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ABSTRACT:Weight-size optimization is themain challenge of high-power antenna design. This paper presents a low-profile, metasurface-
based wideband antenna. The proposed antenna comprises an N-type-to-waveguide transition to excite the metasurfaces and handle
high-power excitations. A metasurface array of 4× 4-unit cells is integrated into the waveguide. The proposed waveguide is 3D printed,
and its internal faces are covered by copper tape to maintain a low weight (less than 200 g). The prototype is experimentally tested,
and the results confirm the prototype’s functionality from 2.1GHz to 3.6GHz with a bandwidth of 52.6% and a peak gain of 8.5 dBi.
Furthermore, the high-power handling capability of the proposed design has been experimentally confirmed by exciting it with a 7 kV
pulsed source. These results demonstrate the applicability of the proposed antenna in radar applications and wireless communication
between Unmanned Aerial Vehicles (UAVs).

1. INTRODUCTION

High power antenna design is critical to modern communi-
cation systems, in both civilian and defense industries [1–

8]. However, the design of high-power antennas poses unique
challenges, such as achieving a low profile and wide bandwidth
while maintaining a stable gain. Hence, careful consideration
must be given to the antenna’s ability to handle high power
while maintaining the desired performance characteristics [8].
Several high power antennas were reported in recent studies
where the main focus has been on the antenna performance at
the expense of size, weight, and bandwidth [1, 9, 10, 11]. For
example, Guo et al. presented a high-power phased array an-
tenna that operated at 9.6GHz with a 33 dBi gain [1]. However,
its largest dimension was 57λ. Zhao et al. introduced a 31.25λ
large all-metal beam steering lens high-power antenna with a
narrow bandwidth of 2.13% [9]. The significant form factor in
the previously reported studies limits their application tomobile
applications such as Unmanned Aerial Vehicles (UAVs). Like-
wise, in [10, 11], the authors presented high-power reflectarray
and conical ground helical antennas, with a 23.4 dBi and 11 dBi
gain, respectively. However, their respective bandwidths were
25% and 23.5%, and their respective largest dimensions were
5.38λ and 2.31λ. In this work, we propose using metasur-
faces to achieve a novel low-profile antenna with a wideband
response.
Recently, metasurfaces have been employed in several novel

antenna designs for bandwidth and gain enhancement [12–28].
These enhancements are directly related to improving the de-
sign’s physical properties, i.e., reducing surface waves and back

* Corresponding author: Mohamed Z. M. Hamdalla (mhamdalla@mail.umkc
.edu).

radiations. Moreover, metasurfaces with negative refractive
index properties are utilized as flat lenses, increasing the an-
tenna’s directivity and gain by focusing the radiated waves.
However, to our knowledge, no studies have specifically es-
tablished the feasibility of multilayer 2D-metasurface-based
high-power antennas. On the other hand, several 3D gradient
index (GRIN) metamaterial lenses were introduced for high-
power antenna applications [29, 30]. In addition, recently, there
has been a rising interest in metamaterial-based high-power
sources [31–34].
In this study, we propose a 3D-printed lightweight

metasurface-based antenna. An N-type-to-waveguide tran-
sition through a thick monopole is designed to excite the
metasurfaces with high-power levels. The gain and bandwidth
of the design are improved by incorporating a metasurface
lens. With this performance, the proposed antenna design
is expected to be suitable for high-power mobile radar. A
preliminary version of this work was presented in [35].
The novelty of this work is using 3D printing capability to

fabricate an N-type-to-waveguide transition suitable for high
power applications while maintaining lowweight and size com-
pared to recent designs [36, 37]. Another contribution is that
unlike most reported studies, which used metasurfaces to serve
one purpose, such as increasing antenna gain [38], we intro-
duced it for two completely different purposes. First, it allows
the N-type-to-waveguide transition to radiate at lower frequen-
cies efficiently, and second, it further enhances the design’s
gain. A third contribution is that this work investigates using
the multipaction phenomenon for the first time in evaluating
antennas’ high-power performance.
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FIGURE 1. (a) A sketch of the side view of the metallic cavity design and its dimensions. (b) View of the CST 3D model of the metasurface layer
backed with a metallic cavity with lens.
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FIGURE 2. Scattering parameters of the N-type-to-waveguide transition dimensions (a) when the waveguide width is fixed to 80mm and the feedline
length is varied, (b) when the feedline length is fixed to 25mm and the waveguide width is changed.

