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Research Title: Design of new precision rectifier circuit
Researcher: Mr. Montree Kumngern
Faculty: Engineering  Department: Telecommunications Engineering

ABSTRACT

This research project presents a design of versatile precision rectifier Highly suitable for
monolithic integration. The proposed circuit is consisted of three main components, namefy '
voltage-to-current converter, class-AB current-mode rectifier cell and curreht-to—voltag’é
converter. Unlike existing rectifiers, this circuit yields-a positive half-wave signal, a negative
half-wave signal, a'positive full-wave signal and a nega_tive’full—wave signal into. one single
structure. The proposed rectifier also exhibits”high frequency performance by using class-AB
current-mode precision rectifier cell and high- speed current mirrors. Moréover, the circut
provides good temperature stability. The PSPICE simulation results. using TSMC 0.18 pm n-well
CMOS process is performed to examine the performance of the new circuit. Experimental

results are used to confirm workability of the. prdposed structure.

Keywords : Precision rectiﬁer, full-wave rectifier, half-wave rectifier, current-mode circuit, nonlinear circuit,

analog signal processing
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mmmsau:uwmwmwmmm‘l.mmwwwLLUUﬂNﬂauqumn ARIRAULULAY WLRBULULLINLGS
LmuﬂauLLuuaulﬂLmaﬂauammmauwwLUuLWammmm ABUIILLAUDINITIS BINTBUALUUNAN Y
wihfleenuuuiemaluladfues F99asiiausliunadssnofes +12 Tas NATAUNIOTONUUY
IoTawaunsalleBnamnitomundamung fumsiiluadadinsessmsgewn

3.1 299538anTEuALUUTigsnssitlaua

qwsﬁmnszummmﬁamswmwﬁwﬁ'ﬁ'ﬂnLaummﬂﬂﬁﬁqgﬂﬁ 1 29sUszRaumuaudufe
rvsulassafudunsaua (VI converter)  2999i3sansvualumnssiariienlunaid AB uas 1993
wUasnseuaduusaiu (- converter) wasudassuiunssuaUsenauieIsasaenIunTsLa
uag FFAUYY Ry, LLamﬁagUﬁ' 2 asienszualuansuavinuluaaia AB Usznaudhe MD;,
fia MD, nssua 1y 89 Ig uaz 2easasiounTELa CM; B9 CM, dhufidnimy R 51 69 Rog awmmunlu
suvasnszuafuusesiu msmmumamwmﬂaaLmmuuluﬂiuLtammmaﬁmalmmu dlousediu v,
mﬂaummauwm awgruasunseud i, Tnensasenewiunszua CCll uas Rin (MR, s MR,) fnauuf
91 MR, uaz MR, Ipauifindoutunndsenis uas vemludwdus Aanusumisanssosamus

19de

R et (3.1)
2K(VDD "VTH )

o K = uCo(W/L) Ao Amstudroudinumudmisnimes Vo, Ao Aussduunsalsa Vpp ABUYEST"E
WS99 (Vpp=-Vss) b AR carrier mobility C,, AeraMuglihiinasenilmhefiuii W oAy
NsBYLLIG L AD ATEMYBILYLLLS NNANANTAYBINITANEWIUNTEUE [40]-[43]

LY (0 0 0)(V,
V. |=[1 0 o] L (3.2)
L) (o1 o)lv
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MSUE i, aunsomanldde

. V.

1 =— (3.3)
R.

z

nIzud iz 9y mﬂau‘lwnmwnsmniuLLaImni.,LLawmmu‘Luﬂma AB wswwamas MD, was nysud
o ATNUTINY V, Lwaluaamﬂusuamas MD; luvmeiinsudaimed MD, Wag Assud |, wase
usefu VB fisluda MD;  uswuluda v, uas V, AssdAlndldssiuAmusesuunselsaves
NITALNDS MD; Uay MD, LWEﬂ‘VI’Nf\]’iLSEJ\‘mSuLLﬁNﬂ’J’liJL‘VlENﬂi\‘ilJ’mVIﬁﬂ [16] WSI9U V, Uae Vg 98
Amuald MD; uaz MD, viawluaaia AB nszud I, uay lg avluaalwnuaaasa sViDuNsEua CM, B9
CM6 Lwa‘lmwsamauniULLawsaummumaamm mmmaauuauu‘lmwa‘mmuwmmaaqlﬂm
B9%u uay mmmwummwumLaumamwsanma

msmmwamwsmmsnaﬁmalmﬂuaaamu Ao msvﬁmumamwiL‘%ﬂanvaLaﬂ%aﬂéu way
199515eanseuaduniu msmmu*uawwmmniuLLaﬂiaﬂaummmlmmu e iz <0 NS8WE i,
Iviaru MD, uag Ny wauima CM, nanedunssuansues MG, i lc,1 (+i,) fu iy >0 ﬂi“LLa
mlwamu MDs wag nnamau‘[ma M, nanellunssuainsuang MC, i oy (i) 91NN15YURnG7
i mwamwuﬁsumanuuaauww iz NTEUABIVINN I; LB |, zanIauanslane

1,<0; I, =+, +I+, (3.9)

1,>0 5 1= +1,+1, (3.5)

a ' 4 J o . 4 7. . )
HIBUMENANBNTBUAAY |5 Wae | AD NIvUATIVALYEAINTEUARST |, U |+, Anuduiudnssua |,
UAENTEUA lpoy WA [pe, EWTOUARNILFAD

1,<0; I, =t (3.6)

Z

i>0;1, ,=-i (3.7

Ro2 z
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Voo
/ Eh
c1 M7 . M8
VDD Rin

lVl1 Mz

> -

[ ] Iin I Vine—y Iz Mg+ —I—l

V)‘n°—< Yy X — Z.-:>o = CCll zZ= Rin = '

] TR X : MRZ;T_\
M &I]—I b M, 1 Ri

| ’ Ves

Y S o
JUN 3.2 19sudsanssiuiunssua

le lpot UaE lpos L‘Uuﬂsvuaﬁlﬁamummumu Ro1 48 Rop MUY AMUALK Ry =R.=R,, uaz 14
aums‘w (3.3) muuavmmmqummauwuﬁivmwLmﬂuauww WAy L0NYIveIe9TSenseua
Aenduansafunie

V<03 Vi =V, (3.8)
V>0 5 Vi, =0 (3.9)
V. <03V, =0 (3.10)

V205V =V, (3.11)

(Y]

NNENNTT (3.8) 1 (3. 11) f\]vmulmnwswmLauammm“lviammmﬂsmauuuumn Uag wuvau
Telusasifenriu uaﬂmnmnummmmuam‘lﬂmaaﬂfmwsﬁLaﬁaimwmuaqmnaumiﬂsmmn
AN Vo, tag
aWiiUﬂsmmimmu‘uama%LimniuLLaLLUULmJﬂaummsaaﬁmﬂlmmamnmimmuwaa’ms
ISe9NsTUaAIIAAY maamsﬂmmu 1 nz <0 nyzhavzluaru MD, uay anazviaulae CM, nmamu
NTZUALATUTD MCs i +, NIBWA +, uamauanmwaaﬂma CM5 Tufivasuves MCq 7 -, WAy
AT -i, uamauanﬂsﬂma cM3 1Junszuafinnnsuves MCyo i los (+i) Iumanaunu ) iz >0

nssuaRzlviasu MD, uay gnavvieulae CM, nanetfunseuansures MCs 71 -, n3zud -, Tasviou
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anasalne CM, WiTIAsUYDS MCyo 71 1ps (+)  99nn1syinauiingnnun auduiudsywnanssua
| BUWY +i; NTBUALDIN |s FzaNTIRERLARD

