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Abstract—In this article, we reconstruct the internal electric field
due to a dipole antenna embedded in a dielectric phantom for
developing a noninvasive specific absorption rate (SAR) measure-
ment system. The reconstruction method is based on the surface
equivalent theorem and boundary conditions, which relate the
external field radiated from the embedded antenna to equivalent
electromagnetic surface currents on the human body. The electric
field data sampled at spatial points on a surface enclosing the
phantom are used in the inverse calculation. All field integrals
are discretized and numerically solved to obtain the electromag-
netic currents on the phantom’s surface. The internal electric field
distribution and SAR value in a phantom can be calculated from
the reconstructed surface currents if the electric properties of the
phantom are known. The validity of the method was demonstrated
numerically and experimentally using a dipole antenna embedded
in the lossy rectangular phantom, which has a dielectric constant
close to human skin tissue at 2.5 GHz. Comparison with forward
numerical simulations has shown that the surface current and
electric field distribution can be predicted with great precision.
Carefully performing the experiments using a self-made phantom
validated our numerical demonstration and provided satisfactory
reconstruction results.

Index Terms—Antenna measurements, biomedical telemetry,
electromagnetic fields, inverse problems, specific absorption rate
(SAR).

I. INTRODUCTION

R ECENTLY many kinds of wireless biomedical telemetry
devices are deployed for disease prevention, diagnosis,

monitoring, and even therapeutic functions. These devices are
installed and operated at various locations. The wearable devices
could be placed externally near the surface of the human body,
contrary to implantable and ingestible devices that operate inside
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the body [1], [2]. Even though internal devices, such as electrical
pacemakers for the heart, or wireless capsule endoscopy (WCE)
pills for monitoring the gastrointestinal tract are successful
clinically, some concerns about the possible health effects of
exposure to electromagnetic fields radiated from these devices
are hard to be completely cleared up. Especially for a wireless
device that communicates with equipment outside of the human
body, a large power supply is required to compensate the in-
ternal propagation loss. Following that, the specific absorption
rate (SAR) in W/kg was established as the safety standard
[3]. Accordingly, the evaluation and measurement of SAR are
indispensable for biomedical telemetry devices and electronic
equipment that radiates electromagnetic (EM) waves.

The widely used SAR measurement method is performed
by insertion of an electric field probe inside of a tank filled
with a liquid phantom that is illuminated by the antenna under
test (AUT) [4]. This method, although straightforward, poses
a set of disadvantages. First, there is the issue of instability of
liquid phantom. Second, while the volumetric three-dimensional
(3-D) electric-probe scanning is typically accurate, the method
is invasive in nature. The collection and postprocessing of such
volumetric data will consume a considerably long time.

Hence, a noninvasive SAR measurement is necessary to ad-
dress the inherent disadvantages of the conventional method.

In this context, this article’s objective is to reconstruct the
internal E-field of the phantom using the 2-D-probe data, with
the measurement taking place externally on an arbitrary surface
outside of the phantom. As a result, the SAR value can easily
be estimated from the predicted E-field. This proposition allows
the usage of a solid phantom that has a more stable shape and
dielectric properties [5]. Furthermore, the surface data’s compu-
tational load is expected to be less than that of the volumetric data
because this method requires only 2-D data on the measurement
surface enclosing the phantom.

Over the past decade, there were several pieces of literature
that attempt to relate the electric and magnetic field (E and
H, respectively) measurement with SAR of phantom through
boundary element method (BEM) with each work highlighting
a slightly different aspect. In [6]–[8], it is shown that the E and
H on the phantom’s surface can be related to its external fields
through solving a linear equation derived from the discretized
BEM integral equation that expresses field continuity condition.
Here, AUT is not considered.
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The scope of this article is then classified as inverse equiv-
alent surface current method (ECM) or source reconstruction
(SR). We refer this method as ECM-SR, henceforth. In [9],
the field relations between AUT and phantom are established
whereby the boundary integral equations are derived based
on the surface equivalent principle. All of the integral equa-
tions are discretized and simultaneously solved using Poggio–
Miller–Chan–Harrington–Wu–Tsai (PMCHWT) formulation.
Then, EM fields inside of a phantom illuminated by an external
AUT are reconstructed using the surface measurement data that
encloses all target objects in [10]. In addition, probe correction is
applied to practical measurement. More recently, a study in [11]
studies a similar setup of SR but adds a separate link between
currents so that the numerical inversion algorithm becomes
more stable. Although these pieces of literature were useful for
building up the fundamental understanding of this article, they
have been already carried out with AUT located outside of the
phantom. This article focuses on a new application where the
AUT is placed inside of the phantom.

