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A 60mV Input Voltage, Process Tolerant Start-
up System for Thermoelectric Energy
Harvesting

Mohammadjavad Dezyani, Hassan Ghafoorifard, Samad Sheikhaei and Wouter A. Serdijn Fellow,
IEEE

Abstract—This paper presents a 60mV input voltage start-up
system for thermoelectric energy harvesting. A new process
tolerant inverter cell is proposed, which is functional at supply
voltages as low as 60mV. Using the proposed unit cell, a ring
oscillator has been implemented. The ring oscillator is followed
by 40 charge-pump stages, an ultra-low-power level detector and
a boost converter. The energy harvesting system can generate an
output voltage of 1V and delivers a maximum power of 4.5 pywW
from a 60mV supply. This system has been implemented in a
standard 0.18 um CMOS technology, uses neither zero-threshold
voltagez(normally-on) NMOS nor MEMS switches and occupies
3.3mm*.

Index Terms—Energy harvesting, Thermoelectric generator,
TEG, Low power design, Low voltage, CMOS.

. INTRODUCTION

MOS technology advances have realized yesterday’s
dreams, as electronic device miniaturization has improved
remarkably. Small-size electronics is widely used from bio-
medical implants to wireless sensor networks (WSN). In all
these tiny electronics, the power supply is one of the most
challenging issues. Using batteries is, of course, a possible
solution. However, batteries have some drawbacks, such as
limited life time, containing toxic materials and, above all,
they are very bulky. Though IC technology has advanced to
nano-meter technologies, the batteries still remain bulky, as
the increase in battery energy density goes at a very slow pace
and even seems to a stop. In many cases, most of the volume
of a portable electronic device is occupied by its battery.
These drawbacks have created the need for battery-less
electronics [1].
Using ambient energy sources is the key to realize battery-
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less electronics. Ambient sources include: light [2], RF signals
[3], mechanical vibration [4], thermal gradients [5][6][7], etc.
Among these sources, thermal gradients are almost available
everywhere, especially in biomedical implants and body-worn
devices [8]. Thermoelectric generators (TEG), which convert
temperature difference into electricity, are relatively simple
compared to other converters such as piezoelectric materials
that convert mechanical vibration into electricity and have the
highest harvested energy density [9].

The output voltage of a TEG for available thermal gradients
(2-3K) is less than 100 mV [10]. This small voltage cannot
drive ordinary CMOS circuits. Low-voltage start-up systems
are necessary to step this low voltage up to a higher voltage
(of around 1V), where ordinary circuits can be driven.

Different techniques have been proposed to enable start-up
from voltages below 100 mV. These methods include
transformer-based  boost  converters, inductive  boost
converters, and capacitive boost converters. The use of a
transformer with a high turn ratio has been proposed in [11]
and [12]. However, using a bulky transformer is not suitable
for many applications that require small size, such as smart
dust or implantable or wearable devices. The transformer turn
ratio has been reduced to 1:1 in [13] and [14], which leads to
smaller transformers. In order to further reduce the
transformer size, micro-transformers have been introduced in
[15] and [16]. The main drawback of these methods is the use
of an off-chip transformer which is bigger than an off-chip
inductor. Piezoelectric transformers have also been used to
kick start a thermoelectric energy harvesting system [17][18],
however the piezoelectric transformer is very bulky as well. In
[19], a mechanically assisted MEMS switch has been used to
activate an inductive boost converter. Another commonly used
technique is to use multiple charge-pump stages. For example
in [20], a differential bootstrapped ring oscillator has been
used to drive a charge pump.

In all these methods an oscillator is necessary. In order to
start oscillation, native, i.e., near zero-threshold voltage, also
known as depletion-mode transistors have been used [21] [22].
In [21], two cross-coupled native NMOS transistors with an
inductive load have been used. In [22], a very low-voltage
oscillator with on-chip inductors has been proposed. In all
these techniques native transistors were used. However, native
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Fig. 1. Proposed energy harvesting system architecture.

transistors are not available in CMOS technologies, as extra
processing steps are needed. In [23], the minimum supply
voltage of an ordinary ring oscillator has been reduced using
post-fabrication processing. Although this method is
compatible with standard CMOS, due to the post-fabrication
process, the yield is low and the cost increases. In [24], body
biasing has been used to decrease the startup voltage of a ring
oscillator. Unfortunately, the ring oscillator presented there is
not functional in all process corners. In [25], a Schmitt-trigger
based ring oscillator has been proposed. This technique also
uses standard CMOS technology. However, since stacked
transistors are used, it requires a higher minimum supply
voltage.

In this paper, a new inverter cell is proposed that is process
tolerant. Additional circuits have been added to a conventional
inverter to guarantee its functionality in different process
corners. The proposed inverter cell is used in a ring oscillator
and in driver circuits for driving multiple charge-pump stages.
Using this method, oscillation and input voltage boosting is
guaranteed in all process corners. The charge pumps are
followed by a sub-nW level detector and a boost converter.
This method is standard CMOS compatible and does neither
need post fabrication nor trimming. The only off-chip
elements in the complete energy harvester are an inductor and
a capacitor.

