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Abstract— This article presents a fully energy-autonomous
temperature-to-time converter (TTC), entirely powered up by a
triboelectric nanogenerator (TENG) for biomedical applications.
Existing sensing systems either consume too much power to
be sustained by energy harvesting or have poor accuracy.
Also, the harvesting of low-frequency energy input has been
challenging due to high reverse leakage of a rectifier. The
proposed dynamic leakage suppression full-bridge rectifier (DLS-
FBR) reduces the reverse leakage current by more than 1000×,
enabling harvesting from sparse and sporadic energy sources;
this enables the TTC to function with a TENG as the sole power
source operating at <1-Hz human motion. Upon harvesting
0.6 V in the storage capacitor, the power management unit
(PMU) activates the low-power TTC, which performs one-shot
conversion of temperature to pulsewidth. Designed for biomedical
applications, the TTC enables a temperature measurement range
from 15 ◦C to 45 ◦C. The energy-autonomous TTC is fabricated in
0.18-µm 1P6M CMOS technology, consuming 0.14 pJ/conversion
with 0.014-ms conversion time.

Index Terms— Biomedical applications, dynamic leakage sup-
pression full-bridge rectifier (DLS-FBR), energy harvesting,
energy autonomous, Internet of Things (IoT), low leakage, low
power, temperature-to-time converter (TTC).

I. INTRODUCTION

TEMPERATURE information acquisition is essential in
assessing and monitoring the operation conditions of

sensor nodes/devices widely employed in assisted diagnos-
tics, remote healthcare, and Internet-of-Things (IoT) nodes
in general. With the devices worn or implanted in patients,
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overheating becomes detrimental to not only device perfor-
mance but more importantly for tissues that suffer from
thermal damage when exposed to high temperatures above
43 ◦C [1]. Therefore, implanted systems, such as [2] and [3],
require temperature data to ensure patients’ safety. Conversely,
detection of temperatures below meaningful range detectable
on body (<36 ◦C) could signal a potential detachment in need
of prompt discovery and adjustment. Hence, the collection of
temperature data is vital in biomedical devices for the safety
of the patients and effectiveness of the monitoring devices.

Sensor nodes for biomedical IoT are numerous and widely
distributed. For long-term monitoring, it is imperative to
have sustainable and maintenance-free capabilities. One of
the greatest limitations is the heavy reliance on batteries,
an unsustainable source of power that requires replacement or
cumbersome recharging [4]. Hence, it is essential for energy
harvesting to supercede this depletable counterpart. Many
energy harvester types are available, including pyroelectric,
piezoelectric, triboelectric, and photovoltaic and radio fre-
quency [5], [6]. For wearable or implanted devices, human
motion is a readily available ambient source that is usu-
ally at frequencies below 1 Hz. Triboelectric nanogener-
ators (TENGs) are promising for harvesting such sparse
human motion. However, although TENGs can produce large
open-circuit voltages, the efficacy is severely restricted by the
high reverse leakage current of full-bridge rectifiers (FBRs).
As a result, storage of collected charges is impossible, espe-
cially at low harvesting frequencies of <1 Hz.

In addition, sensor nodes are required to function at
extremely low voltages and power due to the efficiency
limitations of energy harvesters. Recent temperature sen-
sors [7]–[9], [12] consume microwatts of power. In addi-
tion, these sensors generally function at operating voltages
(VDDLs) above 1 V, excessively high for energy-harvesting
systems. Wang and Mercier [11] proposed a low-power tem-
perature sensor; however, the inaccuracy is large even after
two-point calibration.

To address these challenges and to achieve the energy-
autonomous temperature sensing for IoT-based bio-
applications, this article presents an ultra-low-power one-shot
temperature-to-time converter (TTC) that operates at 0.6 V,
with energy accumulation enabled by sporadic triboelectric
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Fig. 1. System architecture of (a) conventional temperature sensing system
and (b) proposed energy-autonomous system.

harvesting with the proposed dynamic leakage suppression
full-bridge rectifier (DLS-FBR), shown in Fig. 1 [13]. The
overall system achieves 0.14 pJ/conversion with only 5-nW
stand-by power with the power management.

This article is organized as follows. Section II describes
the overall architecture, TENG, and key design considera-
tions of the proposed temperature sensing system. Section III
delves into the circuit implementation and analysis. Section IV
presents the measurement results. Section V discusses possible
future work. Finally, Section VI concludes this article.

