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Stimulator Design of Retinal Prosthesis
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SUMMARY This study focuses on the design of electrical stimulator
for retinal prosthesis. The stimulator must be designed such that the oc-
currence of electrolysis or any irreversible process in the electrodes and
flexible lead is prevented in order to achieve safe stimulation over long pe-
riods using the large number of electrodes. Some types of biphasic current
pulse circuits, charge balance circuits, and AC power delivery circuits were
developed to address this issue. Electronic circuitry must be introduced
in the stimulator to achieve the large number of electrodes required to ob-
tain high quality of vision. The concept of a smart electrode, in which a
microchip is embedded inside an electrode, is presented for future retinal
prostheses with over 1000 electrodes.
key words: retinal prosthesis, neuro-stimulation, implantable devices,
electrical stimulation, AC power delivery

1. Introduction

Neuro-stimulation is a technology that cures diseases caused
by loss of neurons in sensory organs by stimulating residual
neuronal cells in the organs. Although magnetic or optical
stimulation was recently developed for neuro-stimulation,
we use only electrical stimulation for neuro-stimulation be-
cause of its wide use in medical devices at present. An ar-
tificial cochlear is a typical example of successful neuro-
stimulation, where residual auditory ganglion cells are elec-
trically stimulated and evoked in order to restore auditory
sensation in a deaf patient.

Figure 1 illustrates the signal flow of a neuro-stimulator
such as an artificial cochlear (cochlear implant) [1] and arti-
ficial retina (retinal prosthesis) [2]. It consists of two parts
outside and inside the body electromagnetically coupled
with a pair of coils located both inside and outside the body.
The power and data are transmitted into the body and finally
converted into the signal to stimulate neuronal cells.

In the cochlear implant, sound is one dimensional sig-
nal, therefore the stimulus electrodes are placed in one direc-
tion. The number of electrodes is typically less than 20. The
stimulus electrode array is directly connected to the stimulus
current generator as shown in Fig. 1.

On the contrary, in retinal prostheses, the input data is
an image, therefore the stimulator must deal with two di-
mensional data. We must take special care of the design of
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Fig. 1 Signal flow of a neuro-stimulator. Adapted from [2] with permis-
sion.

the stimulator for retinal prosthesis. For example, the num-
ber of over 100 electrodes makes a direct interconnection
difficult and requires electronic circuitry in the stimulator.
It is noted that cochlear implants were commercialized in
the 1980s and were successful, while two types of retinal
prostheses were recently commercialized [3], [4] but they
require improvements. Studies on two dimensional retinal
stimulators are strongly demanded to develop durable high-
performance retinal prostheses that are safe for prolonged
use.

In this study, we discuss the stimulator design of reti-
nal prosthesis from the perspective of electronic circuits and
systems. First, the basic concept of a retinal prosthesis is in-
troduced. Next, we focus on the stimulator design. This sec-
tion includes four topics, three of which pertain to the safe
operation of a retinal stimulator over long period, biphasic
stimulation pulse, charge balance, and AC power delivery,
while the fourth topic pertains to the large number of elec-
trodes, i.e., how to achieve interconnection between an elec-
trode and the flexible lead. Finally, we summarize the paper.

2. Retinal Prosthesis

The retina plays an important role in visual information col-
lection and processing, therefore its dysfunction may re-
sult in blindness. Among blindness diseases, retinitis pig-
mentosa (RP) and age-related macular degeneration (AMD)
have no effective remedies at present. In both cases, the
photoreceptors gradually become dysfunctional, so that the
patient eventually becomes blind. However, the some por-
tion of the ganglion cells is still alive [5]. Consequently, by
stimulating the remaining retinal cells, visual sensation or
phosphenes can be evoked. This is the principle of the reti-
nal prosthesis. Based on this principle, a retinal prosthetic
device stimulates retinal cells with a patterned electrical sig-
nal so that a blind patient can sense a phosphene pattern, or
something resembling an image.
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Fig. 2 Retinal prosthesis system. (a) Total system, (b) implant parts, and
(c) electrode array.

