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ABSTRACT This paper presents a reconfigurable dielectric image line leaky wave antenna at W-band.
Reconfigurability is achieved by applying bias to anisotropic liquid crystal (LC) filled into the antenna.
Instead of separating RF components and DC-bias network by complex or space consuming methods,
the bias electrodes are simultaneously used as radiation elements. In order to evaluate this concept, a
non-reconfigurable antenna with isolated unit cells is compared to a reconfigurable antenna, which has its
unit cells connected by a metallic line. The non-reconfigurable demonstrator shows gain of up to 18 dBi and
can scan through broadside from −30◦ to +10◦ in the investigated frequency range from 75 GHz to 102 GHz.
This frequency scanning sector can be shifted by 10◦ when utilizing the reconfigurable LC antenna, while
gain of up to 15 dBi is maintained. Since the bias electrodes are directly mounted on the image line, less than
50 V is necessary to control the LC. The antenna is comparably easy to fabricate, and only one bias voltage
is directly related to a steering angle, which can be advantageous compared to complex phased arrays with
multiple LC phase shifters.

INDEX TERMS Beam steering, dielectric image line, leaky wave antennas, liquid crystal, W-band.

I. INTRODUCTION
The ever rising demand of high data rate in wireless applica-
tions, such as autonomous sensor/machine networks, remote
sensing and positioning, radar imaging or point-to-point com-
munication forces future wireless systems to utilize upper
millimeter-wave (mmW) frequencies. Along with the benefit
of higher achievable absolute bandwidths comes the chal-
lenge of increased free space loss and propagation loss in
conventional planar waveguide topologies such as microstrip
or coplanar waveguides. In order to compensate free space
loss, high gain aperture antennas or arrays of antennas have
to be employed. The necessary high gain results in a nar-
row beam, which can make precise alignment of transmitter
and receiver challenging, especially in non-stationary environ-
ments. Therefore, beam steering is necessary either to track a
moving transceiver, or to compensate small misalignment of
transmitter and receiver in (semi-)stationary scenarios. In gen-
eral, electrical beam steering is preferred to moving the whole

antenna, e.g. by a motor, since the necessary mechanical
components consume space and have to be maintained.
Hence, electrically reconfigurable components are employed
[1] such as micro-electromechanical systems (MEMS) [2],
semiconductors [3], barium strontium titanate (BST) [4], [5],
and liquid crystal (LC) [6]. At higher mmW frequencies,
semiconductors and BST show increased loss. While MEMS
certainly show good performance, they are still mechanical
systems which can lead to wear-out failures. As an all elec-
trical, continuous tunable alternative, this work utilizes LC.
Controlling the orientation of the anisotropic, rod-like LC
molecules with respect to the RF-field by an applied electro-
and/or magnetostatic bias field, leads to different permittivity
and loss tangent. Thus, between the two extreme alignment
cases, i.e. parallel alignment with εr,|| and tan δ|| and per-
pendicular alignment εr,⊥ and tan δ⊥, continuous tuning is
possible. It could be observed that LC shows stable mate-
rial properties up to the Terahertz regime [6]. Therefore, the
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concepts introduced in this paper could be extended to higher
frequency ranges. LC has been employed in various topolo-
gies in order to achieve reconfigurable components. At mmW,
LC-filled dielectric waveguides (DWGs) have been inves-
tigated to provide low-loss reconfigurable components [7].
While showing good performance, the demonstrators have
limitations due to increased response time and bulky bias
networks. Since the bias electrodes have to maintain a min-
imum distance to the DWG such that the evanescent field
components of the DWG are not disturbed, it is challenging to
implement large phased arrays. Hence, the advantage of high
freedom in beam forming obtained with a phased array is paid
by growing complexity of power distribution and bias control
network for phase shifters. This paper tackles this problem by
two ways: First, the bias electrodes are deliberately accepted
to radiate, i.e. they are both used as a radiation element as
well as a bias element, hence, forming a leaky wave antenna
(LWA). Second, instead of the waveguide topology being
fully dielectric, which is hard to integrate to any conventional
printed circuit board (PCB), the dielectric image line (DIL)
topology is utilized [8], [9]. This topology proved to be advan-
tageous not only due to its quasi-planar structure, but also with
regard to faster response time when compared to fully dielec-
tric structures [10]. Since the electrodes are meant to be put di-
rectly on the DIL hosting the LC, a reconfigurable LWA with
low fabrication complexity can be realized. LWAs have been
investigated in various frequency ranges and many waveguide
topologies, including the DIL topology [11]–[17]. They offer
a simple, low-cost way to achieve directive patterns which are
scanned with changing the operation frequency. Due to their
simplicity, a complex feed network can be avoided, which
lowers total loss. This is especially important in the mmW
regime, in which various DIL-LWAs have been proposed,
and different techniques to circumvent common problems
such as an open-stopband have been investigated in the past
years [18]–[22]. Reconfigurable LWAs can be realized with
various technologies, including LC [23]–[28]. However, many
LC-LWAs are investigated solely in an analytical or simulative
manner. In general, the frequency scanning behavior of an
LWA might exclude the use for communication. However,
moving to higher frequencies of operation and utilizing lower
permittivity dielectrics in order to avoid fast scanning [29]
can provide larger absolute bandwidth for a certain frequency-
angle pair. The principle of the antenna proposed in this paper
is sketched in Fig. 1. The frequency scanning sector can be
shifted when changing the permittivity of the LC embedded in
the antenna body. The remainder of this paper is organized as
follows: in Section II, DIL leaky wave antenna fundamentals
are covered, before the investigated unit cells and the general
layout of the antenna are proposed in Section III. Fabrication
and measurement results are presented in Section IV, and the
paper concludes with a summary and outlook in Section V.