The rest of this paper is organized as follows. In Section I,
the proposed startup system is introduced. In Section Ill, its
circuit-level implementation is explained. Experimental results
are presented in Section IV. Finally, Section V concludes the

paper

Il. STARTUP SYSTEM ARCHITECTURE

Fig. 1 illustrates the proposed energy harvesting system. The
energy harvesting system delivers power from a TEG to a
load. The start-up circuit consists of a ring oscillator and a 40-
stage charge pump. The energy converter consists of, a level
detector, a pulse generator and a boost converter. The low
output voltage of the TEG (of about 60mV) is fed to a main

oscillator, a corner detection circuit and a boost converter. The
corner detection circuit generates a high amplitude voltage (of
about 400mV) that is used to sustain system operation across
all process corners. The proposed inverter cell is used in the
main oscillator and the drivers of the main charge pump. With
this structure, the main charge pump can generate about
600mV from the TEG output voltage. An ultra low-power
voltage detector is proposed that enables the pulse generator.
The pulse generator generates a switching signal for the boost
converter. Once the boost converter is driven by the pulse
generator, the system starts up and delivers a sufficient
amount of power. After the start-up, the pulse generator is
supplied from the output capacitor via a feedback diode as
shown in Fig. 1. The only off-chip elements are an inductor
and a capacitor.

A. Ring oscillator

In order to drive a charge pump, two periodic complementary
signals (CLK and CLK_BAR) are necessary. To generate
these signals, an oscillator is used. As mentioned in Section I,
different techniques using native NMOS transistors with
inductive loads have been used to realize an oscillator
previously. However, ring oscillators at supply voltages below
100 mV are very sensitive to process variations. At these small
supply voltages (2 or 3 times the thermal voltage Vy), the
transistors operate in their subthreshold region and their
lon/lorr ratio is very small. Simulation results show that for a
60mV supply voltage, lon/lorr is about 5, which is comparable
to transistor current deviation due to process variations. If all
transistor variations happen in one direction (all transistors
going fast or slow at the same time) these variations are
automatically compensated. An inverter cell consists of a pull-
up PMOS network and a NMOS pull-down network. The FS
(fast-slow) and SF (slow-fast) corners have opposite effects on
these transistors, weakening one and strengthening the other.
As a result, at small supply voltages, these corners can cause
an inverter cell to fail. Fig. 2 illustrates a graphical view of the
effect of FS and SF corners on a basic inverter cell.
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As illustrated in Fig. 2 (a), in the FS corner, the pull-up
network is weakened while the pull-down network is
strengthened, compared to the typical TT (typical-typical)
corner of Fig. 2 (b). In the SF corner or Fig. 2 (c), the pull-
down network is weakened while the pull-up network is
strengthened.

Fig. 3 shows the simulated minimum supply voltage for an
eleven-stage ring oscillator for different corner cases in AMS
0.18 pm CMOS technology, which is the technology of choice
in this paper. The minimum supply voltage increases up to
40% in the FS and SF corners, while in the FF (fast-fast) and
SS (slow-slow) corners the minimum supply voltage is the
same as in the TT corner. This is because in FF and SS, both
NMOS and PMOS deviate from TT in one direction.

LR

(@) (b) (©)

Fig. 2. Graphical view of an inverter in different process corners, (a) FS corner
(b) TT (nominal) corner and (c) SF corner.

The deviation from the TT corner in the FS and SF corners is
even worse in smaller technologies. For example, in 65nm
technology, the minimum supply voltage varies from 70 mV
inthe TT to 220 mV in the FS corner [23].
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Fig. 3. Minimum supply voltage for an eleven-stage ring oscillator in
different process corners.
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Fig. 4. Proposed process tolerant inverter cell.

A new inverter cell is proposed that is functional in all
corners. Fig. 4 displays the proposed process-tolerant inverter
cell. It consists of a basic inverter, M; and M,, and two
auxiliary pull-up and pull-down networks. Assuming
operation in the SF corner, in which the NMOS transistor is

slow and the PMOS transistor is fast, an auxiliary pull down
transistor network is configured in a parallel scheme with the
original pull-down transistor. If the auxiliary pull-down
network is activated in the SF corner, the pull-down network
is compensated and the inverter cell becomes functional in the
SF corner. In the FS corner, an auxiliary pull-up network is
added to the main pull-up network, which also makes the
proposed cell functional in this corner. The transistor-level
implementation of this block is explained in Section I11-A.

In order to activate the auxiliary pull-up/down networks, the
TEG output cannot be used due to its very small output
voltage. A corner detection circuit that can generate the higher
voltages necessary to activate the auxiliary pull-up/down
network (SF and FS signals in Fig. 4), is proposed, which is
described in the following subsection.

B. Corner detection and switch control signals generation

As explained in the previous subsection, in order to recover
ring-oscillator operation in the FS and SF corners, higher
voltage control signals (~10 times the TEG output voltage) are
needed. Fig. 5 displays how these signals are generated. Three
oscillators are used. These oscillators are designed to be
functional in one corner; one for the typical (TT) corner, the
two others for the FS and the SF corners. Each oscillator is
followed by multiple charge-pump stages. The highest charge
pump output determines the process corner. If, e.g., the chip is
in the TT corner, the TT oscillator starts to oscillate and its
charge-pump generates a higher voltage amplitude signal
named TT. As can be seen in Fig. 5, the other two oscillators
are turned off when the TT signal is high. If, e.g., the chip is in
the FS corner, the FS oscillator starts to oscillate and a higher
voltage signal named FS is generated, which disables the TT
oscillator. In this corner, it would be very rare if the SF
oscillator also starts to oscillate. The same scenario is valid for
the SF corner. These FS and SF signals are used to activate the
auxiliary pull up/down networks explained in the previous
sub-section.

