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Abstract

A comparison of absorbed power density (APD) evaluation
using a regularized source reconstruction/inverse source
method by planar and spherical near-field sampling was
studied for a horn antenna at a millimeter-wave frequency
of 28 GHz. The results have shown that the non-corrected
planar near-field scanning for the proposed inverse source
method could calculate a reasonably accurate peak spatial
APD compared to that of a spherical one, in addition to
the significantly reduced number of sampling points. The
calculated APD using measured planar near field was also
presented as validation.

1 Introduction

The epithelial/absorbed power density (APD) in W m−2 has
been determined as the dosimetric reference limit or basic
restrictions for human exposure above 6 GHz [1, 2], its
poynting vector definition given as Eq. (1), where E, H,
and A are electric field (V m−1), magnetic field (A m−1),
and averaging area (m), respectively.

APD =
∫∫

A
Re[E×H∗] ·ds/A (1)

As there are no current set standards on the methodology
and procedures, the development of an APD measurement
method becomes an active research in the scientific
community focusing on radiation protection by
electromagnetic fields. Recently, there were some
attempts to develop APD prototype by extension of
conventional specific absorption rate (SAR) measurement
system [3] and also by plane wave spectrum method [4].
Nevertheless, the measurement at higher frequencies above
10 GHz still proves to be a challenging subject, especially
considering the scattering of high-loss phantom. For this
reason, we consider the APD measurement prototype with
the inverse source method (ISM) approach [5]. The basis of
ISM-based APD assessment is utilizing a probe’s surface
field measurement of a device under test (DUT) irradiating
a lossless (technically very low-loss) phantom. Then, the
equivalent electric currents on the surface of the phantom
are reconstructed for calculating the spatial averaged peak
APD (psAPD) for the high-loss phantom.

In order to obtain the surface field measurement
in millimeter-wave (MMW), the over-the-air (OTA)
measurement method becomes the only viable method.
However, the spherical near-field (SNF) sampling with
OTA which is generally the most accurate technique to
characterize the radiation of DUT are not easily available
commercially within the 5G domain. In addition, the
sampling criterion for higher frequency results in longer
sampling time and ultimately more expensive computation.
Therefore, utilizing the existing OTA based on planar-near
field (PNF) is the more viable option for 5G devices. In
this paper, to ensure that the PNF is a suitable near-field
sampling method for our proposed method, the APD
reconstruction based on ISM is compared between PNF and
SNF at a frequency of 28 GHz.

2 Inverse Source Method for APD

The ISM in electromagnetics (EM), or sometimes
dubbed as “source reconstruction” is an advantageous
noninvasive/non-destructive approach for APD assessment,
yet relatively unexplored for multiple reasons. The major
disadvantage is the inherently ill-conditioned nature of the
matrix when considering high permittivity objects. ISM
problems involving a scattering on non-metallic surfaces
(dielectric, bio-equivalent phantom) are generally solving
rectangular matrices of b = Ax where unique solutions do
not exist on the boundaries of the medium. However, with
appropriate preconditioning, the system of equations can
be transformed into a square matrix and solved iteratively
using solvers such as least-square approximation.

A DUT radiating in free space, simplified, is shown in
Eq. (2) where E at observation point of (r) at different
measurement points is [E1, · · · , Em]

T, and the unknown
coefficients of source currents X(J,M) are [X1 · · · , Xn]

T.
However, In this study, since the coefficient matrices are the
unknown variable, the matrix-vector product becomes more
computationally expensive and therefore the generalized
minimal residual method (GMRES) is preferable and used
for the iterative solver.E1

...
Em

=

A j,11 · · · A j,1n
...

. . .
...

A j,m1 · · · A j,mn


X1

...
Xn

 (2)
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For DUT irradiating a phantom, a scattering problem arises
for two surfaces, J1,M1 (on equivalent surface of DUT,
SDUT ) and J2,M2 (on equivalent surface of phantom, Spha).
The observed electric field at sampling points E(r), of SNF
(on Ssp) or PNF (on Spl) is given as,

E(r) = (Edir +Esca) ;r

= (−Lk0η0(J1)+Kk0(M1)−Lk0η0(J2)+Kk0(M2) ;r
(3)

where Edir is the direct wave propagation and Esca is
scattered field. The superscript kn is the wavenumber
while subscript ηn is wave impedance where n = 0 and
phantom n = 1 are for regions free space and phantom,
respectively. PMCHW formulation is the approach taken to
build the matrices corresponding J1,2, M1,2 [6]. To obtain
E with respect to Eq. (1), the observed fields at sampling
points can be assumed as the exterior fields to the phantom
surface. Based on the surface equivalent theory, thus the
corresponding internal electric fields of the phantom are
given as following.

E = Lk1η1(J2)+Kk1(M2) (4)

Taking the various conditions into consideration, the
geometry of the problem is shown in Figure 1. The dp,
dr, and t are distances/thickness of DUT-phantom-probe,
meanwhile (R,θ ,φ ) and (x,y) are the typical nomenclatures
of the spherical and planar coordinates, respectively.

Figure 1. Schematic representation of PNF and SNF for
APD reconstruction.

