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Abstract— A nano-power integrated circuit is designed to 

convert the AC output of an electromagnetic micro generator for 

wearable kinetic energy harvesting to DC usable power. The 

converter is designed to minimize the quiescent current and to 

maximize the energy conversion and maximum power point 

tracking efficiency from the kinetic energy harvester. The 

architecture implements an AC/DC chopper exploiting the 

intrinsic inductance of the transducer combined with a zero-drop 

rectifier. An optimal switching scheme is derived for the converter 

and a corresponding control circuit is developed and optimized for 

low power consumption. The converter is designed in a SMIC 

130nm process, and circuit simulations show an efficiency of 87-

88% with respect to the maximum power point of the transducer 

with a battery supply voltage ranging from 3.5V to 4.2V. The 

quiescent current of the converter is as low as 250nA. 

Index Terms—Wearable devices, Energy Harvesting, Kinetic 

Energy Harvesting, Low Power Design, AC-DC Converter 

I. INTRODUCTION 

n recent years, wearable technologies incorporating sensors 

have increasingly entered our lives. Examples include people 

wearing “smart” objects, from clothing to phones, glasses 

and watches, which in combination achieve smart homes, 

healthcare and lifestyles. Many forecasts are claiming that the 

trend toward billions of intelligent and connected devices will 

herald the era of the Internet of Things (IoT). A key IoT 

challenge is the need to efficiently supply energy to end-

devices, and especially for wearable devices this is mostly done 

using batteries.  Unfortunately, batteries store limited amount 

of energy, and a suitable trade-off between capacity, mass, and 

volume has to be established. The problem is exacerbated by 

the constant desire of application developers to provide more 

functionalities in wearable devices. 

Energy Harvesting (EH), broadly defined, is a promising set 

of technologies to overcome the limitation of short lifetime 

provided by contemporary battery technologies [1]-[4]. In the 

last decade, EH technologies have matured, finding use in many 

application scenarios such as smart grid and wireless sensor 

networks [1]. In fact, many companies are already selling multi-

source EH systems for commercial and industrial environments 

[1]. Recently, advances have been made in miniaturizing EH 

devices to supply wearable devices by exploiting ambient 

energy in the form of motion, thermal gradients, light and 

electromagnetic radiation. However, strict form factor and 

weight constraints make wearable energy harvesting a 

challenging target. The most promising energy sources for 

wearable devices are light and motion. For this reason, many 

researchers invest considerable effort to design small form 

factor, flexible solar panels and kinetic energy harvesters [1][5] 

Today, solar harvesting can generate power in the mW range 

for wearable devices under sufficient amounts of light. This 

limits wearable applications, considering that most parts of the 

body are covered with clothing. Kinetic energy harvesters also 

have issues, most of them do not perform well enough with 

uneven power delivery coming from varying frequency 

components resulting from unpredictable movements of the 

human body[1]. In this context, using a mechanical energy 

buffer [6] decouples the output of the generator from the input 

motion, so that the generated signals occurs with an almost 

constant frequency, which drastically improves the efficiency 

of the system. Mechanically buffered kinetic harvesters have 

been investigated and improved since Seiko presented the 

Automatic Generating System (AGS). A novel device is the 

MSG 26.4 from Kinetron [7] that uses a mechanical spring as 

an intermittent energy buffer to drive the electrical generator. 

 In fully autonomous systems that rely on energy harvesting 

as their own energy source, energy availability is the main 

performance constraint [8][9]. Therefore, increasing the 

efficiency of the harvester circuit is a key goal. Usually kinetic 

energy harvesting generates AC power that needs to be 

converted to DC to be used by wearable devices[8]-[10]. 

Converters are a critical block in determining the conversion 

efficiency of a harvester, which is defined as the power that 

effectively flows to the energy storage over the maximum 

available power at the source. To improve the efficiency,  losses 

must be minimized [11].  In addition, an accurate maximum 

power point (MPP) tracking is also of utmost importance[1]. 

