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Abstract— Safety is one of the main concerns in ASICs for
implantable medical devices. One general rule for safety is that
the failure of a single circuit element in a circuit connected to
tissue must not cause a DC current flow through the electrode
connected to tissue larger than a few pA. In single electrodes and
electrode arrays, there are many switches to deliver stimuli, to
select the polarity, or to select the output electrode, etc., that are
potentially harmful for example in the case of a punctured MOS
switch gate. In this work the design, simulation, and test of a
novel safe switch gate control circuit block is presented. The
circuit was fabricated in a 0.6um SOI HV technology, and is
aimed at driving MOSFET: in direct contact to biological tissue
to drive up to 18V stimuli.
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I. INTRODUCTION

In recent years, there has been a remarkable growth in the
research and development of new implantable devices for the
treatment of different pathologies [1]. Most active implants are
battery powered embedded systems, which sense biological
signals, and deliver stimuli to biological tissue. Stimuli are
either current or voltage pulses (or pulse trains) to the patient
ranging from a few hundreds of mV to well over 10V voltage
or from a hundred pA to tens of mA. Stimuli section of the
circuit may consist of the basic elements shown in Fig.la: a
stimuli generator (either a voltage or current source),
electrodes which connect the tissue to the device, a switch that
toggles the electrical connection of the electrodes, and a
control block that decides when and for how long a stimulus
should be applied. Two key concepts apply in the case of
implantable electronics: reliability and safety. A reliable
circuit is not likely to fail, and good design and
implementation practices are followed to increase reliability of
medical devices. But it is not possible to say that a circuit will
never fail, thus in a failure condition the circuit must not be
harmful to the patient. A safe device will not cause harm in the
case of a single failure (for example a single transistor, a
single capacitor fail, or a single software error condition).
Uncorrelated multiple failures are not considered in a safety
analysis, but if a failure causes a second element to fail, the
whole event is considered as a single failure. Harmful events
depend on the specific application like for example a too fast
cardiac pace stimulation rate in a pacemaker. But a possible
harm common to most stimulators and even bio-signal
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amplifiers connected to tissue, is the DC current flow to tissue
larger than a few pA [3] causing an irreversible damage due to
electrolysis like effects in the tissue. Thus all stimulators must
deliver a null (balanced) average charge to tissue, and must be
protected to semiconductor failures like the switch in Fig.la.
Several mechanisms have been proposed in the past like DC
blocking capacitors in the stimuli or sensing path [4,5], a DC
blocking capacitor in the bias connection [7], leakage current
sensing [6], among others, to properly protect a circuit to
make it safe for the patient. But not all these circuit strategies
are possible on every stimulator, and normally is preferable to
avoid complex circuitry like leakage detection. While
academic papers do not always report a safe circuit, safety is
essential in practical biomedical devices to be compliant with
regulations. In this work, a fully integrated safe driver for a
gate switch like in Fig.1 is presented.

II. SAFETY ISSUES IN STIMULI DELIVERY SYSTEM

In Fig. 1b the embodiment of a simple stimuli delivery
circuit is shown using a single PMOS HV pass transistor [2].
High voltage transistors are necessary to withstand the large
amplitude pulses in many therapies. The gate G; of the
transistor M is set to Vgrpy to block current; the gate is set to
GND to let the current pass to tissue to deliver a pulses. The
control block in this case is for example a simple logic driver
and eventually a level shifter [2] if Vg is higher than the
logic supply voltage Vpp. Pulses are delivered at a low
frequency basis, and are short in time, thus most of the time
Vg is connected to Vgrpy (or eventually Vpp), and a potentially
harmful event may occur in the case of a simple circuit failure.
In effect if the gate of M, is punctured, a direct path through
tissue between Vgrpy and GND appears, generating a large DC
leakage current I, and causing harm. The traditional solution
to cope with a single failure like a short in a device in the
stimuli current path, is to place a large capacitor in series with
tissue to block DC current [4][5]. But a series capacitor may
distort the pulse shape, has to be discharged later (charge
balance), and increase the component count. Thus it is not
always possible to turn a circuit safe just by means of
capacitors in series to tissue.

