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Abstract—This paper presents a novel tri-band antenna achieved through Characteristic Mode Analysis (CMA). The
antenna's tri-band characteristics are realized by exciting two orthogonal modes and one higher-order mode at 2400 MHz,
3500 MHz, and 5200 MHz, with a broadside radiation pattern. The proposed antenna design involves modifying a circular
patch antenna by inserting three equilateral triangle slots. The surface current distribution is reshaped during the antenna
modification to achieve the desired frequencies with broadside radiation patterns. The addition of equilateral triangle slots
increases the surface current path, resulting in a miniaturized antenna structure with size 0.324,x0.324,x0.014,, in which
A, is wavelength of lover band 2400MHz. The proposed antenna's prototype is made of low-cost FR4 material and is
validated by experimentation. The measured operating resonance frequencies, with impedance bandwidths at S11 <-10
dB, are found to be 2395 MHz (2380-2420MHz), 3500 MHz (3450-3550MHz), and 5283 MHz (5200-5348). Corresponding
broadside gains are measured at 5.6 dBi, 6.3 dBi, and 6.9 dBi, respectively. There is good agreement between the simulated
and measured results for the proposed antenna. It has a single feed, a low profile, a cost-effective design, and improved gain
in addition to stable broadside radiation patterns.

Index Terms—Wi-Fi, 5G Sub-6, Wi-Max, Tri-Band Antenna, Characteristic Mode Analysis.

I. INTRODUCTION

W ith the proliferation of diverse wireless communication standards, there is a strategic push to integrate as many
standards as possible into a single wireless device. This integration includes the 5G Sub-6 band, Wireless Area
Network (WLAN), Wi-Fi, and Worldwide Interoperability for Microwave Access (WiMAX) protocols. Researchers
worldwide are actively exploring methods to multi band compact antennas, ensuring they remain compact without
compromising essential properties for contemporary electronic devices [1-5].

Researchers from around the world are actively exploring various methods to design multi-band antennas while
maintaining the desired qualities for contemporary gadgets. The need for multifunctional antennas is being driven by
anumber of applications, including machine-to-machine (M2M) communication, augmented reality, self-driving cars,
wireless sensor networks, biomedical implants, and the Internet of Things (IoT). Most of the spectrum that has been
set aside for 5G uses by the Federal Frequency Commission (FCC) is in the MM-Wave and Sub-6 GHz bands. By
utilizing current base stations, the sub-6 GHz spectrum is intended to be allocated for 5G with the goal of accelerating
deployment. This has various advantages, as [3,6-11] outline.

Patch antennas are commonly used in wireless systems because of their ability to be placed versatility over uneven
surfaces and their non-planar structure. These antennas have the following qualities: they are simple, lightweight,
affordable, flexible, and small [9-11].

In literature, diverse methods are employed to create multi-band antennas. The Defected Ground Structure (DGS)
and slot-based patch design are frequently utilized for this purpose [3, 11-16]. The patch also exhibits multi-band
capabilities through its loaded resonator slot [5]. Various optimization techniques, including the genetic algorithm,
can be employed to create multi-band antennas [17]. The coplanar waveguide (CPW) with slot and fractal methods
can also be utilized to design multi-band and miniaturized antennas [1-2, 4, 6, 9, 18-19]. While these antennas offer
numerous advantages, certain performance aspects, such as size, circuit integration complexity, and broadside
radiation performance, still require improvement.

To address the aforementioned issues, a novel antenna design has been proposed on an FR4 substrate, aiming for
reduced complexity and simplified fabrication while achieving broadside radiation patterns. The tri-band
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characteristics are attained by introducing three equilateral triangle slots in an elliptically shaped patch, and the design
is further optimized using the characteristics mode analysis method. The following sections constitute the planned
antenna design work: The specifics of the proposed antenna design are presented in Section A. Section B: Using the
cavity model approach, it presents the preliminary study of antenna design. Sections C to F: Outline the proposed
antenna design process utilizing the Characteristics Mode Analysis (CMA) method. Section G: Offers a
comprehensive full-wave analysis of the optimized antenna using coaxial feed. Section H: Demonstrates the antenna's
validation using an equivalent circuit model (ECM). Section | presents proposed antenna hardware and measurement
validation. Finally, a summary of the proposed work is found in Section Ill, encapsulating the key findings and
contributions of the novel antenna design.

