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A High-Voltage-Tolerant and Precise
Charge-Balanced Neuro-Stimulator in
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Abstract—This paper presents a4 X Vpp neuro-stimulator in
a0.18-4m 1.8 V/3.3 V CMOS process. The self-adaption bias tech-
nique and stacked MOS configuration are used to prevent transis-
tors from the electrical overstress and gate-oxide reliability issue. A
high-voltage-tolerant level shifter with power-on protection is used
to drive the neuro-stimulator The reliability measurement of up to
100 million periodic cycles with 3000-2tA biphasic stimulations in
12-V power supply has verified that the proposed neuro-stimulator
is robust. Precise charge balance is achieved by using a novel cur-
rent memory cell with the dual calibration loops and leakage cur-
rent compensation. The charge mismatch is down to 0.25% over
all the stimulus current ranges (200-300 z2A) The residual average
dc current is less than 6.6 nA after shorting operation.

Index Terms—Charge balance, current memory cell, high-
voltage-tolerant, leakage current compensation, level shifter,
stimulator.

I. INTRODUCTION

HERE are ~1% of the people in the world affected by
the epilepsy. Typically, the epilepsy is treated with the
anti-epileptic drugs. However, there are still many patients who
cannot be cured by the medications. For these medically re-
fractory patients, implantable deep brain stimulation (DBS) is
another alternative [1]. When the people with epilepsy have
a sudden seizure, the seizure detector of the DBS system de-
tects the overload of electrical activity in the brain, and then
the neuro-stimulator delivers charges into the brain tissue via
electrodes [2]. If sufficient charges are injected into the working
electrodes, it will depolarize the membrane of the tissue to the
threshold, and produce a unidirectional propagating action po-
tential signal to prevent the epilepsy seizure.
However, an improperly designed neuro-stimulator may
cause damage to the tissue. There are two major classes of the
mechanisms. The first proposed mechanism is the mass action

Manuscript received July 27, 2015; revised October 20, 2015 and December
01, 2015; accepted December 21, 2015. Date of publication March 24, 2016;
date of current version December 30, 2016. This work was supported in part
by the Ministry of Science and Technology (MOST), Taiwan, under Contracts
of MOST 103-2221-E-009-197-MY2 and MOST 104-2220-E-009-004. This
paper was recommended by Associate Editor P. Chiang.

The authors are with the Institute of Electronics, National Chiao-Tung Uni-
versity, Hsinchu 300, Taiwan, and also with the Biomedical Electronics Transla-
tional Research Center, National Chiao-Tung University, Hsinchu 300, Taiwan
(e-mail: luozhicong.ee02g@nctu.edu.tw; mdker@ieee.org).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBCAS.2015.2512443

theory which shows that tissue damage is caused by the intrinsic
biological processes as excitable tissue is over stimulated [3].

The second proposed mechanism for tissue damage is the
charge imbalance or the residual average dc current. This mech-
anism shows that tissue damage is caused by the toxic electro-
chemical reaction products at the electrode surface. The level
of the residual average dc current at which tissue damage be-
gins to occur has been widely studied. Aran et al. reported that
the tissue in guinea pig cochleae was damaged with the residual
average dc current levels of 2040 pA for stimulus periods of
up to 24 hours [4]. Hurlbert et al. reported that there was no
pathological change in the vicinity of the stimulating electrodes
with the residual average dc current level of 1.5 ;1A to stimulate
the rat spinal cord for stimulus periods of up to 12 weeks. But,
there was significant pathological change including inflamma-
tion and fibrosis at the electrode surface with the residual av-
erage dc current level of 3 ;A to stimulate the rat spinal cord
[5]. Shepherd et al. reported that the chronic intracochlear elec-
trical stimulation, using charge-balanced biphasic current with
the residual average dc current of less than 0.1 pA, does not
damage the tissue in the cochlea [6], [7]. In consideration of the
human safety, the specified industry limit of the residual average
dc current in cochlear implants is 25 nA [8].

There are several methods to achieve charge balance, e.g.,
inserting a large dc blocking capacitor in series with each elec-
trode and the active charge balancer. But, they are detrimental
for the implantable devices because of increasing the area and
hardware complexity. The current-controlled passive charge
balancer is another solution. Biphasic current stimulation with
the inter-phase delay is generally used for charge balance
purpose. A typical current-controlled passive charge balancer
consists of only current sink or source [9], [10]. But the charge
imbalance can be caused by the leakage currents due to the
crosstalk between the adjacent stimulating channels in vitro
testing [11]-[13]. Another passive charge balancer which con-
sists of both current source and sink with matched currents can
avoid the crosstalk between the adjacent stimulating channels.
H. Chun et al. reported such a charge balanced stimulator [13],
which is achieved by employing a dynamic current mirror at the
output of stimulator. But the matched accuracy of the dynamic
current mirror is impaired by the capacitive division, charge
injection, clock feedthrough, channel length modulation, and
so on [14]. J.-J. Sit et al. reported another stimulator whose
residual average dc current is less than 6 nA. It employs two
steps strategy to achieve charge balance [15].
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Fig. 1. (a) Stimulator using stacked LV transistors reported in [25]. (b) The
stimulator with bias voltages during anodic phase.

