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Abstract: This review paper combs through reports that have enhanced antenna gain for ultra-
wideband (UWB) frequencies using frequency-selective surface (FSS) techniques. The FSS techniques
found across the research landscape were mapped onto a taxonomy in order to determine the most
effective method for improving antenna gain. Additionally, this study looked into the motivation
behind using FSS as a reflector in UWB frequencies to obtain directional radiation. The FSS suits
multiple applications due to its exceptional ability to minimize power loss in undesired transmission
areas in the antenna, as well as to hinder the interference that may occur from undesirable and
wasted radiation. An efficient way to obtain constant gain over a wide range of frequencies is also
elaborated in this paper. Essentially, this paper offers viable prescription to enhance antenna gain
for UWB applications. Methods: A comprehensive study was performed using several imminent
keywords, such as “high gain using FSS”, “gain enhancement using FSS”, “high gain UWB antennas”,
and “gain enhancement of UWB antennas”, in different modifications to retrieve all related articles
from three primary engines: Web of Science (WoS), IEEE Xplore, and Science Direct. Results: The
41 papers identified after a comprehensive literature review were classified into two categories. The
FSS single- and multi-layer reflectors were reported in 25 and 16 papers, respectively. New direction:
An effective method is proposed for FSS miniaturization and for obtaining constant gain over UWB
frequencies while maintaining the return loss at−10 dB. Conclusion: The use of FSS is indeed effective
and viable for gain enhancement in UWB antennas. This systematic review unravels a vast range of
opportunities for researchers to bridge the identified gaps.

Keywords: FSS single-layer reflector; FSS multi-layer reflector; gain enhancement; constant gain;
UWB planar antennas; stopband

1. Introduction

Improvements in periodic formations reflect the growth of two-dimensional surfaces
with other periodic components that enable them to act as a perfect magnetic conductor
(PMC), along with the reflection scattering in a narrow bandwidth (BW) [1,2]. The inclusion
of such periodic structures improves impedance matching, which, in turn, increases the
efficiency of some antennas, including UWB planar antennas, when they are placed near
metallic surfaces to deliver unidirectional radiation. These periodic arrangements denote a
combination of FSS and conventional metallic reflectors [3,4]. The FSS, which is applied
to address several critical issues across multiple research fields, has been introduced as a
UWB reflector [5]. Notably, the FSS is keeping up with the evolving demands for more
extensive BW not only for telecommunication purposes, but also for other advanced
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applications that heavily rely on certain BW to perform, thus leading to a global hunt
for new technologies that conveniently generate unique signals occupying a wide range
of frequencies. As a result, the concept of UWB was initiated and several worldwide
organizations have introduced sets of governmental commands for coordinated use of this
sophisticated technology [6]. Antennas are essential components of wireless transmission
systems. Fractal antennas have been proposed to obtain resonance compression and
multi-band behavior that has been initially assigned to the space-filling characteristics
of the fractal geometry [7–9]. Nowadays, there is a huge demand for small antennas
for mobile communication systems [10,11]. To solve the difficulty in the wide frequency
range, the use of artificial dielectrics and magnetic materials has been proposed, such as
metamaterials (MTMs) [12]. They have been used in conventional ones as the surrounding
environment. The dielectric substrates and ground planes were used to structure the
antennas, filters, and polarizer devices. The MTMs are used as a power absorber of
electromagnetic waves (EMWs) to eliminate the unwanted frequency (with the same
concept of using FSS), which can cause undesired EMW coupling in radar applications [13].
Both the design and analysis of UWB and fractal antennas are more challenging than
conventional narrowband antennas because the performance of the latter antennas is
estimated at the central frequency [14–16] while the behavior of the former antennas must
be understood and no distortion should be present over the whole wide operating band.
Studies on UWB planar antennas have mostly focused on the omnidirectional antenna,
primarily because omnidirectional radiation can cover almost all areas of the device [17–19]
and suits mobile telecommunication applications. Nevertheless, unidirectional radiation is
more attractive due to its ability in reducing power loss, hence avoiding the interference
that can result from unwanted and unused radiation.

Properly designed and developed UWB FSS reflectors can generate unidirectional
radiation with UWB multidirectional radiation antennas. Besides, it facilitates and shields
them from nearby metallic surfaces that may damage the performance of the UWB antennas,
thus affording them angular suitability for UWB applications [20,21]. Many techniques
have been proposed using FSS to enhance the gain for UWB planar antennas, including
single- and multi-layer [22,23] configurations.

