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Abstract
This work presents the design of a wide-band frequency-selective surface (FSS) with its analy-
sis for the performance enhancement of a microstrip antenna. To demonstrate the concept, a
dual-band microstrip antenna is also designed and combined with the proposed FSS to inves-
tigate its advantages and performance enhancement capabilities.The proposed FSS is designed
for a frequency range of 3.5–6.5 GHz, whereas the designed antenna operates in dual frequency
bands of 3.5 and 5 GHz. The combined effect of the antenna and FSS is investigated at 5 GHz
for improving the gain of the antenna from 2.8 to 3.2 dBi. The outcome of the measured per-
formance validates that the proposed surface has potential capability for enhancing the gain of
an antenna for 5G, WLAN, and Wi-Fi communication.

Introduction

In the past several years, Wi-Fi and WLAN communication have become essential modes for
data or information transmission in daily life. Researchers are working extensively in the field
to make this communication proficient with improved and cost-effective solutions. Generally,
the hardware part of such a communication system includes transmitters, receivers, power
amplifiers, repeaters, and control circuit assemblies. The transmitters and receivers are basically
antennas that may be designed with various methodologies (i.e., wire, horn, Yagi, MIMO, etc.).
Recently, a variety of methodologies have been engaged to improve the performance of anten-
nas [1–4] (i.e., metamaterial surfaces, reconfigurable intelligent surfaces, intelligent reflective
surfaces, and frequency-selective surfaces [FSSs]). Among all these techniques, FSS is cur-
rently one of the most used methodologies in wireless communication for the enhancement
and reconfiguration of various parameters of the trans-receivers [5–11], radar cross section
reduction [12–14], synthetic aperture radar [15], and absorbers [16]. Generally, an FSS is a two-
dimensional periodic structure ofmetallic elements on dielectricmaterials that either transmits,
reflects, or even absorbs the incoming waves at the designed frequency. FSS structures that are
controlled by the external circuitry and power supply are called the active FSS [5]. Active FSS
is costly because of the use of extra circuit components and supply arrangements. However,
such structures are frequently used for automated tuning of antenna parameters. Whereas a
passive FSS is a fixed periodic structure that does not use such electronic arrangements for
tuning applications as compared to active FSS. Generally, FSS comprises of a periodic array
of metallic elements designed on dielectric materials. When an electromagnetic (EM) wave is
incident on the surface, the FSS’s elements start resonating at the designed frequency. Based
on the design parameters, the FSS can be operated for reflection and transmission modes.
Recently, multiple FSS structures have been designed and employed with different types of
antennas to improve their functionality in terms of their performance parameters [11, 17–20].
These parameters include gain, isolation, absorption, polarization, directivity, beam direction-
ality, etc. The FSS structures are specifically designed based on the required applications; for
example, isolation and absorption require the attenuation of incident waves within the FSS
[10, 16, 17]. Whereas, the FSS structures that are used to enhance gain and directionality
[24–28] require controlled transmission of waves through the structure. The advantage of
including FSS for gain enhancement is that it does not require an alteration in the physical
structure of the antenna, and it can also be used for any antenna within the designed frequency
range.Therefore, FSS structures arewidely used inmodernwireless communication technology.
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Figure 1. (a) Proposed FSS structure along with its unit cell; (b) fabricated
FSS structure.

Thiswork presents a passive FSS forwide-band frequency appli-
cations that covers the operating frequency from 3.5 to 6.5 GHz.
The designed FSS is capable of enhancing the gain of an antenna
for 5G, WLAN, and Wi-Fi ranges of frequencies single-handedly.
To demonstrate the proof of concept, a dual-bandmicrostrip patch
antenna is designed at 3.5 and 5 GHz frequency bands. Further,
this designed antenna is used analogously with the proposed FSS to
observe the improvement in its performance. The main advantage
of a passive FSS is that the parameters of the antenna can be tuned
without affecting the physical structure of that antenna. Moreover,
the presented methodology does not require any external pas-
sive or active components, electronic switching, or an external
power supply. This advantage makes it cost-effective and easy to
manufacture.

