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ABSTRACT: This paper proposes a novel microstrip patch antenna element and MIMO design based on quarter-mode substrate integrated
waveguide (QMSIW). This design not only achieves antenna miniaturization but also effectively reduces the mutual coupling between
antenna elements. The antenna element employs a triangular patch as the main radiator, with its long side grounded via two metal cavities.
For bandwidth enhancement, a T-shaped strip is positioned at the center of the triangular patch’s long side, and a new mode is introduced.
A pair of slots is etched at the junction between the strip and the patch; adjusting the slot size enables dual-mode operation and control
coupling. Building on this element, a 2 x 2 MIMO system is developed, featuring a compact size and requiring only one dielectric
substrate, thereby achieving high integration and low cost. The patch occupies an area of (0.22 x 0.22)%)/2, while the strip occupies
0.066 x 0.068\% with high integration. The antenna achieves N78 band coverage with a total area of 0.0287\3. Experimental results
demonstrate an 8.9% —10 dB impedance bandwidth (3.30-3.61 GHz) and —16 dB isolation, ensuring excellent overall performance. The
antenna offers an effective solution for future 5G wireless communication systems.

1. INTRODUCTION

n the field of wireless communications, microstrip patch an-

tennas (MPAs) have been widely used due to their low cost
and light weight [1,2]. Various types of microstrip antennas
have been proposed in the past. In [3, 4], parasitic patches are
placed above the main radiating patch to realize stacked anten-
nas. In [5,6], an antenna operates in a metasurface manner,
where the higher-order modes of the metasurface can be con-
trolled to enhance bandwidth. In [7, 8], the patch mode and
feed slot mode work collaboratively. In [9,10], an antenna
adopts multi-resonator technology. However, the above MPAs
are only limited to the study of antenna elements and have not
been studied for multiple-input multiple-output (MIMO) tech-
nology. MIMO can significantly increase the channel capac-
ity of wireless communication systems without requiring addi-
tional spectrum or power resources [11-13], and is widely used
in modern wireless communication systems.

However, to implement MIMO, the close arrangement of an-
tenna elements in compact terminals or portable devices will
lead to high mutual coupling, which degrades the performance
of spatial diversity and multiplexing [14, 15]. Therefore, a large
number of decoupling methods have been proposed. In [16—
18], defected ground structures (DGSs) act as spatial band-stop
filters by etching half-wavelength resonant slots on the ground
plane to reduce coupling between antennas. In [19], short-
circuit pins are introduced in stacked microstrip patch antenna
arrays to generate coupling zeros. By forming currents with ap-
proximately equal amplitudes but opposite phases on different
regions of the patch, electric field components are canceled out
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to achieve high isolation. In [20], an inductance-based decou-
pling scheme is proposed, using a combined mode cancellation
method of common-mode and differential-mode to reduce the
mutual coupling between MPAs with extremely close spacing.
Inserting lumped inductors between the ground planes of the
elements can effectively suppress the original strong coupling.
Although these types of antennas can achieve good decoupling
effects, their antennas are still traditional MPAs, which still
limit the further reduction of MIMO system size.

Antenna element miniaturization is not only conducive to
the miniaturization of MIMO but also indirectly increases
the boundary spacing between elements in the array, thereby
improving the isolation between elements [21]. Compared
with traditional MPAs [22] or planar inverted-F antennas
(PIFAs) [23, 24], quarter mode substrate integrated waveguide
(QMSIW) antennas usually have more compact dimen-
sion [25]. Therefore, if QMSIW can be applied to MIMO
design, miniaturization can be effectively achieved.

In this paper, a novel antenna element is first designed based
on QMSIW. The main radiator of the antenna element is a tri-
angular metal patch, and the long side of the patch is grounded
through two metallized cavities to operate in the quarter-mode.
To introduce a new resonant mode for bandwidth enhancement,
a T-shaped metal strip is placed at the center of the long side
of the triangular metal patch and connected to the metal patch.
Subsequently, a slot is etched at the connection between the T-
shaped metal strip and triangular metal patch. By adjusting the
size of the slot, the T-shaped strip mode can be shifted to merge
with the patch mode, achieving dual-mode operation. Subse-
quently, a 2 x 2 MIMO system is designed based on the antenna
element. This design, due to operating in the quarter-mode,
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FIGURE 1. Configuration of the antenna element. (a) 3D view, (b) Side view.

achieves a compact size and uses only a single-layer dielectric
substrate. The main innovation points include:

1) By combining triangular patches with T-shaped metal
strips, dual-mode operation is achieved to expand the
bandwidth.

