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Abstract: In this paper, a dual-band WiFi antenna and its Multiple Input Multiple Output (MIMO)
system application is designed, fabricated, and measured based on the Chinese characters “Men”
and “Wei”. The antenna uses a 40x40x1.6 mm? Fr4 substrate to analyze the combinatorial structure
of Chinese characters using the theory of characteristic modes (TCM), to optimize the antenna
dimensions by analyzing the mode current distribution, and to broaden the antenna bandwidth by
etching rectangular slots on the ground. The measured and simulated results show that the four-
element MIMO antenna covers 5.68-8.01 GHz, the isolation between the antennas is higher than 20
dB in the working band, the Envelope Correlation Coefficient (ECC) and the channel capacity losses
(CCLs)of the simulation is lower than 0.001 and 0.18 bits/s/HZ, respectively. The efficiency of the
antenna is higher than 90%, and it can be used for WiFi communication band (5.8 GHz and 6 GHz).

Keywords: characteristic mode; Chinese characters; WiFi; high isolation

1. Introduction

With the rapid development of wireless communication systems and the increasing demand for
low-latency, low-loss, and high-speed wireless devices, the deployment of WiFi (6 GHz) has gained
significant attention from researchers worldwide due to its notable advantages such as wider channel
bandwidth, low latency, and high-speed capabilities. Recently, MIMO antenna technology has
emerged as a popular approach for enhancing wireless communication by enabling faster data
transmission rates, improved reliability, and enhanced spectrum utilization efficiency, particularly
in complex environments. Furthermore, MIMO technology helps to overcome the multipath fading
effect in rich scattering environments. However, improving the isolation and reducing the radiation
correlation of MIMO antennas is a challenging task. It is common to use parasitic elements [1,2] and
DGS techniques [3,4] to improve isolation. Reference [5] proposed a dual-unit MIMO antenna that
uses both parasitic element and DSG technology to achieve isolation of 15 dB. Reference [6] proposed
a four-port square patch antenna. In order to reduce the size and improve the isolation between
antennas, the decoupling technology of mixed metal wall and half-wavelength diagonal slot was
adopted in this design, so that the isolation reached 15db. Reference [7] proposed a frequency-
selective element structure placed between two radiating elements to reduce coupling and achieve
isolation of 17 dB. Reference [8] proposed a grounding part at the bottom of the substrate to enhance
the isolation performance of the designed MIMO antenna, and successfully improved the isolation
degree to 19.5 dB. However, in traditional methods, antenna design often depends on the experience
and intuition of researchers, which will be difficult to explain the working principle of the antenna
and will take longer time.

TCM was proposed and developed by Garbacz and Harrington [9,10] in 1968. TCM is widely
used to design Ultra-Wideband (UWB) antennas [11,12], 5G mobile phone antenna [13,14], Ultra
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High-Frequency Radio Frequency Identification (UHF RFID) [15,16], and array antennas [17,18],
many antennas also use characteristic modes to analyze WiFi band [19-22] antennas. TCM is
preferred by many researchers for its unique analysis method, i.e., the mode significances (MS) and
mode currents are analyzed to select the appropriate excitation method and the mode to be excited;
moreover, the structure is optimized to make it meet the design requirements. Recently, some
interesting patch antenna designs, using artistic Chinese characters, have been proposed, such as the
Si character patch [23], the design of the Si as a radiation patch, while the larger metal ground plane
with a certain distance from the substrate used to improve the antenna gain; the Meng character patch
[24], the antenna is designed with a double L-shaped feed probe and some diode switching circuits.
By switching the on-off of the diode, it can cover different channels and generate circular polarization
in different directions; and the arranged combination of the Zhong-Guo patch [25], the patches are
connected together by a feed network to form a two-element antenna array. In this paper, a single
antenna model with a combination of internal and external Chinese characters is designed using
TCM. Compared with the existing antenna structures in the above references, it has the characteristics
of simple structure, and the four-element MIMO antenna isolation is greater than 20 dB, and in the
WiFi band (5.8 GHz, 6 GHz), the antenna gain can reach 6.5dbi and the efficiency can reach 93%.

