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Abstract—A vibration piezoelectric energy-harvesting (PEH)
sensor interface IC including high-efficiency power management
and readout circuit for structural health monitoring is presented
in this paper. The PEH interface consists of a parallel synchro-
nized switched harvesting on inductor (SSHI) rectifier, and a
novel duty cycle based maximum power point tracking (MPPT)
circuit implemented with comparators and a switched capacitor.
The comparators in both the SSHI and MPPT controllers are
dynamically biased to provide fast response with low power. The
switched capacitor based MPPT can tune the output voltage
to suit the input effectively with a simple circuit structure.
Moreover, the vibration frequency can be monitored to wake up
the readout circuit when a certain threshold (20 Hz) is surpassed,
indicating a possible catastrophic event. The readout circuit
includes a low-power amplifier with dynamic bias, providing
a programmable gain of 4/8/32/128 for the following 12-bit
SAR ADC. The proposed system is implemented in a 55 nm
standard CMOS technology. Experimental results show that
a peak MPPT efficiency of 98.7% and up to 711% output
power enhancement are achieved at 133 Hz resonance frequency.
Moreover, the event driven wake-up of the readout circuit is
successfully demonstrated. With a 11.3-bit ENOB achieved in
the SAR ADC, the vibration frequency, temperature, and strain
can be extracted from the proposed interface IC.

Index Terms—Piezoelectric energy harvesting, SSHI rectifier,
duty cycle based MPPT, high efficiency, dynamic bias, low power.

I. INTRODUCTION

UILDINGSCAN accumulate damage because they are
exposed to changing environmental conditions, e.g., seis-
mic events, foundation settlement, heating, material aging and
vibrations caused by urban activities, during the operational
lifetime [1], [2], [3]. Compared with natural hazard-related
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vibration sources like seismic events, those more common
in daily life mainly originate from urban activities, such as
transportation [4], engineering construction [5], and industrial
production [6]. These activities can generate vibrations with
a frequency of around 20-200 Hz [4], [5], [6], which have
impacts on buildings, ranging from structural safety hazards
to accelerated material deterioration. As per [7], [8], and
[9], such vibrations need to be monitored to evaluate the
building structural health. Owing to the rapid development
of the wireless sensor networks, monitoring structural health
of buildings by recording vibration frequency, strain and
temperature [10], [11] has been proven to be a useful approach
to guarantee an adequate level of safety. Compared with
labor-intensive regular maintenance, monitoring with wire-
less sensors provides a low-cost alternative with real-time
operational capabilities. Therefore, sensors for structural mon-
itoring of buildings attracted attention from both industry and
academia [12], [13], [14]. In order to keep the sensor system
economical, operations, e. g., changing the battery, other than
installation should be minimized. Therefore, consuming low
power and preferably harvesting energy from the environment
is of significant importance for such sensor systems [15],
[16], [17].

As shown in Fig. 1, a typical sensor node for structural
health monitoring consists of a set of power management
circuit, a sensor readout amplifier and ADC, together with
a data interface and a RF link [18], [19], [20]. A customized
ASIC including the power management and sensor readout can
adapt to different sensing and energy harvesting modalities,
providing a small form factor, while the RF link can be
implemented by standard off-the-shelf components. In order
to enhance the power efficiency to extend the battery life-
time, two techniques are usually implemented. First, energy
harvesting from vibrations by a piezoelectric component can
be useful, especially for sensor nodes deployed on bridges
where vibrations are widely present. Second, an event-driven
operation can minimize the RF power by only sending data
sparsely and when an abnormality is detected.

Quantitatively, a piezoelectric vibration sensor, a resistive
strain sensor, and a temperature sensor together with the
readout usually consumes several yA to several 10s of A [21];
the data interface and digital controller including threshold
gating function consumes similar level of current; the radio
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Fig. 1. (a) System schematic of a typical IoT sensor for structural monitoring
of buildings. (b) Power consumption diagram of the proposed sensor interface.

link can consume a peak power of several 10s of mA, which
may be active only once daily, making the energy negligible.
From energy harvesting point of view, a medium size (10 cm
X 2 cm) piezoelectric sheet working at a moderate vibration
frequency of buildings (= 20 Hz) can provide a sustainable
power of around 20 uW, which makes it possible to power
the sensors together with its readout [22], [23], [24].

Indeed, existing piezoelectric based energy harvesting tech-
nique is helpful for sensor nodes in structural monitoring.
These nodes are typically connected to a parallel synchronized
switched harvesting on inductor (P-SSHI) rectifier, which
shows a higher power efficiency and a lower operating volt-
age, compared to the synchronous electric charge extraction
(SECE), whose extraction efficiency is independent of the
variation of the loads [25]. One of the major challenges is
to maintain a high efficiency with changing environments,
varying harvestable energy levels, and load conditions [25].
Various maximal power point (MPP) techniques have been
developed, and conventional techniques are based on either
fractional open circuit voltage (FOCV) [26], [27], [28], [29]
or perturb and observe (P&O) [30], [31], [32], [33]. The
FOCYV periodically disconnects the circuit from the harvester,
resulting in a waste of energy. Moreover, the relationship
between the open circuit voltage (Voc) and the efficiency can
change during operation, while timely adjustments are chal-
lenging. Besides, the P&O algorithm can continuously adjust
the rectified output power without requiring prior knowledge
of the system parameters, but at the cost of implementing a
complex and power-hungry control scheme.

