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Abstract 

Power efficiency is critical for electrical stimulators. Battery life of wearable stimulators and 

wireless power transmission in implanted systems are common limiting factors. Boost DC/DC 

converters are typically needed to increase the supply voltage of the output stage. Traditionally, 

boost DC/DC converters are used with fast control to regulate the supply voltage of the output. 

However, since stimulators are acting as current sources, such voltage regulation is not needed. 

Banking on this, this paper presents a DC/DC conversion strategy aiming to increase power 

efficiency. It compares, in terms of efficiency, the traditional use of boost converters to two 

alternatives that could be implemented in future hardware designs. 
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 P ower efficiency is critical for electrical stimulators. 

Battery life of wearable stimulators and wireless power 

transmission in implanted systems are common limiting 

factors. These systems deliver large amount of power 

(i.e. stimulating current to the load) with a restricted 

power source
1
. Designers must therefore pay careful 

attention to power efficiency. Boost DC/DC converters 

are typically needed to increase the supply voltage of 

the output stage. Indeed, the supply voltage is governed 

by the stimulating current and by the load impedance, 

and is typically way larger than the voltage provided by 

the battery
2
. Most of the implant power goes through the 

DC/DC converter, and it is therefore subject to high 

power losses. Traditionally, boost DC/DC converters 

are used to regulate the supply voltage of the output 

stage as fast as possible to a fixed value. However, since 

a stimulator is acting as a current source, the supply 

voltage of the output stage does not need to be kept to a 

fixed value. It only needs to be kept high enough to 

provide the stimulating current to the load while not 

saturating. Banking on this, this paper presents a 

DC/DC conversion strategy applied to stimulators 

aiming to increase power efficiency. It compares in 

terms of efficiency the traditional use of boost 

converters to two alternatives that could be 

implemented in future hardware designs. 

Materials and Methods  

Fig. 1. shows the block diagram of a typical embedded 

stimulator. It consists of a battery cell, a microcontroller 

(for circuit synchronization), a voltage boost (to raise 

the battery voltage to a level usable by the output stage) 

and the output stage. The output stage is mainly 

composed of a current source that delivers the required 

(fixed) current to the load when stimulating. It is 

typically based on an operational amplifier driving the 

gate of a MOSFET. Boost DC/DC converters are 

usually needed to increase the supply voltage of the 

output stage.  Since most of the implant power goes 

through the DC/DC converter, its power strategy has a 

large impact on efficiency. Three power strategies are 

analyzed in this work: 

 Power strategy 1 (PS1): the boost converter is 

switched on around the stimulation period and is 

set up to drive the supply voltage quickly to the 

desired value (traditional power strategy);  

 Power strategy 2 (PS2): the boost converter is 

switched on between the stimulation period and 

is set up to drive the supply voltage quickly to the 

desired value;  

 Power strategy 3 (PS3): the boost converter is 

switched on between the stimulation periods and 

is set up to drive the supply voltage slowly to the 

desired value.  
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Fig. 2. compares the on/off periods of the three power 

strategies (stimulation period is also provided).  

For the traditional power supply strategy (PS1), 

stimulation occurs when the boost converter is enabled. 

The voltage regulation of the boost is set up in such a 

way that the supply voltage reaches its nominal value 

quickly.  Conceptually, the voltage supply and the 

current delivered to the load are regulated, respectively 

by the boost converter and the current source, whereas 

only the delivered current should be. The supply voltage 

of the output stage only needs to be kept high enough to 

provide the stimulating current to the load while not 

saturating. Banking on this consideration, two additional 

power strategies are proposed (PS2 and PS3). The idea 

is based on the principle of a charge pump. The boost is 

charging a storage capacitor when the implant is not 

stimulating. Stimulation therefore occurs after the boost 

converter is enabled (see Fig. 2). The charging period of 

the capacitor may be fast (PS2). However, the time 

between two stimulations is, in many biomedical 

applications, quite large. The charging period of the 

capacitor may therefore also be slow (PS3). The 

schematic of the DC/DC converter is shown in Fig. 3. It 

is a regulated switch-mode DC power supply, 

converting the unregulated low DC input voltage into a 

controlled high DC output at a desired voltage level. A 

step-up (boost) converter is used to increase the input 

voltage. When the switch is on, the diode is reversed 

biased, thus isolating the voltage output. The load is 

supplied by the capacitor and the input voltage source 

supplies energy to the inductor. When the switch is off, 

the output stage receives energy from the inductor and 

from the input voltage source, charging the capacitor 

and supplying the load
3
. The boost converter is used in 

discontinuous mode: in each commutation cycle, the 

current in the inductor drops to zero (i.e. the inductor is 

completely discharged) during a portion of the period. 

This is common for loads with low power consumption.  

