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Fig.  10.  PÐI VÐI rectenna  characteristics  in  stationary  conditions,  for  PAV = 100  ! W.
Black  dots  indicate  simulated  optimum  power  points.  Blank  dots  indicate  conditions
chosen  by  control  (see Section  4).

tracking  in  real  time  the  maximum  power  point  is  needed,  rather
than  a constant  load.  At  a Þrst  glance  this  might  seem  a very  difÞcult
task,  but  Fig. 10  gives  a precious  hint  on  how  such  result  may  be
achieved.  Indeed,  this  Þgure  shows  that  irrespective  of  RF frequency
(and  thus  of  the  actual  baseband  power  level),  optimum  power  is
approximately  obtained  when  VRECT is about  one  half  of  the  open-
circuit  voltage  (corresponding  to  IRECT= 0),  and  IRECT is about  one
half  of  the  short-circuit  current  (corresponding  to  VRECT= 0).  Further
simulations  in  stationary  conditions  have  shown  that  this  result
remains  approximately  valid  at  different  RF power  levels  and  even
in  the  presence  of  multiple  incident  RF Þelds  at  different  frequen-
cies. This  criterion  is thus  assumed  as a guideline  in  the  design  of
the  boost  converter,  to  be detailed  in  Section  4. Finally,  for  val-
idation  purposes  Fig. 11  provides  a comparison  of  the  measured
and  predicted  rectiÞed  voltage  across the  physical  optimum  load
connected  to  the  rectiÞer  output,  for  two  different  RF sources  and
radiated  power  levels.
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Fig.  11.  Measured  and  computed  rectenna  rectiÞed  voltage  in  stationary  conditions
(time-independent  rectiÞer  load).

3.2. Time-domain  simulation  of the entire  harvester  system

Since the  boost  converter  is  a switching  circuit,  a full  simulation
of  the  entire  system  can only  be carried  out  by  transient  analy-
sis in  the  time  domain,  taking  into  account  the  strongly  dispersive
antenna  behavior  shown  in  Fig. 9. For this  purpose  the  general
method  introduced  in  [2]  is  used  to  build  a SPICE-compatible  time-
domain  model  of  the  rectenna  RF portion  (antenna  and  matching
network).  The model  evaluates  the  time-domain  response  (i.e., the
current)  of  the  matched  antenna  to  an arbitrary  time-dependent
exciting  voltage.  In  order  to  avoid  convolutions,  prior  to  the  begin-
ning  of  the  simulation  the  model  computes  once  for  all  and  stores
the  device  responses  to  a set  of  unit  ramps  of  different  durations.
Such responses  are evaluated  by  Fourier  analysis.  SpeciÞcally,  in
order  to  compute  the  response  to  a unit  ramp  of  duration  ! , the
device  is excited  by  a periodic  trapezoidal  voltage  with  rise  and
fall  times  equal  to  ! . The period  T is  chosen  to  be long  enough  that
each turn-on  or  turn-off  transient  reaches  steady  state  before  the
subsequent  transient  begins.  In  such  conditions,  if  we  denote  the
exciting  voltage  by

v(t ) =

H!

h= ! H

Vh exp( jh" 0t )  (7)

where  " 0 = 2# /T, the  matched  antenna  response  becomes

i(t )  =

H!

h= ! H

Y(h" 0)Vh exp( jh" 0t )  (8)

(8)  sets to  ý  = H" 0 the  upper  bound  of  the  frequency  range
where  the  admittance  matrix  Y(" ) must  be known.  A typical  ramp
response  obtained  in  this  way  is shown  in  Fig. 12. At  run  time,
internally  to  the  model  the  exciting  voltage  is approximated  by
a piecewise  linear  function,  and  the  current  is  efÞciently  evaluated
by  scaling  and  linearly  combining  the  stored  ramp  responses.  The
time-domain  model  of  the  rectenna  was  included  in  a netlist  with
the  other  components  and  then  simulated  with  the  Spectre  circuital
simulator.

4. Design  and  operation  of  the  boost  converter

The power  converter  is  usually  a critical  component  in  energy
harvesting  systems,  since  the  levels  of  available  power  and  the  out-
put  voltages  of  energy  transducers  are usually  very  low  and  highly
variable.  For this  reason  it  is  essential  to  achieve  high  conversion
efÞciency  and  low  extra  power  consumption.  In  view  of  many  fore-
seen applications  for  portable  and  wearable  autonomous  systems,
it  is  mandatory  to  achieve  both  targets.

Z,8#0"(#H,8#%&0"62/&#*40&0*%/&$6%$*6

?->-0/# Us

1C.76/##C4-L
@<3$0-$?2R



!T

)760%KI@-02%-#-61076;-3-0/1%0?

V0")20*%)&/& , H&'()*%
G$W/
T++U

Z^_: TZU#
N+0%*4/(

7'0( R

HV!`# TCU#
N+0%*4/(

7'0( R

H'./&
(/"6$%3

TCD*+XDEU
H&'*/66

5<D&I@-02%$C3/276?K
;)G]] KTTi K!] K!G

WN_r\TN\d
jrSDf

!!DT&m
t Ir!d]q

!TDc&m
t Ir!d]q dDST-KS B1/3$/0$

5<D&I@-02%$C3/276?K
;)G]] K!GdK!] K!\

WN_rS]NS]
jrSDd

TD!T&m
t Ir!d]q

GDdG&m
t Ir!d]q TDf]- KS B1/3$/0$

*-N10-2- KQ;f]]\bc
WN_r!!DGN!]DG

jr!D!
]Df\&m&
t Ir\]q

]D!S&m&
t Ir\]q GD]d-KG I@7347#2

)760%.-#1K)Q; K,d\!
WN_rTDGNSDS\

jr!D]i
GDSS&m&
t IrS]q

!SDc-KS&m&
t IrS]q GDic-KG I@7347#2

;0--3I5; M9I5; Fu
WN_rdD!NdD!

jr]DcS
]DSff&m
t IrSdq

!df- Kc&m
t IrSdq !D\!- KT I@7347#2

t I&7?1@-&1-2.-0/1<0-&$744-0-36-[-1L--3
@%1&?7$-&XIj Z&/3$&6%#$?7$-&XIAZD

u&I-2.-0/1<0-&$744-0-36-[-1L--3 @%1&?7$-&
/3$&/2[7-31&1-2.-0/1<0-D ;0--3I5;

*-N10-2-

)760%.-#1



!\

Q@%1%>%#1/7653-09C&j/0>-?1739
V$"$0%)&/#*'++/&*$07#(/5$*/6 0"(# /+/&1$"1 %/*4"'7'1$/6

H B/3C%&/2%0.@%<??7#76%3QR&6-##?X-D9D&")!T]dZ
M (.1727O-$ 4%0&73$%%0&4#<%0-?6-31#79@1&XT]K!]]]&_<NZ
M (<1.<1&.%L-0 X") K!T]dZ&v&!]]&wW&X73$%%0&Y_&#79@18&GT]&_<NZ

H +NC?x&QR&2%$<#-73&173CB),& ./6U/9-? X-D9D&AQA!fGGZ
M (<1.<1&.%L-0 v&!]]&wW&/1 $70-61?<3#79@1Xc]]]&_<NZ

H ,BBA&K,C- ?C31@-?7O-$?%#/0&6-##y!z

M Q@%1%-#-610%6@-276/#?C?1-2 X3%&?7#76%3Z
M A/3&[-&4#-N7[#-/3$&10/3?./0-31
M ;0%L739-44767-36CX<.&1%&!\{&yGzZ

B/3C%&")!T]d

AQA!fGG
\T]'X($01"4'Y$1("'!D4'X#"$&'ZD'@"(1*54'("0'I135(#6'GD'I3>#5## D'
a95#'$#"(1--("3#'+/'0&# L-#"-1*1F#0'-+6($'3#66-Da;(*)$#'
O5+*+"13-JDU'MABTAR.'TJALTJCD
\A]'Y)$-35=( 4'Z)61("4'#*'(6D'a@#b)#"*1(6'0#?+-1*1+"'(-'('$+)*#'*+'
51%5L?#$/+$,("3#' ?#$+2-=1*#L-#"-1*1F#0'-+6($'3#66-Da';(*)$#'MABTURD

/a)$507/"% *$&*)$%



!c

I%L/0$? )5)B&53-09C& j/0>-?1-0?

H I@-&6<00-3110-3$&7?1%&2)&%4/&64&$"b('."# -3-09C
10/3?$<6-0?1@/3U?1%&)5)B&1-6@3%#%97-?%0&L/4-0K#->-#
.0%6-??739&X%<1.<1&.%L-0 /#?%?6/#-?|Z

;7/*%&'+01"/%$*
0.1 cm3, 23 nW@1g @9.83 kHz

electrodepositedcoppercoil
S. Kulkarniet al., Sensors and 

Actuators A, vol. 145, 2008
(Tyndall Institute, Univ. Southampton)

H$/W'/7/*%&$*
200 nW@0.5g @400 Hz
16 mm2, depositedAlN

J. Iannacci et al., Microsystem
Technologies, vol. 20, 2014 

(FBK, Delft Univ. Tech, Munich
Univ. Tech.)

