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A Multiparameter Implantable Microstimulator SOC
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Abstract—Various implantable microstimulators have been proposed for
clinical applications in recent years. Most of the no-battery implanted de-
vices can be powered by a transcutaneous magnetic coupling, which basi-
cally utilizes an external transmitter coil to power and communicate with
the implanted device. Small chip area and low power consumption are the
keys of the implanted device. Therefore, we propose a C-less (no capacitor)
area-saving ASK demodulator in this work to get rid of those large discrete
capacitors required for low-frequency ASK demodulation. Additionally, a
power regulator supplying a stable VDD_OUT is also built in to resolve the
unstable supply voltage problem resulted from the inductive link. Besides,
a multiparameter control protocol which has an area advantage over mi-
crocontroller-based solutions is also proposed for various pain treatments
of muscles and stimulating applications.

Index Terms—Implantable, microstimulator, neural interface, non-re-
turn-to-zero (NRZ), system-on-chip, telemetry.

I. INTRODUCTION

With the use of deeply miniaturized silicon technologies, the im-
plantable microelectrical stimulator has become an astonishing thera-
peutic tools. The implantable microelectrical stimulators and the entire
system are widely used in the treatment of the bladder leakage con-
trol [1], interrupt of pains, muscle nerve stimulation [2], and cochlear
implants [3]. The stimulus frequency, current, and waveform of each
application are different. Usually, it needs a frequency of 20-200 Hz, a
duration of 0.21-1.4 ms, and a current of 11 mA or more to cover den-
ervated muscle, pain treatment, bladder stimulation, and sacral nerve
stimulation [4]-[7].

There are two major types of implantable device designs. The first
type employs microcontrollers [8]. It has a better flexibility to change
different functions by programming, but the size is extremely large. The
second type is based on deep-submicron silicon semiconductor tech-
nology, which must follow certain design requirements to fabrication.
The chip size, by contrast, is very small, possibly only 1-3 mm?, and
is very suitable for implantable microstimulators [9]-[11]. The critical
drawback of this kind of chip is lack of flexibility for various applica-
tions. We, thus, propose a multiparameter implantable SOC which uti-
lizes many parameters encapsulated in transmitted packets to resolve
this problem. There are a total of seven parameters in the protocol pro-
posed in this paper. They are all controllable by an external device to
provide most of the currently required medical stimulations.

II. MULTIPARAMETER NEURAL INTERFACE
MICROSTIMULATOR SYSTEM

The infrastructure of the entire microstimulator system is given in
Fig. 1. The transmitted RF electromagnetic wave is picked up by a re-
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Fig. 2. Schematic diagram of the Class-E amplifier.

ceiver coil of the implanted device, and the electromagnetic energy is
transferred into regulators serving for the implanted chip. Meanwhile,
the transmitted data modulated in RF signal is demodulated and de-
coded to determine stimulation patterns and channel selections.

In order to supply enough power for this low coupling application, a
Class-E amplifier with ASK modulation is used. The carrier frequency
is chosen to be 2 MHz, which possesses an adequate transmission rate
and minimal tissue absorption [12]. Fig. 2 shows the schematic of the
Class-E amplifier. It uses a feedback circuit (L3, CR2, C3z, C4, and
74HCO04) to achieve self-oscillating [13]. Notably, Vi, and V; have a
phase difference of 180 degrees to avoid the power dissipation from the
MOS IRL510. The transmitter operates with a 5-V supply, consumes
0.6 A, and oscillates at a frequency of 2 MHz. The transmission range
is measured to be 1.5 cm from the center of the transmitter coil.

Fig. 3 shows the schematic of the receiver RF front-end. The outputs
DATA and V_power are sent to the ASK demodulator and regulators,
respectively. The tuning capacitor CR1 adjusts the resonance frequency
of the receiver. The rectified voltage is stored in the first storage capac-
itor CR2. The resistor RR1 and the Zener diode DRS provide a bias
voltage for the step-down circuit.

III. SOC DESIGN OF THE MULTIPARAMETER
NEURAL INTERFACE MICROSTIMULATOR

A. System Design

1) Power and the Regulator: The power of the core circuit on the
chip is generated by the induced RF signal. On-chip power regulators
[14] are required to supply stable output voltages VDD_OUT to the
internal circuit by regulating the power V_power (VDD_IN) coming
from the step-down circuit. There are a total of four regulators in this
SOC chip, including one for I/O pads, one for ASK demodulator, and
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Fig. 3. Schematic of the receiver RF front-end.
TABLE 1

SYSTEM PROTOCOL
packetl 0 | OJTJOJTTO I 0 1
packet2 0 I OfT[]O]TIT]O I 0 1
packet3 0 1 OJT[JO]TT]O 0 1 1
DATAL_1 | O AD P MAG 1
DATA12 [ 0 | CONT | DUR INTV [ WAVE | PAR | 1
END 0 ] 0 [OTOTOJTOTO] 0 [ 0 TJ0O

two for the baseband module (digital blocks) and stimulator circuits
(analog blocks).