In [34], Yue et al. proposed a duty-cycle-based (DCB)
MPPT technique that monitor the rectifier turn-off (Topg) duty
cycle and adjusts the rectified voltage (Vrgc) accordingly. The
DCB algorithm operates continuous and automatic without
requiring prior knowledge of the system parameters. However,
its implementation requires a DC-DC converter, introducing
additional power consumption and area overhead.

Meanwhile, the ultra-low power sensor nodes have already
been developed. The work in [35] presents a resistive
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and capacitive sensor interface built-in around a successive
approximation register (SAR) ADC. Based on this sensor
structure, [36] improves energy efficiency further by exploiting
automated optimization based on pre-experiment obtained
behavior and power models and [37] increase the measurement
range with a system-level ratio metric technique. However, the
overall effective SNR achieved by these readout frontends is
still limited to around 45 dB, primarily due to the absence
of an amplifier between the sensor and the ADC for power
minimization.

This paper proposed an event-driven sensor node IC pow-
ered by a vibrational piezoelectric harvester, designed for
structural health monitoring applications to measure strain,
temperature, and vibration. This chip includes an AC-DC
rectifier with a power efficient compact DCB MPPT circuit
using switched capacitor, achieving a peak MPPT efficiency
of 98%. Thanks to the dynamic biased schemes used in the
SSHI and MPPT controllers, the proposed system achieves a
peak overall efficiency of 85.4%. This rectifier also works as
a vibrational sensor to provide frequency information as the
event-driven threshold. Moreover, two LDOs are integrated to
power both the sensors and on-chip circuitry.

Additionally, a set of sensor interface circuitry supporting
time-multiplexed strain and temperature sensor readout is
designed. This frontend exploits a dynamic biasing low power
amplifier and a 12-bit SAR ADC, consuming a quiescent
current (/o) of only 4.6 uA when enabled continuously. Owing
to the implementation of the dynamic biased scheme, the input
range of the amplifier is increased 20X larger with the same
Io. Moreover, in order to reduce the power consumption of the
sensor interface circuit, the proposed IC operates in an event-
driven way, i.e., the readout frontend is activated only when
the vibration frequency is over 20 Hz, indicating structure
abnormalities. This self-sustained sensor IC is suitable for long
term monitoring applications.

The rest of the paper is organized as follows: Section II
presents the system architecture of the sensor IC, including
the energy harvester (EH) with power management cir-
cuitry together with MPPT and the sensor interface circuitry.
Section III describes implementation of key circuit blocks,
i.e., the SSHI rectifier, MPPT controller for energy harvesting
and the dynamic biased low power amplifier, and SAR ADC
for readout. Experimental results of the energy harvester,
the sensor interface circuitry and the system are given in
section IV and conclusions are drawn in Section V.

II. PROPOSED SENSOR ARCHITECTURE

Fig. 2 shows the system architecture of the proposed sensor
IC including the energy harvester and the sensor interface
circuits. The EH and power management circuit are described
in subsection A, while the power efficiency is analyzed in
subsection B; the sensor interface and event-driven way of
operation are described in subsections C and D, respectively.

A. Energy Harvesting System Architecture

The energy harvesting system is shown in Fig. 3 (a),
which consists of an SSHI rectifier followed by an active
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Fig. 2. System architecture of the proposed piezoelectric energy-harvesting sensor IC with high-efficient power management and readout circuitry.
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Fig. 3. (a) System architecture of an SSHI rectifier with DCB MPPT technique. (b) Working flow of the DCB MPPT logic.

diode, an MPPT circuit including a duty cycle detector and a
switched capacitor for the MPPT implementation. Meanwhile,
a frequency detector using an on-board crystal oscillator as the
frequency reference is implemented to monitor the vibration
frequency (fp).

The SSHI rectifier contains a negative voltage converter
(NVC) for negative-to-positive voltage conversion, an SSHI
controller, two integrated power MOSFETSs, and an off-chip
inductor. As shown in Fig. 3 (a), the SSHI controller contains
a PWM controller, a pulse generator, and level shifters. The
chargers in the parasitic capacitor (Cp) passes through the
rectifier in first. Then the energy is stored in the Crgc, making
the voltage on the Crgc increase, until both Cp and Crgc are
fully charged. In order to minimize the reverse current flowing
from the Cgrgc to Cp, an active diode (Map) is implemented.
It also provides the crossing time information for the MPPT
controller, enabling duty cycle evaluation. This information is
also used by the frequency detector to activate the readout
circuitry.

A comparator CMP; is used to generate the turn off (Topg)
signal to turn off the Map. When the Vggc is higher than
the Vnve, the Mup is turned off. Meanwhile, the flipping

moment (Topp) is given to the PWM controller to enable
the inductor via ®gg signal and starts the resonance. Thus,
the piezoelectric transducer voltage (Vpr) is flipped power
efficiently. To achieve maximum flipping efficiency (17g), the
®gs signal is determined by the optimum conduction time
(tssur) expressed in (1), where L is the inductance of the
inductor and Cp is the parasitic capacitance of the piezoelectric

transducer (PT).
tssar= m+/LCp (D

It is worth noting that as shown in Fig. 4 (a), the flipping
moment is essential for the efficiency of the rectifier. The
light-grey areas in Fig. 4 (b) indicate the power loss due to
the non-ideal flipping moment. Therefore, the CMP; should
be made high-speed, while its always-on power consumption
needs to be minimized. In order to achieve high speed with
low power, a dynamically biased high-speed low-power com-
parator is introduced in Section III-A.

