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ABSTRACT A wideband periodic leaky-wave antenna (LWA) is proposed in this paper. By using lossy
dielectric material inside the wedge-like guide as medium for wave propagation, a leaky mode is excited and
results in widening the bandwidth. For certain tangential losses, this leaky-wave antenna achieves 20.34%
3-dB gain bandwidth with maximum gain of 19.7 dBi. The antenna experiences low side lobe level (SLL) in
general and low cross-polarization over the operating frequency, making the antenna suitable for millimeter-
wave (mm-wave) applications.

INDEX TERMS High gain antenna, wide band antenna, millimeter-wave, leaky-wave antenna (LWA), lossy
material, radial waveguide, wedge-like waveguide.

I. INTRODUCTION
The adaptation of 5G as mean of communications arises the
need for uncomplicated and affordable technology. Inten-
sive research for the new allocated band for 5G, namely
the millimeter-wave (mm-wave) band, have been conducted.
Since the millimeter-wave signal has high propagation loss,
the majority of the antenna-related researches propose works
based on substrates that have low tangential loss. These kind
of substrates, although they are proper to mm-wave appli-
cations, are expensive, specially for commercial use. Com-
parably, much less works have investigated the possibility
to design antennas using affordable substrates such as FR4,
acrylonitrile butadiene styrene polycarbonate (ABS-PC),
and polycarbonate substrates for mm-wave applications.
Although these type of materials have higher tangential loss
than the common substrates, with proper design high gain
wide bandwidth antennas can be achieved.

Several works have used FR4 as a substrate to design
various antennas working for various frequencies [1], [2], [3],
[4], [5], [6], [7]. In [1], antenna-in-package (AiP), containing
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the antenna elements, its feeding line and transition, and RF
interface and power, was proposed for 60 GHz at ultra low
cost. Multi FR4 layers with tangential loss of 0.012 was
used to form the package.The antenna exhibits 4.1 dBi gain
with 76% efficiency and 15% impedance bandwidth. The
antenna has moderate cross-polarization of −12 dB and suf-
fers from high side lobe level (SLL). Patch antenna array,
designed to generate mm-wave Hermite-Gaussian Beams,
was introduced in [2]. This work also was directed toward
mm-wave application at 73 GHz. Isola Global FR408 circuit
board with 0.018 tangential loss was used as a substrate
for the patch array. The array achieves 7.49 dBi gain at
56% efficiency and it gives 7.5% impedance bandwidth.
Dual mm-wave band, 25.5 GHz and 76.5 GHz, monopole
patches array was proposed by [3]. 0.02 tangential loss FR4
was used as a substrate for the work. The array provides
12% and 13.3% impedance bandwidth at 25.5 GHz and
76.5 GHz respectively. The works in [4] proposed multiple
band using FR4 as well. A frequency-reconfigurable multi-
input-multi-output (MIMO) antenna has an omni-directional
gain of 1.06 dBi with 54% efficiency, 1.02 dBi with 59%
efficiency, and 2.46 dBi with 73% efficiency at 2.45 GHz,
3.5 GHz, and 5.7 GHz respectively. The three respective
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FIGURE 1. Somos 9120 Substrate. (a) 3D printed prototype. (b) Reflection
coefficient for fabricated Somos 9120 substrate and the corresponding
simulated substrate.

impedance bandwidths are 3.3%, 6%, and 10.5%. Both [5]
and [6] proposed antennas that work at 4.5 GHz. Although
both used FR4 as a substrate, the dual-polarized filtering
patch antenna in [5] provides 11.11% impedance bandwidth
while the reconfigurable circularly-polarized patch antenna
in [6] achieves ultra-wide impedance bandwidth (UWB) of
49.28%. The efficiency for both works are 90% and more
than 75%, respectively. Yet, the gain is 6 dBi for [5] and 3 dBi
for [6]. Another UWBcylindrical dielectric resonator antenna
with operational frequency form 3.6 GHz to 18 GHz was
introduced in [7]. FR4 substrate which has 0.017 tangential
loss was used and it resulted in 133% impedance and 3-dB
gain bandwidths. Unlike the UWB the antenna provides, the
gain is 7.9 dBi and the radiation pattern suffers from high
cross-polarization and high SLL.Mateo-Segura et al. [8] have
shown a case study for their proposed numerical method
using FR4 as a substrate. The case study was carried through
CST simulation and has shown high gain of 17 dBi with
40% radiation efficiency. The bandwidth of the simulation,
however, was not reported.