C. Charge pumps

In order to step up the TEG output voltage, multiple charge-
pump stages have been used. The charge pump was over-
designed to step a 50mV input voltage up to a 1V output. The
optimized number of stages, as described in [26], for a
minimum chip area can be obtained from (1):

[VOUT j
N=2| 2L _1| @)
VIN

in which Vour is the output voltage, V,y is the input voltage
and N is the number of stages. For a 50mV input and a 1V
output, N=38 is obtained. The capacitor value for each charge-
pump stage can be obtained from (2) [26]:
T
C=N—"—"—"""—"—, 2
(N +1)VIN ~Vour

in which C is the capacitance value, I, is the load current and
T is the switching period. Simulations show that the frequency
of the proposed ring oscillator is about 1kHz. For 1nA load
current, a capacitor value of C=40pF is obtained.
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Fig. 5. Proposed architecture to generate corner detection signals.

D. Level detector

As shown in Fig. 1, the main charge pump output is directly
connected to the level detector. The main charge pump is
designed to deliver 1nA output current. Since the level
detector is the main load of charge pump, its power
consumption should be as low as possible. As the oscillation
frequency in this design is very low (1kHz), more power
consumption would lead to a larger capacitor value as shown
by (2). A larger capacitor value directly increases the chip area
and cost, since most of its area is occupied by the charge pump
capacitors. Minimizing the power consumption is the most
important aspect in the design process of the level detector.
The level detector also enables another ring oscillator for
generating pulses to drive the boost converter.

Fig. 6 depicts the input-output characteristics of an ideal
level detector [27]. An ideal level detector draws zero current.
The output voltage for input voltages below Vpgrecr is zero.
At Vin=Vperect, the level detector output signal changes from
zero to Viy. This characteristic helps the output of the charge
pump to be charged to Vperecr- Voerecr IS designed to be
600mV, which is enough to turn on the main boost converter
NMOS switch. Conventional voltage detectors consist of a
bandgap reference and a comparator. Due to the use of the
bandgap reference and static comparators these methods are
both power hungry and need higher supply voltages. See, e.g.,
[28]. The voltage monitoring system proposed in [27]
consumes only 1.6nW power, but its output is not rail to rail,
which makes the succeeding buffer more power consuming.
Therefore, a new small size cross-coupled voltage detector
with sub-nW power consumption is proposed, the circuit level
implementation of which is explained in Section 111-D.

VOUT
|_
o / 1VIV
W
>
» Vin
VDETECT

Fig. 6. Ideal input output characteristic of a level detector [27].

E. Pulse generator and boost converter

Fig. 7 illustrates the pulse generator followed by an
asynchronous boost converter. The main charge pump
supplies the voltage detector and inverters. The voltage
detector is placed in a ring oscillator to guarantee full-swing
pulses. The ring oscillator mainly consists of current starved
inverters. To have a sharp input at the voltage detector input,
its driving inverter is not starved. The ring oscillator is
followed by multiple inverter stages with increased size for
every subsequent stage, the last one of which can drive the
main switch in a boost converter. The voltage generated by the
boost converter is used to power the ring oscillator, once it
becomes larger than the main voltage doubler output voltage.
Using this technique the boost converter output can power the
pulse generator.

I1l. CIRCUIT LEVEL IMPLEMENTATION

The transistor level implementation of the harvester is detailed
in this section.

A. Proposed process tolerant inverter cell

Fig. 8 shows the proposed inverter cell. The cell consists of
a conventional inverter cell (M;, M,) with two parallel
branches. Each branch consists of two minimum-size switches
and an auxiliary driving network. Each branch has one switch
in the input signal path (Ms34) and one in the output signal
path (Msy,). In the typical corner, the SF and FS signals are
low, so all the switches (Ms;.4) are off and the circuit works as
a conventional inverter cell. In this condition, the gates of Mj
and M, are tied to ground via the bulk diodes of Ms; and Mgy,
respectively. This makes the gate-source voltage of M, equal
to the power supply, but its drain source current is zero since
Ms, is off. M3 is off as well. In the SF corner both Ms; and
Mg are turned on by the high SF voltage, generated by the
corner detection circuit. With Mg; and Mg; turned on, Mj; is
added in parallel to M;. This makes the pull-down network
stronger, which leads to a functional inverter cell in the SF
corner. The same scenario happens with Mg, and Mg, turned
on in the FS corner leading to M, and M, being in parallel in
the FS corner.

At small supply voltages, the lon/lorr ratio is below 10. In
the proposed inverter cell, in order to reduce the loading
effect, switches (Ms;.4) are minimum size. In order to reduce
the on-resistance of these minimum size switches (Ms;.4), they
are driven with high-voltage signals (i.e., the SF and SF
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signals) generated by the corner detection circuit. Simulations
show that the transistor drain current deviation from the
typical corner in the fast and slow corners is about 2X. The
auxiliary transistors (Mgz and Msy) are sized 2X wider than the
main transistors (M; and M,) to overcome this deviation.

