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A Synchronous Piezoelectric—Electromagnetic
Hybrid Energy Harvesting Platform With
Coil-Sharing Scheme

Yuchen Wei, Xinling Yue
Zhiyuan Chen

Abstract—Vibration energy harvesting is a promising power
solution for autonomous wireless sensor nodes, particularly in
volume-constrained Internet-of-Things (IoT) applications. Piezo-
electric (PE) and electromagnetic (EM) transducers are widely
used to convert vibration energy into electrical power. While
hybrid PE-EM harvesters can deliver higher output power to
support self-sustained systems, existing implementations invari-
ably rely on at least one off-chip inductor for either PE bias-flip
or dc—dc conversion, substantially increasing system volume.
This article presents an inductor-less, capacitor-less PE-EM
hybrid energy harvesting platform that eliminates this limitation.
By leveraging the inherent phase synchronization between PE
and EM sources, the proposed coil-sharing technique enables
both bias-flip and dc—dc conversion without additional passive
components, enabling the first fully integrated hybrid energy
harvesting system. Fabricated in 0.18-um CMOS technology,
the prototype delivers dual-regulated outputs at 1.8 and 5 V
for multi-domain sensor nodes, achieving a maximum output
power of 2.72 mW and a peak end-to-end (E2E) efficiency of
90%. These results highlight the platform’s potential for ultra-
compact, high-performance energy harvesting in next-generation
IoT applications.

Index Terms—Coil sharing, electromagnetic (EM) energy har-
vester, hybrid energy harvesting, kinetic energy, piezoelectric
(PE) energy harvester, synchronized switch harvesting on induc-
tor (SSHI).

I. INTRODUCTION

ITH the rapid advancement of the Internet of

Things (IoT), wireless sensor networks (WSNs) are
increasingly deployed in applications such as smart homes,
environmental monitoring, and implantable electronics [1].
These applications demand higher levels of system integra-
tion and reduced maintenance frequency. However, battery
(BAT) replacement is often difficult and costly, especially
for highly integrated systems or those operating in remote
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Fig. 2. Equivalent circuit models of energy transducers. (a) Equivalent circuit
of a PE transducer. (b) Equivalent circuit of an EM transducer.

or harsh environments. To address the limitations of BAT
lifetime and size, self-sustaining vibration energy harvesting
(EH) has emerged as a promising solution [2], as illustrated
in Fig. 1. The vibration energy is abundantly available in
ambient environments and can be effectively converted into
electrical energy using either piezoelectric (PE) or electro-
magnetic (EM) transducers. Both types of transducers are
excited by mechanical vibrations and convert kinetic energy
into alternating current (ac) electrical power.

Fig. 2 shows the equivalent circuit models of PE and EM
transducers. A PE transducer is typically modeled as an ac
current source Ip in parallel with its intrinsic capacitance
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Fig. 3. Conceptual system diagrams of conventional designs. (a) Conventional
PE energy harvesting system [3]. (b) Conventional EM energy harvesting
system [15]. (c) Conventional PE-EM hybrid energy harvesting system [16].

Cp, while an EM transducer is modeled as an ac voltage
source Vgm in series with its intrinsic inductance Lgy and
dc resistance Rgy. To enhance energy extraction efficiency,
various interface circuits have been developed for both PE and
EM EH systems. For PE harvesters, the synchronized switch
harvesting on inductor (SSHI) technique—also known as the
bias-flip rectifier—is among the most effective methods for
addressing charge loss in conventional full-bridge rectifiers
(FBRs) [3], [4], [5]. An SSHI rectifier works by actively
flipping the residual charge stored in Cp at the zero-crossing
moment of Ip. Compared with an FBR, it reduces the charge
waste due to self-flipping; hence, the energy extraction per-
formance is significantly increased. A typical PE EH system
includes an SSHI rectifier followed by a dc—dc converter for
maximum power point tracking (MPPT) [6], [7], [8], [9], as
illustrated in Fig. 3(a). While inductor-sharing schemes have
been introduced to reduce the number of discrete components,
these systems still require at least one off-chip inductor shared
between the rectifier and dc—dc stages. Although the use of
synchronized switch harvesting on capacitors (SSHCs) allows
a fully integrated rectifier by using on-chip capacitors for
bias-flipping [10], [11], [12], [13], [14], the dc—dc conversion
stage still relies on an off-chip inductor due to the limited
voltage conversion ratio and complexity of fully integrated
switched-capacitor converters.

In EM energy harvesting systems, rectifiers are gener-
ally classified into voltage-mode and current-mode types.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 60, NO. 12, DECEMBER 2025

== === 1
| [ " Vourt (5V)
' ce il |pq ! VBFT PEg;ﬁI‘;""’ T
X T ) Cee Rioant
| | | |
[
IPE-EM Hybrid| o
: Harvester Coil-Sharing
| I Arbiter BAT
! Lem : ]’
| N
| : 4 Vour2 (1.8V)
| .
V EM Rectifer
: = Tlcoil: (Current-mode) Cem -}I—% Rioap2
[ ™ 1

Fig. 4. Proposed coil-sharing PE-EM hybrid energy harvesting system.

