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Abstract—Piezoelectric energy harvesting (PEH) has attracted
much attention as an approach to exploit ambient vibrational
energy to power self-sustained devices. Among the proposed
interface circuits for PEH, Synchronized Switch Harvesting on
Capacitor (SSHC) rectifier distinguishes itself since it achieves
high power efficiency while requires no inductor. The power
SSHC can extract is a function of the voltage flip efficiency. In
previous studies the flip efficiency is given only under particular
condition, which limits the analysis and design of SSHC circuits.
This paper presents the derivation of a generic flip efficiency
expression. From the result, a novel capacitor-scaling design is
proposed which can reduce the total switched capacitance by up
to 50% while achieving the same performance (or to enhance
performance while maintaining the total capacitance). This is
particularly preferred for a fully integrated design and can
significantly decrease the on-chip capacitor area. The results are
validated by simulations implemented in a 0.18 um CMOS BCD
technology.

I. INTRODUCTION

With the accelerating development of Internet-of-Things
(IoT), the need for portable and lightweight power source is
increasing. In many applications such as wireless sensors [1],
wearable electronics [2] and implantable biomedical devices
[3], where the batteries are difficult to be recharged or re-
placed, energy harvesting has been introduced as an effective
way to serve as a power source, since it can collect ambient
energy and turn them into electrical power.

Piezoelectric energy harvesting is a promising approach to
scavenge ambient vibrational energy to power self-sustained
systems because of its high power density and compatibility
with microelectronics process [4]. As the piezoelectric trans-
ducer (PT) outputs an AC voltage, it cannot be directly used as
power supply until it is rectified. Full-bridge rectifier (FBR),
as shown in Fig. 1 (a), is widely used to transform the AC-
type output into a rectified DC voltage. However it suffers
from poor power efficiency because a large amount of energy
is wasted during the transition between two voltage thresholds
Vs + 2Vp and —(Vs + 2Vp), where Vg is the output of the
interface circuit and Vp is the diode voltage drop.

Many kinds of active interface circuits have been proposed
to maximize the extracted power [5]- [7], among which the
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Fig. 1. (a) Full-bridge rectifier (FBR) and its transient waveform. (b)
Synchronized Switch Harvesting on Capacitor (SSHC) rectifier.

Synchronized Switch Harvesting on Capacitor (SSHC) inter-
face, as shown in Fig. 1 (b), distinguishes itself because of its
high power extraction ability while removing the requirement
of an off-chip inductor [7]. This characteristic has made SSHC
a promising candidate for full on-chip integration. The output
power of SSHC is related to voltage flip efficiency, 7y, which
represents the effectiveness of synchronous voltage flipping.
In [7], the 7y is given when every switched capacitor C'x has
the same value as the PT’s inherent capacitor C'p. In [8] the
curve of np varying with Cx/Cp is simulated. However they
both have not provided a generic expression of 7y, which is
greatly needed to analyze and ameliorate the design of SSHC
rectifiers.

In this paper, the flip efficiency values for one- and two-
stage SSHC are manually calculated. Through the results, a
generic flip efficiency expression of SSHC is derived and
verified. From the expression we propose a novel design to
reduce the total capacitance by up to 50% while maintain the
same energy extraction performance by increasing the stage
number N. From another perspective, the output power perfor-

978-1-6654-8485-5/22/$31.00 ©2022 IEEE 2758

Authorized licensed use limited to: TU Delft Library. Downloaded on November 24,2022 at 08:51:38 UTC from IEEE Xplore. Restrictions apply.



 /
=

Vs+2Vp / /

Ver >

L W

‘_\_ ¢ @2 s

- (Vs+2Vp)

Fig. 2. The associate waveform of one-stage SSHC during flipping.

mance can be improved with the same total capacitance also by
increasing N. This design makes the full on-chip integration
of SSHC much easier with the capacitance reduction.

