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Abstract—This paper presents a bandpass frequency selective
surface (FSS) radome based on fully metallic gap waveguide
(GW) technology. The element of the proposed FSS radome
consists of a conventional cross-dipole slot etched on metallic
plates and positioned over a groove GW cavity. A design with a
single GW cavity layer was initially produced which was later
optimised for performance, to comprise a dual GW cavity layer,
while considering both functionality and manufacturability. It
is shown that the proposed FSS element offers a stable and
wide bandpass (from 26-30 GHz) performance in the broad-
side direction for both transverse electric (TE) and transverse
magnetic (TM) polarizations. For oblique angle of incidence, the
suggested FSS element works up to 30◦ with a reduction in usable
bandpass bandwidth performance to 26-28 GHz for both TE and
TM polarizations. A 20 × 20-element GW-FSS array prototype
has been fabricated and measured, which was integrated with a
fixed beam array antenna to further validate its functionality as
a filtering radome. The findings show an excellent agreement
between simulations and measurements. Hence, the proposed
GW-FSS represents a great opportunity to develop a all-metallic
FSS with low insertion loss, sharp-roll-off filtering, wideband
performance and inexpensive fabrication cost.

Index Terms—Array antenna, Bandpass filtering, Frequency
Selective Surface (FSS), Gap Waveguide, Radome

I. INTRODUCTION

FREQUENCY selective surfaces (FSSs) are a type of
periodic array structures that may be composed of ra-

diating or non-radiating elements [1]. They have been widely
used in a variety of applications including spatial filters [2],
[3], polarisation converters [4], and reflect/transmit arrays
antennas [5], [6]. Conventionally, FSSs are manufactured with
periodic metallic layers with embedded substrates in-between.
Substrate-based FSSs are critical to achieve desired filtering
and selectivity (sharp roll-off) characteristics while at the
same time they are simple to design and fabricate. However,
they do not always provide the required high selectivity for
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Fig. 1: Artist representation of the proposed bandpass gap-
waveguide based FSS integrated with the fixed beam array
antenna. (a) Perspective view and (b) side view.

the stopband rejection performance to attenuate the spurious
signals. Numerous studies have been conducted to obtain the
sharp roll-off with substrate-based FSS. One of the most used
techniques is to increase the order of the FSS filter by realising
the FSS with multilayer structures [3], [7]. Recently, it has
also been suggested that the FSS can be designed in 3D to
improve its filtering capability [8], [9]. These FSS structures
do promise superior performance in terms of, e.g., high-order
filtering response and larger bandwidth, particularly at the
low frequency bands like the X-band. However, at higher fre-
quencies, e.g., at the millimeter-wave (mmWave) range, these
design methodologies may not be as efficient. For example,
producing high-order FSS filters requires the use of a large
number of substrates, which will lead to significant dielectric
losses at mmWaves. Furthermore, the utilisation of 3D FSS
structures poses a considerable challenge in manufacturing
since the dimension of the FSS structures are considerably
reduced at the mmWave bands. As a result, most if not all
of these works [8], [9], have mainly found applications in the
X-band or below.

Lately, there has been a growing interest in exploring the
mmWave and the THz bands for various applications such
as 5G and beyond mmWave systems, connectivity, satellite
communication, and vehicular radar applications [10], [11].
To deal with the aforementioned issues it has been proposed
to design FSSs using the substrate integrated waveguide (SIW)
technology [12]–[14]. The primary benefits of employing the
SIW technology include improved loss performance in the
mmWave band as well as increased power handling capacity
[13], [14]. Furthermore, the use of the SIW cavity in the design
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of the FSS allows for a high filtering performance even with
single layer substrates [12]. However, dielectric losses in SIW
are inevitable, especially as the frequency increases. For that
reason, there has been an increasing interest in developing FSS
radomes utilising all-metallic layers without a substrate [15],
[16]. Nonetheless, owing to two primary factors, relatively
few works have presented the design of FSSs based on an
all-metallic solution. First, the mechanical considerations of
the entirely metallic FSS do not allow for non-connected
elements, as in substrate-based solutions, limiting its design
freedom. Although design flexibility has recently increased
with the emergence of 3D printing technology, its application
to completely metallic structures (while showing behavioral
agreement between designed and measured performance) is
still not competitive in terms of dimensional tolerance and
surface roughness [17]. Second, the miniaturisation of the
unit cell periodicity is challenging since the permittivity-driven
miniaturisation is not possible for all-metallic FSS structures.

Recently, the gap waveguide (GW) technology has shown to
be a promising low-loss and low-cost mmWave transmission
line and packaging technology. The physical principle of
the GW is based on the parallel-plate waveguide concept
[18]. While the GW cavity’s performance is equivalent to
that of a typical metallic waveguide, it can be realized at
a lower cost [18], [19]. Furthermore, the GW technology
enables the fabrication and operation of multilayer structures,
providing great freedom in the design of the FSS. To the best
of the authors’ knowledge, no FSS structure based on GW
technology has yet been suggested and investigated in the
published literature.

Therefore, in this paper, we propose to design a low loss
bandpass FSS radome for the mmWave band based on the
GW technology. To demonstrate the advantages of our pro-
posed GW-FSS solution, we present the design starting from
the conventional cross-dipole slot over two metallic screens
and the cross-dipole over the waveguide (WG) cavity and
later transformed into the FSS based on the GW technol-
ogy. Furthermore, a dual cavity GW-FSS is designed based
on the single GW-cavity FSS with considerations of both
manufacturability and filtering performance. After carefully
optimising all of the parameters of the proposed GW-FSS,
we integrated the FSS with the fixed beam array antenna
presented in [20] to further validate the proposed GW-FSS
as the filtering radome. We further investigate the impact of
the GW-FSS on the performance of the array antenna in both
pass and rejection band of the FSS. For this purpose, a 20×20
array prototype of the FSS is manufactured using two distinct
materials with corresponding manufacturing technologies to
lower manufacturing costs. Because of the advantages pro-
vided by the GW technology, these multilayer structures may
be efficiently cascaded without concern for their electrical
connection performance between one layer to another. Our
experiments showed an excellent agreement with the proposed
FSS.