1,0 5 Ij=+,+I+,+I,+, (3.12)

1,<0 ; T,=H,++I,+,+; (3.13)

LSJ@LLWEN‘-II’]EIﬂiuLLaﬂWI l; fle NIsuafivmvermnszLand] i+ Ha+,  AUENAUSATEWA |, HaE leos
9 lhos=l, 1510 Ins AONTEUAAIVRENUFIE UMY Res AMWUA Rys=R;, Wae Maunsit (3.3) fatiuas
mmmmaummauwuﬁssmwLLsmuauww Vip W8 LTI Vi, @101504ERRD

V< V., =+
05 Ve V} (3.14)

V>0 ; V=V,
e i, <0 3gUd iz alvarny MD; Lag gnasvieulay My nanetunsELALATUYDY MCy, 71+,
nssud +, davieusnadifiaadlag CMg ‘lﬂwwmumaa MCyq loa () Tugusd iz >0 nszuavsiva
HU MD5 Uae gnae wauiﬂa CM, nanalfunssuaasued MC;y 7 -, nszue -, davveusnadilag
M, hhmu'n,mswuaq MCye 7l +i, wae navua -, Dasveudnatilay CM6 iunsvuaTivnTuTes MCy4
T los (i) mmivrmuvmanm ANNANTUSTENINTIUABUNY -, NIzUAleIVNY |y 2aUTD
uanslife

1<0; I, =4 +L+L 4L+, . (3.15)
z o4 z 1 2 3 4

1,50 5 1, =i, +]+L,+1,+, (3.16)

LllE)LL‘Via\‘]’-\l’lEJﬂ‘iuLLﬁﬂ\‘Wl ls Ao nITuATYATEAINSTLART i+ HaH, - Auduiudnsug i, Ha2 lhog
AD lnog=i, 118 Inoq AONSEUATIMARILTIALYTY Rog MMUA Reg=R,, taz Maunisi (3.3) muuﬁ]u
mmim‘uaummauwuﬁsummmmuauwm Vip 8% W6 V. @1500ansfAe

- V,<0 ; V.=-V.
w2 “‘} (3.17)

Vo>0 ;5 V. =+V,

Ttl’lﬂﬂllﬂ']ﬁ/l (3.14) uas (3.17) ausauanalain ’NQ‘S‘VI“LHLﬁuaﬂ'm’]’iﬂl‘lﬂﬁmEU"IﬂJVI’NL’e]WV]WV]LUULLUU
LGIZJﬂa‘L!LL‘U‘U‘U'Jﬂ Lay mmauwuau‘lé‘lmwsmm UE)ﬂ'i]'m‘\]’lﬂ‘u&@fﬂiﬂiﬂLtﬂﬂ\i‘lﬂﬂ?ﬂﬂﬂ’l’n\‘ﬁ]iu
Lﬂﬂﬂ?.ﬂ’]‘wﬂLanﬁ]’lﬂﬁNﬂ’ﬁUi’lﬂ‘ﬂ’mﬂ’l Vg WeE u
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ML (3.8) F (3.11) (3.14) (3.17) svanseaguifineasidiaueaunselidyanol

@

wimmduiuuairiuuunn ARnduuvay ineRuLuuLIn wes Wuerduuuuay Tuaeesiies

' 3 2 MynsedsBenssuaitnaue

wmummiaiwauumnfmsmawquniuLLa way N%amaunsuuauﬂmauumﬂuamuﬂm Lm'
‘LuwmﬂgumLLawuuﬂ'ml:uLﬂuaﬂuﬂmswaﬂlmmsmawnunsuua nay Naiamaunmmmmama
0 g, WaT g (lsv I «1 way. le,l «1) WARIALIIRULAZNSTUE tracking errors UYB4NITAENIY
NTzUE AUdIAU muuﬂmauummmmaq mawwaawwmnsvuﬂmaiaumwluLﬂuamuﬂsﬂw"
' mmsnmv]uﬂmmauwuﬂmﬂa Vi=Byy. ip= -at, e i,=0 i B 1-g, Way a=1-g e Vi Vy LA V;
- Fousudith x y Uag z MUSWIU d i i, Uag i, Aensslafiva x y Wag z AUARNU  FeUUNTELE

iy Yaaanshi (3.3) ansadeulvadldae ‘

i,= apV, ' (3.18)
R ey -

do 1, Aeamudumuudedith x veneesaewIunsELA mmaﬁﬁmawmnmmwLLammsUm 3.2
Luamaaamsmmuma‘[ﬂmﬂiu PSpice lagldnsnilines 0.18um  Aawrsnfiwes a danvifu
0.998 B ALV 0.999 uay R, Ay 1.1 kQ

fauuRAIvIgasa wag 1asIasnd (body) venstudanes MC 04 MCye mwmmmamm&mu
fafunisieuveseansiudawmeifndniuiudaszanmsiUBsuilaweussuuns vlsasy
\ipunnuavedlaseadag (body effect) SuTiunsyUAIASUIBINASAY DT LAA I SONAsIdRD

. 2 =
=i JEW (Ve Vi 1+A Vs, (3 19)
K, N Ves-Vig 1AV ‘ :

Taamuual i, L*UuﬂsuLLaauww“LwamuuaawmaLﬂulﬂiaﬂ (gunsaiBuwn) d i, Wunszuaensinm
w"lmamuatlﬂsml,mwww Toedl A Aorurnines channel-length modulation K, uag K; Aensiud
ApuANUALENIT e SaUNsalvateINMLasBuNN MUTAU Vs Aofmussfussnineuinauas
YOS Vo UWAY Vpeo ﬂamLtsmumeiaaLLauLLimuszmnmmwuawasamaaaﬂnmmeww Vi
uag Vog; Ao ssfiuunstlaanazussiusenhaiasunasseiavosgUnsaiduym
aunAgunsaigunsniyndgnasaumalulaBifientu muuﬁmammﬂwqﬁﬁmas’ Vig U Cix

ﬂuaqwsqwamawmmuLﬂmmsavmaunsuLLauﬂmauummmaunuwszvm's aunsi (3.19) @wnsa
Weuldde
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i = (W/ L) 0 1+}"VDSo

o “in (W/L)I 1+)\.VDSi (320)

DNUA Vpsi=Vpso ﬁfqﬁ?ué’mwms*usnanssLLamaaNmsasﬁaunmmﬁmumﬁﬁa (W/L)/(W/L), las
IAMUALA (W/L)o=(W/L) 2818 iy=ioy 8R5INMST8080sTLER 99 A NN My wmTetesnda
Wil %ﬂsﬁuaziﬁ'wmm W/L mawmu%amai‘ﬁw SasmsvenenszuatasiinalrgnsanseAusdu
Aoanign (DC offset) %nwmmmumwmmua

uanIINTinaves channel- length  modulation %mwmsmﬂﬂaauumﬂ (W/L)o=(W/L); was A
vamuTameslunasaviounssualinnviiiy 3naumsi (3.20) ANLANFIUBIUTITUTE W9
InsuLAzYeTa (Vo UAE Vos,) vWsIuTamesiiaosaziinasiilinnsasiounssuavoiesassioy
nszualdidulumugauni fafnstsasiounsyuaiifasasdosdausadussniiunsuasgeda
Wity wag Sanusumunidevinngs Faenusavlalpermunlsian L VBMIMTAFDITAWN

