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ABSTRACT: This paper presents a four-port quarter-mode substrate integrated waveguide (QMSIW) MIMO antenna designed for 2.1 GHz
wireless applications. The antenna employs orthogonally positioned complementary square-split ring resonator slots to achieve substantial
miniaturization. Additionally, the mutual coupling between antenna elements is effectively minimized by incorporating cross-shaped slots
between them, enhancing overall performance. The proposed four-port MIMO antenna achieves high isolation of 40 dB and features a
compact electrical size of 0.19A¢ x 0.19\¢. The antenna demonstrates outstanding MIMO performance, with simulated and measured
gains of 5.32 dBi and 5.44 dBi, respectively. Its efficiency is further supported by key performance metrics, including a low envelope
correlation coefficient (ECC) of 0.0841 and a high diversity gain (DG) of 9.22 dB, ensuring enhanced signal reliability and reduced
interference. With its compact structure, excellent isolation, and strong diversity performance, the proposed antenna serves as a highly

suitable candidate for directional Wi-Fi applications.

1. INTRODUCTION

Multiple-lnput Multiple-Output (MIMO) antennas are
widely recognized for their ability to achieve high
data rates, increased channel capacity, and improved spatial
efficiency in communication systems [1,2]. MIMO system
performance is typically enhanced with a higher number of
antenna elements, but this often comes at the cost of a larger
physical footprint. While larger antennas can be spatially
distributed to minimize mutual coupling between adjacent
radiating elements, there is a growing demand for compact
MIMO antenna designs that maintain low signal correlation
among elements, especially for wireless applications [3].
Designing MIMO antennas presents a significant challenge
in achieving compactness while ensuring high levels of
isolation between channels. Substrate Integrated Waveguide
(SIW) technology has emerged as a versatile and efficient
platform for designing high-performance antennas [4,5],
offering advantages such as a high-quality factor, excellent
power-handling capability, and low-loss performance [6-9].
These characteristics make SIW a preferred choice for appli-
cations requiring robust and reliable communication systems.
Additionally, SIW inherently provides self-isolation between
its guided modes, which is particularly beneficial for reducing
the mutual coupling in multi-antenna systems such as MIMO.
The flexibility of SIW technology enables the implementation
of various cavity configurations, allowing designers to opti-
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mize antenna size and performance for specific applications.
For instance, full-mode SIW (FMSIW) structures are often
utilized in designs requiring maximum field confinement
and power-handling capabilities. In contrast, half-mode SIW
(HMSIW) [10,11], quarter-mode SIW (QMSIW) [12,13],
and eighth-mode SIW (EMSIW) [14, 15] configurations offer
compact solutions by utilizing only a fraction of the waveguide
physical footprint without compromising performance. By
leveraging these diverse configurations, MIMO antennas
based on SIW technology have been developed to address the
critical challenges of achieving compact size, high isolation,
and superior performance. These designs cater to the growing
demand for efficient and miniaturized antennas in advanced
communication systems, making SIW an indispensable
approach for next-generation wireless applications.

Several two-port SIW MIMO antennas have been developed
using circular [16], rectangular [17], U-shaped [18], and ta-
pered [19] slots, achieving a maximum isolation of > 30dB.
High isolation plays a vital role in MIMO systems, as it helps
mitigate interference and significantly enhances overall perfor-
mance. However, when four-port MIMO antennas are closely
spaced, the mutual coupling between elements increases sig-
nificantly, resulting in poor isolation. Increasing the spacing
between elements can mitigate this issue but requires a larger
footprint.

Multiple four-port MIMO antennas have been developed
based on HMSIW, QMSIW, and EMSIW using semi-tapered
slots [20], inverted L-shaped slots [21], T-shaped slots [22],
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self-isolated [23], Tai Chi-shaped slots [24], inverted U-shaped
slots [25], and neutralizing lines [26].

In [27] and [28], four-port MIMO antennas were designed
using mushroom-shaped slots and neutralized lines. These an-
tennas occupy larger areas of 1.4\ x 1.4\ and 1.2 x 1.2,
respectively. The neutralized lines provide a decoupling path to
minimize current flow between elements, achieving enhanced
isolation of > 35dB. A similar approach is followed in [26],
where the four-port MIMO antenna achieves an isolation of
>35 dB through the use of neutralized lines; however, the an-
tenna occupies a larger electrical size of typically > Ag [16].
As the antenna size increases, the spacing between the ele-
ments increases, resulting in lower mutual coupling between
them. On the other hand, four-port MIMO antennas have also
been designed using T-shaped slots [25] and L-shaped slots
[21], with these antennas occupying very small footprints of
0.61)y x 0.61)\g and 0.58\g x 0.58)\¢, respectively. Due to
their small footprint, these antennas exhibit the high mutual
coupling of 14 dB, since the antenna elements are positioned in
close proximity. Similarly, an HMSIW-based MIMO antenna
with semi-tapered slots [20] demonstrated improved isolation
of 24 dB, but this was achieved with a relatively larger area
of 0.77X¢ x 0.77)\g. These findings underscore the inherent
trade-offs in MIMO antenna design, where compact sizes often
compromise isolation, and higher isolation necessitates larger
footprints. Addressing these challenges is critical to improving
signal quality and data rates in modern wireless communication
systems.