The current concept is not only appropriate for mmWave ap-
plications, but it also opens up a new opportunity to investigate
the implementation of these all-metallic FSS based on the GW
technology for harsh environments such as military outdoor

platforms and space applications. Because these FSS are built
of metal, the power handling capabilities of the GW groove
cavity is equivalent to that of conventional WG technology,
which is typically used in these applications. Furthermore,
thanks to the GW technology, the FSS structure may be simply
built and produced into higher order FSS filters with multiple
layers of metallic plates, depending on the attenuation level
required by the applications. The GW-based bandpass FSS
is presented for the first time in this paper. The suggested
FSS has been designed as a promising candidate for bandpass
filtering radome for fixed-beam array antennas.

The reminder of this article is arranged as follows. Section
II outlines the progression of the design techniques used to
achieve the proposed GW-based FSS, as well as its integration
with the fixed beam array antenna. The experimental validation
of a manufactured prototype is presented in Section III. The
study also includes a comparison of the proposed work to the
previously published FSS design and a discussion of draw-
backs and benefits of the different techniques. Recommenda-
tions for future work are also given. Lastly the conclusions of
the proposed work are summarized in Section IV.

II. DESIGN CONCEPTS

An artist representation of the designed bandpass GW-
FSS integrated with array antenna is depicted in Fig 1. In
this section we will consider several different types of FSS
elements to demonstrate the benefits of GW-FSS design as
well as a progression in the design process. Fig 2 shows the
three considered designs, the fist one (a) is based on cross-
dipole with two metallic plate layers, the second (b) is the
metallic WG cavity-based FSS, and the third and main design
(c) is the GW-FSS. The cross-dipole slot was chosen because
it has been extensively studied in substrate-based FSS as a
polarization-insensitive structure. The equivalent circuit model
(ECM) of the cross-dipole and their operating principle is
readily found in [1]. Moreover, it can be readily milled or
etched on completely metallic plates without introducing the
mechanical issues in the fabrication of the FSS structure as
the uncut area of the unit cell is connecting to the next unit
cell. The performance of the three FSS-element concepts is
compared next based on simulated (−parameters.

Lsa

Wsa

Ha

(a)

Lsb

Wsb

Hcav

(b)

Top Plate 
Bottom 

Plate 

Lsc

Wsc
Hpa

(c)

Fig. 2: Configuration of the cross-dipole FSS elements. (a)
Conventional dual layer metal plate FSS, (b) Cross-dipole
based on metallic WG cavity, and (c) Single Layer GW-FSS.

A. Conventional all-metallic FSS and WG cavity-based FSS
The design of the completely metallic FSS based on the

metallic two-layer cross-dipole slot begins with the slot di-
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(a) (b)

Fig. 3: Simulated performance of the WG cavity. (a) Res-
onance frequency, 5A of the WG cavity with different FSS
unit cell periodicity, %�(( and (b) Unloaded Quality Factor,
&unloaded with different cavity height, �20E .

mensions, ,B0 and !B0, and the separation distance between
the two metal plates �0, which are indicated in Fig. 2(a) [15].
The resonance frequency of the slot where most of the incident
EM energy is coupled to the structure is proportional to the
overall slot length, which is approximately 0.5_ 5 , where _ 5
is the wavelength at the center frequency [1]. Thus, the unit
cell dimension is first set to 8 mm (≈ 0.8_ at 30 GHz, the
highest targeted operating frequency of the proposed FSS)
to ensure it is sufficiently large to accommodate the cross-
dipole slot operating at center frequency, 52 = 28 GHz, as
well as providing some room for tuning the width, ,B0 and
length, !B0 of the slots, without the need of concern of the
unwanted grating lobes. By optimising these parameters, a
good insertion loss (IL) and reflection coefficient performance
can be accomplished.

In the second design we’ve added the metallic cavity to
the dual layer metallic FSS screen as shown in Fig. 2(b).
The performance of the WG-cavity-based FSS is now affected
by both the slot and the WG-cavity dimension. When a
WG cavity is added to a dual layer metallic FSS screen,
the equivalent impedance of the FSS’s unit cell structure
changes. This changes in the impedance is the result of
the additional inductance effect in the ECM of the cross-
dipole FSS contributed by the cavity resonator [21]. Therefore,
results in an alteration in the FSS’s transmission and reflection
coefficients performance [12].

To design the WG cavity-based FSS, we must first con-
sider the WG cavity’s resonance frequency. The resonance
frequency of the WG cavity exciting )�<=; and )"<=;
modes is given by the well-known expression [21], 5A =

2/2c√`A nA
√
(<c/0)2 + (=c/1)2 + (;c/3)2, where 0, 1 and 3

are the lengths of the cavity in the G−, H−, and I−directions,
respectively. `A is the permeability, nA is the permittivity of the
materials filling the WG resonator and 2 is the light velocity
in vacuum. The dimensions 0 and 1 are dictated in our design
by the periodicity of the unit cell denoted by the parameter
%�(( , and 3 is the height of the WG cavity which is indicated
as �20E in Fig. 2(b). Considering the slot structure dimensions
and the need for a 5A in the desired operating frequency range
of around 28 GHz, the WG resonator is chosen to excite in
)"110 mode.

