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ABSTRACT

Renewable energy sources are promising alternatives to a battery. Due to the varying
power profile of renewable energy sources, an energy harvester needs the different power
management techniques including boosting the small input voltage. The awareness of the
demand, this thesis introduces an integrated energy harvester system targeting Internet of
Things (IoT) sensor applications such as a wireless temperature sensor. The proposed
design extracts energy from a thermal energy generator (TEG), and provides the regulated
output voltage.

To ensure the maximum power extraction, the proposed energy harvester includes mul-
tiple circuit level techniques. First, the reconfigurable capacitor charge pump distributes
on-chip capacitors to required step-up stages. This approach optimizes the silicon area by
utilizing 100% on-chip capacitors regardless of a charge pump conversion gain. Second,
the design is capable of 3 dimensional Maximum Power Point Tracking (MPPT), matching
a source impedance to input impedance of an energy harvest source. Thus, the proposed
energy harvester is able to extract power from a small form factor TEG, having low source
impedance (1 €2). With the increased matching range, up to 500 WV is available at the
output for IoT applications.

Experimental results show an end-to-end power efficiency of 64% @ 1 V output volt-
age, and the input impedance matching range of 1 {2-5 k). The energy harvester was fab-
ricated in 130 nm Complementary Metal-Oxide-Semiconductor (CMOS) standard tech-

nology, and occupies 0.835 mm?.
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NOMENCLATURE

TEG Thermal Energy Generator

CMOS Complementary Metal-Oxide-Semiconductor
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
NMOS n-channel MOSFET

PMOS p-channel MOSFET

MPPT Maximum Power Point Tracking

oCcv Open Circuit Voltage

MPP Maximum Power Point

PMU Power Management Unit

DCO Digital Current starved Oscillator

CR Conversion Ratio

SSL Slow Switching Limit

FSL Fast Switching Limit

IoT Internet Of Things

SC Switched Capacitor

DUT Device Under Test

MIM Metal Insulator Metal

PVT Process, Voltage and Temperature variation
FSM Finite State Machine

LDO Low Drop Out voltage regulator
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1. INTRODUCTION

1.1 Motivation

[ 10T Applications
1 (Loads)

!1"' -------------------------------------------- N
' A renewable [ !
i Energy Harvester | |
i L source Il :
. = I
1 1
P -, - i

1
'\ Solar Heat J

Figure 1.1: The concept of an energy harvester.

Advancement in micro sensors and scaling down of CMOS process enables consumer
applications to be connected in a network. Following the concept of 10T, Figure 1.1 de-
scribes that renewable energy sources such as Thermal, Solar, Vibration, RF have emerged
to power the applications rather than batteries limited size and operating cycles.

Due to the limited amount of power from an energy harvest source, an energy har-
vester is required to maximize the power extraction and optimize the power consumption.
Realizing the design issues, this research present the novel energy harvester with the re-
configurable capacitor charge pump. In the following sections, survey of energy harvest

sources, previous power management units, and open problems are discussed.



1.2 Survey of Energy Harvest Sources

TEG [1] Solar Cell [2] RF [3] Vibration [4]
Power density | 1.3 W/ecm?® | 72.1mW/cm? | 53.6 ulWV/cm? | 4.60 ulW/cm3
Sustainability Best Good Better Fair
Source 1Q Non-linear 50 Q2 Non-linear
Impedance
Price Fair Fair Cheap Fair

From Table 1.1, both a solar cell and TEG have a reasonable power density to power

IoT applications without a battery. However, a solar cell has two more disadvantages than

Table 1.1: Comparison of energy harvesting sources

a TEG. First, the available power from a solar cell significantly drops when it is partially

shaded. Second, the electronic characteristic of a solar cell is non linear; matching the

input impedance of a converter to the non linear source impedance is a design challenge.

The electrical characteristics of both a solar cell and TEG are described in Figure 1.2.

t
g 0.8 == Solar cell
= O Tl
3 TEG
2 0.6
3
u 0-4
D .
N .;"
T 0.2
E .a“
5
z 0 :
0 0.4

1.2

0.8
Open Circuit Voltage (V)

1.6

Figure 1.2: Electrical characteristics for a solar cell and TEG




1.3 Survey of Energy Harvesting Power Management Unit

The outstanding results successfully present the power management units (PMU) uti-
lizing the renewable energy sources in micro-watts levels. However, inductor based sys-
tems [5, 6] have limitations to be integrated into a small form factor, and cost.

To extract the maximum power from renewable energy sources, an energy harvester
is required to match its input impedance to a source impedance. However, tuning the
parameters of an energy harvester is a difficult design challenge. The tunability of each
parameter is limited. First, the conversion gain needs to be changed due to the varying
power profile as a result of temperature gradient of a TEG [1]. Second, the silicon area
for on-chip capacitance is suppressed by a small capacitance density. Third, increasing
switching frequency leads power losses from driving switches.

Conventionally, several energy harvesting power management units have been pro-
posed to optimize power delivery efficiency. The energy harvester presented in [7], the
fixed switching frequency (60 kHz) limits the capability of MPPT for 100 k{2 source
impedance. To elaborate the problem, the power management system [8] senses the out-
put current to optimize a switching frequency. However, a current sensing is the power
hungry approach which is improper in the low power scenario. Instead of a sensing output
current, measuring a peak output voltage by constant on-time is presented [9] tuning the
conversion ratio and switching frequency. Even with two dimensional (2D) MPPT, input
impedance matching range has not been expanded and the available output power is up to
50 uW. Alternatively, the system [10] senses an open circuit voltage of an energy harvest
source to compare the input voltage of the system. At the maximum power point, a half
of the open circuit voltage is the same as the input voltage of an energy harvester. How-
ever, the fast switching frequency of 10 MHz for a low source impedance degrades the

end-to-end power efficiency due to switching losses.



1.4 The Open Problems

To replace a battery for an IoT applications, optimizing power delivery efficiency is
the main issue for an energy harvester. As discussed in the previous section, conventional
energy harvesters have been trickled down, maximizing an input power of the PMU. Figure
1.3 illustrates the input power varying an energy harvester input impedance to a source
impedance. However, improvement of an energy harvest source that generates more power
with a small foam factor causes three problems: the tuning range of the input impedance,

limited silicon area for a switched capacitor converter, and power consumption by a PMU.

0.8

0.6

0.4+ y

0.2 4

Normalized available input power

0 1 1 1 1
0 1 2 3 4 5

Ratio of a converter input impedance to a source impedance

Figure 1.3: The maximum input power point condition

First, the tuning range of the input impedance has to be expanded; as a result of an
improved energy harvest source, its source impedance is decreased to 1 {2. Second, silicon
area is limited to handle more power with an switched capacitor converter; half of energy
is lost when charges are transferred through capacitors [11]. However, on-chip capacitance
given by a technology is a few fF per micrometer square. Third, an energy harvester should

optimize the power consumption to improve power delivery efficiency.



2. SWITCHED CAPACITOR CONVERTER FUNDAMENTALS

2.1 Switched Capacitor DC-DC converter

Converter Capacitive switching | Inductive switching Linear
regulator regulator regulator
Efficiecny Good Best Worst
Size (mm?3 /W) Good Worst Best
Cost (/W) Good Worst Best

Table 2.1: Comparison of DC-DC converters

The inductive converter has been the most popular design for decades. Due to its
simple configuration and the best efficiency; the boost converter needs only two switches
and one inductor [12]. However, it is hard to be integrated; an on-chip inductance and
quality factor of an inductor are critically limited in CMOS technologies.

In an linear regulator, the resistance of a pass transistor is varied by the output load.
The ripple-less output voltage is available [13]. However, the noise rejection range is
limited up to a few megahertz, and the efficiency is the worst than others. Due to the
lack of boosting the input voltage, an linear regulator cannot be used alone in an energy
harvester.

In a switched capacitor (SC) converter, charge pump, more switches and capacitors are
required than in an inductive converter. Despite the design complexity of an SC converter,
it is feasible to integrate it into a chip. Also, SC converters are progressing fast because
of CMOS technology scaling and an improved capacitor density. Table 2.1 presents the

comparison between different types of regulators.

