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Dual Mode Boost Converter for Energy Harvesting
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Abstract

This paper presents the design of dual mode boost converter for energy harvesting. The designed converter
boosts low voltage from energy harvester through a startup circuit. When the voltage goes above predefined value,
supplied voltage to startup circuit is blocked by voltage detector. Boost controller makes the boosted voltage into
Vour. The proposed circuit consists of oscillator for charge pump, charge pump, pulse generator, voltage detector,
and boost controller. The proposed converter is designed and fabricated using a 0.18um CMOS process. The
designed circuit shows that minimum input voltage is 600mV, output is 3V and startup time is 20ms. The boost
converter achieves 47% efficiency at a load current of 3mA.
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Fig 1. Startup mode in the proposed boost converter
I 1. MotEl BEAE AHEOAM startup ZE

=]
FTE

ZAMY 3= startup
H bl Aojt} Startup 9l & T 2
oy A Sk ="M EHH A ol & st
2 21 ¥ o] (oscillator) ol A1 &2 (clock)S A
slar, o] Fett spujag & skl 3]
NMOS 9]

vl

L

g}, o
generator) 7}

3 =
H-5 A

o =

H 2 (charge pump)”} 9
(threshold voltage)olde] A& A4
& 3l 28 7] (pulse
NMOS 29X & on/off 3}7] $13
st} o] B A5 T3 NMs7F on/off &2F alA
Ve Agkol 4 st ol F7HeH st
A= =

(stage) ol W]
= Asts AT
switching loss®} conduction loss®
oz, wheba NMst w83 ¢ol
1.8V E:MA~H6G00W)E AHEStATH 1
NMs7} on/off &2t-& stA 1Y E Lo
oA U7} AEE o] Vew HStol +=7H4
2 SZHE 1.8V EWA2EQ source®t drain
Ak zkel7F 1.8V ool HW EwdMA~H7E T}
A F ATk Vswo £ A FFH 98|
NMs¢| 35 wAst7] 9l Stack WA o2
AAsEAT. o] NMOS?9 gate

NMOSE F71=2
Aftel= HeF Hxe &9 AP 43

—

. M
A e

B o

R

Hir o

=
T

=

=9

o
%
2 fol
o T o X
0 # K o o

<



Oscillator

A

{}—»High

‘ Charge Pulse Boost

H

pump generator controller Vc(1.8V—3V)
N J Vour(~3V)
Iy
! JuL Tk
i o 1 T

“W
-

Fig 2. Operation mode in the proposed boost converter
O3 2 MotE RAE AMES F& 2E

a9 2% Actd F2E 7AWE 32 FF
=5 yeld Aolth Ve Hto]l U4 At o
o] B, A A 7](voltage detector)d] &3

|
high”7} ®t}. olu] startup 3] &0 Eo7}=

P = 74 E ig} 7]. VourL-

G
ey A A
o H

2L % ox M
(o]
o o o

o
o
24
v
o,

2RE AGS FFWA A FrE AES
Oﬂj\‘] }\g/‘é% PWM ﬂia %;H NM()7]' On/Off

TS WA Ve Aol HFEHom dsteE A
AR FIV kAl H o

2. =274 R TAL.

7F oA Holg AA

Fig 3. A 7-stage ring oscillator
ozl 3 7% 248 0]E

dat = FH HA &2 F Y S A
sol oz FEHh F e FF AsE A
sl7] &l eAddelHE dAsAY. 1Y 32 7
o oA olE & YERH ot QIME o &
7b Ao e AddelHeY &9 Fugrl =4 @
oo 4" dAgelA  dIWHE weak
inversion G oA F43st7] wiel AWYH £

