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Liquid-Crystal Based, Beam-Steerable Quasi-Periodic Substrate
Integrated Waveguide Leaky-Wave Antenna with Transverse Slots

Rodrigue B. Tchema and Anastasis C. Polycarpou”

Abstract—In this paper, a substrate integrated waveguide (SIW) quasi-uniform leaky-wave antenna
(LWA) is proposed for a dynamically steerable beam design at a single frequency through the use of a thin
layer of nematic liquid crystal (LC) underneath the substrate. The orientation of the LC molecules, and
therefore the effective dielectric properties of the LC cell, is controlled via an externally low-frequency,
low-strength bias voltage. The radiation occurs through a series of closely placed transverse slots etched
on the top plane of the SIW. This antenna was designed to operate based on the fundamental space
harmonic (n = 0) in the frequency range between 24.25 GHz and 29 GHz, which covers one of the future
5G frequency bands to be deployed in some parts of the world. This novel antenna design concept was
verified numerically using a commercial software based on the Finite Element Method (FEM), and the
results are presented and discussed herein.

1. INTRODUCTION

Leaky-wave Antennas (LWAs) use an electrically long guiding structure as the main mechanism of
radiation. As the wave travels along the length of the structure, it leaks out energy (through
radiation) into free space [1,2]. The first leaky-wave antennas were based on rectangular conductive
waveguides which were bulky, heavy, costly, and difficult to fabricate. Substrate integrated waveguides
(SIWSs) [3, 4] have specific advantages over traditional waveguides allowing their use in planar microwave
and millimeter-wave applications [5]. Specifically, SIWs are characterized by low-cost production, ease
of fabrication, low energy dissipation, light-weight structure, and ease of integration with planar circuits
and electronic boards [6].

One of the main properties of LWAs is their beam-scanning capability. Scanning of the main beam
is achieved through variation of the operating frequency of the antenna. In many occasions, however, it
is important that the space is scanned at a fixed frequency. For this particular scenario, a conventional
LWA design will not be applicable. This is a major drawback of the traditional LWA designs as there
is no effective tuning mechanism for continuous beam scanning at a single frequency.

In the past two decades, liquid crystals (LCs) [7,8] — due to their electro-optic properties —
have appeared as a promising solution to the aforementioned limitation of this type of antenna. By
imposing a low-frequency, low-strength, external electric field across the LC cell, the molecules of the
LC compound orient themselves according to the strength of the bias voltage. This causes the effective
complex permittivity of the material to change accordingly, thus tuning propagation characteristics of
the supported waveguide mode. It is also important to emphasize that new generation of LC compounds
have inherently low losses, improved tuning capabilities based on birefringence, and relatively low-power
consumption. These properties of LCs allow for their use in the design of millimeter and microwave
tuning devices.
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Examples of tunable devices include delay lines [9, 10], phase shifters [11, 12], tunable filters [13, 14],
and frequency-agile microstrip antennas [15-19]. It has been shown in [20] that a tunable band-pass
filter based on SIW and LC technology could also be achieved with magnetic biasing using external
electromagnets, which are often heavy and bulky. In [21], it has been demonstrated that biasing of
a SIW-based filter using an external electric field could be achieved by loading rectangular patches in
SIW cavity. A half-mode STW-LWA was designed in [22] illustrating a 16-degrees main-beam deflection
through tuning of the LC layer made by inserting a rectangular DC ground inside the waveguide.

Most of the research done on LC-based tunable antennas is related to microstrip patches. The
applied bias voltage is used to tune the operating frequency of the antenna thus providing frequency
agility. In this paper, we present a concept design where a thin layer of nematic L.C is used underneath
the substrate of a LWA based on SIW technology. The anisotropic properties of the LC compound
were exploited in order to achieve scanning capability at a fixed operating frequency. This concept was
recently presented in [23], where the ability to dynamically scan the main bean of the pattern through
biasing of the LC was demonstrated for an SIW-LWA operating between 10 and 12.5 GHz (X-band).
This paper is a continuation of this work showing an alternative design in mm-wave range, where the
liquid crystal compounds are more suitable as their inherent losses tend to diminish. The proposed
antenna design operates in the fundamental TE;y mode in the frequency range of 24.25-29 GHz. This
particular concept design could be used as a low-power, small-cell (pico or fempto cells) antenna for
future 5G wireless networks.

