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Abstract—This work proposes a system design for neural
stimulators. It eliminates the need for a DC-DC converter which
is normally used to increase the battery voltage. Instead it
combines the DC-DC converter and stimulator output stage into a
single system block. The number of external components needed
for the system is reduced to a single inductor only.

The system offers high power efficiency operation (theoretical
power efficiency of 100% and a simulated efficiency of around
60% over the full output range) by employing switched-mode op-
eration. Furthermore the output has a current source character,
making charge balanced stimulation relatively easy to implement.

Finally it is also possible to stimulate multiple channels
independently with this system. An example design is presented
that can stimulate two channels with a maximum output voltage
of 10V, while being powered from a 3.5V battery.

I. INTRODUCTION

Implantable neurostimulators are generally battery operated.
Batteries suitable for medical applications usually have an
operating voltage between 3V and 4V. This means that the
input energy source of a neurostimulator can be assumed to
be a voltage source with a value Vin in that range.

The output quantity of a neurostimulator can be either a
voltage or a current, though a minimum amount of current Ir
(Rheobase current) is required to make the electric field strong
enough to achieve stimulation. That means that for a given
electrode/tissue impedance Ze, the minimum required output
voltage is Vstim = IrZe. The absolute values of Ir and Ze

heavily depend on the application, but in general Vstim > Vin.
For this reason many implantable neurostimulators adopt an

architecture similar to the one depicted in Figure 1a. First a
DC-DC converter is used to increase the supply voltage up to
the maximum stimulation voltage that can be expected, Vdd.
Subsequently a stimulator output stage is designed that uses
Vdd to stimulate the tissue. A few drawbacks of this scheme
can be identified:

• The DC-DC converter is using an absolute minimum of
2 (bulky) external components: an inductor for voltage
boosting and a capacitor for stabilizing the output voltage.
External components are in general undesired: they are
bulky, expensive and involve an additional reliability risk.

• Many of the designs for stimulator output stages use
additional external components. Examples include capac-
itors used for charge cancellation or mid-rail reference
buffering [1].

• When Vdd > Vstim the DC-DC converter is generating
a too high voltage, which will limit the power efficiency
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Fig. 1. Stimulator architectures with external components indicated in red

to η = Vstim/Vdd. Since energy efficiency is of crucial
importance in the design of implantable stimulators, this
is a major concern.

Several solutions have been proposed for the latter drawback
relating to the power efficiency. It is possible to adapt Vdd to
the Vstim needed by the stimulator (class G or H operation)
[2], [3]. Recently another architecture was proposed using a
switched mode output stage (class D operation) [1]. However,
still a DC-DC converter is required that will first create a too
high Vdd, which is down converted afterwards.

The solution proposed in this paper has been developed
independently of [1] and offers a few additional advantages.
It is possible to use one single inductor for both voltage
conversion as well as signal handling, while still achieving
energy efficient operation. It is even possible to use this
single inductor to simultaneously stimulate multiple channels
independently. The resulting system is depicted in Figure 1b.

II. SYSTEM DESIGN

The basic operation of the system is based upon class D
operation because of the high power efficiency: a switched-
mode circuit is used to directly stimulate the tissue. In Figure
2 this is illustrated for a switched converter circuit based on
a Buck-boost-converter architecture. It is also possible to use
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buck- or boost architectures, depending on the requirements
for Vstim.

A. Switching frequency and output capacitor

A capacitor needs to be placed in parallel with the output of
the converter to filter out the switching transients (reduce the
ripple in the output voltage). This capacitor needs to be chosen
such that the cut-off frequency is lower than the switching
frequency.

For an implantable stimulator it is not desired to include a
big (and therefore external) capacitor at the output. However,
when we look at the model of the tissue in Figure 2, it is seen
that there actually is a capacitor available in the load of the
system: the tissue itself.

The tissue is usually modeled in two parts: the capacitive
electrode-tissue interface Cif and the tissue itself. In almost
all cases the tissue is assumed to be purely resistive (Rtis).
However the tissue also has dynamic properties [4], which
can be modeled using a capacitor Ctis.

On short time scales Ctis will be dominant, because
Cif � Ctis. That means that at these timescales the tissue
itself already introduces the output capacitor. Therefore if
the switching frequency is made high enough, the output
capacitance can be omitted!

The time constant of tissue has been found to be in the order
of 1μs [4]. Therefore it was chosen to operate the system at
a switching frequency of f = 2MHz.

To generate for example a stimulation pulse with a pulse
width of 100μs a total of 200 switching cycles is generated.
This is shown in Figure 3 for a biphasic stimulation pulse. The
tissue will filter the pulses and the resulting tissue voltage
is shown: the high frequency components are removed in
the electric field. This shows the high frequency stimulation
can mimic the classic stimulation, but with a much higher
efficiency and with only one external inductor.

