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A 3D Wide Passband Frequency Selective Surface 

with Sharp Roll-off Sidebands and Angular Stability 

Peng Wang1, Wen Jiang1, Member, IEEE, Tao Hong1, Member, IEEE, 

Yunfeng Li2, Student Member, IEEE, Gert F. Pedersen2, and Ming Shen2, Member, IEEE.

Abstract— In this letter, a 3D wide passband frequency selective 

surface (FSS) is proposed. Compared with planar wide passband 

FSSs, 3D structures usually present superior roll-off characteristics, 

especially under lower frequency. However, 3D wideband FSSs 

typically have greater insertion loss in the passband, and the 

transmission characteristic is sensitive to the angle of incident 

electromagnetic wave. The proposed FSS, by concurrently applying 

the design methods of planar FSSs and 3D FSSs, provides sharp 

double roll-off sidebands while maintaining excellent angular 

stability and low insertion loss in a wide passband. The simulation 

results show that the designed FSS can achieve a passband range 

from 5.86 GHz to 13.4 GHz with an insertion loss of less than 1 dB, 

and it can retain a stable transmission characteristic with the 

incident angle ranging from 0° to 45°. The proposed FSS is 

fabricated and measured in an anechoic chamber, and the 

measured results show that the fabricated FSS achieves a -3 dB 

passband from 5.33 GHz to 14.5 GHz. Under different incident 

angles ranging from 0° to 45°, the FSS also features the lower and 

upper roll-off transition bandwidths of 6.4% and 4.7%, respectively. 

Index Terms— Frequency Selective Surface; 3D Structure; 

Wideband; Double Roll-off Sidebands; Angular Stability. 

I. INTRODUCTION 

REQUENCY selective surface (FSS) is a periodic structure, 

which realizes the transmission and reflection of space 

electromagnetic waves in specific frequency bands [1]. It is 

widely used in radomes, antenna reflectors, electromagnetic 

shielding, etc. [2-4]. In 5G and 6G, FSSs will be widely used 

in more communication fields [5, 6]. 
In recent years, broadband communication systems put 

forward more stringent bandwidth requirements [7-9]. Wide 

passband FSSs can realize the transmission of electromagnetic 

waves in a wide band with low insertion loss. The design of 

wide passband FSS has been previously studied by several 

works [10-16]. In [10], a planar ultra-wideband FSS unit cell is 

presented with three layers of patches. Planar wide passband 

FSSs are also implemented with other technologies like 

absorbers [11], miniaturization technologies [12, 13] and so on. 

However, all these planar wideband FSSs share a common 

drawback: it is sophisticated to attain high suppression at lower 
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frequency to avoid interferences. Some works tried to deal with 

this issue, but they lead to a narrowed passband and show 

insignificant improvement [14-16]. 

3D wide passband FSSs can realize double roll-off sidebands 

[17-20]. In [17], a roll-off sidebands 3D wide passband FSS is 

presented with sharp roll-off sidebands. In [18], a 3D wide 
passband FSS with a stacked slot-line is presented. In [19], a 

3D ultra-wideband bandpass FSS is designed with sub-

wavelength staggered metallic frames.  

However, the insertion loss of 3D FSSs is greater than planar 

structures. Compared to existing wide passband FSSs, planar 

structures can easily achieve wide passband within 1-dB 

insertion loss, but the insertion loss of 3D structures is out of 

1-dB. Besides, 3D FSSs are also sensitive to the variation of 

incident wave angles due to the high profile. Therefore, they 

can only maintain the response within a narrow range of 

incident angles. The structure in [19] can achieve angular 
stability ranging from 0° to 30° with only simulation results. 

Moreover, most 3D wide passband FSSs only show 

satisfactory performance when incident electromagnetic waves 

radiate vertically on their surfaces [17, 18].  

In this paper, combining planar FSSs and 3D FSSs, a 3D 

wide passband FSS is proposed. The transition bands of the 

structure at the lower and upper edge of the passband are 4.9% 

and 1.8%, respectively. The simulation results exhibit 

attractive characteristics of double roll-off sidebands, low 

insertion, and stable performance. The FSS is fabricated and 

measured in a microwave anechoic chamber. The measured 

results show a satisfactory –3 dB bandwidth from 5.33 GHz to 
14.5 GHz with the angular stability ranging from 0° to 45°. The 

measured transition bands are 6.4% and 4.7%, respectively. 

