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ABSTRACT: This research suggests a compact, wideband Multiple Input Multiple Output (MIMO) antenna designed for S-band appli-
cations, emphasizing high isolation between closely positioned antenna elements. Achieving this isolation is accomplished through the
implementation of a Defected Ground Structure (DGS) technique. The DGS is realized by etching two elliptical patterns on an econom-
ical FR-4 substrate with inherent loss properties. Three rectangular slots and two L-shaped stubs are introduced to improve isolation and
minimize the size of antenna increment by lowering surface wave propagation. To validate the proposed layout, a physical prototype
was constructed for a direct comparison of its performance with the simulated parameters. The results demonstrated highly favorable
outcomes, including Diversity Gain (DG) exceeding 9.97 dB, Envelope Correlation Coefficient (ECC) registering below 0.05, Mean Ef-
fective Gain (MEG) lower than -3 dB, Total Active Reflection Coefficient (TARC) below 0.4, and Channel Capacity Loss (CCL) less
than 0.3. Furthermore, the current distribution and radiation pattern were found to be highly suitable for applications in the S-band and
the lower part of the C-band, encompassing technologies like Bluetooth, WiFi, WiMAX, 4G, and 5G.

1. INTRODUCTION

MIMO antenna is indeed a critical technology in achieving
high data rate transfers over communication channels in

current and future generations of wireless communication sys-
tems. MIMO antenna is characterized by high data rate [1],
spectral efficiency [2], substantial channel capacity [3], and ro-
bustness of the communication link [4]. To attain compact di-
mensions, it is normally necessary to have a relatively tiny spac-
ing between consecutive elements of the antenna. A primary
challenge in a MIMO antenna design revolves around striking
the right balance between closely spaced antennas while ensur-
ing adequate isolation between them. Due to the compactness
of the terminals, MIMO systems suffer from significant mu-
tual coupling, which can negatively impact the system’s func-
tionality by decreasing channel volume, bandwidth, and effi-
ciency [5]. As a result, the mutual coupling between nearly
placed antenna elements is the major factor that must be con-
sidered and maintained as low as possible without expanding
antenna dimensions.
There are several techniques in literature to overcome

the above problem, such as decoupling networks [6], para-
sitic element [7], split ring resonator (SRR) [8], microstrip
open-loop resonator [8], electromagnetic band gap structure
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(EBG) [9, 10], and DGS [11–13]. However, due to its periodic
nature, the EBG architecture is more complex in design and
larger in size. The DGS technique is the most straightforward
and least complicated design of the mutual coupling reduction
strategies discussed above. This is achieved by creating a
series of slits or slots on the ground, a technique employed to
enhance the isolation between adjacent antennas [14–21]. A
DGS operates similarly to a resonant LC circuit, functioning as
a stopband filter. This stopband filter is employed to suppress
surface waves between closely spaced antennas within the
desired frequency range, effectively enhancing the isolation.
In this paper, we provide two closely spaced elliptical shape

patch antennas. Three rectangular slots are introduced, and two
simple L-shaped patterns are incised on the bottom to introduce
a DGS which acts as a resonant slot and enhances the isolation.
The distance between the antennas that are close together is sig-
nificantly lowered by 10mm (0.071λ0). At 2.72GHz, the max-
imum isolation −59.4 dB is achieved. The proposed MIMO
antenna is compact, with dimensions of 0.344λ0 × 0.322λ0

(48 × 45mm2), and it operates across a frequency band span-
ning from 2.15GHz to 5.65GHz. This frequency range makes
it well suited for applications in the S-band and C-band, includ-
ing but not limited to Bluetooth, WiFi, WiMAX, 4G, and 5G
technologies.
This prompted us to develop and test an elliptical microstrip

1× 2 MIMO antenna for S- and C-band applications. This ar-
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FIGURE 1. Rendered (a) upper and (b) lower perspectives of the envisaged MIMO antenna design.

ticle proposes a two-element MIMO antenna with an inverted
L-shaped stub and three rectangular slots associated in the par-
tial ground plane that takes up less space and good impedance
bandwidth. The goal of using a MIMO antenna is to make use
of its multipath capabilities, which enable higher data speeds,
better channel capacity, interference mitigation, and improved
signal dependability by preventing fading.
A detailed description of the DGS employed in the antenna is

provided in Section 2. The performance parameters, both sim-
ulated and measured, are thoroughly analyzed and discussed in
Sections 3 & 4, respectively. Finally, the document concludes
with Section 5.