Design and analysis of proposed FSS

The proposed FSS is a periodic array of metallic structures inte-
grated on FR-4 base material with a thickness of 1.6 mm and a
dielectric constant of 4.4, where the maximum dimension of a unit
cell structure is less than λg/4. The proportions of the proposed
FSS are designed based on the concepts and equations given in the
literature [23,24]. All these dimensions are evaluated at 5 GHz.

The structure and the parameters of the proposed FSS are
given in Fig. 1(a), and the corresponding fabricated prototype
of the same is given in Fig. 1(b). The dimension of a unit cell
is 9.04 mm × 9.04 mm, whereas a 6 × 9 array of this struc-
ture is designed in simulation mode with overall dimensions of
62 mm × 86 mm. This structure is designed and simulated in the
CST Studio software environment. For analysis of FSS’s operat-
ing frequency and reflection coefficients, the structure is designed
inside a waveguide environment. The corresponding EM field and
the direction of field propagations are illustrated in Fig. 2(a). The
reflection curve of the proposed FSS is given in Fig. 2(b), which
gives the peak reflection at the designed frequency of 5 GHz with
an operating bandwidth of 3.5–6.5 GHz. The scattering (S) param-
eters of the fabricated FSS are measured using the experimental
setup consisting of R&S ZNB 20. A two-port vector network ana-
lyzer along with coaxial to waveguide transitions is used to record

the reflection and transmission parameters of the FSS. The assess-
ment of the simulated andmeasured outcomes of the proposed FSS
is given in Fig. 2(e), which gives a good agreement of the operat-
ing frequency range. The working frequency of the proposed FSS
structure is from 3.5 to 6.5 GHz, with measured peak reflections
of −26.8 dB at 5 GHz. The designed FSS is also compared with the
simulated outcome of the equivalent microstrip rectangular lines,
which is given in Fig. 2(c). It is cleared from the graph that the rect-
angular structure covers a large bandwidth. However, the resonant
frequency of the structure is shifted from 5 to 5.5 GHz frequency
with the same dimensions of both the FSS. Therefore, the size of
the rectangular strip needs to be increased to bring the resonant
frequency to 5 GHz. This will increase the size of unit structure of
FSS. Therefore, we can say that the proposed FSS is a miniaturized
structure as compared to the general rectangular FSS. Further, the
designed triangular FSS is also analyzed for the polarization sensi-
tivity of the incident EMwaves.Therefore, the reflection parameter
of the FSS is observed for various incident angles and given in
Fig. 2(d).The graph shows the approximately similar resonance for
all the incident angles.

Enhancement of antenna performance

The concept presents a combination of FSS along with the pla-
nar microstrip antenna to modify the overall performance of that
antenna. To validate the concept, initially a coplanar microstrip
patch antenna is designed and validated with various performance
parameters for the frequency range of mobile communication. In
the next step, the presented FSS is combined with the proposed
microstrip antenna to enhance its performance parameters.

Design of microstrip antenna

A microstrip antenna is designed for dual-band applications that
cover the frequency range of WLAN, Wi-Fi, and WiMAX applica-
tions. Thus, it shows the effective application area of the proposed
antenna. This antenna is designed on an FR-4 epoxy substrate with
a dielectric constant [𝜀r]) of 4.4 and a loss tangent factor of 0.02.
The design constraints of the antenna are inspired by the literature
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Figure 2. (a) Fields environment for simulation of FSS; (b) conceptual mechanism of FSS; (c) comparison of proposed and general rectangular FSS; (d) reflection graph for
different polarization angles of incident waves; (e) simulated and measured s parameters.
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Figure 3. (a) Cross-sectional view of proposed antenna, where dimensions are given as a = 42.7 mm, b = 29.6 mm, w = 86 mm, l = 62 mm, h = 10.5 mm, c = 23.8 mm,
d = 5.7 mm, f = 3 mm, i = 7 mm, 9.45 mm. e = 10.4 mm; (b) fabricated antenna; (c) comparison of reflection graph for the effect of circle; (d) surface current graph for with
and without circle; (e) simulated and measured reflection graphs.
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Figure 4. (a) Conceptual setup for measurement of radiation pattern and gain; (b) experimental setup; (c) gain; (d) radiation patterns of the proposed antenna.

