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ABSTRACT: A very compact MIMO antenna for broad-band applications which covers the complete spectrum of X-band applications
is represented here. The proposed element in the represented antenna covers a total volume of around 320mm3. The isolation among
radiating elements is improved by placing individual elements orthogonally thereby improving isolation better than 20 dB. This enhanced
isolation helps to provide substantial MIMO parameters including ECC, TARC, channel capacity loss, and multiplexing efficiency. The
devised antenna is compact (0.066λ × 0.066λ × 0.0024λmm3) printed over an FR4 substrate which is widely available concerning
6.2GHz to 11.2GHz wireless applications. Fabrication of the above-mentioned proposed antenna is done, and all the desired calculations
are made desirably. Furthermore, the practically measured results conclude that the antenna-measured patterns well correspond to the
simulated results.

1. INTRODUCTION

In wireless high data rates, the UWB system’s reduced power
requirements have drawn a lot of attention. The frequency

spectrum of 3.1–10.6GHz is used for ultra-wideband (UWB),
thus regulated by the Federal Communication Commission [1].
The output result is said to be affected by the limited channel
capacity of the UWB system. In the wireless communication
sector, transmission power and bandwidth are crucial subjects
because they allow for better performance for more users while
utilizing the limited available frequency [2]. Some have tried
to expand the operable scope by operating at higher frequen-
cies or dynamically distributing the operable spectrum, a prac-
tice known as spectrum collaboration, to achieve greater per-
formance [3]. Full-duplex radio and multiple-input multiple-
output (MIMO) techniques are two examples of these technolo-
gies. Due to its ability to significantly increase multiplexing
efficiency without requiring more frequency spectrum chan-
nel capacity, MIMO systems are more widely used. MIMO
approaches offer an answer to the problems of mutual cou-
pling, physical limitations of the antenna, and channel capac-
ity. The transmission range and channel capacity are increased
by the deployment of numerous antennas [4]. MIMO tech-
nologies promise to boost channel capacity without providing
more transmission power or frequency spectrum. Numerous
issues could compromise system performance, particularly in
small devices, as a result of numerous restrictions placed on
MIMOantenna design because of spatial limitations andmutual
coupling — the electromagnetic interaction between MIMO
parts [5].
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With positioning the antennas near one another the fields pro-
duced by one antenna tend to alter the current distribution of
various radiating elements. Consequently, the presence of ad-
ditional components determines the impedance matching and
radiation pattern allocated to each MIMO element [6]. The
MIMO system’s performance is undermined by the electromag-
netism between the antenna elements. It is a single multiport
antenna design problem since all of the radiating components
have to be contained in a single aperture [7]. Compact devices
are not compatible with the conventional array design approach,
which holds that a single antenna element can be created and
then combined into an array topology. To lessen the reciprocal
coupling impact of the antennas, several researchers employ a
multi-port decoupling or matching network [8]. It is evident
that MIMO radiating elements need to have multiple ports and
that isolated, well-paired ports are preferable distinct applica-
tions, however, would have distinct design requirements. For
example, base stations may not have space constraints related
to antenna size. This will be a more pleasant implementation
but is not feasible for a much more constrained application.
Researchers have employed several novel strategies, including
parasitic elements, neutralization lines, deformed ground struc-
ture, and electromagnetic band-gap (EBG) arrangements, to re-
duce electromagnetic interactions and provide enough separa-
tion between radiating elements [9, 10].
Very basic knowledge cannot be used by the designers of

MIMO antennas unless they are aware of how the modes af-
fect the antenna’s performance parameters. Recent literature
has looked into the application of modal analysis for antenna
design and analysis. The potential and applicability of char-
acteristic mode theory have been greatly enhanced by all of
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TABLE 1. Dimensional parameters.

Parameters L K L1 K1 L2 K2 L3 K3

Values (mm) 20 20 5.625 2.358 1.98 3.475 1.05 3.558

these studies. The typical mode’s linearity and orthogonality
have some applications in the design of MIMO systems. Each
mode can be excited as aMIMO channel, resulting in very min-
imal mutual coupling across other ports. Different modes can
be sorted individually [11]. Recent literature on modal anal-
ysis for MIMO antennas has shown some amazing designs. A
number of them employed the chassis mode, which necessitates
numerous cuts and attempts to arrive at an ideal design [5]. The
metamaterial transmission lines have found recent use in many
applications, including mutual coupling reduction for numer-
ous antenna designs, filters, absorbers, couplers, and absorbers
MIMO antennas, etc., in the terahertz, millimeter-wave, and
microwave bands because they have fascinating electrical char-
acteristics [12].

