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ABSTRACT This paper presents a highly efficient time-based maximum power point tracking (TB-MPPT)
circuit with an enhanced three-dimensional tuning method. In the proposed circuit, firstly, the reconfigurable
switched capacitor dc-dc converter with three conversion ratios is used to extend power range. The conversion
ratio is selected according to input voltage level to avoid large charge redistribution loss. Secondly, the
proposed algorithm can find the maximum power point with the minimum tuning switching frequency and
capacitance control knob to reduce power loss, which results in high power conversion efficiency (PCE).
The TB-MPPT circuit is fabricated with a 180nm CMOS process and has an active area of 0.42mm2. The
measured results achieve a peak PCE of 90.4%, a peak power tracking efficiency of 99.6%, and the output
power of 52µW in an energy harvesting system with four commercial PV cells.

INDEX TERMS Energy harvesting system, extended power range, maximum power point tracking circuit,
switched capacitor dc-dc converter.

I. INTRODUCTION
With the recent development of the Internet-of-Everything
(IoE), humans, processes, data, and things are intelligently
connected in ways that are more relevant and valuable
than ever before [1]. The wireless sensor network (WSN)
has been created to communicate and process the environ-
ment information. In such a network, the distributed sensors
(or smart nodes) should be integrated with System-on-
Chip (SoC) and wireless transceivers [2]. To power these
nodes, several renewable energy sources such as photovoltaic
(PV) [3]–[22], thermoelectric generator (TEG) [8], [20]–[28],
piezoelectric [4], [21], [29], [30], and radio frequency (RF)
energy [31], [32] are used. Among these energy sources,
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PV is attracting considerable attention as an energy source
for smart nodes due to its low cost and high-power den-
sity [33]. Fig. 1 shows a block diagram of a typical IoE
SoC smart node using an energy harvesting system (EHS)
with PV cells. Because the IoE load consists of different
types of blocks, such as ADC, DSP, transceiver, and sen-
sor, it is powered by different power sources. Therefore,
Multiple-Output Point of Load Conversion (MOPLC) is also
required [34]. One of the most important factors in EHS
is the maximum power point tracking (MPPT) circuit that
guarantees the EHS operates at the maximum efficient power
under various light intensities and temperatures. In particular,
the MPPT circuit matches the impedance of the sc dc-dc
converter and the impedance of the PV cells to find Maxi-
mum Power Point (MPP) using the Power Tracking block.
Since the sc dc-dc converter is used, there are three control
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FIGURE 1. Block diagram of IoE SoC smart node with energy harvesting
system.

knobs to adjust the impedance of the converter for finding
the MPP: conversion ratio (CR), capacitance, and switching
frequency [35]. Based on these impedance variables, many
MPPT circuits have been exploited to maximize the power
efficiency of EHS. Although significant power performance
can be achieved, there were different problems depending
on the combination of the three control knobs. Here a type
of MPPT circuit is addressed that uses an n-Dimensional
(e.g., 1-D, 2-D), where n represents the number of simul-
taneous control knobs that the system utilizes to find MPP.
Initially, a 1-D MPPT circuit is proposed using a capacitor
bank as a single impedance control knob [14]. The sys-
tem demonstrates high power conversion efficiency (PCE)
because the capacitor bank does not consume standby power.
However, the use of a single CR in [14] causes a small input
voltage range and large Charge Redistribution Loss (CRL)
[5], [8], [13]. In addition, if the MPPT circuit needs to
extract more power from the PV cells, a large capaci-
tor size for the converter is usually required. To increase
the input voltage range, the [8] adopted a two-dimensional
(2-D) MPPT circuit that tunes the CR and switching fre-
quency. Although the input voltage range is extended, the sc
dc-dc converter requires a sufficient number of CR to find the
MPP accurately, which in turn requires many capacitors and
power switches, resulting in a large power loss. Using CR as
a control knob in the MPPT procedure also causes a large
CRL. Instead, the CR must be defined depending on the ratio
between the regulated output voltage of the sc dc-dc converter
and the output voltage of PV cells. Moreover, the switching
frequency adjustment method increases the switching loss
of the converter. In [8], the highest available frequency is
applied at the start of the MPPT procedure, resulting in high
power loss. A three-dimensional (3-D) MPPT circuit [13]
has been reported to solve the problems encountered in the
previous two tasks. Several CR are used and selected based
on the output voltage level of the PV cells to reduce the CRL
and extend the input voltage range. The switching frequency
tuning is then used only to regulate the output voltage under
different load conditions. The system in [13] uses switch
width modulation to obtain high power efficiency in idle
mode. By utilizing the three control knobs, the system can
have a wide input voltage range and a large output power
range while CRL is reduced. One disadvantage of the system
with three control knobs is that the energy collected from the
PV cells is greater than the energy required by the load side,
the system wastes redundant power. Moreover, the design
is complicated because the system requires sophisticated

FIGURE 2. (a) Block diagram of EHS with TB-MPPT circuit and (b) its
timing diagram.

FIGURE 3. Model of PV cell with sc dc-dc converter.

sub-devices such as Digital Processing Unit and switch width
modulator.

To overcome the aforementioned challenges, an enhanced
3-D time-based MPPT (TB-MPPT) circuit is proposed with
the following characteristics. Firstly, a reconfigurable sc
dc-dc converter with three CRs is used to extend the power
range. Here, the CR is selected according to the voltage level
of the PV cells to avoid large CRL. Secondly, the proposed
algorithm finds the MPP with minimum tuning switching
frequency and capacitance control knob to reduce the power
loss of the system.