Retinal prosthesis systems generally consist of three
parts: the image acquisition part, a stimulus current gen-
erator, and a stimulator. Figure 2 shows the demonstration
system of a retinal prosthesis, where power/data is transmit-
ted wirelessly through a coupling coil system. The primary
coil (1st coil) is placed behind the ear and the secondary
coil (2nd coil) is implanted underneath the primary coil. The
transmitted power and data are received and processed in the
receiver circuitry, which is subcutaneously implanted. Ac-
cording to the acquired image data, a stimulus pulse pattern
is generated and transmitted to a stimulus electrode array.
CMOS technology is used in image acquisition, power/data
transmission/receiving circuitry, and stimulus current gener-
ation circuitry, as shown in Fig. 1.

3. Stimulator Design

In this section, the design of a retinal stimulator is described
in detail. First, we describe the environment of an implanted
retinal stimulator. It is noted that the electrode and reti-
nal cells are not in direct contact but electrically connected
through the body fluid or electrolyte. The impedance be-
tween the electrode and the cells may change if the distance
between the electrode and the cells changes. Thus, constant
current stimulation is generally used because stimulation in
retinal prosthesis is achieved by extra-cellular stimulation
in which the stimulus current affects the neuron’s activities
flowing through the body fluid or electrolyte. The mobile
ions in the body fluid produce an electric double layer on
the surface of the electrode.

3.1 Biphasic Stimulation Pulse

The amplitude of the applied voltage must be lower than the
value of the voltage window to prevent the occurrence of
electrolysis in a stimulus electrode. In addition, a biphasic
pulse current is usually used as shown in Fig. 3 in order to

Fig. 3 Pulse parameters of stimulus biphasic current. The anodic current
Ia and the cathodic current Ic are generated in current sources and injected
into the electrolyte as a biphasic pulse. Adapted from [2] with permission.

Fig. 4 Biphasic current circuits for stimulating neural cells. (a) two cur-
rent generators for cathodic and anodic currents, and (b) one current gener-
ator with switching circuits [6]. Adapted from [2] with permission.

cancel out charges that are stored in the electric double layer
capacitance. Without the cancellation, the stored charges in-
crease, thus increasing the voltage in the electrode. Finally,
it becomes equal to the voltage window, which causes elec-
trolysis.

Figure 4 shows the circuits used to obtain a biphasic
current. The circuits in Fig. 4(a) are simple but do not main-
tain charge balance if current mismatch appears in the two
current generators, whereas the circuits in Fig. 4(b) can ide-
ally maintain the charge balance because both cathodic and
anodic currents are produced by the same current genera-
tor. In this method, some circuits are required on the return
electrode side, thus complicating the total system.

3.2 Charge Balance

Figure 5 shows passive and active methods to maintain
charge balance in retinal stimulation. Figure 5(a) is a passive
charge balance circuit where a capacitance Cdc is inserted in
front of a stimulus electrode to block the DC current [6]. In
the first cathodic pulse phase, the current generator sinks
current Ic from the neural cells. After some interval time ti,
the blocking capacitor Cdc, including neural cells, is elec-
trically shorted by switching on Sd. This shorting process
discharges the stored charge in the electric double layer ca-
pacitor, resulting in charge balancing in this stimulator.

In the passive method, the anodic phase is not a rectan-
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Fig. 5 Charge balance circuits. (a) Passive type [6], (b) active type.
Adapted from [7] with permission.

gular pulse but a decay curve. It is noted that the blocking
capacitor generally requires a large value of ∼0.1 µF. For ex-
ample, when Ic = 500 µA and tc = 500 µs, and the voltage
drop of Cdc = 1 V, the capacitance of Cdc is 0.25 µF. This
means that Ia requires about 2.5 msec when Rs ∼1 kΩ.

An active charge balancing method shown in Fig. 5(b)
is proposed to avoid this [7]. In the circuits, the voltage at
the electrode Vse is monitored and if |Vse| exceeds some
value Vth, a small amount of anodic or cathodic current
pulse is added repeatedly according to the polarity at Vse

until |Vse| < Vth.