B. Duty Cycle Based MPPT and Power Efficiency Analysis

As shown in Fig. 2, an AC-DC SSHI rectifier is usually
followed by an MPPT circuit and output regulators [38]. The
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Fig. 4. Transducer current and simplified voltage waveforms.

overall end-to-end power conversion efficiency (PCE) ngog of
the EH interface can be expressed as (2), where nrgc, 7mpps
ncont, and nregu are the efficiency of AC-DC rectifier, MPPT,
control logic, and voltage regulator, respectively.

NE2E = NRECTIMPPTICONTTIREGU )

A PT can be modeled as a sinusoidal current source
ip(t) = Ip - sin(2n fpt) in parallel with an internal capacitor Cp,
where Ip is the amplitude and fp is the excitation frequency.
Fig. 4 shows the Ip and corresponding voltage waveform
during operation. To simplify the calculation, the nr can be
expressed as Vi/(Vrec +2Vp), where V; is the flip voltage and
Vp is the forward voltage drop of an NVC. Then the PCE of
an AC-DC (nrgc) can be derived as (3) [39].

VREC

= 3
NIREC Veee + 2V 3

The efficiency of the MPPT circuit (nypp) achieves its maxi-
mum when the Vrge equals to the Vypp [40], where Viypp is
the optimal voltage of Vrgc. It can be defined as Voc/(1-np)
[40], where the V¢ is the zero-to-peak open circuit voltage
given by (4). The extracted power in a half-period is given by
(5), where Qyaste = Vrec (1-mp) [41]. Making the derivative
of (5) with Vgge 0, the maximum power and corresponding
nvpp can be derived by (6) and (7) [41].

Ip

Voc = 4

0c = 5 e Ch (€]

Pssur = 2fpCpVrec [2Voc — Owastel &)
2CpfpV3

Pypp = @ (6)
—nF

PSSHI VREC [2% - Qwuste] (1 - 77F)
Mpp = P = 3 7
MPP Ip
(27ffPCP)
Meanwhile, Qy,se can also be expressed as Ip (1-

cos(mDropr)) 2 fpCp, derived in [42], where the Dropp is
the off cycle of half vibration period. Then the nypp can be
rewritten as (8). Observably, the nypp can theoretically achieve
100% when the Dyopgp is 50%. In order to keep the Dropp at
around 50%, [42] uses a buck-boost DC-DC converter as the
load of the rectifier to adaptively adjust the output current, and
thus control the output voltage.

nvpp (Drorr) = 1—cos®(mDrogr) (®)
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However, this can lead to a high output voltage, requiring
a BCD technology with a high voltage tolerance. In addition,
the control logic for the converter can become complicated
and power consuming. To improve its efficiency, the losses in
a DC-DC converter is analyzed.

This efficiency npcpc can be expressed by (PiN-Pcr-
PSL'PCON)/PINa where PCL in (9) and PSL in (10)
are the conduction loss and the switching loss, respectively
[43]. The fing, Rus, Ris, tus, fis, Cus, Cis, @, B, fsw, and
k are the inductor current, resistance of high-side switch and
low side switch, on-time of the high-side switch and low-side
switch, the capacitance of the high-side and low side switch,
power consuming factor of the gate driver, the switching
frequency, and the voltage conversion gain. In addition, the
Pcon stands for the power consumption of the controller
circuity.

1
Per = 3 ly(Rustns + Rusiis) ©)

(@Cys + BCL)KViy fs (10)

Psy

It is worth noting that for an MPP tracking application for the
targeted PTs, the current from Crgc to Cs is usually very small
(10s-100s of pA). In this case, the Ps;, and Pcon dominate.
Especially the controller and clock generation circuits of the
DC-DC converter can consume already tens of pA, which is
at similar level of its load, need minimization. Additionally,
to provide a proper voltage for the readout circuity, linear
regulators i.e. LDOs are also required [38].

This paper proposed a switched capacitor (SC) based DC-
DC conversion scheme for MPP tracking. As shown in the
Fig. 3 (a), the aforementioned Topr is measured by the duty
cycle assessment module. When it is higher than 50%, the
signal Sypp is generated to enable charging the Cs by Cgrgc.
While the Topr falls below 50% again the Cs is disconnected.
During operation, the load draws current from Cs, making its
voltage low than Vg. In this case, the MPP controller switches
on §3 to provide additional charge from the Cs. The SC circuit
works in an event-driven style, which is discussed in details
in Section III-B.

Its power eﬂiciency Nsc is (PIN'PCL'PSL'PCON)/PIN,
and conduction loss (Pcr) is given in (11), where
the Zgsr, and Zggp, are output impedance with slow switching
limited and fast switching limited, respectively [44], [45].

Per = Ly, (Zss, + ZI%"SL)O.S (In
Similar to the analysis for the DC-DC, Pcp is very low
thanks to the low energy level and the step-by-step operation
of the capacitor array, which is also discussed in Section III-B.
The switching loss (Psp) is made negligible by exploiting
the proposed event-driven operation. Moreover, the control
circuits are digital except for low power voltage comparators
within the switched capacitor controller, which are discussed
in Section III-B. The quiescent current is made lower than
1 pA, making the Pcony much lower than the one in the
DC-DC converter-based solution.
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C. Frequency Detection Based Event Driven Operation

In order to minimize the power consumption, the proposed
sensor interface is only turned on with event driven strategy
on system level. Moreover, on the circuit level, it also exploits
an event driven style dynamic biasing scheme.