2) The resonant mode is adjusted by slotting to effectively
control the coupling.

3) The antenna element is small in size (0.22 x 0.22)2)/2,
with a compact overall structure and high integration.

4) The isolation degree of —16 dB has been achieved in the
MIMO system, with good performance.

2. ANTENNA STRUCTURE AND DESIGN

2.1. Antenna Structure

Figure 1 shows the structure of the miniaturized antenna, which
includes a triangular metal patch, a dielectric substrate, and a
metal ground. The antenna is constructed based on only one
layer of dielectric substrate, with FR4 used as the substrate ma-
terial, having a dielectric constant (¢,) of 4.4 and a loss tangent
(tan 8) of 2x 102, The triangular metal patch and metal ground
are printed on the upper and lower surfaces of the substrate, re-
spectively. In addition, two metallized cavities are formed on
the substrate and connected to the long side portion of the trian-
gular patch, allowing the triangular metal patch to resonate in a
quarter-mode. A T-shaped metal strip is connected to the patch
at the center of the long side of the patch, and two pairs of slots
are etched on the patch. The feeding position is set on a line
at a 45° direction along the x-axis, and the antenna is excited
using coaxial feeding, where the inner conductor of the coaxial
cable is connected to a metallized via and the outer conductor
connected to the metal ground. Table 1 gives the detailed di-
mensional parameters of the antenna.

2.2. Element Design

Figure 2 shows the design process of the antenna element,
which can be divided into four steps. Model 1, as shown in
Figure 2(a), consists of a square resonator surrounded by four
rows of metallized cavities. It can resonate as a complete cavity
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FIGURE 2. Antenna element design process. (a) Mode 1, (b) Mode 2,
(c) Mode 3, (d) Mode 4.

TABLE 1. Parameters of the antenna (mm).

Parameter | Value | Parameter | Value
lp 19.56 w1 0.52
lh 8.7 wa 1.01
lo 2.91 w3 1
l3 4.63 Wy 0.8
ly 5.68 r 0.4
ls 9.19 H 2.8

antenna in the T E10 fundamental mode, which can be called
full mode. Obviously, Model 1 occupies a large size, which is
inconsistent with the miniaturization design concept of the ter-
minal antenna, so size reduction is needed. Model 2, as shown
in Figure 2(b), is achieved by dividing the cavity that realizes
the full-mode resonance along division lines 1 and 2 along the
y-axis and z-axis based on Model 1. By introducing virtual
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FIGURE 3. S-parameters corresponding to model 2, Model 3 and
Model 4.
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FIGURE 5. The radiation patterns of the antenna at 3.35 GHz. (a) Mode
3, (b) Mode 4.

magnetic walls, three-quarters of the structure can be removed,
thereby effectively reducing the total size of the antenna ele-
ment. Model 2 resonates in the quarter-mode, as shown in Fig-
ure 3, with its resonant mode located at 3.35 GHz. However,
although the size is reduced, due to having only one mode, it
will result in a narrow bandwidth.

To broaden the bandwidth, a T-shaped metal strip is intro-
duced at the center of the long side of the triangular metal patch,
specifically in the blank area between the two metal slots, and
connected to the metal patch, as shown in Figure 2(c). As
shown in Figure 3, the T-shaped metal strip can introduce a new
mode at 4 GHz, and the position of strip mode can be adjusted
by changing geometric parameters of the strip. Figure 4 veri-
fies the mode of the strip: as the size of the strip increases, its
mode frequency shifts to lower frequencies, fully proving that
the new mode is introduced by the strip. Figure 5 shows the
radiation performance of the triangular patch before and after
loading the T-shaped strip. It can be seen that there is almost
no change in the radiation pattern of the patch at its resonant
point before and after loading, thus proving that the loading of
the strip has almost no effect on the radiation performance of
the triangular patch.

Subsequently, in order to reduce the frequency of the strip
mode without increasing the size, slots are etched in the portion
where the T-shaped strip is connected to the triangular metal
patch, as shown in Figure 2(d). The position of the strip mode
can be controlled by precisely adjusting the geometric parame-
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FIGURE 4. The influence of l3 on the S-parameter of Model 3.
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FIGURE 6. The influence of 2 on the S-parameter of Model 4.

ters of the slots, reducing the frequency of the strip mode from
4 GHz to 3.55 GHz, as shown in Figure 3. Finally, the patch
mode and strip mode can be combined to form dual-mode op-
eration, enhancing the bandwidth.

