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Abstract. This paper presents novel circuit concepts for integrated rectifiers and voltage converting interfaces for energy harvesting micro-generators. In the context of energy harvesting, usually only small voltages are supplied
by vibration-driven generators. Therefore, rectification with
minimum voltage losses and low reverse currents is an important issue. This is realized by novel integrated rectifiers
which were fabricated and are presented in this article. Additionally, there is a crucial need for dynamic load adaptation as well as voltage up-conversion. A circuit concept is
presented, which is able to obtain both requirements. This
generator interface adapts its input impedance for an optimal energy transfer efficiency. Furthermore, this generator
interface provides implicit voltage up-conversion, whereas
the generator output energy is stored on a buffer, which is
connected to the output of the voltage converting interface.
As simulations express, this fully integrated converter is able
to boost ac-voltages greater than |0.35 V| to an output dcvoltage of 2.0 V–2.5 V. Thereby, high harvesting efficiencies
above 80% are possible within the entire operational range.
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Introduction

Especially electronic devices participate the development towards miniaturization and high performance with least power
consumption only. Nowadays, very low power applications
emerge increasingly in the field of stand-alone and wireless
acting sensor/actuator-systems. A further rise of the applicability of such systems as fully embedded nodes suffers from
the inconvenience with batteries. These electrochemical energy storages have limited lifespan, are very temperature sensitive and need to be replaced repetitively. In case of hardly

accessible locations, there is little chance for having battery
power supply based cost-efficient wireless embedded systems. Thus, the idea of power supplies, which are based on
energy harvesting principles, is a helpful contribution in order to realize cost-efficient fully embedded sensor/actuatorsystems.
A very space-efficient and robust kind of energy harvesting is possible with vibration-driven inductive microgenerators. However, such micro-generators supply only
small open-circuit output voltage in the range of 2–3 Vpp .
Beside this, a relatively high internal resistive impedance
causes only a small load optimum, were the maximum possible output power is obtained. These circumstances enforce
developments of novel kinds of rectifiers, since common fullwave rectifiers cause relatively high voltage losses.
In order to circumvent these crucial limitations, the second
chapter shows enhanced rectifier circuitry with active diodes,
which were designed, implemented and fabricated. These active diodes consist of an active circuit instead of passive devices only. Additionally, due to this low voltages and high internal resistance an adaptive generator-interface is required.
This interface gives the opportunity of most appropriate loading of the generator. Since only a simple capacitive energy
buffer connected to the output of the rectifier can not provide
adequate load matching. Due to the realization of this interface with switched-capacitors, the functionality of the rectifier is improved with respect to minimum input voltages.
Conclusively, the forth chapter presents simulated as well as
measured results. So, the active diodes of the proposed rectifier without the generator interface can operate above 1.75 V
generator output voltage amplitude. Together with the interface, generator output amplitudes of less than 1 V are sufficient for operation. Whereas the rectification, matching and
conversion efficiencies can be kept above 80% over the entire
operating range.
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Results

Generally, by application of the proposed energy harvesting
circuit concepts more energy can be extracted out of the same
micro-generator. The power and voltage losses are reduced
and the load matching condition is improved.
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slowly compared to the generator ac voltage. Thus, the second stage is realized as a dc/dc converter.
Fig. 6. This plot shows the transient power transfer while an empty
The here presented generator-interface works basically as
capacitor is charged.
a voltage converter with adaptive input impedance adaptation, efficient energy transfer and implicit voltage upconversion. By applying power saving circuit techniques,
the power consumption of the control circuitry and switch
driving should be less then Ptotal ≤50 µW.
3.2.1

Fig. 6. This plot shows the transient power transfer while an empty
capacitor is charged.

voltage range is between 1.6 V and 3.75 V. Combination of
the negative voltage converter (CON) (Fig. 2a) with the active diode (Fig. 2c) overcomes the mentioned drawback.
3.2

Capacitive generator interface and converter

In order to harvest continuously the highest possible energy,
the power electronic is again separated in two stages (see
Fig. 4). The first stage is a generator interface and has to
be optimized for adaptive impedance matching so as to load
the generator as ideal as possible. In addition to that, this
first stage also has to transfer the harvested energy most efficiently into a buffer. Thereby, the output voltage of the first
stage is neither fixed nor regulated by the converter. For efficient energy transfer, the output voltage is rather adapted to
the buffer voltage Vb (t). With appropriate dimensioning of
the components, the buffer voltage will vary only little and
Adv. Radio Sci., 6, 219–225, 2008

Adaptive conversion principle

The proposed adaptive switching converter is based on two
capacitor arrays, which toggle complementary-phased with
frequency fconv between a charging and a transfer state, Sc
and St , respectively (see Fig. 5). Whereas, a conversioncycle is the single succession of Sc and St . In the considered
converter both arrays consist of kmax =6 capacitors, whereas
kmax directly corresponds to the maximum required voltage
conversion ratio. However, the number of array capacitors
ni , which are applied within a single conversion-cycle, is dynamically adapted according to the current required conversion ratio ki =Vb /Vgen (t). Hence, while one array is in charging state Sc , ni array capacitors out of the kmax available array capacitors are connected to the generator in parallel. At
this state, the capacitors are charged until the capacitor voltages Varray reach a certain voltage limit Vstop , as shown in
Fig. 7. Afterwards, the array transitions to transfer state St .
Therefore, the array capacitors have to be re-configured so
as to obtain a stacked voltage Vstack , which is higher than
the buffer voltage Vb of an external buffer. In order to obtain the dynamic adaptation of the optimal conversion ratio
ki , the converter works in an oversampling manner. Thus,
if fgen fconv . is given, the conversion ratio can be adapted
quite continuously within a generator voltage period 1/fgen .
3.2.2

Adaptive impedance matching

High internal generator resistance Ri requires a particular
converter design since an exceeding current load would cause
a dramatic voltage breakdown, which would cause reduced
www.adv-radio-sci.net/6/219/2008/
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The main aspects of rectifiers are the maximum output voltage which can be reached and the efficiency ηrect , which is
simply the quotient of the output and the input energy over
one period. The maximum achievable output voltage is especially important for energy harvesting with inductive microgenerators.
The circuits have been simulated and implemented with
Cadence using a 0.35 µm HV CMOS C35 process from austriamicrosystems (see Fig. 8). The voltage and efficiency
values strongly depend on the used frequency, storage capacitor and ohmic load. Figure 9 shows the transient behavior of the discussed rectifiers. For these simulations the frequency is 125 kHz, a capacitance of 500 pF and a load of
20 k are used. For useful applications a larger capacitance
value should be used to reduce the voltage ripple. But this
value is more suitable for showing the excellent performance
of the proposed rectifiers.
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