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PWM and PFM Contralled Buck Convertsr designed
for Wearable E,lectranic Devices

Tihoniir Bruse','1, Ceargi Knncv2 arrd Elissaveta Cadjeval

,lbstract -- Integrated Pulse-Width &todulation {P11 hIi nnd

Pulse-Frequency llodulation (FFhti confrnllerl buck converter is

proposed in thi* papern designed for rvearahle electrcflic devices.
The input voltage is equai to 3.6V and the al'erflge value of the
output vtltage is regulated to be !.7\'. I-he maximum efficiency ry

of the buck converter is 81"43%. when the load eurrent luoa is

equal to 68mA" lYhen lLood is smaller than 8m,4, 11r* g;fisisncl' of
the PF&l contrr:lled buck ccnverter is around 7Y' irigher
e om;iared to the efficiency ol the PW&1 controlle d buck converter.

Keyvortls - Buck convcrters, Fulse-lVidth h{odulatian (PWft),
Pulse-Frequency ltodulation iPFld), lntegrated circuits.
{ladence.

I.Ixrnoni,cloN

Today. the number of' r.r,earable electrcnic devices
incorporated intire lnternet olThings (ioT) s.lstems is gronrng
r..er-l' fast.

Fig. l. Block cliag-ram o1'po*'cr ftrnagcm.nt integratcd circuit
{P\'IICl in IoT rvcarahlc dcvicr: | 5 l.

htost ol them are battelv porvered or the,v r"rse energ-y fiom
harvesting po14'er sources [1]. l:]. Long batterl' life is reqr-rired
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}r* tr-.*.** ln{sqro1&ei Circrrll

lor manv portablc applications lll" l{;gh *tr'f rcicnt bucl< ric*dr
csnvcrtsr intcgratcd tagether rvith ra'carablt cle clrcnit clcviccr
ir neccssarv tc bc clcsignecl and inrplerxcnlcr'l l-1 l. 

-trlit blorlt
diagranr of pcwer rnarlagefilcnt intcgratccl circuit iPIUI{.} ol'
Iof wcarablc devicc is shorvn in Fig" I i5l. Tilc input voitage
o1'the buck converter is equal :o 3.6\r. rvlrile the average Lirlipltt
voltage is contr*lled to be eeluai to 1.7V 15i. On tlre otlier hand
lhe outpr"rt voltage af si,,'itching-nroclc converler is sLrppil'

voltage t"cr lor.i, drop regulators il-}{l), rvhich arc shorvr itt
Fi*c. L The rilonolithic buck cr:nverler is neceslarv tLl {lccup\'
srrr*ll silicon area and l'especaiv€lv to have small errenral illier'
inductor and capacitor cor:rponents 16l.

The PWh;l contrr-rlied inteeraied bur'k conr"erfer eiesignecl on

CMOS {i.35 prrn technology'ior lr:T r'r'earable clevice is

presented in Secfion ll. PFI\{ control of the srvitchiitg-rnode
regulator is proposed and presenteri in Secticn Iii. l-he
el'ficiency'i7 r:f the d*sig*cd circuits" r.vhen i:ath c*trtr*l
rechniqr-rcs are u:eci, is investigatecl as a fr:ncti*n o1'tlic ltiaci

crrryent Jt.,.,,a.'l'he t'eceived restilts are ccmpar^ecl iutri anal'zcci.

i l. PWfu1 clol+lRtlt.t.FI) Bl.icK i,'o\\rFRTFt{.

'l-he PWl.4 ccntr"olleci buck c*nveder is de-qigneil lor' lol
rvearable clevice rvith fladence cn ClvlOS 0.35 pm technobgl'
l'he block circuit r-iiagram is shnnn in Fig. 2.

I ig. 1. I:)lock diaglarn al-l)\\ii\'l cr.intrlrll*d buck ct,:rr'e t'le t.