’lumuma‘lﬂuﬁ]uwmsmwmmlmamwwnwuaawwwmas K uay Amussnuivsylea Vo, 999
mwwamaswmmﬂuwﬁ}samauniuLLa fIfnualions @I W/L 189n31uTaInasuatsasasyiou
nIzuEsE0liANYInAY WHAn K ' Lag Vig mmmﬂwamasmaaﬂuwnnu Tunsdlfanuduiusues
NIzl i, wag I, aunsaussunnlade

o ) ANk Ty (3.21)
K Vv

il AVps=VipsoVosi  AK=K,-Ki  K=(Ko+K)  AVyy=Vine-Vig 488 Vi=0.5(Vie-Vay) A19UAlHE K=K-
0.5AK" Ko=K+0.5AK  Viio=Vyy-0.5AVq 1ag V=V 0.5AVq, NAFUNIST (3.21) AInszud LN
'Naﬁaxﬁaunsma%Lﬂé"aul,t.ﬂaalﬂmnﬂmamﬁmqqﬂuﬂﬁé’mﬁaammn AV wazravasny iy
RAUARYDY AK  INANNSIREITY A1 AVy, 4as AK fillAnietaztiuananuianainuadnseua i
NATDY AVqy AAAIAILTINY Vs LAMINNIMTIU Vo SIUTAIEMA wamaamm‘lmﬂuammm
299 AK ﬂammwmwmﬁmmmrmmamwmumawsquamaiwLﬂaauu.ﬂmlﬂ mummmmn
NTLUIUNIINER W38 MIAFUUY Wdunaanaunist (3.21) Tean AK agiinaetauniunssud
b YBNNTATVIOUNITLE Waves AK @mnsailiaasasldainnisiaasulumsniseanuuuwdanly
wasled

Lﬁaﬁnmﬁaﬂmﬂmﬂuqﬂuﬂammd'smwsL?ENﬂszLtaimnmt,aﬁﬁwmu’luﬂma AB 2935M5U4
AflosTiuszneudie MD, @ MD, axgniinswyi  Tunsgausfnuantivemsudanes MD, &
MD4 %é’mﬁ@mauﬂ’ﬁﬁmﬁauﬁ’umnﬁqm Anuliauwasiuremsuawmes MD, 89 MD, 9=iinavia
“lﬁé’zyfy"nmmﬁwwﬁlﬁammmﬁ’u M98199Y YUnIdyIuTnuInusne1vvzldvinfurunTes
Tuanndniiaes
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ammnwmaani"LLameauannaaﬂLLUUmama‘[uiaasuuaa’luuw psubstrate i
NMOS m‘vmmqmmumvasﬁaaduuamm nwell luvazdi NMOS Famumwangfiazadslu p-
substrate IﬂwﬂUmmmumﬂiuiaasauaaiul,wu p-substrate  filasea3ne (substrate) fnasgn
Housheuvaatne Ve, fuiuwn body vemsiudaines MD,-MD; Jagnaadnriy Vg e body 04
NITUTERDS MD5 MD, nnmaL*v'mwmasamaqmumaa muuwamaq‘u’l body (body effect) iR
funsudanes MD-MD, FafiesgnmAmSedssinams lusngiiniudawmes MD,MD, as
U51791NHave9Y1 body useduuvstlaaiisiunaves body asnsauanilare '

Viu=Vge Y (\/IVSB|+2(pF '\/Z(PF) - (3.22)

e Veg UtAUSENINITDTaLasTATEsY 20, ﬂa surface potential Voo ﬂE]ﬂ']LLSQﬂuLW]S‘UIaa
dieldfinslusadniian body y= (tox/sox)(qus.NA) ARAINITIEWDS body effect t,, A9 oxide
thickness &, A& oxide permittivity &g A permittivity 93%3anau. Ny Ao doping coricentration
uae q feUszguesdiinnsou wseiu Ve auﬁmaiﬂamoﬁumLtsqé’fw,mwiaa

mnsﬂw 3.2 VsempatVesmon >0 wag e Mpz W88 Mps nn‘l,uaa’lumwmwamivLLalvlaLaﬂuaa
o Vp=0 mLUuﬂmauumﬂJmﬂma AB - 91AIVIUR Vinupn=Vikvos)  Vrios=Varavos 1=lp=] G
Moy 19 Mpg ¥UlUEUBNGY Iopps=-lomoy” NIEUE logon 1as Tops @NasMusldae [3]

1 e 1 ]
I [“n (W/L)MDZ Cor (W/L)MD4 (3.23)

DMD1)
p,C (W/L)MDI ”pcox (W/L)Mm

aunsiuaninssud quiescent turana AB vosnsudawmesiidewuunsiudaites 3] Teadunssua
Alvashunsudamesideuuulealon My, U8 Mog
Ingldaunsm (3.19) uaz (3.21) aumsfi (3.8) (3.10) (3.14) uas (3.17) ansoideuldie

\/in <0 5 VH+=+ aBROlVin
R, R

in X

(A‘effect +Kem)r ) (324)

aBRo \]in ¥
Vo0 Ve =R

m

(}"eﬂ"ect +Kerror ) | (3.25)
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' afR V.,
V,_ <0 ; VH=+ﬁ(3xm+3Km)
R v (3.26)
Vin > 0 > VF+ (if 03 (2)“eﬂ“ect+2Kerror)
\,in<0 5 VF.= a_B;R—(Z)“effect+2Kermr)
- R, +R, .
BR..V (3.27)
o f
V.>0 ; V=t (3} 13K
in F- Rin +Rx ( effect ermr)
2
Ko I Vos~Viu, 1V, ' -
Lua Metroct = = Do | g 1428 28V 11, AVos | yay i
Ki VGS-Vmj 1+?LVDSi ertor K VGS -Viu v,

1 Aefrect W8Z Kerror VBINATASTDUNTTUALUTUIN LA u:u*uauuﬂmauummuaunwnﬂsvmsamsu
quns (3.24) uas (3.27) mmu’[mmnaumsw (3.24) By (3.27) an’nmnaﬂ,uLﬁuaﬂuﬂmamws
anenIuUNSTUE uay 'msavwauns.,uaauawawmmaaammmmww waz 9193zaniinavilmin
LLNG]U@E)WL‘UG]WNL@’W]WVI aEmlinmwummmaaam:u'lmmewWﬂvmmmLLﬁ‘leﬂéTﬂamemm'm
mumumumww‘w Ror Roz~ Rgz W@y Ry, °lu°ummLLsmuaawLsnmmmsmmL“Uﬂlé’lmanizﬂsum
wsaulusa Is I 1y wa Iy

mv;susmmsmmumaauwmamwmamuLLawmLauammsnwﬁ]'lsm'flﬂmmwsu,ﬂm
LLiaﬂuLUuniuLLamLam’LusUw2 mwgummumamwsaumuaanuwaammmwuwh EUNR
weansuames My f9 M, vihenulugudusa mwgummummuauwmaaamm e RAINITD
MuRlaAe

