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An Optodectronic Pulse Frequency Modulation Circuit
for Retinal Prosthesis’
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Abdgtract : A pulse frequency modulation(PFM) circuit for retinal prosthesis,which generates electrical pulses with
frequency proportional to the intensity of incident light ,is presented. The fundamental characteristic of the circuit
is described and analyzed. The circuit is realized in 0. 8 m CMOS process,and the simulation results testify to the

possibility of sub-retinal implantation.
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1 Introduction

Thousands of people suffer from retina degen-
eration due to retinitis pigmentosa(RP) and age-re-
lated macular degeneration (AMD) . Although the
photoreceptors are degenerated in such cases,parts
of the retina still work properly. In vivo and in
vitro studies show that electrical stimulation can
induce electrical potential in the retina. This has
prompted researchson retinal prosthess,which are
based on electrical stimulation by implanted chips.

There are two approaches to placing retinal
prosthess devices™ . In thefirst one,the epi-retinal
implant ,the devices are placed in contact with the
nerve fiber layer ,and the electrical stimulation is
delivered to the ganglion cells of the retina;in the
other ,the sub-retina implant ,the devices are im-
planted beneath the retina,and the electrical stimu-
lation is delivered to the bipolar cellsof the retina,
as shownin Fig. 1. Due to its smple structure and
high resolution ,the sub-retinal implant is preferred
inour research.

Sub-retinal implants are traditionally imple
mented by M PDA (micro photodiode array) ,with
which the photoreceptor cells of the retina are re-
placed® . Unfortunately ,the electrical signals gen-
erated by this optoelectronic device entirely depend
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nal space

on the incident optical power ,which may not be
strong enough to induce an electrical potential in
the retina. In contrast to the MPDA ,the PFM cir-
cuit® °® generates a series of electrical pulses with
frequency proportional to the incident optical pow-
er. The frequencies of the generated electrical pul-
ses range from a few tens of Hz to a few tens of
kHz. The pulses provide a voltage swing as great
as the supply ,whose driving ability is much better
than that of MPDA. Generally ,it consstsof apho-
tosensor ,an image processng unit ,and a stimulus
unit. The total area of the circuit is about 50U m x
50Q m ,and the operating voltage is between 2 5

5V. An array of such active components integrated on
one chip has been proven to be suitable for retind
proshess. A drawback of PFM is the required inner
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supply ,but this can be olved by the teemetry link
method' "'
However ,the devices presented in Refs. [3

6] are not fit for implantation due to their compli-
cated structures and large areas. Some of them even
require external synchronous clock signals. There-
fore we have modified the basc PFM circuit with
the goals of smple structure and high-density inte-
gration.

2 Sructure description

Figure 2 shows the basic structure of one pixel
of a PFM circuit ,which conssts of a photodiode
(PD) ,a Schmitt trigger (ST) ,a delay cell ,and a
charging part. When there is no incident light ,the
circuit remains stable. When thereisincident light ,
the paradtic capacitor at the input will be charged
or discharged corresponding to the initial state of
the output. At the same time ,the voltage of the PD
will change,leading to the transverson of the ST
corresponding to its trander characteristic ,and s
will the output voltage after a delay period. Then
the feedback of the output voltage determines the
action of charging or discharging at the input in
turn,and thus the whole circuit will keep oscilla
ting. The delay cell is used to shape the output
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part
ST
@’\/ Delay

cell

i~
PD

Fig.2 Block diagram of PFM circuit
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The PFM circuit is implemented in standard
CMOS process, and hence a processcompatible
photodiode is needed. As shown in Fig. 3 ,the diode
formed by the n-well-to-p-substrate junction is a
dopted as the photodiode, due to its good absorp-
tion of light at long wavelengths. For higher re-
sponsivity ,an interdigitated network of n* fingers
is employed as the cathode instead of a continuous

* region in order to maximize the depletion re-

gions available for carrier collection,and the sub-
strate is connected as the anode.

Cathode
Anode —[—Anode
) L{l , l | e
n well
p substrate

Fg.3 Schematic cross section of nfinger photodiode

The charging part is formed by two cascaded
nrtype MOS trandg storsinstead of one sngle tran-
sistor to decrease the drain-source current ,leading
to a better width of the output pul se.

Two series inverters are implemented in the
delay cell. To improve the delaying effect ,a pair of
paralel complementary MOS capacitors placed at
each output node of theinvertersis employed. It is
formed by a pMOS and an nMOS trand stor ,which
are connected to Voo and GND respectively.

3 Circuit analysis and design

The PFM circuit schematicis shownin Fig. 4.
We have modified the basc PFM circuit to make
the pulse frequency and width suitable for retina
stimulation. The ST is formed by M1 M6, the
charging part isformed by Mr and Mx ,and the de-
lay cell isformed by two inverters cons sting of M7
M10 and a pair of complementary capacitors con-
sstingof Mcl Mc4. A MOScapacitor Minis add-
ed at the input node to improve the pulse width.

3.1 Function of oscillation

Take Vm asthe anti-bias voltage of the PD ,Gn
as the total input capacitance at the cathode of the
PD,lo as the drain-source current of Mr and Mx
when they turn on, Ta as the delay of the inverter
chain,and Vs as the hysteress of the ST. When
there isincident light ,Mr and Mx will turnon ,and
lo will charge Gn if the output voltage of the PFM
is high. When lo is much larger than the photocur-
rent Ipn ,Veo turns high and soon exceeds the upper
switching point voltage Vw of the ST. Then the
output of the ST turns low ,and after a delay of
Ta ,the output of the PFM aso turns low, and
therefore Mr and Mx turn off and Gn is discharged
by Ipn ,90 that Ve decreases,and at last it is less
than the lower switching point voltage V. ,leading
to a high voltage level at the output of the ST.
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Fig.4 Schematic of PFM circuit

Then the output of the PFM turns high again.
Hence the PFM can oscillate via self-resetting.