B. Corner detection circuit

The corner detection circuit is implemented by three different
ring oscillators followed by three voltage doublers. Each ring
oscillator is optimized to be functional in a specific corner at
very low supply voltages. This has been realized by choosing
an appropriate NMOS/PMOS transistor sizing ratio.

The oscillators in the corner detection circuit and the oscillator
used to drive the main charge pump are 1l-stage ring
oscillators. There are three of these oscillators in the corner
detection circuit, which are designed to oscillate with input
voltages as low as 60mV and maximum output voltage swing.
In order to make each oscillator functional in only one corner,
the PMOS to NMOS sizing ratio has been modified. For
example, for the oscillator in the SF corner, the NMOS to
PMQOS sizing is chosen bigger than that for the oscillators in
the TT and FS corners. The simulated output amplitudes and
frequencies of each ring oscillator are summarized in Table I.
In this table, the TT oscillator is simulated in the TT corner,
the FS oscillator in the FS corner and the SF oscillator in the
SF corner.

Each oscillator also drives a charge pump that generates
signals named TT, FS and SF, corresponding to each
individual oscillator. Since at these small supply voltages, no
ordinary digital gates can be used, a minimum-size NMOS
switch has been used to ground the oscillator output, as shown
in Fig. 5. This minimum-size switch is only activated when
the corresponding FS, SF or TT signals are high enough,
which means that at least one oscillator has started oscillating.

Using this technique only one oscillator remains oscillating.
TABLE |
SIMULATED OSCILLATION AMPLITUDE AND FREQUENCY OF OSCILLATOR IN
THE CORNER DETECTION CIRCUIT

TT oscillator  FS oscillator SF oscillator
Amplitude 40mvV 39mVv 36mv
Frequency 3.4kHz 2.9kHz 3.7kHz

As the corner detection circuit is only loaded by MOS gates,
its charge pumps can be designed with small capacitors. In this
case, to save area, the voltage doublers in the corner detection
circuits are sized 10 times smaller than the main voltage
doublers. Each voltage doubler consists of a 40-stage charge
pump with 4pF capacitors.

Main Charge Pump

] )|
f }
Voltage Current .. ... mm—=—=——— J

Detector Starved INV Normal INV

Fig. 7. Pulse generator and boost converter.

Fig. 8. Proposed process-tolerant inverter cell.

C. Charge pumps

Fig. 9 shows the circuit implementation of the charge pump
used in the main charge pump and also in the corner detection
circuit. Diode connected PMOS transistors are used to
minimize the body effect. As explained in the previous
section, the charge pump requires 40pF capacitors and at least

11

CLK CLK
Fig. 9. Charge-pump circuit implementation.

38 stages. In order to have more headroom, a 40-stage voltage
multiplier is implemented. The capacitors are implemented
with MIM capacitors. In order to minimize the load on the
CLK and CLK_BAR signals, each doubler stage is driven
from its own driver circuit. Like in the corner detection circuit
implementation, the transistors have been placed below the
MIM capacitors.

D. Voltage detector

Fig. 10 depicts the voltage detector proposed in [27]. This
configuration consists of two cascoded transistors Mp; and
Mp,, in which the lower transistor (Mp,) is in its cut-off region
(Ves=0). This makes the voltage detector ultra low-power. In
this design, the detection happens as soon as the pull-up
current and pull-down current become equal. As explained in
[27], the detection voltage can be obtained from (3), in which
m is the subthreshold slope coefficient, kT/q is the thermal
voltage and W and L are the transistors’ width and length,
respectively.
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Fig. 10. Voltage detector (a) main part, and (b) with a diode-connected
transistor to adjust the detection voltage [27].
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According to (3), in order to have Vpgrecr=600 mV, Mp,;
should be 2.6x10™ times bigger than Mp,, which is not
practical. In order to reduce this ratio, a diode connected
transistor has been added to the voltage detector as shown in
Fig. 9 (b). Adding this transistor changes the detection
voltage. In this configuration for having Vperect=600 mV,
Mp; should be 3100 times bigger than Mp,. Adding Mps
reduces the output swing, therefore some buffer stages have
been added to make the output node full swing.

The design of [27] has some drawbacks. Although the ratio
of 3100 is feasible, it is still very large. This increases the
leakage current of Mp;, which leads to more power
consumption. Since the output node swing is V\\/2, the
cascaded buffers that succeed the voltage detector consume
more power compared to a buffer with a full-swing input. In
order to solve this, a cross-coupled voltage detector is
proposed. Fig. 11 shows the proposed cross-coupled voltage
detector. The main part of the voltage detector is shown in Fig.
11 (a). It consists of two voltage-detector branches (My 3, My .4)
in a cross-coupled configuration. Transistors M,, form a
voltage detector, similar to the one shown in Fig. 10 (a), while
M, 5 form a similar voltage detector, but in a complementary
fashion. In Fig. 11 (b), Ms and Mg are cross-coupled
transistors to help the switching mechanism. Adding the
NMOS voltage detector (My3) branch generates a positive
feedback. Since most of power consumption happens during
switching, using positive feedback makes the switching very
fast, thereby reducing power consumption.

