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Abstract—This report presents the analysis of a novel capacitance-based multi-
level bias flip rectifier used to increase the output power from a piezoelectric vi-
brational energy harvesting system. The ideal voltage flipping efficiency is derived
as a function of the number of levels used, followed by an analysis of the power
losses caused by the bottom-plate parasitic capacitance of the flying capacitor used
to distribute the charge between the levels. Then the time to complete the bias
flip is examined and the difference between using either a diode or energy invest-
ment is investigated. This analysis is intended to be used for aiding in the design
of such a system as well as to supplement the full-length paper titled ”Fully In-
tegrated Capacitance-Based Multilevel Bias Flip Rectifier for Piezoelectric Energy
Harvesting”.

1 Introduction

The content of this report is primarily meant to be supplementary to the draft paper titled ”Fully
Integrated Capacitance-Based Multilevel Bias Flip Rectifier for Piezoelectric Energy Harvesting”,
however effort is made to make it as stand-alone as possible.

Energy harvesting presents a possibility for wireless sensor nodes to operate for an extended
period of time without the need for replacing or recharging a battery. This enables the nodes to
be located in contained environments or difficult to reach places. One type of energy harvesting
is from vibrations using a piezoelectric transducer converting energy from mechanical movement
to electrical charge. Vibration energy harvesting is a viable option in applications ranging from
machinery and trains to medical implants.

In order to extract as much energy as possible from the piezoelectric harvester (PEH) its
impedance has to be matched. This is not a trivial task given that the excitation frequency, and
hence the resonance frequency of the PEH, is typically between 20 Hz to 1 kHz and the PEH has
a capacitance in the nanofarad range. This frequency and capacitance require an unreasonably
large inductance needed to achieve conjugate impedance matching.

A lot of research has been done aiming to utilize smaller components while still performing
impedance matching. One promising technique to achieve this is bias-flipping [1], in which
impedance matching is performed by resonating the PEH at a higher frequency such that the
required amount of inductance is lowered making it possible to use a relatively small module. Still,
an inductor in the microhenry range has a volume that is large enough to limit the usage in certain
applications and impose an additional cost to the system. An evolution of the inductance-based
approach is to mimic an inductor using capacitors [2, 3]. These solutions, however, still require
extra external components which increase the system cost and volume.

In our proposed system, a DC/DC converter with a variable ratio is used to perform the bias-
flipping while utilizing the rectifier smoothing capacitor to temporarily store the bias-flipping
energy. This makes it possible to integrate the extra components used for the energy transfer
since, at any given time, they only have to store a small fraction of the total transferred energy.
An overview of the proposed technique is shown in Fig. 1.

2 Principle of operation

The DC/DC converter shown in Fig. 2 is built around N voltage levels, Vlevel,N , which together
with the rectified voltage Vrect form a voltage ladder. Before the bias-flip procedure starts the
PEH is connected to the Vrect level and when the bias-flip starts it is connected to Vlevel,N .
The flying capacitor Cfly then moves across the ladder in order to equalize the voltages between
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Figure 1: Generalization of the proposed technique. The rectifier smoothing capacitor Cstorage

is utilized to temporarily store the bias flipping energy.

every level. The result is that the PEH is discharged in steps of Vrect/N where N is the number
of levels. Crucially, the energy from the PEH is stored on the capacitor connected to Vrect,
that is the smoothing (or storage) capacitor. After the PEH has been discharged to Vrect/N ,
corresponding to the lowest level of the ladder, it is shorted to remove the remaining charge and
then the PEH is moved up the ladder to charge it again. This process is completed when the
PEH is charged to (N − 1)Vrect/N . The energy used for the charging is taken from the storage
capacitor.
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Figure 2: Generalized circuit of the proposed multilevel bias flipping rectifier.

3 Analysis

Since the energy storage capability of the energy transfer components (the DC/DC converter)
is much less than the total amount of energy being transferred, the flying capacitor has to do
many iterations, or flybys. In the following sections, the operation and potential efficiency of the
technique are analyzed.

3.1 Ideal-case flipping voltage efficiency

One of the key factors of a successful application of bias flipping is the ability to invert the voltage
on the PEH parasitic capacitor. Ignoring potential circuit implementation inefficiencies, the loss
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of charge from the flipping operation, or voltage flipping coefficient, is the primary limitation to
the power extraction efficacy. Here, we will investigate the capabilities of the proposed technique.