3.3 Interconnection

In order to obtain better vision through a retinal prosthe-
sis, over 1,000 electrodes would be preferable [8]. When
increasing the number of electrodes, we are faced with prob-
lems associated with the interconnection between electrodes
and external lead wires with good mechanical flexibility.
Specifically, it is preferable to bend the stimulator to match
the curvature of the eyeball.

Figure 6 shows the methods used to achieve a stimulus
electrode array [2]. A direct connecting method, which is
commonly used in retinal prosthesis devices, is shown in
Fig. 6(a), where each electrode is directly connected by a
lead wire. Figure 7 shows an implant system of a retinal
prosthesis where only nine electrodes are directly connected
to the main unit with flexible lead [9]. In this type, when the
number of electrodes is increased, the flexible lead is too
thick and rigid to implant.

A larger number of electrodes can be achieved by intro-
ducing a switching array or a multiplexer (MUX) as shown
in Fig. 6(b) [10], [11]. A small number of lead wires can
control the large number of electrodes. CMOS integrated
circuits easily achieve such a MUX. Figure 8 shows a photo-
graph of the implant part of a retinal prosthesis, which com-
prises the main unit, multiplexer (MUX), and a 49-channel
electrode array. The main unit is implanted behind the ear
of the patient. The MUX and electrode array are implanted
on the eye. The main unit and MUX are connected by a
subdermally-implanted flexible lead. The main unit receives
both image information and electrical power, generates cur-

Fig. 6 Stimulator types. (a) Direct interconnection type, (b) MUX type,
(c) CMOS chip type, and (d) Smart electrode type. Adapted from [2] with
permission.

Fig. 7 Direct interconnection type.

Fig. 8 MUX type. Adapted from [11] with permission.

rent pulses, and transmits the pulses to the MUX. The MUX
connects one of the 49 electrodes to the current source of the
main unit. The photographs and specifications of the main
and MUX chips are shown in Fig. 9 and Table 1, respec-
tively [11].

It is difficult to achieve 1000 electrodes using the pre-
vious configuration because all of the 1000 interconnection
wires are needed to connect to a scanner, and the limited
area of the substrate cannot accommodate such a large num-
ber of wiring.

It is a good idea to introduce a CMOS-based chip in the
stimulator because scanning circuits (scanner) can be inte-
grated in order to reduce the amount of wiring, as shown in
Fig. 6(c). The thin and flexible CMOS-based stimulator is
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Fig. 9 Photographs of main unit chip and MUX chip. Adapted from [11]
with permission.

Table 1 Specification of main chip and MUX chip.

preferable for implantation in order to fit the eye and avoid
damaging tissue. However, silicon is rigid, and thinning of
the CMOS chip increases the risk of breakage.

A smart stimulator that consists of a number of CMOS
based microchips distributed on a flexible substrate, as
shown in Fig. 6(d) is proposed and demonstrated [12], [13]
to solve this problem. Each microchip incorporates one or a
few stimulus electrodes, which can be externally controlled
to turn on and off through an external control circuit. In
addition to solving the interconnection issue, CMOS-based
stimulators offer several advantages, such as signal process-
ing. Microchips are placed on a flexible substrate in a dis-
tributed manner to allow flexibility. However, this does not
ensure water-tight or hermetic property. Covering a CMOS
chip with a polymer film such as parylene C is one of the
solutions, but it does not guarantee durability over long pe-
riods over ten years.

We developed a smart electrode where a microchip
is embedded in an electrode to address the issue. In this
configuration, the metal electrode acts as a hermetic case
of the microchip. Figure 10 shows the conceptual image
of an array of smart electrodes with built-in CMOS mi-
crochips. Stimulus electrodes are mounted on the flexible
substrate [13]. Each electrode has a microcavity on the bot-
tom. The CMOS microchip is completely embedded into
the microcavity. The boundary between the flexible sub-
strate and electrodes is sealed hermetically. Hermetic seal-
ing is one of the most important properties of chronic im-
plantation. Stimulus electrodes act as a metal casing that
protects the CMOS microchip from mechanical stress and
interstitial fluid.