Vm(mm) =Vs +,VIHP,+I ,+, l+lveﬂ(m)' (3.28)
Vin(max) =VDD-,VTHP ' ',le 'IVeﬂ(m)l +,Veﬂ‘(Ml2)‘ (3.29)
LlJE] V. =Vis Vi ‘2(1“1/ ) [44] T,ﬂfm Vs ABLTIAUSENINALAZEDSE Lay Ipb AONSsuE

LATU
LJJ@WR]']‘SCIJ’I’N%?IU?UVI 3.1 i]“’ﬁ’]ll'ﬁﬂLL’dﬂ\ﬂﬂ'J’]LLVIEN‘\]']EJLLi\‘iﬂuuaﬂ‘l’]ﬂﬂ‘i’lﬁlaﬂﬂ'ﬁﬂ?MUﬂlﬂﬁl’]ﬂ
Lmaamawma’lwnmwswsnuaamas WAEIRBUTIHY Vpp WaY IVssI Wﬁla\?ﬂ"liﬂﬂ'ﬂu&]‘lﬂﬂa

3

13815
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Vo Vg Vosawiss (3.30)
8 e A A, (3.31)

aunsiliven vuaimsadamesszvhaulugususi

=
3.3 NNSE9NTITLINISUAUUULTBIAT

Nasnsuu,awmLauaazﬂnmmaswL{‘Ju'mﬂmmww 3.3 uaamnasuamaswmuﬂnnaﬂﬂﬂah
lo%Fueauas MC14007 Naimawwnisua'l'ﬁ'lamuai AD844 nszudaludd I, uag I, QAULNUMEH
UMY A1 1.5 MQ (h=l,=1pA) nszualudat; uagl, JNEMUAILFIIUNIY A1 10 KQ (,=1,= 488

pA) waz nszualuda |5 uaz Iy gruntdmsi iUy A1 500 kQ (Feiumuu3uaild) sgumnu Ri
A1 1 kQ uaz Tdundedne 7.5 1ant

= 2 a a
EUVI 3.3 AUKUUNITLIBINTSUALUULNGIRNSS



Ui 4
NANI5INADILASHANITNAGDS

'L‘W'E]‘VlﬂﬁaULLU'Jﬁﬂﬂ’ﬁa’eJﬂLLUUﬁﬁﬂ_Laua 2easiSeanszualuguil 3.1 wgnIaeIMsaulagld
winilinesued 0.18 pm n-well 110 TSMC [45] ANdmstdau WA vesusamsudameuandldi
M7 4.1 Fvauvsssneusedu +1.2 Taati  nssuglusa lo=leo=_ 20 pA Waz l=l,= 100 pA
Tuvaugfundednenseug I 89 Iy LUULL‘Via\‘i‘i]']EJﬂiuLLﬁ‘UﬂL‘UEJﬂiuLLﬁﬂ\WI A1SRTIEIU W/L 183 MR, Uas
MR, fimualiienuinnds MR, s MRy e valteAIAT LS UmIIENTIHn X TesanemunTsud uay
rnavesrwlididugaunfivevisasasiounseua Luamaaam'smmmwsmﬂwnuniuLLaIuiUw 3.2
AuanTRvensaemunssuaildlnssidiauewandldname 4.2 '

d r 1 =Y [¥3 dl
151997 4.1 dnsrdu W/L maauaawﬂwamaiuasn-ﬁsLLaluamwﬂugU‘w 3.1 4ag 3.2

UREANTIUTALNDS W/L (Um/pm)
M; M, Ms Mg MCs MCq MCg MGy MCg MCyy MCys MCys MCys MD;

MD, , ' i 3/0.3
Ms Mg My Mg MC; MC, MCs MCy MCy MCy5 MCys MCyg 8/0.3
MD; MD, | 1/0.3
MR; MR, 0.8/0.3
MR; MR, 0.32/0.3
MRs MRg4 : - 0.34/0.3
MR; MRg 0.27/0.3
MRy MRy, 0.28/0.3
et les 0.8/0.3
I I 0.32/0.3
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< ° wa ' <
AT 4.2 Na AMTRIAMAUUAYBINTE HWWUﬂﬁ%LLﬁmﬁUUG?iWUWLﬁUQ

Wsnes A
Technology . 0.18 um
Power supply +1.2V i
Quiescent current 20 pA '
Input voltage range ' , -200 to 200 mV
Voltage error range 57 mv
Input current range -100 to 100 pA
Current error range 7.767 pA
Bandwidth (-3dB) '
Voltage follower (V,/V,) 800 MHz
Current follower (1,/1,) 1.1 GHz
Slew Rate (SR) 0.259 V/ns
R, L, 1.1 kQ), 38 nH
R,, C, 500 GQ, 0,044 fF
R,, C, 152,67 k2, 0.48 fF

Namimaaamimmwaa’aq%mmmLLam"meu iﬂw 4.1 Ltamﬂmauumma DC 9429951584
ﬂiuLLﬁ‘VI‘L!’]Lﬁua fmLLammaUgUmﬂumaauwwmn -300 mV fi 300 mV taz Wevnnszdsunszua
Tuda I, was l, (,=1) ey 0.5 PA 1 pA LlaZ 3 pA 3% aqmmmniw 4.1 "memmmauw
U‘iL’JiuﬂiUiU’]ﬁUEJUW‘VIJJ‘UU’IﬂLaﬂleJﬂﬂaﬂUEJ‘i]uaﬂﬁ\‘iL@JaﬂiuLLﬁanﬁaﬂad?ﬂﬂ 3'pA ©i3 0.5 pA ‘IN
wmamﬂmqmmmawswamwswmLauaa'lmmﬂmuﬂlﬁ’ﬁﬂamsLaanﬂﬁnsuLLaluaa L uag l, 7
WANNZEY

mamLmammiﬂauammmsﬂﬂaulmusumm 100 MVpesi wnwauwwuaa'mmsmnisl,u,ammLaua
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Abstract

This paper presents a versatile precision rectifier. The circuit yields a positive half-wave
signal, a negative half-wave signal, a positive full-wave signal and a negative full-wave
signal into one single structure. The PSPICE simulation is perfonnéd to examine the
performance of the new circuit. The experimental result is also confirmed workability of

the proposed circuit.

