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Abstract: A tunable stepped-impedance resonator using liquid crystal is demonstrated. Two resonant frequencies at 3.367 and 
7.198 GHz are realized and can be continuously tuned by external applied voltages. Continuous tunable ranges of 52 and 210 MHz 
have been achieved at a particularly low driving voltage of 14 V, which shows good agreement with the simulation results. The 
voltage-induced hysteresis phenomenon is also investigated. This device also has a low insertion loss of −2.9 and −4 dB for the 
two resonant frequencies and the return losses are less than −21.5 dB. This work provides a new protocol to realize a tunable 
frequency for communication systems. 
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1  Introduction 
 

With the fast development of mobile phones, 
Bluetooth, Wi-Fi, and other communication devices, 
the requirements for broadband, multi-frequency, 
frequency modulational radio frequency (RF) devices 
are significantly increased. In particular, resonators 

are considered as the key elements within the devices. 
Conventional methods use varactor diodes, PIN di-
odes, ferroelectric materials, and micro-electro- 
mechanical system (MEMS) elements to tune the 
resonators (Navarro and Chang, 1993; Semenov et al., 
2006; Ustinov et al., 2006; Liu XG et al., 2009; 
Stefanini et al., 2011; Shi et al., 2017; Teng et al., 
2019; Bi et al., 2020). Recently, liquid crystal has 
emerged as a promising technological advancement 
for tunable and reconfigurable microwave devices 
due to its attractive features such as significant elec-
trical tunable permittivity, light weight, low cost, no 
moving part, and low power consumption. 

Several liquid-crystal-based resonators designed 
for frequency tuning have been proposed (Maune  
et al., 2003; Mirfatah and Laurin, 2009; Cai et al., 
2010; Yaghmaee et al., 2012a, 2012b; Huang et al., 
2014; Liu YP et al., 2016; Jiang et al., 2019). At the 
optical frequency, Maune et al. (2003) demonstrated 
an electrically tunable ring resonator using nematic 
liquid crystal as the cladding. The resonator could be 
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reversibly controlled up to a 0.22-nm tuning range by 
applying an electric field across the resonator to align 
the cladding. Cai et al. (2010) experimentally realized 
an electrically tunable microring resonator (MRR) 
using a liquid-crystal-clad polymer waveguide. A 
large tuning range of 0.73 nm was obtained for TE 
mode at a low operating voltage of 10 V with the 
threshold voltage of only 3 V. At the microwave 
frequency, Yaghmaee et al. (2012a) designed an 
S-band multi-layered tunable stepped-impedance 
resonator (SIR) with a frequency shift of 140 MHz 
from 3.3 to 3.16 GHz. Liu YP et al. (2016) proposed a 
microwave continuously tunable split ring resonator 
(SRR) band-pass filter using nematic liquid crystal 
with a bias voltage of 20 V. A complementary SRR 
band-pass filter with a tuning range of 0.65 GHz from 
16.41 to 17.06 GHz was also reported by Jiang et al. 
(2019), and the bias voltage is 22 V. 

A coplanar waveguide (CPW) is a planar trans-
mission line. The central conductor and ground planes 
of the CPW are located on the same plane, which is 
conducive to the series or parallel connection of 
components on the same side. Thus, a simple struc-
ture of tunable CPW SIR would further promote the 
functionalities of wireless communication devices. 

In this paper, an electrically tunable liquid 
crystal CPW SIR is proposed and experimentally 
realized. Two resonant frequencies at 3.367 and 7.198 
GHz are obtained, and can be tuned at a maximum 
frequency range of 57 and 223 MHz when the bias 
voltage varies from 0 to 28 V. The experimental re-
sults are consistent with the simulation ones. In addi-
tion to electrical tunability, this tunable resonator 
demonstrates benefits such as convenient fabrication, 
low cost, low power consumption, and low insertion 
loss. The phenomenon of voltage-induced hysteresis 
is also investigated. This work provides a new way to 
generate a tunable frequency for communication 
systems. 

