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ABSTRACT: Electromagnetic energy is being utilized over multiple frequency bands to sustain high speed wireless communication systems
around the globe. As a consequence, living bodies such as humans, animals, plants, and fruits continuously get exposed to electromagnetic
radiation. To safeguard human health, a number of diversified international and national electromagnetic regulatory standards have been
prescribed across geographical boundaries for limiting electromagnetic radiation — specific absorption rate and reference power density
limits have been prescribed by the international organizations to protect humans from immediate thermal effects. However, reference
power density limits differ by ten to hundred times across geographical boundaries depending upon the electromagnetic standards in
effect. Moreover, prescribed reference power density limit also varies with frequency of irradiation. On the other hand, plants and
fruits possess reasonably high permittivity and electrical conductivity that contribute to considerable electromagnetic energy absorption
rates inside typical plant and fruit models. In addition, plants and fruits are primarily asymmetric in nature, and therefore direction of
arrival and polarization of incident electromagnetic field are two additional factors that significantly influence the amplitude and spatial
distribution of specific absorption rate. Therefore, prescribing only the maximum permissible power density limit in far field seems
inadequate. To address these issues, specific absorption rates inside a typical multilayer mango fruits model have been estimated at five
different frequencies in accordance with four different international and national electromagnetic regulatory standards (with contrasting
reference power density limits) — the magnitudes and spatial distributions of specific absorption rates have been quantified and reported
at different frequencies as well as for distinct averaging techniques. Moreover, the impact of direction of arrival and polarization of
incident electromagnetic field on the magnitude and spatial distribution of specific absorption rate has also been investigated. A total of
one hundred and twenty rigorous simulations has been performed, and as a consequence, four hundred and eighty specific absorption rate
data points have been analyzed. Wide disagreement in specific absorption rate data is observed due to variations in four factors mentioned
above, i.e., reference power density, frequency, direction of arrival, and polarization of incident electromagnetic field. Moreover keeping
all the other factors unaltered, specific absorption rate cannot be directly correlated with the reference power density limit primarily due
to non-identical and asymmetric structures of bunch of fruits and plants in most practical scenarios. Thus, observations indicate the
necessity of adopting globally harmonized electromagnetic regulatory standards and direct adoption of specific absorption rate limit for
plants and fruits instead of only the reference power density limits in far field exposure scenario.
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1. INTRODUCTION

igh speed wireless communication services are prime need
Hof the hour in current global scenario where people need
to work from home/remote office location, interact via on-
line meetings; students need to learn using digital classrooms,
etc. Thus with the ever increasing demand of high speed wire-
less telecommunication services and other applications, elec-
tromagnetic energy is being extensively utilized over multiple
frequency bands. As a consequence, all living objects such as
humans, animals, plants, and fruits are being exposed to con-
tinuous electromagnetic radiations from different sources. In
this connection, a number of international and national electro-
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magnetic regulatory standards are in effect worldwide [1-7] —
however, these prescribed standards are quite inconsistent due
to the development based upon significantly diversified back-
grounds, technical specifications, medical inferences, and ob-
jectives to protect life [8, 9]. Some of these standards prescribe
the basic specific absorption rate (SAR) limits along with refer-
ence power density limits to protect human health from imme-
diate thermal effects; a few others aim at mitigating biological
effects of long duration exposure; and the rest are prescribed
to ensure additional precautions against yet unknown health ef-
fects [1-9]. In fact, power density limits prescribed by these
organizations differ by ten to hundred times [8, 9]. In addition,
prescribed reference power density limit also varies with fre-
quency of irradiation [1-7]. Therefore, the impact on electro-
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magnetic energy absorption rates in living biological objects
due to above noted contrast in reference power density limits
should be investigated [8,9]. Recent articles report SAR, i.c.,
the rate at which electromagnetic energy is absorbed in biolog-
ical object while it is exposed to an external incident field in-
creases with frequency of exposure [9—-15].