In this work, we design a highly efficient power converter for 

wearable kinetic energy harvesting that uses an AC/DC chopper 

combined with a zero voltage drop Negative Voltage Converter 

(NVC). The NVC consists of rectifying cross-coupled 

MOSFETs connected in a bridge configuration, which offer 

negligible voltage drop when enabled. In [11], it was shown that 

NVC based rectifiers achieve a higher conversion efficiency 

from input to output (of over 90%) due to the very low ON-

resistance of the cross-coupled MOSFETs. Since the internal 

inductance of the generator is exploited during power 

conversion, no external magnetics are required. However, there 

is still the need of biasing the input sources as close as possible 

to their MPP. As a novel feature of the proposed solution, the 

internal inductance of the kinetic generator is also exploited to 

maximize both the MPP tracking accuracy and the overall 

conversion efficiency. Thus, the main contribution of this paper 

is the design of a novel architecture, along with the design of an 

IC implementation and the presentation of results based on 

simulation, obtained using in-field measurements and 

characterization of a commercial kinetic energy harvester.  
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II. RELATED WORKS  

In recent years, wearable devices have received increasing 

attention from academic and industrial researchers. Today, 

there are many wearable products that are employed in the sport 

and health care domains [13]. However, achieving a self-

powered system through the use of energy harvesters (EH), 

which capture energy from the environment, combined with 

various storage devices such as batteries (commonly LiPo, 

rechargeable) is still challenging due to the limited form factor 

and weight [14]-[17]. Since wearable devices are expected to 

be mostly used on the human body, the most commonly 

available ambient energy sources are photovoltaic, thermal or 

kinetic energy [18], [19]. To maximize the energy harvested, 

there have been numerous recent studies in the field of 

converters [11]-[26][25], supporting the claim that high 

conversion efficiency associated with low quiescent current are 

necessary when the input power is limited as is the case of 

wearable devices. This is also an important feature of our 

approach that aims at maximizing the energy converted from 

the kinetic transducer while minimizing the quiescent 

consumption and losses.  

As mentioned before, to convert kinetic energy into a usable 

DC energy, a low power and highly efficient AC/DC converter 

is needed. There are many previous works proposing solutions 

especially for piezoelectric transducers [27][28]. In particular, 

in [28] a nano-power integrated circuit optimized for 

piezoelectric energy harvesting was presented. The previous 

solution shows the benefits of using a NVC to maximize 

efficiency of the AC-DC converter. However, differently from 

our approach, the integrated circuit is required to synchronize 

with vibration peaks and thus undergoes a more complex 

control scheme. Another difference consists in the requirement 

of a relatively large external inductor.   

Unlike power conversion from piezoelectric transducers, 

inductive output impedance has to be considered when dealing 

with electromagnetic energy harvesters. In [29], an impedance 

matching network was used to turn the inductive output 

impedance of an electromagnetic transducer into capacitive 

form, thus allowing the use of a more conventional 

piezoelectric harvesting circuit. In [21], a more sophisticated 

impedance matching approach based on bridgeless resonant 

AC/DC conversion was presented. However, the latter two 

works still require synchronization with input AC voltages, as 

well as the use of external inductors. 

In [30] and [31] an integrated circuit converting power by 

means of an active full-bridge rectifier circuit from a compact 

electromagnetic (EM) generator has been presented. In [31] 

ideal diodes were emulated, which cancels all the associated 

power losses. Unfortunately, the circuit required a dual supply 

rail, which has to be generated by charge-pump circuits 

powered by a secondary coil. Moreover, although losses are 

minimized, no explicit MPP tracking (MPPT) is performed. An 

active full-wave rectifier was also adopted in [29], along with 

the design of an adaptive charge pump for MPPT purposes 

without external bulky inductors. In both cases, a NVC was 

used to interface the transducer. Also in this case, the losses 

associated with active rectification are extremely low. The main 

drawback of the charge pump is the relatively low conversion 

efficiency of approximately 50%. In our solution, we still adopt 

a NVC rectifier, but our approach achieves a higher efficiency 

and MPPT accuracy by adopting an AC/DC chopping 

technique that exploits the internal inductance of the generator. 

In general, although the proposed work adopts a widely used 

rectifying interface like the NVC, it explores a different power 

conversion topology and architecture. However, the main idea 

behind this work is to implement an AC/DC chopper combined 

with a zero voltage drop NVC exploiting the internal inductance 

of the kinetic generator, to improve conversion efficiency with 

a control circuit that maximizes the MPPT accuracy. More 

specifically, the control circuit determines the instantaneous 

current by sampling voltages on the impedance matching 

capacitor. As further design objectives, we targeted low losses 

and low intrinsic consumption of the circuits. 