II. SSHC INTERFACE CIRCUIT
A. Rectified output power

Fig. 2 shows the transient waveform of SSHC. To reduce
the wasted charge when the voltage across the transducer
Vpr flips from +(Vs + 2Vp) to F(Vs + 2Vp), the SSHC
circuits first collect the charge on a series of capacitors and
then reverse the top and bottom plates to flip the voltage. The
flip efficiency nr, which is defined by the absolute voltage
ratio after and before flipping, i.e, |Vp 3/Vp |, determines how
much charge is lost during the process, hence can lead to the
output power of the interface circuit.

In a manner similar to the derivation in [9], the relation
between output power and flip efficiency for SSHC is given
by

Pssuc = 2fpCpVs(2Voc — (1 —nr)(Vs +2Vp)) (1)

where fp is the excitation frequency, C'p is the inherent
capacitor of the PT and V¢ is the open circuit amplitude
(zero-to-peak) of the PT. The maximum power is obtained

when VS = 1‘/_07](; — VDZ
Vi
Psstc,maz = 2fpCp(1 - 77F)(1 BZF —Vp)? (@)

From (2) we notice that for a given PT excited at a given
excitation level, the maximum output power only depends on
nr. Therefore, achieving a high nr becomes the key factor
affecting the rectifier’s performance.

B. Theoretical derivation of flip efficiency

The flip efficiency nr is not at its optimal value when the
SSHC circuits begins to operate from its cold state, because
there is no charge in each switched capacitor initially. However
as the number of flip cycles increases, the voltage in all
capacitors accumulates and the system will gradually enter its
steady state, i.e, the absolute value of charge in each capacitor
remains unchanged after each flipping operation. Since the
SSHC rectifier can typically enter its steady state in only tens
of vibration periods, the expression of 1y to be derived in this
section is the nr in the steady state.

Fig. 3. The simplified flipping process of a one-stage SSHC.

TABLE 1
FLIP EFFICIENCY FOR DIFFERENT STAGE NUMBER AND SWITCHED
CAPACITANCE CALCULATED FROM EQ.(9)

Number of Flip efficiency
stage(s) Ckg =0.1Cp Ckg =Cp Ckg =10Cp
1 0.083 0.333 0.476
2 0.154 0.500 0.645
3 0.214 0.600 0.732
4 0.267 0.667 0.784
5 0.313 0.714 0.820
6 0.353 0.750 0.845

As a first step, the nr of one-stage SSHC is calculated.
Fig. 3 shows the simplified flipping process in steady state
of a one-stage SSHC. We assume that the voltage across C'1
and Cp before flipping are Vj, o and V,, o, the voltage across
C1 and Cp after phase 1 are Vj; and V}, 1, and so on. The
equations of the three phases are listed below:

VpoCp + Vik,0C1l =Vp1Cp + Vg 1Cy
_ (€))
Vp1=Vka
Vpa =0 4
Vp2Cp — Vi, 0C1 = Vp3Cp + Vi 3C1
_ )
Vps=Vks

Noted that from the steady-state condition, another equation
can be obtained:

Vko=— Vks 6)

Combining (2)-(5), the flip efficiency of a one-stage SSHC
is derived:

— Cl
- Cp+20C4 @

Vi3
Veo

Nr1 = ’

As we can see from (7), np,1 only depends on the ratio of
PT capacitor C'p and switched capacitor C'.

With respect to a 2-stage SSHC, the flip efficiency can be
derived in a similar way by setting up the equations of each
phase. To get a better insight of the pattern of flip efficiency, all
switched capacitors are assumed identical, whose capacitance
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Fig. 4. Calculated and Matlab simulated flip efficiency with Cx /Cp varing
from 0.1 to 100.

equals to Ck. Through calculation, the flip efficiency of a
2-stage SSHC is given by
20k
2= Cp 130k

From (7) and (8), a pattern of flip efficiency can be found.
We postulate that 7, n obeys the following equation:

B NCg
- Cp+ (N+1)Ck

where N is the stage number. The expression of np x shows
that we can increase N or C'x to make ng higher. Table I
summarizes the calculated ngr for different stage number
and switched capacitance. To further verify this hypothesis,
simulation results based on SSHC rectifier models are given
in section III. The results exhibit a perfect fit with (9).

