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ABSTRACT This paper presents a novel design of a compact, low-profile, Substrate Integrated Waveguide
(SIW) based Multiple-Input Multiple-Output (MIMO) antenna operating at the 2.45 GHz Industrial, Sci-
entific, Medical (ISM) band. The antenna consists of two quarter-mode (QM) SIW cavity resonators and
one diamond-shaped complementary split ring resonator (CSRR) slot etched on each cavity. The unique
feature of this geometry is the ability to tune the operating frequency of the dominant mode to a lower
frequency range by rotating the slot in the range of 0◦-180◦. The excitation of both cavities is achieved
using microstrip feedlines. By placing both cavities in an orthogonal configuration, a significant isolation
level of around -28 dB between the two ports is achieved. MIMOmetrics parameters, including the envelope
correlation coefficient (ECC) and diversity gain (DG), mean effective gain (MEG), and channel capacity loss
(CCL) have been investigated, validating the MIMO capabilities of the proposed design. Due to its compact
dimensions, minimal profile, and alignment with the ISM band, the antenna lends itself seamlessly to
integrationwith healthcare devices, facilitating its deployment withinWireless BodyAreaNetwork (WBAN)
applications. The robust performance of the antenna in the vicinity of the human body has been verified by
investigating the S11 against frequency on different body parts such as the arm, head, and chest of the voxel
phantom. The proposed design has been experimentally tested, and the measured responses closely agree
with the simulations. The antenna exhibits a front-to-back ratio better than 10 dB and peak measured gain
values of 5.0 dBi.

INDEX TERMS Compact design, ISM band, MIMO antenna, MIMO diversity parameters, microstrip
feedline, planar circuit, substrate integrated waveguide, voxel body model.

I. INTRODUCTION
MIMO (Multiple Input Multiple Output) antenna systems are
used in wireless communication to improve signal quality
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and increase data throughput by using several antennas at
both the transmitter and receiver sides [1]. These antennas
are inherently used to offer antenna diversity that uses mul-
tiple antennas to be deployed at both the transmitter and
receiver end. The antennas should have different polariza-
tions, orientations, or spatial locations to minimize signal
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fading and to improve diversity gain. Generally, increasing
the number of antennas in a MIMO system can increase
channel capacity, up to a certain point [2]. The antennas,
which can cause interference and reduce the effectiveness of
the MIMO system. Designing a MIMO antenna presents the
challenging task of achieving miniaturization while ensur-
ing higher isolation levels among the channels [3], [4].
In the last decade, Substrate Integrated Waveguide (SIW)
has gained popularity in implementation of MIMO antennas
due to its cost-effectiveness, unidirectional pattern, and low
insertion loss properties. It offers waveguide-like features
in planar laminates with a high-quality factor and enhanced
power handling. To create compact circuits, half-mode (HM),
quarter-mode (QM), and eight-mode (EM) SIW cavities are
vital, offering similar benefits as full-mode (FM) SIW in a
more compact form [4], [5], [6], [7]. An overview of adaptive
antennas, encompassing various aspects such as fundamen-
tal principles and space-time channel models is presented
in [8]. In [9], a dual-band 28/38 GHz MIMO antenna with
two elements is showcased as a potential solution for the
forthcoming 5G network. To enhance decoupling between the
antenna elements, they are strategically positioned on the top
and bottom layers of the substrate. The work [10] introduces
a dual-band textile MIMO antenna designed to operate at
2.4 GHz and 5 GHz. By carefully placing a via within the
cavity, the second and third modes are modified and com-
bined. In [11], a 4-element planar inverted F-antenna (PIFA)
MIMO antenna is designed, and the isolation is improved by
around 5 dB by placing slots in ground plane. A 2-element
MIMO antenna presented in [12] achieves an isolation of
18 dB by employing a T-shaped slot. A compact MIMO
antenna utilizing substrate-integrated waveguide (SIW) tech-
nology is proposed, which achieves enhanced bandwidth and
high isolation. The bandwidth is expanded by exciting an
electromagnetic SIW cavity using a coaxial probe and plac-
ing a parasitic cavity in proximity. Utilizing the 1/8th mode
of a conventional folded microstrip integrated waveguide
(FMSIW) cavity, the work [13] realizes a compact 2 × 2
MIMO antenna. A dual-band self-diplexing 4-port MIMO
antenna is demonstrated in [14], wherein the bandwidth is
increased in each frequency band through the coupling of
odd and even-half-TE110 modes. Finally, the work in [15]
shows a 2-element MIMO Antenna using optically transpar-
ent wired-metal mesh. The SIW-inspired multi-ports antenna
employing the polarization diversity features is investigated
in [16], [17], and [18]. The isolation is improved by employ-
ing a metamaterial structure in [19] and by adding a coupling
element to create a cancellation path in [20]. A self-diplexing
antenna is realized at two distinct frequency bands in [21] by
using a concept of shielded QMSIW cavity.

