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Abstract : A p ulse f requency modulation ( PFM) circuit f or retinal p rost hesis ,w hich generates elect rical p ulses wit h

f requency p rop ortional t o t he intensity of incident light ,is p resented. The f undamental characte ristic of t he circuit

is described and analyzed. The circuit is realized in 016μm CMOS p rocess , and t he simulation results testif y t o t he

p ossibility of sub2retinal implantation.
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1　Introduction

Thousands of people suffer f rom retina degen2
eration due to retinitis pigmentosa (RP) and age2re2
lated macular degeneration ( AMD) . Alt hough the
p hotoreceptors are degenerated in such cases ,part s
of t he retina still work properly. In vivo and in
vit ro studies show t hat elect rical stimulation can
induce elect rical potential in t he retina. This has
p rompted researchs on retinal p rost hesis ,which are
based on elect rical stimulation by implanted chip s.

There are two approaches to placing retinal
p rost hesis devices[1 ] . In t he first one ,the epi2retinal
implant ,t he devices are placed in contact wit h the
nerve fiber layer , and t he elect rical stimulation is
delivered to the ganglion cells of t he retina ;in the
ot her ,t he sub2retinal implant , t he devices are im2
planted beneat h t he retina ,and t he elect rical stimu2
lation is delivered to t he bipolar cells of t he retina ,
as shown in Fig. 1. Due to it s simple st ruct ure and
high resolution ,t he sub2retinal implant is p referred
in our research.

Sub2retinal implant s are t raditionally imple2
mented by MPDA ( micro p hotodiode array) , wit h
which the p hotoreceptor cells of the retina are re2
placed[ 2 ] . U nfort unately , t he elect rical signals gen2
erated by t his optoelect ronic device entirely depend

Fig. 1　Concept diagram of implanted chips in sub2reti2
nal space

on t he incident optical power , which may not be
st rong enough to induce an elect rical potential in
t he retina. In cont rast to t he MPDA ,t he PFM cir2
cuit [3～6 ] generates a series of elect rical p ulses wit h
f requency proportional to t he incident optical pow2
er . The f requencies of the generated elect rical p ul2
ses range f rom a few tens of Hz to a few tens of
k Hz. The p ulses p rovide a voltage swing as great
as t he supply ,whose driving ability is much better
t han t hat of MPDA. Generally ,it consist s of a p ho2
to sensor ,an image processing unit ,and a stimulus
unit . The total area of the circuit is about 500μm×
500μm ,and the operating voltage is between 215～
5V. An array of such active components integrated on
one chip has been proven to be suitable for retinal
prosthesis. A drawback of PFM is the required inner
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supply ,but this can be solved by the telemetry link
method[7 ] .

However ,t he devices p resented in Ref s. [ 3～
6 ] are not fit for implantation due to t heir compli2
cated st ruct ures and large areas. Some of t hem even
require external synchronous clock signals. There2
fore we have modified the basic PFM circuit wit h
t he goals of simple st ruct ure and high2density inte2
gration.

2　Structure description

Figure 2 shows the basic st ruct ure of one pixel
of a PFM circuit , which consist s of a p hotodiode
( PD) , a Schmit t t rigger ( ST) , a delay cell , and a
charging part . When t here is no incident light , t he
circuit remains stable. When t here is incident light ,
t he parasitic capacitor at t he inp ut will be charged
or discharged corresponding to t he initial state of
t he outp ut . At t he same time ,the voltage of t he PD
will change , leading to t he t ransversion of t he ST
corresponding to it s t ransfer characteristic ,and so
will t he outp ut voltage af ter a delay period. Then
t he feedback of t he outp ut voltage determines the
action of charging or discharging at the inp ut in
t urn ,and t hus the whole circuit will keep oscilla2
ting. The delay cell is used to shape t he outp ut
p ulse.

Fig. 2　Block diagram of PFM circuit

The PFM circuit is implemented in standard
CMOS process , and hence a p rocess2compatible
p hotodiode is needed. As shown in Fig. 3 ,t he diode
formed by t he n2well2to2p2subst rate junction is a2
dopted as t he p hotodiode , due to it s good absorp2
tion of light at long wavelengt hs. For higher re2
sponsivity ,an interdigitated network of n + fingers
is employed as the cat hode instead of a continuous
n + region in order to maximize t he depletion re2

gions available for carrier collection , and t he sub2
st rate is connected as t he anode.

