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Abstract-1n order to investigate thresholds of biological effects
due to millimeter-wave (MMW) exposure, A hybrid method,
which combines the Poggio-Miller-Chang-Harrington-Wu-Tsai
method of moments (PMCHWT-MoM) and the finite-difference
time-domain (FDTD) method, has been developed and applied to
analysis of millimeter-wave exposure on rabbit eye using
dielectric lens antenna as an electromagnetic source. The
PMCHWT MoM has been validated by comparison of calculated
and measured electric fields radiated from the dielectric lens
antenna. Then, the hybrid PMCHWT-MoM-FDTD method is
used to determine specific absorption rate due to MMW exposure
on rabbit eye, which was placed at the focal point of the antenna.
It was found that the dielectric lens antenna with an input power
of 10 mW produces a peak SAR of 86 W/Kkg in the eye cornea at
35 GHz

I.  INTRODUCTION

With recent advances in electromagnetic (EM) field
technology, the application of millimeter-waves (MMWS) is
increasing in daily life, ranging from wireless communications
to intelligent transport system such as automobile collision-
prevention radar. The rapid development of these new
technologies increases public concern about possible biological
effects due to EM exposure in millimeter-wave range.

Safety guidelines on EM field exposures published by
various organization, including the International Committee on
Electromagnetic Safety (ICES) of the Institute of Electrical and
Electronics Engineers (IEEE) [1] and the International
Commission on Non-lonizing Radiation Protection (ICNIRP)
[2], cover the frequency range of MMWs, i.e., up to 300 GHz.
These guidelines are based on established scientific evidence.
Few studies, however, address the rationale for the exposure
limits in MMW band. The limit values for MMW exposure
were derived primarily from extrapolations of experimental
data for frequencies up to several GHz, or from the effects of
infrared radiation. To confirm the scientific basis for the
exposure limit in the MMW region, it is necessary to perform
experiments to obtain reliable evidences in this region.

Experimental research in the MMW region, which occupies
a broad frequency range from 30 GHz to 300 GHz, however, is
difficult from the practical viewpoint due to limit number of
animal individuals used in experiments and availability of EM
sources in this frequency region. Therefore, the simulation

based on actual physical model for calculating power
absorption of EM waves into biological bodies is needed.

In this paper, a hybrid method, which combines the Poggio-
Miller-Chang-Harrington-Wu-Tsai (PMCHWT) formulation of
the method of moments (MoM) [3] and the finite-difference
time-domain (FDTD) method [4], is proposed to analyze an
exposure system using dielectric lens antenna as an EM source
in a MMW range. We are investigating the relationship
between injuries for ocular tissues and exposure level of
MMW by using rabbit eyes. Since biological effects for MMW
exposure is mainly due to EM power absorbed at surface of
biological bodies and eyes are considered most vulnerable to
MMW [5], [6]. Hence, bare rabbit eye model is employed for
our target of numerical simulation. This paper is organized as
follows: First, we briefly describe a hybridization of the
PMCHWT-MoM and the FDTD method. The PMCHWT
MoM is then experimentally validated for a dielectric lens
antenna model. Finally, we use the hybrid PMCHWT-MoM-
FDTD method to calculate the specific absorption rate (SAR)
in rabbit eye by MMW exposure at 35 GHz.

Il. HyYBRIDIZATION OF PMCHWT-MoM AND FDTD METHOD

The concept of the hybrid PMCHWT-MoM-FDTD method
is illustrated in Fig. 1. There are two analysis regions; one is
the MoM region including homogeneous dielectrics and metal
structures, and the other is the FDTD region including only
heterogeneous bodies, e.g. biological bodies. The PMCHWT
MoM is applied in the MoM region in order to solve a
radiation/scattering problem including dielectric objects. Ja, Jg,
and My are electric current density residing on an antenna,
electric and magnetic current densities residing on a dielectric
structure, respectively. Electric and magnetic current densities
on a closed surface Sy surrounding an object in the FDTD
region are denoted by Js and M, respectively. Sy, can be
chosen arbitrarily as long as it totally encompasses the object.
Calculation procedures of the PMCHWT-MoM-FDTD method
are as follows:

1) Apply an incident voltage at the antenna terminal, and
then J,, Jg, and My are determined from the MoM procedures.
It is assumed that the exposed subject is outside the MoM
region and excluded from the calculation.



FDTD Region
\\' J .
SJM
,’; M st ~—
; Heterogenous
“.Homogenous ¢ A4 Body
“Dielectric -
T ESZ HSZ

Fig. 1 Concept of a hybrid PMCHWT-MoM-FDTD method.

2) Radiated/scattered electric fields E* is calculated for
observation points in the FDTD region. Since the solutions of
the MoM are found in the frequency domain, we then
transform them into the time-domain sinusoidal waveform in
order to apply them to the FDTD method as the incident field.

