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This paper introduces a method to enhance the gain of ultra-wideband (UWB)
planar antennas by employing a grounded frequency-selective surface (FSS)
as a reflector. The grounded FSS reflector comprises square patch structures
(SPSs) of unit cells with a complete ground plane. The designed FSS utilizes
miniaturized unit cells that are printed on both sides of an FR4 substrate,
making it highly suitable for a wide range of applications, particularly as a
reflector to optimize the gain of UWB omnidirectional radiators. This concept
is demonstrated by employing a circular monopole UWB antenna as the
radiator. The measured outcomes of the suggested antenna with the grounded
FSS maintain a broad frequency range of bandwidth of 9.162 GHz, spanning
from 2.638 GHz to 11.8 GHz. The antenna, in combination with the FSS,
achieves a significant measured gain of 7.6 dBi and a high efficiency of 93%
at 9.6 GHz. The attributes of the suggested UWB FSS make it an ideal solution

Ultra-wideband for seamless combining with small-sized broadband circuits, thereby

maximizing its effectiveness.
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1. INTRODUCTION

Frequency selective surfaces (FSS) are structured configurations of metallic components or apertures
that exhibit specific frequency-dependent transmission or blocking characteristics in response to incoming
waves. The properties of FSSs are affected by various factors, including the frequency, angle of incidence, and
polarization of the electromagnetic waves [1], [2]. As a result, FSSs possess a wide range of characteristics and
find extensive application as filters, polarizers, absorbers, and in the field of antenna engineering [3]-[5]. They
are employed in various areas such as wireless communication systems, satellite communications, and for
reducing radar cross section (RCS). Due to their versatility and usefulness, FSSs have emerged as a prominent
area of research, attracting the interest of scholars and industry professionals alike. Consequently, numerous
books have been dedicated to FSSs, and extensive research has been conducted to develop and analyze these
valuable structures [6].

In recent decades, there has been a significant increase in interest and recognition of ultra-wideband
(UWB) technology. It has emerged as a highly promising technology capable of surpassing several limitations
faced by traditional technologies, such as restricted bandwidth, slow data transfer rates, signal deterioration
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due to multiple paths, and interference [7]-[9]. This advancement is achieved by utilizing the license-free UWB
frequency band, which was approved by the Federal Communications Commission (FCC) in 2002 [10]. As a
result, numerous UWB microwave components have been suggested. Building on a similar idea, there has been
a growing effort to develop broadband FSSs in order to expand the range of applications for FSSs. This includes
integrating them into UWB systems such as UWB communication systems and UWB radars, as well as
enhancing the performance of UWB microwave components like antennas. UWB FSSs offer the potential to
increase gain and reduce back-radiation, which holds significant value for UWB technology [11]-[15].

While many UWB antennas proposed thus far have focused on providing omnidirectional radiation,
which is necessary for conventional wireless systems, there is a need for directional radiation to meet the low
power requirements mandated by UWB regulations, specifically the maximum effective isotropic radiation
power (EIRP) of -41.3 dBm/MHz [16], [17]. Planar monopole antennas demonstrate favorable qualities such
as a streamlined design, small dimensions, and straightforward production, which render them a prospective
choice for directional purposes provided that their radiation properties can be improved. To address this,
previous studies (references [18]-[24]) have employed multilayer FSSs with stop-band responses to achieve
this objective. Consequently, the utilization of UWB FSSs with stop-band response has led to an increase in
the gain of various omnidirectional UWB antennas throughout the UWB frequency range. This demonstrates
the effectiveness of using UWB FSSs as reflectors for UWB monopole antennas, particularly when they can
offer a linear phase response across the UWB band. However, these reflectors typically consist of multilayer
FSSs, necessitating multiple spaced FSS layers. This requirement results in the need for a significant amount
of space and introduces the possibility of errors due to the complexity involved in their fabrication.

This paper introduces a novel approach where a single-layer FSS is presented to achieve broadband
coverage while enhancing antenna gain through the whole UWB frequency range, while also maintaining a
linearly varying phase. The modeled FSS cells are positioned on both sides of an FR4 substrate and have a
miniaturized cell size of 6x6x1.6 mm (widthxlengthxthickness). The FSS design and analysis were performed
using CST-MWS software as part of the methodology. The subsequent section provides a comprehensive
explanation of the design process through parametric studies, offering essential design insights. Following that,
the main outcomes illustrating the performance of the suggested FSS are introduced and analysed.

2. ANTENNA DESIGN STRATEGY

Figure 1 demonstrates the arrangement of the UWB planar antenna with an empty ground plane. The
planar antenna has overall dimensions of 26x26x1.6 mm (width x length x thickness). The artistic radiated
patch, resembling a strawberry as suggested in [25], is constructed using six cylinders, coplanar waveguide
feed (CPW). In this section, the CPW feed, referred to as Cic, was removed from the inner side, as shown in
Figure 1(a), and the ground plane is only dielectric as shown in Figure 1(b). Introducing free space between
the feed line and the coplanar structure contributes to a broader bandwidth, allowing the generation of licensed
ultra-wideband signals ranging from 2 to 11 GHz. Additionally, this modification enhances the impedance
matching between the feed and the radiated patch.