This article introduces a compact 2-ports MIMO antenna
tailored for Wireless Body Area Network (WBAN) applica-
tions, operating at 2.45 GHz (2.4-2.5 GHz, 100 MHz) in ISM
band. The antenna’s size reduction is achieved by utilizing a
Quarter-Mode (QM) SIW cavity, minimizing it up to 1/4th of
the FMSIW cavity by retaining the quarter-dominant mode

FIGURE 1. Schematic diagram of proposed design (a) FMSIW cavity,
(b) QMSIW cavity-backed MIMO antenna without slots (c) Proposed
MIMO antenna, (d) Schematic diagram of the proposed antenna,
Dimensions (WMIMO = LMIMO = 54, lp = 33, WF = 31, LF = 49, ls = 7.2,
wc = 11.5, wf = 4.4, w1 =0.4, r = 4.8, lc = 7.2, s = 1.1, d = 0.8, g = 5)
(Units: mm).

TE110. Further additional miniaturization is accomplished
around 13% by inserting a diamond shaped CSRR slot on the
top plane of each QMSIW cavity. The CSRR slot not only
aids in miniaturization but also enables tuning the resonant
frequency by rotating it. The radiation is launched from the
two magnetic open walls of the quarter-TE110 mode cavity.
To enhance the MIMO performance, the proposed antenna
configuration adopts an orthogonal placement of the cavities,
resulting in an isolation between ports exceeding around
−28 dB.

II. DESIGN, CONFIGURATION, AND ANALYSIS
Fig. 1 depicts the design evolution of the proposed MIMO
antenna, which comprises two triangular QMSIW cavities
(i.e., Cav1 and Cav2) with diamond shaped CSRR slots
etched on each cavity. The steps to design the proposed
antenna start from Step-1, i.e. a rectangular SIW cavity,
as shown in Fig. 1(a). The SIW cavity is accomplished by
embedding metallic posts in the dielectric substrate, form-
ing the electric walls. The diameter and pitch of the posts
are meticulously selected following the guidelines provided
in [16], to prevent energy leakage from the shorting metallic
for FMSIW cavity

f110(FM) =
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for QMSIW cavity
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where WF and LF are the length and width of the FMSIW
cavity.

Initially, the dimensions of the cavity are determinedWF ×

LF mm2 by using equation (1) to achieve the dominant
mode (i.e., TE110) of the FMSIW cavity operating around
3.5 GHz (as shown in Step-2). By taking advantage of the
symmetrical E-field distribution of the dominant mode, the
cavity is successively divided into four parts along the two
diagonals A-A’ and B-B’, respectively (as shown in Step-
1). The QMSIW cavity preserves the dominant mode and
operates at 2.81 GHz. The two open walls act as slots through
which radiation gets launched in free space. Thus, two iden-
tical quarter-mode SIW cavities are realized maintaining the
same mode in the 1/4th part of the full-mode cavity with
slight variations in gain and front-to-back ratio. To achieve a
2-elementsMIMO antenna each cavity is individually excited
with a microstrip feedline, as shown in Fig. 1(b) (as shown in
Step-2). The dimensions of the FMSIW and QMSIW cavities
for the dominant mode are determined using equations (1)
and (2) [14].
The operating frequency for the QMSIW cavity without

