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A Single-Stage Bias-Flip Regulating Rectifier With
Fully Digital Duty-Cycle-Based MPPT for
Piezoelectric Energy Harvesting

Xinling Yue™, Graduate Student Member, IEEE, and Sijun Du", Senior Member, IEEE

Abstract— Piezoelectric energy harvesting (PEH) has been con-
sidered a promising solution for replacing conventional batteries
to power wireless sensors. A complete PEH system typically
includes three stages: ac—dc rectification, maximum power point
tracking (MPPT), and output voltage regulation to power the load
circuits. Unfortunately, most prior works focus only on the first
one or two stages. A few employ three, but unfortunately, they
are in cascaded stages, which results in cascaded power efficiency
loss. This article proposes a single-stage bias-flip MPPT regulat-
ing rectifier (BMRR), which integrates the active bias-flip rectifi-
cation, MPPT, and output voltage regulation into one stage. The
proposed BMRR transfers energy from the piezoelectric trans-
ducer (PT) directly to the output capacitor by employing fewer
switches, removing the conventional bridge rectifier, and eliminat-
ing cascaded energy loss. In addition, the design was implemented
in a fully digital fast-MPPT technique based on an improved
duty-cycle-based (DCB) algorithm to let the PT voltage jump to
the maximum power point (MPP) in only one step. The proposed
BMRR rectifier was fabricated in a 180-nm BCD process. The
measured results show 930% power enhancement compared to a
full bridge rectifier (FBR) and 92.5% end-to-end (E2E) efficiency.

Index Terms— Duty-cycle-based (DCB) maximum power point
tracking (MPPT), energy harvesting, MPPT, MPPT regulating
rectifier, piezoelectric energy harvester, regulation, single-stage
rectifier.

I. INTRODUCTION

N THE era of the Internet of Things (IoT), a diverse array

of wireless sensors is emerging to bridge the gap between
the physical world and the digital realm. While conventional
batteries have long served as the primary power source for
these sensors, they come with several limitations, including
limited lifespans, large system sizes, high maintenance costs,
and harsh environmental conditions. In response, energy har-
vesting has garnered considerable attention as a promising
alternative. This approach involves harvesting energy from
ambient sources in the surrounding environment and convert-
ing it into electrical energy [1], [2], [3], [4], [5], [6], [7], [8],
[9]. Vibration energy harvesting stands out among the various
energy sources due to its versatility, high energy density, low
frequency, and scalability.
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Fig. 1. Conventional one-stage [1], two-stage [10], and three-stage
rectifiers for PEH. (a) Conventional one-stage ac—dc rectifier. (b) Con-
ventional two-stage ac—dc + MPPT. (c) Conventional three-stage topology
(S1—S2—S3).

Piezoelectric energy harvesting (PEH) uses a piezoelectric
transducer (PT) to convert vibration energy into electrical
energy. When the PT is vibration at its resonance, it can be
represented as an ac current source Ip parallel to a capacitor
Cp, as illustrated in Fig. 1. Due to the ac nature of PTs,
an ac—dc rectifier is typically employed [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21]. Among rectifiers, a full
bridge rectifier (FBR) is commonly used for its simplicity.
However, FBRs suffer from low output power efficiency as the
PT voltage reverses polarity at every zero-crossing moment of
Ip, leading to charge loss. To address this issue, a bias-flip
ac—dc rectifier was proposed, incorporating an inductor to aid
PT flipping by forming an RLC oscillation loop, as depicted
in Fig. 1(a) [1], [15], [21].

The power output from an synchronized switch harvesting
on inductor (SSHI) rectifier is determined by several factors:
the characteristics of the piezoelectric material, the properties
of the excitation source, and the efficiency of the rectifier’s
flipping mechanism. Despite these parameters being initially
fixed, the output power fluctuates with changes in the rectifier
output voltage, Vrgc. As Vrge increases from low to high, the
output power rises to a peak and then declines, where the peak
is called the maximum power point (MPP). Importantly, vari-
ations in the excitation source or bias-flipping efficiency cause
shifts in this MPP, where the bias-flipping efficiency refers to
the efficiency of PT voltage after bias-flipping over the voltage
before flipping. To pinpoint the rectifier operating at this
MPP, a technique called MPP tracking (MPPT) is required as
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Fig. 2. Conceptual architecture of the proposed single-stage BMRR.

an additional stage following the rectifier. Many conventional
MPPT techniques have been investigated, such as perturb
and observe (P&O) [22], [23], fractional open-circuit voltage
(FOCV) [6], [12], and sense and set [24]. However, most
of them require an additional rectified capacitor for system
operation. Fig. 1(b) illustrates a two-stage system cascading
the bias-flipping rectification and MPPT stages. However, this
setup exhibits extended startup times and sluggish MPPT due
to a large Crgc and lacks output regulation.

