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ABSTRACT Implantable electrical stimulators can be used to treat a variety of neurological disorders and
restore paralyzed body functions. In electrical neural stimulation, the stimulator circuit with safe charge
balancing is essential to minimize damage to electrodes and biological tissue. In this paper, an implantable
current-mode neural stimulator for long-term safe electrical stimulation is presented. Anodic current pulse
modulation active charge balancing technique is proposed to keep the residual voltage on the electrode within
the safe window, which enables long-term safe stimulation. To ensure more complete charge balancing, the
proposed active charge balancing technique can also be used with passive electrode shorting. Transistor
stacking and dynamic gate biasing techniques can prevent the breakdown of standard MOSFET devices
from high supply voltages, which enable the implementation of output current driver and charge balancing
circuits without using HV process. The stimulator IC designed with 0.18-xm standard CMOS process can
generate up to 1 mA of stimulation current and only consumes an area of 0.11 mm?. Since all functions
are implemented on-chip without using external components, the proposed stimulator IC is suitable for

high-density implantable stimulation applications.

INDEX TERMS Neural stimulation, electrical stimulator, charge balancing.

I. INTRODUCTION

Implantable electrical stimulation can be used for various
neural applications such as vagus nerve stimulation (VNS)
for treat epilepsy [1], [2], deep brain stimulation (DBS) for
treat Parkinson’s disease [3], and functional electrical stimu-
lation (FES), which can restore paralyzed body function [4].
In addition, it can be used to restore various sensory functions
such as in cochlear and retinal implant devices [5]. Further-
more, closed-loop brain-computer interface (BCI) comprised
of neural stimulation and recording signal processing blocks
has been shown to restore functionality to people with severe
motor deficits [6], [7].

Among several types of stimulators such as voltage-mode
stimulator, current-mode stimulator, and charge-mode stimu-
lator, current-mode stimulation is the most widely used of the
three topologies because it has the advantage of being able to
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accurately transfer charges to tissues with relatively compact
size implementation.

However, current-mode stimulation requires high voltage
(HV) compliance to deliver sufficient charge to the tissues
with high impedance, and therefore a high supply volt-
age is needed. Many conventional current-mode stimulator
circuits use a special process with HV transistor device
options [8]-[12] to avoid circuit reliability problems. But
these HV processes are usually more expensive and have
a relatively large on-resistance due to the high threshold
voltage of the HV thick-oxide device, which limits the voltage
compliance of the stimulator circuit. In order to reduce the
on-resistance of the MOS-switch device, the size of the device
can be increased, but there is a trade-off with the total circuit
area and parasitic components.

Another important issue to consider in current-mode
stimulation is implementing the long-term safe stimulation.
Due to the stimulation current, residual charge accumu-
lates at the electrode-electrolyte interface and generates DC
current flow. This can cause irreversible damage to the

136449


https://orcid.org/0000-0003-4193-9180
https://orcid.org/0000-0001-8512-6427

IEEE Access

J.-Y. Son, H.-K. Cha: Implantable Neural Stimulator IC With Anodic Current Pulse Modulation Based Active Charge Balancing

nerve tissue, corrode the electrodes, and produce toxic sub-
stances [13], [14]. Several charge balancing techniques have
been used in many stimulator circuit designs for the long-term
safe stimulation [15]-[18]. It is commonly known that the
safe window range of electrode residual voltage that does
not damage the tissue and electrode is =50 mV [19], [20]
or £100 mV [21], and many stimulator design works aim to
maintain the residual voltage within the safe window.

The basic idea of charge balancing is using biphasic pulses
composed of cathodic and anodic pulses. In general electrical
stimulation, the cathodic pulse generates a desired neural
reaction (action potential), and the anodic pulse compensates
the charge injected into the electrode-electrolyte interface
during the cathodic pulse, thereby neutralizing the residual
voltage of the electrode [22]. Therefore, it is important that
the cathodic pulse accurately delivers the charge to the tissue,
and the anodic pulse precisely compensates for the injected
charge.