a slot is calculated at 2.81 GHz, which exactly matches the
frequency obtained from simulations. In the next step (i.e.
Step-3), a CSRR slot of length ‘‘0.44λg’’ (where λg is the
guiding wavelength at 2.81 GHz) is etched on the top surface
of each cavity. After introducing the CSRR slot, the resonant
frequency shifts slightly around 2.7 GHz. This happens due
to the increase in the path length for the surface current.
Without a slot, there is a straight path from the feed to the
radiating edges. However, after introducing a slot, the current
must travel a longer path to complete a cycle. For maximum
perturbation of the field, the CSRR slot (i.e., the center of
the slot) is positioned at a distance of 0.5λg away from the
point O. Later, it is observed by rotating the CSRR at various
angles (0◦–180◦), the operating frequency can be continu-
ously tuned towards the lower frequency [24]. When the split
section of CSRR is facing pointO (i.e., at 180◦) themaximum
miniaturization is achieved. The same has been demonstrated
in Fig. 2. When the CSRR is placed at an angle of 0◦, the
electrical path length is the smallest while at angle θ = 180◦,
the strong coupling takes place between the open edge current
and CSRR slot that is responsible for increasing the electrical
path, leading to lower operating frequency. The importance of
the slot is to maintain the same isolation level by lowering the
operating frequency [22]. The scalar electric field distribution
has been shown in Fig. 2(a) and (b), when the corresponding
port is excited while Fig. 2(c), represents S-parameters vs
frequency plots with and without slots. The variation in the
coupling of a field with the rotation of the slot can be better
observed by the surface current in Fig. 3 (a), (b), (c). The

FIGURE 2. Absolute E- field at top metallic plane: Quarter-TE110 mode at
2.45 GHz (a) (Port1: ON), (b) (Port2: ON), (c) |S|-parameters for proposed
MIMO-antenna without slot and with inclusion of CSRR at θ = 180◦.

FIGURE 3. Vector surface current distribution at 2.45 GHz (a) θ = 0◦,
(b) θ = 90◦, (c) θ = 1800.

FIGURE 4. Variation of S-parameters with different rotation angle θ .

coupling of the field is maximum at θ =180◦, and the current
covers the largest path to achieve the maximum frequency
shift. To achieve better decoupling, both antenna elements are
placed in an orthogonal fashion that offers mutual coupling
between ports more than 28 dB [22].

III. PARAMETRIC ANALYSIS
A CST 2022 simulation investigates how various parameters
affect the frequency response. The variations of resonant
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FIGURE 5. Variation of S-parameters with radius of the CSRR (r).

frequency with the rotation angle (θ), and radius (r) of the
CSRR slot are discussed in this section. It can be observed
from Fig. 4 that the resonant frequency decreases from
2.7-2.45 GHz if θ is varies in the range of 0◦-180◦ [27].
Similarly, by varying the radius of CSRR in the range of
2.5-4.5 mm, the resonant frequency is shifted downward
2.75-2.4 GHz, as depicted in Fig. 5. Thus, either by rotating
the slot with a fixed value of r or by increasing the value
of r with fixed θ , the operating frequency can be tuned in a
desired frequency range without altering the dimensions of
the cavity. By increasing r, fr decreases due to an increase in
the reactive loading effect of the slot. Rotating the slot from
0◦ to 180◦ enhances isolation by about 2 dB due to increased
field coupling through the slots.