Fig. 3 illustrates the simulated resonant frequency and Q-
factor of the WG cavity. As can be seen from Fig. 3(a), the 5A

TABLE I: Dimensions of Conventional Dual Layer Metallic
FSS and WG cavity FSS (Refers to Fig. 2(a) and 2(b) )

Parameters Dimension [mm]
Conventional Dual Layer Metallic FSS

Width of the slot, ,B0 2
Length of the slot, !B0 6

Seperation between two metal plate, �0 3
WG Cavity FSS

Width of the slot, ,B1 1.4
Length of the slot, !B1 5.8

WG cavity height, �20E 3

Fig. 4: Simulated (−parameters of the conventional dual layer
metal plate FSS and WG cavity based FSS.

of the WG cavity depends on the cavity’s width and length,
which are denoted in our case by %�(( . As %�(( increases, the
resonance frequency of the WG cavity decreases. It’s worth
noting that in our simulation, the �20E has no discernible
effect on the 5A of the WG resonator, therefore we have
omitted it. On the other hand, �20E has a noticeable effect
on the quality factor &unloaded of the unloaded WG resonator.
The &unloaded parameter is a measure of a resonator’s losses,
the higher &unloaded the lesser the losses and vice-versa [21].
In addition, &unloaded of the WG resonator and its bandwidth
are inversely proportional �, ∝ 1/&unloaded. As can be seen
from Fig. 3(b), as �20E increases, &unloaded increases too. It
is critical to note that, the simulated 5 and &unloaded is for
the unloaded case. When the FSS slots are loaded, the 5A and
the &loaded values will change. 5A and &unloaded are metrics
that may enable us to simply optimise the FSS’s performance
based on their dependence on the design parameters such as
the dimensions of the FSS elements. The final dimension of
the dual layer metallic FSS and WG cavity FSS are tabulated
in Table. I.

Fig. 4 illustrates the simulated transmission and reflection
coefficient performance of the dual layer all-metallic FSS and
the FSS based on WG cavity. As can be seen from Fig. 4,
although a good bandwidth and low IL can be achieved
by the dual metallic layer FSS, the filtering performance is
just comparable to the conventional substrate-based FSS [1].
Clearly, the roll-off in the FSS’s rejection band is not as steep.
It is worth mentioning that the number of layers and the
distance between the FSS metal plates have a considerable
impact on its bandwidth and filtering performance. For exam-
ple, increasing the number of FSS layers may improve the
roll-off and bandwidth performance. However, the design of
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the dual/multi-layer metallic FSS screen is not the primary
objective of this study. However, in order to facilitate the
comparison, with the single WG cavity FSS, we limit the
number of metallic layers to two. The spacing between them
�0 will later be equal to the cavity height of the WG cavity-
based FSS �20E . Moreover, to ensure a fair comparison,
we optimised the final unit cell dimension of all three FSS
structures in Fig. 2 to the same dimension.

The FSS slot’s simulated (−parameter performance across
the WG resonator is shown in Fig. 4. As can be seen, the
WG cavity-based FSS provides two resonances rather than a
single resonance, in comparison to the conventional dual layer
metal plate FSS. This is due to an extra resonance frequency
contributed by the WG cavity. It is worth mentioning that
even if the WG cavity’s resonance exists the slot structure
is behaving as a bandstop structure, matching of the FSS unit
cell remains impossible. Thus, the bandwidth performance of
the all-metallic FSS screen can only be greatly enhanced by
modifying both the resonance produced by the slot structure
and the WG cavity. Although these WG cavity-based FSSs
offer superior performance, their manufacturing is very com-
plex and costly. Therefore, it is hardly ever employed in the
design of the FSS devices. This leads us to the next subsection
wherewe will detail our proposed GW cavity-based FSS.

B. Single Cavity Layer GW-FSS

As shown in [19], the performance of the groove GW cavity
is equivalent to the conventional WG cavity. Hence, the design
guidelines of the GW cavity FSS are similar to those in
the WG cavity FSS. The primary difference is that instead
of metallic walls surrounding the cavity, artificial magnetic
conductors (AMC) pins are used. The AMC pins are designed
in accordance with the design rules specified in [18]. The
dispersion diagram for the designed AMC pins is shown in
Fig. 5. As can be noted, the designed AMC exhibits the
appropriate bandstop behaviour from 25 − 70 GHz.

Fig. 5: Simulated dispersion diagram of the AMC pin for GW
cavity.

As the first step in designing the GW-FSS, AMC pins are
designed to replace the WG cavity wall. Afterwards, the final
dimensions of the GW-cavity are optimised when the FSS slot
are loaded using the CST unit cell simulation feature to obtain
the desired bandwdith and filtering characteristics. As can be
seen from Fig. 6, the performance of the GW cavity-based

Fig. 6: Comparison of the siimulated (−parameters perfor-
mance of the GW cavity FSS and WG cavity FSS.

FSS is comparable to that of the WG cavity-based FSS, where
two resonances coexist, resulting in the wideband performance
of this FSS structure. Moreover, the sharp roll-off over the
rejection band can also be observed in GW cavity based FSS.
In summary, the inclusion of metallic cavities (either WG or
GW) allows for an improvement in the bandwidth performance
as well as a sharper roll-off in the rejection band as compared
to the design of completely metallic FSS screen alone.