In order to assess and benchmark gain enhancement classification methods that
can be applied in the detection of the UWB planar antenna, many requirements have
been proposed to ensure the authenticity of these methods, given that they are related
to enhanced antenna performance. Essentially, two main questions that rose from these
procedures are as follows: first, what are the relevant criteria that should be met in the
evaluation? Second, what is the proper benchmark method that can be used to identify the
most appropriate technique for enhancing gain in UWB planar antennas using FSS?

The critical contribution of this review paper is listed in the following:

• To the best of the authors’ knowledge, this is the first review article that looks into the
ability of FSS to enhance and stabilize the gain for UWB antennas with a new direction
to provide FSS miniaturization.

• Systematically reviews the development of gain enhancement techniques using FSS
as a reflector for UWB applications.

• Maps associated studies into a comprehensible taxonomy, apart from highlighting the
methods, theories, and enhancement analysis models used.

• The benefits and drawbacks of numerous research structures on both conventional
and advanced gain improvement methods are marked with many articles’ references
to provide a clear picture for interested researchers to further prod into the design of
UWB planar antennas.

2. Systematic Literature Review Characterization and Queries

The most relevant keywords in the assessed field are “FSS”, “gain enhancement”, and
“UWB planar antennas”. In search for gain enhancement, “millimeter-wave applications”
(e.g., for non-planar antennas, such as helical and parabolic antennas) were omitted. This
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study only focused on articles that assessed planar antennas with UWB applications
reported in the English language.

The systematic review in this study was executed by deploying the Preferred Report-
ing Items for Systematic reviews and Meta-Analysis (PRISMA) [24–30]. The three search
engines that were combed through in the search for relevant articles are as follows: first,
IEEE Xplore is an academic research engine that offers accessibility to more than five million
full-text documents from some of the world’s most highly-cited publications in electrical
engineering, computer science, and electronics. Second, WoS provides a subscription-
based accessibility to various databases that present comprehensive citation for different
educational disciplines, including science, social science, arts, and humanities. It was
initially developed by the Institute for Scientific Information and is currently managed
by Clarivate Analytics. The third and last search engine refers to ScienceDirect, which
is a website that provides access to an extensive bibliographic database of scientific and
medical publications of the British publisher Elsevier. These three databases are sufficient
to cover studies related to FSS and gain enhancement for UWB planar antennas. The search
engines enable an in-depth comprehensive review within the discipline scope.

After retrieving the relevant articles for literature references, three phases of viewing
and filtering were executed. In the first phase, all irrelevant papers were discarded. Next, in
the second phase, duplicates and unnecessary documents were removed by going through
the titles and abstracts of the articles. In the final phase, the full-text papers derived from
the second phase were accurately selected based on the qualification criteria set in this
present study.

The search for relevant articles was carried out in March 2021 from the three selected
search engines; IEEE Xplore, ScienceDirect, and WoS. In order to distinguish the subjects
associated with the studied field, a query containing the following various keywords was
executed: “gain enhancement using FSS”, “high gain using FSS”, “gain improvement
utilizing FSS”, and “gain augmentation employing FSS”, in several variations and linked
by the operator ‘OR’, as well as “ultrawideband planar antenna”, “ultrawide-band planar
antenna”, “UWB planar antenna”, and “UWB printed antenna” in various variations and
connected by the operator ‘AND’. Figure 1 illustrates the query process.

High-level search preferences in the search engines were utilized to eliminate book
chapters, letters, and reports while simultaneously improving access to up-to-date sci-
entific papers revolving around planar antennas for UWB applications. Table 1 lists the
frameworks used to operate the search engine query.

The initial search produced 576 articles published from 2011 to 2021 (54, 431, and
91 papers retrieved from WoS, Science Direct, and IEEE Xplore, respectively). Next, 82
duplicate articles were discarded, thus leaving 494 articles. After analyzing the article
titles and abstracts, 390 articles were eliminated and only 104 articles were retained for
further analysis. The remaining 104 full-text articles were further filtered and resulted in
41 viable articles for this study purpose. These 41 selected articles were read carefully to
produce a complete outline of the study objective. Each paper that met the qualification
criteria listed in Figure 1 was retained for further analysis. The classes were obtained from
a pre-survey of the research literature. After the primary removal process of duplicates,
the remaining papers were eliminated based on two categories of screening and filtering
upon failing to satisfy the fixed criteria. The exclusion criteria were formed based on two
steps: (1) non-English articles and (2) topics that stray from gain enhancement for UWB
planar antennas.
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Figure 1. PRISMA flowchart diagram.
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Table 1. Aspects of the exploration query.

