IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 7, NO. 8, AUGUST 2017

1331

Electrically Controllable Composite Right/
Left-Handed Leaky-Wave Antenna Using
Liquid Crystals in PCB Technology
Bang-Jun Che, Student Member, IEEE, Tao Jin, Daniel Erni, Member, IEEE, Fan-Yi Meng, Senior Member, IEEE,
Yue-Long Lyu, Student Member, IEEE, and Qun Wu, Senior Member, IEEE

Abstract— A design method for electrically controllable composite right/left-handed (CRLH) leaky-wave antennas (LWAs)
with large beam-steering range employing liquid crystal (LC) in
printed circuit board technology is proposed. It is demonstrated
with detailed mathematical derivation that the design principle
enables the LC-CRLH-LWA to keep the balanced condition with
all bias states applied to the LC, yielding LC-CRLH-LWAs
that feature a steady balanced condition and a broadband
property. Based on this principle, an LC-CRLH-LWA prototype
is designed, simulated, optimized, and experimentally validated.
According to the simulation results, the designed LC-CRLH-LWA
operates in the band from 11.14 to 12.77 GHz with a frequencyagile radiation direction. By tuning the permittivity of LC,
the radiation direction of the designed antenna scans from
−21° to +23° at the fixed operating frequency of 12.4 GHz.
The experimental results agree well with the simulated data.
Furthermore, sidelobe level suppression of the designed antenna
is achieved through decreasing the reflection between the unit
cells of the antenna.
Index Terms— Composite right/left-handed (CRLH), electrically beam-steering, large beam steering range, leaky-wave
antenna (LWA), liquid crystal (LC), steady balanced condition.

L

I. I NTRODUCTION

EAKY-WAVE antennas (LWAs) based on composite
right/left-handed transmission line (CRLH-TL) have
become a research hotspot due to their attractive properties
such as continuous beam scanning from backward to
forward, low profile, high directivity, compact structure, and
low cost [1]–[9]. However, the frequency-beam-scanning
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property of LWAs has limited their applications in modern
communication systems, which generally require fixedfrequency operation for effective channelizing. In the
past decades, significant efforts have been made toward
developing fixed-frequency beam-scanning LWAs [10]–[16].
For instance, LWAs based on ferrite are reported in [11]
and [16], whose radiation direction is tuned by the external
static magnetic field. Electrically controllable LWAs based on
p-i-n diodes or varactor diodes are also proposed [12]–[15],
whose beam steering is realized by adjusting the bias voltage
applied to the diodes. Compared to the magnetically beamsteering LWAs, the electrically controllable ones rely on a
much smaller and simpler control device that is more feasible
for integrated systems and mobile devices. However, such
LWA beam steering based on diodes is generally limited to
low-frequency application under 10 GHz due to the cumulative
effect of the diode parasitics at high frequencies [17].
Electrically controllable LWAs based on liquid crystal (LC)
were recently proposed for high-frequency applications [18]–[24]. The LC material is a kind of tunable dielectric
whose permittivity tensor can be artificially controlled
by the static magnetic or electric bias field [25]–[38].
Consequently, the radiation angle of the LC–LWAs is
steered with the tunable permittivity encountered by the RF
electric field. Nevertheless, the reported LC–LWAs either
demand a strong magnetic bias field, whose generation
device is bulky and presents high loss [19], or provide
only a small beam-steering range [18], [20]–[24], which
limits the application of LC–LWAs in modern wireless
communication and radar systems. Up to date, no method
for achieving the electrically controllable LC–LWA with
large beam-steering range is reported. The LC–LWA whose
radiation direction scans agilely versus frequency is promised
to generate a large electrically beam steering range. However,
the frequency-agile radiation direction is generally associated
with narrow bandwidth [39]–[41]. For a tunable LWA, its
bandwidth is determined by the common bandwidth of
the two typical states [10]–[16]. Consequently, the narrow
bandwidth for each state will result in a narrow bandwidth
of the tunable LWA. Besides, the balanced condition of such
CRLH-TLs-based LC–LWAs is inclined to be broken as the
permittivity of the LC varies with the bias voltage, which
significantly deteriorates the broadside radiation performance
and the corresponding return loss [20]–[24].
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Fig. 2. (a) T-type equivalent network of the proposed LC-CRLH-LWA unit
cell where the tunable elements are marked with blue. (b) Simplified T-type
equivalent network of the proposed LC-CRLH-LWA unit cell.

Fig. 1. (a) Geometry of the proposed unit cell. (b) Schematic of the bottom
metallic structure.