[24].The cross section of the designed antenna is given in Fig. 3(a).
The corresponding dimensions of the proposed antenna are calcu-
lated using the equations (1–3) available in the literature [28, 29],
where 𝜀re, c0, and f 0 are the effective dielectric constant, speed of
light, and operating frequency, respectively.

𝜀ℜ = 𝜀r + 1
2 + 𝜀r − 1

2 (1 + 12H
W )

−1/2
(1)

W = c0
2fr0

√𝜀ℜ + 1
2 (2)

Z0 = 120𝜋
√𝜀ℜ [W

H
+ 1.393 = 2

3
ln(W

H
+ 1.444)]

(3)

The composition of the antenna is designed, simulated, and
optimized in the CST Suite software environment, and the final-
ized antenna is then fabricated in-house using a chemical etching
process on a FR-4 substrate and shown in Fig. 3(b). Whereas,
Fig. 3(c) gives the comparison of improvement of the reflection
curve over a basic optimized microstrip patch. Introduction of
circle creates a discontinuity in the path of the current and thus
improves the resonance value with a very slight shift of frequency.
This positive shift makes this antenna to operate simultaneously in
3.5 and 5 GHz frequency bands. The corresponding surface cur-
rent graph is given in Fig. 3(d). The assessment of the simulated
and measured reflection is given in Fig. 3(e) that shows consid-
erable similarity between both the outcomes of the antenna. The
designed antenna operates in dual frequency bands of 3.4–3.52 and
4.9–5.1 GHz, with a peak gain of 2.8dBi at 5 GHz. Therefore, this
antenna has possible applications in Wi-Fi and WLAN frequency
band.

The conceptual and experimental setup for the radiation field
measurement of the antenna is illustrated in Figs. 4(a) and 4(b),

respectively. A reference linearly polarized directive antenna
antenna is connected to the R&S SMB100 signal source to gen-
erate the radio frequency signal, whereas the surface and antenna
are mounted over a rotational stage to rotate the arrangement for
measurement of the field patterns. An R&SNRP-40T power sensor
is connected to the antenna to record the strength of the received
signal. All of these arrangements are enclosed with absorbers to
remove the effect of external fields for better measurement accu-
racy. The radiation patterns (theta and phi) of the antenna are
then recorded for every rotational angle of the antenna and given
in Fig. 4(d). Whereas, the gain of antenna is recorded for different
frequencies using the Friis formula for free space propagation. The
measured gain of the fabricated antenna is 1.8 and 2.82 dBi at 3.5
and 5 GHz, respectively.