In reality the tissue exhibits quite a lot of dispersion: the
time constant is frequency dependent. This has been mea-
sured experimentally and is described in [5]. This influence
of dispersion can be accounted for in simulations and will
increase the ripple in the electric field (due to the decreasing
time constant for higher frequencies). However, there will still
be a DC component in the electric field.

B. Safety

One of the key safety aspects of safe stimulation is charge
cancellation. Therefore the direction of current needs to be
inverted after a stimulation pulse. This is accomplished by
introducing an H-bridge in the circuit as shown in Figure
2. The resulting biphasic stimulation waveform is shown in
Figure 3.

To achieve actual charge cancellation various methods can
be applied such as pulse insertion [6] or dynamic offset
cancellation [7], [8]. For all these methods the circuit has the
advantage that the output has a current source characteristic
(because of the inductor). The amount of charge injected in a
cycle is therefore easily controlled.
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Fig. 2. System design of the proposed stimulator. The converter is depicted
here in Buck-boost mode, although Boost and Buck modes are also possible

One aspect that is currently unknown is how the tissue will
exactly react on the pulsed current stimulation. Although the
electric field that is responsible for stimulation, is relatively
constant the effect of the current pulses is not known. To test
this a discrete component realization was fabricated, which
will be discussed later.

C. Multichannel operation

It is possible to stimulate multiple channels simultaneously
and independently with one single inductor. The key in this is
to operate the switched-mode circuit in discontinuous mode. If
the duty cycle of the switching circuit is kept low, a full cycle
(charging and discharging of the inductor) can be completed
within 50% of a switching period. That means that in the
remaining time it is possible to stimulate another channel with
another intensity.

This is illustrated in Figure 3. During one switching cycle
the inductor is first charged to about 22mA and is discharged
through Channel 1. During the same switching cycle the in-
ductor is subsequently charged to about 12mA and discharged
through Channel 2. The resulting channel voltages are also
plotted in the figure.

Note that adding an additional channel effectively doubles
the switching frequency of the system. The number of channels
that can be connected to one inductor is limited by how low
the duty cycle can be set.

III. SYSTEM LEVEL SIMULATIONS

The average output voltage V̂out is easily found for a buck-
boost converter. First the energy delivered by the source during
charging of the inductor is considered:

Esource =

∫ δT

0

I(t)Vdddt ≈
∫ δT

0

V 2
dd

L
tdt =

V 2
dd

2L
(δT )2 (1)

Here T is the period of the switching and L is the inductance.
Furthermore, the average energy consumed in the load is
Eload = T V̂ 2

out/R, where R is the tissue resistance and V̂out is
the average output voltage. By using that for an ideal system
it holds Esource = Eload, it is found that:

V̂out,buckboost =

√
V 2
ddδ

2TR

2L
(2)

Note that this equation is independent of the capacitance (i.e.
the time constant) of the tissue. For smaller time constants the
ripple of the output voltage will be bigger, but the average
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Fig. 3. The waveforms of the switched-mode stimulator in Buck-boost mode
during a full stimulation cycle. Two channels are simultaneously stimulated
independently using only one external inductor.

output voltage will be constant. A similar relation can be
found for boost and buck converters, although the equations
are slightly more complicated:

V̂out,boost =
Vdd

(
L+

√
L (2RTδ2 + L)

)
2L

(3)

V̂out,buck =
−RVinδ

(
δT −√(T 2δ2 − 8LT )/R

)
4L

(4)

To find expressions for the transient waveforms numerical
methods are applied. The system will be designed for use with
micro-electrodes, meaning a high impedance. The maximum
output current was assumed to be 100μA and the tissue was
modeled with R = 100 kΩ, which means that C = 10pF,
assuming a non dispersive medium with τ = 1μs. The input
voltage was assumed to be Vin = 3.5V.

The value of the inductor can be determined based on
the ratio Îout/Ipeak in which Ipeak is the peak current in
the inductor and Îout is the average output current. If a
maximum ratio is chosen, the minimum value of the inductor
is determined by:

L > 2RT

(
Îout
Ipeak

)2

(5)

The rate at which the inductor can be charged and discharged
to keep the system in discontinuous mode sets the maximum
value of the inductor:

L < min

(
RTdis

Îout
Ipeak

,
VddδmaxT

Iout,max

Îout
Ipeak

)
(6)

(a) PCB realization (b) Tissue voltage

Fig. 4. Discrete component implementation and measurement results of the
HF stimulator

Where Tdis is the maximum time allowed for the inductor to
discharge. Based on these equations it was chosen to have
L = 70μH.

