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ABSTRACT: In today’s era of wireless communication, interaction of electromagnetic energy and living biological systems is unavoidable
— both in far field and in near field of the radiating antenna. Consequent basic safety limits on radiation levels are enforced through
Specific Absorption Rate (SAR) limits. Practical measurement and validation of these SAR values require the deployment of phan-
tom models containing tissue equivalent dielectric liquids — these liquids are conventionally single layer and homogeneous in nature.
However, structured basis to formulate these custom made homogeneous phantom liquids representing arbitrary combinations of stacked
tissue layers has not been properly reported in literature. To address the issue, this paper develops and illustrates a novel structured tech-
nique to define equivalent permittivity and loss tangent of homogeneous phantom liquid representing arbitrary combinations of stacked
tissue layers — both in far field and in near field exposure scenarios. Electric field distribution and later on point SAR distribution inside
different tissue layers have been attempted to replicate as closely as possible using equivalent homogeneous phantom liquid with properly
tuned permittivity and loss tangent values. The fitting procedure involves minimization of the absolute/normalized maximum difference
(of electric field and point SAR) between the original multilayer tissue and the modelled single layer homogeneous equivalent. This gen-
eralized technique is applied to two distinct multilayer (four layers are considered) biological models at 2.45 GHz where one is composed
of four layers of equal thicknesses while the other one has four layers with unequal thicknesses. Moreover, the proposed technique has
been tested and validated in the two abovementioned multilayer biological models for both far field (plane wave irradiation) and near
field (in close proximity to antenna) exposure scenarios. This technique is quite successful in achieving equivalent dielectric liquids in
which original point SAR data and its overall distribution across different layers can be realistically replicated while attempting point
wise matching at several spatial points. In some cases, the original electric field/point SAR values are achieved with reduced precision
near layer interfaces with significant dielectric contrast. Thus, the proposed technique can significantly contribute to accurately measure,
validate, and reflect the true spatial SAR distributions in original multilayer biological models using the derived homogeneous tissue
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equivalent phantom liquids.

1. INTRODUCTION

ue to immense use of wireless communication systems
Dover wide frequency spectrum, close interactions of elec-
tromagnetic energy and biological systems is unavoidable. This
interaction mechanism can happen either in far field [1-8] or
in near field [9-15] of the radiating structure depending upon
applications. Living biological bodies are exposed to far field
plane wave irradiation from cell tower antennas [1-8], whereas
particularly the humans are exposed to near field emissions
from cell phones and other body-centric electromagnetic de-
vices [9—15]. Thus, the need to quantify electromagnetic en-
ergy absorption rate due to plane wave incidence is equally
important as in cases of near field exposure close to the an-
tenna. To quantify the amount of interaction in terms of elec-
tromagnetic energy, a term ‘Specific Absorption Rate (SAR)’
is coined in literature [16-20]; it is defined as the rate at which
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electromagnetic energy is absorbed per unit mass of a living
biological prototype while it is exposed to an external electro-
magnetic field. SAR value depends upon shape of the living
object, number of distinguishable layers, dielectric properties
of individual layer, material density of each layer, and incident
electric field strength [1-15]. With knowledge of these param-
eters, point SAR can be computed using standard electromag-
netic solvers [21]. Mathematical expression for point SAR is
o|E|?/2p — where o is the electrical conductivity of tissue, £
the peak electric field strength developed inside tissue, and p
the tissue density. Thus, point SAR largely depends on the sec-
ond degree of peak electric field strength developed inside bio-
logical tissue — as a consequence, practical electric field prob-
ing inside biological prototype is an absolute requirement for
SAR measurement. During practical measurement, invasive
techniques involving insertion of electric field probes inside
living biological tissue are avoided vide medical ethical guide-
lines. To circumvent this issue, attempts have been made to for-
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mulate and define an equivalent homogeneous liquid with pre-
defined dispersive dielectric properties [10, 16, 18, 19,22-25].
Initially, human head phantom liquid was proposed to be of av-
erage dielectric properties between grey matter and white mat-
ter for SAR measurement [10,22,23]. Later on, an equivalent
dielectric liquid recipe was proposed based on an average of the
permittivity of all tissue layers and tuning conductivity to match
1 gor 10 g averaged SAR value in specific model [24]. Simi-
larly, another group proposed a set of head equivalent phantom
liquids based on matching the maximum value of 10 g averaged
SAR with tuned dielectric properties [25]. However, none of
these techniques attempted to match the electric field or point
SAR distribution inside original multilayered model and the
equivalent homogeneous phantom liquid. Researchers are yet
to address alignment of point SAR distributions between orig-
inal multilayer model and equivalent homogeneous liquid on
three dimensional basis. Moreover, SAR estimation in different
plant and fruit models due to plane wave exposure (far field) is
another contemporary research topic [1-8] — thus, multilayer
plant/fruit tissues equivalent homogeneous phantom liquid for-
mulation is an additional research challenge. To date, there
is no generalized and structured framework to define dielec-
tric properties of equivalent phantom liquid based on dielec-
tric properties, thickness, stacking distribution, and geometric
shape of original biological layers, and of course irrespective of
far field or near field exposure scenarios. Consequently, there
is dire need for a generalized technique to synthesize equivalent
phantom liquids with customized permittivity and loss tangent
for arbitrary combinations of stacked tissue layers either in far
field or in near field exposure conditions. With SAR measure-
ment being the primary objective, any chosen figure of merit
for such synthesis should be based on realistic spatial matching
of point-wise SAR or the electric field distributions internal to
the biological structure.

