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This research investigates the development of a multi-stacked microstrip
antenna featuring two patch elements positioned in a layered configuration.
The antenna design incorporates three substrates with different dielectric
constants, separated by an air gap, to evaluate their impact on improving
bandwidth and gain. The primary objective of this research is to enhance the
efficiency of a microstrip patch antenna by utilising a multilayer substrate
structure. Simulation results indicate that stacking substrates with varying
dielectric properties significantly enhances antenna performance. The
bandwidth increases considerably, from 1.38 GHz to 2.37 GHz, while the
peak gain improves from 6.6 dBi to 7.9 dBi. These advancements highlight
the antenna's effectiveness in operating within the X-band frequency range,
making it suitable for wireless and satellite communication systems. The
design and its performance were analysed using high-frequency structure
simulator (HFSS) simulation software, which validated its practical
feasibility. This innovative configuration addresses the bandwidth
limitations typically associated with conventional microstrip antennas,
ensuring improved operational efficiency for modern communication
technologies. The findings highlight the benefits of utilising a multi-stacked
structure to achieve superior antenna performance, particularly in advanced
communication applications.
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1. INTRODUCTION

Microstrip antennas have emerged as a leading choice in contemporary wireless communication
systems due to their compact size, lightweight design, and ease of integration. However, the drawbacks of
single-layer microstrip antennas, particularly in terms of bandwidth and radiation efficiency, have led to the
exploration of more advanced antenna structures. Multilayer microstrip antennas, characterised by their
stacked configuration of dielectric substrates and radiating elements, offer a promising solution to overcome
these limitations. This paper aims to investigate the design, analysis, and performance of multilayer
microstrip antennas in the context of next-generation communication technologies. By exploiting the
advantages of multilayer structures, such as enhanced bandwidth, reduced losses, and improved radiation
patterns, this research seeks to contribute to the advancement of antenna systems for applications in satellite
communications, radar systems, and wireless networks.
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A multilayered aperture-coupled microstrip patch antenna tailored for WLAN applications is
presented. Featuring an 'l' and 'H' slot design on the ground plane, controlled by feed line length, the antenna
achieves an excellent reflection coefficient, low voltage standing wave ratio (VSWR), and broadside
radiation with a gain exceeding 5 dBi. The aperture-coupled stacked design demonstrated good bandwidth
performance for WLAN applications; however, limited gain and lack of polarisation control reduce its
effectiveness for high-performance and directional systems [1]. A wide-band stacked microstrip patch
antenna is introduced in this paper. This antenna has extensive bandwidth and enhanced radiation properties,
making it well-suited for X-band applications. The compact wideband multilayer antenna achieved a gain of
approximately 5.23 dBi; however, the gain remains modest and could be enhanced through improved
substrate tuning and material optimisation [2]. In this a stacked double-layer circular fractal microstrip
antenna for X-band applications is presented. Modifications to the ground plane minimised surface wave
effects, enhancing radiation efficiency. The antenna's improved impedance matching and omnidirectional
radiation characteristics make it suitable for radar, mobile, and satellite communications [3]. In this work a
stacked patch antenna with E-shaped and U-slot patches is discussed. It operates in the frequency spectrum of
3.27-5.85 GHz. The study examines the effect of patch separation and slot dimensions on bandwidth and
impedance matching, highlighting the significance of optimal coupling for improved performance [4]. A C-
type single feed for wide-band circularly polarised stacked microstrip antennas (CPSMAS), emphasising AR
bandwidth and gain, is presented. The design incorporates a probe-fed stack with a parasitic patch and foam
layer, with a particular focus on substrate and patch aspect-ratio adjustments. Wideband circular polarization
was achieved using foam layers and a C-type feed; however, the use of foam reduces mechanical stability
and adds fabrication complexity, limiting the antenna’s practical deployment [5].

A wideband, compact, multi-stacked patch antenna with an average gain of 7dBi and a peak gain of
9dBi at 6.5GHz is presented. Low cross-polarisation unidirectional radiation is facilitated by the antenna’s
semi-circular slot and T-shaped stub [6]. The proposed H-shaped slotted multilayer stacked antenna for X-
band operation exhibits wideband performance with a simulated impedance bandwidth of 2.12 GHz, and
optimal efficiency is achieved at a 1.5 mm substrate gap. The antenna demonstrates high radiation efficiency
with a maximum gain of 7.62 dB [7].

