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ABSTRACT: This article describes a four-element ultra-wideband (UWB) Multiple-Input Multiple-Output (MIMO) antenna for the Sub-
7 GHz. The antenna element is an elliptical patch slot antenna with a coplanar waveguide (CPW) feed. To make the bandwidth wider,
we add step-by-step parasitic stubs based on the results of the Characteristic Mode Analysis (CMA) analysis, which can control multiple
modes better. The four-element antenna is connected to a common ground structure with a central cross-shaped isolation stub and also
inhibit the propagation of surface waves. It can be used in the range from 1.08 GHz to 8.70 GHz (155.8%), which is fabricated on a
low-cost FR4 substrate. In this range, the isolation between antenna elements exceeds 20 dB. The performance of the design is very
good. The envelope correlation coefficient (ECC) is less than 0.02, and the diversity gain (DG) is greater than 9.96.

1. INTRODUCTION

Mobile communication can evolve by relying on the de-
ployment of a new spectrum and advanced system archi-
tectures that are the basis for improving user data rates [1].
The 5G capabilities should be extended, and the next 6G net-
work is expected to support more Internet of Things (IoT) con-
nections, especially the large-scale Internet of Things [2]. In
2022, 3GPP officially authorized the U6G spectrum (6425—
7125MHz). This marks it as a potential spectrum for future
communication systems [3]. Modern IoT devices typically
need to operate across multiple frequency bands, such as GNSS,
LoRa, Zigbee, Bluetooth, and Wi-Fi [4-6]. The above wireless
communication frequency bands cover applications in both ur-
ban and remote areas, such as mobile devices, urban traffic,
autonomous driving, low-altitude UAVs, medical emergency
response, open-sea navigation, and smart grids. In addition,
6G can transmit wireless energy, which will bring new meth-
ods to a large number of future IoT devices [7]. These fre-
quency bands are mainly in the sub-7 GHz range. A high-
speed broadband wireless network is limited, and Multiple-
Input Multiple-Output technology can solve this problem [8].
Therefore, combining MIMO and ultra-wideband sub-7 GHz
technology makes sense for the development of future large-
scale IoT applications.

As wireless communication networks advance, IoT devices
are becoming smaller and more integrated. This makes improv-
ing isolation between antenna elements in MIMO systems a key
research focus. For example, ref. [9] places two 1 x 4 arrays
facing each other and uses a neutralization line structure. This
configuration not only suppresses surface wave propagation
but also reduces mutual coupling between MIMO elements,
thereby enhancing the isolation to —20 dB. Ref. [10] proposes
a rectangular patch antenna based on a fractal structure, which
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utilizes an inverted T-shaped stub between two parallel anten-
nas to improve isolation from —13.6dB to —21dB. In [11], a
decoupling method suitable for slot antennas was proposed. By
etching an open-ended slot and incorporating a 3T-shaped strip,
the isolation was improved from —14dB to —20dB. In [12],
an EBG structure was integrated into an X-shaped stub, which
successfully enhanced both the impedance matching and isola-
tion of a four-element UWB antenna. It is noteworthy that this
structure was not connected to the ground plane. A Vias-Based
Coupling Current Steering (VBCCS) structure was proposed
in [13], which enhanced the isolation to 17 dB.