This work aims at developing a novel generalized and struc-
tured technique to determine effective dielectric properties of
homogenous liquid equivalent to a multilayer tissue models for
accurate SAR measurement. Moreover, the proposed technique
should accurately tune dielectric properties of the tissue equiva-
lent liquid both in far field exposure scenario due to plane wave
irradiation and in near field scenario, i.e., close to the trans-
mitting antenna. Electric field and point SAR distributions in
original multilayer model are taken into account while the basis
towards structured technique is developed. Thickness, relative
positioning, and geometric shape of each tissue layer are also
considered while equivalent dielectric properties of the homo-
geneous phantom liquid are computed. The technique is de-
veloped in such a way that it works at any frequency of inter-
est. Once developed, this technique is applied to two problems
having four layers with different permittivity and loss tangent
values. In one case, the layers are of equal thickness, and in
the other, those are unequal. Furthermore, the proposed tech-
nique is applied on the above-mentioned multilayer biological
models for both plane wave irradiation in far field scenario and
in close proximity to transmitting antenna for testing near field
scenario — thus, the generic nature of the novel technique is
validated. Appropriate permittivity and loss tangent values for
the multilayer tissue equivalent homogeneous phantom liquids

are computed for two different tissue combinations and two ex-
posure scenarios.

2. PROPOSED TECHNIQUE TO FORMULATE EQUIVA-
LENT DIELECTRIC PROPERTIES OF MULTILAYER BI-
OLOGICAL BODY FOR SAR MEASUREMENT

Point SAR at a location inside biological tissue depends on the
electric field strength developed at that point, electrical conduc-
tivity, and material density of the tissue.

Figure 1(a) illustrates the original problem composed of an
n-layer (layer names L, to L,,, respectively) tissue model with
respective layer thicknesses and material densities of zj, 2, 23,
vy zn, and p1, p2, p3, ..., pn. All layers have equal dimensions
along x (—z/2 to +x/2) and y (—y/2 to +y/2) axes and are
of electrically large cross sections at the frequency of interest.
Now, there are two possible exposure scenarios, i.e., either a far
field plane wave passes through the n-layer tissue model or an
antenna radiates in close proximity to the same n-layer tissue
model. In far field exposure scenario, a linearly polarized plane
wave with direction of propagation along z axis and electric
field directed along x axis impinges on the first layer (L;) and
propagates through subsequent layers (L, to L,,, respectively).
In the other case, a simple rectangular microstrip antenna radi-
ates in fundamental mode along z axis (broadside direction) in
close proximity (near field) of the first layer (L), and the fields
further interact with the subsequent tissue layers, i.e., L, to
L, respectively. Fig. 1(b) shows the equivalent homogeneous
problem with single dielectric layer of permittivity .., loss tan-
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FIGURE 1. (a) Linearly polarized plane wave impinges on n-layer tis-
sue model, and (b) equivalent homogeneous phantom model with sin-
gle dielectric layer of thickness z;.
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gent tan J, thickness z; (where z; = 21+ 2+ 23+...+2,), and
material density p. (depends upon choice of equivalent phan-
tom medium based on original multilayer dielectric model).
Primary objective is to find out €, and tan§ so that the elec-
tric field and point SAR distributions along central coordinate
points (x =0,y =0,z =010 21 + 25 + 23 + ... + 2,,) inside
the multilayer model and the homogeneous model are spatially
similar — however, the exactly same electric field and point
SAR distributions cannot be attained using homogeneous lig-
uid in particular around the original dielectric interfaces.

Initially, the maximum difference between the electric field
distribution curves of the original n-layer model and equivalent
phantom liquid with parametric permittivity and loss tangent is
minimized. A position dependent (z dependent) cost function
fi(jky computed at (z = 0, y = 0) is defined as the absolute
difference between two electric field distribution curves. This
function is expressed as follows:

k) = |Bicorg) = Bitk)eq| (a)

jvaries from0to 2z + 20 + 23 + ... + 2,
J represents tuned permittivity value
k represents tuned loss tangent value

Here, Ej(org) and Ej(ji)eq are respective magnitudes of peak
electric fields at the sth location in original n-layer model and
equivalent homogeneous phantom liquid.

Coordinate location at which f;(;) is observed to be maxi-
mum, is unique for each combination of permittivity and loss
tangent of the equivalent liquid. A figure of merit is defined as
the maximum value of f;(;y, i.e., Max(f;(r))-

Figure of merit = Max (f;(;x)) (1b)

This requires to be minimized by tuning effective permittivity
(7) and loss tangent (k) of equivalent homogeneous phantom
liquid.

In the case of the original multilayer problem, the magni-
tude of electric field is usually maximum in the first layer (L)
and is large compared to subsequent layers (L, to L,,, respec-
tively). Consequently, the figure of merit definition in (1b) is
dominated by the first layer itself, and the eventual equivalent
dielectric properties are biased toward the L characteristics —
very little priority is assigned to the subsequent layers. To over-
come this anomaly, a modified figure of merit is defined based
on maximum fractional difference between electric field dis-
tribution curves of original n-layer model and equivalent ho-
mogeneous phantom liquid. This new basis would avoid un-
necessary priority allotted to initial layers. A new z-coordinate
dependent dimensionless function fi’(jk) at(z =0,y = 0)is
introduced in (2a) as

Figmy = |(Bitorg) = Eiityea) / Fiorg)| (2a)
Modified figure of merit is defined as the maximum value of
Fiiny> 16 Max(fi )

Figure of merit = Max(f{ ;) (2b)

Next, the basis is further revised in view of taking care of di-
rect difference in point SAR distribution rather than peak elec-
tric field distribution. Point SAR varies with squared magni-

tude of electric field strength developed inside biological tissue
layers (SAR = o|E|?/2p where o is the tissue conductivity,
E the peak electric field developed inside tissue layer, and p
the tissue density). It is argued that a formulation framework
based on point SAR would be more appropriate than using the
electric field directly as SAR is the standard metric to corre-
late with electromagnetic energy absorption rate in biological
objects. Consequently, a different function (g;(;1)) at (z = 0,
y = 0) is introduced as the absolute difference between two
point SAR distribution curves for different coordinate points
on z axis. Figure of merit is defined as the maximum value of
Gi(jk)» 1-€., Max(g;(;x)) »and the same needs to be minimized.