2. ANTENNA DESIGN

Within this section, we present the layout procedure for the
MIMO antenna designed with DGS technique. The creation of
this innovative MIMO antenna occurs through a two-stage pro-
cess, as depicted in Figure 1. In the initial step, two elliptical
motifs are etched onto the substrate, as demonstrated in Fig-
ure 1(a). These etchings serve as the radiating elements for the
antenna. The second stage of the process is illustrated in Fig-
ure 1(b), in which three rectangular slots are etched, followed
by two L-shaped stubs being printed on the ground plane. Af-
ter researching different designs that are widely available and
could improve the isolation between nearly placed antennas, L-
shaped stubs are proposed. To enhance both isolation and struc-
tural stability in the proposed layout, an L-shaped stub isolator
is positioned beneath the substrate. The final L-shaped stubs-
basedMIMO antenna is designed on an inexpensive FR-4 lossy
substrate with a thickness of 1.6mm, loss-tangent (δ) = 0.025,
and dielectric constant (ϵr) = 4.3. The refined layout param-
eters for the MIMO antenna and L-shaped stub are as follows:
SW = 48mm, SL = 45mm, GL = 25mm, W = 8.15mm,
P = 5.3mm, S = 7mm, T = 13.7mm, R = 11.3mm,
Q = 2.1mm, G = 24.65mm, L = 6.7mm, PW = 3mm,
PL = 31.1mm, PC = 15.25mm, b = 5mm, and a = 9mm.

Figures 2(a) and (b) illustrate bottom and top views of a con-
structed MIMO antenna. The MIMO antenna prototype under-
goes measurement using a PNA Microwave Vector Network
Analyzer, specifically the N5222Amodel. A representative ex-
perimental configuration is depicted in Figure 2(c).

3. MODELLING AND IN-DEPTH EVALUATION OF OP-
ERATIONAL PERFORMANCE
In this section, we evaluate the overall performance of the de-
signed MIMO antenna through an analysis that includes radia-
tion pattern, S-parameters, surface current distribution, and di-
versity metrics such as ECC, MEG, DG, TARC, and CCL. We
conduct these assessments using the High-Frequency Structure
Simulator (HFSS), which is readily available commercial soft-
ware for simulation purposes. Figure 3 presents a comprehen-
sive S-parameter analysis of different developmental stages of
the designed prototype. The variations in reflection and trans-
mission coefficients resulting from the incorporation of a De-
fected Ground Structure (DGS) and the addition of stubs to the
ground plane are examined and displayed in Figures 3(a) and
3(b), respectively.
In Figure 3(a), it is evident that without the presence of an

L-shaped stub, the bandwidth is notably wide; however, the
isolation between elements is relatively low. Remarkably, the
band characteristics remain virtually unchanged throughout the
evolution stages, as illustrated in Figure 3(a). Figure 3(b) pro-
vides insight into the effectiveness of introducing L-shaped
stubs, which significantly enhances the isolation between ele-
ments. The systematic evolution of the proposed DGS with an
L-shaped stub-based MIMO antenna consists of the following
steps: (i) partial ground, (ii) incorporation of three rectangular
slots on the partial ground, and (iii) integration of two L-shaped
stubs, as depicted in Figures 3(a) and 3(b).
Figure 4 provides a side-by-side comparison of the com-

puted and measured S-parameter characteristics of the planned
MIMO antenna. Within the frequency span from 2.15GHz
to 5.65GHz, the antenna successfully achieves the required
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(a) (b) (c)

FIGURE 2. (a) Aerial perspective, (b) underbelly perspective, and (c) configuration for the practical arrangement of the envisaged MIMO antenna.