In the proposed structure, transistors M; and M, are
transistors with Vgs=0, and M, and M; are detection
transistors. Detection happens when the detection transistor
currents equal the cut-off transistor currents, which means
Ipo=lps and Ip;=Ilpz. The transistor drain current in the
subthreshold region with Vps>100mV can be approximated by
(4), in which K is a technology dependent constant. Vgs and
V1 are the gate-source and threshold voltages, respectively.

w qM
ID —K—e mkT (4)
L
When V\<Vpgrect, V2 is almost tied to ground and V;~Vy. In
this condition, transistors Ms and Mg can be considered to be
ON. This simplifies the circuit to Fig. 10 (a). Since Vi~V\y,

both M, and M, have Vgs~0. In this case the voltage at node
V, can be obtained from the voltage divider circuit consisting
of M, and M,. Using this method the voltage at node V,=Vgs;
can be approximated by (5).

Vin o

M, j}—‘il: M3
e w—w

.||—

(@ (b)

Fig. 11. Proposed cross-coupled voltage detector, (a) main part

and (b) implemented one.
L,
W,
V, =Vgs1 = #Vm =aVy, 5)
/ : /
w, " /w,

Substituting (5) in (4), The drain current of My, (Ip), can be
obtained from (6).

Vi —Vay
lp, =K—e ™ (6)
L
The drain current of Ms (Ips) can also be expressed as (7)
-V
W. _TH
lp; =K—2e ™ ©)
L3
Detection happens when Ip; = Ipg, (8).
W. q “Vin aVy Vo
K_3e mkT :K_le mkT (8)
L, L
Solving (8), Vperect can be obtained from (9). Compared to
Ve

(3) the sizing is reduced with a factor of € ¢ .

For symmetry, the PMOS detection branch (M, 4), should also
have a detection voltage equal to (9). This leads to (10) for
sizing the NMOS and PMOS branches.

mkT W L mkT
Voereer = ——In (_l x :3) =—mn(p)

aq W, aq

L/ ©

W W, L
a= - ,,B:—lx—3
I/+I% W, L
W, w,
a
l1-«a

In order to properly size the voltage detection circuit, some
iterations are necessary to find the optimal transistor sizes.
The simulated input-output characteristic of the proposed
detection circuit is shown in Fig. 12 along with its current
consumption. Compared to the voltage detector proposed in

(10)
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[27], the static power consumption is further decreased. The
proposed method delivers a full-swing and sharp voltage
detector output, which greatly reduces the power consumption
of the succeeding inverter stages.

1 : . . . 252
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Fig. 12. Simulated input-output characteristic and current consumption of the
proposed cross-coupled voltage level-crossing detector.

E. Pulse generator and boost converter

The output of the level detector enables the pulse generator
circuit. The pulse generator and boost converter form a self-
supplied system, which means once the boost converter has
become active, the pulse generator is supplied from the boost
converter. To minimize the power consumption and lower the
switching frequency, a current starved ring oscillator has been
used. To maximize the boost converter’s efficiency in low-
power designs, a discontinuous conduction mode (DCM)
boost converter topology has been selected, as shown in Fig.
7. Simulation results show that the switching frequency of the
pulse generator in steady state is about 100kHz, leading to a
5uS ON time for the inductor. Since the driving capability of
the pulse generator is limited, some iterations were made to
find the optimum NMOS switch dimensions for minimum
conduction loss. After these iterations, an NMOS switch with
W/L=2mm/180nm was selected. For a 1mA peak inductor
current and Vgs=0.6V, there is less than 5mV voltage drop
over the switch. For a switching frequency of 100kHz, a peak
current of ImA and a minimum input voltage of 50mV, a
250uH inductor value is obtained and a standard 220uH
inductor was selected. In order to limit the output ripple to
10mV for a 10pA load, the output capacitor was set to 10nF.
The rectifying diode in the boost converter was implemented
using on-chip Schottky diodes available in the technology.

IV. MEASUREMENT RESULTS

The chip has been implemented in 0.18 um AMS technology.
Fig. 13 shows the chip micrograph. The die occupies 2.2x1.5
mm?. According to Fig. 13, the main part of the chip is
occupied by the main charge pump. The drivers were placed
below the capacitors to save area.

Six samples were tested. Fig. 14 (a) displays the minimum
input voltage histogram of the samples. As shown in Fig. 14
(@), the minimum input voltage can be reduced down to
50mV, which is the lowest input voltage with standard CMOS
technology reported to date. In order to validate the
effectiveness of the proposed method, the corner detection
circuit was disabled. This makes the start-up system a basic
ring oscillator followed by voltage doublers. In this case, the
minimum input voltage increases by 90% to 95mV, as shown
in Fig. 14 (b).

In order to validate the output power delivery, the samples
were tested with different input voltages and different loads.
Fig. 15 shows the output ripple waveform and inductor
terminal (Vp) voltages for a 80mV input and a 50k< load. Fig.
16 shows the measured output voltages for different input
voltages and different loads. It can be noticed that the output
voltage is somehow regulated for each input voltage and does
not drop very much with increasing the load. The reason is
that the pulse generation circuit functions as a voltage
controlled oscillator (VCO); as the output voltage increases,
the frequency of the pulse generator increases resulting in a
smaller charging time for the inductor. This smaller charging
time decreases the output voltage resulting in a semi-regulated
output voltage. As this chip was implemented to prove the
idea of using process-tolerant gates, precise regulation of the
output voltage was beyond the scope of this work.