3 Validation Procedure

The low-loss phantom is represented by a polymer resin,
Polyphenylene ether (PPE), specified as εr = 10.21 and tan
δ = 0.006 with dimension 200×200×5 mm (l ×w× t)
(CS-3396, RISHO Kogyo Co. Ltd.). PPE is typically used
as an antenna substrate in 5G communication devices as it
is a material that exhibits stable dielectric properties over a
wide frequency and temperature range. For this reason, we
consider the PPE as the suitable candidate for the low-loss
phantom. For a high-loss phantom, the average of wet and
dry skin tissue was calculated εr = 17.6, σ = 26 at 28 GHz

[7]. For the DUT, a standard gain conical horn antenna was
deployed (Ka-band, QWH series, QuinStar Technology,
Inc.) with input power of 1 mW. The equivalent surface
of the DUT is represented at the horn’s aperture, a closed
surface of 5 mm × 5 mm with a thickness of 0.05 mm.
The phantom is placed from a distance of 5 mm from the
aperture of the antenna.

The validation procedure with measurement is only
performed with the PNF due to the availability of the
measurement facility. The measurement setup is shown
as following Figure 2. A polystyrene plate is perforated
with a square hole in the middle to radiate directly to the
surface of the phantom. The probe is a WR-28 open-ended
waveguide antenna (AOEWP-08E, Elmika UAB). For PNF,
it is preferable for the separation distance between DUT
and probe, drx = dp + t + dr is greater than several λ s to
minimize coupling effects and multiple reflections from the
DUT to the receiving probe. If this criterion is fulfilled,
the minimum increment of sampling can be simplified as
shown Eq. (5).

∆x = ∆y =
λ

2
(5)

Therefore, the increment of scanning for both x,y is set as
5mm for the selected drx = 60 mm (5.7λ ). This brings the
sampling points of PNF to N = 41×41 points. In the initial
test, We measured the PNF with a scanning area of the same
dimension as that of the Dmax, or the largest dimension of
the object in the geometry of the problem.

Figure 2. Measurement setup of PNF scanning.

The calculated APD was spatially averaged over a square
area of 4 cm2 which is the exposure metric specified
in IEEE C95.1 standard [1] and ICNIRP guideline [2].
The results are shown in Figure 3. The reference is
calculated by utilizing the currents’ output file generated
from FEKO, a commercial EM simulator. The psAPD
of Figure 3(a) returns a very small error of -0.19 dB or
approximately corresponding to 4.3% error compared to
psAPD of reference of Figure 3(c). Meanwhile, psAPD of
(Figure 3(b)) returns a reasonable deviation of -1.14 dB,
corresponding to error of 23.0%.
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Figure 3. The spatial-averaged APD, (a) Reconstructed
using simulated PNF generated by FEKO (b) Reconstructed
using measured PNF (c) Reference, calculated directly with
surface currents generated by FEKO.

4 Discussion

In the previous section, a satisfactory reconstruction of
APD was obtained using PNF scanning. Let us compare
the results with the reconstruction using SNF. The distinct
characteristic of SNF scanning is the full enclosure of
geometry by the minimum measurement sphere. This
theoretically ensures that the probe is always pointing at
DUT and all radiations will be measured, with a reduction
of scattered fields and noise influence [9]. According to the
sampling theory, the minimum step for angular sampling
(in radian) is calculated as following equation [10, 11].

∆θ = ∆φ =
λ

2(Dmax
2 )+λ

(6)

The sampling interval for SNF is selected as equiangular,
∆θ = ∆φ = 1◦, corresponding to N = 181×361 points.
The radius of the full-sphere enclosing the whole problem is
R = 0.15 m (14λ ). There are some cases where hemisphere
scanning can be utilized to effectively halve the sampling
time and overcome certain mechanical arm limitations with
regards to θ or φ , but it is not to be considered in this paper.
The other parameters including the phantom and antenna
are kept the same as that of Section 3.

The calculated APD is shown in Figure 4. The psAPD
of reconstruction using SNF agrees extremely well with
reference. The overall results are summarized in Table 1.
However, even though the reconstruction using SNF is
more accurate than PNF, the sampling points of PNF are
much lower compared to that of SNF (N = 1681 points
and N = 65,341 points, respectively) and we could obtain

Figure 4. The spatial-averaged APD reconstructed using
simulated SNF.

comparable results, therefore we have confirmed that PNF
can be used confidently as a sampling technique for APD
measurement method.

Table 1. Summary of results.

Units Spherical Planar Reference
Sim. Sim. Meas. Sim.

psAPD, W/m2 0.539 0.513 0.412 0.535
W/m2Difference, dB 0.032 -0.189 -1.137

Difference,% 0.007 4.3 23.0

5 Conclusion

In this paper, we compared the results of non-corrected
PNF and SNF for calculating the APD using the regularized
inverse source method. The results have shown that PNF
sampling was able to obtain data comparably to that of
SNF with computational simulation. The result was also
validated using the measured results of PNF, which is a
novelty in frequency of 28 GHz. We plan to further validate
the measurement results using various conditions.
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