5



2.1.1 Basics Concepts

S 5
/4 Vo
Vin +:: C ’ Vin C
Ve T
S, ON S, ON

Figure 2.1: Basic operation of a switched capacitor DC-DC converter

Figure 2.1 shows the concept of an SC DC-DC converter, composed with a capacitor
and switches. By the each charging (S; ON) and discharging phase (S5 ON), the voltage
across the capacitor, V¢, and the output voltage, V, is also presented. For the analysis of

an SC converter, the charge conservation law is described as below:

> Q=0 2.1
=1

Att = to (tz > tl)

Ve, = Ve, (ta) — Ve, (1) (2.2)

where the parameters in ); = C;V(,, and V¢, is the voltage across the capacitor, C;.



2.1.2 Fundamental Analysis

1:CR R,

m® 3 - $

Figure 2.2: Equivalent model of a switched capacitor DC-DC converter

||P

To analyze an SC DC-DC converter, an equivalent model is presented in Figure 2.2
including design parameters: a conversion ratio, C'RR; and the output impedance, R,;.
Based on the charge conservation law, the parameters of the SC converter in Figure 2.1 is

investigated. First, the ideal C'R of 2:1 in the steady-state is derived from:

Vo=V, =V, , At the phase 1 (Sy on) (2.3)

V., = Vg , At the phase 2 (Sy on) (2.4)

Second, the output impedance, R,,;, is based on two assumptions [14]: In a charging
phase, the input of an SC converter is connected to a source. In the other phase, discharg-
ing, the input is disconnected. Since the R,,; represents the output voltage drop by I,,:,

the output impedance has two terms depending on the switching frequency, f,.

Rgsp = Z M (2.5)
5 . : fswCi .
i€capacitors
Rrsp= ) 2Ri(ar)’ (2.6)
i€switches



51 qumol Tin 1 -l:O Vo
Vin l/.l/_J Qin ﬂ:o qm 1

Figure 2.3: Operation of 2:1 switched capacitor converter

The slow switching limit (SSL), the finite resistance of the switches and capacitance
are neglected in the slow f,,. The fast switching limit (FSL), the on resistances of the
switches is dominated in the fast f,,,. From the charge flows in Figure 2.3, charge multiply

vectors, a.; and a,; are used to express the both parameters of the output impedance.

AQc = AQ1 — AQ2 = C(Vin = V,) = C(V;) 2.7)

= O(Vin) — 2C(V,) (2.8)

where the parameter AQ); is the charge stored in the capacitor, C, at the phase n. From the

each coefficient of AQ¢, both Rgsy, and Rpgy, are represented as follows:

g o) (U220 (2.9)

Rssi, = = =
i1€capacitors fswci Cfsw 4Cfsw
0 — Qin drawn charges per capacitor (2.10)
" Qouw  total charges flow to output
Rpsp = Y 2Ri(an)’ =2R;[(2(1/2)* +2(—1/2)*] = 8R; (2.11)
i€switches
Qin flowed charges to swithch,;,, at phase n (2.12)
Qri = = .
" ot total charges flow to output

where the parameter R; is the on resistance of the i;, switch. Thus, R,,; is described as:

Row = \/ R%g;, + R2g;, (2.13)



2.1.3 Power Losses

Rioap

=

Figure 2.4: Realistic model of a switched capacitor DC-DC converter

To optimize the power losses in an switched capacitor DC-DC converter, the realistic
equivalent model is illustrated in Figure 2.4; a source impedance, Rg, and input impedance

of a converter, R;,, are included. Based on the above model, power losses in an switched

capacitor DC-DC converter are summarized in Table 2.2.

Parasitic capacitors / Switching loss

Intrinsic losses

Switching Cpar pottoms Cpar,top

Switching Cyqe of the switches

Charge redistribution
On resistance of the switches

Impedance matching (Rg, R;y,)

Table 2.2: Power losses in a switched capacitor DC-DC converter

A switched capacitor DC-DC converter delivers charges from the input to the output
by charging and discharging capacitors through metal-oxide-semiconductor field-effect

transistor (MOSFET) switches. Thus, the power losses are divided into two categories:

switching activities, and intrinsic losses as a result of charge transfer.




First, power losses from parasitic capacitors to stage capacitors and switching gate

capacitance of switches are derived respectively as follows:

Ppar = parfswcparvgl) (214)
Puw = faVip Y Cya (2.15)
=1

where the parameters in the parasitic 1oss, Cyq, is the sum of the bottom and top parasitic
capacitance to the power capacitance in an SC converter, M,,, is the coefficient propor-
tional to the number of power capacitors and voltage swing on the C,,,, and f, is the
switching frequency driving switches. In switching loss driving switches, Cy is the gate
capacitance of each switch, and n is total number of switches.

Second, the intrinsic losses in an SC converter are described respectively as follows:

2
ac,i

Predistribution = ]l%;adRSSL = ]lgoad Z (f—c), (216)

1Ecapacitors sw=
Pavon = TipgaRrse = Iheg > 2Ri(ar;)’ (2.17)

i€switches
V2 V2R,

Pross invu - _m __ TwmTm 2.18
lossinpit = B (Rs + Ron)? (-18)

where the parameters in equation 2.16, [;,,, is the current flows to the output. It is the
power loss when two capacitors with different voltages are connected together ,and proved
in Appendix B. In equation 2.17 for the power loss from switches, R; is on resistance of
switches. Equation 2.18 is the impedance mismatch between a source and the SC con-
verter. According to equation 2.18, Py inpus 15 minimized when Rg and R;,, are matched.

Thus, the maximum power point (MPP) is defined as:

Rs = Ry, (2.19)

10



2.2 SCDC-DC converter Topologies

2.2.1 Dickson Charge Pump

CLK CL CLK CLK
, L L L L
'm 'I_r I i | I I | out
J— C, J‘ C J_ C,
e T
CLK _I I_cm_l I_cur_l I_C-'-K Cout | Ripea
= l/m V;” VM = =

Figure 2.5: Three stages Dickson charge pump

Figure 2.5 shows a Dickson SC converter, charge pump. Each stage boosts the voltage
by the input voltage, V;,. Assuming ideal charge transfer between switches, the actual

voltage gain is as follows:

Vou N +1
Ay = — (2.20)
¢ + CsfszLoad

where the components in /V is the number of charge pump stages, /,,; is the output current,
fsw 1s the switching frequency, and C is each stage capacitance. The input impedance is

defined by V;,,/1;,. From equation 2.20, it is described as:

v Vi N
=T = o = 2.21
M = g T TN T 1)~ (N1 1)C.fodA 2.21)
N+1
AA=(N+1)— T (2.22)
1 CstwRLoad

where A A is the difference between ideal voltage gain, N + 1, and actual voltage gain.

11



2.2.2 Voltage Doubler Topology

As one of the popular topologies, a voltage double SC converter is presented in Figure
2.6. Similar to the Dickson charge pump, each stage boosts the input voltage, V;,, by the

amplitude of clock: CLK and CLK.

CLK CLK CLK
L¢ L L ¢
Vin ‘ ‘ Km:
TC out R.Lor:d
C; C; C.
T" T T
CLK CLK CLK

Figure 2.6: Three stages Voltage doubler charge pump

Assuming ideal charge transfer between switches, voltage gain and input impedance

of the voltage doubler charge pump are described as:

Vou N +1
Av = V. - = 1 +N (2.23)
i T 36 FowRion
Vi V. 1
Rin= 7= Z = 2.24
Ly  Lu(N+1) (D2 (2.24)

RLoad+ 507 7o
where the components in N, I,,;, fs and Cy are the number of stages, output current,
switching frequency, and stage capacitance respectively. Note that the voltage doubler
charge pump has cross coupled configurations with n-channel MOSFET (NMOS) and p-
channel MOSFET (PMOS). Also, the amplitude of both CLK and CLK are same as the

input voltage of the charge pump, V;,,.