Many previous works have focused on perfect matching
of cathodic and anodic pulses to reduce the residual charge
during stimulation [23]. However, due to a number of fac-
tors such as device mismatch, supply noise, electrode-tissue
impedance fluctuation, rising/falling edge of the stimula-
tor control signal, logic delay of level shifter circuit, and
PMOS/NMOS switch device skew, a difference inevitably
occurs between the amount of injected and released charge
during the cathodic phase and anodic phase, respectively.
Even though this charge difference is very small through
careful circuit design, residual charge can be accumulated
in long-term stimulation. Therefore, in the electrical stimula-
tion, some additional form of charge balancing must be used
to compensate for the residual charges.

In addition to using biphasic pulse stimulation waveform,
charge balancing can be classified into passive charge bal-
ancing and active charge balancing. The passive charge bal-
ancing is such that the stimulator circuit operates passively to
discharge and/or prevent the accumulation of charge regard-
less of the value of the electrode residual voltage. On the
other hand, in most active charge balancing techniques, the
electrode voltage is measured and the charge is compensated
according to the polarity and/or magnitude of the measured
voltage to neutralize the residual voltage.

There are two passive charge balancing techniques used
in many stimulator circuit designs: DC blocking capaci-
tor [10], [16] and electrode shorting [11], [17].

The concept of each passive charge balancing technique
is shown in Fig. 1. In the DC blocking capacitor technique,
a capacitor is inserted between the electrode and the tissue.
This capacitor blocks the DC current flowing between the
electrode and the tissue to prevent damage to the nerve tissue
and the electrode. However, the DC blocking capacitor tech-
nique has some critical drawbacks. Since the blocking capac-
itor consume a very large area, it is not suitable for on-chip
implementation and microelectrode array (MEA) applica-
tions such as in retinal implants. In addition, blocking capac-
itor limits the voltage compliance of the entire stimulator
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FIGURE 1. Concept of passive charge balancing techniques (a) DC
blocking capacitor. (b) Electrode shorting.

circuit and reduces the maximum stimulation current [15].
Due to these drawbacks, the stimulator circuit requires a
higher supply voltage, which can reduce the stimulator effi-
ciency or cause reliability problems.

Electrode shorting technique is a method of literally dis-
charging the residual voltage of the electrode by shorting the
electrode between each stimulation phase. But this technique
has imperfections according to the impedance variation of
the electrode-electrolyte interface, stimulation current ampli-
tude, and stimulation frequency [18]. If the impedance of
the electrode-electrolyte interface is too high or the stimu-
lation frequency is too fast, it is not possible to sufficiently
discharge residual voltage before the next stimulation phase.
On the other hand, if the impedance is too low, it can
cause a large peak current that damages the nerve tissue.
In the past few years, to overcome these drawbacks of
the passive charge balancing techniques, many studies have
proposed various active charge balancing techniques: pulse
insertion [9], [15], [18], [19] and offset regulation [15]. The
concept of each active charge balancing technique is shown
in Fig. 2.
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FIGURE 2. Concept of active charge balancing techniques (a) Pulse
insertion. (b) Offset regulation.

Pulse insertion is a method of performing charge balancing
by measuring the electrode residual voltage between each
stimulation phase and injecting an additional short cathodic
or anodic pulse according to the polarity of the residual volt-
age. However, this method has the potential that the injected
short pulse can induce unwanted neural reactions [24]. And
the concept of offset regulation technique is similar to pulse
insertion technique, but charge balancing is performed by
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injecting DC current instead of a short pulse. However, since
this technique requires continuous offset current injection
to the electrode and tissue, it cannot be combined with
the passive charge balancing technique for more complete
charge balancing. These two techniques can perform charge
balancing quite accurately but there are common disadvan-
tages that additional current consumption is needed between
each stimulation phase, and that it can only be applied to
monopolar-type output current driver.

Another notable active charge balancer circuit proposed
in [25] performs charge balancing by measuring the resid-
ual voltage after each stimulation phase and adjusting the
amplitude of the next anodic current pulse according to the
value. This charge balancing technique does not suffer from
the disadvantages of the other techniques mentioned above,
and can perform accurate charge balancing with a simple
principle. However, the implemented circuit is modularized
with many off-chip components, and since a monopolar-type
output current driver is used, twice the supply voltage is
required to obtain the same voltage compliance compared to
the bipolar method.