The neuro-stimulator should inject an appropriate amount of
charges into the electrodes to ensure efficacious stimulation, and
the required supply voltage is typically much higher than that of
the low voltage (LV) CMOS process [16], [17]. One approach is
to use the high voltage (HV) process at the expense of the area
and power consumption [18]—[22]. The other approach is to use
the concept of stacked devices with the dynamic bias voltage to
tolerate the high supply voltage. One of the advantages of this
approach is that it can be fully integrated with the digital signal
processor in a digital technology without extra process [1], [2],
[16], [23], [24]. However, in the prior designs, the dynamic bias
voltages were set according to the stimulation phase. The stim-
ulator shown in Fig. 1(a) is an example with such a technique,
which was reported in [25]. As shown in Fig. 1(b), during the
anodic phase, the gate voltage (V3) of transistor M3 is set to
0 V. However, during the cathodic phase, Vg3 is set to —Vpp.
When the stimulator operates in the normal status, the stimu-
lator is robust. But, if the output of the stimulator is accidentally
shorted to the passive power supply (2 x Vpp) or to the neg-
ative power supply (—2 x Vpp), some failures may occur be-
cause the voltages across the terminals of the transistors exceed
to the nominal value. In consideration of the device reliability,
the dynamic bias voltages can’t be set according to the stimula-
tion phase.

In this work, a neuro-stimulator with the self-adaption bias
circuit is proposed. It employs four stacked transistors for the
pull-down switch and the pull-up switch, respectively, to with-
stand 4 times the nominal supply voltage (4 x Vpp) without
affecting device reliability. In addition, it employs a novel basic
current memory cell to provide 0.25% charge mismatch, and the
residual average dc current is less than 6.6 nA with shorting op-
eration after the biphasic stimulation.
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Fig. 2. Block schematic of the proposed neuro-stimulator.

II. NEURO-STIMULATOR SYSTEM

A. Neuro-Stimulator System Block Diagram

The block schematic of the proposed charge-balanced
neuro-stimulator is shown in Fig. 2. It consists of a basic current
memory cell with the leakage current compensation (IBL),
basic current memory cell with the dual calibration loops and
leakage current compensation (IBLD), 4-bit current DAC, con-
trol logic, 4 x Vpp high-voltage-tolerant buffer (HVTB), and
4 % Vpp closed high-voltage-tolerant buffer (closed HVTB).
The IBLD, 4-bit current DAC, and control logic operate from
0 V to Vpp, the HVTB and closed HVTB operate from 0 V to
4 x Vpp, and the IBL operates from 3 X Vpp to 4 X Vpp.

The IBL and IBLD are the novel current memory cells with
sample-and-hold technique. Their output currents are more con-
stant over time than that of the basic current memory cell. The
detailed strategy and functions of the IBL and IBLD will be de-
scribed in Section III. The HVTB consists of four stacked tran-
sistors for the pull-down switch and the pull-up switch, respec-
tively. It can withstand 4 x Vpp without affecting device re-
liability. The detailed strategy and functions of HVTB will be
described in Section IV. The closed HVTB is the same as the
HVTB, except which switches always be turned on. The 4-bit
current DAC performs the function of the current reference, and
the output current varies from 200 pA to 3000 A according to
the control signals.

B. Neuro-Stimulator Operating Sequence

The stimulator is designed to generate biphasic current
pulses shown in Fig. 3. Once the stimulator becomes active,
it is operating with 5 phases in the one-cycle biphasic stimu-
lation. During phase 1 (calibration stage), S5 is firstly turned
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Fig. 3. Biphasic current pulse with interphase delay.

on, and all of the other switches are turned off, the output
current (Ipae) of the 4-bit current DAC is sampled by the
IBL. Secondly, S5 is turned off, and the output current of the
IBL is roughly matched to the Ipa¢ because of the channel
charge injection and clock feedthrough caused by the switches.
Thirdly, Sg is turned on, the output current (Ijgy,) of the IBL is
sampled by the IBLD. Fourthly, S¢ is turned off, and the output
current of the IBLD is precisely matched to the Itp;, with low
power dissipation. During phase 2 (cathodic stimulation stage),
So, S3, Sg, S and S; are turned off, S; and S4 are turned on,
and cathodic current flows as such, IBL — S; — CE —
tissue - WE — S; — IBLD. During phase 3 (interphase
delay stage), all of the switches are turned off. During phase 4
(anodic stimulation stage), Sy, S4, S5, S¢, and S; are turned
off, S, and S3 are turned on, and anodic current flows as such,
IBL — S - WE — tissue - CE — Sy — IBLD. During
phase 5 (shorting stage), Sy, Sa, Ss, and Sg are turned off, S,
S4, and S7 are turned on, so the anodic and cathodic electrodes
are shorted to ground.

