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ABSTRACT In this endeavor, miniaturized quad-port MIMOMB (multiple-input-multiple-output multi-
band) antenna with an overall area of 400 mm2 offering wider-impedance-bandwidth of 8.31GHz-36.14GHz
is reported which covers multiple bands including X-band (8.00-12.0 GHz), Ku-band (12.0-18.0 GHz),
K-band (18.0-27.0 GHz), partial Ka-band (27.0-40.0 GHz), FR2: n257 (26.50-29.50 GHz), n258
(24.25-27.50) and n261 (27.50-28.35 GHz) is reported for wideband infrastructure. The proposed antenna
radiating EM energy is printed on very thin Rogers RTDuroid5880 substrate with thickness 0.254mm. The
radiating EM wave patch consists of hexagonal geometry which is etched with a circular-rectangular slot
and partial-ground etched by a beveled shape patch for matching of impedance. The conformal capability of
the proposed antenna is verified by S-for single-port, dual-port, and proposed four-port antenna. The time-
domain analysis confirms the faithful reception of transmitted signals in far-field regions. The diversity
performance including ECCMB, DGMB, TARCMB, CCLMB, and MEGMB is below permissible standard
values with a maximum peak gain of 7.17dBi with stable 2-D radiation patterns in principal planes. The
Specific-Absorption-RateMB (SAR) analysis is carried out at different operating frequencies in Microwave-
Millimeter wave bands with SAR ≤1.60W/Kg in human phantom tissue and makes it suitable for on-body
wireless applications.

INDEX TERMS Conformal MIMO patch, multiband, microwave-millimeter wave bands, thin substrate,
ECCMB, DGMB, TARCMB, CCLMB and MEGMB, SAR, human phantom tissue.

I. INTRODUCTION
The development of planar technology in the last few decades
related to the designing of antennae has been able to attract
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several researchers. In today’s scenario, the motherboard
has become very compact thereby reducing the size of the
devices. It will be an advantage if the antenna can be more
compact, and conformal capability with acceptable Specific-
absorption-rate (SAR) that can be used for multiband applica-
tions. This literature discusses various microwave-millimeter
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wave application antennae with conformal capabilities and
controllable SAR. A compact 28.0GHz antenna with an
arc-shaped patch provides an impedance bandwidth of
25.83GHz-30.24GHz [1]. Also, a slotted square patch with
an embedded T-shaped stub and defective ground resonates
at 28.0GHz with a gain of 11.50dBi and 94% efficiency [2].
Utilizing a two-electromagnetically coupled patch offers a
dual band of operation at 38.0GHz and 60.0GHz millimeter-
Wave band [3]. A very compact size antenna that resonates
at 60.0GHz millimeter-Wave is applicable for body area
networks [4] and a genetic-algorithm-based four-band single-
port antenna is designed with a population size of 30 with
genes in chromosomes equivalent to 36 [5]. A compact
antenna [6] for body-centric relay-mode communication
is designed for 5.0GHz with high directivity of 7.18dBi.
A single-port guitar-shaped patch produces wide operating
bandwidth of 2.76GHz-35.93GHz [7], [11], [21], [24] and
a low profile two-port dual band is achieved by using a
dome-shaped patch with CPW-fees and T-shaped connected
stub helps in achieving high isolation [8]. A hexagonal-ring-
shaped stub with tapered feed produces dual bands resonating
at 28.0GHz/38.0GHzmm-Wave bands [9], [22], [23]. A wide
gap between the inter-spaced element of 52.0mm with the
combination of circular patch fed by tapered-feed offers more
than 10:1 ratio bandwidth between 3.10GHz-20.0GHz [10].
Triple-resonating bands are achieved by utilizing DCOLR
(defective-complimentary-open-loop-resonator) which also
includes defective feed inclusive of dual-stepped resonator(s)
with partial-ground [12]. Better diversity characteristics
inclusive of isolation ≥16.0dB are achieved in 2-ports UWB-
monopole antenna [13], [14]. Four-port MIMO antenna with
bandwidth 24.55GHz-26.50GHz is designed for a 24.0GHz
center frequency mm-Wave band and the gain is achieved by
using a 9×6 circular Split Ring (CSR) [15]. A low-frequency
5G-NR band with four-port accommodates n77, n78, and
n79 bands [16], [17], [18], [19]. A super wideband antenna
with four notched bands offers operational bandwidth of
1.15GHz-40.0GHz and maintains isolation by arranging the
truncated elliptical self-complimentary patch in an orthogo-
nal fashion [20]. 8-port narrow-band (5G applications) [25]
and super wideband [26] utilizes flower-shaped patch with
side L-shaped stub attached to the ground providing max-
imum radiation in the desired direction. A review on the
conformal antenna is reported [27], [28], [29] which utilizes
substrates such as PET, and thin Rogers substrate for bending
of antenna applications. A conformal antenna designed on
an FR4 substrate utilizes a very thin dielectric thickness of
0.15mmand produces applicationswithin 7.20GHz-9.20GHz
[30], [33]. A deployable wearable antenna is modeled on a
body with a thickness of skin=2.00mm, fat=4.00mm, and
muscle=10.0mm producing a maximum specific-absorption
rate of 0.512 W/Kg at 2.45GHz [31]. A breast-cancer
antenna is capable of detecting tumors which is traceable
between a bandwidth of 8.50GHz-10.50GHz [32], [34].
A detailed investigation of SAR and thermal effects is