2. PROPOSED ANTENNA DESIGN AND ANALYSIS
In this work, we employ a complementary split ring resonator
(CSRR) for mutual coupling reduction in the form of a slotted
stub and a circular loop resonator. We also examine MIMO an-
tenna design from a modal perspective, i.e., by applying char-
acteristic mode theory to obtain a physical understanding of
the antenna operating principle without taking into account any
specific feeding [13]. Below −20 dB, the isolation level is en-
hanced, exhibiting a notch pattern between 6.2 and 11.2GHz.
The substrate on which the antenna is built is widely available
and in use. In an Advanced Development System (ADS), time-
domain and multilayer solver analyses are used to develop the
MIMO system. A thorough topology and design analysis are
provided. To verify the findings of the simulation, a model
is developed. When the measured and simulated findings are
compared, it is found that there is a respectable level of agree-
ment [14, 34–39].
The following is listed as the Research’s Primary contribu-

tions:

• A single band MIMO antenna of size 20× 20× 0.8mm3

is fabricated, suitably used for X-band wireless and IoT
applications.

• The UWB frequency ranges from 6.2 to 11.2GHz, which
is said to have a area size about 12× 6.9mm2.

• The devised antenna substantially offers isolation better
than 20 dB within a small volume size which enhances the
overall performance of the MIMO antenna.

• The devised antenna design is kept very simple as the de-
coupling mechanism is not involved.

• By placing the devised antenna around the corners of the
substrate, the polarization diversity is said to be achieved
to the desired level.

3. LAYOUT AND EXAMINATION OF 4 PORT MIMO
ANTENNA
Figure 1(a) shows the proposed 4-port CSRR loaded wide-
band truncated coplanar waveguide (CPW) MIMO antenna for
single-band applications. The commonly used FR4 substrate,
measuring 20 × 20, is suitable to hold the four-port truncated
antenna that is being suggested [15]. Since the suggested an-
tenna uses a CPW construction, the ground plane is printed on
a 20 × 20mm2 sized FR4 substrate. The suggested antenna is
made up of a 6.7×12mm2 truncated rectangular radiator that is
fed by a feeding element that measures 1.05×3.5841mm2. To
create more resonance, a rectangle-shaped CSRR slit is etched
in the middle of the truncated radiator [16]. Figure 1(a) shows
the structure and size details of the 4-port antenna, and Fig-
ure 1(b) shows the constructional details of Antenna 1 with
CSRR structure’s dimensional specifics.
For attaining high isolation and pattern diversity, the repre-

sented CSRR loaded antennas are said to be placed over the four
ends of the provided substrate. The CSRR structure is com-
posed of a 1mm-wide rectangular strip with L6×W5mm2 for
the outer ring and L7 × W6mm2 for the inner ring [17]. The
distance between inner and outer rings is W7 mm. The values
obtained for the various dimensions are listed in Table 1. Us-
ing the ADS software from Keysight, parametric analysis was
done, and all dimensions were completed. Every value in Ta-
ble 1 is expressed in millimeters [18].
Antennas 1 to 4 depict the reflection and transmission coef-

ficient of the proposed antenna elements in the MIMO system
which cover wide band frequencies ranging from 6.2GHz to
11.2GHz over an impedance bandwidth of 10 dB. All the an-
tennas are said to be placed in an orthogonal manner achieving
an isolation up to 12 dB. Here, decoupling mechanism is not
needed further which is said to be an added advantage [19].
Antenna 1, which is part of the proposed design, is chosen

as the reference antenna because its main radiating element is
a circular structure. This reference antenna achieves a resonant
impedance bandwidth (the frequency range where the antenna
performs well) about 10 dB, spanning from 6GHz to 7GHz, as
reported in reference [20]. To improve its performance, the feed
line of the circular strip antenna is connected to an impedance
matching structure, which achieves a reflection coefficient be-
low −20 dB (indicating excellent impedance matching). In
comparison, Antenna 2 operates effectively over a resonance
range of 5.2GHz to 5.7GHz, with a reflection coefficient less
than −10 dB (indicating acceptable matching).
Figure 2(b) displays the reflection coefficient (S11) as a func-

tion of frequency, comparing the performances of the anten-
nas with and without the inclusion of an SRR (Split-Ring Res-
onator). The reflection coefficient is shown in dB, and the
dashed horizontal line at −10 dB indicates the typical thresh-
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(a) (b)
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FIGURE 1. (a) Structure and size details of the 4-port antenna. (b) Fabricated prototype. (c) Constructional details of antenna 1.