A digital frequency detector is applied to wake up the sensor
interface by comparing the fropr with the frgg. If the building
structure vibrates at a very low frequency (frorr < frer), the
sensor interface is kept off, with 10 nA level leakage current.
Once the building structure vibrates at a higher frequency
(frorr = frer), an active Flag will wake up the sensor interface
to detect the vibrating amplitude by measuring the strain of
the PT by a Wilson-bridge resistive sensor [46]. The detailed
implementation will be explained in Section III-C.

D. Sensor Interface System Architecture

The typical sensor interface circuit connects the Wilson-
bridge to the SAR ADC directly, consuming low power.
However, the signal amplitude only occupies a small portion
of the ADC dynamic range, limiting the effective resolution.
On the other hand, solutions with a continuous-time frontend
amplifier before the ADC may consume high power. There-
fore, a dynamic architecture is implemented as shown in Fig. 5.
The system includes a mux switch, a sensor driver, a low
power amplifier, and an asynchronized SAR ADC.

The mux is used to select the input signals between the
temperature sensor and the strain sensor, while the driver
provides the bias voltage for Wheatstone bridges dynamically
to save power. It can work in a two-phase mode, with positive
and negative bias in each phase, providing a correlated double
sampling (CDS) operation. The low-power amplifier consumes
only 4.6 uA quiescent current if enabled continuously, and it
can adapt to the input amplitude, exploiting a dynamic bias
scheme. As shown in Fig. 5, the current /; and I, low quiescent
biases used to maintain the operation of the amplifier, whereas
the I3 and I, can adapt to input signal by a current subtraction
(I-sub block in Fig. 5) based amplitude detector.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOL. 73, NO. 4, APRIL 2026

The 12-bit asynchronous SAR ADC works at the sampling
frequency (fs) and consumes only dynamic power, which is
followed by a serial data interface. Moreover, dynamic power-
saving technique is also applied to the amplifier within the
sensor interface system, providing enhanced resolution with
minimum power. More details of implementation are given in
section III-D.

III. CIRCUIT IMPLEMENTATION

The implementation of the self-startup SSHI rectifier, the
MPPT controller, the system wake-up frequency detector and
the dynamic biased sensor interface are presented in the
section with transistor level details.

A. SSHI Rectifier

As shown in Fig. 6 (a), there are two blocks in the
proposed circuit around the rectifier: a dynamically biased low
power comparator based active diode and an SSHI controller
including a pulse generator and a level shifter.

1) Low Power Comparator With Dynamic Bias: The SSHI
rectifier shown in Fig. 6 (a) is kept always on to provide
the rectified voltage, with the comparator consuming the main
quiescent current to provide the Topp signal. Meanwhile, the
delay of this comparator should be minimized to prevent
the reversed current and thus guarantee the efficiency of the
power stage. In order to have a fast comparator with minimum
power, a dynamic biasing scheme is proposed to enhance the
performance of the topology, as shown in Fig. 6 (b), which
typically used in zero current sensing applications [41], [47].

The comparator consists of a 10 nA DC bias, a preamplifier,
a dynamic biasing, and an output buffer. To prevent gate oxide
breakdown due to abrupt change of voltage polarities, the
sources of the Mp; and Mp, devices are used as inputs of the
preamplifier within the proposed comparator. This amplifier is
biased by a small DC current (10 nA) through the current
mirror Myj, Mnp, and Mys (1:1:1) to maintain operation.
When the Vyyc is much smaller than Vggc, the Vg, is high
and the Mps is switched off, keeping the amplifier in low-
power mode. The dynamic biasing current enhancement is
only enabled when the voltage Vnyc and Vgge are getting
similar to each other, during operation of the rectifier.

When the Vnyc increases, the Vo decreases, and moving
towards the threshold of the Mps. Meanwhile, an enhancement
current mirror Mps and Mp; (1:2) starts to increase the bias
current the pre-amplifier. As the result, more current (60 nA)
will flow into Mn;, Mn3, which makes the V; drops sharply,
enhancing the speed of the comparator. When the Vnyc
exceeds the Vggc, the current of Mp, decreases due to the
reduction of the Vsgmp2. Meanwhile, the gate of transistor
Mps goes towards Vgnp, reducing the enhancing current to
save power.

Similarly, when the Vnyc crosses the Vgge from the high
to low, the Mp, starts to turn on again, and the Vo, begins
to increase, enabling the enhancement when the two input
voltages are similar. Fig. 6 (c) illustrates the relationship
between the inputs and the bias current.

Compared to the topology in [48], the proposed topology is
less vulnerable to PVT variations, because the on/off threshold
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low power comparator. (c) Timing diagram and the power consumption of the comparator. (d) Scheme of the pulse generator and level shifter. (e) Timing

diagram of the SSHI controller.

of Mps is based on a fixed bias current. Compared with the
one-side enhanced topology for level-crossing ADCs [49],
[50], the proposed topology features dynamic enhancement
of speed on both positive and negative cross of the differential
signal, suiting the application well. As the result, the simulated
average quiescent current of the low power comparator is
around 60 nA. While the peak current can be as high as 500 nA
to provide sufficient speed. Comparing with a static biased
(60 nA) comparator with the same topology, the latency time
is shortened from 10 us to 1 ws and the gain is two times
larger.

2) Synchronized Switched Harvesting on Inductor Con-
troller: The Topr signal generated by the previous low power
comparator is sent to the SSHI controller which contains a
pulse generator and a level shifter, shown in fig. 6 (d). The
pulse generator consists of a current biased inverter, a capacitor
array, and relevant logic cells. In order to operate with different
piezoelectric transducer and valid the MPPT operation with
different np of the SSHI rectifier, the delay time can be tuned
by selecting capacitors.