II.  FSS ELEMENT DESIGN  

A.  FSS Configuration  

Based on models in ref [10] and ref [17], the proposed FSS 
comprises two layers of metallic grids and two cascaded 

triangular-shaped elements connected via four vertical wires as 

shown in Fig.1. Fig. 1(a) is the 3D view of the FSS array. Figs. 

1(b) and 1(c) are the 3D views of the FSS unit element, and Fig. 

1(d) shows the triangular-shaped metallic rings printed on the 

upper dielectric substrate, which are connected to bottom 

triangular-shaped metallic rings via four vertical wires. Fig. 1(e) 

exhibits the metallic grid and two groups of resonant square 

rings. The relative permittivity of each dielectric substrate in 

design FSS is 2.2, and the loss tangent is 0.002.

F 
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Fig. 1. Geometry of the proposed wideband FSS. (a) 3-D view of the array 

surface. (b) 3-D view of the FSS element. (c) Side view of the FSS element. (d) 

Upper layer of the triangular-shaped elements. (e) Middle layer of the metallic 

grid and two groups of resonant metallic rings.(unit: mm, P=10, Lh=3.9, Ld=3.5, 

S=0.16, W=0.65, Lr=1.2, L1=1.8, w1=0.12, L2=1.2, w2=0.12, h1=1, and h2=3.7). 

Two layers of metallic grids are printed on a dielectric 

substrate, which helps build the stopband in lower frequency 

ranges, functioning as inductances. Two groups of resonant 

metallic rings are designed in the metallic grid to improve 

angular stability. Moreover, two cascaded elements connected 

via the vertical wires realize the stopband in the upper 

frequency range. Vertical wires connecting two layers of 

metallic patches also increase the size of the resonant structure 

and realize roll-off stopband. Air layers between dielectric 

substrates avoid the coupling between metallic patches.  
Some parameters are simply analysis as follow, Lh influences 

the coupling between elements, so the value of Lh is more 

carefully designed. The parameters of dielectric substrate have 

a great influence on performance due to impedance matching. 

Besides, reducing the value of h2 will reduce the size of 

resonant structure and increase the resonant frequency. 

B.   Analysis of Current Distributions 

The current distribution of the FSS is shown in Fig. 2 when 

the E-field of the incident wave is horizontally polarized. Fig. 

2(a) demonstrates the current distribution at 3 GHz. It shows 

that the current is mainly located in the metallic grid in the y-

axis direction, which means the metallic grid affects the 

transmission of the electromagnetic wave in lower frequency 

and achieves stopband. Fig. 2(b) shows the current distribution 

in the bandpass at 10 GHz, and there is no area with dense 

current distribution, which means the electromagnetic wave 

passes through the FSS with low insertion loss. Fig. 2(c) shows 
the current distribution at 17 GHz. The major part of current is 

located in triangular-shaped rings in the y-axis direction, 

indicating that the connected triangular-shaped rings resonate 

and achieve the stopband in upper frequency.  

Fig. 2(d) is the current distribution of two different middle 

layers under 45 ° incidence angle of the electromagnetic wave 
in upper frequency at 17 GHz. The upper figure shows the 

metallic grid without resonator rings, and the bottom one is 

with resonator rings. It can be seen that the current is 

distributed on the resonator rings with large magnitude values. 

It means the small resonator rings play an important role in 

blocking the transmission of electromagnetic waves. 
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Fig. 2. Current distribution of FSS. (a) Stopband at 3 GHz (b) Passband at 

10 GHz (c) Stopband at 17 GHz (d) Middle layer under 45° incidence angle of 

electromagnetic wave (17 GHz). 

C.   Equivalent Circuit Modeling and Analysis 

The designed FSS circuit model of the is shown in Fig. 3. In 

the series LC resonant circuit, the quality factor Q is calculated 

as: 

                                     
1

=
L

Q
R C

.                                 (1) 

 

The bandwidth of the stopband resonance becomes narrower 

as the quality factor increases, and the transition bandwidth will 

decrease consequently, which can be used to realize sharp roll-

off sidebands. Fig. 3(a) is formed as a resonator by oppositely 

connecting the triangular-shaped elements. In this structure, the 

triangular metallic rings can equip with inductance L11, L12, L21, 
and L22. Cu1 and Cd1 are coupling capacitance between 

triangular metallic rings; Cu2 and Cd2 represent the coupling 

capacitance between elements; L1 and L2 are the equivalent 

inductances of the metallic vertical wires; C12 is the coupling 
capacitance between metallic vertical wires. Fig. 3(b) is 

equivalent to two layers of inductance paralleled connected 

with series LC. The metallic grips are equivalent to inductance 

La and Lb, which realize the stopband in lower frequency. The 

two sets of metallic rings can simply equip with a series 

resonant LC. The equivalent circuit of the proposed FSS is 

shown in Fig. 3(c).
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Fig. 3. Equivalent circuit model of (a) the connected triangular-shaped element, 

(b) the middle layer, and (c) the FSS. 