7V 29 Fa4E uertx] BEste] Zgho] Al
2 ZF9o] HXA gev. wEgA 8 FHEE

(575)

j.inst.Korean.electr.electron.eng.Vol.19,No.4,573 ~582,December 2015

w37 Sl A e IMHE AMESE T =
E 4™ ol o =8 F=e FagE UF
7] A =929k AHAHE Dol

v, A Aers el g A

x4 el HZde= AFHWAHE AL =
Dickson A3t Hx=O9 At & (voltage

doubler) 7} 9]t}

VDD M1 M2 M3 M4
1
{ Vour
Cl — c3 Cour
CLK —|_ —|_ :|::
CLKB

Fig 4. Dickson charge pump
T2l 4. Dickson M5t H=

a7 404 e Dickson A3}
AYE = EWA Ao A4dH
N, FHEA & 27H4

T-539t}. Dickson A3} =

H}t] & 7 (body effect)ll o3 &€
, =9 &0 "HoXe wHo]

S At e AH 7] oyt

VDD

o

CLKB .——I_

Fig 5. A 7-stage ring oscillator
gl 5 7k @4AlEolE



Dual Mode Boost Converter for Energy Harvesting

a9 5% AY dEHE YeEUAY. 4 EdXR
2~HE Ry 571 Aoz yegd 5 9on
aA71= 54 1394 2o
R, = . M
’ w
ﬂnan I (VGS I/TH)
Vest gate?} source Alole] A Stolil, Vige &

BA% Le Zdo], W Zolt} R,& conduction
loss& ©F7|8te] dsl HZe] 585 TAAZT
e g dtelA Ad P e EdWAH

cut-off 49 Oﬂ A EAebar,

Vorw VI2¢,]) (2)

= Vrmo +7(\/|2¢F+ VSB| -

jukes

o

=

Vsp=0¢]
effect |, &y
¢} body el Ht Ao
o] s 7HAH
Rons #HAaAZITH

2 7]bko 2 ZF NMOSE body HAEL
ZAslar, PMOS<] body

f, Y& body
=, Vs source
EbiTh Vg Hgtol
2 VB th ZropA]
w10l 2= 7 oF

Vruoe=

=)

R
2

E

°

e o

Hn
1M
zl

A
Pf

P

2o an)
o do mr K do

RA “ H

ol e ¥ Mty dZdet= forward

body biasing 71M< A&ste] Eedlx~Ee] &

gHsts 2dez2M R ATS S0 At #a
= ol vt

13 62 forward body biasing 7]H& AF&3
Ast HZE YErd ot

(576)

117

Additional Stage
CLK

Cul £ Cu2 £ Cu3 i i /J: i

l = i T ) ‘\T/) Small C :
aial i i e i Tyl e i iPl3 |

I D S A I G A I S

MN1 MP1 MN3 MP3 MN5 MP5 : :

gf_‘ MN2 MP2 MN4 MP4 MN6 MP6 : :
i o S A s o S0 B o 608 M e W
O O S S W L . |

I = =] T + R |

Cdl% Cdz% cwir O v, |

CLKB

Fig 6. Charge pump circuit with forward body biasing
T2l 6. Forward body biasing 7|8 & A% M5 H=

Forward body biasing 71l 2& NMOS2

body %3 source e 2ol VppZt © L)
o] gto]l F=3tA AW source?t bodyztel short
7} HAste] 2 AF7F bodyol A source® EE
F7F Adnh oA EWMAIAEHY ARG 7|4
TAE 2 o

Vin -V
Lp=Kwe"" (1—¢ ') (3)

T3 NMOS9] on/off AFE] 3§l
o] source AYHET Vpp7b E7] wjitel &4
Agto]l Ay, 424 Mo ot E
urn off AFEfel A e FEHst
7b AA dAste] 8o "ol
st HE=Z7F Vbl =2

MP1o] AXE wl, MN39 MP2: turn off o)X
2 BE AF7F MN4Z ZoF A7 v

1=
E
tu
=
=

SR ﬂﬁ

L.CE,

=]
fLE

ggtel o8 MN3et MP2E FaiA & 744
b EEoEHN Cd2el FEI dF7t 4 F
A Fate], E&o] ol wpx|wto® A WA
weol E#:MR|~Ho forward body biasinge A&
371 Yol FrHHoR 3 e v A slefof
ot 22 Qs WA AR7E G g

