d 1]
AN92ANLLRINNITIOAT LA 2935 L 508 WL aaduit uaau
Tﬂﬂ1ﬁﬂ11ué§tﬁa%§ﬂuumétﬁﬂ

THE DESIGN OF FREQUENCY DOUBLER
AND
FULL-WAVE RECTIFIER CIRCUITS USING DUAL TRANSLINEAR LOOP

Qnﬁﬂ gnsa%az

SUPAKIT JUTAVIRIYA B. Eng. (KMITL)

anTASNEN
wel. a9. Iaan qﬁzﬁﬁuaﬁ?
ASST. PROF. DR. WANLOP SURAKAMPONTORN
B. Eng.(KMITL), M. Eng.(KMITL), Ph.D. (Kent)

< 4 a w @
IngtiwugawTulFagndaanTTudda smninme
o 73dnTau il
i D ar
{irwInanas .
ﬂnﬂﬁusnﬂTﬂjaﬁuszﬂauLﬂﬁﬂt%ﬂqmnwﬁiaﬂmnisﬁﬁ
ths@nun 2531



fufiaingd
" - 7 i o
aniiy tnATuTalnTEI0u 1A LANAUNKITAIANS T
.4 13 - - I'd
WLUNAYUNSAC YN IS dau Inaniinua

FmSuiinAny sz funniiana

gadnAnyn wigAnfy  azisuz 1apdsEAEl 29126-009

018avinendnug  nrsaanuuureasiarwiuazieas 13nd i taasuuy tfuadu
1@ﬂ%5ﬂ71nﬁ§tﬁﬂ§qUuuudtﬁ1 (The Design of Frequency
Doubler and Full-wave Rectifier Circuits Using

Dual Translinear Loop)

] ¢ b » 3
faa13158gAILANN 1TAAY auilaia wan1aau
/) : o o
uA.A5. TaAN - JIENINAGT | R AGAATA AL BB
. /_’___’f
p~
f

h s o
WA A, 319 SRR weoL

SA.AY. 8 LS A LA

£
j
{
2&
5&-
b

&
271913HNANAY  WANNA

N
é\,\’

fudauil faau 23 Qunwﬁué 2532 1781 13.00 u. an1ufl wav D-107




1méaga

ABSTRACT

4 o
im 1 umn

3.

1.1 a15unun

1.2 5mqﬂizaeﬁuaanULnMﬁQQﬂﬁﬁaﬁﬂ
1.3 FnnTdneuaziva

1.4 p1TLauAL IR

1.5 w¥nn17 sl

29I ndasiind

2.1 umh

2.2 WANNNTBAINT TR Liad

2.3 ﬂqﬂ

< 2 Fe 2 4
WA B uas29391 50 Wiaadunnndueay  Tan 1H i wasaakauihae

2
0100 (W TR (701
3.1 umn
[v] gv
3.2 wANNTT a6
PIS ¢ 2
3.3 24374 500 Wi aaduuniGuaau
Jd
3.4 1ITNIAE

3.5 NTINARBIURSHANTIINARAN

3.5.1 29391500 Weaaduuy Suenulea taatuam 2 &

3.5.2 29374500 Wi aadfuuus fiueduloa lHaatand 3 9

3.5.3 MNaTnIawi laalHaatuand 2 ¢

3.5.4 293Imiamd e 1Haatuand 3 &

10

11

11

12

15

19

25

25

26

28

29



o o < 4 & 4 <4
3.6 ATTLRMULLAITNINIUDANINITL ‘Jﬂﬂ\l‘uk AU GNARY LLRLIIITN

~1I-

A2D Tm31%7ﬂ1un1uﬁwnéagﬂ PSpice

3.6.1

3.6.2

3.6.3

3.6.4

3.7 ﬁgﬂ

: o - & & 2 & i) 24 0
UM 4 29ITMIAWALAEIITL 508 WL paTuinnduadu winm liniuasissauas

d ‘ as
19371 56 W aaduinn Guedulas lHaatuant 2 &
3.6.1.1 nmﬁauqmﬂuﬁanﬂeﬁ%naqqawﬁ

3.6.1.2 n@aauwamauﬂuﬂ«ﬂaﬂjnaqqqqs

U ' 1 I3 y
3.6.1.3 nodaUMAREUMIEYTIATIavINIT @ ﬁaqquﬁﬂqiu

29374 508 T aduunt SueduToa Waauuand s &
3.6.2.1 nANBUARNNIANINATIAY2937

3.6.2.2 naﬁauwamauﬁua@§1ﬂjﬁaqqqa3

3.6.2.3 nmaauuamauﬁuae#ﬁﬂjﬂacqqai f ﬁﬂ?ﬁﬂﬁﬁﬁ%ﬂ
aTniawi lea Wastuasd 2 #a

3.6.3.1 nadauausuitng Ena 42193

3.6.3.2 nﬂﬂaumamauauaq#Qanaeqqai

3.6.3.3 naﬁauwamauauaﬂﬁnﬂjmaqaqas i ﬁnqquﬁgaﬁu
297 ¥aad laa 1¥aatuasd 3 &

3.6.4.1 nanaueAsuiAnIGTTavI9aT

3.6.4.2 nmﬂauwamauﬁuaaﬁaﬂjﬁaeaeﬂi

Loy ] 4
3.6.4.3 nﬂﬂauwamauﬂuaeﬁqﬂgﬁaaqqﬂs o nQQﬁuﬂgeiu

; . 2
winm 11 L ¥a293gdzRaunseudL i

4.1 umin

%4
4.2 wAnnTLR S0
~
2

4.3 29370

& Vs <
4.4 29358500 WL aaTuun Guaau

30

33

33

33

33

38

38

43

43

43

50

50

55

55

58

58

63

64

64

65

66

67



-ITI-

4.5 21997 M UGIR
4.6 WAINVTNAFBLINIT
4.7 AL RALIANTINUEENNRTIIAME  Ar293TL 500 Wi aaduuy
LGunay TﬂﬂqﬁTﬂiuniuﬁwn%qgﬂ PSpice
4.7.1 2937150 It aafuann Buaiy
4.7.1.1 nensupusuiinndiTinavIeas
4.7.1.2 nmﬂanmamauﬁu30§1ﬂ§naaqqas
4.7.1.3 nmaaumamauau30§1ﬂ§naq1aai o ﬁﬂdﬂuﬁge
4.7.2 2INIAMA
4.7.2.1 nespuAnENiBinIGEEa9I93T
4.7.2.2 n@ﬂauwamauauaeﬁ19§naqqwa?
4.7.2.3 naﬂanwamauﬁua053ﬂ§naaqans o ﬁﬂ?ﬂuﬁgqﬁu
4.8 ﬁzu
unﬁ 5 nﬂ1ﬂ18Qﬂéqaﬂﬁuﬂﬂﬂ?ﬂiiﬂgﬁﬁﬂﬂﬁ uaz1aﬂit%nﬁ1ﬂnaa%uuutﬁun§u
5.1 umin
5.2 Qdﬁﬁﬂﬂdﬁlﬂgﬂ(average value circuit)
5.2.1 NMTLABMIILIAN TN MEaTIRTNALade  Taa T TusunTudn
L%Qzﬂ PSpice

o & .
WITNAATINNRAS (square-root. circuit)

