropic molecules. The rodshaped molecules tend to align themselves along the
surface. When applying an external electrical ﬁeld,
the molecules of the LC start to align along the ﬁeld
lines. The magnitude of the orientation is depending
on the ﬁeld strength. Due to the anisotropy of the
molecules, this effect can be employed to tune the
effective permittivity of the LC layer inside the
device continuously [16,22-24]. The LC has two
principal refractive indices, ordinary refractive
index no and extraordinary refractive index ne. The
first one, no, is measured for the light wave where
the electric vector vibrates perpendicular to the
optical axis (ordinary wave). However, the index ne
is measured for the light wave where the electric
vector vibrates along the optical axis (extraordinary
wave). Then the birefringence (Δn) is given by:
(3)
∆n = ne-no.
The nematic liquid crystal (NLC) used in the
proposed structure is of type E7 with relative
permittivity tensor εr [22-24]:
Hr

§ n o2 sin 2 M  n e2 cos 2 M (n e2  n o2 ) cos M sin M 0 ·
¨ 2
¸
2
2
2
2
2
¨ (n e  n o ) cos M sin M n o cos M  n e sin M 0 ¸ ,
¨
0
0
n o2 ¸¹
©

(4)

where φ is the molecule rotation angle.

Fig. 4. (a) Simulated S21 at 4.52 GHz, (b) simulated
S21 at 4.53 GHz, (c) 2D z-magnetic field along xyplane at 4 GHz, (d) 2D z-magnetic field along xyplane at 4.53 GHz, and (e) 1D z-magnetic field
along x-axis at y = -10.3 mm and z = 8 mm.
It is observed from the analysis that the
designed phase shifter has some limitation such as
mechanical variations. In this study, liquid crystals
layer can be used as a substrate to the considered

Fig. 5. Electrical tunable phase shifter structure: (a)
front view, (b) top view.

370

ACES JOURNAL, Vol. 30, No. 4, APRIL 2015

Glass cavity filled with LC of type E7 is used as
a substrate for the considered dielectric resonator.
Two alignment layers along the x-axis have to be
used to align the molecules along the y-axis
(unbiased state), as shown in Fig. 5.
The effect of varying the thickness of the
unbiased liquid crystal (δ) on the phase of the
transmitted wave has been studied as shown in Fig.
6 (a). As shown in this figure, liquid crystal
thickness below 3 mm results in bandstop filter. If
the thickness is further increased beyond 3 mm,
bandpass filter will be obtained. By changing the
biasing state of the LC, the applied voltage across
the biasing layers along the x-axis rotates the LC
molecules. At saturation the director is oriented
perpendicular to the cell wall along x-axis, with
rotation angle φ = 90o. It should be noted that
changing the biasing voltage will vary the phase of
the transmitted signal. Hence, using liquid crystal
with thickness 8 mm and changing the rotation
angle (φ) of its molecules from 0º to 90º, the phase
will be changed from -26º to -6º, respectively, as
shown in Fig. 6 (b). Moreover, changing the
positions of electrodes will vary the phase of the
transmitted signal. Figures 6 (b) and 6 (c) show the
numerical results of S21 for two different electrodes
positions: along y-axis and along z-axis,
respectively. It should be noted from these figures,
that the position of electrodes along the z-axis
results in phase shifter with wide tunable range from
6o to 83o for different biasing voltage at LC with
thickness 4 mm, as shown in Fig. 7 (a).
Figures 7 (b) and 7 (c) show the steady state zpolarized magnetic field distributions along the xy
plane at frequencies of 4 GHz and 4.53 GHz,
respectively. It is evident from these figures that, the
field along the structure is highly confined at port 1
at f = 4 GHz, while at f = 4.53 GHz the field
propagates from port 1 to port 2. These field
distributions confirm the behavior of S21 shown
earlier in Fig. 6 (a). Figure 7 (d) demonstrates the
steady state distributions of the z-polarized

magnetic field along the propagation x direction at
the wavelength of 9 mm for the chosen LC
thicknesses δ = 4 mm with placing electrodes along
x-axis at φ = 0o and φ = 90o. It can be observed from
the figure that, the transmitted signal at φ = 90o
overrides the transmitted signal at φ = 0o by about ℓ
= λ/4.5, which clearly fits with the behavior of the
argument of S21 shown in Figs. 6 (a) and 7 (a).

Fig. 6. Transmitted S-parameter vs. LC thickness at
different electrode positions: (a) along x-axis, (b)
along y-axis, and (c) along z-axis.
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distributions are compatible with the behavior of S21
shown earlier in Figs. 8 (a) and 8 (b). Figure 8 (e)
demonstrates the steady state distributions of the zpolarized magnetic field along the propagation x
direction at the wavelength of 9 mm for the chosen
silica pan wall thickness ʂ = 1.5 mm and ʂ = 4.5 mm,
respectively with LC thicknesses δ = 4 mm. It can
be observed from the figure that, the transmitted
signal at ʂ = 4.5 mm overrides the transmitted signal
at ʂ = 1.5 mm by about ℓ = λ/6, which clearly fits
with the behavior of the argument of S21 shown in
Fig. 8 (b).

Fig. 7. (a) Electrical tunable phase shifter results for
LC thickness of δ = 4 mm and the electrodes are
positioned along x-axis, (b) 2D z-magnetic field
along xy-plane at 4 GHz, (c) 2D z-magnetic field
along xy-plane at 4.53 GHz, and (d) 1D z-magnetic
field along x-axis at y = -10.3 mm and z = 8 mm.
It is evident from Fig. 8 that, the phase and
magnitude of S21 will be decreased 66.5% and
2235%, respectively by increasing the wall
thickness of the silica pan by around 50% from its
original value (3 mm to 4.5 mm). However, the
phase and magnitude of S21 will be decreased by
33.93% and 20.3%, respectively, by decreasing the
silica pan wall thickness from 3 mm to 1.5 mm. This
means that the performance of the suggested phase
shifter is sensitive to the silica pan thickness.
Figures 8 (c) and 8 (d) show the steady state zpolarized magnetic field distributions along the xyplane at frequencies of 4 GHz and 4.53 GHz,
respectively. It is evident from these figures that, the
field along the structure is highly confined at port 1
at f = 4 GHz, while at f = 4.53 GHz the field
propagates from port 1 to port 2. These field

.

Fig. 8. Silica pan thickness variation at φ = 0º: (a)
magnitude of S21, (b) phase of S21, (c) 2D zmagnetic field along xy-plane at 4 GHz, (d) 2D zmagnetic field along xy-plane at 4.53 GHz, and (e)
1D z-magnetic field along x-axis at y = -10.3 mm
and z = 8 mm.
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IV. CONCLUSION
The scope of this paper is to present a new
simple design, highly compact and tunable phase
shifter for different microwave applications. The
proposed design is based for the first time to the best
of our knowledge on the combination of dielectric
resonators and nematic liquid crystal layer of type
E7. Parametric study has been carried out to
investigate the different geometrical parameters that
affect the angle of S21. Based on the simulation
results, tunable phase shifter based on physical
movement of the dielectric discs above the ground
plane has been presented. However, the proposed
novel design based on the use of NLC layers placed
in silica pan as a substrate to the dielectric resonator
overcomes the complexity of the phase shifter using
physical movement. The suggested design has an
excellent potential for being very useful in
microwave encryption systems.
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