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Abstract—The fields induced in the human head by the wireless
telemetry used for Second Sight Medical Product, Inc.’s epiretinal
prosthesis system are characterized for compliance testing with
international safety standards using a three-dimensional (3-D) fi-
nite-difference time-domain (FDTD) code in D-H formulation. The
specific system under consideration utilizes an inductive link with a
primary coil mounted on the subject’s eyeglasses and a secondary
coil that is strapped on the eye, over the sclera. The specific ab-
sorption rate (SAR) and the current density have been obtained
computationally for different relative positions of the primary and
secondary coils to account for the relative misalignment of the two
due to the movement of the eye with the implant. For a peak nor-
malized current of 0.62 A in the primary coil at 10 MHz, the highest
peak 1-g SAR was found to be 0.45 W/Kg, and the maximum root
mean square (rms) current density averaged over a 1-cm � area
was found to be 16.05 A/m�, both of which are within the limits
imposed by IEEE and ICNIRP safety standards. Simulations be-
tween 2 and 20 MHz indicated that the induced electric field values
scale well with frequency, thus providing guidelines for the deter-
mination of the final frequency and input power requirements of
operation for the telemetry system to meet safety standards.

Index Terms—Bioelectromagnetics, finite-difference time-do-
main (FDTD), specific absorption rate (SAR).

I. INTRODUCTION

R ETINITIS PIGMENTOSA (RP) and age-related macular
degeneration (AMD) are retinal degenerative diseases

leading to partial or complete blindness affecting approxi-
mately 10 million people worldwide. Extensive research is
being carried out [1]–[4] with different approaches to develop
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a rehabilitative device to restore partial sight to patients af-
fected by these illnesses. While a number of approaches to
the stimulation of the surviving neural cells in the retina have
been proposed, our present work deals specifically with the
dual-unit epi-retinal approach [1], [2], where the target cells for
stimulation are the surviving ganglion and bipolar cells.

To minimize the number of internal components, it is pro-
posed to keep most of the signal processing units outside the
body. Thus, a wireless telemetry system is necessary to provide
power and data to the implanted stimulator chip that drives the
micro-electrodes responsible for exciting the underlying gan-
glion cells.

Before surgical implantation of the internal components, it
is imperative to perform a thorough safety analysis (using sim-
ulation, human phantoms, laboratory animals) of the possible
harmful effects to the tissues. One possible cause of these ef-
fects is heat generation, whose sources are the stimulator chip,
the electrode array, power dissipated in the secondary coil, and
the electromagnetic power absorbed in the tissues due to the
telemetry link.

A detailed discussion of the thermal effects of bio-implants
can be found in [5]. Specifically, a thorough treatment of the
thermal effects of the stimulator chip and the secondary coil
for this particular prosthesis system has been carried out in an-
other publication [6]. The current generation of the prosthesis
design by Second Sight Medical Products (SSMP), Inc., under
clinical trials is the ArgusII, a 60-electrode device. As the elec-
trode count increases, the power requirements and the ensuing
heat generated may become the primary issues for such devices.

Another possible unwanted effect due to the telemetry system
is parasitic neuronal stimulation. A human body cell membrane
(which conveys the neural signals) behaves like a capacitor,
which becomes progressively less responsive with increasing
frequency. Extensive studies have shown that strong, inductive,
low-frequency (up to a few hundred kHz) fields have the capa-
bility to excite nerves directly causing undesirable physiolog-
ical effects [7]. Furthermore, even a subthreshold but substantial
chronic stimulation can adversely affect the activity of the cen-
tral nervous system [7]. However, above 10 MHz, the exposure
restrictions are dictated by tissue heating via energy deposition
rather than stimulation.

Some earlier investigation of the electromagnetic effects
[only specific absorption rate (SAR)] of the retinal prosthesis
was carried out in [8], [9] for a two-dimensional (2-D) head
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Fig. 1. (a) The intended position of the implant placed on the eye. The broad
flat portion encloses the secondary coil, while the chip package is near the top
(along the z-axis). (b) A cross section (along the y-z plane) through the implant
and eye (in the region inside the implant) are not shown here.