Figure 11 shows the block diagram and photograph of
the microchip. The microchip has a control logic circuit
and intrinsic chip identification (ID) number, which can be
defined by laser processing after chip fabrication. While op-
erating the device, a target electrode can be selected from

Fig. 10 Concept of a smart electrode. Adapted from [13] with permis-
sion.

Fig. 11 Microchip for a smart electrode. (a) Block diagram, and (b) chip
photograph. Adapted from [13] with permission.

among the stimulus electrodes by using the chip ID number.
The stimulus current generator, which can deliver a maxi-
mum pulse current of 1 mA, was also integrated with the
microchip. A stimulus pulse parameter can be programmed
by externally wiring the control signal. The designed mi-
crochip was fabricated by using a 0.35-µm standard CMOS
process.

The outside of the microchip was etched to shape the
microchip into a circle of diameter 400 µm as shown in
Fig. 11(b) in order to embed the microchip into the stimu-
lus electrode. The rounded microchip is mounted on a flex-
ible substrate with flip-chip bonding. The scanning electron
microscope images of an electrode with a microcavity for an
embedded microchip and the microchip after flip-chip bond-
ing are shown in Fig. 12. The specifications of the microchip
are shown in Table 2.

3.4 AC Power Delivery

It is difficult to completely avoid water infiltration into non-
hermetically sealed parts in the human body for long pe-
riods. Conventionally, implantable medical devices are re-
quired to operate safely over five years. Applying a DC volt-
age to parts such as the flexible lead in Fig. 8 is potentially
dangerous because water infiltration may cause metal corro-
sion and an irreversible electrochemical reaction. Therefore,
power is supplied in the form of AC voltage instead of DC
voltage through non-hermetically sealed parts.
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Fig. 12 SEM photograph of an electrode with microcavity (a) and a mi-
crochip after flip-chip bonding. Adapted from [13] with permission.

Table 2 Specification of microchip.

Fig. 13 AC power delivery system. (a) Pulse timing and (b) rectifier
circuits. Adapted from [14] with permission

Figure 13 shows an example of AC power deliv-
ery [14]. In this case, the AC power is delivered in a flex-
ible lead from the main unit to a stimulator CMOS chip as
shown in Fig. 6(c). The AC power is delivered by comple-
mentary pulses of VL and VH as shown in Fig. 13(a). The
AC signal is rectified in the circuits of Fig. 13(b). In this
case, data/control signals are also AC pulses and delivered
to the chip separately.

We developed AC power delivery with data sig-
nals [11]. The AC power is delivered through the flexible
lead in Fig. 8, which is a non-hermetic sealed part. The elec-
trode selection signal is superimposed onto the AC power
supply voltage waves from the main unit to MUX. While
high frequency is preferable for achieving high-speed com-
munication, low frequency is better for lowering the noise
emission. We proposed to implement communication be-
tween the main unit and MUX by pulse period sift keying
(PPSK) as shown in Fig. 14. In the PPSK, whether the pe-
riod difference is detected or not, bit 0 or 1 is established,
respectively. The advantage of utilizing the PPSK is high-
speed communication is attainable with simple configura-
tion. In addition, the modulation method allows us to sim-
plify the MUX receiver circuit because the detection is asyn-
chronous, which makes the reconstruction of reference car-

Fig. 14 Pulse period shift keying. Adapted from [11] with permission.

rier redundant.

4. Conclusions

This study focuses on the electrical stimulator design of reti-
nal prostheses. The stimulator must be designed to avoid
electrolysis or any irreversible process in the electrodes and
flexible lead in order to achieve safe stimulation over long
periods using a large number of electrodes. Therefore,
some types of biphasic current pulse circuits, charge bal-
ance circuits, and AC power delivery circuits were devel-
oped. Electronic circuitry must be introduced in the stimula-
tor to achieve the large number of electrodes required to ob-
tain high quality vision. The concept of smart electrode, in
which a microchip is embedded inside an electrode, is pre-
sented for future retinal prostheses with 1000+ electrodes.
A wide range of studies pertaining to materials and systems
are required to achieve this.
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