(a) (b)

FIGURE 2. (a) Reflection coefficient of the proposed antenna. (b) Effect of SRR on reflection coefficient.

old for good impedance matching. The red curve represents
the antenna with the SRR, and the black curve corresponds to
the antenna without it. The results demonstrate that the an-

tenna with SRR achieves significantly lower reflection (bet-
ter impedance matching) across a wider frequency range, from
6GHz to 12GHz. Without the SRR, the antenna shows higher
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FIGURE 3. Transmission coefficient of the proposed antenna.

reflection (above −10 dB), indicating poor impedance match-
ing and reduced performance, particularly around the resonant
frequency. The inclusion of the SRR helps improve the an-
tenna’s bandwidth and overall efficiency, making it suitable for
wideband applications. Figure 3 depicts the transmission coef-
ficient of the antenna which is below −10 dB.

4. FRAMEWORK STUDY
The frequency of operation comes down by default it is shown
when the height of the antenna increases [21]. Identical re-
sponses were recorded with the feed length (L4) which is grad-
ually increased in increments of 0.5mm. The antenna is said to
be wideband where the response is recorded, as shown in the
figure, in terms of the feed length.
The ground plane is changed from 1 to 4mm in terms of

0.5mm in each phase as in Figure 4(b). When L2 is decreased,
the responses of both the higher band and lower band are fully
impaired. Figure 5 presents radiation efficiency of the antenna
ranging from 40 to 60% over the operating spectrum, and gain
of the antenna is illustrated in Figure 6. It ranges between 7 and
7.6 dBi over the operating spectrum.
Figures 7(a) and (b) show the comparison between simulated

and measured radiation patterns of Antennas 1 and 2, respec-
tively. However, some discrepancies between the simulated
and measured results can be observed, especially in the fluc-
tuations around 7GHz and 9GHz, where the measured gain is
slightly lower than the simulated values. These variations could
be attributed to fabrication tolerances, measurement inaccura-
cies, or environmental factors during testing. Despite these dif-
ferences, the overall trend indicates that the antenna performs
well, with the simulated and measured results showing reason-
able correlation, confirming the validity of the design.
To understand the polarization variations, three-dimensional

pattern of the devised antenna (aligned in theX-axis) is shown.
Similarly, Antenna 2 (aligned along the Y -axis) exhibits an en-
hanced radiation pattern along the X-axis, where the radiation
intensity is observed to be significantly high. This behavior is

also observed for Antennas 3 and 4, following a similar pattern
as described in [24]. Hence, the polarization is achieved by po-
sitioning the antennas in a way that is distinct from one another
resulting in improved isolation results [25].

5. DIMENSIONAL OUTCOME AND CONSIDERATION
The top and bottom views of the devised antenna are shown, as
it is loaded with a 4 port metamaterial CSRR antenna with the
applicable results.
Reflection coefficient and transmission coefficient are mea-

sured using Keysight’s FirefoxNetwork Analyzer. The wide
band frequency operation lavishly proves that the calculated re-
sults directly match the simulation results [26]. However, small
variations or fluctuations in the measured results are found due
to conducting losses caused by soldering [27].
The radiation pattern and cross polarization which is <

30 dB are exhibited with the proposed antenna as it yields bi-
directional radiation pattern [28]. The proposed metamate-
rial loaded antenna exhibits a significant gain about 2–2.5 dB.
Hence, profoundly the above values validate that the proposed
antenna is suitable for the desired applications mentioned [29].

6. PERFORMANCE OF MIMO ANTENNA
The performance of the MIMO antenna is improved as the iso-
lation of the antenna is lowered. Observing the S-parameters,
the performance of the devised antenna generates the required
envelope correlation coefficient (ECC).

ρe =

∣∣∫∫ F̄1 · F̄ ⋆
1 dΩ

∣∣2∫∫ ∣∣F̄1

∣∣2 dΩ ·
∫∫ ∣∣F̄2

∣∣2 dΩ (1)

From Figure 8(a), all the ECC values within the frequency
range are said to be acceptable, lower than 0.035 as shown.
Overall performance of the devised antenna is validated [30].
The signal-to-noise ratio (SNR) of the devised antenna system
can be improved with the diversity ratio of the MIMO antenna.
To achieve the SNR level, diversity gain (DG) is a key measure
to achieve it, and it is plotted in Figure 8(b).

DG (a, b)= 10
√

1−ECCa,b (2)

The channel capacity loss is an essential data transmission pa-
rameter of the MIMO antenna, determined using the equation
below (3)

Channel Loss (CL) = − log2det(φ
R) (3)

φR =

 T11 · · · T14

...
. . .

...
T41 · · · T44

 (4)

where,
Tii= 1−

((
U2
ii

)
+
(
U2
ij

))
Tij= −

(
U∗
iiUij+U∗

jiUjj

)
for i, j = 1, 2. . . 4.

Throughout the whole spectrum, the channel capacity loss
(CCL) value is said to be maintained < 0.4 bits/sec/Hz, which
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(a) (b)

FIGURE 4. Parametric study when altering, (a) L4, (b) L2.