TABLE I
CONDUCTIVITY OF KEY TISSUES AT DIFFERENT FREQUENCIES

model at 2 MHz and for a three-dimensional (3-D) head model
at 10 MHz [10]. However, in both, the primary coil was modeled
as a single loop. This work differs from the previous work on
the following accounts. First, the actual spiral primary coil and
implanted components used in the current prototype implant
and derived from CAD files have been discretized and merged
with the head model. Second, the primary coil is mounted on
the patient’s eyeglasses and positioned on the side of the eye
parallel to the forehead, while the secondary coil is strapped
on the eye, over the sclera. Third, induced current densities
have also been computed. Fourth, different orientations and
distances of the primary coil have been considered for different
frequencies for a more comprehensive characterization of the
electromagnetic effects of the system.

Typically used numerical methods for problems like this
are based on either the finite-difference time-domain (FDTD)
method or the finite-element method (FEM). FEM has the
advantage of being able to resolve curved contours very well
as compared to FDTD. However, there exist two fundamental
reasons that make FDTD a preferred scheme for this problem.

Fig. 2. (a) A 3-D model of the head and the approximate location of the primary
coil. (b) Slice of the human head indicating the extracted region for the FDTD
simulations. (c) The extracted model with the implanted secondary coil. The
size of the computational space of the extracted region at 0.3 mm resolution
was ��� � ��� � ���.

The primary reason for using FDTD is the requirement of
high-resolution models of the human head/eye that are readily
available in voxelized format [8], [11]. Since the prosthesis
components (internal and external to the body) were to be
integrated with the head model at 0.3 mm, discretizers were
used to convert the CAD drawings to required formats. As
shown in the paper, the FDTD model provides a fairly accurate
model when compared to analytically computed values and
experimental measurements. The second reason for the choice
of FDTD is the usually smaller memory requirements for this
problem at the given uniform resolution required to adequately
describe the eye tissues and the implant materials.

This paper consists of six sections. Section II describes the
head model used. This is followed by a discussion, in Section III,
of the different orientations of the primary coil with respect to
the head considered in this paper. In Section IV, a detailed dis-
cussion of the method of excitation is provided. The results are
presented in Section V, followed by a discussion and concluding
remarks in Section VI.
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Fig. 3. The different orientations of the eye and primary coil considered. The curved dashed line indicates roughly the head contour at the cross section.

Fig. 4. Normalized magnitude and direction (indicated by sign on the colorbar) of the (a) y- and (b) z-components of the D-field. Since the current in the coil is
directly proportional to the D-field, its distribution will be identical.

II. HEAD AND IMPLANT MODELS

The implant and primary coil models were imported from
CAD file formats, discretized, and incorporated in the head
model. Fig. 1 shows a discretized model of the eye with the
implant positioned on its curvature. The implant is to be held in
places via scleral straps wrapping around the eye. The dielectric
properties of the tissues at different frequencies were obtained
from [12]. Table I lists the conductivity of some of the key
tissues.

The original model of the human head was obtained in the
form of 1-mm resolution slices from the Visible Man Project
from the National Library of Medicine [11], then rediscretized
to a resolution of 0.3 mm using linear interpolators [Fig. 2(a)].
Fig. 2(b) and (c) show a cross section of the original head model
and the extracted region used for the simulations.

III. MODELING

It is envisioned that the external components including the
primary coil will be placed on a pair of eyeglasses worn by the
subject. Based on this, we have investigated the energy absorp-
tion and induced currents for different orientations and distances
of the primary coil with respect to the forehead near the right
eye.

The primary coil position is not expected to be constant
during operation, although the position of the secondary coil
will be fixed with respect to the eye. Fig. 3 shows the different
orientations of the primary coil considered for the simulations.
These orientations were used for two distances between the
coil and the forehead.