The stacked bow-tie slot antenna presented in the paper achieved high radiation efficiency over a
wide bandwidth. The stacked bow-tie aperture antenna provided 27% bandwidth and high efficiency;
however, its slot-based geometry is less suitable for printed circuit board (PCB) integration and lacks
polarisation control, limiting its versatility in practical applications [8]. This work introduces a C-band dual-
resonant antenna utilising FR4 and Mica substrates. It achieved significant impedance bandwidths, peak gain,
and excellent cross-polarisation characteristics [9]. A broadband stacked offset microstrip antenna, which has
enhanced gain and minimum cross-polarisation, is presented. The antenna achieved a maximum gain of 8.07
dBi and maintains a front-to-back ratio exceeding 12 dB. The planar monopole antenna delivered ultra-
wideband (UWB) coverage with effective notch filtering; however, the absence of stacking and gain
optimisation makes it unsuitable for targeted high-gain applications in the X-band [10]. A dual-feed stacked
patch antenna designed for L and S bands, featuring corner-truncated probes fed by a T-shaped slot to
enhance gain and axial ratio, is presented. The adjustable air gap between the ground plane and the substrate
improves bandwidth and resonant frequencies, allowing for tuning and increased bandwidth. The dual-feed
stacked patch antenna achieved circular polarization in L/S bands; however, its complex feeding structure
and limitation to low-frequency operation restrict its applicability in compact [11].

The designed two-layer metasurface significantly reduced radar cross section (RCS) across a broad
band when integrated with a single or 1x4 stacked patch array. By utilizing metallic square loops, resistors,
and square metallic patches, the metasurface effectively absorbs incoming power in specific frequency bands,
showcasing high absorption and minimal reflection [12]. A stacked multilayer patch and multiple-band
antenna design for handheld terminals are presented. Utilizing corner truncation and I-slot, the antenna
enhances radiation efficiency [13]. A circularly polarised aperture stacking patch (ASP) antenna is
introduced, utilising four parasitic patches rotated by 30° to achieve AR <3dB and VSWR <2. It offers a
bandwidth of 33.6% in a single element and 36.15% in a 2x1 array [14].

A low-cost, high-gain, broadband stacked multi-layer triangular microstrip antenna (ETMSA) has
been developed for the 1,700-2,600 MHz frequency range, with a focus on minimising cross-polarisation.
The antenna includes a metallic via for cross-polarisation enhancement and a metallic cavity for gain
improvement. It offers a bandwidth of 42.2%, a peak gain of 10.8 dBi, an over 15.8 dB front-to-back ratio,
and less than -13.6 dB cross-polarisation, making it suitable for RF energy harvesting in various bands. The
use of parasitic triangular patches and a cavity structure enabled high gain, but the complex geometry and
restriction to lower frequency bands limit its suitability for compact and higher-band applications [15]. A
square patch antenna featuring pentagon and hexagon slots, augmented by a rectangular defected ground
structure (DGS), is tailored for 5G and LTE applications. The inclusion of DGS significantly boosts the
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antenna's performance, offering a wider bandwidth and improved return loss [16]. A dual-polarised stacked
patch antenna with wideband capabilities, addressing the needs of modern wireless communication systems,
is presented. The antenna prototype demonstrated excellent performance in terms of impedance matching and
isolation [17]. The research paper presented a comprehensive study on a stacked patch design for broad
impedance bandwidth, axial-ratio (AR) bandwidth and flat gains, offering a significant contribution to the
field of antenna engineering. Flat gain and wide AR bandwidth were achieved using stacked patches and a
loop feed; however, the use of vertical parasitic walls and complex feeding increases structural complexity
[18]. The proposed modified U-slot stacked multilayer antenna for UWB applications demonstrates a
significant improvement over conventional microstrip patch antennas. UWB operation was achieved using a
modified U-slot stacked patch; however, the design lacks control over radiation direction and offers limited
gain [19]. A paper on the broadband stacked strip antenna design for X-band applications, operating with a
bandwidth of more than 4 GHz, which corresponds to approximately 42% of the centre frequency, is
presented [20].