III. STRATEGY TO ACHIEVE PRECISE CURRENT MATCH

A. Current Error With Basic Current Memory Cell

The schematic of the basic current memory cell is shown in
Fig. 4, which is a simple sample-and-hold circuit. The voltage
at the drain of M is set to ~ Vpp (threshold voltage of the
transistor M 4, ) by employing the active cascode circuit. During
the sample mode, S51 and S5 are turned on, and S5 is turned
off. The input current (I;;,) is sampled at the memory capacitor
(Cn). During the hold mode, Sp; and Su» are turned off, and
Sag is turned on. The current [;, is copied to the output current
(Iout) [26]

However, the accuracy of the basic current memory cell is
impaired by the parasitic components. The dotted components
in Fig. 4 represent the parasitic components of the basic current
memory cell, where g4, represents the channel length modu-
lation of the transistor M4, it’s negligible because the drain-
source voltage of M is set to ~ Vg in the operating phase.
Neglect the effect of the well diode.

The circuit of Fig. 4 operates in three phases, including
sample phase, hold phase, and working phase.
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At sample phase: Switches Sa1 and S are turned on, and
switch Sas is turned off. The voltage (V) on the Cy will reach
the value required to support the drain current of M equals
to the I;,, by charge or discharge the Cy. When Sa; is turned
off, a portion of the charge, due to the effect of channel charge
injection and clock feedthrough, is injected into the Cy, causing
the voltage V, to change by [27]

_ WLC,.(Vpp — Vg — Vru)
N 2Cy

WCO’U
Wcov + C(H
M

AV

+ Ve

where Vg is the amplitude of the clock, C,, is the overlap ca-
pacitance per unit width, and Vp p is the power supply voltage.
In (1), the first item represents the effect of channel charge
injection, and the second item represents the effect of clock
feedthrough.

At hold phase (0 < t < T): Switches Sa1, Saz, and Spg are
turned off. The voltages at nodes A and B are pulled down to
0 V. The finite off-state resistance of Sa; provides a current path
to discharge the charges stored in the Cy. At the same time, the
voltage variation at the node A is transferred to the Cy by the
capacitive coupling of Cq, causing the voltage V, to change by

CyaVru

AV (t) =V, (1—e 0 ) 4 S22 yeron
ot - C

2

where 7, is the off-state resistance of Sa1. In (2), the first item
represents the effect of the finite off-state resistance of Sa1, the
second item represents the capacitive coupling of Cyq.

At the working phase: Sp1 and Sa» are kept in the previous
states, Sag is turned on. The voltage at node A is pushed up to
V. The voltage variation at the node A is transferred to the
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Fig. 5. (a) Basic current memory cell with leakage current compensation.
(b) The simple schematic of the amplifier.

Cu by the capacitive coupling of C,q, causing the voltage V,
to change by

CyqVru

AV () = — )
Vi) =z~ on

)

So, the total voltage error of V, between the sample phase and
working phase can be expressed approximately as

_ WLCo: (Vpp =V, — Vrm)
o 20y

W,y
wcC,, +Cyg

AV

+ Vo +V, (kefﬁ). )
This voltage error (AV') results a current error between the Tyt
and I;,,, which can be expressed approximately as

Al = Iout - Iin =AV- 9m (5)

where g,, is the transconductance of M a1, which is evaluated
at the operating current I;;,,. Equation (5) shows that the current
error Al is proportional to the transconductance of Ma;. In
other word, the larger off-state resistance of S o1 and the smaller
input current I, result a smaller current error A7,

B. Voltage Error With Leakage Current Compensation

Fig. 5(b) shows the proposed solution to lowering the effect
of the finite off-state resistance of Sp; [28]. In Fig. 5(b), Sa1
is replaced by the transistors Sa31 and Sai2, and a unity gain
amplifier with the bias current of ~100 nA is connected between
the transistor S5 11. Fig. 5(a) shows the simple schematic of the
amplifier. In this way, the drain-to-source voltage of Sp1; is
~0 V. Thus, the leakage current caused by the finite off-state
resistance is zero, and the leakage current flowing through S a1
is supplied by the amplifier. That means, the effect of the finite
off-state resistance of S is canceled, the total voltage error of
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V, between the sample phase and working phase in the Section
A can be expressed approximately as

WCo
wcC,, +Cy '
(6)

Equation (6) shows that only channel charge injection and clock
feedthrough impair the voltage error.

_ WLCo(Vpp — V4 — Vrg)

A
v 2CH

+ Ver

C. Current Error With Dual Calibration Loops and Leakage
Current Compensation

There are many methods to cancel the effect of the charge
injection and clock feedthrough. But, each leads to other trade-
offs, such as addition of dummy device, using of complemen-
tary switches, and using differential sampling circuit.