studied by using patch-antenna when deployed on the body
and also checking on the fabric-cotton wearable applications
with antenna providing resonance at 1.80GHz, 2.40GHz,
and 5.00GHz and 8.90GHz. Classical theory of charac-
teristics modes is applied on conformal MIMO antenna
which is designed in accordance with the electromagnetic
properties of the implantable antenna with I-type patches
between dual-radiators and slot-structure in ground achieving
good isolation [37]. Utilizing partially reflecting-surface with
Dielectric-Resonator-Antenna (DRA) improves the gain of
the antenna [38], [39].

In this work, a slotted hexagon patch-geometry in combi-
nation with beveled ground below the patch forms wideband
antenna with multi-band applications designed and analyzed
on low permittivity 2.20 flexible substrate. The single-
antenna is transformed to two-port and four-port MIMO
configuration for higher data rate of transmission with reduc-
tion of fading. The calculated SAR at different resonance
confirms the value below 1.60 W/Kg make it more feasible
for wearable and hand-held devices. The detailed study is
discussed in the sections given below

II. CONFORMAL ANTENNA
Wireless communication has emerged as an impressive tech-
nology that has developed to a large extent in delivering
data with higher data rates and low latency through the
implementation of 5G technology. A multiband antenna is
desirable with very compact which can be useful for multiple-
wireless applications. In achieving the above objective with
multiple bands embedded in single-antenna, an ultra-compact
antenna is proposed with inheriting the capability of confor-
mal characteristics which can be used for wearable devices,
and the design methodology with supporting results is dis-
cussed below

A. SINGLE-PORT CONFORMAL ANTENNA
Details of the multiband-antennaMB are depicted in Fig. 1
shows which is printed on a thin RogersRTTM Duroid dielec-
tric. The top plane of the dielectric is printed with a radiator
patch which is connected to a 50�-microstrip feedline with
an overall antenna dimension of Lsub×Wsub×tsub mm3.
The designed radiator which is capable of generating wider
impedance-bandwidth is united with optimized feed and is
connected to matched SMK2.92mm connector manufactured
by Jhonson with manufacturer part no. 145-0711-812 for
signal input between 5.0GHz-40.0GHz. The opposite plane is
printed with fractal-ground with a bent slot to achieve wider
impedance bandwidth with the matching of impedance as
shown in Fig. 1(a). Fig. 1(b) illustrates the front view of the
slotted-hexagonal radiator which consists of a polygon shape
with side-length Lp mm. The radiating patch is carved with a
circular slot of radius Rs (in mm) and a trapezoidal slot of area
((S1+S3)/2×S2) mm. On the opposite face of the dielectric,
partially-imprinted ground includes a beveled-shaped slot as
observed in Fig. 1(c). The partial ground occupies an area
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FIGURE 1. Proposed Conformal 1-Port Antenna (a) Isometric (b) Radiating
Patch view (c) Ground view.

TABLE 1. Optimal values tabulated from Fig. 1.

of Lg×Wg mm2 and gap (Lm-Lg) mm is responsible for -
10dB wide operational bandwidth. The optimal dimensions
extracted from the EM-simulation Ansys HFSS are recorded
in Table 1 given below (Fig. 1)

B. EVOLUTION
Fig. 1 antenna is achieved by carrying out several iterations
and resulting in an optimal version. However, the evolu-
tion of the final version of the single-element is obtained
by four iterations and the respective antenna is named Ant.
A1, Ant. A2, Ant. A3 and Ant. A4 respectively. Ant. A1
as shown in Fig. 2(a) is printed with a polygon patch and
partial-rectangular ground on respective opposite planes.

FIGURE 2. Configuration of Single-Port Conformal (a) Ant. A1 (b) Ant. A2
(c) Ant. A3 (d) Ant. A4 (e) S11 result of Ant. A1-Ant. A4.

The polygon patch with side Lp mm is calculated by follow-
ing equations [40]

Lp =
c

4 × f

√
1/(1 + εeff ) (1)

where c (c=3 × 108 m/s: the light speed with vacuum as a
medium), f is the center design frequency in GHz, and εeff is
the effective permittivity which is calculated from Equation 2
given below [40]

εeff =
εr + 1

2
+

εr−1
2

[
1 +

12×tsub
Wm

]1
2

(2)

This iteration provides the impedance bandwidth of
10.28GHz-40.0GHz but with a considerably acceptable
matching of impedance. Further, the polygon patch is etched
by the slot of the area given by following Equation 3(
S1 + S3

2

)
× S2 =

(
2.20 + 1.25

2

)
× 2.75 = 4.74mm2

(3)
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FIGURE 3. Parametric Study of key parameter (a) Ls (b) RS (c) S2 (d) S5.