'llie inpr-rt voltage of the sir,'itching-urccie resi:lalor is eilr-ial

trr3.fiV and the avcrage vah"re of the output voltage is cr:nlrolleri
t* be equal to l,?V f5l. the contrurl s]stem inclucle: lrandg.rp

voltage reference, er"rcir arnplifier, ranlp grnrrator and itt'ivcr.
't'he signal. which regulates the states cl buck cr:nvet'ter"s
polver MOS lransistors, is generatecl b3 ccllnpaling tht i'oltagc
li'ith repetitive lr,avcfiorm and eryol controi r,'oltagc. "I'hc 

sr"ror

signal is obtained. wircn dillercnce bclu'ccn thc ;rclLral ouiput
vcltage cf the rr,'irole s)'stem I/,,,,t&fidalie outl-rut vollagc lcv*l ol
bancigap refbrence ir ampliliecl, 'fltc licqucncl, ol'lh* rar.r.rp

generalor dcllnes lhc srvitching liequencr,/, ol'buck ciiilvcncr.
This fr-equencrv is colstant ibr PWX,I conti'ol tecluiquc. -l-ht

oLrtput signal oi'comparator coutrcls ihe stat€s of palr,er hLicl"
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convert*r'*c sra,itches. The schematic of
presented in Fig. 3.

ranlp {iene rator ts

Iig. 3. Runip grrirr;rt(rr.

"flrc or-rtput stagr of the :at;lp gerleratnr ci-rnsisls ol tlvo
crlrr*rlf nlirrcrs. TlTel' de fiire tlre charging and discharging
crlrreiri olthe *utpuf capacitor C1. The sli'itching {requencl'f,
ol tlre bLrck cr)r]l€rter depends on the ramp capacitor's vaiue
and the current u*ic1"r {'loias th-roLrgh this coniponent. l-he
ualeJ'orins ol the *u1put signals ol errclr arnplifier, ranrp
ge nrr;ili]r and conrparalrr are pre se rtteci rn F ig. ,i.

I I I ",/*ri"J
r"r11 ,,iyrm;,,,.1

filter indr"rc{or i and capacitor C. r.vhich are used in t}re lor.i-
pass filler, are equai tc' 250nH and 5nF respectivel,v. The
elliciency' 17 cf the buck convefier as a fL:nction aI' the ioad
curreflt li,,,,,r is investiga{ed. fhe simLrlated results are presented
iri lable I.

T:\I]LF I
IlWlvl Cosrncr

l;.Fr t( li-.N{-y al lll,'{'K LTONVFR'l FR AS A trriN[]'noN {Jy ILotit

FWM Controlled Buci< Conl'erier
I1-,,"6 [mA] Eflicicnc.v- f%l

t00 75.6

80 80.64
68 81.41
50 r10 8r

l0 79 .0i
20 14.69
10 62.04
I 56.9

) 4:.i
l
I lt

The e{Iiciencl' rif the srvilciring-mocle regulator is ca}ci.rlalecl
bv fbrrilula:

{l}

rvhere P,,,, is the av*r'age outp[rt pauer ancl P;" is the avsrag€
inpui power ol the circuit. 'fhe maxinrunr etflciencl, ol the
PW&tr controlled tiuck conver"ler is equal 1o 81.4i0a, when the
load current is equal to 68rrrA. As it can be seen ll'onr the
received results presenteel in Table l. ihe efiiciency o{'PWII{
controlled buck converter is decreasins at lis.ht loads.

;

:n;ww

Fig. 6. Sirnulaliou rcsults rcceil'cd in {-'a,:lcnce Virluoso Alraiog
Des! gn l:n v ilonrncnl *' hen I t.,,,, a "' 68nt,\'.

The simLrlation resuits ob:ained in Cadence Vi*ttaso.,\nalcg
Desig* €nl'ironment tccl" vlhEn the investigated cilcuit
iudicates the highest efficiency resuit. are presenteci in Fig. fi

[71. 
'{-he outprlt polver of the ccnvefier in this particillar case is

equal to i t5mW.
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t'ig. 1. 
-l hi u'rrcli.rlrrs i:l'11:e rLrtput siqna!..s o1-crr*t'anplilicr. ranrp

*sclf fii,:ir anrl cii*:paltl*r.