III. KINETIC ENERGY HARVESTING  

In this paper, we present the design of a highly-efficient and 

low-quiescent-current AC-DC converter to convert the AC 

signal of the kinetic energy harvester to charge a 3.7 V battery. 

Fig. 1 shows a high-level diagram of the kinetic energy 

harvesting system presented in this paper. The Kinetron MGS 

26.4 is used as the kinetic generator, the designed integrated 

circuit includes a switching circuit combined with a NVC 

converter to maximize the conversion energy of the MGS 26.4. 

Thus, the idea explored in this work is to implement an AC/DC 

chopper, powered by the electromagnetic generator and 

exploiting the internal inductance of the generator. The switch 

S is controlled by a low-power control logic that senses the 

current on the capacitor C that also matches the impedance of 

the transducer. This is accomplished by means of voltage-only 

measurements. 

 

Fig. 1 Simplified Overview of the designed kinetic energy harvesting  

A. Kinetic Energy Generator  

The Micro generator system 26.4 (named because of its 26.4 

mm diameter) from Kinetron is used in this work [7]. Tilting 

the device, an internal weight tenses a spring over mechanical 

rectifiers. A spring barrel attached to a mechanical rectifier then 

puts a certain amount of torque to its gear that drives a rotor of 

the electric generator. As motion happens, the barrel spring 

progressively winds. Since the spring unwinds when it reaches 

a certain amount of torque, the harvester generates an AC signal 

(burst) that is independent from the frequency of the motion of 

the oscillating weight Fig. 2. One full turn of the oscillating 

weight generates 4.25 bursts (signal pulses) of electrical energy.  

The micro generator consists of a 14-pole resin bounded 

Sm2Co17 magnet and a claw pole stator that includes a 1140 turn 



1549-7747 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCSII.2017.2768391, IEEE
Transactions on Circuits and Systems II: Express Briefs

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

3 

winding coil with a resistance of 320 Ohm. One rotation of the 

magnet induces an AC voltage of 7 sinusoidal waves. The 

amplitude is proportional to the speed of the turning magnet. 

An average moving person produces 4’000 revolutions of the 

oscillating weight per day (when worn at the wrist). This results 

in approximately 17’000 bursts per day. We measured an 

average energy of 43.8µJ per energy burst. Hence, with about 

17’000 energy bursts a day, the harvester produces about 760mJ 

per day, which is 27% higher than actually stated in the data 

sheet [7]. 

Fig. 2 shows the AC open circuit voltage output of the 

generator (a) and with a 1.33 k load. The variations in the 

frequency are due to the non-constant angular velocity of the 

rotor. Since a complete rotation generates seven sinusoidal 

waves, a faster rotor speed will raise the frequency of the signal. 

As expected, a high-impedance load results in a longer and 

wider burst because of the lower dissipated power. Hence, the 

duration of a burst depends on the load (approximately 50ms to 

280ms). The amplitude of the generator goes up to 7V (closed 

loop) and its frequency varies between 500Hz and 2000Hz

 

Fig. 2   (a) Measured open circuit waveform of a harvester burst, (b) waveform 

of a harvester burst with 1.33 kOhm load 

B. AC-DC Converter 

To convert the AC output of MGS 26.4 output (Fig. 2) into a 

usable DC signal, an AC/DC converter is needed. We adopted 

a passive negative voltage converter (passive NVC) [28] that 

offers better conversion efficiency when compared with diode 

bridges. Using a NVC, composed of cross-connected 

MOSFETs, and a Schottky diode D preventing current 

backflow, allows a much smaller voltage drop than a diode 

bridge, due to the low on-resistance of the MOSFETs. 

However, in order to start conducting, the input voltage 

needs to exceed the threshold voltage of the MOSFETs, 

which can be higher than that of Schottky diodes. Then, 

although this was not implemented, using a Schottky diode 

bridge in parallel with the MOSFETs might therefore help to 

lower the voltage at which the circuit starts and stops 

conducting current. 
The chopper switch is realized by two back-to-back series 

connected nMOS transistors. An additional series capacitor C 

is used for matching the imaginary part of the output 

impedance, in order to increase the power extracted from the 

transducer. The switch S is operated at a switching frequency 

fsw = 1/TSW, and the turn-on time of S is given by duty cycle  
 

𝑑 =
𝑇𝑢𝑟𝑛 𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑆

Switching period Tsw
   (1) 

 

To get the optimal switching frequency, a simulation of the 

output power vs. switching frequency for fixed values of d and 

C was performed, with the basic conversion circuit of Fig.3. 