(%]
w

. J
5.3.1 1771 AEAULNITANNIREANINITNANTIANNAY  Lag 1T LilTunTy
& .
ﬁwssﬂgﬂ PSpice
1 -4 s ] < 9 ' ] ]
5.4 293IWA135-Tu-MuAd (root-mean square)  wiai3andasaien
d o
A19tautasg(r.m.s. value)
o [ 4
5.4.1 ANTLASMULANGTTINSMIaNIITNaIa T Buas  Tag i s

[ [ .
unsuﬂﬁsiﬂgﬂ PSpice

70

71

73

73

74

74

80

80

80

80

88

88

20

920

90

o1

93

94

97

929



~IV-

5.5 ﬂ‘?"ll 101
<
imm 6 mrd‘gﬂ . 102
fanTsulaznd 105
LaNA1T219DY 106
.Y ‘ <%
AREUN A MTAIRNSIT TN TEUE T A LIos I ua:zm::uﬂﬂquwamgn I, 111
e a ]

aAMNUIN 1 mﬂﬂmﬁmn'wua‘lmaﬂnmaamm 113
AAEUIN A IITNAEHAAT Laa [Tamkiasicdif ference amplifier) 115

MAMN 3 MTlEIRAAYRTUNIAY (pover series) may (1 + k, sin® wt)'’® 117

ARWUIN A WA L@TLNITIREN IUTEHMIN 119



uvaaa

o ¢ - o & o N ™ o 2
Inmiseasdnayinaibndaiin azi funrTaanuunsaTnlauiiuaz 29371 500 W
¢ & g G QN e a P e ws
LaRTuLLLGnaRY 9 luaas Lidasinaasiiuea JmuTnas s funtgsansuuTag ¥aai aanidmius-
o dﬁu ¢ . ¥ ,T ar I T | ¢
A uaunsinnauantrini - Tasnisaanuuazadaansuifnamswadlaiainneam
& i & £ & N
Qnﬂaaaaﬂuauﬂuuuqﬁqﬂun1ﬂ1ﬂ nﬂaanuuusﬁuneaﬁnaﬂqﬂuﬁuasqqq1x1n61usaaﬁuUULmuﬂﬁu
Q‘ any 4: r's ' ‘
d?ﬂ?ﬁﬁﬂaﬁﬂsLﬂuﬂ1iﬂﬂﬂuﬂniﬂﬂaﬁﬁﬂqmﬂunMﬂﬁﬂuﬂaLﬁﬂﬁ@ﬂuﬂﬁglﬂﬁ Ba9Ta80a 11 TWAIINT M
' 'QV i o H J
ANaad  AeouamTanaein Eis lurikind s sudtie e lane 18 Taaagaan aan
v
'v 'oy' yg 1 ( [}
wu TR sanaenwiini e i sasmiensiiuaz219391 508 Wi aafuuuBueu  lunaana
Mo o » ' P
ADLFNTTAULBANNATN LOTININ1T80NBULENERNIINARALTN UNITIAASAANITITE]  Uae g
o < p 4
nﬂit5auuuunﬂ1nﬁ«ﬂunaeaeaiTmﬂaqﬁﬂTﬂiunﬁuﬁ1L1agu PSpice g lun1idtasien  lu
- o‘uv v & M 2 Yy o o '
dquﬁﬂﬂmaaanﬂﬂﬁuuﬂauuﬁazuaﬂq1nLquﬂqqq1n1maanuuuuﬂuuﬂﬁuw1nnasu11ﬂﬂisqanﬁqqu

39 18



o

N
4

-VI-

ABSTRACT

This thesis proposes the designing methods for a frequency doubler and a
full-wave rectifier circuits. Two major methods are presented. The first
method employs operational amplifiers(op amps) with resistors as the only
external components. This realization based on the use of the inherent
translinear loop at the output stage of a general purpose op amp as a means
to perform frequency doubling and a rectifier action. The second method
makes use of a dual translinear characteristic of bipolar Jjunction
transistors. The circuit can be implemented in monolithic integrated
circuit form and can be employed to realize both a sinusoidal frequency
doubler and a full-wave rectifier circuit. Implementation circuits are
proposed and their performance are demonstrated by experimental and

simulation results. Finally, application examples are also suggested.
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gﬂﬁ 3.3 2937t 500 Lt saduinn Gueau lag 1Eaatuanid 2 &9

o ' 2
AMNFUNIIN(3. 1) WRe(3.2) ﬁﬂnﬂnqﬂnizuaﬁﬁgnmauqn 1. wasnTEud lad I,
< ot & Q‘
NawFuiuganus Jau Lo

I, 1 » I (3.5

in s

ui7 Q, uawq azﬁwqﬂuaéquﬁnﬁmz aad 1 e (class B mode) thmunza21udn

l , Ig=zo0 lia I, <0 (3.6)

I Wa I, >0 (3.7)

I, ~ |1

A in

e I, 0 ’ I, = |I

A in

1 < G
TﬁmﬁtsqﬁﬂﬂuiﬁﬁﬁnﬂqmaqnﬁquMTMaLﬁﬂgqqaﬁsﬁuﬁﬁnﬂquqn Ax L NI AR

3 [ < 4 <5 4 - 2 i
aw I, wasI, ag udinuizaasnsiing WiaaduuunTaiuchalf-vave rectifier) Taliug

» as Y] o 4 4 ar [V V] [~
(phase) @19 180 291 Hnt 918 WNTaN TN L M TsudRRNAmsRa T wiT luRo  fise



-16~

5 6] as I3 4 4 . g o <a
1 A 1dnszuadgpnnt $nd Wi aafunu fiuedufull-vave rectifier) iitavannliivinnnatinng
3 v = o Y 1 ¥ as ¢t O as
adianeiiiuia iy nssudfanne I, wael awgnananaa luismanainda i uas
[ O as O ar ar ugv o
IRNEAAS WAL eaEe G laNn1T(3.3) waz(3.4)  deiiding TRma TN L anTeu sy
-uu‘l t 0 as o G 2 & = S
QNARNENANEANE WA LazRRTIIIEREs Waumnawiuiae Tinreuadanna 50 T aaduw
& 2 i , 2 2 " :
\BiaRuAwEiaenT 3N3N 3.3 v $nd W aafuiu GueduTaa MHanandra sy Taed
as ! o < s H wr g 4,
aianl A, uasirdiwnw R, A dhai R s siudumiuaiulzds ine
tlvi.‘]u < & b
wave) Witihinszuai I, = V, /R, UAZIWAANNNT(3.8) AN(3.7) a=iinsvuaiy
< v ¥ oo w Y
s 308 luae lusng lunseusdnne 1 wasl, Sspdiofnmm R, uaeR,  ax1H tuieng
naanIsuAMnIN I, u’dsl, AMANNIT(3.3)  UaE(3.4) L 11 Ll sr9a Tnanawacn s n