TABLE I 

VALUES OF THE COMPONENTS IN THE EQUIVALENT CIRCUIT MODEL 

Parameter L11 L12 L21 L22 Cu1 Cu2 Cd1 Cd2 

Value 0.47 0.24 0.34 0.43 0.07 0.05 0.07 0.04 

Parameter C12 L1 L2 La Lb Cab Lx Cx 

Value 0.02 7.43 5.13 0.65 0.5 0.02 0.29 0.03 

*The units of inductance and capacitance are nH and pF respectively. 

 

The values of equivalent capacitance and inductance in Fig. 

3 are calculated by ADS [21-23], as shown in Table I. The 

comparision of equivalent circuit simulation by ADS and 

fullwave electromagnetic simulation by HFSS are presented in 

Fig. 4, which demonstrates a satisfactory consistency. 
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Fig. 4. The comparison of ADS and HFSS simulation results. 

III  SIMULATION AND MEASUREMENT 

A.  Simulation  

The transmission curves of the designed FSS and component 

elements are shown in Fig. 5. Fig. 5(a) presents the 

transmission curves of connected triangular-shaped elements. 

Fig. 5(b) shows the transmission curves of metallic grids with 

and without resonant rings at the 45 ° incident angle.  

Fig. 5(c) illustrates the transmission curves of FSS without 

two groups of resonant square rings. It presents a wide 
passband with low insertion loss and double roll-off sidebands. 

However, its performance varies drastically with different 
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(c)                                                     (d) 

Fig. 5. Simulated transmission curves of (a) the structure of connected 

triangular-shaped elements, (b) the structure of metallic grids with resonant 

square rings and without resonant square rings, (c) the designed FSS without 

resonant rings, and (d) the designed FSS with resonant rings (final structure). 

incident angles of the signal. To improve the angular stability, 

the final FSS is designed, and the simulation results are shown 

in Fig. 5(d). The final FSS achieves a –1 dB bandwidth from 

5.86 GHz to 13.4GHz. Moreover, the upper and lower 

transition bands are 4.9% and 1.8%, respectively. Furthermore, 

the structure shows clear stability under different incident 

angles (up to 45°) of electromagnetic waves. 

B.  Fabrication and Measurement  

The final FSS design was fabricated, and the fabricated 

process is shown in Fig.6(a). Firstly, using plastic columns to 
fix the dielectric substrate. Then, let the plastic screw pass 

through nonmetallic vias and plastic columns, and the plastic 

nut fixes the plastic screw. Then, let vertical wires pass through 

metallic vias and fixing the structure with the help of foam, 

electric iron, and solder. Finally, flipping the structure and 

fixing the other side. The prototype is shown in Fig. 6(b) and 

Fig. 6(c).  

The measurement setup of the fabricated prototype is shown 

in Fig. 7. The prototype is placed in the middle of two horn 

antennas. One horn antenna is used to emit electromagnetic 

waves, while the other one is to receive electromagnetic waves. 
The antennas are connected to a vector network analyzer (VNA) 

to measure the transmission coefficients of the prototype. The 

FSS is surrounded by absorber screens to suppress the 

diffraction. 

plastic columns

Nonmetallic via

plastic screw

solder

plastic nut

vertical wires

foam

 

 

 

 
(a) 



1536-1225 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2021.3126890, IEEE
Antennas and Wireless Propagation Letters

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS                                                                                                                                                                                     4 

 

     
(b)                                                       (c) 

Fig. 6. The fabricated FSS. (a) Processing process (b) Top-view. (c) Side view. 

Transmitting 
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screen

Prototype

    
(a)                                                       (b) 

Fig. 7. Demonstration of the measurement setup. (a) Setup under test 

(transmitting side). (b) Measurement diagram. 

The measured results are shown in Fig. 8(a). When the 
prototype surface is perpendicular to the main beams of the two 

horn antennas, the incident angle of the electromagnetic wave 

is 0°. In this case, the prototype achieves a wideband 

transmission from 5.33 GHz to 14.5 GHz with an insertion loss 

less than 3 dB. The stopbands with insertion loss larger than 10 

dB are from 1 GHz to 5 GHz and 15.2 GHz to 18 GHz. The 

transition bands of the prototype are 6.6% in the lower band 

and 4.7% in the upper band, respectively. Furthermore, the 

prototype features stable transmission characteristics within a 

broad incidence angle ranging from 0° to 45°.  