:4/&+'/7/*%&$*
6-20 mV/K, 2-10 !

3-9 mm2, 8-16 uW@1K
thin film semiconductor, 
thermally conductive AlN

ceramics
LairdTechnologies

eTEG



!d

*/3% KQ%L-0)760%K)%1-?
A<[-W%0U?2760%K?-3?7393%$-?

E37>-0?71C%4&)76@79/3
)760%K)%1-? ) S

https://www.eecs.umich.edu/eecs/about/articles/2015/Worlds-Smallest-Computer-Michigan-Micro-Mote.html

http://cubeworks.us/ 

https://www.eecs.umich.edu/eecs/about/articles/2015/Worlds-Smallest-Computer-Michigan-Micro-Mote.html


!f

A<00-31/3$&Y<1<0-&Q%L-0B%<06-?

!W

!]]& 2W

!]& 2W

!&2W

!]]&V W

!]&VW

!&VW

!]]& 3W

!]& 3W

!&3W

-+6($'?("#6- 4',13$+'N1"0 *)$S1"#-4'
,1"1(*)$#' ,#35("13(6 %#"#$(*+$-

M3+"-+610(*#0R

3, L-1F#0#"#$%&5($2#-*1"%
*$("-0)3#$- .'?1#F+#6#3*$134'

#6#3*$+,(%"#*134'*5#$,+#6#3*$134':E4'
-,(66 L-1F#0OV

M?$#-#"*R

I!I@' 0#213#-4'7Ic@'+" L351?'
?5+*+01+0#-4',13$+/(S$13(*#0

*5#$,+#6#3*$13-M,, L-1F#00#213#-R
M"#($ /)*)$#R

S1+L?+*#"*1(6-4'5#($* S#(*4'
"("+N1$#- M?1#F+4'OV4'*5#$,(6R

M/)*)$#dR



G]

:/*4"$a)/6 0"(#(/6$1"# %&0(/,'226 2'&#-'./&
+0"01/+/"%# *$&*)$%6

)/N727O7391@-
@/0>-?1-$.%L-0



G!

)/N72<2&Q%L-0&I0/3?4-0

H I@-&1@-%0-2%4&2/N72<2&.%L-0 10/3?4-0&?1/1-?1@/11@-&.%L-0
10/3?4-00-$1%&/&#%/$7?2/N727O-$ L@-3 n_rn Bu

M L@-0- nB r' B ^&g}B 7?1@-&?%<06-&72.-$/36- /3$&n_ r&' _ ^&g}_ 7?1@-&#%/$
72.-$/36-

H Y%0&/&#73-/0&?%<06-P
M R_ r&R] b&G
M Q_ r&R_

G b&'_ r&&R] G b&T'_

nB

n_R]

?%<06-&72.-$/36-

#%/$
72.-$/36-

R_



GG

Q%L-0I0/3?4-0&A@/0/61-07?176?
H :4/# 6%0%$*8,Z#*)&5/6 0&/#0#*'"5/"$/"% .03#%'#(/6*&$M/ %4/#-&'-/&%$/6 '2#0#

6')&*/#$"# 5$/. '2#%4/#(/6$1"#'2#%4/#-'./& *'"5/&%/&
M "##6<0>-?6%2[737391L%./0/2-1-0? /2%39 XQ8&R8&+8&'_Z&/0-&-J<7>/#-31P&QrR+8&Rr'_+

M *(I5P& 0-/617>-6%2.%3-31?/0-&3%1/66%<31-$4%08&1@-?-/0-&,A&10/3?4-0&6@/0/61-07?176?

H Y%0&/&#73-/0&#%/$8&1@-&)QQ&7?#%6/1-$/1 \]{&%4&R]

H Y%0&/&QR&6-##8&1@-&)QQ&7?#%6/1-$/0%<3$d] Kf]{&%4&R]

H +3&%0$-01%&-N10/61/##1@-&/>/7#/[#- .%L-08&/&.%L-0 6%3>-01-0?@%<#$$0/L 40%2&1@-&
?%<06-&/&6<00-311@/1U--.? 71?%<1.<1&>%#1/9-73&.0%N7271C%4&1@-&)QQ

H +KR&6<0>-?/0-&/#?%<?-4<#1%&-?172/1-&%1@-04-/1<0-? %4&1@-&?%<06-&X-D9D&07?-&172-8&-16DZ

8,Z#0"(#H,Z#
*)&5/6 2'&#

7$"/0&#6')&*/6

8,Z#0"(#H,Z#
*)&5/6 2'&#0#

HZ#6')&*/\]{&R ] R]

+AA +AA

R]
d\{&R ]HcZ8HcZ8



GS

Y(AR&)QQI& 4%0&,A&?%<06-?
H Q(EI $-.-3$? %3&[%1@1@-

?%<06-&6%3$717%3/3$&%3&1@-
%<1.<1&6<00-318&/3$~

H ~C-?8&1@-0-7?/&2/N72<2|&
X)QQZD

H [&0*%$'"07'-/" ,*$&*)$%
5'7%01/ VHH:#%/*4"$a)/ XY(ARZP&
9%%$6%2.0%27?-&[-1L--3 .%L-0
?.-31 /3$&-N10/61-$

M Y%0&-/6@ 1C.- %4&?%<06-&1@-&)QQ&0%<9@#C
%66<0?L@-3 1@-&?%<06-&>%#1/9--J</#? /&
47N-$40/617%3%4&1@-&%.-3K6706<71>%#1/9-
X-D9D&d\{&4%0&QR8&\]{&4%0&#73-/0&?%<06-?Z

M "&,Ab,A& 6%3>-01-06/3&?L716@?%&/? 1%&
U--. 1@-&?%<06-&/0%<3$1@7?>%#1/9-

M I@-&0-4-0-36- >%#1/9-?@%<#$[-&
.-07%$76/##C0-40-?@-$[/?-$ %3&(AR

M ~C-?8&71`??<[%.172/#[<1 6%3?<2-? #711#-
-3-09C

G0+-7$"1
'-/"# *$&*)$%
5'7%01/

;"/&13
/<%&0*%$'"

R+*
R(A

R'5Y

R+*

^-%$+)+# 5'7%01/



GT

Q7-O%-#-61076B%<06-?
H _-1 <? 3%L6%3?7$-01@-&?72.#747-$-J<7>/#-316706<71%4&/&.7-O%-#-6107610/3?$<6-0
H +4L- /..#C 1@-&2/16@-$ #%/$X7D-D8&/3&<30-/#7?176/##C[79&_Z8&. %L-0L%<#$?--2 1%&

[-6%2- 7347371-&X7$-/#>%#1/9-?%<06-Z|
M d^:; P&?%2-&./0/2-1-0? L-0- 3-9#-61-$ X?-07-?0-?7?1/36-8&-#-610%2-6@/376/#./0/2-1-0? 8&

-16DZD&j%L->-0 8&2<6@@79@-0.%L-0 279@1?17##[-&/>/7#/[#- 1@/3L71@&/&.<0-#C0-?7?17>-&#%/$D

H "&0-61747-07?1@-&?72.#-?16706<714%0&-N10/61739.%L-08&[<1
M @/?#7271-$/3$&>/07/[#- -44767-36C1@/1$-.-3$? %3&1@-&?1/1-&%4&1@-&%<1.<1&/3$&%4&73.<1&>7[0/17%3

M ,%-? 3%1.-04%02/3C 6/36-##/17%3%41@-6/./6717>- 0-/61/36- %41@-?%<06-

6$+-7$2$/(/a)$507/"%
*$&*)$%

-44767-36C

-'./& %&0"62/&
*40&0*%/&$6%$*6

CP=50nF, CO=10! F,L=10mH,
R=10" ,VP=5V,



G\

'-61747-0?

H W71@&/&&/*%$2$/&1@-&73.<1>%#1/9-
/2.#71<$- RX1Z&73&->-0C .-07%$
9-1? 6#/2.-$ 1%&1@-&6<00-31>/#<-
R,A %4&1@-&%<1.<1&3%$- XA0 ••&A QZ

H I@-&0-61747-0?1%.?6%3$<6173973&
6%00-?.%3$-36-%4&-#%39/17%3
.-/U? X7D-D&L@-3 1@-&.7-O%-#-61076
6<00-316@/39-? 71??793Z

H "? R,A 9-1? .0%90-??7>-#C
6@/09-$81@-6%3$<617%3/39#-
$-60-/?-? ! #-??.%L-0 7?
@/0>-?1-$.-0&6C6#-

H E?</##C8&1@-&>%#1/9-$0%.1@0%<9@
1@-&0-61747-07?0-#->/31

E. Lefeuvre et al. / Sensors and Actuators A 126 (2006) 405Ð416 407

Table 2
Energetic terms deÞnitions
!

