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Abstract—A cortical visual prosthetic system bypasses the com-
ponents of the visual pathway, which may be damaged due to injury
or disease, by directly stimulating the visual cortex; therefore, cor-
tical visual prostheses promise the capability of restoring a form
of vision to patients who cannot benefit from other types of visual
neural stimulators. A high data rate, multielectrode, implantable
device, such as that utilized for a cortical visual prosthesis, requires
continuous power provided by an external telemetry unit, which
is nonnegligible, given the number of stimulating electrodes and
the stimulation rate necessary to avoid flickering visual percepts.
This aspect motivates the need to develop models and methods that
aid the development of such devices by assessing their compliance
with electromagnetic safety standards. In this paper, the electro-
magnetic safety assessment of a cortical visual prosthetic system
is considered, and the solutions employed to numerically treat the
computational complexities associated with it are discussed. The
specifics of the implementation of an actual visual cortical implant
are discussed, and the parameters of such an implant are used as a
test case to determine whether IEEE and ICNIRP electromagnetic
standards are met in what can be considered a typical embodiment
of the prosthesis. Results show that, for the considered implant,
such a system meets IEEE and ICNIRP safety standards, thus en-
abling further development of similar neurorehabilitative devices.

Index Terms—Electromagnetics, finite difference methods, im-
plantable biomedical devices, specific absorption rate, visual pros-
thesis.
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I. INTRODUCTION

ACCORDING to a recent study [1], an estimated 250 mil-
lion people have vision impairment globally; among them,

30 million people are blind, and 220 million people have moder-
ate to severe vision impairment. Further, the growth and aging of
the world’s population is resulting in a significant increase in the
number of people affected by partial or total vision loss. There-
fore, the research and development of neuroprostheses capable
of restoring useful vision to the blind is of great importance.

In a healthy retina, photoreceptors convert light into electric
pulses: these electric pulses relate visual information which is
processed by retinal cells and ultimately reach the visual cortex
via the optical nerve. Damage to any component of the visual
pathway can result in partial or complete blindness. Various em-
bodiments of visual prostheses have been proposed to restore
some form of vision to the blind; these can follow different ap-
proaches, depending upon the component of the visual pathway
that is damaged. While retinal degenerative diseases such as
Retinitis Pigmentosa (RP) and Age-Related Macular Degener-
ation (AMD) can be ameliorated through an “artificial retina,”
which is a prosthetic system that stimulates the surviving reti-
nal cells, damage to other components of the visual pathway
require an implant that interfaces with the neural system past
the retina. Thus, although retinal prosthetic devices have ma-
tured to the point of being commercially available, their use is
limited to patients affected by RP or AMD and, consequently,
there is a marked need for other visual prosthetic approaches by
which a larger number of visually impaired patients can ben-
efit from. Cortical visual prostheses have attracted significant
interest precisely because they are intended to directly stimu-
late the visual cortex, thus bypassing all the components of the
visual pathway prior to it [2]. Therefore, if successful, it can be
a useful solution to most conditions causing blindness besides
RP and AMD, including, for example, glaucoma and diabetic
retinopathy. In glaucoma, ocular hypertension causes damage to
the optical nerve, leading to loss of vision; diabetic retinopathy
causes instead degeneration in ganglion cells and of the optic
nerve.

As with any prosthetic system requiring RF power from exter-
nal devices, one of the major concerns is to ensure the patient’s
safety when exposed to the electromagnetic fields generated
by the external telemetry device [2], [3]. For this reason, the
exposure to electromagnetic fields generated by the active com-
ponents of the prosthetic device must be assessed to ensure that
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Fig. 1. Block diagram of a cortical visual prosthesis system utilizing glasses
with an integrated camera to collect images.

the radiating device complies with electromagnetic safety stan-
dards. Although the models and methods described in this work
are widely applicable to any typical cortical visual prosthetic
system, we focus on the geometry and parameters of a specific
cortical visual prosthetic system currently under development
to provide practical findings and report specific observations -
the Orion I clinical system [4]. For the numerical simulations, a
discretized heterogeneous human head model is used to estimate
the fields induced in the tissue. The finite difference time do-
main (FDTD) method is employed to compute the electromag-
netic fields, the Specific Absorption Rate (SAR) of power, and
current densities inside the tissue. The electromagnetic fields in
and around the location of the implant in the human head are
estimated and its compliance with the IEEE safety standards [5]
and ICNIRP guidelines [6] is investigated.

