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ABSTRACT

An integrated switch to control electrical stimuli in implantable medical devices is presented. First a
self-biased protection mechanism to avoid Vg reaching maximum rated value is presented. Then,
using a HV-CMOS technology this technique is incorporated in a fully integrated switch, to control 0
to 16V, and 0 to 30 mA, pulses for implantable stimulators. Because of the low supply voltage Vpp
between 2 to 5V, and safety considerations in implantable devices, special level shifters, drivers, and
a voltage multiplier, that drive a large 40000um/3um dual-in-series PMOS switch, were necessary
for the circuit. The circuit was fabricated in a HV 0.6um CMOS technology in SOI wafer for transis-
tor isolation, and tested. Measurement results that closely fit the expected performance of the circuit

are presented.

Index Terms: High voltage CMOS, HV technology, medical devices.

1. INTRODUCTION

Modern CMOS technology usually incorpo-
rates thick oxide possibility to allow certain transistor
gates to be driven by higher voltages. In a deep sub-
micron technology a thick oxide may allow 5V inputs,
and in the so called High Voltage (HV) technologies
the limit is extended to 12 or 20 Volts. While gate to
source (Vgg) and bulk (Vgg) voltage is limited by the
gate oxide strength, in a typical HV CMOS transistor
the drain may support up to for example 60 Volts
(drain to source or to gate Vg, Vgp) [1].

In HV mixed mode circuits, low voltage logic
regularly drives high voltage transistors. Level shifters
like the one in Fig.1, are a known, useful, circuit block
that translate between different digital voltage levels,
but both below the maximum rated Vgg. To translate
larger voltages, a bit more complex circuits can be
employed [1] that normally rely in current signaliza-
tion and assume a fixed high-side voltage (that is not
present in every circuit).

In this paper a novel circuit technique will be
presented to deal with large voltages using CMOS
transistors. The idea can be summarized as follows:
consider a PMOS transistor, to turn it oft the gate and
the source can be connected to each other; to turn it
on the gate is pushed as much as possible to the most
negative voltage in the circuit Vg (Vgg can be a nega-
tive voltage). The idea is to include a control loop that
stops pushing the gate to the negative voltage if Vg
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Figure 1. A know CMOS level shifter translates a LV (0-VDD) dig-
ital signal, into a HV one (0-VHigh) with no static power con-
sumption

voltage becomes close to the maximum rated for the
technology. In this way the PMOS is safely operated,
but at the same time is turned on with a maximum
Vgs voltage to achieve a minimum on-resistance,
which is normally desirable.

In the following section, the circuit technique
will be applied to a PMOS integrated switch that is
part of an implantable medical device. Most
implantable medical devices, are electrical stimulation
systems, that deliver either current or voltage pulses to
the patient according to different requirements.
Stimuli section of the circuit may consist of the basic
elements shown in Fig.2: a stimuli generator (either a
voltage or current source), electrodes which connect
the tissue to the device, a switch that toggles the elec-
trical connection of the electrodes, and a control
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Figure 2. Typical stimuli section of implantable medical device.

block that decides when and for how long a stimulus
should be applied

Stimulation can be done either by applying a
voltage in the tissue from a few hundreds of mV to well
over 10 V or driving a current through the tissue, rang-
ing from a hundred pA to tens of mA [2]. Because of
the large voltages involved, a HV 0.6 pm CMOS tech-
nology in SOI wafer [ 3] was selected to allow switching
up to 16V stimuli. The use of a SOI wafer in a CMOS
process allow to fabricate single or multiple MOS tran-
sistors isolated in silicon ‘islands’, separated from the
wafer by the buried oxide layer, and in between them
by oxide trenches. The SOI wafer helps to fulfill safety
requirements of medical devices (at a single transistor
failure DC current must not flow to the tis-
sue)[2][4][5], at the same time that prevents latchup
on a wide range of operation conditions.

