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Abstract—Retinitis pigmentosa and age-related macular degeneration through which the photoreceptors normally synapse, may sur-
lead to blindness through progressive loss of retinal photoreceptors. At- yjye at higher rates[4], [5]. The ganglion and bipolar cells re-

tempts are underway to construct a visual prosthesis to recover a limited s . .
sense of vision for these patients with the aid of implantable electronic de- main intact, and due to the anatomy of the retina, they are in

vices. The function of these microchips is to provide electrical stimulation & POsition where they may respond to artificially-induced elec-
to existing viable retinal tissues -living ganglion and bipolar cells-, using trical stimulation via an implant. The demonstration that direct
an array of on-chip stimulus circuits, while the dominant mechanism for o |actrical stimulation of retinal ganglion cells can create visual
power and data communication for these implanted devices has been wire- SRS . . .
less inductive telemetry using coils. sensation in patients has been shown clinically[6], [7]. Patients
This paper describes methods and models used to estimate the heathave been able to recognize English characters and other sim-
ing induced in the human eye and surrounding head tissues subject to p|e forms when stimulated by asmall array of retinal electrodes.

the operation of this retinal prosthesis. A two-dimensional 0.25mm high- . [ . .
resolution human head model has been developed with the aid of a neWThIS opens the possibility of an electronic prosthesis to bypass

semi-automatic graphical segmentation algorithm. Finite-Difference based the defective photoreceptors.
numerical methods for both electromagnetic and thermal modeling have A conceptual schematic of the retinal prosthesis system is

been used to determine the influence of the Specific Absorption Rate (SAR)given in Figure 1. It consists of two units. extra-ocular and
(associated with 2MHz inductive coupling to the implant) and of stimulator ’ L. !
Integrated Circuit (IC) power on tissue heating under different operational  INtra-ocular. The extra-ocular unit includes a camera for the
conditions and different hypothesis on choroidal blood flow and thermal collection of images, a data encoding chip for the discretization
conductivity of the complex implanted circuitry. of the image in a 8x8 pixelized data-set, and a telemetry coil for

Results, provided in Part Il of this paper, show that temperature in- A . ) .
crease of approximately 0.6C and 0.4C are induced in the human eye the transmission of power and data to the intra-ocular unit. The

in the absence and presence of choroidal blood flow, respectively, when alatter unit consists of a receiving telemetry coil, power and sig-
60-electrode retinal prosthesis is operating in the worst-case scenario. Cor- nal transceiver and processing chip, a stimulation current driver,
respondent temperature rises of approximately 0.19C and 0.004C onthe - 5,4 5 stimulating electrode array mounted on the retina. The
retina are obtained for these cases. Comparison witin vivo experimental . . . "
measurements on intraocular heating in dog eyes shows good agreement. th_e 5-5mm<5-25mm stimulator Chlp occupies a central pOSItIO_ﬂ
Index Terms—Retinitis-Pigmentosa, Age-Related Macular Degenera- within the eyeball so as to better isolate its heat and mechanical
tion, Retina-Prosthesis, FDTD, SAR, Temperature, Thermal-Simulation, stresses from the sensitive retina, while the stimulus currents are

Stimulator-1C delivered to the retinal surface via the electrode array.

I. INTRODUCTION Retina

Age Related Macular Degeneration (AMD) and Retinitis Pic Video camera

. . Implant
mentosa (RP), among the leading causes of blindness[1], afl
over 10 million people worldwide through progressive photort Photoreetgiors
ceptor loss (rod/cones) in the retina[2], [3]. The photorecept -j ; _ by e
cells in a healthy retina initiate a neural signal in response "
incident light. This neural signal is further processed by bip:
lar and ganglion cells of the inner retina prior to delivery ti T ( | LI Electrodes ¥ Genglion Calls
higher visual processing areas in the F:ortex. F_Zetinal photo Eyeball -
ceptors are almost completely absent in the retina of end-st:
RP and AMD patients, while the bipolar cell and ganglion cell:
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temperature increase due to the operation of the retinal prosthiject (see Section VI). ThiB-H formulation has the advan-
sis. Ocular heating is being accounted for in terms of induage that the Perfectly Matched Layer (PML) absorbing bound-
tive powering (for which we quantify the specific absorptioary conditions are independent from the background dielectric
rate of electromagnetic power deposition) and the power dissiaterials in the FDTD mesh (both in 2D and 3D formulations),
pation in an implantable retinal stimulator microchip positionatius allowing the truncation of the head model as described in
at mid-vitreous. Although the prosthesis will consist of addj416]in order to limit the computational space. The development
tional components including the receiving coil and mechaniaaf the method closely parallels that in [16] and [17], and in the
support structures, our thermal studies are limited at this tiragke of brevity will not be repeated here.
to the SAR associated with inductive coupling and the powerThe thermal elevation in biological tissue can be computed
consumption in the implanted chip itself. by means of the bio-heat conduction equation [13] which in-
In recent years, studies and results have been reporteclindes the heating effect of basal metaboligg),and the cool-
which the temperature increases in the head are of inter@sg effect of blood perfusiorB, in the tissues. For tissue which
Many of these have been brought about from the proliferatigirradiated electromagnetically, the bioheat equation is further
of cellular phones and concerns of their influence on the humextpanded to account for the heating effect of specific absorp-
head [8], [9], [10]. Furthermore, supposed links between ele®mn rate,SAR which is a measure of absorbed power per unit
tromagnetic exposure and the formation of cataracts [11], [If®Rss of tissue due to exposure to electromagnetic fields, and is
has led to increased interest in studies of thermal heating in the o|EI?. [W -
human eye due to radiation in wireless computer networks [18KPressed aSAR= 20 In [k_g} for conductivity,o, elec-
from infrared rad[ation in industrial settings [1_4], and to formﬁic field, E, and mass densitp. Furthermore, the dissipated
of electromagnetic exposure [15]. These studies have been &H\'Ner of the implanted stimulator I@pp(sp), is also expected