Keywords:

* Precision rectifier, full-wave rectifier, half-wave rectifier, current-mode circuit, nonlinear

circuit, analog signal processing

1. Introduction

in a conventional rectifier, diodes are simply used for rectification. However, it has
generally been acknowledged that such a circuit is incapable of rectifying incoming
signals whose amplitudes are less than the cut-in voltage (e.g., approximately 0.7 V for
the silicon diode and 0.3 V for the germanium diode). Therefore, diode-only rectifiers are
normally used in applications in which the precision in the range of cut-in voltage is of
less importance, such as RF demodulators and DC voltage supply rectifiers. The
precision rectifier is an important circuit building block that is widely used in various
applications, such as in wattmeters, AC voltmeters, function fitting, triangular-wave
frequency douBling, crror measurements, RMS to DC conversions, and peak detectors to
floor detectors in ultrasonic. As a result, 2 number of precision rectifiers have been
introduced in the technical literature [1]-[38]. In [1]-[9], several precision rectifiers using
operational amplifiers (op-amps), diodes and resistors have been proposed. However, op-

amp-based circuits typically utilize excessive external passive components, many of

Page IET ReviewsCopy Only



IET Circuits, Devices & Systems

which are floating compbnents. Moreover, the classical problem of the rectifier using op-
amps is that during the non—conductiqn/conduction transition of the diodes, the op-amps
must recover with a finite small-signal dv/dt (slew rate) [10]. The result of this effect is
an output distortion in the crossover region, known as ‘comer distortion’. Thus, the op-
amp-based rectifiers are restricted to 'a frequency perforfnance well below its gain-
bandwidth product. This problem is reduced by designing the rectifier using a current-
mode technique [10]. Several current-mode precision rectifiers have been introduced
[10]-{23]. These circuits provide the attractive feature of high precision rectification.
However, some of these circuits either require an ungrounaed resistor, which is not ideal
for integrated circuit (IC) impiementation, or suffer from high frequency limitation. In
addition, the rectifiers in [10]-[13] fllso require two identical current conveyors.
Mismatch of these current conveyors affects the output waveform of full-wave format,
ie., the amplitude of the first polarity éigné] may not be equal to that of the second
polarity signal. Other rectifiers using operational transconductance amplifiers (OTAs)
[24]-[30] provide the attractive feature of IC implementation, some of which nevertheless
suffer from the use of a large number of active components and limitation to the high
_frequency performance (i.e., [28], [29]). ‘

To achieve the high operating frequency, the current-mode class-AB rectifiers
were used in [31]-[34]. Although this technique requires the signal current to be four
times as large as the bias current in order to avoid the square-law error of the transistors,
the precision and the operating frequency of class-AB rectifier can be obtained
approximating from the quiescent current [34]. In addition, the rectifiers using all-MOS
transistors proposed in [35]-[37] are very suitable for CMOS technology implementation.
. It should be noted from the rectifiers [1]-[37] that the circuits in [1]-[33] are the full-wave
rectifiers while the circuits in [34]-[37] are the half-wave rectifiers. Only the rectifier in
[38] can provide both half-wave rectification and full-wave rectification into one single
topology; however, this scheme is unfit for operation in high frequency.

In this paper, design of the versatile precision rectifier which can realize both
half-wave and full-wave signals is presented. The proposed circuit provides both high
precision rectifier and high frequency performance. The positive half-wave, negative
half-wave, positive full-wave and negative full-wave rectifiers can be obtained in one

single structure. PSPICE simulations are performed for the verification of the circuit. The
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experimental results are included for the sake of completeness and to confirm workability -

of the proposed circuit.

2. Circuit Realization

" The proposed versatile precision rectifier is shown in Fig. 1. It consists of three main

components: the voltage-to-current (V-I) converter, the current-mode class-AB rectifier
cell, and the current-to-voltage (I-V) converter. The V-I converter is composed of a

second generation current conveyor (CCII) and a resistor R, as shown in Fig. 2. The
class-AB precision rectifier cell comprises transistors MD,; to MDs, current sources I, to
Iy, and current mirrors CM, fo CMgs. The resistors R | to R, are operated as the I-V
converters The operation of the V-I converter is as follows: when input voltage V.,

travels into the circuit, it is converted into a current i, by CCII and resistor R, (MR;-

. MR;). Assume that MR; and MR5 are matched and operated in saturation regions, the

resistance value can be determined by [39]

1

K ) ?

where K = uC, (W/L) is the transconductance parameter, Vy the threshold voltage,
Voo the supply voltage (v, = [Vss|)s 4 the carrier mobility, C,, the gate capacitance per

unit area, W the channel width, and L the channel length. The terminal relations of CCII

are determined by i,=0, v, =v , and i, =i [40]-[43]. Using these relations, the current

i_ can be obtained as

z

e @

The current i_ will be applied into the input of current-mode class-AB precision rectifier.
The transistor MD; and the current source I, generate a constant voltage V, to provide a
bias voltage for transistor MD; while transiétor MD;, and the current source I, generate a
constant voltage V; to provide a bias voltage for transistor MDj3 [16]. The constant

voltages ¥, and V, should be fairly close to the respective threshold voltages of
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transistors MD; and MDj to obtain precision results. ¥V, and ¥, cause MD; and MDj to
operate in class-AB. The current sources I, and I, are supplied to the current mirrors

CM, to CMg to ensure that these current mirrors are continuously on and thereby improve

the frequency response and the overall system linearity.

The operation of the proposed half-wave rectifier is as follows: when i, <0, it is:
fed through MD and then is mirrored by CM, to the drain of MC2 as I, (+i,). On the
ofher hand; v;'hen i, >0, it is fed through MDj3 and then is mirrored by. CM,; to the drain
of MC, as I, (—i_). From the operation of the proposed circuit, the relations between
the input current i, and the output currents 7, and I, can be expressed as

i <01 =+ +I+1, - 3)

i,>0,1,=i +1,+1, “4)

As the current sources I; and I, respectively compensate the offset currents I, + I, and
I, + I, the relations between i, and the currents I, and I, , can be expressed as

i, <01, =+i ()

i, 0305 =, ©)

where VIR‘,l and [, , are the currents flowing through the resistors R, and R, ,

respectively. Letting R, = R, = R, and using Equation (2), the relation between the

input and the output voltages of half-wave rectifier can be obtained as

V. 20,V =V, (7)
V>0V, =0 ®)
V<0, ¥, =0 G
w>0V, =V, (10)

From Equations (7) to (10), it can be seen that the proposed circuit provides both a
positive half-wave rectifier and a negative half-wave rectifier. It is also evident from
Equations (7) to (10) that the temperature effect is non-existent due to the absence of ¥,
and .

The operation of full-wave rectifier can be explained by the continuous operation

of the half-wave rectifier. Its operation is as follows: when i, <0, it is fed through MD,
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and-then is mirrored by current mirror CM; to the drain of MCs as +i,. This +i, is
second mirrored by CM;s to the drain of MCs as —i, aﬁd this —#, is third mirrored by
CM; to the drain éf MCyp as 1, (+i,). Conversely, when i, >0, it is fed through MD3
and then is mirrored by CM; to the drain of MC¢ as —i,. This —i, is again mirrored by
CM; to the drain of MCyy as I, (+i,). From the operation of -the cjrcuit, the relation
between the input current (+i, ) and thé output cufrent to the drain of MCyo (1,,) can be
expressed as . |

>0 T, =+, +L+L+L+1, (11.1)

i, <0, I,=+i_+1,+1,+I,+1, (11.2)
Since the current source I, compensates the offset current 7, + 1, +1; +1,, the relation
between i, and I, , is 1, , =i,, where I, , is a current flowing through the resistor
R,. Letting R, ='R,.,l and using Equafion (2), the relation between ¥, and ¥, can be

expressed as
V. 0O V. =34V,
in < E F+ + in } (12)

Vin >0 VF+ =_Vin

_ Again, when 7, <0 it is fed through MD, and then is mirrored by current mirror CM; to

the collector of MCi» as +i, . This +i, is again mirrored by CMs to the drain of MC)¢ as

I ,(-i ). In contrast, wheni, >0, it is fed through MDs and then is mirrored by current