Voltage-mode rectifiers often use a negative voltage converter
(NVC), which operates similar to an FBR [15]. Current-mode
rectifiers, on the other hand, function as boost converters
operating in discontinuous conduction mode (DCM), utilizing
the EM coil itself as the inductor [17], [18]. A typical EM
EH system is shown in Fig. 3(b). Although these systems can
eliminate off-chip components in the ac—dc rectifier stage, they
still require an off-chip inductor in the dc—dc stage to ensure
efficient MPPT and power management [15].

To increase output power and support power-hungry multi-
sensor IoT platforms, hybrid EH systems combining both PE
and EM transducers have been explored [16], [19], [20], [21],
[22], [23]. A typical PE-EM hybrid system is shown in Fig.
3(c). Although these designs reduce the number of off-chip
inductors to one, shared across PE bias-flip, dc—dc conversion,
and output regulation, this remaining inductor still prevents
full system integration. Furthermore, most existing systems
only support a single regulated output, which limits their
applicability for modern sensor nodes that require multiple
voltage domains.

To overcome these limitations, this article proposes a coil-
sharing scheme that enables fully integrated hybrid PE-EM
energy harvesting with dual-regulated outputs [24]. By exploit-
ing the in-phase relationship between the voltage across the
EM transducer and the current through the PE transducer, the
proposed technique eliminates the need for any off-chip or
on-chip inductors or capacitors for power conversion. As a
result, the system reduces volume while achieving high energy
extraction efficiency, making it suitable for compact, multi-rail
energy harvesting applications.

The remainder of this article is organized as follows.
Section II introduces the working principle of the proposed
coil-sharing scheme, the hybrid PE-EM energy transducer,
and operational modes. Section III presents the system archi-
tecture and system-level operations. Section IV details the
circuit implementation. Measurement results are provided in
Section V, and the conclusion is drawn in Section VI.

II. PROPOSED HYBRID EH PLATFORM
A. Coil-Sharing Scheme Concept

This work proposes a fully integrated PE-EM hybrid
energy harvesting platform employing a novel coil-sharing
scheme, as shown in Fig. 4. The external discrete components
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include a hybrid PE-EM energy transducer, two oft-chip buffer
capacitors (Cpg and Cgy) for regulated outputs (Voury =
1.8 V and Voyr, = 5 V), and a BAT or supercapacitor for
energy storage. The integrated chip includes a PE rectifi-
cation block, an EM rectification block, and a coil-sharing
controller that dynamically reassigns the EM coil for different
roles.

The PE-EM transducer co-locates PE and EM energy trans-
ducers, which generate phase-synchronized outputs. During
typical operation, the PE source is rectified through an SSHI
interface to generate the 5-V output (Voyuri), while the EM
coil operates as an active transducer, rectified via a multi-step
current-mode rectifier to supply the 1.8-V output (Vourz)-

At the zero-crossing of Ip, the SSHI rectifier requires an
inductor to form an LC resonant loop that flips the PE voltage
Vr across Cp. At this point, the EM coil is repurposed as a
bias-flip inductor, connected in parallel with Cp. Under light
load conditions, excess energy from both PE and EM sources
is stored in the BAT. Because the current paths to the output
capacitors (Cpg and Cgy) run in parallel with those to the BAT,
no cascaded energy loss occurs. Under heavy load, internal
buck-boost de—dc paths transfer BAT energy to the two output
capacitors, with the EM coil reused as a dc—dc inductor.

To achieve all the above-mentioned operations, the EM coil
needs to work correctly in three different roles.

1) EM energy source.

2) PE bias-flipping inductor. DC-DC.

3) power conversion inductor.

B. Transducer Design and Coil Role Feasibility

To support all three roles, the hybrid PE-EM transducer
and supporting control circuitry were co-designed. Fig. 5
shows the transducer: a magnet is mounted at the free end
of a PE cantilever, with an EM coil fixed in front. When
subjected to ambient vibrations, the cantilever oscillates ver-
tically. The PE effect generates voltage across the cantilever
electrodes, while the moving magnet induces voltage in the
EM coil. Both signals are fed into the chip for energy
extraction. The dimensions of each component are included in
Fig. 5. The overall volume of the fabricated transducer is
17.6 cm?®. The coil radius is designed to cover the vertical
displacement range of the magnet in order to effectively cap-
ture the full magnetic flux. In PE energy harvesting systems,
a proof mass is commonly attached to the beam end [25] to
increase cantilever deflection and strain, thereby enhancing
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Fig. 6. (a) Side view of the proposed hybrid PE and EM transducer. (b) Phase
relationship between PE and EM transducers.

the electrical output. It also lowers the resonant frequency
of the system, improving its efficiency for low-frequency
ambient vibrations. In this work, the magnet mass effectively
serves as the proof mass of the PE cantilever. For practical
applications, both the cantilever dimensions and the magnet
mass can be customized to tune the resonant frequency to
match the dominant low-frequency vibrations encountered in
real environments.