II. SYSTEM ARCHITECTURE AND TRIBOELECTRIC

HARVESTER

A. Overall Architecture

Fig. 2 shows the overall architecture of the energy-
autonomous TTC system. It consists of four main parts: the
TENG, the >1000× leakage reduction DLS-FBR, nano-watt
static power management unit (PMU), and ultra-low-power
one-shot TTC. Fig. 3 shows the concept of the system.
When the sparse input is given to the TENG, conventional
FBR does not allow the accumulation of energy due to high
reverse leakage. In contrast, the proposed DLS-FBR minimizes
leakage dynamically, allowing the charge to accumulate. Upon
sufficient energy accumulation, the PMU activates the one-shot
TTC. Conventional temperature systems use amplifiers [7], [8]
or oscillators [9], [10], [12] that are power-hungry. The pro-
posed design uses a time-based charge accumulation scheme
operating at a low supply of 0.6 V and outputs pulses encod-
ing temperature information at only 0.14 pJ/conversion. The
low voltage and power required, along with effective energy
accumulation with DLS-FBR, allow the entire system to be

sustained solely by the energy harvested from a TENG of
<1-Hz frequency.

B. Triboelectric Energy Harvesting From Human Motion

To achieve energy-autonomous systems, the energy sources
must be clean and sustainable. Fig. 4 compares the existing
energy harvesters [4]. The efficiency of solar and RF is limited
indoors and thermal harvesters rely on steep temperature
gradients. Piezoelectric harvesters require high frequencies
shown in Fig. 5. TENGs can scavenge ambient mechanical
energy generated from human motion, with a frequency that
can go down to 1 Hz. At such low frequencies, around
microwatts of power per cm2 could be expected. Furthermore,
their flexible nature allows for future integration with wearable
biosensors [17].

Fig. 6 shows the photograph of the TENG used in this article
and its equivalent circuit model [18]. The harvester consists of
a top conductive Ni-perfluoroalkoxy (PFA) layer and a bottom
conductive Ni layer. Fig. 7 shows the measured characteristics
of the harvester with 1-Hz actuation at contact separation mode
for a 1 × 1 cm2 active area. Fig. 7(a) shows the open-circuit
output voltage, Fig. 7(b) shows the output voltage and current
against load impedance, and Fig. 7(c) shows the power output
against load impedance. Due to the dynamic nature of the
DLS-FBR, load impedance (ZLoad) ranges from 5 M� at peak
input voltage to hundreds of megaohms when the input pulse
is rising or falling, shown in Fig. 7(b) and (c) as the Z-band of
interest. The peak output power of the TENG lies within this
ZLoad range, maximizing the harvested power. Voltage output
reaches 4 V, while the current generated is low at <500 nA per
pulse. Assuming that 1-Hz motion is maintained, the lowest
power generated is around 500 nW, which is our power
budget.

A major challenge for effective utilization of harvested
energy is the high leakage in the system since the generated
current is low. High reverse leakage current in conventional
FBRs prevents harvested energy from being effectively sus-
tained and accumulated, limiting its practicality. This is espe-
cially problematic in TENG for biomedical application, with
the main source being the human motion that is generally of
very low frequencies (<1 Hz). To solve this issue, we propose
a DLS-FBR.

C. Ultra-Low-Power and Low Leakage Sensing

Power management is vital in energy-harvesting systems
to provide a proper VDDL to the TTC. However, several
challenges need to be addressed. The first is the slow ramp-
ing up of the harvested voltage (VDDLQ). The PMU must
effectively supply only at the desired VDDL and cut off
when the VDDLQ is insufficient for the accuracy of the
TTC. The second is static power consumption. If the power
consumption is too high, harvested energy will be wasted at
the PMU and not reach the load.

Since the proposed TTC is designed for condition monitor-
ing and assessing of devices worn on or implanted in patients,
the sensing range should cover human body range with a
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Fig. 2. Overall architecture of the proposed energy-autonomous TTC.

Fig. 3. Concept of the proposed energy-autonomous TTC.

Fig. 4. Comparison of energy harvesters [4].

suitable margin for this application. The TTC is designed to
target the range from 15 ◦C to 45 ◦C, more than sufficient for
this application.

III. BUILDING BLOCKS

To achieve ultra-low leakage and low-power sensing, our
proposed energy-autonomous sensing system is explained in
Sections III-A–III-C.

Fig. 5. TENG against other harvesters for low-frequency sources.