A. A novel Vg overvoltage protection circuit.

The circuit in Fig.3 shows a PMOS switch M1,
which may be a large output driver transistor that con-
nect the voltage Viy to Vgour. While Vg (Vin-Vour)
may be large for example up to 50-60V, Vg, is limit-
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Figure 3. Proposed control loop for VGS over-voltage protection.
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ed to a much lower value, 5V in standard CMOS, 18V
in the target technology. To turn on M1, a driver may
connect its gate to Vg (the most negative voltage in
the circuit) but there is a risk of gate oxide damage if
Vs (Gate-Source voltage of M1) exceeds maximum
rated. To overcome this problem a voltage control
loop is proposed. Vryy, is a low voltage logic signal
varying between a low supply voltage Vpp (i.e. 3 V)
and Vgg; when Virgy, = Vpp M2 is turned on if Ty =
0, Vg, is pushed to Vgg and M1 is turned on. But as
Irerincreases, the voltage drop in R1 increases as well,
and M2 impedance dramatically increases (up to cut-
off) and Vg, may reach an equilibrium voltage well
above Vgg. Ip.¢is a function of Vg voltage because of
the n diode-connected Mdi transistors, which copy
their current to the Vg, node through Mci transistors.
As Vg increases, Iy ¢ increases in a strongly-non lin-
ear way, and an equilibrium Vg voltage close to the
voltage drop of the stacked Mdi diodes is achieved.
Vg1 voltage during M1 conduction is a function of n,
the number of stacked Md transistors, their threshold
voltage and M2, R1, characteristics. These circuit ele-
ments shall be designed according to rated Vg vol-
tage for the technology and corner cases. When Vrpp
= Vg5, M2 transistor is opened and R2 pushes Vg, to
Vin thus M1 is opened. R2 has been placed to illus-
trate circuit operation but may be substituted by a
more complex circuit to avoid static current con-
sumption when M1 is turned on, or to increase speed.
Note that this control loop draws some current when
M1 is turned on (that can be minimum with a careful
design), but may operate regardless of Vi ranging to
an arbitrarily large value. A modified version of the cir-
cuit in Fig.3 will be employed in the following section,
to implement a stimuli delivery switch for implantable
medical devices.

Finally, it should be pointed that in regular
switching applications M1 size is very large thus the
use of the extra circuit elements count is valid. In the
example of section 2 a large M1 (W/L = 40000pm/
3pm) dual transistor is employed, and the control
loop area is an order of magnitude smaller.

B. HV-Technology

Introducing new process layers, a HV CMOS
technology allows the fabrication of devices that can
support elevated voltages. Regular 5V core CMOS
can also be fabricated, as well as double poly capaci-
tors and high-resistivity poly resistors in the target
process. In Fig.4 a HV NMOS transistor (named nhv)
vertical cut is shown. Nhv has the usual structure of a
HYV transistor, incorporating a thick gate oxide that
enables up to 18V Vgg, Vg, and the drain diffusion
is growth into a N-Well to complete a diffused drain
to support elevated Vg voltages. To help the inter-
pretation of the circuits in this work (different kinds of
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Figure 4. Vertical cut view of a typical HV NMOS (nhv).
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Figure 5. Symbols for the different kinds of transistors used: LV
NMOS and PMOS, and HV NMOS (nhv) and PMOS

HV, LV, transistors are used) in Fig.5 the symbols
used for each type of transistor are shown. HV tran-
sistors are not symmetrical, the drain which is
designed to withstand the highest voltage, is marked
with a double line.

2. AN INTEGRATED SWITCH FOR
IMPLANTABLE MEDICAL DEVICES

The circuit to be designed is simply a switch
that can connect/disconnect the electrodes from the
clectric pulse generator in Fig.1. In Fig.6 a detailed
scheme is shown, a microcontroller commands this
special switch through the Ctrl signal.

Initial specifications follow:

- The switch must operate correctly with com-

mutation voltages Vi from 100 mV to 16V.

- It must work with a low voltage (LV) side
supply Vpp from 2V (end of life of a lithium-
iodine pacemaker like battery) up to 4.2V (a
fully charged rechargeable medical grade bat-
tery) [6], [7].