1) Role 1 (EM Energy Source): This is the coil’s original
function. Vibrations induce voltage across the coil, validating
its operation as an EM transducer. In this work, a current-mode
rectifier extracts this energy and delivers it to the regulated
outputs.

2) Role 2 (PE Voltage Bias-Flipping Inductor): To evaluate
the feasibility of the second role, a critical assumption must
hold: the instantaneous energy stored in the EM coil must
be 0, i.e., Vem = 0, at the moment it is used for PE bias-
flipping. This ensures that the coil’s internal energy does not
interfere with the voltage-flipping operation across Cp, thereby
preserving the intended bias-flipping behavior.

Fig. 6(a) shows the side view of the proposed hybrid
PE-EM energy transducer, which indicates three key posi-
tions when the structure is vibrating: A—C. Position B is the
equilibrium position, where the cantilevered structure has zero
displacement and the maximum velocity. In contrast, at posi-
tions A and C, the cantilever has the maximum displacement
and zero velocity.

For the PE transducer, based on the PE effect, the generated
current is proportional to the time derivative of the mechanical
strain. In other words, the faster the strain changes in the
PE element, the greater the resulting current. For the EM
transducer, according to Faraday’s law of EM induction, the
induced electromotive force (EMF) is proportional to the time
derivative of the magnetic flux.

Therefore, when the magnet reaches position B (the equilib-
rium point with maximum velocity), the rates of strain change
in the PE element and magnetic flux change in the EM coil
are both maximized. As a result, position B corresponds to the
peak values of both the PE-induced current, Ip, and the EM-
induced voltage, Vgy. In contrast, at positions A and C, where
the cantilever displacement is maximal but velocity is 0, both
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the strain change rate and the magnetic flux change rate fall to
0. Consequently, these positions align with the zero-crossing
points of Ip and Vgy.

The time-domain waveforms of Ip and Vgy during vibration
can therefore be expressed as follows:

Ip = Ipg sin (wt)

(D
2

where Ipg is the Ip current amplitude, Vg is the Vgy voltage
amplitude, and w is the angular frequency of the vibration.
For the PE transducer, its open-circuit voltage, Vocpg, can be
expressed as follows:

Vem = Viewmo sin (wt)

3)

Vocre = —ILO cos (wt) .
’ (,L)Cp

Equations (1)—(3) confirm that Vgy and Ip are in phase,
while Voc pg lags by 90°, as shown in Fig. 6(b). In the context
of PE energy harvesting, bias-flipping occurs at the zero-
crossing points of Ip, which correspond to positions A and C.
Notably, at these moments, Vgy = 0, indicating that the EM
coil holds no initial energy. This unique alignment, enabled
by the transducer’s mechanical and electromechanical design,
makes the EM coil ideally suited for Role 2, as a PE voltage
bias-flipping inductor.

During the bias-flipping moment, the EM coil is connected
in parallel with the PE harvester, as shown in Fig. 7. The sharp
spikes observed in the coil current, /., confirm that the coil
functions as an inductor during this phase. When not serving as
a bias-flipping inductor, the coil operates as an energy source,
and its harvested energy is extracted through a current-mode
rectifier, which will be detailed later.

3) Role 3: Dc-Dc Power Conversion Inductor: Under
heavy loading conditions, the harvested energy from the PE
and EM transducers may not be sufficient to sustain Voyr; and
Vourz. In such cases, the BAT supplements the system through
a dc—dc conversion path, with the EM coil repurposed as the
inductor to assist in maintaining output regulation.

During this process, a critical condition must be satisfied:
the energy already harvested and stored in the EM transducer
should not be wasted. To ensure this, a coil-polarity-matching
(CPM) technique is introduced. The CPM aligns the direction
of the dc—dc current with that of the intrinsic EM-induced

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 60, NO. 12, DECEMBER 2025

Icoil

Fig. 8. Operation waveform when the EM coil is used as a dc—dc inductor.

current in the coil. This alignment allows the harvested EM
energy to be preserved and efficiently delivered to the output,
in tandem with the BAT-assisted dc—dc operation.

Fig. 8 illustrates the waveforms of Vour and /.o during this
process, where Vour (Vour: or Vourz) cannot be sustained by
harvested energy alone. Once Voyr reaches the lower bound-
ary of the hysteresis window, the dc—dc operation begins.
Three scenarios can occur depending on the instantaneous
direction of I ;.

1) Case 1: When I is positive, the coil is connected such
that the dc—dc current flows in the same direction.

2) Case 2: When I; becomes negative, the coil connection
is flipped to maintain alignment between the dc—dc and
intrinsic coil currents.