F úu dt Input energy
1
2M úu2 Kinetic energy
1
2KEu2 Elastic energy!

Cúu2 dt Mechanical losses!
! V úu dt Converted energy

the mechanical energy transformed on an electrical form. This
energy is the sum of the electrostatic energy stored on the capac-
itor C0 of the piezoelectric disk and the energy delivered to the
electric circuit connected to the electrodes(11)

M ¬u = F ! KEu ! ! V ! Cúu (9)

"
F úu dt =

1
2

M úu2 +
1
2

KEu2 +
"

Cúu2 dt +
"

! V úu dt (10)

"
! V úu dt =

1
2

C0V2 +
"

VI dt (11)

3. Interface circuits

The characteristics of the electronic load powered by the
piezoelectric generator deÞnes the voltage and the power
required for a normal operating condition. The voltage required
is generally a low DC voltage in the 1Ð20 V range, depending
on the application.

The voltage delivered by the piezoelectric element is not DC
but AC. Its amplitude depends on the piezoelectric element char-
acteristics, its dimensions and also on the mechanical vibrations.
The mechanical vibrations, which result from ambient vibra-
tions, may vary in more or less important proportions. Thus,
an electronic interface is needed to ensure the voltage compat-
ibility between the terminal electric load and the piezoelectric
element. An electric energy storage element, such as a capacitor
or an electrochemical battery, may be also included to compen-
sate a temporary level reduction of the environmental vibrations
or to overcome a peak of the power consumed by the electronic
load.

Previous work showed that the electronic interface may sig-
niÞcantly inßuence the energy harvesting effectiveness[8,9].
Moreover, another power optimization way has recently been
investigated with the so-called Òsynchronized switching harvest-
ing with inductor (SSHI)Ó technique, which consists in a speciÞc
non-linear processing of the voltage delivered by the piezoelec-
tric inserts[10,11].

This section presents four different optimization approaches
and compares their respective effectiveness for harvesting
energy. The Þrst approach uses the so-called Òstandard circuitÓ,
which is the most frequently used interface in piezoelectric
energy harvesting devices. The three other approaches are rather
new: they implement a non-linear voltage processing synchro-
nized with the mechanical vibration.

Fig. 2. Standard interface circuit.

3.1. Standard interface

The considered Standard interface circuit shown inFig. 2
includes a diode rectiÞer bridge and a Þlter capacitor. This is
practically the simplest circuit for rectifying and smoothing an
alternating voltage. The terminal electric load is modeled by an
equivalent resistorRL having a power consumption equal to the
average input power of the actual terminal load. The analysis of
the standard circuit is presented in considering a single-mode
vibration. So, the mechanical displacementu is assumed to be
purely sinusoidal in steady state operation. In this condition,
the open circuit voltage delivered by the piezoelectric element
V is sinusoidal too. But the electrical circuit connected to the
piezoelectric element changes the waveform ofV. Indeed, the
piezoelectric element is on an open circuit only when the rectiÞer
bridge is blocking, therefore when the absolute value ofV is
lower thanVDC. The corresponding theoretical displacement and
voltage waveforms are shown inFig. 3. The voltage ripple ofVDC
is here neglected. It is a good approximation on condition that
the time constantRLCr remains much larger than the mechanical
vibration period.

The calculation of the harvested power for a mechanical dis-
placementu is done in considering the piezoelectric outgoing
currentI given in Eq.(2).

In steady state operation, the average current through the Þlter
capacitorCr is null, so the absolute value of the electric charge
outgoing from the piezoelectric element during a periodT is

Fig. 3. Standard interface: displacement, voltage and current waveforms.
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outgoing from the piezoelectric element during a periodT is

Fig. 3. Standard interface: displacement, voltage and current waveforms.
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Fig. 2. EfÞciencies! and! R of a single energy conversion as functions of
the ratioVO /VP i for typical values of circuit parameters (VP = 5 V, L = 10
mH, CP = 52 nF,R = 10 ! , andCO = 10µF) and of the ratio" = V" /VP i ,
whereV" is the diode forward voltage drop. Equations (8) and (10) correspond
to " = 0.

transferred to the output during an individual conversion is

" EO =
1
2
CO (V 2

F ! V 2
O )

=
1
2
CO V 2

O á[f2
L,CP ,CO ,R (

VP i

VO
) ! 1]. (7)

An expression for the overall efÞciency! of a single energy
transfer can then be derived

! =
" EO

EH
=

CO

CP

!
VO

VP i

" 2

á
#
fL,CP ,CO ,R

2
!

VP i

VO

"
! 1

$
.

(8)
In order to provide a term of comparison, if a passive rectiÞer

was used instead, as in [6] and [27], in case of ideal diodes with
no voltage drops, whenVP i > VO , the Þnal valueVF of the
output voltage and the related energy efÞciency! R would be

VF = VO á
CO

CP + CO

!
VP i

VO

CP

CO
+ 1

"
= VO ágCP ,CO

!
VP i

VO

"

(9)

! R =
" EO

EH
=

CO

CP

!
VO

VP i

" 2

á
#
gCP ,CO

2
!

VP i

VO

"
! 1

$
(10)

wheregCP ,CO is once again a function of the ratioVP i /VO for
a given set of circuit parameters.

Actually, as shown in Section III, design tradeoffs will require
the use of a diode rectiÞer bridge for handling negative voltages
in # A and of a ßyback diode in# B . As a consequence, it can
be demonstrated that a further dependence of! and! R on the
V" /VP i ratio is introduced, whereV" is the forward voltage drop
of diodes. The values of the estimated efÞciencies for the actual
circuit implementation and for a passive rectiÞer are reported
in Fig. 2. In general, as it can be observed in Fig. 2,! quickly
reaches an asymptotic value asVO rises, while! R drops to zero
after reaching a maximum value. The dependence onV" /VP i

becomes weaker as the ratio tends to zero. For this reason, (8)
and (10) should be intended as an upper bound for the efÞciency
of energy conversion.

III. CIRCUIT DESCRIPTION

This section presents an energy autonomous circuit im-
plementation of the power conversion method presented in

Fig. 3. Block diagram of the architecture of the multisource energy harvester.
The blocks inside the dashed box are replicated for each handled source.

Section II. With respect to the scheme in Fig. 1, a series of
design tradeoffs will be introduced. The primary objective is
to make the design compatible with input power levels down
to few microwatts, as in many energy harvesting applications.
Much effort was put into minimizing all sources of intrinsic
power consumption (e.g., static and switching power, leakage
currents, etc.) and, at the same time, into achieving high levels
of efÞciency. A second design objective was to make the circuit
suitable for batteryless operation and able to start autonomously
when enough energy is available. In energy harvesting appli-
cations, this spares designers the use of batteries and all the
associated drawbacks, among which are substitutions, capacity
decay over time, and degradation. In this case, circuit design
had to cope with the unavailability of steady reference voltages
and with highly variable input voltages from transducers.

A. System Architecture

A block diagram of system architecture is shown in Fig. 3.
The proposed architecture is scalable and, as depicted, can easily
manage many piezoelectric transducers. Without losing gener-
ality, the presented circuit implementation harvests power from
three independent piezoelectric transducers. However, a higher
number of transducers might be easily managed by replicating
the circuit blocks included in the dashed box.

In this implementation, a rectiÞer circuit is associated to every
transducer and a capacitor is used for storing the energy collected
from all sources. The switching converter block implements the
single inductor topology of Fig. 1. When insufÞcient energy
is stored in the output capacitor, the digital control and the
switching converter are disabled and a passive interface charges
the storage capacitor. When the minimum activation voltage is
reached, a wake-up circuit disables the passive interface and
turns the digital control unit on. The switching converter is
triggered by the digital control upon the information provided
by a set of peak detectors. A gate driver was also required.

B. RectiÞer and Passive Interface

As shown in Fig. 4, a full wave rectiÞer bridge is connected
to each piezoelectric transducer. Despite diode losses, for our
micropower application this choice represents a satisfactory
tradeoff between efÞciency and consumed power. Cross cou-
pled MOSFET pairs, as in [30], may reduce losses but would
also introduce a higher residual charge after each conversion due
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Fig. 2. Schematic, voltage transfer characteristic, and transient behavior dur-
ing SECE with: (a) BR and (b) NVC.

of a SECE interface to extract power is given by the energy
stored in the inductor at the end of the Þrst phase.

Let us suppose thatVP (t) = VP 0 sin(2! f t ) is the voltage
generated across the transducer in an open circuit, wheref is
the vibration frequency. If a full-wave bridge rectiÞer (BR) is
adopted[see Fig. 2(a)] as an input interface, in case of conduc-
tion, the rectiÞed voltage isVR (t) = VP (t)| ! 2V" , whereV"

is the threshold voltage of a single diode andVR (t) " 0. When
SECE is activated on a voltage peak, the transducer is discharged
through the rectiÞer and the inductor untilVR (t) = 0 . Then, the
rectiÞer turns OFF and a residual voltage± 2V" is left onVP (t).
From this condition, since a peak-to-peak elongation produces
a voltage variation2VP 0 on the transducer, a maximum voltage
2(VP 0 ! V" ) can be reached onVP (t).