On the other hand, none of these regulatory organizations
have considered electromagnetic energy absorption in plants
and fruits along with consequent effects while preparing the
standards [1-7,9]. Thus, in actual circumstances, plants and
fruits are being exposed to electromagnetic radiation in accor-
dance with regulatory norms prescribed for humans. Moreover,
plant and fruit tissues possess reasonably high permittivity and
electrical conductivity due to the presence of adequate water
and ion substances [16-23]. It should also be noted that the
effective dielectric properties of plant and fruit tissues are con-
siderably higher than most human tissues primarily because of
higher water content and ion concentration. Therefore, investi-
gating electromagnetic energy absorption rates in terms of SAR
inside different prototype plant and fruit phantoms is an ab-
solute necessity as indicated in literature too [9-15]. More-
over in many cases, plant and fruit structures are multilayer
and asymmetric in nature [9, 12, 15]; hence, direction of ar-
rival and polarization of incident wave are two potential factors
that perhaps can play crucial role in determining magnitude of
SAR value along with its spatial distribution. Thus, it should
be investigated whether prescribing only the maximum refer-
ence power density limits in far field exposure scenario is suf-
ficient, or a basic SAR limit is required for plants and fruits too.
In this connection, a multilayer mango fruits model with con-
nected leaf structure has been reported in literature; the same
demonstrated the dependence of absorbed electromagnetic en-
ergy distribution on direction of arrival and polarization of in-
cident field at two selective frequencies in accordance with the
International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) guidelines [24]. However, the collective impact
of different combinations of reference power density limit, fre-
quency of irradiation, direction of arrival, and polarization of
incident wave on SAR distributions in the multilayer mango
fruits model should be investigated. Hence, this article consid-
erably extends the earlier reported work at three more frequen-
cies and as per four different international and national electro-
magnetic standards in combination with six different directions
of arrival and polarizations of incident electromagnetic field.
Total four hundred and eighty SAR data, obtained from hun-
dred and twenty simulations, have been analyzed in this article
to replicate different possible far field exposure scenarios.

2. MATERIAL CHARACTERIZATION, MODELING AND
SIMULATION

2.1. Dielectric Properties and Material Density Characteriza-
tion Technique

Dielectric properties of any medium are characterized by its
permittivity and electrical conductivity/loss tangent. Permit-
tivity defines the ability of a medium to store energy from
an external incident electric field whereas electrical conductiv-
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ity/loss tangent determines the amount of electromagnetic en-
ergy that gets converted to any other form of energy (in partic-
ular to heat energy). A number of standard measurement tech-
niques are available for characterizing dielectric properties of
materials — however, the choice of suitable technique depends
upon the physical state and dimensions of material under test,
surface smoothness, electrical conductivity range, frequency
of interest, temperature, and required measurement accuracy
limit, etc. [25-27]. The open ended coaxial probe technique
is a well established noninvasive method for characterizing di-
electric properties of biological tissues [22,23,26-29]. The
lumped equivalent circuit for open ended coaxial probe can be
represented by a parallel combination of fringing capacitance
from inner to outer conductor via intervening material inside
the coaxial structure, fringing capacitance from inner to outer
conductor through biological tissue along with radiation con-
ductance that signifies propagation loss through the biological
tissue. The detailed analyses of the equivalent lumped circuit
for open ended coaxial probe are well established in relevant lit-
erature [12,30-36]. Here, the commercial version, i.e., Agilent
Technologies 85070E open ended coaxial dielectric measure-
ment probe has been used along with the Agilent Technologies
E5071B ENA series vector network analyzer to characterize di-
electric properties of green mango pulp, seed, and leaf sam-
ples [9-15,22-24]. Dielectric properties for the above men-
tioned samples have been measured over 20 MHz to 8.5 GHz
frequency spectrum at 25°C. Dielectric properties characteriza-
tion setup has been illustrated in Figs. 1(a) and 1(b), whereas the
measured dielectric properties of different mango tissue spec-
imens have been plotted in Figs. 1(c) and 1(d), respectively.
Dielectric properties have been further summarized in Table 1
at the frequencies of interest along with the measured material
densities for mango pulp, seed, leaf, and twig specimens [24].

TABLE 1. Measured parameters of different mango tissues.