The purpose of this article is to establish a method for calcu-
lating the internal field of the phantom with an embedded AUT
using the ECM-SR approach for noninvasive SAR estimation.
The SR is performed using a modified version of the method in
[10] in which its difference will be explained briefly. The field
measurements are performed on the surface encapsulating both
test subjects (phantom and AUT), after the full-probe correction
for the receiver is applied to a quantitative measurement of
E-fields. The phantom used here is a cuboidal-shaped human
tissue equivalent phantom. This setup emulates a simplified
situation of a stationary implantable or ingestible antenna inside
of a human body. It is shown in numerical simulations that
the proposed method can precisely reconstruct both the surface
currents and internal E-field for the human equivalent phantom.
In the case where the measured data are used, the current
distribution on the surface of the cuboid phantom exhibits severe
distortion with possible reasons explained. Nevertheless, the
surface current magnitude and internal E-field distribution were
calculated satisfactorily.

In Section II, the ECM-SR procedure employed in this ar-
ticle is explained in detail. The theoretical formulations and
methodology are also included. Section III presents the numer-
ical results of the reconstructed currents, internal E-field, and
SAR estimation. Section IV shows the experimental results for
validation. It briefly includes the preparation of the phantom
and the experimental setup for precise measurements. Finally,
Section V concludes this article.

II. SR PROCEDURE

A. Basic Formulations

The configuration of the dosimetry problem is shown in Fig. 1.
The AUT is located inside of a closed surface SA in the phantom
of known permittivity and conductivity with the closed surface
SP. The field data are measured on sampling point R on an
arbitrary surface SM, where E(R) is the electric field at the
observation point R at which the probe is placed.

Fig. 1. Configuration of noninvasive SAR measurement for the in-body an-
tenna. On the left-hand side is a photo of the endoscopy capsule PillCam that
allows the visualization of the gastrointestinal system.

Within an inverse source framework, the aim is to use the
external field measurement to deduce the internal field inside
the phantom. By applying Huygen’s principle (surface equiv-
alence theorem) and appropriate boundary conditions, primary
sources can be replaced by equivalent secondary sources. Thus,
equivalent electric and magnetic currents Jph′ and Mph′ respec-
tively, can be assumed on a closed surface SP enclosing the
phantom. Similarly, SA is the surface of AUT and its current is
corresponding to JA. It has been demonstrated in [9]–[11] that
either electric or magnetic current is sufficient for representing
the E-field radiated from the primary source; hence, this article
will consider only JA as the current source flowing on SA.
We refer this formulation as the J-type single current equation
formulation (J-SEqF).

First, we will explain the radiation problem when AUT is
located outside of the phantom. In an external AUT, the dosime-
try considers that there are two kinds of radiation, first, direct
ones from AUT, and second, indirect ones, which is caused by
scattering and from the hidden area sandwiched between AUT
and phantom [10]. The E-field representation, in this case, is
given as follows:

E (R) = − η0Lk0

SA
(JA, R)− η0Lk0

SP
(Jph, R)

+Mk0

SP
(Mph, R) (1)

where the first term on the right-hand side (RHS) of (1) indicates
direct propagation from AUT to the probe, while the second and
third terms are due to external scattering. η0 and k0 are the wave
impedance and wavenumber in a vacuum, respectively.L andM
are the integral operators for the electric current and magnetic
current, respectively, and defined as follows:

Lkn

S (X,R)=j kn

∫∫
©

S

[ 1
kn

2∇Gkn (R,R′)∇′ ·X (R′)
+Gkn (R,R′)X (R′)

]
dS ′

(2)

Mkn

S (X,R) =

∫∫
©

S

∇Gkn (R,R′)×X (R′) dS ′ (3)

where X is the EM currents J or M, and Gkn(R,R′) is
the scalar Green’s function. The superscript kn on the integral
operators indicates the wavenumber used in Green’s function
with its subscript n = 0 for free space, and n = 1 is for the
phantom. When the AUT is inside of phantom, the modification



1660 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 63, NO. 5, OCTOBER 2021

to (1) becomes (4) as follows:

E (R) = − η0Lk0

SP
(Jph′ , R) + Mk0

SP
(Mph′ , R) (4)

η0H (R) =
1

jk0
∇×E (R) (5)

where the equivalent EM currents on the AUT are now included
with that of the phantom; the received data on the probe are the
collection of radiation from one body. The first and second terms
on the RHS in (4) refer to electric fields due to Jph′ and Mph′ on
the phantom surface SP. This is mostly similar to the meaning of
terms as in (1), but the subscript of J and M on the RHS of (4)
is instead written as ph ′ , the annotation (′) is to indicate that the
EM currents on SP are a result of internal scattering (reflection
and refraction) of electric field and magnetic field of AUT, EA

and HA, respectively, originating from inside of the phantom.
The well-established equivalent EM currents and their relation
to the electric and magnetic field is given as

J (R′) = n̂ ×H (R′) (6a)

M (R′) = E (R′)× n̂ (6b)

where n̂ is the outward normal vector on SP. Then, we can
elaborate the matrices of EM currents and radiated field using
the derivation of PMCHWT formulation [14]. In a bounded
homogenous phantom, the unknown surface currents Jph′ and
Mph′ can be related toEA andHA by the following expressions,
(7) shown at the bottom of this page.

Compared with the inverse formulation in [10], (7) is the result
of removing the matrix [− η0Lk0

SP
Mk0

SP
], which is the scatter-

ing of AUT due to phantom in the free space environment and
without the effect of k1. The equation is then further modified
by omitting the magnetic current of AUT (J-SEqF). The matrix
operator on the RHS acts on two vectors Jph′ and Mph′ in the
following manner of the matrix equation, (8) shown at bottom
of this page.

The inverse operator (A)−1 on the RHS of (7) and (8) cal-
culates the currents on the phantom’s surface SP with respect
to incident EM fields radiated from AUT. Subscripts on the
integrals indicate observation surfaces, SP being phantom and
SA for AUT.

As for solving the surface current densities of JA, the Rao–
Wilton–Glisson (RWG) was selected as the triangular basis
function of method of moments (MoM) in a manner that the
current distribution on SA can be expanded as a weighted sum,

expressed as follows:

JA =

N∑
n=0

anf
SA
n (rA) (9)

where an is the unknown expansion coefficient, fSA
n is the RWG

vector function with respect to SA, and rA is the point on each
triangular meshes [13], [14]. The triangle discretization of Jph′

andMph′ for the object scattering analysis is also done similarly
as (9). Then, by solving (8), Jph′ and Mph′ can be obtained to
solve (4). From here, we know that from the equivalent theorem,
E-field at any points inside a uniform and homogenous phantom
can be calculated and it is given by (10). This is the final form
of the information used to calculate SAR value.

E(R)in = η1 Lk1

SP
(Jph′ , R)− Mk1

SP
(Mph′ , R) . (10)

Variable η1 is the characteristic impedance inside the phan-
tom. Accordingly, the integral operators in (2) and (3) also must
be in terms of k1.

