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Abstract—Frequency selective surface is a key component in applications such as communication
antenna and remote sensing radiometer. One of the core parameters is selectivity, which is usually
realized using a multi-layer structure or through a complicated 3D structure. These methods, however,
would impose much challenge on alignment or fabrication. This paper proposes a single-substrate
and combined-united array to realize a high selectivity frequency selective surface. The unit cell is a
combined pattern of cross dipole and square loop to generate double transmission zeroes out of the
passband. Both sides of the substrate are printed with the same pattern to enhance the selectivity.
Such a structure enables easy fabrication and assembly by avoiding using multi-substrates. A prototype
in the Ku-band demonstrates that both sides of the passband show high selectivity.

1. INTRODUCTION

Frequency selective surface (FSS) is a type of signal conditioning component acting as a spatial filter
and has seen a wide range of applications such as communication antenna [1], frequency separation
in a quasi-optical system [2], and dual-frequency output in a high-power gyrotron system [3]. To
accommodate different applications, the specifications of an FSS varies accordingly. In a remote sensing
radiometer, high selectivity is required to separate two adjacent bands. A typical case is the need of
separation of 89 GHz and 118 GHz [4], where the transition region is very narrow.

A high-selectivity FSS normally has very narrow transition region between passband and rejection
band. Many techniques have been developed to design high-selectivity FSS, such as multi-layer
structure [5, 6], multi-element structure [7, 8], antenna-filter-antenna (AFA) structure [9, 10], substrate
integrated waveguide (SIW) structure [11, 12], and 3D structure [13, 14]. Also, FSSs can be made of
all-dielectric materials [15], printed surfaces [16], and all metal structures [17]. Multi-layer structure is
the most commonly used technique for high-selectivity FSS design. Though cascading identical layers
gives one good edge roll off, fabrication and alignment difficulties are its by-products. A multi-element
structure is usually used to create multi-band operation, which may not be always necessary. AFA
structure is a three-layer structure with the top and bottom layers patterned with antenna array and
the middle layer with coupling slots. Such a structure creates transmission zeros at the edge of the
passband so that a quasi-elliptical response can be realized. Unfortunately, the top and bottom layers
have to be printed on two different substrates, and the middle layer has to be sandwiched into the two
substrates with very low tolerance of air gap. This difficulty has already been manifested in [18]. SIW
technique has been rapidly developed in recent years. Many good properties have been observed. When
it is used as high-selectivity FSS, up to six layers may be used, making the components too thick to
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use in real applications. 3D structure has the advantage of generating more transmission poles and
zeros, making its tunability even better than a planar 2D structure. The complexity in a 3D structure,
however, may impose much more challenge on fabrication when it goes to very high frequency. Recently,
artificial intelligence-based approaches, such as Ant Colony [19] and Neural Networks [20, 21], have been
used to design FSSs as well as other electromagnetics components. These methods may also be helpful
for design of high-selectivity FSS.

To maintain good selectivity while not introducing too much fabrication difficulty, the capacity
of 2D structure is still worth of investigation. In [22], a combined unit cell has been investigated to
create elliptical response so that high-selectivity can be achieved. Combining two different patterns
to a unit cell gives one more freedom to control the positions of transmission poles and zeros. This
structure, unfortunately, is again a multi-substrate structure separated by air gap. Such a structure is
not suitable for radiometers deployed on an airborne platform. To enhance mechanical stability, the two
layers have to be printed on a single substrate. Actually, due to their low cost and ease of fabrication,
single-substrates can also be used as partially reflecting surfaces with aperture antenna to drastically
improve their radiation patterns and antennas performance [23], or used for reconfiguring antennas [24].

This work presents a class of FSS using a single substrate and combined unit cell to realize double-
side high-selectivity response. Single substrate provides one with easy fabrication and installation to
a real system, without compromising the performance significantly. This is one novelty of this design.
In addition, single substrate avoids a too thick design. Combined unit cell is capable of creating high-
selectivity response, which is the second novelty of this work.

The remaining of this paper is organized as follows. Section 2 describes the design procedures.
Section 3 is devoted to fabrication and measurement. Section 4 concludes this work.