In recent years, antenna design with characteristic mode
analysis (CMA) has grown significantly [14-25], making it a
powerful tool for antenna engineers. Notably, the CMA is in-
dependent of feed configuration, allowing it to focus squarely
on the analysis of the antenna structure itself [ 16]. For UWB an-
tennas, studying the surface current distribution through char-
acteristic modes helps to design for wideband performance. In
[19], the CMA of the initial antenna design identified the root
cause of the poor low-frequency response: although Mode 4
resonated at 3.2 GHz, it exhibited poor excitability. The tar-
geted integration of a T-stepped stub with an EBG structure
reconfigured the modal distribution. This intervention success-
fully tuned Mode 5 to radiate effectively at 3 GHz while shifting
Mode 4 higher, thereby extending the impressive impedance
bandwidth to 3.07-11.1 GHz (113.34%) for complete UWB
coverage. In [20], the relationship between the Modal Signif-
icance at each stage and frequency variation is demonstrated,
which intuitively reflects which modes are excited in which
frequency bands, thereby explaining the process of bandwidth
expansion. The study in [22] manages and adjusts the charac-
teristic mode distribution throughout the antenna’s evolution,
effectively extending the bandwidth of the UWB-MIMO an-
tenna. Using an FR4 substrate, this method achieves a 126.4%
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FIGURE 1. Structural layout of the antenna element. (a) The iterative development of the antenna element. (b) The finalized geometric configuration

of the antenna element.

bandwidth. Similarly, the design in [24] incorporates resonant
rings inspired by metamaterials to widen the bandwidth. Its
unique aspect, however, is the use of Characteristic Mode Anal-
ysis, which shows a notable rise in the number of character-
istic modes. This creates a group of tightly packed resonant
modes that together produce a continuous wideband response
from 3.3 to 13.84 GHz (123%). All of the above antennas are
analyzed using characteristic mode theory for microstrip broad-
band antennas, while there is relatively little research on char-
acteristic mode theory for broadband antennas based on CPW-
fed types. Therefore, based on characteristic mode analysis, it
is a challenging task to design a UWB-MIMO antenna covering
1-8 GHz with high isolation.

This article describes a UWB-MIMO antenna for sub-7 GHz
applications. The antenna is made on an FR4 substrate; the size
of the substrate is 130 mm x 130 mm X 0.8 mm; the operating
frequency is from 1.08 GHz to 8.70 GHz; and the isolation be-
tween the antennas is greater than 20 dB.

2. THE PROPOSED ANTENNA DESIGN

2.1. Antenna Element

Figure 1 outlines how the antenna was developed, along with
the geometry of the antenna’s final component. In the first step
of the design process, Antenna 0 is an elliptical monopole with
a CPW feed. In the second step, Antenna 1 has optimized the
impedance matching by adding the curved branch at the top. In
the third step, stepped parasitic stubs were integrated along the
lower edge of the elliptical patch to form Antenna 2. For An-
tenna 3, the ground plane’s corners were truncated, which can
achieve better impedance matching performance. The fully re-
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fined antenna component was built on an FR4 substrate measur-
ing 54 mm x 66 mm x 0.8 mm, and this substrate has a relative
permittivity of 4.4 and a loss tangent value of 0.02. For the fin-
ished layout of this antenna, we used the following geometric
parameters: W1 = 54mm, L1 = 66 mm, W2 = 24.6 mm,
W3 =0.6mm, W4 =34mm, W5 = 14.5mm, W6 = 6 mm,
L2 =21.8mm, L3 = 20.6 mm, L4 = 22 mm.

The S-parameters corresponding to the antenna element are
presented in Fig. 2. The bandwidth of Antenna 0 is 1.45-
1.75GHz. With a curved branch at the top, Antenna 1 has
a wider bandwidth of 1.4-1.9 GHz. With the loading of the
stepped parasitic stubs, the impedance matching of Antenna 2
at high frequencies is significantly improved. Antenna 3 is the
proposed antenna element with a frequency bandwidth extend-
ing from 1.41 GHz to 7.66 GHz.

2.2. Effect of the Stepped Parasitic Stubs

With the help of the Characteristic Mode Analysis, Modal Sig-
nificance (MS) and Characteristic Angle (CA) are important
analysis parameters. MS is computed by Equation (1). From
this equation, it can be shown that n is the mode index, and A,
represents the corresponding eigenvalue. A mode resonates in
a certain frequency range, when its M S, exceeds 0.707. Addi-
tionally, when an MS value is approaching 1, it shows that the
corresponding mode has more excitability.