2. CONFIGURATION, DESIGN, AND SIMULATION
The antenna design process consists of two sequential steps.
The first step involves designing the N-type-to-waveguide tran-
sition at a desired frequency range. The subsequent step in-
volves incorporating metasurface lenses to enhance the overall
antenna performance in terms of gain and bandwidth. The an-
tenna is designed, and its performance is verified using CST
Studio Suite full-wave time domain solver [39]. A schematic
view of the proposed metasurface antenna design is depicted in
Fig. 1. The monopole is set at the center of the front face of
the waveguide, away from its walls, to avoid high power dis-
charges. Therefore, the proposed design’s power handling ca-
pability is limited by the power handling capability of its N-type
connector and the air breakdown. The rectangular waveguide
(WG) dimensions are 60mm × 60mm × 25mm. The size of
the waveguide is designed to support frequencies< 3GHz. For
air filled and TE10 mode operation, the resonance frequency is
calculated according to Equation (1) [40]:

fc=
c

2wg
(1)

where fc is the cutoff frequency of the waveguide, c the speed
of light, andwg theWGwidth. The selection of theWG dimen-
sions and the monopole are critical for defining the resonance
frequency of the N-type-to-waveguide transition.

A parametric study is conducted to check the contribution
of each element of the N-type-to-waveguide transition, i.e., the
WG length and feedline length and location. The parametric
study is conducted only for the metallic cavity before incorpo-
rating the metasurface layer. Fig. 2(a) illustrates that when the
feedline length is 25mm and WG width is 80mm, it resonates
efficiently at ∼ 2.5GHz. However, if the WG width decreases
beyond 80mm, the WG cannot support this frequency; hence
the resonance starts to vanish as shown in Fig. 2(b). Contrar-
ily, the feedline’s resonance strongly resonates when the cavity
width increases to 100mm. However, the proposed next step
involves changing the WG behavior by incorporating metasur-
face to improve the model’s matching. Therefore, we fix the
feed length to 25mm and the WG width to 60mm. The short
feedline length is chosen to maintain a big separation between
its tip and the cavity wall to avoid arcing at low power as will be
illustrated later. In addition, the separation between the feedline
and the bottom of the cavity is optimized through the parametric
study to maintain the response shown in Fig. 2.
The N-type-waveguide transition model is then used to feed

the metasurface layer electromagnetically, with no electrical
connection, as shown in Fig. 1(a). The N-type-waveguide tran-
sition integrated with the metasurface will be referred to as a
“cavity” in the rest of this study. Fig. 1(b) shows the CST 3D
model of the cavity model along with the model of the cavity
when it is improved by adding extra lenses. The metasurface
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FIGURE 3. The scattering parameters and the realized gain of the cavity.

 

 

(b)

1 2 3 4

Frequency (GHz)

0

20

40

60

|Z
in

|

CST
Equivalent Circuit

(b)

1 2 3 4

Frequency (GHz)

0

20

40

60

80
|Z

in
|

CST
Equivalent Circuit

(a)

(b)

FIGURE 4. Circuit representation of the antenna input impedance and its comparison with CST. (a) Circuit 1 representation. (b) Circuit 2 represen-
tation.

layer consists of 4 × 4 square metallic patches, each with an
edge length of 12.63mm and separated by 1.5mm. The array
of patches is designed above a 1.6mm FR-4 substrate with rela-
tive permittivity εr = 4.3. The low permittivity substrate helps
achieve high bandwidth while maintaining a compact size [41].
The initial dimensions and the number of patches are chosen
based on the design proposed in [41]. Then, a parametric study
was conducted to optimize the patches’ physical parameters to
achieve the optimum bandwidth and gain.
Figure 3 illustrates the cavity antenna’s scattering parameters

and gain. It demonstrates that the design has a 52.6% band-
width and 5 dBi gain throughout the frequency range. Compar-
ing Fig. 3 with Fig. 2 clearly indicates the metasurface layer’s
contribution to improving the cavity antenna’s bandwidth.