In order to reduce the mathematical complexity of the analysis, a few assumptions are made:
1) The switches comprising the circuit of Fig. 2 are kept closed long enough to ensure full charge
transfer during the operation; 2) The voltage drop due to the piezoelectric current, over any of
the switches caring it, is zero; 3) All parasitic capacitances are zero, except that of the flying
capacitor bottom plate, Cbot; 4) The power consumption and non-idealities of any auxiliary
circuitry is ignored.

There are two sources of charge loss in the process described in Section 2: the shorting of
the PEH after the bottom level charge redistribution; and the shorting of the flying capacitor
bottom plate parasitic capacitance each time it is connected to the bottom level capacitor. For
now, let us ignore the loss due to the bottom plate parasitic. In order to find the amount of
charge on the PEH when it is connected to the bottom level, that is, the charge lost during the
shorting, we need to find the value of Vrect after the end of the last charge redistribution of the
discharge phase. Notice, that after the charge redistribution is complete the voltage of the kth

level is kVrect/(N + 1), [4]. The total initial charge at the beginning of the bias flipping can be
written as:

Qtotal,init = VPCP + Vrect,initCstorage +

N∑
k=0

k
Vrect,init
N + 1

CL,k (1)

where VP and CP are the PEH voltage and parasitic capacitance respectively and Vrect,init is
the rectified voltage at the beginning of the bias flipping, CL,k is the kth-level capacitance and
N is the number of voltage levels. Using (1) and taking into account that at the beginning of
the bias flipping the PEH is charged to Vrect, equivalent to VCP

= Vrect, and assuming the level
capacitors are of the same size, the total initial charge can be rewritten as:

Qtotal,init = Vrect,init

(
Cstorage + CP +

N

2
CL

)
. (2)

Due to charge conservation, for any level k during the discharge phase the total charge in the
system can be written as:

Qtotal,flip = Vrect,kCstorage +
k

N + 1
Vrect,kCP +

N∑
i=0

i
Vrect,k
N + 1

CL

= Vrect,k

(
Cstorage +

k

N + 1
CP +

N

2
CL

)
(3)

where k = N corresponds to the PEH being connected to the storage capacitor and k = 0
corresponds to the PEH being shorted. By combining (2) and (3), Vrect,n can be expressed in
terms of Vrect,init as:

Vrect,k = Vrect,init
Cstorage + CP + N

2 CL

Cstorage + k
N+1CP + N

2 CL

. (4)

The amount of charge thrown away in the middle of the flipping when the PEH is shorted can
then be expressed. For k = 1, the voltage Vlevel,1, and therefore VCP

, at the end of the discharge
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phase, just before shorting, is:

QCP ,1 =
Vrect,1
N + 1

CP

= Vrect,init
CP

N + 1

Cstorage + CP + N
2 CL

Cstorage + CP

N+1 + N
2 CL

. (5)

The total charge during the charging phase is Qtotal,final = Qtotal,init −QCP ,1, substituting
with (2), (3), and (5), solving for Vrect,N , and taking into account that the voltage on the PEH
at the end of the flipping, when it is connected to the N th level, is N

(N+1)Vrect,N , we obtain:

V final
CP

=V init
rect

N

N + 1

Cstorage + CP + N
2 CL

Cstorage + N
N+1CP + N

2 CL)

×

[
1 − CP

N + 1

1

Cstorage + CP

N+1 + N
2 CL

]
. (6)

The flipping coefficient for the multilevel bias flipping rectifier kML-BFR, that is, the ratio between
the voltages on the PEH before and after the flipping, can then be expressed as:

kML-BFR =
VCP ,final

Vrect,init
=

N

N + 1

Cstorage + CP + N
2 CL

Cstorage + N
N+1CP + N

2 CL)

×

[
1 − CP

N + 1

1

Cstorage + CP

N+1 + N
2 CL

]
. (7)

Fig. 3 shows plots of (7) as a function of Cstorage/CP and CL/CP for several values of N . Note
that as Cstorage and CL grow, kML-BFR asymptotically approaches N/(N + 1), and even for
moderately sized Cstorage and CL we can write:

kML-BFR ≈ N

N + 1
. (8)

This result suggests that the performance of the harvesting system, which primarily depends
on kML-BFR, can easily be set arbitrarily high simply by increasing the number of conversion
levels N . However, in practice, this is not the case. Since the charge redistribution for each
conversion level takes an approximately fixed amount of time and, therefore, energy (see section
3.2). Excessively increasing N would require so long time to complete the bias flipping that
the harvesting time, i.e. the conduction angle, would be insufficient for good performance. The
optimal number of conversion levels needs to be selected based on the speed and power efficiency
of the circuit implementation.