B. Probe-Correction Scheme on ECM-SR

Theoretically, electric fields observed at E(R) are influenced
by factors, such as the measurement probe’s direction depen-
dence and its finite-size dimensions. Hence, the influence of
the inverse operators and probe characteristics on the measured
surface data must be governed by probe correction to attain
correct reconstruction results. The measured signal at probe can
be rewritten as a weighted volumetric integral of the probe’s
open-circuit voltage U(Rm), where Rm is the individual point
of probe sampling location. The integral weighted by a spatial
vector weighing function wm(R) is given as (11) and expanded
by (12)

U (Rm) =

∫∫∫
V prove

wm(R) · E(R)dV ′ (11)

U (Rm) = W
(
FL
SP

(
Jph′ , k̂

)
+ FM

SP

(
Mph′ , k̂

)
,Rm

)
(12)

where W is the translating and weighing operator and k̂ is
a unit vector in direction k; k k̂ = k. The operators FL

SP
and

FM
SP

correspond to the Fourier operations on the electric and

magnetic current integrals on the surface of phantom, Lk0

SP
and

Mk0

SP
, respectively. The emphasis is deploying only a far-field

pattern in an fast multipole method (FMM)—multilevel fast

[
Jph′

Mph′

]
=

⎛
⎝n̂×

[
−Lk0

SP
− Lk1

SP
Mk0

SP
+Mk1

SP

Mk0

SP
+Mk1

SP
Lk0

SP
+ Lk1

SP

]−1
⎞
⎠[

n̂×EA

n̂× η0HA

]
(7)

[
Jph′

Mph′

]
=

⎛
⎝n̂×

[
−Lk0

SP
− Lk1

SP
Mk0

SP
+Mk1

SP

Mk0

SP
+Mk1

SP
Lk0

SP
+ Lk1

SP

]−1
⎞
⎠ [

−n̂× η0Lk1

SA

n̂×Mk1

SA

]
[ JA] (8)
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Fig. 2. Cuboid phantom. (a) Geometry dimension. (b) Surface mesh of 5732
triangles generated using GMSH, AUT cylinder inside is not visible.

multipole method representation as the centerpiece of full-probe
correction in this ECM-SR scheme. We adapt this method in
the same manner as the articles presented in [10] and [15].
Generally, the implementation of the probe-correction technique
does not differ from the previous studies; however, the resultant
equivalent currents used in (12) are due to the internal scattering
of AUT propagating from inside of phantom, as mentioned in
Section II-A.

There are many methods to implement (11) and (12) in a
computationally efficient manner for the matrix inversion. We
have implemented a generalized minimal residual solver and
a least-square-based iterative method for the equation system,
where only the evaluation of vector/matrix products is required
for the solution.

The advantage of this technique is the independence of the
measurement probe’s distance, provided that the interaction
between the probe and phantom is not extremely strong. For
example, the probe can be placed either close to the target
to acquire a maximum quantity of diagnostic information or
from some distance in which the current distribution on the
probe is smoother and less influenced by the nearby target
or phantom. On the other hand, only the measurement from
the spherical surface can be considered because the weighing
function W contains the plane-wave expansion that utilizes the
spherical Hankel function of the second kind for the spherical
near-field transformation. Appropriate transformation must be
applied accordingly if the probe is scanning on a cylindrical or
cartesian coordinate system.

Another point to note is that the system was constructed
with the boundary integral formulations as its main foundation.
Therefore, only a homogenous phantom of single permittivity
and conductivity value could be used. One could consider the ef-
fective dielectric constants, εeff , such as used in the calculation of
multilayer substrates for patch or microstrip antenna [16], [17],
as a temporary solution to utilize ECM-SR in a heterogenous
structure that is more close to the realistic human body, but it is
not yet tested for this article.

III. NUMERICAL DEMONSTRATION

In this section, we implement the SR method, as explained
in Section II. The numerical results are compared with ones
computed by commercial simulator FEKO v2020.1.