The four-port SIW-based MIMO antenna presented in this
paper offers the following advantages: 1) high isolation of
> 40dB, 2) compact size 0.19)\y x 0.19)¢, and 3) a simple de-
sign structure. The results in this manuscript demonstrate the
antenna’s effectiveness for practical wireless applications.

2. DESIGN AND PERFORMANCE ANALYSIS OF A 4-
PORT MIMO ANTENNA

Figure 1 illustrates the top and side views of the proposed 4-
port MIMO antenna. The antenna is constructed with two cop-
per layers, while the central dielectric substrate is composed of
Rogers RT/Duroid 5870 material. The design parameters are

f@chi‘

Lejf

£

FIGURE 1. Schematic-view and lateral-view of the proposed MIMO
antenna.
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optimized and given as: Loy = 28,a = 1,b = 1, ¢ = 0.8,
and d = 2 (all the dimensions are in mm). Initially, an SIW
square cavity resonator is designed, as shown in Fig. 2(a), with
four 50 ©2 microstrip feed lines. The fundamental resonant fre-
quency of the SIW square cavity resonator in the TE,,,,,o0 mode
[4] is obtained using 1

mn0 27, /Er leﬁf Wefr

The effective length and width of the SIW Square Cavity Res-
onator (SSCR) can be determined based on the length (.;) and
width (w,z) of the top metallic plane. The via diameter and the
distance between the vias are selected as )\% <0.lands < 04‘}5
to avoid leakage losses from the SSCR [9]. The SIW cavity
resonates at 5.01 GHz, which can be validated using Eq. (1).
The reflection coefficients and the isolation of the SSCR are
depicted in Fig. 2(b). To achieve miniaturization, a square com-
plementary split-ring resonator (CSRR) slot is introduced in the
SSCR. The dimensions of the slot are provided in Fig. 3(a). By
loading the square-shaped CSRR slots (Antenna 1) with inner
and outer side lengths of 10 mm and 12 mm, respectively, on
all four sides of the top plane of the Square Cavity Resonator
(SCR), the antenna achieves miniaturization.

The square-shaped CSRR slots increase the effective current
path length within the cavity, resulting in a red shift of the oper-
ating frequency. The antenna’s resonant frequency shifts from
5.01 to 2.85 GHz, yielding a frequency reduction of 43.11%.
Antenna 1 resonates at 2.85 GHz, and the reflection coefficient
and isolation are shown in Fig. 2(b). As observed in Fig. 5(a),
by exciting port 2, strong mutual coupling exists between the
adjacent ports. To achieve further miniaturization of the an-
tenna, a square-shaped CSRR slot (Antenna 2) is introduced on
the top metallic plane, featuring inner and outer side lengths of
6 mm and 8 mm, respectively, as illustrated in Fig. 3(b).

This additional slot creates an extra resonant mode, effec-
tively reducing the overall resonant frequency of the antenna.
The square split-ring slot enhances electromagnetic field in-
teractions within the cavity, increasing the effective electrical
length without significantly increasing the physical size of the
antenna. It can be observed from Fig. 2(b),

Antenna 2 resonates at 2.15 GHz, achieving a miniaturization
of 57.09%, reducing the frequency from 5.01 GHz to 2.15 GHz.
Fig. 5(b) displays the electric field distribution of Antenna 2,
where poor isolation exists among the four adjacent ports of
the antenna. To enhance the isolation among the four ports,
cross-shaped slots are introduced as shown in Fig. 3(c). These
lines effectively reduce mutual coupling by suppressing un-
wanted electromagnetic interactions between ports, ensuring
strong isolation. The enhanced isolation is achieved through
the modification of the electromagnetic field distribution. The
cross-shaped slots introduce localized impedance discontinu-
ities, which effectively suppress mutual coupling between ad-
jacent ports by reducing the strength of coupled fields. An-
tenna 3 resonates at 2.1 GHz, as shown in Fig. 4. The minimum
port isolation between any two ports is > 40 dB. The electric
fields in Antenna 3 are concentrated near the edges of square-
shaped CSRR slots, a result of the resonant behavior of these
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FIGURE 2. (a) SIW square cavity resonator, (b) |S|-Parameters of SIW cavity, Antenna 1, Antenna 2 and Antenna 3.