12



2.2.3 Comparison of SC converters for the Energy Harvester

Dickson charge pump | Voltage doubler topology
# of capacitors N 2N
# of switches 3N +1 AN
Voltage gain Same Same
Implementation difficulty Easy Hard

Table 2.3: Comparison of SC converters

Table 2.3 demonstrates the comparison between two charge pump topologies described
in the previous sections. NV is the number of stages for each SC converter topology. For the
comparison, the same condition of the f,,, ;,.q and total capacitance, C, are considered:
Cs dickson = C/3, and C; goupier = C/6. In the power scenario of energy harvesting, a
Dickson charge pump has advantages over a voltage doubler topology.

First, a Dickson charge pump has fewer number of switches than in a voltage doubler
topology (N > 1). Due to the on resistance of the switches, the conduction loss of a
voltage doubler is worse as shown in equation 2.17. Second, a Dickson charge pump
has single capacitor per stage; the parasitic capacitors, leading to power loss described in
equation 2.14, are fewer than the other. Third, a voltage doubler topology is not suitable to
deliver a few hundreds of micro-watts power. The topology uses additional buffer stages
due to the directly driving power capacitors, Cf joupier» by CLK and CLK. Thus, the

Dickson charge pump is adopted in the proposed energy harvester.

13



3. DESIGN OF THERMAL ENERGY HARVESTER

3.1 The Proposed Energy harvester Block Diagram

R, Chip boundary

x7 Reconfigurable
L Capacitor Charge Pump

1 v,
1

I I N (stage) ,I/ 6 | ,I‘/:m
| r = ~
| 3D-MPPT 1 Cap Hing
:l [ Fsw: N, C) T Bank ||| osc

_____________________________

Figure 3.1: The proposed reconfigurable thermal energy harvester

This chapter presents the proposed thermal energy harvester. In Figure 3.1, power
flows from TEG to output storage capacitor, Cl,e, through the charge pump. And the
regulation loop maintains output voltage of the power management unit by the reference
voltage. The proposed design includes four building blocks; a reconfigurable capacitor
charge pump, digital controlled current starved ring oscillator, three dimensional (3D)
MPPT, and a digital controller. The reconfigurable capacitor charge pump is implemented
with 6 stages Dickson topology. Along with the previous section, this topology has higher
power efficiency than other topologies in low power scenario [14]. The design is capable
of boosting voltage from TEG (0.27 V - 1 V) to the desired voltage (1 V). And it tunes
input impedance of the PMU automatically by the digital controller. As tuning the input
impedance, the energy harvester can extract maximum power from a small form factor

TEG having a low source impedance (~ 1(2).

14



3.2 Design Procedures

To optimize the power efficiency of an energy harvester, this research proposes a novel
charge pump elaborating the open problems: tuning the input impedance of the converter
as low as 1 €2 due to a minimized TEG, optimizing the silicon area, and power consump-
tion to deliver a few hundreds of micro-watts power. This section provides the design

considerations for the proposed energy harvester.
3.2.1 3D Maximum Power Point Tracking

The key concept of maximum power point tracking (MPPT) is matching the input
impedance of the PMU, R;,, to the energy harvest source impedance, Rg. From equation
2.17 for the input power losses, the MPP condition, Rs = R;,,, maximizes the input power
to the PMU by tuning three parameters: switching frequency, f,,, a stage capacitance,
Cs, and number of charge pump stages, N. Figure 3.2 illustrates the MPPT by tuning the

input impedance of the PMU.
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Ratio of a converter input impedance to source impedance

Figure 3.2: The maximum input power at the maximum power point (Rg = R;,)
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To extract as much as energy from an renewable source, conventional energy har-
vesters [15, 9] changed the input impedance to reach the MPP; however, a small source
impedance (<10 €2) is not covered by those tuning ranges of the input impedance. Both
input impedance equation 2.21 and 2.24 for a Dickson charge pump and voltage doubler,
respectively, show the limitation of the tuning range. First, fast f,,, is required for a small
source impedance, leading to switching power losses described in equation 2.15 and 2.14.
Second, large stage capacitance reduces the input impedance, but silicon area is sacrificed.

To increase the tuning range of an input impedance alleviating the above problems,
the proposed 3D MPPT dynamically tunes all of the three parameters (N, Cs, and f,)
with a power efficient method. First, the input voltage of a charge pump decides N for
a desired output voltage. Second, distributing all on-chip capacitors to the corresponding
stage by V. Thus, effective stage capacitance, C'g ¢ is larger than the case of fixed stage
capacitance. Third, f, is changed to reach an MPP (R;,, = Rg). Figure 3.3 illustrates the

procedures of tuning the parameters.

“ N=6, 1C
< ot 180
= - - _-P'_"'df_- =, =
switching frequency T =2,38 2d
7MHz  N=1,6C N, stage capacitance

Figure 3.3: The concept of 3D MPPT
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3.2.2 Reconfigurable Capacitor Charge Pump

From equation 2.21 for an input impedance of a Dickson charge pump, increasing a
switching frequency, fs, or stage capacitance, C's, reduces the input impedance. How-
ever, increasing fy,, leads switching power losses, and on-chip capacitance is limited due
to a technology. Thus, the proposed reconfigurable charge pump increases the effective
stage capacitance instead of increasing f,,,. By distributing all on-chip capacitors to each
activated step-up stages, the silicon area is also optimized. To implement the proposed

solution, Table 3.1 summarizes the design parameters.

Topology N Total on-chip capacitance Lot

Dickson charge pump 6 1.5 nF 10 pA-1mA

Table 3.1: Design parameters of the reconfigurable capacitor charge pump

As previously mentioned, a Dickson charge pump is suitable in the power profile of
energy harvesting including the design simplicity. For the number of the charge pump
stages, both the technology and an energy harvest source are considered. First, the nominal
supply voltage of 130 nm technology is 1.2 V. To reduce the switching stress to CMOS
switches, the target output voltage is set to 1 V. Second, the expected input voltage of
the charge pump is given by the small TEG [1]: the dimensions of 6 mm x 1.65 mm, and
source impedance of 1 {2. Assuming the energy harvester is operating in room temperature
of 27 C°, the expected voltage from the TEG is approximately 0.2 V (AT = 5 C*°). Thus,
6 stages of charge pump is capable of boosting the input voltage to the target voltage, 1
V. From equation 2.20 for the voltage gain of a Dickson charge pump, the realistic gain is

smaller than the ideal gain of NV + 1.
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The total on-chip capacitance, C}; = 1.5 nF, is chosen by considering die size of
1.5 mm x 1.5 mm, and the capacitance density (<5 fF/;zm?) . Dual-layers metal insulator
metal (MIM) capacitors have the minimum bottom plate parasitic capacitance minimizing
power losses as described in equation 2.14. The input impedance of the proposed charge
pump and the reconfigurable capacitor bank are provided. First, replacing the capacitance

per stage, Cs, to Cyoq1/ N, the input impedance of the proposed design is described as:

» _ Vin _ N (3.1)
in,proposed — I = a(Ctotal/N)fsz2 + (N + 1)(Ctotal/N)fswAA’ .
) N+1
AA'=(N+1) = N 3.2)

(Ctotal /N)fsw Rpoad

where the parameters in « is the ratio of bottom parasitic capacitance to the effective stage
capacitance, and A A’ is the differences between the ideal voltage gain and realistic gain.
The input impedance of charge pumps are compared in Figure 3.4. The MATLAB code
is provided in Appendix A.1. In the same condition, the R;;, proposeqd 18 smaller than a con-

ventional charge pump’s input impedance due to the increased effective stage capacitance.

—
7

) = -Conventional charge pump
A —Proposed charge pump

o
o©

- -
-
-

Normalized input impedance
o
(2]

1 2 3 4 5 6
The number of the charae bumb staae (N)

Figure 3.4: Comparison of charge pump input impedances (fs,=1M H z, 1,,; = 250uA)
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Second, the design of reconfigurable capacitor bank for stage capacitance should have
the least number of unit capacitors; switches between unit capacitors reduce the power
delivery efficiency as described in equation 2.17 for on resistance of switches. Mathemat-
ically, the least common denominator of the stages, 1-6, is 60 (= 1 x 22 x 3 x 5).

To minimize the number of unit capacitors, 60, 12 capacitors of four different capaci-
tance are used: Cly,;; = 250 pF', 0.5C i, 0.2C i, and 0.1CY,,,;;. When 1 step-up stage
is activated, Cs sy is 1.5 nF. It is 6 times larger than the conventional charge pump with
fixed stage capacitance of 250 pF. Table 3.2 presents the reconfiguration of 12 capacitors

regarding /N where the parameters in .S; is the 7, step-up stage.