- The switch must have an ohmic resistance of
5Q or less, in all ranges of operation. To ful-
fill this requirement in conjunction with Vyy
close to 0, a voltage inverter that generates
Vgs = -Vpp below ground was included
(using an external capacitor). SOI wafer tech-
nology greatly simplifies handling a Vg
below circuit GND.
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- The switch must be symmetrical, Vi and
Vour nodes can be exchanged with no fur-
ther modifications in the circuit.

- A null (below 20nA) static current consump-
tion when not stimulating is mandatory.

- Parasitic current spikes during on/off time
must be minimum, as well as current spikes
through the switch when it is open and the
tissue voltage varies. The latter will be denot-
ed as crosstalk, and may be present in the case
of multiple stimulation channels.

- Safety: the failure of a single circuit element
(for example a punctured MOS gate) must
not cause a DC current flow through the tis-
sue larger than a few micro-amps because
otherwise it may be a risk for the patient.

A. Circuit Design

In this section the subcircuits used in this
design will be presented. The complete circuit is
shown in Fig.7, with two main PMOS transistors M1,
M2, in series and their driving circuitry. The use of
two transistors allow the stimuli to pass or not into the
tissue, in both directions (the designed switch is sym-
metrical). The transistors were designed to have an
impedance below 5.

The circuit consists of:

- Two Negative Level Shifters (LSN1(2)).

- Two Special Level Shifters (SLS1(2)).

- Two PMOS transistors acting as switches

(M1,M2).

- Two Negative Drivers (NegD1(2)).

- One Generator of Vgg (Gen_Vg) (uses exter-

nal capacitor).

- Two Drivers (DRV1(2)).

- One Control loop (LOOP).

In Fig.8 the LSN subcircuit is shown, that is a
variation of the one in Fig.1 [1]. The LSN subcircuit

I
VDD g CPump
@ | Vin
1> ?
uP Ctrl o
GND

67 6 Vour

Electrode

Figure 6. Typical application scheme for designed switch. A
pController commands the delivery of stimuli to bio-logical tissue.
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Figure 8. Negative level shifter. HV transistor sizes are: M1, M2
60um/3um; M3, M4 10um/3um ; M5, M6 20um/3um.
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Figure 9. Special Level Shifter schematic. R=650kQ, C=5pF.

Transistors sizes (um): LV: 100/3; M1, M2: 60/3; M4, M5: 10/3; M6,
M7: 400/3.

receives a digital signal between 0-Vpp and transforms
it into a Vgg-Vpp signal. This signal is needed by the
SLS and NegD subcircuits. Its two states are:
- High state: When IN = ‘1’ the transistors M2,
M3, M6, are opened and transistors M1, M4,
M5, are closed. This ensures OUT = Vpyp,.
- Low state: When IN = 0’ the transistors M2,
M3, M6, are closed and transistors M1, M4,
M5, are opened. This ensures OUT = V.
In Figure 9 the Special level shifter SLS is
shown. This subcircuit connects its output, GATE,
with the input, Vi, when the CTRL signal is a logi-
cal 0. If CTRL is a logical 1, GATE is left in third
state. ¢,N signal is generated by the LSN used as an
inverter. The SLS subcircuit is very similar to the LSN,
but with a few differences:
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- All transistors connected to Vyy (M4, M5,
M6, M7) are implemented with two transis-
tors connected in series but flipped. This con-
figuration with two diodes connected in
opposite directions, prevents current circula-
tion through those transistors in case of volt-
age peaks in Vy (remember Vyy is connected
to tissue and its voltage may vary).

- The only connection to the output GATE is
Vi through M6,/M7, which is controlled by
CTRL, setting GATE to high impedance
(third state) when CTRL=1.

- Because Vyy can vary from 16V to 100mV,
M4, M5, M6, M7 are connected like HV
transmission gates, ensuring operation in all
the voltage range.