_mirror CM> to the drain of MDy; as —i, . This —i_ is second mirrored by CM; to the drain

of MCy4 as +i_, and this +7, is third mirrored by CMs to the collector of MCy¢ as 1,
(—i,). From the operation of the circuit, the relation between the input current (—7,) and
the output current / , can be expressed as
i,<0; I,=—i,+1,+1,+1;+1, (13.1)
i,>0;1,=—i_ +L+1,+1,+1, (13.2)
Since the current source /, compensates the offset current J, +1,+ 1, +1,, the relation

between i, and I, , is I,,, =i, , where I, , is a current flowing through the resistor
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R, Letting R, = R, and using Equation (2), the relation between V,, and V,_ can be

expressed as

o ) w
According to Equations (12) and (14), the proposed circuit can operate as a positive full-
wave rectifier and a negative full-wave rectifier. Moreover, the full-wave rectifier
provides good temperature stability as there is no temperature effect due to the absence of
Vo anci 4 . It is evident from Equations (7)-(10), (12) and (14) that the proposed rectifier

in Fig. 1 can perform as a positive half-wave rectifier, a negative half-wave rectifier, a
positive full-wave rectifier and a negative full-wave rectifier within the same
configuration. It should also be noted that if only half-wave rectifier is required, the

circuit should consist merely of CCII, MD; to MDy4, MC; to MCy, I, to I, R, , R,,and
R, . In addition, if only full-wave rectifier is required, the circuit should consist of CCII,

MD; to MDy, MCy, MC3, MCs to MCys, I, to 1,, I,, I;, R,, R;,and R ,.

3. Circuit Performance

The ideal circuit performance so far has been based on the assumptions that the current
conveyor has no tracking errors, that current mirrors have unity gain, and that MOS
transistors are perfectly matched. However, in a practical realization, several non-
idealities that cause deviation from the ideal performance are presented. The major
factors to consider in this paper are non-ideal effects of the CCII, non-ideal effects of the

class-AB rectifier cell, and non-ideal effects of the current mirror.

3.1 Non-ideal effects of the CCII

The proposed rectifier is analyzed by taking into account the non-idealities of a

CCII. The non-ideal CCII characteristics can be accounted for by letting v, = Bv,,

i,=cai, and i, =0, where S=1-¢, and ¢, (|g,| <<1) represents the voltage tracking

z X

error from y to x terminals, and o =1-¢; and ¢, (|g,.| <<1) represents the current tracking

error from x to z terminals. Taking the voltage and current tracking errors into

consideration, the current i, can be expressed as
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z Tﬁi | (1s)
where R_ is the parasitic- resistance obtained by looking into the terminal x of the CCIL.
When the CCII in Fig. 2 is simulated by PSPICE'simulators, the parafneters «=0.998,
B=0.999 and R, =1 ] kQ are obt:ained and the simulated results are presented in Table 1.
To investigate this case, the CCII in Fig. 2 was designed using TSMC 0.18 pm n-well
CMOS parameter [43] and aspect ratios as shown in Table 2. For this simulation, resistor

R,, is removed and the body of each of the transistors M and M, is connected to ¥,

while the body of each of the transistors M3 and M, is connected to its source. From

. Table 1, the CCII provides wide bandwidth. This parameter will be supported the high

operating frequency of the i)roposed rectifier.

3.2 Non-ideal effects of the current mirrors -

Let us assume from the circuit in Fig. 1 that the body of each of the transistors
MC; to MCys is connected to its sources, and thus the operation of the current mirrors
CM; to CM is insensitive to the variation of the threshold voltage caused by the body
effect. However, the current mismatch should be considered.

~ Assume that the current i, is the current reference that flows through 'input
transistor, and the current i, are the output current that is mirrored by output transistor of
current mirror. Hence, the relation of i, and i, that includes the channel-length

modulation effect can be written as

2
i =i & Vos = Vo 1+ AV s, ' (16)
K N Vos =V ) \1+AV g

where K, and K, are the transconductance parameters of the output and the input

devices, respectively, ¥V, is the gate-source voltage of any transistors, Vino and Vi, are
respectively the threshold voltage and the drain-source voltage of output devices, ¥, and
Vs are respectively the threshold \}o]tage and the drain-source voltage of input devices,

and 4 is the channel-length modulation parameter.

P
age IET F{eview9 Copy Only



IET Circuits, Devices & Systems

Assume that all of the physical parameters such as V;;, x, C,, etc., of current
mirror are identical, Equation (16) can be written as

i, =i,-,,((W/L)"J(1MV”S") (17

(W/L), ) 1+ 47,

i

If V5 =Vps, » then the current gain of the current mirror is (W/L), /(W/L), . Additionally,

if the transistors are identical, (W/L)D =(W/L).~’ and therefore i, =i, . The current gain

of the current mirror can be larger or smaller than unity because the transistor sizes can
be ratioed. This current gain will effect to the amplitude of the output voltage signals and
the DC output offsets of the circuit.

On the other hands, the channel-length modulation effect can be considered by

assuming that (W/L)o =(W/L)i and A is the same of both transistors. From Equation

(18), differences in drain-sourcé voltages (Vpsi, Vpss) of the two transistors can cause a
deviation the ideal unity current mirroring. A good current mirror should have identical
drain-source voltage and a high output resistance, which can be achieved using large
channel length.

Mismatch between the parameter X and offset between the ¥, of the two
transistors are considered. Let us assume that the W/L ratios of the two mirror transistors

are equal but that X and V};, may be mismatched. In this case, the relation of 7, and i,

of current mirror can be approximated as [1]

i, [1+£-%—] (18)

K Vo=V
where AVps =Vps, =Vps , AK =K, =K, ., K=05(K,-K,), AVry =Vio = Ve and
Vig =0.5(Vego — V) given  that Ki=K-03AK = K =K+0.5AK
Vino =V —0-54V and Viw =V +0.58V7, . From Equations (18), two factors could

deviate the current 'o of current mirror from ideal characteristics: the non-ideal effect of

AVry and the non-ideal effect of AK. From the same equation, small AV and AK
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AV

reduce the error of the current ' . The effect of is reduced if Vos is several times

larger than Vm. The non-ideal effect of AKX is the error in the aspect ratio of the transistor

devices, which could be due to mask, photolithographic and/or out-diffusion variations. It

is obvious from Equation (18) that high value of AK will result in high error current o of

current mirror. The effect of AK can be minimized with a careful layout, i.e., the
dimensions of the transistors should be designed much larger than the typical variation. In
addition, the use of reference voltages for current mirrors can be obtained a very high

précision of the proposed circuit.

3.3 Non-ideal effects of current rectifier cell _

To determine the influence of class-AB rectifier cell non-idealities, the' dual
translinear loop (MD; to MDy) will be analyzed. Ideally, characteristics of the transistors
MD; to MD#4 are required to be identical. A mismatch of the transistors MD; to MDy will
result in asymmetry of output Waveform, i.e., the amplitude of the first polarity signal
may not be equal to that of the second polarity signal at output.

Let us assume that the proposed circuit is designed by standard CMOS technology
version of p-substrate. Thus all PMOS devices are suitable for implementation in n-well
and all NMOSs are suitable for implementation in p-substrate. Typically, for standard

CMOS technology version of p-substrate, the substrate will be applied by V., then the
bodies of the transistors MD;-MD, are connected to Vi and those of the transistors

MDj3;-MDy are connected to their sources. Therefore, the body effect on transistors MD;-
MD, should be examined whereas the transistors MDs-MD; are insensitive to the
variation of the threshold voltage induced by the body effect. The threshold voltage with

the body effect can be expressed as .