In addition, the equivalent circuit model of the proposed an-
tenna is estimated. The two different circuit topologies reported
in [42] are adopted in this study. The two representations are
categorized as (i) Circuit1: In this circuit representation, each
resonance in the input impedance is represented by a parallel
RLC branch as shown in Fig. 4(a), and (ii) Circuit 2: In this cir-
cuit representation, the input impedance is modeled as a sum-
mation of N arbitrarily weighted poles. Poles typically exist
in conjugate pairs. Each pair can be represented by a Second
Series-Equivalent-Circuit branch consisting of an inductor, a
capacitor, and two resistors, connected as shown in Fig. 4(b).
The detailed calculation of the value of each component is pre-
sented in [42]. It is important to note that despite the accuracy of
the Circuit 2 topology, it is almost impossible to implement this
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FIGURE 5. The current distribution of the proposed antenna at (a) 2.4GHz, (b) 2.8GHz, and (c) 3.4GHz.

circuit because of the negative resistor values resulting from
this topology [42]. The corresponding response of each circuit
topology is shown in Fig. 4. Clearly, circuit 2 topology pro-
vides the best matching.
Moreover, Fig. 5 shows the proposedmodel’s surface current

distribution. The current is mainly distributed across the feed-
line, and the currents on the metasurface layer are less because
there is no physical contact between it and the feedline.
Furthermore, the antenna fidelity factor (FF) is evaluated to

verify the robustness of the proposed design’s signal integrity.
The FF depicts the antenna’s capability to transmit and receive
signals without distorting the temporal profile of the signal [43].
The FF of an antenna can be mathematically represented as the
cross-correlation between the transmitted and received signals
in the time domain as follows [43] :

FF=maxt

∫∞
−∞ Ts(t)Rs(t+τ)dt

[
∫∞
−∞ |Ts(t)|2dt]1/2[

∫∞
−∞ |Rs(t)|2dt]1/2

(2)

where Ts(t) is the transmitted signal,Rs (t) the received signal,
and τ the time delay between the two signals. FF of 1 indicates
that the received signal retains the exact shape and character-
istics of the transmitted signal, signifying excellent signal in-
tegrity. On the other hand, if the FF is less than 0.5, it indicates
significant distortion in the received signal, suggesting a sub-
stantial deviation from the original transmitted signal.
The proposed antenna’s FF is estimated for face-to-face ori-

entation, as shown in Fig. 6(a). Hence, one antenna will
transmit while the other identical one will receive the signal.
The distance between the transmitter and receiver antennas is
500mm. CST microwave studio calculates the received sig-
nal at one antenna when the other is excited by the default
CST Gaussian pulse covering the entire frequency range (2.1–
3.6GHz). The excitation and received signal are then used to
calculate the FF in Eq. (2), and the FF of the antenna is 0.943.
The comparison of normalized amplitudes of the input and out-
put signals is shown in Fig. 6(b). The FF results emphasize the
proposed antenna’s excellent performance in maintaining the
transmitted signals’ fidelity.

In addition, the System Fidelity Factor (SFF), which calcu-
lates the distortion produced by an antenna when transmitting a
pulse to another antenna [44] is also evaluated for the prototype
at different angles. To estimate the angular SFF, the receiving
antenna is rotated around the access of the transmitting antenna
with a 10◦ step. The reference angle is that when the anten-
nas are in face-to-face configuration as shown in Fig. 6(a). The
SFF is demonstrated in Fig. 6(c), which indicates the proposed
antenna’s ability to radiate at all angles without distorting the
radiated signal. That is, the minimum achievable SFF is 0.689,
while the maximum value is 9.43.
Moreover, the group delay, which measures the absolute sig-