Which helps in improving the operating bandwidth and pro-
vides single-resonance at 12.36GHz with S11 = −22.29dB.
The third iteration is the addition of a circular slot with
a radius Rs mm on the radiating patch (Ant. A3) helps
in improving the matching of impedance at resonance
12.56GHz (S11 = −30.97dB) and 29.17GHz (S11 =

−21.67dB) respectively. The final version of the single-
port antenna is achieved by etching a beveled-shaped slot
in the ground with an impedance bandwidth of 10.38GHz-
36.79GHz. This version of the proposed antenna, however,
the Ant. A4 which is the final version of the proposed
antenna, offers better impedance matching beyond 23GHz
with marginally reduced bandwidth at higher cut-off fre-
quency and does not affect the design objective. With three
resonances within the impedance bandwidth and are cen-
tered at 12.71GHz (S11 = −26.34dB), 21.58GHz (S11 =

−20.41dB), and 29.48GHz (S11 = −38.30dB).

C. PARAMETRIC STUDY
The final version of the mono-radiator represented by Fig. 1
which is optimized, is achieved by changing the different
values of the dimension.

This is done by applying parametric variation to a key
parameter such as Ls (radius of equivalent circle encircling
the polygon patch), Rs (etched circular slot on the patch),
S2 (height of etched trapezoidal slot), and S5 (height of the
etched-beveled slot in the ground). The parameter Ls (in mm)
which is the equivalent radius of the hexagon patch encircling
it is changed from 3.00mm to 3.75mm with step size 1Ls =

0.25mm. The value of Ls = 3.00mm, which signifies the
smaller area of the radiating patch offers narrow bandwidth of
9.59GHz-12.59GHz with resonance centered at 10.83GHz.
Further increase in values of Ls at 3.25mm and 3.50mm helps
in improving the matching of bandwidth. For the optimized
value of Ls = 3.75mm, the bandwidth of 26.41GHz is
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FIGURE 4. Surface-Current-Density distribution at (a) 12.40GHz
(b) 24.0GHz (c) 28.0GHz.

obtained. The second key parameter Rs, which is an etched
circular slot on a polygon patch observes a large swing of the
S11 bandwidth for values of Rs between 0.25mm to 1.25mm.
The lower values of Rs observe the narrow bandwidth but
for Rs=1.25mm, the objective of large-bandwidth multi-
band applications is achieved as shown in Fig. 3(b) another
important parameter, S2 which is the height of the trapezoidal
slot etched on top of hexagonal-patch, observes improved
impedance-bandwidth with the value of S2 from 0.30mm to

FIGURE 5. Conformal capability of single-port antenna (a) Bend with a
front view (b) Bend with a ground view (c) Comparison of S-parameter.

1.30mm. Good matched-impedance bandwidth is achieved
for S2 = 1.30mm. The beveled slot in the rectangular ground
with a height of S5 = 0.75mm achieves the highly matched
impedance-bandwidth and the remaining values of S5 =

0.25mm and 0.50mm are discarded.

D. IMPEDANCE GRAPH,
SURFACE-CURRENT-DENSITY-DISTRIBUTION,
CONFORMAL CHARACTERISTICS
Fig. 4(a)-(c) shows the distribution of SCDMB for the fre-
quency values corresponding to 12.40GHz, 24.0GHz, and
28.0GHz respectively. In all three cases, it can be concluded
that maximum SCDMB is concentrated within the microstrip
feed line which forms the bridge of transmission of a signal
from the input port to the radiating patch. This indicates that
at these frequency values, all the signal is fed to the radiating
patch and the patch radiates the input signal rather than
storing it. Thus, the correlation between the net impedance
and radiation characteristics is easily established at these
frequency values providing high gain and efficiency.

The proposed single-port antenna discussed occupies the
wider-impedance bandwidth with multiple-band including
X-band, 24.0GHz, and 28.0GHz bands. The proposed work
utilizes a thin Rogers-Dielectric with a thickness of 0.254mm
and can be easily useable for conformal applications regard-
less of whether the bandwidth should not be compromised.
Fig. 5 shows the conformal configuration with Fig. 5(a)
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representing bent at 45◦ with front and ground view. The
planar antenna (without bending) occupies an impedance
bandwidth of 10.38GHz-36.79GHz and with bending cor-
responds to |S11| < −10.0dB bandwidth of 9.84GHz-
36.43GHz, thereby, the operating impedance bandwidth is
not compromised and can be easily integrated for wearable
multiband-applications.