The remainder of the paper is organized as follows. Section II
introduces a cortical visual prosthetic system and its working
principles. Details about the considered numerical model used
for safety assessment are presented in Section III. The numeri-
cal methods and techniques used in this work are presented in
Section IV. Simulation results for the Orion I clinical system
and discussions are provided in Section V. Finally, conclusions
are provided in Section VI.

II. SYSTEM OVERVIEW

A simple diagram of a cortical prosthesis system is depicted
in Fig. 1. This is also the schematic of the visual cortical pros-
thesis used as an example in this paper-the Orion I system [4]. In
general, the wireless link for forward power, forward telemetry
(FT) data, and backward telemetry (BT) data is implemented by
two inductively coupled coils, placed closely. One of the two
coils, the receiving coil, is implanted inside the head; whereas
the transmitting coil is external, aligned to the implant coil.
There are many possible variations of telemetry systems that
have been introduced recently to greatly enhance the coupling
between external and internal devices, including the multicoil or
metamaterial-based approaches presented in [7]–[10]; nonethe-
less, for the scope of this paper, we will focus on a traditional
two-coil telemetry system. The reasons are two-fold: First, for
the most part, the improved telemetry systems tend to result in
greater power transfer efficiency and lower SARs, as concluded
also in [11], and therefore, a two-coil telemetry system often
provides the worst case scenario in terms of induced fields in

Fig. 2. Orion I clinical system. (a) External components. (b) Implant compo-
nents.

the tissue, even for well optimized telemetry links; second, the
specific embodiment of visual cortical prosthesis that we use
as a practical example is being implemented with an optimized
two-coil telemetry system, and therefore provides practical pa-
rameters utilized in a working system.

The system components can be divided in two categories:
the external unit and the implant unit. The external unit com-
prises a video processing unit (VPU) and RF glasses on top of
which a miniature video camera and external (transmitter) coil
are mounted. Real time visual data is recorded by the video
camera and sent to the VPU, which is worn by the patient. The
implantable portion of the system consists of a receiver coil, an
array of platinum based electrodes, and the electronic system
that provides stimulation current. In the case of the Orion I sys-
tem, the transmitter and receiver coils are encased in silicone.
The electronics package is embedded in a socket which attaches
to the skull via bone screws at four locations. The electrode array
consists of a polymer cable that contains the conductive wires,
which connect to a 60-electrode array. The assembled external
parts and the implant device of the Orion I clinical system are
shown in Fig. 2(a) and (b), respectively.

III. SIMULATION MODEL

For this work, the discretized heterogeneous human head
model is derived from the National Library of Medicine (NLM)
Visible Man Project [12]. The model is extracted from Magnetic
Resonance Imaging (MRI) of a male and has been subsampled
at a resolution of 0.25 mm, which we found to be sufficiently ac-
curate to represent the details of the human head and the implant
components. As shown in Fig. 3, at this voxel resolution, all ex-
ternal and internal components of the cortical visual prosthetic
system considered here (including implant and external coils,
socket, cable, array, glasses frame, external coil enclosure, and
PCB coils for back telemetry) can be realistically included in
the computational grid. However, reducing the simulation space
is particularly important given the resolution considered and the
low frequency of the telemetry system in order for the prob-
lem to be treatable within reasonable computational time. For
this reason, the perfectly matching layers (PML) boundary im-
plementation with D-H formulation based FDTD method [13],
[14] is utilized to truncate the computational model of the head
without incurring in spurious reflections due to the truncation
of the head model itself (see Section IV). Thus, the simulation
time and space requirements were reduced by only simulating
the part of the model essential to affect the fields of the external
devices and the fields induced in the tissue: the boundaries of
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Fig. 3. Numerical human head model.