Vi =Vio +7(\/IVSBI+2¢F —VZ({)F) (19)

where Vsp is the source-to-body substrate bias, 2 ¢ the surface potential, ¥V, the

threshold voltage for zero substrate bias, ¥ =(fox/ Eax)wlzqé'ﬁN 4+ the body effect

parameter, f, the oxide thickness, £, the oxide permittivity, £, the permittivity of

Page IET Reviev%ICopy Only



IET Circuits, Devices & Systems -

silicon,- N, the doping concentration, and g the charge of an electron. The voltage V,

directly affects the threshold voltage.

In Fig. 1, however, Vsgamps+Vesmmn 50 and both Mp, and Mp, are biased to
conduct nonzero drain current when V=0, which is a characteristic of a class-AB. If
VTH(m]);VTH(mz), Vruamsy=Vrammpy, 11=I=1, assuming Mp; to Mp, is operated in
saturation region, Ipmpsy=-Ipppy, the currents Ippmy and Ipps can be givén,

respectively, as [3]

1 1 J
+
(ﬂnCm /L) py #Cox /L) s (20)

I D(MD1) [ 1 1 ]
#4Co WD), 1,C (VD)
This equation shows that the quiescent current in the class-AB dual translinear loop
rectifier cell is well controlled with respect to the bias current that flows in the diode-
connected transistors (Mp; and Mps) [3]. :
Using Equations (16) and (18), Equations (7) (10), (12) and (14) can be rewritten,

respectively, as

. aﬂRolVin |
I/,-n <0 B VH+ =+m:—(ﬂ'cﬁzcl +Kerror) (21)
_afRY, -
Vis0; V. ==am( ) L 22
H: R,»,, + Rx ( effect errar) ( )
V<05 v = 2R3y ap
F+ R’ +& ejﬁct error
' B8RV b (23)
. — & 03" in
V>0 Vi,= Y B (D] e +2K"’"’)j
Vin <0 5 VF— == aIBRMVi (2/1’eﬁ2'cl + 2I<ermr)
+R
Ry " V > 24)
I/in > O > VF— =t— = s (32'eﬁ'ecl 3Kerror)
R,+R, J -

2
K [ V..-V. 1+ AV, '
where /1%:( J( Gs m)( DSOJ Km,=(1+§1i— 2AV,, )[l.+AVDS)
Ki VGS - VTHi 1+ ’U/Ds, K Vcs - VTH VA

and assume that 1

mea@nd K of positive and negative current mirrors are identical for
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Equations (23) and (24). It is evident from Equations (21) to (24) that the non-idealities

- of CCII and of current mirrors will attenuate the amplitude of the output voltage signals

and may increase the DC output offsets. However, the amplitude error can be corrected

by increasing the value of the output resistors (R,,,R,, R, and R ,) while the DC output
offset can be compensated by adjusting the values of the currents I, I, I, and I,. For

high-frequency response, the major limitation of the rectifier is the internal poles of

current mirrors. When the current i, is applied into the current rectifier cell, the signal

will be mirrored by only one current mirrorto create the half-wave waveform; and to
create full-wave waveform, the signal will be mirrored by two or three current mirrors.
Therefore, the half-wave rectifier can operate in higher frequency than can the full-wave
rectifier.

For the input range of the proposed rectifier, it can be obtained by assuming that
the transistors M; to M, in Fig. 2 are biased in the saturation region. The minimum and

maximum input voltage ranges of the proposed rectifier can be expressed as

Votrin = Vs *{Varl Vel # Vonsi] Voo @5) .
Y tiaty = DD—IVHPI_'VTNI_IVWWZ)I+lV€ﬁW12)l (26)
where ¥, =V -~V = %I;’/L) [44], where in turn V_, is the gate to source

voltage, V7, the threshold voltage, I, the drain current, p the mobility of carriers, C, the

gate capacitance per unit area, 7 and L are the width and length, respectively, of MOS
transistor.
By consideration of the circuit in Fig. 1, it is seen that the minimum supply

requirement is imposed by the dual translinear loop. The requirement of the supply

voltages Vpp and | Vssl are given by

Voo > V7H(MCI) + VDS‘(A/DI),sat 27)

’VSS' >Vosomsysa Vo 28)

This equation is given to ensure that all transistors are saturated.
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4, -Simulation and experimental results
| The scheme of the proposed versatile rectifier in Fig. 1 was simulated using the PSPICE
simulation program. For the circuit simulation, TSMC 0.18 pm n-well CMOS process
[45] was used. The transistor dimensions of Figs. 1 and 2 were tabulated as shown in

Table 2. The Supply' voltage -used is 1.2V, and the bias currents used are

I.,=1;,=20pA and I, =1, =100pA. The currents J; and I; were implemented using
current source with a single current reference. The current sources I; to I, are set to

compensate the constant current sources. The aspect ratios of MR; and MR, are larger
than those of MR3 to MRy used to compensate the non-ideal behavior of the current
conveyor and the error of the current mirrors. The DC transfer characteristics of the
proposed rectifief are shown in Fig. 3, which illustrates the operating voltage range from

—200mV to 200mV of the input voltage. Three different currents were used for I, and I,
(1,=1)),ie., 0.5, 1 and 3 pA. It is observed from Fig. 3 that the corner distortion regions

of the half-wave and full-wave outputs reduce when the bias currents decrease from 3 pA

to 0.5 pA. This means that the precision of the proposed rectifier can be achieved by
selecting appropriate bias currents ; and I,.

The next test was a test of time domain responses. By applying 100 mV ek sine
wave at the input of the proposed rectifier, the input and output signals at 10 MHz and
100 MHz frequencies are shown in Figs. 4 and 5, respectively. It is observed from both
figures that the proposed rectifier performs both dual output half-wave rectifier and dual
output full-wave rectifier from the same configuration. Moreover, undistorted half-wave
rectified signals and full-wave rectified signals are produced for a high frequency up to
100MHz.

In order to examine the temperature stability of the proposed rectifier, the circuit

was fed with an 100 mV ., 10 MHz signal while varying the simulation temperatures

between 27°C and 100°C. Fig. 6 shows the output waveforms V,, and V,, of the

proposed rectifier at temperatures of 27°C, 75°C and 100°C. The result indicates that the
proposed rectifier provides good temperature stability as validated by Equations (7)-(10),
(12) and (14). However, the output waveforms suffer from the DC offset even though

they are free from distortion. These offset voltages can be easily improved by adjusting |
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the bias currents I to' [;.

| The proposed rectifier was again simulated to check the precision performance.
The 10 MHz input signal frequency was applied and the amplitude set at 50 mVpeax. The
input and output waveforms in this case are shown in Fig. 7. It is evident from these
figures that the proposed rectifier can rectify low-level signal. More precision can be

achieved by reducing the bias currents 7, and I,, but this is likely to affect the bandwidth

of the system. To investigate the performance of the proposed circuit with the circuit
operating in the higher than 100 MHz frequency, 400 MHz frequency for 100 m Ve sine
wave was applied at the input of the proposed circuit. Fig. 8 shows the operation of half-
wave rectifier at frequency of 400 MHz, respectively. It is evident that the half-wave
rectifier can rectify the high frequency up to 400 MHz as it utilizes the current-mode
class-AB rectifier, which is biased just on, and the current conveyor of which response is
fast. For high-frequency response, the full-wave rectifier suffers three internal poles of
three current mirrors while the half-wave rectifier suffers only one internal pole of current
mirror. This is the season why the half-wave rectifier can operate in higher frequency
than the full-wave rectifier. However, the operation in high frequency of the circuit might
be achievable only in simulation. If the proposed rectifier was fabricated as an IC, its
capacity to operate in high frequency would be lessened by the effect of parasitic
capacitance in the IC. The amplitude errors between the input and output signals in Fig. 8
results from the decrease of the gain of the proposed rectifier for the operation at high
frequency. This prdb]em can be solved by decreasing the W/L of MR; to MRg so as to

increase the values of R,, and R ,.