. e Y] 4 2
(difference amplifier) 3nnmauuan & 3 Widna arfynmavaaaud A, i

V,, = -V, + LRORJ/R, + (Ry/ROV_ . -~ (V- I R)(R,/R,) (3.8)
#7W R, =R, , R, =R, = Rusz R, = R lazh n  tiudrdnsnaanamawsa

sunasilonnnlurvasaenasaa e uRaaunnT(3.8) awt i \
v,, = -temV..) + (mV__R/R)) - m(I_R, - I.R) (3.9)

wnuAI I, uazl, IWMFUNIT(3.3) Uaz(3.4) a9 lUANN1T(3.9) Tﬂﬂﬁ I"=1 =1 uae
1T, = II_] = |V, |/R, #un11(23.9) aznanaiih

V,, = {2mR (I+I)) - 2mV__ + mV__R/R_} + mR |V, |/R, (3.10)
Togf v__ fauvaeanausedu azifudadninandl 4 sasiunt3s.10) 1 et $ad liaad
uuusﬁuﬂgudqutnauﬁaéquqeLﬁuﬂnnﬂﬁqmuaqsLﬂudquieﬁuﬁ%(nc voltage) TdMNTONTA
o liTasawbiunm R, TasulH R = (R/2)/41 = (R/V_) (410} ¥ai dafidimas
aniguﬁ 3.3 tdaludunaseITEnaRAcn dﬂﬁuﬁuﬂuﬁnuﬂuﬁuﬁﬁugnnﬁuLwﬂ(inverting
input.) ﬁzﬁﬂqﬁdqaﬁﬁﬁﬂdﬂﬁuﬁuﬂuﬁruﬁuﬁn1§ugn1ﬁn§usua(noninverting input) zavaatl
wan %aaﬂuﬂiagiﬂﬂazLﬁﬂﬂ1ﬁaﬁnnqﬂwuqn a Tagaedwéinunu R, sz fhusaenauiih
ﬁmqunﬂiﬂ%udﬂqﬁdﬂﬁuﬁumuﬁﬁaqawﬁoﬂaaﬁdﬂLﬁﬂﬁuﬁandﬁq Gatuen R, Fekawani e

4 2 aM o o a ¢ & 4
wn o i s 500 luia 1 Wauhithpndenanie liaanuuuaeat 30 (Wi aa T fiueau
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2
o, [v) 1 2 0 as = 4 ar
A wFunvatisatand A, uawA, gﬂmaqunwawuxﬁu1@ﬂimﬂuu1qmuﬁmmﬂm Toau 3 sGudnn

G

i § 7 4 1 ' ar 9 ’ i
v, fuiuedplaitazandranaa luanadasdifiwnm R, sl susin 1, Tas

oI, =V, /R_ia I, <0 nsuasypnanmizannianas Winninaings luunmasaay
n in [ in had D) v
n A, uazidia I, > 0 n%suﬁﬁ@mﬁmﬁuynazgndﬂﬂnaﬂ1uﬁﬁﬁ1ﬁﬁﬂﬁ1ﬁa1uu0ﬂﬁaqaaﬂuanﬁ

w 3 s & vuv
A, Gt st Bl rwduthidnasnseud 1, I, I, uasI_ il

I

1

I

+ I+ 1, (3.11)

has I I

2

+
1
.
S+ I, (3.12)
Tasi 1, iunssusiionaaviynoavaaand A, dw 1., nsewaliy asannasaay

wand A, uazdh 11, | > I_ udneld

1n|

, I.~0 Wa I, <o (3.13)

A2

I, = |I

Al 1n|

uay I >0 . [11-= 2] Wa I, >0 (3.14)

Al AZ
sifiuinaatuand A, uawa, Suaiuiuinew Togfiiadunm R, uasR, a1 fhuifadnanaa
navuAdRNA T, wasl, @ WaNn17(3.11) uas(3.12) LB lusiea v Tmanasfannau AL U
(inverting amplifier) A Tmaﬁﬁ@mﬂmsawﬁynnaeaaﬂuauﬁ A, dwngas denE i

oz

Vo, = (Voo - RO, /R - (Vo = IRIR/R,) + (V. OR,/R,

It

R Voo ((1/Ry)-(1/R,)-(1/R )} + R_{(I_R,/R) + (I,R_/R,)} (3.15)
umAn I, uasl, 9naun19(3.11) Uax(3.12) asludn1(3.15) i

+
Voo = RV, CI/R)=(1/R)-(1/RDY + R I, + I + I, J(R,/R)

+
+ (I, + Ig + I, ) (Ry/R)} (3.16)

FY) fasr a» ] o
Haan i R, =R, R, =R, =R uazaaitaud A, AuwswTuaaly anil A, Viuadnea

< +_+__ - _ - o &
Aa ;l =TI, =Tuag|I, | = |I,,] = |V, I/R, o

v

oz

R V.. ((1/R)=(2/R)} + R (R, /RI(2(I + I ) + (I, + I )}

A2

(2(R,R /R + 1) - 2V (R/R) + V_ (R./R))}
+ RR_IV,_|/(RB) (3.17)

3 i 5 & 4 & <
wiiuiunasd 4 Toiuinaunganasine(3.17) i 508 W aa i Auadu



-19-

i ] & 3 [ 5 L
dqulﬂﬂﬂﬁﬂgﬂﬁﬂqu?ﬁlﬂﬂﬂﬂﬂqﬂﬁﬁuﬂﬁﬂﬁﬂﬂﬂﬁﬁ(3.17) Q%Lﬁudﬁuﬁﬂﬁuiﬂﬂua%%ﬁﬂﬁuﬂiﬂﬂﬁqm

e i lagdmasarwlinunm R, TosuuWi R, feudinfiy  (R/2)/01 - (R /V_ ) (I4T 0}

& ’ i s I3 [T~3 \ PUNS 4
AT euiita L e lungiinavaea Iasant 2 d210Raw  uditiae Buaatwand St

o e [ s G das w
Anviledia warlad digaauand A, uaza, Haduwesiigioe

3.4

ug Y @ a g ©
mquuwaﬂ§ﬁ1aqn ANT2aNKLLR93TL 500 I aafuin BuaRuguasain 18 Tne
Jontsud I war I_ Tegl§idn9mmaneeunn
1Rand R, @0 uah biadsdifuly e Wnseudfipn 11, ) Sdwaandn I wng
41' ] e; " as 0 ar )1 ugﬁ: < 4
Va3 A TEud| T, | Tondianaauniiseraneideiiangs duiudeadsidand) R, uasR,
Y I
“limiaane
w 2 ¢ & 4 A ' y
dWiu29331 500 W aaduvus fivedud [faatuasd 2 # Widandn R, R, uaeR, 1iiali
1dasnaneiimnean dulwnsamuniaaand 3 ) fiduiuidandt R, R, uae
R, Walins e 1adumneay
o & ¢ & 4 < X, .
a e §ne Wiaafuuyifiveau (Waatuand 2 6 Tiuswan R, = (R/2)/701-
g ar ( H L a |
(R, /Vo o) (T+1 ) st i sodhuath Busudanluaeasuum [aauami 3§ T
as 9 o e PN < 4 0 I'4
R, = (R/2)/{1 = (R,/V_)(I+I_)} Lauily LﬁanwamﬂﬁﬁﬁnxﬁmnsaﬁnwnqwtﬁuQuﬂ