To verify the rationality of this design, a parametric study was
conducted on Model 4. Figure 6 shows the effect of slot length
(l2) on the S-parameters. As ls increases, the high-frequency
mode shifts upward, while the low-frequency mode remains ba-
sically unchanged, indicating that it is feasible to control the
low-frequency mode through the slot. Figure 7 shows the sim-
ulated electric field distribution of the antenna at 3.35 GHz and
3.55GHz. At 3.35 GHz, the strong electric field on the trian-
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FIGURE 7. Antenna mode electric field distribution. (a) 3.35 GHz, (b)
3.55GHz.
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FIGURE 9. The influence of d; on the isolation of MIMO. (a) Port 1
and Port 2, (b) Port 1 and Port 3.

gular patch and weak electric field at the strip indicate that this
mode is mainly caused by the triangular patch, dominated by
the quarter-mode. At 3.55 GHz, the strong electric field in the
T-shaped strip indicates that the working mode at this time is
dominated by the strip mode.

2.3. MIMO Design

The above antenna element can be expanded into a 4 x 4 MIMO
configuration, as shown in Figure 8. Ports 1, 2, 3, and 4 can be
fed individually, corresponding to Element 1, Element 2, Ele-
ment 3, and Element 4, respectively. As shown in Figure 9, the
effect of dimension d; on isolation is studied. As d; decreases,
the isolation between antenna elements becomes smaller. Fi-
nally, d; = 15mm is selected to ensure 16 dB isolation under
the minimum size of the MIMO antenna.

The surface currents of the patch are utilized to explain the
coupling/decoupling mechanism. Two distinct spacing condi-
tions (d; = 30 mm and d; = 34 mm) are compared, as shown in
Figure 10. When Element 1 is excited, it is observed that when
d; is 34 mm, the coupling current of Element 2 is significantly
smaller than when d; is 30 mm. Therefore, it can be demon-
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FIGURE 10. The surface currents of the patch in two distinct spacing
conditions (a) d; = 30 mm, (b) d; = 34 mm.

I

FIGURE 11. Picture of antenna prototype.

strated that as d; increases, the decoupling effect improves pro-
gressively.

3. SIMULATION AND MEASURED RESULTS

To verify the design, the MIMO antenna is fabricated and
tested, with Figure 11 showing the antenna prototype. Figure 12
presents the simulation and test results of the antenna’s reflec-
tion coefficient and total efficiency. The measured —10dB
impedance bandwidth is 8.9% (from 3.30 GHz to 3.61 GHz),
while the simulated bandwidth range is from 3.29 GHz to
3.60 GHz. Within the operating frequency band, the total ef-
ficiency of the antenna elements ranges from 45% to 55%, and
the efficiencies from simulation and testing show good con-
sistency. Figure 13 indicates that the isolation between ele-
ments remains over 16 dB. Figure 14 indicates that the elements
achieve the envelope correlation coefficient (ECC) below 0.5,
and the diversity gains (DGs) ranging from 8.5dB to 10.1 dB.
In Figure 15, the simulated and measured radiation patterns of
Element 1 at 3.35 GHz and 3.55 GHz in the E- and H-planes
show good consistency.

Table 2 shows the performance comparison between the an-
tenna designed in this paper and several other antennas of the
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TABLE 2. Performance comparisons with reported works.
F El t Profil Isolati
Ref. reduency ?men Element size (\3) rotre Bandwidth sotaton
(GHz) spacing (o) (M) (dB)
[17] 2.45 0.34 0.0529 (0.23 x 0.23) 0.012 2.0% 30
[18] 10 0.28 0.0625 (0.25 x 0.25) 0.1 22.2% 20
[19] 3.5 0.5 0.09 (0.30 x 0.30) 0.07 16.3% 43
[20] 2.45 0.44 0.2209 (0.47 x 0.47) 0.049 5.5% 15.4
This work 35 0.23 0.0287 (0.22 x 0.22/2 + 0.066 x 0.068) 0.032 8.9% 16
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FIGURE 12. Simulated and measured results of antenna reflection coef-
ficient and total efficiency.
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In this paper, a miniaturized antenna element based on QM-
SIW is proposed. It adopts a triangular metal patch design and
achieves dual-mode operation with bandwidth widened by in-
troducing T-shaped metal strips and slots. Based on this, a 2 x 2
MIMO system is designed and fabricated for testing. This de-
sign has the advantages of compact size, high integration, and
low cost, providing a new direction for future research and ap-
plications of 5G terminal antennas.
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FIGURE 15. Simulated and measured radiation patterns of Element 1.
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