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Reduction of Specific Absorption Rate Using A-Shaped
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ABSTRACT: This work designs an electromagnetic band gap structure-based quad port rectangular MIMO antenna to operate in the 5G
new radio (NR) sub-6GHz n79 band, with a frequency range of 4.3–5.0GHz. To achieve optimal radiating element isolation with the least
complexity, MIMO antennas’ four radiating elements are oriented orthogonally using an A-shaped EBG structure. The electromagnetic
band gap (EBG) structure is located between the human phantom model and the MIMO antenna. The MIMO antenna’s measurements
are 40 × 40 × 1.6mm3, and it is implemented on an FR-4 substrate with whole ground. Due to EBG structure, the mutual coupling is
improved to −26.0 dB. The ECC, DG, and CCL were also calculated. In addition, the specific absorption rate (SAR) value is reduced
to 0.22w/kg. The MIMO antenna is simulated using HFSS software. The vector network analyzer (VNA), model Anritsu MS 2037C is
used to measure the various MIMO antenna parameters.

1. INTRODUCTION

Modern wireless communication systems are built around
the fundamental technology of multiple-input multiple-

output, orMIMO, antennas. They are essential in improving the
capacity and performance of wireless networks because they
enable the simultaneous transmission and reception of many
data streams over a single channel. MIMO technology is widely
used in wireless communication standards, including WiFi, 4G
LTE, and 5G, to improve data rates, coverage, and network
efficiency. Electromagnetic band gap (EBG) structures are
renowned for their proficiency inmanipulating electromagnetic
waves inMIMO antenna design. In this context, they serve dual
purposes of reducing antennas’ specific absorption rate (SAR)
while enhancing their performance. Integrating an EBG struc-
ture yields notable SAR reductions [1], with notable values of
0.088W/kg and 0.070W/kg at 2.4GHz and 5.2GHz, respec-
tively. This MIMO antenna boasts an amazing frequency range
of 2GHz to 30GHz, an average gain of 3.75 dBi, and a cor-
relation coefficient of 0.5. Article [2] investigates a six-port
MIMO antenna that resonantly operates at 4.8GHz and oper-
ates in the mid-bands. Its distinctive geometry combining elec-
tromagneticwave elements, a planar rectangular patch, and sev-
eral ground enhancements produces remarkable diversity char-
acteristics, such as diversity gains of 9.98 and envelope corre-
lation coefficients less than 0.002. This antenna is suitable for
C-band operations, 5G wireless communications applications,
wireless local area networks, and n77 bands.
A dual-port, disc-shaped MIMO antenna for ultra-wideband

(UWB) systems is discussed in [3]. To improve isolation,
an EBG structure is inserted in between the monopole radia-
tors. The antenna exhibits wide impedance bandwidth spanning
120% of the UWB spectrum (3–12GHz) and achieves a peak
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gain exceeding 5 dBi across this range. Its compact dimen-
sions and low-profile design make it a notable development.
With a fractional bandwidth of roughly 59.76%, a novel com-
pactMIMOantenna arrangement [4] aims to improvewideband
gain from 11.5 to 21.3GHz. This antenna has a ≤ 0.00122
envelope correlation coefficient, radiation efficiency between
88.01% and 90.02%, isolation of ≥ 24.92 dB, and peak gain
of 10.6 dBi. This design feeds two modified Vivaldi radiators
with a 1× 2 Y-shaped power divider with wideband anti-phase
outputs. By acting as a metasurface, a square-ring unit cell
reduces backward electromagnetic radiation and directs it for-
ward. Gain is increased over a broad bandwidth due to im-
proved radiation performance in the main lobe direction caused
by a U-shaped slot between the radiators.
For the 2.45 and 5.8GHz ISM frequency bands, a wireless