Top Plate 

Mid 

Plate 

Bottom 

Plate 

Lsd

Wsd

Hpb

(a)

Hpb

Tmp

Ttp

Hpb

(b)

(c)

Fig. 7: Dual layer GW cavity cross-dipole FSS elements
with (a) perspective view, (b) side view, and (c) Comparison
simulated (−parameter for single layer and dual layer GW
cavity FSS .

C. Dual Cavity Layer GW-FSS

Fig. 7 shows the proposed dual GW cavity FSS and the
comparison of the simulated (−parameters for single and dual-
layer GW cavity FSSs. Although the use of GW technology
allows for lower WG cavity fabrication costs, there are par-
ticular rules that must be followed to simplify the production
process and prevent substantial fabrication errors. One of the
most important rules is that the metal plate on which the AMC
pins are sitting must be sufficiently thick. This is to ensure that
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TABLE II: Dimensions of Single layer and Dual Layer GW
cavity FSS (Refers to Fig. 2(c) and 7).

Parameters Dimension [mm]
Single layer GW Cavity FSS

Width of the slot, ,B2 1.2
Length of the slot, !B2 6
AMC Pin Height, �?0 3

Dual Layer GW-FSS
Width of the slot, ,B3 0.8
Length of the slot, !B3 5.9

Height of the Mid Plate, )<? 3

the mechanical strength of the metallic plate will support the
manufacturing of the pins. However, if the metallic plate layer
is too thick, machining the slot layers will be problematic. One
option is to put AMC pins on both sides of the mid plate as
illustrated in Fig. 8(b). In this case, milling can be applied
on both sides of the surface. This approach also provides an
opportunity for the manufacturing of the dual layer cavity
FSS. The extra layer of the GW-cavity layer, like in standard
substrate-based FSSs, will enhance the filtering order of the
FSS, as they provide an additional inductance contribution
over the FSS structure. This in turn will result in a sharper roll-
off in the transmission coefficient [22]. As seen in Fig. 7(c),
the inclusion of the extra GW cavity results in a steeper roll-
off at both ends of the bandpass frequency (at 25 GHz and 30
GHz) which is consistent with the results reported in [22].

(a) (b)

Fig. 8: Simulated (−parameters at different angle of incidence
for (a) TE and (b) TM polarization of the dual GW-cavity FSS.

Now, in order to determine the effectiveness of the sug-
gested FSS as an antenna spatial filter, it is essential to analyse
the structure’s polarisation and angular stability performance.
The simulated (−parameters of the dual GW cavity layer
FSS at various angles of incidence for TE and TM polar-
isation are shown in Fig. 11. As can be seen from these
plots, the performance of the TE and TM polarisations are
indistinguishable as expected. Indeed, the suggested structure
is polarisation insensitive as a result of the cross-dipole slot
and the symmetrical design of the unit cell structure. On the
other hand, as the incidence angle is scanned away from
0◦, undesirable attenuation occurs at the upper end cut-off
frequency. These undesired attenuation effects become more
pronounced as the angle of incidence increases, resulting in
a decrease in the usable bandwidth of the proposed FSS
structure. The available bandwidth at 1 dB IL of the proposed
FSS decreases from 14.3 % (26 − 30 GHz) at broadside to

8.1 % (26 − 28.1 GHz) at 30◦. The FSS structure’s angular
instability is due to the huge unit cell dimension caused by the
0.5_ slot and the single waveguide cavity. This is a significant
limitation of the all-metallic FSS radome, since miniaturisation
resulted from the dielectric properties is unavailable as in the
case with the conventional PCB-based FSS.

D. GW-FSS as the Filtering Radome for Array Antenna

The majority of the previous analyses were conducted
utilising the CST software’s unit cell boundary condition. To
further evaluate the proposed GW-FSS as a filtering radome,
Fig. 1 illustrates the integration of a finite 20 × 20 array
of the FSS with the fixed beam wideband array antenna in
[20]. The FSS structure is excited by an ideal plane wave
in the simulation of the unit cell FSS. However, when the
FSS is cascading with the array antenna designed in [20],
the plane wave created by the array antenna in the near-
field is non-ideal. Therefore, the near-field coupling effect
between the array antenna and the FSS radome must be
considered. One common approach is to further optimise the
unit cell FSS in conjunction with the array antenna [23]. In
this case, adjusting both the antenna and the FSS dimensions
is particularly required. However, the design of the array
antenna is not the major focus of our study, while on the other
hand, we have demonstrated the functionality of our proposed
FSS’s as a filtering radome. Therefore, we do not performed
any joint optimisation approach in our work. This leaves us
with the option of finding the optimum distance between the
already existing array antenna and the FSS radome, which has
been computed using the open boundary condition in CST
Microwave Studio. This strategy is not the best way to deal
with this issue though. However, it might be used to reduce
the influence of non-ideal plane waves on the FSS. Fig. 9
shows the simulated (11 with different distance, ℎ6 (indicated
in Fig. 1) between the array antenna and the FSS radome.
As can be seen from Fig. 9, for ℎ6 ≥ 10 cm, the (11 of
the array antenna with FSS radome remains below −10 dB
from 26.5−29.8 GHz. The chosen distance between the array
antenna and the FSS radome is 13 cm.

Fig. 9: Simulated (11 with different distance between the fixed
beam array antenna (AA) designed in [20] and the dual GW-
cavity FSS radome.

