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Abstract—A high-efficiency charger for low-power thermoelec-
tric energy harvesting with a method for improving the efficiency,
which is called the adaptive input ripple (AIR) maximum power
point tracking (MPPT) technique, is introduced in this paper. On
the basis of the key finding that the end-to-end efficiency (ηE-E)
is highly dependent on the amplitude of the input ripple of the
charger (ΔVIN) in the low-power region, the proposed AIR MPPT
technique adjusts ΔVIN to maximize ηE-E. Moreover, the mini-
mum input power that allows the charger to maintain operation
is enhanced by the proposed AIR MPPT technique. The proposed
charger is implemented with 180-nm complementary metal oxide–
semiconductor technology. An improvement of 21% in ηE-E is
achieved with the proposed technique. Furthermore, the proposed
technique enhances the minimum power by 7.5 μW. The startup
power and minimum power of the prototype are 37 and 6 μW,
respectively. The maximum ηE-E is 82%.

Index Terms—Adaptive input ripple (AIR), charger, energy har-
vesting, low power, maximum power point tracking (MPPT), ther-
moelectric generator (TEG).

I. INTRODUCTION

ADVANCES in the complementary metal oxide–
semiconductor (CMOS) processes and low-power

design techniques keep decreasing the power consumption of
Internet of Things (IoT) devices [1]–[4]. Therefore, harvesting
even a small amount of energy can provide a substitute for the
batteries in such devices whose battery replacement is difficult.
Using energy harvesting, the operating lifetime of IoT devices
can be prolonged without replacing the battery. For example,
[4] introduces a wireless sensor node system supplied by energy
harvesting with an input power of 4 μW. Energy harvesters
convert the environmental energy (solar, vibrational, thermal,
frictional, radio frequency (RF), or bioenergy) into the electrical
energy.
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Fig. 1. Block diagram of IoT devices with energy harvesting.

Even though the power dissipation of the building blocks in
IoT devices has been decreased as described previously, this
power reduction has not been directly reflected in the advances
in the operating lifetime of devices that are supplied with the
battery [5]. That is because the portion of the power losses from
the intermediate power stage is large especially in the low-power
region. Fig. 1 shows a block diagram of IoT devices with energy
harvesting, which consists of an energy harvester, storage, IoT
applications, and the intermediate power stage. The intermedi-
ate power stage is composed of a charger and maximum power
point tracking (MPPT) block. The charger up/downconverts the
harvester output into an appropriate supply voltage level for the
IoT applications. The MPPT block allows the charger to extract
the maximum power from the harvester by regulating the input
of the charger at the maximum power point (MPP). Even though
the harvested power level is scaled down, the power losses in the
intermediate power stage cannot be decreased at a similar pro-
portion. Therefore, the end-to-end power conversion efficiency
ηE−E , which is the ratio between the output power of the inter-
mediate power stage (POUT) and the maximum power that can
be extracted from the harvester (PIN, MAX), becomes lower as
the power level decreases.

The power losses in the intermediate power stage mainly con-
sist of two parts: 1) extraction and 2) charger losses; both of
them should be carefully considered to achieve the maximum
ηE−E . The extraction loss is the power that is lost at the har-
vester/intermediate power stage interface because the input of
the intermediate stage is not regulated at the MPP accurately and
can be expressed as PIN, MAX – PIN, where PIN is the effec-
tive input power of the intermediate power stage. The charger
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loss is composed of the switching and conduction losses of the
charger and is equal to POUT – PIN. To maximize ηE−E , appro-
priate values of both extraction and charger losses are required.
Many conventional approaches have been introduced to reduce
the extraction and charger losses [5], [9]–[26]. To decrease the
extraction loss, these techniques mainly focus on regulating the
average value of input charger at a fraction of harvester open-
circuit voltage for MPPT. However, the extraction loss resulting
from the input ripple of the charger is not considered properly in
the conventional works. The amount of the input ripple, as well
as the average input regulation, should be taken into account at
the low-power region. Switching frequency of the charger can
be reduced to decrease the charger loss at the low-power region
because the switching loss holds a dominant portion of the total
charger loss. Reducing the switching frequency increases the
input ripple of the charger considering that large input capacitor
is undesirable to maintain a small form factor of IoT devices. In
this case, extraction loss can increase even though the average
input of the charger is regulated at MPP. Therefore, ηE−E can be
limited due to the extraction loss coming from the input ripple.
This relationship is discussed in detail in Section III.