In this paper, a design methodology for electrically
controllable LC-CRLH-LWAs with large beam-steering range
in printed circuit board (PCB) technology is proposed.
Through mathematical analysis, it is proven that the balanced
condition is well kept as the LC permittivity varied. Methods
for enlarging the beam-steering range and bandwidth are
subsequently proposed based on the analysis. A prototype is
simulated, optimized, and experimentally tested to validate the
design method. Results show that simulation and experimental
data are in good agreement. An efficient method for the
suppression of sidelobe levels (SLLs) is also discussed by
eliminating the reflected wave between the unit cells of the
antenna. The SLL is thus reduced from −5.1 to −8.2 dB.
II. D ESIGN M ETHOD D ESCRIPTION
A. Antenna Structure Description
Similar to the conventional LWAs, an LC-CRLH-LWA is
constructed by periodically cascading its unit cells [42]–[47].
The proposed unit cell structure of the LC-CRLH-LWA is
depicted in Fig. 1(a). It is a kind of sandwich structure
composed of three layers. The top layer and the bottom
layer are dielectric substrates each carrying an etched metallic
structure, whereas the bottom substrate contains an additional
ground plane. The LC material is injected between the top
metallic structure and bottom metallic structure and sealed
with a sticky film. The sticky film is kept aloof from the
metal structure to minimize its interference with the dominant
RF field distribution within the multilayer topology. The lower
surfaces of the top metallic structure and the upper surface
of the bottom metallic structure are coated with polyvinyl
alcohol, and the coatings of polyvinyl alcohol are rubbed to
make LC director alignment along the y-direction.

The detailed drawing of the etched metallic structure on the
bottom substrate layer is presented in Fig. 1(b). The bottom
metallic structure can be considered as a modified version of
microstrip line (MSL) topology (L Rw , L Rn , and CRm ), where
the central section of the MSL is narrowed down. Several
stubs with lengths below a quarter guided wavelength are
inserted to the narrowed MSL section. One pair of these stubs
is short-circuited with metalized via holes, thus it behaves as
an additional shunt inductance (L sc ) to the MSL. The rest
of these stubs are open-circuited and serve as an additional
shunt capacitance (Coc ). The gaps between the stubs perform
as an additional series capacitance (C g ) in the MSL. The
etched metallic structure on the lower surface of the top
dielectric layer is a rectangular patch with a narrow slot.
Hence, an additional series capacitance (C p ) emerges between
the top metallic structure and the bottom metallic structure.
The narrow slot in the top metallic structure supports leakage
of electromagnetic waves to realize the antenna radiation.
In Fig. 2(a), the T-type equivalent network of the unit cell
is reported, where no resistive elements are present. In the
equivalent network, the narrow section of MSL is described
as a parallel resonant circuit composed by L Rn , C g , and C p .
Through decreasing width of the narrowed MSL section with
respect to the operation frequency, the parallel resonant circuit
is designed to perform as an effective series capacitance.
Therefore, the equivalent network of the unit cell is simplified
as shown in Fig. 2(b). The relationship between the elements
of the two T-type equivalent networks [see Fig. 2(a) and (b)]
is given by
⎧
C L = C p + C g − 1/ω2 L Rn
⎪
⎪
⎪
⎨C = C + C
R
Rm
oc
(1)
⎪
L L = L sc
⎪
⎪
⎩
L R = L Rw

where ω is the angular frequency, and C L , C R , L L , and L R
can be explained as the effective distributed left-handed series
capacitance, right-handed shunt capacitance, left-handed
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shunt inductance, and right-handed series inductance of a
corresponding CRLH unit cell, respectively [48]–[54].
B. Tunable Distributed Parameters
The LC material is locally uniaxial and homogeneous and
presents macroscopically two permittivities: ε// (in the direction of the axes) and ε⊥ (in the directions orthogonal to the
axes) [55]. Usually, ε// is larger than ε⊥ in microwave region.
Referring to the Cartesian coodinate shown in Fig. 1(a), when
there is no bias voltage applied, the LC director alignment is
induced only with the rubbed coatings of polyvinyl alcohol,
and then the permittivity tensor of the LC material (on its
unbiased state) is exhibited as
& %
&
%
(2)
ε US = εx , ε y , εz = ε⊥ , ε// , ε⊥ .

If a 1-kHz bias voltage is applied between the top and
bottom metallic structures, where the electric field’s strength
was considerably higher than the threshold of the transition
for the duration of its application, the LC director alignment
is produced with the bias voltage, and the permittivity tensor
of the LC material (on its biased state) changes to
& %
&
%
(3)
εBS = εx , ε y , εz = ε⊥ , ε⊥ , ε// .

In the proposed CRLH unit cell, the capacitances C g , C p ,
and Coc and the inductance L sc are adjacent to the tunable LC
material (see Fig. 1), and hence these elements (marked with
blue in Fig. 2) are steerable with LC permittivity. Among these
tunable elements, the C p can be approximately considered as a
parallel-plate capacitor filled with the LC material, thus C p is
expressed with
C p = εz Seff / h