(a) (b)

FIGURE 3. Evolutionary progression of the proposed antenna’s S-parameters, showcasing (a) Reflection coefficient (S11) and (b) Transmission
coefficient (S21).

3.5GHz bandwidth. A noteworthy highlight is the antenna’s
maximum return loss (S11) of −41 dB at 5.28GHz. Moreover,
the antenna exhibits exceptional isolation (S12 ≤ −20 dB) be-
tween closely spaced antenna elements across the desired fre-
quency range. The peak isolation value of−59.4 dB is particu-
larly notable at 2.7GHz. The introduction of L-shaped stubs to
the design contributes significantly to enhancing the isolation,
surpassing a 10 dB improvement.
Specifically, with L-shaped stubs, the peak values of S12

reach−59.4 dB at 2.7GHz and−17.25 dB at 5.65GHz, respec-
tively. A careful examination of Figure 4 reveals an impres-
sive alignment between the experimental and simulated results,
highlighting the accuracy of the model.

Figure 5 illustrates the 2D radiation pattern, both predicted
and measured, of the two-port MIMO antenna design at a fre-
quency of 2.7GHz. Notably, the radiation pattern exhibits dis-
tinct characteristics: at ϕ = 0◦, the pattern closely resembles
that of a dipole antenna, while at ϕ = 90◦, it demonstrates om-
nidirectional radiation.
Figure 6 displays the surface current distribution of both an-

tennas featuring aDGS. Examining the surface current provides
clear insight into the impact of the DGS on the antenna system.
When we apply an excitation to port-1 while port-2 is matched
with a 50Ω load, we observe surface currents moving from port
1 to port 2. Notably, a significant surface current is induced on
port 1, which is effectively captured by the DGS structure.
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FIGURE 4. S-parameter of the modelled MIMO antenna. FIGURE 5. 2-D radiation pattern.

FIGURE 6. Magnitude of surface current density. FIGURE 7. Simulated and Experimentally Obtained ECC and DG.

As a result, the high degree of isolation between Antenna 1
(Ant-1) and Antenna 2 (Ant-2) demonstrates the effectiveness
of the proposed decoupling mechanism, particularly in the con-
text of MIMO antenna applications.

4. DIVERSITY PERFORMANCE

When many antenna components are used, it is possible to
quantify the degree to which their respective signal envelopes
correlate using ECC.A signal’s envelope refers to its magnitude
independent of its phase. In addition to antenna coupling and
mutual coupling between antennas, reflections and scattering
from surrounding objects may contribute to an elevated ECC.
To obtain a more accurate assessment, the ECC of MIMO the
antenna should be estimated based on the radiated fields in [22].
Figure 7 illustrates that the ECC of the proposedMIMOantenna
is less than 0.05. While the ideal ECC value is zero, in practical
scenarios, an ECC below 0.5 is considered acceptable.

DG is another important parameter used to quantify the re-
duction in transmission power caused by the presence of DGS
within a MIMO system [23].
As illustrated in Figure 7, the DG of the proposed MIMO

antenna surpasses 9.97 dB. This value closely approaches the
ideal benchmark of approximately 10 dB, signifying good di-
versity performance exhibited by the antenna.
TARC (Total Active Reflection Coefficient) is defined as the

square root of the ratio of the total reflected power to the total
incident power. It serves as a reliable indicator of MIMO an-
tenna efficiency, encompassing valuable insights into mutual
coupling effects [23, 24].
The actual value of TARC falls within the range of 0 to 1.

When TARC equals zero, it signifies that all power is success-
fully transmitted, while a TARC value of one indicates that all
power is either reflected or diverted to nearby ports. In the
operational frequency band, both the predicted and measured
TARCs of the planned MIMO system are found to be below
0.4, as presented in Figure 8(a).
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FIGURE 8. (a) TARC, (b) MEG.