Energy harvesting with thermoelectric generators (TEGs)
is one of the best solutions for supplying power to body-
worn and industrial sensors [6]–[8]. Several charger techniques
for thermoelectric energy harvesting for enhancing the power-
conversion efficiency and achieving self-startup have been intro-
duced [5], [9]–[26]. However, the most conventional approaches
provide low efficiencies at low-power levels. Efficient control
schemes [9]–[12] have been reported to increase the efficiency.
In addition, self-startup techniques have been proposed to en-
able self-startup [13]–[17]. However, they [9]–[17] lack MPPT
control, which is essential to harvest the maximum power from
varying ambient sources. Several MPPT methods have been in-
troduced [18]–[21]. However, precharged storage is required for
startup [18]–[20], and no self-startup techniques have been ad-
dressed [21]. Furthermore, one more charger output is required
to achieve a high efficiency [19], [20]. Several MPPT techniques
with various self-startup schemes have been reported [5], [22]–
[26]. However, the extraction loss due to input ripple is not dealt
with in [5], [9]–[26], and their efficiencies at a low power remain
poor (53% at an input power of 24 μW [26]).

In this paper, a technique for maximizing ηE−E in the low-
power region, which is called an adaptive input ripple (AIR)
MPPT method, is proposed. The AIR MPPT technique takes
into account both extraction and charger losses and controls the
input ripple of the charger ΔVIN according to the input power
level. Therefore, improvements in ηE−E and minimum power
can be achieved. Furthermore, fully electrical self-startup in the
low-power region can be provided.

Section II describes the relationships among ηE−E , extrac-
tion, and charger losses. On the basis of the description in
Section II, the relationship between the switching frequency and
the input ripple is analyzed in Section III; then, the relationships
between the input ripple and the efficiencies are discussed. On
the basis of these relationships, the AIR MPPT technique is pro-
posed. Section IV highlights the issues pertaining to the circuit
implementation of the proposed charger with the AIR MPPT

Fig. 2. Structure of the thermal energy harvesting system.

method. Section V presents the measurement results for a pro-
totype chip. Finally, the conclusions are presented in Section VI.

II. END-TO-END, CHARGER, AND MPPT EFFICIENCIES

Fig. 2 shows the basic structure of a thermal energy harvesting
system, which consists of a TEG, a charger, and input/output
capacitors CIN/COUT. The TEG is modeled as a voltage source
VT with an internal resistance RT . VT is an open-circuit voltage
of the TEG, which is proportional to the Seebeck coefficient
and the temperature difference between both sides of the TEG.
The charger is composed of an inductor L, a high-side switch
SHS, and a low-side switch SLS and converts the low-voltage
input VIN to the output voltage VOUT, which is sufficiently high
for the load circuits. SHS and SLS are controlled by the gate
signals HS and LS, respectively, to achieve MPPT and power
delivery to the output capacitor COUT. To deliver the maximum
power from the TEG to the output of the charger, ηE−E should
be preferentially considered, which can be expressed as

ηE−E =
POUT

PIN,MAX
(1)

where PIN, MAX is the maximum power that the charger can
extract from the TEG. According to the maximum power transfer
theory, PIN, MAX is achieved when the load resistance of the
TEG, which is the same with the effective input resistance of
the charger (RIN), is equal to RT . Therefore, VT is divided by
half at VIN, and PIN, MAX can be expressed as

PIN,MAX =
V 2
T

4RT
. (2)

When RIN is matched with RT , it can be said that the charger
operates at the MPP. The two main power losses that degrade
ηE−E are the extraction and charger losses. The extraction loss
is defined as the power loss originating from the impedance
mismatch between RT and RIN. The relative power delivered to
the input of the charger over PIN, MAX regarding the extraction
loss can be represented by the MPPT efficiency ηMPPT, which
is

ηMPPT =
PIN,AVR

PIN,MAX
(3)
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Fig. 3. Comparison between the (a) conventional and (b) proposed AIR MPPT
techniques.

where PIN,AVR is the average input power to the charger. The
charger loss is defined as the power loss at the charger and
mainly originates from the conduction and switching losses of
the charger. Accounting for the charger loss, the power delivered
to the output of the charger over PIN,AVR can be represented by
the charger efficiency ηCHR, which is

ηCHR =
POUT

PIN,AVR
. (4)

Therefore, ηE−E is

ηE−E = ηMPPT · ηCHR. (5)

To maximize ηE−E , both ηMPPT and ηCHR should be care-
fully adjusted to their optimum values.