9i(jk) = |point SAR point SAR; (j1eq (3a)

i(org) —

Figure of merit = Max(g;(;)) (3b)
During the final stage, maximum fractional difference between
two point SAR distribution curves (at x = 0, y = 0) is mini-

mized for finalizing dielectric properties of the equivalent ho-
mogeneous phantom liquid.

Giry = ’(pomt SAR(,r;) — point SAR ., )

/point SAR; (4a)

org)

This figure of merit is defined as maximum value of dimension-
less function gg(jk), ie., Max(g;(jk)).

Figure of merit = Max(g; ;) (4b)

It should be noted that the proposed technique is generalized
for any number of layers, individual layer thickness, dielectric
properties of each layer, material density of each layer, fre-
quency of operation, far field as well as near field exposure,
incident electric field strength, and shape of multilayer biolog-
ical object.

3. MULTILAYER EQUIVALENT DIELECTRIC PROP-
ERTIES OF HOMOGENEOUS PHANTOM LIQUID FOR
PLANE WAVE EXPOSURE IN FAR FIELD SCENARIO

3.1. A Typical Four Layer Model with Equal Layer Thickness
(Plane Wave Exposure)

The proposed technique outlined in the last section is now ap-
plied to a four layer (L; to L4) tissue model with different per-
mittivity and loss tangent values but with identical individual
layer thicknesses. Moreover, it is assumed that all layers pos-
sess equal material density of 1000 kg/m?>. A linearly polarized
plane wave at 2.45 GHz impinges on the designed four equal
layers model. The plane wave impinges on the first layer (L)
with normal incidence and thereafter, propagates through three
subsequent layers (L, to L4). Incident plane wave has peak
electric field strength of 27.46 V/m as prescribed in Indian pub-
lic exposure scenario [17]. Individual layers are of 50 cm by
50 cm cross section with 1 cm thickness each (as illustrated in
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E-field vector  (x= 27.5,y=0,2=0)

FIGURE 2. A linearly polarized plane wave at 2.45 GHz impinges on
four equal layer tissue model having different dielectric properties.

Fig. 2). Peak electric field/point SAR data have been noted at
centre of each layer (x = 0, y = 0) to ensure negligible ef-
fect of boundary discontinuity along lateral directions. Thick-
ness and dielectric properties of each layer are given in Table 1.
A time domain simulation is performed to obtain peak electric
field/point SAR distributions at (z = 0, y = 0) of original
four equal layers model in CST MWS 2018 [21]. Thereafter,
seventy two subsequent simulations have been performed by
varying the homogeneous phantom liquid permittivity from 20
to 75, loss tangent from 0.10 to 0.35 with fixed material density
of 1000kg/m>. Finally, the proposed technique in step by step
basis has been applied to derive equivalent dielectric properties
of homogeneous phantom liquid for SAR measurement.

TABLE 1. Thickness and dielectric properties of four equal layers
model.

Permittivity Loss tangent
Layer
at 2.45 GHz at 2.45 GHz
Li: 0-1cm 30 0.30
Ly: 1-2cm 45 0.25
Ls: 2-3cm 60 0.20
L4: 3-4cm 75 0.15

3.1.1. Brief Description of Computational Electromagnetic Simulation
Setup

High contrast in dielectric properties of adjacent layers and
low quality factor of lossy dielectric layers are two primary
reasons to choose transient solver for proper meshing of the
multilayer structure illustrated in Fig. 2. Transient solver in
CST MWS 2018 [21] works based on Finite Integration Tech-
nique computational scheme, and the same was conceptualized

in 1977 [26,27]. In the solution space, Maxwell’s integral equa-
tions are discretized and solved using numerical technique. The
multilayer structure has been discretized using hexahedral cells
of variable sizes where a wavelength in dielectric layers is di-
vided into twenty segments. In boundary settings, four per-
fectly matched layers with 0.0001 reflection coefficient are set
as absorbing boundary. Steady state energy criterion of —40 dB
is chosen for inverse transformation to monitor frequency do-
main features.

3.1.2. Results and Discussion on Equivalent Phantom Liquid for the
Typical Four Equal Layer Model (Plane Wave Exposure)

Results, in this section, demonstrate how successfully the pro-
posed technique derives effective dielectric properties of homo-
geneous phantom liquid equivalent to the above mentioned four
equal tissue layer model considering far field plane wave expo-
sure scenario for practical electric field/SAR measurements in
phantom model. Based on the findings, it is noted that minimiz-
ing the maximum percentage difference in electric field/point
SAR distributions between the four equal layers model and
equivalent single homogeneous phantom liquid model fits best
for the purpose.

Figures of merit defined in (1)—(4) are utilized to determine
the permittivity and loss tangents of the phantom liquid equiva-
lent to the four equal layer problem — due to linearly polarized
plane wave exposure at 2.45 GHz.

First, the figure of merit definition of (1a) and (1b) is taken
up. Fig. 3(a) illustrates Max ( f;(;x)) plot for varied permittivity
and loss tangent of equivalent phantom liquid. Observation in-
dicates that permittivity and loss tangent of (50, 0.20) produce
a peak electric field distribution that is closest to that of orig-
inal four equal layers model. Figs. 3(b) and 3(c) illustrate the
comparison of peak electric field distribution curves along with
absolute difference plot for (50, 0.20) combination. Maximum
difference of 1.46 V/m between peak electric field distribution
curves is noted in the third layer (L3) at (0, 0, 2.96 cm) location.