2. ANTENNA CONFIGURATION AND DESIGN

2.1. Antenna Geometry

The geometry of the proposed LWA based on SIW and LC technologies is depicted in Fig. 1. A Rogers
RT/duroid 5870 (tm) substrate is used which has a relative permittivity of €, = 2.33, a loss tangent
tand = 0.0012, and a thickness h = 0.254 mm. The corresponding width of the dielectric layer is
W = 16 mm. The total length of the antenna is L. = 156.5 mm consisting of 3 main sections: The
radiating section of length L, = 107 mm, another section with tapered slots on both sides of length
L1 = 15mm, and the microstrip lines of length L,, = 9.75 mm.

Substrate
LC

Ground plane

Figure 1. Geometry of the proposed LWA antenna based on SIW and LC technologies.

The period, i.e., the distance between adjacent slots, was chosen to be p = 2.0mm. A total of
69 slots were used as radiating elements along the length of the antenna. Each slot has a length of
Ls = 2.0mm and a width of Wy, = 0.35mm. Since the period is small compared to the wavelength,
the antenna radiates based on its fundamental (n = 0) space harmonic in the forward quadrant. The
operating mode of this antenna is the TE;y and the slots are tapered at both ends over a distance
L7 = 10mm in order to reduce reflection loss. The length of the slots was gradually reduced from
2.0mm to 0.02 mm, while the slot width was maintained unchanged. A tapered microstrip line of length
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L,, = 9.75mm, which consists of a section of length L,,» = 6.5mm (with continuous tapered width
from 1.9 mm to 0.77 mm) and another section with constant width 0.77 mm and length L,,; = 3.25 mm
(corresponding to A/4 based on the smallest frequency), was used as a feeding element at both ends.
The tapering was made in order to improve matching characteristics at the input and output ports of
the antenna. Instead of the usual triangular tapering, an exponential tapering was used. The tapered
width Wp = 1.9 mm is decreasing exponentially over a distance equal to Ly,s.

2.2. Antenna Design

There are two types of waves that an LWA can support: the slow wave, which has a phase velocity
smaller than the speed of light in free space, and the fast wave, which has a phase velocity larger than
the speed of light in free space. In order to radiate, an LWA should operate in the fast-wave region.
By etching a series of slots on the top copper plane of the dielectric layer, a periodicity is introduced
and the wave leaks out energy through the slots. In the case of a quasi-uniform LWA, the period,
i.e., the distance between two adjacent slots, is very small compared to the wavelength, and radiation
occurs from the fundamental space harmonic (n = 0). The fast-wave region is satisfied by the following
equation [1]:

0<B<Ek, (1)

where (3 is the phase constant, and &, is the wavenumber of an unbounded wave in free space. In LWAs,
the main radiation beam points in different directions as the frequency changes. The angular orientation
of the main beam is given by [2]
: g
sinf, = — 2

o ko ( )
where 6, is measured from broadside. Substituting Eq. (1) into Eq. (2), it is observed that the main
beam of a quasi-uniform LWA can scan only in the forward quadrant. Its beamwidth is given by [2]

A
= (3)
L,sinf,
where L, is the radiating length of the antenna. Usually, the antenna should be sufficiently long so that
approximately 90% of the propagating wave energy leaks out before the wave reaches the end of the

guide. In SIW structures, in order to prevent significant leakage through vias, the following condition
should be satisfied [24]:

A6l

S
- < 2. 4
d< 5 (4)

The corresponding cut-off frequency of the SIW is calculated based on its equivalent rectangular
waveguide. For the TE;y mode, it is given by [25]

Je

Wy )

where ¢ is the speed of light in vacuum. The width W of the SIW and its equivalent rectangular-
waveguide width, Wz, are inter-related by the following expression [26]

Wy = W —1.08 (d;> +0.1 (%2) (6)

which is accurate for s/d < 3 and d/W < 0.2.