There are only two differences in the way these three 

strategies are implemented: the on/off periods of each 

DC/DC converter (see Fig. 2) and the control strategy 

used. In PS1 and PS2, a PI control is implemented to 

drive the output voltage quickly to the desired value. In 

PS3, the PI control is replaced by an On-Off control that 

enables the converter during reduced time intervals, 

therefore charging the storage capacitor slowly. The 

value of the capacitor was adjusted so that the voltage 

drop produced by the stimulation pulse (and the 

capacitor discharge) is not too large, i.e. so that the 

supply voltage is large enough to avoid saturation. 

Roughly, it would occur when the supply voltage is 

lower than the product of the stimulation current and the 

impedance of the load. Since the stimulation energy 

needed for one stimulation pulse is known, the voltage 

drop on the capacitor may be calculated. As a rule of 

thumb, the value of the capacitance was chosen so that 

it can store ten times more energy than required during 

one stimulation pulse.  

Case studies 

Two case studies were chosen to illustrate the effects of 

these power strategies with concrete examples. The first 

corresponds to a portable foot drop stimulation system, 

developed at the Universidad de Concepción, Chile. 

Drop foot is the gait disturbance common in patients 

with stroke, multiple sclerosis, spinal cord injury and 

spastic cerebral palsy
4
. This disorder is characterized in 

that the person has no voluntary control of dorsiflexor 

muscles, which mean that it is difficult to point toes 

toward the body (dorsiflexion) or rotate the foot inward 

or outward (inversion and eversion) which carries a 

poor motion. The person will have serious difficulties 

because the front of the foot drops to the floor before 

the heel comes in contact with the ground, which can 

cause tripping or falling. Furthermore, the foot will not 

have the stability provided by the dorsiflexor muscles. 

All this increases significantly the person's energy 

consumption because it takes more effort to walk, with 

positions that are not physiological. Along with the loss 

of mobility, the person can be accompanied by pain and 

weakness. Portable foot drop stimulators must be 

 

Fig 1. Block diagram of the embedded system. 

 

Fig 2  ON/OFF periods of the three power strategies. 

In PS1, stimulation occurs when the boost 

converter is enabled. In PS2 and PS3, it occurs 

after. 
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battery powered. In general, any portable device uses 2 

AA batteries (2 x 1.2 V) or a 9V battery. Thus, to 

generate 100 V or more from the batteries, the 

efficiency of the booster circuits of the stimulator must 

be analyzed. The second case study corresponds to an 

implanted gastrostimulator, aiming to produce a feeling 

of satiety, and hence to fight obesity
5
. In recent years, 

obesity has literally reached epidemic proportions 

throughout the world and is now in the top three of 

mortal diseases. Obesity represents a major risk of 

health issues including cardiovascular diseases (mainly 

heart disease and stroke), diabetes, musculoskeletal 

disorders (especially osteoarthritis) and cancers 

(endometrial, breast, and colon)
6,8

. Bariatric surgery, 

mainly recommended to patients with a body mass 

index (BMI) ranging between 35 and 50, is one of the 

most common techniques used to induce weight loss
9
. 

Although effective, it suffers from important drawbacks 

such as its considerable costs and invasiveness, as well 

as long-term weight regain
10

. Gastric electrical 

stimulation (GES) is a recent technique that uses an 

implanted device (gastrostimulator) to stimulate the 

stomach, aiming to produce a feeling of satiety for 

obese patients, and hence to fight obesity. It has recently 

shown promising effects in treating obesity and could 

potentially overcome most of the drawbacks of bariatric 

surgery, being less invasive, reversible and cost 

effective
11

. However, current gastrostimulators are 

bulky and are implanted by multi-incision laparoscopy, 

a relatively expensive and invasive procedure. This 

project aims to implant the device through a less 

invasive procedure. Attempts covered fully 

endoscopically procedure and, more recently, the team 

is focusing on single incision laparoscopic procedure.  

Both proposed systems have different power 

requirements. Table 1 shows the major characteristics of 

these two stimulators. Note that stimulation frequency 

and stimulation pulse width are typical
12

. The switching 

frequency was adjusted to allow output voltage 

stabilization before the end of the “on period” of the 

converter in PS1 (see Fig. 2), respectively to 50 kHz for 

the drop foot stimulator and to 200 kHz for the 

gastrostimulator. A high voltage MOSFET (IRF 540) 

was used for the drop foot stimulator and a small size 

one (LT3564) for the gastrostimulator.  

Results  

The three strategies were simulated with PSIM for both 

case studies. Illustrations are given in the case of the 

gastrostimulator and can be easily generalized for the 

drop foot stimulator. Efficiencies are given for both case 

studies.  