Next, equivalent dielectric properties of the phantom liquid
are derived using (2a) and (2b). Fig. 3(d) illustrates Max ( f/ G k))
plot for varied permittivity and loss tangent of the equivalent
phantom liquid. Dielectric properties of (40, 0.35) produce a
peak electric field distribution that is closest to that of original
four equal layers model while minimizing the maximum per-
centage difference. Figs. 3(e) and 3(f) illustrate the compari-
son of peak electric field distributions w.r.t original four equal
layers model along with difference plot for (40, 0.35) combina-
tion. A maximum difference of 1.91 V/m between peak electric
field distribution curves is noted in the first layer (L) at (0, 0,
0.66 cm) coordinate.

With SAR measurement being the primary target, dielectric
properties of the equivalent liquid are now computed using the
metric defined in (3a) and (3b). Maximum difference in point
SAR distribution over (z = 0,y = 0, z = 0 to 4cm) co-
ordinates is minimized. Fig. 4(a) illustrates Max(g;(;x)) plot
against varied permittivity and loss tangent of equivalent phan-
tom liquid for SAR measurement. Dielectric properties of (25,
0.30) produce point SAR distribution closest to original four
equal layer model. Figs. 4(b) and 4(c) illustrate the compari-
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FIGURE 3. Four equal layers model — plane wave exposure in far field scenario. (a) Max(f;;x)) plot for varied permittivity and loss tangent of
equivalent model, (b) comparison of electric field distributions between four equal layers model and equivalent dielectric properties (50, 0.20) that
lead to smallest Max ( fi(;x)), (¢) difference in peak E field distribution for equivalent dielectric properties (50, 0.20), (d) Max (7 Gk )) plot for varied
permittivity and loss tangent of equivalent model, (¢) comparison of electric field distributions between four equal layers model and equivalent
dielectric properties (40, 0.35) that result in smallest Max ( fi’( k) ), (f) difference in peak E field distribution for equivalent dielectric properties (40,

0.35).

son of point SAR distributions along with point SAR difference
plot for (25, 0.30) combination. It is noted that point SAR dis-
tribution inside derived equivalent dielectric liquid (25, 0.30) is
best matched in the first layer (L) of original four equal layers
model (refer to Fig. 4(b)). However, the obtained difference in
overall point SAR distribution is also one order down compared
to the original four equal layers model as observed in Fig. 4(c).
A maximum difference of 1.9 x 103 W/kg in point SAR is ob-
served at the interface of second (L, ) and third (L3), i.e., at (0,
0, 2 cm) coordinate.

At last, final attempt is made to closely replicate point SAR
distribution not only in the first layer (L;) but also in subse-
quent layers (L, to L4) by minimizing normalized SAR distri-
bution over (v = 0, y = 0, 2 = 0 to 4 cm) coordinates. (4a)

and (4b) have been employed on raw data sets to minimize the
maximum percentage difference in point SAR distribution be-
cause of replacing four equal layers model with a single homo-
geneous phantom liquid. Fig. 4(d) illustrates Max(gg( i k)) plot
for different combinations of permittivity and loss tangent of
the equivalent phantom liquid to measure SAR accurately. Di-
electric properties of (40, 0.35) produce a point SAR distribu-
tion over (x = 0, y = 0, z = 0 to 4 cm) coordinates that is well
replicated and similar to original four equal layers model based
on (4a) and (4b). Figs. 4(e) and 4(f) depict comparison of point
SAR distributions and difference in point SAR distribution plot
for (40, 0.35) combination. It is noted that point SAR distribu-
tion inside derived equivalent liquid dielectric (40, 0.35) is well
matched over second to fourth layers (L, to Ly4) too rather than
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properties (40, 0.35) that result in smallest Max(gg( k) ), () difference in point SAR distribution for equivalent dielectric properties (40, 0.35).

only in the first layer (L) (refer to Fig. 4(e)). However, the ob-
tained difference in overall point SAR distribution is still one
order down compared to original four equal layers model as ob-
served in Fig. 4(f). A maximum difference of 5.6 x 1072 W/kg
in point SAR is observed at the open surface of first layer (L),
i.e., at (0, 0, 0) coordinate.

3.2. A Typical Four Layer Model with Unequal Layer Thickness
(Plane Wave Exposure)

All the steps and observations are now repeated for a multilayer
tissue model with four unequal layers (L to Ly) possessing dif-
ferent permittivity and loss tangent. Contrast in dielectric prop-
erties is exactly similar to that stated for earlier model whereas

all layers possess material density of 1000 kg/m>. A linearly po-
larized plane wave at 2.45 GHz impinges on the first layer (L)
with normal incidence and propagates through subsequent lay-
ers (L, to L4). Incident plane wave possesses peak electric field
strength of 27.46 V/m [17]. All layers are of 50 cm by 50 cm
cross section but of unequal thickness. Individual layer thick-
ness and dielectric properties are tabulated in Table 2. Time do-
main simulation is performed to note peak electric field/point
SAR distribution inside original four unequal layers model in
CST MWS 2018 [21]. Peak electric field/point SAR data have
been noted at (z = 0, y = 0, z = 0 to 2.5 cm) coordinates
of four layers to ensure negligible effect of boundary disconti-
nuity except at layer interfaces. Thereafter, seventy two more
simulations have been performed by varying equivalent homo-
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FIGURE 5. Four unequal layers model — plane wave exposure in far field scenario. (a) Max( f;(;x)) plot for varied permittivity and loss tangent of
equivalent model, (b) comparison of electric field distributions between four unequal layers model and equivalent dielectric properties (55, 0.20) that
lead to smallest Max ( fi(;x)), (¢) difference in peak F field distribution for equivalent dielectric properties (55, 0.20), (d) Max (7 Gk )) plot for varied
permittivity and loss tangent of equivalent model, (¢) comparison of electric field distributions between four unequal layers model and equivalent
dielectric properties (60, 0.20) that result in smallest Max ( fi’( k) ), (f) difference in peak E field distribution for equivalent dielectric properties (60,

0.20).

geneous phantom permittivity from 20 to 75, loss tangent from
0.10 to 0.35, and fixed material density of 1000 kg/m3. At last,
the proposed technique has been deployed in step by step man-
ner to determine equivalent dielectric properties of equivalent
phantom liquid for SAR measurement.