III. PROPOSED AIR MPPT

Fig. 3 shows a comparison between the conventional MPPT
and proposed AIR MPPT techniques. When LS is “high,” SLS

is turned ON, and the inductor current IIN is built up, yielding a
negative net current flowing to CIN. Therefore, VIN is decreased.
If LS is “low,” SLS is turned OFF, and SHS is turned ON. There-
fore, IIN decreases, yielding a positive net current to CIN and an
increase in VIN. Repeating these procedures, VIN is regulated at
half of VT , which is the MPP. In the low-power region, ηCHR

is highly dominated by the switching loss (PL,SW) rather than
the conduction loss (PL, CD) of the charger. However, the con-
ventional MPPT cannot control the switching frequency of LS
(fS) according to the level of PIN. Therefore, a high fS in the
low-power region of the conventional MPPT techniques leads
to a high PL,SW, which significantly degrades ηCHR. The pro-
posed AIR MPPT technique dynamically adjusts fS according
to the level of PIN. In the normal input power region, a high fS
is selected because ηCHR and ηE−E are dominated by PL, CD

rather than PL,SW. In the low-input-power region, fS is scaled
down to optimal value, and PL,SW is reduced. Therefore, ηCHR

and ηE−E are enhanced because they are highly dependent on
PL,SW.

fS cannot be decreased infinitely and has an optimal value to
maximize ηE−E because a smaller fS leads to a lower ηMPPT

with a fixed CIN. A small CIN is desired for a small form factor.
The smaller fS causes a large input rippleΔVIN, which degrades
ηMPPT. This degradation in ηMPPT is especially critical for
thermoelectric energy harvesting because the output voltage of

Fig. 4. Timing diagram of the charger in the steady state.

the harvester is smaller compared with other energy harvesting
applications such as solar and piezoelectric. Fig. 4 shows the
timing diagram of the charger in the steady state. The charger
operates in the discontinuous conduction mode (DCM), and IIN
is zero, while both SLS and SHS are turned OFF in the steady
state. Therefore, only the charge from the TEG is accumulated
in CIN. When bothSLS andSHS are turned OFF, VIN as a function
of the time t can be expressed as

VIN (t) =
1

2
(VT −ΔVIN) +

1

CIN

∫ t

0

VT − VIN (x)

RT
dx.

(6)

Taking the Laplace transform of both sides of (6),

L{VIN (t)} =

VT−ΔVIN

2 s+ VT

CINRT

s2 + 1
CINRT

s
. (7)

Taking inverse Laplace transform of both sides of (7),

VIN (t) = VT − VT +ΔVIN

2
e
− t

CINRT . (8)

Therefore, ΔVIN can be expressed as

ΔVIN = VIN (t) |t=(1−D)/fS

− VIN (t) |t=0 =
VT +ΔVIN

2

(
1−e

− 1−D
CINRT fS

)
(9)

where D is the duty cycle of LS. Solving (9), ΔVIN is

ΔVIN = VT

(
1− e

− 1−D
CINRT fS

1 + e
− 1−D

CINRT fS

)
. (10)

If the system operates at the MPP, RT and RIN should be
matched and can be expressed as [5]

RT = RIN =
2LfS
D2

. (11)

Combining (10) and (11), ΔVIN can be expressed as

ΔVIN = VT

⎛
⎝1− e

− 1−
√

2LfS/RT
CINRT fS

1 + e
− 1−

√
2LfS/RT

CINRT fS

⎞
⎠ . (12)
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According to (12), a smaller fS yields a larger ΔVIN for a
fixed CIN. PIN,AVR is

PIN,AVR = fS

∫ (1−D)/fS+D/fS

(1−D)/fS

PIN (t) dt = fS

∫ (1−D)/fS+D/fS

(1−D)/fS

VIN (t) · IIN (t) dt. (13)

It can be assumed that the on time of SHS is negligibly small
compared with that of SLS and that VIN(t) is linear in t for a sim-
pler derivation, while LS is “low” because CIN is considerably
larger. Therefore, VIN(t) and IIN(t) are

VIN (t) =
VT +ΔVIN

2
− ΔVIN

D/fS
[t− (1−D) /fS ] , (14)

IIN (t) =
VIN (t)

L
[t− (1−D) /fS ] . (15)

Combining (11), (13), (14), and (15), PIN,AVR is
expressed as

PIN,AVR =
fS
L

∫ (1−D)/fS+D/fS

(1−D)/fS

V 2
IN (t) · tdt = 2V 2

T + (VT −ΔVIN)
2

12RT
. (16)