To directly power the electronic loads, output regulation
is also needed in a complete PEH system, as depicted in
Fig. 1(c), which consists of three stages: a bias-flip ac—dc
rectifier, an MPPT block, and an output voltage regulation
stage. Energy transfer from the PT to the output capacitor
Cour occurs following ac—dc rectification, MPPT, and output
regulation, inevitably subject to cascaded energy loss [25].

This article proposes a single-stage bias-flip MPPT reg-
ulating rectifier (BMRR), integrating active bias-flipping
rectification, MPPT, and output voltage regulation into a
single-stage [26], as illustrated in Fig. 2. The proposed BMRR
offers several advantages over previous designs.

1) Simplified Topology: By consolidating three essential
functions into a single stage, the BMRR utilizes fewer
switches, eliminating the need for a conventional bridge
rectifier and Crgc for MPPT.

2) Reduced Energy Loss: Energy transfer from the PT to
Cour is accomplished in one stage, eliminating cascaded
energy loss.

3) Efficient MPPT: The BMRR employs a fast-MPPT tech-
nique based on an improved duty-cycle-based (DCB)
algorithm [10], enabling the PT voltage (Vpr) to rapidly
reach the MPP in one step.

4) Digital MPPT Implementation: A fully digital MPPT
approach enhances higher accuracy and energy effi-
ciency compared to its analog predecessor.

By integrating these advancements, the proposed BMRR
represents a significant leap forward in the efficiency and
performance of PEH systems.

II. POWER EFFICIENCY ANALYSIS

In this section, the power conversion efficiency (PCE) of a
conventional three-stage system and the proposed single-stage
system are derived and compared.

A. Conventional Three-Stage Systems

When deriving the PCE of a conventional three-stage PEH
system, the architecture of the three cascaded stages shown
in Fig. 1(c) is used. This architecture consists of three power
stages: an ac—dc bias-flip rectifier, an MPPT block, and an
output regulator. Three storage elements are connected to the
outputs of the three stages: Crgc, BAT, and Coyr. When the
PT is vibrating, the current source can be expressed as

Ip = Iy x sin(wt) (h

where w is the vibration excitation frequency. Therefore, the
charge generated in a half-period is

T 21
Or = Iy sin(wt)dt = —. 2)
0 w

If the PT is disconnected from the rectifier and in an open
circuit, the zero-to-peak open-circuit voltage amplitude (Voc)
is expressed by

1 Or Iy
VOC = - X —-—= .
2 C P oC P

In a conventional three-stage rectifier, in the first stage,
an SSHI rectifier is used to flip PT voltage, where Vg can

express the flipped voltage [27]

3)

-
(4L

L
Vi = (Vrec +2Vp) x eV #cr ' = (Veee + 2Vp)nr  (4)

where Vp is the forward voltage drop of a diode in an FBR,
and np = eT/(GL/RC=D") s the flipping efficiency, with
L as the inductance and R as the total resistance in the RLC
loop. The voltage loss (V) after flipping can be written as

Vi = (VrRec +2Vp) x (1 — np). )
Hence, the charge flowing into Cgrgc is
QOssut = Or — Cp X VL = Cp(2Voc — V1). (6)

The input power flowing into the rectifier is expressed by

Pinrec =2fpCp(VrRec +2Vp)(2Voc — V). (N

While the ideal rectifier output power transferred to the
rectified capacitor Crgc is

Poutrec =2 fpCpVrec(2Voc — V1). ®)

Therefore, the ac-to-dc PCE of a conventional bias-flip
rectifier, noted as nrgc, can be expressed as
_ Poutrec

REC =
PN reC

_ 2fpCpVrec(2Voc — V1)
2fpCp(Vrec + 2Vp)(2Voc — V1)

_ Wrec

"~ Vkec +2Vp'