The rest of this paper is organized as follows. The proposed
MPPT circuit is discussed in Section II. Section III describes
the architecture and circuit implementation of the proposed
MPPT circuit. Section IV explains the measurement results,
and finally, Section V concludes this paper.

II. PROPOSED ENHANCED 3-D TB-MPPT CIRCUIT
A. CONCEPT OF EHS WITH TB-MPPT CIRCUIT
Fig. 2(a) shows the simplified architecture of EHS. It consists
of 3 main parts: PV cells, TB-MPPT circuit, and Load [14].
The TB-MPPT circuit is the main part of the EHS, and its
operation principle can be described as follow. The sc dc-dc
converter converts power from PV cells and provides it
to the Load. Meanwhile, the Hysteresis Controller (HC)
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FIGURE 4. (a) Hill climbing algorithm in proposed MPPT circuit and
(b) Capacitor bank configuration and switching frequency setting.

regulates the output voltage (through the VSC) according to
the reference voltages (VH and VL). The timing diagram of
the HC is shown in Fig. 2(b). Initially, the VSC is lower
than VL. The comparator operation within the HC will then
switch S1 off. When the VSC is disconnected from the Load,
the energy in the PV cells is now charged in the Cbuff. There-
fore, the VSC increases gradually. When the VSC reaches VH,
S1 is turned on by the SSTART signal and emits the energy
inside the Cbuff to the Load. The switching operation of S1 is
controlled by the SSTART signal. This signal is activated when
the VSC reaches the high threshold level (VH) of the compara-
tor and deactivated when the VSC reaches the VL. This means
that the time interval (TR) between adjacent SSTART pulses
can be used to estimate the charging time required for the

Cbuff from VL to VH at the given energy of the PV cells. The
charging time varies depending on the power level of the PV
cells. Therefore, The TR represents the power information of
PV cells. The MPPT circuit uses TR to monitor the amount of
power currently collected while the impedance of the sc dc-dc
converter is adjusted to provide MPP to the Load. Because
the voltage and current sensors are avoided and the charg-
ing time is only needed to obtain MPP, this architecture is
called TB-MPPT. To provide details on the proposed circuit,
we will provide an analysis of the relationship between TR,
output power, and the output impedance of the sc dc-dc
converter, in the next section.

B. PROPOSED ENHANCED 3-D TB-MPPT CIRCUIT
In this section, the analysis of tuning variables is presented
by modeling the EHS. Then, the proposed MPPT circuit will
be described. The quantitative relationship between charging
time TR and output power POUT can be modeled using the
steady-state assumption, as shown in Fig 3. PV cells is mod-
eled as a light-controlled current source IPH with a parallel
diode and a series resistor RS. The sc dc-dc converter can be
modeled as a DC transformer having a conversion ratio of
CR with an output impedance RSC. The Load is modeled as
a buffer capacitor Cbuff and a gated switch with a charging
current of IL. VSC is regulated voltage between a boundary
of desired voltage level (VH, VL). According to the steady-
state assumption, the ripple of VSC between VH and VL can
be neglected, and VSC equals VOUT. By applying Kirchhoff’s
voltage law to the input node of the DC transformer, the
PV cells output voltage VPV can be modeled as:

VPV = VD − CRi × IL × RS =
VOUT + RSC × IL

CRi
(1)

where VD is the diode voltage. The average current IL during
the entire charging period TR can be specified as:

IL =
Cbuff × (VH − VL)

TR
(2)

In addition, the POUT can be expressed as:

POUT = VOUT × IL = VOUT ×
Cbuff × (VH − VL)

TR
(3)

As can be seen from Eq. (3), POUT is inversely proportional
to the TR. Therefore, TR can be used to monitor trends in
POUT during the MPPT procedure. From (1) and (2), TR can
be expressed as:

TR =
RSC + CR2

i × RS

CRi
×

Cbuff × (VH − VL)

VD −
1

CRi
× VOUT

(4)

where CRi, Cbuff, VH, VL, and VOUT are constant. The
value of the PV cells source resistance RS is also constant
under a given light intensity or temperature condition. VD
is the dependent variable of the RSC. When considering the
constant (or near-constant) variable, the only concerns lie
with the variables TR and RSC, where TR represents the
power information of PV cells as described in the previous
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section. Therefore, the MPPT procedure can be performed
by monitoring the POUT via TR while utilizing the RSC as
the control knob. To determine how to adjust the RSC, the
RSC must be reviewed. In [35], RSC is a combination of two
impedance components: Slow Switching Limit RSSL and Fast
Switching Limit RFSL, as follows:

RSC ≈

√
R2
SSL + R2

FSL

=

√√√√√√
∑

i∈caps

(
ajc,i
)2

2× Ci×Fsw


2

+

( ∑
i∈switches

Ri × (ar,i)

)2

(5)

where Ri is the on-resistance of each switch, Ci is the capac-
itance of each capacitor, FSW is the switching frequency,
and ac,i, ar,i are the capacitor multipliers and the switch
multipliers, respectively. The ac,i, ar,i are defined by the CR
of the sc dc-dc converter. For ultra-low power applications,
the sc dc-dc converter in the MPPT circuit operates at a low
switching frequency to reduce power loss. Therefore, it can
be assumed that the RFSL is very small and negligible. Thus,
the RSC can be simplified as:

RSC ≈
∑
i∈caps

(
ajc,i
)2

2× Ci × Fsw
(6)

Equation (6) shows that there are three parameters of interest
(ac,i, Ci, FSW) that can be adjusted to change the RSC. To use
these three parameters in MPPT operation effectively, each
parameter must be analyzed. First, among the three parame-
ters, ac,i, which is determined by the CR of the sc dc-dc con-
verter, shows a quadratic relation with RSC. Thus, adjusting
CR results in a rapid change in RSC, which acts as a coarse
tuning parameter in the design, as reported in [8]. However,
using CR tuning for RSC has a disadvantage. In the EHS,
the PCE of the sc dc-dc converter is limited by CRL [13].
For a given regulated output voltage, the high PCE of the sc
dc-dc converter is obtained only when using the optimal CR,
which is determined by the ratio between the regulated output
voltage and the input voltage level. Since the CR tuning
is used in the MPPT procedure, the MPPT circuit adjusts
the CR to obtain the highest power tracking point. In this
process, the CRL is ignored because the MPPT procedure
only matches the impedance of the PV cells with the sc dc-dc
converter. For this reason, the CR captured during the MPPT
procedure can cause a large CRL that degrades the PCE,
which leads to the choice that the CR must be configured
based on the voltage level of the PV cells. Second, after
determining the CR, the MPP of the EHS could be obtained
by using the capacitance and the switching frequency as
fine-tuning parameters. To obtain the large power range,
both switching frequency and capacitance should be used in
MPPT procedure. The capacitance tuning can be done using
a Capacitor Bank which does not consume large power loss.
On the other hand, adopting the switching frequency tuning

FIGURE 5. Flow chart of hill climbing algorithm in proposed MPPT circuit.

FIGURE 6. Simplified block diagram of proposed MPPT circuit.

option requires a consideration of the relationship between
different parameters. Analytical approaches to understand
the problems of using switching frequency tuning will be
introduced as follow: As can be seen from Eq. (4), TR is a
function of RSC. Then, TR could be written as follows with
reference to Eq. (6):

TR = f

(
a2c,i

2× Ci × FSW

)
(7)

Here, TR is a time interval between SSTART pulses in Fig. 2(b),
wherein TR could be defined as the number of pulses of SCLK.
Since one cycle period of SCLK is the reciprocal of the switch-
ing frequency, the following relationship is established,

TR = N×
1

FSW
(8)

where N is the number of switching cycles between adja-
cent SSTART pulses. Due to the integer multiple relationship
between TR and switching cycle 1/FSW, the MPPT proce-
dure using the switching frequency tuning parameter shows
a sudden jump from one point to another. Therefore, the
FSW parameter cannot be used directly as a tuning parameter
for the MPPT procedure. To overcome this problem and
seamlessly extend the MPPT tracking range, the capacitance
tuning is used first in MPPT procedure. If the MPP is out of
the range using the specified capacitance value, the system
increases the switching frequency to expand the search area
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to explore the MPP. To minimize the power consumption of a
given system, the minimum switching frequency is initially
used for MPP tracking. This process is repeated until the
MPPT circuit finds MPP with minimum power consumption.
In this work, the programmable ring oscillator provides sev-
eral different switching frequencies with a simple architec-
ture. It can be concluded that the proposed tuning method
uses three parameters to find MPP effectively. The CRL is
improved, and the power loss of the system is alsominimized.

The hill-climbing algorithm of the proposed system based
on the capacitance- switching frequency double-control knob
is shown in Fig. 4. The Fig. 4(a) visualizes the entire hill-
climbing algorithm starting at the rightmost corner A0, and
Fig. 4(b) shows the Capacitor Bank configuration and switch-
ing frequency at each stage along the hill-climbing curve
in Fig. 4(a). Initially, the MPPT procedure begins with the
minimum capacitance (CI only) and the minimum switching
frequency (F0), where the current power level extracted from
the PV cells is A0. Capacitors C0∼6 are all disconnected
from the Capacitor Bank (denoted in grey color). Then,
through the operation of the Hysteresis Controller, the VSC
signal represents a serrated signal, and the charging time TR0
is evaluated through the internal unit of the Power Tracking
in Fig. 2(a). The MPPT procedure starts with the minimum
value for each control knob, so the system increases the
capacitance value by one step as described to move to the
next power point. The system is now in A1 with a clearly
higher power point than the previous one A0. This could be
determined by comparing the charging time of TR1 and the
previous one TR0. The shorter duration of TR1 means that
the system will need less time to charge the capacitor Cbuff,
which means the system will move to the MPP. By following
this strategy, the system uses the Capacitor Bank to increase
the capacitance under a given frequency setting until the A7
power point is reached. Because the time duration of TR7 is
still shorter than the previous TR6, the system now extends the
power range of the EHS by increasing the frequency of the
oscillator by one step (F1). The Capacitor Bank is now reset
and has a minimum capacitance, so the system moves back
slightly to point B0. The MPPT procedure is now repeated
from B0, increasing only the capacitance. To illustrate the
situation when the system finds the MPP, it is assumed that
the MPP is located in Bm of Fig. 4(a). Once the system
reaches the Bm, the TR(m) is still shorter than the previous
one TR(m−1). Therefore, the system increases the capacitance
one step further and moves to the Bm+1. However, Bm+1 is
out of MPP, and accordingly, the period of TR(m+1) is longer
than the period of TR(m). By detecting this change, the system
verifies that the MPP has been found and disconnects the last
capacitor in the Capacitor Bank. A flowchart of the proposed
hill-climbing algorithm is shown in Fig. 5. Note that the
system is initially idle.When the STRIGGER signal is provided,
the MPPT procedure is started, and the system tunes the
capacitance and switching frequency to find the MPP.