the final truncated model are indicated in Fig. 3 with dashed
lines. The final 0.25 mm resolution model has dimensions of
600 × 525 × 542 computational cells (≈170 million voxels).
The dielectric properties and mass densities of various tissues
present in the heterogeneous head model and prosthetic system
components are taken from [15]–[17] and presented in Table I.
To further verify that the final truncated model was indeed suf-
ficient to ensure that the truncation had no meaningful effects
on the fields induced in the human head, we utilized a coarse
(1 mm resolution) model of whole human head and iteratively
reduced the model’s boundaries until the effect of the reduction
was no longer negligible.

IV. METHODOLOGY

The FDTD method is a mesh-based numerical modeling
method, which is widely used in various fields of science and
engineering. The time dependent Maxwell’s equations are dis-
cretized in time and space using central difference approxima-
tions [18]. In continuous-wave simulations, such as those in this
paper, the resulting equations are solved in an iterative man-
ner until steady-state is reached [13], [19]. The computational
model is terminated with PML boundaries to simulate uncon-
strained space through reflectionless terminations [20], [21]. In
this work, the D-H formulation based FDTD method is used for
the field calculations. The D-H formulation of FDTD method
has benefit over conventional E-H formulation in that the PML
boundary conditions are independent of the background mate-
rial [14], [22], [23] making it particularly convenient to termi-
nate heterogeneous objects such as the human head model. The
use of the FDTD method for this work has several advantages:
1) It uses a rectangular grid and, therefore, readily available
voxelized head models can be used; 2) it is computationally
very efficient and allows handling/meshing of large heteroge-
neous models, such as the one considered in this paper; 3) it
is amenable for efficient implementation of absorbing bound-
ary conditions suitable for reflectionless truncation of heteroge-

TABLE I
MATERIAL PROPERTIES OF VARIOUS TISSUES AND IMPLANT COMPONENTS AT

3.156 MHZ

Tissue Name Conductivity
[S/m]

Relative
Permittivity

Mass Density
[Kg/m3 ]

Sinus 0 1 1
Cornea 0.790 847 1076
Fat 0.026 20.7 920
Mucous Membrane* 0.296 612 1102
Muscle 0.570 494 1040
Brain White Matter 0.120 279 1043
Gland* 0.673 476 1028
Blood Vessel* 0.333 142 1102
Socket† 7.66 ×106 0 8570
Cable (Gold) 4.56 ×107 0 19320
Array (Gold) 4.56 ×107 0 19320
Foam‡ 0 3 1000
External Coil Enclosure 0 3 1070
Glasses Frame 0 8 1550
PCB (FR4) 0 4.4 1850
PCB Coils 5.98 ×107 0 8940
Implant Coil (Gold) 4.56 ×107 0 19320
Implant Coil Insulation§ 0 3.5 2330
Cable Insulation§ 0 3.5 2330
Cerebellum* 0.234 797 1045
Bone Cortical* 0.032 80.6 1908
Cartilage 0.307 531 1100
Tendon* 0.396 126 1142
Skin Dry 0.067 730 1010
Brain Grey Matter 0.199 554 1039
Lens 0.452 563 1100
Eye Sclera 0.729 691 1170
Blood 0.989 1020 1060
Cerebrospinal Fluid* 2 109 1007
Vitreous Humor 1.5 73.4 1009
Bone Marrow* 0.0057 30.4 1029
Bone Cancellous* 0.103 144 1178

∗These properties are obtained from [16].
†The implant component socket is modeled as Niobium.
‡The estimated properties are based on material Polyurethane and [17].
§The coil insulation and cable insulation are modeled as Silicone Rubber.

neous models, which further reduces significantly the simulation
time and memory requirements [24].