@ I's i a» (Y asr b
oWz luavasL 06 W aaduini Waaiuaud 2 &1 szdiasilFuan R, = (R,R/(R4R,)

d'islvl«« A TS & d; 1 as
LR unﬂauwuﬂuﬁﬂuﬂunﬁﬂauqnnqaaeﬂa« A, NaLnnu

) <
WITNIA/IWUD

< 3 -] as = 4 o e
Qﬁﬂiﬂ%ﬂﬁﬁﬂﬂﬁﬂsLﬁuﬂﬂﬂiﬂuﬂﬂﬁaﬂﬂaﬂﬂﬂﬁﬁﬂﬂﬂ?ﬁuﬂaLﬁﬂigﬂuﬂﬂﬁlﬂﬁlﬂuﬂu Tﬂﬂ

s o [ 4 < g ] v ' w 3
1gﬁﬂﬂﬁtﬁﬁﬂuﬂuﬂﬂ1uﬁﬁﬁiLﬁﬂa1ulaﬂ?uﬂﬂlﬁﬂﬂ§u LU ININUL AWIZAN DDA TIHAIUNIULNA

g ; e : > o
i TﬂﬂuunuﬁnﬁazlﬁanQTugﬂﬁ 3.5 aztdursasninawd lee WWaatuand 2 62 Teoaiuwand

Al

J o as as .u e 4 ar
azgﬂmaagquanymznaqqqaimﬂuuﬁe@u Tﬂﬂﬁﬂﬂaﬂuﬂﬁu Rc Q%Lﬁﬂﬂ?lﬂﬂﬂ%ﬂ?ﬂﬂﬂguwﬂqﬁ

% :
ViunTensdanna I,.=V,./R. nizuaﬂmmﬁmungnnwanamiﬂtﬁunizuaﬁyyuu I, uwael,

i v & ~ ¥ <o
ravaatua A 1¥a i ihdla L suBietiu amaunns (3.1 s (3.4 1wl
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+Vcc
o o
Ra 111
Rs Ro
1 e
] | S |

I r—j—ﬂ T:‘\\
A

[ |

O <
< d < v
7ifft 3.5 WA W laa [Haatkant 2 67
+ 2 2 172
I, = IT+I_+ (a1l + 1.5 1, 2 (3.18)
- 2 2 is72
I, = ~-I -I_- a4l +I; 22" +1, 172 (3.19)

Taeméinfinunu R, uaeR, swifitananeanseusiim I, uasl, awaNn1T (3.18) uaw
as : ] ‘ v 4
(3.19) 1 ¥ luvanuuasd A, i furvasnanewasine 3nmewuIn @ z1mﬁmmwmtaﬂnqﬂ

navaailand A, @a

V,, = -(V__ + IROR /R, + (Ry/ROV. = (Vo - IR (R,/R) (3.20)
#l R, =R, , R, = R, = R uaz R, = nR lagf n tdudrinrnnanszawsiuna sinm

Turvrsnananadnvdng u¥wun19(3.20) aznaias i

+\ n
A e L : 2 b0
= _ﬁ NN Ve
aC

A o]
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V,, = -V, + @V R/R) - m(IR, - IR,) (3.21)

o1

WM I uasl, NANNT(3.18) uax(3.19) avlusnnia.z) Tasi 1% = 17 = 1 &
)74
ﬁwrmﬁmmﬂ‘gnnmaaﬂuauﬁ A, il

i1s2

2 2
V,, = {2oR,(I+I)) - 2mV__ + mV__R/R_} + {mR ( 4I_ + I7 ') (3.22)
<4 1 ' U [ &
tila n tfuddnTnananasvreaTasnsuain sy V.o Lﬁmmamzm‘mmmﬂaztm'nmamga
‘ -3 b4 as < [
ﬁ"tﬂ?lﬂ%ﬂu')\'l LRuilnnngaun9 (3. 22) uum’mﬁumﬁnmmzua‘lmaﬂuazmzuaﬁmnmawgnag
ﬂ' 0 a» G 33 e O < d‘d Gl'
‘lugﬁnae‘mnmmxmaewamnﬂa\anﬁzuaﬂnn'\amm el nasniiuae sz adannamiiaed
vustne TinnasfannaEm
AwmTuiopnaduwni duedulst v, = v sin wt atzuaignaduwn 1 e
9 in ™ dhed q in
[ Y . ﬂ' 3 as 3 o
vy I sin wt wda I =V /R, unuﬂiuuaﬂmmﬂmuaq1ﬂ1uaunﬂ1(3.22) UL TIGU
taimm v, crdmevn de i
o 2 172
V,, = {20R, (I+I) - 20V__ + mV__R/R_} + {2I_mR (1 + k_sinwt)' "} (3.23)

1 2 ]
\ie k, = I2/41° UaviUBAIWAEAINILUANTINTT(3.23) aani iudasdunn

V01 = VDc + Vaianal (3.24)
<
Lia voc = szA(I+IS) - 2chc + IllVCcR/R5
. 2 1/2
WAL Vstgnal = 2I_mR, (1 + k1 sin wt)

[ lQ d 1 3 as
awtfudainan v_ Lﬁmnauﬁmag"lugﬂnaaﬂnnﬂmmm'mmzmmﬂﬂm'lﬁmgn‘mmm

ignal

(power series)

M = 1+ /DX - (/X + 118X - ...