In the second stage, the charge stored in Crgc is transferred
to BAT using a typical buck-boost dc—dc converter. In the third
stage, the energy stored in BAT is transferred to a regulated
output capacitor, Coyr, through another buck-boost dc—dc con-
verter. The PCE of a buck-boost converter depends on many
factors, including the voltage conversion ratio (VCR), loop
resistance, switching frequency, inductors, and so on. For most

(©))
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Fig. 3. Power-stage topology of the proposed BMRR.

well-designed inductor-based CMOS buck-boost converters,
the PCE is usually between 90% and 95%. To simplify our
calculations and focus only on the PCE of the system level,
it is assumed that the two buck-boost converters in the second
and third stages in Fig. 1(c) have the same efficiency, noted
as 71pcpc-

Therefore, the end-to-end (E2E) efficiency (ngsg—cony) Of a
conventional three-stage architecture is given as

NE2E—conv = 1JREC X 1IDCDC X 7IDCDC X 1JMPPT

_ VREC X Mpcpe X TMPPT (10)
VrRec +2Vp
where nvppr is the MPPT efficiency. This efficiency depends
on how well the real-time Vrgc tracks the actual MPP voltage,
Vmep, where Vyipp = (Voc /(1 — np)) — Vp according to [4].
For a well-designed MPPT block making the Vggc tracking
Vmpp very well with a small ripple, nyppr can be very close
to 1. Hence, (10) can be approximated as the following if we
assume nvppr ~ 1 while Vrec = Vmpp:

2
0 N Vmpp X bepe
E2E—conv ™~ T, . A<, *
Vmpr + 2Vp

Y

B. Proposed Single-Stage BMRR

As shown in the conceptual architecture of the proposed
BMRR in Fig. 2, which eliminates the FBR, Cgrgc, and cas-
caded dc—dc conversion losses. The topology of the proposed
BMRR is shown in Fig. 3; its operation will be detailed in
Section III, while this section is focused on the PCE analysis.
The BAT serves as an energy reservoir. The proposed BMRR
extracts the energy from the PT to the output capacitor, Coyr,
in only one dc—dc conversion stage, without an FBR. Similar to
buck-boost converters used in the conventional three-stage sys-
tem, there are also only two power switches in one conduction
path in the BMRR. Hence, the PCE of the dc—dc conversion
in the BMRR is at the same level as the PCE of a typical
buck-boost converter used in conventional systems, previously
noted as npcpc. Assuming the MPPT efficiency is very close
to 1, the E2E PCE of the proposed BMRR is written as

NE2E—prop = 1IDCDC X 7MPPT

~ Npcpe- (12)

Therefore, based on (11) and (12), a comparison between
the E2E PCE of the proposed BMRR and the conventional
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three-stage system is made and expressed as below

VMmPP X IIpepc
Vamep +2Vp

Since npcpc is always less than 1, it is evident that the E2E
PCE of the proposed BMRR is always higher than that of a
conventional three-stage system. The PCE difference can be
significant if Vypp is low, such that a considerable amount of
energy is wasted in the diodes due to Vp in a conventional
three-stage system.

NE2E—conv _

13)
1E2E—prop

III. SYSTEM ARCHITECTURE

Fig. 3 shows the power-stage topology of the proposed
BMRR, which consists of ten power switches, an inductor,
an output capacitor Coyr, and an energy reservoir (BAT). The
PT voltage flipping and energy transfer phases are controlled
by the corresponding operating modes of these switches,
as illustrated in Fig. 4.

At the zero-crossing moment of Ip, Vpr is flipped by
the inductor in mode (a) by closing Sy and Sr in Fig. 4.
The power transfer involves two cases, determined by the
relationship between the PT-generated power (Ppr) and
load-consumed power (Proap). When Ppr < Proap, Cout
can be charged directly by the PT in modes (b) or (c),
depending on PT polarity. Each mode of (b) and (c) includes
two subphases. The red path is to energize the inductor, where
the energy is dumped from PT to the inductor. In the second
step (blue path), the energy is discharged from the inductor to
the output capacitor Coyr-.

When Ppr > Proap, part of the PT-generated energy
goes into BAT in modes (d) and (e), depending on the PT
polarity, to regulate Vouyr. Every mode involves two steps
operated in a red path (inductor-charging) and followed by
a blue path (inductor-discharging). If the PT-generated power
is insufficient to power the load-consumed power, the stored
energy in BAT will also be used to charge the output capacitor
Cour to regulate Voyr in mode (f).