A. Simulation Parameters

The geometry of the simulation is shown in Fig. 2(a). A
dielectric phantom with dimensions 42 mm× 103 mm× 73 mm

Fig. 3. Electric current distribution on SP. (a) Generated by FEKO.
(b) Reconstructed.

of a known permittivity εr = 48.7 and σ = 1.66 (S/m) is
embedded with a horizontal perfect electric conductor (PEC)
dipole antenna in the center. It is operating at 2.5 GHz, which is
the upper limit of one of the industrial, scientific, and medical
radio frequency band [18], with AUT length �d = 4.3 mm or
a quarter wavelength in the phantom λph. In this article, the
dipole antenna as the AUT is considered as the simplest model
of WCE. A commercial WCE ranges from 23 mm × 11 mm to
31.5 mm × 11.6 mm (L x D) in dimension, depending on its
medical purpose [19]. Thus, the corresponding AUTs installed
in these devices will naturally be designed at a much smaller
size and the selected �d is deemed practical for the investigated
frequency.

The small free space gap of 0.01 mm was set between the
AUT and dielectric in order to feed the dipole antenna properly
as well as to avoid simulation error. The radius of a cylindrical
wire in FEKO is given as rwF = 0.05 mm and the reconstruction
surface of GMSH is set slightly above it at rwR = 0.1 mm
to avoid numerical instability caused by MoM used in FEKO.
Fig. 2(b) shows the cubic phantom in the meshing software
GMSH [20] that has the same geometry as Fig. 2(a), with the
reconstruction surface meshed into small triangle patches. The
spherical sampling enclosure for E-field data is 0.6 m distance
(5λ) from the cuboid, elevation angle is 0 ≤ θ ≤ π and 0 ≤ φ
≤ 2π, that is the full sphere scan was performed for collecting
the data. The angular sampling interval was Δθ = Δφ = 5°. In
the numerical tests, spherical scanning near the field data was
generated from FEKO and only the phi-component (φ) data were
used for reconstruction. For SAR calculation, the mass density
was set as ρ = 1000 kg/m3. Finally, for the least-square solver,
the solver tolerance was set as 10−6 to ensure high accuracy of
the reconstructed results.

B. Reconstruction Results

The reconstructed surface current using the ECM-SR imple-
mentation is shown in Fig. 3, while the equivalent internal elec-
tric field distribution observed in a cut of the yz-plane through
the center is shown in Fig. 4. “Generated by FEKO” means
the data are calculated by FEKO as a forward problem, while
“reconstructed” is obtained by applying the method, as proposed
in Section II. The results show good agreement between the
FEKO and reconstructed results.

To see this more clearly, the internal E-field distribution and
resultant SARs along the z-axis at x = y = 0 are shown in Fig. 5
and Fig. 6, respectively. For these figures, the logarithmic scale
was provided in addition to the linear scale for a clear vision of
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Fig. 4. Internal |E| distribution. (a) Generated by FEKO. (b) Reconstructed.

Fig. 5. |E| distribution along the z-axis at x = y = 0 for a cuboid phantom.
(a) Linear scale. (b) Corresponding logarithmic scale.

Fig. 6. Resultant SARs along the z-axis at x = y = 0 for a cuboid phantom.
(a) Linear scale. (b) Corresponding logarithmic scale.

wave characteristics propagating across the phantom. For SAR,
the logarithmic scale was calculated following the assumption
of SARdBW/kg = 10 log(SARW/kg). All figures are produced
in absolute values. Remarkable accuracy can be seen from the
boundary of the phantom to the entire interval except for near
the antenna. The relative error was estimated at less than 4% for
both |E| and SAR for distances of farther than ±5 mm from the
antenna center, while for points −5 mm < z < −0.7 mm and
0.7 mm < z < 5 mm, the error was 36.5%. The limitation to
calculate smaller distances than these is noted, as the absolute
error was immense in antenna vicinity.