Tissue Pulp Seed Leaf & twig

Density 906.25kg/m* | 914.89kg/m® | 833.33 kg/m’
Frequency Er tan Er tan Er tan d
947.5MHz | 71.72 | 0.171 | 67.00 | 0.148 | 33.61 | 0.309
1842.5MHz | 70.59 | 0.160 | 65.66 | 0.152 | 31.45 | 0.270
2150MHz | 70.24 | 0.178 | 65.32 | 0.174 | 31.00 | 0.270
2350MHz | 70.14 | 0.182 | 65.29 | 0.182 | 30.67 | 0.272
2450 MHz | 69.88 | 0.190 | 65.01 | 0.192 | 30.63 | 0.277

2.2. Prototyping a Typical Bunch of Mango Fruits and SAR Sim-
ulation Setup

An indigenous multilayer prototype for a bunch of two mango
fruits has been developed in CST MWS 2014, which is reported
in recent literature [24, 37]. The prototyped model is composed
of mango pulp, seed, twigs, and leaf weighing around 235 g
mass along with a volume of 260 cm?. The complex geometric
structure shown in Fig. 2(a) and the low quality factor due to
lossy dielectric layers inside the multilayer fruits model have
led to the choice of time domain solver for achieving a ro-
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FIGURE 1. (a) Dielectric properties measurement setup for mango pulp, (b) close-up view of dielectric properties measurement setup for mango pulp,
(c) measured permittivity for different mango tissues over broadband, and (d) measured loss tangent for different mango tissues over broadband.

bust mesh distribution. This time domain solver is developed
based on a computational numerical method called Finite Inte-
gration Technique (FIT) — it was first introduced way back in
1977 [38, 39]. The Maxwell’s integral equations are discretized
and solved using numerical techniques inside the prototyped
multilayer fruits model, i.e., the desired solution space. The
whole prototyped multilayer mango fruits model is discretized
in space with infinitesimal hexahedral meshes of variable size
— one wavelength of spatial distance inside the dielectric lay-
ers is subdivided into 20 segments. The typical mesh cell count
for the above mentioned bunch of mango fruits is observed to
be around 6.5 lakh — moreover, the average mass of individ-
ual mesh cell is around 0.0015 g. Four perfectly matched layers
with 10~ reflection coefficient have been used as electromag-
netic absorbing boundaries. Separation between the prototyped
bunch of mango fruits structure and the absorbing boundary
wall has been set negligible by choosing appropriate boundary
conditions — thus, the plane wave can be excited very close to
the prototyped structure [9]. Next, the above mentioned bunch
of mango fruits has been exposed to linearly polarized plane
waves with different combinations of directions of propagation
and wave polarizations at five different frequencies (refer to
Fig. 2(b)). After satisfying the steady state energy criterion,
an inverse transformation precision of —40 dB has been pre-
ferred in all the time domain simulations to obtain the frequency
domain responses [9,37]. Maximum local point SAR (MLP
SAR), 1 g averaged SAR, 10 g averaged SAR, and whole body
averaged SAR (WBA SAR) data have been simulated in ac-
cordance with four different international and national electro-
magnetic standards for different directions of incidence and po-
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larizations of incident field [1-4, 9]. All together, one hundred
and twenty electromagnetic simulations have been performed
— next, four hundred and eighty SAR data points have been
analyzed in subsequent steps. All reported SAR data have been
evaluated using the most updated IEEE/IEC 62704-1 SAR av-
eraging protocol [9, 37,40]. As described in this protocol, once
the Maxwell’s integral equations have been solved, and elec-
tric field strengths on the edges of a grid cell are known, the
average electric fields along all three axes are calculated. Next,
the effective electric field at the grid centre is obtained and fur-
ther utilized to calculate point SAR = o|E|?/2p. Here, o is
the electrical conductivity of the tissue, E' the effective peak
electric field strength at the grid centre, and p the tissue den-
sity. Next, a cubical volume is uniformly expanded along all
three axes centering a particular grid cell to achieve the desired
SAR averaging mass. In a few cases, this cubical volume can
include at most 10 percent background material near the struc-
tural boundaries, but the background material mass is not taken
into consideration to achieve the averaging mass. Thus, 1 g or
10 g averaged spatial SAR values have been calculated for a
particular grid cell — this averaging technique is repeated po-
sitioning each valid grid cell at the centre of the averaging cube.
Finally, 1 g or 10 g averaged spatial SAR distributions on and
inside the prototyped mango fruits model have been obtained
using the earlier calculated spatial averaged SAR data of all in-
dividual grid cells in the prototyped structure. This is how spa-
tial SAR averaging has been performed in accordance with the
IEEE/IEC 62704-1 SAR averaging protocol — more detailed
descriptions are available in literature [9, 40].
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FIGURE 2. (a) Three dimensional perspective of the designed bunch of mango fruits model with marked coordinates, (b) the bunch of mango fruits
model is exposed to a linearly polarized plane wave propagating along = axis and electric field along z axis, (¢) 1 g SAR distribution on three
dimensional surface of the bunch of mango fruits model at 2.45 GHz as per the existing Indian public scenario, (d) 1 g SAR distribution on a two
dimensional cut plane of the bunch of mango fruits model at 2.45 GHz as per the existing Indian public scenario.

