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Composite Right-/Left-Handed (CRLH) Leaky-Wave Antennas (LWAs) are a class of radiating elements characterized by an
electronically steerable radiation pattern.Thedesign is comprised of a cascade ofCRLHunit cells populatedwith varactor diodes. By
varying the voltage across the varactor diodes, the antenna can steer its directional beam from broadside to backward and forward
end-fire directions. In this paper, we discuss the design and experimental analysis of a miniaturized CRLH Leaky-Wave Antenna
for the 2.4GHz WiFi band. The miniaturization is achieved by etching Complementary Split-Ring Resonator (CSRR) underneath
each CRLH unit cell. As opposed to the conventional LWA designs, we take advantage of a LWA layout that does not require
thin interdigital capacitors; thus we significantly reduce the PCB manufacturing constraints required to achieve size reduction.
The experimental results were compared with a nonminiaturized prototype in order to evaluate the differences in impedance and
radiation characteristics. The proposed antenna is a significant achievement because it will enable CRLH LWAs to be a viable
technology not only for wireless access points, but also potentially for mobile devices.

1. Introduction

Reconfigurable antennas have received significant attention
in the literature with respect to static antennas (antennas with
a fixed radiation pattern) thanks to their capability of dynam-
ically changing their radiation properties. These antennas
can adapt their characteristics in response to the behavior
of the wireless channel and be used for a variety of applica-
tions including throughput maximization [1, 2], interference
management [3], directional networking [4], and security
[5].

Adaptive antennas can be divided into two subclasses:
phased arrays and reconfigurable antennas.While the former
subclass requires multiple radiating elements and phase
shifting networks [6, 7], the latter subclass of reconfigurable
antennas consists of a single radiating element, capable of
generating different patterns or polarization [8, 9].The recon-
figurable antenna solution is thus preferable with respect to a
phased array antenna mainly because: (i) it employs a single
active element and therefore it occupies a small space and (ii)
it allows for high radiation efficiency since it does not employ
phase shifters and power dividers.

Various types of reconfigurable antennas capable of
changing pattern and polarization have been proposed in the
literature. These antennas may employ embedded switches
or variable capacitors to change the current distribution on
the metallization of the active element [10, 11] or may employ
an active antenna element surrounded by passive elements
(i.e., parasitic elements) loaded with variable capacitors
or connected to switches [12, 13]. Particularly interesting
is the design of Composite Right-/Left-Handed (CRLH)
Reconfigurable Leaky-Wave Antennas (LWAs), a two-port
metamaterial-based design that is able to steer its directive
beam from broadside to backward and forward angles [14].

Leaky-wave antennas are based on the concept of trav-
eling wave, as opposed to conventional resonating-wave
behavior. When an RF signal is applied to the input port,
the traveling wave progressively “leaks” power as it travels
along the waveguide structure. LWAs can also be seen as a
phased array travelingwave antennawith amplitude decaying
excitation and progressive phase shift as a result of the wave
traveling along each unit cell. This leakage phenomenon is
directly related to the directivity of the radiated beam. Besides
conventional PCB substrates, recent developments in LWA
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Figure 1: (a) Sketch of a CRLH Leaky-Wave Antenna with beam steering from broadside 𝜃 = 0∘ to backward 𝜃1 and forward 𝜃2 angles. (b)
Schematic of a conventional CRLH unit cell. (c) Dispersion diagram used to evaluate the propagation constant 𝛽 and estimate the main beam
angle 𝜃.

designs have shown the possibility of designing CLRH LWA
by using liquid crystals. For example, in [15, 16], the authors
present CRLH LWA made of injected liquid crystals with
the beam steering achieved through an external electric field.
As opposed to the proposed LWA, the use of liquid crystals
requires very high bias voltage and the beam steering is
limited to 20–30 degrees.

Although the planar and compact form factors of the
LWAs make them suitable for wireless base stations, they
cannot be exploited on mobile devices due to size constrains.
In this paper, we will address this limitation by presenting
an approach that will make LWAs more suitable for mobile
devices.