®)

C))

NF,N

C. Capacitor scaling

From equation (9) we can arrive at an interesting deduction.
For a N-stage SSHC with Cx = Cp, while the total capac-
itance is NCp, if we increase the stage number to M while
remain the same 7, the ratio of total capacitance of M- and
N-stage SSHC can be calculated as (11).

N

5 —NCP

Ck = (10)

Ciotar  MCle M an

Citv NCgx 2M —N

It can be noted from (11) that by increasing the stage
number M, this ratio approaches 1/2, which means that we
can reduce the total switched capacitance by up to 50%
while maintaining the same power extraction performance,
by simply adding more switching stages. While infinite M
is not practical, the total capacitance can still be saved by
33% and 40% when the number of stages is doubled and
tripled, respectively. From another aspect, it also means that
by increasing M, we can improve the power extraction with
the same amount of capacitance.

Despite the rise in phases, the total flipping time stays the
same when stage number increases. The total flipping time is
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Fig. 5. The capacitance ratio and flip efficiency simulation results with
different stage number.

proportional to the accumulation of RC time constants of each
phase. Thus the ratio of flipping time of M-stage SSHC (C'x
is chosen according to (10)) with respect to N-stage SSHC
(Ck = Cp) can be written as

M NCpR/2M N
TN B CpR/Q B M
Tripm _ 2M7a + 10 _
Tflip,N 2NN + 19

12)

(13)

where 7y, and 7n are the RC constant of each switched
capacitor path in M- and N-stage SSHC and 7 is the RC
constant of ¢y.

The capacitance reduction comes at a cost of circuit com-
plexity and power consumption. Since the control circuits are
composed of identical delay blocks and gate drivers, increasing
stage number would not lead to much difficulties. The power
consumption of the additional blocks would not be significant
either compared with the harvested power level.

ITI. SIMULATION RESULTS

In order to verify the expression of SSHC’s flip efficiency
in equation (9) as well as the capacitor scaling theory, Matlab
mathematical analysis has been performed. In addition, an
SSHC rectifier model has been built and simulated in Cadence
in a 0.18 yum CMOS BCD technology.

Fig. 4 shows the comparison between the simulated flip
efficiency and calculated ones from (9) for 1- to 6-stage
SSHC when Ck /Cp varies from 0.1 to 100. To make sure
that the system enters the steady state with large Cx/Cp
and NV values, and obtains an accurate 7p, each simulation
result is recorded after 2,000 flipping cycles. As shown in the
results, the simulated points fit very well with (9); hence the
correctness of the flip efficiency’s expression in (9) can be
well verified.

To verify the proposed capacitor scaling scheme, a series of
simulations based on SSHC circuit model has been conducted
in Cadence. The results are shown in Fig. 5. In the initial 3-
stage SSHC model, all the three switched capacitors equal to
Cp (Ctot,3 = 3Cp), and hence its theoretical flip efficiency
is 60%. As shown in Fig. 5, when the stage number is

2760

Authorized licensed use limited to: TU Delft Library. Downloaded on November 24,2022 at 08:51:38 UTC from IEEE Xplore. Restrictions apply.



2 2 2
”, 1.162 ~ 1.162
1 1
> _ 0.696 > 0. 696
<o MF= 162 ~ 0 | MF= 1162
>D. = 0. 5990 >EL “‘ ! = 0. 5990
1 -1 »
, , -0.696 -0.696
/ / . .
2 — - 2 — ¥ B
500 502 504 506 508 510 500 502 504 506 508 510 500 502 504 506 508 510
/ / h /
’ ’
Y[ le ow 05 w 80 6 bum © e o EPYD P (e ew YA B
1 1 1
> 05 L3 2 05 Cior = 2.14C, Z 08
= tot = 3Cp I tot = 2. P = Cior= 1.8Cp
= 0 S0 =0
0.5 -0.695 -0.5 0.5 20 -0.696

-1
502.5015 502.502 502.5025 502.503 502.5035 502.504 502.5045
t/ms

(a)

-1
502.5015 502.502 502.5025 502.503 502.5035 502.504 502.5045
t/ms

(b)

-1
502.5015 502.502 502.5025 502.503 502.5035 502.504 502.5045
tms

©)