Fig. 5 compares the PT waveform (Vpr) between a con-
ventional work (top) and the proposed BMRR (bottom).
In conventional works, Vpy is gradually converged to the
optimum voltage (Vypp), corresponding to the MPP by a
DCB MPPT technique in [13]. The DCB MPPT points out
the relationship between the MPPT efficiency (nwvppr) and the
rectifier’s cut-off duty cycle (Dco) in a half-vibration period,
where the MPPT efficiency refers to the current output power
(Poyur) over the maximum output power (Pmax), (Wmppr =
(Pout/ Pmax))- The relationship between the MPPT efficiency
(nmepr) and the rectifier’s cut-off duty cycle can be expressed
by nveer = 1 — cos’(m x Dco). The MPP can be tracked
by regulating Dco at 50%, corresponding to Vpr regulated at
Vmpp.

The DCB MPPT in [13] necessitates the use of a rectified
capacitor (Crgc) to track output power variations and maintain
it at the MPP. Unfortunately, Crgc is typically at the micro-
farad level, resulting in prolonged startup times, as depicted
in Fig. 5 (top left). When Vggc is low, the rectifier’s cut-off
duty cycle is small and gradually converges to 50% over an
extended startup period along with the increase of Vggc. When

Authorized licensed use limited to: TU Delft Library. Downloaded on March 14,2025 at 05:52:33 UTC from IEEE Xplore. Restrictions apply.
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(d)

Fig. 4.

(e)

Operation modes and current flowing paths of the proposed BMRR. (a) Vpr flipping. (b) Vpr > 0, energy: PT — Couyr. (c) Vpr < 0, energy:
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Fig. 5. PT voltage (Vpr) of a conventional bias-flip rectifier and the proposed BMRR (left); output power of the proposed BMRR, conventional SSHI with

MPPT, and conventional SSHI with no MPPT (right).

external excitation level changes, such as the open-circuit
voltage Voc increasing from 1 to 2 V, the duty cycle becomes
smaller than 50% since Vrgc is still at the previous Vypp
corresponding to Voc = 1 V. A considerable time is needed
to charge Vrgc to the new Vypp.

To achieve short startup and fast convergence under variable
excitation, this design proposes a stabilized DCB MPPT
technique, which temporarily puts the PT in an open circuit
to let Vpr directly climb to the MPP within half vibration
period, rather than waiting many periods in conventional DCB
designs. The Vpr waveform of the proposed BMRR is shown
in Fig. 5 (bottom). The capacitor Crgc is removed from the
proposed BMRR, guaranteeing a fast MPPT convergence. The
proposed system starts by directly regulating the duty cycle of
the PT voltage build-up (BU) time to a fixed value of 50%,
indicating that the first MPP is achieved from the beginning
and the system always works at MPP. Even if the external
excitation abruptly changes from 1 to 2 V, the proposed
rectifier shows a very fast response and works at the new MPP
in the next half period.

Correspondingly, the output power plot versus time is shown
on the right. Without MPPT, the output power rises to the top
and goes down. The plot of the conventional MPPT technique

tracks the MPP along with the power plot “No MPPT” and
then keeps the power at MPP. However, the proposed BMRR
quickly forces the output power to the MPP, which does not
require tracking the naturally varying output power.

Fig. 6 shows the system architecture of the proposed
BMRR, which consists of a power stage with ten power
switches described earlier, a bias-flip rectification control
block, a fully digital fast-MPPT block, a Voyur regulation
block, a startup block, switch control blocks, and level shifters.
During startup, to find 50% Vpr BU duty cycle (Dgy) for MPP,
the vibration period (7) is sampled first. Vp is connected to
a comparator, with Vyy connected to the ground, to calculate
the vibration period during the startup time (7p) with a digital
counter. After finding Ty, the first flipping moment of Vpr
can be determined at 7p/2 in the next period. After flipping,
the MPPT block allows Vpr to build up for another 7p/4
(corresponding to Dgy = 50%) to climb to its first MPP
voltage.