Current attempts to miniaturize antenna dimensions
involve the use of nonconventional substrates with high or
enhanced dielectric constant [17, 18]. Other techniques were
developed where the substrate is made by stacking reactive
layers [19, 20]. Unfortunately, these techniques introduce
moremanufacturing complexity and bulk. In [21], the authors
propose the design of a miniaturized CRLH LWA using
metallic vias and interdigital lines. Even though the results
show a wide beam scanning from −60 to +67 degrees, the
beams are characterized by a poor front-to-back ratio and
the patterns are not electrically reconfigurable. On the other
hand, recent developments in defected ground structures
have shown the possibility of properly etching the ground
plane of transmission lines or antennas in order to change
their cut-off and resonant frequencies [22, 23]. As a result,
devices with small dimension can be loaded with com-
plementary resonators on the ground plane to resonate at
lower frequencies, achieving miniaturization [24, 25]. We
are unaware of any previous work that has achieved recon-
figurable antenna miniaturization through defected ground
structures (e.g., designing complementary resonators).

In this paper, we apply a defected ground technique
to achieve miniaturization of reconfigurable antennas. In
particular, we build upon the LWA design introduced in [26]
in which, as opposed to the conventional LWAs, we greatly
reduce PCB manufacturing constraints by avoiding the use

of thin interdigital capacitors. In this paper, we designed
the miniaturized LWA by applying a CSRR underneath
each unit cell to achieve miniaturization of the top layer
radiating layout. The unit cell is designed and characterized
to resonate at 2.4GHz and provide the largest possible beam
steering. Relative to a conventional 2.4GHz LWA, the overall
dimension can be halved while maintaining good impedance
matching, relatively high front-to-back ratio, and good beam
steering performance.

The miniaturized LWA is designed to exhibit good
impedance matching within the 2.41–2.48GHz band, for
WiFi operations on mobile devices such as laptops or tablets.

The paper is organized as follows: Section 2 provides
a brief overview on LWAs and the metamaterial unit cell.
Section 3 describes the design of the miniaturized LWA unit
cell loaded with CSRR. Section 4 presents the LWA design
along with experimental analysis of impedance and radiation
patterns. These characteristics are then compared with a
nonminiaturized prototype. Finally, conclusions are drawn in
Section 5.

2. Background

The reconfigurable CRLH LWA can be realized as a 2-port
radiating element with tunable radiation properties. The
layout is made by a series of 𝑁 metamaterial unit cells [27],
cascaded in order to create a periodic structure from port
1 to port 2, as shown in Figure 1(a). Unlike conventional
resonating-wave antennas, the LWA is based on the concept
of a traveling wave. When a radio-frequency signal is applied
to one of the input ports, the traveling wave leaks out energy
as it progressively travels toward the second port.This energy
leakage determines the directivity of the radiated beam and
is a function of the propagation constant along the structure.

In LWAs, the radiation properties are determined by the
complex propagation constant 𝛾 = 𝛼 − 𝑗𝛽, where 𝛼 is the
attenuation constant and 𝛽 is the phase constant. While the
former corresponds to a loss due to the leakage of energy, the
latter determines the radiation angle of the main beam.
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Figure 2: (a) 3D HFSS model of the LWA unit cell, with CSRR etched on the ground plane. (b) 2D top layer layout and dimensions. (c)
Bottom layer with ground plane and CSRR design. 𝑟1 = 5mm and 𝑟2 = 4mm.The gap 𝑔 and the distance between the two rings are 0.5mm.

Additionally, the relationship between 𝛽 and the wave-
number 𝑘0 defines the regions of operation.