3) Case 3: Within a single de—dc event, I.,; may change
direction. In this case, the CPM technique dynamically
flips the coil connection as soon as a polarity reversal is
detected.

To support real-time polarity detection in case 3, the system
leverages the existing PE bias-flipping signal as a timing
reference. Since this signal inherently coincides with the zero-
crossing comment of the EM-induced voltage, it serves as
an effective and energy-efficient trigger for reversing the coil
connection.

4) Priority of the Three Roles: Since the EM coil serves
three distinct roles, it is crucial to establish its access priorities.
The highest priority is given to the PE bias-flipping (Role 2), as
this operation must occur precisely at the zero-crossing point
of Ip. If missed, the performance of PE energy harvesting
would be significantly compromised.

The second priority is the dc—dc power conversion (Role
3). During this phase, the harvested energy stored in the EM
coil is efficiently transferred to the output, thanks to the CPM
technique, which ensures that the EM energy is not wasted.

The lowest priority is assigned to the EM energy source
(Role 1). However, this does not imply that the EM-harvested
energy is wasted. During PE bias-flipping, the instantaneous
EM energy in the coil is negligible (Vgm = 0). When de—dc
conversion occurs, the EM-harvested energy is effectively
transferred to the outputs as well.

Thus, the designed priority system ensures efficient utiliza-
tion of the EM coil across all its roles, optimizing the overall
energy harvesting process.

Authorized licensed use limited to: TU Delft Library. Downloaded on December 17,2025 at 09:06:16 UTC from IEEE Xplore. Restrictions apply.
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Fig. 9. Power stage of the proposed coil-sharing scheme.

It is worth noting that most EM harvesters require a coil in
the mH range to generate sufficient induced energy [15], [16],
[26]. An inductance of this magnitude avoids the excessive
current peaking that would occur with an extremely small
inductance during the PE bias-flipping resonance, thereby
reducing instantaneous stress on the coil and series switches;
while scalable-N SSHI can mitigate this low-L/low-Q issue
[4], our architecture does not rely on it. Conversely, if the EM
coil inductance becomes very large, the longer LC flip duration
can begin to overlap with normal EM energy extraction at the
ambient vibration frequency. A practical approach is to parti-
tion the coil into several reconfigurable sections that remain
series-connected during normal EM operation, and at the EM
phase-changing point (which coincides with the PE bias-flip
instant), selectively connect a middle sub-coil of relatively
small inductance in parallel with the PE transducer to perform
the flip of Vpg. This way, the sub-coil inductance sets a short,
well-controlled flip time that stays small relative to the ambient
vibration period, while the full-coil inductance is preserved
for efficient EM harvesting. Furthermore, MPPT techniques
[9], [27], [28] can be incorporated to further enhance the
overall energy harvesting efficiency over varying vibration
levels.

C. Proposed Power Stage Topology

The proposed power stage is shown in Fig. 9. It consists
primarily of a PE SSHI rectifier, an EM current-mode rectifier,
and embedded dc—dc paths. In the center of the topology
are the electrical models of the proposed hybrid PE-EM
energy transducer, incorporating synchronized PE and EM
energy transducers. Each of the two outputs, Voyr; and Voyrs,
is regulated by a three-threshold double-window hysteresis
controller, with a 100-mV hysteresis window among Vggpy,
VREF, and VREFL (VREF is 5V for VOUTl and 1.8 V for VOUT2)7
as shown in Fig. 10. Since the regulation strategy is the same
for both outputs, we use the term Vgyr to refer to either Vour
or Voyrs in the following discussion.

Under light loading conditions, when the harvested power
exceeds the load power (Pharvested > Pload), the output Vour
is sustained solely by the harvested energy, regulated within
the upper hysteresis window between Vrgr and Vrgpg. On the
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other hand, if the harvested power is insufficient to meet the
load demand (Ppyrvested < Pload), Vour Will drop below Vggp,
and the system will regulate it within the lower hysteresis
window between Vgygrr and VRgr.

The system operates in one of three modes depending on
the loading conditions: source-to-load (S2L) mode, source-
to-battery (S2B) mode, and battery-and-S2L (BS2L) mode.
In light loading conditions, as illustrated in Fig. 10(a), the
harvested power is greater than the load, so the harvested
energy from the PE or EM source first sustains the load (S2L
period), and any excess energy is stored in the BAT (S2B
period). Under heavy load conditions, as shown in Fig. 10(b),
the harvested energy is insufficient to meet the load (S2L
period), so the BAT provides additional power, together with
the harvested energy in the EM source, to sustain Voyr (BS2L
period). The current paths for each of these operation modes
are shown in Fig. 11. To minimize conduction loss, the power
stage is designed to ensure that not more than two power
switches are cascaded on a single current path at any time.
Fig. 11(a) illustrates the PE voltage (Vgp) bias-flipping path,
which was introduced in Fig. 7, and the operations of all three
modes are detailed below.