. ANTENNA GEOMETRY AND WORKING MECHANISM

A. Overall Antenna Design.

Fig. 1 shows the proposed tri-band antenna designed on FR4 dielectric material with &, = 4.3 and a loss tangent of
0.025. The antenna is designed by incorporating three equilateral triangle slots in an elliptically shaped patch. The
resonance frequency of the antenna can be controlled using three parameters R1, Rz, and d. The electromagnetic power
is supplied through a 50Q coaxial feed probe from the bottom to the patch. The design and simulation were carried
out using the electromagnetic simulation tool CST Studio Suite. The proposed antenna has a simple structure, making
it easy for fabrication and integration into a circuit. The Table | shows the designed parameters of proposed antenna.

B. Cavity Model Method Discussion.

The cavity model is commonly applied to study the characteristics of microstrip antennas, providing valuable insights
into their resonance modes and overall performance. In this model, the antenna's radiating patch is treated as a resonant
cavity with specific boundary conditions that simplify the analysis of its electromagnetic fields and resonant
frequencies. The top surface of the cavity, represented by the metallic patch, and the bottom surface, represented by
the ground plane, are assumed to be perfect electric conductors (PECs). This condition implies that the tangential
component of the electric field is zero at these surfaces.

Conversely, the side walls of the cavity, which correspond to the edges of the patch, are modeled as perfect magnetic
conductors (PMCs). This boundary condition enforces that the tangential magnetic field component is zero along the
edges. In micro strip antennas, the cavity model includes not only the patch and the ground plane but also accounts
for the substrate and other elements within the structure, as illustrated in Fig. 2. For circular patch antennas, a key
design parameter—the radius of the patch ("R")—controls the order of resonance modes. The TMZ,,,,modes resonance
frequency of circular patch is given below [20].
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Where, y.,denotes the roots of the derivative of the Bessel function, these roots determine the orders of resonant
frequencies, For the first order or dominant mode, the specific value is 1.8412, and corresponding TM7,;, (dominant
mode) frequency is given by [20]
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The design parameter ‘R=17.67mm,' corresponding to the 2400 MHz (dominant mode) for a circular patch antenna
on an FR/4 substrate with a dielectric constant of 4.3 and a loss tangent of 0.025, has been identified using equation

).

While the cavity model provides valuable insights, it has limitations. It may not accurately represent the behavior of
irregularly shaped antennas or those with complex structures. The characteristic mode analysis method represented in
next section, which is design and optimized irregularly shaped or complex structure antenna.



C. Parameters and topological optimization using CMA.

Characteristic Mode Theory (CMT) is a theoretical framework used in antenna engineering to analyze and design
antennas based on their characteristic modes. CMT helps in understanding these modes and their influence on antenna
performance. This methodology serves as a systematic design approach, aiming to offer a comprehensive physical
understanding of conducting structures. This sets it apart from alternative methods like automated optimization or
trial-and-error, which lack the capacity to reveal the physical behavior of circuits[16,21-22].

These current modes represent intrinsic characteristics of the conducting electromagnetic body and are derived by
solving the Eigenvalue equation, as detailed in references [21-24].

1. Resonance Condition:

1. At resonance, the corresponding eigenvalue is zero (e, = 0), indicating a special condition where the
system is in a resonant state [16,21,23].
2. Energy Storage:

1. Positive Eigenvalues (e,, > 0)signify the storing of magnetic energy.
2. Negative Eigenvalues (e,, < 0) indicate the storing of electric energy [21-28].
3. Modal Significance for n mode

1
1+ je, ®
The intrinsic property of each mode, known as modal significance (MS), remains unaffected by external stimulus
sources [16, 23-24]. In quantitative terms, MS relies solely on the eigenvalues, where a smaller e,, corresponds to a
higher radiation efficiency for the associated characteristic current, J,,. As e, approaches zero, the characteristic
current J,, demonstrates resonant radiation [25-30]. The modal significance effectively transforms the eigenvalue
range from +oo to -oo into a more constrained range of 0 to 1[16,30-34].

s = |

4. Characteristics Angle (CA)
CA = 180° —tan—1(e,) 4)

The characteristic angle, CA = 180, directly represents the phase difference between the related characteristic field
and the characteristic current; this indicates that the nth mode is in resonance [23-26,34-37].