(4)

where εz is the z-axis component of the LC permittivity tensor,
Seff is the effective area of the parallel plate capacitor, and h
is the thickness of the LC layer. According to (2) and (3),
when the LC permittivity varies from εUS to εBS , εz increases
from ε⊥ to ε// . Thus, according to (4), C p increases as the
LC permittivity is tuned.
Referring to the Cartesian coodinate shown in Fig. 1(a),
the capacitances C g are mainly determined by the y-axis
component of the LC permittivity tensor ε y . According to
(2) and (3), when the LC permittivity varies from εUS to εBS ,
ε y decreases from ε// to ε⊥ and leads to the diminution of C g .
Consequently, C p and C g vary in the opposite direction as the
LC permittivity is tuned. As a result, the tunability of the total
capacitance composed by C p and C g decreases because of the
compensating effect of the C p and C g . In order to avoid the
tunability degradation of the total capacitance, on one hand,
the capacitance C p is enlarged by decreasing the thickness of
the LC layer. On the other hand, the capacitance C g is greatly
reduced by increasing the width of the gaps, and hence the C g
can be neglected. As shown in Fig. 3, the simulated electric
field distribution is mainly directed along the z-axis, which
proves that the capacitance C p is the dominated capacitance.
The capacitance Coc and inductance L sc generated by the
open-circuited stubs and short-circuited stubs, respectively, are

Fig. 3.

Simulated local electric field distribution.

expressed by
tan βocloc
(5a)
Z oc ω
Z sc tan βsclsc
(5b)
L sc =
ω
where loc and lsc are the length of open-circuited stubs and
short-circuited stubs, respectively. βoc and βsc are the effective
phase constants of the TLs corresponding to the open-circuited
stubs and short-circuited stubs, respectively. Z oc and Z sc are
the of the characteristic impedance of the two stub-TLs,
respectively. In order to simplify the analysis, we assume that
the the two stub-TLs have the same linewidth, and as a result,
the two stub-TLs share the common effective permittivity εeff
and characteristic impedance. In this case
√
(6)
βoc = βsc = βs = ω εeff /c
'
(
Z oc = Z sc = Z s = L R,s C R,s
(7)
Coc =

where c is the speed of light in vacuum, L R,s and C R,s are
the common distributed parameters of the stub-TLs.
As shown in Fig. 3, the eletric field around the stubs
is mainly directed along the z-axis, thus the εeff is mainly
determined by the z-component εz of the LC permittivity
tensor, and the variation of εz will cause the change of εeff . The
tunability of εz and the induced tunability of εeff are presented
as
ηεz = (ε// − ε⊥ )/ε⊥
ηεeff = (εeff,BS − εeff,US )/εeff,US

(8a)
(8b)

where εeff,US and εeff,BS are the effective permittivity of the
stub-TLs with LC material on its unbiased and biased state,
respectively. Generally, ηεz > ηεeff > 0.
According to (6) and (8), as the LC material is tuned from
its unbiased state to its biased state, the phase constant βs of
the stub-TLs varies from
√
(9a)
βs,US = ω εeff,US /c
)
√
(9b)
βs,BS = ω εeff,BS /c = βs,US 1 + ηεeff .
Based on the TL theory, the distributed shunt capacitance C R,s of the stub-TLs is proportional to εeff , while the
distributed series inductance L R,s is independent with εeff .

1334

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 7, NO. 8, AUGUST 2017

Therefore, according to (7) and (8), as the LC permittivity is
tuned, Z s changes from
)
(10a)
Z s,US = L R,s,US /C R,s,US
*
L R,s,US
Z s,US
Z sc,BS =
= )
. (10b)
(1 + ηεeff )C R,s,US
1 + ηεeff

According to (5)–(10), capcitance Coc and inductance L sc
are steered from the following equations with LC permittivity
variation:
Z s,US tan βs,USlsc
(11a)
L sc,US =
ω
tan βs,USloc
Coc,US =
(11b)
Z s,US ω
)
Z s,US tan(βs,USlsc 1 + ηεeff )
)
L sc,BS =
(11c)
ω 1 + ηεeff
)
)
1 + ηεeff tan(βs,USloc 1 + ηεeff )
. (11d)
Coc,BS =
Z s,US ω

Since ηεeff > 0, according to (11), Coc and L os increases as
the LC permittivity is tuned.
According to (1), (4), and (11), the distributed parameters
in (1) are tuned from the following equations, as the LC
permittivity varied:
⎧
⎪
C
= ε⊥ Seff / h − 1/ω2 L Rn
⎪
⎪ L ,US
⎪
tan βs,USloc
⎪
⎪
⎨C R,US = CRm +
Z s,USω
(12a)
tan
β
Z
⎪
s,US
s,USl sc
⎪
⎪ L L ,US =
⎪
⎪
ω
⎪
⎩
L R,US = L Rw
⎧
C L ,BS = (1 + ηεz )ε⊥ Seff / h − 1/ω2 L Rn
⎪
⎪
)
)
⎪
⎪
1 + ηεeff tan(βs,USloc 1 + ηεeff )
⎪
⎪
⎪
⎨C R,BS = CRm +
) Z s,USω
(12b)
tan(β
l
1 + ηεeff )
Z
⎪
s,US
s,US
sc
⎪
⎪ L L ,BS =
)
⎪
⎪
ω 1 + ηεeff
⎪
⎪
⎩
L R,BS = L Rw .
C. Realization of Large Beam-Steering Range