N
1 2 3 4 5 6
Unit

Cunit Sy Sy Sy Sy Sy Sy
Cunit Sy Sy Sy Sy Sy So
Cunit Sy Sy So Sy Ss Sy
Cunit Sy S S Sy Si Sy
0.5Cunit Sy S Ss Sy S5 S5
0.5Cunit Sy S Ss S S5 Ss
0.2Cunit Sy S Ss Ss S Se
0.2Cunit Sy S Ss Ss Sy Se
0.2Cunit Sy S Ss Sy Sy Se
0.2Cunit Sy S Ss S Sa Se
0.1Cunit Sy S Ss Sy S5 Se
0.1Cunit Sy S Ss Ss S5 Se

Csers 1.5nF  0.75nF  0.5nF 375pF  300pF 250 pF

Table 3.2: Distribution of the unit capacitors by number of stages

19



3.2.3 Digital Controlled Oscillator

Figure 3.5: Equivalent model of a ring oscillator

The switching frequency, fs,, for the charge pump, the PMU requires an oscillator
with two design considerations: the wide tuning range of f,,, and low power consumption.
Thus, inverter based ring oscillator is chosen. As illustrated in Figure 3.5, the topology is
simple and easy to tune by modulating capacitance, C'. To ensure oscillation, Barkhausen

criterion is described as:

—gm; R

|AL(jw) - Aa(jw) - - - Agpir (Jw)| = 'l—m—wR(J

--':1 (3.3)

where the parameters in 7 is the number of inverters, R is the output impedance of each
inverter, and C' is the input capacitance of each inverter. By the Barkhausen criterion, the
minimum gain of an oscillator should be 1. For the reliability of oscillation, the gain of 2

or 3 is preferred. From the analysis of inverters ring oscillator [16], f,, is as follows:

L

fow = 2n(Vour — Vps,m2 — Vps,ma)C

(3.4)
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where [, is the bias current of an inverter. Adding capacitance between an inverter, the
oscillator is capable of tuning f,,. For the low power consumption, minimizing [, reduces
the static power. However, too small bias current (<10 nA) has a possibility to distort
the linearity of the frequency tuning; decreasing [, also scales down the required C' to a
few fF. Due to a process, voltage and temperature variation (PVT), the small capacitance
difference between each step does not guarantee the linear tuning of f,,,.

Based on the design considerations of an oscillator, the iterative simulation is necessary
to find the optimal point between power consumption and tunability of f,. In section 3.4,

details of the circuit implementation and dimensions are discussed.
3.3 Design Trade-offs

As previously mentioned in open problems, extracting energy from a minimized en-
ergy harvest source leads two problems; equation 3.1, for the input impedance proposed
charge pump, shows the demand of fast f;,, and more stage capacitance due to the small
source impedance (<10 €2). The proposed energy harvester mitigates the issues by re-
configuring stage capacitors. Figure 3.4 presents the comparison of the input impedance
under the same condition of f,, and [;,,q. Thus, this section provides the further details
of design trade-offs for the implementation.

First, the input impedance of proposed PMU has correlation to f,,,. Assuming both a
conventional charge pump and the proposed charge pump have the same amount on-chip
capacitance, Cy,q;, the proposed one is capable of reducing f,,, by 6 times for the same Rg
when single step-up stage is activated; Due to the reconfiguration of stage capacitors, the
proposed one has the effective stage capacitance, Cs.¢s = Cyoq rather than the fixed one,
C'otar /6, of the conventional charge pump. For the small source impedance, the proposed
approach reduces the necessity of high f,, as a result of the increased effective stage

capacitance.
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Figure 3.6: Input impedance tuning capability
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Figure 3.6a presents the input impedance of the proposed reconfigurable capacitor
charge pump, R, proposea With varying a switching frequency, fs,, and the number of
charge pump stages, V. The effective capacitance per stage, Cs . s, is reconfigured by N.
By equation 3.1 for the input impedance, R;;, proposed 15 decreased as f,, is increased.

Second, unfortunately, 1%, proposea 15 changed by the output load resistance as shown
in equation 3.1 for the input impedance of the proposed charge pump. Due to the single
output path, increasing load resistance, which means reducing [;,.4, raises the effective
input impedance. Thus, the capability of MPPT is suffered by the load resistance, Ry qq4-
Figure 3.6b illustrates the relation Ryoqq, and N to the R;, proposea. The MATLAB code
for both Figure 3.6a and 3.6b are attached in Appendix A.2.

Third, additional switches for the reconfigurable capacitor bank lead to the power loss
described in equation 2.17 for on resistance of the switches. In the proposed charge pump,
stage capacitance is reconfigured to Cs.rf = Cyorr/N. To implement the reconfigurable
capacitor bank in Figure 3.7b, more switches are necessary than the fixed stage capacitance
charge pump in Figure 3.7a. Thus, the trade-off between stage capacitance reconfiguration

and the power loss should be mitigated by the proper size of the switches.

o ———— -

CLK CLK _ _ ' \
1
= i T
CSJ- Cserr :J':-/ S S A
I 1
I

By ! /T J '

b I
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Cs FIXED Reconfigurable Cg . l\ Capacitors ,'

(a) (b)

Figure 3.7: Comparison of stage capacitance in charge pumps (N=1)
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3.4 Implementation of Circuits

3.4.1 Reconfigurable Capacitor Charge Pump

1 Step-Up Stage
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Figure 3.8: Full schematic of the proposed reconfigurable capacitor charge pump

Figure 3.8 shows circuitry of the proposed reconfigurable capacitor charge pump. Total
six cascaded step-up stages are capable of boosting input voltage, V;,, up to seven times.
However, actual voltage gain of the converter is limited by capacitance per stage, switching
frequency, and load resistance as described in equation 2.20. In addition, the threshold
voltage of switches limits the minimum input voltage of the charge pump around 270 mV'.

The dimensions of a step-up stage is presented in Table 3.3.

M1 M2 M3, M4 Che

30 um /120nm | 100 pm/120nm | 60 ym /120 nm 10 pF

Table 3.3: Implemented 1 step-up stage for the reconfigurable capacitor charge pump
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To enhance the power delivery efficiency, the bootstrap technique [17, 18] is adopted.
Compared to a conventional Dickson charge pump, the implemented one has an additional
switch and capacitor, Cy, in single step-up stage. Pre-charging an input voltage of each
stage strengthens a gate-source voltage to output voltage, V,,;. As an example, the gate-

source voltage of switch M2 In the first step-up stage is described as:
VGS,MZ = VG,MQ - VS,M2 = (V;n + ‘/out) - ‘/m = Vout (35)

By the bootstrap technique, gate-source voltage of the switches in the charge pump is V,;

regardless of the stages.
3.4.2 Reconfigurable Capacitor Bank

Equation 3.1 for I, ,roposea Presents the effect of distributing all of the on-chip capac-
itors by number of charge pump stages; under the same power budget, f,, and I, the
proposed charge pump is capable of having the low input impedance.

For stage capacitance modulation, the previous energy harvester [19] simply changes
each stage capacitance by parallely connected capacitors like Figure 3.9. For example, the
capacitance between node A and B is tuned as C'yp = Cy + C'3; However, C just occupies

the silicon area.

7

C,
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C31

I \

e

™

|

I

Figure 3.9: Conventional capacitance modulation
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In the proposed reconfigurable capacitor charge pump, all of the on-chip capacitors
are distributed to corresponding stages for the equal effective stage capacitance; Cgrf =
Ciot/N. The 12 capacitors of four different capacitance are used: C,,; = 250 pF,
0.5Cunits 0.2C i, and 0.1C,,;;. When 1 step-up stage is activated, Cs .y of 1.5 nF is
connected to the first step-up stage. It is 6 times larger than the conventional charge pump

with fixed stage capacitance of 250 pF.

