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Abstract—This paper presents a bandpass frequency selective
surface (FSS) radome based on an all-metallic gap-waveguide
(GW) operating at broadside (θ = 0◦) for the mmWave band.
The proposed GW-based FSS uses conventional cross-dipole slots
and a dual-GW cavity over three distinct metallic layers. The top
and bottom layers consist of cross-dipole slots, whereas the middle
layer consists of a dual GW-cavity and cross-dipole slots layer.
The proposed GW-based FSS provides a stable broad bandpass,
from 26−30 GHz, in the broadside direction for both transverse
electric (TE) and transverse magnetic (TM) polarisations. A
prototype of the designed 20×20 GW-based FSS finite array was
manufactured and measured with an insertion loss of 0.6 dB. A
good agreement between simulations and measurements is shown
in broadside directions. The proposed GW-based FSS offers an
excellent low-insertion-loss and cost-effective solution to fully
metallic bandpass FSS radomes.

Index Terms—Frequency selective surface, gap waveguide,
metamaterial, millimeter wave, radome

I. INTRODUCTION

Frequency selective surfaces (FSSs) are a type of periodic
array structures commonly employed as spatial filters [1], [2],
polarisation converters [3], and reflect/transmit array antennas
[4], [5]. Traditionally, these FSSs are constructed with metallic
layers on substrates. Often, these substrate-based FSSs expe-
rience challenges to meet the required filtering and selectivity
(sharp roll-off) features. Realizing these FSSs by multilayer
structures facilitating higher-order filtering features is one of
the most often utilised methods for enhancing the response
characteristics of filtering [2]. Nevertheless, as the frequency
goes up (e.g. towards the millimeter-Wave (mmWave) and
THz bands), the multilayer structure increasingly contributes
to a higher insertion loss due to the presence of dielectric
substrates. The losses become especially significant for band-
pass FSS radomes because they reduce the antenna gain when
cascaded on top of antennas.

To address the aforementioned challenges, the substrate-
integrated waveguide (SIW) transmission technology has been
used to construct FSS structures [6], [7]. Incorporating SIWs
into the design of the FSS has reduced losses and improved
filtering response [6], [8]. However, dielectric losses are still
present, particularly as the frequency increases. Hence, there
is a growing interest in producing FSS radomes that use
all-metallic layers and completely avoid dielectric substrates

[9], [10]. However, two limitations must be overcome in
order to successfully realise an all-metallic FSS. First, the
all-metallic FSS does not permit unconnected parts because
of mechanical constraints, opposite to substrate-based FSS,
hence limiting their design flexibility. Although the advent
of 3D printing technology has substantially increased design
flexibility, the performance of 3D-printed all-metallic FSS is
not yet competitive in terms of dimensional tolerance and
surface roughness [10], [11]. Second, the miniaturisation of
the unit cell periodicity is challenging because permittivity-
driven miniaturisation is clearly impossible for all-metallic
FSS structures.

The gap waveguide (GW) technology has recently proven
to be a promising, low-loss, and cost-effective method for
developing and packaging mmWave components. The GW
operates on the basis of the parallel-plate waveguide principle.
The GW technology intrinsically facilitates the construction
and operation of the multilayer structures, allowing for a
considerable increase in the design flexibility of FSSs.

In this paper, we present a GW-based design of a low-loss
bandpass FSS radome for the mmWave band. It is realised by
combining a cross-dipole slot and GW-cavity. The proposed
structure can be built into three distinct layers that can be
manufactured independently. These three distinct layers can
then be stacked together later, and without the worry of air gap
concerns, due to the benefits provided by the GW technology.
Measurement results have shown that the proposed GW-based
FSS has an operating bandwidth of around 14.2% from 26.2−
30.2 GHz with an IL ≤ 0.6 dB over the broadside direction,
i.e., θ = 0◦.

The proposed FSS is not only suitable for mmWave appli-
cations, but it also provides a unique opportunity to investi-
gate the deployment of all-metallic GW-based FSS in hostile
environments, such as outdoor defense platforms and space
applications. Indeed, with features of the proposed FSS such
as all-metallic and a structure with power handling capacity
similar to that of conventional waveguide technology (required
for the above applications), the proposed FSS may satisfy their
performance specifications. The proposed GW-based FSS is
therefore a viable and attractive candidate as a low-loss and
cost-effective bandpass filtering radome.
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Fig. 1: Artist representation of the proposed GW-based FSS
(a) Perspective view and (b) side view, where Wsa = 0.8mm,
Lsa = 5.9mm, Ttp = 0.3mm, Tmp = 3mm and Hpa = 3.

II. DESIGN OF THE GW-BASED FSS

Fig. 1 shows the unit cell design of the proposed GW-based
FSS structures. The suggested GW-based FSS is realised using
three metallic layers. The top and bottom plates consist only of
cross-dipole slots, while the middle plate contains both GW-
cavity and cross-dipole slots. The proposed unit cell of GW-
based FSS is modelled using the Computer Simulation Tech-
nology (CST) Microwave Studio with unit cell periodic bound-
ary conditions. Fig. 2 illustrates the simulated S−parameters at
broadside (θ = 0◦) for TE and TM polarisations. As expected,
the performances of the TE and TM polarisations are identical
according to the simulations. In fact, the proposed structure is
insensitive to polarisation due to the cross-dipole slot and the
symmetrical design of the unit cell structure. It is worth noting
that, the detailed design procedure of the proposed GW-FSS
is presented in [12].