In a CRLH unit cell, both the series elements and shunt
elements form a resonance circuit, respectively. A balanced
condition can be achieved when the two circuits resonate at
the same frequency. The balanced condition is expressed as
)
)
(13)
ωse = 1 L R C L = 11/ L L C R ωsh

where ωse and ωsh are the resonance angular frequencies
of the series resonance circuit and shunt resonance circuit,
respectively. For a broadside radiating LWA based on the
balanced CRLH unit cell, the radiation angle θ is determined
by
θ = sin−1 (β/k0 )

(14)

with β as the phase constant of the balanced CRLH unit cell,
and k0 is the wavenumber in free space. The phase constant
ß of the balanced CRLH unit cell is expressed as
)
)
(15)
β = ω L R C R − 1/ω L L C L .

As indicated by (15), the phase constant varies from negative
to positive values with frequency. Thus, the CRLH LWA scans
from backfire to endfire according to (14).
For an LC-CRLH-LWA, the radiation direction-frequency
(θ -ω) curve displays a beam-steering range between two
typical operating states, namely, the unbiased state and the
biased state [14], [19]–[23]. The beam-steering range &θ is
obtained by
&θ = θBS − θUS = sin−1 (βBS /k0 ) − sin−1 (βUS /k0 )

(16)

where θUS and θBS are the radiation directions of the LCCRLH-LWA for the two typical states, and θUS and θBS are
the associated phase constants of the LC-CRLH-TL. Since the
inverse sine function is a monotonically increasing function,
in order to achieve a wider range of beam steering &θ ,
a larger variation of the phase constant &β with respect to the
two typical operating states is required. &β at the operation
frequency ω0 is obtained by
&β = βBS − βUS
)

= ω0 L R,US C R,US
1−
+

+*,

&L R
1+
L R,US

1
/0
10
1
&L
&C
1+ L L
1+ C L
L,US

L,US

)
ω0 L L ,US C L ,US

-,
- .
&C R
1+
−1
C R,US
(17)

where &C L , &C R , &L L , and &L R are the variation of C L ,
C R , L L , and L R , respectively.
According to (17), &β can be enlarged in two ways. The
first way is increasing C R × L R and reducing C L × L L . In the
last section, in order to achieve a large tunability of the total
capacitance composed by C p and C g , a small thickness of LC
material h is necessary, which leads to a large C L according
to (12). In this case, in order to maintain the series resonance
frequency ωse , a relative smaller L R is required. Therefore,
a wide MSL with width ww is selected to achieve a small L Rw .
Meanwhile, the wider MSL will generate a larger CRm , which
help for the enhancement of C R . In addition, the opencircuited stubs are introduced to enlarge C R according to (12).
Furthermore, in order to realize a larger C R , the length of
the open-circuited stubs loc is increased and multiple pairs of
short-circuited stubs connected in parallel style are adopted.
At the same time, in order to maintain a suitable shunt
resonance frequency ωsh , the length of the short-circuited
stubs lsc is reduced to provide a smaller L L according to (12).
The more general way for increasing &β is to enhance
the tunability of the distributed parameters. In the proposed
LC-CRLH-LWA, C L , C R , and L L are steerable, and according
to (12), the tunability of each parameter is given by
ηεz ε⊥ Seff / h
&C L
=
(18a)
C L ,US
ε S / h − 1/ω2 L R2
)⊥ eff
)
1 + ηεeff tan(βs,USloc 1 + ηεeff ) − tan βs,USloc
&C R
=
C R,US
Z s,US ω(C R1 + C R2 ) + tan βs,USloc
(18b)
)
tan(β
l
1
+
η
)
&L L
s,US sc
εeff
= )
− 1.
(18c)
L L ,US
1 + ηεeff tan βs,USlsc
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Generally, LC material with a larger tunability results in a
larger beam-steering range. Nevertheless, the LC tunability is
usually limited by practical material engineering technology.
According to (18a), increasing h and decreasing L R2 will
improve the tunability of C L . However, in order to maintain a
dominated C p compared to C g , the enhancement of h is not
desired. Hence, the beam-steering range can be enhanced by
amplifying wn . According to (18b) and (18c), increasing the
length of the stubs loc and lsc will enhance the tunability of L L
and C R . Among them, according to (12), the increase of lsc
leads to the undesired enhancement of L L , thus the value of lsc
should be selected under carefully weighing. Meanwhile, the
increase of the length of the open-circuited stubs loc will result
in the demanded amplification of C R , thus in order to obtain
a greater beam-steering range, a large loc (which is below a
quarter guided wavelength) is required.
D. Steady Balanced Condition
Generally, the balanced condition of the LC-CRLH-LWAs
tends to be broken as the LC permittivity varies, which results
in the deterioration of the broadside radiation performance and
the corresponding return loss during the backward-to-forward
beam steering. In this section, the steady balanced condition
of the proposed LC-CRLH-LWA is discussed.
As a precondition, we assume the balanced condition of
the proposed LC-CRLH-LWA is achieved with LC material
on its unbiased state. Thus, according to (12a) and (13),
the balanced condition with LC material on its unbiased
state is expressed with (19a). As the LC material is tuned
to its biased state, in order to maintain the balanced condition, (13) should be satisfied too with the tuned distributed
parameters given by (12b). In other words, (19b) should be
satisfied
2