power transfer system with a cubic rectenna MIMO system is
designed in [5]. A biocompatible full-package cubic rectenna
with circuit modules for data and power regulation is devel-
oped using this technology. It uses dual-branch rectifiers for
effective energy harvesting and orthogonal circular polarization
(CP) to distinguish between two frequency bands. A compact
4× 4MIMO antenna system [6] is integrated into a 5G smart-
phone with a metal rim. Open and closed stubs, along with
bent stubs, are strategically designed within each slit to achieve
coverage in the N77 and N79 spectrum bands and minimize
mutual coupling between antenna elements. A textile-based
microstrip patch antenna tailored for medical applications at
2.4GHz is introduced in [7]. This antenna minimizes the SAR
within the human body EBG layer atop a metasurface, which
includes repeating I-shaped structures. A foam layer enhances
performance and comfort when being worn on the body.
For 5G communication at 26GHz, a small and low-profile

four-port MIMO antenna [8] is developed. Impedance band-
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(a) (b)

FIGURE 1. Schematic of reference antenna, showing the (a) front and (b) back.

width and isolation are improved by several slot layouts and a
defective ground structure (DGS) in the shape of a square. With
a large bandwidth and lowmutual coupling, thisMIMOantenna
effectively covers the 5Gmm-wave spectrum, improving per-
formance. [9] looks into the application of nanomaterial-based
antennas, such as graphene, single-walled carbon nanotubes,
and multi-walled carbon nanotubes, in an effort to reduce SAR
values. A broad 78% bandwidth (3.2–7.3GHz) is anticipated to
be covered by an eight-element wideband MIMO antenna [10]
for 5G mobile terminals with monopole-inspired designs.
An innovative eight-element H-shaped dual-bandMIMO an-

tenna [11] is presented for 5G smartphones. The strategic place-
ment of radiating elements minimizes mutual coupling, and the
antenna operates efficiently within dual frequency bands, ex-
hibiting impressive bandwidths and pattern diversity. The main
PCB’s dimensions are 150×75mm2, and the side edge frame’s
measurements are 150×7mm2. It functions specifically in the
frequency ranges of 3.1–3.78GHz and 5.43–6.21GHz, where
there is an isolation of more than 12 dB between any two neigh-
boring radiating elements. A different approach, described
in [12], focuses on creating a dual-antenna pair for 5G smart-
phones with a large bandwidth and sound isolation. Utiliz-
ing dual-characteristic modes (CMs), this approach achieves
broad impedance bandwidth and isolation without external de-
coupling structures. It extends to an 8×8MIMO array, provid-
ing superior exceeding 20 dB across the 3.3–3.8GHz operating
band. The reduction of SAR in multi-antenna terminals during
voice calls is addressed in another innovation [13], by optimiz-
ing the relative phase between antenna elements and manipu-
lating power distribution. As long as the device’s ground plane
has a large enough form factor, this method dramatically lowers
SAR while retaining efficiency in a range of frequency bands,
from 1.8 to 6GHz.
Furthermore, SAR reduction in the 8 × 8 MIMO tablet ar-

ray is explored in [14, 15], emphasizing the interplay between
equalization mode and SAR reduction. This novel approach
effectively cancels inverted phase currents, reducing SAR lev-
els and improving isolation performance of 12.94 dB. An EBG
structure with a center via is built in the form of a square spi-
ral cell in [16]. This EBG arrangement has enhanced both the

overall MIMO system performance and the isolation between
antenna elements. The system is well suited for 5G mobile ap-
plications thanks to its six antenna elements and wide band-
width, which spans from 3GHz to 5GHz. When the wearable
antenna is placed on a denim substrate, the frequency selective
surface (FSS) technique in [17] lowers its SAR value to 95.4%
compared to not employing FSS. Because the quad-port MIMO
antenna in [18] was designed with a metal surface, high isola-
tion and gain were achieved.