-i'he .<witehilg licqucncl' /, a{'the designed PWIvI conlrclled
buck c*nvefier is equal tri 80I'1tlz.
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Irig. i Ih* r';iiiclrirnr *f'tr*lput loltiigc I",,,,, of thc.lcsigncd PllIL,'1

ccntrol led hLtck ctinvcrl*r.

'l-he ii'avefclm oloLllpllt voltage I1,',, of the eiesigneel PW&l
c*ntrollerJ l-.Lrcl' convetter i5 sho1.1n irl f ie. i.'lhe values oltlie
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Ilt. PFM coNlgol-r-ED BLtcl( cor\\'ERTrrl{

'l'he PF'M controlied buck ccnverter is designeci ivith
Cadence on Cb4OS 0.35 ptm technciog-v and the biock riiagranr
olthe rvhole s-vsteni is sho-,r,n in Fig. 7"'l'he input voltage ofthe
brick converter is equal to 3.6V, rvhile tlie output voltage: is

equal to I.7V. t he ccntrol s-vstem incirLries bandgap voliage

reference, conrparator w'ith hl,stelesis. oscillator and driver
s{age s. The pc'"r'er j\4OS tlansistors sr* rcgLrlalcd by' osciilator
vvith fired 5*7" dLrty-c1,'clo:. When ihc acLual output voitagc fil
Lruck eonverter is highei' than thc iiesir"ed level thc contr*l
s,vslern works in sleep nrode. In this case lhc load cncrg,v is

e{c}ivcred by' filter capacitol C. -thc on[1' stages rvhich opcrale

dt slcep rnode o{' thc convet'ler are bandgap and cotnparator
u'ith hvsteresis. \l,hen the buck converter rvorks in sleep mod*
o{'operatioir driver. nscillator:ind ihc pow'ir stage are disabled.
Thus porver losses in cr:ntrol systettt are miniirizecl in light load
conditions.

i::ig. ?. I11ocli diagr;'un o1'Pl:l\'l conlrolled buck.

The sarne bandgap voitage reierence is used in this control
as in the PWh'l controlled Lruck cofivefi€r. ilthe output voltage
[',,,,, beconles smaller riran the certain level. lhe ccmparator rl'iilr
hysteresis rvakes irp the rvhole s-ysfem. 'l'lls is the nor*ral nt*cie

oi operation af the sr,vitching-r*cde r*gulator. ln the pictLlres

bellou, the operation ol PFful controlled buck convefier is

present€d at different load condiii*ns.
'l ': r"'

;11ii

,Ir,-,il F-- ;tiF

fi li
i t: \

'J l-

' " iir:,,

Fig. 8, I hc ivalcibr*rs af l;u,.,, and ccntrol pulscs clmain pou'cr
l)illOS tlansisror Ii7, rvhcn 1i^,,.=8 m.,\,

The n'avefclrrs of output voltage L',,,,t &r\d control pulses cf
main poiver PMCIS trattsistcr I,',r,, n'hen the laacl ctrrent Ituu,i is

eqr-ral to 8raA, are presented in Fig. 8.

'1 ,"iit

i ^ 
l, 'J r.:.r

::-- - - r\: ,' , I

' 'i 1l'

I rrrt:;'ttr"I. iti tl' :1 r'. t rt

1: /1{ i r I

Trcrrrieirl- F*rpr,ll*

lrig, 9. I-hc tarclirrls ol l',,,i anLl l',,, tlhcn Jr,,,,,=5 iri,l

The w:aveiorms of the oiitput volfagr I',,,,, nncl control pLllscs

of main poiver PMIIS L'ar:sistor. when the load cttrrr-trt ,'. ., Ls

equal tc -5mi\, are presented in Fig. i) i\: it crn b* **er:r il'otn
the pictures shorvn in Fig 8 and Fig. !) the designcil PFI'I
conrrollecl birck convener vl'orks in proper rn*iln€r ancl the
aver$ge value of the outpLrt voitage tr',.,,r is equal tcl 1.7V. lhe
wavelbrms shawn lr Fig.9 prove that at lig,ht load the s\'sttni
operaies longer in sleep mcde .