2 ErdAeE v 22 WAS ARtet



118

CLK CLKB CLK i
CulL CuZL Cu3L
CLKB V3 Vi T V5 V3
AT Lt LTt LT U
. \2° 7 4y 69 i
S |LMNL MP1_____MN3 MP3 MN5 MP5 } D> Ve
> MNZ [ " MpP2 MN4 MP4 VNG |~ 1 TMP6
[ v v v T
| T3 e fT Ty =
CLK i va V2 i V6 \Z3
cdl Cd2 cd3
T T T
CLKB CLK CLKB

Fig 7. Proposed Charge pump for low voltage
a2 7. HotEl g2 Metg M|

o T
=

a9 7S AQkE AAGE As BLE hehal
adelth A AAGE Ak BIZE S

7l A HEE A4 5ot} branch A
MN1, MP1, MN3, MP3, MN5, MP5, Cul,
Cu2, Cu3=, branch B+ MN2, MP2, MN4,
MP4, MN6, MP6, Cdl, Cd2, Cd3= 4 i3l
I, output =8-S M2 TR 2 EAAAEH
o EHASE &ol7] flstel NMOS®| body A
& @ NMOS® == xstel dZska,
PMOS®] body dgre o]§ & PMOSe 43
¢to] A3 E= backward body biasingsS ©] 83}
A

Vop= 13 1oA] Vyolal, oy =] &pu|2~H 9
2 Hgtolty. CLK¥ CLKBE Qo] E oA
g = Fgolth. CLKB7} high, CLK®] low¢$!
_C,L
il

L
R

o4

, MN13} MP27} #AA 1, == V1 Vpp=
"t CLKe| high7t =4 V27t
Vopz T o] "l == VI AIYAE Culdl
ola) 2Vpp®E 4 ¢tE il MP19F MN37} A X wA
=T V37F 2Vpp®E FHo]l #rh tAl CLKo]
low7} =% V3 3VppE F8t= a1, MP3%
MN57F AX®EA, == V57} 3Vpp7b Et} mhx
To @ Cu3el 9] == V57t 4VppE F9ts i,

ofN oxt iy

o] =

LIS
i —

[e) AL
=9 At Voure 4Vpp7t doh 1% 82 7 =
= A wstsE ekl adot

3VDD ee T1T4

1 M T4

V1 V3

VDD

Fig 8. Corresponding voltage waveforms of proposed
charge pump

a7 8 HMghE Mep Mol =W [MeF Hat

[RLay= L

(577)

j.inst.Korean.electr.electron.eng.Vol.19,No.4,573 ~582,December 2015

T1 T2l A MP3¢ MN57F A=A 1, V3 #Ast

2 VhE ddeo] Hr}h AN T EwUA ~E
Ron A el s dst 7Ha7F dAste], V3Eth
V5 Aol zt}h =, PMOS(MP3)9 body &
o] source H.t} <7k Ft} o] A9 PMOSe &+
Yrsto]l oA A AAE FY 7 UTE ®
3 NMOS(MN5)2] body A (V3)o] source

(V5) 1t} & Agte] ZhalAA, NMOS®] 4
Aste] HolA A FAE 2D 5 ATk T2 T

Zroll A= MP3¢ MN57F A A a1, V3stt V5 2

2

el Vppita o AXth webAd NMOSe| Vs
AY F7h= Qs BEAgel F7b a, FAA
8 29 4 9uh 5959 F A9 Ast@z
& AAste] $3F node®l THE AL, FAHEA
12
7g 29g
= 1
Voltage detector Voo
P L
o
|
|
: Inverter Vout
|
| JUL

Fig 9. Pulse generator
O8 9 HA ghM7|

a9 9% H2 HAVE UEd ageln HEa
WAl 7= 0.8V Ay 74 71" el 18 € (inverter),
aean 29A 2 A FHoldth Vppe ¥ 19
A VaolH, AHste dst 3z &9
oo Ak AA7] el e A
A Ho] VpHstel Hst gz &9
W ol o] HW AWEE FaA Vg
A Vop= S7Heth Vour
th Ve Aol Vpp7b Hlo] NMg switch7b A A
WA Vpo Hh Al 0°] H i, Vour A9
Vop7} @t olgd d8E B3 27 Vs

= a7 BAEA "k Power RS =0]7]

98l NMs EdAsE e 277 2. gepd

kol
Sy

]
=

.



