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Radiation Performance Improvement of a Staircase Shaped Dual
Band Printed Antenna with a Frequency Selective Surface (FSS)

for Wireless Communication Applications

Nagandla Prasad1, Pokkunuri Pardhasaradhi1, Boddapati T. P. Madhav1, *,
Tanvir Islam2, Sudipta Das3, and Mohammed El Ghzaoui4

Abstract—A staircase-shaped printed monopole antenna (SPMA) with a partial ground structure for
wireless applications is proposed. The performance parameters of the designed antenna have been
evaluated by integrating a novel structure of frequency selective surface (FSS) with the antenna. A
Polyimide dielectric material has been utilized for designing both the antenna and the FSS reflector. The
proposed SPMA integrated with designed FSS reflector operates at dual bands from 2.18 to 2.83GHz
and 4.42 to 5.58GHz with fractional impedance bandwidth of 25.94% and 23.2%, respectively. A single-
layered FSS reflector with a 5×5 array size is employed to obtain optimum performance. The suggested
combined structure of the FSS reflector integrated staircase antenna achieves an attractive peak gain of
7.87 dBi and radiation efficiency of 98.8%. The design methodology for the antenna and unit cell design
of the required FSS, analysis of field and current distributions, fabricated prototyped models of antenna
and FSS along with measured results are included and discussed in this article. The proposed antenna
is suitable for modern wireless communication (WLAN/Wi-Fi etc.) applications at 2.4/5.2GHz.

1. INTRODUCTION

The use of microstrip patch antennas for Wi-Fi or any other wireless applications has significantly
impacted wireless communications over the last few decades. Traditional patch antennas have several
limitations, in terms of limited gain, bandwidth, and radiation efficiency. A few techniques exist for
improving the antenna performance, such as adding multiple substrate materials with different dielectric
constant values [1], using zigzag feeding [2], using the substrate as a dielectric material with air gap
integration [3], changing the design of the patch radiator [4], employing coplanar waveguide (CPW)
feed [5], adding more conductive layers on the patch [6], and utilizing the frequency selective surfaces [7].
Frequency selective surface (FSS) is an arrangement of 2D periodic array formation that contains a metal
design on a dielectric substrate material. Previous research studies have shown that FSS is beneficial
in a variety of ways. For example, it can be used for performance enhancement of the antenna [8], and
it can also serve as a sensor [9]. It can be used in medical applications [10], polarization conversion
applications [11], and a variety of other applications. The uses of frequency-selective surfaces have
been discussed in numerous articles to enhance the performance of the antennas. An FSS is used as
a superstrate, and an artificial magnetic conductor (AMC) is used as a plane of reflector. The unit
cell size is taken as 4.8mm which results in a maximum gain of 16 dBi [12]. An FSS is utilized in [13],
which contains concentric square loops as a conducting patch for improving its performance; in this

Received 24 July 2023, Accepted 17 August 2023, Scheduled 29 August 2023
* Corresponding author: Boddapati Taraka Phani Madhav (btpmadhav@kluniversity.in).
1 Antennas and Liquid Crystals Research Center, Department of Electronics and Communication Engineering, Koneru Lakshmaiah
Education Foundation, Vaddeswaram, Guntur, Andra Pradesh, India. 2 Department of Electrical and Computer Engineering,
University of Houston, Houston, TX 77204, USA. 3 Department of Electronics and Communication Engineering, IMPS College
of Engineering and Technology, Malda, W.B, India. 4 Faculty of Sciences, Sidi Mohamed Ben Abdellah University, Fes, Morocco.



54 Prasad et al.

case, the antenna size is taken to be 40× 40mm2, and it will resonate at two different frequencies (2.4,
and 5.8GHz) and achieve a 7.46 dBi gain. A spanner-shaped unit cell is employed to increase the gain
of a slot antenna. In this case, the antenna size is taken as 44×35mm2, and the FSS as a superstrate is
employed which provides a gain of 13.92 dBi, operating for WLAN applications [14]. A triple-layer FSS
is employed as a superstrate for the proposed dielectric resonator antenna (DRA) [15], with a size of f
45×42mm2, for improving gain and radiation efficiencies. A varactor-loaded square patch antenna with
truncated corners is proposed for vehicular communication applications. It has a size of 42.5×28.5mm2

and operates at dual resonant frequencies. A cross shape FSS is employed to obtain a peak gain of
13.1 dBi [16].