The charges in the capacitor array are drained by the inverter
with fixed-biasing current (40 nA). Once the voltage of the
capacitor is approaching the threshold of the followed inverter,
a delayed Topr (Toppp) With fssyy delayed is generated. The
Torpp Will reset the DFF; resulting a low ¢ss, switching on the
S1/S, for synchronization of the current and voltage. Mean-
while, this Toppp is also monitored by the MPPT controller.
The timing diagram of this controller is shown in fig. 6 (e).

B. The Duty Cycle Based MPPT Controller

In order to boost the power efficiency, a DCB based
MPPT technique is exploited. Fig. 7 (a) illustrates the circuit
implementation of the duty cycle assessment circuit on the
left and the switched capacitor controller on the right. The
duty cycle of Dyopr is compared with 50% in time domain
by using a 5 nA current source to charge either Cy or CL.

Thus, the corresponding voltages Vi and Vi, are compared by
a high-speed low power comparator CMP,, which generates a
S mpp signal indicating the result of the evaluation. Meanwhile
the Sypp is also used to generate the RSTy signal to clear
CL, finishing the comparison. This signal is also fed to the
switched capacitor controller.

Similar to the CMP; discussed in the previous section, the
CMP; exploits also a dynamic biasing scheme to enhance the
performance. As shown in Fig. 7 (b), the concept of CMP,
is similar to the CMP;, while the gates of the Mp; and Mp,
devices are used as inputs of the preamplifier. This comparator
is biased by a 10 nA current and can be enhanced by a
30 nA current source according to the input signal amplitude.
The ratio of Mp3/Mps and Mn3/Mny is designed to be 1:2,
1:8, respectively. It is worth noting that the CMP, features a
level-crossing ADC style operating [49], [50], namely, the C,
capacitor is reset once the Vi, exceeds the Vy. Fig. 7 (d) shows
the timing diagram and simulated power consumption.

The detailed DCB MPPT timing diagram is shown in
Fig. 7 (e). During the start-up period, both the Vggc and
Vs are low, the Crgc capacitor obtains energy from the PT
with a much higher Vnyc. Thus, the active diode is switched
on, controlled by the Toprp signal with a duty cycle much
lower than 50%. In this case, through the D-flip-flops flowing
the CMPy, the capacitor array at the output is disconnected
from the Crgc. Along with the increase of Vgrgc, the Droprp
gradually exceed 50%. Then, the Sypp is turned on to enable
the charge transfer from the Crgs to Cs in the next vibration
period. Correspondingly, the Vggc will slightly decrease and
the Dtoprp Will fall below 50% and the Sypp is turned off
again, keeping the rectifier always at the maximum power
efficiency. When there is too much energy from the PT, making
the Cs capacitor also fully charged, the ¢ypp will be kept on
to short Cs and Cggc.

Fig. 7 (c) shows the implementation of the comparator in the
switched capacitor controller. An ultra-low power comparator
CMP; with source input, to work reliably with changing input
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Fig. 7. (a) Circuit diagram of the proposed duty cycle assessment block and switched capacitor. (b) Scheme of the dynamic biased comparator. (c) Scheme
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(f) Timing diagram of the switched capacitor controller.

polarity, is used to compare the voltages on the Cs and Crgc,
namely Vs and Vggc, during the sensor readout enabling phase.
Fig. 7 (f) shows the detailed timing diagram of the switched
capacitor controller. The red line indicates the voltage Vs and
the blue line indicates the voltage Vgrgc. Assuming a scenario
when Cs is fully charged and 1the readout circuit is on, a high
Iy oap making Vrge gradually to drop below Vypp (Drorrp <
50%). The Vypp is considered to be the optimum voltage at the
rectifier output, which is a function of ng for an SSHI rectifier
[32], [42]. Meanwhile, the switch S5 is turned off by the duty
cycle assessment block, disconnecting Crgc with Cs. In order
to exploit the energy stored in the Cs, the CMP3 can short the
Cs and Crgc again when the Vjge is lower than Vs. When
the readout circuit is off, the switch S3 will be controlled by
the duty cycle assessment block according to the Dropr again
as described previously.

If there is too much energy harvested from the PT, making
the Cg capacitor fully charged, the ¢ppp Will be kept on to
short Cs and Cgrgc. In this case, the MPPT will stop and lead
to a lower nvppr. It is worth noting that comparing with the
Crec, a much larger Cs can extend the MPPT working period.
However, such a large Cs makes the Vggc drops sharply. In
the proposed design the Crgc is equal to the Cg for simplicity.
To perfectly solve this issue, one of the effective solutions is
to charge a capacitor array sequentially, which will increase
the complexity of the control circuit.
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Fig. 8. (a) Implementation of the frequency detector; (b) the operation
flowchart of the frequency detector.

C. Frequency Detector

Fig. 8(a) shows the circuit implementation of the frequency
detector. It consists of a 2-bits shift register, a 9-bits counter,
and a digital comparator. The 2-bit shift register sense the
Torr as a clock and enable the 9-bits counter via signal EN.
The clock of the counter is provided by an off-chip crystal
oscillator with a working frequency at 32.768 kHz. It is worth
noting that the vibration frequency is half of the frequency of
Torr (frorr). Once the EN is off, the counter will stop counting
and send its result to the digital comparator, which compares
the result with a constant number 820, corresponding to a
frequency of 40 Hz. Fig. 8 (b) shows the operation flowchart
of the frequency detector. As the result, the fp exceeds the fc,
generating a Flag signal to indicate an abnormal event.
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D. Low Power Amplifier and SAR ADC

Wheatstone bridge style sensors are usually used to measure
strain and thus vibration amplitude resistively. Because of the
small signal amplitude from the bridge, the effective resolution
can be limited if the sensor is directly connected to the ADC.
Therefore, a dynamically biased amplifier is implemented in
this design, to increase the effective range of the ADC with
minimum power penalty. Fig. 9 shows the proposed amplifier,
including an input stage with dynamic bias (a) and an output
stage with common feedback (b). It is worth noting that to
achieve high accuracy with minimal consumption current, a
resistive feedback amplifier is applied in the design.