III. DUAL AND FOUR-POT CONFORMAL MIMO ANTENNA
Section II has seen the analysis of a single-port conformal
antenna producing wide impedance bandwidth of 10.0GHz-
39.38GHz without bending of the antenna at and 10.0GHz-
36.56GHz with conformal capability at 45◦. However, when
they are deployed in a live wireless communication appli-
cation environment, will suffer from multiple-path fading
of the transmitted signals and hence, the distorted pulse
will be received. This effect also reduces the efficiency
which will decrease the working bandwidth. To improve
the bandwidth and to control multiple-path fading, multiple-
radiating elements achieving several diversity schemes such
as spatial, radiation, or polarization diversity need to be
implemented while designing multiple-input-multiple-output
antenna (MIMO) configuration. The MIMO configuration
will enhance the bandwidth and ensures the receiving of the
signal efficiently when the signal impinges at any angle on the
receiver antenna. The Shannon-Hartley theorem on channel
capacity is given by [41]

Ch.Cap.M×S = DM×S1B log2(1 +
S
N

) (4)

where Ch.Cap.M×S is the Channel-Capacity (CC) given by
b/s/Hz, 1B is the matched operational bandwidth, DM×S
is the integral multiple factors for MIMO configuration and
corresponds to the ratio between the signal and the additional
noise (S/N). Additional radiators forming MIMOMB con-
figuration also ensure the enhancement of channel capacity
thereby reducing multi-path fading issues.

Fig. 6 shows the two-port conformal MIMO antenna con-
figuration which will reduce not only multi-path fading
effects but also preserves the required impedance bandwidth
for multi-band applications. Fig. 6(a) shows the simulation
configuration of the conformal antenna with the bent of 45◦

angle and Fig. 6(b) corresponds to reflection and transmission
coefficients.

As per the observations, the proposed conformal antenna
maintains a bandwidth of 10.12GHz-36.10GHz (S11) for
radiator 1 and 8.06GHz-35.76GHz (S22) for radiator 2.
The MIMO configuration is obtained by placing the

identical modified slotted hexagon patch orthogonally with
respective partial rectangular ground connected with a thin
stub of dimension 7.5mm×0.50mm. Fig. 6(b) also shows the
transmission coefficient or isolation between the two ports
with isolation being more than 17.50dB (S12, S21) for both
radiating elements. Fig. 6(c)-(d) shows the distribution of
current density on the surface for un-connected and connected

FIGURE 6. Conformal capability of dual-port antenna (a) Bend capability
(b) S-parameter; Surface-current distribution at 28.0GHz (c) Unconnected
ground (d) Connected ground (e) S-parameter: Unconnected and
Connected ground.

ground. In both cases, the required isolation is maintained
and the antenna radiates efficiently. However, there is a need
for common ground in MIMO-antenna configuration [35]
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TABLE 2. S-parameter comparison Fig. 6(e).

because the signal needs to have a common-ground plane
which helps in interpreting all the levels of signal properly
based on the reference-zero ground level. Fig. 6(e) shows
the comparison of S-parameter graph of MIMO antenna
configuration with unconnected and connected ground. The
impedance bandwidth in both the cases is tabulated in Table 2
given below.

In both the cases, the MIMO antenna configuration covers
the required multi-band applications bandwidths.

The proposed two-port MIMO antenna provides wide-
impedance bandwidth and hence, the transmission of signal
at this bandwidth needs to be evaluated which is carried
out by studying time-domain performance. Fig. 7 shows the
evaluation of the time-domain performance of the MIMO
antenna when subjected to pulse as the input. The simulation
environment is set up with identical MIMO antenna placed
in face-to-face and side-to-side orientations as shown in
Fig. 7(a)-(b). The minimal distance of 300mm is maintained
to ensure the far-field condition given by [40]

Far Field region >
2 × 2×w2

SUB
λC

(5)

where 2×Wwub = 20.0mm is the maximum dimension of
the antenna and λC is the cut-off frequency in GHz.

φ = −
dθ(ω)
dω

(6)

ρ = maxφ

∫
STx (t)STx(t − φ)dt√
S2
Tx (t) dt

√
S2
Rx (t) dt

 (7)

Fig. 7(c) shows the graph of group delay which is calculated
by Equation 6. The group delay in general is used to study
the time response between two antenna systems and is the
measure of the delay in received signal concerning phase
distortion.

This ensures that the received signal shape of the trans-
mitted pulse is preserved without much pulse distortion.
The group delay as observed in Fig. 7(c) notes the vari-
ation between ±0.1ns which satisfies the ideal condition.
Fig. 7(d) shows the impulse response of the MIMO-antenna
in both orientations. It can be observed that the face-to-face
and side-to-side received pulses overlap without distortion in
comparison to the input impulse. However, there are addi-
tional harmonics with very low amplitude that can be easily
suppressed at the receiver. Also, the received signal strength
(mV) can be easily increased by the integration of a low-noise
amplifier.