A charge-balanced stimulator which used low-leakage differ-
ential mode sample-and-hold circuit was reported in [15], where
the input current I, was fully sampled on a memory capacitor
that resulted in a large transconductance g,,, and a large current
error A, as shown in (5).

The proposed differential mode sample-and-hold circuit with
the dual calibration loops and leakage current compensation is
shown in Fig. 6(a). The first calibration loop consists of tran-
sistors (Mp1, Mps, and Mps), switch Sg;, and memory ca-
pacitor Cp;. The second calibration loop consists of transistors
(Mp4, Mgs, and Mpg), switches (Sgs, Sps, and Sp;), capac-
itors (Cp2 and Cps), and a differential amplifier. The second
calibration loop is aimed to calibrate the current error caused
by the first calibration loop, and it employs a differential oper-
ational amplifier along with two memory capacitors (Cg2 and
Cnps) to partially cancel the charge injection errors caused by
the switches (Sps and Spy). In this way, the final current error
will become smaller because the transconductance of Mpy is
smaller, as shown in (5). The dotted switches in . 6(a) are the
switches with the leakage current compensation. The differen-
tial operational amplifier is shown in . 6(b). The voltage at the
positive terminal of the differential operational amplifier should
be of low noise for reducing the drain-current noise of Mp4, thus
it’s supplied by a bandgap with resistor divider.

Let (W/L); : (W/L)y = N, where N > 1. The circuit
in Fig. 6(a) operates in three phases. At phasel: Sgg, Spi,
Sgs, and Spy are turned on. Sgy and Sgs are turned off. Thus,
the drain currents of Mp; and Mpy are [N/(N + 1)]xT;, and
[1/(N + 1)] xILy,, respectively.

At phase 2: Sgy turned off. Sgg, Sg2, Sg3, Sp4, and Sgs
are kept in the previous states. When Sp; is turned off, a
portion of the charge, due to the effect of the channel charge
injection and clock feedthrough, is injected into the memory
capacitor Cpy, causing the drain current of Mp; to change
to[N/(N + 1)]xT;, + Al. Meanwhile, the drain current of Mpy4
is changed to [1/(N + 1)] xT;, FAT, automatically.

At phase 3: Sps is turned off after Spy does, and Sps is
turned on finally. Spg, Spi, and Spy are kept in the previous
states. By this way, the charge injected by Spj is eliminated.
The channel charge of Spy results in a constant offset voltage
at the input terminals of the differential operational amplifier
when Spy is turned off, but the charge injected by Sp4 appears
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Fig. 6. (a) Basic current memory cell with leakage current compensation and
dual calibration loops. (b) Differential operational amplifier.

as a common-mode disturbance. That is also eliminated. The
precision of this circuit depends on the open loop gain of the
differential operational amplifier. Referring to [25], it has

‘/outN 1
Vin 1+ AT

O]

where Vj,, is the gate voltage of Mpy4 at phase 2, V,,;, is the gate
voltage of Mp, at phase 3, and Ay is the open loop gain of the
differential operational amplifier. Thus, the gate voltage error of
Mp,4 between phase 2 and phase 3 is about

Vi

AV = out — Vin — .
V=Vou — W 15 Ay )
It results a small current error(AT) between I, and Loy
‘/in
Al = I, — T4 Gm )

T1rAy
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Fig. 7. (a) Principle of two stacked transistors. (b) NMOS devices with deep
n-well layer and the parasitic well diode.

where g,, is the transconductance of M g4, which is evaluated at
the operating current [1/(N + 1)]xI;,. That means using dual
calibration loops technique can decrease the total current error
AT by the factor of (N 4 1) compared with the sample-and-hold
circuit reported in [15].

IV. STRATEGY TO ACHIEVE HIGH-VOLTAGE-TOLERANT
BUFFER IN LOW VOLTAGE CMOS PROCESS

The proposed strategy is to employ stacked transistors to
withstand the higher power supply voltage. An example of two
stacked transistors is shown in Fig. 7(a), where the source of
transistor My is connected to the drain of the next transistor
Mcs. By this way, the voltage across from the drain of the
upper device M to the source of the lower device Mcs can
rise up to two times of the nominal supply (2 X Vpp). In
this topology, the gate bias of the transistors M¢; and Meo
should be carefully set, and the maximum voltage across the
terminals of all transistors should be limited by the nominal
supply voltage (Vpp). If n transistors are stacked, it can with-
stand n times the nominal supply voltage (n x Vpp) without
decreasing the transistors reliability [29]-[32].

However, the maximal voltage at the source of the upper
devices My in Fig. 7(a) is limited by the breakdown voltage
of the parasitic well diode. For the triple-well technologies, the
breakdown voltages of NMOS transistor with deep n-well layer,
NMOS transistor without deep n-well layer, and PMOS tran-
sistor are limited by the n-well/p-substrate diode, n + /p-well
diode, and n-well/p-substrate diode, respectively. The prior
work reported that the breakdown voltage of the n-well/p-sub-
strate diode is higher than that of the n + /p-well diode [30].
The proposed high-voltage-tolerant buffer is realized with the
3.3 V PMOS and NMOS transistors with the deep n-well layer
to withstand a higher operation voltage, and all of the bodies of
the transistors are connected to their source terminals.