The measurement results also show that the chip can deliver
4.5uW output power at the minimum input voltage, which is
sufficient to drive any boost converter that is designed for
maximum efficiency [5].

Fig. 17 shows the efficiency versus different loads for
different input voltages. The converter achieves a maximum
efficiency of 47% at a 100uW load with a 300mV input
voltage. The efficiency can be further improved, using a
PMOS transistor instead of a diode in the boost converter [5].

In order to have a more realistic model for the TEG, the
effect of the equivalent series resistance on the converter
performance has also been investigated. Fig. 18 shows
measured output power for a 50mV input voltage and a 470kQ
load for various source resistances (5Q to 63Q). The internal
resistance of the TEGs reported in [29] varies from 5Q to
about 27Q, a range that is covered in Fig. 18. As shown in Fig.
18, the delivered output power varies from 2.6puW to 1.8uW.

Table 11 compares this work with state of the art
thermoelectric energy harvesting start-up systems. The work
reported in [17] shows a very interesting minimum input
voltage of -8mV/15mV. This very small input voltage is
achieved using a piezoelectric transformer in the oscillation
loop. However the piezoelectric transformer used is very
bulky compared to this work that uses only two off-chip
elements. The proposed method shows the lowest start-up
voltage among standard CMOS chips [23][25]. Unlike [23],
the proposed circuit does not need any post-process trimming.
The lower startup voltage obtained in this work, compared to
[25], is due to the absence of stacked transistors at small
supply voltages. The startup voltage is also comparable to
those with native NMQOS transistors without transformers [21].

V. CONCLUSIONS

This paper presents an ultra low-voltage startup system for
thermoelectric energy harvesting. The system has been
implemented in 0.18 um CMOS technology and occupies
3.3mm% A new inverter cell has been proposed, which is
functional at ultra-low voltages. The overall system can start
with input voltages as low as 60mV and can deliver a 4.5uW
output power at this input voltage.
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TABLEII
RECENT THERMOELECTRIC ENERGY HARVESTING CMOS ICS COMPARISON TABLE
. Max Output
Ref. Min. Input ng Power @ Min Output MPP Technology Start-up technique
Voltage Efficiency Voltage T
Input Voltage
[19] 35 mV 58% * 10 pw 1.8V + 350nm MEMS switch
[12] 20 mv 40% * N.A 2.3to 5V N.A N.A Native NMOS + off-chip transformer
[11] 40 mV 61% * N.A 2V + 130nm Native NMOS +off-chip transformer
[21] 50 mV 73% ** N.A 1.2v N.A 65nm Native NMOS +off-chip inductor
[22] 30 mV N.A N.A N.A N.A 130nm Native NMOS + on-chip inductor
[23] 80 mV 72% ** N.A 1.3V* N.A 65nm Post process trimming
[17] -8mV/15mV 1.7% N.A. 1to 1.3V" N.A. 180nm Off-chip piezoelectric transformer
[24] 60mV 59% N.A. 1to 3V + 180nm* Body-biased inverter + off-chip inductor
[25] 70 mv 60% * 12 uW 1.25V NA | 130nm Modified Schmitt-trigger gate + off-
chip inductor
This o %k + Standard CMOS technology Modified
Work 60mv 47% 4.5 pw v N.A 180nm inverter cell + off-chip inductor
*End to End efficiency **Just converter efficiency  *Unregulated output voltage * Simulation Results
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Fig. 18. Measured output power for 50mV input voltage and 470kQ load for
different source resistances.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

REFERENCES

C. Lu, V. Raghunathan, and K. Roy, “Efficient design of
micro-scale energy harvesting systems,” Emerg. Sel. Top.
Circuits Syst. IEEE J., vol. 1, no. 3, pp. 254-266, 2011.

G. Yu, K. W. R. Chew, Z. C. Sun, H. Tang, and L. Siek, “A
400 nW Single-Inductor Dual-Input-Tri-Output DC-DC
Buck-Boost Converter With Maximum Power Point
Tracking for Indoor Photovoltaic Energy Harvesting,” IEEE
J. Solid-State Circuits, vol. 50, no. 11, pp. 2758-2772, 2015.

M. Stoopman, S. Keyrouz, H. J. Visser, K. Philips, and W.
A. Serdijn, “Co-design of a CMOS rectifier and small loop
antenna for highly sensitive RF energy harvesters,” IEEE J.
Solid-State Circuits, vol. 49, no. 3, pp. 622-634, 2014.

D. Kwon, G. A. Rincén-Mora, and E. O. Torres,
“Harvesting ambient kinetic energy with switched-inductor
converters,” Circuits Syst. | Regul. Pap. IEEE Trans., vol.
58, no. 7, pp. 1551-1560, 2011.

E. J. Carlson, K. Strunz, and B. P. Otis, “A 20 mV input
boost converter with efficient digital control for
thermoelectric energy harvesting,” Solid-State Circuits,
IEEE J., vol. 45, no. 4, pp. 741-750, 2010.

S. Yoon, S. Carreon-Bautista, and E. Sanchez-Sinencio, “An
Area Efficient Thermal Energy Harvester With
Reconfigurable  Capacitor Charge Pump for loT
Applications,” IEEE Trans. Circuits Syst. Il Express Briefs,
2018.