The input stage employs a current feedback topology ()
[51], [52], where the Mp; and Mp, are the differential input
transistors. The small signal input voltage is converted to a
current through transistor Mps and Mpy, controlled by the
voltage of high impedance node N; and N,. There is a well-
known trade-off between the supported input range (Vinmax)
and the input noise at the same current consumption, namely,
a large resistor offers a large Vinmax but generates more noise
[52], [53]. In this design, a small Ryy (12k) and a low quiescent
current (2 uA) is used in the input stage, supporting a Vinmax
of around 20mVpp.

The dynamic bias scheme can enhance the Vinmax without
increasing the quiescent current. When the signal amplitude
is small, the current in Mp3 4 (Mps¢) are balanced, turning off
Mp; and Mpg. When the signal amplitude is large, the current
either in Mp; or Mp4 can decrease. Once either Ip; or Ips is
lower than a current threshold defined by the current in /g,
Mp;/Mpg is turned on, enabling the dynamic enhancement.
The enhancing current is provided to the main branch through
the arrows shown in Fig. 9 (a). As the result, a Vinmax of
400 mV can be generated with the same Ig, showing an
increase of 20X.
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Fig. 10. (a) die micrograph of the fabricated sensor interface IC and
(b) measurement setup.

The output stage basically mirrors the current in Mp3 4 with
a current ratio of 2:1 to save power, generating a voltage gain
of Ro/2R\n. The common mode feedback (CMFB) consists of
a differential input branch and a bias generating branch, both
of which are biased by a scaled current of Mps4 to suit the
dynamic bias scheme of the input stage. The gate bias voltage
Vine is fixed at Vpp/2 and it is also used as the common mode
reference voltage. The CMFB amplifier has transistor Mnc,
Mncz and resistor Remip as the load, providing a suitable
gain. The feedback voltage Vg, together with voltage Vg,
from the bias generating branch stabilized the common mode
voltage of the output stage accurately, during the operation of
the dynamic bias scheme of the input stage.

In case of CDS operation at 100 Hz as shown in the top
of Fig. 5 (b) with dynamic turning on/off by the ENsyp, the
quiescent power can be reduced to 0.6 uW.

A 12bit asynchronized SAR ADC is implemented following
the amplifier, with customized fringe capacitor-based array
to digitize the signal. It samples usually at a speed of
100-10 kHz and only consumes dynamic power, which is
less than 1 uW. The sensor interface circuit consumes a total
quiescent power of 0.94 uW with 100 Hz CDS operation and
it provides programmable gain of 4/8/32/128 with constant
quiescent current, enhancing the overall effective SNR of the
frontend system.

IV. IMPLEMENTATION RESULTS

The proposed sensor interface IC including the EH and the
readout circuits is implemented in a standard 55 nm CMOS
process. As shown in Fig. 10, it occupies an active area of
0.135 mm?2, where the MPPT controller with 5 nA current
reference and 100 pF capacitance is relatively large. The chip
is characterized with suitable measurements.

A. Measurement of the Energy Harvester

A commercial PT S129-H5FR-1803YB (PPA-1021) is used
in the measurement, with a parasitic capacitor of 22 nF and
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Fig. 12. Output power of NVC vs SSHI with different off-chip inductors.

a resonant frequency of 133 Hz. A set of PPA-9001 clamp
kit is used to mount the PT with metal loads to increase
the peak-to-peak displacement of the PT, as also been done
in the measurement of other works [23], [54]. A shaker
(SA-JZ010) is driven by 33600A waveform generator and SA-
PA020 power amplifier is used for excitation. Three off-chip
inductors with 110 uH, 220 uH, and 1 mH, are used to validate
the performance of SSHI controller. Two 10 uF capacitors
are used to store the extracted power and realize the MPPT
technique. An off-chip oscillator ESC-327KE with 32.768 kHz
is used as the reference frequency for the frequency detector,
which consumed only 2 uA, provided by the on-board power
supply.

Fig. 11 illustrates the measured power consumption and
breakdown of the proposed energy harvesting system including
a 1 mH inductor, at fp = 133 Hz, Voc = 1.5 V. Meanwhile,
consumption currents of each module are listed in the right
table. The system delivers 39.72 uW output power with a
10.3uA load current, while 5.80 uW is consumed in the
control circuits, LDO, reference etc., achieving an overall
power efficiency of 85.4%. Thanks to the proposed dynamic
bias technique, the power consumption of the comparator in
the MPPT and SSHI are 43 nW and 19 nW, respectively. In
other works [19], [24], the comparator can consume a much
higher power in order to provide sufficient bandwidth.

The measured rectifier output powers at 1.5 V Vg with
different inductors are shown in Fig. 12. The load currents
with corresponding output power are listed in the figure. The
maximum output power measured with an on chip NVC is
6.14 W, while it is 23.12 uW (3.77X), 31.17 uW (5.08X), and
43.65 uW (7.11X) with 110 pH, 220 uH, and 1 mH inductors,
respectively.