II. DIELECTRIC IMAGE LINE LEAKY WAVE ANTENNAS
The DIL topology has been used to create LWAs of differ-
ent permittivity with different scanning capabilities at various

FIGURE 1. Depending on the LC permittivity inside the DIL-LWA, the sector
covered by sweeping the frequency from f0 to f1 can be steered. Since LC
can be continuously tuned between its minimum (εr,⊥) and maximum (εr,||)
permittivity, continuous tuning of the sector is possible.

frequencies [16], [20], [30]–[35]. A rectangular DIL with
fixed aspect ratio of a = 2 · b, where a denotes its width and b
its height, operates in single mode with good confinement of
the field if

b ≈ 0.32λ0√
εr − 1

, (1)

where λ0 is the free space wavelength and εr is the permittivity
of the dielectric [36]. In this paper, the used dielectric is Rexo-
lite 1422 with εr = 2.53 and tan δ = 6 · 10−4 at 94 GHz [37].
For operation from 75 GHz to 110 GHz (W-band), a height of
b = 0.9 mm and therefore, a width of a = 1.8 mm is cho-
sen.The scanning angle θ of an LWA can be approximated
by

θ ≈ sin−1
(

β(ω)

k0

)
, (2)

where β(ω) denotes the propagation constant in z and k0

the free space propagation constant. In this paper, only 1D
periodic LWAs are investigated. With the help of Floqet’s Ex-
pansion and the consideration of spatial harmonics, Brillouin
Dispersion Diagrams are calculated in order to predict the
LWAs’ properties. For that, the guided mode is represented
by an infinite number of n space harmonics [29]:

kz,n = kz,0 + 2πn

p
= βn − jα, (3)

βn = β0 + 2πn

p
. (4)

α denotes the leakage constant, βn represents the n-th prop-
agation constant, and p describes the unit cell length, i.e. the
spatial period. The relation of propagation constants and radi-
ation angle (c.f. eq 2) are visualized for the unit cells with the
help of Brillouin Diagrams in Section III. Usually, the n = −1
space harmonic is used for the radiative behavior. Since the
dielectric (Rexolite, εr = 2.53) is chosen such that it fits to the
LC’s permittivity range (εr = 2.46 to 3.53), no full forward to
backward scan is possible without grating lobes [29], [38].
However, due to the resulting slow scan with frequency, larger
bandwidths per scanning angle are achievable.
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TABLE 1. Dimensions of the Unit Cells Shown in Fig. 2

FIGURE 2. Antenna layouts with a zoomed view to the unit cells. Top:
non-reconfigurable LWA with pure Rexolite body. Bottom: reconfigurable
LWA with LC cavity sealed by Pyralux foil. Dimensions are given in Table 1.