marily conducted at frequencies in the vicinity of 700Mhz ty, pises tissue temperature, and is included as a power density

2.45Ghz, due to the proliferation of wireless devices operating W
in these bands. in the continuous space with units %frﬁ} . The resulting ex-

In this_paper we desgribe_ methods and models used to ¢ ndecbio-heatequation is given as:
pute estimates of heating in the human eye and surrounding
head tissues subjected to the operation of such a retinal prosthe-
sis. Electromagnetic power deposition resulting from inductive 9T ) (density W
telemetry and power dissipation from the implanted stimulatgpg = KO + Ao —B(T —To) + pSAR+ Pchip_(so) {@]
IC are the heating mechanisms which are characterized. (continuouy )

The paper is organized into seven major sections. A review Ofwh 21 e o
: : . ereKO“T is the thermal spatial diffusion tefmfor Cel-
the numerical FDTD and thermal methods is presented in S% P fin

flis temperaturel, thermal conductivityK, specific heat
tion 1, accompanied by a validation of the numerical metho P L YK, sp e

. X 2 : ass densityp, and blood temperatur@,, assumed constant at
against analytical derivations. Section Il offers comments C

scaling COUs'de”’.‘“O”S for mo_delnEng—_| '.f'eld dls_trlbutu_)n f“’”? At the boundary of the tissue where the surrounding environ-
the three dimensional transmitter coil in two dimensional simy-_ .. . .
lation. The mathematical modeling of power dissipation in thrge_n_t is encountered, the conduction of heat through the tissue
S . . . arriving at the boundary normal to the surface must match the
stimulator IC for use in the numerical thermal method is formu-

. . . . . . convective transfer of heat into the environment [13]. The ex-
lated in Section IV and computed in Section V. A discussio Vectiv : Vi [13] X

; 1% nge of heat with the surrounding environmentis proportional
of human _heaq and cye mogiel ggneratl_on and the propemefo 1e difference between the surface temperature and the envi-
the biological tissues is provided in Section VI and Section VI

respectively. The SAR and thermal simulation results are prrg_nmental temperature [8], [13] as given in Equation 2:

sented in Part Il of this paper, along with validation according

oT W
to measured data from physical thermal experiments. K%(X, ¥,2) = —Ha(Tixy.z — Ta) [W} (2)
Il. COMPUTATIONAL METHODS whereTx,y,2) is evaluated on the surfaaejs the surface nor-

In order to reduce the computational complexity, the amou@l, Ha is the convection coefficient for heat exchange with the
of required memory, and the simulation time, simulations %f

J
; - o nvironmental ambient temperature with a value 0f26——
electromagnetic deposition and thermal elevation in the human P m?s°C

head are conducted in two dimensions. In fact, it is possidf3]: @ndTa is the surrounding ambient temperature, assumed
to approximate the fields generated by the three dimensiof@hstantat 24C. Based on the derivation from [13], Equation 1

transmitter coil used for inductive telemetry (as in the head/eg_@d Equation 2 are spatially/temporally discretized and com-
simulations for the retinal prosthesig two sources of oppo- ined as in Equation 3 for simulation on the 2D head/eye model,

site polarity normal to a plane passing through the center of figveloped in section VI. In particular, the SAR and stimulator

coil and cqplana_r with the coil axis. . L A number of two- and three-dimensional numerical tests of the chip model
A two-dimensionaD-H Transverse Magnetic (TM) formula- positioned in the center of a cylinder or a sphere have shown that the use of
tion of the Finite-Difference Time-Domain (FDTD) method hate simplified thermal diffusion terrK 02T in lieu of the more generalized

b d he ind del . H(KOT) term in the two-dimensional modeling of the implanted microchip
een used to compute the induced electromagnetic energy [iogides results that are in better agreement with those obtained by three-