The Fig. 10 shows a comparison of the (11 performance for
the fixed beam array antenna with and without the proposed
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Fig. 10: Comparison of the simulated (11 for fixed beam array
antenna (AA) designed in [20] with and without the dual GW-
cavity FSS radome.

dual GW-cavity FSS radome. As can be seen from Fig. 10, the
array antenna is well matched at less than −15 dB throughout
the 23 − 31 GHz frequency range. When the FSS radome is
integrated with the antenna (with ℎ6 = 13 cm), a significant
mismatch occurs across the FSS radome’s filtering band, i.e.,
≤ 26.2 GHz and ≥ 29.8 GHz. This suggests that the designed
FSS radome is acting as a filter, where most of the signals
from the array antenna are unable to pass through the proposed
FSS radome, and thus resulting in the array antenna mismatch.
Furthermore, as shown in Fig. 10, the (11 performance is
somewhat degraded from −15 dB to −12 dB in the passband
of the FSS radome due to the non-ideal plane wave from
array antenna as explained earlier. Therefore, if the FSS is
manufactured for a specific antenna, then additional benefits
may be realised with a joint optimisation approach.

(a) (b)

Fig. 11: Fabricated prototype of the dual layer GW-cavity FSS
with (a) front view and (b) explored view.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To validate the proposed GW-FSS, a prototype of an finite
array with 20 × 20 elements was manufactured as shown in
Fig. 11(b). The manufacturing of this FSS prototype incor-
porates two distinct fabrication methods and materials. The
fundamental rationale for employing two separate manufac-
turing methods is to reduce fabrication costs. For example,
the metallic chemical etching process used to manufacture the

top and bottom metal plates is identical to PCB fabrication
resulting in a cost-effective manufacturing solution. Although
the etching production approach is by far more cost efficient,
it cannot produce complicated 3D structures like the GW
cavity, which comprises slots and AMC pins. On the other
hand, the milling approach can achieve all three layers without
any problems, but it is more expensive owing to the lengthy
machining time. Therefore, the top and bottom metallic plates
are made from Brass, CuZn37, see Fig. 7. We retain the final
thickness of the top and bottom metallic plates at 0.3 mm
in the design to account for both manufacturability and me-
chanical strength of the materials. Since this metallic plate is
sufficiently thin (0.3 mm in our case), it may be manufactured
utilising the chemical etching process. The mid plate, on the
other hand, where the AMC pins and GW cavities are placed,
is made of aluminium. This mid-plate is manufactured using
a computer numerical control (CNC) milling process. Owing
to the benefits of the GW technologies, these three layers can
be cascaded together after the manufacturing process avoiding
the air gap concerns that plague the majority of multi-layer
FSS with cavity resonator designs. The manufactured FSS was
tested both with and without integration to the fixed beam
array antenna.

GW FSS 

Radome

Horn 

Antennas

VNA

Fig. 12: Experimental setup for the evaluation of the transmis-
sion coefficient.

A. Evaluation of the Filtering Performance of the GW-FSS

To quantify the filtering performance of the proposed GW-
FSS, a bi-static measurement setup was employed as shown
in Fig. 12. Two identical standard horn antennas with 19 dBi
gain were connected to a network analyzer in order to measure
the transmission coefficient. The GW-FSS prototype was po-
sitioned between these horn antennas. It is worth mentioning
that the minimum distance between the FSS prototype and
the horn antenna must be positioned across the horn antenna’s
far-field region. This minimum separation distance between
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the two horn antennas can be estimated from the Fraunhofer
distance 3 5 0A− 5 84;3 = 2�2/_ℎ , where � is the horn antenna’s
maximum dimension and _ℎ is the wavelength of the operating
frequency [21]. For our case, the horn antenna with aperture
size of 39.9 × 47 <<2, at 28 GHz, the far-field region of the
horn antenna is around 42.5 cm. In our experiment, the FSS is
placed at the center with two horn antenna seperated by 100
cm to ensure this far-field region is used.

The filtering performance characterization of the GW-FSS
is carried out in free space. The comparison of the simulated
and measured transmission coefficients of the proposed GW-
FSS for broadside (\ = 0◦) is shown in Fig. 13. As can
be seen, the manufactured FSS prototype has an IL ranging
from 0.2 to 0.6 dB, which is about 0.3 dB higher than
the simulation for both TE and TM polarization. This is
primarily owing to the fact that simulations of FSS filtering
performance were generally performed utilizing the unit cell
boundary conditions in the CST, which do not account for
IL due to edge effects for a finite array of the the FSS.
Furthermore, the entire observed transmission coefficient is
altered by around 0.2 GHz towards the higher frequencies
for both the TE and TM polarizations. This is primarily due
to the inevitable manufacturing imperfections. However, the
transmission coefficient of the manufactured prototype is in
good agreement with the simulated results. Furthermore, as
anticipated by the simulations, the manufactured FSS has a
sharp roll-off across the rejection band. For instance, at 26
GHz, the attenuation level is around 3 dB and is reduced to
nearly 15 dB at 25 GHz. A similar observation can be made
in the bandstop band at 31 GHz. Moreover, the measured
transmission coefficient, (21 at different angles of incidence
for the TE and TM polarizations is shown in Fig. 14. Similar
to simulation results, when the angle of incidence deviate from
\ = 0◦, an unwanted resonances is observed as a result of
large periodicity of the FSS structure. Therefore, this unwanted
resonance causes the reduction of the usable bandwidth of the
proposed FSS structure at non-broadside direction.

(a) (b)

Fig. 13: Comparison of the simulated and measured transmis-
sion coefficient, (21 at broadside (\ = 0◦) for (a) TE and (b)
TM-polarization.