Thedispersion diagram in Figure 1(c) depicts the absolute
value of 𝛽 and the two regions of operation. The darker area
where |𝛽| > 𝑘0 represents the guided wave, where the energy
is propagated from port 1 to port 2, whereas the area where
|𝛽| < 𝑘0 represents the radiated region.The angle of the main
beam can be determined by the following:

𝜃 = sin−1 ( 𝛽
𝑘0) . (1)

If we assume that port 2 is fed an input signal and port 1 is
terminatedwith a 50Ω load, at frequency𝑓0where𝛽 = 0, the
antenna radiates a main lobe in broadside direction 𝜃 = 0∘,
which is perpendicular to the antenna’s plane. For frequencies
where𝛽 > 0 (positive slope of |𝛽|) the antenna operates in RH
region, steering the beam around the left semiplane 𝜃1. On
the other hand, when 𝛽 < 0 (negative slope of |𝛽|) it operates
in LH region, and radiation occurs within the symmetric
half-plane 𝜃2. This frequency-dependent behavior allows for
the scanning of the main beam from back-fire to end-fire
directions. The introduction of tunable capacitances in the
unit cell can turn the antenna from a frequency-controlled
to a voltage-controlled beam steering radiator.

Several voltage-controlled LWAs have been developed
in the literature [14, 28] and the circuit model of the con-
ventional metamaterial unit cell can be described as in
Figure 1(b). The structure is comprised of both series and
shunt components. The series portion is designed with two
interdigital capacitors and two varactor diodes 𝐷𝑆1 and 𝐷𝑆2
connected in parallel. The shunt portion is composed of a
stub and a varactor diode𝐷SH in series. By adding a varactor-
loaded shunt stub, the shunt admittance 𝑌SH of the unit
cell can also be tuned. In addition, the independent control

through 𝑉SH provides an additional degree of freedom, lead-
ing to improved tunability of scanning range and impedance
matching [14, 28]. The capacitor 𝐶 acts as DC-block for the
two bias lines 𝑉𝑆 and 𝑉SH. Three 𝜆/4 microstrip transformers
provide the DC bias lines to the diodes. The introduction of
varactor diodes allows for a change in capacitance through
the reverse bias voltage, and the propagation constant 𝛽
becomes a function of the diode’s voltage. As a result, the
curve depicted in Figure 1(c) can be varied along the vertical
axis, and the radiator can steer themain beam frombackward
to forward directions at a given frequency.

Unlike the aforementioned designs, for the miniaturiza-
tion of the CRLH LWA, we took advantage of an improved
design presented in [26] which avoids the use of interdigital
capacitors as part of the unit cell model. Therefore, we avoid
the manufacturing challenges that may be introduced by
etching the very thin fingers that constitute the interdigital
capacitors.

From a manufacturing and potential commercialization
perspective, this is a significant advantage, especially as
research is conducted to miniaturize the layout.

In the next section, we discuss the design of the minia-
turized CRLH unit cell along with the CSRR.Through exper-
imental analysis of the scattering parameters (𝑆-parameters)
we will evaluate the impedance characteristics and the
expected radiation angles from the dispersion diagram.

3. Design of the CRLH Unit Cell

The LWA unit cell shown in Figure 2(a) was etched on a
conventional FR-4 substrate having dielectric constant 𝑠 and
thickness 𝑡 = 1.6mm. The top layout and the CSRR were
tuned to operate within the entire 2.4GHz band.

The unit cell was designed and tuned using the full-
wave electromagnetic simulatorAnsoftHFSS [29]. In order to
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Figure 3: (a) Parametric simulation of change in inner and outer radii 𝑟1 and 𝑟2. (b) Parametric simulation of change in the gap 𝑔.