2) On-Chip C-Less ASK Demodulator: The ASK demodulator is
divided into four parts: 1) half-wave rectifier; 2) envelope detector;
3) threshold detector; and 4) load driver [14], where a two-stage oper-
ational amplifier (OPA) acts as an unit gain buffer to resist the negative
voltage. Thus, it is basically a half-wave rectifier.

3) Packet Format: The data packet format follows the RS232 stan-
dard because of a limited bandwidth. The valid packets of the system
protocol are listed in Table I and discussed in the following description.
(The first bit is the RS232 start bit and the last “1” bit is the end bit of
RS232 standard.)

1) Synchronization: The packets 1-2 are used to synchronize the
external and internal clocks.

2) Start: The packet 3 is a start packet, which triggers the stimu-
lating function.

3) Data packets (DATA1_1-DATA1_2...): All of the stimulation
control parameters are encoded in these packets.

DATA1_1: The second and third bits (AD) are the address bits
selecting which one or both of the two channels are enabled and
excited. The fourth bit (P) determines the polarity (positive or
negative) of the output stimulating current. The magnitude field
is composed of 5 bits (MAG) which denote the magnitude of the
stimulating current.

DATA1_2: The second bit (CONT) is the continuous mode
selection. The microstimulator keeps the stimulation pattern
the same when the command in the continuous mode is given.
Hence, the external device only needs to transfer the power
without the necessity of encoding data. The third and fourth
bits (DUR) and the fifth through seventh bits (INTV) are the
duration and interval of the stimulation pulse, respectively.
The detailed specification is given in Table II. The eighth bit
(WAVE) selects the stimulation waveform to be monophase or
biphase. The ninth bit is the parity check bit (PAR) of all data
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TABLE 1II
SPECIFICATION OF STIMULATION DURATION AND INTERVAL TIME

DUR 00 01 10 11
dur (ms) 0.1 0.5 1 2

INTV 000 | 001 | 010 [ O11 | 100 | 101 | 110 | 111
intv (ms) 0 0.1 0.2 1 3 5 10 50

k period, | Monophase

period Biphase
-

current 1 1 1

""" B

1

1

! /
dur - rd—> /

M M ‘
dury lintvy current =0
Fig. 4. Definition of duration and interval.
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Fig. 5. Baseband architecture of the implantable device.

packets to avoid any erroneous stimulation. The received data
are ignored when its validity is not confirmed.

Freq,, ., = 1/period,; = 1/dury + intvas
and

Freq,, = 1/periodg = 1/2 - durg + intvg

are the frequency equations of monophasic and biphasic wave-
forms, respectively, where the definitions of duration; and
interval;, i = B, M, are shown in Fig. 4.

4) END: The END packet means this stimulation is finished.

4) Baseband Schematic Design: Referring to Fig. 5, the in-
ternal architecture of the implantable SOC chip is revealed. Initially,
VDD_OUT rises from the ground voltage. The built-in clock starts
oscillating. Then, the built-in reset signal (the rising edge) resets the
digital baseband circuit. The finite state machine (FSM) of the entire
flow is shown in Fig. 6.

5) Data and Clock Recovery: When the synchronization packets
are received, the clock recovery circuit counts the number of cycles of
the 5-MHz built-in clock during each positive edge and negative edge of
the synchronization packets. The cycle numbers are recorded and then
used to generate the system clock. Then, the data can be recovered.

6) Serial to Parallel Converter: The recovered packet is converted
into a parallel format by the serial-to-parallel converter.

7) Decoder: The decoder receives the recovered clock and the par-
allel data. Then, it sends AD (address), MAG (magnitude), and P (po-
larity) signals to the digital-to-analog converter (DAC) to determine
which channels are to be excited, the strength and the direction of the
stimulus current, respectively. As soon as the END packet is received,
the stimulation stops.