The resulting waveforms are depicted in Figure 3 for an
ideal (lossless) buck-boost setup. Channel 1 uses a duty cycle
of 0.1, while channel 2 uses a duty cycle of 0.05.

A. Losses

The losses in the system can be subdivided in two cate-
gories: resistive and capacitive losses. Resistive losses occur
because of the limited on-resistance Rds,on of the switches.
Resistive losses increase for increasing output levels due to
the higher current peaks in the system.

The capacitive losses occur mainly due to the parasitic
capacitance Cpar at the switching node (marked in red in
Figure 2). Capacitive losses are dominant at low output levels,
when relatively more of the energy is lost in charging and dis-
charging the parasitic capacitor. Because of the relatively high
switching frequency this circuit suffers more from capacitive
losses.

It is now possible to select the optimum transistor dimen-
sions for which the combination of Rds,on and Cpar give the
highest efficiency. This will be treated in the circuit design.

IV. CIRCUIT DESIGN

A. Discrete component realization

To investigate the effect of the high frequency stimulation
on the tissue a discrete component prototype of a buck-boost
converter circuit was made (see Figure 4a). The goal was only
to verify the functionality and no attention was paid to (power)
efficiency.

The switching frequency on the PCB was also set to 2MHz.
The stimulator was connected to electrodes (percutaneous
leads from St. Jude Medical) which were inserted into the
mouth of a volunteer. The resulting electrode potential was
measured and is depicted in Figure 4b.

The measured waveform has a bigger ripple than the results
from Figure 3. This can be explained by the dispersion of the
tissue. To reduce the ripple it was decided to increase the
switching frequency to 10MHz. This was not possible with
the PCB, but this will be implemented in the eventual IC.

Most important result of the measurements is that the sense
of stimulation was established for the volunteer: this means
that stimulation is possible at such high frequencies.
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Fig. 5. Implementation of a two channel Boost stimulator

B. IC design

Based on the discussion above two circuits were designed
to prove the operating principle of this system: one boost
converter and one buck-boost converter. Here the design of the
boost converter will be treated shortly. The circuit principle is
depicted in Figure 5. The technology used is AMS 0.18μm
High Voltage technology.

As can be seen the circuit has two channels and it allows for
stimulating one of the two channels or both simultaneously.
Furthermore switch S2 has been implemented using a Schottky
diode to keep the control of the circuit easy. The size of
the transistors was chosen such that the parasitic capacitances
were kept to a minimum, while the resistive losses were still
acceptable: the width is 100μm for S1 (with minimum length
400nm) and 150μm for the other switches.

The gates of the transistors are controlled using logic that
controls the active channel(s) and the direction of stimulation.
The gates of the PMOS transistors are controlled using a
standard level shifter that shifts the voltage up to 10V. This
voltage is supplied from an external supply. Since the energy
associated with switching is small, this can be generated on
chip with a charge pump in future designs.

Figure 6 shows the post-layout simulation results of the
circuit for simultaneous stimulation of both channels (both
channels use the same intensity now). To model the bondwire
and PCB capacitance of the inductor terminal, a 1 pF capacitor
was added at the output of the bondpad. Using this circuit an
efficiency of approximately 60% was achieved for δ ranging
from 0.05 up to 0.3, corresponding to an output voltage range
of approximately 4V up to 10V.

Compared with an ideal linear current source, which has an
efficiency of Vstim/Vdd, the proposed stimulator will have a
better power efficiency for low output values. Current sources
operating in class G or H (addaptive supply voltage) are hard to
compare: the efficiency highly depends on the implementation
of the class G/H operation and may also depend on the output
levels and tissue impedance values. Compared to these circuits
the proposed circuit uses a minimum number of external
components.

In the future a more sophisticated version of the system
will be developed. The circuit currently lacks feedback control
for the output voltage or current. Furthermore the inductor
current will start to ring when the Schottky diode becomes
reverse biased. Also, when the system is designed to work
with bigger electrodes (yielding a higher output current), the
capacitive losses decrease. The efficiency can then be as high
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Fig. 6. Postlayout simulations of the circuit of Figure 5

as 80% over the full output range.

V. CONCLUSION

A novel system design for neurostimulator circuits is pro-
posed. It combines the voltage converter and stimulator output
stage in a single system block and uses switched-mode stim-
ulation for high energy efficiency. Furthermore the number
of external components is reduced significantly by using the
capacitance of the tissue as a filter.

The system operates at a high switching frequency of
10MHz. It was verified with a descrete component realiza-
tion that such stimulation can be effective. Furthermore an
Integrated Circuit solution has been presented with two inde-
pendent stimulation channels which only uses one inductor as
an external component.
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