Fig. 4 shows the voltage at the storage capacitor for the 

three strategies, as well as the stimulation period and the 

boost enable period. One can see that the voltage at the 

capacitor is always higher than 8V, as required, for 

every strategy. This way, saturation does not occur and 

fixed stimulation current is provided to the load.  

Major power losses are produced by the internal 

resistance of the inductor and the MOSFET of the 

booster. Fig. 5 and Fig. 6 respectively show the current 

in the inductor and in the MOSFET. In PS1 and PS2, 

switching only occurs during a short period of time, and 

so do the currents flowing in the inductor and the 

MOSFET. Unfortunately, the values of these currents 

are large, which produces considerable power losses.  

In PS3, switching occurs during a larger period of time, 

but the current that flows in the inductor and in the 

MOSFET is smaller. Since the charge fed to the 

capacitor corresponds to the charge needed by the 

output stage during stimulation, it is constant in all 

power strategies. Therefore the product of the current 

amplitude and the switching period is roughly constant. 

 

Fig 3  Schematic of the DC/DC converter. Specificities 

of the three strategies are displayed. 

 

Fig 4. Comparison between strategies proposed. Top to 

bottom: stimulation pulse, on/off periods of the 

three power strategies and voltage in the storage 

capacitor. 
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Here, the switching period of PS3 is at least ten times 

longer than for PS1 and PS2, and therefore the value of 

the switching current is at least ten times smaller. Power 

losses – both in the inductor and in the MOSFET - are 

proportional to the square of the current amplitude. 

Therefore PS3 is more attractive: Roughly, power losses 

occur during a period of time ten times larger than PS1 

and PS2, but with an instantaneous value that is a 

hundred times (the square of ten) lower than for PS1 

and PS2. Altogether, we expect a power loss reduced by 

a factor of ten.  

Table 2 shows the efficiency of each strategy for both 

case studies. It was calculated as the ratio of the power 

delivered to the load divided by the input power 

(respectively 1.6 kΩ and VDC1 in Fig. 3). The 

efficiency of PS3 is higher than the traditional power 

strategy (PS1) for both case studies (11.1% higher for 

the gastrostimulator and 21.2% for the drop foot 

stimulator). The efficiency of PS2 is equal to or even 

lower than PS1, because the time used to recharge the 

storage capacitor is equal to or even lower than the one 

of PS1 (see Fig. 5 and 6), depending on the 

characteristics of the stimulator. 

Discussion  

This paper presents a DC/DC conversion strategy, 

designed for biomedical stimulators, that increases the 

power efficiency – in our cases by 11.1% and 21.2% – 

compared to traditional designs. The resulting reduction 

of power consumption is particularly beneficial for 

wireless applications, since it increases the battery life 

and decreases the energy that needs to be transferred.  

Different authors already reported DC/DC issues in 

portable stimulator designs
13,17

. Among the most 

common solutions is the flyback configuration. 

However, flyback circuits are usually bulky and 

expensive
14,16,17

. Another option is to use a booster, 

which does not require large components
16,18

, but does 

not usually either show a good efficiency. Despite this, 

there are currently many designs and forms of control 

proposed for DC-DC boost converters
13,15

. However, 

they are usually complex systems focusing on high 

levels of currents and voltages. For this reason, some 

stimulator designs rather use commercially available 

DC-DC converters
18

, which are usually expensive. This 

paper proposes a simple circuit, with a high efficiency, 

hence increasing the battery life. It uses the concept of 

pumps used in conjunction with a hysteresis-controlled 

boost converter. Very fast charge pump concept has 

already been used in implantable stimulation devices 
19,20

, and it is used in high voltage for flash drivers in 

digital cameras, but the energy efficiency is low.  

Since this strategy relies on the storage capacitor to 

provide the energy needed during stimulation, the value 

of the storage capacitor is higher than for traditional 

designs. This could lead to an increase in its size, which 

is a drawback since the available space is usually 

limited. However, the required value (here 3.5 μF) is 

still small enough to find commercially available 

capacitors that are of reasonable size. Also, the supply 

voltage of the output stage is now fluctuating above the 

nominal value, leading to higher voltages. This could be 

an issue if electronic components in the output stage do 

not support this increase in voltage. However, this 

increase is also governed by the value of the storage 

 

Fig 6. Current in the MOSFET in each strategy. Left: 

global picture; right zoom on switching period. 

Same remark as in Fig.5. 

 

Fig 5. Current in the inductor in each strategy. Left: 

global picture; right: zoom on the switching 

period. Note that the maximum scale for PS3 is 

only 15 mA, compared to 150 mA for PS1 and 

350 mA for PS2. 
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capacitor. The value of the storage capacitor can 

therefore be increased to reduce fluctuations of the 

supply voltage, if needed. The future work will include 

the hardware implementation in both case studies.  
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