The design approach of proposed circuit is shown in Fig. 6.
As can be seen, the CR of reconfigurable sc dc-dc converter

FIGURE 7. (a) Block diagram of EHS with proposed MPPT circuit and
(b) its timing diagram.

is first configured according to input voltage level of PV
cells, which results in minimizing the CRL. Then, the Power
Tracking unit with proposed tuning method finds MPP with
minimum switching frequency and extended power range.
To adjust the switching frequency and capacitance without
large power dissipation, the Digital-Based VCO and Capac-
itor Bank are used, respectively. By using enhanced 3-D
tuning method, the proposed circuit can solve the problems
of the previous works and sufficiently improve the perfor-
mance of EHS. The detail of circuit implementation will be
described in Section III.

III. CIRCUIT IMPLEMENTATION
In this section, the detail of circuit implementation and design
consideration will be described based on the design approach
in Section II. Fig. 7(a) shows the EHS with the proposed
enhanced 3-D TB-MPPT circuit. The MOPLC is included
in this design to provide two regulated output voltages as
mentioned in Section I and it is not the main objective of this
work. The Proposed MPPT circuit consists essentially of two
control loops: Regulation Loop, and MPPT Loop. The Regu-
lation Loop ensures that the voltage level of the VSC is within
the two trip points (VH and VL) of the Hysteresis Controller,
as described in the previous section. Meanwhile, the MPPT
loop uses the output signal from the Hysteresis Controller
(SSTART) to adjust the switching frequency and capacitance
to find theMPP in a given working condition of PV cells. The
main idea of determining the optimal power point here arises
from the simple fact that the time interval between adjacent
SSTART pulses indirectly represents the power information
harvested from the PV cells. (The pulse generated from two
consecutive SSTART pulses will be denoted as TR hereafter).

64008 VOLUME 10, 2022



V.-T. Dang et al.: Highly Efficient Time-Based MPPT Circuit With Extended Power Range

In the proposed system, a narrower TR pulse due to a change
in switching frequency or capacitance means that the system
moves to a better power point. Therefore, the Power Tracking
compares the pulse width of successive TR pulses and deter-
mines whether the capacitance or switching frequency should
be changed in a particular way. For this function, the Time-
Digital Converter (TDC) first generates a TR pulse based on
two consecutive SSTART signals, and then converts the time
duration of the TR pulse into digital code. The Arbiter then
compares the digital code of the current charging time TR(n)
pulse width and the previous charging time TR(n−1) pulse
width stored in FFs. The main output signal of the Arbiter is
a SARB signal that remains at a logical high level if the TR(n)
is less than the TR(n−1). The high level of SARB allows the
Finite State Machine (FSM) to control the frequency of the
Digital-Based VCO and the capacitance of Capacitor Bank
by changing the DFSW and DC, respectively. If the system
finds an MPP, that is, if the current TR(n) is longer than the
previous TR(n−1), the SARB signal is disabled, and the tracking
process is interrupted. Fig. 7(b) shows a detailed timing dia-
gram of the MPPT procedure. The capacitance and switching
frequency initially begin with the minimum values (DC =

DFSW = 0), and the SARB is elevated when the first SSTART
signal is received (not shown in the figure). The MPPT loop
then adjusts the capacitance value of the Capacitor Bank
based on the pulse width comparison between two consecu-
tive TR pulses. As the system starts with the lowest RSC value
due to the minimum capacitance and switching frequency,
the capacitance value naturally increases, so the VPV value
decreases as the FSM is updated. This will continue as long
as the SARB signal remains high, and the system will explore
the power range from A0 to A7 as the capacitance changes
fromminimum tomaximum value. If the capacitance step has
reached its maximum value (when DC = 7) and the SARB is
still high, this means that the system cannot find theMPPwith
the combination of the current switching frequency setting
and the capacitance range. Therefore, the FSM increases the
switching frequency by one step (DFSW from 0 to 1), and
resets the capacitance step (DC returns to 0). The EHS now
explores the power range extended from B0 to B7. Now we
will explain the situation where the output voltage of the
PV cells reaches VPV_MPP as the system approaches MPP.
At the switching frequency step (Fn) and capacitance step
(Cm+1), the VPV exceeds VPV_MPP. At this point, the system
passes through the MPP, and the corresponding pulse width
is wider than the previous TR. The Arbiter then finds an MPP
and pulls the SARB lower, causing the capacitance value to
return one step back, making the VPV the closest value to
the VPV_MPP. The EHS then locks the MPP and turns off the
Power Tracking to save power while using the MPP.