With reference to Fig. 3, position (A) is when the primary is
parallel to the forehead. Note that in this position, the primary
is inclined toward the secondary coil [refer to Figs. 2(c) and
3(a)]. Position (B) is when the primary is turned away by ap-
proximately 25 with the lower end as the pivot in the figure. In
this position, the primary and secondary coils are approximately
parallel. This leads to a distance slightly larger than that for po-
sition (A). The third position (C) is when the eye is rotated by
20 (eye looking left). The distance “d” is about 2.07, 2.8, and
3 cm for (A), (B), and (C), respectively. The simulations for all
these three positions were repeated by moving the primary coil
along positive-x direction to be almost in contact with the fore-
head leading to distances of 1.1, 1.6, and 1.85 cm. These are
referred to as , , and . Two obvious inferences can
be made at the outset. First, the induced E-fields for positions
B and C will be very similar since the position of the forehead
in unchanged; similarly, positions and also lead to com-
parable induced E-fields. Second, the induced E-fields will be
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greater for positions and compared to those for posi-
tions A, B, and C, due to the smaller distance from the primary
coil. Note that to ensure that coil voxels are not contiguous with
tissue, the location of the primary coil had to be adjusted along
y- and z-directions as well.

The diameter of the primary coil filament is 0.9 mm, and the
discretization of its CAD model at 0.3 mm resolution led to a
three-cell-thick primary coil. Since rotating the coil model by
25 would lead to disconnects in the discretized model, the head
model was rotated by the required angle. For the case where the
eyeball is turned, only the eye tissues and the implant are rotated.

IV. PRIMARY COIL: EXCITATION AND VERIFICATION

The primary coil is spiral-shaped with external diameter
39 mm and internal diameter 21.5 mm and acts as the power
and data source with data modulating the relatively low-fre-
quency power carrier. A current can be excited in one of several
ways in the FDTD method. For example, applying a voltage
difference using the finite-gap method will force a current
through the coil. However, the problem with this excitation
with respect to the coil considered in this paper is that at the
considered resolution (0.3 mm), the coil turns are not smooth,
leading to possible disconnects in the staggered grid, which
will affect the integrity of the current in the coil. Another
possibility is using the H-field curl around the coil. However,
this implicitly assumes that the magnetic field is identical at
the points of excitation, which leads to an inaccurate H-field
distribution.

In this work, the method used to simulate a current in the
coil is a D-field (displacement field) source at each voxel repre-
senting the current in it. Assuming the coil is in the y-z plane and
based on a normalized current, and values were assigned
to each coil voxel based on the angle made by that cell with the
center of the coil. Another reasonable assumption made was that
the current magnitude through each voxel was identical. Fig. 4
indicates the D-field magnitudes (normalized to a peak value of
1 A) in the y- and z-directions.

To verify the excitation, the E-field distribution in the absence
of human tissue using FDTD was compared to that obtained
using the method described by [13], in which the E-field is cal-
culated at any point, in space due to a current element, ,
using

(1)

where R is the distance between the current element and ,
is the number of turns, and is the rate of change of

current. The total electric field at the point can then be ob-
tained by integration over the entire coil length. Since we are in-
terested in the peak E-field distribution, . Fig. 5
compares the E-field distribution obtained using this method
and FDTD.

Measurements using an electric field probe and the data ac-
quisition system (DASY) manufactured by SPEAG AG were
also performed for the fabricated primary coil in free space to
compare with the FDTD results (Fig. 6). Results in Fig. 7 show
that relative measured and computed electric field are in good

Fig. 5. Analytical and FDTD-computed electric field magnitudes at different
distances from the primary coil. Results are in absence of the head model. (a)
1.2 mm from plane of coil; (b) 2.4 mm from plane of coil; (c) 3.6 mm from
plane of coil.

Fig. 6. Experimental setup for the measurement of the electric field in prox-
imity of the primary coil.

agreement, especially considering the large gradients of the field
in close proximity to the coil (Fig. 8).

A simple well-known formula for the magnetic field intensity
along the axis of a concentric current-carrying loop is

(2)

where is the current through each filament, is the distance
from the center of the loop along its axis, and is the mean
radius of the coil. For concentric loops, the H-field could be
computed as the sum of the H fields of single-turn loops of
different radii.
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Fig. 7. Normalized measured and simulated electric field along a line perpen-
dicular to the plane of coil. The two graphs correspond to lines that intersect the
coil at diametrically opposite points. (a) Perpendicular distance from coil (from
edge); (b) distance from diametrically opposite edge.