1
T+ A

MSn:’ (M

CA can be calculated by Equation (2), reflecting the radiating
efficiency of a mode. A characteristic angle near 180° denotes
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FIGURE 3. MS of the eight modes for Antenna 1.

Mode 10

FIGURE 4. The surface current distributions of Antenna 1 and Antenna 2: (a) Mode 7 at 1.5 GHz, (b) Mode 11 at 1.5 GHz, (c) Mode 5 at 3 GHz, (d)
Mode 3 at 6 GHz, (e) Mode 6 at 6 GHz, (f) Mode 8 at 6 GHz, (g) Mode 10 at 6 GHz.

that the mode is in a strong radiating state.

on = 180" —tan~1()\,) 2)

As shown in Fig. 2, Antenna 1 resonates only at lower fre-
quencies. To extend the antenna’s bandwidth, the antenna el-
ement is analyzed via Characteristic Mode Theory. Fig. 3
presents the MS results of Antenna 1, derived via the commer-
cial simulation tool CST. From this figure, it can be seen that
the lower frequency band of the antenna is dominated mainly by
Modes 7 and 11, while the higher band is governed by Modes 3,
6, 8, and 10. In the mid-band, however, Mode 5 emerges as the
dominant mode because Mode 9 exhibits a narrower bandwidth
and a higher Q-factor in comparison.

As can be seen in Fig. 4, at 1.5 GHz, the surface current dis-
tribution of Mode 7 on the feed line remains unchanged, while
the current distribution around the ground plane of Mode 11
is enhanced. In Mode 5 at 3 GHz, the surface current spreads
to the parasitic stub, optimizing the impedance matching near
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3 GHz band. At 6 GHz, the current distribution of Modes 8 and
10 on the feed line and the nearby ground plane is enhanced, but
at this time, impedance mismatch occurs at the high frequency
of Ant. 2. Therefore, slotting can be chosen in this area.

It is noteworthy that the introduction of a stepped parasitic
stub affects the current distribution of the modes at the feed
line. This offers a twofold benefit: first, it creates conditions
for exciting higher-order modes; second, it permits the trun-
cation of corners on the ground plane near the feed line to
further optimize impedance matching. This approach consti-
tutes the improvement implemented in Antenna 3. The effect
of dimensional changes of W5 and W6 in the stepped para-
sitic stub on S7; is shown in Fig. 5. As can be seen from the
figure, variations in W5 and W6, which are key parameters
of the stepped parasitic stub, have a significant impact on the
impedance matching at middle and high frequencies, and con-
versely, their effect on the low-frequency impedance matching
is relatively minor.
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FIGURE 5. Simulated S11 for the effect of the stepped parasitic stub.
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FIGURE 6. The simulation model and fabricated prototype of the four-element antenna. (a) The structure of the four-element antenna. (b) The

fabricated four-element antenna.

2.3. Four-Element Antenna

Figure 6 presents the simulation model and physical prototype
of the four-element antenna. The proposed antenna adopts the
CPW feeding method and is fabricated on an FR4 substrate with
dimensions of 130 mm x 130 mm x 0.8 mm. The antenna ele-
ments are arranged orthogonally, and an isolation stub is posi-
tioned at the antenna’s center to enhance isolation performance.
For the finalized design of the antenna, the geometric parame-
ters (derived via simulation and optimization) are as follows:
L=130mm, W = 130mm, L5 = 2mm, W7 = 2mm.

2.4. Decoupling Structure Analysis

Figure 7 illustrates the evolution process of the decoupling
structure. The first design comprises a four-element MIMO
antenna in an orthogonal configuration. The subsequent de-
sign incorporates rectangular stubs to interconnect all four an-
tenna elements, serving to establish a unified reference poten-
tial plane and ensure the stability of the excitation modes. Fi-
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nally, a cross-shaped isolation stub is employed for enhanced
isolation.