nal delay and the phase distortion between the input and antenna
output [44] is calculated for the face-to-face configuration and
shown in Fig. 6(d). The small peak-to-peak group delay, less
than 1 ns and the near-constant with very few ripple responses
indicate the minimum signal distortion across the band. The re-
sult of the group delay agrees with the expected behavior from
the SFF for the same configuration.
To further improve the gain of the proposed antenna, we in-

corporated a 2-layer metasurface lens over the antenna, as il-
lustrated in Fig. 1(b). The lens analysis was carried out for one
layer, and the second layer was added to further improve the
lens’ gain. We carried out a comparative analysis of the scat-
tering parameters and gain of the antenna with the lens incor-
poration. The lens is 22.5mm from the metasurface antenna,
corresponding to ∼ λ/4 of the center frequency, and has the
same design and substrate material as the metasurface layer.
Figure 7 compares the S-parameters and the antenna gain

with and without the lens when using FR-4 as the substrate for
both the metasurface layer and lenses. The antenna gain in-
creased from 5 dBi to 8.5 dBi, indicating a gain improvement of
∼ 3.5 dBi after adding the lens, as illustrated in Fig. 7(b). No-
tably, the gain increased with the operation band of the antenna
(2.1–3.6GHz) and worsened due to the high reflection outside
the band. In addition, the FF of the antenna after incorporating
the lens is recalculated, and its value is 0.963.
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FIGURE 6. (a) Photograph of the configuration used to test the fidelity factor. (b) Time vs. normalized amplitude of the input and output signal for
the face-toface having. (c) The angular SFF of the proposed antenna. (d) The group delay of the proposed antenna.

1 2 3 4 5

Frequency (GHz)

-30

-20

-10

0

S
1

1
 (

d
B

)

-10 dBi

Without lens

With lens

1 2 3 4 5

Frequency (GHz)

-30

-20

-10

0

10

 
ni

a
G

(d
B

)

Without lens

With lens

(a) (b)

FIGURE 7. The Scattering parameters, (b) the realized gain of the cavity design with and without the lens.

In addition, Figs. 8 and 9 illustrate the proposed antenna’s 2D
and 3D far-field patterns, receptively indicating the maximum
gain of 8.5 dBi for the antenna with the lens.
Moreover, Fig. 10 illustrates the radiation efficiency of the

proposed antennawith andwithout the lens. The results demon-
strate the high efficiency achieved by the proposed model.
As illustrated in the previous section, the proposed model

is suitable for high power applications. Hence, the RF break-
down of the proposed design needs to be evaluated. For such
analysis, we propose, for the first time, using a multipactor and
ionization breakdown evaluation [45]. Multipactor is a physi-
cal phenomenon resulting in air breakdown caused by the elec-
tron resonance effect. When the high-intensity EM fields ac-
celerate primary electrons, the electron collides on the device
walls. It generates secondary electrons, leading to an uncon-
trolled electron discharge and a breakdown in the air inside the
waveguide [45].

We used the CST studio suite Spark3D tool to analyze
the proposed structure for multipactor simulation. The an-
tenna’s EM fields were extracted at the resonance frequency
(2.85GHz). The general workflow of the CST Multipactor
analysis can be summarized as follows:

• Perform EM analysis of the antenna structure while re-
questing 3D E, H, and far field at the design’s resonant
frequency.

• Export 3D EM fields to the Spark3D interface and define
the analysis region.

• Progressively increase the power level while monitoring
the electron evolution until the breakdown is achieved.

• Locate discharge build-up and discharge locations by an-
alyzing the results.
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FIGURE 8. The radiation pattern at three different frequencies for the proposed antenna at three different frequencies. (a) Without lens. (b) With lens.
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FIGURE 9. 3D radiation pattern of the proposed antenna at 3.4GHz. (a) Without the lens. (b) With the lens.
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FIGURE 10. Radiation efficiency of the proposed antenna with and
without the lens.