Dual Mode Boost Converter for Energy Harvesting

WE 2718 A F7AA NMs EdA 26 S
F23 TE AL F A=E sy a9
10& A3k Bz F2 AH(Vop)d B2 Ay
o F8 AYVorne ABedold 332 thehd
Aolth, =7 16VE 7hAE 400k B~7b &9
4 ¢ 5 9

1 Vour ;
oy ('/
Fig 10. Simulated output voltage waveforms of charge
pump and pulse generator
O 10, Mot M=ot WA dhMY| £3 Mot Algeo|M mhy
g 22 A 7A7]
Hysteresis inverters
_______________ ;
!
1
’—lt ’—lti C
i
| | Vour
L{ L{ I
i
n L HC
i
:
B T N7
Fig 11. Boost converter output voltage detector
I8 11, FAE A £ Mgt 4X|7|
F2~E ZAwHe &9 A4S #HAst 1.8V
o] 4ol HW HF HEE off A7), FE 7

(578)

119

EEZYE on AlYIE =7 2ot a9 11
olggt 93-S st =Y S AAVE UE
agoeltt, A #AAVIS slzHEAlE s s
7 I EHE FAH U Vs 29 1A
Veolw, F2E AWEY &9 Hdstolth Ak 3
A7) dF-oll = MOS AsAHo| A3t F4

Aol At

i

o] E#o] high7} €ttt o] Azl ol& st A
I= off7b Ha, FAE AEEH= ono] #HUh
F2E 7AWHe 9 dtel= 2 (ripple) R
ol EF Hojdrk o] Fgel FFE Wel =
g oA AA7Ie =8 Al "uAE e &
YA A ol AS WA S A E el g
2H A2 7lss Frhete] JE ARE FA
=3

ol $2E HAEEE

Clock & ramp <LK PWM
/1/] o J—U—L Ndrive
s Q Gate 2
) in
S e

Comparator

Fig 12. Block diagram of Boost controller
gl 12. RAE HEER S £5 Clolo{O™

g 12¢ F2E AEEYHE Yl Aot
&7 BAAs R, vy, F2, 9 Ay
7], SR #A|, 1E]al AolE =etolME A e}
Atk R ¥ Rooll o3 Ad} Eujgh F2E A4
H &8 A4 71E A Veers HaLste] 244
ZZ 7] (error amplifier) S & 23 A57F &9
i, 3¢ B4 3] Z(compensation)E £ X
A d ANze F2 Ao 7] Ho FAdH F
Y 3k(sawtooth wave)E& H]alsle] SR @A 3=
o] ZAl(reset) Az 7t At A(set) AE+= 24

dolgeA APe FeS ARSI 17 204
292 NMox NMOS EdAAEHZ FaAE)

of EAA~HE Sl e AR Fe A

AR7F A717] WiEel, Ra A @S #HAslste]
of stth, welal 1 =77} WS 2 EdA] ~F



120

£ Apgaoka, o
dal Aol =dolwE Agdn
dolnt 294 EdA~EH TES
ANE £ Agte] AFL AAE 4

g},

R

. Alel

E

Al
=

not

Z1
AAE o]F REZ= DC-DC H2=E ZIHTE
018;,4m ¥+ CMOS FH4oz Az=EAY. o
3& AAlE O delopzow AA H AVIE
2mm? Qmnxlmm)o| ok, AAE 3 =7 djFio]
B 3z A2 power 291X 7F A}A 5t
Atk A=E AWMEE 19 149 Zo] IR
773 3o Festlal ztzhel o F
< Fste]l Agstath tho
A== A}%é}ﬁ’if’—ﬂ%, Sl
7Velth 19 15+ A
Xé 0}71 flal AlZt€ PCB El
162 H "H2E =4 Ay
.2y 16914 dE HEZo <o) 1?4@25&
e 18V7HAl &8 o] FF L,
AEZed o8 HFTAH22E 3V7HA %%H
2 Atk 19 17 9 X*vfﬂl o}

R
.