Here are some possible reasons to explain why the measured 
results are somewhat different from the original simulation. 

Firstly, the prototype presents a slight difference from the 

simulation structure as follows. The actual length of metallic 

wires is longer than the design for welding, which will increase 

the insertion loss in the passband. Plastic columns fix the two 

air layers between three dielectric substrates. The actual height 

of the air layers is smaller than simulation, which will reduce 

the size of the structure and makes stopband in higher 

frequency. After changing those parameters and the simulation 

results are shown in Fig. 8(b). Besides, the inhomogeneous 

distribution of the dielectric constant of the dielectric substrate 

will also influence transmission characteristics.    

The overall size of the prototype is 210 mm×210 mm. The 

relatively small electrical dimension of the prototype has an 

impact on the measurement accuracy in lower frequency.   
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(a)                                                       (b) 

Fig. 8. Measurement and simulation results of the TE model. (a) The simulation 

results and measurement results. (b) The simulation results of actual prototype 

and measurement results.  

Hence, the measured results and simulation results do not 

match well below 2.5 GHz. Nevertheless, in overall the 

measured results are in good agreement with simulation results. 

The performance comparison of the proposed FSS and 

previous wide passband FSSs are shown in Table II. 
TABLE II 

PERFORMANCE COMPARISON WITH RESPECT TO PREVIOUS WORKS 

Ref Type 
Passband 

(3-dB) 

Lower and 

upper roll-off 

bandwidth 

Angular 

stability 

Element 

Size (λ) 

[10] 2D 105% (Meas) 45% & 10.5% 30° 0.12 

[16] 2D 63% (Meas) 12.5% & 3.8% 40° 0.22 

[17] 3D 65% (Meas) 4.2% & 1.4% NA 0.14 

[18]* 3D 75% (Sim) NA & 9.7% NA 0.08×0.13 

[19]* 3D 100% (Sim) 8.3% & 1% 30° 0.128 

[20]* 3D 67% (Sim) 11.8% & NA NA 0.27 

This 

Work 
3D 

78.5%(Sim) 4.9%&1.8% 
45° 0.17 

92.5% (Meas) 6.4% & 4.7% 

*The lower and upper roll-off bandwidth is the transition bandwidth where 

S21 varies between – 10 dB and -3 dB.  

 

It is worth pointing out that [10] and [16] are planar wide 

passband FSSs, which show good angular stabilities for 

oblique incident angles up to 40°. However, their roll-off bands 

are wide, especially in lower frequency. Compared with the 

planar structure, the designs in [17]-[20] are 3D wide passband 

FSSs. These structures present good roll-off sidebands. 

However, the characteristics of 3D structures are sensitive to 

the angle of the incident electromagnetic wave due to the high 

profile. Furthermore, most of these 3D FSSs are only simulated 

without experimental validation due to the complex structures.  
The proposed FSS combines the design methods of 3D and 

planar wide passband FSSs. It achieves the high angular 

stability (up to 45°) and sharp roll-off characteristics (lower 

than 7%) simultaneously. The measured results also show that 

it realizes a 3-dB passband bandwidth from 5.33 GHz to 14.5 

GHz. This is achieved while maintaining stable characteristics 

ranging from 0° to 45° incident angles. Meanwhile, the double 

roll-off sidebands in the lower and upper frequency bands 

achieve 6.4% and 4.7% transition bandwidths, respectively.  

IV CONCLUSION 

In this letter, a 3D wide passband frequency selective surface 

(FSS) with sharp double roll-off sidebands, angular stability, 

and low insertion loss is proposed. The FSS is achieved by 

concurrently applying the design methods of 3D and planar 

wide passband FSSs. Both simulations and measurements 

validate the proposed FSS. Measured results show a wide 

bandwidth from 5.33 GHz to 14.5 GHz, while double roll-off 

sidebands with transition bandwidths of 6.4% and 4.7% are 

achieved in lower frequency and upper frequency, respectively. 

Compared with existing 3D wide passband FSSs, the designed 

3D FSS is straightforward to fabricate and delivers a novel 

method to improve the angular stability (up to 45°), which can 

also be used to deal with the issues of resonance weakening in 

oblique incident angles. 
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