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Abstract—This paper presents a self-powered motion sensor
based on reverse-electrowetting on dielectric (REWOD) energy
harvesting having the capability of remotely keeping a track of
any motion activity. The energy harvester includes a rectifier and
a voltage regulator to provide the DC supply voltage to the analog
front-end and the transmitter to wirelessly transfer the data
from the motion sensor. The on-chip circuitry includes a seven-
stage voltage-doubler based rectifier, an amplifier, an analog-to-
digital converter (ADC), and a transmitter, and is designed in
standard 180 nm CMOS process with a supply voltage of 1.8
V. The recycled folded cascode (RFC) based charge amplifier
has a closed-loop gain of 53 dB within the bandwidth of 1-
150 Hz, which is suitable to detect any low-frequency motion
signal. An 8-bit SAR-ADC is designed to digitize the amplified
signal with a sampling rate of 1 ksamples/s. The transmitter used
for this application operates in the 3.1-5 GHz frequency band
with an energy efficiency of 8.5 pJ/pulse at 100 kbps data rate.
The wireless motion sensing device with the REWOD can be
suitable for quantitatively monitoring the motion-related data as
a wearable sensor.

Index Terms—Self-powered, reverse-electrowetting energy har-
vesting, motion sensor, CMOS, recycled folded cascode amplifier,
SAR-ADC, IR-UWB, schottky diode.

I. INTRODUCTION

With the promising development in the healthcare industry,
extensive research has been carried out in the areas of sensors
to remotely monitor healthcare activities. In an approach
to eliminate the need of periodic battery replacement and
maintenance, wearable and self-powered sensors have attracted
a great deal of attention. Energy harvesting is basically the
process of transducing ambient kinetic or mechanical energy
that surrounds us all the time into electrical energy [1]. The
energy sources could be of various forms such as: heat, light,
pressure, vibration, electrostatic, and sound, to be harnessed
for the sustainable driving of the wearable medical devices
[2]. Recently, an electrostatic energy harvesting technique
called triboelectricity has been introduced that can operate at
various frequencies with high power output [3]. However, the
triboelectric generators have a short life-span due to the contin-
uous friction between the electrodes, thus decaying the energy
efficiency. Flexible, fiber-based energy harvesting generators
(FBG) that converts the bio-mechanical vibration energy to
electrical energy, involving conducting fibers integrated into
clothing have been proposed in [4]. The current generation in
FBG is too low (typically ~ 0.1 uW/em?) to reliably power
medical devices. Misra et al. have developed transducers
utilizing nanotechnology to maximize power density using

I !
I| Reverse
| EW - Rectifier {— r\e/olljtlzggr l
| generator g |
|
| Ve |
| N
| Motion . T I
| >
)I sensor |
| On-chip |

Fig. 1. On-chip front-end motion sensor with the energy harvester.

body heat through flexible materials while simultaneously
minimizing the power consumption by incorporating CMOS
circuitry working in the sub-threshold region and ultra-low-
power radios [5]. With the miniaturization of electronic de-
vices that need to be integrated with energy harvesters to
power wearable sensors, energy density is a key factor to
power these sensors. Owing to the limitations of various
energy harvesters that could potentially power wearable sen-
sors in health monitoring, new approach in energy harvesting
based on mechanical motion of liquid electrolyte between the
electrodes to generate alternating current has been surfaced
and is known as reverse electrowetting on dielectric (REWOD)
energy harvesting [6]. REWOD has been demonstrated to
generate very high power densities at low driving frequencies
compared to the conventional kinetic energy harvesters [6].
Since many energy harvesters operate at a fairly high resonant
frequency, they cannot be used in motion activity detection
sensors that require to be operated at low frequency (<10
Hz). As can be seen from Fig. 1, the harnessed power from a
REWOD generator due to various low-frequency movements
such as walking and running can provide power to the CMOS
Integrated Circuit. The energy harvesting circuit typically
includes a rectifier for the AC-DC power conversion and a
DC-DC converter for the supply voltage regulation. As the
sensor front-end circuit, an amplifier is designed to amplify
the generated electrical signal by the transducer, followed
by an analog-to-digital converter to digitize the signal and a
transmitter circuitry to transmit the sensed signal wirelessly to
a remote receiver.