1) S2L Mode: This mode occurs under both light and
heavy loading conditions. In this mode, the harvested energy
is directly supplied to the load. Fig. 11(b) shows the power
path in S2LL mode from the PE energy harvester when
the PE voltage is positive. The PE energy is transferred
to the output capacitor Cpg via an NVC for both positive
and negative PE voltage polarities. When the PE volt-
age is negative, the alternative path of the NVC becomes
active.

Fig. 11(c) shows the S2L power path to charge Vourm
from the EM energy source when Vgv > 0. The current-
mode multi-step rectifier operates in two phases. In phase
1, switch Sy is closed, and the EM current energizes the
coil. In phase 2, Sy opens while §; and S, are closed,
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de-energizing the coil and charging capacitor Cgy, similar to
a boost conversion operation. When Vgy; < 0, phase 1 remains
unchanged, but in phase 2, switches S, and S3 are activated
instead.

2) S2B Mode: This mode is activated only under light
loading conditions, when there is excess harvested energy
after sustaining the output. As shown in Fig. 10(a), this mode
is enabled when Vpur naturally decreases from Vggpy to
Vrer due to the load. The rectification principles and power
paths are similar to the S2L. mode, but the excess energy is
transferred to the BAT rather than the output capacitors.

Fig. 11(d) shows the S2B power path from the PE harvester
to the BAT when the PE voltage is positive. Fig. 11(e) shows
the S2B power path from the EM source when Vgy > 0.
Similar to the S2L mode, this mode consists of two sub-
phases: the coil-energizing phase and the BAT-charging phase.
When Vgy < 0, switches S, and Sz are activated to match the
polarity of the current.

3) BS2L Mode: This mode is activated only under heavy
load conditions, when the BAT is required to assist in charging
and sustaining Voyr via dc—dc buck-boost conversion. As
previously discussed, the EM coil current I.,; must align
with the dc—dc current. Therefore, four distinct power paths
are defined, depending on the polarity of I.,; and the output

voltage (Vour: and Voutz), as shown in Fig. 11(f)-(i). Each
of these paths consists of two sub-phases. First, the coil is
energized using BAT power, and then, the energy stored in
the coil is used to charge one of the outputs, similar to a
buck—boost conversion.

Table I summarizes the four BS2L de—dc power paths, along
with the corresponding control signals, activated switches, and
conditions.

III. SYSTEM ARCHITECTURE

Fig. 12 illustrates the top-level system architecture of the
proposed hybrid PE-EM energy harvesting platform with
the coil-sharing scheme. The system comprises a power
stage, an SSHI rectifier controller, an EM rectifier con-
troller, a dc—dc controller, and an output regulation block.
The power stage includes several power switches, with the
operational principles detailed in Section II-C. The hybrid
PE-EM energy transducer, along with two off-chip capacitors
(Cpg and Cgym) and a BAT, provides the necessary energy
storage. A maximum voltage selector is used to select the
higher voltage between Vgar and Voyr; to power the entire
system.

The output regulation block uses two three-threshold hys-
teresis comparators, one for each output, to monitor the
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Fig. 12. System architecture of the proposed coil-sharing hybrid energy harvesting platform.

TABLE I
OPERATION SUMMARY OF FOUR BS2L DC-DC PATHS
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loading conditions. Based on these conditions, the comparators
generate control signals that are sent to the EM controller
and the dc—dc controller to manage the system’s mode of
operation.

The SSHI controller detects the signal CO, which initiates
the PE bias-flipping operation. This signal is generated by an
active diode, which indicates whether the NVC is conduct-
ing. Upon detecting the rising edge of CO, corresponding
to the zero-crossing of Ip, a pulse generator (PG) triggers
the generation of a control signal BF. This signal activates
the two power switches Sggr via a level shifter and driver.

When the switches Sgr are on, the PE harvester is con-
nected in parallel with the EM coil, allowing the PE voltage,
Vgr, to be flipped. The upper path in the SSHI controller
generates two drive signals to turn off power switches So
and S, effectively disconnecting the PE harvester from
Cpg and BAT to ensure a proper bias-flipping operation.
Adaptive body biasing technique [4], [11] is also used to
further enhance the switch conductance and multiple quadrants
operation.

In the EM controller and dc—dc controller, an on-chip
oscillator (OSC) generates a 1-kHz clock signal, CLK, to
drive the multi-step current-mode EM rectifier and a clocked
comparator in the dc—dc controller. To prevent reverse cur-
rent in the dc—dc paths, a duty-cycled zero-current detector
(ZCD) within the EM controller monitors the voltage dif-
ference across the two terminals of the high-side switches
in the embedded buck-boost converters. Both the EM and
dc—dc controllers receive mode-selection signals from the
output regulation block, which indicate the current loading
conditions. Based on these inputs, the controllers determine
the appropriate operating mode and power path, and subse-
quently generate the corresponding gate-driving signals for
the power stage via level shifters and switch drivers. In the
proposed system, the maximum value of Vgar is limited to
5.1 V to ensure the safe operation and prevent transistor
breakdown.
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Fig. 13. Timing diagram illustrating the system working behavior under heavy
load conditions.