(b) (o)
e | Astomna | | Antenmaz i i

FIGURE 3. Design steps of the proposed MIMO antenna: (a) Antenna 1 with single CSRR-slots, (b) Antenna 2 with double CSRR-slots. (c) Antenna

3 with cross-shaped slots.
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FIGURE 4. |S|-parameters of antenna 3.

slots. This design creates high-intensity electric fields along the
slot boundaries, as the slots act as resonators that enhance the
electromagnetic field in their immediate surroundings.

2.1. Analysis of MIMO Antenna Parameters

The antenna parameters are derived by changing the width of
the outer square-shaped CSRR slot (a), the width of the inner
square-shaped CSRR slot (b), the gap of the outer slot (¢), and
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the gap of the inner slot (d). The effect of varying the width
(a) from 0.5 to 1.5 mm on the resonant frequency is illustrated
in Fig. 6(a). When the width a is less than 1 mm, there is no
impedance matching. For values of a greater than 1 mm, sig-
nificant interference exists among the elements. It can be ob-
served from Fig. 6(b) that an optimized width of 1 mm is cho-
sen, as it provides significant isolation and impedance matching
between the antenna elements. Similarly, when parameter (b)
is varied from 0.5 to 2 mm, an increase in b from 1 mm to 2 mm
leads to higher mutual coupling between the antenna elements.
For values of b less than 1 mm as shown in Fig. 6(c), there is
no impedance matching. Thus, a width of 1 mm is chosen as
the optimized value as shown in Fig. 6(d). In addition, varying
the gaps in the inner and outer split-ring slots affects the in-
ductance and capacitance between the elements, which in turn
impacts isolation and impedance matching. After optimization,
a gap of 2 mm is chosen for both the inner and outer slots. Fig. 7
depicts the steps involved in designing and optimizing the pro-
posed antenna which are as follows:

e Choose an appropriate substrate material with minimal
thickness to reduce losses and ensure low-profile struc-
tures. Use Eq. (1) to calculate the resonant frequency
for the dominant TE;;¢p mode of propagation in the SIW
square cavity resonator.
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FIGURE 5. Electric field distributions of design steps (a) Antenna 1 operating at 2.85 GHz, (b) Antenna 2 operating at 2.15 GHz, (c¢) Antenna 3

operating at 2.1 GHz by the excitation of port 2.
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FIGURE 6. Optimized designed parameters of the proposed four port MIMO antenna.

o Calculate the effective length and width of the SIW square
cavity resonator at operating frequency.

e Choose the via diameter and the spacing between the vias
based on the conditions.

e Load a pair of CSRR slots on the QMSIW cavities and
cross-shaped slots. The dimensions of the slots should be
optimized by adjusting them according to the antenna’s
electrical wavelength, as discussed in the parametric anal-
ysis of the slots, to ensure that both isolation and minia-
turization are achieved effectively.
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e Check whether the desired parameters are achieved, and
the antenna is ready for fabrication. Finally, validate the
simulated and measured results.

3. RESULTS ANALYSIS AND DISCUSSION

Figure 8 shows the top view of the fabricated four-port MIMO
antenna. Measurements of the reflection coefficients and iso-
lation were carried out using a Keysight ES063A two-port vec-
tor network analyzer. The reflection coefficients were obtained
by exciting port 1, operating at a frequency of 2.1 GHz, while
isolation was measured between various port combinations: (1
and 2), (1 and 3), (1 and 4), (2 and 3), (2 and 4), and (3 and
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FIGURE 8. Photograph of the fabricated proposed MIMO antenna, and reflection coefficient and isolation simulated and measured values.

4). Fig. 8 also shows the simulated and measured isolations
when port 1 is excited. The measured operating frequency of
the MIMO antenna shows a discrepancy of less than 2% com-
pared to the simulated resonant frequency. Furthermore, the
overall isolation between any two ports (Sa1, Ss31, Sa1, S23,
So4, S34) remains greater than 40 dB, as illustrated in Fig. 8.