2. DESIGN AND OPTIMIZATION

Cross dipole and square loop unit cells are usually used in the design of an FSS. To increase bandwidth
and selectivity, a multi-layer structure may be used, as shown in Figures 1(a) and (b). However, such
a structure limits selectivity because the transmission zeros are too far from the transmission poles. In
this connection, a combined design has been proposed as shown in Figure 1(c). Such a design consists
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Figure 1. Development of single-substrate FSS of high selectivity. (a) Cross type of two substrates;
(b) loop type of two substrates; (c) combined type with cross dipole and loop unit cell; (d) from two
substrates to single substrate.
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of a cross dipole and a square loop. Improved bandwidth and selectivity can be obviously observed [22].
However, this improvement is yet satisfactory. Since two substrates are used, the assembly of

such an FSS to a real quasi-optical system requires a spacer between the two substrates. In many
applications, the FSS is used in a high-vibration environment. Therefore, a single layer substrate is
superior to the design of Figure 1(c). In light of this, the design of Figure 1(d) is proposed. The
proposed design has only one substrate, and both sides are printed with the combined pattern, forming
an array-substrate-array structure.

To reveal the evolution of the design, four cases are simulated as shown in Figure 2. The first case
is a two-layer cross dipole patterned on a single substrate, see Figure 2(a). The unit cell is half the
length of the final design. An LTCC substrate is used. The dielectric constant is 3.9. It is seen that a
transmission pole takes place at 14.09 GHz, and a transmission zero is observed at 12.93 GHz. However,
there is no transmission pole on the high frequency side. For the second case shown in Figure 2(b), the
transmission pole is located at 15.17 GHz, and the transmission zero is 16.63 GHz. Unfortunately, the
bandwidth is not sufficiently good. For the cases of Figure 2(c) and Figure 2(d), the unit cell is the same
as the final design. It is seen that, both cases see slight shift of transmission poles and zeros. However,
the frequency shift does not change the response curve significantly. It can be concluded that by only
using a cross dipole or square loop, the selectivity will not be enhanced noticeably, or the bandwidth is
not good enough.
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Figure 2. Simulation results of (a) two-layer single-substrate cross dipole of half-length unit cell; (b)
two-layer single-substrate square loop of half-length unit cell; (a) two-layer single-substrate cross dipole
of full-length unit cell; (b) two-layer single-substrate square loop of full-length unit cell.

Combine the cross dipole and square loop to form a new unit cell. Through careful optimization, a
satisfactory design is obtained. The optimized parameters are tabulated in Table 1, and the simulation
results are plotted in Figure 3. It is clearly shown that the transmission poles are located at 14.26 GHz
and 15.10 GHz. The former is due to the cross dipole, and the latter is produced by the square loop.
The first transmission zero takes place at 13.75 GHz, which is from the cross dipole. The transmission
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Table 1. Parameters for Figure 1 and Figure 2, unit is mm.

Parameters Value
p 9.3 mm
w1 7.6 mm
w2 1.9 mm
w3 5.3 mm
w4 4.5 mm
d 1.5 mm
s 1.5 mm
εr 3.9
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Figure 3. Simulation results of two-layer single-substrate combined structure of cross dipole and square
loop.

zero at 15.58 GHz is from the square loop. Compared to the results of Figure 2(c) and Figure 2(d), it
is noted that combination of the cross dipole and square loop does not affect the transmission pole too
much. However, the transmission zero around 16 GHz is redshifted to 15.58 GHz. In addition, a new
transmission zero emerges at 13.16 GHz. However, these changes give one a better design, generating
much higher selectivity as well as providing better bandwidth. Such an observation gives a design
guideline that one needs to choose the transmission poles properly so that a combined unit cell would
lead to a satisfactory design.

In addition, it can be deduced that the −3 dB bandwidth is 1.27 GHz (14.0–15.27 GHz), and the
−20 dB bandwidth is 1.69 GHz (13.81–15.50 GHz). Therefore, the rectangular coefficient of the passband
is BW3 dB/BW20 dB = 0.752.