IV. CIRCUIT IMPLEMENTATIONS

A. Buck—Boost Controller for Embedded Dc—Dc Paths

Fig. 13 presents the waveform illustrating the system behav-
ior under heavy load conditions. Since both outputs follow
the same regulation strategy, the EM branch is used as an
example. When the output voltage Voyr: reaches the lower
hysteresis threshold Vrerrpm, the signal EM BB is asserted
high. This signal, generated by the window comparator in
the output regulation block, determines the system’s operating
mode: setting EM_ BB = 1 enables the BS2L mode, while
EM_ BB = 0 indicates S2LL mode. For the PE branch, this
same function is carried out by the signal PE_BB.

Once either EM_ BB or PE_ BB is asserted, the buck—boost
conversion process is triggered. The EM coil is then
assigned to serve as the dc—dc inductor, and the enable
signal EN activates the dc—dc PG, as shown in Fig. 14(a).
The PG subsequently generates two non-overlapping con-
trol signals—charging pulse SPC and discharging pulse
SPD—as illustrated in Fig. 14(b). These signals are routed
to the appropriate power switches by the SW allocation
block.

Fig. 14(c) shows the circuit implementation of the direction
arbiter within the buck—boost controller. To ensure that the
dc—dc current direction aligns with the polarity of Vgum,
a clocked comparator (CMP_ PN, also shown in Fig. 12)
monitors the coil current polarity during S2L operation.
This comparator generates an initial polarity signal, PN INI,
which is fed into the direction arbiter. Based on PN INI,
the direction arbiter produces one of the four path-selection
signals, SEL1-SEL4, depending on the current loading con-
dition, Vgy polarity, and coil access request. These signals
determine the appropriate BS2L. dc—dc path from Table I and
are passed to the SW allocation block, which then generates
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Fig. 14. Circuit diagrams of the buck—boost controller and associated key
sub-blocks. (a) Buck—boost controller. (b) DC-DC PG. (c) Direction arbiter.

the corresponding gate-driving signals (S1—Sg) for the power
stage.

As previously discussed, if the dc—dc operation spans two
adjacent EM half-cycles with opposite polarities (as in case
3 of Fig. 8), the comparator becomes temporarily inactive,
since the EM coil is already engaged as a dc—dc inductor
and thus cannot be monitored for polarity. However, due
to the synchronous phase relationship between the PE and
EM harvesters, the PE bias-flip event always coincides with
the zero crossing of Vgy. Therefore, the bias-flip signal BF
can be used as a reliable timing reference to flip the coil
polarity.

This condition is clearly illustrated in Fig. 13. At the
beginning of each BS2L cycle, the comparator CMP_PN
provides the EM polarity to the direction arbiter in the
form of the initial signal PN INI. The arbiter uses this
to align the real-time polarity signal PN with the target
output capacitor and generates the corresponding selection sig-
nals SEL1-SEL4. When a BF signal is detected—indicating
a reversal in the EM-induced voltage—the polarity sig-
nal PN is flipped, prompting the arbiter to switch to the
opposite coil connection path after PE bias-flipping ends.
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Fig. 16. Negative-voltage-tracking gate driver.

The complete decision process for the dc—dc conversion
is summarized in the working flow diagram shown in
Fig. 15.

B. Negative-Voltage-Tracking Gate Driver

At the beginning of each EM rectifier phase 2, the current
stored in the coil during phase 1 flows into the energy storage
element due to inductive freewheeling. During this freewheel-
ing phase, the voltage at node Vy (or Vp) may momentarily
drop below ground, typically for a few microseconds. To
prevent unintended channel conduction of the NMOS in the
transmission gate S, which could occur if the gate voltage
falls below —Vryy, a body-biased negative-voltage-tracking
gate driver is employed, as shown in Fig. 16. This circuit
adaptively biases the NMOS gate of Sgr according to the
lowest system voltage.

The input V., is connected to the potentially negative node
adjacent to the NMOS device. When the control signal for
Spr is high, the red path in Fig. 16 is active, and the circuit
operates as a conventional buffer to drive the gate. When S gp
is low, the deep n-well transistors M; and M, form a cross-
coupled pair that outputs the lower of Vi, and GND as Vi,
from the bulk terminal. This value is then passed through M,
configured as a voltage follower along the blue path, to bias
the NMOS gate at Ve ,. This ensures that the NMOS remains
fully turned off, even in the presence of a transient negative
voltage spike.

C. Maximum Voltage Selector

To ensure the system maintains a sufficient supply voltage
during start-up or under extremely heavy load conditions,
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Fig. 19. Experimental setup for vibration testing.

a maximum voltage selector is implemented, as shown in
Fig. 17. This circuit selects the higher voltage between Vpar
and Vouri, and outputs it as Vpp, which powers the entire
system.