A. EQUIVALENT CIRCUIT DIAGRAM
The equivalent circuit of the proposed antenna and its values
of circuit elements (i.e., R, L, C) are extracted from the
spice model of the CST solver, as illustrated in Fig. 6. The
QMSIW behaves as a tank circuit at the resonant frequency,
which is a parallel combination of resistance, capacitance,
and inductance [7], [14]. With the addition of the CSRR slot,
a capacitance Cm is added in the shunt, while the additional
inductance Ls is incorporated due to the open edge aper-
ture. The resistance R constitutes both input resistance and
radiation resistance, those depend on the input impedance
of the antenna as well as the characteristic impedance of
the feedline. The impedance matching is governed by the
inductance ratio of the impedance transformer. When Port1 is
fed and Port2 is matched terminated or vice versa, the antenna
resonates at 2.45 GHz. The total equivalent resistance (R1),
capacitance (Cm1), and inductance (Ls1) with Port1 excitation
or (R2,Cm2, LS2) with Port2 excitation are shown in Fig. 6 (b).
The circuit parameter values are extracted and mentioned
in the table of Fig. 6. The equivalent circuit elements are
consistent when one port is excited, and the other port is
terminated with a matched load.

B. ON-BODY PERFORMANCE
The proposed antenna can be suitably used for WBAN sce-
narios, where wireless signals often encounter obstacles,

FIGURE 6. (a) Equivalent circuit model of single cavity antenna when any
one port is excited, (b) Equivalent circuit model of proposed 2-element
antenna, when both ports are excited.

interference, and body shadowing. The MIMO antennas can
enhance the robustness of the communication link and min-
imize the effects of signal degradation [14]. In WBANs,
where multiple devices may coexist in proximity, MIMO
antennas can help reduce interference and improve the quality
of communication links [18]. The safe exposure of radiation
in WBAN environments is crucial.

The SAR value is verified on Hugo voxel body model in
CST Microwave studio at the respective resonant frequency,
if one port is excited and another port is matched terminated
and vice versa. To decrease the simulation time, only a limited
part of the Hugo voxel model has been taken into consid-
eration [19], [20], as displayed in Fig. 7. Thus, the specific
absorption rate (SAR) is calculated on all three body parts.
As per the FCC guidelines for the safe exposure of radiation
i.e., SAR < 1.6 W/kg per 1 gm mass of the tissues. The
maximum SAR values on arm, head and chest are obtained
of 0.049 W/Kg, 0.108 W/Kg, 0.0524 W/kg, respectively for
the fixed input power applied to the antenna 250mW. Hence,
the suggested antenna sustains a low SAR value even under
sufficient applied power, a result attributed to the utilization
of QMSIW technology. Fig. 7(a) and (b) represent the SAR
values on the arm, Fig. 7 (c) and (d) represent the SAR values
on the head, and Fig. 7(e) and (f) signify the SAR values on
the chest. The frequency response has been characterized in
terms of S-parameters on the different parts of the human
body such as arms, head, and chest in Fig. 8. It can be
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FIGURE 7. SAR vs frequency for different parts of the voxel body model,
when one port is excited at a time (a) and (b) on the arm, (c) and (d) on
the head, (e) and (f) on the chest.

FIGURE 8. Proposed antenna on various parts of Hugo voxel model (a) on
arms, head, chest.

observed that there is a minor variation observed in the S11
parameter with frequency for different body parts, while S21
remains below −28 dB.

C. DIVERSITY CHARACTERISTICS OF THE PROPOSED
ANTENNA
The proposed 2-element MIMO antenna system supports
spatial multiplexing and spatial diversity. Spatial diversity
enhances reliability by transmitting data redundantly from
multiple antennas. The performance metrics are evaluated
in terms of envelope correlation coefficient (ECC), diversity
gain (DG), mean effective gain (MEG), and channel capacity
loss (CCL). The ECC assesses the correlation in radiation
patterns between two distinct antennas. Ideally, it should
be 0 [30], however, for most practical applications its value
is typically < 0.5. The ECC can be calculated by using

S-parameters as well as far-filed parameters. The ECC can be
evaluated from S-parameters by using the equation (3) [14]

ECC =
|S11∗S21 + S22 ∗ S12|2(

1 −
(
|S11|2 + |S21|2

)) (
1 −

(
|S22|2 + |S12|2

))
(3)

In this case, with microstrip feedlines at Port1 and Port2,
ECC reaches a peak value of 0.025 from S-parameters. The
ECC can also be determined by using far-field radiating field
by using equation (4)