performmore realistic simulations, each lumped component
was measured through a 2-port fixture and a Vector Network
Analyzer (VNA). Then, the 𝑆-parameters (S2P) were loaded
into the circuit simulator Ansoft Designer [30]. The cosimu-
lation between HFSS and Designer allowed for evaluation of
the 3D model using the actual S2P parameters. As a varactor
diode we selected an Infineon BB833 in SOD323 package,
designed to operate up to 2.5 GHz [31]. We chose to use
the BB833 because it provided a large dynamic range at low
voltages, which reduced the power consumption and the
complexity of the control board. In order to get a qualitative
evaluation of the capacitance range and loss under reverse
bias voltage, we extracted the junction capacitance 𝐶𝐽 and
the series resistance 𝑅𝑆 from the measured S2P. The plot in
Figure 3 shows that the series resistance falls within the range
1.7Ω ≤ 𝑅𝑆 ≤ 1.85Ω within the entire reverse voltage sweep.
However, when 𝑉𝑅 ≤ 10V, the junction capacitance exhibits
larger dynamic range: 18 pF ≤ 𝐶𝐽 ≤ 3 pF (Figure 4). The
final unit cell layout has been optimized to take advantage of
this large 𝐶𝐽 variation under low bias voltages, achieving the
largest possible tunability of the phase constant 𝛽.

The CRLH behavior is determined by designing the unit
cell to have proper series capacitance and a shunt inductive
component.The series capacitance is achieved by placing two
varactor diodes in series with a common cathode (𝐷𝑆1 and𝐷𝑆2). The inductive part is designed by means of a shunt stub
with a varactor diode (𝐷SH) placed in series. The dynamic
tuning is accomplished by changing the reverse voltage 𝑉𝑅
of the two bias line 𝑉𝑆 and 𝑉SH. A 𝐶 = 0.5 pF capacitor was
added to the shunt stub in order to decouple the two bias
voltages. To further reduce manufacturing complexity and
form factor, we have used 𝐿 = 220 nH inductors that act
as RF chokes to provide the two bias voltages. The inset in
Figure 2(a) depicts the resulting schematic of the LWA unit
cell. The dimensions are shown in Figure 2(b), and the gaps
are properly designed to include the lumped components.
The series microstrips that connect 𝐷𝑆1 and 𝐷𝑆2 were cal-
culated and optimized to achieve a characteristic impedance
of 50Ω, whereas the shunt microstrip that connect 𝐷SH was
scaled down from the reference dimension in [26], due to the

Varactor characteristics

CJ

RS

10 15 20 25 305
VR (V)Reverse voltage,

0

5

10

15

20

C
J

(p
F)

Ju
nc

tio
n 

ca
pa

ci
ta

nc
e,

1.6

1.7

1.8

1.9

R
S

(Ω
)

Se
rie

s r
es

ist
an

ce
,

Figure 4: Junction capacitance 𝐶𝐽 and series resistance 𝑅𝑆 as
function of the reverse voltage 𝑉𝑅. The values were extracted from
themeasured 𝑆-parameters.While𝑅𝑆maintains a relatively constant
value within the entire voltage sweep, the capacitance 𝐶𝐽 exhibits a
larger dynamic range when 𝑉𝑅 ≤ 10V.

contribution of the CSRR.The thinner bias lines that connect
the RF chokes were kept as short as possible and the width
matches the pads of the SMT chokes.

For lab characterization purpose, the varactor diodes
were biased using bench-top power supplies. On the other
hand, for real-time dynamic biasing of the LWA, our group
developed a control board comprising voltage boost circuits
(0–30V) and an FPGA. The lookup table contained within
the FPGA allows switching between the different pattern
configurations and it can be controlled through an external
SPI or I2C command.

Simulations have shown that, by using a standard ground
plane, the proposed unit cell operates in the frequency region
of 5GHz. In order to reduce the operating band, a single
CSRR was etched underneath the unit cell. In [32], it has
been shown that when a CSRR is etched on the ground plane
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of a 50Ω microstrip line, due to the Babinet principle and,
complementarity, the microstrip loaded with CSRR behaves
like a one-dimensional effective medium with a negative
permittivity within a region around the CSRR resonance.
Thanks to this change of permittivity, the top layer antenna
structure resonates at lower frequencies.

In order to find the optimal CSRR radii and gap dimen-
sions, we started by simulating the insertion loss of a 50Ω
microstrip line above a parametric CSRR. The simulations
have shown a direct proportion between the CSRR radii and
the resonant frequency. In fact when the radii are reduced, the
resonance shifts down in frequency as shown in Figure 3.The
gap 𝑔 acts as fine-tuning element to optimize the resonance
point. In our case, after finding the suboptimal dimension
for resonance around 2.4GHz, we choose to fine-tune the
CSRR by looking at the frequency reduction of the LWA unit
cell down to 2.45GHz. The optimal CSRR layout is shown in
Figure 2(c).