In this paper, design of a multiple-layer double U-slot microstrip patch antenna is presented.
Incorporating three layers into the antenna structure enhanced the bandwidth, resulting in broader frequency
coverage [21]. A stacked rectangular strip antenna with an inset feeding mechanism is designed and
implemented. It consists of a microstrip patch that operates at 10 GHz and a 9x9 electromagnetic bandgap
(EBG) array on a 0.5 mm-thick FR-4 epoxy substrate. It achieved a minimum reflectivity of -30.57 dB at 9.9
GHz and a gain of 9.45 dBi across both the E and H planes with a -10 dB reflection bandwidth of 1.2 GHz
[22]. A 3D-printed multilayer stacked microstrip patch array (SMPA) antenna for ISM band applications
operating in the 2.4-2.5GHz frequency range is presented. Based on experimental results, the SMPA antenna
is ideal for ISM band communication applications since it has a modest gain of 10-11 dBi [23]. The stacked
patch antenna with crossed slots presented in the research paper offers acceptable impedance matching at the
ports over a large bandwidth, ensuring a good gain performance. The measured return loss demonstrates
acceptable bandwidth performance and low back radiation, indicating excellent antenna performance [24]. A
Hexagonal patch antenna with pentagon and hexagon-shaped slots, along with a rectangular DGS, is
designed for 5G and LTE applications. The use of DGS greatly enhances the antenna’s performance by
increasing bandwidth and improving return loss [25]. In this article, a multi-layered antenna is presented. The
impact of multiple substrates on the gain and bandwidth is analysed. The antenna is simulated using the high-
frequency structure simulator (HFSS) software.

2. ANTENNA DESIGN

Figure 1 illustrates the configuration of the suggested antenna. The proposed antenna design was
developed and analyzed using Ansys HFSS 2021 simulation software, employing the finite element method
(FEM) for accurate electromagnetic analysis. The methodology involved a systematic phase-wise evolution
of the antenna structure, starting from a basic rectangular microstrip patch and progressing through aperture-
coupled, multi-substrate, and stacked configurations. Each phase was simulated to evaluate the effects of
substrate material, patch dimensions, and the introduction of an air gap. This antenna element comprises
three layers of dielectric substrates along with an air gap layer. The initial layer is composed of FR4 Epoxy,
characterised by a dielectric constant of 4.4 and a height of 1.6 mm, which serves as the antenna. The second
layer consists of an Arlon AD250A™ substrate, which has a height of 0.25 mm and a dielectric constant of
2.50. This is succeeded by an RT/Duroid®5880 layer, exhibiting a dielectric constant of 2.2 and a thickness
of 1.5 mm; this is utilised for the patch two-layer. Between the second and third layers, introduce an air gap
with a thickness of 1.2 mm, aimed at enhancing the operational bandwidth and gain of the antenna. The
measurements of the suggested antenna are detailed in Table 1, and Figure 2 shows the top view of the
proposed antenna.
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Figure 1. Geometry of the suggested antenna
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Figure 2. Top view of the proposed antenna

Table 1. Dimensions of the suggested antenna
Parameter Ly W, L, W, L3 W, Hy H, Hs Ls Ws Air gap
Dimensions (mm) 114 828 84 528 21 1788 16 15 025 6 1 1.2

The antenna consists of three substrates: FR4-epoxy (er = 4.4), Arlon AD250A (er = 2.5), and
RT/Duroid® 5880 (er = 2.2), with a 1.2 mm air gap between the second and third layers to improve
bandwidth and gain. Key simulation parameters such as return loss (S11), gain, and radiation patterns were
extracted. Parametric studies were also performed to optimise substrate thickness and patch dimensions for
best performance. The results of each phase were compared to quantify the improvements achieved at each
design stage.