2.3. Liquid Crystal Properties

Liquid crystals are states of matter whose properties are somewhere between those of conventional
liquids and those of solid crystals. More precisely, they behave like conventional crystalline solids below
a critical temperature, T,,, and like isotropic liquids above a threshold upper temperature, T, [27, 28].
They exist in different states but the most commonly-used form is the nematic state in which the
molecules are rod-like and sensitive to an externally bias electric or magnetic field.
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The most important feature of liquid crystals is their tuning capability that is based on the deflection
characteristic of their optical axis. This optical axis coincides with the director of LC molecules [27]. If
a bias voltage is applied across an LC cell, an electrostatic field is created within the crystal causing the
orientation of the LC molecules to change according to the strength of the bias field [11]. This results
to a change in the effective complex permittivity of the compound because the dielectric properties of
liquid crystals are dependent on the relative angle between the directors and the orientation of the bias
field. As a result, the propagation characteristics of the microwave or millimeter-wave device change
accordingly [27].
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Figure 2. Biasing an LC cell using an externally applied DC voltage.

The operating principle of an LC cell under a bias voltage is illustrated pictorially in Fig. 2. As
illustrated, when Vpo = 0V (unbiased state), the directors of the LC cell are oriented in parallel to the
surface layer (Fig. 2(a)). In this case, the permittivity of the LC compound corresponds to €| as the
directors are oriented perpendicular to the direction of the bias electric field. Based on the right-handed
coordinate system depicted in Fig. 2, the LC directors are oriented in the y-direction, and therefore,
the homogeneous permittivity tensor for a uniaxial nematic LC is given by [27]:

e, 0 O
€L=€Vpc=0)=1(0 ¢ O (7)
0 0 €

For the biased state (Vpc = Vinax > Vsat), the permittivity of the LC compound corresponds to €. The

LC directors point in the z-direction (see Fig. 2(c)) and the corresponding permittivity tensor is given
by [27]:

B ) e, 0 0
5” = g(VDC = Vmax) =10 €. O (8)
0 0 €|

For a biased state where 0 < Vpo < Vqu, the director orientation forms an acute angle with respect
to the z-direction, and as a result, the entries of the equivalent permittivity tensor of the LC take
intermediate values. Calculation of the tensor entries for any bias voltage require the solution of a
partial differential equation (PDE) obtained from the minimization of the Oseen-Frank functional. The
particular non-linear PDE can be solved using the finite difference or the finite element methods. This
approach is illustrated in [19] for the case of a frequency-agile patch antenna on top of a biased LC cell.
The difference between the permittivities of the two biasing states of LC is called dielectric

anisotropy, and it is defined as:
Ae=¢|—eL 9)

For a significant tuning ability, it is highly important that the dielectric anisotropy is as large as possible.
New generation of nematic LCs are characterized by large dielectric anisotropy and very low loss tangent,
deeming this type of substrates suitable for antenna design and fabrication.
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3. SIMULATED RESULTS

In this section, we examine two specific LWA designs: a) one without the LC cell, and b) one with a
thin layer of nematic LC underneath the Rogers substrate. For the latter, the simulations are carried
out for the unbiased and fully biased case. The optimization of the two designs and the electromagnetic
simulations presented in this paper were done using the High Frequency Structure Simulator (HFSS
version 19).

3.1. LWA Design without Liquid Crystal

The geometry of the finalized SIW-LWA design without an LC cell was presented in Section 2.1.
This particular antenna was designed to operate between 24.25 GHz and 29 GHz. Fig. 3 depicts the
magnitudes of the S11 and Ss1 of the proposed antenna in the frequency band of interest. As illustrated,
the S11 parameter is approximately below —10dB in the entire frequency band and lower than —15dB
from 25.9 GHz to 29 GHz. This indicates good impedance matching at the input port of the antenna,
which was achieved using exponential tapering of the feeding microstrip line; the vias and the rectangular
slots were tapered linearly. At lower frequencies, the S5 parameter is relatively high due to the very
small attenuation constant of the leaky-wave mode. When the frequency increases (from 24.25 GHz to
27.8 GHz), Sy slightly decreases since the attenuation of the leaky-wave mode increases. From 27.8 GHz
and higher, So; sharply increases, and the antenna enters the end-fire radiation region.
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Figure 3. S-parameters of the proposed LWA  Figure 4. Normalized radiation pattern in
with and without liquid crystal for biased and  the yz plane (¢ = 90) at different frequencies:
unbiased states. 24.25 GHz, 24.60 GHz, 25.40 GHz and 26.80 GHz.