3. INTERNATIONAL AND NATIONAL ELECTROMAG-
NETIC EXPOSURE STANDARDS

With the increasing utilization of wireless communication sys-
tems, investigations on electromagnetic energy absorption rates
and consequent effects in humans along with other living bod-
ies are being conducted worldwide [9-15,41-66]. However,
research studies are being conducted primarily on humans and
animals with little emphasis on plants, crops, and fruits [41-
58]. It should be noted that the SAR values as well as linked
biological effects are expected to differ depending upon field
strength even at a particular frequency. Therefore, different
international and national electromagnetic standards together
with their contrast should be discussed before investigating the
SAR distributions in the designed bunch of mango fruits model
for different combinations of directions of incidence and wave
polarizations.

Significant contrast in the premises, medical backgrounds,
technical specifications, and the purposes of different interna-
tional and national electromagnetic standards is always there. It
is because some standards are developed to mitigate immediate
thermal effects, a few others aim at minimizing the non-thermal
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biological consequences over extended duration, and the rest
have been prescribed on the basis of precautions against yet un-
known effects on humans [8, 9]. However, none of these stan-
dards have been prescribed to safeguard plants. Global electro-
magnetic standards prescribed by the Federal Communications
Commission (FCC) and ICNIRP have been adopted worldwide
in many countries to counter possible human health risks [1, 2].
However, the reference power density (below 2 GHz) and ba-
sic SAR limits prescribed by these two organizations are not
in exact agreement. In contrast, recent reported SAR data for
different human models along with the possible consequences
have raised concerns among the scientists and common public
in selected countries [41-61, 67]. In response, some countries
like India, Switzerland, etc. have adopted much stricter national
regulatory policies [3,4,9]. As a consequence, the plane wave
equivalent reference power density limits at public zone differ
by ten to hundred times across geographical boundaries based
on the regulatory standards in effect (refer to Table 2) [8, 9]. It
should also be noted that the public exposure policies in Russia,
Italy, etc. are very strict like in Switzerland, thus, those electro-
magnetic policies have not been discussed separately [5-9].
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TABLE 2. Overview of different international and national electromagnetic exposure regulatory standards [1-4,9].

Reference power density limit (W/m?)

Frequency (MHz) Occupational Public
FCC | ICNIRP | FCC | ICNIRP | India | Swiss
947.5 31.58 23.69 6.32 4.74 0.47 | 0.047
1842.5 50 46.06 10 9.21 0.92 | 0.092
2150 50 50 10 10 1 0.1
2350 50 50 10 10 1 0.1
2450 50 50 10 10 1 0.1

TABLE 3. Comparative SAR data at 947.5 MHz for different directions of arrival and polarizations of incident wave.

Frequency 947.5 MHz

Direction and polarization _FCC ICNIRP India Swiss
of incident wave MLP lg 10g MLP g 10g MLP Ig 10g MLP g 10g
SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR  SAR SAR
DoP: y = 1, E-field: z axis 697 087 047 522  0.65 0.35 0.52 0.06 0.035 0.05 0.006  0.003
DoP:y = -1, E-field: z axis 7.06 087 047 530 065 035 053 006 0.035 005 0006 0.003
DoP: x = 1, E-field: z axis 6.55 1.06 0.61 491 0.80 0.46 0.49 0.08 0.046 0.04 0.008  0.004
DoP: x = -1, E-field: z axis 734 101 0.59 5.51 0.76 0.44 0.55 0.07 0.044 0.05 0.007  0.004
DoP: z = -1, E-field: y axis 138 041 0.20 1.03 0.31 0.15 0.10 0.03 0.015 0.01 0.003  0.001
DoP: z= -1, E-field: x axis 18.77 3.09 093 14.08 2.32 0.70 1.40 0.23  0.070 0.14 0.023  0.007
SAR is in W/Kg

TABLE 4. Comparative SAR data at 1842.5 MHz for different directions of arrival and polarizations of incident wave.