Figure 8 depicts the S-parameter evolution of the four-
element MIMO antenna. For Antenna I, the operating band-
width spans 1.41-6.12 GHz. As observed in this figure, con-
necting the ground expands Antenna II’s bandwidth to 1.08—
6.42 GHz. This aligns with prior modal analysis, which identi-
fies Modes 7 and 11 as lower-frequency dominant modes, and
shows that the stubs extend these modes’ current path along
the ground plane’s edge. With the integration of cross stubs,
Antenna IIT undergoes impedance matching optimization in the
6.12-6.54 GHz high-frequency band, resulting in a final oper-
ating bandwidth of 1.08-8.7 GHz.

The introduction of the isolation stub significantly enhanced
the isolation at mid and high frequencies. In the evolution of the
antenna, the values of So; within the 4-7 GHz range and Ss;
within the 5-8 GHz range have both been significantly reduced.
Ultimately, the achieved isolation across the entire operating
band is better than 20 dB for the final design.
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FIGURE 7. The evolution process of the four-element antenna.
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FIGURE 8. S11, S21, and S31 in different design stages of the four-element antenna.

The effectiveness of the isolation structure is confirmed by
the current distributions in Fig. 9. At 3.5, 4.7, and 6.5 GHz,
with only Port 1 excited, the surface currents are strongly lo-
calized on the driven element and the isolation branch itself,
while being suppressed elsewhere. This effectively minimizes
the coupling between the antenna units.

3. RESULTS AND DISCUSSION

3.1. S-Parameter

The four-element ultra-wideband antenna was prototyped and
characterized. Fig. 10 compares the simulated and measured
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performance results. As shown in Fig. 10(a), the measurement
results indicate the antenna’s operating bandwidth spans 1.08—
8.70 GHz. Correspondingly, Fig. 10(b) demonstrates that both
simulated and measured isolations exceed 20 dB across the full
operating band. Due to fabrication tolerances, material losses,
and measurement environment effects, there are some discrep-
ancies between the simulated and measured curves, but the re-
sults still satisfy the design requirements.

3.2. Radiation Patterns at Different Frequencies

Figure 11 presents simulated and measured normalized radia-
tion patterns (covering F- and H-planes) at 3, 5, and 7 GHz,
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with good overall consistency. These patterns verify the E-
plane bidirectional radiation characteristic and H-plane om-
nidirectional radiation characteristic of the designed antenna.
While minor distortions appear in the 7 GHz patterns, they
do not notably degrade the antenna’s key transceiving perfor-
mance.

3.3. Gain

Figure 12 compares the simulated and measured peak gains of
the proposed antenna. The measured peak gains of the final de-
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signed antenna are 3.3 dB at 2 GHz, 6.5 dB at 5 GHz, and 6.5 dB
at 8 GHz.

3.4. Envelope Correlation Coefficient and Diversity Gain

The envelope correlation coefficient (ECC) is a key metric for
evaluating MIMO diversity performance, as it quantifies the
correlation between antenna elements: lower ECC corresponds
to weaker inter-element correlation and superior MIMO per-
formance. Diversity gain (DG) is another core indicator. The
typical design criteria is that ECC < 0.5 and DG close to 10. As
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FIGURE 11. Radiation patterns of the presented antenna.

shown in Fig. 13, the proposed antenna achieves a notably low
ECC (< 0.02) across target bands. Moreover, Fig. 14 illustrates
that the calculated DG exceeds 9.996 across all operating bands,
confirming strong diversity capability. ECC is computed from
the antenna’s far-field data [26]. Formula 3 is used for calcu-
lating the ECC of the antenna, where F'(, ) represents the
vector wave function in different directions. The diversity gain
is derived from the standard formula (4) [27].

| Ree) Fegf
pe(i,9)= = 2 - 2 (3)
J i |F5 (9790)‘ dﬂ'ff4,r’Fj (9,@‘ o
DG=10\/1- (BCC)? @