In the cortical visual prosthetic example considered here,
the external coil has an outer diameter of 37.56 mm and a
peak coil current of 0.998 A at the operating frequency of
3.156 MHz. The implant coil outer diameter is 18 mm and
its peak coil current is 0.099 A for the desired stimulation out-
put. The implant and external coils are separated by a distance
of 15 mm. These parameters have been chosen as worst case
wireless link between the external and implant devices.

A. Source Excitation

Various methods for source excitation are available in FDTD.
A widely used source model, i.e., the “voltage source,” can
be applied across the inner and outer ends of the spiral coil,
although doing so results in unrealistically high electric fields
in the region proximal to the voltage source gap, an aspect that
is particularly important in this case given the proximity to the
scalp of the external transmit telemetry coil. For this reason,
the “current source” excitation method is used here, where the
external coil is modeled with a constant current at all locations
along the coil’s wire. The current source can be implemented by
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Fig. 4. Electric field magnitude (in V/m) computed from FDTD method and
analytical solution. The coil is considered to be in xy-plane with center at the
origin. (a) Electric field magnitude |E| in xy-plane and z = 5mm. (b) Electric
field magnitude |E| along x-axis, y = 0, z = 5 mm.

either forcing directly the electric field along the coil’s wire or
the magnetic field surrounding the coil’s voxels: both methods
provided identical results.

For validation, the electromagnetic fields generated by the coil
in absence of the tissue are computed using FDTD and compared
with the analytical solutions from [25]. The coil is considered to
be in the xy-plane, with center at the origin. The agreement be-
tween analytical and FDTD computed fields, shown in Fig. 4, is
excellent. The numerical error due to staircasing is localized at
the interfaces and leads to some single voxel high values. How-
ever, these high values are averaged out during the computation
of spatial-average SAR.

B. Coil Modeling

The external coil is modeled as a current source; as shown in
Fig. 3, the external coil is parallel to the head and makes an angle
with the x-, y-, and z-axes. In order to ensure continuous current
path, devoid of short circuits, for the FDTD model of this slanted
coil a three-dimensional continuous current path is found along
the meshed coil wire and a constant current is forced along this
path. The electric field along the current path is initially forced
to unity and later scaled to match the coil current to the value of
the transmit coil implemented in the actual system.

In the discretized model, the coil current path consists of a
series of straight line segments which connects the inner end of
the coil to the outer end of the coil. Each segment is a straight
line between two vertices of a simulation cell, which is either
edge, face diagonal, or body diagonal of the cell; each face
diagonal segment is replaced by two side segments on the same
face connecting the ends of the diagonal. Similarly, each body
diagonal segment is replaced by three side segments connecting
the diagonal. In this way, a connecting path between the two
ends of the coil with uniform current is created, which contains

Fig. 5. Homogenized coil implemented in the FDTD mesh.

the straight-line segments parallel to either x-, y-, or z-axis.
To model the current source in FDTD, the electric field ”hard
source” excitation is employed [13]. The x, y, and z components
of the electric field corresponding to the side segments are forced
to unity. However, components corresponding to face diagonal
are weighted down by 1/

√
2 and those corresponding to body

diagonal are weighted by 1/
√

3. The fields generated by the
implant coil are significantly smaller compared to the fields
generated by the external coil and are therefore neglected here.

C. Homogenized Coil

In order to handle the close spacing between adjacent turns of
the coil and overlapping of the turns in the discretized case, the
coil is modeled essentially as a homogenized coil (Fig. 5). The
total current of this homogenized coil is identical to that of the
actual coil. The fields generated by the homogenized coil are
validated against the fields of the actual spiral coil, and the error
is found to be less than 1%. Ampere’s law is used to scale the
magnetic field (and, similarly, the electric field) appropriately
for the given coil current.