L Rw (ε⊥ Seff / h − 1/ω L Rn )
,
Z s,US tan βs,USlsc
tan βs,USloc
CRm +
=
ω
Z s,USω

(19a)

L Rw [(1 + ηεz )ε⊥ Seff / h − 1/ω2 L Rn ]
)
Z s,US tan(βs,USlsc 1 + ηεeff )
)
=
ω 1 + ηεeff
2
3
)
)
1 + ηεeff tan(βs,USloc 1 + ηεeff )
× CRm +
. (19b)
Z s,USω
According to (19), the balanced condition of the proposed
LC-CRLH-LWA is abstracted as a mathematical function
f (x) − g(y) = 0.

The functions f (x) and g(y) are expressed with (21a)
and (21b), shown at the bottom of this page, respectively,
where x = εz /ε⊥ and y = εeff /εeff,US . When x = y = 1,
(20) is corresponding to the balanced condition (19a) with
LC material on its unbiased state, while as x = 1 + ηεz
and y = 1 + ηεeff , (20) is corresponding to the balanced
condition (19b) with LC material on its biased state. Since
the balanced condition of the proposed LC-CRLH-LWA is
achieved when the LC is on its unbiased state, (20) is satisfied
when x = y = 1. Since ηεz > ηεeff > 0, in order to
enable (19b) to be satisfied, the derivative of f (x) should be
smaller than that of g(y). The derivatives of f (x) and g(y)
are given in (22a) and (22b) at the bottom of this page, where
f ′ (x) is a positive constant with fixed structure dimensions,
while the g ′ (y) is a monotonically increasing function in its
domain of definition. Thus, when f ′ (1) < g ′ (1) is achieved,
the f ′ (x) < g ′ (y) is satisfied on whole tuning range of LC
permittivity. f ′ (1) − g ′ (1) is expressed by (23) at the bottom
of this page. As shown in (23), f ′ (1) − g ′ (1) is the summation
of three parts. In detail, the first part
4
5
CRm Z s,US 3 sin(2βs,USlsc ) − 2βs,USlsc
(24)
ω
4 cos2 (βs,USlsc )
is negative when the length of the short-circuited stubs lsc is
larger than 0.18 times of guided wavelength, the second part
L Rw
ω2 L Rn

5
(x − 1)L Rw
Z s,US tan βs,USlsc
tan βs,USloc
(CRm +
) x+
f (x) =
, x ∈ [1, 1 + ηεz ]
ω
Z s,US ω
ω2 L Rn
√ 4
√ 5
√
y tan(βs,USloc y)
Z s,US tan(βs,USlsc y)
g(y) =
CRm +
, y ∈ [1, 1 + ηεeff ]
√
ω y
Z s,USω
4

(20)

(25)

(21a)
(21b)

CRm Z s,US
1
L Rw
tan βs,USlsc + 2 tan βs,USlsc tan βs,USloc + 2
, x ∈ [1, 1 + ηεz ]
(22a)
ω
ω
ω L Rn
√
√
CRm Z s,US 2βs,USlsc y − sin(2βs,USlsc y)
g ′ (y) =
3
√
ω
4y 2 cos2 (βs,USlsc y)
4
√
√ 5
1 βs,USlsc sin(2βs,USloc y) + βs,USloc sin(2βs,USlsc y)
(22b)
+ 2
, y ∈ [1, 1 + ηεeff ]
√
√
√
ω
4 y cos2 (βs,USlsc y) cos2 (βs,USloc y)
4
5
CRm Z s,US 3 sin(2βs,USlsc ) − 2βs,USlsc
L Rw
′
′
f (1) − g (1) =
+ 2
ω
4 cos2 (βs,USlsc )
ω L Rn
7
6
1 [sin(2βs,USlsc ) − 2βs,USlsc ] sin(2βs,USloc ) + [sin(2βs,USloc ) − 2βs,USloc ] sin(2βs,USlsc )
(23)
+ 2
ω
8 cos2 (βs,USlsc ) cos2 (βs,USloc )
f ′ (x) =
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is a positive constant, the third part
6
1 [sin(2βs,USlsc ) − 2βs,USlsc ] sin(2βs,USloc )
ω2
8 cos2 (βs,USlsc ) cos2 (βs,USloc )
7
[sin(2βs,USloc ) − 2βs,USloc ] sin(2βs,USlsc )
+
8 cos2 (βs,USlsc ) cos2 (βs,USloc )