In this work, transistor stacking and dynamic gate bias-
ing techniques [26] are used to implement a current-mode
stimulator circuit with high voltage compliance and circuit
reliability using a standard CMOS process without using
HV transistors. By using the transistor stacking technique,
the output current driver and charge balancing circuit can be
protected from high voltage. In addition, an anodic current
pulse modulation active charge balancing technique for safe
electrical stimulation is proposed [27]. During stimulation,
the proposed active charge balancing technique can maintain
the electrode residual voltage in a safe window by automat-
ically adjusting the anodic current pulse amplitude, and can
be used simultaneously with the passive electrode shorting
technique for a more complete charge balancing.

This paper is organized as follows. Section II describes the
system design considerations and detailed circuit design, and
Section III explains the concept and principle of the proposed
active charge balancing. Section IV presents the experimental
results of the implemented stimulator IC circuit, followed by
the conclusions in Section V.

Il. SYSTEM DESIGN CONSIDERATIONS

A. ELECTRODE-ELECTROLYTE INTERFACE

Between the electrodes and tissue, electrical stimulation
is performed through two major charge transfer mech-
anisms. The first mechanism is chemical charge redis-
tribution in the electrode-electrolyte interface that called
as non-Faradaic reaction. And the second mechanism is
an oxidation-reduction reaction that is called as Faradaic
reaction [13].

In this work, the equivalent model of the electrode-
electrolyte interface is a combination of Cy representing a
non-Faradaic reaction, Rr modeling a Faradaic reaction, and
tissue impedance Rg. as shown in Fig. 3. Equivalent models
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FIGURE 3. Equivalent model of electrode-electrolyte interface.

of Cy; =100nF, Rr = 10MS, and Rs = 10 k2 were used for
simulation and measurement with reference to the platinum
electrode model for retina implant [19], [28].

Neural Stimulator IC

Current Level
DAC Shifter Output
Current
Active / Passive Driver
Charge Balancer
Electrode Array

FIGURE 4. Block diagram of proposed stimulator IC.

B. SYSTEM ARCHITECTURE

Figure 4 shows the system block diagram of the proposed
stimulator IC. The overall system consists of a 5-bit current
digital-to-analog converter (DAC), digital control signal level
shifter, output current driver, and charge balancer circuits.
Current DAC can control the stimulation current up to 1 mA
with 5-bit resolution. The level shifter changes the DC-level
of digital control signal for output current driver. The output
current driver receives the digital control signal and generates
the stimulation current through the tissue to produce cathodic
and anodic current pulses. Finally, the charge balancer circuit
consists of the proposed active charge balancer and pas-
sive electrode shorting switch. The active charge balancing
and passive shorting techniques can be used selectively, and
charge balancing can be performed more completely by using
both techniques simultaneously.

C. OUTPUT CURRENT DRIVER
Figure 5 shows the schematic of the output current driver used
in the proposed stimulator. Bipolar-type output current driver
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FIGURE 5. Transistor stacking output current driver.

is employed which achieves the desired voltage compliance
with less supply voltage compare to a monopolar type. A
high supply voltage (Vyy) of 12.8 V is selected to deliver
up to 1 mA of current to a 10 k2 of tissue load. This value
is chosen considering the headroom voltages in the current
sink transistor, voltage drops in the stack, and the n-well to
substrate voltage limitation in the process. Transistor stacking
and dynamic gate biasing techniques are used to implement
the output driver using standard 3.3-V CMOS thick oxide
transistors. Each switch (SW_4) is implemented by stacking
four 3.3-V transistor devices. The stacked switches are biased
through the dynamic gate biasing circuit to keep the voltage
across each terminal within 3.2 V to prevent breakdown due
to high supply voltage.