 
 

2  Structure design and theoretical analysis 
 

The structure of the proposed liquid-crystal- 
based CPW SIR is depicted in Fig. la. The liquid 
crystal layer is sandwiched between two substrates. 
The bottom substrate is a 0.5-mm-thick Rogers 
RO4003 dielectric substrate covered with a square 

copper patch. The length and width of the bottom 
substrate are 40 and 25 mm, respectively. The top 
substrate consists of a patterned copper patch on a 
Rogers RO4003 dielectric substrate of 0.5-mm 
thickness, and the copper patch is a CPW transmis-
sion line as Fig. lb shows. The bottom and top sub-
strates are cross-assembled. Thus, a two-section SIR 
is formed. In our designed structure, the patterned 
copper patch is a CPW transmission line with a high 
impedance of 50 Ω at both ends, which is substan-
tially matched to the ideal feedline impedance. The 
middle part of the structure is combined with the 
liquid crystal layer, and the bottom substrate is a 
low-impedance coplanar waveguide with ground 
(CPWG) transmission line. Assuming that the (rela-
tive) dielectric constant of liquid crystal is 2.9, the 
low impedance of the middle part is about 6.010 Ω 
when the thickness of the liquid crystal is 0.1 mm. 
Thus, two different impedance values contribute to 
form the SIR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1c shows the equivalent circuit of the pro-

posed three-section stepped-impedance resonator, 
which consists of two characteristic impedances, 
electrical lengths of (Z1; θ1) and (Z2; θ2), and two 
shunt capacitances Cs at the discontinuity of the SIR. 
Usually, the shunt capacitances Cs can be ignored to 
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Fig. 1  Schematic of the proposed liquid-crystal-based 
CPW SIR (a), structure of the transmission line (b), and 
configuration of the SIR (c) 
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simplify the model (Simons and Ponchak, 1988). The 
lengths of the low-impedance line (lL) and high- 
impedance line (lH) are obtained as Z1=6.010 Ω and 
Z2=50 Ω from scattering parameters calculated by 
simulations for the structure shown in Fig. lb (Sanada 
et al., 2002). According to transmission line theory, 
the input impedance of stepped impedance Zin can be 
expressed as (Makimoto and Yamashita, 1980) 

 
2 2

1 2 2 1
in 2

1 2 2 1

2(1 ) tan tan (1 tan )(1 tan )
j ,

2( tan tan )(tan tan )
K KZ Z

K K
θ θ θ θ

θ θ θ θ
+ − − −

=
− +

        (1) 
where 

2 1/ ,K Z Z=                           (2) 
 

and the input admittance Yin is 
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2( tan tan )(tan tan )
j ,

2(1 ) tan tan (1 tan )(1 tan )
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K K
θ θ θ θ

θ θ θ θ
− +

=
+ − − −

        (3) 
where Y2 is the admittance of Z2. 

The resonance condition can be obtained from  
 

in 0.Y =                                  (4) 
 

From Eqs. (3) and (4), the fundamental reso-
nance condition can be expressed as 
 

1 2tan tan 0.K − =θ θ                       (5) 
 

When the assumed dielectric constant of liquid 
crystal is 2.9, θ1, θ2, and K of this proposed SIR are 
86.129°, 29.535°, and 8.374, respectively. 

Liquid crystal is a representative stimuli-  
responsive material with excellent behavior. It is an 
anisotropic dielectric material and can be continu-
ously tuned by external fields. For the liquid crystal 
with positive dielectric anisotropy, the liquid crystal 
molecule trends to align with the electric field, and the 
dielectric constant can be tuned accordingly because 
of its anisotropic behavior (Yaghmaee et al., 2013). At 
the voltage off state (V=0), the equivalent dielectric 
constant ε  of liquid crystal is (ε//+2ε⊥)/3 because the 
liquid crystal molecules are randomly distributed 
between the two substrates as shown in Fig. 2a. When 
an external electric field is added between metal 2 and 
metal 4 as Fig. 2b illustrates, the liquid crystal mol-
ecules trend to be arranged in the direction of the 
applied field (Yang and Wu, 2006). Thus, the equiv-

alent dielectric constant ε  of liquid crystal can be 
tuned, resulting in the modulation of the resonant 
frequency of the proposed SIR. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

To demonstrate that the liquid-crystal-based 
CPW SIR structure can realize continuous tunability, 
the software ANSYS HFSS, which is a three- 
dimensional (3D) electromagnetic simulation soft-
ware for designing and simulating high-frequency 
electronic products, is used to simulate the electro-
magnetic performance of the proposed device at a 
frequency range from 2.4 to 7.7 GHz, where the liquid 
crystal materials are regarded as a material with a 
different defined dielectric constant. The geometric 
and material parameters used for the simulations are 
as shown in Fig. 1. The dielectric constant of the 
liquid crystal is assumed to vary from 2.8 to 3.0. The 
simulation results of S11 and S21 spectra at various 
liquid crystal dielectric constants are shown in Fig. 3. 
Obviously, it is found that two resonant frequencies 
are formed in this proposed SIR structure within the 
frequency range from 2.4 to 7.7 GHz, and the dielec-
tric constant of liquid crystal has significant impact on 
the resonant frequency. With the increase of the die-
lectric constant of liquid crystal, both the low and 
high resonant frequencies shift to a lower band. The 
low resonant frequency (f1) can shift by 70 MHz from 
3.620 to 3.550 GHz, while a shift of 240 MHz can be 
obtained from 7.240 to 7.000 GHz for the high reso-
nant frequency (f2). The simulation results verify that 
the proposed CPW SIR using liquid crystal can be 
electrically tuned. 