2.1. Evolution of proposed antenna

The initial rectangular microstrip patch antenna (RPA) was created utilising the following design
parameters: patch length (L), patch width (W), and feed location from the centre of the patch. The following
design equations were used to estimate length and width: f=8 GHz, &r=4.4 and h = 1.6 mm.

c

W= 1
Zf\Jsrz-H ( )

-1/2
L =§<ar2+1 +ar2—1 [1 + 12%]) (2)

The speed of light, denoted as ‘c', is considered to be 3x10"8 m/s. Upon substitution, the dimensions
of the patch were determined as a width (W) of 8.28 mm and a length (L) of 11.4 mm. Using (1) and (2), a
rectangular patch antenna is designed as shown in Figure 3. The substrate is FR4 Epoxy with a height of 1.6
mm, a dielectric constant of €& = 4.4, and a loss tangent value of 0.0001. The simulation results for the
rectangular patch show a return loss of -13.10 dB and a gain of 5.93 dBi.
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-
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Figure 3. Rectangular patch antenna
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The proposed antenna design process involves four distinct phases as follows,
—  Phase 1: Aperture-coupled rectangular patch antenna (ACA)

An ACA is created using a sandwiched ground with a rectangular slot positioned between substrates
1 and 2, as illustrated in Figure 4. Substrate 1 is utilised for the feed line, while substrate two supports
radiating patch 1, forming a basic aperture-coupled microstrip antenna. The electric field distribution in this
configuration is primarily concentrated around the aperture slot and underneath Patch 1, indicating a
fundamental level of coupling between the feed and the patch through the slot as shown in Figure 4.
However, due to the relatively simple structure and single radiating patch, the gain remains limited and the
energy confinement is moderate. Despite these constraints, the configuration achieves significant
improvements over traditional microstrip antennas. While conventional designs typically operate with narrow
bandwidths in the megahertz range, this aperture-coupled antenna attains a much broader bandwidth of 1.38
GHz, as shown in Figure 5. Additionally, it exhibits two resonant peaks at 8.6 GHz and 9.44 GHz, with
return losses of -20.49 dB and -17.22 dB, respectively. Figure 6 illustrates the E-field plot, which further
supports these results by showing localised energy concentration, which motivates further structural
enhancements in subsequent design phases to improve field distribution, bandwidth, and gain.
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Figure 5. S11 parameter plot of RPA and ACA

—  Phase 2: ACA with additional substrate (ACAS)

In this phase, substrate 3 is introduced between the ground plane and substrate 2, resulting in an
ACA with an additional substrate (ACAS), as shown in Figure 7. This modification creates a more layered
structure, influencing the electromagnetic behaviour of the antenna. A parametric analysis is conducted on
the dimensions and thickness of substrate 3. Altering its dimensions results in consistent gain and bandwidth,
with minor shifts in resonant frequencies. Changes in the thickness are effecting both the bandwidth and gain.
At a thickness of 0.25 mm, the bandwidth is 1.29 GHz, with gains of 6.1 dBi and 6.5 dBi at 8.6 GHz and 9.28
GHz, respectively. Increasing the thickness to 0.5 mm yields a 1.24 GHz bandwidth, with gains of 6.2 dBi
and 6.4 dBi at 8.68 GHz and 9.2 GHz, respectively. Further increasing thickness to 0.75 mm reduces the
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bandwidth to 1.05 GHz, with a gain of 6.2 dBi at 8.94 GHz. These observations indicate that increasing the
thickness of substrate 3 decreases bandwidth. Therefore, among the variations, the thinnest thickness (0.25
mm) is selected, producing return losses of -26.0 dB at 8.68 GHz and -24.11 dB at 9.26 GHz, with gains of
6.1 and 6.5 dBi at 8.6 GHz and 9.28 GHz, respectively.

E Field [V/m]
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Figure 6. E-Field distribution of ACA

The improved performance in this phase is also evident from the E-field distribution, which shows
increased field intensity and a broader spread across the stacked dielectric layers as shown in Figure 8. The
inclusion of Substrate 3 enhances the effective dielectric height and enables stronger confinement of
electromagnetic fields. This, in turn, leads to better impedance matching and facilitates the excitation of
additional resonant modes through improved energy transfer via the aperture. Compared to Phase 1, the E-
field plots confirm a more efficient field propagation and distribution, correlating directly with the observed
improvements in gain and bandwidth.
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Figure 7. Side view of ACAS

—  Phase 3: ACA with additional substrate and patch (ACASP)