The results in Fig. 4 show that a switching frequency fsw of 

approximately 30kHz maximizes the output power. In this 

work, fsw is fixed to 32kHz which is at least one order of 

magnitude higher than the maximum frequency of the harvester 

generator (MGS 26.4). Such frequency is a good compromise 

between sufficient oversampling such that the generator voltage 

remains about constant during inductor current build up and the 

switching losses that are proportional to fsw.. In our design, the 

external pin, Ext clock in Fig. 5, provides the 32kHz clock from 

an external source.  

 

Fig. 3 Architecture of AC/DC converter designed in this work plus driver that 

sends the according switching signal to S, C = 400 nF, NMOS width of 

1mm and minimal length, D is Schottky diode BAT754 

 
Fig. 4 Output power Pout as a function of fsw for a single burst, with C = 400nF; 

d = 0.55 

 

Fig. 5 Detailed overview of the designed circuits. The circuit recharges the 

battery Vo, which is also needed to generate the internal bias of the 

designed circuit. 

C. Control Circuitry 

Fig. 5 shows a detailed block diagram of the designed integrated 

circuit. The main building blocks in the control path are an input 

signal comparator, an input signal differentiator (subtractor) 

with a timing circuit, a control logic and a driver for the switch 

S. In between bursts, only the input comparator, biased at 15nA 

in subthreshold region, the bias and the control logic are 

enabled to minimize power consumption. When a sufficiently 
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high input voltage Vc is detected, then the “burst”-signal 

activates the 1.6MHz clock over the controller, and the control 

path with differentiator and comparators is enabled, sampling 

the input Vc at 32kHz. When the burst dies off then the control 

path is switched off again with the same input comparator. The 

input and output circuits are designed with I/O-transistors 

tolerating the higher voltages on the generator and the battery 

side. Level shifters convert this power domain down to and up 

from a 1.2V domain, supplied by an internal LDO, for the clock 

and control logic that can be realized with much lower power 

consumption at 1.2V. 

D. Switching Control Circuit 

In Fig. 3 the output current can be related to the inductor current 

by iout≈ (1-d)iL like in the current calculation of a converter 

with similar topology (inductor L, S, d). In order to obtain a 

measure of the generator inductor current the difference voltage 

ΔVc between two clock cycles is derived with a switched 

capacitor circuit. Based on this measurement, the off-time (toff) 

of S that maximizes the conversion efficiency was determined. 

Fig. 6 shows the relationship. 

 
Fig. 6  toff related to the voltage difference over C ΔVc for fsw = 32 kHz, C = 

400 nF  

  

Fig. 7 Voltage subtraction circuit, m = 1,3,.. (left) Circuit for toff ∝ ΔVc, n=1,2,.. 

(right) 

Fig. 7 shows the details of the designed subtraction circuit. In 

the subtraction circuit, as the first step, the voltage Vc over C is 

sampled on the two “first” capacitors. On the second switching 

cycle, the voltage Vc is sampled on the “second” capacitors. The 

first and second cap are then connected together in box “1” 

shown in the left of Fig. 7 to obtain the voltage difference 

ΔVc[mTsw] or in box “2” shown in the left of Fig. 7 

ΔVc[(m+1)Tsw], where m= 1,3,5,... . ΔVc is then applied 

between the nodes ‘vcm’ and ‘vcurrent’ as indicated in Fig. 7 

(right). The voltage ‘vcm’ is added in order to set the potentials 

into the measurable range for the comparator. A current source 

is turned on to reduce ‘vcurrent’ to ‘vcm’, implementing the 

time duration toff as shown in Fig. 8. At the same time, the 

converter switch S (Fig. 5) is turned off. As soon as zero voltage 

difference ΔVc = 0 is detected between ‘vcm’ and ‘vcurrent’ 

nodes, the switch is turned on again and the current source is 

turned off. With the chosen capacitor values a current of 70 nA 

is necessary. The circuits in Fig. 7 represent a low-power 

solution to receive ΔVc without using a power consuming 

operational amplifier. The power consumption of this 

component is determined by the current source, which is in the 

low nW range. 

