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Short Paper

DESIGN AND IMPLEMENTATION FOR THE PROTOTYPE OF A
MICROSTIMULATOR

Cheng-Ta Chiang

ABSTRACT

In this paper, the first domestic implementation of an implantable microstimulator
utilizing HDL and ASIC methodologies is presented. We implement the digital part
of the microstimulator by writing the hardware description language for the digital
circuits, synthesizing them and downloading them into afield programmable gate array.
The analog part is designed by using full-custom IC design flow, implemented by
CMOS 0.35 um technology, and fabricated by TSMC. It generates a maximum cur-
rent of 2.77 mA through 1 kQ load while the stimulation frequency is 20Hz and the
stimulation current pulse width is 300 ps, and the maximum power consumption is
evaluated at 14 mW based on a5 V voltage supply.

Key Words: microstimulator, functional neuromuscular stimulation, 1C design.

[.INTRODUCTION

Over the years, researchers and clinicians have
used electrical stimulation in many applications, such
as providing controllable limb function for paraple-
gics and quadriplegics and sensations of sound for
the profoundly deaf (Hambrecht and Reswick, 1997;
Buckett et al., 1988). When electrical stimulation is
used to simulate motor neurons and elicit controllable
muscle contraction, it is called functional neuromus-
cular stimulation (FNS). These electrical stimuli are
applied to various muscle groups through appropri-
ate electrodes that are connected to stimulator
circuitry.

The early FNS systems utilized discrete devices
for constructing the stimulator circuitry, which were
too heavy to carry around and not suitable for im-
plantation. With the advancement of VLSI techni-
ques, totally implanted FNS systems have become
feasiblein recent years (Ziaie et al., 1997). In general,
an implantable stimulator must satisfy the following
requirements: 1) long life time, 2) high reliability, 3)
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small size and 4) high degree of reprogrammability
(Arabi and Sawan, 1999). Although we must comply
with all requirements, in this prototype design, we
focus on a system design based on requirements 3)
and 4) above. Requirement 3) is for an analog part
and requirement 4) is for a digital part of the mic-
rostimulator. In this paper, we do not integrate all
the circuits onto a single chip immediately. And we
propose prototype designs for implantable stimula-
tors for different neuro-prosthesis applications, for
example, a retinal prosthetic device and a bladder
controller.

In our prototype design, we use a5 V voltage
supply and generate maximum stimulus current of
2.77 mA. Therefore, the maximum power consump-
tion of the current stimulation module is evaluated at
14 mW according to the equation (P=I*V). In this
paper, the first domestic implementation of an im-
plantable microstimulator utilizing HDL and ASIC
methodologies is presented. The digital part of the
stimulator isimplemented by field programmabl e gate
array (FPGA), and the analog part is implemented
with CMOS 0.35 pm technology and fabricated by
TSMC. It generates a maximum stimulus current of
2.77 mA through 1 kQ load while the stimulation fre-
guency is 20Hz and the stimulation current pulse
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Fig. 1 Block diagram of prototype of the complete stimulation
system

width is 300 ps.

The paper is organized as follows. In Section
I1, the whole stimulation system is introduced briefly.
Implementation of the stimulation system is described
in detail in Section I11. Section IV describes the simu-
lation results. The conclusion is provided in Section
V.

Il. SYSTEM DESCRIPTION

One of the current trends for implanted systems
is to utilize wireless communication for data and
power transmission (Arabi and Sawan, 1999). In the
prototype, we plan to use real wires instead of wire-
less RF. Therefore, we use a5 V battery to supply
the whole circuit. Fig. 1 shows the block diagram of
the prototype of the complete stimulation system.
Here, one transmission wire and UART serial trans-
mission protocol are adopted to mimic the function
of RF design. Since unsuitable stimulation frequency
and current pulse width would make muscles fatigued
quickly, we have to carefully design the stimulation
channel (Hambrecht and Reswick, 1997). In our
specification of FNS, first, the stimulation frequency
is about 20Hz and the stimulation current pulse width
is about 300 ps. Second, the maximum amplitude of
current intensity is about 3.5 mA. Third, the finite
state machine should be easily programmed from the
input data. Hence, we adopt the specifications in the
design. In the following section, we will describe the
implementation in detail.

I11.IMPLEMENTATION
1. External Controller

Generally speaking, in an implanted system we

input data

clk_A

MED output

original clk —§ /2 |

Fig. 2 Block diagram of Manchester encoder

need the same time base for both the transmitter and
the receiver to avoid errors due to sampling of the
data at the wrong time. Hence, data and clock are
usually combined at the transmitter and are sent to
the internal stimulator. Based on this consideration,
we construct a flexible and programmable external
controller. The controller consists of two com-
ponents: the stimulation-pattern generator and the
Manchester encoder. Each of them is described in
the following.

(i) Stimulation-pattern Generator

The stimul ation-pattern generator is designed to
generate stimulation patterns suitable for selective
stimulation strategies. To make our design more
flexible, the generator is realized using the 8051
microcontroller. Using the programmability provided
by the MIC 8051, the generator can implement dif-
ferent stimulation algorithms and generate various
stimulation patterns. Thus, the physician or the pa-
tient can tune and select suitable stimulation strate-
gies and patterns easily.