Frequency 1842.5 MHz

Direction and polarization FCC ICNIRP India Swiss
of incident wave MLP Ig 10g MLP g 10g MLP lg 10g MLP Ig 10g
SAR  SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR
DoP: y =1, E-field: z axis 636 184 056 586 1.69 051 058 0.16 0.051 005 0016 0.005
DoP: y = -1, E-field: z axis 595 101 046 548 093 043 054 009 0043 005 0.009 0.004
DoP: x =1, E-field: z axis 2223 2119 094 2048 202 086 2.04 020 0.087 020 0.020 0.008
DoP: x=-1, E-field: zaxis ~ 22.61 190 083 2083 175 0.77 2.08 0.17 0.077 020 0.017 0.007
DoP: z = -1, E-field: y axis 239 131 063 220 121 058 022 0.12 0.058 0.02 0.012 0.005
DoP: z=-1, E-field: x axis ~ 16.11 230 1.11 14.84 212 1.02 148 021 0.102 0.14 0.021 0.010
SAR is in W/Kg

TABLE 5. Comparative SAR data at 2150 MHz for different directions of arrival and polarizations of incident wave.

Frequency 2150 MHz
Direction and polarization FCC ICNIRP India Swiss
of incident wave MLP g 10g MLP g 10g MLP g 10g MLP g 10g
SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR
DoP: y = 1, E-field: z axis 6.06 255 072 6.06 255 0.72 059 025 0.072 0.06 0.025 0.007
DoP: y = -1, E-field: z axis 520 1.10 046 520 1.10 046 051 010 0.046 0.05 0.011 0.004
DoP: x = 1, E-field: z axis 2053 277 090 2053 277 090 206 027 0.089 020 0.027 0.008
DoP: x = -1, E-field: z axis 1821 154 0.61 1821 154 0.61 1.80 0.15 0.061 0.18 0.015 0.006
DoP: z= -1, E-field: y axis 240 120 045 240 120 045 0240 0.12 0.045 002 0.012 0.004
DoP:z=-1, E-field: x axis 1642 239 1.06 1642 239 1.06 1.62 023 0.106 0.16 0.023 0.010
SAR is in W/Kg

4. SAR RESULTS AND ANALYSES

The dependence of SAR magnitude and its distribution inside
the typical bunch of mango fruits model on reference power
density limit, frequency of irradiation, direction of arrival, and
wave polarization has been investigated in this work. How-
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ever, a prior discussion on the typical SAR distribution on
three dimensional external surface and on specific internal cut
plane of the bunch of mango fruits model is deemed necessary.
Figs. 2(c) and 2(d) illustrate 1 g averaged SAR distributions re-
spectively on three dimensional surface and on specific two di-
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TABLE 6. Comparative SAR data at 2350 MHz for different directions of arrival and polarizations of incident wave.

Frequency 2350 MHz
Direction and polarization _FCC ICNIRP India Swiss
of incident wave MLP g 10g MLP Ig 10g MLP g 10g MLP Ig 10g
SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR
DoP: y = 1, E-field: z axis 740 3.02 0.81 740 3.02 081 0.71 029 0.080 0.07 0.030 0.008
DoP: y = -1, E-field: z axis 631 100 045 631 1.00 045 0.61 0.10 0.045 006 0.010 0.004
DoP: x = 1, E-field: z axis 21.76 324 089 21.76 324 0.89 209 031 0.088 0.21 0.032 0.008
DoP: x = -1, E-field: z axis 17.87 123 049 17.87 123 049 1.73  0.12 0.050 0.17 0.012 0.004
DoP: z= -1, E-field: y axis 298 151 046 298 151 046 029 0.14 0.046 0.02 0.015 0.004
DoP: z= -1, E-field: x axis 14.02 2.61 1.07 14.02 2.61 1.07 1.39 025 0.106 0.13 0.026 0.010
SAR is in W/Kg

TABLE 7. Comparative SAR data at 2450 MHz for different directions of arrival and polarizations of incident wave.