A traditional solution to the safety issue of Fig.1 b is presented
in Fig. 1c. The protection scheme includes a capacitor in series
with M, gate (not with tissue) and a resistor. A fast ‘0’ to ‘I’
transition of M, gate is guaranteed by C, capacitor and then



the value is held by the 2MQ R, resistor. In case the gate of
M, is punctured, R; appears in the DC current path limiting
the leakage I, to a few pA within safety boundaries (while
R, will be in all cases in the MQ, a specific study shall be
conducted to determine its value depending on the type of
electrode, tissue, and Vgrpy). The main disadvantage of this
topology is that for a realistic M; size and pulse
characteristics, C; result too large to be integrated. Normally
M, has a minimum channel length of for example 2um -5pm
for a high voltage transistor, but a channel width of thousands
um [2,5] to reduce the switch impedance during stimuli to a
few Q thus the gate capacitance is large. Also pulses may be
short in time with edges below lus so a large capacitor C; is
required to drive G; fast. While the R-C approach of Fig.1c
can be found in several medical devices, modern integrated
circuit capabilities allow implementing much efficient
solutions. In this work a novel safety control system is
presented, to emulate the behavior of the circuit in Fig.1.c, but
without the use of a large capacitor. The new circuit will be
denoted as a safe driver, it was designed, fabricated in a 0.6pm
HV technology (to comply with up to 18V Vgrpy), and tested.

III. ANOVEL SAFE STIMULI CONTROL SYSTEM

The safe driver is presented in Fig.2. It protects the stimuli
system against a gate puncture emulating the circuit in Fig.1c.
The circuit limits current to Vgrpy in the steady state (DC) by a
2MQ resistor, but guarantees a fast ‘0’ to ‘1’ and ‘1’ to ‘0’
transition. The idea is to substitute the capacitor of Fig.1c with
the HV transmission gate (TG) of Fig.2. A synchronous finite
state machine (FSM) controls TG. The clock of the FSM is a
slow 512Hz clock present in the system. The low voltage (0-
Vpp) input signal IN is generated by de Digital Control block,
and is shifted by the HV_BUF on Fig.2 to 0-Vgryy logic
levels. This buffer is a classic level shifter [2]. The HV_BUF
has a relatively large current drive capacity thus this signal is
enough to turn on (Vg = GND) and off (Vg = Vstiv) M. But
when M, is off (most of the time), a puncture in the gate may
result in a harmful leakage. To limit DC current the HV_BUF
controls the gate of the M, transistor through the 2MQ R, high
resistivity poly resistor. To guarantee fast transient response
even if the gate capacitance of the M, transistor is large, a
transmission gate is connected in parallel with R;. A simple
synchronous FSM closes the TG immediately after an IN low
to high transition (to turn-off M), and keeps it closed for at
least 1 extra clock period. In this way, after each positive IN
edge, the TG is closed a short time to fast charge M, gate.
After this period, Vg value is held by R;. If the oxide gate of
M, is broken, steady state leakages are limited to a few pA
and only short time pulses of larger I, are possible when TG
is closed. But it should be pointed that electrolysis is related to
the net leakage charge thus short I, pulses are not harmful.
HV transistors are used in the TG and its driving circuitry
capable to withstand up to 18V Vggp) Note the circuit at this
point only protects the gate against leakages when M, is open;
but in effect it has only sense to protect M; when open and
when M, is closed tissue is being intentionally connected to
Vsum and a current flow in normal operation.