In this phase, a patch is added above the substrate, resulting in an ACA with additional substrate and
patch (ACASP) as illustrated in Figure 9. This structural enhancement creates a stacked patch configuration,
which significantly influences the antenna's electromagnetic behaviour and performance. Parametric analysis
is done on its length and width. Considering the same dimensions as patch 1 resulted in a single resonant
peak at 7.88 GHz, a bandwidth of 10 MHz and a gain of 5.7 dBi at 7.88 GHz. At dimensions of 8.24 mm in
length and 5.28 mm in width, the bandwidth reaches 1.4 GHz, with gains of 6.0 dB and 6.3 dB at 8.56 GHz
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and 9.4 GHz, respectively. A further reduction to 7.24 mm length and 4.28 mm width results in a bandwidth
of 1.34 GHz and gains of 6.1 and 6.4 at 8.62 GHz and 9.32 GHz, respectively. Based on these observations,
the optimal dimensions are determined to be 8.24 mm and 5.28 mm, producing a multi-band configuration
with three resonant peaks. The return losses obtained are -21.96 dB, -18.0 dB, and -26.62 dB at frequencies
of 856 GHz, 9.4 GHz, and 11.7 GHz, respectively, encompassing a bandwidth of 1.4 GHz. The
improvement in performance is further confirmed by the electric field distribution, which reveals strong E-
field intensities at both Patch 1 and Patch 2, as shown in Figure 10. This indicates effective mutual coupling
between the patches, leading to the excitation of multiple closely spaced resonant modes and enhanced
energy distribution. The stacking also increases the effective radiating aperture, improving gain and radiation
efficiency. The E-field plots clearly demonstrate a more uniform and intense field distribution compared to
previous phases, validating the effectiveness of the stacked configuration in significantly enhancing both
bandwidth and gain.
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Figure 8. E-field distribution of ACAS
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Figure 9. Side view of ACASP

—  Phase 4: ACA with additional substrate, patch and air gap (ACASPA)

In this phase, an air gap is introduced between patch two and substrate two, resulting in an ACA
with an additional substrate, patch, and air gap (ACASPA), as shown in Figure 11. This modification
significantly impacts the antenna’s dielectric environment and electromagnetic performance. Parametric
analysis is done on the thickness of the air gap. At 0.9 mm thickness, the configuration yielded a 1.62 GHz
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bandwidth, with gains of 6.5 dBi and 7.37 dBi at 8.9 GHz and 9.66 GHz, respectively. At 1 mm thickness,
the configuration yielded a 1.59 GHz bandwidth and gains of 6.5 dBi and 7.4 dBi at 8.92 GHz and 9.62 GHz,
respectively. With 1.2 mm thickness, the configuration resulted in a 2.37 GHz bandwidth with gains of 6.6
dBi, 7.5 dBi, and 7.9 dBi at 8.92 GHz, 9.62 GHz, and 10.8 GHz, respectively. Further, by increasing the
thickness, the bandwidth is reduced. The 1.2 mm air gap thickness is ultimately selected. The return loss at
the specified peaks is recorded at -16.75 dB, -15.32 dB, and -17.96 dB for frequencies of 8.94 GHz, 9.56
GHz, and 10.8 GHz, respectively, yielding an overall bandwidth of 2.37 GHz. Gains of 6.6 dBi, 7.5 dBi, and
7.9 dBi are observed at 8.94 GHz, 9.56 GHz, and 10.8 GHz, respectively. This design gives favourable
radiation patterns and directivity. The radiation pattern plot consists of both E-field and H-field patterns. The
E-field plots further validate the design, showing a highly uniform and intense electric field distribution,
particularly concentrated around Patch 2 as shown in Figure 12. This indicates enhanced radiation efficiency
and reduced dielectric losses due to the lower effective permittivity introduced by the air gap. Moreover, the
air gap provides better control over surface currents and improves impedance matching, which contributes
directly to the antenna achieving its highest overall gain and widest bandwidth in this phase. The combined
effects of optimised field distribution, minimised substrate loading, and improved dielectric transition
establish this configuration as the most efficient and high-performing design among all four phases.
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Figure 10. E-Field distribution of ACASP
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Figure 12. E-field distribution of ACASP