III. UNIT CELL AND ANTENNA DESIGN
The investigated LWAs with and without an LC cavity be-
low are depicted in Fig. 2. Corresponding dimensions are
given in Table 1. The unit cell should both (1.) act as a
radiation element and (2.) simultaneously provide proper
bias to the LC medium. Therefore, a geometry is required,
which covers as much of the LC cavity as possible, while
also being able to suppress an open-stopband. H-shaped unit
cells fulfill both requirements [20]. Their final dimensions
are optimized with CST Studio Suite. The LC mixture used
in this work is GT7-29001 from Merck KGaA, Darmstadt,
Germany with following parameters given at 19 GHz: εr,|| =
3.53, εr,⊥ = 2.46, tan δ|| = 0.0064 and tan δ⊥ = 0.0116 [39].
Therefore, the dielectric anisotropy of the material is �εr =
εr,|| − εr,⊥ = 1.07. The propagation constant β and leakage
constant α of a structure with infinite unit cells can be deter-
mined by [40]

βn p =
∣∣∣∣Im

(
cosh−1

(
1 − S11S22 + S21S12

2S21

))∣∣∣∣ (5)

αp =
∣∣∣∣Re

(
cosh−1

(
1 − S11S22 + S21S12

2S21

))∣∣∣∣ , (6)

when investigating a single cell. The bias line connecting
the H-shapes contributes to the radiative behavior, as Fig. 3
illustrates. Especially at lower frequencies, the leakage con-
stant is higher, and the open-stopband behavior is completely
eliminated, when comparing the unit cell with and without
bias connection. As a result, gain of an LWA utilizing LC

FIGURE 3. Dispersion diagrams showing the characteristics of phase
constant β (top) and leakage constant α (bottom) for both unit cells with
and without a bias line, considering both highest and lowest possible LC
permittivity. Representations of the unit cells are included as insets in the
plot.

can be lowered, since besides higher material loss due to LC,
more power is radiated at the first few unit cells. Since there is
no way to provide bias to the unit cells without a bias line, a
practical verification of this layout is not possible. Regardless,
in order to be able to have a qualitative comparison in practice,
the LWA with a pure Rexolite body (Fig. 2 top) serves as
a non-tunable representation of the perpendicular alignment
state, since the LC permittivity in perpendicular alignment and
the one of Rexolite only differ by 0.07. In case of absence
of LC (Rexolite only) the radiation elements can be directly
placed on the DIL by metallizing and etching. However, in
case of the LC filled antenna, a Pyralux foil of thickness 9µm
with the unit cell structure on top of it has to be glued on the
DIL in order to seal the LC cavity.

The corresponding Brillouin Diagrams are plotted for the
infinitely long LWAs consisting of Rexolite, Fig. 4(a), and
for the LC LWA with both perpendicular, Fig. 4(b), and par-
allel, Fig. 4(c), LC alignment. We observe that due to the
similarity in permittivity of Rexolite (εr = 2.53) and LC in
perpendicular alignment (εr,⊥ = 2.46) the Brillouin diagrams
also show similarity, but the open-stopband is fully eliminated
when including the bias line. If the LC is biased to its paral-
lel alignment (εr,|| = 3.53), the broadside frequency shifts to
79.3 GHz and the maximum frequency of operation without
grating lobes is reduced to 97 GHz. This leads to an expected
operational bandwidth of 22 GHz for the reconfigurable LWA,
from 75 GHz to 97 GHz, defined by the smallest operational
bandwidth, which is present in parallel LC alignment.
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FIGURE 4. Calculated Brillouin diagrams of the structures introduced in
Fig. 2 from 75 GHz to 110 GHz. The undisturbed frequency operation region
is shaded in green. Beginning and end of this range in W-band as well as
broadside frequency are indicated by markers. (a) Rexolite, isolated unit
cells. (b) LC (εr,⊥ = 2.46), connected unit cells. (c) LC (εr,|| = 3.53),
connected unit cells.