In this design, Vear and Voyr; are first compared using
a common-gate comparator formed by transistors My—M5.
Based on the comparison result, control logic drives the power
switches M| and M;, allowing the higher of the two input
voltages to be passed through as Vpp.

V. MEASUREMENT RESULTS AND DISCUSSION

The fabricated chip micrograph is shown in Fig. 18. The
proposed circuit was fabricated in a 0.18-yum CMOS process
with a total active chip area of 1.08 mm?, including decoupling
capacitors. The custom hybrid energy harvester was developed
in-house, comprising a PE cantilever, an NdFeB magnet,
and a hand-wound 2.5-mH coil with approximately 4.5-Q dc
resistance. All measurements were conducted at the harvester’s
resonant frequency of 30 Hz. As shown in Fig. 19, the
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harvester is mounted on a shaker and excited by an amplified

ac vibration signal.

Fig. 20 shows the measured open-circuit voltages from the and the system’s maximum voltage Vmax, also labeled Vpp
PE harvester (Vocpg) and the EM harvester (Vgm), verifying in Fig. 17, tracks Vouri, which at this time is the system’s
that Vocpe lags Vpm by 90 degrees, consistent with the highest voltage. The SSHI rectifier achieves a 71% voltage
analytical model in Section II-B. Fig. 21 demonstrates that PE  bias-flip efficiency using the shared EM coil. Fig. 23 illustrates
bias-flipping is strictly time-interleaved with EM harvesting the corresponding mode transitions in the EM rectifier. The
at the EM current zero-crossing points, aligning with the multi-step rectifier is driven by the on-chip clock (CLK), and
expected phase relationship. The signal BF indicates the the spikes in the signal Icoyp, confirm that bias-flipping occurs
bias-flip event. precisely at the EM current zero crossing.

The mode-transition waveform of the PE rectifier switching Figs. 24 and 25 display the system output regulation wave-
between S2L and S2B modes is shown in Fig. 22. The output forms with different loads. It can be observed that under
Vout: is regulated within the designated hysteresis window, light load, the system switches between S2L and S2B modes,
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Fig. 26. Measured timing diagram for proposed coil-direction arbit algorithm
and transient coil current under heavy load.

and the two outputs are regulated in the upper hysteresis
window, from 4.98 to 5.1 V for Vour; and from 1.79 to 1.9 V
for Vours. The signal PE(EM) STO (PE_STO or EM_ STO)
flags the mode switching between S2L (PE(EM) STO = 0)
and S2B (PE(EM) STO = 1) during light load, while the
signal PE(EM) BB flags the mode switching between S2L
(PE(EM) BB =0) and BS2L (PE(EM) BB = 1) under heavy
load. In these two figures, during the transient periods from
light to heavy load, the system enters BS2L mode when the
outputs drop below Vgrgg. Then, the outputs will be regulated
in the lower hysteresis window, between 4.88 and 5.02 V for
Vour: and between 1.69 and 1.82 V for Voury. The power
consumption during regular operation in S2L/S2B mode is
4.1 uW, whereas in heavy-load BS2L mode it increases to
15 W due to the activation of the higher-frequency 10-kHz
dc—dc conversion.

Fig. 26 verifies the effectiveness of the coil-direction judg-
ment algorithm and the proposed CPM technique under heavy
load conditions. The comparator CMP_ PN, as shown in
Fig. 12, determines the coil current direction during S2L mode
by comparing the voltages at the two terminals of the coil.
Once one of the output voltages reaches its corresponding
VREF, the system transitions into BS2L. mode. At this point, the
comparator outputs the initial polarity signal PN INI to the
direction arbiter and subsequently powers down to conserve
energy. As shown in Fig. 26, the signal PN tracks PN INI
until a bias-flip event is detected. After the flip, PN switches to
the opposite state, indicating a change in coil current direction
and thus triggering the appropriate dc—dc path. The zoomed-
in-view waveform of the coil current clearly demonstrates
the time-interleaved behavior of the coil as it is dynamically
shared across three roles: EM energy source, PE bias-flipping
inductor, and dc—dc conversion inductor. The zoomed-in-view
sub-figure at the bottom right illustrates that bias-flipping is
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given higher priority than dc—dc operation, thereby avoiding
conflicts.

Fig. 27 shows the measured output power under varying
external excitation levels (Vocpg), including contributions
from the PE and EM sources individually, as well as the
combined total output of the proposed energy harvesting
platform. The system achieves a maximum output power of
2.72 mW, with 1.5 and 1.22 mW contributed by the EM
and PE harvesters, respectively. Under weak excitation, the
PE harvester contributes a larger share of the total power; as
the excitation level increases, the EM harvester becomes the
dominant source.

