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Abstract—This paper presents a fully flexible stimulator
using 65 nm CMOS process for a 1024-electrode epi-retinal
prosthesis. The stimulator can select any number of electrodes
at any time and also supports both mono-polar and multi-polar
stimulation. Furthermore, the stimulator supports a wide range
of stimulus parameters. A novel feature is that the electrode
driver operates in an alternately pull-push manner, which helps
reduce headroom voltage while guaranteeing charge balance at
the active electrode. The use of positive supplies instead of both
positive and negative supplies simplifies CMOS circuit design.
The current distribution between two nearby simultaneously
active electrode groups was investigated and measurement
result showed a maximum current crosstalk of 8§ %.

I. INTRODUCTION

Retinal prostheses are being developed worldwide to help
restore partial vision in patients suffering from eye
diseases such as retinitis pigmentosa (RP) or age-related
macular degradation (AMD) [1-4]. Trials in humans with
small numbers of electrodes showed that electrical
stimulation of ganglion cells can evoke the perception of
light in the patients [2, 5]. It has been suggested that a
minimum number of 600-1000 electrodes will be needed for
the blind to read large-sized text, navigate a room unaided,
and recognize faces [6-9].

As the number of electrodes increases to 1000, the
controlling circuit becomes quite complicated and needs to
be carefully designed so that it can drive the electrode array
effectively with low power consumption. This is critical
when the power is transferred wirelessly. In addition, the
microchip must be compact enough to be implanted on the
retina surface. Recent work [2] revealed low thresholds of
light perception with the use of three-dimensional electrodes
ensuring close contact to the ganglion cells, which makes it
possible to use lower stimulus voltage than previously for
flat electrodes [1, 4]. Therefore, it is vital and possible to use
small scale CMOS process for implementing this microchip
to realize a high level of circuit integration as well as low
power consumption in a small single chip. We are
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developing a prototype microchip using 65 nm CMOS
process for a 1024-electrode epi-retinal prosthesis that uses
penetrating electrodes to stimulate the ganglion cells. As a
prototype chip, it is necessary that the chip should be as
flexible as possible in terms of the capability of choosing any
active electrode and any number of electrodes to stimulate
simultaneously, or choosing which electrodes to be return
ones, and the capability of supplying wide ranges of stimulus
current as well as stimulus pulse duration.

This paper presents the stimulation controller and
electrode drivers, which are two key blocks in determining
the flexibility of the whole retinal prosthesis. Measurement
result of current distribution between two nearby
simultaneously active electrode groups is also presented.

II. METHODS

A. Architecture

A bionic eye includes a camera for image capture and a
processor to process the captured image and send it to an
implant device where the image data is converted into
electrical current to stimulate the retina, which is then
translated back to a representation of the captured image by
the visual cortex. The implant device wirelessly receives the
image data and power for its operation through inductive
coupling links. Fig. 1 shows the architecture of the implant
device, which consists of a power recovery unit and its
power coil, a transceiver and its data coil, a baseband
controller, a stimulation controller, diagnostic circuitry,
electrode drivers, and an electrode array. This work focuses
on the stimulation controller and the electrode drivers, which
use data from the transceiver to drive the electrode array.
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Fig. 1. Architecture of the implant device. This work focuses on the
stimulation controller and the electrode drivers.

B. Stimulation strategies

The bi-phasic current pulse has been widely used as a
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desired means of stimulating retina tissue whilst ensuring
charge balance at the electrodes [1-4]. The light brightness
may be represented by stimulus current amplitude [10] or
possibly by rate of stimulation [11]. The stimulator in this
work can support both of these two stimulation methods. Fig.
2 shows the waveforms of the two stimulation approaches. In
Fig. 2a, the stimulus current amplitude is variable to
represent the brightness while other parameters such as
current pulse widths, inter-phase delay and stimulus rate
(refresh rate) are fixed. To achieve flicker-free vision, the
refresh rate is chosen to be 60 Hz [10]. Meanwhile, in Fig.
2b, all parameters of the stimulus current are fixed with
smaller stimulus pulse duration (200-250 Hz), and the
brightness is determined by the number of stimulus pulses
(rate coding) in one refresh period.
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Fig. 2. Two stimulation approaches to represent phosphene brightness. a)
Using current amplitude, b) Using rate of stimulation.