To sum up, this paper will be divided as follows: in Section 2, the overall structure of the four-
element MIMO antenna is first introduced, followed by the design and analysis of the single antenna
using the characteristic mode. Moreover, this section describes the design and analysis process of the
MIMO antenna. Section 3 presents some parametric analysis, section 4 gives the measured antenna
system performance, such as the S-parameters and the radiation patterns values. Finally, some
conclusions and future work ideas are given in Section 5.

2. Design and Analysis of the Antenna

Figure 1 illustrates the final antenna consisting of a central isolation branch placed on the upper
surface of the substrate, and four identical “Men (7)” and “Wei (I1)” structures rotating around the
center point. The rectangular ground on the lower surface of the Fr4 substrate (e: = 4.4, tan 0= 0.02)
represents a cross of the Chinese character “Wei” whereas the rest is located on the upper surface of
the substrate; moreover, the Chinese character “Men” is located on the upper surface of the substrate
and encloses “Wei”. Firstly, the distribution of the resonant mode currents is derived by performing
the characteristic mode analysis of the combined structure of the individual Chinese characters using
Computer Simulation Technology (CST) software. The mode currents are then analyzed to determine
the feeding method and they are slotted in the ground to extend the bandwidth of the antenna;
therefore, the performance and frequency response of the antenna would improve. Then, the High-
Frequency Structure Simulator (HFSS) software is used to construct a four-element MIMO antenna
by a rotational replication operation for a single antenna. Finally, isolation branches are added to
enhance the antenna isolation. The sizes of the antenna are provided in Table 1.

(b)

Figure 1. Geometry and parameters of the proposed MIMO antenna: (a) front view, (b) back view.
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Table 1. Recommend design dimensions for antenna.

Parameter W W1 W2 W3 W4 W5 WS Lf Gap L1

Value/mm 20 2 1.5 0.5 3 1 3 10 0.2 5.6
Parameter L2 L3 L4 L5 L6 L7 L8 L9 L10 L11
Value/mm 10 11 6.3 9 13 7.3 16 49 7.7 5

2.1. Design and analysis of a single antenna base on the TCM

Figure 2 shows the evolution of the antenna structure of one unit where the antenna uses an Fr4
substrate of size 40x40x1.6 mm?. The modeling and characteristic mode analysis of the initial structure
of the antenna, using the commercial CST soft-ware, is represented in Figure 2(a).

In the characteristic mode theory, MS and CA is an important parameter, it can be calculated
using this equation:

MS=[1/(1+j4,)| )

CA=rm—tan"'(4,) (2)

When the MS value is greater than 0.707, the antenna is operating in a potentially excitable
resonant mode [26]; however, when MS is close to zero, the mode is difficult to excite. When
considering MS, CA also needs to be considered, and when CA is close to 180°, it indicates that the
mode is prone to resonance [27]. The MS and characteristic angle (CA) comparison plots before and
after the evolution of the first three modes are given in Figure 3. According to the MS and CA curves
of model I in Figure 3, the resonance frequencies of the initial structure are 4.035 GHz, 5.965 GHz and
7.015 GHz, respectively.

HE B
) C

(@) (b)

Figure 2. The evolution of the antenna: (a) model I-Original structure, (b) model II-Final single
antenna structure.
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Figure 3. MS and CA for the first three modes: (a)MS, (b)CA.
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As for Figure 4, it shows the current distribution in the resonant mode. The cur-rent of Mode 1
is mainly located on the feeder, the ground, and the right branch of the “Men” whereas the Mode 2
current is mainly concentrated in the feeder and the Mode 3 currents are mainly located on the
ground and in the upper right corner of the radiator. Feeding two separate modes to increase the
bandwidth is not always possible due to the ideal feed types, locations, and impedances that can be
very different from each other [28], thus, it can be derived from the resonant mode currents that Mode
1 and Mode 2 are more likely to be fed using the same excitation.

The primary focus of this paper revolves around the WiFi band, mainly centered on optimizing
Mode 2. By analyzing the current distribution of Mode 2, it was observed that the current on the
ground plane exhibited relatively weaker intensity. To alter the current strength and optimize the
microstrip antenna structure, a slotting technique was applied in this research. Specifically,
rectangular slots were etched at the positions where the ground plane current was minimal. The
current distribution of mode 2 after slotting is depicted in Figure 4(e). It is evident from Figure 4 that
slotting enhances the current on the ground plane. Furthermore, with reference to Figure 3, the
proposed mode 2 antenna exhibits a broader bandwidth compared to the initial structure.