A. Dynamic Leakage Suppression Full-Bridge Rectifier

Figs. 8 and 9 show the leakage in conventional FBR and
the leakage suppression of the novel DLS-FBR, respectively.
At low frequency, leakage dominates the power dissipation,
compared to the active power consumption. As depicted,
idle transistors in conventional FBR suffer from high reverse
leakage current. From our measurements with conventional
FBRs, 79% of charge is leaked away within 1 s during
a reverse-biased state when charged with a TENG operat-
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Fig. 6. (a) Photograph and (b) model of the TENG.

Fig. 7. Measurement results of (a) open-circuit output voltage of TENG
(1 × 1 cm2) shown in Fig. 6; (b) voltage and current relationship with
load impedance; (c) peak power output against load impedance at actuation
of 1 Hz.

ing at 1 Hz. Energy harvested from sparse voltage pulses
below 1 Hz cannot be sufficiently accumulated if the rate of
leakage is faster than accumulation. Hence, minimizing reverse

leakage is vital. In the proposed design, four transistors, M5,
M8, M9, and M12, are added, which suppresses leakage
dynamically, dramatically enhancing the leakage reduction
ability.

The proposed DLS-FBR trades off conversion efficiency to
achieve leakage suppression, which dominates the harvested
power dissipation, enabling voltage/energy accumulation for
TTC activation. At the +Ve half input, where IP is positive
and IN is negative, the current path formed by M5, M6,
M11, and M12 charges the capacitor, while idle transistors
M7–M10 are in super-cutoff state, reducing the OFF current
along the potential leakage paths. When IP becomes negative
with the positive voltage at IN, similar leakage suppression is
illustrated. In contrast, transistors in OFF-state in conventional
rectifiers, such as M2 and M3, will still exhibit leakage current
between their drains and sources.

Fig. 10 analyzes the mechanism of the DLS. When the input
is +Ve, current flows from IP to OP in Fig. 10(a). On the other
hand, when the input is −Ve, current flows from IP to ON in
Fig. 10(b). As shown in Fig. 10(a), when the positive voltage
is at IP, DLS is performed, with VGS of NMOS and PMOS
devices negatively self-biased in the super cutoff regions. Such
VGS values of the transistors are determined by the internal
node, VY. Fig. 10(c) shows the relationship of the voltages in
the input, output, and intermediate nodes. The idle transistors
are in the super cutoff state as they have negative VGS, and
hence, ultra-low leakage is achieved. The internal node, VX,
determines VGS of transistors in the top half that are turned
on, forming a current path to charge the capacitor. When the
negative voltage is at IP, the regions flip, with the transistors
at the top half in super cutoff and transistors at the bottom
half forming a path for current flow.

Fig. 11 simulates the leakage in DLS-FBR across cor-
ners and temperature. Temperature and process variations
can be seen to have a negligible effect on the leakage
suppression ability of the DLS-FBR. In contrast to con-
ventional architecture, DLS-FBR achieves an exceptional
>1000× leakage reduction. Attributed to the DLS-FBR, self-
sustaining the entire system by low-frequency TENG becomes
possible.

B. Power Management Unit

Fig. 12 shows the schematic and functionality of the PMU.
Due to the slow ramping up of the collected charges in
VDDLQ, we require the PMU to enable the TTC only when
the required voltage level of VDDL has been reached.

The imbalanced comparator (IMB COMP) monitors and
detects the voltage difference between VB0 and VB1 that are
obtained using a voltage divider of cascaded diode-connected
PMOS transistors. To attain the ultra-low static current con-
sumption of only 0.2 pA and low mismatch of the voltage
divider PMOS chain, careful sizing and layout have been
performed.

By sizing the two branches of the comparator with a ratio
of 1:27, the PMU effectively turns on the TTC when the
VDDLQ in the charge-collecting capacitor reaches the proper
VDDL of 0.6 V.
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Fig. 8. Reverse leakage current sources in conventional FBR preventing voltage buildup.

Fig. 9. Proposed DLS-FBR and the low leakage super cutoff regions allowing for voltage buildup.

From Fig. 7(b), we observe that the maximum output current
is less than 500 nA. By selecting a 0.1 μF storage capacitor,
each sparse input from TENG will contribute slightly to
VDDLQ. From measurement results, we observe that each
input pulse has a duration of <100 μs. Hence, the voltage
contribution to VDDLQ by each triboelectric pulse can be
calculated as follows:

V = Q

C
= I t

C
= 500 × 10−9 × 10−4

10−7 = 500 μV. (1)

We observe that each triboelectric input pulse provides a
500-μV increase to the voltage collected that is supplied to
the TTC. The instance collected voltage passes the threshold
for TTC activation, PMU switches on the TTC and the charges
are utilized to output the temperature pulse. When the voltage

drops below the threshold after TTC activation, PMU shuts
down the TTC and continues monitoring the VDDLQ level.