To shed some light on the design, the equivalent circuit model is shown in Figure 4. The cross
dipole can be modelled using a parallel circuit [25], and the square loop can be represented using a
series resonator [26] in conjunction with a shunt inductor. A slot can be modelled as a capacitor, and
the metallic strip can be modelled as an inductor. Patch can also be modelled as an inductor. In this
regard, the slot array is equivalent to a parallel circuit, and the square loop is equivalent to a series
resonator in shunt with a parallel inductor L′. The combined unit cell can be modelled using the shut
circuit of each equivalent model. The substrate can be represented using a transmission line, with the
admittance of Yd and electrical length of θd. These factors all together create the response results shown
in Figure 4. However as it is mentioned, to arrive at a proper design, the transmission poles are most
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Figure 4. Equivalent circuits for (a) cross dipole, (b) square loop, and (c) the combined unit cell.

important. They have to be close to each other to form a passband. And the transmission pole of
square loop has to be higher than that of the cross dipole so that both sides of the passband have high
selectivity.

3. FABRICATION AND MEASUREMENT

The substrate is LTCC produced by NEC Corporation. The provided dielectric constant is 3.9. A
free-space measurement gives 3.88 × (1 − j0.003) in the range of 12–18 GHz [27], which is very close to
the provided value. The fabricated FSS is shown in Figure 5(a), and the dimension of the FSS is 12 cm
by 12 cm.
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Figure 5. Fabricated FSS and measurement. (a) Photography; (b) measurement setup.

The measurement is conducted using a spot-focusing antenna system. A lens is mounted on the
aperture of the transmitting/receiving antenna, creating a focused spot at the location of the FSS. The
diameter of the spot is smaller than the width of the fabricated FSS. The transmitting and receiving
antennas are connected to a vector network analyzer (Ceyear AV3276D). The VNA is calibrated using
the traditional SLOT method. An open through of air is then measured, serving as the background
measurement. Time gating technique is applied so as to remove residual multi-reflection. Lastly, the
FSS is placed on a sample holder for measurement.

The measured results are plotted in Figure 6 in comparison with the simulated ones. It is clearly
demonstrated that the measured results are overall in good agreement with the simulated ones. The
in-band insertion loss is around 0.8 dB, slightly higher than the simulated 0.6 dB. The simulated curves
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Figure 6. Comparison of simulation and measurement.

Table 2. A comparison of the bandpass FSS using different number of substrate layer.

Reference Number of layers Selectivity
[5] 8 0.6
[6] 3 0.5
[9] 2 < 0.6
[10] 4 0.5
[13] 2 < 0.5
[14] 2 < 0.5
[28] 2 < 0.25

This work 1 0.752

exhibit very obvious transmission zeros. In comparison, the measured results do not show very sharp
nulls. This is probably due to the cutting effect of the time gating technique or the residual noise.

A comparison of this work with other multi-layer structures is presented in Table 2. It is seen
that with the increase of layer number, the selectivity does see improvement. However, this work
demonstrates better selectivity (BW3 dB/BW20 dB = 0.752). Such a result clearly show that this design
is effective to enhance the selectivity. This improvement may be attributed to the use of combined unit
cells.

However, this structure also has its limitation. The most obvious limitation is the bandwidth. To
form a bandpass FSS using this structure, the transmission pole of each unit cell has to be close to each
other. This requirement makes the passband not so easily tunable. It is more suitable for narrowband
applications.

4. CONCLUSION

A double-side high selectivity frequency selective surface has been designed, fabricated, and measured.
This design uses a combined unit cell of cross dipole and square loop. These unit cells are printed on
both sides of an LTCC substrate. Such a design forms a dual-layer structure. The combination creates
multiple transmission zeros and poles. In comparison to the cross-dipole array, a better selectivity is
formed. Compared to a square-loop array, a better bandwidth is found. Particularly, both sides of the
passband have good selectivity. This design will ease the fabrication and assembly. Future efforts may
be focused on increasing the bandwidth or using more combined units to increase the selectivity.
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