FIERE L ﬂ!lﬂﬂ16lﬂ"lﬂﬂ"lﬂ&lﬂ’)ﬂ 3 U v Wwnanal
L] s ignal

\'s = 2I_nR, (a,_ + a,cos 2wt + a,cos 4wt + a_cos ewt, + ... ) (3.25)

8 ignal

) £ a P ¢
) 8,.» 8,5 8, B8,y --- urizuwezasinlTrAnanasiinnn o1 was A Tuating

(harmonics) @1¥°] las

)
e

1+ (1/0k, - (3/6)K. + (5/256)K,

~(/Dk, + (1/16)k> - (15/512)K, (3.26)

)
e
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a ~(1/60k> + (3/256)k"

2

li¢

a -(/s12)k°

3

e

2 " o ' 4
IMANNIT(3.25) Uax(3.26) g nian i k< 0.4 u§1Lnauﬂq%uaﬁnéngqnqqﬁaq§u1ﬂas
L4 2
danliagun 1wTsastugunn1(3.25) anatawls i
ctgna1 = 2I_mR (a,_ + a, cos 2wt) (3.27)
UMIANNNT (3.27) A9 luAunNT (3.23) 3w i
V01 = VDC + Va ignal
V,, ¥ {(20R, (I+I_+a, I ) - 2mV__ + mV  R/R.} + 2a I mR, cos 2ut (3.28)
. 1 v} as % i d
Feswifudwadudfannssaiau s e v, wilssnauieiinnedd  waviinaimaaawi i
] < <y w1 w o ' < X 4
Nﬂdlﬂﬂﬂﬂﬂﬂ?ﬁﬂﬂﬁ@@ﬂmﬂuﬂﬂ uarxawn k < 0.4 wH230 Widnamlia i daunegnfuating
. . . ' < i . a  dala
(harmonic distortion) Fewinsgniuaiindfiaas(second harmonics) uazﬂﬁ%naunﬂnﬁ
. 'V e 1 4 4
(fourth harmonics) RNenfiazndt 2 wafimd  dwmasdtswnauiinu v, BasaunnT
(3.28) awrTanians 1 lagiFuan R, Wilidsrinii
Ry = (R/2/=-R NV )T+ I+ a, 10} (3.29)
) 3 aal g«v < L e -~ [ Y - | 4 < < Y
Liavanninanaiia Raeiiasiuen R, Lua1nﬂﬁauwuﬂuMnuqunnﬂauqnnqaae
] [ s 5 o J GV . 4 ’ -« J as 3 g '« [y U
1as A, faniaiiu dvinduinsdaslifin R, Tdaulinefiasaseann s dauitipngenan
< v i o ar < -
e lasnuinnsasmiawil log lpauand 3 & dwaaclunf 3.6 ssiiuisead A
] L3 [v] s du w
HazA, Qﬂmaagquaﬂumzn301011m1uu109u(voltage follower) TasMéiafimmiu R, auiiiu
fauilasdiuwasivpaaunseiiul TunTeus(differential voltage-to-current converter) 4
wseuRRNaduwn v awanmﬁﬁnu1ﬂsﬁunizuaﬁmmﬁm I, =V, /R nszuaﬂmmqmﬁavnndﬂn
o 1 in "g in in C yw
) . ¥
naa lus Hunszuadannu I, uaszl, navaaiuaud A, UaBA, ARG tida T Fiudia L wudvriu

IMAUNNG(3.1), (3.2) wae(3.11), (3.12) 373w 18

T35 SO DA S 7 , (3.30)

+ 2
I1 = Il + I$ + {( 41s in in
+ 2 2 1s2
I, = I,+I_+{C4I_+1, ) ~+1I, 1}/2 (3.31)

duv N v 3
ToeNéaiwnm R, uaeR_ aziiiudianaandsudinnn I, wasI, awdun1T (3.30) uae
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3.30 i ufvammand A, Feiiunamansdhanaunniudadwiviiung R, Ry,

oy ) o
waeR, lumaiiBuioasuand o, uava, sedastuueiiu s gansadwalil R, =

+ +

R =R_, I, = I2 = I anmy R1 = RZ =R ﬂmml‘fﬁﬂulaqmgnﬂaﬁaﬂﬂuauﬂ As ‘aslfh&

Vo, = RV, {(1/R)) - (2/R)} + (I +I,)R,R_/R (3.32)

oz

wmAY I, I, 9MANN1T(3.30) Uax(3.31) avluaun1a(3.32) i

1/72

= 2 2
Vo, = IRV, ((1/R)) - (2/R)} + 2k(I+I )] + {k( 4I_ + I, )"} (3.33)

o

1 ] W
1a k = R.R_/R UazV__ s Thauvia v Teduaz L I nasmaasnasaNn 13 (3. 33)  TuaEN
ar 4 < s < 0 e
wuﬁnaqniuuﬁ1uuaauaznﬁsuaﬁmmﬂmauqn azagqugﬂna01ﬂnnaaanaqwauqnnaenﬁzuﬁﬂnnwad
J 4y w © - < i ' S
aaq?qqusnauﬁuuaztﬁumnﬂwLumﬁ@mﬂmnﬁﬂoﬁuﬁLﬁuNBQLnﬂﬁaqﬁmmﬂmauqn
4 a f]u \14 ) o ¥ S
caawwnt i lon vV, = V. sin wt  aviunssudiggaduwn I, = I
9 > ar in m - q in m
' Q. d g ug as 4
sin wt 18 I_ = V_/R_ um@nseuainnm I, vae W lusun1(3.33)  Giimssutann
wn v LR IO Tees T

o2

v, = (2k(I+I) - 2V__R_/R + V__R_/R)} + 2I_k(1 + k_sin‘wt) "} (3.34)

oz

Wla k, = 11/412 BAZ L UAAINAEZAMILUANFUNIT (3. 34)  aani udasduna

V. =\0LS# WO . (3.35)
il V.. = {2k(I+I)) - 2V_R_/R + V_R_/R.}
uag V_ ., = 2I_k(1 + k, sin’wt) *7*®
A v, ﬁﬁquﬂﬁauszuﬁmdﬁTmﬂqﬂagﬂiuﬁwﬁq Gelumewuan v uasfivandanlit k,

a ¢ o 4 1 4 1w I 4
< 0.4 uaaLnauﬂﬂ1uaunaﬁgﬁniﬂﬁaq§u1ﬂasﬁﬂﬂuaauﬂn ﬂﬁuutﬁﬂﬂﬁﬂﬂﬁﬂﬂﬁsuﬂm1ﬁkﬁu

cignal ZISk(adc + a cos 2ut) (3.36)
4 3
h a  ~ 1+ (1/8k. - (3/6M)k° + (5/256)k
N dc b b 3 1
2
a, = -(1/0k, + (1/18)k, - (15/512)k,

MTFINTT(3.36) A lWaNn19(3.34) 3¢ 18

Vv._+V

DC signal

\Y

oz

e

12

(2k(I+I_+a, 1) - 2V_ R_/R + V__R,/R;} + 2a I k cos 2wt  (3.37)