3. RESULTS AND DISCUSSION

From the simulation results presented in Figure 13, the presented antenna is offering a bandwidth of
2.37 GHz, ranging from 8.65 GHz to 11.02 GHz. The results section has been enriched with comprehensive
numerical analysis and performance evaluation across all design phases. Phase-wise comparisons clearly
demonstrate the progressive improvements in bandwidth and gain achieved through multilayer stacking and
the introduction of an optimised air gap. The final antenna configuration achieved a wide impedance
bandwidth of 2.37 GHz, covering the range from 8.65 GHz to 11.02 GHz, with three distinct resonant peaks.
Corresponding return loss values of -16.85 dB, -15.32 dB, and -17.96 dB validate effective impedance
matching. Peak gain values of 6.6 dBi, 7.5 dBi, and 7.9 dBi were recorded at 8.94 GHz, 9.56 GHz, and 10.8
GHz, respectively as shown in Figures 17(a)-(c). These values have been tabulated and compared with other
state-of-the-art designs, showing that the proposed design offers superior bandwidth while maintaining
competitive gain levels, confirming its effectiveness for high-performance X-band applications. Figures 14 to
18 display the simulated radiation patterns, gain and directivity plots of the suggested antenna.
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Figure 13. Comparison of the return loss obtained
from Phase 2 to Phase 4

Figure 14. E-field and H-field pattern of ACASP at
8.94 GHz
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Figure 17. Gain plot of the presented antenna at (a) 8.94 GHz, (b) 9.56 GHz and (c) 10.8 GHz

The proposed high-gain, wideband multilayer microstrip patch antenna is particularly suitable for a
variety of X-band applications. Given its enhanced bandwidth of 2.37 GHz and peak gain of up to 7.9 dBi as
shown in Figure 17(c), the antenna can be effectively utilised in satellite uplinks, radar front-end modules,
airborne communication systems, and high-speed point-to-point wireless links. The improved radiation
performance and directional characteristics make it ideal for integration into systems requiring reliable high-
frequency signal transmission with minimal losses. Its multilayer structure with an air gap also offers
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mechanical adaptability, supporting advanced applications like synthetic aperture radar (SAR) and ground-
penetrating radar (GPR) where compact, efficient, and high-performance antennas are critical. A comparison
of the suggested multi-layer antenna phase-wise simulation results is presented in Table 2.
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Figure 18. Directivity of the recommended antenna at different peaks

Table 2. Comparison of the phase-wise results of the proposed antenna
Evolution Resonant frequency (GHz) Return loss(dB) ~ Bandwidth (GHz)Peak gain(dBi)

Phase 1 8.62,9.44 -20.33,-17.22 1.38 6.0, 6.6
Phase 2 8.6,9.28 -51.64, -19.15 1.29 6.1,6.5
Phase 3 8.56,9.4,11.7 -21.96, -18, -26.62 1.40 6.0,6.3,6.1
Phase 4 8.92,9.62,10.8 -16.85, -19.15, -17.96 2.37 6.6,7.5,79

Comparison of works reported in open literature and the recommended work is presented in Table 3.
Work reported in references [20]-[21] demonstrates a higher gain, which is attributed to inset feeding;
however, they exhibit a narrower bandwidth. In contrast, the proposed antenna offers a wide bandwidth with
high peak gain.

Table 3. Comparison of different multi-layer antennas
Reference Resonant frequency (GHz) Bandwidth (GHz) Peak gain (dBi) Feeding Technique

[1] 251 0.7 4.091  Aperture coupling

[2] 10 3 5.23  Aperture coupling

[5] 5.7 1.13 7.5 Co-axial feeding

[7] 10.3 2.12 7.62 Inset feeding

[11] 2.480 0.8 3.6 Probe feeding

[20] 9.75 12 9.45 Inset feeding

[21] 24 0.6 10 Inset feeding

[22] 9.6 2 7 Aperture coupling
Proposed work 10.8 2.37 7.9  Aperture coupling

4.  CONCLUSION

In this paper, a multi-layered microstrip antenna is presented. The proposed antenna is designed
with three substrates along with an air gap and two patches. With multiple substrates of different dielectric
constants, one above the other, the antenna bandwidth is increased from 1.38 GHz to 2.37 GHz and the peak
gain is improved from 6.6 dBi to 7.9 dBi. The thickness of the proposed antenna (4.6 mm) is the limitation of
this work, which can be overcome with a new 3D printing technique. Attempts will be made to reduce the
thickness of the antenna in future work, maintaining or improving the bandwidth and gain.
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