This article presents a staircase-shaped printed monopole antenna (SPMA), and the performance
of this proposed antenna is enhanced by integrating a novel FSS reflector with it. The proposed FSS
unit cell structure functions as a reflector and consists of a Jerusalem cross as radiating patches. The
proposed SPMA integrated with designed FSS reflector operates at dual bands from 2.18 to 2.83GHz
and 4.42 to 5.58GHz frequency with fractional impedance bandwidth of 25.94% and 23.2%, respectively.
A single-layer FSS reflector with a 5 × 5 array size is employed to obtain optimum performance. The
suggested combined structure of the FSS reflector integrated with the staircase-shaped slot loaded
antenna offers improvements in gain and radiation efficiency, and it achieves an attractive peak gain of
7.87 dBi along with a maximum radiation efficiency of 98.8%. This suggested SPMA is a suitable choice
for wireless communication applications at 2.4/5.2GHz frequency bands.

The major contributions of this article are (i) Design of a staircase-shaped printed monopole antenna
(SPMA) to support multiple wireless communication applications, (ii) Design of straight forward
Jerusalem cross shaped 5×5 array to act as an FSS reflector, (iii) Radiation performance improvements
in dual operating bands due to integration of frequency selective surface, and (iv) Dual operating bands
to support modern wireless communication (WLAN/Wi-Fi etc.) applications at 2.4/5.2GHz.

2. ANTENNA DESIGN METHODOLOGY

The transmission line model is used for designing the staircase-shaped printed monopole antenna. In
order to operate at 2.4GHz operating frequency, the patch sizes are calculated by applying mathematical
equations, which are referred in [17–19].

The equations are implemented in MATLAB software to realize the required dimensions of the
antenna. In this research work, a polyimide dielectric with a tangent loss of 0.0027, a 0.1mm height,
and a relative dielectric value of 3.5 was utilized for designing the proposed antenna. The patch’s length
(Lp) is 33.39mm, and its width (Wp) is 41.66mm which is obtained for given specifications of the
dielectric substrate. After that, the antenna dimensions are optimized with the patch’s length (Lp)
30mm and its width (Wp) 16mm, length of substrate (Ls) 49mm and substrate width (Ws) = 29mm
in order to achieve a compact sized antenna. Later, the radiating patch of the antenna has been modified

(a) (b)

Figure 1. Proposed antenna (a) front side and (b) back side views.
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by incorporating staircase-shaped slots along the vertical direction (length) on both sides of the required
antenna. The patch’s area has decreased by 7.5% because of these adjustments. After performing a
parametric analysis for ground length, the proposed antenna operates at dual frequencies (2.4/5.2GHz)
with S11 magnitudes of −42.88 dB and −21.99 dB. The dimension of the antenna is 49× 29× 0.1mm3.
The excitation to the staircase-shaped printed monopole antenna (SPMA) is provided via a 16.5mm
feed line, which is shown in Figure 1. The numerical performance analysis of the antenna can be done
by using Computer Simulation Technology (CST) Microwave Studio, which uses finite-difference time-
domain (FDTD) technique to give the solution accurately for Maxwell’s equations. The geometrical
layout of the proposed SPMA is shown in Figure 1 along with the dimensions of the design parameters
listed in Table 1.

Table 1. Design parameters of the proposed antenna (All are in mm).