To explain the operation of the output driver circuit,
the operation of SW is explained first. When a control signal
of 3.2 V is applied to the gate terminal of My, the My
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switch is turned on. And the source terminal of My is shorted
to the low voltage node. And since the 3.2 V voltage source is
supplied to the gate terminal of My, the My, switch is turned
on. When the My, switch is turned on, the gate terminal of
Mpp; is shorted to the low voltage node and Mpp; switch
is also turned on. Therefore, the gate terminal of My3 is
shorted to the 3.2 V voltage source and that switch is also
turned on. In the same operation, the Mppy and My 4 switches
are turned on so that entire switch SW is turned on. Next,
the operation of SW3 is explained. When the 9.6 V control
signal that generated by level shifter circuit is applied to gate
terminal of Mp;, the Mp; switch is turned on. Therefore,
since the source terminal of Mp; is shorted to high voltage
node and the gate terminal the Mpy; switch is turned on.
Similarly, Mp3, Mpn2, and Mps switches are also turned
on by same operation, so that entire switch SW3 is turned
on. The remaining switches SW, and SW4 operate with the

VOLUME 8, 2020



J.-Y. Son, H.-K. Cha: Implantable Neural Stimulator IC With Anodic Current Pulse Modulation Based Active Charge Balancing

IEEE Access

same mechanism, thus achieving a HV compliance while
preventing the transistor breakdown.

Furthermore, another advantage of the transistor stacking
technique is that active charge balancing circuit and switch
devices used for passive electrode shorting are not directly
connected to the electrodes. These devices can be connected
to the drain terminal of the lowermost NMOS switch device
(Mp1) of the output driver instead of being directly connected
to the electrode. Therefore, not only the output driver circuits,
but charge balancer circuits also can be protected from the
high supply voltage. Fig. 6 shows the simulated drain terminal
voltage of the NMOS stacked transistors (My1—4). During the
stimulation, the voltage difference between each terminal of
all NMOS devices is kept within the safe value. Similarly,
the voltage difference between each terminal of the PMOS
stacked transistors (Mp1_4) is also kept within the safe value.
The size of each device used as a switch in the output driver
was optimized to allow maximum current of 1 mA flow while
not consuming too much chip area.
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FIGURE 6. Drain terminal voltage of NMOS stacked transistors.

D. LEVEL SHIFTER

The level shifter circuit of Fig. 7 is used to shift the DC-level
of the digital signal needed to control the output current
driver. Similar to the output current driver, the transistor
stacking technique was used for the design. The level shifter
circuit converts the 0-3.2 V digital control signal into a
9.6-12.8 V signal for the PMOS stack input in the output
driver and keeps the gate-source voltage variations of all
devices of the output current driver within 3.2 V.

E. CURRENT DAC AND REGULATED

CASCODE CURRENT MIRROR

The current DAC can adjust the stimulation current with a
5-bit resolution. In the current DAC, cascode structure was
used to generate an accurate output current regardless of
channel length modulation.

The current mirror circuit in Fig. 8 is used to copy the out-
put current of the 5-bit current DAC to the output driver. The
high output resistance of the current mirror is required to
accurately transfer the copied DAC output current (Ipac)
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FIGURE 8. Schematic of regulated cascode current mirror circuit.

to the nerve tissue and reduce mismatch of the stimulation
current. When the telescopic cascode topology is used to
obtain high output resistance, the output voltage compliance
is sacrificed due to the high voltage headroom. In the pro-
posed stimulator circuit, regulated cascode current mirror
topology [29] was used to alleviate the trade-off between
output impedance and voltage compliance. In the current
mirror circuit, 1.8-V devices (My;,1—4) and 3.3-V devices
(Mnp,1—2, Mpp,1—2) are properly used to achieve both low
voltage headroom and high output resistance. The size of each
device and symbols of 1.8-V and 3.3-V devices are shown
in Fig. 8.

In this stimulator IC, the layout is very carefully designed
for accurate matching of cathodic and anodic current pulses,
and accurate charge balancing. Including bipolar output
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current driver and level shifting circuits, the entire circuit is
designed symmetrically, and a common-centroid layout with
dummy device is used for current DAC and current mirror
circuits.