J. Zarate-Roldan, S. Carreon-Bautista, A. Costilla-Reyes,
and E. Sanchez-Sinencio, “A power management unit with
40 dB switching-noise-suppression for a thermal harvesting
array,” IEEE Trans. Circuits Syst. | Regul. Pap., vol. 62, no.
8, pp. 1918-1928, 2015.

Y. Yang, X.-J. Wei, and J. Liu, “Suitability of a
thermoelectric power generator for implantable medical
electronic devices,” J. Phys. D. Appl. Phys., vol. 40, no. 18,
p. 5790, 2007.

R. J. M. Vullers, R. van Schaijk, 1. Doms, C. Van Hoof, and
R. Mertens, “Micropower energy harvesting,” Solid. State.
Electron., vol. 53, no. 7, pp. 684-693, 2009.

Micropelt, MPG-D751 Datasheet. [Online]. Available:
http://www.micropelt.com/down/datasheet_mpg_d651_d751
.pdf

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

J.-P. Im, S.-W. Wang, S.-T. Ryu, and G.-H. Cho, “A 40 mV
transformer-reuse self-startup boost converter with MPPT

control for thermoelectric energy harvesting,” Solid-State
Circuits, IEEE J., vol. 47, no. 12, pp. 3055-3067, 2012.

Linear Technology Corporation, LT1308A/LT1308B
Datasheet. [Online]. Available:
http://cds.linear.com/docs/en/datasheet/1308abfh.pdf
LT1308A/LT1308B .

Y. K. Teh and P. K. T. Mok, “Design of Transformer-Based
Boost Converter for High Internal Resistance Energy
Harvesting Sources With 21 mV Self-Startup Voltage and
74% Power Efficiency,” IEEE J. Solid-State Circuits, vol.
49, no. 11, pp. 2694-2704, Nov. 2014.

Y.-K. Teh and P. K. T. Mok, “DTMOS-based pulse
transformer boost converter with complementary charge
pump for multisource energy harvesting,” |IEEE Trans.
Circuits Syst. Il Express Briefs, vol. 63, no. 5, pp. 508-512,
2016.

E. Macrelli, A. Romani, R. P. Paganelli, A. Camarda, and
M. Tartagni, “Design of Low-Voltage Integrated Step-up
Oscillators with Microtransformers for Energy Harvesting
Applications,” IEEE Trans. Circuits Syst. | Regul. Pap., vol.
62, no. 7, pp. 1747-1756, Jul. 2015.

E. Macrelli et al., “Modeling, Design, and Fabrication of
High-Inductance Bond Wire Microtransformers With
Toroidal Ferrite Core,” IEEE Trans. Power Electron., vol.
30, no. 10, pp. 5724-5737, Oct. 2015.

A. Camarda, M. Tartagni, and A. Romani, “A -8 mV/+15
mV Double Polarity Piezoelectric Transformer-Based Step-
Up Oscillator for Energy Harvesting Applications,” IEEE
Trans. Circuits Syst. | Regul. Pap., vol. PP, no. 99, pp. 1-14,
2017.

A. Camarda, A. Romani, E. Macrelli, and M. Tartagni, “A
32 mV/69 mV input voltage booster based on a piezoelectric
transformer for energy harvesting applications,” Sensors
Actuators A Phys., vol. 232, pp. 341-352, 2015.

Y. K. Ramadass and A. P. Chandrakasan, “A Battery-Less
Thermoelectric Energy Harvesting Interface Circuit With 35
mV Startup Voltage,” Solid-State Circuits, IEEE J., vol. 46,
no. 1, pp. 333-341, 2011.

H. Yi, J. Yin, P.-1. Mak, and R. P. Martins, “A 0.032-mm 2
0.15-V  Three-Stage Charge-Pump Scheme Using a
Differential Bootstrapped Ring-VCO for Energy-Harvesting
Applications,” IEEE Trans. Circuits Syst. Il Express Briefs,
vol. 65, no. 2, pp. 146-150, 2018.

P.-S. Weng, H.-Y. Tang, P.-C. Ku, and L.-H. Lu, “50 mV-
input batteryless boost converter for thermal energy
harvesting,” Solid-State Circuits, IEEE J., vol. 48, no. 4, pp.
1031-1041, 2013.

M. Machado, M. Schneider, and C. Galup-Montoro, “On the
Minimum Supply Voltage for MOSFET Oscillators,”
Circuits Syst. | Regul. Pap. IEEE Trans., no. 1, pp. 347-357,
2014.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 10

[23] P.-H. Chen et al., “An 80 mV startup dual-mode boost
converter by charge-pumped pulse generator and threshold
voltage tuned oscillator with hot carrier injection,” Solid-
State Circuits, IEEE J., vol. 47, no. 11, pp. 2554-2562,
2012.

[24] M. Ashraf and N. Masoumi, “A thermal energy harvesting
power supply with an internal startup circuit for
pacemakers,” IEEE Trans. Very Large Scale Integr. Syst.,
vol. 24, no. 1, pp. 26-37, 2016.