Fig. 13 (a) shows the measured waveform of Vpr, Vrgc,
and Vg during start-up, by a DSOX2004 oscilloscope. The
system starts from a cold state with a vibration excitation
level equivalent to 1.5 V Vpc. Initially, the Vgrgc increases
steadily when Dropr < 50%, accumulating charge in the
output capacitor without connecting the switched capacitor Cs.
Once the Vggc reaches the Vypp, the Dropr becomes 50%
and tends to increase further. At this moment, the switched
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capacitor Cg is enabled by the MPPT controller to regulate
VRrec, making it back to Vypp (Dropr at 50%). This effect is
shown by the green curve (Vg) in Fig. 13(a), which starts to
increase (Cs enabled) rises after Dropr reaches 50%.

Fig. 13 (b) shows the measured waveform during the MPPT
transient time with input changing from 1.0 V to 1.8 V Vgc.
At the first steady state, the Cs is fully charged making Vs =
Vrec and it keeps connected when the Dropr exceeds 50% as
shown in the (1) section. Once the vibration excitation level
increases to 1.8 V Vo, the Dropr falls below 50% by the SSHI
scheme, and the MPPT controller disconnects the Cs, resulting
the Vggc increases to track the higher Vypp, as shown in the
(2) section. When the Drogpg reaches 50%, the Cs is enabled
again to maintain the Vgygc at the new Vypp, while keeping the
Drorr at around 50%, as shown in the (3) section. Once the
Cs is fully charged again, the Dyopr exceeds 50%, as shown
in the (4) section, where the Dropp = 53.5% at final steady
state, limited by the power loss.

Fig. 14 shows the overall efficiency of the system with
MPPT at different flipping efficiency (g) and open circuit
voltage (Voc), by adjusting the off-chip inductor and the
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TABLE I
PERFORMANCE COMPARISON WITH PRIOR WORKS

This Work JSSC 2020 JSSC 2024 JSSCL 2022 ISSCC 2020 JSSC 2023 JSSC 2025
[26] [28] [31] [33] [42] [39]
Technology (nm) 55 180 180 180 600 180 180
Active Area (mm?) 0.071 0.2 0.7 0.258 N/R 0.8 0.91
Rectifier scheme SSHI SPFCR SBFRR SSHC SECE SSHI BMRR
PZT PPA-1021 PPA-1021 PPA-1021* PPA-1021 PPA-1011 PPA-1014 ggﬁ:}gﬂ
Cp (nF) 22 22 884 18 24 42 23/116
Frequency (Hz) 133 200 100 200 56 230 133/120
Voc (V) 1.1-2 2 N/R 02-1.5 0.64 -2.33 12-2 04-2
MPPT Technique SC-DCB FOCV FOCV P&O P&O DCB DCB
Peak MPPT Efficiency 98.7% 72% 83% 95% 94% 98% 99.9%
Power Consumption 129 nWB N/R 2.1 uyW N/R <1 pW¢ 306 nWP 43.3 nWP
Flipping efficiency g 82% 84% 80% 87% N/R 82% 87.5%
FoM (Pic/Pxve) 711% 590%~930% 278%~488% 570% 328% 738% 930%

A Four PTs are used. ® Including SSHI controller, duty cycle assessment block and switched capacitor controller. ¢ Including power sensing, P&O and SSECE

controller. ® Including MPPT block only. N/R: Not reported.

vibration excitation level. Fig. 14 (a) shows the averaged
nwvepr, defined in (9), is 97.7% within the range of flipping
efficiency from 58% to 87% at 1.4 V Vo, proving its
theoretical achievable value (100%) analysed in Section II-B.
A peak efficiency of 98.7% is achieved at a ng of 82%. In
the Fig. 14 (b), when the V¢ of the PT device varies from
1.1 V to 2 V, with a 5y of around 74%, the measured averaged
nuvept 18 97.0%. It also achieves the peak nyppr is 98.4%. The
results show that a high MPPT efficiency can be achieved over
different 77z and Vc. This independency on nr and Vg is also
reported in [39] and [42], with DCB MPPT.

Table I summarizes the performance of the proposed energy
harvesting interface and compares it with the state-of-the-art
designs. Thanks to the use of the DCB MPPT technique, the
proposed interface circuit achieves a 98.7% peak nvppr, which
is in line with other works with continuous MPPT technique.
Measured results shows a power extraction enhancement FoM
of 711%, which is in line with other works. The peak nyppr of
the proposed interface circuit is much higher than FOCV based
designs [26], [28]. Meanwhile the controller of the proposed
interface consume only 129 nW, including two comparators
and controllers, which is the lowest compared to other works
except [39] (43.3 nW) with a digital controller. It is worth
noting that, the MPPT block in [39] requires an on-chip
oscillator which consumes 67.5 nW, which is not included.
Moreover, the power consumption of the Vgouyr regulation
block is also not included.

B. Measurement of the Sensor Interface and System

Fig. 15 shows the measured waveform of the Vpr and the
Flag signal during wakeup operation, with a 4-gram loads
added to the PT [23]. The vibration frequency varies from
15 Hz to 25 Hz. Initially, the flag is low when the vibration
frequency stays below 20 Hz. When the frequency becomes
higher than the threshold value, it takes about 60ms for the
frequency detector to wake up the frontend interface.