Digital Library IEEE Xplore Web of Science Science Direct

Periods Last 10 years Last 10 years
Language English English

Search prototype Journals and conferences Journals and conferences
Subject domain Meta-data Full manuscript
Date of search 2021 2021

3. Literature Taxonomy on Gain Enhancement Techniques Using FSS

This study introduces a general taxonomy for the gain enhancement techniques
applied for UWB planar antennas using FSS reflectors based on two groups. All the
carefully selected articles via the systematic literature review were read, digested, and
saved in a Microsoft Excel Worksheet. The grouping of every document was based on the
structure of the deductive taxonomy. The final articles were classified into two groups: (1)
FSS single-layer reflectors (n = 25, 60.9%) and (2) FSS multi-layer reflectors (n = 16, 39%).
Besides revealing the patterns, the taxonomy analysis outcomes identified the general and
sub-categories. Figure 2 shows the research taxonomy of gain enhancement techniques
using FSS reflectors.

Figure 2. Research taxonomy of UWB FSS reflector-based UWB antennas.

3.1. FSS Single-Layer Reflectors

The possibility of FSS and its ability to enhance the gain for UWB antennas have been
clearly analyzed and discussed in this study. The concept of using the FSS single layer
as a reflector is similar to the concept of a partially reflecting surface (PRS) [31–33] that
allows some frequencies to pass through when serving as a passband filter but reflects
other frequencies when serving as a stopband. The theoretical explanation is presented
in the next section. The structure of UWB planar antennas matches the Fabry–Perot
interferometer principle [34,35], whereby the reflected waves from the antennas are now
followed by highly reflective PRS with a metallic ground plane that turns them into fully
reflective surfaces. By assuming a free-standing array in proximity to an all-metal ground
plane illuminated by a normally incident wave, the array resonance can be defined at the
frequency where the currents excited on the array are in phase with the incident wave. At
this frequency, the incident wave is reflected from the periodic array with phase reverse,
as in the case of the free-standing array resonance. However, it can be found that there
a Fabry–Perot type of resonance also occurs at the cavity formed between the ground
plane and the array. The Fabry–Perot resonance occurs at frequencies different from the
array resonance. This strong cavity-type resonance excites maximum currents on the
elements (which in general are out of phase with the incident wave), and the incident
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wave is reflected with a zero-phase magnitude. The reflection properties of PRS change
over frequency. Therefore, the frequency is independent of the partially metallized in
the presence of the ground plane using the Fabry–Perot interferometer. The schematic
description of a UWB planar antenna using PRS is displayed in Figure 3. An open-ended
rectangular waveguide, embedded within the ground plane, is used as the primary antenna
as it is simple and has an adequate bandwidth. The antenna function can be defined and
presented as follows. Waves emerging from the direct antenna travel long routes due to
multiple reflections between the ground plane and the PRS. A phase shift is introduced by
the route length, the total reflection on the ground plane, and the phase of the reflection
coefficient of the PRS. The transmitted power can be determined by the interference of
the ongoing waves partially transmitted by the PRS. The total of the transmitted waves
produces an analytic equation for the power pattern, given by [36]:

P (θ) =

[
1− R2 (θ)

]
1− R2 (θ)− 2R(θ) COS

[
Φ(θ)− π − 4πLr

λo

] F2 (θ) (1)

where R(θ) is the complex reflection coefficient of the PRS as a function of θ, λo is the
free-space wavelength, and F(θ) is the radiation pattern of the primary antenna.

Figure 3. A schematic representation of (a) the PRS principle and (b) FSS with ground [36].

The resonant distance between FSS and ground is denoted as Lr. The highest power is
taken at broadside, as expressed in the following equation:

Lr =

(
ϕ(θ)

π
− 1
)

λo

4
+ N

λo

2
(2)

where: N = 0, 1, 2, . . . ;
ϕ(θ): reflection coefficient;
λo: wavelength at a specific frequency.
The FSS with a ground plane of unlimited sizes was considered. The explanation for

the broadside gain related to the antenna can be calculated by determining the magnitude
of the reflection coefficient:

G =
P
F
=

1 + R
1− R

(3)

where R is the complex reflection coefficient.