If we deÞne" = V" /V P 0 with 0 < " < 0.5, the energy stored
in L 1 at the end of the Þrst phase can be computed by solving the
differential equations of theL 1 ! CP circuit, as demonstrated
in [34]

E (BR)
L = 2CP V 2

P 0(1 ! 2" )2e! ! / (# 0 1 $) (1)

where $ = 2L 1/R 1 with R1 assumed to be the resis-
tance of switches, inductor and transducer ofL ! CP , and
#01

#= ! 1
$

L 1CP .
In case a NVC is used[see Fig. 2(b)], VR (t) = VP (t) as long

as |VP (t)| > VT , whereVT is the absolute value of the highest
MOSFET threshold voltage. With respect to diodes, MOSFETs
offer negligible voltage drops and energy losses. However, on
the activation of SECE, during the discharge ofVP (t), the NVC
turns OFF when |VP (t)| = VT . For lower voltages, conduction
may still occur through the FET body diodes, which would
introduce signiÞcant losses, so that energy extraction should
safely stop atVT . Then, at the end of the subsequent elongation,
a maximum absolute voltage 2VP0 Ð VT will be reached on
VP (t).

If we deÞne%= VT /V P 0 with 0 < %< 1, the energy stored
in L 1 after the transducer has discharged from2VP 0 ! VT to
VT can be determined

E (NVC)
L = 2CP V 2

P 0 (1 ! %) e
! 2 a r c c o s( %

2! %)
# 0 1 $ . (2)

In the above two cases, no power is harvested for absolute in-
put voltages lower than the minimum conduction thresholds

Fig. 3. Schematic and circuit simulations of a SECE circuit based on a NVC
with the proposed RCI. Circuit simulations were performed withVP 0 = 2 V,
f = 50 Hz, L 1 = 10 mH, L 2 = 2 .5 mH, CO = 1 µF. MN 1..4 and MP1,2 are
standard discrete MOSFETs with |VT | = 1 .3 V. A zoomed view of an individual
energy conversion is also shown.

of 2V" and VT , and residual charges|QBR | = 2CP V" and
|QNVC | = CP VT are left at the end of every conversion. Such
residual charge has to be Þrst canceled during the subsequent
peak-to-peak elongation before the sign ofVP (t) changes.

As a term of comparison, a lossless SECE with an ideal
rectiÞer (IR) withV" = 0 would leave no residual charge and
store inL 1 the following energy for a single activation:

E (IR)
L = 2CP V 2

P 0e! ! / (# 0 1$) . (3)

In this section, we propose an input interface based on a
NVC with RCI, shown in Fig. 3. This allows to reduce energy
losses through the MOSFET bridge, and to remove all the charge
QP P = 2CP VP 0 generated in a peak-to-peak elongation. The
inversion of residual charge applies a more favorable voltage
offset for the next peak-to-peak elongation. Other types of pre-
biasing techniques, in which the offset charge is drawn from the
output, were introduced in [35] and showed to signiÞcantly in-
crease the performance. However, in case of low output voltages,
e.g., when high-load currents are applied, the advantages of the
prebias are reduced. Differently, this study exploits as a bias the
inverted residual charge, which otherwise would impact nega-
tively output power. This approach improves the performance
especially in case of low vibrations, when the input voltage is
comparable to the conduction threshold, and the losses would
otherwise be signiÞcant. The inversion of residual charge is also
performed in other synchronized switch techniques, such as, for
example, SSHI, in which the charge inversion is mostly required
for keeping a rectiÞer bridge in a conducting state for most of the
time. However, the conversion efÞciency is still bias dependent.
Differently, besides producing signiÞcantly higher piezoelec-
tric voltages, performing RCI with SECE also introduces a bias
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efficient method is to use a buck-boost converter to join N 
energy sources with their specific interface [12],[21] to the 
energy storage CST as in Fig. 1 (b). This approach allows each 
source, whatever its output voltage, to charge CST. On the 
other hand, an additional interface circuit is needed to match 
the characteristics of both the source output and the converter 
input. Furthermore, a controller must ensure that no source can 
be ever connected with a low impedance path to any other 
source, wasting energy. The use of a single shared inductor in 
a multi-source converter for energy harvesting has been 
previously reported [10],[12],[21],[22]. The inductor can be 
time shared because the converter typically operates in 
discontinuous conduction mode (DCM) due to the very low 
involved power levels. 

The low harvestable power requires converter circuitry to 
draw a small current for its operations for a matter of 
conversion efficiency. This is a non-trivial task with off-the-
shelf ICs and discrete components due to their higher intrinsic 
parasitic capacitance and their higher power consumption with 
respect to an integrated optimized custom design. An 
integrated solution achieves at least a reduction of an order of 
magnitude in power consumption in comparison to advanced 
PCB implementations [12],[16] and achieves a considerable 
decrease of system size as well.  

The purpose of this paper is to describe a set of circuital 
solutions and power reduction techniques suitable for ultra-
low-power energy harvesting from multiple and 
heterogeneous sources, with the focus on energy efficiency of 
the converter itself. The achieved static consumption of 143.7 
nW per source is considerably lower than in recent works on 
switching converters [21],[23] and active rectifiers [24]-[26]. 
Such value has been obtained with an energy aware design of 
each converter block. 

That being so, such an optimized IC finds its main 
application in battery-less systems powered by weak and 
intermittent environmental power sources, which cannot 
individually sustain the electronic system under test. 
Differentiation allows to extract sufficient energy for system 
operation in a wider range of situations. As a first example, in 
[27] an airplane structural health monitoring system is 
powered by vibrations and thermal gradients, since batteries 
would not be allowed because of harsh environmental 

conditions. Such systems usually operate with a very low duty 
cycle [28],[29], with some activations per hour or day while 
energy is slowly stored, for instance in low leakage super-
capacitors. Another possibility for multi-source energy 
harvesting is the use of multiple differently sized piezoelectric 
transducers in order to exploit broadband vibrations [11] or 
different types of human movements [30]. Other attracting 
applications include environmental or structural monitoring 
[28],[29], wearable computing and sensing powered by human 
body [30] or electromagnetic waves [31], implantable bio-
systems [32],[33], localization and positioning [34].  

II.  PRINCIPLE OF OPERATION 

A. Vibrational Energy Harvesting 

Several non-linear approaches have been developed for 
extracting energy from vibrations with piezoelectric 
transducers (PZ). Converters range from classical full wave 
rectifiers with an integrated boost converter [35] or with a 
switched capacitor converter [36] to complex waveform 
tracking algorithms [37]-[42]. Among the latter category, it is 
worth to mention synchronous electrical charge extraction 
(SECE) [12],[38]. The SECE converter, depicted in Fig. 2 (a), 
is substantially a buck-boost converter, exploiting non-linear 
techniques and resonant circuits. Among the advantages of 
SECE, we highlight that: (a) the offset introduced by charge 
extraction increases the peak-to-peak voltage up to two times; 
(b) power conversion tracks, by definition, the input vibrations 
and generally outperforms passive interfaces, especially with 
irregular and weak vibrations; (c) differently from other 
approaches, such as passive interfaces [11], synchronized 
switch harvesting on inductor (SSHI) [37], active energy 
harvesting [43],[44] and single-supply pre-biasing [45], the 
power source is kept disconnected from the load. This makes 
conversion efficiency quite constant in a wide range of 
conditions. For the purposes of this work, the PZs have been 
modeled with the first-order capacitive model shown in Fig. 
2 (b), which is a reasonable approximation in most  

 

 
 

Fig. 1. (a) Basic method for combining energy harvesters output. (b) More 
efficient method for multi-source energy harvesting. 
 

 
Fig. 2. (a) Circuit schematic for SECE from a PZ, (b) simplified PZ model 
valid for loosely coupled transducers, (c) sketch of typical waveforms, not to 
scale, in a SECE converter with energy extraction phases highlighted. 
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Fig. 1. The structure of the piezoelectric energy converter array.

each cantilever exhibits a voltage (V1, V2, V3) between its
electrodes.

At low frequency, a piezoelectric converter can be conve-
niently represented by the Thevenin equivalent circuit formed
by a voltage sourceVP in series with the parallel of a resistorRP
and a capacitorCP derived from the classical model composed
of a charge generatorQ with a capacitorCP and a resistorRP
connected in parallel[10]. In the Thevenin model, the voltage
sourceVP is given by ((Q/CP)(jωRPCP)/(1 + jωRPCP)) and it is
therefore dependent on the angular frequencyω becoming null
for ω = 0[11]. This is consistent with the fact that a piezoelectric
element cannot generate a DC voltage. Typical values ofRP and
CP for the used devices, measured with an impedance analyzer at
about 100 Hz under no mechanical excitation, are about 30 M"

and 750 pF, respectively.
The AC outputs produced by the converters are rectiÞed and

fed to the storage capacitorCb through a doubler circuit as shown
in Fig. 2.