We can now draw some conclusions for how the capacitors in an eventual implementation
should be sized. While (7) suggests that the level capacitors and the storage capacitor can be
relatively small and still obtain good flipping coefficient, there are other considerations which
would limit the performance if too small capacitors are used. If CL is too small then the voltage
ripple on Vlevel,k would be largely due to the bias flipping charge as well as the piezoelectric
current, which in turn would cause inefficient operation of the DC/DC converter [5]. Furthermore,
a small CL would mean that a small charge is transferred for each cycle, which would extend
the time needed to complete the bias flipping and, therefore, reduce the conduction angle of the
rectifier.
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Figure 3: Voltage-flipping coefficient vs. Cstorage(dashed) and CL(solid) normalized to CP. For
the Cstorage sweep, CL is 0.02×CP, and for the CL sweep, Cstorage is 10×CP.

3.2 Energy loss due to bottom plate parasitic capacitance

So far only the fundamental limitation of the proposed architecture to fully bias flip the voltage
on the parasitic capacitance has been considered. However, during charge redistribution, energy
is dissipated in the process of charging and discharging the bottom-plate parasitic capacitance of
the flying capacitor. Its bottom plate is connected to ground while its top plate is successively
connected to each of Vlevel,k and then to ground. That is, it is shorted and all of its charge is
dissipated when Cfly is between Vlevel,1 and ground. Since this happens after Cfly has been
connected between Vrect and Vlevel,N , and since the charge is conserved when Cbot is charged,
the total charge bled per flyby is:

Qloss,flyby = Vrect
1

N + 1
Cbot. (9)

If Cp is chosen to be much smaller than Cstorage, which should be done to guarantee small ripple
on Vrect, then Vrect remains relatively stable during the charge redistribution, and therefore, (9)
suggests that the energy loss per flyby remains relatively constant irrespective of the settling of
the charge redistribution. This means that as the charge redistribution progresses there will be a
point when the charge lost through Cbot is equal to the charge transferred per flyby between the
PEH parasitic and the storage capacitor, Fig. 4. A successful implementation of the proposed
technique should detect this condition and use it to coordinate the operation of the DC-DC
converter and the rectifier. Upon detection, the charge redistribution should be stopped and the
bias flipping process should be advanced to the next step. Either, the conversion ratio should be
changed, the PEH should be shorted and its terminals swapped, or the bias flipping should be
terminated.
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Figure 4: Harvester voltage during a flipping, top; Amount of energy transferred, per flyby, be-
tween the harvester and Cstorage, and the energy lost due to the bottom-plate parasitic, bottom.

3.3 Time needed for bias flipping

In order to not waste any of the piezoelectric charge, it is necessary to minimize the time needed
to perform bias flipping. This means that we need to perform bias flipping as fast as possible.
There are two factors determining this speed: the amount of charge that is transferred for each
flyby; and the rate at which the flybys are performed. For a given PEH parasitic capacitance, the
former is determined by the size of the flying and level capacitors, which, when integrated would
typically determine the chip size, and therefore system cost. In order to guarantee complete
charge transfer at each step of the charge redistribution, the speed is primarily determined by
the conductivity of the transistors forming the switches in Fig. 2.

Fig. 5 shows the simulated number of flybys needed to complete one full bias flipping as a
function of the flying capacitor size normalized by the PEH parasitic capacitance.
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Figure 5: Simulation of the number of flybys needed for completing the bias flipping as a function
of converter capacitance normalized to the parasitic capacitance.

3.4 Active diode power consumption/gain

At the end of the bias flipping the PEH is connected to level N and it should eventually be
connected to Vrect. One way is to immediately connect the PEH to Vrect transferring some of the
charge from Cstorage back to the PEH and, in the process, dissipate some energy. Let us call this
the No-Wait (NW) method. One other way is a method that has been widely employed before–
use an active diode to detect the instant when VPEH = Vrect and then connect the two, [1].
Let us call this the Diode-Wait (DW) method. Undoubtedly, from energy extraction point of
view, the latter is an efficient approach. However, some energy will be required to run the active
diode. We therefore compare the two methods in quantitative terms to asses which one is worth
pursuing. We assume the following: steady-state operation, Vrect does not change across the bias
flipping cycles; Vrect and VPEH at the end of the bias flipping are the same for both methods,
that is, the initial and final conditions are the same, and any difference in harvested energy is
absorbed by the load; The active diode in the DW case starts conducting at time tx after the
bias flipping is complete when VPEH = Vrect.