Mathematics 2021, 9, 3301 7 of 16

The uncomplicated method proposed here for BW, determined for highly reflecting
periodic over free reflection properties, is as follows:

BW =
∆ f1/2

fo
=

λ

2πLr
1− R√

R
(4)

The rise in gain relies on R, as denoted in Equation (3). High gain may be achieved
with a fully reflective surface (using the FSS reflector). However, BW decreases as R rises,
as expressed in Equation (4). However, a narrow BW is required upon an increment in the
gain. As N gets higher, the side-lobe effects become stronger as well. Nonetheless, it is
imminent to maintain a wideband while achieving high gain. One method to improve both
gain and BW at a resonant frequency is to control the reflection properties (magnitude and
phase) of PRS by applying Equation (2) and Equation (3), in [36]. The resonant distance
(Lr) is key for the running frequency and the reflection coefficient of the PRS sheet. It has
a constant value for a distinct running frequency of the radiator. Readjusting the phase
position in Equation (1) reveals that in order for a peak to achieve gain in a particular
frequency spectrum, the phase value of the reflection coefficient of the PRS must meet the
following formula:

ϕ(θ) =
4πLr

C
= f − (2N − 1)π (5)

Therefore, a linear decline over the frequency phase response will result in a maximum
gain within a specific frequency range. The peak gain will be calculated from the magnitude
of the reflection coefficient, which should ideally be constant, as shown in Equation (3).
Under these two conditions, a high gain and wide bandwidth can be achieved.

Many researchers have used FSS array unit cells as a reflector by printing it on a
dielectric substrate on one side of the sheet to enhance the gain over UWB frequencies with
varying enhancements. An FSS array textiles reflector, along with a UWB patch antenna,
was proposed to enhance gain over the UWB spectrum for wearable communication
systems [37–39]. In another study, a square FSS exhibited a fractional BW of 22.4% and
released a high gain of 6.0 dB [37]. The antenna with the FSS reflector is portrayed in
Figure 4.

Some FSSs were designed based on metallic reflectors to improve gain with bidi-
rectional radiation of planar antennas [40–45]. Meanwhile, gain was enhanced from 2.2
to 6.4 dB while keeping the UWB BW below −10 dB (see Figure 5) [40]. Another study
proposed a total antenna dimension of 52.8 mm× 52.8 mm× 1.6 mm for gain enhancement
application [45]. The proposed antenna yielded a fractional BW of 132% for frequencies
ranging from 5.0–24.5 GHz (see Figure 6). However, these metallic reflectors cannot stabilize
the gain over a wide range of frequencies due to the out phase of their reflections. Besides,
achieving steady gain over a wide range of frequencies is crucial for many applications.

Several pioneering FSS single-layer reflectors have been proposed to enhance the
gain of UWB planar antennas based on the magnitude of their phase reflections [46–67],
signifying that the separation between the antenna and reflector is imminent in gain
improvement techniques. Gain was enhanced when the reflector was placed at a distance
of 49.6 mm, along with a reasonable return loss performance [46].
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Figure 4. Schematic textile antenna with FSS: (a) Simulation model, (b) reflection coefficient, and (c) gain [37].

Figure 5. Metallic FSS reflector with a UWB antenna: (a) Prototype, (b) reflection coefficient, and (c) gain [40].
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Figure 6. The proposed FSS reflector with a UWB antenna: (a) Fabricated antenna, (b) reflection coefficient, and (c) gain [45].

Meanwhile, at a gap of 17.6 mm, the antenna peak gain increased to 8.95 dB [47]. At a
15 mm distance, the gain was recorded at 3.5 dB [48] while 3.74 dB [49] and a comfortable
response of 5.0 dB for gain variation [50]. The principal requirements to attain high gain
with minor variation enhancement for the UWB spectrum must be fulfilled to guarantee
the highest efficiency, such as specified reflection loss and a lower reflection phase, which
are rather difficult to achieve in the presence of interference. However, these demands can
be met during the linearly falling phase at a certain frequency [51–56]. A steady gain can
be achieved when the reflection magnitude of the FSS unit cell linearly declines with the
band [54,55], whereby a constant gain with 1.8 dB of variation was reported for frequencies
at 3–12 GHz (see Figure 7).

Recently, FSS was deployed to enhance the performance of UWB antennas and to
obtain high gain by using a circular polarized (CP) antenna [56–60]. A single FSS layer
was proposed with the CP antenna to improve both the CP characteristics and antenna
gain [57]. The finalized FSS yielded a BW from 3.7 to 11.1 GHz with a peak gain of 9.4 dB
and 84% of efficiency at 9.2 GHz (see Figure 8).