In principle, using in this case a piezoelectric converter, the
capacitorsC are not strictly necessary and they can be omitted,
because the internal capacitances of the converters are already
present. The value of the capacitorCis 47 nF, which is larger than
CP. Therefore, the resulting series capacitance can be assumed
equal toCP. The diodesD are 1N4148 with typical reverse cur-
rent as low as 25 nA, chosen to minimize the capacitor discharge
due to leakage.

Fig. 2. Electrical circuit of the multifrequency energy converter.

Fig. 3. Spice simulation results relative to the circuit ofFig. 2 with only one
converter active (VPM1 = 10 V, VPM2 = VPM3 = 0 V, Cb = 1.5 nF).

To analyse the operation of the circuit, Spice simulations were
done under sinusoidal regime by initially assuming to have one
active cantilever only and leaving the remaining two connected
as dummy elements, i.e. with their equivalent voltage generators
set to 0 V.

Fig. 3 shows the obtained results, namely the voltage pro-
duced by the generator representing the active cantilever, the
voltage across the storage capacitorCb = 1.5 nF and the current
that ßows into the capacitor.

Assuming ideal diodes, neglecting the resistorRP due to its
high value, and considering that (CáCP)/(C+ CP) ! CP, the fol-
lowing expressions can be derived that give the increment of the
voltage#VCb(k) across the storage capacitor and the charging
time #tc(k), wherek is the period considered, andVPM is the
peak amplitude of the signalVP assumed to be sinusoidal with
periodT:

#VCb(k) = VCb(k) " VCb(k " 1)

=
CP

CP + Cb

!
1 " cos

"
2π

T
#tc(k)

#$
VPM (1a)

#tc(k) =
T
2π

arccos
"

VCb(k " 1) " VPM

VPM

#
(1b)

By solving the system, the following formula for#VCb(k) can
be obtained:

#VCb(k) =
CP

CP + Cb
(2VPM " VCb(k " 1)) (2)

Eq.(2) shows that the voltage increment#VCb(k) at the current
periodk is proportional to a ratio of capacitances, and to the
difference between the peak-to-peak voltage 2VPM generated
by the converter and the voltageVCb(k" 1) reached across the
capacitor in the previous period. Asymptotically,VCb reaches
2VPM and this represents a typical behaviour of a voltage-doubler
circuit.

DeÞning the charging angleϑ as 2π times the ratio between
the charging time#tc and the periodT, it follows from Eq.(1b)
that:

ϑ(k) = 2π
#tc(k)

T
= arccos

"
VCb(k " 1) " VPM

VPM

#
(3)
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TABLE II

ELECTRO-MECHANICAL PARAMETERS OF THETWO-PORTS
BUTTERWORTH-VAN DYKE NETWORK OF THEADOPTEDSAMPLE

Fig. 5. The PT prototype used in this experiment.

I-P (current-power), R-P (resistance-power) and R-V
(resistance-voltage) characteristics of a TEG providing
100 mV in open circuit with an internal resistanceRS = 10 ! .
In order to operate in the maximum power point (MPP),
the boost oscillator should draw a current causing the output
voltage of the TEG to be equal to half of its open-circuit
voltage. However, if the boost oscillator has a minimum
operating voltageVI N,MIN , the TEG should provide an open
circuit voltage equal to 2áVI N,MIN in order to ensure operation
in the MPP. Hence, for these converters, operation in the
MPP contrasts with the purpose of lowering the minimum
activation voltage. On the other hand, biasing the TEG close
to its open-circuit voltage will reduce the extracted power but
will also ensure a higher voltage for the kick-start converter.

The paper is organized as follows: Section I introduces the
work, Section II presents the circuits, Section III deals with
experimental validation, and Section IV concludes the paper.

II. D ESCRIPTION OFSTEP-UP OSCILLATORS

A. The PT

Table II reports the electromechanical parameters of the
Rosen-type PT used in our work, provided by Noliac (Fig. 5).

The equivalent electromechanical circuit of the PT is the
same as in [33], and is based on the conventional Butterworth-
Van Dyke network. Two electro-mechanical branches cor-
responding to the two oscillation modes were included in
the equivalent circuit.CI N and COUT are respectively the
input and output capacitances of the PT. The electromechan-
ical transduction is modeled by the branch composed by
the inductanceLM , the capacitorCM, and the resistance
RM. N represents the stress-ratio from input to output (the
equivalent of the turns-ratio of a MT). Additional details
concerning the modeling and behavior of PTs can be found
in [38]Ð[40].

Fig. 6. Schematic of the PT-based step-up oscillator with a CMOS inverter
as input stage and an integrated voltage monitor (VM).

The voltage transfer function of a PT is that of a two-poles
system with extremely high-quality factor (Q-factor) [33]:

AV, PT(s) =
CM2" 2

S

NCOUT
!
s2 + " ss/ Q + " 2

S

" , (1)

where CM2 = CMáN2CO/( CM áN2CO) is the open-circuit
mechanical capacitance,Q = " sáLM / RM is the quality factor,
and " s = (LMáCM2)! 1/ 2 is the resonance pulsation. The
resonance frequency can be deÞned as:fs = " s/ 2#.CO is
the equivalent capacitance seen at the output port, that is
CO = COUT + CV D + CG; CV D accounts for the capacitive
load effect of the VD at around 0 V (due to the ultra-low
voltage in input, the DC level of several nodes can be safely
approximated to ground), whereasCG is the capacitive load
effect of the CS stage or of the CMOS inverter.

As it will be explained later, for CS-based step-up oscilla-
tors, it is possible to connect an additional capacitanceCO PT
in parallel to CI N . In this case, we deÞne the overall input
3capacitance asCI N2 = CI N + CO PT. The anti-resonance
frequency fp of the PT can be expressed as:

f p =
" p

2#
= 2#

#
LM

CM2 áCI N2

CM2 + CI N2

$ ! 1

(2)

The values of bothfs and fp for the PT used in our
work are reported in Table II. At bothfs and fp the input
impedance of a PT is approximately real, with the only
difference that atfs the impedance is atits minimum, whereas
at f p is at its maximum. Betweenfs and fp, the input
impedance is inductive, whereas for frequencies much lower
than fs and much higher thanfp, such impedance is capacitive
and dominated byCI N [33].

B. Step-Up Oscillator With CMOS Inverter as Input Stage
and Output Voltage Monitor

Fig. 6 depicts the schematic of the proposed step-up oscil-
lator for ULV sources, whereas Fig. 7 shows a picture of
the fabricated die. The size of the presented boost oscillator,
is 260 µm " 170 µm. Due to its capacitive behavior in DC,
the PT has to be connected in parallel with the input inverting
stage. Differently, if the PT is replaced with a MT in the
circuit in Fig. 6, the connection node between M1 and M2
(M_INV output) would be shorted to ground and the circuit
does not oscillate. The ULVS (TEG/rectenna) is represented by
an equivalent voltage sourceVI N and a series resistanceRS.

The mode of operation of the feedback loop is similar as
the circuit presented in [33]. In this speciÞc case, the CS is
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circuit voltage equal to 2áVI N,MIN in order to ensure operation
in the MPP. Hence, for these converters, operation in the
MPP contrasts with the purpose of lowering the minimum
activation voltage. On the other hand, biasing the TEG close
to its open-circuit voltage will reduce the extracted power but
will also ensure a higher voltage for the kick-start converter.
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work, Section II presents the circuits, Section III deals with
experimental validation, and Section IV concludes the paper.
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Table II reports the electromechanical parameters of the
Rosen-type PT used in our work, provided by Noliac (Fig. 5).

The equivalent electromechanical circuit of the PT is the
same as in [33], and is based on the conventional Butterworth-
Van Dyke network. Two electro-mechanical branches cor-
responding to the two oscillation modes were included in
the equivalent circuit.CI N and COUT are respectively the
input and output capacitances of the PT. The electromechan-
ical transduction is modeled by the branch composed by
the inductanceLM , the capacitorCM, and the resistance
RM. N represents the stress-ratio from input to output (the
equivalent of the turns-ratio of a MT). Additional details
concerning the modeling and behavior of PTs can be found
in [38]Ð[40].
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as input stage and an integrated voltage monitor (VM).
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system with extremely high-quality factor (Q-factor) [33]:
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where CM2 = CMáN2CO/( CM áN2CO) is the open-circuit
mechanical capacitance,Q = " sáLM / RM is the quality factor,
and " s = (LMáCM2)! 1/ 2 is the resonance pulsation. The
resonance frequency can be deÞned as:fs = " s/ 2#.CO is
the equivalent capacitance seen at the output port, that is
CO = COUT + CV D + CG; CV D accounts for the capacitive
load effect of the VD at around 0 V (due to the ultra-low
voltage in input, the DC level of several nodes can be safely
approximated to ground), whereasCG is the capacitive load
effect of the CS stage or of the CMOS inverter.