(a) (b)

FIGURE 9. (a) CCL, (b) channel capacity.

The mean effective gain (MEG) serves as a pivotal metric
for assessing the efficacy of MIMO diversity. It quantifies the
power received by an isotropic antenna against the power ac-
quired by the diversity antenna in a fading environment [25].

Figure 8(b) displays the Mean Effective Gain (MEGi) for the
desired frequency range, revealing values lower than −3 dB.
This observation confirms the strong diversity performance of
the proposed MIMO antenna.
Another essential metric for evaluating MIMO performance

is the Coherent Channel Capacity (CCL), a measure of the max-
imum data delivery rate without substantial losses [25].
In order to excel in diversity performance, MIMO anten-

nas are typically expected to maintain a CCL value below
0.4 bit/s/Hz. Figure 9(a) demonstrates that the proposedMIMO

antenna achieves a CCL value lower than 0.3 bit/s/Hz, further
underscoring its strong performance in diversity applications.
Channel capacity — The Ergodic Channel Capacity (CC),

calculated under the assumption of no ECC between the trans-
mitting antennas, stands out as a highly effective metric for
MIMO system diversity characteristics. Equation (1) is applied
to assess the channel matrix “H”.

H =
√
ρscale,RXHiid

√
ρscale,TX (1)

In the context of the provided information,Hiid represents a 2×
2 matrix comprising independently and identically distributed
complex Gaussian random variables. The matrix ρscale,TX is
computed at the transmitter end, assuming null ECC and 100
percent efficiency. On the other hand, ρscale,RX is derived by
computing a 2× 2 matrix using measured ECC and efficiency,
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FIGURE 10. Schematic representation of the MIMO antenna system with its corresponding circuit diagram.

FIGURE 11. Reflection loss analysis for the proposed antenna, considering simulated, measured, and circuit model data.

as detailed in [21, 24] and Equation (2).

ρscale,RX
√
ntotalρRX

√
ntotal (2)

Equation (2) employs variables ρRX and ntotal, corresponding
to the efficiencies of receiving antennas, specifically ECC and
total efficiency. To calculate the ergodic channel capacity, the
estimation is carried out using Equation (3) [22]:

= E

{
log2

[
det

(
I +

SNR
nT

HHH

)]}
(3)

In Equation (3), the variablesHH , SNR, nT ,E, and I represent
the Hermitian transpose, signal-to-noise ratio, number of anten-
nas at the transmitter side, expectation with respect to various
channel realizations, and a 4× 4 identity matrix, respectively.
The theoretical channel capacities for 4 × 4 MIMO and

2 × 2 MIMO are 22.2 bps/Hz and 11.3 bps/Hz at an SNR of
20 dB, respectively. It is recommended that the channel capac-
ity achieves at least 60% of the ideal value for optimal MIMO
antenna performance [33]. In the simulated scenario, the chan-
nel capacity over the operating frequency bands is determined
to be 10.62 bits/sec./Hz. The corresponding channel capacity
versus frequency plot is illustrated in Figure 9(b).
The accurate electromagnetic simulation of antenna arrays

often involves intricate configurations and resource-intensive

computations, which is why equivalent circuit models are of-
ten preferred. Figure 10 displays the equivalent circuit model
for the MIMO antenna design with a DGS. The equivalent cir-
cuit model of dual element MIMO antenna, where two patches
are shown with resonant circuit resistors (R1, & R4), capacitors
(C1, & C5), and inductors (L1, & L5), is shown in Figure 10.
Within this circuit, the DGS is characterized by components
such as L3, C3, and losses stemming from ohmic and dielec-
tric effects, coupled with R3. The value of inductance relies on
the metallic structure of the DGS, while capacitance is influ-
enced by the separation distance between the metallic elements
of the DGS. Antennas in close proximity exhibit mutual cou-
pling, which is attributed to the inductance and capacitance of
the DGS. Table 1 provides an overview of the optimized val-
ues for the elements within the equivalent circuit model. Fig-
ure 11 visually demonstrates a strong agreement between sim-
ulated return loss, measured loss, and the analysis conducted
using the equivalent circuit model. It is evident that this model
functions effectively across a frequency range spanning from
2.15GHz to 5.65GHz.
The designed MIMO antenna has been rigorously compared