Figure 4 shows the normalized radiation pattern of the aforementioned LWA at different frequencies.
As it is observed, the main beam scans from near broadside to end-fire in the forward quadrant; i.e,
from 14° to 58° as the frequency increases from 24.25 to 26.80 GHz. The corresponding beamwidth also
increases as frequency becomes higher. Figs. 5 and 6 illustrate the same type of radiation pattern but
at 27.5 and 28 GHz, respectively. As shown, when the main radiation beam approaches the end-fire
direction, the beamwidth becomes wider.

3.2. LWA Design with Liquid Crystal

In order to utilize the tunability of the LC for the design of a beam-steerable LWA at a single frequency,
a very thin layer of LC cell has been placed between the substrate layer and the ground plane. In order
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Figure 5. Normalized radiation pattern in the  Figure 6. Normalized radiation pattern in the
yz plane (¢ = 90) at 27.5 GHz. yz plane (¢ = 90) at 28 GHz.

1.2

0.8

0.4

Without LC
=——Unbiased state

—Fully biased state
0.2 =

0 - L L L s L s L L L L
22.5 23 235 24 245 25 255 26 265 27 275 28 285 29
Frequency [GHz]

Figure 7. Dispersion curve of the proposed SIW structure.

to avoid shorting the upper and lower ground planes with the conducting vias, a thin annular slot could
be etched around each via, thus creating electrical isolation. A DC voltage is then imposed between the
upper and lower ground planes thereby creating a vertical electric field inside the nematic LC compound.
It is worth emphasizing at this point that this is a concept LWA design aiming at demonstrating using
numerical simulations the effect of liquid-crystal biasing on the direction of the main radiation beam.
Due to the extreme difficulty of fabricating LWA in the mm-wave range, especially when the antenna
incorporates liquid compounds that must be carefully sealed to avoid leakage, this particular design will
be tested and evaluated numerically only.

The LC layer has a thickness of 50 pum and a width equal to the width of the substrate. The type
is GT5-28004 and its perpendicular and parallel dielectric constants are 2.4 and 3.32 resulting in a
dielectric anisotropy equal to 0.92. The material loss tangents are 0.0043 and 0.0014 for perpendicular
and parallel orientations, respectively. The corresponding dispersion curve of the SIW structure is
shown in Fig. 7 for two biasing conditions of the LC cell. According to this (3-curve, the antenna can
produce a single beam in the forward region of interest because the -curve is located in the radiation
region below the air line. In addition, by changing the bias voltage, the governing phase constant () at
a given frequency changes accordingly. The range of possible values reside between the two curves which
correspond to the fully biased and unbiased states. As shown in the figure, the corresponding phase
constant of the LWA without LC is almost identical to that with LC in the unbiased state. It is quite
obvious that the strength of the bias voltage — usually between 0 and 5 Volts — can significantly affect
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the value of the propagation constant at a fixed frequency. Based on Eq. (2), it can be deduced that
by changing the phase constant of the propagation mode, the main radiation beam can be dynamically
scanned in the upper space. From Fig. 7, it can also be observed that the two phase constants (biased
and unbiased states) converge to each other as the frequency increases. Hence, the range of scanning
angles is expected to decrease with the increase in frequency.

A comparison of the antenna scattering parameters with and without liquid crystal is presented
in Fig. 3. For the LC-based antenna, the corresponding S-parameters are shown for the fully biased
and unbiased states. It is clearly shown that the antenna cut-off frequency for the unbiased state has
been shifted toward lower frequencies by 125 MHz compared to the cutoff frequency of the antenna
without LC. For the fully biased state, this frequency shift becomes 625 MHz, which is attributed
to the dielectric anisotropy of the LC compound. The dielectric anisotropy of the LC used is
Ae = ¢ — €1 = 3.32 — 2.4 = 0.92. The discrepancy between e, = 2.4 and the dielectric constant

of the substrate (2.33) is very small, and that is why a very small frequency shift is observed between
the unbiased state and the antenna without liquid crystal.