Performance reconfiguration of antenna using FSS

Thedesigned antenna is associatedwith the FSS to enhance its vari-
ous parameters. For this, a 6 × 9 array is developed andplaced along
the direction of the main radiation of the antenna. The concep-
tual representation of the position and functioning of the antenna
and FSS is illustrated in Fig. 5(a). For this investigation, the FSS
is placed at a distance from the antenna, and this distance (Dis)
is varied to record the effect on the performance of the antenna.
Figures 5(b) and 5(c) give the outcome of reflection and gain for
parametric analysis of the distance (Dis) of the antenna. Whereas,
Fig. 5(d) gives the assessment for reflection parameters of the
antenna and FSS combination at an optimized distance of 42 mm.
The reflection curves show that the combination of the FSS and
antenna gives the effective required reflectionswithin the operating
frequency range andwith an improved gain.The gain of the combi-
nation is improved to 3.2 dBi from 2.8 dBi at the 5 GHz frequency.
The corresponding surface current and radiation pattern graphs
of antenna and FSS combination are given in Fig 5(e) and 5(f),
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Figure 5. (a) Antenna and FSS arrangement along with the measurement setup of reflections; (b) performance of antenna for different value of distance (Dis); (c) variation
of gain for different values of distance (Dis); (d) reflection parameter of antenna along with FSS at Dis = 42 mm; (e) surface current graph of FSS; (f) the radiation patterns of
antenna and FSS combined.
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Table 1. Comparison of the proposed FSS with the recent available literature

Ref. Frequency (GHz) Unit cell dimension Application

[18] 2017 5.1−5.25 GHz 9.6 × 9.6 × 1.6 mm3 Antenna gain enhancement

[19] 2020 3.8 and 5 GHz 16.67 × 16.67 × 1.5 mm3 WLAN and Wi-Fi

[20] 2021 3.8 and 5 GHz 11.2 × 11.2 × 2.56 mm3 Antenna stealth

[21] 2022 3.5 GHz 10 × 10 × 1.6 mm3 High angular and polarization stability

[22] 2024 3.5 and 5.8 GHz 38.5 × 38.5 mm2 5G and Wi-Fi

[30] 2023 5 GHz (BW: 1.45 GHz) 8.6 × 8.6 × 0.1 mm3 Electromagnetic shielding

[31] 2022 5 GHz 16 × 16 × 1.6 mm3 Band stop absorber

[32] 2021 700 MHz and 3.5 GHz 87 × 43.5 mm2 Fractal 5G

[33] 2022 4.1−5.2 GHz and 5.73−5.89 GHz 15.9 × 14.5 mm2 5G, WLAN

Proposed FSS: 3.5−6.5 GHzAntenna: 3.4−3.52 and 4.9−5.1 GHz 9.04 × 9.04 × 1.6 mm3 5G, WLAN, and Wi-Fi

respectively. Further, the proposed FSS is comparedwith the recent
available literature and listed in Table 1.

The outcome shows that the proposed FSS has the capability
of enhancing the gain of an antenna. The work concept is demon-
strated with a dual-band, narrow-band antenna. However, the FSS
has a wide bandwidth of 3.5–6.5 GHz.Therefore, the proposed FSS
has the potential capability for wireless communication for 5 G,
WLAN, and Wi-Fi applications.

Conclusion

The presented FSS is designed for wide bandwidth, with peak
resonance at 5 GHz. Further, a dual-band patch antenna is
also designed and investigated to improve the performance
of the antenna in the presence of the FSS. The advantage
of the methodology is that the improvement of antenna per-
formance (i.e., gain and return loss) is achieved without any
change in the physical structure or dimensions of the antenna.
Moreover, there is no need for an external switching circuit to
tune the performance. The designed FSS is a generalized struc-
ture that can be used with different types of antennas (i.e.,
microstrip, waveguide, etc.) to reconfigure their performances.
Therefore, FSS is an efficient and cost-effective solution for antenna
reconfiguration.
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Funding statement. Authorsdid not receive any funding to carry out this
research work.

Competing interests. Authors do not have any conflict of interest.

References
1. Zhang Z Dai L, Chen X, Liu C (2023) Active RIS vs. passive RIS:

Which will prevail in 6G?. IEEE Transactions on Communications 71(3),
1707–1725.

2. Hassouna S Jamshed MA, Rains J, Kazim JU (2023) A survey on recon-
figurable intelligent surfaces: Wireless communication perspective. IET
Communications 17, 497–537.