ECC =

∣∣∣˜ 4π
0 {E1 (θ, φ) · E2(θ, φ)}d�

∣∣∣2
˜ 4π

0

∣∣E1(θ, φ)∣∣2 d�˜ 4π
0

∣∣E1(θ, φ)∣∣2 d� (4)

where E1(θ , φ) · E2(θ , φ) = Eθ1(θ , φ) E∗

θ2(θ, φ) + Eφ1(θ , φ)
E∗

φ2(θ, φ)
Where E1(θ , φ) is the electric field in far-field region

when Port1 is excited while Port2 is terminated with matched
load, E2(θ , φ) is the electric field in far-field region when
Port2 is excited while Port1 is terminated with matched load.
From far-field parameters, the ECC value is determined as
0.02 [28].

To ensure the reliability of communication channels, it is
crucial to examine the diversity gain (DG), which quantifies
the increase in antenna gain achieved by incorporating several
antennas [14]. By integrating many antennas into the MIMO
configuration, the DG value reaches 9.8 dB, as shown in
Fig. 9, which is precise to the desired value of 10 dB, and
it can be obtained by using (5) [30], [31] shown below:

DG = 10
√
1 − |0.99 Ecc|2 (5)

An additional crucial parameter for assessing antenna
diversity performance is the mean effective gain (MEG),
representing the ratio of mean received power to mean trans-
mitted power. The proposed antenna achieves an MEG of
approximately −3.07 dB, closely approaching the acceptable
standard MEG result should fall within the range of –3 dB
to –12 dB [31]. The calculations for MEG can be performed
using specific equations outlined in [14].

Another crucial parameter to define MIMO diversity per-
formance is Channel Capacity Loss (CCL). It refers to the
reduction in the maximum achievable data rate or throughput
of the MIMO system compared to the ideal case with-
out channel impairments. For the proposed 2-port MIMO
antenna, channel capacity losses (i.e. CCL) can be calculated
by using equation (6)

CCLloss = −log2det(ψ
R) (6)

where ψR is the correlation matrix of the receiving antenna
and for 2-ports, it can be expressed as

ψR
=

(
ψ11ψ12

ψ21ψ22

)
ψii = 1 −

(
|S11|2 + |S12|2

)
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FIGURE 9. ECC and DG against frequency plots.

FIGURE 10. CCL and MEG against frequency plots.

ψij = − (S11 ∗ S12 + S21 ∗ S22)

ψji = − (S21 ∗ S22 + S11 ∗ S12)

ψjj = 1 −

(
|S22|2 + |S21|2

)
The CCL and MEG vs frequency plots are depicted

in Fig. 10. The Channel capacity loss is calculated as
0.02 bits/s/Hz at the resonant frequency that is less than the
typical expected value < 0.4 bits/s/Hz.

IV. MEASUREMENT RESULTS
The envisioned antenna is fabricated on RTDuroid 5880 lam-
inate of dielectric constant (εr = 2.2) and loss tangent (tanδ =

0.009) with a thickness of 1.574 mm. Utilizing the conven-
tional printed circuit board (PCB) methodology, the antenna
undergoes prototyping. A series of via holes, each with a
diameter of 0.8 mm, is incorporated using the plated-through
technique (PTH) [14]. The photograph of the fabricated pro-
totype is shown in Fig. 11(a). To validate the effectiveness of
the proposed design, the antenna prototype undergoes exper-
imental testing with the help of Vector Network Analyzer
model MS-46122B inside the anechoic chamber, illustrated
in Fig. 11(b). To measure on-body parameters, pork mus-
cle tissues that emulate properties of human muscle body

FIGURE 11. Fabricated prototype of the proposed MIMO antenna (a) top
view, (b) antenna under test, (c) simulated and measured S-parameters
plots vs frequency in free space conditions and on-body scenario.