As for ABS-PC, the work in [9] adopted it as substrate
for their inkjet printed patch antenna. The APS-PC has tan-
gential loss of 0.00425 at 5 GHz. This antenna has UWB
of 200% (3 GHz - 13 GHz) with −20 dB cross-polarization
from 3 GHz to 7 GHz. However, the cross-polarization
becomes severely high from 7 GHz to 13 GHz. The gain of
this antenna is 4.2 dBi. Both [10] and [11] used ABS-PC

FIGURE 2. Parametric Study for S11. (a) Various losses for the same
relative permittivity of 2.77. (b) Various dielectric materials. Namely:
Preperm 255, Arlon Ad 295, Polycarbonate, and Getek ML200C,receptively.

material as well but without achieving considerable BW as
the reflection coefficient failed to be lower than −6 dB over
the intended operational band.

Polycarbonate was used in several works such as [12],
[13], [14], [15], [16], [17], [18], and [19]. Performance analy-
sis was conducted by [13] at 2.535 GHz using polycarbonate
substrate. The fabricated microstrip patch antenna achieves
4.4 dBi directivity and 3.8 dBi gain, resulting in 87% radi-
ation efficiency. The impedance bandwidth of this antenna
is 17.5%. Bowtie dipole was designed by [14] adopting
0.008 tangential loss polycarbonate material as a substrate.
By tapering the bowtie, the antenna provides 1.67 dBi gain
for 8.6% impedance bandwidth. Polycarbonate was also used
by [15] in designing compact antipodal Vivaldi antenna. The
antenna has moderate gain of 12.7 dBi at 28 GHz. However,
it suffers from high SLL. The reported impedance bandwidth
is 240%, ignoring the instability of the radiation pattern over
this bandwidth. In [16], dual-polarized microstrip patch array
antenna was presented. 6.5 dBi gain, 77% radiation effi-
ciency, and 5.3% impedance bandwidth have been achieved
when Lexan substrate was used. The cross-polarization is
less than −15 dB. On the contrary, the array has high SLL.
Yet another antipodal Vivaldi antenna with polycarbonate
substrate (tan(θ) = 0.01) was proposed in [17]. This antenna
was addressed toward mm-wave 5G applications (center
frequency is 28 GHz) and has wide impedance bandwidth
of 35%. However, its gain is moderate (10 dBi) and its
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FIGURE 3. β-diagram for different dielectric materials. Namely:
RogersRogers RT 5880 (2.2), Preperm 255 (2.55), Somos 9120 (2.77),
polycarbonate (2.95), and Getek ML200C (3.9).

FIGURE 4. Layout for the proposed antenna with polycarbonate
substrate. (a) Top view. (b) Bottom view.

SLL is high (−5 dB). Reference [18] targeted mm-wave
5G devices as well through designing polycarbonate-based
flexible antenna. The designed antenna has 7 dBi gain, 16.1%
impedance bandwidth, and −8 dB SLL. 11.71 dBi gain has
been achieved by [19] with 70.8% efficiency over 9.7%
impedance bandwidth for their polycarbonate-based on-chip
antenna which works at 0.3 THz. The antenna experiences

TABLE 1. Slots details for each ring (all slots have width of 0.6 mm).

very low SLL which is understandable considering the
enormous electrical size of the antenna.