As a result, the system attains auto voltage regulation with-
out requiring any regulator circuits that consume additional
power. The PMU enables quick powering up and switching
off of the TTC while consuming a meager 5 nW of static
power during standby.

C. Low-Power TTC

The low-power TTC shown in Fig. 13 utilizes a bandgap ref-
erence that generates a current that is proportional to absolute
temperature (IPTAT) to the charge-collecting capacitor, C1.

The bandgap reference consists of a current mirror, M14,
M15, M19, and M20, which fixes the current ratio between
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Fig. 10. Mechanism of DLS when (a) input is high, (b) input is low, and (c) relationship between voltages in the circuit.

Fig. 11. Corner simulations of reverse leakage current against temperature.

the two branches; in our design, the ratio is 1:1 [19]. The
Widlar current mirror, M16 and M21, defines the reference
current, I , in the branch with M14, M15, M16, and M17. For
our temperature sensing objective, we tuned the parameters
of M16, M17, M21, and R1 in the bandgap reference for the
particular temperature sensitivity desired.

Accumulated charge in C1 is compared against the voltage
(VIN−) available inherently from the bandgap reference,
thereby eliminating the need for an external reference that
would otherwise consume additional power. Since our target is
for human body temperature, the sensing range can be smaller
(15 ◦C–45 ◦C). By adapting our design to the application,
we are able to reduce the size of our charging capacitor, C1
(206.3 fF), for faster sensing as well as to dramatically reduce
the power consumption of our TTC.

When the voltage across C1 is higher than the reference
voltage, the comparator output, CompOut, toggles HIGH.
Since IPTAT is dependent on temperature, C1 is charged
at a rate proportional to temperature. To minimize power
and circuitry, we utilize the period between the time the
TTC turns on and the comparator giving an output, which
is complementary to absolute temperature (CTAT), to obtain
the temperature information. To visualize this CTAT period,
VDDL and CompOut are compared using an on-chip XOR

gate. Note that a separate 1 V (VDD_ext) is used as the supply

Fig. 12. (a) Schematic of PMU and IMB COMP and (b) functionality of
the PMU.

for the XOR gate as the XOR gate is only used to display
this CTAT period and not a part of the system. By using
VDDL as the signal, we remove the need for a reference
circuitry, thereby allowing for ultra-low-power operation. This
pulse encoding the temperature reading (� time) is digitized
externally to minimize power consumption and circuitry on
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Fig. 13. Schematic of the low-power one-shot TTC with external XOR gate
to visualize the time difference as a pulse.

Fig. 14. (a) Block diagram of measurement setup and (b) photograph showing
temperature chamber tests and processing of measured data on a laptop.

the human body. The scheme of time-based charge collection
reads temperature with comparable sensitivity without power-
hungry amplifiers or oscillators necessitated in conventional
architectures. Combined with one-shot readout capability, the
ultra-low-power TTC achieves 0.14 pJ/conversion.

IV. MEASUREMENT RESULTS

Fig. 14 shows the measurement setup. A 1-Hz input is pro-
vided via hand tapping motion to the TENG. The ac harvester
input is converted by the DLS-FBR and charges up the 0.1-μF
storage capacitor. Measurements for the TTC are performed
in the temperature chamber, sweeping the desired range from
15 ◦C to 45 ◦C. The temperature output is processed and
calibrated via MATLAB.

A. Dynamic Leakage Suppression Full-Bridge Rectifier

Fig. 15(b) shows the measured stored voltage in the load
capacitor when being charged by input pulses in 3-s intervals
via the DLS-FBR. For comparison, a conventional FBR is
fabricated and its measurements are presented in Fig. 15(a).
Voltage is observed to fall significantly between successive

Fig. 15. Measurement results showing (a) leakage in conventional FBR
versus (b) ability to sustain harvested energy with the proposed DLS-FBR.

input voltage pulses in the conventional FBR, indicating high
leakage. In contrast, voltage is maintained for DLS-FBR,
demonstrating that leakage is low.

Fig. 16 shows the variation of leakage in DLS-FBR
with VDDLQ. Leakage in conventional FBR increases with
VDDLQ, whereas it decreases in the DLS-FBR, showing
a strong leakage suppression ability. From the measure-
ment results, leakage of conventional FBR at 0.6-V VDDLQ
is 7.41 μA, while the DLS-FBR achieves an exceptional
>1000× leakage reduction to 27.5 pA.