Fig. 3　Schematic cross2section of n2finger photodiode

The charging part is formed by two cascaded
n2type MOS t ransistors instead of one single t ran2
sistor to decrease the drain2source current ,leading
to a bet ter widt h of t he outp ut p ulse.

Two series inverters are implemented in t he
delay cell . To improve t he delaying effect ,a pair of
parallel complementary MOS capacitors placed at
each outp ut node of the inverters is employed. It is
formed by a pMOS and an nMOS transistor ,which
are connected to V DD and GND respectively.

3　Circuit analysis and design

The PFM circuit schematic is shown in Fig. 4.
We have modified t he basic PFM circuit to make
t he p ulse f requency and width suitable for retina
stimulation. The ST is formed by M1～M6 , t he
charging part is formed by Mr and Mx ,and t he de2
lay cell is formed by two inverters consisting of M7
～M10 and a pair of complementary capacitors con2
sisting of Mc1～Mc4. A MOS capacitor Min is add2
ed at t he inp ut node to improve t he p ulse width.

3. 1　Function of oscillation

Take V PD as t he anti2bias voltage of t he PD , Cin

as t he total inp ut capacitance at t he cat hode of t he
PD , I0 as t he drain2source current of Mr and Mx
when they turn on , Td as the delay of t he inverter
chain ,and V hys as t he hysteresis of t he ST. When
t here is incident light ,Mr and Mx will t urn on ,and
I0 will charge Cin if t he outp ut voltage of t he PFM
is high. When I0 is much larger than t he p hotocur2
rent Iph ,V PD t urns high and soon exceeds the upper
switching point voltage V H of t he ST. Then t he
outp ut of the ST t urns low , and after a delay of
Td , t he outp ut of t he PFM also t urns low , and
t herefore Mr and Mx turn off and Cin is discharged
by Iph , so that V PD decreases ,and at last it is less
t han t he lower switching point voltage V L ,leading
to a high voltage level at t he outp ut of t he ST.
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Fig. 4　Schematic of PFM circuit

Then t he outp ut of the PFM t urns high again.
Hence t he PFM can oscillate via self2resetting.

3. 2　Circuit design

During one period , t he voltage change on the
cat hode of the PD is nearly equal to V hys . Before Cin

is discharged by Iph , t he charge accumulated on it
can be expressed as ( CPD + CM + CST ) V hys ,where 　
CST and CM rep resent t he parasitic capacitance of
t he ST at t he inp ut node and t he MOS capacitor ,
respectively. When I0 is much larger t han Iph , t he
period of the p ulse is mainly determined by t he dis2
charge time. Hence t he period of the p ulse can be
expressed as

TPFM =
( CPD + CM + CS T ) V hys

Ip h
(1)

Whereas t he charging time of Cin determines the
p ulse widt h , and t he delay of t he inverter chain
cannot be neglected in comparison with t he char2
ging time ,so t he widt h of t he p ulse is

Tpulse = Td +
CPD + CM + CS T

I0
×V hys (2)

　　Taking R as t he responsivity of PD ,and Popt as
t he incident optical power , t hen t he p hotocurrent
Iph is

Ip h = RPopt (3)

　　Therefore the f requency of t he p hoto2modula2
ted p ulse can be expressed as

f =
1

TPFM
=

RPopt

( CPD + CM + CS T ) V hys
(4)

　　Thus t he outp ut p ulse f requency is p ropor2
tional to t he intensity of incident light .

As the circuit tends to oscillate at a f requency
higher t han expected ,it must be optimized to guar2
antee t he required f requency range. The value of

V hys must be as big as possible first , and t hen Cin

should be increased , so t ransistors connected wit h
t he inp ut node should be enlarged to an acceptable

extent . To improve t he p ulse widt h , I0 should be
reduced , so cascade t ransistors were implemented
and Mr was realized wit h a long channel lengt h and
short channel widt h. In t his way ,a satisfactory f re2
quency range can be achieved at the expense of are2
a. However ,a large area is not suitable for high densi2
ty integration for use in prosthetic implants. Therefore
the circuit design must face a trade2off between fre2
quency and area.