A rectifier with the capability to rectify a low input power
is one of the most desirable units in energy harvesting circuit
for low power wireless sensors [7]. However, the conventional
diodes require ~0.7 V of input forward-bias voltage which
limits the operation of the rectifier [8]. A better approach is to



use a schottky diode based rectifier due to the low forward-bias
voltage requirements of the schottky diode [9]. In the sensor
front-end circuitry, several architectures of the charge amplifier
have been proposed in the literature. In order to improve the
transconductance, DC gain, and input-referred noise perfor-
mance of the conventional FC-OTA, current reusing technique
is introduced [10]-[14]. As the charge amplifier is required
to have a high gain (>40 dB) depending on the transducer’s
charge generation with very low power consumption (<2
uW) for biomedical applications, the designed OTA in this
work utilizes the recycling folded-cascode (RFC) technique
[15]. With the enhancement in transconductance, the amplifier
could be prone to instability as the phase-margin could be
reduced. The proposed architecture of the fully-differential
charge amplifier also enhances the phase-margin as well as
reduces the input-referred noise, thus making the system
stable. In order to digitize the amplified signal, a successive
approximation register-ADC (SAR-ADC) has been the most
widely used architecture for its low-power consumption at a
low sampling rate [16], making it suitable for low-frequency
biomedical sensor applications. This paper presents an SAR-
ADC based on the charge redistribution network with a target
of maintaining low-power operation. At the transmitting end,
impulse radio ultra-wideband (IR-UWB) transmitter is the
most suitable for low-power application. By using duty-cycled
IR-UWB transmitter, the system can maintain a strict power
budget [18]. The transmitter also needs to comply with the
spectrum regulation imposed by the Federal Communication
Commission (FCC) for UWB communication which requires
the peak power spectral density to be lower than -41.3
dBm/MHz [19].

The contributions of this paper is as follows: (a) Modeling
and fabrication of a REWOD based energy harvester that can
harvest 20-90 nAp, of current at a frequency range of 1-
10 Hz, (b) an on-chip charge amplifier with 53.7 dB gain,
(c) a 7-stage schottky diode based rectifier which achieves
a maximum power conversion efficiency (PCE) of 62%, (d)
an 8-bit SAR ADC, and (e) an IR-UWB transmitter with
reconfigurable frequency and bandwith features working in
the 3.1 to 5 GHz frequency band. Section II presents the
description of all the blocks, section III shows the simulation
results, and a concluding remark is presented in section IV.

II. OVERVIEW OF THE SELF-POWERED MOTION SENSOR
A. Reverse Electrowetting on Dielectric Energy Harvester

REWOD energy harvesting is the opposite to electrowetting
operating at low-frequency range [20], [21]. In its simplest
form, REWOD involves a conductive droplet being repeatedly
squeezed between two electrode substrates. This results in a
modulating electrical double layer (EDL) capacitance. The
AC current generation due to the EDL capacitance change
is shown in Fig. 2. The amount of current generated by the
fabricated REWOD-transducer depends on the contact surface
area between the conductive liquid (e.g. NaCl solution) and
the electrodes, which is correlated to the displacement. The
bottom electrode is a multilayer structure with Aluminum
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Fig. 2. Modeled reverse electrowetting energy harvester with amplification.
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Fig. 3. Proposed seven-stage Schottky diode based rectifier circuit.

Oxide (Al303) as the dielectric and CYTOP solution as the
hydrophobic material. CYTOP is an amorphous fluoropolymer
that not only makes the surface hydrophobic, but also acts as a
secondary layer of dielectric in addition to Al5O3. As an initial
approach to verify the phenomenon, the displacement between
the top and bottom electrode is mechanically varied, thereby
changing the contact surface area at certain input frequency.
The fabricated device is modeled as an AC current source (1)
with a parallel resistor (,,) and a capacitor (C},) as shown in
Fig. 2. The average value of R, and C), is measured using the
CHI600E potentiostat and found to be 7.44 M2 and 94.6 nF,
while I, is in the range of 25 - 90 nA,_,.

B. Rectifier Circuit

The proposed rectifier circuit is a seven-stage voltage-
doubler circuit. It is designed using schottky diodes due to the
low forward-bias voltage of the schottky diode architecture.
A voltage doubler circuit consists of two diodes Dy, D-
and two capacitors C; and Cy as shown in Fig. 3 [22]. The
architecture works as a full wave rectifier where D; operates
during positive half cycle and D, operates during the negative
half cycle of the input AC signal. The capacitor values are
chosen to be 100 pF to produce a smoother DC signal at the
output. The proposed seven-stage voltage doubler circuit is
designed so that it can rectify as low as 100 mV input voltage.