0.25 mm resolution head model derived from the visible maiiimensional simulations employing the generalized teifidT).
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IC power dissipation density are now expressed as 2D quantitie¥he accuracy of the implemented methods has been verified
in the discretized space. against the analytical solution for the specific absorption rate
and the thermal response associated with a plane wave impact-
ing a solid lossy cylinder, derived in [18]. The validation of
T+l Kot ( noooLn LN LTn >+ our FDTD and thermal implementations is performed at the fre-
(L3) 7 pCax2 \ (=10 T L)) =) T () quency of 2.45GHz reported in [18] in order to compare with
the published results as well as at 2MHz, which is the operat-
+ ing frequency of the extra-ocular transmitting coil used to in-

(density /. -
pC pSARiaj) + I:():hip(zD) (i,)) +A0(i,j) + B(iaj)Tb

(discrete) ductively power the implanted micro-stimulator. An excellent
m 11 (N K N H B 5t (3) agreement between numerical and analytical results is obtained
@) {7 \NT hCax2 + EXT 0Cax + oC T for both frequencies. Figure 2a shows analytical and numer-
H3tT, ically computed temperature in a 10cm diameter cylinder ex-
EXT ° - mw
pCOX el posed to a plane wave of power densnyE]ﬁ% at the frequency

of 2MHz. The curves report the temperature at various time
intervals subsequent to the initial irradiation time, along the di-
whereNnT is the number of interior points adjacentto d@llj) ameter of the cylinder which is perpendicular to the direction
andNexT is the number of exterior points adjacent to €ellj) of propagation of the incident plane wave. The computed two-
(ie- those outside of the model and belonging to the surrourimensional pattern is shown in Figure 2b.
ing environment). The maximum time step to ensure stability of
the algorithm is considered as the minimum value of the expres- |||, M ODELING OF THEEXTRA-OCULAR CoOIL

sion of Equation 4 [13], evaluated for all tissues and materials . ) , .
present in the discretized head/eye model. As the simulations of temperature increase in the head/eye

model developed here are conducted in two dimensions, special
treatment is required for the transmitter coil. The current ver-
sion of the telemetry system includes an extra-ocular transmit-
_ 1 . where M is the ting multi-turn coil of diameter two inches located at a distance
6t < min NntKm  NextH  Br set of tissues  Of approximately 2cm from the human eye, and an intra-ocular
mem6x2+ mem6x+ onCon receiving multi-turn coil of diameter 7mm that replaces the hu-

(4) man lens. The extra-ocular coil needs to carry a current of 2A

Equations 3—4 are used to calculate the temperature rise int&gellver the necessary power to thg mtra-ogular un_|t.
eye when exposed to electromagnetic radiation from inductiveF0" @ low-frequency three dimensional coil of raditsand
coupling and to power dissipation from the implanted stimul&MS countN, carrying a current of, the magnetic fielcH

: . . . _, NI
tor microchip. The parameters used in these equations toge{g&jiven by||H|| = —. The coil current in a three dimensional
with their units are summarized in table I.

model space would be approximated with a finite number of tan-
gential current vectors positioned around the circumference of
the coil. However, for performing two-dimensional simulations,
the coil current is represented with two parallel and tangential
current vectors of opposite polarity.

TABLE |
PARAMETERS OF THE DISCRETIZED BIGHEAT EQUATION

?ymbo' ?gfp'g?;z rr‘épe”y Eg”s This approximation requires that the theoretical valué¢iof
t continuous time s at the center of the multi-turn external coil in the 2D sense be
n surface normal - scaled to that of the magnetic field at the center of the real,
P mass density %] three- dimensional, coil model. Even though the two and three-
C specific heat o C] dimensional cases are characterized by di_ff_erent rates of decay
K thermal conductivity 2] of the electromagnetic field, we have verified that, given the
Ha convective transfer coefficient [ﬁ] coil dlmer_13|ons_ and |t_s distance _from the surface of the eye,
(for ambient environment temperature) the two-dimensional field approximation closely parallels the
Ao basal metabolic rate LS] three-dimensional one within the eye region. We_ have.veri-
B blood perfusion coefficient mgsjoc] fied _both num_erlcally and analytically that the two_—dlr_nensmnal
T blood temperature (constant) o equwalen.t coil represen_ts the worst-case scenario, in the sense
Ta environment (ambient) temperature (constahtyC that the fields induced in the eye and head computed by the
o spatial step (resolution) in thei direction m two-dimensional radiating model are generally higher than the
4 Pl e et in e direction | corresponding fields computed by the three-dimensional one.
at discretized time step s This has been verified by means of two- and three-dimensional
SAR specific absorption rate w FDTD simulations as wc_ell as by compar.ing analytical solutions
Fgﬁ?;';ﬂ?(i, i) | 2D power dissipation density w of the electrqmagqetlc fields ge_nera_lted in free space _by the two-
(discrete) and three-dimensional approximations of the radiating device
Rhip3p) stimulator IC power dissipation in 3D w [19]_
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Fig. 3. Retina-3.5stimulator IC models discretized to 0.25mm uniform spatial

resolution
(a) Comparison of analytically and numerically computed temperature
Steady state temperature at 2MHz irradiation (density
Y P Chlp(3D Z F();mp (3D) ( J k) (5)
J=1k=1 (discrete