Frequency 2450 MHz
Direction and polarization FCC ICNIRP India Swiss
of incident wave MLP 1g 10g MLP g 10g MLP g 10g MLP g 10g
SAR SAR  SAR SAR SAR SAR SAR SAR SAR SAR SAR SAR
DoP:y =1, E-field: z axis 820 336 087 820 336 087 082 033 0.087 008 0033 0.008
DoP: y = -1, E-field: z axis 781 1.05 043 781 1.05 043 0.78 0.10 0.043 0.07 0.010 0.004
DoP: x = 1, E-field: z axis 2411 3.56 092 24.11 356 092 241 035 0.092 024 0.035 0.009
DoP: x = -1, E-field: z axis 1730  1.09 044 1730 1.09 044 1.73 0.10 0.044 0.17 0.011 0.004
DoP: z= -1, E-field: y axis 297 1.68 045 297 1.68 045 029 0.16 0.045 0.03 0.016 0.004
DoP: z= -1, E-field: x axis 1576 2,69 1.08 1576 2.69 1.08 1.57  0.26 0.10 0.15 0.026 0.010
SARis in W/Kg

mensional cut plane of prototyped bunch of mango fruits model
at 2.45 GHz as per the existing Indian public exposure scenario.
The SAR distributions are consequences of linearly polarized
plane wave irradiation with the direction of propagation along
the x axis and electric field variation along the z axis. It is
observed that the SAR value increases on and around regions
with higher curvature or near dielectric boundaries, because the
magnitude of charge accumulation tends to increase on surface
region with greater curvature as obtained by solving Poisson’s
equation on and around the surface of an arbitrary shaped struc-
ture [68]. Local electric field distribution also follows a similar
pattern due to such nonuniform charge distribution, i.e., electric
field strength at regions with greater charge density is greater
in magnitude [69]. This phenomenon of concentrated electric
field near sharp edges is not only true for conducting bodies
but also applies to dielectric objects with reasonably high elec-
trical conductivity/loss tangent [70]. Analysis of the scattering
problem, i.e., scattering of incident electromagnetic field due
to a lossy dielectric body, generally leads to an electric field
distribution or equivalent induced surface current density that
prefers to be in close vicinity of sharp edges — magnitude of
surface current distribution is more in close vicinity of greater
surface curvature. Hence, increased electromagnetic energy ab-
sorption rate near sharp geometries of prototype bunch of man-
goes can cause localized effects, and it should not be averaged
over nearby masses with less electromagnetic energy absorp-
tion rates [9].

Next, let’s consider the effect of reference power density
limit which is regulated by the electromagnetic standards in ef-
fect; SAR data have been estimated for the prototyped bunch
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of mango fruits model over five different frequencies in accor-
dance with the FCC and ICNIRP prescribed international public
exposure standards [1, 2]. In addition, SAR data have also been
simulated as per the existing Indian and Swiss national electro-
magnetic regulatory policies (refer to Table 2) [3,4,9]. It is
noted that for a particular combination of frequency, direction
of incidence, and wave polarization, SAR values for the bunch
of mango fruits model are widely contrasting in nature depend-
ing upon the reference power density limit (i.e., the regulatory
standards) in effect [9]. Data presented in Table 3 to Table 7 il-
lustrate that SAR value increases proportionately with the pre-
scribed reference power density limit irrespective of frequency
of irradiation. Thus, be it MLP SAR, 1 g averaged SAR or 10 g
averaged SAR, it is always maximum corresponding to pub-
lic exposure in accordance with the FCC standards; however,
SAR data are also quite high as per the ICNIRP norms for pub-
lic exposure (below 2000 MHz) and at par with the FCC stan-
dards beyond 2000 MHz. Simulated SAR data in accordance
with the existing Indian scenario are moderate at 1/10™ levels
of the ICNIRP scenario [3, 9]. The most stringent SAR values
are noted as per the Swiss public exposure standards at 1/100%
levels of the ICNIRP scenario [4, 9]. Both reference power den-
sity and SAR value are dependent upon second degree of elec-
tric field strength magnitude at their respective points of mea-
surement [ 1-4, 9—15]; hence, contrast in SAR value for the de-
signed bunch of mango fruits model exactly follows contrasting
nature of the reference power density limits as per the above
mentioned international and national electromagnetic regula-
tory standards [1-4, 9].
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FIGURE 3. SAR data as per the FCC public electromagnetic standards (a) to (c) MLP SAR, 1g averaged, and 10 g averaged SAR distribution
at 947.5 MHz due to variations in direction of arrival and polarization; (d) to (f) MLP SAR, 1g averaged, and 10 g averaged SAR distribution
at 1842.5 MHz due to variations in direction of arrival and polarization; (g) to (i) MLP SAR, 1g averaged, and 10 g averaged SAR distribution
at 2150 MHz due to variations in direction of arrival and polarization; (j) to (1) MLP SAR, 1 g averaged, and 10 g averaged SAR distribution at
2350 MHz due to variations in direction of arrival and polarization; (m) to (o) MLP SAR, 1g averaged, and 10 g averaged SAR distribution at

2450 MHz due to variations in direction of arrival and polarization; (p) WBA SAR data over all five frequencies due to variations in direction of
arrival and polarization.