Therefore, if ΔVIN is smaller than VT , a larger ΔVIN de-
creases PIN,AVR and ηMPPT, which is

ηMPPT =
PIN,AVR

PIN,MAX
=

2V 2
T + (VT −ΔVIN)

2/12RT

V 2
T /4RT

=
2V 2

T + (VT −ΔVIN)
2

3V 2
T

. (17)

On the basis of (12) and (17), a smaller fS for a higher ηCHR

yields a largerΔVIN, which degrades ηMPPT. Therefore,ΔVIN,
which is directly related to fS , should be regulated at the optimal
value to maximize ηE−E . The fS scaling technique was intro-
duced in [20]; however, it only takes into account the charger
loss (ηCHR) and does not consider the extraction loss (ηMPPT),
which can degrade ηE−E when fS is scaled down further with
fixed CIN.

Fig. 5 shows the simulation results for ηE−E , ηMPPT, and
ηCHR as a function of ΔVIN at the normal input power
(PIN, MAX = 150 μW). The temperature difference between
both sides of the TEG (ΔT) of 2.1 °C and 0% RT variations are
assumed. The charger used in the simulation consists of CIN =
100 nF and L = 22 μH. The TEG is modeled by a series-
connected RT ( = 1.68 kΩ) and voltage source VT . The input
power is changed by adjusting VT . fS is modulated to change
ΔVIN. D is also adjusted according to fS for MPPT based on
(10). The charger is assumed to eliminate all of the negative
inductor current from VOUT to VX . As fS decreases, PL,SW

is reduced, and ηCHR increases until PL, CD dominates owing
to the increased peak value of IIN. At the same time, ηMPPT

decreases owing to the lower fS , which yields a larger ΔVIN

on the basis of (12) and (17). Therefore, ηE−E has the maxi-
mum value, where the product of ηCHR and ηMPPT becomes

Fig. 5. Simulation results for ηMPPT, ηCHR, and ηE−E as a function of
ΔVIN at the normal input power (150 μW) with no RT variations.

Fig. 6. Simulation results for ηMPPT, ηCHR, and ηE−E as a function of
ΔVIN at a low input power (13 μW) with no RT variations.

the highest on the basis of (5). With PIN, MAX = 150 μW, the
optimum ΔVIN and fS for the maximum ηE−E are 56 mV and
60 kHz, respectively.

The optimum values of ΔVIN and fS vary according to the
input power level. Fig. 6 shows the simulation results of ηE−E ,
ηMPPT, and ηCHR as a function of ΔVIN when a low input
power (PIN, MAX = 13 μW) is applied. ΔT of 0.63 °C and
0% RT variations are assumed. The optimum ΔVIN and fS are
66 mV and 15 kHz with this input power. The optimal fS is
smaller compared with the simulation results with PIN, MAX =
150 μW because PL,SW is more dominant in the low-power
region compared with that in the normal-power region.

Fig. 7 shows the simulation results of ηE−E , ηMPPT, and
ηCHR with RT variations. RT of TEG depends on the tempera-
ture difference between two terminals of TEG. RT can deviate
by 12% from the design value [27]. Therefore, the optimum
ΔVIN and fS for the maximum ηE−E will change from the de-
sired value according to the variations of RT . To figure out the
variations ofΔVIN and fS according toRT variations, same val-
ues of ΔT (2.1 °C for the normal PIN, MAX, 0.63 °C for the low
PIN, MAX) are applied because the system controls ΔVIN and
fS based on the VT information. RT variations of + 12% give
the optimum fS variations of 10 kHz and 0 Hz for the normal
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Fig. 7. Simulation results for ηMPPT, ηCHR, and ηE−E as a function of ΔVIN at high/low input power with ±12% RT variations.

and low input powers, respectively. However, ηE−E degradation
due to 10 kHz fS variation is not severe, which is 0.15% based
on the simulation results. Variations of 0 Hz and 5 kHz on the
optimum fS result from –12%RT variations. Variation of 5 kHz
on the optimum fS gives ηE−E degradation of 0.15%.

To improve ηE−E , the proposed AIR MPPT technique adjusts
ΔVIN by controlling fS according to the input power level. For
MPPT, VIN is compared with half ofVT by a hysteresis compara-
tor. To control ΔVIN according to the input power level, a delay
is added at the decision time of the hysteresis comparator. As the
input power decreases, a larger delay is provided. Therefore, fS
decreases, and ΔVIN becomes larger, achieving the maximum
ηE−E . To verify the ηE−E improvements using the AIR MPPT
technique, two levels of delay are implemented in this prototype.
More delay levels can be added to improve ηE−E further across
the whole input power range in future work.