It should be noted here that the meshing selection on the
simulator is particularly sensitive and affects both magnitude
and phase of the generated field data and consequently the
reconstructed surface currents on SP. Fig. 7(a) shows the ray
representation of the radiated field from the AUT [21], [22]. In
the region over the AUT where the incident angle (θi) to the
interface (I) is smaller than the critical angle of total reflection
(θc), the field is approximately represented by the geometrical
optics (GO) ray that satisfies Snell’s law. The field with incident

Fig. 7. Ray representation for radiated field from AUT. (a) yz-plane.
(b) xz-plane.

angle θi > θc is divided into two components. One of which
is the lateral wave (LW) that coincides with θc at the interface
and propagates along the surface. In this instance, the LW is
diffracted at the edge of the phantom Py. The other wave is the
one propagating toward the interface just below the observation
point and approaches as an evanescent wave that decays expo-
nentially.

Since θc is given by θc = sin−1( 1n ), where n =
√
εr is the

refractive index of the phantom, the aperture size s = d tan θc
for the GO ray becomes small when εr indicates a large value,
such as the human body. Hence, the field over the interface
where the reconstruction takes place theoretically is changing
very rapidly. The field in thexz−plane behaves similarly, but the
LW component here is fundamentally small due to the angular
characteristic of the radiated field, as expressed by the dashed
line, as shown in Fig. 7(b). It is found from some numerical
examples that an average mesh of 0.1λph or smaller is needed
for the stable computation of cuboidal phantom, as discussed in
this article, where λph = λ/n is the wavelength in the phantom.
If the curvature of the phantom is small, the above criterion for
the mesh size may be applied.

However, in the case of a large curvature object, such as a
sphere, the sensitivity of meshing selection on the simulator
increases because a curved surface might have caused the ray of
fields from each individual mesh triangle to become severely
angled compared with flat surfaces, such as a cuboid. This
hypothesis was tested using a horizontal dipole radiating inside
a lossless, dielectric sphere of radius rS = 3 cm with permittivity
εr = 1.5 of which is arbitrarily selected to test a low-permittivity
object. The reconstruction results are arranged in the same
manner, as shown in Figs. 5 and 8. The other parameters,
including mesh size, are retained as that of Section III-A. In
Fig. 8(b), the |E| distribution in the range from ± 0.02 m to ±
0.01 m has a distinguishable error compared with the cuboid,
even though the object is of much lower permittivity and is
essentially a lossless dielectric. Moreover, it is also identified
that conductivity is not a casual element contributing to this
phenomenon.
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Fig. 8. |E| distribution along the z-axis at x = y = 0 for a sphere. (a) Linear
scale. (b) Corresponding logarithmic scale.

TABLE I
RECIPE OF PHANTOM

While an extremely fine mesh is used for precisely modeling
such objects and avoid such occurrence, a larger size is used
for reconstructing the surface currents in most cases because the
inversion process imposes heavy computational loads, including
the computer memory.

IV. EXPERIMENTAL VALIDATION

In this section, we performed experiments in order to confirm
the validity and effectiveness of the proposed method. The exper-
iment was done using a cuboid phantom of a similar dimension
as the one presented in Section III. The phantom fabrication will
be briefly explained before discussing the experimental setup
inside an anechoic chamber.

A. Phantom Fabrication and Measurement

An agar-based cuboid phantom is prepared by referring to the
articles presented in [23] and [24] with some adjustment to the
material ratio by trial and error. The manufacturing process is
simple, and it can be made with nonindustrial grade equipment.
The composition of ingredients is listed in Table I and the steps
to fabricate it are as follows.

Steps to fabricate the phantom are as follows.
1) Mix the deionized water, agar, sodium chloride, and

sodium dehydroacetate monohydrate until dissolved.
2) Heat the mixture until bubbles start to form. The mixture

will thicken and becomes slightly translucent.
3) Transfer the heated mixture into a mixer.
4) Add the TX-151 and PEP in parts, until finished.
5) Pour the final mixture into the desired mold in a controlled

manner to minimize air bubbles.
6) Let cool it down completely in room temperature before

storage.

Fig. 9. Measurement of dielectric constant at 2.5 GHz. (a) Dielectric probe
and cuboid phantom. (b) Measured data of εr and tan δ.

Fig. 10. Experimental setup in an anechoic chamber. (a) Phantom with AUT
before being fully enclosed. (b) Complete setup. A laser module is used for more
precise alignment.