To N step-up stages , C.ni = 250pF
716 A Cap
16 /?,vg controller
s ~ 5
I 1 : : :
:T, Tye I 1,':5—7" ':'.-7", T, :
| l J_ Lo _I; > T1 J; - T1 _I; T1 ,
1 P |
! T:—:‘E:s.31 ‘E:s-,m E B1 ! [S:-Ss]
1 By By I | B - »- B - B, |
I I I L] L] - I
! o
b 1

Coit X4 0.5C,; x2 02C,,,; x4 0.1C,; x2
-
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I
/
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Figure 3.10: Implemented capacitor bank for the charge pump

This reconfigurable capacitor bank was implemented with transmission gates. Figure
3.10 presents the control scheme. From the charge pump stage information, S;—S5, Cap
controller distributes unit capacitors to a corresponding stage parallely. Thus, each acti-
vated step-up stage has the effective stage capacitance, C's.¢s. The on-chip capacitors are
configured with dual-layers MIM capacitors. Compared to other types of capacitors, MIM
capacitor has less density, but minimal bottom plate parasitics. Equation 2.14 shows the

power losses from parasitic capacitance.
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Figure 3.11: Implemented charge pump stage control scheme

3.4.3 Charge Pump Stage Control

Figure 3.11 shows the implemented charge pump stage control scheme. To eliminate
static power losses, a latched comparator is adopted. Comparing the output voltage to
the reference voltage, V. s, the comparator triggers the 6-bits ripple counter by 4096/ f.,.
In the period, V,,; is slowly changed to the conversion gain. The decoder selects one of
the bypass switches, and other step-up stages are off. Table 3.4 shows the digital code
from the decoder. The clock signal does not drive switches in the off step-up stages. The

comparator makes a decision with V;, and V,..; due to the limited input voltage range.

N=1 N =2 N =3 N =4 N =5 N =6
5152535455 10000 01000 00100 00010 00001 00000

Table 3.4: Step-up stage control code
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3.4.4 Digital Controlled Current Starved Ring Oscillator

Figure 3.12 presents the implemented frequency modulation scheme with a digital
controlled current starved ring oscillator (DCO). The transistor sizes for the oscillator are
given in Table 3.5. The long channel transistors (M1, M2) limits the current flowing to
the ring oscillator reducing static power losses. 16-bits thermometer code incrementally

changes the effective capacitance between inverters. By the digital code, the range of the

DCO frequency is from 125kHz to 4.25MHz.

.

' Tc, Te,Tec,

Figure 3.12: Implemented DCO with capacitive frequency tuning

Ml M2 M3 M4 Rosc Inverter (P)
W=03 pum | W=1lpum | W=0.6 pm | W=1.8 pum | 500k | W, =400 nm
L=60 um L=60 um L=60 um L=60 um L, =120 nm

C1—Cs Cr—Cho C11—Cha C13—Chy C15—Cis Inverter (N)
4.18 fF 9.21 fF 20.1 fF 40.3 fF 300 fF | W,, = 300 nm
L, =120 nm

Table 3.5: Dimensions of the Digital Controlled Oscillator
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Figure 3.13: DCO frequency versus thermometer code

Figure 3.13 presents f, of the DCO by 16-bits thermometer code. Increment of the

code decreases the f,, as a result of the increased capacitance between inverter stages.

2> 1L
A;Dc oo ) = =
T D> LI ]

To the charge pump —»

Figure 3.14: The non overlapped 4-phase clock generator

Figure 3.14 shows a non overlapped 4-phase clock generator, optimizing power con-
sumption in the charge pump; one of the step-up stage is charging and the followed step-up

stage is discharging. Thus, short paths between phases should be minimized.
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3.4.5 Maximum Power Point acquisition
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Figure 3.15: Implemented maximum power point acquisition circuitry

Figure 3.15 shows the implemented maximum power point acquisition circuitry. To
sense the open circuit voltage (OCV) of an energy harvesting source, the main converter
and a TEG are briefly disconnected while storing OCV to the capacitor C; by EN. After
OCV is sampled to (', the Ve is divided by the capacitive network with DIV, For a
short sampling and division period, both capacitance of C; and C5 are 500 fF. Once the
divided OCV, V,,;5, is acquired, the charge pump is enabled (EN = 1). Then, the latched

comparator makes a decision to adjust the switching frequency:

Vin > Voevps = Rin > Rg, Reduction of DCO code (3.6)
Vin < Voewps = Rin, < Rg, Increment of DCO code (3.7

Reduction of DCO code increases f, and vice-versa. Due to the short acquisition period
of 0.2 us triggered by a digital controller, the disconnected period is negligible. The detail

of triggering the acquisition circuitry will be provided in the following section.
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3.4.6 Digital Controller

STEP 1. Tune N, Cg o STEP 2. Tune f,,

Wait 4096 V,ut W
cycles T

E

Compare EN

Vd ivs Vref

YESL L NO 15 pulses

N+ EXIT TH\t £1, ¢

Enable OCV sensing

Figure 3.16: Block diagram of the digital controller

Figure 3.16 presents block diagram of the implemented digital controller managing
the output voltage regulation and 3D MPPT. The controller is realized with finite state
machine (FSM). Once the output buffer, Cy,.., reaches to S00mV, the proposed PMU
starts with the maximum switching frequency, 4.25 MHz.

In the first step, both number of stages and the effective stage capacitance of the
charge pump is tuned simultaneously. The output voltage is divided by a external re-
sistive network, and compared to the reference voltage, V,.r, every 4096 cycles of f,.
The resistive network has 10 times larger resistance than the maximum load resistance:
Ry = Ry = 5 MX). The first step is terminated when the PMU has the minimum conver-
sion ratio to exceed V..

In the second step, V,,; is regulated by the charge pump enable signal, £ N. Every
15 pulses of N, the OCV sensing circuitry is triggered by 7'R. The lower output load
current, the less recurrence of the MPPT following the brief disconnection from a TEG.

The PMU is in the second phase to prepare change of output load demand.
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Figure 3.17: State diagram of the digital controller
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Figure 3.18: The implemented digital controller
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Figure 3.19: Transition of the digital controller

Figure 3.17 presents the state diagram of the FSM. In the both steps, Vpy = Vi, /2 is
compared to V,.; due to the limited input voltage range of a comparator. By the compari-
son, CPgy =1 (Vpry < V,es) enables charges pump and vice versa. Figure 3.18 shows
the implemented FSM with three ripple counters to minimize power consumption: () for
the states, D for the delay between transition of a conversion gain (CR), and C'NT for a
periodic triggering the MPP acquisition. Figure 3.19 illustrates the controller signals when
Vree = 0.5 V. In the first step, 4096 cycles of f,, generates delay waiting transition of
Vour. Once Vpyr reaches to a desired voltage, ()., is no longer triggered. Then, mod2

enables the second step activating the MPP acquisition by 15 pulses of C' Py .
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4. MEASUREMENT AND COMPARISON

4.1 Measurement of the proposed energy harvester
4.1.1 The Fabricated Chip

The proposed energy harvester PMU is fabricated in standard IBM 130nm CMOS
technology by MOSIS. The fabricated die is 1.5 mm x 1.5 mm and occupies 0.835 mm?
of active area. The chip is packaged with 36-pins QFN package to reduce parasitics ca-

pacitance and inductance from leads.

s ‘““\“H

Figure 4.1: Layout of the designed energy harvester
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Figure 4.2: Die photograph of the fabricated energy harvester

Figure 4.1 presents the designed energy harvester layout. It is fabricated as shown in
Figure 4.2. To minimize the power path routings from the input to the output, the blocks
arranged horizontally. In the reconfigurable charge pump, the capacitors are realized with
a dual-layers MIM capacitor: It has the minimum bottom parasitic capacitance, which
reduces power delivery efficiency. As illustrated in Figure 4.2, total 1.5 nF of 12 unit
capacitors are distributed to the corresponding charge pump stages by the activated step-

up stages.
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4.1.2 Measurement Setups

TEG R, Oscilloscope ]
______ Y
: RS N 'lm L _ Vaut _
| (ll; l 3 DUT
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R, Cstore Ricaa
LDO Test I/0 1 1

Figure 4.3: Measurement setup for the proposed energy harvester

Figure 4.3 shows the measurement setups. First, a TEG is emulated with DC power
supply (Keysight E3631A) and a series connected resistor [20]. Keeping two different
temperature to each TEG side needs a complicated physical setup [21] to measure the PMU
performance. The input current, V;,, and V,,,; of the device under test (DUT) are measured
with a multimeter (HP 34401A) and oscilloscope (Agilent 54810A). The fabricated PCB
is presented in Appendix C. Table 4.1 shows the list of external components including a

commercial low drop out voltage regulator (LDO) to provide a reference voltage.