(b)

Figure 1. The design configuration of the UWB planar antenna; (a) frontal perspective and (b) rear
perspective, where the dimensions are; W=26, L=26, r1,r2,3,fs,rs,re= 5.4, S=3.8, W=3.65, L+=6.8, Cy=11.15,
Ci=7.5, Cwc=8.7, g=0.525, C\=1.6, Tc=0.02, T:=1.6. All dimensions are in mm

Improving gain of ultra-wideband planar antennas: a grounded ... (Ahmed Jamal Abdullah Al-Gburi)



1206 O ISSN: 1693-6930

2.1. Grounded FSS reflector

A FSS composed of conductor elements operates at a high resonance frequency and behaves
predominantly as a transparent medium, although its ability to reflect waves increases with frequency. By
incorporating a metallic ground plane (MGP), the transmitted waves can be completely reflected. This
grounded FSS significantly enhances the gain of the antenna through the whole UWB spectrum, leading to
consistent and sustained amplification. The grounded FSS can be likened to a grounded dielectric slab
incorporates with periodic patches, resembling a high impedance surface but without vertical vias. Although
eliminating the vertical vias from the mushroom-like structures of this high impedance surface causes the
electromagnetic bandgap (EBG) to disappear, surface waves can still propagate across the entire frequency
range, with minimal impact on the desired characteristics of in-phase reflection or active metamaterial control
(AMC) when the incident wave is normal. The configuration of the FSS cell element consists of the front
single-patch structure (SPS), as presented in Figure 2(a), with a full ground copper, as shown in Figure 2(b).
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Figure 2. The modeled SPS unit cell in (a) front view and (b) back view

The size of the unit cell determines the range of frequencies in which the reflection phase changes
from -90° to +90°, known as the in-phase band [26]. The selection of the substrate material also plays a
significant role in expanding the in-phase band. In this case, an FR4 substrate with specific properties was
utilized to achieve a broader in-phase band. The chosen FR4 substrate had a dielectric constant of 4.3, a
dielectric loss tangent of 0.02, and a thickness of 1.6, all of which contributed to widening the in-phase band.

The phase of reflection and the reflection magnitude of the grounded FSS cell element, computed
using CST-MWS with the chosen parameters, are depicted in Figure 3. The calculation was performed by
applying "unit cell" boundary conditions and utilizing the Floquet port configuration. The graph demonstrates
the attainment of a wide in-phase band spanning from 4.8 GHz to 7.3 GHz, fulfilling the desired objective.
Additionally, an AMC feature is observed at 6 GHz, further confirming the successful achievement of the
required specifications as shown in Figure 3(a).

The reflection magnitude of the unit cell, in the absence of a ground plane, exhibits variation across
the UWB spectrum. It ranges from 0.3 at lower frequencies to 0.8 at higher frequencies. Figure 3(b) illustrates
that the unit cell becomes entirely reflective at approximately 14.2 GHz. Consequently, when a ground plane
is introduced, the amount of reflection becomes uneven and decreases proportionally with frequency as
suggested in [26].

Subsequently, the SPS unit cells are printed on a dielectric substrate made of FR4 material, as shown
in Figure 4(a), serving as a reflector. The front side of the substrate layer comprises a 10x10 array of square
patch unit cells, with a grounded metallic copper layer on the ground plane of the substrate, as presented in
Figure 4(b). As a result, the backside of the reflector is entirely covered in copper, as depicted in Figure 4. The
complete dimensions of the grounded SPS reflector are 61x61x1.6 mm, representing the width, length, and
thickness (WSxLSxHR), respectively.
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Figure 3. Displays the reflection properties of the FSS SPS structure: (a) phase of reflection of the
grounded FSS with optimized dimensions and (b) reflection magnitude of the FSS in the absence of a
ground plane

Ws

(@)

Ws

HR}

(b)

Figure 4. Proposed SP reflector in which; (a) front look and (b) back look

2.2. UWB radiator combined with grounded FSS reflector

To further assess the modeled design concept, the UWB monopole planar antenna is utilized as the
radiator. It is a CPW-fed planar monopole antenna printed on an FR4 substrate, as illustrated in Figure 5. In
this study, the grounded FSS reflector, along with the UWB radiator, is tested, simulated, and extensively
discussed in terms of their performance. The grounded FSS will be integrated with the planar antenna and
separated by an airgap (S=10 mm). The grounded FSS is designed using an FR4 substrate with a dielectric
constant of 4.3 and a dielectric tangent loss of 0.02, which is employed for the experiment. The substrate has

a thickness of 1.6 mm.
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Figure 5. illustrates the configurations of both the utilized UWB antenna and the proposed configuration,
where Li=Ly=61 mm, L=W=26 mm, S=10 mm, H=H=1.6 mm, g,=0.25 mm
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3. RESULTS AND DISCUSSION