[25] J. Goeppert and Y. Manoli, “Fully Integrated Startup at 70
mV of Boost Converters for Thermoelectric Energy
Harvesting,” IEEE J. Solid-State Circuits, vol. 51, no. 7, pp.
1716-1726, 2016.

[26] G. Palumbo and D. Pappalardo, “Charge pump circuits: An
overview on design strategies and topologies,” IEEE
Circuits Syst. Mag., vol. 10, no. 1, pp. 31-45, 2010.

[27] P.-H. Chen et al., “Startup techniques for 95 mV step-up
converter by capacitor pass-on scheme and-tuned oscillator
with fixed charge programming,” Solid-State Circuits, IEEE
J., vol. 47, no. 5, pp. 12521260, 2012.

[28] T. Shimamura et al., “Nano-watt power management and
vibration sensing on a dust-size batteryless sensor node for
ambient intelligence applications,” in Solid-State Circuits
Conference Digest of Technical Papers (ISSCC), 2010 IEEE
International, 2010, pp. 504-505.

[29] “Performance  parameters-1IMDO04-127-XXTEG”, 2014
RMT Ltd, [Online]. Auvailable:
http://www.rmtltd.ru/datasheets/Thermoelectric_Generators/
1md04127_teg.pdf

Mohammadjavad Dezyani was born in
Mashhad, Iran, in 1988. He received the B.Sc.
and M.Sc. degrees in electrical engineering
from Amirkabir University of Technology
(Tehran Polytechnic), in 2010 and 2012,
respectively. He is currently a Ph.D. student in
Amirkabir University of Technology. In 2016
he joined Delft University of Technology,
Section Bioelectronics, as a Visiting Ph.D.

student.
His research interests include low voltage, low power integrated
circuits for energy harvesting and precision analog integrated circuits.

received the B.Sc.
from Tehran

Hassan Ghafoorifard
degree in Physics
University,Tehran, Iran, in 1965, the M.Sc.
and Ph.D.degrees both in Physics from
University of Kansas, USA, in 1973 and 1976,
respectively.

. \ He is currently a professor at Electrical
4 1 Va Engineering Department, Amirkabir
University of Technology (Tehran

Polytechnic), Tehran, Iran. He has authored and co-authored more
than 100 papers in refereed journals and international conferences.
His research interests include semiconductor devices, integrated
photonics, quantum physics and quantum electronics.

Samad Sheikhaei received the B.Sc. and
M.Sc. degrees in electrical engineering from
Sharif University of Technology, Tehran, Iran,
in 1996 and 1999, respectively, and the Ph.D.
degree from the University of British Columbia,
Vancouver, BC, Canada, in 2008. He was
engaged in research and design engineering at
Sharif University of Technology. He also
worked in industry for a couple of years. In
September 2009, He joined School of Electrical and Computer
Engineering at University of Tehran, Iran, where he is currently an
Assistant Professor. He is also the director of the Advanced Circuits
for Data Communications (Advancom) Laboratory at U. of Tehran.
His research interests are analog, mixed-signal, and RF integrated
circuits design, and his current research projects include circuit
design for wireless transceivers, high-speed serial links, high speed
analog-to-digital converters, and on-chip dc—dc power converters.

Wouter A. Serdijn (M'98, SM'08, F'11) was
born in Zoetermeer ('Sweet Lake City"), the
Netherlands, in 1966. He received the M.Sc.
(cum laude) and Ph.D. degrees from Delft
University — of  Technology, Delft, The
Netherlands, in 1989 and 1994, respectively.
Currently, he is a full professor in bioelectronics
.| at Delft University of Technology, where he
heads the Sectlon Bioelectronics, and a visiting honorary professor at
University College London, in the Analog and Biomedical
Electronics group.
His research interests include integrated biomedical circuits and
systems for biosignal conditioning and detection, neuroprosthetics,
transcutaneous wireless communication, power management and
energy harvesting as applied in, e.g., hearing instruments, cardiac
pacemakers, cochlear implants, neurostimulators, portable, wearable,
implantable and injectable medical devices and electroceuticals.
He is co-editor and co-author of 10 books, 8 book chapters, 4 patents
and more than 300 scientific publications and presentations. He
teaches Circuit Theory, Analog Integrated Circuit Design, Analog
CMOS Filter Design, Active Implantable Biomedical Microsystems
and Bioelectronics. He received the Electrical Engineering Best
Teacher Award in 2001, in 2004 and in 2015.
He has served, a.o., as General Co-Chair for IEEE ISCAS 2015 and
for IEEE BioCAS 2013, Technical Program Chair for IEEE BioCAS
2010 and for IEEE ISCAS 2010, 2012 and 2014, as a member of the
Board of Governors (BoG) of the IEEE Circuits and Systems Society
(2006—2011), as chair of the Analog Signal Processing Technical
Committee of the IEEE Circuits and Systems society, and as Editor-
in-Chief for IEEE Transactions on Circuits and Systems—I: Regular
Papers (2010—2011). Currently, he is the chair of the Steering
Committee and an Associate Editor of the IEEE Transactions on
Biomedical Circuits and Systems (T-BioCAS).
Wouter A. Serdijn is an IEEE Fellow, an IEEE Distinguished
Lecturer and a mentor of the IEEE. In 2016, he received the IEEE
Circuits and Systems Meritorious Service Award.



http://www.tudelft.nl/
http://www.tudelft.nl/