Several other works tried various lossy substrate as in
[20], [21], [22], and [23]. Reference [20] used PCB with
0.023 tangential loss, [21] used resin-coated photo paper
with 0.05 tangential loss, [22] adopted Taconic Substarte with
0.006 tangential loss, and [23] used Kapton substrate with
0.007 tangential loss. The achieved bandwidths are 3.33%,
47%, 1.6%, and 119%, respectively. The gains for the last
three works are 3 dBi, 6.65 dBi, and 5.5 dBi, respectively.

In all these works, either wide bandwidth has been
achieved with low and moderate gain, or high gain has been
provided over moderate bandwidth. For mm-wave applica-
tions, both gain and bandwidth are to be maximized to utilize
the potential of the mm-wave spectrum. In addition, the
radiation pattern should have acceptable characteristics in
terms of SLL, cross-polarization, and stability of the radi-
ation shape itself. The low cost has to be maintained as
well. Accordingly, this work presents a novel utilization of
polycarbonate material that satisfies these traits. By using this
lossy material as substrate, high gain wide band leaky-wave
antenna is proposed. The antenna experiences low SLL and
cross-polarization over its band. Section II of this paper
addresses the background of the work. Section III shows the
design of the antenna, Section IV presents the simulation
results, Section V verify the work through fabricated proto-
type and measurements, Section VI discusses the comparison
between this work and other related works, and Section VII
concludes the paper.
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FIGURE 5. E-field distribution inside the wedge-like waveguide at
26.5 GHz.

FIGURE 6. Simulated reflection coefficient for the proposed antenna.

II. SELECTION OF MATERIAL
As amean of adopting 3D printing technology for the fabrica-
tion process, Somos 9120, a polypropylene-likematerial [24],
was initially used to print the substrate of [25]. Somos
9120 substrate had very good reflection coefficient although
it was not matching the simulation results.

The radiation patterns, on the other hand, were very poor in
terms of the gain despite their resemblance to the simulated
patterns. After examining the polypropylene-like material
through free space method at 33 GHz, Somos 9120 material
was found to be a lossy one with relative permittivity of
2.77 and tangential loss of 0.0623. Using CST, the design
of [25] was used with a customized substrate of similar
characteristics (2.77 permittivity and 0.0623 tangential loss)
to simulate and confirm the results of the measured radiation
pattern. Figure 1 shows the printed Somos 9120 substrate
along with the resulted reflection coefficients.

This reflection coefficient has good matching over the
operational and non-operational bandwidth. The simulated
radiation patterns behave the same at 33 GHz with a small
shift of 0.5◦. However, for other frequencies, there are dif-
ferences in the gain’s amplitudes. This can be justified by
the tangential loss sensitivity to the change of frequency for
this material. As the frequency increases, the losses increases
as well for Somos 9120 material. The material undergoes
changes in the relative permittivity as well. That is, the
relative permittivity increases as the frequency increases.

FIGURE 7. Simulated radiation patterns for polycarbonate substrate (ϵr =
2.9 and tan(δ) = 0.01) at various frequencies.

Henceforth, by using material with relative permittivity
that lays between 2.8 and 3.0 but with lower tangential
loss (between 0.005 and 0.01), it is possible to expand the
operational bandwidth while minimizing the drop in the gain.

Running the simulation of this antenna while matching
the relative permittivity, reducing the losses potentially, and
maintaining the original antenna’s dimensions has shown
extremely bad performance where no acceptable radiation
pattern is observed. This shows that the key factor here is
the losses themselves. The reason is that the propagated
wave has weakened as it moves through the lossy mate-
rial. Accordingly, by the end of the waveguide, the wave
is very weak and its reflection does not disturb both the
inner forward waves and the outer radiated waves. Various
tangential loss values were simulated. Considering relative
permittivity of 2.77, the proper value to achieve good reflec-
tion coefficient performance lays between 0.005 and 0.015.
However, since no material has the desired tangential loss
that corresponds to 2.77 permittivity, various materials were
tested to find the nearest acceptable permittivity with its
corresponding tangential loss. The parametric study for the
reflection coefficient is shown in Figure 2.
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FIGURE 8. Leakage rate and corresponding effective length. (a) Leakage
Rate α for the operational bandwidth. (b) Effective length corresponding
to each α. Effective length is calculated by considering that 90% of the
power is leaked. The black dotted line shows the total length of the
antenna (83.8 mm).