- Because M4, M5 and M7 gates are connected
to Vpp when no stimulus is present, if any of
this transistors oxide is punctured (single fail-
ure), there will be a direct current path into
the tissue that must be avoided for safety rea-
sons (the return current is assumed to GND
because the non-active electrodes as well as
the medical device case are connected to
GND when not delivering a stimulus). The
connection of these gates through an RC cir-
cuit, limits this current to an acceptable level
(two capacitors are used to withstand the HV
in case of failure).

The actual switch is implemented by two
PMOS transistors with W=40000pm L=3pum (mini-
mum length for HV transistors) connected in series
but flipped (M1, M2 in Figure 7), to prevent con-
duction through Bulk-Drain diode if the switch is off
and Vyy > Vgour. Such large transistors were neces-
sary to achieve a total conduction impedance close to
5Q when the battery is almost discharged (Vpp =
2V).

Fig.10 shows the Negative Driver (NegD) sub-
circuit. The Negative Driver connects its output
GATE to Vg (depending on the control loop current
Ir.s) when the CTRL signal is a logical 1. If the CTRL
signal is a logical 0, the GATE is left in third state.
CTRLLS is generated by a LSN and it is in phase with
CTRL. When Ig.f= 0, and CTRL = ‘1’, the transis-
tor M2 is closed and Gate is connected to Vgg through
M1 and M2, but if Iy is large enough, M2 will be
open and GATE will be connected to GND through
M3 and the diode. The diode also ensures that when
Ixee = 0 no conduction between GATE and GND
occurs. To summarize, NegD connects GATE to a
low voltage when CTRL = ‘1’ and leaves it in third
state otherwise. The low voltage is either Vgg if Iy ¢ =
0 or GND. Note that this is a variation of the circuit
proposed in Section 1.A that allows the use of a rela-
tively large negative Vg to drive the gate of the main
PMOS.
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Figure 10. Negative Driver Schematic. Transistors sizes: M1, M2,
M3 600pum/3um; R1=683k .

Both the LSN and the NegD require a negative
voltage (Vgg). This voltage is generated on-chip by the
Gen_Vss subcircuit shown in Figure 11, which uses an
external pump capacitor C,y,, to generate Vgg = (-
Vpp)- Since a negative Vg is only needed when stimu-
lating, Vg is only generated (pumped to a negative
value) when CTRL= ‘1’. CTRLLS is derived from a
LSN using an inverted output. Two states are consi-
dered in the operation of Gen_Vss:

- Vg = 0 state: When CLK (CTRL) = ‘0’ the
node CAP is connected to Vpp, through Mi2
and the node Vg is connected to GND
through M1 and M2. Th C,,, is charged to
Vpp. The diode helps only at the circuit’s
start-up.

- Vgg = -Vpp state: When CLK = ‘1’ the node
CAP is connected to GND but the capacitor
has no discharge path, so the node Vg acqui-
res a negative voltage ( —Vpp ). The DRV sub-
circuits are standard LV ones.

Finally in Fig.12, the control loop subcircuit of

Fig.7 is presented. This subcircuit generates the cur-
rent Iy for the NegD blocks. The loop copies the
current through the MO branch to the output transis-
tors M2 and M3. If there is no stimulation, CTRL =
‘0’ and MO is open so I = 0. When CTRL = ‘1’, MO
is closed, but only if Vi, is high enough to make for-
ward current flow through the 6 stacked Mdi’s
diodes-connected transistors, does current actually
flow through MO. Therefore the Iy ¢ current is only
generated if CTRL = ‘I’ and Vyg, is high enough.
Note that this is a variation of the control loop pro-
posed in Section I.A, where the reference voltage is
measured to fixed ground instead of Vgarg.

C.The complete switch

The topology of the complete switch is shown
in Fig.7. Stimuli current conduction is done through
transistors M1, M2. To open the switch, CTRL = ‘0’,
SLSI connects M1’s gate to Vg and SLS2 M2’s gate
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Figure 11. Vg generator circuit, pumps Vgs to (-Vpp). Transistors
sizes: Mil, Mi2: 200um/3um; M1, M2: 60pum/3um; R=100 .
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Figure 12. Loop subcircuit schematic. This is a modification of
the circuit proposed in Fig.3.

to Vour- Because Viy and Vg may vary in a wide
range (in fact input/output can be exchanged) only in
this way a Vgg = 0 is guaranteed in all conditions and
effectively open the transistors. In this case Vgg =
GND and no static current is consumed.