2. METHODOLOGY OF QUAD PORT MIMO ANTENNA

2.1. Reference Antenna's Design
Rectangular microstrip antenna design fundamental equations
are used to establish the initial design parameters [19]. These
settings are then optimized in order to improve performance.
Here, h stands for height, and εr is for the substrate’s relative
permittivity. L and W , on the other hand, reflect the patch’s
length and breadth, respectively. Furthermore, the effective
permittivity of the substrate is indicated by εreff; the resonant
frequency is indicated by fr; the length extension on each end
is indicated by∆L; and the velocity of light is indicated by c.
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The single patch antenna is designed using εr = 4.4, FR-
4 substrate with a thickness of 1.6mm on the whole ground.
Fig. 1(a) and Fig. 1(b) show the front and back views of the
reference antenna. The design parameters of a single patch
antenna are shown in Table 1. The reflection coefficient of a
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TABLE 1. The specifications for the proposed structure.

Parameter Lg Wg Ls Ws Lp Wp Lf Wf P

Value (mm) 20 20 20 20 16.7 13.2 2 1.8 1.5

(a) (b)

FIGURE 2. S11 of reference antenna using (a) parametric analysis (b) at p = 1.5mm.

(a) (b)

FIGURE 3. Quad port MIMO antenna without EBG (a) front view and (b) side view.

single patch antenna is displayed in Fig. 2 utilizing parametric
analyses 2(a) and 2(b), which show the reflection coefficient
(S11) at p = 1.5mm for the desired frequency band. The p is
a gap between the patch and the edge of the substrate changed
from 1.5 to 3.5mm, and 1.5mm is the space between them; it
is given a better reflection coefficient of −21.0 dB.

2.2. Design of Quad Port MIMO Antenna
A reference antenna is incorporated into the design of the four-
port MIMO antenna. As shown in Fig. 3(a), these four anten-
nas are positioned orthogonally, and its dimensions are Lm =
40mm andWm = 40mm. Fig. 3(b) shows the side view of the
four-port MIMO antenna without an electromagnetic band gap
(EBG), and it consists of a three layer patch, a substrate, and
ground. The single EBG structure is seen from the front view
in Fig. 4(a), which is positioned on a 1.6mm-thick FR-4 sub-
strate. The length of EBG is Le = 12mm, and width of EBG is
We = 10.5mm, b = 2.5mm, e = 1mm. They are dimensions

of the EBG. The 3 × 3 EBG array is seen from the front view
in Fig. 4(b). The gap between adjacent EBG cells is a vertical
gap x = 0.8mm and horizontal gap y = 2.7mm, respectively.
Figure 5(a) shows the reflection phase of the EBG cell using

parametric analysis, and it is used to choose the value of e. The
width e is changed from 0.4mm to 1.8mm and selected for the
desired frequency range; the value is e = 1mm. Fig. 5(b) de-
picts the reflection phase of anA-shaped EBG cell at e = 1mm.
The A-shaped EBG acts as a band gap that creates a stopband to
block electromagnetic waves of specific frequency bands. The
EBG structure suppresses the surface waves and reduce mutual
coupling effect. The integration of an A-shaped EBG array
with a four-port MIMO antenna is demonstrated in Fig. 6(a).
The layer side perspective of the MIMO antenna is displayed
in Fig. 6(b). The 1mm thick foam is positioned between the
EBG array and MIMO antenna. The A-shaped EBG structure
is placed on an FR-4 substrate (1.6mm). The slot length of the
EBG cell is Lsl = 6mm, and width is 2.5mm.

143 www.jpier.org



Tamminaina and Manikonda

(a) (b)

FIGURE 4. (a) single EBG structure front view and (b) 3× 3 EBG array front view.

(a) (b)

FIGURE 5. Reflection phase of EBG (a) using parametric analysis, and (b) at e = 1mm.

(a) (b)

FIGURE 6. Quad port MIMO antenna with EBG, (a) front and (b) layer side view.