Rh R2 Cstorage RLoad RS LDO
5 MQ 1 nF 2k - 184 k2 1Q-5kQ TI-TLV70012

Table 4.1: List of external components for the measurement

Following sub sections present the overall performances of the proposed PMU: the
power delivery efficiency from the input to output under varying output loads, and MPPT

capability for a small energy harvester source impedance.
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4.1.3 Measurement Results

Power Efficiecny (%)
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Figure 4.4: Power efficiency of the PMU with varying the output load (Rg = 1(2)
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Figure 4.5: Power efficiency of the PMU with varying the TEG voltage (Rs = 1£2)
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The proposed energy harvest PMU was measured with the TEG model [1]. The source
impedance of 1 €2 is not available other energy harvesters: in the same switching frequency,
fsw»> an input impedance of a conventional energy harvester is higher than the proposed
PMU as shown in equation 3.1 for the input impedance of the proposed charge pump.

Figure 4.4 presents the power efficiency (P,ut prrv/Pin par) by varying an output
load in the ordinary environment; Vrgg = 0.8 V with A T=10 °C, where the temperature
difference between a human and 27 °C. The measured peak power efficiency was 64%
delivering 400 pWV to the output. Over the peak point, conduction losses through switches
in the PMU was dominated reducing the power efficiency. After 500 ;W of output load
current, the PMU could not maintain the desired output voltage, 1 V.

Figure 4.5 shows the power efficiency by varying a TEG open circuit voltage, Vrge.
As increasing Vrgq, the proposed PMU dynamically changes number of the charge pump
stages to maintain the output voltage of 1 V. Each point represents the peak power effi-
ciency at the corresponding charge pump stages. Expending a compatibility of the PMU

to other TEGs, Figure 4.6 shows the measurement with Rg = 10 Q and Vg =0.8 V.
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Figure 4.6: Power efficiency of the PMU with varying the output load (Rg = 1052)
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Figure 4.7: MPPT efficiency of the propose PMU with varying the input power

As described in equation 2.19 for the input power of the PMU, V;,, = Vyp/2 ensures
the maximum input power as a result of R;, = Rg. By measuring the input voltage, the

MPPT efficiency is as follows:

VTEg/Q — AE
N —— 4.1
nvpPPT VTEG/2 4.1)
Ae = |Vrpa/2 — Vil 4.2)

Figure 4.7 illustrates MPPT efficiency of the proposed PMU with different input power
conditions. With the low input power (<200 pW), the proposed PMU achieves at least
85% of MPPT efficiency. Under the higher input power, the MPPT efficiency is decreased
due to the limitation of the maximum switching frequency, f.,, of 4.25 MHz. Faster f,
could increase the MPPT efficiency. However, this does not mean delivering more power
to the output due to the switching power losses which is proportional to f,,, as described

in equation 2.15.
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Figure 4.8: Transient response of the output voltage of the PMU
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Figure 4.9: The input voltage of the PMU after MPPT

40



Figure 4.8 shows the transient response of the output voltage, V,,;. Once the 1 nF
output buffer, Cy,., reaches to the cold start up voltage, 500 mV, the proposed PMU
starts to optimize N, Cs sy, and fy,, for the desired output voltage and MPPT. In the first
step, the number of charge pump stages and the effective stage capacitance are dynamically
changed until Vy;, (= V., /2) is larger than V,..;. Within the 65 ms from the initial start
up, the first step is terminated. The second step excites fine-regulation of V,,,; and MPP
acquisition. Regulating the output voltage of 1 V, DCO changes frequency by 16 steps.

Figure 4.9 shows the input voltage of the PMU with Vpq = 0.5 V, realizing 50% of
MPPT efficiency by equation 4.1. Due to the limitation of the f,, of 4.25 MHz, the pro-
posed energy harvester did not reach the high MPPT efficiency. Faster f,, could increase
the MPPT efficiency; however, this does not mean delivering more power to the output

due to the switching power losses.
4.2 Comparison of Energy Harvesters

In Table 4.2, performance of the proposed energy harvester is compared to state of
the art and the commercially available chip. Each solution is responding the extended
demands of replacing batteries to IoT applications. Among the academic results, this
work elaborates extracting more power from a tiny energy sources for small form factor
applications. Due to the reconfigurable capacitor charge pump, the proposed solution has
the smallest active area while delivering power up to 500 ¢W. To power IoT applications,
at least few hundreds of micro-watts is required because of power hungry blocks such
as a transmitter. The commercial available chip, LTC3108, can extract the power from
a TEG with a small source impedance. However, it does not have ability to tune the
input impedance, which is changed by the input voltage. Also, a bulky transformer is the

bottleneck to be integrated to small IoT applications.
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Table 4.2: Performance summary

This [15] [7] 9] [22]1"  LTC3108 ™
work
Technology 0.13um 0.18um 0.35um  0.18um  0.13um NA
Topology Cp Cp Cp Cp Cp Transformer
Energy TEG TEG/PVMFC TEG TEG/PV PV TEG
sources
MPPT 3D 2D NO 2D NO NO
Input
impedance gy 16300k 100k NA NA 2-10
matching
range (£2)
Input
voltage ~ 0.27-1 0.25-1.1 1'522‘ 1.28-3 0'12471‘ 0.02-0.5
V) ' '
Regulated
output 1 18,2 15 33 1.4 22,55
voltage
V)
Power
delivery < 500 < 550 NA < 50 <12 <3500
(uW)
Peak
power 64% 57% 58% 81% 58% 60%
efficiency
Active
area 0.835 2.820 3.062  1.977 7 042 NA
(mm?)

* The converter has a fixed voltage gain of 3.

“* The power efficiency drops to 20% when the input voltage is larger than 200 mV.
“* Un-regulated output voltage.
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4.3 Remarks

In this work, the proposed energy harvester provides regulated 1V output from a TEG
(>270 mV) to power IoT applications. Along the 7x step-up reconfigurable capacitor
charge pump, the PMU is capable of extracting power from an small foam factor TEG,
generating DC voltage with a low source impedance (>1 €2). By distributing on-chip
capacitance to each activated charge pump stage, the silicon area is optimized. From Table
4.2 for the performance summary, the proposed PMU has decent peak power efficiency of
64% while delivering up to 500 pWW to the output.

The performance of the PMU is affected by three non-idealities: on resistance of
switches in the reconfigurable capacitor bank, parasitic capacitance to DCO, and a short
sampling period for OCV. First, the additional switches between 12 capacitors, reconfig-
uring charge pump stage capacitance, leads the power loss from finite on resistance of
the switches. Second, the parasitic capacitance and PVT limits the maximum frequency
of the DCO up to 4.25 MHz. Due to the limited f,,, the MPPT efficiency at a source
impedance of 1 2 is degraded. Third, OCV sampling period of 0.2 us is short when a
source impedance is larger than 5 k€2: in the design steps, sampling capacitance was set to
500 fF, but actual capacitance is more than 1 pF due to the pad and connections.