TABLE 8. Typical Max-to-Min SAR ratio for different combinations of direction of arrival and polarization of incident wave.

Typical Max/Min SAR ratio for
Frequency (MHz) di.fferent combi.nati.ons of .dir.ection of
arrival and polarization of incident field
MLP SAR | 1gSAR | 10g SAR | WBA SAR
947.5 13.66 7.48 4.66 4.16
1842.5 9.46 227 2.37 1.79
2150 8.55 2.51 2.35 1.52
2350 7.30 3.24 2.37 1.45
2450 8.11 3.39 2.51 1.32
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FIGURE 4. SAR data as per the existing Indian public electromagnetic standards (a) to (c¢) MLP SAR, 1 g averaged, and 10 g averaged SAR distribution
at 947.5 MHz due to variations in direction of arrival and polarization; (d) to (f) MLP SAR, 1 g averaged, and 10 g averaged SAR distribution at
1842.5 MHz due to variations in direction of arrival and polarization; (g) to (i) MLP SAR, 1 g averaged, and 10 g averaged SAR distribution at
2150 MHz due to variations in direction of arrival and polarization; (j) to (1) MLP SAR, 1g averaged, and 10 g averaged SAR distribution at
2350 MHz due to variations in direction of arrival and polarization; (m) to (o) MLP SAR, 1g averaged, and 10 g averaged SAR distribution at
2450 MHz due to variations in direction of arrival and polarization; (p) WBA SAR data over all five frequencies due to variations in direction of

arrival and polarization.

Frequency of irradiation is the second factor that signifi-
cantly contributes to the SAR magnitude variation along with
its distribution in the prototyped bunch of mango fruits model.
Keeping all other factors unchanged, SAR magnitude in gen-
eral varies with the frequency of irradiation as noted in Table 3
to Table 7 [9—15]. Moreover, the spatial SAR distribution along
with the position of maximum SAR shifts inside the prototyped
bunch of mango fruits model with frequency of irradiation, as
illustrated in Figs. 3(a) to 3(p), and Figs. 4(a) to 4(p). The
realized wavelength inside biological tissue layers decreases
with the increase in frequency of irradiation; as a consequence,
more peak formations occur inside the bunch of mango fruits
model. Moreover, the maximum permissible reference power
density limit increases with frequency of irradiation up to either
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1500 MHz or 2000 MHz depending upon the guidelines in ef-
fect [1-4]; both these factors influence resultant SAR value [9—
15,24]. As a consequence, 1 g and 10 g averaged SAR values
considerably increase from 947.5 MHz to 1842.5 MHz (as seen
in Table 3 to Table 4) and thereafter vary at a lower rate with
frequency of irradiation.

The magnitude of electromagnetic energy absorption rate
and its distribution not only depend upon the reference power
density limit and frequency of irradiation — rather, the di-
rection of arrival and polarization of incident wave are also
two crucial factors in determining SAR value and its distribu-
tion [24]. It is because plant and fruit structures are mostly
asymmetric in nature. Observations in Figs. 3(a) to 3(p),
Figs. 4(a) to 4(p), and Tables 3-8 indicate that the magnitudes
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of MLP SAR, 1 g averaged SAR, 10 g averaged SAR, and their
distributions significantly differ due to six different combina-
tions of direction of arrival and polarization of incident wave.
The respective maximum variations in MLP SAR, 1g aver-
aged SAR, 10 g averaged SAR, and WBA SAR are 9.46 times,
2.27 times, 2.37 times, and 1.79 times at 1842.5 MHz due to
alterations in direction of arrival and incident wave polariza-
tion. Similar variations in electromagnetic energy absorption
rate due to different combinations of direction of arrival and
polarization of incident wave are observed at all the other fre-
quencies as well (refer to Table 8). A similar trend, indicating
the dependence of electromagnetic energy absorption rate on
the direction of arrival and wave polarization, has also been re-
ported at selected frequencies in a recent article [24].