A. RECONFIGURABLE SC DC-DC CONVERTER
The energy harvesting from the PV cells is performed
through the sc dc-dc converter, where there are three main
parts: Reconfigurable sc dc-dc converter, Digital-based VCO,
and Capacitor Bank. Fig. 8(a) shows a simplified sc dc-dc

FIGURE 8. (a) Schematic of sc dc-dc converter, (b) Capacitor bank, and
(c) Digital-based ring oscillator with its simulated result.

converter with three conversion ratios (2x, 3x, 4x) and the
configuration of power switches. Details of the Capacitor
Bank, and the Digital-based VCO with its simulation result
are shown in Fig. 8(b) and (c), respectively. In the proposed
system, a sc dc-dc converter with three CRs is used to
prevent CRL as mentioned previously. Moreover, by adap-
tively selecting the optimal CR, the system can accommo-
date a wide range of input voltage from PV cells, leading
to improved PCE. The switching algorithm of the sc mod-
ule is optimized to reduce switching loss and bottom-plate
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capacitor loss. The Capacitor Bank acts as a unit capacitor of
the sc module. As shown in Fig. 8(b), the digital code from
the FSM is encoded into the switch control signal (D<0:6>)
of the unit Capacitor Bank (CB), wherein the unit CB has
eight identical capacitors (CI, C0 ∼ C6). The capacitor CI
is the default capacitor, and the other capacitors are used as
variable capacitors by its control signal. When all capacitors
are used, the total capacitance is 57.6 pF which means that the
capacity of a single capacitor is 7.2 pF. The total capacitance
value is determined by considering the input voltage range
of MPPT circuit while the single capacitor value is selected
to meet tracking accuracy requirement. The Capacitor Bank
is used to adjust the capacitance of the sc dc-dc converter,
while the Digital-based VCO is used to control the switching
frequency of other MPP tracking options. The Digital-based
VCO circuit consists of a biasing circuit and an inverter
chain. The biasing circuit provides an appropriate voltage
level for the inverter chain. The inverter chain comprises
three stacked inverters connected in series, with the upper
and lower transistors gaining control voltage from the biasing
circuit and the center two transistors operating as the inverter
chain. A programmable Capacitor Bank is placed between
the two inverters (CBx) to control the oscillation frequency of
the Oscillator. The structure of Capacitor Bank is similar as
CB block in Fig. 8(b). The total capacitance of the capacitor
array is 1.6 pF when all capacitors are connected, where the
capacitance of the unit capacitor (C0∼6) is 200 fF. A three-
stage ring oscillator having a capacitor array can generate an
output signal in a frequency range of 70 kHz to 600 kHz
as shown in the Fig. 8(c). With this degree of frequency
variation, the proposed EHS can handle the throughput power
range from 10 µW to 52 µW.

B. HYSTERESIS CONTROLLER
The Hysteresis Controller regulates the VSC level within
two boundary voltages, VH and VL. Detailed circuit imple-
mentation and timing diagram are shown in Fig. 9. The
Hysteresis Controller consists of two comparators (A1, A2)
followed by a flip-flop and logic gates. Here’s how the Hys-
teresis Controller works: Initially, the VSC is 0, so SSTART =
SF = 0, SSW = 1. Thereafter, in Fig. 7, if the SSW signal
turns off the M1 transistor, the system charges Cbuff, and
accordingly, the VSC level gradually rises. When the VSC
reaches VH, both SSTART and SF signals become high lev-
els. The A2 comparator is then activated via the SF signal.
At the same time, the comparator output is zero, resulting in
SSW = 0. Therefore, the low state of the SSW signal turns
on the M1 transistor, the charge inside the Cbuff capacitor
is now transferred to the MOPLC. This causes the VSC to
show a sharp drop and reach VL level. When the VSC falls
below the VL, the A2 comparator output becomes 1, SRST
becomes 0, and eventually, the SSW signal becomes 1, which
disconnects the Cbuff from theMOPLC. This sequence occurs
repeatedly and adjusts the VSC level within VH and VL.
Selecting a structure suitable for both comparators requires a
consideration of the operating conditions of each comparator

FIGURE 9. Schematic of hysteresis controller.

FIGURE 10. Schematic of TDC and arbiter.

FIGURE 11. Finite state machine.

during charging and discharging period. During the charging
time, the VSC is slowly charged. Therefore, the dynamic com-
parator structure can be used in A1 to reduce power consump-
tion. The VSC, on the other hand, discharges very quickly
during the discharge time. This suggests that continuous high-
speed comparators are better for comparator A2 to detect such
a fast transition. Continuous high-speed comparators typi-
cally consume large amounts of power, but in our design, they
are turned on for a short period of discharge (TF), resulting in
low average power consumption. It should be noted here that
by measuring the distance between two consecutive SSTART
pulses, the charging time (TR) during the operation of the
Hysteresis Controller can be estimated. As discussed in the
previous section, the timing information of the TR will be
transmitted to the MPPT circuit as power information of the
PV cells.

C. TIME-DIGITAL CONVERTER(TDC) AND ARBITER
The Time-Digital Converter (TDC) and Arbiter units receive
an output signal SSTART from the Hysteresis Controller and
check the time duration between adjacent SSTART signals as
the time delay between the signals indicates the current power
level emitted from the PV cells. A schematic diagram of the
TDC and Arbiter of the proposed EHS is shown in Fig. 10.
As shown in the figure, all subunits are composed of digital
logic gates, contributing to the high PCE of the system. With
respect to the individual operation of the TDC and theArbiter,
the TDC initially receives the SSTART pulse and generates
one cycle delayed signal SSTART_D. Two signals are used
as a reset signal and set signals for SR-latch, respectively.
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FIGURE 12. Schematic of FSM.