IV. CIRCUIT IMPLEMENTATION

A. Top Architecture

Fig. 8 shows the top architecture of the proposed energy har-
vesting system, which is composed of a charger, an AIR MPPT
controller, a low-power starter (LPS), an SHS controller, a ca-
pacitive divider, and a VDD multiplexer (MUX). The AIR MPPT
controller tracks the MPP and simultaneously controls ΔVIN to
improve ηE−E . The AIR MPPT controller provides VN by com-
paring VIN with VT /2 generated by the capacitive divider. The

Fig. 8. Top architecture of the proposed energy harvesting system.

oscillator and frequency divider in the LPS provide the clock sig-
nal (CLKOC) required for the capacitive divider to sense VT .
The LPS aids the self-startup of the charger even when a small
temperature difference is applied to the TEG. Series-connected
thin-film TEGs [28] are used to achieve fully electrical startup
with the small temperature difference. The volume of the eight
series-connected TEGs is ten times smaller than that of a single
bulk TEG [29] that is used in the conventional architectures. The
SHS controller determines the ON-time of SHS and maximizes
the current flow from VX to VOUT. The buffer in the SHS con-
troller decreases the required minimum startup power by diode-
connecting SHS during startup. The SHS controller also sets the
end-of-startup signal (EOSU) “high” when VOUT exceeds 0.7 V,
which connects the output of the LPS (VDD_CP) and VOUT.
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Fig. 9. Timing diagram of the proposed energy harvesting system.

Fig. 9 shows the timing diagram of the proposed energy
harvesting system. The proposed system operates in two
modes—the startup and AIR MPPT modes. During startup, SHS

is diode-connected, and no switching signal for SHS is pro-
vided. Furthermore, the zero current switching (ZCS) block in
the SHS controller is disabled for further power saving. At the
same time, the charge pump in the LPS provides charge stored
in CCP and generates VDD_CP, which is the supply voltage of
the AIR MPPT controller and control circuits. Once VDD_CP

becomes larger than 1 V, SETCONV becomes “high,” and MPPT
starts. VIN is regulated at VT /2, and harvested power is deliv-
ered to VOUT. When VOUT becomes higher than 0.7 V, EOSU is
set, and VDD_CP is connected to VOUT. From this point, VOUT

supplies the controllers, and startup is completed. In the AIR
MPPT mode, both 1) MPPT and 2) ηE−E maximization can
be achieved. For 1), the AIR MPPT controller compares VIN

with VT /2 and generates LS. Then, the average VIN is regu-
lated at VT /2, which is the MPP. For 2), the proposed switching
time–controlled comparator (STC) in the AIR MPPT controller
adjusts ΔVIN, which is dependent on the power level, as dis-
cussed in Section III. The variable delay is given at the output of
the STC, and the delay level is controlled by the selection signal
SEL. For example, when a low-input power is applied, SEL be-
comes “0,” and the maximum delay is chosen for the STC. This
yields the smallest fS , and consequently, ΔVIN becomes larger.
When VIN becomes higher than VT /2, SLS is turned ON, and
IIN is built up. IIN decreases VIN, and when VIN is lower than
VT /2, SLS is turned OFF. Then, SHS is turned ON, and IIN flows
to VOUT. The ON-time of SHS is controlled by the ZCS block
in the SHS controller, which eliminates the reverse current from
VOUT to VX .

B. AIR MPPT Controller

Fig. 10 shows a schematic of the proposed AIR MPPT con-
troller, which consists of the STC, a low-power detector (LPD),
a power-ON reset (PoR), and digital circuits. The STC compares
VIN and VT /2 and turns ON SLS when VIN is larger than VT /2.
The low-power detector determines whether the input power is
low or normal and sets SEL if the input power is above the thresh-
old value (54 μW in this system). When SEL is “low,” the STC
decreases fS and increases ΔVIN.

Fig. 10. Schematic of the proposed AIR MPPT controller.

Fig. 11. Schematic of the proposed STC.

Fig. 12. Timing diagram of the STC.