To improve the performance, five plans are expected: optimizing reconfigurable ca-
pacitor bank, scaling DCO, MPP acquisition circuitry, self start-up, and eliminating ex-
ternal voltage reference. First, different stage capacitance alleviates the required number
of switches rather than equal stage capacitance in the design following the theoretical
verification [23]. The power losses from unequal stage capacitance is negligible than on
resistance of the switches. The improvement stage capacitance distribution is described in
Table 4.3. The total number of switches can be reduced by half due to the less number of

unit capacitors than in the implemented design.
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1 2 3 4 5 6
Unit

Cunit S Sy Sy Sy Sy Sy
Cunit Sy Sy Sy Sy Sy Sy
Cunit Sy Sy Sy Ss Ss Ss
Cunit Sy Sy Sy Sy Sy Sy
Cunit Sy Sy Ss Sy S5 S5
Cunit Sy So Ss Sy S5 Se

350pF 350 pF

CS,e_ff 1.5nF 0.75 nF 0.5 nF 1.05 nF 700 pF

250 pF

Table 4.3: Improved distribution of the unit capacitors by number of stages

Second, the maximum f,, can be increased by design margins in the DCO. Figure
4.10 shows the parasitic capacitance, Cy,,, to the digital coded capacitance. As previously
mentioned in section 3.3 for design trade-off, increasing the bias current of the DCO re-
duces a sensitivity of Cp,, to fs,. Also, binary coded capacitance will provide more f,

steps than the thermometer coded one under the same number of capacitors.
In front of an inverter

C, Cz Cs Tpar

Figure 4.10: A capacitor bank in the DCO with parasitic capacitance
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Third, a modified MPP acquisition circuitry in Figure 4.11 ensures sampling Vg with

Rg, which is larger than 5 £€). As increasing sampling period, the additional capacitor, C,

seamlessly delivers charges to the output while V;,, is disconnected from step-up stages.

o
—‘fs _E-’ l-/i" :{ 1 [SENS E{Step-Up Stages]
?VTEG : M E_ENS ; Cr T L___cr
: ! Df R — LI sews
R, 1 Voor T, Vooups DIV
| J_ M, J_ M3g|_
T¢ ¢ T CLR

Figure 4.11: Improved MPP acquisition circuitry

Lastly, Figure 4.12 shows self-sufficient scheme with an internal voltage reference.

ENTV"”‘
EN —— Y , .
"+ Main converter out
V."HT ENL “
RS 'Vm (" ~ /oa
Aux CP (X3) s
v (i) . J S %
o —np Yoy c, cI R
b Thyristor Ring CMOS y buf out Fiyoag
— h—/ Oscillator ) ( bandgap ref
OUTRL M our | X3
— Vout Vour Vou:

N

390 mV

—
T
Ty, o e -
aux =

Enable Main Converter

Figure 4.12: Block diagram of the self-sufficient energy harvester

45



For the reliability of an energy harvester, a self-start up and internal voltage reference
circuitry is required. In the previously reported designs [22, 15] have the self-start up
block to extract power from an energy harvest source without pre-stored charges at the
output. However, both approaches are not power efficient. The design from [22] uses a
comparator to check the condition to kick up an main converter. Alternatively, the PMU
from [15] adopts pre-set timer to exit an auxiliary charge pump. It does not guarantee
quick start-up when the input voltage is changed.

Mitigating the issues about the start-up, Figure 4.12 illustrates the improvement design
eliminating an comparator and pre-set timer. The key concept is re-using CMOS band gap
start-up circuitry. In the CMOS bandgap [24], a conventional start-up circuit of self-bias
ensures V,..; of 390 mV at V,,, of 600 mV. The E'N from the combination circuit triggers
the main converter. By the passive start-up, the energy harvester is capable of cold start-up
when Vrpq = 250 mV. The simulation results are summarized in Table 4.4. With the best

acknowledgments of the author, this is the smallest voltage excluding designs based on a

transformer.
Thyristor Ring Oscillator CMOS bandgap
fauac Posc TC (000_6000) Pbandgap
114 kHz 1.18 nW 724 ppm 222 nW

Table 4.4: Simulation results of the self-sufficient energy harvester
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5. SUMMARY AND FUTURE WORK

5.1 Summary

This thesis presents the energy harvester with the reconfigurable capacitor charge pump
fabricated in 130nm CMOS technology. As a result of distributing on-chip capacitors to
the activated step-up stages, the proposed energy harvester optimizes the silicon area. Due
to the increased effective stage capacitance for the charge pump, the design is capable of
3D MPPT, dynamically tuning N, fs,, and Cg sy to extract the power from a TEG with
a small internal impedance (1 €2). From the measurement, the energy harvester has 64%

peak power efficiency delivering 400 pJ1 to the regulated output voltage, 1 V.
5.2 Future Works

In the proposed energy harvester, a novel method is to extract power from a small
foam factor energy harvest source. The maximum output power of 500 WV is reasonable
to operate IoT applications by using conditionally. To extend the usage of an energy
harvester, autonomous start-up, dual paths of the output, and combining multiple energy
sources are are expected.

First, the proposed energy harvester requires 500 mV to initiate the operation. Thus,
autonomous start-up kicks a PMU to start extracting power without small pre-stored power.
Second, a LDO is capable of providing the ripple-clean output voltage to load RF appli-
cations such as a transmitter. Third, dual paths of the output power ensure the reliability
of an energy harvester. When IoT applications are not in use, extra power can be stored
to a super capacitor; it is smaller than the conventional batteries and safe from explosion
such as Li-Ion type. Lastly, an energy harvester would simultaneously harvest power from
multiple energy harvest sources (TEG, Solar, Kinetic, and RF). By the combination, an

energy harvester can be the attractive solution to power every consumer applications.

47



[1]
(2]
[3]
[4]
[5]

[6]

[7]

[8]

[9]

REFERENCES

Laird Technology, optoTEC ET19 Thermoelectirc generator, 2016.
IXYS, KXOB22-04X3F Solar Cell, 2016.

Laird Technology, EPR8221A1-15UFL GSM antenna, 2016.

Mide Technology, Piezoelectric Energy Harvester, 2016.

Y. K. Teh and P. K. T. Mok, “Design of transformer-based boost converter for high in-
ternal resistance energy harvesting sources with 21 mv self-startup voltage and 74%
power efficiency,” IEEE Journal of Solid-State Circuits, vol. 49, no. 11, pp. 2694—
2704, 2014.

Y. Qiu, C. V. Liempd, B. O. het Veld, P. G. Blanken, and C. V. Hoof, “5uw-to-
10mw input power range inductive boost converter for indoor photovoltaic energy
harvesting with integrated maximum power point tracking algorithm,” in 2011 IEEE

International Solid-State Circuits Conference, pp. 118—120, 2011.

I. Doms, P. Merken, C. V. Hoof, and R. P. Mertens, “Capacitive power management
circuit for micropower thermoelectric generators with a 1.4uA controller,” IEEE

Journal of Solid-State Circuits, vol. 44, no. 10, pp. 2824-2833, 2009.

H. Shao, C. Y. Tsui, and W. H. Ki, “The design of a micro power management system
for applications using photovoltaic cells with the maximum output power control,”
IEEE Transactions on Very Large Scale Integration (VLSI) Systems, vol. 17, no. 8,
pp. 1138-1142, 2009.

X. Liu, L. Huang, K. Ravichandran, and E. Sanchez-Sinencio, “A highly efficient

reconfigurable charge pump energy harvester with wide harvesting range and two-

48



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

dimensional mppt for internet of things,” IEEE Journal of Solid-State Circuits,

vol. 51, pp. 13021312, May 2016.

A. Montecucco and A. R. Knox, “Maximum power point tracking converter based on
the open-circuit voltage method for thermoelectric generators,” IEEE Transactions

on Power Electronics, vol. 30, no. 2, pp. 828-839, 2015.

M. S. Tom Van Breussegem, CMOS integrated capacitive DC-DC converters.

Springer, 2013.

V. W.-S. Ng, Switched Capacitor DC-DC Converter: Superior where the Buck Con-

verter has Dominated. PhD thesis, University of California at Berkeley, 2011.

C. J. Park, M. Onabajo, and J. Silva-Martinez, “External capacitor-less low drop-out
regulator with 25 dB superior power supply rejection in the 0.4 -4 mhz range,” IEEE

Journal of Solid-State Circuits, vol. 49, pp. 486501, Feb 2014.

M. D. Seeman, A Design Methodology for Switched-Capacitor DC-DC Converters.

PhD thesis, University of California at Berkeley, 2009.

S. Carreon-Bautista, L. Huang, and E. Sanchez-Sinencio, “An autonomous energy
harvesting power management unit with digital regulation for iot applications,” IEEE

Journal of Solid-State Circuits, vol. 51, pp. 14571474, June 2016.