When considering a 2D model of the 3D stimulator chip for
thermal simulation in the 2D head/eye model of Figure 8, the

total power, E:E]‘fe(gsg)y, is retained by integrating (or summing)
the power density for the 3D chip model along thexis for

each cell{; j) in the 2D chip model. Although this yields power

32

density units in 2D of we consider that the 2D model

m2
shown in Figure 3b can be conceptually extended infinitely in

Y cell location

Temperature (Celsius)

W
the k-dimension. Therefore units fﬁ are retained in the

2D chip model for the power density at f) consistent with the

k
units of the tissue properties, such as mass depsity F% .

20 40 60 80 100 120 140 160 180 200 220

X cell location This means of condensing the power density is formulated as:
(b) Numerically computed temperature distribution (densny (densny
Rpiprzp) (i Pchlp(3D +1,K) (6)
(discrete) k=1 (discrete

Fig. 2. Temperature distribution in the test cylinder at 2MHz irradiation . ] . .
In general the power density varies across a chip, but in the

case of ouRetina-3.5stimulator, the IC [20] consists of an ar-

ray of 60 identical stimulus current driver circuits which are uni-
formly distributed over 75% of the chip area (25% is occupied
by digital control circuits). Thus, we approximate the power

Modeling of the stimulator microchip also requires apdenSIty as uniformly distributed, such that

IV. M ODELING POWER DISSIPATION IN THE STIMULATOR
IC

proximations that allow us to correctly represent the power K Phin(3D
dissipated by the chip in a two-dimensional space, rather Qﬁ?&”z%'t)y( )= z ﬁ @)
than three-dimensional. MOSIS reports the die size for our (discrete) 1 (1dx)(Idy)( 2

Retina-3.5stimulator IC [20] in the AMI-1.2m process as wheredx=dy=dz=0.25mm, and =22,J=21, andK =2.
4. 7mmx 4.6mmx500um. However, after accounting for clear—rhe power dens'typwensw( i), as defined here and associ-

ance around the pad-ring for the wafer dicing saw, the die size C(h',fc(i%
becomes 5.53mm5.25mmx 508um. ated with the 2D chip model of Figure 3b, is the same value

Discretizing this chip volume to 0.25mm spatial resolutiotSed in the 2D bio-heat formulation of Equation 3.

yields the 3D chip model shown in Figure 3a with cellular d|
mensions — 22 x J—21 x K 2, with the total power dISSI- . COMPUTING POWER DISSIPATION IN THE STIMULATOR

. . . IC
pation expressed as a volume summation of the discrete power
p (density The sixty stimulus circuits of ouRetina-3.5stimulator IC

densi k), as given in Equation 5.
vk "{“@éig (1,1, as g a [20] provide biphasic current outputs for retinal stimulation,
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with programmable amplitudes, pulse widths, and pulse rate; . ace deiay anodic puse widh
The power consumption associated with operating the micro- W) ™. ~=

stimulator can be accounted for in terms of the power dissipaﬁ*éqent 1;5 %’L?géc T

in the retinal tissue (thpad) plus additional power overhead . " ampli;ude§
required by the micro-stimulator IC. This is expressed in Equa-i.... ime A ®

tion 8 for instantaneous power as a function of time, where the ‘ | cathodic
superscript “60” in parentheses refers to the case where all sixty Peroy | Pulse
stimulation channels are active. The subscrghiip, load, and (T:T) Y FEA)

consumedefer to the power consumed in the micro-stimulator,  cathode¥arse width

retinal-tissue, and of the combined system, respectively. w)
Fig. 5. Parameters of the biphasic current pulse used for retinal stimulation
(60) (60 (60)
Pconsume&t) - Pchip(t) + Pload(t) (8)
A. Simulated power dissipation in the stimulator IC When computing power estimates on semiconductor circuits

Since theRetina-3.5stimulator IC [20] layout contains near|stpiceconsiders only the power lost, or dissipated. Therefore,
70000 FETSs, circuit simulators such Hspicecannot practi- the estimates ofﬁ% from Table Il are taken as losses which
cally conduct chip level simulations which cover millisecondgould give rise to heat, and are subsequently use&fgyap)
of real time. However, the array of stimulus circuits accoungg Equation 7 to comput@ﬁ?&%ﬁy(i, j) for the thermal method
for the majority of the area on our IC (about 75%). Therefore, (discrets
a reasonable estimate of the dissipated power of the chip oakquation 3 to predict temperature increase in the 2D head/eye
be formulated from a simulation of a single output driver (on@odel.
from the array of sixty), the biasing circuit (which manifests
static power dissipation), and the digital section (associated wigh Experimental validation of power consumption and dissipa-
packet synchronization and timing generation), designated astion in the stimulator IC
subcircuits, X1, X2, and X3, respectively as illustrated in Fig-
ure 4.