Ill. CHARGE BALANCING

Figure 9 shows the schematic of stimulator IC and proposed
active charge balancing technique. In the overall stimula-
tor circuit schematic of Fig. 9(a), the output current driver
and current mirror circuits are briefly described for explana-
tion. The current mirror circuit employs the regulated cas-
code structure as described in Section II, and ICB+ and
ICB- branches are added for active charge balancing. Charge
balancing current /cp+ and I¢p— are turned on and off accord-
ing to ¥4 and ¥_ signals, respectively.

Figure 9(b) shows the timing diagram of the control signal
for stimulator and charge balancing operations. The @4
and Panoq signals generate cathodic pulse and anodic pulse,
respectively. And the @,,eqs and @, signals are activated
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between each stimulation phase for active charge balancing
and passive shorting, respectively.

In this work, the total stimulation period was set to 1 ms,
and the width of A, and B,,,04 Signals was each set to 100 us
with 20 us of interphasic delay. The @,,,.,s signal is activated
for 10 wus after the anodic phase to measure the electrode
residual voltage and perform active charge balancing in the
next anodic stimulation phase. The @+ signal can be acti-
vated as an option during the remaining discharge phase after
the (a5 S signal to electrode shorting operation to perform
a more complete charge balancing operation.

Figure 9(c) shows the block diagram of the proposed
active charge balancing circuit. The operation of the charge
balancing circuit is described below. First, the upper and
lower subtractor circuits sense the residual voltage of the
electrode through the transistor stacking output current driver
circuit. At this time, the subtractor circuit is protected from
high voltage. Second, the middle subtractor circuit senses the
voltage difference between Vs and GND, and generates an
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output error signal. This error signal sets the safe window
range for the active charge balancing. Third, two comparator
circuits compare the output voltage of each subtractor circuit
and output the logic HIGH or logic LOW signal. Through
the following NOT gate and AND gate, two logic signals
(D4, D_) are generated. If the value of the electrode residual
voltage is higher than the safe window, D_ signal is changed
to the logic HIGH state, and if the residual voltage is smaller
than the safe window, D signal is changed to the logic HIGH
state. When the electrode residual voltage value is within the
safe window, the D, D_ signals all maintain the logic LOW
state. Forth, D-Latch circuits store the state of the Dy, D_
signals only while the @J,,.,s signal is activated, and outputs
the Q4+ and Q_ signals. Fifth, the following NAND gate
and AND gate receive ¥ 04 signal and Q4, Q— signals, and
control the logic state of ¥, J_ signals only during anodic
phase. Finally, the @, #_ signals control the switches of the
current mirror shown in Fig. 9(a) and perform active charge
balancing operation.

Figure 9(d) briefly shows the concept of proposed active
charge balancing. After the first stimulation phase, the state
of the A, ¥_ signals are controlled during the next anodic
phase according to the value of electrode residual voltage.
As the result of described charge balancing circuit operation,
the anodic current is automatically increased or decreased.
In the proposed stimulator circuit, the amplitude of the default
stimulation current is set to (/g;; + Icp—). And current ampli-
tude is adjusted to 5-bits according to the current DAC con-
trol. In order to perform stable charge balancing regardless
of the current amplitude, /cp+ and Icp— values were set to
be proportional to Iy; value. According to the post-layout
simulation results, in order to minimize the residual voltage
within the safe window and perform stable charge balancing
for all process corners, ICB+ and ICB— values were set to
2% and 6% of Iy in this design, respectively. To achieve
optimal charge balancing conditions, V4 voltage can be
controlled reconfigurably. The proposed active charge bal-
ancing technique does not require additional current pulses or
offset currents for charge balancing. Therefore, it can prevent
the unwanted neural reactions and can be used simultaneously
with passive electrode shorting technique to perform charge
balancing more completely. Compared to other active charge
balancing techniques that use monopolar output driver, since
it can be applied to bipolar output current drivers, desired
voltage compliance is achieved with less supply voltage.