(26)

is negative, and it can be easily calculated that (26) monotonously decreases with the length of the two stubs loc and lsc .
According to (24)–(26), through tuning loc and lsc , a negative (23) can be easily achieved. Therefore, f ′ (x) < g ′ (y) is
satisfied during the whole tuning range of LC permittivity.
Furthermore, since the range of tangent function varies in
(0, +∞) with function argument change in (0, π/2), the value
of f ′ (x)− g ′ (y) can be steered in a large range through tuning
loc and lsc according to (22). Hence, with proper selection of
dimension parameters, we can certainly enable (20) be satisfied
when x = 1 + ηεz and y = 1 + ηεeff . That is, the balanced
condition is satisfied with LC on its biased state.
In summary, the proposed unit cell presents the capability of
keeping a steady balanced condition with varying LC permittivity through synchronously controlling the distributed series
elements and shunt elements.
E. Achievement of Broadband Property
Broadband property of the LWA is the basis to realize an
LC-LWA with a satisfied frequency band. In order to achieve
the broadband property, the effective impedance of the CRLH
unit cell should be stable in a wide frequency band. Based on
the theory of the CRLH-TLs [52]–[54], the Bloch impedance
Z B of the CRLH-TL can be expressed by (27) at the bottom of
this page. In order to achieve broadband property, the numerator and denominator of Z B should vary with frequency harmonically. According to (27), Z B is mainly determined by the
inherent distributed parameters of the modified MSL and the
shunt distributed parameters generated by the stubs. Among
them, the inherent distributed parameters (L Rw , L Rn , and CRm )
that are steered by the linewidths ww and wn affect both the
numerator and denominator of Z B ; thus through tuning ww
and wn , a roughly harmonic tuning of the numerator and
denominator can be realized. Meanwhile, the shunt distributed
parameters that are tuned by the lengths of stub loc and lsc only
influence the denominator. That is, the denominator can be
controlled independently. Hence, the more harmonic variation
between the numerator and denominator can be achieved by
changing loc and lsc . In other words, a stable Z B that confirms
the broadband property is realized.
III. N UMERICAL S IMULATION OF P ROTOTYPE

Fig. 4. (a) Dispersion curves of the proposed unit cell for different LC states.
(b) S11 of the proposed unit cell for different LC states.

and tested. The antenna is designed to operate within the
frequency range of 12.25–12.75 GHz, which includes the main
downlink frequency for Ku-band satellite communication.
Two layers of Rogers RO4350B substrate with permittivity
of 3.48, thickness of 0.762 mm, and dielectric loss tangent
tanδ = 0.004 are chosen for the top and bottom substrate
layers (see Fig. 1). To reduce the complexity of the fabrication,
the width of the short-circuited stubs is intentionally increased.
The detailed dimensions (in millimeters) are given as follows:
wm = 7.4, wn = 1.5, l = 2.75, S = 1.95, wsc = 0.5,
woc = 0.15, wg = 0.1, and d = 2. In our simulations,
the LC GT3-23001, which is a commercial product of Merck
KGaA, is applied. Its relative permittivity is alterable from
2.5 to 3.3 depending on the applied bias voltage. The thickness
of LC layer is 0.25 mm. An intermediate state associated
with full broadside radiation is linked to the intermediate
permittivity value of 2.9 that is utilized as a starting point
for the subsequent antenna design.
The numerical simulations of the dispersion diagram
and the return loss of the unit cell are conducted using
the computational electromagnetics simulation platform
CST Microwave Studio, where the results are plotted
in Fig. 4(a) and (b), respectively. It can be observed that the
unit cell is balanced at 12.55 GHz when the LC is tuned to
its intermediate state. Moreover, both the balanced condition
and the impedance matching condition are well kept during
the tuning of the LC permittivity. A relative wide bandwidth
from 12 to 13.2 GHz for the intermediate state of the LC is
achieved despite the quite steep slope of the β-ω curve.

A. Unit Cell Validation

B. Frequency Scanning Property of the LC-CRLH-LWA

In order to demonstrate the proposed design methodology
for the LC-CRLH-LWAs, a prototype is designed, simulated,

An LC-CRLH-LWA can be easily obtained by periodically
cascading the unit cells a finite number of times. In this

ZB =

*

j ωL R + 1/ j ωC L
=
j ωC R + 1/ j ωL L

*

L Rw [C p − (1/L Rn + 1/L Rw )/ω2 ]
(C p − 1/ω2 L Rn )[CRm + tan βs loc /Z s ω − 1/Z s ω tan βs lsc ]

(27)
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Fig. 6.

Schematic of the reflection among the unit cells.

Fig. 5.
(a) Simulated radiation patterns at different frequencies for the
five-cell CRLH-LWA. (b) Simulated return loss and SLL of the five-cell
CRLH-LWA with LC material on its intermediate state.

TABLE I
C OMPARISON OF THE B EAM -S CANNING R ANGE PER G IGAHERTZ

Fig. 7. (a) Geometry of the modified etched metallic structure on the bottom
substrate layer with MS. (b) Return loss of the unit cell with and without MS
for different LC states.