3. Chang T-N and Cheng S-Y 2017) Ultra wide miniaturized printed
antenna. Electromagnetics 37, 345–354.

4. Xiumei Shen Zhang C, Qiu B, ZhongX (2024) Compact and bandwidth-
enhanced circular-polarized dipole antenna for 5G base-station applica-
tions. Electromagnetics 44(issue1), 46–56.

5. Ding T Zhang S, Zhang L, Liu Y (2017) Smart cylindrical dome antenna
based on active frequency selective surface. International Journal of
Antennas and Propagation 2017, 5901625.

6. Chaitanya G, Peshwe P, Ghosh S, and Kothari A. (2024) Miniaturized
reconfigure three-dimensional printed frequency selective surface based
microwave absorbers. Electromagnetics 44(2–3), 1–16.

7. Kapoor A, Mishra R and Kumar P (2022) Frequency selective sur-
faces as spatial filters: Fundamentals, analysis and applications.Alexandria
Engineering Journal 61(202), 4263–4293.

8. AhmedA,KumariV andSheoranG (2023) Reduction ofmutual coupling
in antenna array usingmetamaterial surface absorber. International Journal
of Electronics and Communications 160, 154519.

9. Ahmed A, Kumari V and Sheoran G (2020) Metamaterial surface
and a modified Vivaldi antenna for tuning the gain of microwave
imaging instrument. Measurement Science and Technology 32(3),
035901.

10. Bajaj P, Kundu D and Singh D (2023) Frequency selective surface-based
electromagnetic absorbers: Trends and perspectives. Wireless Personal
Communications 131, 1881–1912.

11. GongWChenX,Han L, Li L, YangRAbsorption/transmission integrated
frequency selective surface with low profile and ultra-wide absorption
band, Electromagnetics, (2021) 504–517.

12. Rad MA Soheilifar MR, Zarrabi FB (2019) Compact microstrip antenna
based on fractal metasurface with low radar cross section and wide band-
width. International Journal of Electronics and Communications 98, 74–79.

13. Edris Ameri Esmaeli SH, Sedighy SH (2019) Ultra wideband radar cross
section reduction by using polarization conversion metasurfaces. Scientific
Reports 9, 478.

14. Liu Q Chen H, Yan Y, Yao X (2023) RCS reduction metasurface based on
orbital angular momentum. Results in Physics 53, 107008.

15. Qin F Gao SS, Luo Q, Mao CX (2016) A simple low-cost shared-aperture
dual-band dual-polarized high-gain antenna for synthetic aperture radars.
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 64(7),
2914–2922.

16. Et.AlB (2024)An absorptive codingmetasurface for ultra‑wideband radar
cross‑section reduction. Scientific Reports 14, 12397.

17. AzizRSKoziel S, Leifsson L, Szczepanski S (2023)Novel versatile topolo-
gies and design optimization ofwide-bandstop frequency selective surfaces
for X-band, Ku-band and milimeter-wave applications. Scientific Reports
13(1952).

18. Sabata AD Matekovits L, Buta A (2022) Frequency selective surface for
ultra-wide band filtering and shielding. Sensors 22, 1896.

19. Rana B, Cho S-S and Hong I-P (2023) Passive type reconfigurable intel-
ligent surface: Measurement of radiation patterns. Micromachines 14,
818.

https://doi.org/10.1017/S1759078725000212 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078725000212


International Journal of Microwave and Wireless Technologies 139

20. Ahmed A and Kesh Dubey S (2024) Design of a cost-effective intelli-
gent surface structure for field reconfiguration of an antenna. International
Journal of Microwave and Wireless Technologies, 1–7.

21. Zaid FNM Azemi SN, Rashidi CB (2020) Application of FSS for
microstrip antenna for gain enhancement. IOP Conf. Series: Materials
Science and Engineering 767, 012001.

22. Zhang W Li M, Le M, Li B (2021) A dual-frequency miniaturized fre-
quency selective surface structure suitable for antenna stealth. Wireless
Communications and Mobile Computing 2021, 2861146.