The outer radius is 𝑟1 = 5mm, while the inner radius is
𝑟2 = 4mm. The gap 𝑔 on both rings, as well as the distance
between them, is 0.5mm. From the simulations, we noticed
that when the CSRR is positioned at the center of the unit
cell, the miniaturization effect is reduced and the resulting
radiation patterns exhibit a pronounced back lobe due to
radiation leakage from the CSRR apertures on the ground
plane. For this reason, the CSRR was slightly moved from the
center to the shunt part of the unit cell, in order to reduce
the radiation from the ground plane and enhance the front-
to-back ratio. As we will see in Section 3.1, the effects of the
CSRR on the unit cell characteristics are to extend the 𝑆11
bandwidth, while the dispersion curve 𝛽𝑝 is intentionally
tuned in the RH region through the varactor 𝐶𝑗 operating
point and the shunt stub dimension.

The CRLH unit cell can exhibit balanced or unbalanced
resonances, based on the series and shunt resonant frequen-
cies 𝜔se, 𝜔sh. While the unbalanced unit cell (𝜔se ̸= 𝜔sh)
supports two different frequencies, the lower for the LH and
the higher for the RH region, we used balanced unit cell
(𝜔se = 𝜔sh) in order to avoid the gap between the RH and
LH regions and match the structure over a broad bandwidth.
In terms of radiating regions, a CRLH unit cell can typically
operate in either RH or LH regimes. However, in order to
achieve the maximum beam coverage by switching between
the two input ports, we have optimized the design within the

RH region (|𝛽| > 0). Similar to [33], port 1 is used and the
beam can be steered from 0∘ tomax{𝜃2}, while by switching to
port 2 the beam covers the symmetrical quadrant from 0∘ to
max{𝜃1}.This design choice enables full-space beam steering,
while taking advantage of the high 𝐶𝐽 variation under low
voltage regimes. Due to the 2-port switching, a similar beam
steeringmechanismcan be achieved using unbalancedCRLH
unit cells.

The next subsection describes the experimental analysis
conducted on a miniaturized unit cell prototype. We evalu-
ated the impedance characteristics and the expected radiation
angles from the dispersion diagram.

3.1. Characterization Results. 𝑆-parameter measurements
were carried out to assess the performance of a miniaturized
unit cell prototype and validate the simulation results. The
unit cell was etched between two 𝜆/8 transmission lines for
soldering the SMA connectors. An Agilent N5230A Vector
Network Analyzer was calibrated with the port extension
function for deembedding the two extra lengths. Top and
bottom layers of the manufactured unit cell are shown in
Figure 5.

Figure 6 showsmeasured and simulated 𝑆-parameters for
four arbitrary configurations. Due to port symmetry, in this
plot, we assume 𝑆11 = 𝑆22 and 𝑆12 = 𝑆21 for greater visual
clarity. By observing the 𝑆11 curves, we can note that the
proposed miniaturized unit cell maintains good impedance
matching within the bandwidth of interest from 2.41 to
2.48GHz. The 10 dB bandwidths are between 220MHz ≤
BW ≤ 650MHz. The measured and simulated 𝑆-Parameters
of the unit cell are in good agreement around the bandwidth
of interest: 2.4GHz and 2.6GHz.

Outside the desired bandwidth, the traces start to differ
because of the narrow-band 𝑆-parameter fixture used for
testing. However, we chose to keep a large 𝑥-axis range in
order to highlight the 10 dB bandwidth.