C. Charge Amplifier

The change in motion-dependent surface charge density due
to the mechanical vibration of the conductive liquid in the
REWOD transducer can be converted to a proportional voltage
signal by the charge amplifier. The charge amplifier includes
an OTA, a input capacitor (Cc) and the capacitive feedback
loop (Rf and Cf) in a fully differential structure as shown in
Fig. 2. The amplifier produces a voltage across Cy, which is
proportional to the generated charge. The input impedance of
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Fig. 4. (a) Schematic of the recycled folded-cascode OTA, (b) Block diagram
of the SAR-ADC.

the charge amplifier is designed to be almost zero so that most
of the current is passed through the amplifier. Keeping all these
design constraints into consideration, the charge amplifier is
designed with a folded-cascode OTA with current recycling
technique to have a high gain-bandwidth-product (GBW), low
power consumption, and a high signal-to-noise ratio as shown
in Fig. 4(a). As the gain depends on the product of the output
impedance (R,) and the transconductance (G,,,) [10], the input
pair transistor of the conventional FC is split into two pairs:
M;i,-Mjp and Ms,-Moy in order to split the current from 21,
to Ip. In this work, pMOS transistors are used as the input
pair as this can reduce the flicker noise components compared
to the nMOS transistors. The bottom transistors are also split
into Ms,-Msp and My,-My, to operate as the common-mode
feedback current mirror along with the equal resistors R, and
Ry [15]. Since the node *X’ (Fig. 4(a)) is floating, no current
goes through the resistors. G, of the proposed OTA can be
expressed as follows:

Gm = 2(1 + 9771,,3(1Ra)gm,1a (1)

where g, 3, and ¢, 1, are the transconductances of the
transistors Ms, and M,, respectively. As the gain largely
depends on R,, its value is chosen as 25 k2 to meet high open-
loop gain specification. The current through the tail transistors
(Ms3,/Msp) depends on the aspect ratio (W/L) of them. At the
output stage, Ms-Mg pair is sized as the transistors M5-Mig
to have the same biasing. The bias voltages V;5 and V3 are
chosen to have the output current as I;. Thus, the total bias
current sums up to be 6I;. To reduce the power consumption
of the OTA, I, is chosen to be 200 nA.

D. ADC

The 8-bit ADC is designed with a switched capacitor
architecture based on charge redistribution logic as shown in
Fig. 4(b). It includes a shift register, an SAR logic circuit,
an 8-bit digital-to-analog (DAC) converter, a sample-and-hold
circuit, and a comparator. The ADC is designed to have a low-
power consumption and a sampling frequency of 1 ksamples/s,
as the motion sensing signals would lie in a low-frequency
bandwidth (typically 0.1 to 10 Hz).

E. Transmitter

The proposed IR-UWB transmitter circuit consists of an
impulse generator (IG), a voltage controlled oscillator (VCO)
and a power amplifier (PA) as shown in Fig. 5. The proposed
transmitter is designed to transmit digitized sensed signal with
100 kbps data rate. The details of the blocks are described
below:

1) Impulse Generator: The impulse generator is designed
using a current-starved inverter based delay circuit where the
output pulse Vgeiqy of the delay circuit is controlled using an
external control voltage V.. The circuit is made of two-stage
cascaded inverter circuit using pMOS and nMOS transistors.
The delay circuit is followed by an inverter, a NAND gate and
an inverter to generate the impulse signal which is used for
duty-cycling the VCO and the PA.

2) Voltage Controlled Oscillator: The voltage controlled
oscillator is a complementary cross-coupled LC-V CO having
two pMOS and two nMOS transistors. The W/ L ratio of the
transistor M~7-Mg and Mg-Miq are set in such a way to operate
in the strong inversion region to ensure high G,,. The LC tank
of the VCO includes an inductor, L of 2.7 nH and a varactor
pair, C'y 4 g Which achieves a capacitance in the range of 4.5 —
17 pF for the control voltage, V.¢,; of 100 mV to 1.8 V range.
The varactor pair is used to achieve the oscillation frequency
fo in the range 3.5 - 5 GHz with the total capacitance, C'=
Cvar || Cy || Cya,ms || Cga,nre. At the output of the VCO,
a 300 fF DC blocking capacitor, C} is also used to block the
DC components of the generated RF signal. The tail current
source of the VCO is actually a current mirror formed by
transistor Mi, and Mi3. To duty-cycle the VCO, the pulse
signal generated by the impulse generator is used at the gate
of the transistor M;; that turns on and off the tail current
source of the VCO.