The FSM uses 2 FFDs named Qq Q,, it is implemented with
low voltage (0-Vpp) logic, and the output is shifted to (0-

Vsriv) with a level shifter like HV_BUF with complimentary
outputs [2]. Next state logic is simple:

Q; =Q,"Q, +INFSM - Q,
Q, =Q, + INFSM (1)

while the output is
CTRL= Q- Q, - INFSM 2)

A. SIMULATIONS

The safe driver control the transistor M; (Fig. 2), and
guarantees a simulated ON-OFF time below 10us while
protecting the system against single failure event. The finite
state machine FSM generates the signal CTRL, which is
always opposite to IN (in fact the circuit shall be better
described as a safe inverter instead of a safe driver) but must
stay high for at least 2ms after IN is high. In Fig. 3 a simple
FSM simulation is presented showing how the control signal
remains high for at least one 512Hz CLK signal before going
low.

In order to simulate a failure event the output of the safety
inverter is connected directly to GND, the results are shown in
Fig. 4, showing that the current drops to a less than 3uA after
a few milliseconds

Simulated ON/OFF times for all transistor models (typical,
worst slow and worst fast) were below 10us utilizing a
W=10000um, L=3um, PMOSHV M, switch
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Fig.1. a) General schematic of a stimuli system b) Simplified stimuli delivery
system c) A solution to safety issues.
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Fig. 2. Safety driver schematic.
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Fig. 3. Simulation of the FSM.
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Fig. 4. M, oxide break simulation

B.  Layout Design

A proper layout is necessary to maintain the circuit compliant
with safety issues. It has no sense to protect M, against a gate
oxide failure if within the ASIC a metal wire connected to
tissue runs in parallel at a minimum distance of a Vpp wire.
The following precautions were taken into account:

e Wires conducting Vpp or any other HV signals that are
in the same metal layer as wires connected to
electrodes, are not be closer to three times the
minimum metal spacing (Fig. 5a).

e Wires conducting Vpp or any other HV signal shall not
cross over wires connected to the electrodes. If not
possible to follow this rule, wires are not drawn in
consecutive layers (Fig. 5b).

In Fig. 6 (top) the complete layout of the safe driver is shown,
the total occupied area is 157um x 8§7um. A microphotograph
of a four safe driver array used in a more complex ASIC for
implantable medical devices is shown in the bottom of Fig.6

C. MEASUREMENTS

The safe driver was fabricated in a 0.6um HV technology in a
SOI wafer [2], and measured. While it was not possible to
artificially damage a gate oxide inside the chip, some
electrical characteristics were characterized. In the fabricated
circuit, M; was a W=10000um, L=3pum, PMOS HV switch
capable to withstand up to 18V Vgs, and up to 40V Vpg. The
measured on-resistance of the switch was below 12Q at
Vsriv= 2.0V for 5 samples measured. The driver and switch



properly worked in a wide range of operating conditions with
low voltage Vpp ranging from 1.8V up to 5V, and Vgmm
ranging from 1.8V up to 18V. The power consumption was
negligible, below 50nA in steady state, but it cannot be
directly measured because this circuit block is part of a more
complex stimulator array sharing the power supply. The time
delay was less than 10us but it is not possible again to
separately measure the delay of this circuit block. Finally, in
the plot of Fig.7, a measured pulse in a pacemaker like
configuration (500Q differential electrode, with a series
capacitor on one side and the safe driver on the other [8]) is
presented.
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Fig. 5. Layout precautions taken into account.

Fig.6. Safet-}T driver Layout (top), and 4 safety drivers microphotography of
800um x 100um (bottom).
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Fig.7. Measured pulse and charge balance in a pacemaker like configuration.

IV. CONCLUTIONS

In this work a brief analysis of safety issues in ASICs for
implantable medical devices was presented. A novel fully
integrated safe driver to control the gate of stimuli switches
in contact to biological tissue, was presented. The circuit was
designed, fabricated in a 0.6 um HV technology, and tested,
showing it can guarantee fast ON/OFF times (below 10us) and
also limit the leakage current in case a of a gate oxide failure
event. The driver and switch properly worked in a wide range
of operating conditions with low voltage Vpp ranging from
1.8V up to 5V, and Vg, ranging from 1.8V up to 18V.
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