FIGURE 5. Efficiency of the proposed antenna. FIGURE 6. Gain of the proposed antenna.

is constant on behalf of the results along with the devised an-
tenna capacity loss also being calculated [31]. Validating the
performance of the MIMO antenna channel capacity is con-
sidered as the main factor. Considering the 20 dB SNR envi-
ronment the channel capacity of individual antenna elements
is calculated [32]. Single Input Single Output Antenna whose
channel capacity is closer to 0.3 bps/Hz is ideal for the 4 × 4
MIMO antenna. Thus, the essential ECC, DG, CLL, and chan-
nel capacity are measured from the devised MIMO antenna.
A brief comparative study is done in Table 2 to prove that the

devised antenna stands out from theMIMO antenna. Hence ex-
amining the performance, six features have been discussed, and
comparison is made with the existing antennas. The concluded
results that the overall dimensions of the proposed antenna are

very much smaller than the other existing antennas [33]. The
devised antenna occupies a total area about 20×20×0.8mm2,
whose individual antenna size is about 12× 5.625mm2 which
is smaller than all the other existing antennas. Antenna which
is isolated plays a vital role in MIMO antenna as the greater the
isolation length is between the antennas, the better the resulting
isolation would be and vice versa.
The devised MIMO antenna achieves the good isolation of

20 dB, with the antennas strategically placed and an integrated
decoupling mechanism to further enhance isolation. The de-
vised antenna resonance is 6.2 to 11.2GHz which is proved to
be better than the existing antennas discussed in literature. The
desired band of operation is found to be 0.1, and the gain is
about 2.5 dB.
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(a) (b)

FIGURE 7. Simulated and measured far-field patterns of (a) Antenna 1. (b) Antenna 2.

(a) (b)

(c)

FIGURE 8. MIMO parameters. (a) ECC. (b) Diversity gain. (c) Channel capacity.
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TABLE 2. Performance comparison of the proposed antenna with the literature.

S. No
MIMO
antenna
Size

MIMO
antenna Size
in terms of

wavelength (λ)

Individual
antenna
size (mm2)

Individual
antenna size
in terms of
wavelength

(λ)

Isolation
(dB)

Operating
Frequency
(GHz)

ECC
Gain
(dB)

[11] 60× 90 0.49λ× 0.735λ 17× 21 0.138λ× 0.1715λ 18 2.45 NA 0.55
[12] 100× 50 0.816λ× 0.408λ 18× 14 0.147λ× 0.1143λ 10 2.45 NA NA
[13] 61× 61 0.498λ× 0.498λ —– —– 28 2.45 < 0.3 3.8
[14] 60× 60 0.49λ× 0.498λ —– —– 22 2.45 < 0.4 3.4
[15] 42× 42 0.77λ× 0.77λ 22× 16 0.403λ× 0.293λ 10 5.5 NA 5
[16] 140× 120 1.09λ× 0.94λ 15.5× 8 0.121λ× 0.062λ 15 2.35 NA NA
[18] 40× 40 0.446λ× 0.446λ 27× 18 0.3015λ× 0.201λ 10 3.35 NA 7.9
[19] 50× 50 0.408λ× 0.408λ —– —– 17.5 2.45 < 0.5 2.1
[20] 100× 60 0.703λ× 0.422λ 15× 8 0.1055λ× 0.056λ NA 2.119 & 17.55 0.04 8

[21] 60× 60 0.49λ× 0.49λ 22× 17 0.179λ× 0.138λ 17
0.875, 1.75,
1.822, 2.45

< 0.05 −2

[22] 52× 52 0.676λ× 0.676λ 20× 20 0.26λ× 0.26λ 20 3.4 & 3.9 < 0.5 6
[26] 25× 25 0.54λ× 0.54λ 10.485× 7.5 0.22λ× 0.1625λ 25 5.5 & 6.5 < 0.1 2.2–2.5
This
Work

20× 20 0.73λ× 0.73λ 5.625× 12 0.20625λ× 0.44λ 20 6–11.5 < 0.1 3.5–7

7. CONCLUSION
A compact 4-port antenna loaded with a CSRR for wideband
applications (6E or X-band) has been successfully designed
and analyzed. One of the key advantages of the proposed an-
tenna is its significantly reduced dimensions, measuring just
20 × 20 × 0.8mm3, while achieving isolation greater than
20 dB. The antenna design is thoroughly explained, with a step-
by-step evolution and detailed parametric analysis. Pattern di-
versity is effectively achieved by positioning the antenna ele-
ments at the corners of the FR4 substrate. The antenna’s perfor-
mance is validated through fabrication, with measured param-
eters closely aligning with the simulated results. Additionally,
key MIMO parameters, such as (ECC < 0.01), (CCL < 0.4),
and (DG < 10 dB), are evaluated from both simulated andmea-
sured results.
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