FIGURE 7. Time-domain analysis (a) Face-to-Face alignment
(b) Side-to-Side alignment (c) Group delay (d) Impulse response.

The advantage of transforming single-port to two-port
MIMO configuration with common connected ground is
studied which reduces the multi-path fading. The increase
in the number of radiating elements in the MIMO con-
figuration from 2-Port to 4-Port will further enhance the
reduction in fading of the signal. Fig. 8 shows the four-
port configuration of the MIMO antenna. Fig. 8(a)-(c) shows
the Isometric and transparent front view of the proposed
work where all the radiating antennae are connected to
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FIGURE 8. Four port MIMO configuration (a)-(b) Perspective and transparent front view with printed radiating patch and ground in the simulation
environment (c) Fabricated prototype (d) Simulated and Measured reflection coefficient (e)-(f) Simulated and Measured transmission coefficient.

modeled SMK2.92mm connector for signal input. The
radiating elements are aligned orthogonally (90◦ with
each other) and spacing of K=9.00mm between them to
ensure proper isolation. Fig. 8(c) shows the developed

prototype by a conventional method with fine-quality sub-
strate and connectors to achieve accurate results. Fig. 8(d)
records the simulated and measured reflection coefficients
with a shaded portion indicating the operating bandwidth.
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FIGURE 9. Four port MIMO configuration with simulated and measured diversity parameters (a)-(b) Simulated and measured ECC2−Port
(c)-(d) Simulated and measured DG2−Port (e)-(f) Simulated and measured TARC2−Port (g)-(h) Simulated and measured CCL2−Port
(i)-(k) Simulated MEG12, MEG13, MEG14 (l)-(n) Measured MEG12, MEG13, MEG14(o)-(q) Simulated MEG23, MEG24, MEG34 (r)-(t) Measured
MEG23, MEG24, MEG34.

105990 VOLUME 11, 2023
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FIGURE 9. (Continued.) Four port MIMO configuration with simulated and measured diversity parameters (a) -(b) Simulated and measured
ECC2−Port (c)-(d) Simulated and measured DG2−Port (e)-(f) Simulated and measured TARC2−Port (g)-(h) Simulated and measured CCL2−Port
(i)-(k) Simulated MEG12, MEG13, MEG14 (l)-(n) Measured MEG12, MEG13, MEG14(o)-(q) Simulated MEG23, MEG24, MEG34 (r)-(t) Measured MEG23,
MEG24, MEG34.

The simulated bandwidth corresponds to 7.92GHz-36.50GHz
and the measured bandwidth is 8.31GHz to 36.14GHz.
Fig. 8(e)-(f) corresponds to the simulated and measured
transmission coefficient with isolation of more than 12.50dB
in a simulation environment and more than 15.0dB for mea-
sured values. The simulation environment provides exact
50� matching between the port and the feedline. Also, the

finite-element-method (FEM) do provide good approxima-
tion calculation of maxwell’s equations. Whereas, in mea-
surement conditions, the quality of SMK connector used,
quality of the substrate, precision in calibration of VNA with
accuracy in measurement are the few factors which results
in deviation of S-parameter in comparison of the simulation
results.
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IV. DIVERSITY PERFORMANCE AND FAR-FIELD RESULT
DISCUSSION COMPARISON OF PRESENT
STATE-OF-THE-ART MIMO ANTENNA
The single-port multiband antenna in the proposed work
with conformal capability exhibits good far-field results and
occupies multi-band bandwidth which finds applications in
several wireless applications. However, when the radiating
patch is increased in number say d×k with d=1,2,3,4 and
k=1,2,3,4 offers the following s-matrix with 16-S-parameters
given below [41]

[S] =


S11 S12

S21 S22

S13 S14

S23 S24

S31 S32

S41 S42

S33 S34

S43 S44

 (8)

The S-parameter shown in the above matrix corresponds
to reflection coefficients (S11, S22, S33 S44) and trans-
mission coefficients (S12, S13, S14, S21, S23, S24, S31,
S32, S34, S41, S42, S43). The above S-parameters need
to maintain the required bandwidth (Saa; a=1,2,3,4) and
minimum required isolation (Sab; a=1,2,3,4; b=1,2,3,4).
When the input signal is fed to the antenna. Due to the
property of radiating os signals, the inter-radiating signals
need to be isolated from each other to avoid destructive
interference, and hence, the parameter related to diversity
performance known as Envelope-Correlation-CoefficientMB
(ECCMB; MB-multiband) needs to be calculated. The modu-
lus values of ECCMB vary between 0 and 1 with 0 indicating
nill interference of radiation between inter-spaced elements
and 1 with higher interference. The ECCMB for a four-port
MIMO configuration is evaluated either by radiation pattern
or by extracted S-parameters. Equation 9-Equation 14 shows
the calculation of ECCMB by using the radiation pattern
method considering the mth and sth port in the MIMO con-
figuration [41], (9), as shown at the bottom of the page,
where γ 2

mγ 2
s signifies the variance of corresponding ports

and mathematically is written by following sets of equations
Mathematically [41]