If we define the phase constant 𝛽 as 𝛽 = 𝑑−1cos−1(1 +
𝑍(𝜔)𝑌(𝜔)) [27], where 𝑍(𝜔) is the series impedance; 𝑌(𝜔)
is the shunt admittance; the two series varactors 𝐷𝑆1, 𝐷𝑆2
vary with 𝑍(𝜔) while the shunt varactor 𝐷SH varies with
𝑌(𝜔). Furthermore, from our measurements we noticed that
the series voltage 𝑉𝑆 has major control in changing config-
urations, while the voltage 𝑉SH allows for fine-tuning the
𝑆-parameters, maintaining the Bloch impedance relatively
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constant and close to 50Ω.The insertion loss, which includes
both actual losses and radiation leakage, is between 0.8 dB ≤
𝑆21 ≤ 1.5 dB among the different configurations. The higher
deviation between simulation and measurement at the two
sides of the bandwidth is potentially due to the 𝑆-parameters
fixture used to extract the S2P of each lumped component.

In order to evaluate the beam steering capabilities, the
dispersion diagram was created using the following equation
[34] and the measured 𝑆-parameters:

𝛽𝑝 = cos−1 (1 − 𝑆22𝑆22 + 𝑆21𝑆12
2𝑆21 ) . (2)

The dispersion diagram in Figure 7 shows the result
for four different configurations. We can note that, within
the bandwidth of interest, the curves are upward sloping,
denoting operation in RH regime. The expected radiation
angles 𝜃 can be estimated through the equation shown in
the inset of Figure 7 and computed at the desired frequency.
By assuming WiFi operation at 2.46GHz (channel 11), the
miniaturized unit cells allow for steering the radiated beam
approximately from 𝜃 = 21∘ to 𝜃 = 55∘ with respect to
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2.41–2.48GHz, falls within the RH radiated region.
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broadside direction.The beginning of the flip observed in the
𝑉𝑆 = 5V, 𝑉SH = 4V curve is due to the space harmonics
periodicity of 𝛽, which is given by

𝛽 = 𝛽0 + 2𝑛𝜋
𝑑 , (3)

where 𝛽0 is the lowest order mode phase constant, 𝑛 is
the space harmonics (0, ±1, ±2, . . .), and 𝑑 is the period.
Although the continuous biasing of varactor diodes allows
for a theoretically infinite number of configurations, in

Table 1, we summarize four significant configurations chosen
to achieve uniformbeam steering based on theHPBWof each
beam. The relative Bloch impedance 𝑍𝑏 and expected beam
angle are also reported.

The aforementioned results enable the cascading of the
miniaturized unit cell to create a leaky-wave antenna for
the 2.4GHz WiFi band. In the next section, we discuss the
design of this reconfigurable CRLH LWAmade by cascading
11 miniaturized unit cells, with experimental analysis of
impedance and radiation characteristics.
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Figure 10: Measured 3D radiation patterns at 2.46GHz for four configurations. Port 2 oriented in +𝑦 direction was connected to a signal
generator, while port 1 was terminated to a 50 Ω matched load. (a) 𝑉𝑆 = 8.5V, 𝑉SH = 10V; (b) 𝑉𝑆 = 7V, 𝑉SH = 9V; (c) 𝑉𝑆 = 6V, 𝑉SH = 12V; (d)
𝑉𝑆 = 5V, 𝑉SH = 4V.

Table 1: Summary of four different configurations at the frequency
of 2.46GHz.

Configuration {𝑉𝑆, 𝑉SH} Block impedance 𝑍𝑏 Beam angle 𝜃
{8.5 V, 10V} 42 + 𝑗8 Ω 21∘

{7V, 9V} 37 + 𝑗7 Ω 28∘

{6V, 12V} 47 + 𝑗10 Ω 38∘

{5V, 4V} 56 + 𝑗9 Ω 55∘

4. Miniaturized CRLH Leaky-Wave Antenna

The periodic structure of the miniaturized CRLH LWA was
designed by cascading a series of unit cells described in
Section 3. As illustrated in Figure 8, the antenna consists of
𝑁 = 11 unit cells and has overall dimension 𝑙 = 11.5 cm
and ℎ = 2.3 cm. The number of unit cells was selected to
achieve positive gain and obtain a fair comparison with the
earlier LWA presented in [26]. By switching between the two
input ports, the antenna allows for the generation of two
independent beams that can be steered from back-fire to

end-fire, with expected beam angles 𝜃 estimated during the
unit cell analysis.