Fig. 2  Liquid crystal molecule distribution of the SIR:  
(a) voltage off state (V=0); (b) voltage on state (V>0) 

Metal 1

Metal 2

Metal 3
Rogers RO4003

Liqu id crystal

Metal 4

Rogers RO4003

Metal 2

Metal 1
Metal 3

Rogers RO4003

Liqu id crystal

Metal 4

Rogers RO4003

(a)

(b)

E



Fan et al. / Front Inform Technol Electron Eng   2021 22(9):1270-1276 1273 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  Experimental results and discussion 
 

A prototype of the proposed electrically tunable 
liquid crystal CPW SIR is constructed. According to 
the simulated results, 0.5-mm Rogers RO4003 sub-
strates (εr=3.55, tan δ=0.0027) are used as the top and 
bottom substrates, where the patterned copper patch is 
designed on the top substrate. Two stripes of Mylar 
film are sealed along two parallel edges to separate 
the substrates, and the thickness of the gap is 0.1 mm. 
A commercial liquid crystal material, 5CB, is sand-
wiched between the crossed substrates. For RF per-
formance testing, SubMiniature version A (SMA, pin 
diameter 1.24 mm, medium diameter 4.10 mm) con-
nectors are used to mount the sample to a cable. Bias 
tees are incorporated into the test circuit to apply 
electric fields on the liquid crystal layer. The RF 
performance of the sample is examined using a vector 
network analyzer (E5071C, Keysight Technologies, 
United States) from 9 kHz to 20 GHz. The port im-
pedance of the vector network analyzer is maintained 
at the standard impendence of 50 Ω. A direct current 
(DC) voltage source is used to apply electric fields on 
the liquid crystal layer with a voltage range of 0–30 V. 

The experimental results plotted in Fig. 4 illus-
trate the proposed tunable liquid crystal CPW SIR 
with the applied voltages of 1, 4, and 24 V. The 
measurement results agree well with the simulation 
results as shown in Fig. 4. As expected, two resonant 
frequencies are formed, and both frequencies can be 
tuned by external applied voltages. The low resonant 
frequency f1 changes from 3.367 to 3.311 GHz when 
an external voltage of 24 V is applied to the SIR. At 
the same time, the high resonant frequency f2 shifts by 

221 MHz from 7.198 to 6.977 GHz. The tuning 
ranges (defined as the relative frequency variation 
divided by the frequency at 0 V) for f1 and f2 are 
1.67% and 3.07%, respectively. The S11 spectra, 
which present the reflection of RF signals through the 
SIR, show that the return loss (S11) for both resonant 
frequencies is less than −21.5 dB. On the other hand, 
the S21 spectra illustrate the transmission of RF sig-
nals and show that the insertion loss (S21) is −2.9 dB 
for f1 and −4 dB for f2; most are introduced by bias 
tees. By increasing the applied voltage, the S11 of the 
resonant frequencies decreases, while the S21 spectra 
are nearly the same. In addition, the modulation re-
sponse rate of the system is about several seconds, 
which is similar to that of a conventional liquid 
crystal adaptive lens (Algorri et al., 2016). 
 

 
 
 
 
 
 
 
 
 
 
 
 
The experimental results of the resonant fre-

quencies as a function of the applied voltage are 
plotted in Fig. 5, which clearly shows that the reso-
nant frequency can be continuously tuned. As the 
applied voltage increases to 28 V, the low resonant 
frequency f1 shifts from 3.367 to 3.310 GHz, and the 
high resonant frequency f2 can be tuned from 7.198 to 
6.975 GHz. As a result, 57 and 223 MHz continuous 
tunable ranges can be obtained for this SIR. Note that 
a threshold voltage also exists in this device. Only 
when the applied voltage exceeds the threshold 
voltage (Vth≈2 V), are liquid crystal molecules reori-
ented by the applied electric field, which results in a 
change in the equivalent dielectric constant of the 
liquid crystal layer (Yang and Wu, 2006). Both the 
resonant frequencies vary rapidly when the applied 
voltage exceeds 2 V. The low resonant frequency f1 
rapidly shifts from 3.362 to 3.321 GHz, and the high 
resonant frequency f2 can achieve a 186 MHz  