Figure 7. The FSS reflector along with the antenna: (a) Designed FSS unit cell, (b) reflection and transmission coefficient of
FSS, and (c) maximum gain with/without FSS [55].
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Figure 8. Predicted and measured results of the finalized antenna: (a) Fabricated antenna, (b) S11, and (c) peak gain along
with efficiency [57].

3.2. FSS Multi-Layer Reflectors

Some studies proposed a double FSS layer to improve antenna performance [61–68].
A reflector with two substrate sheets separated by a space magnitude of 9.5 mm was
proposed in [61]. The bottom sheet was designed to function as a passband filter while the
top sheet was used as a bandstop filter, signifying incident waves at higher frequencies.
The operational mechanism is that the top substrate sheet is reflective, whereas the bottom
sheet reflects any coming incident waves from the upper layer.

In order to gain a clear picture of the theoretical principle from the FSS multi-layer
combination, a graphical representation of the working mechanism is displayed in Figure 9,
planes R and T are meant to achieve and optimize the phase variation, respectively. The
two plane surfaces represent the dual substrate sheets over the UWB spectrum. As afore-
mentioned, the top sheet takes reflection at higher frequencies, denoted as ϕ1, ϕ2, where
ϕR is the total reflected phase over both FSS layers at the plane surface R.

Figure 9. The theoretical principle of the FSS multi-layer reflector in: (a) Operational mechanism, and (b) Phase of
reflection [61].

Next, the FSS is sandwiched between the upper sheet and the radiator (antenna) at
a gap of L. Incident waves from FSS are in phase with the radiator wave, which create
constructive interference. Then, the magnitude of the gain is at its maximum. The following
equations represent the evaluation of the phase at the surface plane T:

ϕT = ϕR + ϕS (6)
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where ϕR = f (ϕ1; ϕ2), ϕS = 2 × (2πf/c) × (L).
Numerous UWB planar antennas have been proposed and placed over an FSS reflector

to verify their operating performances [69–76]. In [69], the radiator was placed at a distance
of 10 mm (or λ/4) to introduce the center of the frequency at 6 GHz over the FSS reflector,
whereby the highest gain of 11 dB was obtained at 8 GHz. The gain variation across the
operating band from 3 to 10 GHz was ±1.5 dB (see Figure 10). Next, a four-FSS layer was
employed to structure a UWB reflector. A dielectric substrate separates the four layers with
a thickness of 1.58 mm while the UWB radiator was located at a gap of 19 mm over the FSS
reflector. With this prototype, a maximum gain of 9.3 dB was obtained with a variation of
±0.5 dBi. The antenna yielded a maximum gain of 4 dB with a variation of ±2 dB without
a reflector. Figure 11 illustrates the structure proposed in [76].

Figure 10. (a) Antenna on the FSS structure: (b) Simulated |S11| and (c) simulated gain [69].

Figure 11. FSS Multi-layer (a) schematic diagram and (b) predicted and measured gain [76].

Table 2 lists studies that assessed the gain improvement of UWB planar antennas using FSS
reflectors with single- and multi-configurations [37–40,42–45,48–52,54,55,57,59,61,63–71,76].
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Table 2. Summary of studies that assessed the gain improvement of UWB planar antennas with an FSS structure.

References Total Antenna
Dimension (mm)

Operating
Frequency

(GHz)

Peak Gain
(dB)

Enhanced
Gain (dB)