Including liquid crystals in the antenna design affects impedance matching at the input port; thus,
a new microstrip line width was calculated based on the total thickness of substrate and LC layer.
This is due to the fact that the input impedance depends on substrate permittivity and thickness. The
permittivity of the LC layer, which depends on the external bias voltage, alters the overall effective
permittivity of the structure, thus affecting input impedance and matching at the input port. In our
design, the S1; parameters, for the biased and unbiased states, are lower than —10dB for all frequencies
of interest. To obtain the new S-parameters with the LC layer in place, a new microstrip line width
has been calculated based on the average permittivity of the LC (for the fully biased and unbiased
states) and the substrate. It is worth emphasizing here that the cut-off frequencies in the S-parameters
graph are slightly shifted compared to those shown in the dispersion diagram. This is attributed to the
presence of the radiating slots on the top copper plate which tend to perturb the governing fields and
surface currents of the propagating mode.

The normalized radiation patterns of the antenna for the two bias states (fully biased and unbiased)
are shown in Fig. 8. The thickness of the LC is 50 um and the corresponding operating frequencies are
24.5 GHz and 26 GHz (left to right). The scanning range decreases from 14° to 12°, respectively, as
the operating frequency increases from 24.5 GHz to 26 GHz. This result is in good correlation with
the dispersion curve shown in Fig. 7. As pointed out, the dispersion curves for the two states (fully
biased and unbiased) tend to converge to each other as the frequency increases, thus resulting in lower
scanning range. However, if the frequency approaches the point where the phase constant is equal to the
wavenumber for free space (e.g., 27.5 GHz), the corresponding scanning range drops to 2° and radiation
is end-fire.
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Figure 8. Normalized radiation patterns for the LC-based antenna at 24.5 GHz and 26 GHz (left and

right, respectively); yz plane (¢ = 0).
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Figure 9. Normalized radiation pattern (yz plane) at 24.5 GHz for a thicker LC layer (100 um) and a
thinner substrate (127 pm).

Increasing the thickness of the liquid crystal layer or decreasing the substrate thickness results in
a wider scanning range, as depicted in Fig. 9. In this particular case, where the thickness of the LC is
doubled and the substrate thickness is reduced by half, the angular scanning range of the antenna at
24.5 GHz becomes 30° (as compared to 14°), which is more than double the previous value. Moreover,
it is worth noting that the angular scanning range also depends on the LC dielectric anisotropy; i.e.,
Ae. The bigger the Ace is, the wider the angular scanning range will be. To illustrate this dependence,
a number of simulations were performed with different types of LC cells having thickness of 50 um
and a substrate thickness of 254 um. Table 1 tabulates the type of LC compound used along with the
respective dielectric anisotropy and the resulting scanning range at 24.5 GHz. As shown, the angular
scanning range of the antenna at a fixed frequency can be significantly improved if a liquid crystal
compound with large dielectric anisotropy is judiciously chosen for the particular antenna design.

Table 1. Scanning range at f = 24.5 GHz for different types of LCs.

LC types Ae | Af
E7 0.48 | 7°
GT3-23001 | 0.82 | 10°
GT5-28004 | 0.92 | 14°
Merck-MHT | 1.08 | 16°
Merck-MixB | 1.32 | 17°

4. CONCLUSION

In this paper, the fundamental properties of liquid crystal are applied in a quasi-periodic SIW leaky-wave
antenna. The antenna was simulated using HFSS v.19 in order to illustrate that the main radiation beam
can be dynamically scanned over a range of angles using a thin, biased liquid-crystal cell underneath
the substrate. The return loss, gain, directivity, and scanning ability were optimized in order to satisfy
performance criteria for a small-cell antenna operating at a future 5G frequency band. The paper
illustrates only simulation results of this concept design as to the immense challenge to fabricate a high-
frequency antenna with geometrical details and difficult-to-handle liquid compounds. As illustrated,
the antenna scans in the forward quadrant starting from near broadside to end-fire as the frequency
increases. In addition, the proposed antenna design is able to scan at a single frequency using a biased
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LC cell. The scanning range of the designed antenna falls between 12° and 14° in the frequency band of
interest, but it can surely reach more than 30° if one increases the ratio of LC-cell thickness to substrate
thickness by a factor of 2.
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