With the original design of [25] and based on its ana-
lytical part, polycarbonate (ϵr = 2.9 and tan(δ) = 0.01)
shows good reflection coefficient performance, covering
the band from 22 GHz to 33 GHz. Henceforth, polycar-
bonate material is adopted as the new substrate for the
antenna.

III. ANTENNA DESIGN
When using polycarbonatematerial as a substrate, [25] design
shows good impedance bandwidth and acceptable radiation
pattern asmentioned earlier. However, the slots lengths do not
account for the new operational frequency. The beta diagram,
Figure 3, for the polycarbonate material (ϵr ) shows opera-
tional bandwidth starting above 20 GHz, which corresponds
to 65◦ beam tilt, and reaches the broadside at 31 GHz.

Accordingly, the antenna is redesigned, in terms of slots
length and distribution along each ring, while maintaining the
antenna’s wedge-like waveguide, thickness, and feeding. The
layout of the new design is shown in Figure 4. To begin with,
the polycarbonate-filled wedge-like waveguide is adopted for
the wave to propagate within. The hight of this waveguide
(2.54 mm) is chosen to support the quasi-TEM mode since it
is less than λg/2. The dielectric functions as slower surface to
slow the wave propagation in the frequency range of interest
where all harmonics are in slow-wave zone, to prevent the
radiation in that range, except for β−1 harmonic which is in

FIGURE 9. (a) Lexan Material used as substrate. (b) Prototype antenna
(top view). (c) Prototype Shell with Lexan material inside (bottom view).
(d) Ground sheet.

FIGURE 10. Simulated reflection coefficient for the proposed antenna.

fast-wave zone. A back short-terminated polycarbonate-filled
rectangular waveguide feeds the wedge-like waveguide from
the narrow end of the wedge. The rectangular waveguide
is excited by a probe of 1.6855 mm (λg/4) length placed
λg/4 from the short-terminated back of the rectangular
waveguide. The flaring angle of the wedge-like waveguide
is 67◦ and it is chosen based on E-field propagated inside
the guide as shown in Figure 5, imitating the wave as it
propagates. Fourteen rings of slots are placed on the top
surface of the wedge-like waveguide to radiate the power.
The actual spacing between the rings is chosen based on the
strength of the field as the wave propagates. The slots lengths
are designed to cover the operational bandwidth in which
the longer slots at the first rings resonate with lower limit of
the band whereas the shorter slots at the last rings resonate
with the upper limit of the band. This is due to property
of leaky-wave antenna in which the slots’ excitation is of
progressive nature. That is, not all slots are excited at the
same time/phase. Rather, each ring with its slots is excited
as the wave propagates from the the probe of the antenna to
the front. Also, the slots are tilted away from the y-axis to
improve SLL. Finally, the gaps between the slots within the
same ring (α) are spaced to maximize the slots’ number in
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FIGURE 11. Simulated and measured radiation patterns for modified
substrate (ϵr = 2.4 and tan(δ) = 0.01) and Lexan substrate, respectively,
for various frequencies.

order to capture the field. The optimized dimensions of the
proposed antenna are shown in Table 1.

IV. SIMULATION RESULTS
Using CST STUDIO package to perform full wave anal-
ysis, the simulation shows good performance in terms of
reflection coefficient, achieved gain and radiation patterns,
sidelobe levels (SLL) and cross-polarization. Figure 6 shows

FIGURE 12. Normal alignment for E and H plane beams at 29.5 GHz.