2π∫
0

π∫
0

(
(XPRGθ.m (θ, φ)Pθ (θ, φ) + Gφ.m (θ, φ)Pφ (θ, φ)

)
(10)

Gθm (θ, φ) = Eθm (θ, φ)E∗
θs(θ, φ) (11)

Gφm (θ, φ) = Eφm (θ, φ)E∗
φs(θ, φ) (12)

Gθs (θ, φ) = Eθs (θ, φ)E∗
θm(θ, φ) (13)

Gφs (θ, φ) = Eφs (θ, φ)E∗
φm(θ, φ) (14)

where Eθm, EφmEθs and Eφs are complex-electric fields with
(θ, φ) for the mth and sth antenna respectively. The ECC
values are real values which are plotted in Figure 9(a)-(b)
showing the amplitudes of the signals at antennas and in
the Rayleigh fading channel, the amplitude of the envelope
correlation coefficient is given by [41]

ρe = |ρc|
2 (15)

The ECC can be calculated from 3-D radiation and
S-parameters. Assuming a uniform multipath environment
the ECCMB is evaluated from the following Equations using
S-parameters [41]

ECC = ρe (m, s,N ) =

∣∣∣∑N
n=1 S

∗
m,nSn,s

∣∣∣2
πk=(m,s)

[
1 −

∑N
n=1 S

∗
m,nSn,k

]
(16)

where ρe (m, s,N ) is the ECCMS between the mth and sth
port of the N-Element system. The ECCMB for any two-port
MIMO network is given by [41]

ECCMB =

∣∣S∗
mmSms + S∗

smSss
∣∣2(

1 − |Sii|2 − |Ssm|
2) (

1 − |Sss|2 − |Sms|2
) (17)

And for two-port and four-port, ECCMB is given by

ECCMB(TwoPort) =

∣∣S∗

11S12 + S∗

12S22
∣∣2(

1 − |S11|2 − |S21|2
)(

1 − |S12|2 − |S22|2
)

(18)

ECCMB(FourPort) =

∣∣S∗

11S12 + S∗

12S22+S
∗

13S32 + S∗

14S42
∣∣2(

1 − |S11|2 − |S21|2 − |S31|2 − |S41|2
)(

1 − |S12|2 − |S22|2 − |S32|2 − |S42|2
)

(19)

The ideal value of ECCMB is 0 indicating the independent
working of the antenna radiating elements and the standard
or acceptable values are ECCMB ≤ 0.50. The exact values of
ECC are evaluated using far-field patterns but due to resource
limitations, the ECCMB in the proposed work is evaluated
by Equation (18) for two-port and Equation 19 for four-
port. The ECCMB (m,s)MIMO configurationwithm=1,2,3,4
and s=1,2,3,4, ECC12, ECC13, ECC14, ECC23, ECC24, and
ECC34 are calculated for both simulated and measured as
shown in Fig. 9(a)-(b). The simulated values of ECCMB
are below 0.40 and for measured these values fall below
0.30 satisfying well the ideal value condition ECCMB ≤

0.50. Equation 18 & Equation 19 fulfills the requirement of
evaluation of ECCMB by assuming the antennas have higher

γc =

2π∫
0

π∫
0

(
(XPREθ.m (θ, φ)E∗

θ,s (θ, φ)Pθ (θ, φ) + Eφ.m (θ, φ)E∗
φ,s (θ, φ)Pφ (θ, φ)

)
sinθdθdφ

√
γ 2
m
√

γ 2
s

(9)
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FIGURE 10. (a) Photograph of proposed MIMO antenna placed within
ANECHOIC CHAMBER (b) Simulated & Measured peak gain; simulated and
measured 2-D radiation pattern at (c) 11.0GHz (d) 15.0GHz (e) 20.0GHz
(f) 24.0GHz (g) 28.0GHz (h) 30.0GHz (i) Simulated and measured radiation
efficiency.

FIGURE 10. (Continued.) (a) Photograph of proposed MIMO antenna
placed within ANECHOIC CHAMBER (b) Simulated & Measured peak gain;
simulated and measured 2-D radiation pattern at (c) 11.0GHz (d) 15.0GHz
(e) 20.0GHz (f) 24.0GHz (g) 28.0GHz (h) 30.0GHz (i) Simulated and
measured radiation efficiency.

efficiencies and no mutual-coupling losses, uniform multi-
path environment and the load termination of the antenna
is 50�.