The grounded FSS reflector proposed with optimized dimensions, along with the utilized radiator,
was fabricated and photographed, as depicted in Figure 6. The UWB planar antenna is shown in Figure 6(a),
while the front and ground planes of the FSS SPSs reflector are presented in Figure 6(b) and Figure 6(c),
respectively. In all four scenarios, the reflection coefficient, peak gain, radiation patterns, and efficiency of the
UWB antenna were computed through numerical analysis and measured experimentally. The antenna with
UWB FSS reflectors obtains a bandwidth from 2.65 GHz to 13.55 GHz. It is important to note that the selection
of the four cases was done to evaluate the performance across the entire UWB frequency range, rather than
focusing on specific directions. This methodology evaluates the capability of the proposed reflectors to
significantly improve antenna performance across the entire UWB frequency range. The simulation and
measurement outcomes exhibit a satisfactory level of agreement, validating the effectiveness of the approach.

(b)

Figure 6. The fabricated prototypes include: (a) the planar antenna, (b) the first side of the FSS SPSs
reflector, and (c) the second side of the complete grounded reflector

Figure 7 displays the magnitude of the reflection coefficient |S11| for the UWB planar antenna when
installed above the grounded FSS reflector. It indicates that a reflection magnitude below -10 dB is attained
across various UWB band variations. The measured |S11| of the antenna with the reflector exhibits an expanded
bandwidth of 9.162 GHz, spanning from 2.638 to 11.8 GHz, compared to the antenna alone which has a
bandwidth of 8.2 GHz, ranging from 2.2 GHz up to 10.4 GHz. The UWB frequencies extend from 2.65 GHz
to 13.55 GHz, providing a 10.9 GHz bandwidth.

= | \VB Flanar antenna {Simulated}
=== UWB Flanar antenna {Measured}
= Antenna + Grounded FSS Reflector {(Simulated)
== Antenna + Grounded FSS Reflector (Measwred])

S

-60

Frequency {GHz)

Figure 7. The simulated and measured magnitude of the reflection coefficient |S11| for the suggested antenna
in conjunction with the grounded reflector
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Figure 8 illustrates the gain and efficiency across various frequencies, as acquired from both simulated
and measured 3D radiation patterns for each frequency. The 2D radiation patterns offer a clearer depiction of
the primary radiation direction. The antenna, after being loaded with the grounded reflector, achieves a high
measured gain of 7.6 dBi at 9.6 GHz, compared to 5.2 dBi without the reflector as presented in Figure 8(a).
The antenna radiation efficiency reaches 94.1%, and after loading the grounded reflector, the efficiency
becomes 93.1% as depicted in Figure 8(b). This minor decrease in efficiency after mounting the reflector is
due to the copper loss induced during antenna propagation.

Figure 9 presents the radiation characteristics of the proposed antenna, demonstrating enhancements
in both directivity and gain throughout the UWB frequency range. It is evident that the antenna's directivity
and gain experience an increase at higher frequencies within the UWB band, while they decrease at lower
frequencies. This behavior can be attributed to the utilization of a smaller FSS size in the latter scenario. The
E-field and H-field measurements are presented in Figure 9(a) and Figure 9(b) for the frequencies 3 GHz and
9 GHz, respectively. Nonetheless, the antenna achieves a quasi-constant gain across the entire UWB band, with
a maximum variation of 2.4 dBi, which is a noteworthy accomplishment. The remarkable achievement of
maintaining a quasi-constant gain in the antenna is attributed to several factors, including the linearly
decreasing reflection phase of the suggested FSS and the close proximity between the FSS and the radiator.
Such benefits are unattainable using a flat metal reflector. Consequently, the result is a compact, low-profile
UWB antenna that presents an enhanced, nearly consistent gain.
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Figure 8. Predicted and measured outcomes (a) radiation efficiency (%) and (b) gain
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Figure 9. E and H field measurements of the proposed planar antenna with FSS grounded reflector at
(@) 3 GHz and (b) 9 GHz

4. CONCLUSION

The primary goal of this paper is to create a single layer broadband FSS that can enhance the gain of
UWB planar antennas. To achieve this objective, a novel FSS concept called "grounded with filtering response”
is introduced, which covers the entire UWB band. The paper presents and discusses the design process of this
proposed FSS to provide a better understanding of its operation mechanism. Additionally, experimental results
are presented to validate the design concept. The proposed UWB FSS possesses several desirable features,
including a compact size, lightweight profile, and proven performance. These qualities render it appropriate
for UWB applications and a highly promising option for combining with compact printed circuits designed for
broad frequency range. Furthermore, the FSS demonstrates its ability to function as a UWB reflector, as
demonstrated by its successful utilization with a UWB compact antenna as a radiator. One crucial aspect of the
proposed FSS is its reflection phase, which exhibits a linear decrease with frequency across the entire UWB
band. This characteristic is essential for UWB reflectors and pulsed systems.
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