S. Docking and M. Sachdev, “A method to derive an equation for the oscillation
frequency of a ring oscillator,” IEEE Transactions on Circuits and Systems I: Funda-

mental Theory and Applications, vol. 50, no. 2, pp. 259-264, 2003.
T. S. Feng Pan, Charge Pump Circuit Design. McGraw-Hill, 2006.

G. Palumbo and D. Pappalardo, “Charge pump circuits: An overview on design
strategies and topologies,” IEEE Circuits and Systems Magazine, vol. 10, no. 1,

pp. 31-45, 2010.

49



[19]

[20]

[21]

[22]

[23]

[24]

X. Liu and E. Sanchez-Sinencio, “An 86% efficiency 12uw self-sustaining pv energy
harvesting system with hysteresis regulation and time-domain mppt for iot smart

nodes,” IEEE Journal of Solid-State Circuits, vol. 50, no. 6, pp. 1424-1437, 2015.

S. Siouane, S. Jovanovi, and P. Poure, “Equivalent electrical circuits of thermoelec-

tric generators under different operating conditions,” Energies, vol. 10, 2017.

M. E. Kiziroglou, S. W. Wright, T. T. Toh, P. D. Mitcheson, T. Becker, and E. M.
Yeatman, “Design and fabrication of heat storage thermoelectric harvesting devices,”

IEEE Transactions on Industrial Electronics, vol. 61, pp. 302-309, Jan 2014.

Y. C. Shih and B. P. Otis, “An inductorless dc-dc converter for energy harvesting with
a 1.2-pw bandgap-referenced output controller,” IEEE Transactions on Circuits and

Systems I1: Express Briefs, vol. 58, pp. 832-836, Dec 2011.

Y. Allasasmeh and S. Gregori, “A performance comparison of dickson and fi-
bonacci charge pumps,” in 2009 European Conference on Circuit Theory and Design,

pp- 599-602, Aug 2009.

K. Ueno, T. Hirose, T. Asai, and Y. Amemiya, “A 300 nw, 15 ppm/°C, 20 ppm/V
cmos voltage reference circuit consisting of subthreshold mosfets,” IEEE Journal of

Solid-State Circuits, vol. 44, pp. 2047-2054, July 2009.

50



APPENDIX A

MATLAB CODE

A.1 The Comparison of Charge Pump Input Impedances

This code plots the input impedance of a Dickson charge pump and the proposed re-

configurable capacitor charge pump.

clear all; close all;

o)

% Initial setup

% N : The vector for the number of charge pump stage
% C : Capacitance per stage
% Ct : The total on-chip capacitance (Cxthe maximum # of N)

% fsw: The switching frequency of a charge pump

% R : The Load resistance at the output (Voutput = 1 V)

N=1:1:6; C=250e-12; Ct=Cx6;

f=1e6; R=4E3;

% < Calculation of a conventional dickson charge pump >

% dA: the difference between a votlage gain and ideal gain

% rin_conv: An input impedance of the conventional dickson
charge pump

% < Calculation of the proposed dickson charge pump >

% dA_new, rin_new
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dA = (N+1) — ((N4+1)./(1+(N./(CxfxR))));
rin_dickson = N ./ ((N+1).*xC.xf.xdA);
dA_new = (N+1) - ((N+1)./(1+(N./((Ct./N)xfxR))));

rin new = N ./ ((N+1).*(Ct./N).*xf.*xdA_new);

% Plot
fig var = figure;
fig_var.Color ='white';

xlabel ('The number of charge pump stage (N)');
ylabel ('Normalized input impedance');
hold on

grid on

axis_var = gcaj;
plot_var.LineWidth = 5;

plot_var.Color = 'blue';

axis_var.FontWeight = 'bold';
axis_var.FontSize = 24;
plot (N, rin_dickson./2000); hold on;

plot (N, rin_new./2000);
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A.2 Model of an Input Impedance

For the design of an energy harvester, this MATLAB code illustrates the relation of an
input impedance to a switching frequency, f..,, the number of charge pump stages, N, and
an load resistance of the energy harvester, ;4. The first plot sweeps both f,,, and N.

For the second plot, R;,,; and N are changed.

clear all; close all;

o\

Initial setting

o\

Vs: DC voltage from a TEG

o\

Rs: The source impedance of the TEG

o\°

Rload: a load resistance of a PMU

o\

fsw_range: a switching frequency range of the PMU

% N_stage : The total number of the charge pump stage
% C : Capacitance per charge pump stage
% Ctot : Total on-chip capacitance

Vs=0.5; Rs=1; Rload=500;
fsw_range = 100e3:50e3:10e6;
N_stage=6;

C=250e-12;

Ctot=CxN_stage;

for i=l:1:1length(fsw_range)
fsw=fsw_range (i) ;
for j=1:1:N_stage

o]

% Reconfigurable capacitor by # of stages, Jj
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C=Ctot/73;

% Design parameters from the fuction, pmu_model

[Rin_temp, Rout, Vin, Vout]=pmu_model (j, fsw,C,Rload
, Vs,Rs);

% Store scaled data

Rin (i, j)=Rin_temp/le3;

end

end

% Plot 1 - Rin versus fsw and # of stages
surf (Rin) ;
xlabel ('Stage'); ylabel('f_s w'); zlabel('Rin (kohm)"');

o)

% For the second plot, the switching frequency is fixed
% Rload_range, load resistance for the PMU
fsw=1le6;
Rload_range=2e3:50e3:2e6;
for i=1:1:1length(Rload_range)
Rload=Rload_range (i) ;
for j=1:1:N_stage
% Reconfigurable capacitor by # of a stage, j
C=Ctot/7J;
[Rin_temp, Rout, Vin, Vout]=pmu_model (j, fsw,C,Rload
, Vs,Rs);

Rin (i, j)=Rin_temp/le3;
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end

end

o

% Plot 2 - Rin versus Rload and # of stages
surf (Rin) ;

xlabel ('Stage'); ylabel ('R_1_o a d'); zlabel('Rin (kohm)");

function [Rinput, Routput,Vinput,Voutput] = pmu_model (num,

frgq, cap, res_load, Vsource, Rsource)

[

% Ideal voltage gain

Aideal=num+1;

o

% realistic votlage gain
Av=(num+1) / (1+num/ (capxfrg*res_load)) ;
Adiff=Aideal-Av;

Rinput=num/ (Aideal*caprfrgxAdiff);

¢

% Rout, Output Impedance

Routput = num/ (cap*frq);

[

% Vinput, an input voltage rated to the PMU

% Voutput, an output voltage of the PMU

Vinput = Vsource * [Rinput / (Rinput + Rsource)];

Voutput= Vinput  [res_load/ (res_load+Routput) ]*Av;

end
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APPENDIX B

CHARGE REDISTRIBUTION LOSSES

7 _I:/ ':l_ v, Viinai
T T T T°
(a) Switch off (b) Switch on

Figure B.1: Charge delivering in a switched capacitor converter

Inherently, energy is lost while charges are redistributed between two capacitors. Fig-
ure B.1a shows the initial state of capacitors C;, C5 holding a voltage V7, V5 respectively.

The stored energy for each capacitor, C; and (', are described as:
1
Einit = Ec, + Ec, = 5(01‘/12 + O2V22) (B.1)
As a switch is closing in Figure B.1b, the total energy at steady-state is as follows:

CiVi + CoVa = (Cy 4+ Co)Viipal (B.2)

1
Efinal = 5(01 + CZ)szinal (BS)

Thus, charge redistribution losses, Fj,ss is defined as:

1 CCy

Eoss: ing _Eina = 5~ .~
: LT 9 0L+ Oy

(Vi = V3)? (B.4)
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APPENDIX C

MEASUREMENT SETUP

C.1 The Fabricated PCB
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Figure C.1: The fabricated PCB for the measurement

Figure C.1 presents the fabricated PCB with the measurement setup. Figure C.2a and
C.2b show the top and bottom layer of the PCB, respectively. As previously discussed,
the input voltage and reference voltage were applied to the chip (PMU_TEG_3D). While
changing variable loads, the output voltage and input voltage were measured with obser-

vation points (OP). The OP provided the information of the activated charge pump stages.
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C.2 PCB Layers

Board Outline: 80mm x &8mm
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Figure C.2: Layers of the fabricated PCB
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