The selection of return electrodes is of importance,
especially when simultaneous stimulation is needed as
crosstalk between simultaneously active currents may happen
and reduce image resolution. Common return electrode has
been employed [1] but the crosstalk issue has not yet been
addressed. A hexagonal mosaic of electrodes surrounding the
active electrode has been used as return electrodes and
showed good isolation in simultaneous stimulation [4].
However, the fact that only 14 out of 98 electrodes could be
simultaneously active makes the system less flexible.
Moreover, the push-pull configuration in this system
consumes more headroom voltage, which is critical when
low stimulus voltage is used.
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Fig. 3. Two approaches of selecting return electrodes. a) Surrounding
return, b) Common return.

In this work, each electrode is driven by one driver, which
can connect the electrode to either a current sink or a current
source or VDD or GND. An active electrode is first
connected to a current sink, and then a current source to

generate bi-phasic stimulus current, while its return
electrode(s) is connected to VDD, and then GND,
respectively. This alternately pull-push manner makes the
stimulus current at the active electrode controllable and also
consumes less headroom voltage as only one current sink or
source is used at a time. In addition, the ability to switch
return electrodes between VDD and GND makes it possible
to use only a single supply rail, which is preferable in CMOS
circuit design. A similar driver has been proposed in [12] but
it was followed by a demultiplexer, which not only consumes
more headroom voltage but also reduces the flexibility in
choosing active electrodes. Fig. 3 shows two main
approaches of choosing return electrodes supported by the
microchip: surrounding return and common return. The
common return electrode can be placed at the back of the eye
ball or can be just a large pad on the chip which is exposed
to the vitreous humor.

C. Stimulation controller

Stimulation controller shown in Fig. 4 is the most
important block in this work as it controls the stimulation
operation. The operation of the stimulation controller can be
divided into two phases: configuration and stimulation. In
configuration phase, the input data goes into a configuration
unit where all pre-defined stimulus parameters are set such as
brightness representing mode, return configuration, sequence
of stimulation, bias voltages. In stimulation phase, input data
goes into current amplitude data register (or rate coding data
register in case of rate coding mode) from which the
electrode drivers read data out to drive electrodes. Image
data is written into data registers at an update rate of about
24 Hz (as standard video frame rate) while the data is read
out for stimulation at a refresh rate of 60 Hz for flicker-free
vision. This separation of update rate and refresh rate helps
reduce data transmission bandwidth. The controller mainly
operates in stimulation phase unless the pre-defined stimulus
parameters need to be reset.
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Fig. 4. Architecture of the stimulation controller.

The following three sections describe the sequencer,
electrode driver, and level shifter. The sequencer and the
electrode driver are two most important blocks determining
the flexibility of the system while the level shifter is one of
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the most used sub-circuits in the chip.

D. Sequencer

To stimulate 1024 electrodes at a refresh rate of 60 Hz
(16.67 ms) with the whole stimulus pulse duration of 1 ms,
64 electrodes must be simultaneously activated (16 time
slices x 64 electrodes). It is necessary that the selection of
those 64 electrodes must be as flexible as possible to
investigate all possible stimulation patterns. The sequencer
including 1024 16-bit shift registers as shown in Fig. 5 can
activate any number of electrode drivers at any time slice.
Once data representing sequence of stimulation has been
shifted in, the 16-bit shift registers keep circulating to
periodically activate the electrode drivers. This flexible
architecture is really useful as the prototype stimulator needs
as many functions as possible. For example, the refresh rate
is kept at 60 Hz but the whole stimulus current pulse
duration is now increased to 2 ms to allow more charge to be
injected into tissue, which results in only 8 time slices and,
therefore, 128 electrode drivers need to be activated in each
time slice. This is easily done by the sequencer by activating
128 out of 1024 registers at two consecutive time slices
while still keeping the refresh (circulate) rate at 60Hz.
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Fig. 5. Architecture of the sequencer which consists of 1024 16-bit shift
registers and one 1024-bit shift register.
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E. Electrode driver

The electrode driver shown in Fig. 6 can satisfy all the
functions that the stimulation controller requires. The driver
is activated by the sequencer via 1024 16-bit shift registers.
The rate coding mapping unit bypasses the system source
and system sink signals when the controller is in current
amplitude mode. Otherwise, it maps these two signals with
the corresponding rate coding data to generate the source
enable and sink enable for its electrode driver. In common
return mode, all the logic on the right disables the switches to
VDD and GND making the electrode serve as active
electrode only, while in surrounding return mode, these two
switches are enabled so that the electrode driver can drive
the electrode as an active or return one.