In simulation, the output driver of subcircuit X1 is loade
with a resistanc® 3¢ = 10kQ to model retinal impedance [21].
The power dissipation of the chip could be predicted from t
simulated estimates of subcircuits X1X3, designatedPy; —
Px3 as in Equation 9, excluding the powYgaq, dissipated in
Rioad Which is off chip.

Experimental measurements of the microchip power con-
umption were taken to validate thispicesimulations of the

C layout. Recall that our stimulator IC operates from dual DC
supply rails ofVgg andVss to produce the anodic and cathodic
I?)Gﬁases, respectively, with respect to a central ground return,
Gnd. Therefore, an experimental estimate of chip power can
be inferred from a measurement of the power consumption mi-
nus power dissipation in the 60 loads, as in Equation 10

60
Rhip(3p) = Péhig =60(Px1) + Px2 + Pxs 9 (Moad)?

60y 160,y (60 o (Vioad)®
In simulating the power requirements of the stimulator IC, the consumed™ Vddldg T Vsdss Rioad

standard biphasic current pulse for retinal stimulation is con—h | di th | s f
sidered as reported in [7] and shown in Figure 5. The micr§] €r€ldd andlss are the average supply currents for Via
dVss supplies andoaq is the RMS voltage measured across

stimulator is programmed to produce this current waveform an

all sixty output channels simultaneously. Equal anodic and ég_e load resistanc®oag = 10kQ. Results of the measurement

thodic currents of 400A (the typical case) and 6Q@ (the experiment along with the inferred micro-stimulator power are
worse or maximum case) fdRetina-3.5are considered, with summarized in Table IIl. A comparison between the simulated

Vg andVes set at+5v/—5v or +7v/i—7v for each case, respec-a_nd measured estimates for the chip power is included. The

tively, as appropriate[7]. Pulse repetition rates of 50Hz aIg}l&‘ference between the simulated and experimental estimates of
' tne power dissipation vary by no more than about 2mW, thus

60Hz are considered in keeping with results of flicker fusia dicating that th i tal tis i q
experiments reported in [7]. Anodic and cathodic pulse widtfdicating that the experimental measurement IS in good agree-

and interphase delay were kept equal and varied among 1FH§,m with the simulated estimates.
2ms, and 3ms, consistent with stimulation experiments also re-
ported in [7].

These parameters are annotated a4, and,T onthe stimu-  Since the determination of a detailed thermal distribution in
lus waveform of Figure 5 representing current amplitude, pulgee human eye is critical for the development of a safe retinal
and interphase-delay width, and period, respectively. prosthesis implant, there is the need to develop a high-resolution

The subcircuits of Figure 4 were programmed to produte&o-dimensional head model which accurately accounts for all
the biphasic stimulus pulse of Figure 5 in each of the param#te anatomical features of the human eye. Since there are no
ric combinations described (twelve cases in all). Subsequendlyailable Magnetic Resonance Images (MRI) accurate enough
Hspicesimulations were conducted to estimate the power di® capture the finest anatomical details of the human eye, it has
sipation ofRetina-3.5vhen operating in each case. The results&en necessary to derive the eye model from an anatomically
are tabulated in Table II. accurate sketch of a human eye, taken from [22],[23].

(10)

VI. HEAD AND EYE COMPUTATIONAL MODELS
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TABLE Il
HspiceSIMULATED POWER DISSIPATION FOR OURRetina-3.5/C RESULTING FROM VARIATIONS IN BIPHASIC STIMULUS

Vdd, current | frame | pulse bias driver load driver load digital chip

Vss raté? width® || power | power | power | powerx60 | powerx60 | power | powef
A =ilw Ra R Poad | Pex60 | Ploaax60 | P P

[Voc] (HA] [Hz] [mg [mw] [mw] [mW] [mwW] [mW] [mwW] [mW]

+5,—5 | 4007 50
+5,—5 | 400! 50
+5,-5 | 400! 50
+5,—5 | 400? 60
+5,-5 | 400! 60
+5,—5 | 400! 60
+7,—7 | 6002 50
+7,—7 | 6002 50
+7,—7 | 6002 50
+7,—7 | 6007 60
+7,—7 | 6002 60
+7,-7 | 6002 60

2.4700 | 0.1041 | 0.1633 | 6.2436 9.8004 0.4726 | 9.1862

2.4700 | 0.2036 | 0.3251 | 12.2154 19.5066 0.4726 | 15.1580
2.4700 | 0.3041 | 0.4884 | 18.2448 29.3070 0.4726 | 21.1874
2.4700 | 0.1243 | 0.1951 | 7.4562 11.7030 0.4750 | 10.4012
2.4700 | 0.2443 | 0.3901 | 14.6568 23.4066 0.4750 | 17.6018
2.4700 | 0.3643 | 0.5852 | 21.8568 35.1102 0.4750 | 24.8018
3.5647 | 0.2043 | 0.3310 | 12.2604 19.8618 0.4964 | 16.3216
3.5647 | 0.3962 | 0.6589 | 23.7696 39.5310 0.4964 | 27.8308
3.5647 | 0.5899 | 0.9899 | 35.3916 59.3928 0.4964 | 39.4527
3.5647 | 0.2441 | 0.3953 | 14.6448 23.7174 0.5017 | 18.7112
3.5647 | 0.4754 | 0.7906 | 28.5228 47.4354 0.5017 | 32.5892
3.5647 | 0.7067 | 1.1859 | 42.4008 71.1540 0.5017 | 46.4672