3) Scattered electric and magnetic fields are calculated with
the FDTD method. The structures in the MoM region are
excluded from the calculation in this step and the perfectly
matched layer (PML) is applied at the border of computation
space to absorb the outgoing EM fields. The SAR is also
calculated from

o|E|?

AR =
S 2

(1)

where E is the peak values of the total electric field (V/m), o
and p represent the conductivity (S/m) and the mass density of
the tissue (kgem™), respectively.

4) Js and M on a closed surface surrounding the exposed
object are obtained from scattered electric and magnetic fields
using the equivalence principle:

Jo = A X HS, My = ES X Ai. (2

Since the cell size in the FDTD method is small, actually on
the order of one-tenth to -twentieth of wavelength, electric and
magnetic dipole moments on a face of the Yee’s cell can be
considered infinitesimal and can be expressed as
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where r,, is defined as the center coordinate of the small area
As which corresponds to a face area of the Yee’s cell. The
scattered electric and magnetic fields at an observation point
outside the volume enclosed by S;; can be analytically
computed from the following expressions:

Ng _

. e Jkokp mD .
ES%(r) = —jkoZW{ﬁo(lp - pp) +%(]p - 3pp)
pmt P J¥o --(4)
- D(R, x mp)}’
Ng .
e JkoRp (1 D
H2 () = ~jky ) S (my = pp) + =— (m, — 3p;)
= Ty, o JKoTlo ...(5)

+D(R, xjp)},

Unit: [mm] T

RectangularWG Cylindrical WG

\ 3

——

Monopole” 54" / 1ot 1895
antenna 1
Transition WG
z Circular Horn
yhx

Fig. 2. Structure of the dielectric lens antenna.

=(Rp'jp)Rp /=(Rp'mp)Rp D 1<1_ j ),

Pr Rz P RZ R\ koR,

‘ #150 6
3.556:%

Dielectric Lens
&=4.0

p

Rp=r—rp,

where Ny is a total number of dipole moments.

5) Induced voltages on every edge element in the MoM
region are calculated using electric and magnetic fields in (4)
and (5) as incident fields. Since they are treated as additional
sources in the PMCHWT MoM, J,, J4, and My obtained in this
step must be added to those obtained in the previous iterations.
Steps 2-5 are then repeated until the convergence is reached.

I1l. EXPERIMENTAL VALIDATION OF DIELECTRIC LENS
ANTENNA

A.  Structure of Dielectric Lens Antenna

Fig. 1 shows the structure of dielectric lens antenna used in
numerical analysis. The dielectric lens antenna is composed of
rectangular waveguide (WG) with a monopole antenna inside,
transition WG, cylindrical WG, circular horn, and dielectric
lens. Aperture size of the rectangular WG for Ka band (26.5
GHz to 40 GHz) is 7.112 mm x 3.556 mm. The monopole
antenna has a length of quarter wavelength at 35 GHz, i.e.,
2.143 mm. An aperture diameter of the cylindrical WG is 8
mm and the tapered part of the horn has a length of 189.5 mm.
An aperture diameter of the horn at the open end is 150 mm.
Relative permittivity and conductivity of the dielectric lens is
4.0 and 0.001 S/m, respectively. All components are put
together in a serial connection as shown in Fig. 1. Analysis
frequency is fixed to 35 GHz for all numerical simulations and
experiments.

The horn antenna, including the rectangular, transition, and
cylindrical waveguides was discretized into 31060 triangular
patches while there are 38598 triangular patches for the
dielectric lens. Total number of unknowns in the model is
123,659. The PMCHWT MoM code developed in-house was
parallelized by adopting the OpenMP interface software
platform. The parallelized version of the LU decomposition in
the Intel Mathematical Kernel Library (IMKL) was used to
accelerate the calculation. All numerical analyses were
performed on a high-performance computer with 48 cores
(CPU Opteron 6174) in our laboratory. Calculation time for the
model was approximately 4 hours and 40 minutes using about
256 GBytes.
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Fig. 4. Comparison of normalized electric field distribution
at the focal point of dielectric lens in the xy-plane (left) and
yz-plane (right) at 35 GHz. d is the distance from the base of
dielectric lens to an observation point.