3.2.1. Results and Discussion on Equivalent Phantom Liquid for the

Typical Four Layer Model with Unequal Layer Thickness (Plane
Wave Exposure)

Similar to earlier observations, results for the four unequal layer
model also endorse that the proposed technique efficiently for-
mulates effective dielectric properties of equivalent homoge-
neous phantom liquid for practical electric field/SAR measure-
ment considering far field plane wave exposure scenario. Once

TABLE 2. Thickness and dielectric properties of four unequal layers
model.

Permittivity Loss tangent
Layer
at 2.45 GHz at 2.45 GHz
Ly: 0-0.25cm 30 0.30
Ly: 0.25-0.75cm 45 0.25
L3: 0.75-1.50 cm 60 0.20
L4: 1.50-2.50cm 75 0.15

again, it is observed that minimizing the maximum percentage
difference in electric field/point SAR distributions between the
original four unequal layers model and equivalent single homo-
geneous phantom liquid model fits well.
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The four metrics defined in (1)—(4) are applied here as well
to estimate the permittivity of the proposed equivalent dielec-
tric liquid — obtained results are discussed next. Firstly, (1a)—
(1b) are utilized to observe and predict the phantom proper-
ties by tuning permittivity and loss tangent. Fig. 5(a) illus-
trates Max ( f;(jx)) plot for varied permittivity and loss tangent
of equivalent phantom liquid. It is observed that permittivity
and loss tangent of (55, 0.20) reproduce a peak electric field dis-
tribution closest to the original unequal layers model. Figs. 5(b)
and 5(c) depict comparison of peak electric field distributions
along with absolute difference plot for (55, 0.20) combination.
The observed maximum difference between peak electric field
distribution curves is 1.91 V/m in the second layer (L,) at (0,
0, 0.40 cm) location.

Next, metrics defined in (2a)—(2b) are employed. Fig. 5(d)
illustrates Max( f/ G k)) plot for varied permittivity and loss tan-
gent of equivalent phantom liquid. Dielectric properties of (60,
0.20) produce a peak electric field distribution closest to orig-
inal four unequal layers model while minimizing normalized
difference of overall peak electric field distribution. Figs. 5(e)
and 5(f) depict the comparison of peak electric field distribu-
tions along with difference plot for (60, 0.20) combination. A
maximum of 2.26 V/m difference in peak electric field distri-
bution is still observed in the first layer (L) at (0, 0, 0.04 cm)
coordinate.

Next, the figure of merit based on point SAR ((3a) and (3b))
distribution over (x = 0, y = 0, z = 0 to 2.5cm) coordi-
nates is minimized to obtain the equivalent phantom properties.
Fig. 6(a) illustrates Max(g;jx)) plot for different combinations

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 108, 1-16, 2024

rPIER B

of permittivity and loss tangent of equivalent phantom liquid
for unequal layers model. Equivalent dielectric properties of
(60, 0.30) reproduce a point SAR distribution closest to origi-
nal unequal layer model based on protocol defined in (3a)—(3b).
Figs. 6(b) and 6(c) depict the comparison of point SAR dis-
tributions along with point SAR difference plot for (60, 0.30)
combination. It should be noted that point SAR distribution in-
side equivalent dielectric liquid (60, 0.30) is best matched in the
first layer (L) of original four unequal layers model (refer to
Fig. 6(b)). The observed difference in overall point SAR distri-
bution inside equivalent phantom liquid is one order down com-
pared to original four unequal layers model (refer to Fig. 6(c)).
A maximum difference of 4.74 x 1073 W/kg in point SAR is
observed in the second layer (L,) at (0, 0, 0.30 cm) coordinate.

In the end, dielectric properties of the phantom liquid is de-
termined using the metric defined in (4a)—(4b). This involves
the normalized point SAR at (x = 0,y = 0, z = 0 to 2.50 cm).
Fig. 6(d) illustrates Max(g/ T k)) plot for different combinations
of permittivity and loss tangent of equivalent phantom liquid.
Dielectric properties of (60, 0.25) produce point SAR distribu-
tion over (x = 0,y = 0, z = 0 to 2.50 cm) coordinates that is
closest to original point SAR distribution in four unequal lay-
ers model based on Equations (4a) and (4b). Figs. 6(e) and 6(f)
illustrate the comparison of point SAR distributions and differ-
ence in point SAR distributions for (60, 0.25) combination. Itis
observed that point SAR distribution inside derived equivalent
dielectric liquid (60, 0.25) is better matched over the second to
fourth layers (L, to L) compared to earlier protocol described
above (refer to Fig. 6(e)). Moreover similar to earlier case, the
difference in overall point SAR distribution is one order down
compared to original unequal layers model as seen in Fig. 6(f).
A maximum difference of 5.65x 10~ W/kg in point SAR is ob-
served in the starting of second layer (L,), i.e., at (0, 0, 0.30 cm)
coordinate.