=

=

HAEE

[ 2 2 fo b R

juch JIN'

411

_ Vour=<doyr
Vin < Iy

F7F 3mAd

3)

=9 4

o o &

N YT ™ ™Y Y Y Y 7"

Fig 13. chip photograph
a3 13, & AR

j.nst.Korean.electr.electron.eng.Vol.19,No.4,573~582,December 2015

+ VN
Ow
00
2R3
Ill IJ_l (1
om g o o Z 5§
-t s >0 =
= vss [}—
SR2
vss[ Lc=c2 3R T
ob LT
—
SN D
vss [
vss [

Fig 14. Experimental setup of the dual mode DC-DC

boost converter.

J2 14. 0|5 2= DC-DC #

HAE 7b{E|e HAE E

gl

Table 1. Value of external components
® 195 &Xtel 37
Component Value
L 1uH
C1 2.20F
C2 10pF
C3 47pF
R1 7.5kQ
R2 160k
R3 33kR

Fig 15. Manufactured PCB test board
a2l 15, MZHE PCB HAE HE

(579)



Dual Mode Boost Converter for Energy Harvesting 121

Tek

Output voltage:3Ve

Inputvoltage:-0.6V+ T i
E Charge-pump- 2|t

1A} boosting-voltage-1.8v+

20ms+

AC MG 20MHz | ) | \L

Fig 16. Measured output voltage waveform of proposed
dual mode boost converter

% 16. MoHel RAE AMES £H

rn
M
n
g
o

Load current (mA)

Fig 17. Measured Efficiency of dual mode boost converter
a8 17. 28 MFo| 2 o|F ZE FAE 7H{EQ FF

El ZE2Table 2. Performance comparison of this
design with previously reported works

Table 2. Performance comparison of this design with

previously reported works
2 MzE AE el o/ ZitsEne Ms H|W

3E 27 AljtE WY} ojdel] A7 AWEE
o] A% HluE vErA Bolth [2][4]= A E A
of AWk eJRoA FrtAH o A4S FHSt
A 71AAA 29X 7F asith &8 okt
AgAd Fuke] gty AAE IR HA o4
A 600mVE thh = HolATk A FAS
ARE ALY E HQe] w2 native NMOS E#H
A2~ E A A HA " ds gEF @

%+ A

Table 3. Test result of the proposed dual mode boost

converter
Z 3 2 =20M MAIE o|F 2E FAE ZBEQ
£ &3
Magnachip/SK hynix
Technology
0.18um CMOS
Chip Area 2mm?*
Input Voltage 0.6V
Output Voltage 3V
Quiescent current TmA
Maximum load current 13mA
Startup Time 20ms
Efficiency (peak)
ney pea 47%
(VINIGOOHN, VOUT:?)V)

AR 2d5e ¥ 3% 54 A8 A0

[2] [3] (4] This work
Process 0.13um 0.354m 0.35m 0.18¢m
Min. Input
20mV 600mvV 35mV 600mvV
Voltage
Boost converter
Startup External Voltage | External Voltage ) ) ]
. mechanical switch with
Mechanism (600mV) 2v)
charge pump
Startup time - - 18ms 20ms
(0) o) (o) [0)
Efficiency (Peak) 47 0% o8% 47
(VH\ZZOmV, V()UTZIV) (VIN: 600mV, V()UTZZV) (VIN:35IT1V, V()UT:LBV) (VN:6OOmV, V()UT::))V)
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