Fig. 16 shows the measured input noise spectrum, of the
amplifier with a gain of X8. An input-referred noise floor

Wakeup of the readout = Viec
e
Flag |
1
Vibration : : Vibration
Fre. <20Hz : : Fre. >20Hz
1 : Ver
[
wor —> 1
60mS wakeup delay \
' PT
Readout enable Flag

Fig. 15. Measured waveform of Vpr and Flag during wakeup operation.
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Fig. 16. Input noise density of the ultra-low power amplifier.
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Fig. 17. Measured spectrum of the ultra-low power amplifier and ADC with
input sinusoidal wave frequency of 994.87Hz.

of 55.6 nV/4/HZ and a 1/f corner frequency of 110Hz can
be derived, resulting in a Vgyms of 5.5 uV in-band (1 to
10 kHz). Fig. 17 shows the measured FFT of the SAR ADC
with an input signal of 800mVpp.@994.87Hz. An SNDR of
69.98dB in 5 kHz bandwidth is obtained, providing an ENOB
of 11.3 bit.
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Fig. 18 shows the measured strain curve with/without cor-
related double sampling (CDS). Two BF-1000 strain gauges
are attached on both sides of the vibrating transducer plate,
together with two 1 kQ resistors to setup a Wheatstone bridge.
The PT amounts 6-grams mess as load to increase the excited
energy and the strain. The excitation frequency is 25 Hz with
acceleration amplitude around 1g. In order to save power,
the fs of the SAR ADC is reduced to 100 Hz. The small
waveform from the strain gauge is amplified 128X and sensed
by the SAR ADC. The power line interference coupled to
the signal Fig. 18 (a) an be removed by the CDS effectively
in Fig. 18 (b). The averaged peak voltage of Fig. 18 (b) is
18.93 mV, indicating that the strain ¢ is around 40u [15], [35].

Fig. 19 shows the measured temperature output codes
acquired from ten IC samples in a temperature chamber from
-20 to 80 °C. Two PT-1000 sensors are placed in the Wheat-
stone bridge. A 100 Hz correlated double sampling frequency
is chosen to balance the performance and the efficiency. As
proven in [26], 1-point calibration is sufficient for double sided
measurements. In this case, the CDS based ADC is 1-point
calibrated by reading out at room temperature. This results in
an inaccuracy of -0.6/0.8 °C.

Fig. 20 shows the power breakdown of the proposed sensor
interface. The sensor interface consumes 9.05 uW in total
when it is enabled continuously with 10 kHz sampling fre-
quency and the amplitude is configurated as 4X. The averaged
power consumption of the proposed amplifier is 8.28 uW.
Meanwhile the SAR ADC consumes an averaged power of
0.77 uW. Thanks to the event-driven like CDS operation with
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Fig. 20. Power breakdown of the proposed sensor interface: (a) continuous
operation with fs = 10 kHz; (b) CDS operation with fs = 100 Hz.
TABLE 11

PERFORMANCE COMPARISON WITH PRIOR WORKS

This [JSSCL’18|TCASI’20|TCASI’21| JSSC’24
Work [35] [55] [56] [57]
ADC SAR SAR XA FDC | NS SAR
Area (mm?) 0.064 0.06 0.003 0.07 0.057
T range (°C) -20-80 0-100 | -10-110 0-80 -50-110
Power 0.94uW | 49.6nW | 111.8uW [0.196uW | 61.2uW
Resolution (mK) 55 68 65 100 92
Inaccuracy -0.6/0.8 | -1.1/1.5 | +-045 |+0.44/-04| +1/-1
Calibration 1-point [ 1-point | 2-points | 2-points | 1-point
Conversion Time | 100ps Ims 4.1ms 59ms 80us
Energy/Conv (nJ)| 9.39 0.496 460 11.56 9.39

100 Hz CDS frequency, the power consumption of the ampli-
fier can be reduced to 0.6 W with the same configuration.
With 100 us conversion time, the power consumption of the
SAR ADC is 0.34 uW.

Table II summarizes the key performance of the proposed
sensor interface compared with others. This work achieves
good accuracy with one-point calibration. The conversion
time is shorter than the others thanks to the asynchronized
SAR operation. With the implementation of the amplifier, the
effective resolution of the frontend is 55 mK. Meanwhile, the
dynamic bias of the amplifier reduces the average power of
the readout to < 1 uW, at 4X amplifier gain and 100 Hz
fs. Moreover, this ADC fs can be adjusted from 100 Hz
to 10 kHz.

V. CONCLUSION

In this paper, a vibration piezoelectric energy-harvesting
sensor interface IC with high-efficient power management and
readout circuit is proposed for structural health monitoring.
The SC-DCB MPPT scheme is implemented together with an
SSHI rectifier. This scheme can adjust the switched capacitor
array to regulate the duty cycle by a simple and power
efficiency controller. The chip is implemented in a 55 nm
CMOS technology and validated by suitable experiments.
Compared to an NVC, the energy harvesting interface achieves
a 711% power extraction enhancement at the 133 Hz vibra-
tion frequency. By exploiting the DCB MPPT scheme, the
efficiency can be kept above 95% with a flipping efficiency
and open circuit voltage range from 58% to 87% and 1.1 V
to 2 V at 133 Hz, respectively. Meanwhile, the vibration
frequency based event driven wake-up of the readout circuit
is demonstrated. Within the readout circuit, the amplifier
consumes an average quiescent current of 4.6 uA with a fs
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of 10 kHz, while supporting CDS operation. The SAR ADC
achieves 11.3 ENOB in a 5 kHz bandwidth with 0.77 uW
power. The temperature, strain and vibration frequency can be
extracted from the proposed interface IC at a minimal 20Hz
vibration frequency, with only 0.94 uW total power, which
makes the propose IC suitable for structural health monitoring.
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