4. MULTILAYER EQUIVALENT DIELECTRIC PROPER-
TIES OF HOMOGENEOUS PHANTOM LIQUID CLOSE
TO THE RADIATING ANTENNA IN NEAR FIELD SCE-
NARIO

4.1. A Typical Four Layer Model with Equal Layer Thickness (In
Close Proximity to Antenna)

This time, a simple rectangular microstrip patch antenna radi-
ates at 2.45 GHz in fundamental mode along z axis (broadside
direction) in close proximity (near field) to the first layer (L)
of the same four equal tissue layer model (L; to L4) — the
fields further interact with the subsequent tissue layers, i.e., L,
to L4 (refer to Fig. 7). Next, the earlier proposed technique is
applied to the four equal tissue layer model (L; to L4) and spec-
ifications of the individual layers are as described in Section 3
(refer to Table 1). Antenna radiated power in near field first
impinges on the first layer (L) with normal incidence and then
further interacts with the subsequent layers, i.e., L, to Ls4. The
average input power of the antenna has been set at 0.50 Watt
— thus, the electric field/point SAR values shouldn’t be com-
pared with earlier case of linearly polarized plane wave irradi-
ation. The peak electric field/point SAR data have been noted

o

FIGURE 7. A rectangular microstrip antenna radiates at 2.45 GHz in
close proximity to the four equal layer tissue model having different
dielectric properties.

along central coordinates (z = 0, y = 0, z = 0 to 4 cm) of the
original four equal layers model using time domain simulation.
The same electromagnetic simulation setup has been followed
in CST MWS 2018 as stated earlier [21]. Afterwards, seventy
two subsequent simulations have been run with varied permit-
tivity (20 to 75) and loss tangent (0.10 to 0.35) along with a
fixed material density of 1000 kg/m? of the equivalent homoge-
neous phantom liquid. At last, the earlier proposed technique
has been applied to determine the dielectric properties of the
closest equivalent phantom liquid for SAR measurement.

4.1.1. Results and Discussion on Equivalent Phantom Liquid for the
Typical Four Equal Layer Model (In Close Proximity to Antenna)

Results endorse that the proposed technique derives effective
dielectric properties of equivalent homogeneous phantom lig-
uid for the above mentioned four equal tissue layer model not
only in far field but also in close proximity to the radiating an-
tenna, i.e., in near field exposure scenario.

Once again, prescribed figures of merit in (1)—(4) are em-
ployed to determine the permittivity and loss tangent of equiv-
alent homogeneous phantom liquid — due to 2.45 GHz near
field radiation in close proximity to the antenna.

At first, Fig. 8(a) illustrates Max (f;(;x)) plot for varied per-
mittivity and loss tangent of equivalent phantom liquid — em-
ploying the figure of merit defined using (1a) and (1b). It is
observed that permittivity and loss tangent of (30, 0.35) pro-
duce a peak electric field distribution closest to the original four
equal layers model. Figs. 8(b) and 8(c) illustrate the compar-
ison of peak electric field distribution curves and the absolute
difference plot for (30, 0.35) combination. A maximum differ-
ence of 18.54 V/m between the peak electric field distribution
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properties (55, 0.25).

field difference is noted in the first layer (L) at (0, 0, 0.34 cm)
coordinate.

Next, the maximum difference in point SAR distribution
over (z = 0,y = 0, z = 0 to 4cm) coordinates is attempted
to minimize employing the metric defined in (3a) and (3b).
Fig. 9(a) illustrates Max(g;(;)) plot for the above mentioned
ranges of permittivity and loss tangent of the equivalent phan-
tom liquid for SAR measurement. Dielectric properties of (30,
0.30) produce a point SAR distribution over central coordinates
of the four layers (x = 0, y = 0, z = 0 to 4 cm) that closely
replicates the point SAR distribution in the original four equal
layers model. Figs. 9(b) and 9(c) illustrate the comparison of
point SAR distributions along with the point SAR difference

curves is noted in the third layer (L3) at (0, 0, 2.86 cm) location.

Subsequently, equivalent dielectric properties of homoge-
neous liquid are derived using (2a) and (2b). Fig. 8(d) illus-
trates Max ( f/ G k)) plot for a wide range of permittivity and loss
tangent values of the equivalent liquid. Finally, dielectric prop-
erties of (55, 0.25) produce the peak electric field distribution
closest to original four equal layers model — while, minimiz-
ing the maximum percentage difference. Figs. 8(e) and 8(f) il-
lustrate the comparison of peak electric field distributions w.r.t
original four equal layers model and also the difference plot for
(55, 0.25) combination. This time, a large maximum electric
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FIGURE 9. Four equal layers model — close to the radiating antenna in near field scenario. (a) Max(g;(;x)) plot for varied permittivity and loss
tangent of equivalent model, (b) comparison of point SAR distributions between four layer model and equivalent dielectric properties (30, 0.30) that
lead to smallest Max(g;(;x)), (c) difference in point SAR distribution for equivalent dielectric properties (30, 0.30), (d) Max(gg( j k)) plot for varied
permittivity and loss tangent of equivalent model, (e) comparison of point SAR distributions between four layer model and equivalent dielectric
properties (50, 0.35) that result in smallest Max( gg( k) ), (f) difference in point SAR distribution for equivalent dielectric properties (50, 0.35).

plot for (30, 0.30) combination. The point SAR distribution in-
side derived equivalent homogeneous liquid (30, 0.30) is well
matched over all the four layers (L; to Ly4) (refer to Fig. 9(b)).
Noted difference in overall point SAR distribution is quite neg-
ligible compared to the original four equal layers model — as,
noted in Fig. 9(c). A maximum difference of 1.34 W/kg in point
SAR is observed in the second layer (L,), i.e., at (0, 0, 1.02 cm)
coordinate.

In the final attempt, (4a) and (4b) have been employed to
minimize the maximum percentage difference in point SAR
distribution across all four equal layers (L; to L4). Thus, the
normalized SAR distribution is attempted to minimize over
(x =0,y =0, z=0to 4 cm) coordinates. Fig. 9(d) illustrates
Max(g/ G k)) plot for different combinations of permittivity and
loss tangent of the equivalent homogeneous phantom liquid.

