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Along with the rise of the Internet of Things (IoT) and edge artificial intelligence (AI), energy 
harvesting provides a promising sustainable power solution for these edge devices. 
Piezoelectric (PE) and electromagnetic (EM) transducers are two major ways to harvest 
ambient vibration energy [1–6]. For PE harvesters, various active rectifiers [7–14] were 
proposed to improve energy extraction, such as synchronous switch harvesting on inductor 
(SSHI) rectifiers. However, using high-quality off-chip inductors increases system volumes 
and costs, while using on-chip (or off-chip) switched capacitors increases chip areas (or 
system sizes) in addition to a relatively lower overall efficiency. For an EM harvester [15,16], 
it can be rectified by a boost converter [16] by reusing the EM coil as the inductor. However, 
off-chip inductors are still required for power conditioning in other DC-DC and regulation 
stages. Prior works combined these two transducers to harvest more energy from one 
kinetic source [17]. Unfortunately, all prior structures require additional off-chip inductors 
or capacitors for different stages, from the rectification to output regulation, as shown in 
Fig. 31.1.1. It is interesting to think that if the inherent coil of EM harvester can be used for 
its own boost conversion, why it cannot be used in all other blocks of the whole system, 
such as PE energy rectification, DC-DC conversion, and output regulations, to eliminate the 
need for any power components. 
 
In this paper, a hybrid PE-EM energy harvesting platform with a coil-sharing scheme is 
proposed, as shown in Fig. 31.1.1 bottom, to borrow the active EM coil as a passive inductor 
for PE bias-flipping, EM energy extraction, DC-DC conversion, and output regulations, 
without employing any on-chip or off-chip power inductors or capacitors. The proposed 
energy extraction system provides two regulated outputs, VO1 (5V) and VO2 (1.8V), by 
transferring harvested energy directly to the outputs in one stage without cascading losses. 
A hybrid harvester was fabricated in-house, shown in Fig. 31.1.1 middle, with a magnet 
mounted at the free end of a cantilevered PE harvester, and a coil is fixed next to the magnet. 
When the cantilever vibrates, the PE harvester can be modeled as an AC current source IP, 
in parallel a capacitor CP, and the EM harvester can be modeled as an AC voltage source 
VEM, in series with the coil’s inductance LEM and DC resistance. Due to the synchronous 
vibration of PE and EM sources, their open-circuit voltages VOC,PE and VEM show a fixed 90° 
phase difference. The PE energy is extracted by an SSHI rectifier, while the EM energy is 
rectified via a boost converter (current-mode rectifier) by reusing the EM coil as the inductor. 
Under light load, the extra harvested energy from both sources will be stored in the battery 
(BAT). When a heavy load comes, the embedded buck-boost path from the BAT to either 
CO1 or CO2 will be activated to maintain the two outputs, while the coil is shared as a passive 
DC-DC inductor. At the zero-crossing point (ZCP) of IP when the PE voltage VBF needs to be 
flipped, the EM coil is borrowed as a passive SSHI inductor to flip VBF. Thanks to the EM 
current-mode rectifier, the current in the coil (Icoil) is split into multiple phases, and its 
envelope is in phase with VEM, as shown in Fig. 31.1.1 bot-right. Therefore it makes the ZCP 
of Icoil, VEM, and IP in-phase, ensuring seamless coil-sharing for PE bias-flipping. 
 
The proposed coil-sharing topology (Fig. 31.1.2 top-left) consists of a negative voltage 
converter (NVC) and an EM current-mode rectifier for PE and EM sources. The two outputs, 
VO1 and VO2, are regulated by two 3-threshold hysteresis loops centering at 5V and 1.8V, 
respectively (Fig. 31.1.2 top-mid). The system has three operation states: source-to-load 
(S2L), source-to-battery (S2B), and battery-and-source-to-load (BS2L) modes, indicating 
different energy transfer directions (Fig. 31.1.2 top-right). Take positive cycle EM 
rectification as an example. Under light load, VO2 first climbs from VREF to VREFH. The EM 
rectifier works in S2L mode to sustain VO2 by the harvested energy. When VO2 reaches the 
upper boundary VREFH, it enters the S2B mode to transfer harvested energy to the BAT, 
leading VO2 to gradually decrease due to load current. So during light loads, VO2 is regulated 
in the upper window formed by VREFH and VREF. When a heavy load comes, EM energy cannot 
sustain the load, VO2 will decrease until it reaches the lower boundary VREFL. Then, it triggers 
the BS2L mode and uses battery power to assist in sustaining the heavy load. After VO2 is 
charged back to VREF, the system will enter S2L mode again. So under heavy load, VO2 is 
regulated in the lower window formed by VREF and VREFL. Moreover, during BS2L mode, the 
EM coil still contains harvested energy since the induced voltage VEM still existing; hence, 
to effectively use the coil as an inductor, its current flow polarity should be same as VEM 
polarity so that BAT and EM-harvested energy can be transferred together to CO2. To achieve 
this, four embedded power paths are designed in the BS2L mode to charge CO1 and CO2 in 
different VEM polarities with only 2 power switches in a conduction path, as shown in Fig. 
31.1.2 bottom. 
 