D. Sigmoid Function for DC Offset Elimination

In the FDTD simulations, a DC offset in the computed time
domain electric or magnetic fields may occur [26]. For continu-
ous wave (CW) source, this effect can be avoided by multiplying
the source excitation waveform by an appropriate ramp func-
tion. In this work, we have used a sigmoid function, represented
by the following expression:

2

1 + exp(α Re(−t)
Re(nsteps)−1 )

where the parameter α represents the sigmoid steepness, nsteps
the number of simulation steps in a simulation cycle and t is in-
stantaneous time. For higher values of α, the sigmoid saturates
to 1 quickly and thus the simulation requires a lower number of
simulation cycles, albeit the downside is the higher likelihood of
introducing a DC offset. Conversely, for lower values of α, the
sigmoid saturates to 1 slowly and the simulation requires longer
simulations to reach steady-state. Considering the tradeoff be-
tween simulation time and accuracy of results, in this work, we
have used a value of 2.5 for the sigmoid parameter α.

E. Peak Computation

The two-point method is a commonly used technique for
finding peak and phase of a sinusoidal waveform by using two
sample points at steady state. However, the sample points need to
be selected from the simulation cycle for which fields are con-
verged and the modulating sigmoid function is saturated. For
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the considered value (2.5) of the sigmoid parameter α, the fields
converged in four simulation cycles. Due to the large size of the
model (≈170 million cells), it became imperative to optimize
the simulation time of the FDTD simulations. To accomplish
this, the peak electric and magnetic fields are computed using
the Discrete Fourier Transform (DFT) from the first half simu-
lation cycle. Before computing the DFT, the time domain fields
samples computed by FDTD simulations were multiplied by
the reciprocal of the sigmoid function, in order to neutralize the
effect of sigmoid. This weighted DFT method of peak compu-
tation is validated against the two-point method and the error is
found to be less than 2%. Next, the electric field peak value at
each voxel is used to compute the averaged SAR and induced
current densities. The procedures for the computation of these
quantities are included in following section.

V. RESULTS

A. Averaged 1 g and 10 g SARs

A common approach to estimate the electromagnetic energy
absorbed by the body is to compute the average SAR inside the
tissue. Although the latest IEEE electromagnetic safety standard
[5] calls for testing that the 10 g SAR in the shape of a cube
be lower than 2W/kg, previous standards (as well as current
standards for wireless devices, albeit these are in a different
context) consider a generally more stringent 1 g SAR as well.
Thus, for completeness, both will be computed and reported
here. In order to calculate the spatial-average 1 g (10 g) SAR
in a tissue volume, the mass should be 1 gram (10 gram), with
5% error at most. The spatial-peak 1 g SAR should not exceed
1.6 W/kg for any 1 gram of tissue, and 2 W/kg for any 10 grams
in a cubical tissue volume.

The procedure to compute peak spatial-averge SAR is in
accordance with the computation guidlines provided in the
IEC/IEEE standard for using FDTD for SAR calculations [27].
The volume of the cube has been defined and centered at each
voxel of the head model; the number of voxels in all directions
is increased until the desired value is obtained for the 1 g or 10 g.
When it is not possible to reach 1 g or 10 g mass, the center
of the cubical volume is shifted until these are achieved. The
cubical volume considered should be entirely inside the model
to be a valid volume for SAR computation. Once the suitable
volume has been achieved, the averaged 1 g or 10 g SAR can be
calculated by adding voxel SARs and dividing by the number
of voxels for the desired 1 g (or 10 g) of cube. The voxel SAR
is calculated from the electric fields and the material properties
of the tissue using the following equation:

SAR =
σ

(|Exp |2 + |Eyp |2 + |Ezp |2
)

2ρ

where σ is the conductivity of the human tissue, ρ is its mass
density, and Exp , Eyp , and Ezp , are peak electric field intensity
components along x-, y-, and z-axes respectively. The averaged
1 g and 10 g SAR for the proposed model are shown in Fig. 6.
The left figure shows the numerically computed SAR at the
surface of the head and the right figure provides the slice where
the maximum averaged SAR was obtained. As it can be seen
from the figures, and as expected, the location of largest SAR
is close to the surface of the head near the skull and implant

Fig. 6. Averaged 1 g and 10 g SAR [W/kg] for the cortical visual prosthetic
under consideration.