with recently publishedworks, and the summarized findings are
presented in Table 2. ThisMIMOantenna boasts a compact size
of 48×45mm2, making it more space-efficient than most of its
counterparts, with the exception of [18, 26, 29]. However, it is
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TABLE 1. Optimal parameters for the circuit components.

Resistance (Ω) Inductance (nH) Capacitance (pF)

R1= 02700 L1 = 203.87 C1 = 03.32

R2= 47978 L2 = 444.86 C2 = 01.16

R3= 00264 L3 = 418.54 C3 = 09.88

R4= 13575 L4 = 250.00 C4 = 21.16

R5= 17312 L5 = 32420.00 C5 = 30.61

TABLE 2. Comparative table.

Ref. Dimension (mm) Bandwidth (GHz) Edge to edge gap Max. Isolation (dB) ECC

[8] 78× 40 2.4–6.55GHz (4.15GHz) 10mm −35 0.1

[18] 32× 32 3.1–10.6GHz (7.5GHz) - −30 0.02

[26] 50× 30 2.5–14.5GHz (12GHz) - −50 0.04

[27] 75× 150 3.3–5.0GHz (1.7GHz) 10mm −40 0.05

[28] 80× 80 5.71–8.2GHz (2.41GHz) 23.29mm −25 0.05

[29] 50× 22.5 5.23–6.42GHz (1.19GHz) 12.2 −40 0.001

[30] 66× 66 1.8–2.6GHz (0.8GHz) 31.84mm ≈ −40 0.01

[31] 95.9× 38.2 2.43–2.50GHz (0.07GHz) 17mm −24.67 dB 0.0087

[32] 97× 27.69 5.4–6.0GHz (0.6GHz) 13.75mm −43 0.0005

This work 48× 45 4.27–10.1GHz (5.83GHz) 10mm −59 0.005

important to note that [18, 26] exhibit larger Equivalent Circuit
Capacitance (ECC) values and weaker isolation compared to
the antenna presented in this study. On the other hand, [29] fea-
tures a larger separation between adjacent antenna edges and
offers lesser isolation when being contrasted with the proposed
design.
The proposed MIMO antenna stands out by achieving su-

perior isolation compared to all other antennas listed in Ta-
ble 2. While [18, 26] claim a larger bandwidth, they do so
at the expense of poor isolation and a high ECC value. Ad-
ditionally, [29, 32] exhibit low ECC, larger dimensions, and
lower maximum isolation, making them less suitable for cer-
tain applications. In essence, the novel approach utilizing an
L-shaped stub-based Defective Ground Structure (DGS) in this
work presents a promising commercially viable solution to at-
tain efficient isolation in MIMO antennas. Notably, it does not
disrupt the primary radiation mode. This antenna design is par-
ticularly well suited for C-band applications, such as Bluetooth
and Wi-Fi. Its exceptional isolation performance sets it apart
from all the other antennas referenced in Table 2.

5. CONCLUSION
The MIMO antenna design featuring two L-shaped stubs is
characterized by its compact, cost-effective, straightforward
construction. It features a narrow gap of 10mm (equivalent
to 0.056λ0) between the antenna edges, effectively covering
frequencies ranging from 2.15GHz to 5.65GHz. To ensure
excellent isolation within the desired frequency range, the de-

sign incorporates two uncomplicated L-shaped stubs and three
rectangular slots. At its peak, the antenna achieves an impres-
sive isolation level of −59 dB at 2.7GHz without compromis-
ing its bandwidth. These combined attributes make this antenna
highly capable and suitable for deployment in the S band.
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