As it will be explained later, for CS-based step-up oscilla-
tors, it is possible to connect an additional capacitanceCO PT
in parallel to CI N . In this case, we deÞne the overall input
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The values of bothfs and fp for the PT used in our
work are reported in Table II. At bothfs and fp the input
impedance of a PT is approximately real, with the only
difference that atfs the impedance is atits minimum, whereas
at f p is at its maximum. Betweenfs and fp, the input
impedance is inductive, whereas for frequencies much lower
than fs and much higher thanfp, such impedance is capacitive
and dominated byCI N [33].

B. Step-Up Oscillator With CMOS Inverter as Input Stage
and Output Voltage Monitor

Fig. 6 depicts the schematic of the proposed step-up oscil-
lator for ULV sources, whereas Fig. 7 shows a picture of
the fabricated die. The size of the presented boost oscillator,
is 260 µm " 170 µm. Due to its capacitive behavior in DC,
the PT has to be connected in parallel with the input inverting
stage. Differently, if the PT is replaced with a MT in the
circuit in Fig. 6, the connection node between M1 and M2
(M_INV output) would be shorted to ground and the circuit
does not oscillate. The ULVS (TEG/rectenna) is represented by
an equivalent voltage sourceVI N and a series resistanceRS.

The mode of operation of the feedback loop is similar as
the circuit presented in [33]. In this speciÞc case, the CS is
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The LTC3588-1 interfaces with the piezo through its internal 
low loss bridge rectiÞer accessible via the PZ1 and PZ2 
pins. The rectiÞed output is stored on the VIN capacitor. 
At typical 10µA piezoelectric currents, the voltage drop 
associated with the bridge rectiÞer is on the order of 400mV.

When ! "# reaches the $!%& rising thresh-

old, the high ef' ciency integrated syn-

chronous buck converter turns on and 

begins to transfer energy from the input 

capacitor to the output capacitor. The 

buck regulator uses a hysteretic volt-

age algorithm to control the output via 

internal feedback from the ! &$(  sense pin. 

It charges the output capacitor through 

an inductor to a value slightly higher 

than the regulation point by ramping the 

inductor current up to )*+ m,  through 

an internal -.&/  switch and then ramp-

ing it down to zero current through an 

internal #.&/  switch. This ef' ciently 

delivers energy to the output capacitor. 

to the $!%& rising threshold and result 

in a regulated output. Once in regula-

tion, the %(01*22-1 enters a sleep state in 

which both input and output quiescent 

currents are minimal. For instance, at 

! "# = 3.*! , with the output in regula -

tion, the quiescent current is only 4*+n, . 

The buck converter then turns on and 

off as needed to maintain regulation. 

Low quiescent current in both the sleep 

and $!%& modes allows as much energy 

to be accumulated in the input reser-

voir capacitor as possible, even if the 

source current available is very low.

bursts must occur at a low duty cycle, 

such that the total output energy during 

the burst does not exceed the average 

source power integrated over an energy 

accumulation cycle. A sensor system 

that makes a measurement at regular 

intervals, transmits data and powers 

down in between is a prime candidate 

for an energy harvesting solution.

KEY TO HARVESTING IS  
LOW QUIESCENT CURRENT

The energy harvesting process relies on a 

low quiescent current energy accumulation 

phase. The %(01*22-1 enables this through 

an undervoltage lockout ($!%&) mode with 

a wide hysteresis window that draws less 

than a microamp of quiescent current. The 

$!%& mode allows charge to build up on 

an input capacitor until an internal buck 

converter can ef' ciently transfer a por-

tion of the stored charge to the output. 

Figure )  shows a pro' le of the quiescent 

current in $!%&, which is monotonic with 

! "# so that a current source as low as 

5++n,  could charge the input capacitor 

(continued from page ! )
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TYPICAL APPLICATION

DESCRIPTION

Ultralow Voltage Step-Up  
Converter and Power Manager

The LTC¨ 3108 is a highly integrated DC/DC converter ideal 
for harvesting and managing surplus energy from extremely 
low input voltage sources such as TEGs (thermoelectric 
generators), thermopiles and small solar cells. The step-up 
topology operates from input voltages as low as 20mV. 
The LTC3108 is functionally equivalent to the LTC3108-1 
except for its unique Þxed VOUT options.

Using a small step-up transformer, the LTC3108 provides a 
complete power management solution for wireless sensing 
and data acquisition. The 2.2V LDO powers an external 
microprocessor, while the main output is programmed to 
one of four Þxed voltages to power a wireless transmitter 
or sensors. The power good indicator signals that the main 
output voltage is within regulation. A second output can be 
enabled by the host. A storage capacitor provides power 
when the input voltage source is unavailable. Extremely 
low quiescent current and high efÞciency design ensure 
the fastest possible charge times of the output reservoir 
capacitor.

The LTC3108 is available in a small, thermally enhanced 
12-lead (3mm �w 4mm) DFN package and a 16-lead SSOP 
package.

Wireless Remote Sensor Application Powered From a Peltier Cell

FEATURES

APPLICATIONS

n  Operates from Inputs of 20mV
n  Complete Energy Harvesting Power  

Management System
 - Selectable VOUT of 2.35V, 3.3V, 4.1V or 5V
 - LDO: 2.2V at 3mA
 - Logic Controlled Output
 - Reserve Energy Output
n  Power Good Indicator
n  Uses Compact Step-Up Transformers
n  Small 12-Lead (3mm �w 4mm) DFN or 16-Lead  

SSOP Packages

n  Remote Sensors and Radio Power
n  Surplus Heat Energy Harvesting
n  HVAC Systems
n  Industrial Wireless Sensing
n  Automatic Metering
n  Building Automation
n  Predictive Maintenance
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design features

The buck operates only when suf! cient 

energy has been accumulated in the input 

capacitor, and it transfers energy to the 

output in short bursts, much shorter than 

the time it takes to accumulate energy. 

When the buck operating quiescent cur-

rent is averaged over an entire accumula-

tion/burst period, the average quiescent 

current is very low, easily accommodat-

ing sources that harvest small amounts 

of ambient energy. The extremely low 

quiescent current in regulation also allows 

the "#$%&'' -1 to achieve high ef! ciency at 

loads under 1(( µ)  as shown in Figure &.

The buck delivers up to 1(( m)  of aver-

age load current when it is switching. 

Four output voltages, 1.'* , +.&*, %.%* and 

%.,* , are pin selectable and accommodate 

powering of microprocessors, sensors and 

wireless transmitters. Figure -  shows the 

extremely low quiescent current while in 

regulation and in sleep, which allows for 

ef! cient operation at light loads. Although 

the quiescent current of the buck regula-

tor while switching is much greater than 

the sleep quiescent current, it is still a 

small percentage of the load current, 

which results in high ef! ciency over a 

wide range of load conditions (Figure &). 

If the input voltage falls below the 

.*"/  falling threshold before the out-

put voltage reaches regulation, the buck 

converter shuts off and is not turned on 

again until the input voltage rises above 

the .*"/  rising threshold. During this time 

the leakage on the * /.#  sense pin is no 

greater than 0( n)  and the output volt -

age remains near the level it had reached 

when the buck was switching. Figure % 

shows a typical start-up waveform of the 

"#$%&'' -1 charged by a +µ)  current source.

When the synchronous buck brings the 

output voltage into regulation the con-

verter enters a low quiescent current sleep 

state that monitors the output voltage with 

a sleep comparator. During this operating 

mode, load current is provided by the buck 

output capacitor. When the output voltage 

falls below the regulation point the buck 

regulator wakes up and the cycle repeats. 

This hysteretic method of providing a reg-

ulated output minimizes losses associated 

with 12# switching and makes it possible 

to ef! ciently regulate at very light loads. 
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Figure 8. Block diagram of the LTC3588-1
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BLOCK DIAGRAM

OPERATION
The LTC3108 is designed to use a small external step-up 
transformer to create an ultralow input voltage step-up 
DC/DC converter and power manager. It is ideally suited 
for low power wireless sensors and other applications in 
which surplus energy harvesting is used to generate system 
power because traditional battery power is inconvenient 
or impractical.

The LTC3108 is designed to manage the charging and 
regulation of multiple outputs in a system in which the 

average power draw is very low, but there may be periodic 
pulses of higher load current required. This is typical of 
wireless sensor applications, where the quiescent power 
draw is extremely low most of the time, except for transmit 
bursts when circuitry is powered up to make measure-
ments and transmit data.

The LTC3108 can also be used to trickle charge a standard 
capacitor, supercapacitor or rechargeable battery, using 
energy harvested from a Peltier or photovoltaic cell.

(Refer to the Block Diagram)
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8.2 Typical Applications

8.2.1 Solar Application Circuit

Figure 24. Typical Solar Application Circuit

8.2.1.1 Design Requirements

The desired voltage levels are VBAT_OV = 4.2 V, VBAT_OK = 2.39 V, VBAT_OK_HYST = 2.80 V and MPP
(VOC) = 80% which is typical for solar panels. A 1.8-V, up to 100-mA power rail is also needed. There are no
large load transients expected on either rail.