Fig. 8. (a) Primary coil and the plane in which the electric fields are shown.
(b) Computed electric field pattern plot illustrating relative large gradients per-
pendicular and parallel to the coil.

A comparison of the H-fields using (2) with that from FDTD
simulations is shown in Fig. 9(b). Results for 5 and 10 MHz
are without the implant in the head model and indicate the rel-
ative invariance of the H-field with the frequency in its reactive
field and the relative transparency of the tissues to the magnetic
fields at these frequencies. Results for these two frequencies
show good agreement with the free-space formula-based result.
A possible reason for the difference is the fact that the formula
considers concentric loops of current as opposed to the spiral in
the FDTD simulation. Fig. 9(a) and the third plot in Fig. 9(b)
illustrate the effect of the secondary coil on the magnetic fields
around the implant.

V. RESULTS

The maximum E-field values were obtained in the insulation
region around the secondary coil, which behaves like a short cir-

Fig. 9. (a) H-field distribution at a cross section of the entire model (including
head) for case� [shown in Fig. 3(a)]. Note the low fields in the region marked
as secondary. Also note that the plane of the coils are inclined toward each other
by about 25 . (b) Variation of the H-field along the axis of the concentric loops
[using Equation (2)] and the axis of the spiral (from FDTD). Curves at 5 and
10 MHz have been obtained with the head model without the implant, while the
curve at 15 MHz has been obtained with the head model and the model of the
implant. Note in the latter the dip in the H-field magnitude at the location of the
secondary coil.

cuit where the fields are almost zero. The largest E-field values
in the tissues were obtained in the peripheral regions of the
head when the coil was closest to the forehead. Because of the
discretization of the implant, the curved surfaces are jagged,
which is further pronounced by subsequent rotations for the
different orientations. Numerical errors due to staircasing [14]
at tissue–implant and tissue–air interface and artifacts of the
2-equation–2-unknown method are the most likely causes for
some single-voxel peaks. However, these local peaks are aver-
aged out during the calculation of the 1-g SAR.

Fig. 10 illustrates the electric field, current density, and the
SAR distribution for cases B and . The peak 1-g SAR values
for the different cases are listed in Table II. Since it is not pos-
sible to obtain exact cubes of mass equal to 1 g, allowances
of 10% (by weight) were made. Furthermore, for regions near
the air interface, where the largest field values exist, the head
boundary is very irregular, leading to incorporation of a large
number or air voxels, which might lead to an incorrect estima-
tion of the 1-g SAR. Therefore, to reduce the effect, while in-
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Fig. 10. E-fields, current density, and SAR along a transverse cross section of the head model (all values are single-voxel).

TABLE II
PEAK 1-g SAR AND AVERAGED CURRENT DENSITIES AT 10 MHz

FOR PEAK PRIMARY COIL CURRENT OF 0.62 A

cluding most of the interface tissue voxels, it was decided to
limit the maximum number of air voxels in the cube to 20% of
the total number of voxels. Comparison with the IEEE standards
[15] indicates that the telemetry system with a current of 0.62 A
flowing in the primary coil in the presence of the human head
and operating at 10 MHz is within safety limits. While the 10-g
SAR has not been computed, it will be lower than the 1-g SAR,
leading to compliance with the ICNIRP-imposed restriction of
2 W/kg over 10 g of tissue as well. Since the worst case is within
the safety limits at 10 MHz, we will now concentrate on ana-
lyzing the electromagnetic effects of the telemetry system for
different input parameters for the worst case orientation (posi-
tion ).

In the near reactive field of a magnetic dipole, where the inter-
action with tissues is mainly by magnetic induction, the induced
E-fields nearly scale with frequency . This was veri-
fied for the model with simulations up to 20 MHz (Fig. 11).