Step 4) plays a crucial role to achieve the desired value of
the dielectric constant because PEP is the active ingredient
that determines the dielectric constant of the phantom. This
step must be done swiftly before the agar component starts to
coagulate. The delay in mixing may cause the powder not to
be mixed thoroughly before the phantom solidifies, causing the
permittivity and/or conductivity to divert than that of the target
value, due to changing of ingredient’s ratio.

The dielectric properties are then measured using Agilent
Technologies (Keysight) 85 070 dielectric probe kit connected
to E8364B PNA series network analyzer at ten different spatial
points, as shown in Fig. 9. The constant readings ensure the sta-
bility of phantom for the measurement use. For input of computer
program, the average value is calculated and is given as follows:
εr = 48.7 and tan δ = 0.25, the latter corresponding to σ =
1.66 (S/m). The measured dielectric constant is close to a human
skin tissue [25]. For our study, the dimensions of geometries
and dielectric parameters in numerical simulations are adjusted
based on the finished product of a measured phantom for ease
of comparison.

B. Experimental Setup

The experiment was performed using the phantom manufac-
tured in Section V-A. Fig. 10 shows the photograph of the
experimental setup. The transmitter (Tx) or AUT is a dipole
of length �d = 30 mm (∼0.25λ in vacuum or 1.7λph in phan-
tom), mounted on a semirigid coaxial cable by a 3.5 mm
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Fig. 11. Reconstructed electric current distribution on SP. (a) Generated directly from FEKO. (b) Using simulator’s probe data. (c) Using measured probe data.

Fig. 12. Reconstructed internal electric field. (a) Generated directly from
FEKO. (b) Using simulator’s probe data. (c) Using measured probe data.

Fig. 13. |E| distribution along the z-axis at x = y = 0 for experimental values.
(a) Linear scale. (b) Corresponding logarithmic scale.

Fig. 14. Resultant SARs along the z-axis at x = y = 0 for experimental values.
(a) Linear scale. (b) Corresponding logarithmic scale.

SubMiniature version A (SMA) connector. The radiating ele-
ment and the coaxial cable are covered with a thin layer of
common polyethylene plastic film of minimal thickness, just
sufficient to avoid direct contact with the dielectric surface. The
dipole is placed in one part of the phantom before enclosing
the other half. This configuration is then securely held using

polystyrene foam [4]. The usage of polyethylene plastic film and
the polystyrene foam as a holder and/or spacer in mobile antenna
measurement is compliant with the standardization set by the
International Electrotechnical Commission, which states that the
fixture to hold AUT in test position must be a low permittivity
and low loss material [26], such as used in this setup.

The phantom embedded with AUT was placed on the hori-
zontally rotating azimuth (φ) table. The receiving (Rx) probe
that we used is a 48 mm horizontal Schwarzbeck UHA 9125D
half-wavelength dipole with electromagnetic interference balun
[27] and was fixed to an arm rotated about the vertical axis (θ).
The forward voltage was measured using Agilent Technologies
E5071C vector network analyzer (VNA), with the probe at 0.6 m
(5λ) distance from the center of AUT in the interval of the
elevation angle being 0≤ θ≤π/2. The angular sampling interval
was set toΔθ=Δφ= 5°. Although a full sphere probe scanning
is better for more accurate and symmetrical results, a hemisphere
scanning was performed due to the limitation of hardware of the
experimental setup, and it also saves calculation time [28].

It would be ideal if the numerical solution of Section III is
experimentally performed using the same antenna. However, the
4.3 mm short dipole was too small to fabricate with precision
by a thin wire. Following that, the simulation and experimental
procedure were performed again using a longer antenna. From
a theoretical point of view, the current distribution profile of a
short dipole antenna is a simple, almost triangular pattern, while
a longer dipole here has a more complicated sinusoidal pattern
with more than one maximum peak value [29]. Therefore, the
applicability of the proposed method would be assessed by a
more complicated current distribution. Besides that, it is also
arduous for a typical anechoic chamber setup to efficiently
collect the low-level signal radiated from the compact AUT
inside of phantom because E-field wave traversing through a
lossy material decreases exponentially due to the loss created
by effective conduction currents [30]. For these two reasons, a
slightly longer length AUT compared with that of Section III
was used in the experiment in order to assess the applica-
bility of ECM-SR when a more complicated current distri-
bution is involved and to expect an enlargement of radiation
power.