; y " ; o . o
qUN1IN (3. 37) Uszilsznavdghnnaes uasﬁmmqmﬁﬁﬂ1ﬂuntﬁuﬂaaLnﬂnaoﬂQWunﬁhQnmEuqn
' Y] ﬂ”lﬁy ' d ] P e < i<y
uasdindn k, < 0.4 uSvawin anie daunnstsuatindazninegnfuaindida sifug Suatindna
1o 1 S ' 00_;2 ar
Hadiinan 2 tlasirud duaedilsenauinNaRTnasaNnIT(3.37)  dnEantians i legu¥u
A1 R, lilideiniy
R, = (R/2)/{1 - (R/V (I + I_+ a, I} (3.38)
dvtuuagil 1697 nTeanuinnsaTiaudinsaan e 1§ o
1) Fonreud I uae I_ TealfA8nnaewaneeuin g
' g . 2 2
7.) 1RanA1 R_ (e Winseuaim I, = I sin wt waw k, = I./41_ < 0.4
N ' ol ) as <4 1 . o < v o
@.) 1Aena1 R, uazR, Vil wssiundanasan R, wasR, densesm (v -1.5)/2
L ld e " ¢ ar :
3.0 dwFursaTndaawnn Wastuaui 2 da Titdandn R,, R, UazR, vida T 18 gns1aanem
i a G [ 1 as
esn #sluasasuid aaumand 3 6 Aiduiwdand R, R, uaer, lilinsn
o
naEN L MNZ A
< ar b <l [ W as g 4
3. dwivaTmiaawin [aatkand 2§ TiuFuen R, = (R/2)/41 - (R /V O+
g [ ar 4 < a W e
I, + a, 1) sualiussiatiueud dwluaemunifaomuand 3 d) Wisuar R,
as ¢ o o 4 o X o e
= (R/2)/{1 - (R/V (I + I_+ a, I} idufiu siiann3aaiomni nnduns atfm i
c S 9
Lﬁugué
a.) 1w lwassaniawiuun [aauuasd 2 &7 azdasufuan R, = (R,R))/(R,+R) L2

t‘lv- o~ 4 o o 3 ~ 3 '\ as
Mmauwuﬂuﬁﬁmunmaugnmﬂa\ma\a A2 AL NINU

3.5 NINRABILAZHANITNRRDY
3.5.1 2311508 Wi aaduinn SueduTaa lHammasd 2 &

1ﬁﬁwnﬁsnﬂaaaﬂ%ﬂeaeqsm1u3ﬂﬁ 3.3 Tasfaaand A, ag Haaduandivad LM
741 3MATIONTERE T uasl_ ravaaikautinwneuuwin 1 16d1 I = 1.546 mA wazl =
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DC CHARACTERISTIC OF THE FULL-WAVE RECTIFIER CIRCUIT (2 OP-AMP)
Date/Time run: 6/20/88 20:37:29 Temperature: 27.0
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DC CHARACTERISTIC OF THE FULL-WAVE RECTIFIER CIRCUIT( and...
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TRANSIENT RESPONSE OF THE FULL-WAVE RECTIFIER CIRCULIT (2 OP-AMP)
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TRANSIENT RESPONSE OF THE FULL-WAVE RECTIFIER CIRCULT and...
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TRANSIENT RESPONSE OF THE FULL-WAVE RECTIFIER CIRCUIT(2 OP-AMP)
Date/Time runi 7/24/88 21:17:64 Temperature: 27.0
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TRANSIENT RESPONSE OF THE FULL-WAVE RECTIFIER CIRCUIT and...
Date/Time run: 7/24/88 21:17:64 Temperature! 0.0, 27.0, 70.0,
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DC CHARACTERISTIC OF THE FULL-WAVE RECTIFIER CIRCUIT(3 OP-AMP)
Date/Time run: 6/25/88 8:40:15 Temperature: 27.0
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Date/Time run: 6&/265/88 B8:40:15 Temperature? 0.0, 27.0, 70.0

DC CHARACTERISTIC OF THE FULL-WAVE RECTLFLER CIRCUIT( and...

400mV

f
200mV+ y
}

-B800mV

s ne L EE PR TS SRR R R s

-600mV ~ -400mV  -200mV OmV 200mV 400mV 600mV 800mV
*VI(7)
VIN

AJ [V : - (=3 (=] (=]
gﬂn 3.19 uﬁmaﬁmauumnﬁoﬁ%na010ﬂi fu ﬁqmugu 0C, 27 Cuax 70 C



—43-

< ¢ '
n@ﬂaunqﬂﬁTﬂﬂﬂﬂsﬂﬂuﬁmmmmauqnLﬂuﬁ@mwm1ﬁu e 0.4 V,_, A1Wd 1 KHz
pe] Y ] < o @ Y3 g

Mgt 3.20 asuﬂmquamauaua@ﬁaﬂg o aamnil 27°C asswu11qqq51wﬂmmﬂmsaﬂﬂgﬂsﬂuﬁm

..-.'«1 2 4 o o - s o «
QML TNE LWL L NARUT L NENETININ dqugﬂn 3.21 IWUNOWATANEIMMN B A6 D

C & ° k4 ' PN P
0°c, 27°C wax70°C ?«azLwquwaﬁaqqquﬁn11ﬁsﬁmaauLﬁmmu umqmauumnﬁstina1uﬁaeaq

584094 VidlDUL G

. R ] 4 '
3.6.2.3 TAdAIMAAALMIANTIAIANINIT & IR NMY eI
- ‘ ¥
naaauqaﬁ71@ﬂnﬂ1ﬂau§@mﬂm§uynLﬁuﬁmm1m1wu e 0.4 V,_ @il 50 KHz
i v ' < ' s iM o
NN 3.22 SeudasuanaUaviIATnavINIT & aamnll 27°C AxLiuinanat anfni ldas
< < -] 4 as < < V '
nLuﬂtaau1ﬂtanuaﬂtuaLnﬂunuﬁmmﬂmauyn daugﬂn 3.23 azuﬁmqwamauﬂuaﬁﬁQQEﬁaﬂqqaﬁ )
o o & v as ar i < o
gl 0°C, 27°C uawT0"C asLuu11uanaﬂnLuat§au1ﬂ1uam1ﬂLﬁﬂqnuu§1ﬁqmmgu 0°C uax

.
70°C szinaaauL TnTu

3.6.3 29TIR w0 g ldaakasi 2 &9
TﬂﬁazﬁwnﬂiLﬁﬂuuuuqoaiMﬂugﬁﬁ 3.5 Nvua Iiaa BN R, =R, = 3.9
2 7] b7 ar
Ko, R, =2 Ko, R, = 166 Ko uazR, = 22 K Tanatunugenaisisvia bt i

- ; £,
Humutiia MR25 wiifladlave 1una 0.4 a6 @1euaaiaLARaw 1 % %«ﬁﬂﬁﬁuﬂssﬁnﬁmaq
a o w W S 4

il +50 ppm/°C Angiadiunm R,, R,, uasR, az1 i luimid Tadiwad D961-20 cermet

. . aw & 4 4 < ¥ £, <
trlmmer, multiturn U@ 0.75 W6 ANAINEGRIIALA[EAW 10 % uasuﬂﬂﬁuﬂizaﬂﬁmaqmﬁgu