Let us first consider a PEH model without damping, that is, only a current source in parallel
with CP . The total charge delivered by IP for each half-cycle is fixed irrespective of which
method is used. In order to ensure steady-state operation the load must dissipate all of the
charge from IP . However the root-mean-square voltage, and therefore power, at which this
happens is different for both methods. In case of the DW method, before the diode starts
conducting the load current is drawn from Cstorage creating a droop on Vrect. In the case of the
NW method, as soon as the flipping is complete, Vrect drops with a step as the charge on Cstorage
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is shared with CP . Since after tx the two cases are topologically indistinguishable and since, in
order to ensure steady state, the final conditions must be the same, any difference in load current
must be due the difference of ∆Vrect = Vrect,DW − Vrect,NW before tx. The peak ∆Vrect is right
after the end of the flipping and is max(∆Vrect) = (1 − kML-BFR)Vrect,init

CP

CP +CS
. For typical

values of CP = 6 nF, Cstorage = 2.1 µF, kML-BFR = 0.75 (N = 3), Vrect = 5 V and RL = 1.66 MΩ,
the peak difference in load current is 2.1 nA, a rather small value.

Let us now consider a more realistic PEH model with damping represented by a parallel
connected RP . The above analysis is still valid, however, we now have RP which also dissipates
energy. Similar to the above, the energy RP dissipates after time tx is the same for both methods.
However, before tx the voltage on RP is considerably lower for the DW method. Initially the
difference is (1−kML-BFR)Vrect,init, and it diminishes following a cosine function becoming zero
at tx. Fig. 6 shows details for the voltage on the PEH for the DW and the NW methods. In

t
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IP

t

v

−Vrect

Vflip

∆Vd

∆Vinvest
∆Vdiode

tx
φH

Figure 6: Illustration of the PEH voltage for the Diode-wait (blue) and the No-Wait (red)
methods. Not to scale, time and voltage differences are exaggerated for illustration purpose.

order to find an expression for tx let us assume that the change of Vrect after the bias flipping is
insignificant. Since in the DW case IP is only flowing into CP , for the voltage difference between
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Vrect and VPEH after the end of the bias flipping we can write:

Vrect − VPEH = ∆VD =
ÎP
CP

∫ tx

0

sin (ωt) dt

=
ÎP
CP

[
1 − cos (ωtx)

ω

]
. (10)

Solving for tx gives:

tx =
arccos

[
1 − ∆VdCPω

ÎP

]
ω

. (11)

Integrating along the difference in VPEH between both cases gives the difference in IRP
and

therefore in load current:

∆IRP
=

ω

πRP

∫ tx

0

Vrect − VPEH,diodedt

=
ω

πRP

∫ tx

0

Vrect −

(
kML-BFRVrect +

Îp
CPω

(1 − cos (ωt))

)
dt

=
ω

πRP

(∫ tx

0

Vrect − kML-BFRVrectdt−
Îp
CPω

∫ tx

0

(1 − cos (ωt))dt

)

=
ω

πRP

(
txVrect(1 − kML-BFR) − Îp

CPω
(tx − sin(ωtx)

ω

)
(12)

where ω is the mechanical excitation frequency, ÎP is the amplitude of IP . Again, if we evaluate
this numerically using the example values above, ω = 138 rad/s, ÎP =1.95 µA and RP = 3.5 MΩ
we obtain ∆IRP

= 81 nA.
The above places a bound on the maximum power consumption of any implementation of the

Diode-Wait method. Any active diode within that implementation would have to consume some
current diminishing the benefits of the Diode-Wait method. There have been a few reports of
the power consumption of active diodes, [6, 7], suggesting that a current consummation should
be expected to be in the order of several tens of nanoamperes making the DW method less
attractive.

4 Conclusion

This report presents a detailed analysis of the efficacy and efficiency of a new method for bias
flip harvesting from piezoelectric transducers. The number of voltage levels of the underlying
DC/DC converter implementing the new method was identified as the main factor determining
the voltage flipping coefficient, and therefore, the harvesting efficacy. Analytic expressions for
both were derived and their implications on an eventual design were discussed. Several other
aspects of such design were also theoretically analyzed: The energy loss through the bottom
plate parasitic capacitance of the flying capacitor; As well as the energy cost of connecting the
PEH to the rectified voltage output immediately after the bias flipping is complete.

These analysis should provide the foundation needed to understand the multilevel bias flipping
rectifier, and to design a circuit realizing it on a CMOS chip.
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