WNRFRPIWONRFRPIWNRERWN P

1Anodic and cathodic pulse amplitudes resulting fréfspice simulation atVgq = +5v andVss = —5v were
+4008pA and —4051pA, respectively.

2Anodic and cathodic pulse amplitudes resulting frétspice simulation atVgq = +7v andVss = —7v were
+5753pA and —5721pA, respectively. The driver output stages on the stimulator IC transition from saturation
to the linear region when attempting to provide g80for Rgaq = 10kQ [21] with Vgg = +7v andVss = —7v.
Therefore, actual currents fall short of the requested values.

2Actual frame rates are 49.827Hz and 60.048Hz, derived from a 12MHz oscillator on the extra-ocular communica-
tions processor, which controls stimulus timing.

SActual pulse widths are 1.023ms, 2.046ms, and 2.991ms for 50Hz frame rate and 1.045ms, 2.025ms, and 3.004ms
for 60Hz frame rate again derived from the 12MHz oscillator.

4Excludes load power.

TABLE Il
EXPERIMENTALLY MEASURED POWER CONSUMPTION AND DISSIPATION IN OURRetina-3.5/C RESULTING FROM VARIATIONS IN BIPHASIC STIMULUS

Vdd, current | frame | pulse measured measured | inferred simulated
Vet rate width || consumptiod | load power | chip powef | chip powe?
A f= 'Tl' w Pégg)sumed Pl(DGE?gI Pélfic:j)(measuret)l ésiog(simulated
Vol [WA] (Hz] | [mg (mW] (mW] (mW] [mwW]
+5, -5 400 50 17 18.4818 11.3276 7.1541 9.1862
+5,-5 | 400 50 24 36.4597 20.8378 15.6219 15.1580
+5,-5 400 50 34 53.0817 28.7304 24.3513 21.1874
+5,-5 400 60 15 22.4489 11.6612 10.7877 10.4012
+5,-5 400 60 25 42,7871 22.8569 19.9302 17.6018
+5,-5 | 400 60 35 61.2672 33.6595 27.6076 24.8018

1Due to limitations in the current fabrication of dRetina-3.5stimulator IC, operation afjg = +7v,

Vss = —7v yields an amplitude imbalance measured between anodic and cathodic current when
programmed to match. Therefore, experimentally measured power consumption and dissipation for
validation with the simulated data of Table Il were conducted only for the cas¥gqGE +5v,

Vss = —5v, which the matching is acceptable.

2Anodic and cathodic pulse amplitudes measured experimentallyyat +5v andVss= —5v were
400uA and -408IA, respectively.

3The resistanc®seriesplaced in series with the power rails to facilitate experimental measurement
of supply currents|ygg andlss, is taken at a low value of 10CB8 Therefore, the associated power

AVyq)? AVsg)?
dissipations,( dfj) and @ are negligible and therefore not included in these measurements.
\series Series

4Inferred fromPc(ﬁ% = Pc(;}g)sumed* Hffg, which measures the difference in power consumed from
the supplies and power dissipated in the @Qksistive loads when all 60 output drivers are active.

5Duplicated from Table II.
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X1: output driver

Retina-3.5

Stimulus driver array

X2: bias circuit
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L DLL data
DLL clock
Vdd ) Vss
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Fig. 4. Retina-3.5stimulator IC layouts simulated idspiceto determine power dissipation

The sketch of the eye was electronically scanned to obtai
image of roughly 60@ 600 pixel resolution. Subsequently, th
optic nerve and the muscles connecting to the sclera were
moved, and the resulting image was color segmented accor(
to the distinct tissues represented, as shown in Figure 6a.

A software application has been developed to discretize
segmented eye image onto a uniform grid of 0.25mm resolut
in order to sample it to a high resolution for construction of t
model. At each cell in the overlying grid, the discretizer dete
mines the dominant tissue type occupying that cell and identif
it according to the applied color segmentation. A unique tissue
identifier is assigned to each cell location which is used as a3y Color segmentation ac-

. - - s . b) 2D eye model sampled to
index into a table of tissues (see Table IV) specifying dielec-cqging to tissue type é_)25mmﬁsing auniforrﬁ grid

tric and thermal properties. The resulting eye model which has
been discretized to a spatial resolution of 0.25mm is Showng3. 6. Discretization to obtain the 0.25mm 2D eye model
Figure 6b.