Fig. 11 shows a schematic of the STC, which consists of a
comparator and adaptive delay cells (AD). AD are composed of
four series-connected delay cells, and each delay cell consists
of large-length MOSFETs for the delay, bypass switches whose
gates are controlled by SEL, and an inverter. Fig. 12 shows a
timing diagram of the STC. If SEL is “low,” the bypass switches
are turned OFF, and long delays at the rising/falling edges of
VN (τL,R/τL,F ) are added. The large-length MOSFETs have a
two times smaller aspect ratio compared with the MOSFETs in
the inverter. Four delay cells are series-connected to prevent the
shoot-through current for power saving. Two delay levels are
implemented in this design to verify the feasibility of the AIR
MPPT. The number of the delay levels can be increased to further
increase ηE−E across wide input power range.

C. Low-Power Starter

Fig. 13 shows a schematic of the LPS. The LPS consists of an
oscillator, frequency dividers, a nonoverlapping clock generator,
drivers, and an 18-stage charge pump. When the minimum VIN

required for generating the oscillator’s clock is applied from the
TEG, the oscillator starts to generate the clock signal CLKOSC.
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Fig. 13. Schematic of the LPS.

Fig. 14. Schematic of the SHS controller and buffer.

The minimum VIN for the oscillator is the startup voltage, which
is 0.5 V. The output of the oscillator propagates to the nonover-
lapping clock generator through an AND gate. The outputs of the
nonoverlapping clock generator then propagate to the 18-stage
charge pump. The 18-stage charge pump generates VDD_CP,
which is the internal supply of the system during startup by
boosting VIN. After VOUT becomes sufficiently high to com-
plete startup, EOSU becomes “high,” and the charge pump is
turned OFF. Furthermore, the LPS also provides the clock signal
CLKOC required for the capacitive divider to sense VT . The
frequency of CLKOSC is divided by a frequency divider, and
CLKOC is generated. CLKOSC and CLKOC are 51.2 kHz and
100 Hz, respectively.

D. SHS Controller and Buffer

Fig. 14 shows a schematic of the SHS controller and buffer.
The ZCS block determines the ON-time of SHS to deliver the
maximum IIN to VOUT. The PoR generates EOSU, which be-
comes “high” when VOUT exceeds 0.7 V. In the startup mode,
EOSU is “high,” andVP is also “high.” Therefore, the buffer out-
put HS is “high” with a value of VDD_HS. VDD_HS is VDD during
the VT -sensing period. Therefore, SHS can be fully turned OFF

during the VT -sensing period in the startup mode, ensuring ac-
curate VT sensing.

Fig. 15 shows a schematic of the proposed ZCS block. The
charger operates in the DCM rather than the continuous con-
duction mode to increase the power conversion efficiency for
low-power applications [5], [10]. In the DCM, the turn-ON time
of SHS should be the optimal value to prevent the early or late

Fig. 15. Schematic of the ZCS block.

turn-OFF of SHS. When SHS is turned OFF early, a positive IIN
still remains, and a body conduction loss is incurred at SHS. If
SHS is turned OFF late, a reverse IIN leads to a degradation in
the efficiency. Many conventional ZCS controls have been re-
ported. The methods in [5], [10], [12], [13], [20], and [30] use
the delay of the digital logic gates to adjust the ON-time of SHS.
However, these methods suffer from a quantization error, which
results in a large body conduction loss or a large reverse cur-
rent in SHS. Furthermore, a large area and power consumption
are required with these techniques when a longer ON-time of
SHS is desired. The methods in [23], [26], [31], and [32] use
comparators, which have a comparator offset and a propagation
delay due to the drivers. Therefore, the ZCS control with the
comparators can be inaccurate, which decreases the efficiency.
ZCS control with a wide range of ON-times for SHS and a high
resolution was introduced in [18]. However, it supplies an inter-
nal controller using an additional charged battery, which is not
available for miniature IoT devices. If the system is fully self-
powered, the ZCS controller in [18] cannot compare VOUT with
VX , which becomes higher than VOUT when SHS is turned OFF

early because the supply voltage of the ZCS controller cannot
become higher than VOUT. ZCS control based on a simple one-
shot pulse generator and D flip-flop is utilized in this system,
enabling accurate ZCS control with a high accuracy and a wide
range of SHS ON-times, even when the system is self-powered.
The proposed ZCS block consists of a one-shot pulse genera-
tor, edge detectors, and D flip-flops. VP is generated from the
one-shot pulse generator, which controls the pulsewidth with a
charge pump. The output of the charge pump VC is controlled by
D flip-flops. If SHS is turned OFF early, VX is higher than VOUT,
and logical “high” is sampled by the D flip-flops. The signal
UP is generated, which increases VC and extends the ON-time
of SHS. If SHS is turned OFF late, the D flip-flop samples logi-
cal “low” and generate the signal DN. Therefore, VC becomes
lower, which reduces the ON-time of SHS.