4.1. Input Impedance. The return loss and the isolation of the
two input ports have been measured through a VNA. The
𝑆11 and 𝑆22 scattering parameters describe the impedance
integrity between the antenna’s ports and 50 feedlines,
whereas 𝑆12 and 𝑆21 render the isolation achievable between
them. Figure 9 shows the measured scattering parameters for
the four configurations listed in Table 1.

Both input ports exhibit good impedance matching
within the 2.41–2.48GHz band, the small discrepancies
between the 𝑆11 and 𝑆22 curves are potentially due to the
manufacturing process and, in particular, the manual popu-
lation of the board. We also note that the 10 dB bandwidth is
relatively large, between 1GHz ≤ BW ≤ 1.3 GHz. In terms of
decoupling between the two ports, at 2.46GHz, the antenna’s
isolation is within the range of 8 dB ≤ 𝑆21 ≤ 10 dB.

4.2. Radiation Pattern. In order to evaluate the radiation
characteristics of the proposed antenna and the agreement
with the expected angles, we have measured the radiation
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Figure 11: Azimuth (𝑥-𝑧) view of the total beam steering capabilities. The solid lines depict beams generated by exciting port 1 (and port 2
terminated to a 50Ω load), whereas the dashed lines depict beams generated by exciting port 2 (and port 1 terminated to a 50Ω load).

patterns for the four configurations listed in Table 1. For this
purpose, we used the tool EMSCAN RFxpert [35], which
is a bench-top measurement system that enables us to get
3D and 2D antenna pattern measurements in real time.
Figure 10 shows the 3D antenna directivity graphs measured
at 2.46GHz by exciting port 2 and terminating port 1 to
a 50Ω load. The steering angles are in good agreement
with the expected values. The minimum gain is 0 dBi while
the peak is about 2 dBi, with front-to-back ratio between
5 and 8 dB, depending on the adopted configuration. The
front-to-back ratio of the proposed antenna is suboptimal
due to the presence of the defected ground plane. In fact a
percentage of the total radiation leaks out from the CSRR
openings, resulting in some radiation from the back of the
PCB. In general, directional antennas that employ CSRR
suffer from poor front-to-back ratio [25], but, in the case of
the proposed antenna, the patterns maintain a higher level
of directivity. The major losses that limit the gain are the
series resistance of the varactor diode 𝑅𝑆 and the lossy FR-4
substrate. More expensive substrates can provide much lower
loss factors, while the series resistance of varactor diodes
could be improved by choosing a smaller package or a more
expensive model. Further measurements were conducted in
an anechoic chamber and Figure 11 illustrates the azimuth
cut (𝑥-𝑧) with the complete set of radiation patterns accom-
plished by switching between the two input ports. The total
steering angle is about 120∘ and the half-power beamwidth

(HPWB) of each beam, between 40∘ and 60∘, allows for nearly
uniform coverage. The measurements in Figure 11 denote
good agreement with the expected beam angles listed in
Table 1. By comparing the same voltage configurations, the
error between the estimated and the measured beam angles
is between 0∘–5∘ across all the configurations.

In terms of beams polarization, we observed that the
miniaturized CRLH LWA maintains linear polarization
across all the configurations, similar to a conventional LWA.
In Figure 12 we show the normalized plots of co-pol and
cross-pol for four beams at ±60∘ and ±30∘. For all the
configurations, the cross-pol is at least 5 dB lower than the
co-pol confirming that the radiated fields are linearly polar-
ized.

In terms of radiation efficiency, we have estimated that the
average components’ losses on each LWAunit cell are approx-
imately 0.6 dB total. Therefore, for the 11-cell LWA presented
in this manuscript, the expected radiation efficiency is about
21% including the ports’ return loss.