C. Efficient Method for SLL Suppression
section, the frequency scanning property of the proposed
LC-CRLH-LWA is studied to provide a basis for the understanding of the electrical beam steering characteristics.
The simulated normalized E-plane radiation patterns of the
LC-CRLH-LWA with five unit cells are presented in Fig. 5(a)
for three different operation frequencies. The continuous freespace beam-scanning capability of this CRLH-LWA is clearly
demonstrated. A scanning range from −47° to +59° is
obtained for a frequency variation from 11.8 to 13 GHz. The
frequency scanning property of our designed antenna is now
compared to three recently proposed LWAs, where the comparison is displayed in Table I [39]–[41]. According to the table,
the designed antenna obtains a wider frequency-tuned beamscanning range and a much steeper slope of the θ -ω curve.
The proposed antenna, operating as a frequency scanning
LWA, is expected to have applications in radar and satellite
communication systems, which require wide frequency-tuned
beam scanning ranges and fast steering speeds.
The simulated return loss and SLL of the five-cell
CRLH-LWA with LC material stick to its intermediate state are
presented in Fig. 5(b), where the return loss of the proposed
antenna gets worse compared to that of the unit cell. This
phenomenon is produced by the superposition of spurious
reflections emerging between the unit cells. The radiation
performance of the antenna is further affected by this kind
of worse return loss.

SLL is a very important parameter for the radiation performance of any antenna. In case of LC-CRLH-LWAs, the SLL
usually deteriorates as the permittivity of the LC is tuned.
However, efficient methods to lower the SLL of the electromagnetic metamaterial-based LWAs are rarely discussed in the
literature.
An LWA is generally considered as a traveling-wave
antenna. However, residual reflections among the unit cells
and between the feeding structure and the antenna are unavoidable in any practical LWA. The schematic of the reflections
among the unit cells is presented in Fig. 6. These reflections
form a distributed cohort of reversed traveling waves, which
contribute to undesired radiation emission with directions
deviating from the main beam direction. It is clearly revealed
in Fig. 5(b) that lower return loss leads to lower SLLs, meaning
that less reflections will result in lower SLLs too. Therefore,
in order to decrease SLL of the proposed LC-CRLH-LWA,
we concentrate on reflection suppression within the proposed
LWA topology.
In order to minimize the reflections within the present
LWA structure, additional matching-slits (MS) are proposed,
as shown in Fig. 7(a). Through elaborately designing the
dimension and position of the MS, the impedance matching
between the unit cells is optimized. For comparison, the
simulated return loss of the unit cell with and without the MS
is plotted in Fig. 7(b). As shown in Fig. 7(b), the passband
of the modified unit cell is considerably flattened around the
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Fig. 8.
(a) Simulated return loss and SLL of the modified five-cell
LC-CRLH-LWA with LC material on its unbiased state. (b) Simulated return
loss and SLL of the modified five-cell LC-CRLH-LWA with LC material on
its biased state.

balanced frequency, yielding a reduction of the return loss of
more than 5.3 dB for all LC states compared. Fig. 8 depicts
the simulated return loss and SLL of the modified five-cell
LC-CRLH-LWA for different LC states. Since the reflections
were suppressed, the peak magnitude of the SLL around
the balanced frequency decreased from −5.1 to −8.2 dB.
Benefiting from the wide bandwidth of the proposed unit cell,
the LC-CRLH-LWA achieves a wide bandwidth with respect
to the operation frequency. Simulated results show the return
loss (for the intermediate state) is lower than −10 dB from
11.78 to 13.09 GHz, which covers the total frequency scanning
band. For the whole steering range of the LC permittivity, the
antenna presents a return loss lower than −10 dB in the range
of 12.14–12.77 GHz, covering a band of 630 MHz, which
coincides with the main downlink frequency range of Ku-band
satellite communications.
In order to indicate the relationship between the return
loss and SLL, the feature selective validation technique is
applied [56]–[58]. As shown in Fig. 9(a), the point-bypoint comparisons of the feature difference measure intensity (FDMi) between the return loss and SLL are presented
for different LC states. For all LC states, the agreement
between two data sets is good from 11.95 to 12.3 GHz and
is nearly very good from 12.3 to 13.15 GHz, which covers
the whole operating band of the proposed five-cell LC-CRLHLWA. The grade-spread chart for the return loss and SLL from
11.95 to 12.3 GHz is exhibited in Fig. 9(b) with a threshold
value of 85%. The grade starts with the excellent category
and cumulates a total equal to threshold value as categories
are added, while the spread starts with the highest category.
As shown in Fig. 9(b), the grade and spread of feature
difference measure for the unbiased state are both 3, which
means excellent + very good + good > 85%, while the value
is 2 for the biased state, which indicates that excellent + very
good > 85%. In other words, the SLL agrees well with the
return loss in the operating band. Hence, the proposed method
of SLL suppression through reducing reflections is validated.

Fig. 9. (a) Point-by-point analysis of the feature difference (FDMi) between
the return loss and SLL where the category ranges are excellent < 0.1, very
good 0.1–0.2, good 0.2–0.4, fair 0.4–0.8, poor 0.8–1.6, and very poor > 1.6.
(b) Grade-spread chart for the return loss and SLL.