Iror the oscillai*:" rvith f"ix*d 50% dLrtv-c1clc is ilscd ring
cscillator. l'he schematic oi'fhis ring oscillator is shiti.ln itt

Fig. 10.

l',t,t

Fig. 10. l{int osciiiator.

'l'he porver supply,'ulthis surge is s*'itclieri-ttlf in slcep mcde
in orcier to nrinimize the porver los-ces in the Pl'h4 e{}tilrol
systerr. '['hus tiie riverall *f'llcierrc,r' *1'bLtck cilnvcrtel' ctLrld btr

lncreascd. I{'thc outpr"rt l'altrgc ol'llie biich c<.rt:r'ct'l*r l',,,,, is
highcr than the de sire d voli.age , the conlrol signal '',51 " has hieh

voltage level. ra,hile " 51- " hr. lou roltncr ltvel. [n this case

tire transistor';1,1J. i,'hicir is illi;stlated in I''ig. i0. ii sii'iiched-

li.{,,c : !ll"':'ii:f "t
I
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ofL if ti,,,r is sr,rallel than the desired voitage. the control signal

" "lt '" iras high voltage leve1 and ,1,1J is sr.r,itchecl-on.

'l-lre etficien6,_y- r; results of the PFN'l controlled buek
c(lnvsner ;ts ;i tiriletion of the load cunent 16o4 &ye presented in
'T'ablc II.

'l',rer r Il
PF.]\,i CoNTR.JI-

f,f irta.t!:Nl:! rrl Ill.jt-'K {,rlNVfiR't'}:.R ;\S A tri,;i.t{,-i t.lN AF IL,rtr,

PFful Controllecl Buck Ccnverter
Ir.u*a fmA] Ellicierrcy lo ol

l0 l8
2A 60

lCI 55

I 5',]

,l 5-1.5

2 -j -l

I 21

The efilcienci,results of PWM and PFIr{ buck converter as a

f-unetian of'the load current It,,,ttt &{t graphicallv presented in
Frig. I l.

)a

lr,,g* [mA]

Iig. I l. F.lllcicncl- o1'l)\lii\l *ncl ['Ffu1 conlroiled huck converler as a

I'unction at lt.u,t.

The obtainecl results. illustrated in Fig. 1l ancl presented in
-I'able t and Table II, shov,' tirat the efliciencl' ol the designed
sr.i'itching-ruode regulator is higher at ligi:t loads if PFM cotitroi
is r.rsecl. lf ]i,,.ui is higher than 8m.,\ the PWM is rnore elfjcient
contrcl techniqLre. trVher: the load current is smaller than 8mA
tire elfueiencl ofthe PF&t controlled bLtck converter is around
7ui, hrgher rornpared tc the efficienc,v of tire PWM contnrlled
buck cr:nverter. l-he battery, lif-e of wearatrie electronic devices
ccr.rid be increased if PFivl control for slvitchins-n-tode
regulat*r is used at light loads.

iV. Cr:xcl-Ljs1tlN

iutegrarecl PWtu{ and PFh'l cotltrolled buck conver-ter

designed for lorl'power wearahle elecironic devices on {.MOli
0..i5 um tecinologl has beeu prr:posecl in this paper. The input
vcltage is eilLral lo 3.6V and the cutpLlt vcltagie is regLrlatee! to

be equal tc l.?V. 'l'lte i:raxintLun efficienc,v-. ri of the bucii
conveili!"is Sl.-13o,a" r.vlren tlre load current is eqLral io 68mA.
When lhe load cr,rre trt {tu,,,t is smaller than 8*rA, the efficiency

of the PFM controlled buck convefier is around 7oo higher
compared to the efficienc--v of the PWlvt controlled buck
converter. The PFM control techniqrie can increase the battery
lifb of u'ealable electronic devices Llsed in loT svstem. because
tliey opera{e ov€r a long per.iod of time at light loacl conditions.
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