IV. FABRICATION AND MEASUREMENT
A. NON-RECONFIGURABLE ANTENNA
In order to assess how fabrication of a finite structure influ-
ences the predicted radiation behavior, a demonstrator without
LC is investigated first. It is realized by cutting the DIL of
desired width w = 1.8 mm from a d = 0.9 mm thick Rexolite
sheet, on which rows of N = 24 unit cells are photolitho-
graphically processed, resulting in a total antenna length of
N · p = 55.2 mm. During the photolithographic process, great
care has to be taken, since Rexolite is very temperature sen-
sitive and can start to deform. The antenna is glued on a
ground plane with Rexolite adhesive. It has tapered ends in
order to use WR10 to DIL transitions [10], which can be
mounted on the ground plane, to feed the antenna and measure
residual power at the end of the LWA. Fig. 5 depicts the met-
allized Rexolite sheet and the fully assembled LWA with two

FIGURE 5. Fabrication of the non-reconfigurable LWA: (a)
photolithografically structured Rexolite sheet from which the LWAs are cut;
(b) LWA mounted on ground plane with WR10 to DIL transitions.

FIGURE 6. Matching and residual power of the non-reconfigurable LWA.
Simulation model is according to Fig. 5(b).

transitions. This setup is only used to determine matching and
residual power, shown in Fig. 6. When antenna measurements
are conducted, the second transition is replaced by absorber
material in order to minimize reflections at the antenna’s end,
which can deteriorate the pattern. As visible in Fig. 6, the
antenna is matched to up to 103 GHz and residual power drops
at around 101 GHz. With a slight frequency shift, the mea-
surement of the finite structure is in line with simulations and
the corresponding Brillouin Diagram of the infinite structure
(Fig. 4(a)). This shift is due to slightly increased height of the
DIL caused by a glue layer thicker than anticipated in sim-
ulations. A comparison of simulated and measured patterns
is given in Fig. 7. Especially at lower frequencies (backward
radiation), side lobes are caused by small portions of power
radiated from the waveguide transition to the forward region.
From approximately 80 GHz on, the waveguide transition
works optimally, and less power is radiated to the forward
region. A typical fan beam of one-dimensional LWAs is
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FIGURE 7. Normalized measured radiation patterns at selected
frequencies. Simulated patterns are depicted with dashed lines.
(a) E-plane, backward radiation (b) E-plane, broadside and forward
radiation (c) H-plane at 93.5 GHz (broadside frequency).

present, i.e. in H-plane a wide pattern can be observed, while
in E-plane the beam is narrow. Fig. 8 shows the simulated
beam pattern at 92 GHz. Cross-polarization is below −20dB.
Overall, a good agreement of simulation and measurement
is observable, where deviations are mainly caused by the
non-predictable final height of the glue layer beneath the an-
tenna. The simulated radiation efficiency ranges between 93%
and 87%, decreasing with frequency. The measured efficiency
is 69% to 58%. Fig. 9 illustrates the elevation plane as a
heatmap, showing that the antenna scans with 1.4◦/GHz from
−30◦ at 75 GHz through broadside to +10◦ at 102 GHz before
the grating lobe phenomenon starts. The obtained gain and

FIGURE 8. Simulated 3D radiation pattern of the LWA at 92 GHz with CST
Studio Suite. The antenna model is transparent.

FIGURE 9. Heatmap of the normalized measured radiation characteristic
in elevation plane of the non-reconfigurable Rexolite LWA.

FIGURE 10. Measured gain and SLL of the Rexolite LWA.

SLL over frequency are depicted in Fig. 10. From 80 GHz
to 102GHz, the SLL is below −10 dB, and the gain remains
stable in a range from 16 dBi to 18 dBi.

B. RECONFIGURABLE ANTENNA
Fabrication of the reconfigurable LC-LWA is similar to its
non-reconfigurable counterpart in the previous section. A DIL
with desired dimensions is cut from a Rexolite sheet, however,
this sheet is not metallized, but has a cavity for LC hosting. It
is tapered at its beginning, similar to [10], for better matching
to the parallel tuning state. At the taper ends, there are small
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FIGURE 11. Assembly of the reconfigurable LC-LWA. (a) Rexolite body with
filling holes and electrode structure on Pyralux are glued together to seal
the cavity. (b) After LC injection, the LWA is glued on the ground plane.
(c) The LWA is connected to bias and GND. For clarity, the necessary
absorber is not shown in this picture, but the corresponding area occupied
by the absorber material is highlighted.