The curves in Fig. 11(a) represent the electron evolution with
time for each power analyzed. The legends in Fig. 11(a) indi-
cate whether each analyzed power has achieved a breakdown.
When a breakdown occurs for a certain input power, the multi-
pactor order is given, whereas when there is no breakdown, the
message “No break” appears. As the secondary electron dies
out at a specific power, there is no multipactor or air break-
down at those power levels, whereas beyond a certain power,
the electron evolution leads to a breakdown of a specific order.
Based on the analysis, the solver progressively increases the
input power level while monitoring the electron evolution until

breakdown is achieved. Fig. 11(a) indicates that the proposed
antenna’s breakdown power is 2.05MW for 40 ns excitation.
Moreover, we can also analyze the discharge location from

the 3D structure view at a given power level. We used 3MW
power for this specific analysis, which is just above the maxi-
mum allowable power limit from our multipactor analysis. As
shown in Fig. 11(b), the avalanche breakdown occurs at the tip
of the monopole, where the E field strength is maximum. The
red dots in Fig. 11(b) represent the accumulation of Charges
at 20 ns, leading to a spark inside the air region of the cavity.
The breakdown occurred between the monopole and metasur-
face layer due to the small relative separation between them
compared to the other walls of the cavity. One advantage of
the multipactor analysis is determining the cause of the break-
down. Hence, it allows further improvement of the design. For
instance, in this design, if the size is not a limitation of the ap-
plication, increasing the height of the cavity would be a solu-
tion to push the limits of the high-power capability. In addi-
tion, adding a layer of dielectric or gases such as SF6 inside the
cavity would also improve the power handling capability. The
results provided in this section ensure the applicability of the
proposed design for high power mobile applications.

3. MEASUREMENT AND RESULT
The proposed N-type-waveguide transition is 3D printed out of
PLA. 0.03mm copper tapes are then added to cover the internal

120 www.jpier.org



Progress In Electromagnetics Research M, Vol. 128, 115-125, 2024

 

(a) (b)

0 20 40 60 80 100

Time (ns)

10
2

10
4

n
oit

ul
o

v
E 

n
ort

c
el

E

0.10 MW - No break

0.80 MW - No break

1.60 MW - No break

2.05 MW - No break

2.08 MW - break

FIGURE 11. (a) The Multipactor results of the cavity-backed design without lens. (b) A photograph of the electron discharge at the cavity breakdown
backed design without the lens.
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FIGURE 12. (a) A photograph of the fabricated model of the cavity and the monopole feed, (b) a photograph of the fabricated metasurface antenna
with the lens.
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FIGURE 13. Comparison of simulated and measured parameters of the prototype without lens. (a) S-parameters and (b) gain characteristics.

walls of the plastic prototype. The 3D printed prototype with
copper tapes gives the low-weight advantage over a complete
metallic design. The overall prototype weighs less than 200 g.
The metasurface layer and 2-layer metasurface lens are fabri-
cated with an FR-4 substrate.
Figure 12 (a) shows the fabricated prototype of the N-type

waveguide transition. Fig. 12 (b) shows the complete design
of the proposed antenna with the metasurface layer and 2-layer
metasurface lens.
The S-parameters of the fabricated prototype are measured

and compared with the simulation results. A standard dual-
ridge horn antenna is used to measure the gain of the fabricated
model in a semi-anechoic chamber. Figs. 13(a) and (b) show

the comparison of the measured and simulated S-parameters
and the gain of the prototype without the lens. The dashed
black lines in Fig. 13(a) indicate the −10 dBi reference of the
S-parameters. Perfect agreement between the simulated and
measured response is achieved. The comparison in Fig. 13 con-
firms that the proposed design achieved 52.6% bandwidth and
5 dBi gain without the lens.
In addition, Figs. 14(a) and (b) compare the S-parameters

and gain when the lens is incorporated into the antenna de-
sign. Perfect agreement between the simulated and measured
responses is achieved. The measurement results indicated that
incorporating the FR-4 lenses improved the gain by ∼ 3.5 dBi.
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FIGURE 14. Comparison of simulated and measured parameters of the prototype with lens. (a) S-parameters and (b) gain characteristics.