When Vpr reaches the MPP, the MPP voltage Vypp is
sampled, and Vpr starts being regulated at this voltage. As Vpr
starts moving away from the MPP (Cp started being dis-
charged), the BU signal, BU, goes high, indicating that Vpr
needs to be flipped and build up again in an opposite polarity

Authorized licensed use limited to: TU Delft Library. Downloaded on March 14,2025 at 05:52:33 UTC from IEEE Xplore. Restrictions apply.
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Fig. 7. Operation flowchart of the proposed system.

toward the next MPP. After another 7/4, BU goes low, and
Vpr reaches the MPP again. To maintain efficient MPPT, a new
vibration period (7) is digitally sampled and updated at every
rising edge of BU. The periodically refreshed T is used to
find T/4 to determine the next BU time of Vpr (or ON time
of the BU signal) to let it build up directly to the MPP
after it is flipped. The reason for letting Vpr build-up for
exactly 7/4 is based on the Dgy = 50% rule of the DCB
MPPT algorithm [13]. Since BU is only available after the
first flipping, the 7/4 time for the first two MPPs is calculated
from Ty. From the third MPP, a real-time T is measured for
each vibration period and refreshed at each rising edge of BU.

The Voyr regulation block uses a hysteresis window, set by
Vi and Vi, to regulate Vout. There are three modes to charge
Cout: modes (b)—(d). A phase detector decides which mode
to use and generates control signals, depending on the power
level and PT polarity. Finally, digital signals generated by the
bias-flip rectification, MPPT, and Vpyr regulation blocks are
fed into the switch logic block to drive the power stage after
level shifters.

The system flowchart is shown in Fig. 7. The left flowchart
illustrates the system-level operations. The system commences
with sampling the vibration period, followed by three sub-
sequent steps: PT voltage bias-flipping, MPPT, and energy

Authorized licensed use limited to: TU Delft Library. Downloaded on March 14,2025 at 05:52:33 UTC from IEEE Xplore. Restrictions apply.
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Fig. 8.  Fully digital MPPT of the proposed stabilized DCB MPPT technique. (a) Fully digital MPPT circuit implementation. (b) MPPT block power
consumption.

extraction. The detailed MPPT operations are shown in the
middle, where the first two MPPs are found through the left
path when the BU signal is not ready. Upon reaching a steady
state, the MPP is tracked via the right path when BU is ready.
Fig. 7 (right) shows the procedure for determining the 50%
duty cycle, as referenced in Fig. 6. The bottom right shows
the waveform of the BU, Read, and Reset signals. In the
steady operations, the rising edge of BU corresponds to the
PT voltage flipping moment, while its falling edge signifies
the arrival of the MPP.

IV. CIRCUIT IMPLEMENTATION

Fig. 8(a) shows the circuit implementation of the fully digi-
tal MPPT to find 7/4 as the BU time of Vpr to achieve Dgy =
50%. To determine T'/4 first, an 11-bit counter CNT[10:0]
continuously counts the clock (CLK) cycles within each BU
period. The counter is driven by an on-chip generated clock of
50 kHz. The counter is reset at every BU rising edge, and its
1-bit-right-shifted (halved) output is alternatively stored in two
registers, Q1 and Q,. Then, O and Q, are averaged to obtain
T/4. The averaging operation of two adjacent BU periods,
stored in Q1 and Q,, is to remove the error between them
and obtain an accurate 7/4. The final 7/4 can be externally
adjusted by a 10-bit signal §[9:0] (in the range of [—512, 511])
through a 2’s complementary adder to manually stabilize Dgy
in a wide range from 15% to 75%. This calibration ability
allows the system performance to be measured when it works
in non-MPP conditions. By employing a fully digital MPPT
technique, the whole MPPT block consumes only 43.3 nW
as shown in Fig. 8(b), where the counter occupies the largest
proportion.

Fig. 9 shows the circuit implementation responsible for
generating the counter control signals featured in Fig. 8. This
configuration directs the Vpp and BU signals into the reset

Fig. 9. Digital MPPT control block for generating Reset and Read signals.

block and D-flip-flops, where Vpp is the result of comparing
Vp and Vy during the startup state shown in Fig. 6. These
components collaborate to yield the final Reset and Read
signals, pivotal for regulating the counter operation outlined in
Fig. 8. The Read signal undergoes updates upon the occurrence
of a rising edge in the BU signal. Conversely, after reading
the registered clocks, the Reset signal is triggered. The reset
block’s specifications are outlined at the top of the diagram.
The weak inverters are characterized by a width-to-length
(W/L) ratio of 0.22/10 pm.

Fig. 10 shows the Vour regulation block, which is crucial
in determining the energy flow directions in the system. The
logic controls, depicted on the left side of the diagram, produce
outputs that dictate the energy flow paths of the system. In the
switch logic section, the top two paths signify the energy flow
from the battery (BAT) to the output capacitor Coyr, while
the middle paths represent the energy flow from the PT to the
BAT. The bottom paths depict the energy transfer from the PT
to Cout. After passing through the level shifters, the output
signals drive the switches in the power stage.