the reflection coefficient of this new design. The achieved
simulated impedance bandwidth is 36.2%, starting from
21.2 GHz up to 30.8 GHz. The radiation pattern, shown in
Figure 7, over the operational bandwidth has maximum gain
of 18.45 dBi at 26.5 GHz, average SLL of −14.6 dB for
0◦φ-cut, average SLL of −25.6 dB for 90◦φ-cut, and average
cross-polarization of −22 dB.
Since the proposed antenna is symmetrical around the

propagation axis, the H-plane (corresponding to 90◦φ-cut)
shows symmetrical radiation pattern. Moreover, since the
slots are arranged in curvilinear fashion to imitate a
wavefront-shape, the resulted SLL is very low since the
propagated wave reaches each ring with the same phase. The
E-plane (corresponding to 0◦φ-cut), on the other hand, expe-
rience asymmetrical formation for the rings where the rings
differ with each other in both the number of the slots and their
lengths. In addition, the slots’ excitation is of progressive
nature. That is, The rings/slots are excited progressively as
the wave propagates from the back to the front and they
do not experience the excitation at the same time nor they
experience the same excitation phase, as mentioned previ-
ously. Thusly, the radiation pattern is asymmetrical in E-plane
as well. For the average SLL of E-plane (−14.6 dB), the
lowest SLL (−19.6 dB) occurs at 23 GHz while the highest
one (−11.7 dB) occurs at 27 GHz. For the average SLL of
H-plane (−25.6 dB), on the other hand, the lowest SLL is
44.7 dB at 27.5 GHz whereas the highest SLL is −12.9 at
30.5 GHz. As for the cross-polarization, the values over the
operational band oscillate between −20.3 dB and −24.1.
The orientation of the slots with respect to y-axis contributes
heavily on the cross-polarization value. More slot’s tilt-away
from the y-axis would result in lower cross-polarization and
vise versa. As mentioned earlier, slots are tilted away from
y-axis to improve SLL on the account of cross-polarization.
Nevertheless, the values of cross-polarization are still low.

Unlike the case in [25], where the α is the main contributer
to radiated power, the radiated power of this proposed antenna
is heavily affected by material loss along with α. This affects
the radiation efficiency considerably. The radiation efficiency
starts from 67% but drops to 10% as the frequency increases.
The seemingly low efficiency, in general, is due to the nature
of propagation inside the wedge-like waveguide. Since the
propagated wave is propagating within two dimensions, it is
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TABLE 2. Comparison between lossy-substrate based antennas.

TABLE 3. Comparison between various types of leaky-wave antennas covering Ka band.

TABLE 4. Comparison between 2D leaky-wave antennas.

exposed to more lossy area than if it propagates in one
dimension only. As the frequency increases, the wavelength
gets shorter and the propagating distance increases, resulting

in more lossy dielectric areas to be penetrated. Low efficiency
due to 2 dimensional propagation has been the case too for the
case study conducted by [8].
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The leakage rate of the proposed antenna is shown is
Figure 8 (a). The antenna experiences high leakage rate at
the lower band of the operational frequency which means that
most of the power is radiated through the early rings. This rate
drop for the higher band of the operational bandwidth as more
rings participate in radiating the power. This is noticeable
from Figure 8 (b) which shows the effective length of the pro-
posed antenna. At 24.5 GHz, for instance, 90% of the power is
radiated mostly through half of the rings while at 28 GHz the
same amount of power approximately is radiating utilizing
mostly all rings of the antenna. This in part explains the
higher gain at these frequencies when compared to the lower
ones. That is, as the power is radiated through more rings,
larger area of the aperture is utilized and, henceforth, the gain
increases. The effective length figure shows that the length
needed to radiate 90% of the power exceeds the physical
length of the antenna for the frequencies 29 GHZ, 30 GHz
and 30.5 GHz. Practically, this means that less than 90% of
the power has been radiated. With the used physical length,
approximately 80% of power is radiated at 29 GHz, 75% of
power is radiated at 30 GHz, and 85% of power is radiated at
30.5 GHz.