 

Fig. 8  Waveforms of switching cycle. 

E. Control FSM 

In order to operate the converter a control finite state machine 

(FSM) with nine states was developed as shown in Fig. 9. The 

inputs are the four comparator (Fig. 5) signals, an external 

signal for enabling the four comparator signals (enable), an 

external reset, and a clock signal. The FSM controls the 

converter switch and the control path circuits. It changes its 

state according to the clock signal. But the comparator signals 

depend on the burst. If a comparator measures a higher (or 

lower) voltage with respect to an earlier measurement, the 

comparator responds faster (or slower) and the comparator 

signal arrives earlier (or later) than in a prior measurement. 

Thus, the comparator signals are asynchronous with respect to 

the clock. To synchronize these signals two flip-flops are 

connected to each comparator signal in cascade. Furthermore, 

for low-power consumption, when no burst is available, the 

clock is turned off and the current consumption of all 

comparators is reduced to 15nA. As soon as the comparator 

detects a burst its output signal directly turns on the clock. 

IV. EXPERIMENTAL/SIMULATION RESULTS  

The converter chip is designed in a SMIC 130nm 1P8M 

CMOS technology and is shown Fig. 5. The design has been 
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evaluated in simulations. The converter is analysed concerning 

its quiescent current and energy conversion efficiency per burst 

to charge a Li-Ion battery (Vo in Fig. 5) with a typical voltage 

ranging in 3.5V-4.2V. The consumption of the converter yields 

a quiescent current of 250nA for no burst and a current of 3.2uA 

for a burst of 100ms. This results in an overall efficiency of 

87%-88% with respect to the MPP for conversion of the AC 

output of the Kinetron micro-generator into usable power on the 

battery. Unlike other works, it is worth to mention that these 

values account for both internal losses and for MPPT accuracy. 

Moreover our design performs better than state of the art 

solutions in terms of conversion efficiency and quiescent 

current. The efficiency is referred to the power available from 

the transducer in the MPP PinMax (i.e. Pin at the matched load) 

and evaluated as Pout/PinMax  100. 

 

Fig. 9 State diagram of the control logic 

 Table I shows a comparison, in terms of quiescent current, 

peak efficiency, average efficiency and MPPT 

implementation, between the proposed solution, state of the 

art research papers ([21][30][31]) and two commercial 

products from Linear and Texas Instruments, which was 

coupled with a discrete NVC used as AC/DC converter in 

series with the kinetic generator. The micro-generator MGS 

26.4[7] has been used as input transducer for the energy 

harvesting circuits. We accurately characterized the MGS 

26.4 in our lab to acquire measured data for our circuit 

simulations. For the two commercial ICs (BQ25570 and 

Linear LTC3331) the whole system including the micro 

kinetic generator MGS 26.4 has been tested in the field. On 

the other hand, the data for [21][30][31] come as reported by 

the published works. It can be noticed from the table that our 

solution achieves the lowest quiescent current and highest 

average efficiency. 

TABLE 1: COMPARISON WITH OTHER SOA EH CIRCUITS. 

Reference Type Quiescent 

Current 

Peak/avg 

ɳ[%]  

MPPT 

Custom IC [21]] Resonant ac–dc ND  86.4/NA Y 

Custom IC [30] Active Full Bridge mW 81/NA Y 

Custom IC [31] Full-Wave Active Rect. 10µW 80-90/NA  N 

Discrete + BQ25570] NVC+Boost Conv. 500nA 89/80 Y 

Linear LTC3331 Full-Bridge Rectifier 900nA 50/30 N 

THIS WORK NVC+Control Circuit 250nA 89/86 Y 

V. CONCLUSIONS 

An energy efficient converter has been designed for kinetic 

energy harvesting. Circuit characterization through simulations 

shows a quiescent current of only 250nA, and the capability of 

maximizing both conversion efficiency and MPPT accuracy by 

transferring on the output up to 88% of the maximum available 

power with a matched load. The integrated circuits can be used 

for wearable kinetic harvesting supplying sensors devices. The 

chip layout and fabrication process is ongoing.  
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