3.2 Circuit design

During one period ,the voltage change on the
cathode of the PD is nearly equal to Viys.Before Gn
is discharged by Iph ,the charge accumulated on it
can be expressed as (Ceo + Cu + Cst) Viys ,Wwhere
Cst and Cu represent the parasitic capacitance of
the ST at the input node and the MOS capacitor ,
respectively. When 1o is much larger than Iph ,the
period of the pulseis mainly determined by the dis
charge time. Hence the period of the pulse can be
expressed as
_ (Cep + Cu + Csr) Vi

Teem =

o (1)

Whereas the charging time of Gn» determines the
pulse width,and the delay of the inverter chain
cannot be neglected in comparison with the char-
ging time ,s0 the width of the pulseis

Cep + Cy + GCsr

lo

(2)

Taking R asthe respongvity of PD ,and Pox as
the incident optical power ,then the photocurrent
|ph iS

Touse = Ta + X Vhys

|ph = RPopt (3)
Therefore the frequency of the photo-modula
ted pul se can be expressed as
1 _ R Poy 4
Term (Ceo + Cw + Cst) Vs
Thus the output pulse frequency is propor-
tional to the intensty of incident light.
As the circuit tends to oscillate at a frequency
higher than expected ,it must be optimized to guar-
antee the required frequency range. The value of

f =

Vs must be as big as possble first ,and then Gn
should be increased , 0 trand stors connected with
the input node should be enlarged to an acceptable
extent. To improve the pulse width, lo should be
reduced ,s0 cascade trandstors were implemented
and Mr was realized with along channel length and
short channel width. In this way ,a satidactory fre-
quency range can be achieved at the expense of are-
a. However ,alarge areais not suitablefor high dens-
ty integration for use in prosthetic implants. Therefore
the drcuit desgn mus face a tradeoff between fre-
quency and area.

4 Smulation results

The circuit was realized in CSMC-HJ O §4 m
2P2M CMOS process. The photodiode wasf ulfilled
by an n-well-to-p-substrate junction with an area of
4 mx 4 m. The capacitance of the photodiode is
estimated to be about 5f F. Almost al of the MOS
trand stors have the minimum channel length to de-
crease the total area,and the supply voltageis2V.
The smulation was carried out under the Avant !
Hspice circuit desgn environment at 25

Figure 5 shows the transent waveform at a
20nA photocurrent. Figure 5 (a) is the voltage
waveform at the cathode of the photodiode, and
Figure 5(b) isthat at the output node ,whichis ap-
propriate for retina stimulus.

The output of a PFM pixel should be connect-
ed with an electrode contacted with the retina. The
electrode retina i nterf ace can be modeled by a high-
pass filter™ . A smulated functional diagram of a
biphasic stimulus sgnal acquired at the retina is
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shown in Fig. 6. The |&€t one models the voltage
delivered to the retina ,and the right one model s the
stimulus current injected into the retina. The bi-

phasc pulses can alleviate fatigue of retina cells
with the ability of charge balance,and they are
much better than sngle-phase pul ses.
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Fig.5 Trandent output waveform of PFM (lpn = 20nA)
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Fig.6 Functional diagram of biphasic stimulus signal at retina
Figure 7 shows the dynamic range of the cir-
cuit. The circuit remains nearly linear for photocur- 1.6
rent val ues ranging from 1 to 30nA. When the pho- i L4
tocurrent exceeds 30nA ,the circuit tends to fall in > 12;
. =
saturation. For photocurrents greater than 40nA , g Lor
the circuit refuses to oscillate. The output pulse % 0.8}
frequency ranges from hundreds of Hz to a few —g 0.6
kHz ,which is suitable for retinal stimulation. 5 04F
For long wavelength light ,the responsvity of 8 02t
PD realized in CMOS process is estimated to be a of o
bout 0. 5A/W. As the minimum photocurrent is 0 10 20 30 40
Photo current/nA

1nA ,the minimum optical power is 2nW ,and thus
the optical sensitivity of the PFM is - 57dBm. A
typical value of incident light intensity for thispur-
pose is 2000W/ m* ,which is easly large enough to
guarantee the oscillation of the circuit.

A test chip has been designed. The core part of
the layout has an area of 70 m x 5 m,which is

Fg.7 Dynamic range characteristic of PFM

appropriate for integrated in arrays in high dens-
ty. The layout of the full chip is shownin Fig. 8.
On the l&ft sdeisthe PFM with PD ,while on the
right sdeis the PFM with no PD for the purpose
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of testing. A photograph of the chip is shown in
Fig.9.

X

et

Fg.9 Photograph of the PFM chip

5 Conclusion

We have proposed a PFM circuit applicable

, 0 6 m CMOS
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to sub-retinal implants. The basic structure and
fundamental characteristicsof the circuit have been
demonstrated and analyzed. Smulation has been
carried out ,and the results show that it has good
linearity for photocurrent values between 1 and
30nA. The preliminary smulated data and perform-
ance demonstrate the potential of integration for
sub-retinal implants.
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