3.5. Total Active Reflection Coefficient

The total active reflection coefficient (TARC) is very impor-
tant for evaluating the performance of MIMO systems. To in-
vestigate the characteristics of the proposed four-port MIMO
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antenna in this article, TARC was measured under four differ-
ent excitation phases (0°, 60°, 120°, and 180°). Fig. 15 shows
that the measured TARC remains below —10 dB across all op-
erating bands for these phase states, demonstrating stable and
good MIMO performance. The concept of TARC for MIMO
systems is discussed in [28], where N represents the total num-
ber of ports, S the scattering parameter, and 6 the phase.

N 2

TARC =N7"%\|>"

i=1

N
E Sikejgk’l

k=1

®)

3.6. Performance Comparison

The performance comparison is concluded in Table 1. Refs.
[9-11, 19] all present two-element MIMO UWB antenna de-
signs, which are insufficient to meet the information transmis-
sion rate demands of large-scale IoT. Among them, only [19]
employs Characteristic Mode Analysis to elucidate the phys-
ical radiation mechanisms of the antenna; however, its rela-
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TABLE 1. Comparison of antenna performance.

No. of . Bandwidth Fractional Feed Ground Isolation
Ref. Size (mm) CMA ECC DG
ports (GHz) Bandwidth Method connection (dB)
[9] 2 140 %« 135%x 1.6 No 3.01-6.5 73.4% Microstrip Yes 20 < 0.02 10
[10] 2 20%34%1.6 No 2.34-14.06 143% CPW Yes 21 0.003 9.96
[11] 2 257+ 257x1.5 No 0.63-6 162% Microstrip Yes 20 < 0.005 /
[19] 2 27%22%0.8 Yes 3.07-11.1 113.3% Microstrip Yes 20 0.05 9.986
[20] 4 40 %40« 1.6 Yes 3.1-11 112.1% Microstrip No 26 0.0016  9.99
[22] 4 28 x40 % 1.6 Yes 3.1-13.75 126.4% Microstrip No 25 0.0045 9.982
[24] 4 73 %73 x1.6 Yes 3.3-13.84 123% Microstrip Yes 14 0.2 /
Prop. 4 130 %130 % 0.8  Yes 1.08-8.7 155.8% CPW Yes 20 0.02 9.996
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FIGURE 14. DG of the presented antenna.

tive bandwidth is limited to 113.3%. Refs. [20, 22, 24] conduct
mode analysis based on four-element broadband antennas; yet
their achieved relative bandwidths remain lower than that of
the MIMO antenna proposed in this work. By implementing
a ground connection structure, our design enhances the rela-
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FIGURE 15. TARC of the presented antenna.

tive bandwidth to 155.8% and improves isolation to 20 dB. Fur-
thermore, we utilize CMA to provide a detailed analysis of the
bandwidth extension mechanism for antennas with CPW feed-
ing.
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4. CONCLUSION

In this article, we design and prototype a four-element UWB-
MIMO antenna for the sub-7 GHz band. This antenna achieves
an operating bandwidth of 1.08-8.70 GHz, adopting a CPW-fed
structure with interconnected ground planes and a central cross-
shaped isolation stub. Port isolation exceeding 20 dB is realized
over the full operating band. The wide-band design process was
guided by Characteristic Mode Analysis. Through analyzing
the current distribution characteristics of each mode, this work
manipulates the distributions of multiple modes with stepped
parasitic stubs. Ultimately, we achieved the desirable band-
width performance. Besides, the antenna shows good diversity
performance with ECC below 0.02 and DG exceeding 9.996.
The ultra-wideband antenna designed in this paper can meet
the communication requirements of various frequency bands
for IoT devices. However, for the future upgrade of a large
number of IoT devices, the size of the antenna needs to be re-
duced to facilitate more compact deployment.
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