A new two-dimensional head model was also constructed
with a resolution of 0.25mm suitable for an accurate represatiform color. Subsequently, the discretizer is again used to
tation of the finest anatomical details of the human head. Tsample the head slice image to a 0.25mm model.
head model is derived from an image of the human head slice aBince the eyes in the original head slice image from the
a position intersecting the eyes, taken from the National Librav§sible Man Projectprovide only two or three discernible tis-
of Medicine (NLM)Visible Man Projecf24]. As with the eye sues, the 0.25 mm resolution eye model separately developed is
model, construction of the head model proceeds by first coloerged with the 0.25mm head model to increase ocular detail
segmenting the head in order that tissues may be identifiedasyis shown in Figure 7. A 2D silicon model of the implanted
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stimulator IC of dimensions 5.5mrb.25mm is shown at mid- which is computed in the absence of any SAR and implant heat-
vitreous in the left eye, in the position and orientation associatied) for the whole model, is forced along the posterior boundary
with implantation [25]. in order to prevent inappropriate heat exchange with the sur-
rounding environment. The model truncation is performed at a
depth to which the conduction of internal heat is expected to be
negligible.

VIl. PHYSICAL PROPERTIES OFTISSUES

Dielectric and thermal property values have been taken from
various publications collectively representing the research in
electromagnetic and thermal dosimetry. The dielectric proper-
ties for the bodily tissues have been gathered fronDileéectric
Properties of Body Tissuemline database [26]. This data is
compiled and organized by tii#ectromagnetic Wave Research
Instituteof theltalian National Research CouncilROE-CNR),
based on the work of Gabriel [27]-[31] dating back to 1996.
The permittivities and conductivities are evaluated at 2Mhz cor-
responding to the carrier frequency of the exterior transmitter
coil in the inductive powering scheme. Thermal properties and
specific gravities for the biological tissues have been collected
primarily from [32] released in 1990, but also from other pub-
lications [8]-[10], [13], [15], [33]-[38]. OuRetina-3.5stimu-
lator IC [20] fabricated in bulk CMOS, is uniformly modeled
with the physical properties of intrinsic silicon available from
the online elemental database [39]. These properties used with
the head/eye model are summarized in Table IV. As physical
properties for some of the tissues are not explicitly available,
values have been taken which match with tissues of nearest ex-
pected composition or water content.

The newly developed eye model accounts for sclera, cornea,
aqueous humor, pupillary sphincter muscle, posterior cham-
ber, crystalline lens, lens zonules, cilliary muscle, vitreous hu-
Fig. 7. Merged model of the discretized head and eye models with inclusionngpr’ Chor,OId' and retina. Puplllary and C"“ary muscles, lens
the silicon stimulator IC model in the left eye zonules (likened to tendons), and muscles attached to the sclera

are represented with the dielectric and thermal properties of

Itis expected that temperature increase arising from induct®@neric human muscle. Due to its close proximity, the poste-
coupling and from power dissipation in the stimulator IC willl0f chamber situated between the lens and pupillary muscle
be localized to the region of the eyes. Therefore, in order k€S its properties from the aqueous humor. The permittivity
decrease the required memory and simulation time, the head/@Jg conductivity of the aqueous humor at 2MHz are taken as
model is truncated posterior to the eyes as shown in Figure g/ilreous. Similarly, the mass density and thermal conductivity

are shared among the aqueous and vitreous as [32] identifies a

single humor for these two properties. Moreover, the specific
heat properties are equal, as in [13]. The highly vascularized
choroid which lies between the retina and sclera and nourishes
the photoreceptors, is approximated with the physical properties
of blood.
Only the dielectric properties of the retina have been found
in available research literature [26]; mass density and thermal
A properties are not available. However, the retina is a multi-
layer neural structure approximately 300 thick with most of
its composition organized as a cascade of various neuron cell
Fig. 8. Truncated model of the merged human head/eye models types and their interconnections [22], [42], [43], [44]. Only in
the innermost layer above the ganglion neurons is there a heav-
When computing Specific Absorption Rate or SAR, the posy axonal or nerve fiber layer. Therefore, in its composition, the
terior edge of the model is immersed in the PML layers in ordegtina is expected for the greater part to be analogous to brain
to correctly support the model truncation for the reduction of tlggey matter, where there is a higher concentration of neural cell
computational space, as explained in [16]. For the thermal sihiedies and dendrites [41].
ulation, instead, the initial steady state temperature distributionWhite matter represents the portion of brain neural structure
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TABLE IV
DIELECTRIC AND THERMAL PROPERTIES OF TISSUES AND MATERIALS IN THE HEAIEYE MODEL AT 2MHZzL23