filling holes in the bottom of the DIL, see Fig. 11 a). The
open-top side of the LC cavity is sealed by a 9µm thin Pyralux
foil, on which the electrode/unit cell structure is processed.
For a direct comparison to the non-reconfigurable LWA, the
same number of unit cells (N = 24) is used. Hence, the LC
cavity is 55.2 mm long. Sealing is performed with the help
of UV glue. After mounting of the Pyralux substrate, LC is
injected through the filling holes with a syringe, and the filling
holes are sealed with UV glue, shown in Fig. 11 b). The LWA
is glued on the ground plane and the electrodes are connected
to the bias supply, see Fig. 11 c). Bias is provided with means
of a 1 kHz rectangular voltage signal with peak-to-peak
voltage Vpp. Since electrodes and ground plane are isolated
entities, no bias tee is necessary, and a small cable can be
directly connected to the soldering pad on the Pyralux foil. In
order to utilize the maximum amount of LC anisotropy and to
show the capabilities of the antenna, a hybrid bias of electric
and magnetic fields is employed in this first demonstrator. The
principle is shown in Fig. 12. Without any bias voltage, the
magnetic field assures perpendicular LC molecule alignment.
With increasing voltage, both magnetic and electric field
create intermediate molecule alignments until the electric field
dominates and parallel LC molecule alignment is present.
Due to the fact that the electrodes are directly mounted above
the LC on the DIL, lower voltages of up to 50 V are required
than those necessary for previously reported dielectric LC
structures [7] of up to 300 V. Since a soldering point and a
GND-clamp are present at the end of the antenna, no residual
power can be measured, as these structures need to be

FIGURE 12. Hybrid bias of the reconfigurable LWA. (a) Hybrid bias
concept. (b) Realization with cuboid magnets.

FIGURE 13. Measured magnitude of the reflection coefficient at different
bias voltages Vpp.

carefully shielded by absorbing material. Fig. 13 displays
|S11| at different bias voltages. Matching below −10 dB
regardless of the used voltage is observed. Fig. 14 shows
the measured E-plane as a heatmap for both 0 V and 50 V
bias voltage. A frequency independent beam steering of
the radiation behavior by �θ ≈ 10 ◦ is achieved. Higher
parasitic radiation from 75 GHz to 85 GHz than in Fig. 9 can
be observed. This is due to the combination of the radiation
of the waveguide transition and the high leakage constant,
as seen in Fig. 3. This leads to SLLs between −5 dB to
−10 dB in this range. Between 85 GHz to 100 GHz good SLL
is achieved in all bias states. At higher frequencies, the SLL
rises again. Fig. 15 shows measured patterns with different
bias at lowest (85 GHz) and highest (100 GHz) frequency with
tolerable SLL. Similar to the non-reconfigurable LWA, cross
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FIGURE 14. Heatmaps of the normalized measured radiation
characteristic in elevation plane of the reconfigurable LWA at different bias
voltages. The scanning behavior is shifted by 10 ◦ when changing from
perpendicular to parallel LC orientation. Tolerable SLLs for both alignment
states are achieved from 85 GHz to 100 GHz. (a) Perpendicular, 0 V bias.
(b) Parallel, 50 V bias.

polarization is better than −20 dB in main beam direction.
When comparing Fig. 15(a) and (b) it can be noted that the
electrical scanning range �θ is less compared to simulations.
Instead of a simulated �θsim = 15 ◦ when changing LC
permittivity from 2.46 to 3.53, about �θ ≈ 10◦ is achieved
in practice. By comparing the simulated achievable scanning
range versus the measured one, we can estimate the available
LC anisotropy in the antenna, as shown in Fig. 16. About 73%
of the available material tuneability is obtained. The reason
for this reduction is on the one hand from manufacturing
tolerances along the LC cavity. On the other hand, a direct
cause is the presence of a non-optimal bias field for parallel
orientation, as the electrodes/unit cells and their bias line
do not cover the whole LC volume. Since the LC volume
is modelled uniformly along the LWA, effects at the corners
of the bias structure are not included [41]. In addition, the
anisotropy of LC at higher frequencies might be slightly
less than given at 19 GHz, as hinted in [42], and assembly
tolerances can lower the tuneable range. The correlation of
electronically controlled scanning angle versus applied bias
voltage is shown in Fig. 17. At 25 V to 30 V saturation in
�θ is achieved. Biasing with more than 50 V only leads to
incremental increase in �θ , which are hardly recognized by
the measurement setup.