A. 4 x Vpp High-Voltage-Tolerant Buffer

Fig. 8 shows the detailed schematic of the 4 x Vpp high-
voltage-tolerant buffer with the self-adaption bias circuit and
the nth Vpp bias circuit. PMOS transistors Mpp; to Mgp4 and
resistors R; to Ry perform the function of the voltage divider.
The sizes of the transistors and the resistance of the resistors are
set to the same, so the gate voltage (Vi,2) of Mpgp; is (3 X
VDD Vrgp). On the same principle, the gate voltage (Vi)
of Mpgn1 is (3 X Vpp 4+ Vranx). Thus, the voltage at node
by is 3 X Vpp. The voltages at nodes by and bs are 2 x Vpp
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Fig. 8. The detailed schematic of 4 X Vpp high-voltage-tolerant buffer with transistor dimensions. The transistors (M1 ~ Ms) in the output stage have the
identical geometrical dimension which is 80 pm/0.34 xm. In addition, the dimensions of the transistors Mg1, Mgz, Mgs, Mps, Mpe, and Mg7 are 1 pm/1 pm,
1 pm/1 pm, 4 pm/0.5 pm, 4 pm/0.5 pm, 20 pm/0.34 pm, and 20 m/0.34 pm, respectively, realized in a 0.18-pm CMOS process.

and Vpp, respectively. Transistors Mpgn; and Mppp; perform
the function of the push-pull output stage which has low power
dissipation in the standby condition. The output stage consists of
four stacked transistors for the pull-down switch and the pull-up
switch, respectively, to withstand 4 x Vpp. A self-adaption bias
circuit was designed to keep the voltages across the terminals of
the stacked transistors within the nominal supply voltage Vpp.
The bodies of transistors Mpg and Mpg7 are connected to the
nodes n; and ng, respectively. If the voltage at node n7 tends
to be less than 2 x Vpp, or the voltage at node ng tends to
be higher than 2 X Vpp, the parasitic diode (D, or Dy) turns
on, thus the voltages at nodes n; and ng will be clamped to
2 x Vpp. The high-voltage-tolerant buffer is controlled by the
outer stacked transistors. The level shifter converts the low-level
voltage to the high-level voltage with DC offset of 3 times Vpp.
A non-overlap clock circuit is used to drive the level shifter
for avoiding the short-circuit current in the output stage of the
high-voltage-tolerant buffer.

When the upper transistor M is turned on and the lower tran-
sistor Mg is turned off, the quiescent voltages at the nodes n;

tong are 4 X Vpp,4 X Vpp, 4 X Vpp,3 X Vpp, 2 X Vpp,
Vpp, 3 X Vpp, 3 X Vpp, 2 x Vpp, respectively. When the
transistor M; is turned off and transistor Mg is turned on, the
quiescent voltages at the nodes ny to ng are 3 X Vpp, 2 X Vpp,
Vpp,0V,0V,0V,2 x Vpp, Vop, Vpp, respectively. Thus,
the voltages across the terminals of all the transistors are limited
to the nominal supply voltage Vpp.

When the output stage (My ~ Mg) switches from low (0 V)
to high (4 x Vpp), the previous state of the quiescent voltages at
the nodes ny tong are 3 X Vpp, 2 X Vpp, Vpp, 0V, 0V, 0V,
2 X Vpp, Vpp, Vpb, respectively. The control signals from
the level shifter turn M; on and Mg off, the circuit is operating
with four phases. At phase 1: the node out is charged from 0 V to
Vpp. The voltages at nodes out, ng, ns, ng, ng, and ng increase.
When the node out is charged to Vpp, transistor M, will be
turned off, and node ng is finally charged to Vpp. At phase 2:
the node out is charged from Vpp to 2 X Vpp. The voltages at
nodes out, ny4, ns, ng, and ng increase. When the voltage at nj
increases to (2 X Vpp — Vrun), transistor Mps turns off and
transistor Mp; turns on, thus ng is charged to 2 x Vpp through
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Fig. 9. (a) Simple schematic of the high-voltage-tolerant buffer with loading
capacitor and resistor when it switches from 0 V to Vpp. (b) The gate voltage
of the transistor M1 . (¢) Simple schematic of driver for transistor M; .

transistor Mg7. Then, transistor Mg will be turned off, and node
ns is finally charged to 2 X Vpp. As a result, the voltages at
nodes n7 and ng increase. At phase 3: the node out is charged
from 2 x Vpp to 3 X Vpp. The voltages at nodes out and ny
increase, and transistors Mg and Mp3 will be turned off. Finally,
nodes ny, nr, and ng are charged to 3 X Vpp. At phase 4: the
node out is charged from 3 X Vpp to4 X Vpp. Nodes 1, 3, and
njs are charged to 4 X Vpp. The dimension of transistor Mp~
should be larger than that of the Mps. The similar operation
can be explained for the transition of the output stage from high
(4 x Vpp) to low (0 V).