4　Simulation results

The circuit was realized in CSMC2HJ 016μm

2P2M CMOS process. The p hotodiode was f ulfilled
by an n2well2to2p2subst rate junction with an area of
4μm ×4μm. The capacitance of t he p hotodiode is
estimated to be about 5f F. Almost all of t he MOS
t ransistors have t he minimum channel lengt h to de2
crease the total area ,and t he supply voltage is 2V.
The simulation was carried out under t he Avant !
Hspice circuit design environment at 25℃.

Figure 5 shows t he t ransient waveform at a
20nA p hotocurrent . Figure 5 ( a ) is the voltage
waveform at the cathode of t he p hotodiode , and
Figure 5 (b) is t hat at t he outp ut node ,which is ap2
propriate for retina stimulus.

The outp ut of a PFM pixel should be connect2
ed with an elect rode contacted wit h t he retina. The
elect rode2retina interface can be modeled by a high2
pass filter [8 ] . A simulated f unctional diagram of a

bip hasic stimulus signal acquired at t he retina is
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shown in Fig. 6. The lef t one models t he voltage
delivered to t he retina ,and the right one models the
stimulus current injected into t he retina. The bi2

p hasic p ulses can alleviate fatigue of retina cells
with t he ability of charge balance , and t hey are
much bet ter t han single2p hase p ulses.

Fig. 5　Transient output waveform of PFM ( Iph = 20nA)

Fig. 6　Functional diagram of biphasic stimulus signal at retina

　　Figure 7 shows the dynamic range of t he cir2
cuit . The circuit remains nearly linear for p hotocur2
rent values ranging f rom 1 to 30nA. When t he p ho2
tocurrent exceeds 30nA ,t he circuit tends to fall in
sat uration. For p hotocurrent s greater t han 40nA ,
t he circuit ref uses to oscillate. The outp ut p ulse
f requency ranges f rom hundreds of Hz to a few
k Hz ,which is suitable for retinal stimulation.

For long wavelengt h light , t he responsivity of
PD realized in CMOS process is estimated to be a2
bout 015A/ W. As t he minimum p hotocurrent is
1nA ,t he minimum optical power is 2nW ,and t hus
t he optical sensitivity of t he PFM is - 57dBm. A
typical value of incident light intensity for t his p ur2
pose is 2000W/ m2 ,which is easily large enough to
guarantee t he oscillation of t he circuit .

A test chip has been designed. The core part of
t he layout has an area of 70μm ×50μm , which is

Fig. 7　Dynamic range characteristic of PFM

approp riate for integrated in arrays in high densi2
ty. The layout of t he f ull chip is shown in Fig. 8.
On t he lef t side is t he PFM wit h PD ,while on t he
right side is t he PFM wit h no PD for t he p urpose
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of testing. A p hotograp h of t he chip is shown in
Fig. 9.

Fig. 8　Schematic of the PFM layout

Fig. 9　Photograph of the PFM chip

5　Conclusion

We have propo sed a PFM circuit applicable

to sub2retinal implant s. The basic st ruct ure and
f undamental characteristics of t he circuit have been
demonst rated and analyzed. Simulation has been
carried out ,and t he result s show t hat it has good
linearity for p hotocurrent values between 1 and
30nA. The preliminary simulated data and perform2
ance demonst rate t he potential of integration for
sub2retinal implant s.
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用于视网膜修复的光电脉冲频率调制电路 3

刘金彬­　陈弘达　高　鹏　裴为华　隋晓红

(中国科学院半导体研究所 集成光电子学国家重点实验室 , 北京　100083)

摘要 : 提出了一种用于视网膜修复的脉冲频率调制电路结构.该电路产生频率正比于入射光强度的电脉冲序列.

论证分析了该电路的基本特性 ,并基于 016μm CMOS 工艺进行了流片.仿真结果表明 ,该电路可以应用于视网膜
下植入.
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