The driver also has the ability of choosing only one return
electrode instead of all surrounding return electrodes in case

current crosstalk is found to be small when electrodes are
activated far apart from each other.

The electrode drivers are implemented using thick-oxide
transistors in 65 nm CMOS process which can tolerate a
voltage up to 3.3V.
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Fig. 6. Schematic of the electrode driver.

F. Level shifter

All the digital circuits in the implant are implemented
using thin-oxide transistors, which need low supply voltage
to achieve low power consumption, while the electrode
drivers are implemented using thick-oxide transistors to
tolerate high supply voltage, which is needed to generate
high stimulus current. Therefore, level shifters are needed to
shift controlling signals from 1.2V up to 3.3V to drive the
electrode drivers. Because all the controlling signals and data
interfacing with the electrode drivers need to be shifted up,
the level shifter must be as simple as possible. In this work,
the level shifter is implemented using a pair of inverters, one
of which uses thin-oxide transistors while the other uses
thick-oxide transistors as shown in Fig. 7. By choosing
appropriate width/length ratio, the inverting threshold of the
thick-oxide inverter can be reduced down to 0.6V which is at
the middle of the digital signal from the controller.
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Fig. 7. Schematic of the level shifter.

III. RESULTS

A. Current distribution measurement results

In simultaneous stimulation, current crosstalk is critical as
it can reduce image resolution. For current project,
penetrating electrodes using boron doped diamond are being
used to ensure close contact to the ganglion cells, and they
are currently under development. Therefore, for investigating
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current distribution, flat Au-Cu electrodes are used instead.
Fig. 8 shows the setup to investigate the current distribution.
Electrodes with diameter of 250 um are arranged in
hexagonal mosaic with gap between any two electrodes of 1
mm. The electrode array is dipped in saline solution to allow
stimulus currents to flow. Two nearby electrode groups each
consisting of seven electrodes (one center acting as active
electrode and six surroundings acting as return electrodes)
are stimulated. Two currents are injected into two central
electrodes, and then two currents returning from two
corresponding return electrode groups are measured to see
how the two inject currents are distributed. Ideally, in each
electrode group, the return current should be the same as the
inject one, but this is not the case when crosstalk occurs.
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Fig. 8. Strip Au-Cu electrode array and current distribution
measurement setup. The strip electrode array consists of an array of 84
electrodes placed in 6 lines and a connector to be connected to a PCB
board which draws stimulus current from Agilent E5260. A PC is used to
control Agilent E5260 via a GPIB-USB cable.

The current distribution result in Fig. 9 shows a maximum
current crosstalk of 8%, which is not too high and can be
reduced when stimulating with the configuration in which
two nearby electrodes are never activated at the same time.
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Fig. 9. Measurement result of current distribution between two groups of
electrode each of which consists of 1 active electrode and 6 surrounding
return electrodes, two groups are next to each other. Current in group 1 is
from 30 to 70 PA while that of group 2 is from 15 to 35 pA. Part of current
from group 1 returning via group 2 causes current crosstalk.

B. Circuit area estimation

Since the system is currently under development, an
estimation of circuit area is necessary to make sure the whole
system is feasible in terms of silicon area. A Set/Clear D-FF
which is the most area-consuming element in the controller
besides the electrode driver has been laid out. Due to the

small feature size of 65 nm CMOS process, the D-FF area is
only 24 um’ making the sequencer an area of about 0.42
mm?, which is quite small compared to the total chip area of
5x5 mm”.

1IV. DISCUSSIONS

As a prototype, the controller has been designed with as
many options as possible. The power consumption of the
controller and electrode drivers as well as the whole implant
device needs to be investigated to check the feasibility in
term of power consumption. The current crosstalk can be
reduced by setting the simultaneously active electrodes far
away from each other, which can be done by cleverly
choosing 64 out of 1024 electrodes.

V. CONCLUSIONS

A prototype microchip for fully flexible 1024-electrode
epi-retinal prosthesis is under development. Detailed circuit
designs of the stimulation controller and electrode drivers
were presented and the whole system was shown to be
feasible to realize.
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