23. Khajevandi A and Oraizi H (2022) Utilizing interdigital and supershape
geometries for the design of frequency selective surfaces with high angular
and polarization stabilities. Scientific Reports 12(7054).

24. Renit C and Ajith Bosco Raj T (2024) Wearable frequency selective
surface-based compact dual-band antenna for 5G and Wi-Fi applications.
Automatika 65(2), 454–462.

25. Gupta KC (1996) Microstrip Lines and Slotlines, Second Edition. Boston
London: Artech House.

26. Mellita A Chandu DS, Karthikeyan SS (2017) Gain enhancement of a
microstrip patch antenna using a novel frequency selective surface, 2017
Twenty-third National Conference on Communications.

27. Mongia R, Bahl I and Bhartia P (1999) RF and Microwave Coupled-Line
Circuits, Boston London: Artech House, Inc.

28. Qin T Huang C, Cai Y, Lin X (2023) Dual-band frequency selective
surface with different polarization selectivity for wireless communication
application. Sensors 23, 4264.

29. Martinez-de-rioja E Vaquero ÁF, ArrebolaM, Carrasco E (2022) Passive
intelligent reflecting surfaces based on reflectarray panels to enhance 5G
milimeter-wave coverage. International Journal of Microwave and Wireless
Technologies 15, 3–14.

30. Florence E Robinson RS, Samsingh RV, Abirami S., (2023)
Design of a single layer single band 5G FSS as shielding mate-
rials, IoP Conf. Series: Materials Science and Engineering 1291,
012044.

31. De Silva Souza J Serres AJ, Neto AG. (2022) A novel FSS absorber
for 5GHz WLAN applications, 2022 IEEE International Symposium on
Antennas and Propagation and USNC-URSI Radio Science Meeting (AP-
S/USNC-URSI).

32. Decoster BMaes S, Cuiñas I, García SánchezM (2021)Dual-band single-
layer fractal frequency selective surface for 5G applications. Electronics 10,
2880.

33. Lu Fan Y Lin XQ, Yang X. (2022) An FSS-based shared-aperture
antenna for 5G/Wi-Fi communication and indoor 5G blind compensa-
tion. International Journal of Microwave and Wireless Technologies 15,
1373–1381.

Akhilesh Kumar Tiwari is Scientist-G in Defence Research and Development
Organisation (DRDO). He is also pursuing his Ph. D in the department of
Electronics and Communication Engineering, National Institute of Technology
Delhi, India.
Aijaz Ahmed is currently a Research Associate in department of
Electromagnetic Metrology at CSIR- National Physical Laboratory India,
He has been awarded his Ph. D degree in RF and Microwave Imaging domain
from National Institute of Technology Delhi in 2023. He has more than five
year of industry experience in RF and microwave domain. He has also been a
visiting faculty in dept. of ECE, Netaji Subhas University of Technology Delhi
for three semesters within the duration of 2023-2024.
Manisha Bharti is currently working as Associate Professor in Department
of Electronics and Communication Engineering at National Institute of
Technology, Delhi, India. She received her Ph. D. from IKG Punjab Technical
University, Jalandhar, Punjab in 2017.
Gyanendra Sheoran is currently working asAssociate Professor inDepartment
of Applied Sciences (Physics) at National Institute of Technology, Delhi, India.
He received Ph.D. degree from Indian Institute of Technology, Delhi in 2010.
He has worked in Nanyang Technical University, Singapore as postdoc fellow.
His research interests are digital holography, optical metrology, microscopy,
biomedical imaging, and microwave and optical instrumentation.

https://doi.org/10.1017/S1759078725000212 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078725000212

	A wide-band frequency-selective surface for enhancing the performance of microstrip antenna
	Introduction
	Design and analysis of proposed FSS
	Enhancement of antenna performance
	Design of microstrip antenna
	Performance reconfiguration of antenna using FSS

	Conclusion
	References