(d)

Figure 4. Model I and model II currents at resonant mode where, for model I: (a) Mode 1 at 4.035 GHz,
(b) Mode 2 at 5.965 GHz, (c) Mode 3 at 7.015 GHz, and for model II: (d) Mode 1 at 4.535 GHz, (e) Mode
2 at 6.35 GHz, (e) Mode 3 at 8.385 GHz.

The antenna is feed by a 50 Q microstrip feed line. The S-parameters and the gain of the single-
port antenna simulation are shown in Figure 5, the antenna covers the frequency range of 5.67-7.99
GHz and can cover the WiFi range (5.8 GHz, 6 GHz); as for the gain of the working band, it is in the
range 2.24-2.81 dBi. In addition, Figure 5 also shows a comparison of the S-parameters before and
after the slotted ground where, after etching the rectangular slot, not only the bandwidth is increased,
but also the matching performance is better.
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Figure 5. Simulated single antenna S-parameters and gain.

2.2. MIMO antenna design and analysis

Referring to Figure 6 (a), the designed single antenna rotates around the center point to form a
four-element MIMO antenna called Model III. As for Figure 6 (b), to further reduce the coupling
between antennas, an isolated branch is designed in this paper where the MIMO antenna is called
Model IV. Moreover, the isolated branch is composed of a diamond ring, a rectangle leading from
each diamond corner, and a z-shape attached to the rectangle. Finally, Figure 7 shows the fabricated
prototype, and the relevant parameters of the branch are shown in Table 1.

= ! =i
N EqlE

(b)
Figure 6. Design of MIMO antennas: (a)model III, (b) model IV.

[ g

Figure 7. Fabrication prototype of the proposed four-port MIMO antenna.

Figure 8 shows the comparison of the S-parameters before and after adding the isolation
branches. From 511, the antenna coverage frequency is expanded from 5.7-7.84 GHz to 5.61-8.18 GHz,
but it was found that the frequency was shifted before the isolated branches were added. This was
mainly due to the rotation and replication process of the antenna radiating body that will introduce
certain interference and mismatch, resulting in the alteration of the antenna performance. Concerning
512 and 513, the isolation degree is improved in the covered band. Furthermore, the added isolation
branches not only improve the isolation degree and reduce the crosstalk, but they also generate new
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high-frequency resonance to expand the high-frequency band-width and improve the signal
transmission performance and spectral utilization efficiency. The current distribution on the antenna
surface is presented in Figure 9. At 6.06 GHz and 7.48 GHz frequencies, when port 1 is excited and
the other ports are cut off with a matching load of 50 (), the isolation branch blocks the majority of
the current, thus reducing the coupling and improving the isolation of the MIMO antenna.

model III —— S11 —0— S12 —~— S13 —+—S14
model IV ——S11 —<4—S12 —»—S13 ——SI4

S-Parameters(dB)

235 L L L L L
5.5 6.0 6.5 7.0 7.5 8.0 8.5

Frequency(GHz)
Figure 8. Effect of isolated branch on S-parameters.
dB{Jsurf)

45, BEaE
. 42, BEag
39, BEaE

36, BEaE
33, BEaE
38, BEaE
27, Beag

24, pEED
-21.9999 e
18, BEED " o=
15, BEED i
12, pEED %
9, BBEa 1
S = s
3, GEEE (a)
8. BEEE

Figure 9. Surface current distribution of (a) model III at 6.6 GHz, (b) model IV at 6.06 GHz, (c) model
IV at 7.48 GHz.
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3. Parametric Study

To examine the effect of different parameters of antenna on its performance, a systematic study
is carried out. The goal of this study is to identify the fabrication tolerance, and more importantly, to
pinpoint the effects of antenna parameters on the bandwidth. We investigated the effects of ground
slot length L7, gap width, and isolation branch length L8 on antenna performance. The first two
parameters are selected because they establish the framework of a single antenna structure, while the
last parameter plays an important role in improving the isolation of MIMO antenna systems.