+ 100 ppm/°C A1 R, ATy 18.88 Ka @uAmay R, WArR_ azgananna L ungan Ty

3.6.3.1 nadaUARITRMGTIavIvIT
¥ o
@1 R, wavR, 13ulild ity 13,776 Ko uaz 16.934 Ko WAL A0t
) < s <« 4 <
mManasaueas laensilaufyynduun haseiuldian - 0.5 9 0.5 Taan Ay

4 i H 2 o
0.005 ‘laa@ aﬂngﬂﬁ 3.24 | funanausuasnIsatEagINaT a Tanmndi 27°C  Asiiwingn



TRANSIENT RESPONSE OF THE FULL-WAVE RECTIFIER CIRCUIT(3 OP-AMP)
Date/Time runt: 6/726/88 8:40:15 Temperature!
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TRANSIENT RESPONSE OF THE FULL-WAVE RECTIFIER CIRCUIT(3 OP-AMP)
Date/Time run: 7/14/88 20:20:24 Temperature:
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TRANSIENT RESPONSE OF THE FULL-WAVE RECTIFIER CIRCUIT and...
Date/Time run: 7/14/88 20:20:24 Temperature: 0.0, 27.0, 70.0,
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DC CHARACTERISTLIC OF THE FREQUENCY DOUBLER CIRCUIT (2 OP-AMP)
Date/Time run! 7/24/88 10:35:27 Temperature: 27.0
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DC CHARACTERISTIC OF THE FREQUENCY DOUBLER CIRCUIT(Z and...
Date/Time run: 7/724/88 10:365:27 Temperature:! 6.0, 27.0, 70.0
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TRANSIENT RESPONSE OF THE FREQUENCY DOUBLER CIRCUIT (2 OP-AMP)
Date/Time run: 4/13/88 1:147:24 Temperature!
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TRANSIENT RESPONSE OF THE FREQUENCY DOUBLER CIRCUIT(Z2 and...
Temperature! 0.0, 27.0, 70.0,

Date/Time run: 7/24/88 21:17:64
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TRANSIENT RESPONSE OF THE FREQUENCY DOUBLER CLRCULT (2 OP-AMP)
Date/Time runi 7/24/88 21:17:64 Temperature: 27.0
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TRANSIENT RESPONSE OF THE FREQUENCY DOUBLER CIRCUIT(2 and...
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DC CHARACTERISTIC OF THE FREQUENCY DOUBLER CIRCUIT (3 OP-AMP)
Date/Tlme runi 7/24/88 21:17:64 Temperature! 27.0
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DC CHARACTERISTIC OF THE FREQUENCY DOUBLER CIRCUIT
Date/Time run: 7/24/88 21:17:64 Temperature!
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TRANSIENT RESPONSE OF THE FREQUENCY DOULBLER CIRCUIT (3 OP-AMP)
Date/Time run: 6/730/88 15:04:21 Temperature: 27.0
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TRANSIENT RESPONSE OF THE FREGQUENCY DOULBLER CLRCULT
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TRANSIENT RESPONSE OF THE FREQUENCY DOULBLER CIRCUIT (3 OP—-AMP)
Date/Time run: 7/ 1/88 23:15:25 Temperature: 27.0
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TRANSIENT RESPONSE OF THE FREQUENCY DOULBLER CIRCUIT( and...
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DC CHARACTERISTIC OF THE FULLWAVE RECTIFIER CIRCUIT (MWSCM)
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TRANSIENT RESPONSE. OF THE FULLWAVE RECTLIFLIER CIRCUIT (MNSCM)
Date/Time run: 6/26/88 18:04:56 Temperature!
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TRANSIENT RESPONSE OF THE FULLWAVE RECTIFIER CIRCUIT( and...
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TRANSIENT RESPONSE OF THE FULLWAVE RECTIFIER CIRCUIT (MWSCM)
Date/Time runt 7/23/88 22:13:29 Temperature!?
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TRANSLIENT RESPONSE OF THE FULLWAVE RECTIFIER CIRCUIT( and...
Date/Time run! 7/23/88 22:13:283 Temperature:! 0.0, 27.0, 70.0,
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DC CHARACTERISTIC OF THE FREQUENCY DOUBLER CIRCUIT (MWSCM)
Date/Time runt: 7/23/B8 13:14:47 Temperature: 27.0
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DC CHARACTERISTIC OF THE FREQUENCY DOUBLER CIRCUIT (M and...
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TRANSIENT RESPONSE OF THE FREQUENCY DOUBLER CIRCUIT (MWSCM)

Date/Time run: 7/ b/88 23:00:04
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TRANSLIENT RESPONSE OF THE FREQUENCY DOUBLER CIRCUIT(M and...
Temperature:
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TRANSIENT RESPONSE OF THE FREQUENCY DOUBLER CIlRCUIT (MWSCM)
Temperature:

Date/Time runt! 7/14/88 20:20:24
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TRANSIENT RESPONSE OF THE FREQUENCY DOUBLER CIRCUIT(M and...
Date/Time runt: 7/14/88 20:20:24 Temperature: 0.0, 27.0, 70.0,
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TRANSIENT RESPONSE OF THE AVERAGE ABSOLUTE VALUE CIRCUIT (2 OP-AMP)

Date/Time run: B8/ 7/88 15:02:46 Temperature: 27.0
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DC CHARACTERISTIC OF THE SQUARE ROOT CIRCUIT (MWSCM)
Date/Time run: 8/ 5/88 2:28:10 Temperature: 27.0
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Date/Time run:

TRANSIENT RESPONSE OF THE SQUARE ROOT CIRCUIT (MWSCM)
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Dual translinear sinusoidal frequency doubler and
full-wave rectifier

W. SURAKAMPONTORNY, S. JUTAVIRIYA{, and
T. APAJINDAY

In this article, an integrable circuit principle which can be employed to realize
both a sinusoidal frequency doubler and a full-wave rectifier is presented. The
realization method makes use of a dual translinear characteristic of bipolar junc-
tion transistors. Two implementation circuits are proposed and their performance
are demonstrated by experimental results.

1. Introduction

Dual translinear loops comprising of two n-p-n and two p-n—p bipolar tran-
sistors have received much attention recently. Usually, they are employed to imple-
ment analogue circuits like those of a current-to-current convertor (Fabre 1983), a
voltage-to-current convertor (Rao and Haslett 1978), negative impedance convertors
(Fabre and Rochegude 1986, Surakampontorn 1985) and current conveyors
(Normand 1985). The purpose of this article is to show that a dual translinear loop
can also be employed to implement a sinusoidal frequency doubler and a full-wave
rectifier. Two implementation circuits are proposed, where the first circuit using
only current mirrors (CMs) as the active elements and the second circuit employing
a class AB voltage-to-current converter. Experimental results have shown that if an
appropriate value of an input signal current is chosen, the performance of the pro-
posed circuits can be favourably compared with the existing methods (Antoniou
1974, Ashok 1976, Barker and Hart, 1977, Genin and Korn 1979, Nedungadi 1979,
Toumazo and Lidgey 1987).