The output from the SR-latch then becomes a pulse with
a width proportional to the delay between two consecutive
SSTART pulses (actually, one clock cycle delay less than the
ideal). Note that, here the pulse width represents the power
information of the EHS. The generated pulse is presented as
a counter enable signal at the next 8-bit counter and the input
pulse width is converted to digital code (TR(n)) accordingly.
This digital code is sent to Arbiter. In Arbiter, the digital
code is stored and evaluated using DFF and Digital Com-
parator, respectively. Because the first digital codes do not
represent the power information of PV cells correctly due to
the transient response of VPV after changing tracking point.
Therefore, the 4-time lower frequency (SMPPT_CLK) is used in
Arbiter to guarantee that the VPV is stable before evaluating
the power information. The digital code (TR(n)) containing the
current power information is now compared to the previous
power information stored in the DFF (TR(n−1)). Based on
the comparison results, the Arbiter activates the SARB signal
when the system moves in the correct direction, such that the
power from the PV cells increases or the current time delay
decreases. This means that if the system detects an MPP, the
SARB signal will be lowered due to the longer time delay
in subsequent operations. Lastly, the time resolution of the
digital counter is a function of the throughput power of the
EHS and the magnitude of the Cbuff capacitor. The proposed
design shows that an 8-bit digital counter is sufficient based
on the system clock (SCLOCK) used.

D. FINITE STATE MACHINE (FSM)
The operation of the proposed EHS is controlled by a 1-bit
finite-state machine (FSM). The state diagram and important
signals of the 1-bit FSM are shown in Fig. 11. As shown in
the figure, the two modes are idle (SCTRL = 0) and MPPT
(SCTRL = 1), and the mode transition depends on the logic
level of the SARB signal transmitted from the arbiter unit.
The system is initialized to idle mode with SCTRL = 0.
When the STRIGGER signal is transmitted from MCU to the
EHS, the FSM switches SCTRL = 1 to change the operation
of the system to MPPT mode. Then, the MPP tracking opera-
tion occurs through the Regulation Loop and MPPT Loop,
as described in Fig. 7(a). The MPP search continues with

FIGURE 13. Schematic of MOPLC.

SARB = 1, and the proposed system adjusts the capacitance
value or switching frequency until the monitored power of the
Arbiter decreases. If this happens, it means thatMPP has been
found. Accordingly, the FSM switches the operating mode
back to idle mode with SCTRL = 0 and completes the MPPT
procedure. A detailed implementation and timing diagram of
the FSM is shown in Fig. 12. The FSM block consists of four
sub-units: MPPT Enable, Mode Controller, FSW Tuning, and
C Tuning. As the unit’s name suggests, the MPPT enable
unit generates SMPPT signal when the STRIGGER signal is
presented from the external. The SMPPT signal then drives
the Mode Controller, making the SCTRL signal high, and the
system starts MPP tracking operation. The system now uses
two independent loops in the EHS to find MPP while the
SARB signal is high by controlling the Capacitor Bank via
DC <0:2> or by controlling the switching frequency via
DFSW <0:2>. Tracking is maintained until the system finds
the MPP. When the system reaches the MPP, the TDC and
Arbiter switch the SARB signal to a low level, and eventually
SCTRL = 0 on the Mode Controller. The FSW and C Tuning
blocks then stop the FF update. In addition, when MPP is
found, the FSM is turned off to save power consumption.

E. MULTIPLE OUTPUT POINT OF LOAD CONVERSION
(MOPLC)
MOPLC is an essential unit to provide a stable regulated DC
output voltage for each load block including ADC, sensor,
or DSP in the IoT system as mentioned previously. The
MOPLC unit can provide two different output voltages using
two separate sc dc-dc converters as shown in Fig. 13. The
upper (lower) sc dc-dc converter provides an output volt-
age of 3V (1.5V) using a fixed conversion ratio of 1(0.5).
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To obtain sufficient PCE, the regulation loop uses a hysteresis
control method. The operation of the regulation loop and the
description of each block can be expressed as follow. First,
VCO generates a signal at the switching frequency, where
the frequency is determined by the optimization method [35]
for minimizing the loss factors of the sc dc-dc converter. The
Clock Gen. block then receives this signal and generates a
non-overlapping clock. This clock signal is used as a control
signal for each power switch of the sc dc-dc converter. The
switching pattern of the power switch is defined by the Conf.
Logic unit that provides the desired CR from the converter.
The sc dc-dc converter compares the output voltages VOUT1,2
with the reference voltages VREF1,2 in the comparator and
controls the output voltage in the regulation loop. This voltage
regulation process can cause a large output voltage ripple in
the comparator. Therefore, the 20nF load capacitor is used to
improve the output voltage ripple.