B. Investigation of the Fabrication Imperfections

As noted above, the measured transmission coefficient for
the upper-end frequency is slightly altered by 0.2 GHz. To
ascertain the cause of these minor shifts, we investigated and

(a) (b)

Fig. 14: Measured transmission coefficient, (21 at different
angle of incidence for (a) TE and (b) TM-polarization, where
the black solid line is the simulated (21 at \ = 0◦ and the
dotted lines are measured (21.

TABLE III: Comparison of the simulated and fabricated di-
mensions of the proposed dual layer GW cavity FSS.(Refer to
Fig. 7).

Parameters Dimensions [mm]
Simulated Measured Measured

(Etching) (Milling)
,B3 0.8 0.859 0.835
!B3 5.9 5.868 5.865
)C ? 0.3 0.35 N/A
Overall Thickness 7.6 7.7 (includes airgaps)

analysed the dimensions of the manufactured FSS underneath
the microscope. It’s worth mentioning that, owing to the exper-
imental facility limitations, certain simulated variables, such
as the air gap and the AMC pin height, couldn’t be reliably
tested. Alternatively, we measured the overall thickness of the
manufactured FSS prototype (comprising all the three metallic
layers with the possible air gap between layers) using the
micrometer screw gauge.

The simulated and fabricated dimensions for the proposed
dual-layer GW-FSS are summarised in Table. III. We then used
these measured values to evaluate the transmission coefficient
performance of the FSS in CST. As can be seen in Fig. 15,
when these FSS manufacturing imperfections are taken into
account, the simulated transmission coefficient of the FSS
becomes significantly more consistent with the experimental
values. Some negligible deviations may still exist as a result
of measurement errors and the aforementioned limitations on
the inspection of fabrication inaccuracies.

C. Characterization of the GW-FSS as the Radome for a Fixed
Beam Array Antenna

One of the primary functions of the proposed bandpass FSS
is as a filtering radome for a fixed beam antenna. Therefore,
we integrated the GW-FSS radome with the array antenna de-
scribed in [20]. The filtering performance was experimentally
validated. The manufactured prototype of the proposed GW-
FSS integrated with the fixed beam array antenna is shown in
Fig. 16.

The comparison of the simulated and measured (11 of the
fixed beam array antenna with and without the FSS radome is
shown in Fig. 17. The findings demonstrate that when the array
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(a) (b)

Fig. 15: Comparison of the simulated and measured transmis-
sion coefficient of the FSS with taking into consideration of
the fabrication error for (a) TE and (b) TM polarization.

Fig. 16: Fabricated GW-FSS integrated with the fixed beam
array antenna.

antenna is without the FSS radome has excellent impedance
matching from 23 − 31 GHz at (11 ≤ −15 dB. When the FSS
radome is used with the array antenna, the overall matching
performance of the array antenna degrades, either in the FSS
passband (26.2−30.2 GHz) or in the rejection band ( 5 < 26.2
GHz and 5 > 30.2 GHz). The array antenna’s impedance
matching performance degradation in the pass and rejection
bands of the FSS can be accounted by two distinct factors.
First, although the impedance matching of the integrated array
antenna with the proposed FSS radome is not as excellent
as it would be without the radome, the measured (11 is less
than −10 dB over the pass band of the FSS radome. This
performance fulfills the minimum required matching level
for the array antenna to radiate adequately. Furthermore, as
mentioned above, the proposed GW-FSS was not purposely
developed for this particular array antenna. Thus, throughout
the design phase, joint matching optimisation of the FSS with
the antenna design as reported, e.g., in [23], was not performed
during our design stage. Therefore, some impedance matching
degradation in the passband was observed. In addition, as
mentioned above, the IL of the GW-FSS prototype is around
0.2 − 0.6 dB, the deteriorating of impedance mismatch over
the passband of the FSS radome should take these ILs into
account. Nevertheless, it can be observed that the measured
impedance mismatch over the bandpass is more significant
than in the simulation which can be explained as follows. First,

Fig. 17: Comparison of the simulated and measured (11 for
fixed beam array antenna (AA) designed in [20] with and
without the dual GW-cavity FSS radome.

based on the characterization of the FSS radome, we know that
the insertion loss of the FSS prototype is approximately 0.3
dB higher than expected. This increased ILs will contribute
to the mismatching of the measured reflection coefficient.
Furthermore, the distance between the AA and the suggested
FSS radome is fixed according to the simulation at 3 = 13 cm
because of the limitations of our measurement setup. However,
the optimal distance between the AA and the FSS may vary
in actual prototyping. Therefore, the FSS radome might be
mechanically re-moved and adjusted to find the optimum
distance between AA and FSS. Another possible factor is
the altering of the FSS radome’s operating frequency as a
result of fabrication errors. The impedance mismatching of
the array antenna, on the other hand, is substantially more
severe across the rejection band of the FSS radome. The array
antenna’s (11 has been increased from −15 dB to roughly > −4
dB. Unlike the above-mentioned matching degradation in the
FSS radome’s passband, this degradation of the (11 across the
rejection band is caused by the FSS radome reflecting back the
array antenna’s signals. Thus, most of the signals are unable
to pass through the FSS radome over the bandstop frequency
of the FSS.