11

Dielectric properties of (50, 0.35) produce point SAR distribu-
tion closest to the original four equal layers model. Figs. 9(e)
and 9(f) depict comparison of point SAR distributions along
with their difference plot for (50, 0.35) combination. Point SAR
distribution inside the derived equivalent dielectric liquid (50,
0.35) is reasonably matched in all four equal layers (L to L)
except at the open interface of the very first layer (L; ) — please
refer to Figs. 9(e) and 9(f).

4.2. A Typical Four Layer Model with Unequal Layer Thickness
(In Close Proximity to Antenna)

Now, the rectangular microstrip patch antenna at 2.45 GHz fun-
damental mode radiates along z axis in close proximity to the
first layer (L, ) of four unequal tissue layer model (L, to L4) and
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the radiated fields further interact with subsequent tissue layers,
i.e., Ly to Ly. The thickness and dielectric properties of each
layer are as described in Table 2 — moreover, dielectric con-
trast among four layers is exactly the same as stated earlier and
all tissue layers possess material density of 1000 kg/m>. Next,
the above mentioned steps are once again applied to the four un-
equal tissue layers model. Here also, the average input power of
antenna has been kept 0.50 Watt — the peak electric field/point
SAR data have been noted along central coordinates (z = 0,
y =0, z = 0 to 2.5 cm) of the four unequal layers. Next, sev-
enty two additional simulations have been performed over wide
ranges of permittivity (20 to 75) and loss tangent (0.10 to 0.35)
of the equivalent homogeneous phantom liquid. At the end, di-
electric properties of the equivalent phantom liquid have been

12

determined for SAR measurement in the four unequal layers
model.

4.2.1. Results and Discussion on Equivalent Phantom Liquid for the
Typical Four Layer Model with Unequal Layer Thickness (In Close
Proximity to Antenna)

Similar to previous observations, once again, results endorse
that the formulated technique well derives effective dielectric
properties of equivalent homogeneous phantom liquid for the
above mentioned four unequal tissue layer model in near field
exposure scenario, i.e., in close proximity to the antenna.

Figures of merit defined in (1)—(4) have been applied again
to estimate dielectric properties of the equivalent homogeneous
phantom liquid — noted results are discussed below.
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FIGURE 11. Four unequal layers model — close to the radiating antenna in near field scenario. (a) Max(g;(;x)) plot for varied permittivity and loss
tangent of equivalent model, (b) comparison of point SAR distributions between four layer model and equivalent dielectric properties (45, 0.35) that
lead to smallest Max(g;(;)), (c) difference in point SAR distribution for equivalent dielectric properties (45, 0.35), (d) Max(gg( j k>) plot for varied
permittivity and loss tangent of equivalent model, (e) comparison of point SAR distributions between four layer model and equivalent dielectric
properties (60, 0.35) that result in smallest Max ( g;( ;i) (D) difference in point SAR distribution for equivalent dielectric properties (60, 0.35).

Figure of merit defined using (1a)—(1b) has been utilized
— consequently, Fig. 10(a) demonstrates Max( f;(;1)) plot for
wide ranges of permittivity and loss tangent of the equivalent
homogeneous phantom liquid. Specific combination of permit-
tivity and loss tangent (45, 0.20) produces a peak electric field
distribution closest to the original four unequal layers model.
Figs. 10(b) and 10(c) illustrate the comparison of peak electric
field distributions and the absolute difference plot for (45, 0.20)
combination. Noted maximum difference between peak elec-
tric field distribution curves is 27.08 V/m near the interface of
second (L,) and third (L3) layers at (0, 0, 0.74 cm) location.

Subsequently, metrics defined in (2a)—(2b) are employed in
the next step — Fig. 10(d) depicts Max( fi’( i k)) plot for the same
ranges of permittivity and loss tangent of the equivalent homo-
geneous liquid. Dielectric properties of (55, 0.35) finally repro-

duce peak electric field distribution closest to the original four
unequal layers model while minimizing normalized difference
of overall peak electric field distribution. Figs. 10(e) and 10(f)
demonstrate the comparison of peak electric field distributions
and the difference plot for (55, 0.35) combination. However,
still a significantly large maximum electric field difference is
noted in the first layer (Z;) at (0, 0, 0.08 cm) coordinate.
Thereafter, the proposed figure of merit based on point
SAR ((3a) and (3b)) distribution is attempted to minimize —
Fig. 11(a) demonstrates Max(g;(;x)) plot for wide ranges of
permittivity and loss tangent of the equivalent phantom lig-
uid for four unequal layers model. Final equivalent dielectric
properties of (45, 0.35) produce point SAR distribution close
to the original unequal layers model. Figs. 11(b) and 11(c) il-
lustrate respectively the comparison of point SAR distributions
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TABLE 3. Comparison of proposed technique with the past reported work.

Technique to define Dielectric . .
. . . . Can this technique
Reported Biological Properties of equivalent .
L. match spatial Remarks
work model phantom liquid for .
SAR distribution?
SAR measurement
) . Only maximum 1 gor 10 g
Average dielectric
. averaged SAR values are
[10] Human head properties of No .
o matched, unable to replicate
all brain tissues . o
spatial SAR distributions
Average dielectric Volume-averaged peak SAR
roperties of gre can be matched with slight
[22] Human head prop g. Y No o v £
matter and white over-estimation, unable to
matter in brain replicate spatial SAR distributions
Average dielectric Volume-averaged peak
23] Human head properties of gr.ey No SAR can be ma'tched,
matter and white unable to replicate
matter in brain spatial SAR distributions
Average permittivity of all tissue Volume-averaged (1 g or 10 g)
[24] Human head layers and tuning conductivity No peak SAR values can .be
to match 1 g or 10 g averaged matched, unable to replicate
SAR value in specific model spatial SAR distributions
Based on matching the Volume-averaged (10 g)
[25] Human head maximum value of .10 g No peak SAR values can .be
averaged SAR with matched, unable to replicate
tuned dielectric properties spatial SAR distributions
Based on two (or three) dimensional Local point or volume-averaged
) spatial matching of point-wise SAR spatial SAR distribution can be
. Any multilayer . o :
This work . . (or electric field) distribution Yes matched — able to replicate
biological model . ) . o
irrespective of far field or spatial SAR distributions on
near field exposure scenario three dimensional coordinate basis