When the switch must be closed (CTRL = ‘17),
the SLS are not activate (SLS’s outputs are in high
impedance) and both NegD connect the gates to either
GND or Vg to ensure the transistors are closed. The
negative voltage Vg is necessary because the stimulus
voltage can be very small (0.1V). On the other hand, for
example when the stimulus voltage is very high (16V)
and Vgg = -4V the Vg5 ~ 20V and can damage the oxide.
To overcome this problem, Vi, must be connected to
the highest voltage, either Vg or V1. Along this work
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Figure 13. Complete circuit Layout
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Figure 14. Microphotography of designed circuit

Vhignh Will be assumed to be connected to Viy > Vour-
The subcircuit ‘Loop’ in Fig.7 was designed to generate
a high enough current (1) to close the path to Vgg in
NegD when Vi, > 12V. In this way the circuit is pro-
tected for any voltage input while ensuring low imped-
ance when the stimulus voltage is low.
To sum up the complete switch has two states:
- Open state: When CTRL = ‘0’, SLS1 open
M1 and SLS2 opens M2. V4= GND and no
static current is consumed.
- Closed State: When CTRL = “1°, Gen_Vss
generates Vgg = -Vpp, NegD1 closes M1 and
NegD2 closes M2. If VHIGH > 12V, I
closes the path to Vg and M1 and M2 gates
are connected to GND, otherwise they are
connected to Vgg.
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In Fig.13, a complete layout of the switch is
shown. It should be noted that in effect the two
PMOS transistors (M1 and M2 in Fig.7) occupy half
the circuit silicon area.

The other half is divided between driver cir-
cuitry, and large ESD protection structures that were
custom designed because the voltages in the circuit
include negative values (Vgg) and from GND to 16V
with no fixed reference (Vin, Vour, Vhign)- Fig. 14
shows a microphotograph of the Special Level Shifter
and the Vg generator.

D. Simulations

All simulations were conducted using the
BSIM3 model [8] with typical model (TM) parame-
ters unless otherwise stated.

In Fig.15 the simulated impedance of the switch
is shown (essentially the on-resistance of series M1, M2,
in Fig. 7) using different transistors models provided by
the foundry: typical (TM), worst slow (WS) and worst
power (WP). This simulation was conducted varying
Vpp with a 200mV Vi (close to the minimim). Figure
15 shows that in all three cases the impedance of the
switch is always below 5Q(a careful design of the metal
wires connecting the transistors to the pads is also nec-
essary to fit this condition, the plot in Fig.15 does not
consider wire resistance).

In Fig.16 a second simulation is presented: a
transient pulse where Vgyp is shown for the two
extremes of Vyy, with a load impedance of 1k€,
Vpp=4V. The switch works in all the necessary voltage
ranges, for all transistors models. A 0.5us delay was
estimated in a worst case scenario.

Finally in Fig.17, the current through the open
switch is plotted, when Vyy is connected to GND and
a square wave of 8V amplitude was applied to Vqyr-
Only crosstalk current spikes can be observed, caused
by the charge change in the gate-drain capacitance of
the main PMOS, but no DC current flows to/from
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2.0 1 °e - Aaa,,
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Figure 15. Simulated switch resistance RSwitch in terms of VDD.
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Figure 16. Transient simulation for square pulse in Vg, with
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Figure 17. Simulated crosstalk current when the switch is open.

the tissue. The shape of these current spikes strongly
depend on the rise time of the square wave, but the
net charge ~30pC of the spikes does not.

3. MEASUREMENT RESULTS

The circuit was fabricated in a 0.6um technol-
ogy [3] and tested, some results follow. First of all in
Fig.18 the measured impedance of the switch is
shown for different LV supply Vpp, and HV stimuli
Vin = Vhign voltages.