C. Reconstruction Results

Let us compare the reconstructed results. This section consid-
ers three results; one of which is the results directly generated
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by FEKO, which is used as a reference, the second and third
are reconstructions using probe data from FEKO and measured,
respectively. All parameters used in these calculations were
described in Section V-A and B, except for the solver’s error
tolerance increased to 10−3 to compensate for the measurement
errors and to prevent the equation system from falling into the
local solution.

Fig. 11 and Fig. 12 are the surface current and electric field dis-
tribution, respectively. Fig. 11(b) exhibits evident asymmetrical
distribution property compared with reference that is Fig. 11(a),
even though the probe data are originated from an ideal simula-
tion environment. This is contrary to reconstruction results, as
previously presented in Fig. 3, showing that utilizing a longer
AUT size of almost seven times longer considerably affects the
reconstruction results of the current and field distributions. Thus,
for a steady increase in accuracy, the AUT should be gradually
minimized with respect to wavelength in the dielectric material.
Meanwhile, the reconstruction in Fig. 11(c) is roughly accept-
able when compared with both Fig. 11(a) and (b), considering
that the experimental setup data were used for the calculations.
Nevertheless, distinct characteristics of a horizontally polarized
dipole radiation can be seen for both reconstructed results;
high current density concentrated on the center area, lower on
the left and right sides. From the current distribution data, we
reconstructed the internal electric field distribution, as presented
in Figs. 12 and 13. The results are satisfactory and were also
confirmed from Fig. 14 where the concurrent SAR calculated
from it are shown along the z-axis at x = y = 0.

The most predominant challenge is mechanically aligning the
probe during the experimental procedure. Although we have
used a laser in the initial setup to ensure that the Tx and Rx
probes are precisely aligned, as described in Fig. 10, the rotat-
ing position for each angular point R could not be monitored
directly during the data collection. This may have caused the
magnitude and phase of the collected E(R) to deviate from that
of the expected value and ultimately affecting the reconstruction
results. Therefore, utilizing a high-precision arm to overcome
mechanical inaccuracies in the field sampling results is one of the
possible solutions. However, it is considered a hardware-related
issue and may be more costly to address; hence, the correction
at the computational level might be more feasible.

V. CONCLUSION

In this article, we have proposed an SR method to obtain the
internal electric field of the phantom with an embedded antenna.
This method is effectively applicable to the noninvasive SAR
dosimetry of small biomedical telemetry devices if the dielectric
constants are known in advance. The reconstruction is based on
PMCHWT formulation by discretizing all the integral equations
that relate the scattered radiation fields and relating it to the
EM currents of the antenna and on the surface of the phantom
using a current equivalence theorem. Probe correction is also
applied to compensate the influence of inverse operators and
probe’s receiving characteristic on the surface of measurement.
This method was verified numerically and experimentally using
the dipole antenna inside of the lossy cuboid phantom. The
results were accurate for a very compact AUT in the evaluation

of relative error but suffers as the length of the radiating element
elongates in which the solver’s error tolerance needs to be
increased for stable computation. The reconstruction is also
challenging to be applied in a heterogenous structure and in
calculating points very close to the center of the antenna due to
the boundary integral formulations.

Besides what has been previously suggested, another potential
extension to this work is the localization of AUT. In this work, the
reconstruction surface of AUT is known. But in a real wireless
telemetry device, an additional degree of freedom, which is the
location and depth inside the body, is not static. Therefore, the
reconstruction surface will also be constantly changing. The idea
is using ECM-SR to predict antenna location from the maximum
magnitude of the reconstructed internal electric field. We look
forward to see interesting outcomes in the future.
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