FIGURE 15. Measured patterns at beginning and end of the frequency
range with tolerable SLL. For comparison, the simulated steering
capabilities at 85 GHz are shown in (a). (a) Simulation at 85 GHz.
(b) Measurement at 85 GHz. (c) Measurement at 100 GHz.

FIGURE 16. Deducted range of uniform LC permittivity when comparing
simulated and measured steering angles at 91 GHz.
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TABLE 2. Comparison of Different LC-LWAs. OSM: Open-Stopband Mitigation, SIW: Substrate Integrated Waveguide, GCPW: Grounded Coplanar
Waveguide, FPC: Fabry-Perot Cavity. Values With an Asterisk (*) Are Extracted From Plots in the Corresponding Paper

FIGURE 17. Measured scanning range in dependency of bias voltage at
91 GHz.

FIGURE 18. Measured gain (top) and SLL (bottom) of the reconfigurable
LC-LWA at different frequencies.

Gain and SLL are shown in Fig. 18. Gain is showing stable
behavior in a range of 12 dBi to 15 dBi and is especially con-
stant from 90 GHz to 100 GHz. SLL is below −8 dB, starting
after 85 GHz for each permittivity, and is below −10 dB from
90 GHz to 100 GHz. It begins to rise again at around 100 GHz.
The simulated radiation efficiency ranges between 85% and
55%, decreasing with frequency. The measured efficiency is
69% to 42%.

V. CONCLUSION AND OUTLOOK
This paper presents a reconfigurable dielectric image line
leaky wave antenna operating with liquid crystal. For the first

time, the bias network is deliberately treated as part of the
dielectric antenna, opposed to previous applications where LC
is combined with dielectric waveguides. In contrast to many
existing LC-LWA papers, this approach is investigated both
theoretically and practically. In order to do so, a DIL-LWA
without LC is realized and compared to the LC antenna,
revealing practical limitations and challenges of the design.
All demonstrators can scan through broadside, hence they
mitigate the open-stopband. The non-reconfigurable LWA is
easy to fabricate, and shows high gain of up to 18 dBi, while
keeping an SLL below −10 dB in most of its designed op-
eration region. It scans its beam from −30 ◦ to +10 ◦ with
an operating frequency change from 75 GHz to 102 GHz, and
is a suitable antenna for mmW applications in W-Band. The
reconfigurable LC-LWA can turn its whole scanning sector by
10 ◦. Due to the proximity of bias electrodes to the LC volume,
fairly low bias voltages of maximally ±25 V can be used. In
comparison to fully dielectric LC phased arrays [7] fabrication
of the antenna is very simple, as only one LC cavity is present
instead of many. As a result, solely one voltage is directly
linked to a steering angle, and hence antenna characterization
in an embedded environment can be done easily. In order
to enhance this antenna, the fabrication by hand and the use
of glue have to be avoided. A promising alternative can be
3D printing. A DIL with a cavity, metallized with bias elec-
trodes, can be printed on the top layer of any PCB, regardless
of other, conventional waveguides or components elsewhere
on it. This omits the conventional approach of costly and
complex LC cavities in the PCB layout. In order to optimize
the tuning efficiency, different metallic shapes, most impor-
tantly of the connection line, can be used to achieve higher
parallel alignment of the LC. The use of magnets for better
perpendicular alignment could be avoided if experimental LC
mixtures containing polyacrylonitrile nanofibers [43] are em-
ployed. A translation of the LC-LWA to the terahertz regime is
possible, if smaller cavities can be handled, providing higher
absolute bandwidths, and lowering the necessary bias voltages
due to the lower DIL height. Table 2 compares this work to
different LC-LWAs. Especially at comparable higher mmW-
frequencies, no LC-LWA has been realized and measured
so far.
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