Parameter Dimension

L1 3.0

L2 21.0

L3 16.5

W1 4.0

W2 1.5

W3 3.0

W4 0.4

LSub 49.0

WSub 29.0

Lg 15.0

3. UNIT CELL DESIGN

The proposed unit cell contains an overall size of 16×16mm2. A copper material, which is indicated with
yellow color in Figure 2, is chosen as a conductive patch for designing the proposed unit cell structure.
At first, a simple cross shape is taken as a radiating patch. Later by bending the cross-shaped arms,
which is as shown in Figure 2, the initial cross shape will become like a Jerusalem cross. Figure 4
shows the reflection coefficient (S11) plot for the proposed unit cell structure. To achieve compactness,
a polyimide dielectric substrate has been used. One of the electromagnetic (EM) numerical simulation
tools, CST Microwave Studio, is utilized to obtain numerical simulation response very quickly and

Figure 2. Unit cell of the proposed FSS (All
dimensions are in mm).

Figure 3. Snapshot of simulation set up for the
proposed unit cell.
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precisely [20]. The CST time domain solver has a key advantage in that the resource required grows
linearly with the number of nodes. As a result, large structures like arrays with hundreds of radiating
elements can be handled. To begin the simulation, the frequency range is selected in the simulation
setup, and perfect electric and magnetic conditions are applied along the X and Y axes, respectively,
to propagate the EM wave along the z-axis, as shown in Figure 3. As shown in Figure 4, the unit cell
resonates from 1.2GHz to 5.85GHz providing an overall bandwidth of 4.65GHz, while the measured
S11 resonates from 1.38GHz to 5.89GHz.

Figure 4. Reflection coefficients (S11) of the suggested unit cell.

4. RESULTS AND DISCUSSION

The frequency-selective surface (FSS) is designed by repeating the structured unit cells in two directions
(x and y). To optimize the FSS, many array combinations have been verified including 2 × 2, 4 × 4,
5× 5, 7× 7, 8× 8, and 10× 10 sizes, and different air space dimensions between the antenna and FSS
reflector are investigated such as 5, 8, 10, 15, and 20mm. Out of all these, 10mm for the 5×5 array size
is the best configuration that offers better gain and efficiency for the antenna and reflector combination.
The total dimension of the proposed FSS is 80mm× 80mm. The fabricated prototypes of the antenna
with front and back views are shown in Figures 5(a)–(b), and the prototype of the FSS is depicted in
the Figure 5(c).

Parametric analysis for various distances between the antenna and FSS is investigated, and the
variations in S11 are shown in Figure 6. The S11 (dB) is evaluated in CST studio utilizing parametric
sweep analysis with different air space cases present between the antenna and reflector to get maximum
performance. As shown in Figure 6, with a 5mm air space between the reflector and antenna, its
combination resonates at 2.4 and 4.32GHz, with S11 values of −21.2 and −22.5 dB, respectively. When
the spacing is expanded to 8mm, it resonates at 1.52 and 4.32GHz with S11 values of −20.5 and
−22.46 dB, respectively. For a 10mm air space between the antenna and FSS, the obtained frequencies
are 2.52 and 5.2GHz with S11 parameter values of −35.5 and −24.6 dB, respectively, which is indicated
by a black-colored solid line. Resonances are observed at 1.32GHz and 4.12GHz for a 15mm air space,
with S11 values of −22.4 dB and −21.8 dB, respectively. Finally, the structure resonates at 1.32GHz
and 4.12GHz for a 20mm air space, with S11 values of −15.2 dB and −15.6 dB, respectively. In all the
above cases, the space of 10mm has given better gain and radiation efficiency. Here, a black-colored
solid line indicates the required 10mm separation gap between the antenna and FSS to obtain the
optimum performance. The measuring setup for the combinations of antenna and FSS model is shown
in Figure 7. When the patch structure is simulated alone, the obtained S11 values are −42.88 dB at
2.4GHz and −21.99 dB at 5.2GHz frequency, respectively. However, with measurement the antenna
resonates at 2.52 and 5.2GHz frequencies with S11 values −35.5 and −24.6 dB, respectively. As shown
in Figure 8, resonances are observed for antenna and FSS combination at dual frequencies (2.3, 5GHz)
with S11 magnitudes of −28.2 dB and −20 dB, respectively, whereas measured resonances are observed
for antenna and FSS combination at dual frequencies (2.3, 5GHz), with S11 magnitudes of −25.8 and
−22.20 dB, respectively. Here, the red-colored solid line indicates the simulated S-parameter for the
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(a) (b)

(c)

Figure 5. Fabricated prototypes. (a) Antenna front side. (b) Antenna back side. (c) Proposed FSS
with 5× 5 array size.