TABLE II
AVERAGED SAR

Maximum averaged SAR Computed values [W/kg] SAR limit [W/kg]

1 g SAR 0.0174 1.6
10 g SAR 0.0050 2.0

coil location. The results are summarized in Table II. Both 1 g
and 10 g SAR maximum values are significantly lower than the
limits prescribed by current and former IEEE standards.

B. Averaged Current Density

At low frequencies, the magnitude of the induced current
densities can be a source of concern. The ICNIRP guidelines
provide restrictions on both averaged SAR and averaged induced
current density for the frequency between 100 kHz to 10 MHz.
Based on ICNIRP general exposure recommendations, the in-
duced current density should be averaged over 1 cm2 inside the
body and should be lower than f/500 in the frequency range
100 kHz-10 MHz, with f frequency [6].

The induced current densities are obtained from the elec-
tric field and conductivity of the tissues according to Ohm’s
law. Fig. 7 shows the averaged current density in x, y, and z
directions respectively. Similar to the SAR results, the aver-
aged current density values are also higher at the location near
the skull and close to the internal implant coil. For the spe-
cific example considered here, all the components of the cur-
rent density are in compliance with the limits at the frequency
3.156 MHz (6.3 A/m2 standard limit). These results are sum-
marized in Table III. All colorbars of Fig. 7 are scaled based
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Fig. 7. Averaged current density [A/m2 ] (averaged over 1 cm2 area) for the
cortical visual prosthetic under consideration. (a) Jx: x-component of averaged
current density [A/m2 ]. (b) Jy: y-component of averaged current density [A/m2 ].
(c) Jz: z-component of averaged current density [A/m2 ].

TABLE III
AVERAGED CURRENT DENSITIES (RMS)

Maximum current densities
(averaged over 1 cm2 area)

Computed
values [A/m2 ]

Induced current
density limit [A/m2 ]

Max Avg Jx 1.498 6.3
Max Avg Jy 1.365 6.3
Max Avg Jz 1.592 6.3

on the maximum averaged current density over the x, y, and
z directions.

VI. CONCLUSION

In this work, we focused on the electromagnetic safety as-
sessment of a cortical visual prosthesis and used as an embodi-
ment a specific prosthesis currently being developed-the Orion
I clinical system [4]. The analysis is performed using a D-H for-
mulation of the FDTD method and the NLM Visible Man head
model. For the considered system, the induced current densi-
ties and SAR, in the worst-case scenario, are estimated and

compared with widely used safety standards, such as IEEE and
ICNIRP. The maximum values of estimated averaged 1 g SAR
and 10 g SAR (0.017 W/kg and 0.005 W/kg, respectively) are
significantly lower than prescribed limits (1.6 W/kg and 2 W/kg,
respectively) at the considered frequency of 3.156 MHz. Addi-
tionally, the maximum averaged current density is found to be
1.592 A/m2 , which is lower than the ICNIRP guideline limit
of 6.3 A/m2 . These findings are important in establishing that
the telemetry system for a multielectrode cortical device with
high refresh rate, similar to the one considered here, should
be in compliance with current guidelines, even for currents in
the forward telemetry coil approaching 1 A at the frequency of
3 MHz. Thus, although specific to the Orion I clinical system,
the results of this paper furnish a guideline for the development
of visual cortical implants, and cortical implants in general.
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