The input signals, P, and P,, indicate whether Vour
reaches its hysteresis lower boundary, V., or higher boundary,
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Hysteresis comparator for PT voltage regulation.

Vu, respectively. When P, is high, Vour does not need to
be charged, and the PT energy goes into BAT; otherwise,
PT-generated energy is transferred into Coyr. When P is
high, it indicates that PT-harvested power is too low to sustain
the load, so BAT is engaged to charge Vour until it reaches
Vu. The HYS signal generated by a hysteresis comparator
in Fig. 11 assists in determining where the PT-generated
energy flows. The signals P;, P, and RDY are used to
generate inductor-charging phases, Pyvic—xx (either Pyic_pr or
Pyve—par), and inductor-discharging phases Pyp-_xx (either
Pvp-pr or Pyp—par), to drive the switch matrix for power
transfer operations. The RDY signal indicates whether the
MPP arrives.

Fig. 11 presents the detailed circuits of the hysteresis
comparator, which is crucial in regulating the PT voltage.
The ratio between the widths of transistors (M; and M;) and
(M3 and M,) determines the hysteresis window. The PMOS
pair (M5 and Mj) at the top serves to calibrate the ratio in a
wide range. When Hgy is high, M5 and Mg are OFF, resulting
in a smaller window. Otherwise, M5 and Mg are connected
in series with M; and M,, respectively, leading to a larger
window. Fig. 12 shows a current-starved on-chip oscillator. Its
output, CLK, of 50 kHz is provided to the counters to count the
vibration period and determine the MPP. The biasing current
is 7.5 nA, and the total consumed power is around 67.5 nW.

Fig. 13.  Experimental setup and chip microphotograph. (a) Measurement
setup. (b) Chip micrograph.

V. MEASUREMENT RESULTS

Fig. 13 shows the measurement setup and chip micrograph.
The chip was fabricated in a 180-nm BCD process. The active
chip area is 0.91 mm?. Two commercial PTs are used in
the measurements to validate the operations of the proposed
system better. The two PTs are S129-H5FR-1803YB and
S128-J1FR-1808YB, with inherent capacitors 23 and 116 nF,
and the resonance frequencies of 133 and 120 Hz, respectively.
The employed BAT is SEIKO MS621FE with a voltage range
between 3 and 3.5 V.

Fig. 14 shows the waveform of Vpr and Vpp in the very
first several vibration periods after excitation starts. Initially,
the vibration period 7p is examined for the first several free
oscillations of Vpr. After Tj is sampled and determined, the
first flipping moment of the PT voltage occurs after 7y/2 in
the following period. After another 7;,/4 period, the MPP
arrives, and dc—dc conversion starts operating to regulate the
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Fig. 16. Zoom-in waveform of the PT voltage and related control phases.

PT voltage, indicating the finishing of the startup period.
As shown in Fig. 14, the startup period consists of only five
vibration periods. This period could potentially be optimized
to as few as two periods. Once the startup period is complete,
the system transitions into a stable operating state, maintaining
Vpr regulation and bias-flipping.

Fig. 15 shows the PT voltage, Vpr, and the flipping signal
during the steady state. The zoomed-in figure at the top-right
displays the behavior of the PT voltage during a flipping
moment. During this time, the PT voltage is flipped from —1.6
to 1.4 V, representing an 87.5% voltage flipping efficiency.

Fig. 16 provides a detailed view of the PT voltage during
both the BU and regulation periods. The waveform shows
a measured BU duty cycle, Dgy, of approximately 49.87%.
Fig. 16 (right) shows the control phases, Pyvic—pr and Pyp—_pr-
Pyve—pr represents the phase during which the charge is
transferred from the PT to energize the inductor, while Pyip—_pr
shows the inductor-discharging phase.

Fig. 17 shows the waveform of PT voltage Vpr and BU. The
proposed system was designed to achieve MPPT in response to
changes in external excitation levels. Initially, the open-circuit
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_:v—voc(,:o.sv—»;D ——Voon=1.2V
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Fig. 17. System transient waveform of the PT voltage and BU signals under
different external excitation levels.