8.2.1.2 Detailed Design Procedure

The recommended L1 = 22 µH with ISAT �• I-CHG(CBC_LIM)MAX, L2 = 10 µH with ISAT �• I-BUCK(CBC_LIM)MAX,
CBYP = 0.01 µF and low leakage CREF = 10 nF are selected. In order to ensure the fastest recovery of the
harvester output voltage to the MPPT level following power extraction, the minimum recommended CIN = 4.7 µF
is selected. Because no large system load transients are expected and to ensure fast charge time during cold
start, the minimum recommended CSTOR = 4.7 µF.

No MPPT resistors are required because VOC_SAMP can be tied to VSTOR to give 80% MPPT.
¥ Keeing in mind VBAT_UV < VBAT_OV �” 5.5 V, to size the VBAT_OV resistors, first choose RSUMOV = ROV1

+ ROV2 = 13 M�Ÿ then solve Equation 2 for

(12)

¥ ROV2 = RSUMOV - ROV1 = 13 M�Ÿ - 5.62 M�Ÿ = 7.38 M�Ÿ �: 7.32 M�Ÿ resulting in VBAT_OV = 4.18V due to
rounding to the nearest 1% resistor.
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6.3 Buck-boost configuration
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Figure 12. Buck-boost configuration
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Figure 5. Boost startup
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Figure 6. MPPT tracking 
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power of the piezoelectric element is the product of the output
current and the rectifier capacitor voltage

(2)

It is then apparent that the peak output power occurs when the
rectifier voltage is maintained at

(3)

or one-half the open-circuit voltage of the piezoelectric element.
The magnitude of the polarization current Igenerated by the

piezoelectric element, and hence the optimal rectifier voltage,
may not be constant as it depends upon the level and frequency
of the mechanical vibrations. This creates the need for flexi-
bility in the circuit, i.e., the ability to change the output voltage
of the rectifier as the mechanical excitation changes to achieve
and maintain the maximum power flow. To accomplish this, a
dcÐdc step-down converter is placed between the rectifier and
the electronic load as shown in Fig. 1. A battery is used at the
output of the converter to provide energy storage and a ÒstiffÓ
voltage to power the electronic load. Control of the converter is
designed to maximize the power flow out of the converter and,
if effective, results in the piezoelectric element being at its point
of maximum power flow as described above.

The step-down converter is a natural choice for this appli-
cation, where the piezoelectric voltage can be very high and
reducing it to a level that is lower is required for the battery
and the electronic load. The analysis of the interaction between
the piezoelectric element and the step-down converter reveals a
simplified control scheme to achieve maximum power flow, al-
lowing the circuit to be self-powering while harvesting enough
energy for additional low-power electronic loads.

III. STEP-DOWN CONVERTERANALYSIS

The maximum power transfer theory developed for the piezo-
electric element-rectifier circuit produced an expression for the
optimal rectifier voltage, (3). Regulation of this voltage, and
thereby the power flow from the piezoelectric element, is imple-
mented through adjustment of the step-down converterÕs duty
cycle. The following analysis reveals that the power flow from
the piezoelectric element is maximized at an optimal duty cycle
and, as it departs from this optimal value, the output power drops
significantly.

Converter operation in DCM has been assumed in the fol-
lowing analysis and this reasoning will be discussed later in this
section. From [8], expressions for a step-down converter oper-
ating in DCM for the inputÑoutput voltage relationship and
output current are

(4)

(5)

Fig. 1. Energy harvesting circuitry.

where is the time period that the transistor is off and current
flows through the free-wheeling diode. (4) can be used to pro-
vide an expression for

(6)

and substituted into (5)

(7)

By conservation of power for the converter (assuming losses are
minimal), the output current can be expressed as a function of
the input voltage and current and output voltage

(8)

The input current of the converter can now be determined by
equating (7) and (8)

(9)

Substituting the output current of the piezoelectric device, (1),
as the input current to the converter and the rectifier capacitor
voltage as the voltage into the converter, (9) becomes

(10)

Solving (10) for the rectifier voltage

(11)

The input current to the converter can be determined as a func-
tion of the duty cycle by substituting (11) into (1)

(12)

Power produced by the piezoelectric element as regulated by the
converter can now be expressed as the product of the rectifier
voltage (converter input voltage) and the input current, (11) and
(12)

(13)
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Which reduces to

(14)

The rectifier voltage and power flow from the piezoelectric ele-
ment as regulated by the step-down converter for any excitation
level, as specified by the magnitude of polarization current I,
can now be determined.

For this circuit, the maximization of the power flow from
the piezoelectric element is considered as a function of the
step-down converterÕs duty cycle. Solving (10) for the duty
cycle:

(15)

At peak power, the piezoelectric polarization current can be
found as a function of the optimal rectifier voltage from (3) as

(16)

Substituting into (15) and fixing the output voltage by the bat-
tery V , the optimal duty cycle which results in maximum
power can be determined as

(17)

This relationship, the optimal duty cycle and piezoelectric
element excitation level, is depicted in Fig. 2. For maximum
power transfer, the rectifier voltage is maintained at one-half the
open-circuit voltage (V being dependent on the mechanical
excitation); and as this voltage becomes much larger than the
output battery voltage, the optimal duty cycle approaches a
constant value. It is emphasized that this excitation/duty-cycle
relationship is for a step-down converter in DCM, and other
topologies or operating conditions would require different
analysis.

By assuming a sufficiently large converter input-to-output
voltage difference, the optimal duty cycle becomes relatively
constant and can be approximated as

(18)

The optimal duty cycle of the converter is thus dependent upon
its inductance and switching frequency, the piezoelectric ele-
mentÕs capacitance, and the frequency of mechanical excitation
of the piezoelectric device.

Although the assumption of discontinuous conduction mode
yields the convenient conclusion of a relatively constant optimal
duty cycle at high excitation, the choice of this mode of
operation bears some discussion. Designing a converter to
always run in discontinuous conduction mode is questionable,
as the large ratio of RMS current to dc current in the inductor
and MOSFET will significantly increase conduction losses
as opposed to continuous conduction mode. However, for
low-power applications, DCM is often used even at full load

Fig. 2. Optimal duty cycle for maximum power transfer, step-down converter.

to avoid the reverse recovery problem of the diode [9], so the
power levels ( 50 mW) generated by the piezoelectric device
and the simplified control method justify this approach. We
also note that the above theory focused on the maximization of
input power rather than output power of the converter, which
would be more appropriate. Maximization of output power of
the converter, however, would require accurate loss models for
the converter components, and was not attempted in this work.
Provided the converter has reasonable efficiency, the optimal
operating points for maximizing input and output power of
the converter should be fairly close.

IV. CIRCUIT IMPLEMENTATION

Building upon the relationship between the optimal duty
cycle and the mechanical excitation, a dual method of energy
harvesting is proposed. At higher excitation levels of the piezo-
electric device, when the optimal duty cycle is nearly constant,
the step-down converter will operate at the fixed duty cycle
specified by (18). This allows for a simple controller consisting
of a fixed-duty-cycle pulse-width-modulated signal to drive the
switching MOSFET. Because the converter is only operated at
high excitations, two advantages are realized: first, the optimal
duty cycle is relatively fixed, so operation at the optimal power
point is ensured; and secondly, the higher excitations provide
sufficient energy to offset converter and control circuitry losses.

At lower excitations, the optimal duty cycle is still varying
substantially with the excitation, requiring a more complex,
adaptive control circuit with higher power consumption. An
initial study of the power levels in this range suggests har-
vesting would be marginal given even the lowest power control
circuitry [7]. Therefore, at lower excitations, the battery will
be charged by a pulse-charging circuit connected to the piezo-
electric element-rectifier circuit with the step-down converter
bypassed. The threshold level of mechanical excitation that
divides these two modes of operation will depend on several
criteria: the power produced by the piezoelectric element, the
losses of the step-down converter, the power consumption of
the control circuitry, and the optimal duty cycle stabilization at
higher excitations.

V. CIRCUIT DESIGN

A schematic of the step-down converter and the accompa-
nying control circuitry is shown in Fig. 3. The sub-circuits:
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Fig. 4. General circuit for power optimization.

to the displacement magnitude resulting from the ambient
vibrations characteristics

(5)

and

or

(6)

III. POWER OPTIMIZATION CIRCUIT

According to the model presented in Section II, the power of a
piezoelectric generator strongly depends on the load: the power
is maximal for one or two matching load resistances, whose
values are determined by the generator electromechanical
characteristics and which depend in particular on the vibration
frequency of the generatorÕs base. Practically, a seismic piezo-
electric generator effectively works in a narrow frequency band
around its mechanical resonance, so the matching load resis-
tances can be considered as constant for a given device. In most
potential applications, the generatorÕs power may randomly
vary as a function of surrounding vibrations. The power need
of the load may also vary in more or less important proportions.
Continuity of power supply must be ensured by a rechargeable
battery or a by supercapacitor, but these energy storage cells
donÕt exhibit the voltage/current properties of a resistor and
they canÕt intrinsically ensure an optimal power generation if
directly connected to the rectiÞer output. Ottmanet al. [18]
have proposed to solve this power optimization problem using
a dcÐdc converter interleaved between the rectiÞer and the
storage cell, as represented on Fig. 4. They have shown that
maximization of the powerßowing into the storage cell can
be achieved using adaptive controls similar to those used for
maximizing the power from solar cells.