3. RESULTS AND DISCUSSIONS

The reflection coefficient of the four-port MIMO antenna is
shown in Fig. 7(a) both with and without an EBG construc-
tion. In particular, between 4.4 and 5GHz, the MIMO antenna
with an A-shaped EBG maintains a reflection coefficient be-
low −10 dB. Furthermore, throughout the intended frequency
range, theMIMO antenna’s transmission coefficient is less than
−25.0 dB without EBG and −26.0 dB with EBG at ports be-
tween 1 and 3 (S13). Because theA-shaped EBG structure is po-
sitioned below the ground structure below the MIMO antenna,
its presence has less effect on the transmission and reflection
coefficients here.
Since envelope correlation coefficient (ECC) is one of the

primary performancemetrics of aMIMOantenna system, many

parameters are employed to analyze the performance of the
MIMO antenna [20–22]. It can be calculated using the equation
below, and it is the S-parameters method. The return loss and
isolation parameters are used in the calculation of ECC value.

ECC =
|Sii ∗ Sij + Sji ∗ Sjj |2(

1− |Sii|2 − |Sji|2
)
∗ (1− |Sjj |2 − |Sij |2)

(5)

In order to preserve the wireless system’s quality and depend-
ability, the MIMO antenna’s diversity gain (DG) needs to be
strong. Additionally, it is computed by

DG = 10

√
1− (ECC)2 (6)
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(a) (b)

FIGURE 7. Four port MIMO antenna with and without EBG of (a) Reflection, (b) Transmission Coefficient.

(a) (b)

FIGURE 8. (a) ECC (b) DG of four port MIMO antenna.

One further crucial characteristic for theMIMO system is chan-
nel capacity loss (CCL), which should have a value of less than
0.4 bits/s/Hz. Use this formula to determine capacity loss,

CCL = −log2(φR) (7)

Here, φR is the correlation matrix of the receiving antenna,
which is expressed as follows.

(φ
R
) =

φii φij

φji φjj
(8)

Here , φii = 1− (|Sii|2 + |Sij |2), φjj = 1− (|Sjj |2 + |Sji|2),
φij = −(Sii∗Sij+Sji∗Sjj) andφji = −(Sjj∗Sji+Sij∗Sii).

For the suggested frequency range depicted in Fig. 8(a), the
ECC value of the four-port MIMO antenna, both with and with-
out an EBG structure, is less than 0.0004. Fig. 8(b) displays the
DGvalue exceeding 9.99, bothwith andwithout EBG structure.

As seen in Fig. 9(a), the CCL value is less than 0.2 bits/s/Hz
both with and without the EBG structure of the MIMO antenna.
The efficiency of the four-port MIMO antenna, both with and
without EBG, is in Fig. 9(b). The efficiency for the suggested
frequency band is between 0.75 and 0.79. The Fig. 10(a) shows
the MIMO antenna without EBG, and Fig. 10(b) shows that
with A-shaped EBG on human phantom model. The phantom
model is built using layers that are correspond to muscle, fat,
and skin and is optimized for a 4.6GHz frequency. The pre-
cise values corresponding to these tissue layers are given in Ta-
ble 2 [23].
SAR highlights the quantity of electromagnetic energy that

the human body’s tissue can absorb when it is exposed to the
radiation source [24], where σ is the conductivity,E the electric
field intensity, and ρ the mass density of the tissue. The SAR
value is calculated by the following equation

SAR =
σE2

ρ
(9)
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(a) (b)

FIGURE 9. Four port MIMO antenna (a) CCL (b) Efficiency, with and without EBG.

(a) (b)

FIGURE 10. Quad port MIMO antenna on human phantom model (a) without (b) with EBG.

(a) (b)

FIGURE 11. SAR of MIMO antenna (a) without (b) with EBG.

The SAR value should, on average, be less than 2.0W/kg
over 10 g of tissue, in accordance with European regulations.
Without the EBG, Fig. 11(a) shows an average SAR value of
1.25W/kg; Fig. 11(b) shows a SAR value of 0.22W/kg over
the 10 g of tissue with the EBG included into the suggested
MIMO antenna on the human phantom model. As a result of

the A-shaped EBG construction, SAR has decreased from 1.25
to 0.22W/kg. Interestingly, the EBG structure is placed in be-
tween the phantom model and the MIMO antenna. The perfor-
mance characteristics of the recommended MIMO antenna are
contrasted with those of other antennas in Table 3.
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TABLE 2. The specifications of the human phantom model at 4.6GHz.