V. MEASUREMENT RESULTS

Fig. 16 shows a prototype board for the post-silicon valida-
tion (left), and a microphotograph of the chip fabricated using
180-nm CMOS technology (right). The total active area of the
chip is 1.1 mm2. The input of the charger can be either real or
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Fig. 16. Prototype board and microphotograph of a chip fabricated using
180-nm CMOS technology.

Fig. 17. Measured waveforms of the startup sequence of the proposed energy
harvesting system.

modeled TEGs. The fabricated chip is mounted on the prototype
board by socket board and pin headers. VOUT can be optionally
regulated at 1.2 V or not by controlling an external switch. De-
lay levels of the STC can be controlled externally only for the
testing purposes (Fig. 21). In the normal operation of the proto-
type, no external controls are required. Nonsoldered parts of the
prototype board are various testing options that were not used
in the real testing. Fig. 17 shows the measured waveforms of
the startup sequence of the proposed system. A 0.5-V voltage
source in series with a 1.68-kΩ resistor emulate the TEGs with
PIN,MAX= 37μW, L=22μH, CIN=100 nF, COUT=1μF, and
CCP = 5 nF. During startup, no switching signals are generated
for the power switches, and VIN is nearly VT . The oscillator in
the LPS starts to provide a clock to the charge pump. The output
of the charge pump (VDD_CP) is not measured because probing
the VDD_CP node can discharge CCP owing to probe leakage.
After the charge pump generates a sufficient VDD_CP, MPPT
begins, and VN is generated to regulate VIN at half of VT (0.25
V). VT is monitored periodically, and half of VT is generated
by the capacitive divider. The STC compares VIN and divides
VT , and controls SLS. After EOSU is set, VP controls SHS to
deliver the inductor current to the output. VOUT is set to be 1.2 V
by controlling the load conditions. Fig. 18 shows the measured
waveforms of the proposed charger in the AIR MPPT mode. VT

(0.5 V) is periodically monitored, and VIN is regulated at half
of VT (0.25 V). During VT sensing phase, no switching signals

Fig. 18. Measured waveforms of the proposed energy harvesting system in
the AIR MPPT mode.

Fig. 19. Measured waveforms of the proposed energy harvesting system at
PIN,MAX = 9.3 μW.

for the power stage are generated to make input resistance of the
charger large. When VIN gets larger than 0.25 V, VN becomes
“high.” SLS is turned ON, and the inductor current is built up.
CIN is discharged by the inductor current, and VIN decreases.
Following a negative edge of VN with a dead time, VP becomes
“low,” and SHS is turned ON, causing the inductor current to
flow to VOUT. When the inductor current becomes zero, VP be-
comes “high,” and no current flows from VOUT. Fig. 19 shows
the measured waveforms of the proposed charger at PIN,MAX =
9.3μW. VIN is regulated at half ofVT (0.125 V) and is boosted at
VOUT at a small input power. A potentiometer is used to control
the output load condition.
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Fig. 20. Measured waveforms of the proposed energy harvesting system with
VT transient.

Fig. 21. Measured VIN and VN of the proposed energy harvesting system
with and without the AIR MPPT control.

Fig. 20 shows the measured waveforms of the proposed en-
ergy harvesting system when VT abruptly changes. The voltage
source VT with series resistor RT (1.68 kΩ) is used to emulate
the TEGs. VT varies from 0.3 to 0.5 V and from 0.5 to 0.3 V
to verify the MPPT operation of the system. A potentiometer is
used as an emulated load. Initially, VIN is regulated at 0.15 V,
which is MPP of TEG with 0.3 V VT . When VT increases to
0.5 V, VT is monitored at the following VOC sensing phase. VIN

is regulated at 0.25 V, which is MPP, and VOUT increases due
to increased input power. When VT decreases to 0.3 V, 0.3 V
VT is sensed, and VIN is regulated at MPP, 0.15 V in this case.
Because input power gets smaller, VOUT decreases.

Fig. 21 shows the measured waveforms of the system when
the proposed AIR MPPT control is turned ON and OFF. The
external switches mentioned previously are used to control the
delay levels of the STC. Without the AIR MPPT control, smaller
ΔVIN is achieved due to higher fS . After applying the AIR
MPPT control, fS is reduced and ΔVIN gets larger to increase
ηE−E .