D. Electrical Scanning of Radiation Beam
As depicted in Fig. 4, the dispersion curves of the proposed
unit cell shift horizontally as the LC permittivity is tuned.
In the meantime, the balanced condition and the impedance
matching condition are well kept for different LC states. Thus,
the proposed antenna is a very promising candidate for fixedfrequency beam-steering LWAs.
The complete five-cell LC-CRLH-LWA is formed by
adding an impedance transformer that further optimizes
the return loss and the associated SLL and a bias network
for the applying of bias voltage. Fig. 10(a) presents the
simulated spectral responses of the radiation angles of the
LC-CRLH-LWA for three different LC states. The radiation
angle varies from −21° to +23° at an operation frequency
of 12.4 GHz for varying permittivity of the correspondingly
biased LC material. Fig. 10(b) displays the radiation patterns
at 12.4 GHz for the same three LC states, providing an SLL
lower than −11.3 dB during the beam steering.
IV. E XPERIMENTAL VALIDATION
For validation purposes, the designed five-cell LC-CRLHLWA prototype was fabricated on PCB as depicted in
Fig. 11(a). The LC material applied in the manufactured
LWA is LC CDZSL-016 provided by the LuQuan Company,
Ltd. The LC CDZSL-016 presents a permittivity varying
from 2.7 to 3.25 when measured with the method proposed
in [59]. Fig. 11(b) shows the measured scattering parameters
versus bias voltages using an Agilent N5227A vector network
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Fig. 10. (a) Simulated spectral responses of the radiation angles of the
LC-CRLH-LWA for different LC states. (b) Beam steering property for
different LC states at an operation frequency of 12.4 GHz.

Fig. 12. Measured (solid line) and simulated (dashed lines) radiation pattern
of the proposed LC-CRLH-LWA. (a) Measured frequency scanning from
11.8 to 12.9 GHz for the unbiased state. (b) Electrical beam steering at
12.1 GHz. (c) Electrical beam steering at 12.4 GHz. (d) Electrical beam
steering at 12.7 GHz.

Fig. 11. (a) Photograph of the fabricated LC-CRLH-LWA. (b) Measured and
simulated return loss of the antenna for the bias voltages 0 and 20 V associated
with the corresponding permittivities (PER) 2.7 and 3.25, respectively.

analyzer. The measured return loss is lower than −10 dB
between the two frequencies 11.83 and 12.72 GHz for the
associated bias voltages of 0 and 20 V, respectively. The
measured results (plotted as solid lines) agree well with the
simulated data (plotted as dashed lines).
The measured frequency scanning of the radiation pattern
for the unbiased state of the antenna is presented in Fig. 12(a).
The direction of the main lobe starts at an angle of −54°
and reaches an emission angle of +57° for an operation
frequency ranging from 11.8 to 12.9 GHz. The E-plane
radiation patterns are measured for different bias voltages
at three different fixed operation frequencies to demonstrate
the full capability of electrically controlled beam steering.

The normalized radiation patterns are given in Fig. 11(b)–(d).
The measured main lobe directions are electrically steered
from −32° to −16° at 12.1 GHz (backfire), from −13° to
+18° at 12.4 GHz (broadside), and from +22° to +60° at
12.7 GHz (endfire). The simulated radiation patterns adopting
the LC CDZSL-016 are plotted in Fig. 12(b)–(d) as dashed
lines, showing a good agreement with the measured emission
patterns (solid lines). Furthermore, it is observed that the
ranges of electrical beam steering are wider for broadside and
endfire radiation than for backfire radiation. This phenomenon
agrees well with the simulation results.
V. C ONCLUSION
A novel method for the designing of the fixed-frequency
CRLH-LWA employing LC in PCB technology that supports
a large beam-steering range, steady balanced condition, and
broadband property has been proposed. It is mathematically
demonstrated that the balanced condition of the unit cell and
the resulting LWA are well kept as the permittivity of the
LC is electrically tuned. Methods for the enhancement of
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beam-steering range and broadband property are presented
based on the theoretical analysis. A Ku-band LC-CRLH LWA
prototype has been designed and optimized based on the
proposed design method. The realized antenna presents a
measured frequency scanning range from −54° to +57° for
a frequency variation from 11.8 to 12.9 GHz. The overall
exploitable bandwidth reaches from 11.65 to 13.05 GHz. It is
revealed that the residual reflections among the unit cells cause
a poor suppression of the SLL. Corresponding optimization
for achieving lower SLLs in the radiation patterns has been
successfully carried out by lowering the return loss for the unit
cell. A large voltage-controlled scanning range of the radiation
pattern has been achieved. The antenna exhibits a simulated
beam-steering ranging from −21° to +23° at a fixed frequency
of 12.4 GHz for broadside radiation, showing SLLs lower
than −11.3 dB. The measured scanning range of electrically
beam steering extends from −13° to +18°. The proposed
LC-CRLH-LWA is a valuable candidate and easy-to-fabricate
antenna structure for radar and satellite communication system
due to its low loss, low cost, low profile, and highly versatile
scanning properties.
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