and the point SAR difference plot for (45, 0.35) combination.
It is observed that point SAR distribution inside the equivalent
dielectric liquid (45, 0.35) is sensibly matched with the original
model — however, a reasonable difference is observed at and
around the interface of first (L;) and second (L;) layers at (0,
0, 0.26 cm) coordinate.

At last, Fig. 11(d) illustrates the Max(g;( i k)) plot for wide
ranges of permittivity and loss tangent of equivalent phantom
liquid employing the metrics defined in (4a)—(4b) — it involves
minimizing the maximum value of normalized point SAR. Di-
electric properties of (60, 0.35) produce a point SAR distribu-
tion over (x = 0, y = 0, z = 0 to 2.50 cm) coordinates close
to the original point SAR distribution in four unequal layers
model. Figs. 11(e) and 11(f) demonstrate the comparison of
point SAR distributions and their difference for (60, 0.35) com-
bination. It is observed that the nature of point SAR distribution
inside the equivalent homogeneous dielectric liquid (60, 0.35)
is matched with the original unequal layers model — please re-
fer to Figs. 11(e) and 11(f). However, a considerable difference
is still observed in the first (L;) and second (L;) layers with
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peak near the interface of those two layers at (0, 0, 0.26 cm)
coordinate.

5. DISCUSSIONS

It should be noted that minimizing the maximum fractional dif-
ference in point SAR distribution provides the appropriate di-
electric properties of the equivalent phantom liquid for most of
the multilayer tissue models while targeting overall SAR mea-
surement in all the layers. Thus, the overall original SAR dis-
tribution along with individual SAR values is replicated with
minimum possible errors. Even in some cases, minimizing
the absolute maximum point SAR difference results in achiev-
ing appropriate equivalent dielectric phantom liquid for SAR
measurement in multilayer models. However, it must also be
noted that even the derived equivalent homogeneous liquid to
some extent lacks in precisely replicating the original electric
field/point SAR values near layer interfaces with significant
dielectric contrast. This disagreement in electric field/point
SAR data near layer interfaces cannot be avoided entirely us-
ing homogeneous phantom liquid because the reflection and re-
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fraction of electromagnetic wave at layer interfaces can only
take place in multilayer model with dielectric discontinuities
— these phenomena do not occur in equivalent homogeneous
phantom liquid. The proposed technique can more accurately
derive equivalent dielectric properties of any arbitrary shaped
multilayer tissue model in case raw simulation data is avail-
able for each and every point inside the layers of that arbitrar-
ily shaped model instead of only at central coordinate points,
ie,(x=0,y=0,2=0toz1+2+23+ ... +2,). In
addition, special attention can also be emphasized on any spe-
cific tissue layer (in multilayer model) where the most accurate
electric field/SAR measurement is an absolute necessity — di-
electric properties of the equivalent homogeneous phantom lig-
uid can accordingly be tuned. Thus, the proposed technique to
determine equivalent dielectric properties of the homogeneous
phantom liquid is much improved compared to earlier reported
techniques available in literature [10, 16,22-25]. Table 3 lists
how the proposed technique is better than the past work in de-
termining multilayer equivalent homogeneous phantom liquid
dielectric properties for practical SAR measurements.

6. CONCLUSIONS

This work contributes to significant advancement in the do-
main of formulating equivalent phantom properties by devel-
oping a novel, generalized and structured technique that does
not merely attempt to match the maximum SAR value, rather it
attempts to replicate overall geometric peak electric field/point
SAR distribution inside equivalent phantom liquid similar to
the original multilayer biological model. This is a more ap-
propriate metric than matching averaged SAR data over 1 g
or 10 g contiguous mass since once point SAR distribution is
matched inside equivalent liquid, all other SAR data either av-
eraged over 1 g or 10 g contiguous mass would match well with
original multilayer model. As verified for two different four
layers models both in far-field and in close proximity to an-
tenna, peak electric field/point SAR distribution inside derived
equivalent phantom liquid matches exactly at multiple coordi-
nate points in different tissue layers, and the overall peak elec-
tric field or point SAR distribution patterns are also quite well
replicated using proposed technique (except at layer interfaces).
It is observed that the basis of using normalized point SAR (i.e.,
fractional difference in point SAR distribution) provides appro-
priate dielectric properties of the homogeneous phantom liquid
in most cases of SAR measurements. Furthermore, practical
realization of equivalent homogeneous phantom model along
with subsequent measurements would provide additional con-
fidence. Equivalent homogeneous phantom liquids are in the
process of development with de-ionized water, sucrose, sodium
chloride, and bactericide to attain target dielectric properties
— once developed, spatial point SAR distribution can be mea-
sured.

It should also be pointed out that exact point by point match-
ing of point SAR distribution across different layers can never
be achieved using a single homogeneous equivalent dielectric
liquid because of the absence of dielectric discontinuities unlike
the original multilayer tissue model. However, procedure out-
lined in this work presents an optimal solution as it minimizes
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the worst case scenario, i.e., maximum mismatch between the
original problem formulation and the equivalent model. Hence,
the developed technique can be adopted by electromagnetic
regulatory organizations to prescribe equivalent dielectric prop-
erties for customized multilayer biological body during practi-
cal SAR measurement.
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