Fig. 22. Test environment of the proposed energy harvesting system with real
TEG.

Fig. 23. TEGs to verify the proposed system with heat energy from human
body.

Fig. 24. Measured waveforms of the proposed energy harvesting system with
real TEGs applied with human heat energy.

Fig. 22 shows the test environment to verify feasibility of the
proposed system with real TEGs and heat energy from the hu-
man body. The TEGs are contacted with human fingers to apply
ΔT. Fig. 23 shows the real TEGs used in this measurement.
Eight series-connected TEGs [33] with a heat sink that main-
tains ΔT are made to generate reasonable voltage and power
with human heat energy. The heat energy is delivered to TEG
with aluminum. Fig. 24 shows the measured waveforms of the
proposed system with real TEGs applied with human heat en-
ergy. Before the TEGs enter the thermal equilibrium state, ΔT
goes up to 1.4 °C with human fingers. A 1.2 V offset is applied
to channel 2 of the oscilloscope to emphasize VOUT behaviors.
When the TEGs are contacted with the fingers, VT increases be-
cause ΔT increases. If the fingers are detached from the TEGs,
ΔT decreases. Therefore, VT also decreases. Even with this VT

variations, the proposed system keeps monitoring the changing
VT and tracking MPP. At the VT sensing phase, no energy can
be harvested from the TEGs. Therefore, VOUT decreases.



356 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

TABLE I
COMPARISON OF THE THERMOELECTRIC ENERGY HARVESTING SYSTEM WITH STATE-OF-THE-ART SYSTEMS

1Estimated from the efficiency versus output power curve.
2Estimated from the output power versus VT curve.
3RT = 5 Ω is assumed.
4Only electrical startup is considered.
5Estimated from the efficiency versus. input voltage curve.
6TEG only.
7No efficiency data are reported at the low-power region.
*Efficiencies at similar PIN,MAX are reported for a fair comparison.
PV: Photovoltaic

Fig. 25. Measured ηE−E of the proposed energy harvesting system in the
low-power region (<100 μW).

Fig. 25 shows the measured ηE−E of the proposed energy har-
vesting system in the low-power region (<100 μW). AIR MPPT
adaptively controls the input ripple by selecting the delay levels
and enhances ηE−E by 21% at PIN,MAX = 13 μW. Moreover,
the minimum PIN,MAX is 6 μW, which is improved by 7.5 μW
with AIR MPPT. ηE−E is 73% at PIN,MAX = 54 μW. The
startup power is 37 μW. Fig. 26 shows the measured ηE−E of
the proposed system for PIN, MAX = 0–480 μW. A peak ηE−E

of 82% is achieved. Table I summarizes a comparison of our
method with those presented in other studies. The self-startup
scheme in the proposed system provides a minimum power of
6 μW. To compare the performance in the low-input power re-
gion, efficiencies at similar PIN, MAX are reported. Because of
the AIR MPPT technique, ηE−E in the low-power region is 63%.
The peak efficiency of the proposed system is 82% at PIN, MAX

= 214 μW.

Fig. 26. Measured ηE−E of the proposed energy harvesting system for PIN,

MAX = 0–480 μW.

VI. CONCLUSION

A high-efficiency charger for low-power thermoelectric en-
ergy harvesting with the proposed AIR MPPT technique to im-
prove the end-to-end efficiency is introduced in this paper. The
AIR MPPT enhances the efficiency in the low-power region by
taking into account not only the charger loss but also the ex-
traction loss. It is analyzed and simulated that the end-to-end
efficiency is highly dependent on the amplitude of the input rip-
ple and switching frequency in the low-power region. On the
basis of the analysis, the AIR MPPT technique controls the in-
put ripple to enhance the end-to-end efficiency by controlling the
switching frequency. The AIR MPPT technique is realized with
an AIR MPPT controller consisting of an STC and LPD. Fur-
thermore, the proposed charger enables fully electrical startup
because of an LPS. A prototype of the proposed system is imple-
mented using 180-nm CMOS technology. Improvements in the
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end-to-end efficiency of 21% and minimum power of 7.5μW are
achieved with the AIR MPPT technique. The prototype provides
63% end-to-end efficiency in the low-power region (24μW). The
startup power and minimum power of the prototype are 37 and
6 μW, respectively. The maximum end-to-end efficiency is 82%
at 214-μW input power.
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