Tissues
Thickness

(mm)

Conductivity

[S/m]

Relative

permittivity

Loss

tangent

Skin 1 2.68 36.18 0.29

Fat 5 0.21 5.07 0.16

Muscle 6 3.51 50.18 0.27

TABLE 3. Comparing the suggested MIMO antenna to alternative antennas.

Ref No. Ports Size (mm2) Frequency range (GHz) Isolation (dB) ECC Efficiency (%)

[25] 5 80× 80 4.5–5.0 > −15 < 0.01 NA

[26] 4 112× 112 5.1–5.3 > −22 < 0.15 89

[27] 4 30× 30 4.8–6.0 > −10 < 0.15 67

[28] 4 56× 56 4.5–5.1 > −20 < 0.01 87

[29] 4 40× 40 4.7–5.1 > −25 < 0.01 70

[Pro. Ant] 4 40× 40 4.4–5.0 > −26 < 0.0005 78

(a) (b)

(c) (d)

FIGURE 12. Fabrication of quad port MIMO antenna (a) front (b) back (c) EBG (d) Top view.

The quad-port MIMO antenna prototype with an electromag-
netic band gap (EBG) structure is shown in Fig. 12. In partic-
ular, the front and back views of the MIMO antenna and the
front view of the EBG array are shown in Figs. 12(a), 12(b), and

12(c), respectively. As shown in Fig. 12(d), the overall assem-
bly, 1mm thick layer of foam is kept between the MIMO an-
tenna and the EBG array. Figs. 13(a) and 13(b) present the mea-
sured and simulated results of the proposed quad-port MIMO

147 www.jpier.org



Tamminaina and Manikonda

(a) (b)

(c) (d)

FIGURE 13. MIMO antenna with EBG simulated and measured (a), (b) S11, and (c), (d) Isolation.

(a) (b)

FIGURE 14. MIMO antenna with EBG measured. (a) ECC, (b) DG.
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(a) (b)

FIGURE 15. MIMO antenna with EBG measured. (a) CCL, (b) Radiation Pattern.

antenna with the EBG structure for S11. Figs. 13(c) and 13(d)
show the isolation between ports 1 and 3, S13 => −26.0, and
various isolations. Fig. 14(b) shows the observed directivity
gain (DG) value of 9.99 dB, whereas Fig. 14(a) shows that the
measured ECC value is less than 0.0002. Furthermore, for the
suggested frequency range of 4.4–5.0GHz, Fig. 15(a) shows a
measured CCL of less than 0.2, and Fig. 15(b) shows the asso-
ciated radiation pattern. Notably, the measured results validate
the calculated findings, proving the effectiveness of the sug-
gested MIMO antenna.

4. CONCLUSION
The quad-port MIMO antenna is appropriate for n79 band
5G communication since it runs in the 4.4–5.0GHz frequency
range and is improved with an A-shaped electromagnetic band
gap (EBG) structure on a human phantom model. The per-
formance of the MIMO antenna with EBG is significantly im-
proved compared to that without the EBG structure. Effective
mutual coupling is shown by the−26.0 dB between ports 1 and
3. Additionally, the antenna’s remarkable 78% efficiency and
ECC value of less than 0.0002 demonstrate its improved iso-
lation, efficiency, and appropriateness for 5G communication
applications. With the EBG structure, the CCL is less than
0.05 bits/s/Hz, indicating little interference across signal lines.
Furthermore, for the suggested MIMO antenna with the EBG
positioned on the human phantom model, the specific absorp-
tion rate (SAR) value is significantly decreased to 0.22W/kg
across 10 g of tissue. These observed results successfully verify
the MIMO antenna’s simulated performance parameters, con-
firming its efficacy and appropriateness for 5G communication
applications. In future, the four port MIMO antenna using a
multiband EBG structure can be expanded to the multiband 5G
applications like N77/N78/N79 bands.
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