As shown in Figure 10, the width of the gap affects the coupling degree between the WEI patch
and the MEN patch. When gap=0.2 mm, the performance of the S parameter is the best. As the gap
increases, there is a certain performance decrease in both bandwidth and matching degree of the
antenna, which becomes more obvious with the increase of distance. Smaller gaps can enhance the
coupling between them and thus improve the performance of the antenna. When the gap increases,
the electromagnetic coupling is weakened, leading to a decrease in the bandwidth and matching of
the antenna. As shown in Figure 11, the ground slotting has a certain influence on the bandwidth of
the antenna, which shows that when L7 increases from 5.3 mm to 7.3 mm in length, the bandwidth
of the antenna widens with the increase in length and the better match, but when it continues to
increase to 8.3 mm, the bandwidth of the antenna decreases close to 1 GHz. this may be because when
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the slotting length exceeds a certain threshold, the introduced structural changes cause the resonant
frequency of the antenna to deviate from expected, resulting in the bandwidth of the antenna being
limited and the signal not being transmitted to a higher frequency range.

Gap—=—0.2mm—e—0.7mm—4— 1.2mm

S-Parameters(dB)

300 \'

35 . | . . .
55 6.0 6.5 7.0 75 8.0 8.5
Frequency(GHz)

Figure 10. Effect of gap on S-parameters.
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Figure 11. Effect of slotted length L7 on S-parameters.

The isolation branch of the MIMO antenna plays a crucial role in the isolation degree of the
antenna, as in Figure 12, when the length of the branch L8 is 8 mm, the 511 parameter of the antenna
is higher than -10 dB, which may be caused by the mismatch between the length of the isolation
branch and the operating frequency range of the antenna element, thus causing an impedance
mismatch and reducing the performance of the antenna. As the length increases, the S parameter of
the antenna tends to be stable, and the isolation of the antenna further decreases to below -20 dB.
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Figure 12. Effect of isolated branch length L8 on S parameters: (a)S11; (b)S12.
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4. Measurement and Simulation Results

The S-parameters are measured using an AV3629D vector network analyzer and Figure 13
shows the far-field measured environment. Figure 14 shows the simulated and measured S-
parameters results. These findings show that the antenna can cover the bandwidth range 5.68-8.01
GHz, with an isolation degree of 20 dB. However, there are differences between the simulated and
the measured, which may be due to soldering errors and manufacturing tolerances.

Figure 13. The environment of the model measurement.
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Figure 14. S-Parameters of proposed MIMO antenna.

Furthermore, the antenna was tested for its radiation patterns in an anechoic chamber. Since the
four antenna elements are identical, only the radiation pattern of Ant-1 was measured, and the rest
of the ports were replaced by a 50 Q load matching. The radiation direction diagram of the antenna
was tested in the anechoic chamber as presented in Figure 15, which shows the simulated and
measured EH plane direction maps in the resonant mode at 6.06 GHz and 7.48 GHz. The simulated
and measured results are matching. Moreover, Figure 16 shows the peak gain and the antenna
efficiency for the pro-posed MIMO system where the antenna gains ranges between 2.5 and 6.5 dBi
and the MIMO antenna efficiency varies between 79% and 93%. Furthermore, the gain in the WiFi
band varies between 4.73 and 6.5 dBi and its efficiency is in the range of 90%-93%.

==0== Sim Phi=0" = Sim Phi=90° =—o=— Sim Phi=0° = Sim Phi=90°
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Figure 15. Simulated and measured radiation patterns results of the proposed single-port MIMO
antenna under Ant-1 excitation: (a) at 6.06 GHz, (b) at 7.48 GHz.
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Figure 16. Efficiency and gain of the proposed MIMO antenna.