Figure 6. Parametric analysis for various distances (d) between antenna and FSS.

antenna alone; the red-colored dotted line indicates the measured reflection coefficient for the antenna
alone; the black colored solid line indicates the measured return loss plot; and the black colored dotted
line indicates the simulated S-parameter for the antenna integrated with FSS structure.

From Figure 9, it can be noted that the red-colored solid line indicates simulated gain with FSS,
and the red-colored short-dashed line indicates measured gain with FSS. Similarly, the black-colored
solid line indicates simulated gain for the antenna without FSS, and the black-colored short-dashed line
indicates measured gain for the antenna without FSS. From Figure 9 and Figure 10, it can be noted
that the radiation efficiency is nearly 98% at 5GHz and 98.8% at 2.4GHz for the antenna and reflector
integration. At 5.2GHz, the maximum gain is noted as 7.87 dBi while at 2.4GHz, it is 3.38 dBi for the
proposed antenna and reflector integration. An improvement can be observed in gain and efficiency at
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(a) (b)

Figure 7. The measurement set up, (a) gap of 10mm between the antenna and FSS reflector, (b)
separation with a sponze as a space layer between FSS and antenna.

Figure 8. Reflection coefficient (S11) plots for simulation and measurement using both FSS and without
FSS.

Figure 9. Gain variations for without FSS and
with FSS.

Figure 10. Radiation efficiency with and without
FSS.
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Table 2. Comparison table for simulated radiation parameters.

Using Antenna Using Antenna with FSS

Parameter 2.4GHz 5.2GHz 2.4GHz 5.2GHz

Gain 2.22 4.19 3.38 7.87

Efficiency (%) 98.6 96.1 98.8 98

Table 3. Comparison table for measured gain and efficiency parameters.

Using Antenna Using Antenna with FSS

Parameter 2.4GHz 5.2GHz 2.4GHz 5.2GHz

Gain 1.72 4.13 3.32 7.58

Efficiency (%) 98.3 96.07 98.7 97.4

(a) (b)

Figure 11. E-plane field patterns for (a) 2.4 and (b) 5.2GHz frequencies without FSS reflector.

(a) (b)

Figure 12. E-plane field patterns at (a) 2.4 and (b) 5.2GHz frequencies using FSS reflector.
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wireless resonant frequencies for an integrated antenna. The comparisons of all radiation parameters for
the stair-case antenna with or without FSS in terms of simulated and measured results are represented
in Table 2 and Table 3. Figures 11 and 12 illustrate the radiation patterns for the proposed SPMA and
the combination of SPMA with the proposed FSS reflector at both resonant frequencies. From figure
12, it can be noted that, by positioning the proposed FSS reflector beneath the antenna with an air
gap of 10 mm, the FSS reflects the EM waves imposed on it, resulting in the SPMA’s unidirectional
radiation pattern.

4.1. Equivalent Circuit Model of the Proposed Antenna

Antennas, in general, exhibit a linear behavior since they are made up of passive elements that resonate
at various frequencies. The first Foster canonical form [21] is ideal for modeling antennas such as dipoles
and monopoles. The entire staircase-shaped printed monopole antenna (SPMA) is depicted with an
equivalent approach using the advanced design system (ADS) tool. It can be noted From Figure 13
that L1 represents the whole radiating patch of the antenna structure, and the partial ground of the
antenna is represented as a short circuit. As indicated in Figure 13, a parallel R-L-C combination is
used for producing numerous resonant frequencies in the ADS tool. To produce the exact S-parameter
response shown in Figure 14, a 50-ohm impedance is attached to the radio frequency (RF) feed to ensure
adequate impedance matching for the coaxial feed. With coaxial feed, the dielectric constant and loss
tangent are fixed. To achieve optimal performance, the parallel RLC (PRLC) and remaining parameters
in the coaxial feed are optimized by utilizing the ADS tool’s tuning feature. To get the appropriate
return loss (S11) response, the start and end frequencies are set to 0GHz and 6GHz, respectively, with
a 0.1GHz frequency step size. From Figure 14, it can be noted that the frequency range is specified
on the X-axis from 0 to 6GHz, and the S11 (dB) is chosen on the Y -axis. The red curve represents
the simulated response using the CST tool, and the black curve represents the return loss response of a
similar circuit in the ADS tool. According to the projected graph, the CST and the ADS tool responses
for S11 parameters are almost identical.