D. CMA Analysis of Antenna-1.

The initially circular patch antenna is designed using the initial design parameter R=17.4 mm at 2400 MHz from the
cavity model method, as shown in Fig.3 (a). The circular antenna is analyzed up to the fourth mode, and its modal
significance plots are represented in Fig.4. The maximum values of the modal significance plot represent the resonance
behavior of the conducting body, contributing to maximum radiation for associated characteristic modes. At the same

frequency of 2400 MHz, mode-1 and mode-2 have significance for radiation (because of Msn > \/—15). Similar to this,

mode-4 at 4036 MHz has significance for radiation (sinceMsn > \/—15) [24].

However, in the case of radiation, mode-3 is not significant (becauseMSn = 0). Fig. 5 shows the eigen plot for
antenna-1. In the plot, mode-1 and mode-2 exhibit e,, = 0, indicating resonance for radiation. At this state, electric
and magnetic energy are balanced. Mode-3 has an eigenvaluee,, > 0, signifying stored magnetic energy not associated
with radiation. Mode-4, at lower frequencies, stores electric energy due to e,, < 0. However, at 4036 MHz, it achieves
a balance between electric and magnetic energy due to e,, = 0, making it significant for radiation.

The Fig. 6(a) illustrates the surface current distribution behavior of the conducting body for the associated
characteristic modes. The surface current arrows depict the orthogonality behavior between mode-1 and mode-2,

showcasing a pure ’12—1 current distribution. This indicates that they exhibit a dominant mode of antenna behavior.
Furthermore, the mode-3 shows a closed-loop formed surface current distribution in the antenna, indicating a magnetic



mode and not significant for radiation. In contrast, the mode-4 is significant for radiation, and its surface current
distribution reveals four ’12—4 current distributions, indicating a higher order mode with surface currents nulls at center.

The radiation performance of antenna can be analysis form associated characteristic modes. Fig.7 (a) displays the
antenna-1 radiation pattern in up to four modes. There is a broadside radiation pattern in modes 1 and 2, mode-3 have
conical shaped radiation pattern, and mode-4 also have conical shaped pattern due to surface current nulls at center of
antenna. This higher order mode (mode-4) needs to improvement in broadside pattern for multi band antenna
characteristics.

E. CMA Analysis of Antenna-2

To get tri band characteristics in antenna, we need further modified antenna-1, because antenna-1 only has 2400 MHz
desire band for Wi-Fi. With an improved higher-order mode radiation pattern, surface current modification in an
antenna may be used to modify the remaining two bands, 3500MHz for 5G and 5200MHz for Wi-Max. The antenna
is optimized using CMA and adjusted the resonance mode-1 at 2400MHz and mode-2 at 3500MHz with design
parameters R1=17.85mm, and R2=11.35 mm as shown in Fig3 (b) and its corresponding modal significant plots shown
in Fig.8. While modes 1 through 4 have significance for radiation, mode 3, which is a magnetic mode, is not significant
for radiation. The antenna-2 surface current distribution is seen in Fig.6. The surface current arrows of mode-1 and

mode-2 showcase a pure ’12—1 current distribution, indicating a dominant mode of antenna behavior. This suggests that

these modes exhibit a primary role in the antenna's overall performance.
Additionally, mode-3 displays a closed-loop formed surface current distribution, signifying a magnetic mode that
is not significant for radiation. In contrast, mode-4 is found to be significant for radiation. Its surface current

distribution reveals %4 current distributions, indicating a higher order mode with surface current nulls at the center.

Mode-1 and mode-2 exhibit the desired frequencies at 2400 MHz and 3500 MHz, respectively, along with broadside
radiation patterns. However, mode-4 has not shown improvement in broadside radiation, as evidenced by its surface
current nulls at the center of the antenna, as depicted in Fig. 7. Despite efforts to optimize the antenna for tri-band
operation, the radiation characteristics of mode-4 have not been enhanced in terms of broadside radiation. Further
adjustments may be needed to address this limitation and improve the overall performance of mode-4 in achieving the
desired radiation patterns.

F. CMA Analysis of Antenna-3

The dual-band characteristics of antenna-2 are achieved with resonance frequencies at 2400 MHz and 3500 MHz for
Wi-Fi and 5G R1=17.85mm, R2=11.35 mm, and d=4mm. To achieve a broadside pattern in a higher-order mode with
a shifted resonance frequency at 5200 MHz, the antenna is slotted with equilateral triangles. The corresponding modal
significance plots for antenna-3 are shown in Fig. 9.