These measurements were obtained using a few
hundred ohms load, and a precision multimeter. In
comparison to the curves in Fig.15, the measured
resistance is larger probably due to an underestimated
resistance of the metal wires. Contacts and metal wires
total resistance was estimated as less than 2€.

The static power consumption of the switch
cannot be precisely measured, but is less than 5nA. On
the other hand, the dynamic power consumption is
shown in Fig.19 while varying Vpp, Vi = Vg vol-
tages. Dynamic power consumption has two compo-
nents: the power consumption of the protection loop
of Fig.12, and that of current spikes on transitions.
But the former is the larger because power does not
change to much with the switching frequency.
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Figurel8. Measured switch resistance Rg,, as a function of
supply and stimulus voltages Vpp, Viign
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Figure 19. Measured dynamic current consumption of the switch
when turned on/off at a given frequency and 50% duty cycle. Note
the static power consuption when off is less than 5nA (measured).

The switch shows an excellent transient
response, with a measured delay of approximately
600ns for turning on (from LV pulse edge to 50% of
output signal) and 300ns for turning off.

However what is also important in the target
application, is the impact of charge injection in the
commutation of a current source. The simplified cir-
cuit and measurement results are shown in Fig.20.
Two switches were connected to the same 100uA cur-
rent source (that is a reasonable lowest value for cur-
rent stimuli in medical devices) and alternatively
turned on and off. The current source was imple-
mented with a discrete operational amplifier and a pass
transistor. On the measurement scheme of Fig.20
when the current is switched there is a current spike at
the load even in the case of an ideal current source,
due to charge injection. The plot shows measured
spikes in terms of stimuli (Vi) voltages. Because for
a larger Vi, a larger amount of charge is taken from
the gate of the main PMOS transistors when switch-
ing, the current spikes strongly depend on Vg, Up
to few hundreds pC injected charge was measured,
which closely fits previous calculations. Note the
effect of charge injection is only important in the case
of low current stimuli, as depicted in Fig.21 where the
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Figure 20. Measured charge injection of the switch when used in

series with a current source. As expected, current spikes
increase with Vyyqp.
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Figure 21. Measured 10mA current pulse using the scheme of
Fig.20
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Figure 22. Measured crosstalk current when the switch is open.

shape of a 10mA current pulse obtained with the same
measurement setup of Fig.20 is barely affected by
charge injection.

Finally, in Fig.22 measured crosstalk is shown
for the experimental setup of the picture. An 8V
square input is connected at the output when the
switch is open, and the transient current through the
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load is measured. The measured effect of crosstalk as
expected is negligible, and the net charge of the meas-
ured current spike result a few tens pC after subtract-
ed the (previously) measured charge of the parasitic
capacitance of the probes. This value closely fits the
simulated in Fig.17.

In Table I the most important measured, and
simulated characteristics for the fabricated switch are
shown.

Table I. Measured and simulated characteristics for the designed
switch.

Simulated Measured
/ Calculated
Power supply VDD 2-5V 2-5V
Commutation voltage
(VineVour) 0-16V 0-16V
Commutation time 500ns ton=600ns
tope=300ns
Switch resistance
Rauitch 2.5Q + 2Q®) 6.5Q
typ.@Vpp=2.7V, .VDD=2.7V,
Vhigh = 200mV Vhigh = 200mV
Crosstalk charge 30pC < 50pC Typ.
Charge injection when 400pC (2)
switching worst case

@ 2Q contacts & metal wires
@ strongly depends on Vyp, Viy

4. CONCLUSIONS

A self biased over voltage protection circuit
technique was presented that allows driving MOS
transistor in their full Vg range above V¢ voltage lim-
its. The complete design of an integrated switch, to
precisely control electrical stimulation in implantable
medical devices using this technique was presented.
The circuit was fabricated in a HV, SOI wafer tech-
nology, and tested. Simulations and measured results
for the circuit, fulfill specifications and safety require-
ments of modern implantable medical devices.
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