Figure 13. Equivalent LC circuit model for the
antenna.

Figure 14. S11 comparison using CST and ADS
tools.

4.2. E-, H-Fields and Surface Current Distribution Analysis

Figure 15 shows that at 2.4GHz, the maximum intensity of the electric field is noticed on the staircases
of the radiating patch and spreads along the vertical direction of the antenna. Figure 16 shows that
a maximal magnetic field is seen on the feed line and that it spreads in the horizontal direction of
the antenna at a 2.4GHz frequency. As a result, the electric and magnetic fields spread in opposite
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directions. Similarly, at 5.2GHz, the highest electric field is detected on the feed line and in the
horizontal direction, whereas the magnetic field spreads in the vertical direction. According to Figure 17,
a maximum current distribution is detected on the feed line for 2.4GHz operation, and at 5.2GHz
frequency, the surface current distribution spreads along the horizontal direction, with the lowest current
distribution observed on the corners of the staircase-shaped radiating patch.

(a) (b)

Figure 15. E-field distribution at dual frequencies (a) 2.4, (b) 5.2GHz.

(a) (b)

Figure 16. H-field distribution at dual frequencies (a) 2.4, (b) 5.2GHz.

(a) (b)

Figure 17. Surface current distributions at dual frequencies (a) 2.4, (b) 5.2GHz.
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4.3. Performance Comparison with Other Reported Works

The FSS integrated antenna performance has been evaluated in comparison to the presented literature,
which is represented in Table 4. This proposed staircase-shaped printed monopole antenna (SPMA)
offers acceptable performance in terms of gain, impedance bandwidth, gain, and radiation efficiency by
maintaining compact size.

Table 4. Comparison with recently reported work.

Ref.

Antenna

Dimension

(mm3)

Frequency

Bands

(GHz)

Fractional

Bandwidth

(%)

Peak

Gain

(dBi)

[13] 40× 40× 1.6
(2.37–2.56) and

(5.15–6.22)
7% and 18.8% 7.46

[14] 44× 35× 1.6
(3.48–3.65) and

(5.75–6.37)
4.8% and 10% 13.92

[15] 45× 42× 2.7 fr = 3.09 and 6 — 7.5 and 10.95

[16] 42.5× 28.5× 1.575
(2.41–2.62) and

(3.38–3.65)
8.3% and 7.6% 10.2 and 8.83

This Work 49× 29× 0.1
(2.18–2.83) and

(4.42–5.58)
25.94% and 23.2% 7.87

5. CONCLUSIONS

This article introduces a staircase-shaped printed monopole antenna (SPMA) for the usage in wireless
frequency bands. The combination of single-layer FSS and proposed SMPA achieves high radiation
parameters in comparison to the single SMPA alone. The overall dimensions of the antenna and FSS are
49×29×0.1mm3 and 80×80×0.135mm3, respectively. The polyimide dielectric substrate material has
been implemented for simulation design and the execution of the prototype modeling of both the antenna
and FSS reflector. The designed FSS with optimized dimensions produces a better outcome which
results in satisfactory antenna performance. For 2.4 and 5.2GHz frequencies, the suggested antenna
and reflector combination achieve 25.94% and 23.2% fractional bandwidths, respectively. This study’s
results seem satisfactory compared to other reported research works as provided in the comparison
table. Hence, this SPMA is a suitable choice for wireless communications at 2.4/5.2GHz frequency
bands to support WLAN and Wi-Fi applications.
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