Fig. 6. The transient waveforms of (a) 3-, (b) 5- and (c) 9-stage SSHCs. The switched capacitor’s value C'k in 3-stage SSHC equals to C'p while in other

circuits C'ic is scaled according to (10).

gradually increased from 3 to 9 with each switched capacitor
Ck designed according to (10), the flip efficiency is almost
a constant value (around 59.8%), while the total capacitance
Ciot,m 18 reduced. Compared with the 3-stage SSHC, the
total capacitance is reduced by 33% and 40% when the stage-
number is doubled and tripled, respectively. These results have
validated the proposed capacitor scaling scheme and further
verified the nr expression in (9).

The transient waveforms of 3-, 4-, 5- and 9-stage SSHC rec-
tifiers in the aforementioned simulations are shown in Fig. 6.
The PT inherent capacitor Cp is 30 nF. As it can be seen
from the results, although the SSHCs have different stages and
flipping phases, they all have the same flip efficiency, which
is near 59.8%. The total switched capacitance for 4-, 5- and
9-stage SSHC are 2.4Cp, 2.14Cp and 1.8 Cp, respectively.
This implies that the total capacitance for these three rectifiers
are reduced by 20%, 28.7% and 40%, respectively, compared
with 3-stage SSHC with 3 switched capacitors equal to Cp
(total capacitance is 3 C'p). If the stage number keeps increas-
ing, the total capacitance would be reduced further. This result
indicates that we can minify the capacitors while maintaining
the same power extraction performance, which is a function
of nr, by adding more stages. While more flipping phases are
introduced, it is important to analyze the total time required
for voltage flipping. In order to achieve the optimal 7z with
minimal flipping time, the time interval of each phase in 3-,
4-, 5- and 9-stage SSHC is set to 300, 225, 180 and 100 ns
according to (12), while ¢ for all rectifiers equals to 200 ns,
as shorter phase interval would degrade the flip efficiency. It
can be noted that all of the SSHC rectifiers have the same
total flipping time (2 us) despite the increase in phases.

Fig. 7 shows the output power of SSHC varying with output
voltage Vs when the stage number of SSHC is increased
from 3 to 5 and 9 while their total capacitance all equal
to 3Cp. The PT’s parameters and diode’s voltage drop are
given in the figure. The result shows that the 5- and 9-stage
SSHC have raised the peak extracted power by 18.2% and
36.2%, respectively, compared with the 3-stage SSHC. The npr

150

Voc=2V 6.2V, 139 )
fp = 200 Hz
Cp=30nF (5.5V,122 pW)

100 Vp=0.2V

(4.8V,104 pw)

Power / uW

o
o

3-stage (C=C)
5-stage (C,=3C,/5)
9-stage (CK=CPI3)

0 1 2 3 4 5 6 T 8
VSIV

Fig. 7. Simulated output power of 3-, 5- and 9-stage SSHC with equal total
capacitance (Ctotq; = 3 Cp) but different phase schedules.

obtained from the simulations are 59.7%, 64.9% and 68.7%
for 3-, 5- and 9-stage SSHC, respectively, which also fit well
with (9). Therefore the power extraction performance can be
enhanced while maintaining the total capacitance by adding
more stages.

IV. CONCLUSION

In this paper the generic expression of flip efficiency np
(9) in SSHC rectifiers is derived and verified. The expression
of nr, which is a function of capacitor’s ratio Cx/Cp and
stage number N, inspires a novel capacitor scaling design
which can reduce the total switched capacitance by up to
50% while remaining the same power extraction performance
by adding more stages and lessening each switched capacitor.
The proposed theory has been modeled and simulated with
3- to 9-stage SSHC circuits. The results show that while
the total capacitance of the 4- to 9-stage SSHC rectifiers
are saved by 20% to 40%, respectively, they all have the
same flip efficiency (59.8%) with respect to the original 3-
stage SSHC. These results demonstrate that, at the cost of
slightly higher design complexity and power consumption, the
system can significantly reduce the on-chip capacitor’s area
without sacrificing the system’s performance, which provides
a prospect of a fully integrated SSHC PEH system.
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