V. FABRICATION AND MEASUREMENTS
A prototype of the proposed antenna has been manufactured.
Two methods are involved in fabricating the prototype. First,
CNCmachining is used to fabricate the substrate. Transparent
Lexan sheet, a polycarbonate material, is used as the sub-
strate. This material has 0.001 dissipation factor at 50-60 Hz
and 0.01 at 1 MHz. The dielectric constant for this material
drops from 3.17 at 50-60 Hz to 2.98 at 1 MHz [26]. Second,
3D printing technology, mainly Stereolithography, is used
to print the outer body of the antenna. Plastic material is
printed first and then plated by copper of 0.002’’ (0.0508mm)
thickness. Semi-bright finishing is used to smooth both the
inside and the outside surfaces of the outer body. The bottom
piece is printed and plated separately to be attached with the
outer body through plastic screws after inserting the Lexan
substrate inside the outer body. Figure 9 shows the prototype
and its disassembled parts.

Initially, the prototype showed good impedance matching
where it was below −10 dB from 22 GHz to 32 GHz, making
an impedance bandwidth of 33.9%. However, there was a
shift between the measured and simulated S11. This shift
affected the radiation pattern and created amismatch between
the simulated and measured results. The cause of the shift
is the change of relative permittivity at higher frequencies.
Apparently, the value becomes lower at K and Ka bands.
The ϵr at those bands is roughly around 2.4. Accordingly,
re-simulation of the performance is conducted using the new
ϵr of 2.4. The new simulated results are in good match with
the measured ones. Figure 10 shows the reflection coefficient
of both the simulated and measured results while Figure 11
shows the radiation patterns of E-planes. The maximum
achieved gain is 19.7 dBi occurring at 29.5 GHz. The pro-
posed antenna has average gain of 16.7 dBi and average SLL

of −13.1 dB and able to scan from −62◦ to −1◦. In addition,
the 3-dB gain bandwidth is 20.34%. The co-polarization radi-
ation patterns for E-plane and H-plane along with the respec-
tive cross-polarization at 29.5 GHz are shown in Figure 12.

VI. DISCUSSION
Comparison between the proposed antenna and other various
antennas are shown in the following tables. In Table 2, the
proposed antenna is compared with various type of antennas
that used similar substrate material. It is clear from the table
that this work surpasses all of these works in the achieved
gain. In addition, it has a low SLL compare to the presented
works except for [19] (which has very long electrical length
with respect to its operational frequency) and [22] (which
provides omni-directional radiation).

In the next table, 1D LWAs designed for Ka band are
considered only. This is to compare the antennas addressed
to the same type of applications, namely millimeter-wave
applications. The proposed antenna shows good performance
for a high gain antenna. It surpasses other works with higher
gain ([25], [28], and [33]) in terms of both impedance band-
width and 3-dB gain bandwidth. Although [32] and [35] have
higher 3-dB gain bandwidth, both works provide moderate
gain. Moreover, the proposed antenna has the second widest
scanning range.

Table 4 shows the comparison between the proposed work
and the other 2D LWAs. The comparison is set separately
since these antennas operate in different bands. This work
achieves the widest scanning range along with [41], the low-
est back-lobe and cross-polarization, and the second widest
impedance bandwidth and 3-dB gain bandwidth. The notice-
able higher gain achieved by other works is due to the very
big electrical length of these works, which makes this work
the most compact work in terms of size among the other 2D
LWAs. Regardless, the proposed antenna performs well in all
aspects when compared to other antennas.

VII. CONCLUSION
The utilization of low-cost polycarbonate in achieving high
gain wide bandwidth antenna has been proven. The usage of
Somos 9120 lossy material led to new design. First, the idea
was validate through CST simulation. Then material investi-
gation was conducted. Proper material (polycarbonate) was
chosen to be the substrate and the final design was simulated
and validated using this material. Practically, Lexan material,
a polycarbonate material was adopted. The Lexan’s relative
permittivity tends to get low as the frequency increases. The
tangential loss variation, on the other hand, seems to be less
significant (around 0.01) for the operational bandwidth. The
fabrication of the antenna was done through CNC machin-
ing for the Lexan part and Stereolithography 3D printing
for the outer shell. Good performance has been achieved in
terms of maximum gain (19.7 dBi), impedance bandwidth
(33.9 %), and SLL (−13.1 dB on average). The simulation
and measured results match each other greatly.
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