Tissue Relative Conduct- | Mass Specific | Thermal Blood Metabolic
Permittivity | ivity Density | Heat Conductivity | Perfusion Rate (Basal)
£ o8] | e[| clide] | Klxdel | Blate] | 2|

air 1.000 0.0000 1.16 1300 0.250 0 0

muscle 826.000 0.5476 1040 360020 0.49812 2700 690

deep fat 22.950 0.0255 920 250020 0.25013 520 180

bone 106.000 0.0285* | 1810 13008 0.30014 1000 0

cartilage 815.500 0.2776 1100 3400°0 0.450%0 9100 1000

skin 858.000 0.0371 1010 350020 0.420%° 9100 1000

nerve 554.800 0.1556 1043° | 3600° 0.503° 35000° 10000°

subcutaneous fat | 22.950 0.0255 920 2500 0.250 520 180

brain grey matter | 656.500 0.1807 10398 | 368018 0.565%8 35000 10000

brain white matter| 340.600 0.1118 104318 | 360018 0.50318 35000 10000

blood 1681.000 0.9261 1060 384010 0.53015 - 0

sclera 1145.000 0.6889 1170 417811 0.58011 0 0

scleral muscl@ 826.000° 0.5476° | 1040% | 3430° 0.498°% 2700° 690°

cornea 1429.000 | 0.7438 107618 | 417811 0.5801 0 0

pupillary musclé® | 826.000° 0.5476° | 1040° | 34306 0.498°% 27008 6908

post chambe? 76.650° 1.5010° | 1003° | 3997° 0.578° 0% 0%

lens 829.700 0.4170 1100 30001 0.400™1 0 0

lens zonule$ 826.000° 0.5476° | 1040% | 3430° 0.4988 27008 6906

cilliary muscle® 826.000° 0.5476°5 | 1040° | 3430° 0.498° 27008 6906

aqueous humor | 76.650%7 1.5010'7 | 10038 | 39971° 0.57818 0 0

vitreous humor 76.650 1.5010 100918 | 39971° 0.59418 0 0

choroid” 1681.000° | 0.92617 | 10607 | 38407 0.5307 o’ o’

retina 1145.000 | 0.6889 103916 | 368016 0.56516 3500016 1000016

silicon -2 e 233022 | 95922 150.000%3 - —

1Dielectric propertiessg anda, are taken from [26] unless ®Unavailable explicitly. Therefore, assigned the properties
otherwise noted of brain grey matter, as this is reported to have a higher
2Mass densityp, taken from [10] unless otherwise noted  concentration of neural cell bodies and dendrites than white
3Blood perfusion constanB, and basal metabolic ratég, matter [41]

are taken from [9] unless otherwise noted 7Unavailable explicitly. Therefore, assigned the properties
“4Cortical bone, taken from [26] of Vitreous Humor

S5Unavailable explicitly. Therefore, assigned the properties:éTaken from [32]

of aqueous humor 19Taken as Humor from [13]

6Taken as muscle (generic) 20Taken from [9]

"Modeled as blood 2lgijlicon not used in the calculation of the specific absorp-
8Human cortical bone, taken from [32] tion rate

SUnavailable explicitly. Therefore, assigned the properties?2Taken from [39] . _ _
of brain white matter, as this is reported to have a high nervé>The thermal conductivity of the implant is dependent

fiber makeup and is contained in the optic nerves [40] on the precise material composition of the stimulator IC,
10Human whole blood any additional supporting intra-ocular components, and
11Taken from [13] the hermetically-sealed biocompatible casing.  There-
12Hyman skeletal muscle, taken from [32] fore, thermal simulations were conducted with values of
13averaged human subcutaneous fat, taken Kenip € {10,20,30, ..., 80,90}, so as to characterize the
from [32] dependence of temperature increase on the chip’s thermal
14Taken from [8] conductivity. Subsequently, in order to minimize the com-
15Human whole blood (43% Hct), taken from [32] putational time, temperature rise associated With= 150

(corresponding to the real value of silicon) are extrapolated
according to the resulting trend.

involved in communication between areas of grey matter atmdjical tissues by two order of magnitude. In accordance with
thus has a high nerve fiber, or axonal, composition [40]. FuEquation 4, this forces a smaller time step for stability and
thermore, as the optic nerves are reported to contain white ntatss a longer simulation when compared with the case where
ter [40], physical properties of nerve are assumed similar ¢dicon is absent from the model. The thermal conductivity
those of white matter. Moreover, [9] and [45] report blood peof the implant is dependent on the precise material composi-
fusion and basal metabolism in agreement with that of brain,tan of the stimulator IC, any additional supporting intra-ocular
white matter. Hence, physical properties for nerve in Table Isbmponents, and the hermetically-sealed biocompatible casing.
are assigned from those explicitly available for white matter. Therefore, thermal simulations were conducted with values of
Kehip € {10,20,30,....,80,90}, so as to characterize the depen-
dence of temperature increase on the chip’s thermal conductiv-
ity. Subsequently, in order to minimize the computational time,

J
150 e which exceeds thermal conductivities of the biotemperature rise associated wkls; = 150 (corresponding to

The thermal conductivity for the uniform silicon model o
our Retina-3.5stimulator IC [20] was reported from [39] as
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the real value of silicon) is extrapolated according to the resutts]

ing trend.
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