The Diversity-GainMB(DGMB) is calculated to quantify
the performance characteristics of the diversity scheme used
(spatial, polarization, or radiation diversity). The DGMB is
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related to ECCMB by the following formula [41]

DGMB = 10
√
1 − |ρe|

2 (20)

The DGMB values as per the standard values are DGMB ≥

9.95dB. Fig. 9(c)-(d) shows the calculated values of DGMB
for both simulated & measured s-parameters with values cor-
responding to more than 9.95dB and 9.9999dB respectively.
The radiation efficiencies and the operating bandwidth of the
MIMOMB cannot be accurately calculated by S-parameters
(reflection and transmission coefficients). Thus, the coupling
and the random-signal combination are calculated by Total
Active Reflection CoefficientMB (TARCMB) which gives a
more meaningful sense to MIMO efficiency. The input signal
to all the ports (4)-ports in the proposed work) is the avail-
able power, transferred power is the radiation power and the
difference between the two is the reflected power and thus,
the square root ratio between the reflected power to that of
the incident power is defined as TARCMB which is given by
following Equations [41]

0t
a =

Available Power (AP) − Radiated Power (RP)
Available Power (AP)

(21)

For a lossless MIMO system with an N-number of elements
or N-port, the TARCMB is given by

0t
a =

√∑N
i=1 |bi|2√∑N
i=1 |ai|2

(22)

where [b]=[s][a]; a is the incident power with random phase
and b is the reflected power.

In the propagation channel, the reflected signals are ran-
domly phased because MIMO channels are assumed to be
Gaussian and multipath spread propagation channels [41].

b1 = S11a1 + S12a2 = S11a0ejθ1 + S12a0ejθ2

= a1
(
S11 + S12ejθ

)
(23)

b2 = S21a1 + S22a2 = S21a0ejθ1 + S22a0ejθ2

= a1
(
S21 + S22ejθ

)
(24)

Combining Equations, TARCMB

0t
a =

√∣∣S11 + S12ejθ
∣∣2 +

∣∣S21 + S22ejθ
∣∣2

√
2

(25)

Assuming θ = 0◦, TARCMB is evaluated from Equation 25
and is plotted in Fig. 9(e)-(f) for both simulated and measured
S-parameters. The ideal values TARC ≤ 0dB and for the sim-
ulated and measured TARC11, TARC12, TARC13, TARC23,
TARC24, and TARC34, the values are below −4.0dB.
The maximum transmission rate of the information over

the channel with maximum limit is defined by Channel-
Capacity-LossMB (CCLMB) with CCLMB ≤ 0.40b/s/Hz.

TABLE 3. Electrical property of phantom tissue.

TABLE 4. SAR values at different frequency points.

The CCLMB for a four-port MIMO antenna in generalized
form is calculated by [41]

CCL60.0GHz = −log2det
(
αs

)
(26)

where

ρmm = 1 −

∑4

n=1
|Smn|2 (27)

ρms = −
(
S∗
mmSms + S∗

smSms
)

(28)

Fig 9. (g)-(h) shows the calculation of CCL60.0GHz for both
simulated and measured reflection and transmission coeffi-
cients. The simulated averaged values CCLMB ≤ 0.1b/s/Hz
and measured averaged values correspond to CCLMB ≤

0.12b/s/Hz.
The Mean-Effective-GainMB (MEGMB) is defined as the

ratio of the received power to the power which will be
received by an isotropic antenna when replaced [41].
In general, the MEGms are calculated by

MEGms = 0.5
[
1 −

∑K

s=1
|Sms|2

]
(29)

MEGm = 0.5 × (1 − |Smm|
2
− |Sms|2) (30)

MEGs = 0.5 × (1 − |Sss|2 − |Ssm|
2) (31)

The ratio calculates the MEG60.0GHz which is given by

MEGm
MEGn

=
0.5 × (1 − |Smm|

2
− |Smn|2)

0.5 × (1 − |Snn|2 − |Snm|
2)

(32)

For the MEG_port−m and MEG_port−n are evaluated from
Equations (30) and Equation (31) with Equation (32) being
the standard equation for MEG. Mean-Effective-Gain60.0GHz
(MEGMB) are evaluated between two-port as shown in
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TABLE 5. State-of-the-art comparison.

Fig. 9(i)-(t). Fig. 9(i)-(k) corresponds to simulated MEGMB
for port1-port2, port1-port3 & port1-port4 and Fig. 9(l)-(n)
corresponds to measured MEGMB for port1-port2, port1-
port3 & port1-port4. In both cases, the MEGMB are nearly
grazing -3.0dB values while the difference is nearly equal
to 0.0dB. Similarly, MEGMB for port2-port3, port2-port4 &
port3-port4 also corresponds to −3.0dB in both simulated-
Fig. 9(o)-(q) and measured results shown in Fig. 9(r)-(t).
Fig. 10 shows the simulated and measured peak gain &