IV. MEASUREMENT RESULTS
The proposed MPPT circuit is fabricated with a commercial
180nm CMOS process. Fig. 14 illustrates a chip micrograph.
The MPPT circuit occupies an active area of 0.42 mm2.
Note that, much of the area is consumed by the dual-layer
high-density metal-insulator-metal (MIM) on-chip capacitor
in the capacitor module of sc dc-dc converter. Fig. 15 shows
the measurement settings for MPPT circuit and a photo
of the PV cells with a light sensor. The halogen lamp is
used as an adjustable light source. The commercial PV cell
(KXOB25-12×1F, 22mm× 7mm, 0.69V-46.7mA) is used to
demonstrate the performance of the MPPT circuit. To startup
the system, the CS needs to be pre-charged above 2.5V which
can be done using an auxiliary charge pump. The energy
of CS is used as a power source for control circuit. This
startup circuit operates only once at the beginning of normal
harvesting. In this work, the design is focused on exploring
the relationship between MPPT and tuning variables. Thus,
the auxiliary charge pump is not implemented. Once the
control circuit is powered, the system operates based on the
MCU’s trigger signal. If MCU detects a change of the light
intensity (greater than 100 lux) by monitoring analog output
of the light sensor, a trigger signal (STRIGGER) is sent to
MPPT circuit. Then, MPPT circuit starts finding MPP of
the system. It is noted that the light sensor should be placed
nearby the PV cells to guarantee that they receive the same
light intensity as shown in Fig. 15(b). The output signals
are captured by the oscilloscope to monitor the behavior of
the output voltage regulation and MPP tracking performance.
Based on the measurement settings, the transient response
of the circuit is monitored at two different light intensities
(150 lux and 600 lux), where two internal voltages (VSC
and VPV) and two control signals (STRIGGER and MPPTEN)
are shown in Fig. 16(a). As can be seen, once the MPPT
circuit detects the STRIGGERsignal, the MPPTEN is set to
high level to enable MPP tracking. When MPPT operation
is initiated, two operation loops (Regulation loop and MPPT
loop in Fig. 7) collaborate to seek MPP, in which the VSC

FIGURE 14. Die micrograph of proposed MPPT circuit and MOPLC.

FIGURE 15. (a) Measurement setup, (b) PV cells with a light sensor.

level (regulated voltage within VH and VL) and the VPV level
(PV cell output voltage) are changed. If the applied luminos-
ity is 150 lux, the MPPT circuit finds the MPP only with
a seven-step change in Capacitor Bank (A0 to A6) without
increasing the switching frequency step. At the beginning
of the MPPT lock period, the capacitance is changed from
A6 to A5, indicating that the MPPT point is close to A5,
so the system returns to the previous step and suspendsMPPT
operation. The VSC level is also well regulated within the
upper and lower bounding voltages with a voltage ripple of
∼220 mV. It is important to note that the system maintains
the minimum switching frequency (F0 = 70 kHz) from the
start of MPPT operation, so that the system consumes the
minimum power. The right measurement results of Fig. 16(a)
show a situation in which the light intensity applied to the PV
cells is changed to 600 lux. Because of the increased intensity
of light, the system could not find MPP at the minimum
switching frequency, and when the Capacitor Bank reaches
its maximum value at the current switching frequency setting,
the Power Tracking unit increases the switching frequency by
one step. Eventually, the system tests four different switching
frequencies from F0 (70 kHz) to F3 (151 kHz) before reach-
ing the MPP. In addition to monitoring the overall tracking
procedure, the regulated voltage level (VSC) of the sc dc-
dc converter and the output voltage of the PV cells (VPV)
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FIGURE 16. (a) The tracking waveforms of proposed MPPT circuit when light intensities of 150 lux and 600 lux are applied, (b) collected MPPs at
four different light intensities.

are checked at four different light intensities after the MPP
is found. Here, the charging time (TR) at MPP locked state
indirectly represents the current power level drained from the
PV cells, which is affected by the intensity of the light. Obvi-
ously, TR gets shorter (longer) as the light intensity increases
(decreases). Fig. 16(b) shows that the optimal charging time
at MPP (TR_MPP) is measured to be 380 µs, 280 µs, 185 µs
and 120 µs at different light intensities of 150 lux, 300 lux,
450 lux, and 600 lux, respectively. In addition, the output
voltage of PV cells at MPPs with different light intensities

are 0.96 V, 1.15V, 1.23V, and 1.3V, respectively. It is note-
worthy here that the shorter period of one cycle VSC signal at
high light intensity confirms that the proposed MPPT circuit
adjusts the switching frequency to find the MPP located far
from the initial point.

To verify the dynamic tracking performance of the pro-
posed MPPT circuit, the light source is adjusted to change
the light intensity. The MCU then sends the trigger signal to
the system by detecting the change of light intensity through a
light sensor to invoke the MPPT operation. The two different
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FIGURE 17. Dynamic tracking performance of proposed MPPT circuit under normal light condition (a) and (b) low light condition.

FIGURE 18. (a) Extracted power with different capacitance and switching
frequency values under different light intensities, (b) power characteristic
of PV cells under different light intensities.

lighting conditions were checked: 1) 150 lux to 600 lux and
2) 50 lux to 300 lux. Fig. 17 shows the corresponding volt-
age waveforms (VPV, MPPTEN,STRIGGER). As shown in the
Fig. 17(a), the proposed circuit attempts to track the change in
light intensity when the STRIGGER signal is received. When-
ever the change of light intensity is detected, the system finds
and locks the MPP successfully. Fig. 17(b) shows a situation
where a low light intensity is applied to the system. Unlike
the successful MPP tracking operation in Fig. 17(a), a system
with insufficient light intensity (50 lux in the test) failed to
find MPP. For proper operation in this situation, the TDC
unit requires more storage cells because one cycle period of
the VSC signal (TR) must be much longer than the system
can provide. When the illumination changes to 300 lux, the
system normally tracks theMPP point and displays theMPPT
lock after the ‘L’ point. Note that, Cbuff’s capacitance is set to
2nF in this work, which is sufficient to operate with real-life
light intensity ranging from 150 lux to 600 lux.