Number of
Reflector

Sheets

Dielectric-Layer
Type

[37] 32 × 28 × 32 7.8–15 6.4 3.9 One Teflon
[38] 120 × 120 × 30 2.07–2.6 7.76 5.16 One Textile
[39] 32 × 32 × 1.6 2.7–10.84 5 3 One FR4
[40] 20 × 20 × 35 3.1–10.6 6.4 2.2 One FR4
[42] 64 × 56 × 18.2 3.5–14 5 4 One FR4
[43] 61 × 61 × 10 3.05–11.9 9.6 6.22 One FR4
[44] 164.24 × 120 × 71.52 3–11 14.8 5.6 One FR4
[45] 52.8 × 52.8 × 18 5–24.6 8.8 5.9 One FR4
[48] 40 × 40 × 13.7 2.4–11.2 8.5 3.5 One FR4
[49] 100 × 100 × 12 2.4–11.8 5.5 3.74 One FR4
[50] 65 × 60 × 20 2–20 7 4 One FR4
[51] 21.6 × 21.6 × 29.6 3.8–10.6 7.8 2 One FR4
[52] 41 × 43 × 25 2.82–19.94 6.7 3.5 One FR4
[54] 35 × 30 × 25 2.64–9.36 8 2 One FR4
[55] 120 × 120 × 16 3–12 9.2 6 One FR4
[57] 20 × 20 × 10 3.7–11.1 9 4 One FR4
[59] 45.8 × 55 × 16 2.9–9.3 8.12 2.9 One FR4
[61] 110 × 110 × 12 3–12 9.8 3.8 Two FR4
[63] 72 × 72 × 10 8.6–11.4 13.8 - Two Rogers/5880
[64] 82.5 × 82.5 × 10 2.5–11 9 3.7 Two Rogers RO4350B
[65] 35 × 30 × 25 3.05–13.4 8.5 2 Two FR4
[66] 25 × 25 × 9.6 4–10 8.4 5 Two FR4
[67] 85 × 85 × 15 2.8–14.2 8.9 4 Two FR4
[68] 80 × 80 × 15 3–6 9 2-4 Two FR4
[69] 150 × 150 × 12 2.9–18.38 10.9 5 Two FR4
[70] 63 × 63 × 25.7 5.5–7 12.3 2.03 Three Gallium Arsenide
[71] 57 × 57 × 1.6 4.5–6.5 14 10 Two FR4
[76] 140 × 140 × 10 3–15 9.23 5.3 Four Rogers/5880

4. New Directions

Figure 12 presents a review of the best–known unit classes that can be applied to
design FSSs with stopband behavior, as initially proposed in [77], the very first book that
elaborated FSS. The literature has been acknowledged as an essential reference in studies
and analyses related to FSS.

The FSS units are diverse in their essential features, such as the infinite size they res-
onate. Concurrently, the corresponding center units resonate when all their parts are nearly
a quarter-wavelength. Loop shapes resonate when their circumference becomes a wave-
length. However, it is definitely not easy to estimate the size when FSS units are combined,
which can lead to a combination of resonates. One way to achieve the miniaturization of
FSS unit cells is by obtaining a high dielectric substrate material that can minimize the
resonant frequency of the FSS designs (RFSS), as proposed in the equation below:

RFSS =
1√

(ier + 1)/2
(7)

where єr is the dielectric substrate.



Mathematics 2021, 9, 3301 13 of 16

Figure 12. Geometries of various classes of FSS element cells [77].

Several steps must be considered to stabilize the gain over a wide range of frequencies,
as follows:

1. The FSS reflector size should be sufficiently large to be able to reflect all incident
waves emitted from the radiator (antenna). A high reflective sheet can enhance the
gain.

2. The coming incident waves must be in-phase with the ongoing waves from the FSS
unit cells to achieve a linearly decreasing phase.

3. The gap between the radiator and FSS reflector is integral. A comfortable response
with high performance can be obtained at a distance of 10 mm.

4. The type of substrate is another imminent factor. This is because a high dielectric
constant value is preferred for FSS reflector miniaturization.

5. Conclusions

This review paper investigated and classified the techniques used to increase gain
in UWB planar antennas using FSS as the reflector into a coherent taxonomy. Research
efforts in this area are continuous as detailed information and boundaries are still unclear.
As such, this paper tapped into the topic area by combing through the literature via a
systematic literature review using several keywords, including “high gain UWB antennas”
and “gain enhancement of UWB antennas”. Upon filtering and analyzing all the articles in
the taxonomy, two main categories were identified: FSS single- and multi-layer reflectors.
Additionally, the theories behind the two categories to improve gain over UWB frequencies
were elaborated. The high possibility of FSS to enhance antenna gain was discussed in
detail in this paper. It is noted that the integration of designing UWB antennas along with
FSS single-layer reflectors can enhance the gain significantly over the UWB spectrum from
3.1 GHz up to 10.6 GHz, which make them a good choice for antenna gain enhancement
application with low profile structures. Nevertheless, the integration of designing FSS
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multi-layer reflectors can improve and stabilize the gain across UWB frequencies, which
make them suitable for medical and wireless applications in which the gain must be
constant throughout the UWB spectrum. In addition, several steps have been proposed to
obtain constant gain over a wide range of frequencies.
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