However, when the output stage switches from 0 V to Vpp,
the drain-to-source transient voltage of transistor My may
exceed to the nominal supply. Fig. 9(a) shows the simple
schematic of the high-voltage-tolerant buffer with the double
layer capacitor (Cpy,) and the solution spreading resistance
(Rsw). When the output stage switches from 0 V to Vpp, as
described in the previous section, the gate voltages of tran-
sistors M5, M3, and My are 3 x Vpp, 2 X Vpp, and Vpp,
respectively. Assume that the gate voltage of transistor M; is
linearly discharged from 4 x Vpp to 3 X Vpp by the level
shifter in the period of T seconds as shown in Fig. 9(b), and
neglect the channel length modulation (A = 0}, the voltage at
the gate of transistor M; can be expressed approximately as

Vpn
T

Va(t) = ——22¢ + 4Vpp. (10)

Because the drain currents of My, and My are the same, the
voltage at the source (node n3) of My can be expressed approx-
imately as

Vop

1

Vg4(t) = t+ Vpp. (11)

I Mp. P10

Ve ¢
i | nL:AN -' :ﬁ/il_aI i

& N3

: E -l :I : l— rl:' 3xVpp
| 3xv,,_.,l = | |_ 3xVop Ll
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Fig. 10. High-voltage-tolerant level shifter with power-on protection.

So, the source-to-drain voltage of My can be expressed as

Vaaa(®) = 224 4 Vpp, - (ID ‘Rsw + I—Dt> (12)
Ty Cpr
where I is the drain current of M;. However, if Cpy, is large
enough, and Rgw is small enough, and the gate voltage of tran-
sistor M is quickly discharged from 4 X Vpp to 3 X Vpp (11
approximates to 0), the drain-to-source transient voltage of tran-
sistor M, is approximated to 2 X Vpp. Thus, the falling time
(T}) of the level shifter should be well adjusted.

In our design, a constant current source will be inserted be-
tween the 4 x Vpp and the source of My . The falling time (77)
of the level shifter is set to 1 us to ensure the drain-to-source
transient voltage of M, limited to the nominal supply Vpp.

B. High-Voltage-Tolerant Level Shifter

The proposed level shifter is shown in Fig. 10 [34], [35]. All
of the transistors are 3.3 V device. Three stacked inverters are
used to withstand a higher operation voltage. The capacitor C;
(C5) couples the gate of the transistor Mo (My4) with the gate
of the transistor Mpy (Mpsg), respectively. If the input control
signal (in) switches from low (0 V) to high (Vpp ), the voltage at
the node ny 15 couples up with a factor AV, which is expressed
approximately as

- Voo

AV = ———
Cl + Cpar

(13)
where Cy,, is the parasitic capacitance at the node ng,;3. On the
contrary, the voltage at the node np ¢ couples down with a factor
AV. By well adjustment, the cross coupled pair Mp, and Mpg
can switch faster from one state to the other.
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Fig. 11. (a) The fully circuit of neuro-stimulator. (b) Control signal. (c) Current reference circuit.

The high-voltage-tolerant level shifter may have a start-up  voltages across the terminals of transistors Mpg and Mpy
issue at power-on state, especially with the coupling capaci- may exceed the nominal supply voltage Vpp. The proposed
tors. In the worst case, the level shifter may not work prop- protection circuit is shown in Fig. 10. At power-on state, the
erly. For example, when the power supply rises from 0 V to  voltage of the control signal (start) is set to 0 V. So, tran-
4 x Vpp, the voltage at node np¢ (or nrp;3) may be pulled sistors Myi, Mpy1, Mpy, and Mpjy are turned on, nodes
up to 4 x Vpp. So, the drain current (leakage current) of np;3 and npg are quickly charged up. At the normal oper-
transistor Mpg (or Mpy) is very small. As a result, node ation state, the voltage of the control signal (start) is Vpp,
np13 (or npg) is slowly charged up. If the charged up time node npj4 is charged up, thus, transistors Mpg and Mpjg
is longer than the rising time of 4 x Vpp power supply, the are turned off.
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V. NEURO-STIMULATOR FULL CIRCUIT IMPLEMENTATION

The neuro-stimulator which consists of the IBL, IBLD,
HVTB, closed HVTB, and 4-bit current DAC is shown in
Fig. 11(a). The voltages at the drains of M; and My are set to
~ Vrun, and let (W/L); : (W/L)4 = 10. Fig. 11(b) shows
the timing diagram of the control signals, including the cal-
ibration stage (¢1 and ¢2), biphasic stimulation stage (3
and ¢4), and the shorting stage ((5). Fig. 11(c) shows the
circuit of the current reference, which uses an amplifier in a
negative feedback loop to ensure that the voltage across the
off-chip resistor R equals to the output voltage (Vo) of the
band-gap. Thus, the output current L..s equals to V,.¢/R. The
current reference will be turned off, except during phase ¢1 for
improving power efficiency purpose.