FIGURE 15. Comparison of the prototype’s simulated and measured radiation pattern with and without lens.

TABLE 1. Comparison with reported cavity antennas.

Ref.
Center Frequency

(GHz)
Bandwidth (%) Cavity Type Gain (dBi) Aperture Size (λ× λ)

[36] 4 15 Full Metal 12.4-13.4 1.68× 1.41

[38] 5.6 20.65 Open Sides 12.3 1.86× 1.86

[46] 3.71 6.2 Full Metal 11 1.2× 0.7

[47] 25 21.4 Open Sides 15.4 5× 4

[48] 9.2 32.7 Open Sides 14.2 4.1× 4.1

[49] 3.45 18.6 Full Metal 7.65 0.7× 0.7

This Work 2.85 52.6 3D Printed 8.5 0.57× 0.57

Moreover, the radiation pattern of the prototype with and
without the lens is measured and compared to the simulated
results as shown in Fig. 15. Good agreement between the sim-
ulated and measured radiation patterns is observed. The radia-
tion pattern indicates almost no back radiationwhich is a crucial
aspect of high-power antennas since the electronics for signal
processing are generally housed in the rear part of the antenna,
and high field levels can compromise its functioning.
To assess the power handling capability of the proposed de-

sign, a high-power test is conducted where the prototype is con-
nected to a high voltage pulsed source (∼ 7 kV). The 7 kV high-
voltage pulsed source is the highest available source at the test-
ing facility, but it does not resample the 2.05MW source re-
quired to reach the breakdown of the proposed antenna. Hence,
the 7 kV source is used to confirm the ability of the proposed
design to handle high power. D-dots are placed 1m and 3m

away from the antenna to measure the power density of the ra-
diated fields, as shown in Fig. 16. The measured power densi-
ties of the radiated fields from the prototype at 1m and 3m are
115.4 kW/m2 and 21 kW/m2, respectively. The experiments
were closely monitored, and no sparks were reported. In ad-
dition, the S-parameters of the two prototypes, i.e., FR-4 with
and without lens, are remeasured after the high voltage test,
and the response does not change. That is, no physical damage
occurred to the design. Note that the maximum power of our
source limits the experimental assessment of the power han-
dling capability of the proposed antenna. However, the sim-
ulation results shown in Fig. 11 indicate that the power han-
dling capability of the antenna is much higher at approximately
2.05MW.
A comparison with a few recently reported cavity antennas is

shown in Table 1. The proposed antenna has higher bandwidth
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FIGURE 16. The measurement setup for the high voltage test. (a) A sketch. (b) A photograph of the actual experimental setup.

but lower gain than [36, 38, 46–48] due to its electrically small
size. However, the proposed design is electrically small and has
a broader bandwidth than the reported antennas. In addition, the
proposed design has a superior performance compared to [49].

4. CONCLUSION
This study presents a novel low-profile wideband antenna for
aerial and radar applications. The prototype consists of an N-
type-waveguide transition and a metasurface layer. It has a
52.6% and 5-dBi gain. The antenna’s gain and directivity are
further enhanced by adding a 2-layer metasurface lens on top of
the radiating structure. The metasurface lens used in this work
consists of 4 × 4 square patches. The metasurface lenses im-
proved the gain by 3.5 dBi, leading to an overall antenna gain
of 8.5 dBi.
Moreover, the antenna achieved a maximum fidelity factor

of 0.96 during pulsed transmission and reception. The design
is fabricated using a 3D printer, and the internal walls of the
cavity are covered with copper taps, leading to a light over-
all weight. The simulated bandwidth and gain results are ver-
ified through experimental measurement with excellent agree-
ment. The power handling capability of the prototype is experi-
mentally tested with a 7 kV source, while the simulation results
show that the design can handle up to 2.05MW. Further opti-
mization of the metasurface patches’ shapes, sizes, and distri-
bution will also be performed in the future to increase the gain
further while maintaining the overall size of the antenna.
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