4.3. Comparison with Conventional LWA. In Figure 13, we
compare the size of the proposed miniaturized LWA with
an earlier conventional design of a LWA [26]. Both anten-
nas were designed by cascading 11 unit cells; however, the
miniaturized LWA is about 53% smaller than the conven-
tional LWA. We then conducted a qualitative comparison
of the electrical and radiation characteristics to evaluate the
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Figure 12: Co-pol and cross-pol of the beams at ±60∘ and ±30∘. The miniaturization of the CRLH LWA maintains the linear polarization,
with the cross-pol at least 5 dB lower than the co-pol.

Figure 13: Comparison between the conventional and the proposed
miniaturized reconfigurable LWA. Both antennas were designed by
cascading 𝑁 = 11 unit cells. The former occupies an area of 56 cm2
while the latter occupies an area of 26.5 cm2.

performance of the proposedminiaturized LWA. A summary
is shown in Table 2.

The 10 dB bandwidth of the miniaturized LWA is signif-
icantly larger than the conventional model. However, it is

Table 2: Comparison between conventional and miniaturized
LWAs.

Conventional LWA Miniaturized LWA
Dimension 56 cm2 26.5 cm2

10 dB bandwidth (Max) 30MHz 1.3 GHz
Isolation (min) 10 dB 8 dB
Peak gain 4 dBi 2 dBi
Front-to-back ratio (avg) 8 dB 7 dB
Beam steering coverage 120∘ 120∘

important to recall that, due to the frequency dependency,
different frequency regions will exhibit different handedness
regions (i.e., RH or LH) and thus different steering angles.
Moreover, when the dispersion curve approaches the propa-
gation regime, the beam’s directivity, and gain degrade.

Due to the smaller dimension, the isolation between
the two input ports is lower with respect to the standard
model. Althoughmore than the 85% of the energy is radiated
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and attenuated through the structure, the employment of a
single-pole-double-throw (SPDT) switchwould allow further
decoupling the two ports and switching between them to
generate the desired back-fire and end-fire beams. Further-
more, the cascade of additional unit cells can also lead to
higher isolation between the ports and increases the radiated
gain.

In terms of radiation characteristics, the miniaturized
LWA allows for beam steering of about 120∘ around the
azimuth plane, similar to the earlier version. The peak gain
is 2 dB lower, but sufficient to utilize the antenna for mobile
applications [36]. The front-to-back ratios are comparable,
with both antennas performing between 4 and 8 dB, depend-
ing on the adopted configuration.

5. Conclusion

In this paper, we presented the design of a miniaturized
reconfigurable leaky-wave antenna, where the size reduction
was accomplished by etching a Complementary Split-Ring
Resonator (CSRR) underneath each unit cell.

The CSRR was designed to decrease the size of an
improved design of CRLH unit cell, covering the whole WiFi
band from 2.41 GHz to 2.48GHz. The absence of interdigital
capacitors greatly reduces manufacturing constraints for size
reduction while also allowing the application of the CSRR
miniaturization technique.

Numerical and experimental analyses of theminiaturized
unit cell have shown good impedance performance and
relatively large variations of the dispersion curves, which
leads to large beam steering.

After fine-tuning the unit cell for the desired radiating
region and steering angles, the miniaturized leaky-wave
antenna has been designed by cascading 11 unit cells. With
respect to an equivalent conventional LWAmodel, theminia-
turized antenna is 53% smaller and exhibits a larger 10 dB
bandwidth. The radiation patterns were in good agreement
with the expected angles, and the total azimuth coverage is
about 120∘ with gains between 0 and 2 dBi.

In conclusion, the technique of etching CSRR on recon-
figurable leaky-wave antennas has been shown to be success-
ful for size reduction andmaintenance of good radiating per-
formance. The proposed solution enables the development
of miniaturized reconfigurable antennas that do not require
expensive and customized substrates. In future work, the
antenna will be applied on software-defined radios to realize
new wireless networking applications exploiting directional-
ity on mobile device platforms.
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