3) Power Amplifier: The proposed differential class E
power amplifier includes a choke inductor pair L;-Ls and two
cascoded nMOS transistors in each branch. Optimum sizes of
the transistors are chosen to have small on-resistance and small
parasitic capacitance. The PA is duty-cycled using the pulse
signal Vyyco at the gate of the transistors My, and Mi5. The
differential output signal of the VCO is provided to the gate
of My¢ and M;y7. To feed the differential output of the PA to
the single-ended antenna, a matching network and a balun is
used after the PA.

III. SIMULATION AND MEASUREMENT RESULTS

The power conversion efficiency (PCE) of the proposed
rectifier is shown in Fig. 6(a) for the input voltage range of
100 mV to 1.4 V. The maximum PCE is simulated to be
62% with the load resistance Ry as 1 M§2. The measured
harvested DC power from the motion sensor after the single-
stage rectification is presented in Fig. 6(b). As the REWOD
transducer is modulated from 1.5 mm to 4 mm displacement,
the generated DC power increases over the motion frequency.
Fig. 7(a) presents the closed-loop gain of the charge amplifier
as 53.7 dB. As the gain depends on the ratio of the input
and feedback capacitances, the values of them are chosen as
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Fig. 6. (a) Power conversion efficiency of the rectifier, (b) measured output
DC power over motion frequency.
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Fig. 7. (a) Closed-loop gain, (b) noise performance of the amplifier.

1 nF and 2 pF, respectively. The feedback resistor is designed
to maintain the lower cut-off freqeuncy at ~1 Hz. Since the
motion sensor is designed to detect low-frequency signal, the
higher cut-off frequency is kept as ~150 Hz. The total bias
current is 1.2 pA in order to reduce the power consumption
to 2.35 uW. The noise performance is shown in Fig. 7(b). The
input-referred noise is 3.8 uV,.,s integrated over 1 to 200 Hz
frequency band. After the amplification, the ADC converts the
analog voltage signal to 8 digital bits at 1 ksamples/s with a
total power consumption of 277 uW, and effective number of
bits of 6.8.

An impulse signal of 1.8 V is generated with a pulse width
of 5 ns for 100 kbps data rate when the control voltage V.
is 600 mV and consumes 800 pW power for 1.8 V supply
voltage. Varying the control voltage V. from 100 mV to 600
mV, the pulse width of the impulse signal can be varied
as high as 10 ps to 720 ps respectively which enables a
reconfigurable bandwidth of 500 MHz - 1.39 GHz. Varying
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Fig. 8. (a) PA output @100 kbps (Zoomed view), (b) Power spectral density
of 3.5 GHz, 4.0 GHz and 4.5 GHz transmit signal.

the control voltage V.4, from 800 mV to 1.4 V, the operating
frequency of the VCO can vary from 3.5-4.5 GHz. The output
signal of the PA is shown in Fig. 8 (a). The pulse width of the
output signal is recorded as ~5 ns with a maximum voltage
of 1.7 V},p. The gain of the proposed PA is simulated to be ~6
dB for the frequency range of 3.5-4.5 GHz. From the output
of the PA, the power spectral density (PSD) of the transmitted
signal is also simulated. The PSD plot presented in Fig. 8(b)
shows that the center frequency is at 4 GHz where the peak
amplitude is -43.6 dBm/MHz with a -10 dB bandwidth of 700
MHz. The average power consumption of the transmitter is
105 pW for 1.8 V supply voltage and the energy efficiency of
the transmitter is simulated to be 8.5 pJ/pulse at 100 kbps data
rate. The on-chip amplifier, ADC, and transmitter consume a
total of ~280 uW.

IV. CONCLUSION

This paper presents a self-powered on-chip motion sensor,
which acquires the motion detecting signal and transmits
it wirelessly. The on-chip rectifier provides the DC supply
voltages to the recording circuitry: amplifier, ADC, as well
as to the transmitter. In the future, the full system can
be implemented on a flexible substrate to remotely monitor
motion activities of the body.
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