Figure 10 shows the stimulation voltage waveform of the
post-layout simulation of the proposed stimulator IC. In the
post-layout simulation, the width of anodic and cathodic
pulses was set to 100 s with 20 us of interphasic delay, and
the total stimulation period was set to 1 ms. The amplitude
of the stimulation current was set to 1 mA and the elec-
trical equivalent model of the electrode-electrolyte interface
described in Section II was used as the stimulation load.
To verify the operation of the proposed active charge balanc-
ing technique, a mismatch of 1% was intentionally applied
between cathodic and anodic pulses. In Fig. 10(a), due to the
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FIGURE 10. Post-layout simulated voltage across electrode-tissue
equivalent model (a) with active charge balancing. (b) with active charge
balancing and passive electrode shorting.

proposed active charge balancing operation, the amplitude
of the anodic pulse is adjusted so that the residual volt-
age maintains within the safe window. And in Fig. 10(b),
active charge balancing and passive electrode shorting tech-
niques are used together for more complete charge balancing.
The safe window was adjusted to an appropriate range.
Because both charge balancing techniques were used simul-
taneously, the average absolute value of the residual voltage
was reduced.

IV. EXPERIMENTAL RESULTS

The proposed electrical stimulator IC is fabricated in
0.18-um standard CMOS process. The chip micrograph of
the stimulator IC is shown in Fig. 11. The active area of core
circuit including output current driver, level shifter, current
DAC, and charge balancing circuits is 0.11 mm?. The IC is
packaged using chip-on-board (COB) method and is assem-
bled on a FR4 PCB for testing. All the digital control signals
and bias voltages for the stacked output driver and level
shifter are applied externally using waveform generators and
DC power supply, respectively. Electrical testing was done
to demonstrate the stimulator IC and its charge balancing
operation.

A. CHARGE BALANCING

The fabricated stimulator chip is measured using the
electrode-electrolyte equivalent model on the PCB and con-
trol signal parameters described in Section II and III, respec-
tively. Similar to the post-layout simulation results, the safe
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FIGURE 12. Measured voltage across electrode-tissue equivalent model
(a) with active charge balancing. (b) with active charge balancing and
passive electrode shorting.

window was adjusted in each case through the V4 bias
voltage for optimal charge balancing. Fig. 12(a) shows the
measured output voltage of the stimulator IC using the pro-
posed active charge balancing technique. In the measurement
result, the amplitude of the cathodic current pulse is kept
constant, and the amplitude of the anodic current pulse is
increased or decreased according to the residual voltage after
each stimulation phase so that the electrode residual voltage is
maintained within the safe window. The measurement results
of the stimulator IC with the proposed active charge balancing
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and passive electrode shorting technique simultaneously are
shown in Fig. 12(b). After the active charge balancer circuit
measures (¥,,eqs) the electrode residual voltage, passive short-
ing is applied (Wsnors) until before the next stimulus phase.
Because both charge balancing techniques are used at the
same time, the residual voltage is discharged more completely
and ensuring safe long-term stimulation. In the measurement
results, when the both charge balancing techniques are used
together, the average absolute value of residual voltage is
decreased. The residual voltage exhibited similar behavior to
the post-layout simulation results shown in Fig. 10.
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FIGURE 13. Measured residual voltage behavior with proposed active
charge balancing technique.

Figure 13 shows the residual voltage behavior by proposed
active charge balancing. Under the same measurement con-
ditions that is previously mentioned without applying any
charge balancing techniques, the electrode residual voltage
was settled at —2.3 V. In this graph, the proposed active
charge balancing is activated at 36 ms. Due to the anodic cur-
rent pulse modulation operation, the residual voltage rapidly
moves toward the safe window and settling is complete at
60 ms. After the settling, the residual voltage is maintained
within the safe window.
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FIGURE 14. Measured DAC control stimulation current.