To offer a better understanding of the above arguments,
the measured radiation patterns of the array antenna with
and without the deployment of our proposed FSS radome are
shown in Figs. 18 and 19 for the E- and H-planes, respectively.
We can see from the measured radiation patterns that there
is no substantial difference in the radiation pattern of the
array antenna with or without the FSS radome across the
pass band of the FSS radome. The GW-FSS is transparent
to the array antenna in the passband, hence its impact on
the array antenna radiation pattern is negligible. In contrast,
the radiation pattern of the array antenna is clearly reduced
in the rejection band of the GW-FSS, as can be seen from
the measured radiation patterns at 24 and 31 GHz. These
findings are therefore consistent with our prior explanation
of the results of the array antenna’s impedance mismatching
reasoning when comparing the performance with and without
the FSS radome. Moreover, the comparison of the simulated
and measured gain of the array antenna with and without the
GW-FSS radome is plotted in Fig. 20. The effects on antenna
gain performance with the suggested FSS radome on the array



THIS PAPER HAVE BEEN SUBMITTED TO IEEE TRANSACTIONS ON ANTENNA AND PROPAGATION FOR REVIEW 9

antenna are comparable to previous results. In the passband,
the effect on antenna gain performance is negligible. However,
the antenna gain drops dramatically in the rejection frequency,
with a gain decrease of about 10 dBi.

We can therefore conclude that the integration of the GW-
FSS may result in a degradation of overall impedance match-
ing performance since the FSS has not been optimised in
conjunction with the array antenna. However, degradation in
the passband has no effect the on antenna performance as long
as the impedance matching level remains below −10 dB. In
contrast, a substantial mismatch on the array antenna occurred
in the rejection band, and the array antenna performance
is severely decreased in this region since the GW-FSS is
preventing the signals from travelling through.

(a) (b)

(c) (d)

Fig. 18: Comparison of the measured E-plane radiation for the
fixed beam array antenna (AA) with and without the proposed
GW-FSS radome for (a) 24 GHz, (b) 27 GHz, (c) 28 GHz and
(d) 31 GHz, where �0/�<0G,0AA0H is the normalized antenna
gain in dBi, �<0G,0AA0H is the maximum gain of the AA
without radome and \ is the polar angle in degrees.

D. Discussion

Table. IV compares numerous bandpass FSS based on
different design methodologies. Emphasis should be put on the
mmWave band. The IL for the PCB-based FSS is significant
in the mmWave band, where the IL is higher than 3 dB at
broadside when two layer of substrates are utilized in the
design [3], [7]. Moreover, the IL increases with frequency.
However, in terms of compactness, these PCB-based solutions
have a substantial advantage. Filtering performance with good
angular stability also may be achieved by designing the
substrate-based FSS adequately [3]. Moreover, as discussed
above, designing an FSS as a 3D structure is an alternate tech-
nique to designing an FSS with superior filtering performance
[8]. However, because of the manufacturing complexity, the
reported works are limited to low frequency bands. Therefore,
despite the advances in 3D printing technology, which could

(a) (b)

(c) (d)

Fig. 19: Comparison of the measured H-plane radiation for the
fixed beam array antenna (AA) with and without the proposed
GW-FSS radome for (a) 24 GHz, (b) 27 GHz, (c) 28 GHz and
(d) 31 GHz, where �0/�<0G,0AA0H is the normalized antenna
gain in dBi, �<0G,0AA0H is the maximum gain of the AA
without radome and \ is the polar angle in degrees.

Fig. 20: Comparison of the simulated and measured gain, �0
for fixed beam array antenna (AA) designed in [20] with and
without the dual GW-cavity FSS radome.

resolve the manufacturing challenge, this form of 3D FSS
is still mainly employed for low frequency applications [9].
Utilizing the SIW technology to design the FSS with superior
filtering performance for high frequency is a better alternative.
Indeed, the SIW cavity enables to obtain a sharp roll-off even
with a single layer PCB, reducing the total dielectric losses
[13]. The dielectric losses, however, remain unavoidable as
the frequency increases. As shown in Table. IV, the IL of the
SIW technology is about 0.35 dB at X-band [14] and increases
dramatically to 2.5 dB in mmWave band [13]. It is crucial to
note that all the compared works have a rapid roll-off across
the rejection band, therefore it is not necessary to compare
their band-rejection performance in the table.

On the other hand, there is a lot of interest in designing
mmWave band FSS using all-metallic designs. It is worth
noting that the key goal of several of these all-metallic FSS
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TABLE IV: Performance comparison of existing FSS radome for mmWave applications. 5 is the operating frequency and IL
is the insertion loss.

Ref. 5 [GHz] Unit Cell IL at Angular Design Fabrication All-Metallic
Periodicity broadside (dB) Stability Methodology Technology

[3] 24.72 − 30.24 0.62_ℎ 3.23 up to 40◦ Multi-layer PCB PCB No
[7] 33 − 35 0.63_ℎ 3 − 3.5 up to 15◦ Multi-layer PCB PCB No
[8] 3.1 − 3.7 0.1_ℎ ≤ 0.5 up to 45◦ 3D FSS PCB No
[9] 3.24 − 5.52 0.55_ℎ 1.2 − 4.4 up to 45◦ 3D FSS 3D Printing No
[13] 29.5 − 30.5 0.73_ℎ 2.5 up to 30◦ SIW PCB No
[14] 9.5 − 10 0.27_ℎ 0.35 up to 60◦ SIW PCB No
[15] 27 − 30 0.96_ℎ ≤ 0.7 Not Reported Metal Plate only Milling (Water cutting) Yes
[16] 14.6 − 15.6 ≤ 0.5_ℎ ≥ 3.2 up to 20◦ waveguide 3D printing Yes
[24] 19 − 29 0.52_ℎ 1.2 up to 30◦ TEM waveguide 3D printing Yes
This 26.2 − 30.2 0.76_ℎ 0.6 up to 20◦ GW Milling Yes