The measured end-to-end (E2E) energy efficiency for the
two individual outputs and the combined hybrid operation
is shown in Fig. 28. The proposed system achieves a peak
combined E2E efficiency of 90%, and maintains over 85%
across the full measured Vocpg range from 2 to 6 V. For
the PE energy extraction path, efficiency continues to increase
with higher excitation levels, as the relative impact of voltage
drop across the NVC diminishes at higher Vocpg. In contrast,
the EM energy extraction path exhibits different trends: at
low input excitation levels, efficiency is primarily limited by
switch-driving and control losses; at high excitation levels,
conduction losses in the EM rectifier during the current
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TABLE I
COMPARISON TABLE OF THE PROPOSED COIL-SHARING IC WITH PRIOR STATE-OF-THE-ART DESIGNS

JS[S](;’]U TC/[%]S6§’19 ISS[gg]’ZO ISS[g?]’ZZ 1SSC23 [6] JS[SQCO’]23 This work
Technology 350 nm 180 nm 600 nm 65 nm 180 nm 180 nm 180 nm
e Cpin Ben Gt MR pepson MRS ot staring
Harvester Type EM PE+EM EM PE/TEG/PV PE 2*PE/TEG/PV PE+EM
Cp (nF) N/A 9 N/A N/A 42 100 440
Frequency (Hz) 64.4 1}2115\4538 50 N/A 230 25 30
Cascaded Stage 3 2 1 1 2 3 1
Output Regulation? Yes No No Yes No No Yes(1.8V, 5V)
Fully Integrated? No No Yes No No No Yes
E2E Efficiency 95% 90%(hybrid) 98.8% 80% (hybrid) N/A 78.8% 90 % (hybrid)
P as;évreBCi;’;f‘lg?se“t No Bias-Flip No Bias-Flip No Bias-Flip ~ L=22pH L=120pH  No Bias-Flip None
Passive Component  L=33mH  L=33mH Regﬁ‘;ﬁm L=22uH  L=120uH  L=470pH None
Normalized VNor 34 34 1 1.22 2.2 5.7 1
Max. Output Power 1.2mW 0.ImW N/A 1.2mW 0.27mW SmW 2.72mW
MOPIR (PE) N/A 1.48x N/A 3.2x 7.38% 2.3%x 4.7x
N/A: Not reported.
05 e T Ta.ble II lists the corpparison of the .propo.sed coil-sharing
e o Ly hybrid energy harvesting platform with prior state-of-the-
04} +P::V§§—3V art designs. Unlike previous works, this design eliminates
— —4—P g, Vo3V the need for any on-chip or off-chip inductors or capacitors
% 03} for PE voltage bias-flipping or power conversion, while still
%’ 0.25mW, supporting dual-regulated outputs. This approach saves both
2 0.2f physical space and material cost. To quantitatively evaluate
o 5 the compactness of the proposed circuit-level interface, and
01} / > following the methodology in previous works [10], [14], we
0.053mW assume an inductor size of 100 mm?3/mH, a capacitor size of
i ; i 0.75 mm?/unit, and a chip volume of 10 mm?>. Based on these

0 1 2 3 4 5
Vourt (V)

Fig. 29. Measured PE extracted power compared with FBR.

integration phase become dominant, resulting in a gradual
decrease in E2E efficiency as V¢ pg increases.

Fig. 29 highlights the measurement results focused on the
PE energy extraction capability. It compares the measured PE
output power under different Voyr; values with that of an
ideal FBR. At Vocpe = 2V, the proposed SSHI rectifier
delivers up to 0.25 mW, achieving a maximum output power
improvement ratio (MOPIR) of 4.7x compared with a typical
FBR, which outputs only 0.053 mW. When Vocpg increases
to 3 V, the improvement becomes 4 x, from 0.12 mW (FBR)
to 0.48 mW (SSHI). This trend arises because, at higher
Vocpe levels, the maximum power point (MPP) of the PE
rectifier shifts beyond the breakdown voltage limit of on-
chip devices (approximately 5 V). As a result, the practically
achievable output power becomes constrained and falls short
of the theoretical maximum.

values, the normalized volume Vyogr is defined as follows:

Total Interface Circuit Volume

NOR —

Chip Volume @

Benefiting from a single-stage energy transfer topology,
with no more than two power transistors in any conduction
path, the system achieves a peak end-to-end (E2E) efficiency
of 90%. For the PE energy harvesting path specifically, an
MOPIR of 4.7x is realized.

VI. CONCLUSION

By properly using the in-phase relationship between PE and
EM energy sources in the hybrid energy harvester, this work
introduced a novel coil-sharing energy harvesting platform.
Due to the proper time-interleaving arrangement, the coil can
serve as either an active energy source or a passive inductor
for PE voltage bias-flipping, dc—dc conversion, and output
regulation. It first achieves the fully integrated operation in the
hybrid energy harvesting. The decreased system volume and
high output power satisfy the power requirement in volume-
constrained IoT wireless sensors.
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