During the design stage, which is often an iterative process,
it is helpful to obtain the electromagnetic safety parameters
such as the peak 1-g SAR quickly. This could be accomplished
by scaling the fields. To illustrate this, first, the peak 1-g SAR
was computed at several frequencies (Table III) between 2 and
20 MHz. Then, since the SAR , it is possible

Fig. 11. (a) Variation of the E-field along a line parallel to the primary coil
axis and through the head at various frequencies. (b) Curves at all frequency are
scaled to that at 20 MHz to illustrate the minor variation in the profile of the
magnetic field as a function of the frequency.

to obtain reasonable estimates by scaling the conductivity [12]
and E-field (proportional to ) from numerically computed
values. Fig. 12 shows two curves. One is of the numerically
computed peak 1-g SAR values at 2, 5, 10, 15, and 20 MHz.
The second shows the 1-g SAR at all the frequencies scaled
from 10 MHz (i.e., ). Intuitively, errors
should be lower when scaling from nearer frequencies. For
example, to estimate the peak 1-g SAR at 5 MHz, scaling
from 10 MHz gives a 13% error (indicated in figure), while
scaling from 2 MHz (not shown in figure) reduces the error to
about 10%. Therefore, by using the computed values at the five
frequencies, it is possible to estimate the peak 1-g SAR at any
intermediate frequencies. Note that, in the above discussion,
the tissue with the maximum contribution to the volume (for
peak-1 g SAR) has been considered as being representative of
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Fig. 12. Variation of the peak 1-g SAR with excitation frequency (for a primary
coil current � � �����) for case� . ‘Er’ indicates the error due to scaling from
10 MHz.

TABLE III
PEAK 1-g SAR AND � WITH FREQUENCY FOR THE WORST CASE �� �

FOR PEAK PRIMARY COIL CURRENT OF 0.62 A

the volume or area. This assumption would not be valid if the
region being considered was highly heterogeneous.

The current density distribution was similar to that of the
SAR. Sclera, retina, and vitreous humor have relatively large
conductivities, leading to higher current densities than outside
the eye, except in the skin at the air interface (Fig. 10).

The root mean square (rms) current densities were obtained
as averages over a cross section of 1 cm perpendicular to the
current flow, as outlined in the ICNIRP guidelines [7], and are
mentioned in Table III. The maximum averaged rms currents

were obtained around the skin region. Allowances
and assumptions similar to those for the peak 1-g SAR were
made.

The location of the up to 10 MHz was at the same
location in the muscle tissue (location M) under the skin, owing
to its higher conductivity (Table I), even though the induced
E-fields are lower (relative to skin). Also, since the conductivity
of muscle varies little between 2 and 20 MHz (0.55 to 0.64),
the variation of the is almost linear (dashed curve in
Fig. 13). A relatively larger increase in the conductivity of skin
leads to the occurring at skin at frequencies of 15 MHz
and greater. However, as mentioned in the introduction, for fre-
quencies greater than 10 MHz, induced current densities is not
a safety criterion.

Fig. 13. Variation of the � with frequency for case � .

VI. CONCLUSION

In this work, we have investigated, via FDTD simulations,
the safety of the telemetry link investigated for use with the
Second Sight Medical Products epi-retinal prosthesis system. A
simple excitation scheme was used for the multiturn spiral pri-
mary coil, wherein ideal D-field sources were used. The accu-
racy of the source model has been verified both with an analyt-
ical model and experimentally. Different orientations and dis-
tances of the primary coil, based on the expected movement of
the eye of the patient, were considered. For a normalized peak
current of 0.62 A, the peak 1-g SAR for the worst-case orienta-
tion at 10 MHz was 0.49 W/Kg, and the peak rms current den-
sity averaged over an area of 1 cm was 16.05 A/m , which are
both well within safety limits specified by IEEE and ICNIRP. It
was verified that, at the considered frequencies, a simple scaling
procedure can be used to obtain the E-field at different frequen-
cies; from the computed values between 2 and 20 MHz, the peak
1-g SAR can be obtained for any frequency with an error of less
than 10%. The can also be obtained similarly within a
similar error tolerance.

By interpolating, for the same current in the primary coil,
the peak 1-g SAR limit of 1.6 W/Kg would be crossed around
16 MHz. Furthermore, at 10 MHz, the of 20 A/m
would be crossed for a primary coil current of about 0.78 A.
The optimum frequency will ultimately be decided factoring in
parameters such as coupling between the coils, induced current
densities, and energy absorption in the tissues.
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