Work with loss of 1 GHz BW and Etching

is to design a polarisation converter or polarizer. Nonetheless,
there has been little work presented [15], [16], [24] of all-
metallic FSS, which results we have taken into account. More-
over, since the filtering response is not their primary design
focus, most of these designs are not optimised for rapid roll-off
performance across the bandstop frequencies. Due to the fact
that these circular polarizers are typically designed as bandpass
FSS, the IL loss and angular stability performance are critical
for these operations. As a result, the IL and angular stability
performance are adequate for our comparison. Compared to
the substrate-based FSS, these all-metallic FSS give higher
IL performance as expected. Hence, for all-metallic FSS, the
unfavourable dielectric loss has been eliminated. Although all-
metallic FSS may provide better loss performance, the unit
cell dimensions are often larger than in substrate-based FSS
because a permittivity-driven miniaturisation is not achievable
with the all-metallic FSS solution. As a result, the angular
stability performance of the all-metallic FSS is inferior to that
of the substrate-based FSS. These unit cell dimension issues
of the all-metallic FSS become less pronounced when the FSS
is manufactured via 3D printing because of the higher design
flexibility. In terms of milling and etching, the only viable
structure is the slot structure, which considerably limits the
design flexibility.

Furthermore, the IL performance of all-metallic FSS highly
depends on the manufacturing technique. As shown in Ta-
ble. IV, the prototype created utilising the milling technique
outperforms 3D printing in terms of IL performance owing
to better control over the surface roughness of the metallic
layer in the fabrication. The fundamental issues with the
3D printing technology, as rigorously examined in [17], are
the dimensional tolerance and the surface roughness. This
is clearly demonstrated in [16] and [24], where the IL in
the simulation for both of these FSS is less than 0.5 dB,
whereas the observed IL for the manufactured FSS is 3.2
dB and 1.2 dB, respectively. Despite the fact that the study
presented in [24] shows a considerable improvement in the 3D
printed FSS, its IL performance remains can’t be compared to
the conventional milling technology. Furthermore, it is worth
highlighting that when these FSS prototypes are manufactured
utilising 3D printing, the IL performance of the substrate-based
3D FSS is still worse than the all-metallic FSS.

Compared to the fully metallic bandpass FSS radome in

[15], our proposed GW-FSS offers a number of advantages.
First, the use of GW technology in the construction of the
bandpass FSS radome, which enables to share the inherent
advantages of waveguides, similarly to the SIW-based FSS
structures [12], such as its high power handling capacity,
higher Q-factors, and improved filtering selectivity [19], which
is not being offered by most of the fully metallic FSS struc-
tures presented today [15], [24]. For instance, as compared to
[15] our proposed GW-FSS offered a better filtering selectivity.
The transition band (from 3 dB IL to 10 dB IL) of the FSS
radome presented in [15] is approximately 1.8 GHz, whereas
the transition band of our proposed GW-FSS is only less than
1 GHz. Hence the use of GW technology in designing the
FSS offers an improved filtering selectivity of the bandpass
response.

In summary, to broaden the applications of all-metallic FSS,
future research should concentrate on improving the perfor-
mance of the all-metallic structure for greater oblique angles
of incidence by miniaturising the unit cell size. Moreover, this
task should be completed by taking into account the impact of
manufacturing on IL performance. Finally, the design of the
integrated all-metallic FSS and and an array antenna shall be
carried out jointly.

IV. CONCLUSION

We have proposed a frequency selective surface (FSS) based
on a fully metallic gap waveguide (GW) as a filtering radome
for a mmWave fixed beam array antenna. For the first time, the
FSS radome has been designed using the GW technology. Due
to the use of the all-metallic GW technology, the proposed FSS
exhibit excellent filtering performance with minimal insertion
loss (IL) in the passband and a rapid roll-off throughout the
rejection band. The low IL is primarily due to the absence
of a substrate in the design, while the fast roll-off is a
result of the GW cavity’s contribution. Additionally, when the
proposed FSS radome is combined with a wideband, high gain
fixed beam array antenna, the radome’s filtering characteristics
remain intact. Within the passband of the proposed FSS, the
array antenna’s radiation pattern and antenna gain performance
are equivalent to those obtained without the FSS radome.
On the other hand, in the FSS’s rejection band, the array
antenna’s radiation pattern and antenna gain performance
degrade significantly. For oblique angles of incidence, as the



THIS PAPER HAVE BEEN SUBMITTED TO IEEE TRANSACTIONS ON ANTENNA AND PROPAGATION FOR REVIEW 11

angle of incidence increases, an undesired resonance appears
at the operational frequency’s upper end, resulting in the FSS’s
usable bandwidth reduction by roughly 1 GHz. This is mostly
due to the large unit cell size of the proposed FSS, which
makes it sensitive to changes in the angle of incidence.

Although the current work demonstrates that this GW-
FSS mainly performs well for broadside direction, the low
IL, sharp roll-off performance, low manufacturing cost and
mechanically robustness makes it attractive for a variety of ap-
plications. For example, of particular interest are the mmWave
and THz bands, as well as applications in harsh environments
such as military and satellite communications. Nevertheless,
additional efforts will need to be made in future designs to
take full advantage of the proposed novel approach to design
all-metallic FSS structures. For instance, further research could
look into the miniaturization of the unit cell dimensions in
order to improve angular stability over a large bandwidths.
The miniaturisation of the proposed GW-FSS must take into
account two factors: the miniaturisation of the metallic slot and
the miniaturisation of the GW-cavity. Moreover, more research
must be undertaken to determine the strategy for broadening
the bandwidth performance of the GW-FSS as well as further
improving the filtering response of the suggested GW-FSS
over broadside and oblique angles. Additionally, in order to
broaden the applicability of these all-metallic GW-FSS, we
should also investigate if they may be designated as circular
polarisers.
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