The tracking accuracy of the MPPT circuit is evaluated
under the different light intensities from 150 lux to 600 lux
and can be described as follow: First, the Power Tracking unit
is turned off and the capacitance and switching frequency

FIGURE 19. (a) Power conversion efficiency of proposed MPPT circuit
with different PV cells configuration, (b) power conversion efficiency
of MOPLC.

are swept through the MCU. The extracted power versus
the number of used capacitors and the switching frequency
are recorded and shown in Fig. 18(a). The information of
the two variables (capacitance step and switching frequency
step) and the extracted power at the MPP are also annotated
with a red circle in the figure. As can be seen, these two
variables are consistent with the measured transient results
in Fig. 16(b). The results verify that the proposed MPPT
circuit is successfully converged at the actual MPP. Then,
by comparing the actual MPP with the theoretical MPP of PV
cells, the tracking accuracy can be obtained. The theoretical
MPPs are measured by sweeping the VPV voltage of PV cells
under the different light intensities as shown in Fig. 18(b).
These theoretical MPPs can now be compared with the actual
MPPs which is obtained from the measured extracted power
in Fig. 18(a), and the peak tracking accuracy of the proposed
system is found to be 99.6% at the light intensity of 600 lux.

Fig. 19 shows the PCE of the proposed MPPT circuit and
MOPLC. The proposed circuit improves PCE over a wide
range of PV cells input voltages using a reconfigurable sc dc-
dc converter. With three CRs (2x, 3x, and 4x) and the target
output voltage of 3V, the proposed MPPT circuit can cover
the input voltage range of 0.8V∼1.5V. Typically, a high PCE
of the MPPT circuit can be obtained by selecting a low (high)
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TABLE 1. Performance comparison of energy harvesting system.

CR for high (low) PV cells input voltage level. Accordingly,
the 3V regulated output is achieved by adaptively using the
1V and 1.5V PV cells inputs at the 2x, 3x, and 4x CRs. The
peak PCEs according to the two PV cells inputs, 1V and
1.5V, are 87.2% and 90.4%, respectively (Fig. 19(a)). With
output power from 10µW to 52µW, the PCE of the proposed
MPPT circuit is always maintained to be higher than 75%.
The PCE of the MOPLC is also monitored to be high enough,
where the peak PCE was proven to be 89.6% at 20.9 µW as
shown in Fig. 19(b). The detailed power breakdown of the
proposed MPPT circuit is shown in Fig. 20. The time-based
MPPT approach significantly reduces the power consump-
tion compared to analog-based MPPT. Furthermore, the pro-
posed MPPT circuit allows the system to use the minimum
switching frequency to find MPP that significantly improves
power consumption. At the minimum switching frequency,
the overall power consumption is 1.41µWwhereas the losses
of sc dc-dc converter are 1µW, accounting for 70.6% of
the total MPPT circuit. The Hysteresis Controller consumes
0.3 µW, which is mainly used by comparators. The TDC and
FSM&Digital Comparator consume 0.11µW and 0.004µW,

FIGURE 20. Detail power breakdown of the proposed MPPT circuit.

respectively. Note that, the TDC and FSM & Digital Com-
parator do not always operate and are turned off during the
idle mode of the MPPT procedure. Because these blocks are
active for a short period of time, power consumption is negli-
gible. The detailed power breakdown and other performance
metrics of MOPLC are not the main goal of this paper and
will not be mentioned.

Table 1 compares the performance of the proposed work
with the other state-of-the-art MPPT circuits. The proposed
MPPT circuit uses a 3-D MPPT tuning algorithm to improve
the throughput power, which turns out to be 52µW.Compared
to a system with a similar capacitance in the sc dc-dc con-
verter of [14], the throughput power of the proposed circuit
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is more than twice as large. It is worth noting here that the
proposed circuit finds an optimal combination of capacitance
and switching frequency to achieve MPP, and in particular,
the minimum switching frequency is selected in a given
situation. This results in low dynamic power loss and the
proposed MPPT circuit achieves 90.4% which is the highest
PCE among previous state-of-the-art works. Furthermore, the
proposed MPPT circuit is able to track the optimal power
extraction with fine granularity based on the 7.2 pF unit
capacitor of the sc dc-dc converter and the 8-bit resolution of
the TDC register, leading to the best performance of 99.6%
power tracking efficiency compared to other competitors.
In addition to performance figures in terms of conversion effi-
ciency and tracking efficiency, the proposed circuit provides
reconfigurable CRs. Compared to previous studies using a
single CR in [7], [14], the three CRs in the proposed system
improve the overall PCE with a wide input voltage range
(0.8V∼1.5V). Although the output voltage ripple of the reg-
ulated voltage VSC exceeds 200mV, the ripple decreases four
times at the output node of the MPPT circuit (VOUT) due to
the supercapacitor connected for energy storage.

V. CONCLUSION
This paper presents a highly efficient TB-MPPT circuit with
an enhanced 3-D tuning method. In the proposed circuit,
reconfigurable sc dc-dc converter with three CRs is used to
extend power range. Due to the CRL of the sc topology, CR is
first selected based on the output level of PV cells. Then,
the proposed algorithm can find the MPP with the minimum
tuning switching frequency and capacitance control knob.
This work is fabricated in the 180 nm CMOS process and
tested with commercial PV cells. The measurement shows
that the proposed circuit can obtain maximum throughput
power of 50 µW while achieving a power conversion effi-
ciency of 90.4% and a power tracking efficiency of 99.6%.
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