Rioap=1MQ, loyr=5pA, Cp=23nF ¥ RLoap=50KQ, loyr=100pA, Cp=1 16nF |

A v,
T T e Y TR RV ) |t

AT~ o~ A

—_—

Vour ,t, 5V Vouyr * 5V
=
37mv: S5ms 127mv; 5ms ||
PMFJ PT ISV P'V'[T PT V.
S
PMD—EAT
PMDVBAT II I I II
Pt Pa.
Vo —_—
Ve ~
VOUT V,
ouT
P"WTPT-- TR Pup.pt —
Pupgat
PMDVBAV
- 20S ¥ =
"-"""““"‘ Pup-p 11ps 20
osC 2
cLk) || Puwear — L L. T L
i nt 3us
On-chip 0sC: 50KHZ | = = re s o o o o o s o o o o e k

Fig. 18. Measured Voyr regulation in different loading conditions.

voltage (Voc) of the PT is 0.8 V and the flipping efficiency is
60%, corresponding to an MPP voltage Vypp of around 2 V.
When V¢ increases to 1.2 V, the flipping efficiency rises to
65% in the steady state since the higher gate-driving voltage
reduces the switch resistance in the bias-flip loop. It can be
observed that the duty cycle of BU is anchored to 50% to
automatically regulate Vpr toward the new Vypp of around
34 V.

Fig. 18 shows the waveform of Vp, Vour, Pwvp-pr,
and Pyp_gar under different load conditions. Pyp_pr and
Puvp-par represent the inductor-discharging phases from the
PT and the BAT, respectively. Fig. 18 (left) shows that when
the load resistance is 1 M2, the system maintains an output
voltage of 5 V with a small ripple of 37 mV and a load current
of 5 A. In contrast, Fig. 18 (right) shows the waveform in a
heavier load condition with a load resistance of 50 k€2, which
results in a larger maximum output voltage ripple of 127 mV.
The zoomed-in waveform on the bottom reveals that Pyp_pr
and Pyip_par lasts 11 and 3 us, respectively. The output of
the on-chip 50-kHz oscillator is shown at the bottom left.
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Fig. 19 presents the relationship between output power and
the BU signal duty cycle, Dgy, for the proposed BMRR
under different open-circuit voltages Vpoc. Fig. 19 aims to
determine the optimum duty cycle for maximum power output,
with Voc at 1.5 and 2 V, both exhibiting the same voltage
flipping efficiency of 60%. This data was acquired by manually
configuring the external signal §[9:0] to stabilize Dgy at a
specific value in a broad range from 15% to 75%, as detailed
in Fig. 8. The results prove that for different Voc values, the
optimum Dgy for achieving maximum output power is around
50%, which matches the theory of the DCB MPPT algorithm.

Fig. 20 shows the output power of the proposed BMRR over
15 s of time starting from a static PT with V¢ changed in
the middle, similar to the phenomenon shown in Fig. 17. The
measurements demonstrate the effectiveness of the fast-MPPT
technique. Initially, following the startup phase, the output
power swiftly rises to 10 ©'W within a timeframe of 15-38 ms
(2-5 vibration periods). This rapid increase is attributed to
the implementation of the proposed fast-MPPT technique.
Subsequently, when the open-circuit voltage transitions from
0.8 to 1.2 V, the output power undergoes a significant surge
from 10 to 30 uW rapidly. This rapid power increase under-
scores the responsiveness and efficiency of the BMRR rectifier
in adapting to changes in the external environment, thereby
maximizing power extraction from the energy source.

Fig. 21 exhibits the measured MPPT efficiency and acceler-
ation level as a function of the open-circuit voltage Vpoc. The
data reveals remarkable efficiency metrics, with a maximum
MPPT efficiency reaching an impressive 99.9%, while the
average MPPT efficiency stands at 99.79% in a wide range of
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Voc from 0.4 to 2 V. These results underscore the efficacy of
the fully digital MPPT design. The chip leverages a 180-nm
BCD process featuring CMOS transistors with a maximum
rating of 5 V. The acceleration measurements complement
these efficiency figures, with the minimum acceleration level
at 0.2 m/s> corresponding to Voc of 0.4 V, and the maximum
acceleration measured at 0.9 m/s> corresponding to Voc of
2.0 V. Such performance metrics highlight the robustness
and versatility of the chip design in adapting to varying
operating conditions while consistently achieving high levels
of efficiency.