Since, Msn > \/—15 mode-1, mode-2, and mode-3 in this figure are significant for radiation, however mode-4 is linked

to non-significance for radiation. Fig.6 illustrates the surface current distribution of antenna-3, where mode-1 and
mode-2 display orthogonal surface current polarities for pure ’12—1 and pure %2 respectively. However, mode-3 exhibits
three components of surface current % in the same direction, indicating no nulls in the antenna center. Consequently,
all surface current components add constructively, resulting in broadside radiation patterns, as represented in Fig. 7.

Therefore, mode-1, mode-2, and mode-3 collectively contribute to achieving tri-band characteristics with broadside
radiation patterns at 2400 MHz, 3500 MHz, and 5200 MHz for Wi-Fi, 5G Sub-6, and Wi-Max, respectively.

G. Full Wave EM analysis of proposed antenna

After Characteristics Mode Analysis (CMA), the desired modes (mode-1, mode-2, and mode-3) for WiFi, 5G Sub-6,
and Wi-Max are excited using a coaxial feed in a full-wave simulation. The coaxial feed location has been fine-tuned
through a parametric study, resulting in optimized coordinates of xf=0.8 mm and yf=2.1 mm. The resonant
characteristics are illustrated in the scattering (S11) parameter plot in Fig.10 (a, b).

The operating resonant bands are identified as 2400 MHz (Wi-Fi), 3500 MHz (5G Sub-6), and 5200 MHz (Wi-
Max) respectively. These resonant bands are depicted in the associated gain plot shown in Fig.11. Each band exhibits
broadside radiation characteristics with gains of 5.59 dBi, 6.19 dBi, and 6.8 dBi at 2400 MHz, 3500 MHz, and 5200
MHz, respectively. The optimized coaxial feed location and resonant characteristics ensure enhanced performance



across the specified frequency bands, making the antenna well-suited for applications in WiFi, 5G Sub-6, and Wi-
Max communication systems.

H. Equivalent circuit modeling (ECM) of Proposed antenna

The proposed antenna is electrically validated through equivalent circuit modeling using RLC parameters, as
illustrated in Fig. 12. The significant modes, i.e., mode-1 (2400MHz), mode-2 (3500MHz), and mode-3 (5200MHz),
are represented by electrical parameters R;L,C; , R,L,C,, and R;L;C5, respectively, with the coaxial feed line
represented by L, C;. The proposed equivalent circuit model (ECM) is simulated using the CST circuit simulation tool,
and the electrical parameters are optimized accordingly for mode-1, mode-2, and mode-3 resonance frequencies. Fig.
13 illustrates a comparison of S11 plots between the ECM circuit and 3D electromagnetic simulation results. The
optimized parameters are represented in Table II.

I. Proposed Antenna Hardware Verification.

A copper-clad FR-4 epoxy substrate (e,=4.3, tand = 0.02), is used to execute the antenna design. The front and bottom
views of the printed antenna are shown in Fig. 14. The proposed antenna design has been verified using a Vector
Network Analyser (VNA) to ensure its validity. Fig. 15 shows the setup for using the VNA to measure S11 parameters.
A comparison of the S11 plots between the measured and simulated results is shown in Fig. 16, which shows a good
agreement.

Figure 17 shows the far-field pattern measurement setup inside an anechoic chamber, where the antenna was tested in
a reflection-free environment to accurately capture its radiation characteristics. Figure 18 presents a comparison of
simulated and measured gain across three operating frequency bands, showing good alignment between simulated and
measured results, with minor variations attributed to fabrication and measurement tolerances. Figure 19 further
evaluates the antenna’s directional performance by illustrating the simulated and measured far-field radiation patterns
in both the E-plane and H-plane at 2400 MHz, 3500 MHz, and 5200 MHz The close match between simulated and
measured co-polarized and cross-polarized components across these figures validates the antenna’s multiband
functionality, gain, and directional stability.

Table-I11 provides a comprehensive performance comparison between our proposed antenna and various multi-band
antennas from prior studies. Our antenna distinguishes itself with a low-profile and straightforward design approach,
exhibiting broadside radiation patterns across all bands. This makes it a compelling choice for a wide range of wireless
communication applications, delivering enhanced performance.