8) DAC: The DACs directly supply driving currents to their asso-
ciative nerves to serve as a stimulus. The magnitude of the current is
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Fig. 6. State transition of the system’s FSM.
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Fig. 8. Die photograph of the proposed design.

determined by the MAG field of the data packets through the five sig-
nals, denoted by M4, M3, M2, M1, MO in Fig. 7. The aspect ratio (W/L)
for MOSs (in Fig. 7) XM4Y5, XM4Y4, XM4Y3, XM4Y2, XM4Y1 is
16, 8, 4, 2, 1, respectively, produces a binary-weighted stimulating cur-
rent, where X = N, PandY = 0, 1. Thus, a 32-level stimulus current
is obtained by the summation of the currents via the mentioned MOSs.
The polarity signal (P) from the decoder is used to control the switches
to select the current direction. When P is high, the current flows from
the positive node to the negative node, and vice versa. When AD = 0,
the switches in the DAC for nerve #0 are closed, as shown in Fig. 7.
Thus, the stimulus for nerve #0 is activated.

IV. SIMULATION AND MEASUREMENT

The chip is designed by using TSMC 0.35-pm two-poly four-metal
(2P4M) CMOS process. The die photograph is shown in Fig. 8. Fig. 9
shows the measured result of the proposed microstimulator. The system
clock is recovered after the synchronous package is received. The chan-
nels #0 and #1 are selected to supply their maximum stimulus current
in the continuous mode. Thus, the stimuli continue until the next com-
mand is received. The channel #0 is selected to generate the maximal
magnitude (1.75 mA at 1-k€2 load) stimulating current.
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Fig. 9. Measured result of the proposed SOC chip.
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Fig. 10. (a) Measured output voltage of the regulator (25 °C, 4.4-5.5-V input).
(b) Measured result of ASK demodulator.

TABLE III
MEASURED CHARACTERISTICS OF THE REGULATOR AND ASK DEMODULATOR

input voltage of regulator
output voltage of regulator

4.4~5.5V, 0~2 MHz
3.24 V16.11% (36~41°C)
data rate / carrier freq.: 10 Kbps / 2 MHz
logic low / high level: 2.9 V /3.5 V
20 KHz / duty cycle: 47.5%
logic level of the output logic low / high level: 0.3 V /3.24 V
core area 0.0511 mm?
Note : the load at the O/P of ASK demodulator is 10pF and 1K€2.

freq. of the input
voltage level of the input
freq. of the output

Fig. 10(a) shows the measurement of the regulator. The voltage
VDD_OUT is 3.24 V coupling a maximum ripple of 198 mV despite
the severe varying VDD_IN. Thus, VDD_OUT is stabilized by the
regulator. The measurement of the modulated and the demodulated
signal is shown in Fig. 10(b). Notably, the negative voltage of the input
modulated ASK signal is clamped by the electrostatic discharge (ESD)
protection circuit in the input pad. The measurement characteristics of
the voltage regulator and the ASK demodulator are given in Table III.

V. CONCLUSION

An SOC-based solution for implantable neural interfacing design for
treatment of pain in muscles is presented. The small-area solutions for
an ASK demodulator and a stable 3.24-V on-chip voltage regulator de-
sign are also presented in this paper. The proposed design is intended
to support the same flexibility of traditional electrical stimulators in
the implantable device and minimize the size at the same time. It can
also support several parameters for different usages in muscle electrical
stimulation applications. The comparison of the proposed design with
several prior works is summarized in Table IV. Our design possesses
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TABLE IV
COMPARISON WITH PRIOR WORKS
[9] [10] [11] ours

(1997) (1997) (1999)
Technology CMOS Bi-CMOS | Bi-CMOS CMOS

1.2 pym 3 pm 3 pm 0.35 pm
size (mm?) 16x2 1.36x7.5 2.0x8.7 2.17x1.98
No. of channels | 4 (bipolar) 1 8 2 (bipolar)
Parameter # 5 2 5 7
Regulated N/A 4.5 and 9 4 3.24
voltage(V)
Carrier Freq. AM AM ASK ASK
(Hz) at 20M at 2M at 4M at 2M
Data rate 300K N/A 8.3K 10K
(bps)
Stim. freq. 2~1500 1~40 <170 20~ 10K
(Ho)
Duration 10~2550 10~200 4~2025 100~2000
of stim. (us)
Output current 0~6.3 10 0~2 0~1.8
(mA)
Power (mW) N/A 45~55 15 80 (average),¥

120 (max.)¥

. these terms include the pad’s power consumption

the edge regarding parameter numbers, chip size, and core power con-
sumption. In the future, the SOC chip will not only carry out the elec-
trical stimulations, it will also be able to exchange electrical signals
between human nerves and an external electronic control device.
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