2D-radiation pattern in principal planes. The peak gain is
plotted in Fig. 10(a) which compares simulated and measured
values for the operating bandwidth of 7.92GHz-36.50GHz

and varies between 3.0dBi-7.02dBi with the highest peak
corresponding to 8.28dBi at 26.875GHz for simulation
and 4.50dBi-6.16dBi in measured environment with high-
est peak gain of 7.17dBi at 26.0GHz. For lower frequency
points at 11.0GHz, 15.0GHz, and 20.0GHz, the 2D-radiation
pattern corresponds to the desired dipole-omnidirectional
pattern in both simulation-measured environments. How-
ever, at higher frequency points corresponding to 24.0GHz,
28.0GHz, and 30.0GHz, the 2D-radiation pattern does deviate
from the ideal desired patterns but, is capable of transmit-
ting and receiving the signals effectively when deployed
in practical applications with wider-radiation patterns.
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FIGURE 11. (a) S11 comparison of proposed MIMO antenna without bent
and with bent at 45◦ (b) 3-D model of phantom tissue placed below
radiating antenna; SAR at (c) 11.0GHz (d) 15.0GHz (e) 20.0GHz (f) 24.0GHz
(g) 28.0GHz (h) 30.0GHz.

Fig. 10(i) shows the plot of simulated and measured radia-
tion effeciency. The simulated radiation shows the variation
between 89.44-95.94% whereas, the measured range lies
between 88.96-94.32% and thus, confirms the good radiation

characteristics of the proposed antenna in the working band-
width of 8.31GHz-36.14GHz.

V. CONFORMAL CAPABILITY OF THE PROPOSED MIMO
ANTENNA WITH SAR CALCULATION AND PRESENT
STATE-OF-THE-ART MIMO ANTENNA COMPARISON
The proposed work utilizes a very thin substrate of thickness
0.254mm and hence, can be used in conformal applications.
Due to the very compact size of the proposedMIMO antenna,
it can be easily embedded within the devices designed for on-
body applications with SAR within the specified limit.

The modeling of human tissue is utilized in calculating the
Specific-Absorption-Rate (SAR) which signifies the amount
of power absorbed by the human tissue when subjected
to the interference of electromagnetic waves. The phantom
layered of the human tissue consists of skin, fat, and mus-
cle which represent the outermost layer of the body. This
modeled human tissue is utilized to interact with the elec-
tromagnetic waves which are transmitted from the proposed
MIMO antenna. The electrical properties which are already
calculated [33] are assigned to all the layers of tissue for
SAR analysis. The proposed MIMO antenna is placed on the
assembled tissue layer with a gap of 5.00mm. The electrical
parameters are tabulated in Table 3 given below

Fig. 11(a) shows the capability of the proposed four-
port MIMO antenna with measured S11 parameter and
corresponds to without and with conformal capability bent
at 45◦. From the observations, the S11 measures the band-
width of 8.31GHz-36.14GHz without any bending and
with bedding of 45◦ offers an impedance bandwidth of
9.05GHz-37.90GHz.

Fig. 11(b) shows the 3-D model of phantom tissue which
is placed beneath the proposedMIMO configuration for SAR
analysis and with a power input of 50 mW in CST-Microwave
Studio EM-simulator. The three layers correspond to skin, fat,
and muscle which forms the human tissue for the interaction
of EM-wave radiated by the antenna to obtain SAR values
for different frequency points specified within the operating
bandwidth. The practical power absorbed by human tissue
is defined by SAR when interacting with EM waves and is
evaluated by [35]

SAR =

∫
σ (r)

∣∣E(r)
∣∣2

ρ(r)
dr (33)

where σ -tissur conductivity (S/m), E is the electric field
intensity (V/m) and ρ corresponds to tissue mass density
(Kg/m3). For 1g of the tissue, the average SAR value must
be less than 1.60 W/Kg [34]. Fig. 11(c)-(h) corresponds to
the calculation of SAR for a wide range of frequencies and is
given in Table 4

Table 5 shows a brief comparison of the proposed
four-port MIMO antenna with the present state-of-the-
art. It can be noted that the proposed MIMO antenna
offers wider impedance bandwidth fabricated on a very
thin substrate which is utilized for conformal applications.
Also, for on-body applications, the antenna is analyzed for
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SAR applications which are calculated at different frequency
points and include different band applications. All the above
features outclass the other published work which are com-
pared in Table 5.

VI. CONCLUSION
A four-port MIMO antenna with conformal capability and
SAR analysis is presented. The proposed MIMO antenna
occupies wider impedance bandwidth which includes appli-
cations in Microwave-Millimeter wave bands including
X-band, Ku-band, K-band, partial Ka-band, n257, n258,
and n261 bands. The proposed MIMO antenna offers a
measured averaged peak gain of 5.50dBi and 2D-dipole-
omnidirectional patterns. The MIMO antenna is also evalu-
ated with group delay and impulse response. The diversity
parameters are well within the permissible values. The SAR
analysis of the MIMO antenna is less than 1.60W/Kg in the
frequency values within the operating bandwidth.
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