We notice that the measured leakage is slightly higher than
simulated results, which may be attributed to extra leakage
from the pad and the storage capacitor; nevertheless, the col-
lected voltage can be seen to maintain sufficiently for TTC
activation.

B. Low-Power TTC

In Fig. 17(a), sparse harvesting from 1-Hz human motion
charges up the collecting capacitor. When the VDDLQ reaches
the TTC VDDL of 0.6 V, PMU will trigger the TTC to
output VDDL and CompOut that has a CTAT time difference.
To visualize the time difference, an XOR compares then and
outputs a CTAT pulse. The pulsewidth (� time) determines
the temperature, as shown in Fig. 17(b).

C. Decoding Temperature Information

The output temperature pulse is easily decoded via a simple
counter at the receiver. We see the measured results of the TTC
in Fig. 18. Process and temperature variations are reduced
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Fig. 16. Measurement results of reverse leakage current against VDDLQ for
(a) conventional FBR and (b) DLS-FBR.

via calibration. A one-point calibration is done for offset
removal. The non-linearity is removed via a second-order
curve fitting with lookup table. The accuracy achieved upon
one-point calibration is sufficient for our application. The
TTC measures the range from 15 ◦C to 45 ◦C and achieves
±1 ◦C inaccuracy upon one-point calibration, illustrating its
pertinence in IoT-based biomedical monitoring. The counter is
implemented on a field-programmable gate array (FPGA) with
a counter frequency of 100 MHz to achieve 0.04 ◦C resolution.
With calibration, the total power consumption of the counter is
163.4 μW, which can be supported by the much more generous
power budget of the receiving station. By offloading the
digitization overhead outside, we can achieve ultra-low-power
energy-autonomous temperature detection nodes.

D. Power Consumption

During standby, the proposed system achieves a low-power
consumption of 5 nW, as shown in Fig. 19. Fig. 20 shows
the power breakdown of the system. The TTC and PMU
consume 17.01 and 5.21 nW, respectively, when in operation.
The low energy of 0.14 pJ/conversion allows for operation
using only energy harvested from TENG at 1 Hz. Hence,
energy-autonomous TTC is achieved.

Fig. 17. Measurement results of (a) TTC activation upon sufficient harvested
energy and (b) zoomed-in view of the temperature output pulse.

Fig. 18. Measurement results of (a) digital code against temperature after
one-point calibration and (b) error graph.

E. Leakage Analysis

Fig. 21 compares the leakage breakdown in systems using
conventional FBR and DLS-FBR during the energy accumu-
lation period. Due to the high reverse leakage, the leakage
of the conventional FBR dominates, causing the total system
leakage to exceed the available capacity of 200 nA from the
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TABLE I

PERFORMANCE COMPARISON WITH RECENT WORKS

Fig. 19. Power consumption from “standby” to “ON” state of TTC with
PMU.

Fig. 20. Power breakdown.

harvester. Hence, energy accumulation is not possible. On the
other hand, the DLS-FBR effectively reduces this dominant
leakage source by >1000×, pulling the total leakage below
200 nA, thereby achieving energy accumulation and enabling
TTC activation.

V. DISCUSSION

Designed as a one-shot TTC, the proposed TTC operates at
the low supply of 0.6 V, achieves the lowest energy/conversion,

Fig. 21. Leakage breakdown in systems using conventional FBR versus
proposed DLS-FBR during energy accumulation.

and has system power consumption of 5 nW at stand-by. With
the DLS-FBR, reverse leakage current is reduced by more than
1000×, enabling the TTC to be solely powered by a TENG
operated at <1-Hz human motion for the first time in the
literature.

The converter is designed for expansion to a multi-channel
system for simultaneous multi-node sensing in IoT systems.
Because of the vast number of nodes, the capability of sending
out the temperature information not only off-loads the energy
burden on the sensing nodes, but also allows for multi-node
monitoring at a centralized processing station.

Due to the stringent power budget for energy-autonomous
systems, the communication method between the transmitter at
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Fig. 22. Chip micrograph.

the node and receiver must be low in power. RF transmission
has been enabled and reported to consume only 93.6 pW [20].
Hence, the sensing node with transmission of temperature data
can be sustained via energy harvesting.

VI. CONCLUSION

This article presented an energy-autonomous TTC for bio-
medical applications. Table I presents the comparison with
recent works. The chip micrograph, fabricated in 0.18-μm
1P6M CMOS, occupies an area of 0.054 mm2 shown
in Fig. 22.
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