(i) Manchester Encoder

If the timing for the transmitter and the receiver
is independent, a small difference can cause big er-
rors due to sampling the data at the wrong time. In
the design, we adopt Manchester coding, an efficient
technique to combine data and clock together, to solve
the problem. Fig. 2 shows the block diagram for a
Manchester encoder. The serial output of the encoder,
named Manchester-encoded data (MED), has the
property of bit-center transition. In Fig. 2, the RS
flip-flop must be satisfied (Harold, 1998):

Set=clock_A.data+clock B-/data (1)

Reset=clock_A-/data+clock_B-data (2)
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Fig. 4 Block diagram of Manchester decoder

where clock_A and clock B are all clock signals, and
clock_B is slower than clock_A for a half period of
time.

2. Implantable Stimulator

Figure 3 shows the block diagram of the implant-
able stimulator. The first three components are
grouped in digital circuits, and the last component is
implemented with analog circuits. Each of them is
described in the following.

(i) Manchester Decoder

The main function of the Manchester decoder is
to decode the MED and to synchronize data and clock.
Fig. 4 shows the block diagram of the Manchester
decoder in the design. In Fig. 4, the RS flip-flop must
be satisfied (Harold, 1998):

/Set=clock-MED (3)
/Reset=clock-/MED (4)

where MED isthe input signal, and clock is extracted
from MED signal.

(ii) Serial-to-parallel Converter

The data extracted by the Manchester decoder
isin serial sequence, but parallel datais more conve-
nient for further use. Therefore, we use a converter
to transform data from serial sequence to parallel

Finite State Machine
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Fig. 5 Block diagram of finite state machine
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Fig. 6 Block diagram of pulse-width and stimulation frequency
generator
seqguence.

(iii) Finite State Machine

The function of reprogrammability is achieved
by the finite state machine. Fig. 5 shows the block
diagram of the finite state machine. The first func-
tion of the finite state machine is to determine the
proper stimulation channel and the scale of stimula-
tion current. The second function of the finite state
machine is to generate desired pulse-width and pulse-
frequency. In Fig. 6, it is composed of three main
blocks: 1) pulse-width controller, 2) digital filter, 3)
pulse-frequency controller. The techniques for this
function block are based on the principles of pulse-
width modulation, digital signal processing and digi-
tal logic design.

(iv) Current Stimulation Module

According to the finite state machine, the stimu-
lus channel can output constant current to the corre-
sponding electrode. In addition, the typical imped-
ance of anerveis 1 kQ, so the proposed stimulation
channel is designed to generate a maximum current
of 3.5 mA through 1 kQ load (Bourret et al., 1997).

In our design, the current stimulation module
is composed of three components, current-mode
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Fig. 8 Pulse width 300 ps

digital-to-analog converter (DAC), current mirror,
and control logic, as shown in Fig. 7. The output
current of DAC can be varied into 32 different levels
ranging from 0 to 3.5 mA, thus the difference of each
level is about 108 pA. The reason for choosing 5-bit
DAC isthat we must be concerned with the sensitiv-
ity of nerves. The transistors of DAC are operated in
the triode region. Therefore, we have to adjust the
dimensions of the transistors so that they can provide
the appropriate reference current, denoted as | .
Then, |,¢ is amplified by the following current mir-
ror (Amand et al., 1995). It consists of two input
signals, SIGN and UNSIGN, to determine the cur-
rent direction through the nerve. With the switching

Fig. 9 Stimulation frequency 20Hz

between SIGN and UNSIGN, the bi-direction current
can flow through one side of the P transistor to the
other side of the N transistor.

IV.SIMULATION RESULTS

The current stimulator isimplemented by us-
ing TSMC 0.35 pm CMOS technology. With hard-
ware verification, the output current could be up to
2.77 mA with approximately 87 pA for each level.
The maximum power consumption of the current
stimulator is around 14 mW based on a5 V voltage
supply according to the equation (P=I*V). Figs. 8
and 9 show the verification of pulse width 300 ps and
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stimulation frequency 20Hz according to a transmis-
sion code, respectively. Besides, the output current
intensity is about 1mA through 1 kQ load.

V. CONCLUSIONS AND PROSPECTS

The prototype of an implantable microstimulator
is proposed for functional neuromuscular stimulation
in this paper. The digital circuits are implemented
by the field programmable gate array. The analog
circuits are implemented with CMOS 0.35 pm tech-
nology and fabricated by TSMC. The current stimu-
lator can generate a maximum current of 2.77 mA
through 1 kQ load while the stimulation frequency is
20Hz and the stimulation current pulse width is 300
ps, and provide constant output current with relative
linearity. Due to process variation, the linearity of
DAC and maximum current intensity are affected.
That means that we should consider more matching
techniques of DAC to reduce current variation for the
next version of the current stimulator.

The proposed designs for different blocks of the
microstimulator could be used as building blocks to
realize other implantable devices. The Manchester
code has been proved to be a good choice for trans-
mission of implantable systems. And the prototype
stimulation system could achieve the general speci-
fication of FNS (stimulation frequency 20Hz and
stimulation current pulse width 300 ps).

The RF moduleis still in progress. In the future,
we will design other components of the microsti-
mulator, including RF-AM modulator, and RF-AM
demodulator, etc. We expect to implement and test
all these function blocks individually. With the
mixed-mode VLSI design, we will finally integrate
these components in a single chip FNS experiments
inanimals.
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NOMENCLATURE

ASIC  application specific integrated circuit

HDL  hardware description language

Hz hertz

kQ kiloohm

mA milliampere
mw milliwatt

LA microampere
us microsecond
um micrometer
\Y, volt
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