The degree of the channel isolation of a MIMO antenna can be measured by the ECC technique
where a lower ECC indicates a higher pattern diversity of the antenna. The ECC data is calculated by
using the S-parameters through (3) [29]. Diversity gain (DG) is an important measure of how much
the signal is amplified or attenuated in a MIMO system. It can be expressed by the ECC as Equation
(4). In generally, The ECC of the MIMO antenna is generally lower than 0.5, which is considered to
comply with the requirements, and the closer the DG is to 10 the better the performance of the MIMO
antenna. Figure 17 shows the simulated ECC and DG of the proposed MIMO system, and the results
show that the proposed four-element MIMO antenna system has both a larger DG and a smaller ECC.
The ECC of the studied and designed antenna in this paper is lower than 0.001 in the WiFi band.

‘2
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Figure 17. ECC and DG of the proposed MIMO antenna.

In addition, the total active reflection coefficient (TARC) and CCLs are investigated in this paper.
The TARC value falls within the range of 0 to 1, wherein a value nearing 0 signifies minimal reflection
power and a value nearing 1 signifies significant reflection power. The proximity of the TARC value
to 0 indicates superior system performance, as it implies the efficient transmission of energy to the
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receiving end, minimizing reflection or loss. These parameters are computed using Equations (5) to
(7) given below [30-32]., and Figure 18 shows the TARC and the CCL calculations for the pro-posed
MIMO antenna, which shows that the TARC is below 30 dB, and the CCL is be-low 0.18 bits/s/HZ in
the operating band. This fully reflects the high performance characteristics of MIMO antenna system.

(11 + 1267 +[(S51 + S0y’

TARC = (5)
2
CCL = —log, det(a™)
aR:[“n 0‘12} 6)
%1 Axp
where,

2 2

a11=1—(|S“| +|512| )i @ =-51%51,-551%S,, "

an=1-(Sul +Sul % @n=-8n"Sy-S*Si;
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Figure 18. Proposed 4-element the TARC and the CCL diversity performance.

Finally, Table 2 shows the dimensions, the operating band, peak gain, the mini-mum isolation,
the efficiency, the ECC, the TARC, and the CCL of the proposed antenna which are compared with
some previously reported MIMO antennas. The antenna structure proposed in this paper has a small
antenna size, and the isolation of the proposed MIMO antenna system reaches 20 dB in the frequency
band, and the efficiency can reach 93% with an ECC below 0.001. It is clear that the proposed design
is very compact and performs well.

Table 2. Antenna Parameter Comparison.

Size Band  Peak  Min- Min- TARC
Ref Gain Isolation Efficiency ECC CCL
(mm)  (GH2)  4B)  (@B) (%) @B
[1] 11x14x1.6 5.2-5.33 5.83 18 / <0.004 <145 0.35
2] 3.4-3.6
25x25x1.57 5.15-5.85 / >19.8 / <0.06 / /
(5] 50x40x159 1228 oy >15 / <0.01 / /

4.95-6.65
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(6] 2.4-2.5 .
50x50x11.2 5157125 4.0-5.9 >20 >86 <0.01 / /
(8] 2.25-29
50<50x1.6 [ oos 38 >19.3 >61.4 <0.03 / /
[19] nix182x7 2.4-2.49 3.5 >20 >75 <0.014 / /
[21] 55x55x1.56 5.7-5.9 5.3 >32 >84 <0.0001 <-10 <0.1
[22] 2.25-2.63 5.2
120x50x5.4 5.14-6.06 6.7 >17.5 >81 <0.12 / /
[30] 72x72x1.6 5.14-6.06 >2.5 >15 >95 <0.005 <-10  <0.05
[31] 2.28-2.47 1.3
44x31x1.6 3.34-3.73 2.9 >20 / <0.002 / /
4.57-6.75 4.3
[32] 22.5x50%3.5 5.2-6.4 6 >18 72-84 <0.001 / /
This work  40x40x1.6 5.68-8.01 2.5-6.5 >20 79-93 <0.001 <30 <0.18

5. Conclusions

In this paper, the design of the “Men Wei” antenna, based on the characteristic mode theory and
its MIMO system application, is proposed. The antenna’s size is 40x40x1.6 mm?, and the commonly
used Fr4 substrate is used, which is characterized by its easy processing and low cost. As for the
simulated and measured results, they show that the antenna and MIMO system have versatility and
better performance, such as miniaturization, high isolation, and low envelope correlation coefficient.
Finally, the designed antenna can be applied to WiFi (5.8 GHz, 6 GHz) devices.
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