VI. EXPERIMENTAL RESULTS

A stimulator chip has been fabricated in a 0.18-pum
1.8 V/3.3 V CMOS process. The die photo is shown in Fig. 12.

A. Test Bench Configuration

The control signals shown in Fig. 11(b) are generated by
the off-chip FPGA (Spartan-3 XC3S400) from Xilinx. While
the control signals are given, the stimulator starts to generate
biphasic stimulus current. In the operating period, the IBL and
IBLD are calibrated in each cycle of biphasic stimulation, and
the electrodes are shorted to ground once every 10 cycles of
biphasic stimulation for the purpose of precise measurement.
The accumulated residual voltages of 10-cycles biphasic stim-
ulation with different stimulus currents are measured by the os-
cilloscope (Tektronix MSO5104).

B. Voltage Waveforms With Various Stimulus Current

Fig. 13 shows the measured output voltages of the stimulator
with the different stimulus currents, where the loading of the
stimulator is a 2-k€2 discrete resistor in series with the parallel
100-nF Teflon capacitor and 10-M(2 resistor. The output voltage
compliance exceeds 10 V in 12-V power supply. The headroom
voltage is ~ 2 V because the IBL and IBLD are realized in
the active cascode circuit. Four digital bits were used to set the
stimulus current via the 4-bit current DAC. The size of LSB
of the 4-bit current DAC is set to 200 A by an off-chip precise
resistor. Thus, 1 bit corresponds to 200-¢ A stimulus current and
15 bit corresponds to 3000-1A stimulus current.

C. Residual Voltages on Interface Capacitor and Charge
Mismatch

Fig. 14 shows an oscilloscope capture of the voltage on
100-nF Teflon capacitor at 3000-pA stimulus current, where
the loading of the stimulator is a 1-kf2 discrete resistor in
series with the parallel 100-nF Teflon capacitor and 10-MQ2
resistor. The accumulated residual voltage at the end of the 10th
biphasic stimulation is 118.9 mV. Thus, the residual voltage of
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Fig. 12. Die photo of the fabricated stimulator.
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Fig. 13. Output voltages measured with different stimulus currents. The upper
inset shows the equivalent circuit with quasi-static loss model.

one-cycle biphasic stimulation is 118.9 mV/10 = 11.89 mV. It
means that the injected charge in one-cycle biphasic stimulation
is 3000 A x160 ps = 480 nC, and results in charge error of
11.89 mV x100 nF = 1.19 nC. Thus, the charge mismatch is
1.19 nC/480 nC = 0.25%.

Fig. 15(a) shows the measured residual voltage over the range
of DAC current after one-cycle biphasic stimulation. The max-
imum residual voltage is 11.89 mV caused by one cycle of
3000-u A biphasic stimulation. Fig. 15(b) shows the charge error
and charge mismatch as the function of the injected charge. The
maximum charge error is 1.19 nC at 480-nC injected charge
with 0.25% charge mismatch.

Three fabricated chips have been measured. Fig. 16 shows the
probability distribution of the post-stimulation residual voltage
under 3000-4£A stimulus current. The number of stimulations is
100 for each chip. The mean post-stimulation baseline voltages
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Fig. 14. An oscilloscope capture of the voltage on the 100-nF Teflon capacitor at 3000-pA stimulus current, which allow measurements of the accumulated

residual voltage at the end of the 10th biphasic stimulation.
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Fig. 15. (a) Residual voltage over the range of DAC current after one-cycle
biphasic stimulation. (b) Charge error and charge mismatch factor as the
function of injected charge.

are 11.03 mV, 10.83 mV, and 11.44 mV for chip #1, chip #2, and
chip #3, respectively.
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Fig. 16. The probability distribution, mean (1), and standard deviation (&) of
the post-stimulation residual voltage on the loading capacitor. Three chips have
been measured, (a) chip #1, (b) chip #2, and (c) chip #3.

D. Residual Average DC Current Evror With Shorting

By following the biphasic stimulation with shorting opera-
tion, the residual charge on the interface capacitor is discharged
as

q(t) = q(0) - e/ BC (14)

where ¢(t) is the residual charge after ¢ seconds of the shorting
operation, ¢(0) is the residual charge before shorting operation,
R is the solution resistance, and C is the interface double ca-
pacitor. Equation (14) shows that an additional reduction of the
residual charge can be achieved by the available shorting time,
solution resistance, and interface double capacitor.