B. STIMULATOR CIRCUIT PERFORMANCES

The regulated cascode current mirror properly designed using
1.8-V and 3.3-V devices has very low voltage headroom and
high output resistance, thus providing high voltage compli-
ance and stimulation current linearity of the entire stimu-
lator circuit. Fig. 14 shows the measured amplitude of the
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stimulation current under the control of the current DAC.
Up to 1 mA of stimulation current can be controlled with 5-bit
resolution depending on the application. The amplitude of
the stimulation current pulse is linearly controlled according
to the DAC control, and the anodic current pulse is adjusted
to +2% or —6% by active charge balancing operation. The
measured differential nonlinearity (DNL) and integrated non-
linearity (INL) of the current DAC are —0.185/4-0.137 LSB
and —0.224/4-0.492 LSB, respectively. Fig. 15 shows the
voltage compliance of stimulator circuit. The measured volt-
age compliance of the designed stimulator circuit is 12.3 V
under the 12.8 V supply voltage and maximum output current
conditions. Therefore, 1 mA of maximum stimulation current
can be sufficiently applied to tissue load of 10 k<2 impedance.
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FIGURE 15. Measured voltage compliance of stimulator circuit.

The power efficiency of the proposed stimulator IC is
calculated at 1 mA of maximum stimulation current, 10 k2
of tissue load, and stimulation conditions mentioned above.
The power efficiency is defined as P,y /Pip- Poys 1s the power
delivered to the tissue load, and P;, is the total power dissipa-
tion of the stimulator circuit. To calculate P,,; and P;,, power
consumption at each voltage source is calculated. During
the stimulation phase, the current consumption of 12.8 V
supply voltage is 1 mA and it consumes 12.8 mW of power
(Pin.Hv), and the power transferred to the tissue (P,y) is
10 mW. During the discharge phase, 12.8 V supply voltage
does not consume power. As the 9.6 V and 6.4 V supply
voltages are only used to bias the output current driver and
level shifter circuits, the power consumption of 9.6 V and
6.4 V supply voltages is very small and negligible. Finally,
the power consumption of 3.2 V supply voltage (P;, rv) by
the current DAC, current mirror, and charge balancing circuit
blocks is 0.59 mW. Since the 3.2 V supply voltage consumes
the static power, power efficiency depends on the duty ratio
of the stimulation phase. Therefore, the power efficiency of
the proposed stimulator IC at the stimulation condition men-
tioned above is calculated to 44.8 %. The power efficiency
can be improved as the duty ratio of the stimulation phase
increases.
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TABLE 1. Comparison with other similar works.

Parameter This work [8] [9] [10] [11]
Voltage 123V <12V <20V 12v 13V
Compliance
Maximum
Stimulation 1 mA 94.5 pA 10 mA 1.45 mA 15 mA
Current
Current
DAC 5-bit 8-bit 6-bit 9-bit 5-bit
Resolution
Anodic
Charge Current Electrode Pulse ~ DC-Blocking Electrode
Bal i Modulation Shortin Insertion Capacitor Shortin
alancing - g Electrode & P &
Shorting
0.18-pum
0.6-um HV  0.18-pm HV 0.18-um HV 0.18-um HV
Process  Standard — Toying T T'cmMos  cMOS  CMOS
CMOS
3.36 mm?
Area 0.11 mm? 10 mm? (including 9 mm? N/A
PAD)

Table 1 shows the comparison with other similar works.
Compared to other works using HV CMOS process, high
voltage compliance was achieved using a low-cost standard
CMOS process. And the active charge balancing technique
has been proposed that overcomes the drawbacks of other
charge balancing techniques. The overall system was imple-
mented on-chip with a small area of 0.11 mm?.

V. CONCLUSION

In this paper, an implantable current mode stimulator IC with
the safe active charge balancing technique is proposed and
implemented. Transistor stacking and dynamic gate biasing
techniques are used to protect the MOS device from high
supply voltage without using the HV process. The active area
of the stimulator IC using 0.18-pm standard CMOS process
is 0.11 mm?, and all functions are implemented on-chip with-
out using external components. The proposed anodic current
pulse modulation active charge balancing technique auto-
matically adjusts the amplitude of the anodic current pulse
through a simple digital logic circuit to keep the electrode
residual voltage within a safe window and prevent tissue and
electrode damage. The passive electrode shorting technique
and proposed active charge balancing technique can be used
simultaneously to ensure safer long-term stimulation.
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