Fig. 3  Simulation results of S11 and S21 spectra of the SIR 
when the liquid crystal dielectric constant varies from 2.8 
to 3.0 
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continuously tunable range at the same time when the 
applied voltage varies from 2 to 8 V. After that, both 
the resonant frequencies change gently with the in-
crease of the applied voltage. Over the entire voltage 
drive range, both the resonant frequencies can be 
continuously tuned by the external electric fields. 
Another noteworthy phenomenon is the presence of 
the saturation voltage. As the external applied voltage 
increases to more than 14 V, although the resonant 
frequency decreases slightly with an increase in 
voltage, the tuning range is very small. When the 
applied voltage exceeds 24 V, the resonant frequen-
cies are almost the same, which means that nearly all 
the liquid crystal molecules are reoriented to be ar-
ranged in the direction of the applied electric field. 
Therefore, in addition to achieving tunability, this 
architecture can be operated at a particularly low 
driving voltage (about 14 V) with low power con-
sumption. Continuous tunable ranges of 52 and 210 
MHz can been achieved at 14 V. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Because the liquid crystal CPW SIR structure 

can realize electrical tunability, we consider the hys-
teresis phenomenon of the device. We measure the 
hysteresis loop of the sample under different external 

applied voltages by increasing the voltage to a certain 
level and then decreasing it to zero. The measured 
hysteresis loops of the resonant frequencies under 
different electric fields are plotted in Fig. 6, in which 
solid lines and dashed lines represent the V-f (volt-
age-resonant frequency) curves under forward and 
backward driving, respectively. Here, we discuss only 
the hysteresis curves of the high resonant frequency f2 
because of its wide tuning range, while the low res-
onant frequency f1 exhibits a similar trend. A quite 
different hysteresis phenomenon is obtained for this 
proposed device. For the high resonant frequency f2, 
when the external voltage is higher than 4 V, the 
forward and backward V-f curves significantly over-
lap, so the hysteresis is nearly unnoticeable and the 
resonant frequencies of the proposed device can be 
precisely controlled by external voltages. Different 
from the hysteresis effect in conventional liquid 
crystal electro-optic devices, which usually have a 
hysteresis loop at high applied voltage, the hysteresis 
loop is observed in the low applied voltage range (less 
than 4 V in this case), as clearly shown in Fig. 6 in this 
case. This is because no alignment layer is used in this 
prototype. When external voltage is not applied, the 
liquid crystal molecules are distributed randomly. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Measured hysteresis loops of the resonant fre-
quency under different electric fields: (a) low resonant 
frequency f1; (b) high resonant frequency f2 
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When relatively large voltages (larger than 4 V) are 
applied to the device, almost all the liquid crystal 
molecules are arranged in the direction of electric 
fields in the forward and backward driving schemes. 
However, because the external voltage is less than 4 V, 
the electric field cannot maintain the orderly ar-
rangement of all liquid crystal molecules along the 
electric field direction; some liquid crystal molecules 
return to a randomly distributed state, leading to the 
separation of the forward and backward V-f curves. 
One approach for suppressing the hysteresis is to add 
alignment layers at both surfaces of the substrates; 
however, the tradeoffs are an increasingly compli-
cated fabrication process and poor alignment per-
formance, because of the large liquid crystal layer 
thickness. 

 
 

4  Conclusions 
 

In this paper, we demonstrate an electrically 
tunable CPW SIR using liquid crystal. Both the res-
onant frequencies can be continuously tuned by ex-
ternal applied voltages, and the experimental results 
agree well with the simulation ones. By increasing the 
applied voltage, the low resonant frequency f1 can be 
shifted from 3.367 to 3.310 GHz, while the high 
resonant frequency f2 can be tuned from 7.198 to 
6.975 GHz. Continuous tunable ranges of 52 and 210 
MHz can be achieved for the two resonant frequen-
cies with a relatively low voltage of 14 V. In addition 
to the properties of convenient fabrication, low cost, 
and low power consumption, our tunable resonator 
possesses the characteristic of low insertion loss of 
−2.9 and −4 dB for the two resonant frequencies, and 
the return losses are all less than −21.5 dB. The 
phenomenon of voltage-induced hysteresis is also 
investigated. The hysteresis loop appears in the low 
voltage range. This device has great potential in  
frequency tunable applications of communication 
systems. 
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