B. Numerical Analysis and Experimental Validation

First, we calculate electric field distribution created by the
dielectric lens antenna. Fig. 3 shows the normalized electric
field strength in the xy-plane. The focusing behavior of EM
waves by dielectric lens can be clearly observed. Focal point of
the dielectric lens is then determined as d = 135 mm with a
beam width of 10.5 mm x 12.8 mm (half power value), where
d is the distance from the base of the dielectric lens. The input
impedance of the monopole antenna is 37.12 — j51.06 Q. The
maximum electric field strength, and power density at the focal
point are determined as 86.69 V/m and 2.00 mW/cm?
respectively, for an antenna input power of 4.66 mW. The
electric field distribution was also measured by using near-field
measurement system (NSI12000, Nearfield System, Inc.). Fig. 4
shows the normalized electric field strength at the focal point
in the xy-plane and yz-plane, calculated by the PMCHWT
MoM and measured experimentally, respectively. It can be
seen that the numerical results are almost identical to those of
the experiment. Fig. 5 shows the electric field strength on the

2 i T T T T 0 ]

% OL_.,.-»-—-'- """""-l--....,._____.;

— 2r b

= -6 —=— Simulation ]

w gf — Experiment A

1l , ] ] ] ]
LAY, 0.03 0.14 0.05 0.16

d (mm)

Fig. 5. Comparison of normalized electric field distribution,
on the x-axis, calculated by the PMCHWT MoM and that
obtained from the experiments.
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Fig. 6. Structure of eye used in numerical analysis
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x-axis when z = 0. Again, the numerical result shows good
agreement with the experiment, demonstrating the validity of
our PMCHWT MoM.

IV. NUMERICAL EXPERIMENT OF MILLIMETER-WAVE
EXPOSURE ON RABBIT EYE

The validity of the PMCHWT MoM has been demonstrated
in comparison with the measured electric fields. We then
combine the PMCHWT MoM with the FDTD method in order
to analyze millimeter-wave exposure on rabbit eye. Since eye
has a complex and fine structure as shown in Fig. 6, we have
modeled the eye in the FDTD region with a spatial grid size of
0.05 mm in each axis. The eye is placed at the focal point of
the dielectric lens. There are 7 types of tissues used in the eye
model and their dielectric constants are tabulated in Table I.
Dimensions of the FDTD region are 25 mm x 25 mm x 25 mm.
The 8-layer perfectly matched layer (PML) is utilized to absorb
the outgoing wave in order to truncate the FDTD region. The
time step size is 96.29 fs and the number of time steps is 2000.
Calculation time for the eye model was approximately 2 hours
and 40 minutes using about 62 GBytes.

First, the radiated/scattered electric fields calculated from the
PMCHWT MoM, when only the dielectric lens antenna exists
in the analysis region, are used as incident fields in the FDTD
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Fig. 7. Distribution of the incident electric fields in the 1%
and 2" iterations of the PMCHWT-MoM-FDTD method.

TABLE |
DIELECTRIC PROPERTIES OF EYE’S TISSUES AT 35 GHz
& o (S/m) p (kg-m?®)

Dry skin 13.34 29.76 1100
Eye sclera 18.87 38.69 1032
Cornea 18.39 37.77 1051
Vitreous humor 22.40 58.53 1005
Lens 16.46 32.34 1076
Anterior chamber 22.41 58.53 1005
Iris 20.42 39.65 1090

region. The SAR is then calculated using the FDTD method.
The electric and magnetic fields scattered from the eye,
calculated using (4) and (5) are used as a new source for the
PMCHWT MoM. We repeated the calculation procedure until
the convergence of the SAR is reached. As a result, only two
iterations is needed in order to satisfy the convergence
condition, since the coupling between the eye and the dielectric
lens antenna is quite small. Fig. 7 shows the incident electric
field distribution on the x-axis in each iteration step. For the 2"
iteration step, the maximum of the electric field strength is
approximately 27 dB less than that in the 1% iteration step.
Therefore, only one iteration would be sufficient for simulating
our numerical exposure experiment

Finally, the SAR distribution calculated by using the hybrid
PMCHWT-MoM-FDTD method after two iterations is shown
in Fig. 8. The maximum SAR is approximately 40.1 W/kg for
an antenna input power of 4.66 mW. As can be seen from the
figure, the power absorption of EM wave occurred only nearby
the eye surface where it is exposed to the air region. However,
the temperature rise due to the MMW exposure would cause a
thermal convection inside the anterior chamber of the eye and
this may induce the damages inside the eye [7]. This
phenomenon will be taken into account in our future research.

V. CONCLUSIONS

In this paper, a hybrid method combining the PMCHWT-
MoM and the FDTD method has been proposed to simulate a
situation of the MMW exposure on the eye at 35 GHz. The
validity of the PMCHWT-MoM has been confirmed by
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Fig. 8. SAR distribution calculated by using the
PMCHWT-MoM-FDTD method. The antenna input
impedance is 35.60 — j50.55 Q and the input power is
4.66 mW.

comparing the calculated electric field distributions with those
obtained from the experiment. Then, the PMCHWT-MoM-
FDTD method was used in order to determine a power
absorbed into the eye and the maximum SAR is determined as
86 W/kg for an antenna input power of 10 mW. It was also
confirmed that the coupling between the dielectric lens antenna
and the eye is small so that only one iteration will be sufficient
for analyses.

A future subject is to include the thermal convection effects
into our model and determine thresholds of biological effects
in the MMW frequency range.
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