Ill. CONCLUSION

A tri-band antenna with a single coaxial feed, featuring desirable characteristics for Wi-Fi, 5G Sub-6, and Wi-Max, is
demonstrated in this study. The tri-band functionality is achieved by modifying a circular patch antenna into an
elliptical shape loaded with three equilateral triangle slots, employing the characteristics mode analysis method. The
surface currents are reshaped by strategically loading the equilateral triangle slots to eliminate surface current nulls at
the center of the patch, thereby improving the radiation pattern in the broadside direction. The optimized modes in the
proposed antenna are excited using full-wave electromagnetic simulation. Additionally, the antenna’s performance is
validated through an equivalent circuit model and hardware testing. The CST Studio Suite is utilized for both the
design and simulation of the antenna, which operates at frequencies of 2406 MHz, 3491 MHz, and 5274 MHz,
respectively.
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Equilateral triangles slot

Fig.1. illustrates the tri-band antenna with a coaxial feed as proposed.

TABLE |
PROPOSED ANTENNA PARAMETERS
Parameters | Values(mm) | Parameters | Values(mm)
L 40 R1 14
h 1.6 R2 8
d 8 t 0.035
Xr 0.8 Vr 2.1

Fig.2. Circular patch antenna.
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Fig.3. shows multi band antenna design steps: (a) antenna-1, (b) antenna-2 and, (c) antenna-3.
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Fig. 4. Modal significant plots for Antenna-1
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Fig. 5. Eigen value plots for Antenna-1
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Fig.6. Surface current distribution on antennas: (a) Antenna-1, (b) Antenna-2, and (c) Antenna-3
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Fig.7. Shows the radiation patterns for, (a) Antenna-1, (b) Antenna-2, and (c) Antenna-3
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Fig. 8. Modal significant plots for Antenna-2.
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Fig. 9. Modal significant plots for Antenna-3 parametric study: (a) Parameter R1 (b) Parameter R2 , (c) Parameter d.
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(b)
Fig.10. S11 plots of proposed antenna with different values of xf and yf. (a) for xf(yf= 2.1 mm), (b) for yf (xf =
0.8mm).
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Fig.11. Shows the gain of proposed antenna (a) f=2400 MHz, (b) f=3500 MHz, (c) f=5200 MHz
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Fig.12. Equivalent circuit of proposed antenna.
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Fig.13. Comparison of S11 plot between electromagnetic simulation and equivalent circuit model simulation.
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Fig.14. shows the fabricated prototype of the proposed antenna: (a) front view and (b) bottom view.

Fig.15. S11 measurement arrangement using VNA.
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Fig.16. S11 plots from simulation and measurement.
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Fig.17. Presents the far field pattern measurement in an anechoic chamber.
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Fig.18. Simulated and measured gain of proposed antenna.
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Fig.19. Far field simulation and measured performance of antenna: at 2400MHz, 3500 MHz, and 5200 MHz
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TABLE Il
ELECTRICAL PARAMETERS OF ECM

Cr(pF) Le(nH) R,(ohm) L,(nH) C,(pF) R,(ohm)
7.37 0.34 44 0.11 8.38 37.82

Ly(nH) C1(pF) R;(ohm) L3(nH) C5(pF)
0.54 8.24 51.81 0.50 4.05

TABLE Il1 Relative work comparison table with proposed antenna

Ref. Size Frequency Bands (GHz) | Impedance Bandwidth (%) Gain (dBi) Broadside Radiation
(A,) Patterns
1 0.29%0.29 3.06, 25.81, 2.75,5.95, 3.45 no
4.84, 19.62,
7.5 8.40
12 0.29x0.47 3.56, 1.36, 5.01, no
4.83, 2.48, 6.89,
5.84 1.69 5.83
18 0.3x0.3 1.8, 22.5, 2.1, no
5.8, 21.55, 4.2,
10 4.8 3.8
19 0.32x0.32 245, 31.42, 2.41, 4.46, no
5.8, 20.55, 5
14 43.07
27 0.13x0.21 2.45, 22.04, -0.5, 1.2, yes
3.5, 15.14, 3.1
5.8 25.86
This work | 0.32*0.32 2.4, 1.08, 6, yes
3.5, 1, 6.5,
5.2 2.88 7.5
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