The reported data in Table 8 strongly indicate that limiting
the reference power density level or the equivalent electric field
strength is inadequate to correlate with SAR value and ensure
safety of plants, crops, and fruits in far field region because
electromagnetic energy absorption rate in asymmetric bunch of
mango fruits model is largely dependent upon the direction of
arrival and polarization of incident wave. Hence, direct adop-
tion of basic SAR limit for all living bodies including plants,
crops, and fruits is more logical even in far field.

5. DISCUSSION

The strength of this investigation lies in the fact that the im-
pact of wide variation in prescribed power density, frequency
of exposure, direction of arrival, and polarization of incident
wave on spatial SAR distribution inside the typical multilayer
mango fruits model has been exclusively demonstrated. Spa-
tial SAR distribution, at the interface of distinct tissue layers,
i.e., mango pulp and mango seed, has been illustrated in this
article (refer to Fig. 2(d)) — the impedance mismatch at the
dielectric tissue layer interface plays a fundamental role. Fur-
thermore, reported fold change in SAR data due to contrast in
different international and national reference power density lev-
els is generic and therefore applies to all living biological bod-
ies [1-8]. Simulated SAR data can be a good reference point
for validation through practical measurements. Further work is
in progress on mango tissue equivalent phantom liquid prepa-
ration for practical SAR measurement [71]. However, custom
made phantom shell preparation for the designed mango fruits
model is challenging — the leaf structure is thin, and field per-
turbation with probe can affect measured data. Dielectric prop-
erties of mango tissues are dependent on fruit maturity level —
thus, sample-to-sample variation in measured dielectric prop-
erties will also be reflected in simulated SAR results. Cumu-
lative measurement uncertainties have been attempted to mini-
mize by choosing appropriate fruit specimens and sensibly fix-
ing instrument setup [72]. This work establishes the fact that
plants and fruits are capable of absorbing significant amount
of incident electromagnetic radiation in global exposure sce-
narios [1-7]. This observation is in line with relevant articles
published in recent times [9-15, 24, 72, 73]. Hence, global pol-
icymakers should promote further research on subsequent bio-
logical effects at plant physiological as well as molecular levels
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and revise existing electromagnetic exposure policies based on
the findings [62—66].

6. CONCLUSION

All reported SAR data have been estimated for public exposure
in accordance with different international and national electro-
magnetic standards (prescribed for humans). However, it must
be noted that the reference power density limits are much lib-
eral in the case of occupational exposure scenario; as a conse-
quence, estimated SAR values would increase five times or so
for such exposure scenario. Furthermore, SAR values are ad-
ditive in nature over multiple frequency bands of irradiation;
hence, restriction should also be imposed to limit the cumula-
tive SAR value instead of SAR estimated for a single frequency
of irradiation.

Electromagnetic energy absorption rate inside the prototyped
bunch of mango fruits model varies considerably depending
upon each of these factors — i.e., reference power density, fre-
quency, direction of arrival, and polarization of incident wave.
Proportionate disagreement in SAR magnitude due to discrep-
ancy in reference power density limit as per the different inter-
national and national guidelines indicates the need of uniform
regulatory guidelines worldwide. In addition, magnitude as
well as spatial distribution of SAR varies significantly with the
frequency of irradiation. In general, SAR magnitude increases
with the frequency of irradiation because of enhanced reference
power density limits (up to either 1500 MHz or 2000 MHz de-
pending upon the guidelines in effect) and increased number of
peak formations due to reduced wavelength in biological tis-
sues. Plant and fruit structures are reasonably asymmetric in
nature — as a consequence, magnitude and spatial distribution
of SAR inside the bunch of mango fruits model crucially vary
with direction of arrival and polarization of incident wave. The
ratios of maximum SAR magnitude to minimum SAR magni-
tude at different frequencies are quite significant, as reported in
Table 8. In addition, significant variations in spatial SAR dis-
tribution due to different directions of arrival and polarizations
of'incident wave have also been reported. Hence, uniform elec-
tromagnetic regulatory standards should be adopted worldwide
to ensure the safety of plants, fruits, and crops in addition to
humans. Furthermore, direct adoption of maximum allowable
SAR limits is also recommended for plant and fruit structures
as those are quite asymmetric in nature.
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