FIGURE 12. Simulated and measured gain and efficiency plots in free
space/on-body.

tissues as dielectric constant (εr) = 35.8 and conductivity
(σ ) = 1.2 S/m at 2.45 GHz [23] have been considered to
carry out on-body measurements. Pork tissues are often used
in scientific experiments as they have a composition and
structure that is relatively like human muscle tissues. A simi-
larity between the measured and simulated S-parameters is
illustrated in Fig. 11(c), demonstrating a good agreement
among the responses.

The S-parameter responses are obtained by feeding one
port while loading another port with a matched load. The sim-
ulated (measured) minimum isolation levels at the resonant
frequencies, 2.45 GHz (2.44 GHz), are found to be better than
28 dB (28.5 dB), respectively. The simulated and measured
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FIGURE 13. Simulated and measured radiation patterns at 2.45 GHz
(a) H-plane (φ = 90◦), and (b) E-plane (φ = 0◦).

plots for gain and efficiency have been plotted in Fig. 12.
The simulated value of gain is achieved of 4.35 dBi while the
measured value of gain is 4.2 dBi, including all losses, (i.e.
substrate, connectors, and feeding losses) respectively. With-
out incorporating losses, the peak value of gain is achieved
of 5.0 dBi. The 0.8 dB losses are contributing predominantly
due to a drop in total efficiency by around 15%, than the
ideal expected value of 100%. The simulated gain on the
voxel bodymodel is achieved of 4.4 dBi while on-pork tissues
it is obtained of 4.25 dBi, which is close to the free space
condition. confirming the stable radiating characteristics in
the proximity of the body scenario. The radiation efficiency of
the proposed antenna at the operating frequency is achieved
of 87.5 %, while the total efficiency is obtained of 85.6 %.
The normalized radiation patterns at the cut planes φ = 0◦

and φ = 90◦ are depicted at 2.45 GHz in Fig. 13. Both simula-
tions and experiments show unidirectional radiation patterns
due to the cavity-backing structure, mostly directed broad-
side. The cross-polar levels in the broadside direction are
observed to be below −20 dB, and the FTBR exceeds 10 dB
at 2.45 GHz.

To emphasize the importance of the proposed design,
a comparison of different parameters of the MIMO antenna
with other reported works [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29] is presented in Table 1. The proposed design
exhibits a more compact size (defined in terms of guided
wavelength at dominate mode), planar configuration, better
isolation, and a comparable value of directive gain within the
operating frequency band. Additionally, the proposed MIMO
antenna offers scalability to different frequency bands by
adjusting the radius and angle of the CSRR-slot by keeping
the dimensions of the cavity fixed. The proposed design
shows slightly lower value of isolation as compared to the
work presented in [13], [15], [16], and [20], however the size
of the proposed antenna is substantially compact. Moreover,
the uniqueness of the proposed antenna stems from its simple

TABLE 1. Comparison of 4-port MIMO antenna with other existing works.

and straightforward design, which yield substantial inherent
isolation without necessitating the application of specialized
decoupling techniques.

V. CONCLUSION
This article presents a compact 2-ports MIMO antenna
operating at 2.45 GHz, within the ISM frequency band.
By capitalizing on the symmetrical nature of the dominant
mode (TE110), miniaturization is achieved in the QMSIW
cavity, resulting in a 75% reduction compared to the FMSIW
cavity. To further enhance compactness, a diamond shaped
CSRR slot is introduced on the top of each cavity, reducing
the size by approximately 13%. Moreover, the slot allows
continuous frequency variation by rotating it at different
angles. The orthogonal placement of cavities offers supe-
rior isolation (>28 dB) in both ports. The antenna boasts
a highly compact and low-profile design, enabling easy
integration with planar circuits integrated with microstrip
feedlines. MIMO properties, such as ECC and DG, MEG,
CCL are calculated and found to be at satisfactory levels. The
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proposed antenna configuration offers reliable communica-
tion in a complex WBAN environment, thanks to its MIMO
capabilities. Moreover, the compactness, reliable commu-
nication, and simple and low-profile structure make it the
optimal choice in WBAN application.
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