In a simpler way, according to the generatorÕs power analysis
presented in Section II, the optimal power point can be tracked
by controlling the converter so that its input average current is
proportional to its input voltage with an average voltage/current
ratio equal to the matching load resistance. This optimization
technique can be considered as indirect because it is based on the
knowledge of the matching load resistance(s) of the considered

Fig. 5. BuckÐBoost converter.

Fig. 6. Currents and voltage waveforms of DCM buckÐboost.

electromechanical device. An important point to keep in mind
for the design of such anÒinput average resistanceÓcontrolled
dcÐdc converter is the very weak level of theÒharvestedÓpower,
typically in the range of hundreds of microwatts. Thus, the con-
trol technique must be as simple as possible so that the control
circuit consumption can be reduced to a few microwatts. From
that point of view, the converter and control described here can
be considered as ideal because it neither requires any tracking
algorithms nor any sensors. This principle wasÞrst proposed by
Ottmanet al.[19], [20] using a buck converter and Kyasapet al.
[6] using aßyback converter.

The dcÐdc converter used here is the buck-boost circuit rep-
resented on Fig. 5. The control unit is assumed to turn on and off
the MOSFET transistor at the switching frequency, with a
duty cycle . The following expressions are established in con-
sidering lossless semiconductors.is considered as a perfect
inductor and the voltage ripple of is neglected. Properties
of this converter are examined in discontinuous and continuous
current modes.

Currents and voltages waveforms of the buck-boost converter
in discontinuous current mode (DCM) are represented on Fig. 6.
When the transistor is turned on, and are ruled by (7).
From this equation is derived the expression (8) of the average
currents and , in which is the switching period
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Fig. 1. Schematic diagram of the solar harvester.

adopted. Sections III and IV describe models of the PV module
and the harvester circuit, respectively. Section V describes
the circuit optimization methodology and provides some use-
ful guidelines for solar harvester design. Section VI presents
experimental results and a comparison between two different
solar harvester circuit implementations designed following the
proposed guidelines. Finally, Section VII concludes this paper.

II. SOLAR HARVESTING CIRCUIT

A. Circuit Architecture

The circuit architecture of the developed solar harvester is
presented in [12] and depicted in Fig. 1. It consists of three
main building blocks.

1) DCÐDC Input Stage:Most of the MPPT systems pro-
posed in the literature employ standard switch-mode power
supply technologies, with switching transistors, diodes, and
capacitors. They are driven by a pulsewidth-modulated (PWM)
signal generated by a control algorithm. The three basic topolo-
gies are buck (step down), boost (step up), and buckÐboost
(step upÐdown). In this implementation, a buck topology is
used to interface the voltage from the PV module to the SC.
The operation of the input dcÐdc stage differs from the one of
a standard buck converter because input and output voltages do
vary during the SC charge process, as well as duty cycle, period,
and switching frequency of the MOSFET switch.

2) MPP Tracker: The MPP tracking is implemented by the
analog circuit highlighted in Fig. 1. It autonomously estimates
the MPP using an open-loop conÞguration without any in-
terference to the PV module. This way, the control unit is
simply implemented with a single low-power comparator that
compares the current PV module voltage to the estimated MPP
to generate the PWM control signal. No costly DSP or digital
controllers are necessary. The details of the generation of the
estimated MPP have been left out of the Þgure for the sake
of simplicity. The PWM control signal forces the pseudo-buck
dcÐdc input stage to work within a narrow voltage window
centered on the MPP voltageVmpp .

3) Output DCÐDC Converter:The output dcÐdc converter
delivering power supply to the wireless sensor node is required
to match the input voltage of the WSN node. This component
is not taken into account in this paper, because it needs cus-
tom design related to the operating voltage of the WSN node
adopted. Moreover, commercial integrated dcÐdc converters
usually provide an efÞciency on the order of 90%.

TABLE I
MPP VOLTAGES MEASURED AND CALCULATED THROUGH (1)

CONSIDERINGKFOC = 0 .74 ON A WIDE RANGE
OF LIGHT CONDITIONS

The power supply for the harvester circuit is provided by
both the PV module and the output dcÐdc power supply. This
design choice allows to improve the efÞciency during the initial
phase of SC charging and enables the harvester circuit to start
operating when the SC voltage is low. For efÞcient harvester
operation, the MPP should continuously be tracked; hence, the
input stage and the comparator should also be powered when
the output dcÐdc converter is off because the SC voltage is
below the start-up threshold. For this reason, the power supply
to the input MPPT stage is provided by the PV panel even when
the dcÐdc converter is not operating.

B. MPPT Technique

There are several methods and algorithms to track the MPP
voltage [13]Ð[15]. The most popular ones are Perturb and
Observe (P&O) [13], [19] and Fractional Open-Circuit Voltage
(FOCV) [14], which is the one we adopted.

The P&O method is an approach that is widely used with
mediumÐhigh power PV modules, since it allows very accurate
MPP calculation. However, it requires complex control actions
that are often implemented using microcontrollers or DSPs. Al-
though analog versions are implemented, the main shortcoming
of this method is the high cost and complexity of the system.

On the other hand, FOCV is largely used in small-scale PV
systems. This method exploits the nearly linear relationship
between the operating voltage at MPPVmpp of a PV module
and its open-circuit voltageVOC , i.e.,

Vmpp
!= K FOC áVOC . (1)

K FOC is a constant that ranges from 0.71 to 0.78, which
slightly depends on irradiance conditions [1]. Considering
K FOC as a constant under different irradiance conditions leads
to small errors in theVmpp evaluation but strongly simpliÞes
circuit solutions adopted to implement MPPT, also reducing
its power consumption. Table I reports that the maximum
difference between MPP voltages measured during PV panel
characterization(Vmpp ,meas) and calculated through (1) assum-
ing K FOC = 0 .74(Vmpp ,cal ) [12] is smaller than 5% on a wide
range of light irradiance conditions.

VOC of small-size solar cells can be estimated by exploiting
sensing devices that autonomously monitor the environmental
light, such as light intensity sensors, voltage output sensors
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Fig. 5. Overall architecture of the chip.

whereI P is the peak inductor current. The power absorbed by
the circuit is given by:

P = E/ TS =
L I 2

P

2TS
=

L I 2
P IB I AS

VDCOSC
(7)

where TS is the period of the oscillator, given by
VDCOSC/ 2IB I AS. The error in the power absorbed by the cir-
cuit because of a quantization error in the oscillator frequency
is given by:

! P
P

= !
! TS

TS
= !

! COSC

COSC
. (8)

Equation (8) shows that the loss in efÞciency (! ! P/ P) is the
relative quantization error (! COSC/ COSC). When we work
with a range of available powers, from 20 nW to 2µW, the
value ofCOSC will adapt, according toour algorithm in Fig. 3,
to the available power. max(COSC) has to be designed for the
minimum power, i.e., 20 nW. If the number of calibration bits
in COSC is N, then the unit capacitor,C0 is max(COSC)/
(2N ! 1), which is also equal to the quantization error in the
total value of the capacitor obtained. When the incident avail-
able power is 2µW, the optimum value ofCOSC will decrease
to max(COSC) á20 nW

2 µW . The relative quantization error (which
is also the efÞciency loss according to (8)) at this power level
is now 100/( 2N ! 1). With 9 bits, the lost efÞciency because of

quantization error in the oscillator is< 20%. With additional
bits, the search process increases linearly, and the maximum
efÞciency loss decreases exponentially.

III. A RCHITECTURE

A multi-source energy harvesting DC-DC buck-boost con-
verter controlled by oscillators, trained according to Fig. 3,
was designed. The goal was to harvest from available powers
ranging from 20 nW to 100µW. The complete architecture
of the system is shown in Fig. 5. The system can be cold-
started through a photo-voltaic cell or an RF antenna, or
both (Fig. 5), to chargeCD. Once VD goes above 1.2 V,
a VD-OK comparator (consuming 200 pW) having a hysteresis
of 0.16 V releases theVD-OK signal to start the search phase,
and disables start-up. WhenVD goes above 1.2 V,CD slowly
charges a large storage capacitor,Cstore (> 100 µF). When
Vstore goes above 1.3 V,Vstore-OK comparator goes high
and VD is shorted toVstore. A search phase is also initiated.
A fraction of the OCV is sampled (VR) and a comparator,
U1, is used to initiateenergize/dump pulses to regulate the
input voltagevB at VR. An oscillator is trained to mimic the
output of U1 in the digital controller. Once the oscillator is
trained, U1 is disabled andenergize/dumpsignals are initiated
with the oscillator. The search phase is repeated after every
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