In this work, the maximum charge error is 1.19 nC, the time
constant is 1 k€2 x100 nF = 100 ps, and the available shorting
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TABLE I
PERFORMANCE COMPARISON WITH PRIOR WORKS
TBCAS in JSSCin TBCAS in JSSCin TBCAS in TBCAS in TBCAS in This work
2007[15] 2007[20] 2008[22] 2010[21] 2013[19] 2013[13] 2013[25]
Technology 0.7um HV 0.35um HV 0.35um HV ~ 0.18um HV ~ 0.18um HV 0.35pum HV 65nm LV 0.18um LV
Operation Voltage -6~9V 0~22.5V 0~10V +12V 0~12V 0~15V +2.5V 0~12V
Vout Range >11V >20V - +10V >11.5V - +24V >10V
Current Range 0~1000pA 0~1000pA 0~750pA 0~500pA 0~504pA 0~1000pA 0~50pA 0~3000pA
Charge Mismatch <0.4% <5% <0.5% <2.9% <0.45% <0.3% <2.24% <0.25%
Residual Average 6.6nA@3mA
DC Current 6nA@1mA - - - 1.5nA@ImA - 1.7nA@ImA
Power
< > < - < - <
Consumption <47uW >100pW <198.47uW <30uW <150pW
0.30
—v—200pA —<— 1600pA —~— 3000pA Epileptic seizure "
39 | —=—200uA —+— 1600uA —+— 3000uA monitoring »| The fabricated
; stimulator
— = system in [23]
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Y L S
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Fig. 17. Reliability measurement results under different stimulus currents as
the function of continuous stimulus cycles.

time is 1000 ps —480 ps = 520 ps (assume that the pulse
interval is 1000 ps in the high frequency stimulation condition.
The time periods of the cathodic stimulation, interphase delay,
and anodic stimulation are 160 us, respectively). So, it can
achieve a reduction of the residual charge at leaste ~5-2as 1/180.
The residual average dc current is the residual charge after
shorting operation and divided by the pulse interval, which is
calculated as 1.19 nC/180/1 ms = 6.6 nA.

E. Reliability Measurement Results

The reliability measurement of up to 100 million periodic
cycles with 3000-pA biphasic stimulation and 5-ms pulse
interval in 12-V power supply has been done. The residual
voltages on the interface capacitor at 200-pA, 1600-pA, and
3000-4A biphasic stimulation are measured by the oscilloscope
once every 24 hours, respectively. Fig. 17 shows the measured
residual voltages and charge mismatches as the function of the
continuous stimulus cycles. The results show that the charge
mismatch is less than 0.25%, and the performance of the
neuro-stimulator does not degrade over the continuous stimulus
cycles of more than 138.2 million.

stimulation. (b) Measurement setup for animal test [23].

F. Performance Comparison With Prior Works

Table I summarizes the performances of this neuro-stimulator
relative to the prior works. The charge mismatch in this work is
less than 0.25% which is better than that of the prior works. The
residual average dc current in this work meets the specified in-
dustry limit in cochlear implants. In addition, thanks to using the
transistors with the deep n-well layer, the operation voltage of
the proposed neuro-stimulator can be up to 12 V which is higher
than that of the prior high-voltage-tolerant buffers developed in
the LV CMOS process [28]-[32].

G. Animal Test

Animal trials have been performed, and all the experimental
procedures have been reviewed and approved by the Institu-
tional Animal Care and Use Committee of National Cheng-
Kung University, Taiwan. Fig. 18(a) shows the Long-Evans Rat
with implanted electrodes for detection and stimulation, and
Fig. 18(b) shows the measurement setup for animal test [23].
Because the solution spreading resistance (Rgw ) of the Long-
Evans rat is larger than that of the human, the size of LSB of the
4-bit current DAC is adjusted to 7 uA by the off-chip precise
resistor. Whenever the system detects an epileptic seizure, the
stimulator is activated. The stimulus current of the pulse train
with £28-pA amplitude, 0.5-ms pulse width, 2.5-ms period,
and 500-ms duration is used to suppress the epileptic seizure of
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Fig. 20. Experimental results on EEG signals of Long-Evans rat (a) without
stimulation, and (b) with stimulation.

the Long-Evans rat. Fig. 19 shows an oscilloscope capture of the
voltages on the electrodes. Fig. 20(a) and (b) show the electroen-
cephalography (EEG) signals of the long-Evans rat without and
with applying the stimulation, respectively. In Fig. 20(a), the
epileptic discharges are observed during 3—11.5 s. In Fig. 20(b),
the intensive and rapidly brain activities are suppressed by the
stimulation.

According the experiment results, the functionalities of the
proposed stimulator have been successfully verified.

VII. CONCLUSION

A charge-balanced and high-voltage-tolerant neuro- stimu-
lator has been designed and successfully verified in a 0.18-um
1.8 V/3.3 V CMOS process. The current memory cell with dual
calibration loops and leakage current compensation is proposed
to ensure the charge mismatch less than 0.25% and the residual
average dc current less than 6.6 nA with shorting operation.
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