It is widely acknowledged that periodic waveforms, such as half-wave symmetry
and full-wave symmetry, can be transformed to the harmonic components using Fourier
series analysis. In order to test the harmonic distortion of the proposed rectifier, the
amplitudes of each harmonic of half-wave waveform and full-wave waveform are
obtained with fast Fourier transform (FFT) analysis through PSPICE simulators. The total
harmonic distortion (THD) is defined by [8], [9]

THD (dB) = 20log,,(V;y,p) (26)

where V,,, = ./ nzZiV,f i ), where in turn ¥; is the fundamental frequency voltage
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component, V, is the n " harmonic voltage component, and 7 is 1, 2, 3, ..., etc. For the
case of a full-wave rectifier, when a sinusoidal signal of frequency fis applied to the
input, the steady-state response at the output consists of harmonic components at 2f, 4f,

~ 6f, ... etc (even harmonics) whereas odd harmonics which include fundamentals should

be zero. The simulated THD versus frequency varying from 1 MHz to 100 MHz is shown .

in Fig, 9. In case of full-wave rectifier, the component 2fis used as a fundamental content
and the others are harmonic contents. In case of half-wave rectifier, the THD of ‘half-
wave signals is obtained with FFT using PSPICE simulators. Compared with [8], [9], the
- THD of the proposed circuit is higher because this circuit was tested with lower levél of
“input signal and higher frequency of input signal.

In order to examine the effect of mismatch on the proposed rectifier, the Monte
Carlo analysis using 100 runs was performed. Fig. 10 shows the Monte Carlo analysis of
the output waveforms with 10 % variations in threshold voltage of all PMOS transistors.
The result in Figs. 10 confirms the reliability of the circuit. -

The ripple voltage is an important parameter for testing a rectifier. According to
the simulation, the ripple voltage versus frequency of the proposed rectifier is high. It is
similar to the results of previous works, except the circuits in [8], [9]. The circuits in [8],
[9] offer lower ripple voltage versus frequency when compared with the proposed
rectifier. However, if a low ripple voltage oﬁtput of the proposed rectifier or previous
works with similar principles is needed, several techniques to achieve this requirement
exist by adding to the output, for instance, additional filters, voltage regulator, RMS-to-
DC converter, and peak detector circuit.

The proposed rectifier of Fig. 1 was also constructed on a prototype PCB, as
shown in Fig. 11. The form of complementary MOS pairs (MC14007) ‘is used for
realizing all MOS devices. The available chip CFOA in an AD844 was chosen for

realizing CCII. The bias currents 7, and I, are replaced with the resistance of 1.5 MQ
(1, =1,= 1p A), the bias currents I, and I, with the resistance of 10 kQ (I, =1, =488
RA), and the bias currents Is to Is with the variable resistors (500 k). The resistor R, is

given as 1 kQ. The supply voltage was set to + 7.5 V. The experimental results in Figs.
12 (a)«(d) show the output waveform for the input signals in the form of sinusoidal with

the peak amplitude of 100 mVpes and with the frequency of 200 kHz. These results
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demonstrate that the circuit can provide the clean positive/négative half-wave and
positive/negative full-wave rectified signals, the finding of which is to confirm that this
circuit is the precision rectifier. The higher frequency can be obtained if the bias currents

I, and I, increase but the precision of the circuit may decrease.

5. Conclusions
The design of a versatile precision rectifier was presented in this paper. The proposed

rectifier employs one CCII, six current mirrors, five grounded resistors, and eight current

~ sources, and it possesses the features superior to the existing rectifiers as follows:

(1) The proposed circuit can realize a versatile current-mode rectifier. In other words,
when the input single-phase signal is applied to the circuit, its outputs can be the
function of positive half-wave, negative half-wave, positive full-wave, negative
full-wave rectifications from the same configuration.

(2) The proposed rectifier is capable of operating in a frequency up to 100 MHz
(simulated with TSMC 0.18 um CMOS process).

(3) The proposed structure can be implemented as either a CMOS technology or a
bipolar technology.

(4) The proposed rectifier exhibits good temperature stability.

In addition, the proposed rectifier is superior to the existing circuits with respect to
suitability for IC fabrication as both CMOS and bipolar technologies. In the simulation,
the parameter of TSMC 0.18 pm n-well CMOS process and the supply voltage of 1.2 V
are used. The PSPICE simulation results show the operating input of ~300 to 300 mV.
For the operating frequency of 100 MHz, the best positive/negative half-wave and
positive/negative full-wave rectified signals can be achieved. The circuit half-wave
rectifier can rectify high frequency up to 400 MHz. Moreover, the experirﬁental results
confirm workability of the proposed circuit. The findings show that the circuit can rectify
the signal that has less amplitude than the threshold voltage of the diode (<0.3). The
comparison between the proposed circnits and some previously works is
summarized in Table 3. In fact, the circuit is suitable for a high impedance load. If a low
impedance load is applied, the circuit needs voltage buffers at the outputs. If the proposed

rectifier is loaded with low impedance loads, the loads could be connected directly to the
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circuit without the need of the output resistors (R;, R,, R, and R, ) but a high
linearity resistor (high linear R,,) is imperative that may be achieved using external

resistor or sheet resistor in integrated circuits.
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Vr+;(d) Vi and V..
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Table 1. Simulated specifications of CCII used.

Parameter Value

Technology 0.18 um
Power supply +12V
Quiescent current 20 pA
Input voltage range -200 to 200 mV
Voltage error range 5.7mV
Input current range -100 to 100 pA
Current error range 7.767 pA
Bandwidth (-3dB)

Voltage follower (V,/Vy) 800 MHz
Current follower (I/Iy) 1.1 GHz
Slew Rate (SR) 0.259 V/ns
Ry, Lx 1.1 kO, 38 nH
Ry, Cy 500 GQ, 0.044 fF
Rz, Cz 152.67 k3, 0.48 fF
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Table 2. The aspect ratios (W/L) and bias currents of the transistors in Figs. 1 and 2.

MOS Transistors ) W/L (um/pm)
Mi, Mz, Ms, Ms, MC3, MC,, MCs, MC7, MCs, MCiy, MCys, MCg . 3{0.3 ‘
MD;, MD, ' -
M3, M4, M7, Mg, MC;, MC,, MCs, MCy, MCig, MC2, MCy3, MCi4 8/0.3
MD;, MD, 1/0.3
MR;, MR, ' 0803
MR;, MRy . 0.32/0.3
MRs, MRs, MR7, MRg . 0.27/0.3
MR;-MR;, 0.28/0.3
Icy, Icy 20 nA
L1 100 pA
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