Fig. 22 provides the measured E2E efficiency of the
proposed BMRR for various load currents. Notably, the mea-
surements indicate a peak E2E efficiency of 92.5% with
the load current at 55 pA. The system achieves an average
efficiency of 90.54% in a wide range of load current from
10 to 100 nA. The E2E efficiency tends to be relatively low
at lower load current due to a relatively higher proportion of
self-consumed power. These results underscore the efficacy
of the proposed single-stage BMRR in achieving high E2E
efficiency from the energy harvester to the load.

Fig. 23 depicts the figure of merit (FOM) concerning
flipping efficiency, where the FOM is defined as the ratio
of the extracted power with the proposed BMRR to that
of an FBR. With flipping efficiency ranging from 60% to
87.5% by changing the off-chip inductance, the FOM exhibits
corresponding variations from 5x to 9.3x. Therefore, the
BMRR achieves the energy extraction enhancement of up to
9.3x compared to an FBR.

Table 1 provides performance comparisons between the
proposed BMRR and prior works. Unlike most previous
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TABLE I
PERFORMANCE COMPARISON WITH PRIOR WORKS

JSSC’17 [25] ISSCC’20 [28] AICSP’22 [29] ISSCC’22 [30] JSSC’23 [21]  JSSC’23 [10] This work
Technology 350 nm 600 nm 180 nm 180 nm 180 nm 180 nm 180 nm
Energy Electromagnetic Piezoelectric Piezoelectric Triboelectric Piezoelectric Piezoelectric Piezoelectric
Frequency 64.4Hz/109Hz 56Hz 120Hz 250Hz 130Hz 230Hz 133Hz/120Hz
Cp No 24nF 15nF 120pF 100nF 42nF 23nF/116nF
Technique NVC SECE Recycling SL MCS-BF ES-SSHI SSHI BMRR
Dimension 1.3 mm? 14 mm? 0.275 mm? 5.9 mm? 1.21 mm? 0.47 mm? 0.91mm?
s No No 70%* 69% 91%/84% 82% 87.5%
Inductor No 220 uH 100 uH 10mH 10puH 120H 220 uH
FBR Required? Yes Yes No Yes No Yes No
Cold Start? Yes(5s) Yes(4s) No N/R No No Yes(15ms)
Crec Existed? Yes No No Yes Yes Yes No
MPPT CAC P&O No No No DCB Stabilized DCB
MPPT Circuit Analog Analog&Digital N/R N/R N/R Analog Digital
MPPT Eff. 91% N/R N/R N/R N/R 98% 99.9%
Reg. Vour 22V No No No No No A%
Features Rec.+MPPT+Reg. Rec.+MPPT Rec. Rec. Rec Rec.+MPPT Rec.+MPPT+Reg.
Cascaded No. 3 2 (No Reg.) 1 (Rec. only) 1 (Rec. only) 1 (Rec. only) 2 (No Reg.) 1
E2E PCE 90% 94%(No Reg.) 76%(Rec. only)  70.7%(Rec. only) N/R N/R 92.5% (Overall)
FOM (Pic/PrBR) 1% 3.28% 2.5x—12x 3.14x 11.7x—6.4x 7.38x 9.3%x

*: Estimated.

N/R: Not reported.
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Fig. 23. Power extraction enhancement compared to an FBR.

approaches focusing on improving the performance of either
the rectifier stage or the MPPT stage, the BMRR is focused
on global optimization to achieve high E2E efficiency by
integrating bias-flip rectification, MPPT, and output regulation
in only one stage. Its MPPT algorithm, based on stabilized
DCB, achieves one-step MPPT. Measured results show a max-
imum output E2E efficiency of 92.5% and power extraction
enhancement of 9.3x compared to an FBR with near-zero
diode voltage drop, highlighting its superior performance in
PEH systems.

VI. CONCLUSION

This article proposes a single-stage BMRR for PEH.
The proposed system integrates bias-flip rectification, MPPT,
and output regulation in only one stage, eliminating inter-
mediate stages and minimizing energy loss. The proposed

fully digital MPPT technique is based on a stabilized
50% DCB method, which ensures that MPPT is achieved
shortly after the system starts operating, typically within
several vibration cycles. The proposed architecture removes
the conventional rectified capacitor, guaranteeing a one-step
MPPT and short startup. Thanks to the single-stage BMRR,
the energy extraction performance is enhanced by 9.3x
compared to an FBR, and a 92.5% E2E efficiency is
achieved.
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