III. RESULTS AND DISCUSSION

To validate the proposed GW-based FSS concept, a proto-
type of a 20× 20 elements finite array was manufactured, as
shown in Fig. 3. Due to the advantages of GW technologies,
these three layers can be manufactured as separately and
cascaded together post-manufacturing without any air gap
issues that affect the majority of multi-layer FSS with cavity
resonator designs.

In order to quantify the filtering performance of the pro-
posed GW-based FSS, a bi-static measurement setup was
used. In order to measure the transmission coefficient of the
proposed FSS, two identical standard horn antennas with a 19
dBi gain were connected to the network analyzer (VNA) as
shown in Fig. 4.

Fig. 5 shows the comparison of the simulated and measured
transmission coefficient, S21 of the proposed GW-based FSS
at broadside direction (θ = 0◦) for the TE and the TM-
polarisations. As expected, the performance for both TE and
TM polarization are identical as the polarization insensitive
features offered by the cross-dipole slots in the desing. On
the other hands,as can be seen from Fig. 5, the manufactured
FSS prototype has an insertion loss (IL) in the range from
0.2 − 0.6 dB, which is approximately 0.3 dB larger than
the corresponding simulation. This small deviation can be
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Fig. 2: Simulated S− parameters at broadside (θ = 0◦ for (a)
TE and (b) TM-polarisation.

Fig. 3: The manufactured prototype of the proposed GW-based
FSS.



TABLE I: Performance comparison of existing FSS radome for mmWave applications. f is the operating frequency and IL is
the insertion loss.

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

[2] 24.72− 30.24 0.62λh 3.23 Multi-layer PCB PCB No
[7] 29.5− 30.5 0.73λh 2.5 SIW PCB No
[8] 9.5− 10 0.27λh 0.35 SIW PCB No
[9] 27− 30 0.96λh ≤ 0.7 Metal Plate only Milling (Water cutting) Yes
[10] 14.6− 15.6 ≤ 0.5λh ≥ 3.2 waveguide 3D printing Yes
[11] 19− 29 0.52λh 1.2 TEM waveguide 3D printing Yes
This 26.2− 30.2 0.76λh 0.6 GW Milling Yes

Work and Etching

Fig. 4: Schematic diagram of bi-static measurement setup for
characterising the GW-based FSS radome.
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Fig. 5: Comparison of the simulated and measured transmis-
sion coefficient, S21 at broadside (θ = 0◦ for (a) TE and (b)
TM-polarisation.

explained as follows. In the simulation of the proposed GW-
based FSS, a periodic unit cell boundary condition is used.
This unit cell periodic boundary condition does not account
for the edge-effects of the finite FSS, which are present in
the manufactured finite-dimension GW-based FSS prototypes.
In addition, the total transmission coefficient is altered by ap-
proximately 0.2 dB at higher frequencies for both TE and TM
polarizations. This is primarily due to inevitable manufacturing
errors. Nonetheless, the simulated and measured transmission
coefficients of the proposed GW-based FSS are consistent with
one another.

Table. I compares several bandpass FSS based on differ-
ent design and fabrication techniques. The multi-layer PCB-
based FSS exhibits the worst insertion loss (IL) performance
at the mmWave band with IL ≥ 3 dB in the broadside
direction [2]. When the SIW technology is used to design
the FSS, the IL performance is considerably improved [7], [8].
Nonetheless, the loss contributed by the dielectric loss remains
significant, especially at mmWave bands [7]. In contrast, fully
metallic-based FSS have demonstrated a remarkably better
loss performance than PCB-based FSS [9], [11]. Indeed, an
all-metallic FSS may offer superior loss performance, but
its unit cell dimensions are often larger compared to the
dimensions of substrate-based FSS since a permittivity-driven
miniaturisation is not possible for the former. In addition, the
fabrication technology has a significant impact on the loss
performance of all-metallic FSS. For example, the 3D-printed
all-metallic FSS are usually much compact thanks to their
inherent design flexibility, but usually show higher IL [10],
[11] as compared to FSS produced with milling technology
[9]. This is because the milling process have a better control
over the surface roughness as compared to the 3D-printing
technology. On the other hand, our proposed GW-based FSS
has demonstrated a comparable IL performance to the FSS
manufactured utising the milling technology. Nevertheless,
thanks to the GW technology, our suggested GW FSS offers
various advantages as compared to, e.g., [9]. Main advantages
are higher power handling capabilities, higher Q-factors and
improved filtering response which can be difficult to obtain
otherwise. For example, the transition band (measured at 3−10
dB IL) of the FSS radome presented in [9] is approximately
1.8 GHz, whereas the transition band of our proposed GW
FSS is less than 1 GHz.



IV. CONCLUSION

We present a bandpass filtering radome utilising a fre-
quency selective surface (FSS) based on a fully metallic gap-
waveguide (GW) design. By employing an all-metallic GW
design solution, our proposed FSS exhibits a superior filtering
response with minimal insertion loss (IL≤ 0.6 dB) in the
passband (26− 30 dB) and a sharp roll-off (1 dB) throughout
the rejection band. Our proposed GW-based FSS has been
proven to be an outstanding choice for developing an all-
metallic bandpass radome with low IL and steep roll-off at
the bandstop frequency operating at mmWave. Future efforts
will concentrate on miniaturising the proposed GW-based FSS
so that the GW-based FSS can operate adequately well for
oblique angles.
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