The proposed system in Fig. 31.1.3 consists of a power stage, an output regulation block, 
an SSHI controller, and a coil-sharing controller. In the power stage, the NVC-based SSHI 
block (left) and the coil-sharing switching block (right) are designed to extract energy from 
PE and EM energy harvesters, respectively. The middle is the modeled hybrid energy 
harvester. In the output regulation block, dual-output regulation is achieved by two 
hysteresis window comparators, and the comparators’ outputs determine which mode and 
the power path the system will operate. A maximum voltage selector chooses the higher 
voltage between VBAT and VO1 as the system’s supply. The SSHI controller controls the 
synchronous PE voltage bias-flipping. When the rising edge of the CO signal is detected 
(ZCP of IP), a bias-flip pulse generator (PG) is triggered to close the two switches SBF to 
form the LC loop and flip VBF. To avoid the unwanted channel conduction of the NMOS in 
transmission gate SBF due to the negative spurs, a body-biased driver is designed to 
adaptively bias the gate by tracking the system’s minimum voltage. The coil-sharing 
controller contains 2 main sub-blocks: the upper EM controller for EM energy harvesting 
(S2L and S2B mode) and the lower buck-boost controller for using the coil as a DC-DC 
inductor (BS2L mode). The EM controller is driven by a 1kHz oscillator (OSC) with a 
reconfigurable duty cycle to perform multi-step current-mode EM rectification, while S3 and 
S4 act as active diodes [19]. The buck-boost controller is activated to enter the BS2L mode 
during heavy load when the voltage regulation block finds that the harvested energy cannot 
sustain the two outputs. Then, the controller chooses one of the 4 BS2L power paths to 
charge VO1 or VO2 according to the polarity of VEM. To ensure good energy harvesting 
performance and proper system operations, the priority of accessing the coil is given to PE 
bias-flipping, then regulations for CO2 and CO1. However, as shown in Fig. 31.1.3 (top-right), 
using the coil in the BS2L mode may happen at any time, even crossing two adjacent half-
cycles with opposite VEM polarities, and the comparator cannot detect the coil polarity under 
BS2L mode. However, thanks to the synchronous phases of PE and EM harvesters 
(explained in Fig. 31.1.1), the PE bias-flip signal can be used as an indicator to reverse the 
coil polarity to match the reversed VEM polarity. The detailed process for coil direction 
determination is given in the flow chart in Fig. 31.1.3 bottom-left. 
 
The chip is fabricated in a 0.18μm BCD process, with a 1.08mm2 active chip area 
(Fig. 31.1.7). The hybrid energy harvester was in-house fabricated based on a PE cantilever, 
a NdFeB magnet, and a hand-winded EM coil with around 2.5mH inductance and 4.5Ω DC 
resistance. The resonance frequency is 30Hz. Figure 31.1.4 (top-left) shows the PE 
harvesting, VO1 regulation (5V with 120mV ripple) and frontend energy harvester waveforms. 
A 71% PE voltage flipping efficiency is achieved by using the coil to flip. Figure  31.1.4 (top-
right) shows the EM harvesting and VO2 regulation (1.8V with 110mV ripple) waveforms. 
The Icoil signal shows that the coil is always connected in the correct polarity when it is used 
as an inductor.  The spikes in Icoil are the moments when the coil is flipping the PE voltage. 
The spike always happens at the Icoil polarity changing point, demonstrating that PE and EM 
energy sources are strictly orthogonal, exhibiting an exact 90° phase difference. It matches 
the theoretical waveform in Fig. 31.1.1. The bottom two plots in Fig. 31.1.4 show the 
regulation of the two outputs under light and heavy load conditions. 
 
Figure 31.1.5 shows the zoomed-in current waveform in the EM coil under heavy load (top 
left) and its judging algorithm (top right). It verifies that the circuit can track the coil direction 
under BS2L mode with the PE bias-flip signal as an indicator. The bottom-left figure shows 
the measured output power of the system, while the x-axis is the open-circuit voltage from 
the PE harvester, corresponding to the excitation level. The highest extracted power is 
2.72mW, and it is dominated by PE and EM energy under low and high excitation levels, 
respectively. The bottom-right figure shows the measured E2E energy transfer efficiency. 
The PE-EM combined E2E efficiency peaks at 90%. Figure 31.1.6 compares this work with 
prior art. This design does not use any on-chip or off-chip passive power component, and 
hence it achieves a favorable figure of merit (FoM) considering the performance and system 
volume. 
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Figure 31.1.1: Proposed synchronous active-to-passive coil-sharing technique and the 
hybrid energy harvesting platform comparing with previous works.

Figure 31.1.2: Operation states of the proposed system and the four different buck-
boost DC-DC paths under BS2L mode (heavy load).

Figure 31.1.3: Proposed coil-sharing circuit details, coil-sharing and direction 
arbiteration algorithm, and the corresponding waveforms.

Figure 31.1.4: Measured regular system behavior waveform of PE and EM rectifiers 
(top); and output regulation with different loads (bottom).

Figure 31.1.5: Measured coil current under heavy load (top left); coil direction 
judgement algorithm (top right); output power and E2E efficiency versus different VOC,PE 
(bottom). 

Figure 31.1.6: Comparison table of the proposed coil-sharing IC with prior state-of-the-
art designs.
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Figure 31.1.7: Chip micrograph.
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