The MIMO antenna design exhibits a directional radiation
pattern, with peak radiation occurring in the broadside direc-
tion. Fig. 9 presents the normalized radiation patterns obtained
from both simulated and measured values. The antenna exhibits
a unidirectional radiation pattern, with the cross-polarization
level surpassing 20 dB. The gain of the proposed MIMO an-
tenna, based on simulations and measurements at 2.1 GHz, is
recorded as 5.32 dBi and 5.44 dBi, respectively, as shown in
Fig. 10. The antenna maintains a gain of > 5dB over a band-
width of 2.04-2.13 GHz, indicating its ability to provide con-
sistent radiation performance. Furthermore, the MIMO antenna
demonstrates a radiation efficiency exceeding 80% when ports
1, 2, 3, and 4 are excited.
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4. ANALYSIS AND PERFORMANCE OF DIVERSITY

The diversity performance of the 4-port MIMO antenna is as-
sessed by examining parameters such as the mean effective
gain, diversity gain, and envelope correlation coefficient. The
ECC evaluates the correlation between the signals received by
the antenna ports. To achieve effective diversity in radiation
patterns, the ECC should ideally remain below 0.5 [29]. The
ECC can also be calculated using the radiated far-field compo-
nents by equation

1" Bi6,9) - Ea(6,0) dQ’Q
(11" [Bx 0. 0)]* a0) (J1,™ B0, 0) a)

The electric field distribution in the far-field region is rep-
resented as F1 (0, ) when Port 1 is excited, with Port 2 ter-
minated using a matched load. Conversely, E2(f, ) corre-
sponds to the far-field electric field when Port 2 is excited, while
Port 1 is matched. The ECC value is 0.007 computed based on
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TABLE 1. Comparison of the performance of the proposed MIMO antenna with the existing STW-based MIMO antennas.

. . Overall Size Thickness Frequency Isolation Gain
Ref Design Technique 5 .
(o) (mm) (GHz) (dB) (dBi)
[27] Neutralization lines 1.4X0 X 1.4X0 1.57 4.5 35 6
[28] Mushroom loading 1.2X0 x 1.2)¢ 2.5 24 36 6.6
[26] Neutralization lines 1.08\p x 1.08\¢ 1.5 5.025 36 5.6
[25] T and anti-symmetric U-slots 0.61Xp x 0.61)\¢ 3 3.52 14 43
[21] Back-to-back L-slots 0.58 ¢ x 0.58 )¢ 1.6 34 15 —1
[20] Semi-taper slots 0.77X0 x 0.27Xo 3 4.83 24 8
[23] Rectangular patch Ao % 0.028 A9 1.57 4.43 35 6
TW * Square CSRR slots 0.1920 X 0.19X¢ 0.787 2.1 > 40 5.32
*TW indicates this work.
Units (A1) XZ-(f’Iane YZ-Plane
nits i . . 0
0 330 30 Ur(;lt_s (dBi),. 30
-10 -10 — <
20 - = Sim. Co-pol 00 A
E = = Meas. Co-pol -20 - \/
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FIGURE 9. Normalized radiation pattern simulated and measured values in X Z and Y Z planes.
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FIGURE 10. Simulated and measured gains of the proposed antenna.

these far-field characteristics, which is well within the accept-
able range at 2.1 GHz, as shown in Fig. 11.

Additionally, the mean effective gain (MEG) is used to val-
idate the performance of the proposed MIMO antenna. MEG
represents the ratio of the average received power to the aver-
age incident power and is calculated using the S-parameters, as
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FIGURE 11. Analysis of the ECC of the proposed antenna.

specified in 3.

N
MEG; =05 |1-)|S;;|”

j=1

A3)

The MEG value is 0 dB, and its acceptable range is defined as
—12dB < MEG < 0. For the proposed antenna, the simulated
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FIGURE 12. Mean effective gain of the proposed MIMO antenna.

MEQG value is —3.16 dB, while the measured value is —2.34 dB,
demonstrating excellent diversity performance, as illustrated in
Fig. 12. Table 1 presents a comparison of the performance of
the proposed MIMO antenna with other reported designs. In
comparison, the antenna introduced in this work exceeds the
performance metrics of other SIW-based MIMO antennas.

5. CONCLUSION

In this work, a four-port SIW MIMO antenna designed for
2.1 GHz wireless applications has been presented. The in-
tegration of square-shaped CSRR and cross-shaped slots in
the antenna elements successfully achieved significant minia-
turization and enhanced port isolation, with values exceeding
40 dB. The design process, including the strategic placement
and dimension of the slots, is chosen to ensure optimal per-
formance. The proposed antenna offers a compact footprint
0.19Xg x 0.19)¢ and excellent diversity characteristics, vali-
dated through ECC, DG, and MEG metrics. These results es-
tablish the antenna as a promising solution for directional Wi-Fi
applications, combining efficiency, compactness, and reliable
performance for modern wireless systems.
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