2. Circait description

2.1. Basic principle

Consider a dual translinear loop formed by transistors Q,, Q,, Q; and Q, shown
in Fig. 1, where the current I, through the diode-connected transistors is the quiesc-
ent current and I, is an input signal current. If we assume that the transistors
common-emitter current gain § > 1, Q, and Q, are closely matched and Q; and Q,
are closely matched, the relation of the currents I,, I,, I and 1;, can be expressed
as :

I = {(f + 41)"* - 1,,}/2 (1a)
13 = {(Iizn + 41%)1/2 + Iin}/2 (l b)

At the bottom-right of the circuit, the current mirror CM1 reflects the current I, in
order to add with the current I,. If the current mirror CM1 has exactly unity gain,

Received 25 January 1988; accepted 9 March 1988.
T Faculty of Engineering, King Mongkut's Institute of Technology, Ladkrabang,
Bangkok 10520, Thailand.
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~Vee
Figure 1. Basic principle.

then the output current I, equals

Io=1,+1, (3)

" 2.2. Sinusoidal Sfrequency doubler

For a sinusoidal signal, the input signal current I, is equalled to I, sin wt and if
we select the signal amplitude such that |I,,| < I,, then from eqns. (1) and (2) the
current I, becomes

Io = (If, + 41} G

If we set k; = I2/41% and the power series of the form /(1 + X) =1+ (1/2)X
—(1/8)X? + ... are employed, then eqn. (3) can be written as

Iy =14 + 1, cos 2wt + 1, cos 4wt + ... 4)

where 4., 15y, 14y, .. répresent the amplitudes of the DC and the harmonic com-
ponents and

I = {1 + (1/4)k, — (3/64)k2 + (5/256)k3)21, (5a)
L, = {—(1/4)k, + (1/16)k? — (15/512)k3}21I, (5b)
L, = {—(1/64)k3 + (3/256)k3)21, 50

For k, < 1-0, the output current can be approximately given by
IO’EIDC-*-IZW cos 2wt (6)

From eqn. (6), it is clearly seen that the output current contains the DC component
and the signal that the frequency is twice the input signal frequency.

2.3. Full-wave rectifier

From eqn. (1), if we choose the signal current so that |I,,| > I,, then the circuit
will operate in the class B mode. This means that

I,=0 and I,xI, for I,>0 (7a)
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and
I,=2Il, and I;2>0 for I,,<0 (7b)
Therefore the output current I, becomes
Io = 1] @®)

It is clearly seen that in this case the circuit works as a full-wave rectifier.

2.4. Practical circuits

Based on the basic principle of Fig. 1, two possible implementation circuits are
proposed. The first circuit using current mirrors as the only active elements is shown
in Fig. 2, where R, converts an input voltage into a signal current I;, = V, /R, and
the current I, is derived from the supply voltage via R,. Noting that the current
mirrors are in the form of modified Wilson’s current sources. The main advantage of
this realization scheme is that it is very practical to use in discrete design, since
discrete current mirrors are now available commercially. The second circuit is
shown in Fig. 3. This circuit is modified from a class AB voltage-to-current conver-
tor which employs a translinear cell as a current follower (Surakampontorn 1985). It
should be noted that the constant current source I, in Figs. 2 and 3 is used to
compensate the DC current at the output port. The major factors that contribute to

~Vee

Figure 2. The proposed circuit employing current mirrors as the only active elements.
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Figure 3. The proposed circuit using a class AB voltage-to-current converter.

Figure 4. Sinusoidal frequency doubler response of the circuit in Fig. 3. Upper trace input:
1 Vp_p; lower trace output: 1 Vp_p; horizontal scale: 0-2 ms/div.



Sinusoidal frequency doubler and full-wave rectifier 1207

the errors from the ideal performance are due to low device value of  and transistor
mismatch.

3. Experimental results

By the use of the SPICE analogue simulation program (Nagel 1975), we have
found that the performance of both the circuits is similar. This is due to the fact that
the rectifying and the frequency doubling action of both the circuits is through the
use of a dual translinear cell. Therefore only the performance of the circuit in Fig. 3
is reported. The circuit was constructed on proto-boards, where all n—-p—-n tran-
sistors were in the form of monolithic transistor arrays (LM3046), the p—n—p tran-
sistors were selectively matched discrete transistors, the current I, was set to 100 uA
and the error due to low device value of f and transitor mismatch are minimized to
values smaller than +0-5mV.

Figure 4 shows the-performance of the circuit when working as a sinusoidal
frequency doubler. The peak-to-peak amplitude of the input signalis 1-0V and R, is
chosen to be 4:7kQ and, consequently, k, = 0-283. In order that the peak-to-peak
amplitude of the output signal is 1:0 V, the resistor R is 38 k. Comparing with the
predicted values from eqn. (5), an error of about 0:9% was achieved. The harmonic
distortion was measured by using a high Q bandpass active filter and a harmonic
distortion, which is the ratio of I,,/1,, , of about 1-55% was measured. This value is
in close agreement to the harmonic distortion of 1.47% calculated by using I, and
I,, from eqn. (5). Furthermore, the bandwidth of the circuit is measured to be
40 KHz. The full-wayve rectifier response is shown in Fig. 5, where the peak-to-peak
amplitude of V, is 1 V. In this case, the resistors R, and R, are 75Q and a percent-
age error of about 1:4% was observed. It should be noted that since the testing
circuit was constructed by wusing discrete components, so the circuit in integrated
form is expected to give a better performance.

o)

i@ me

B ~2& a

Figure 5. Full-wave rectifier response of the circuit in Fig. 3. Upper trace input: 1V, ,;
lower trace output: 0-5V_,,; horizontal scale: 0-2 ms/div.
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4. Conclusion

We have shown that both a sinusoidal frequency doubler and a full-wave recti-
fier can be realized by the use of a dual translinear loop. Experimental results have
been employed to demonstrate the performance of the circuit and have been shown
to agree very well with the expected values. In addition, the realization scheme is
suitable for implementing in the monlithic integrated form.
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"FULL-WAVE RECTIFIERS USING OPERATIONAL AMPLIFIERS AND RESISTORS"

WANLOP SURAKAMPONTORN , PH.D.
SUPAKIT JUTAVIRIYA »B.ENG.

THANANAN APAJINDA » B.ENG.

Faculty of Engineering
King Mongkut.’s Institute of technology
Ladkrabank Bangkok 18520

? THAILAND.

Abstract.:

An alternative scheme for realising a full-wave rectifier is
described in this note. The realization method uses the inherited class
AB complementary stage of a general-purpose operational amplifier(op amp)
as a means to perform a rectifier action. Therefore, the rectifier circuits

comprise only op-amps and resistors.



Introduction:

In the past, wide variety of full-wave rectifier circuits have
been reported ( Graeme et al. 1971, Antoniou 1974, Roberge 1975 and Barker
et. al. 1977 ). However, most of these schemes are usually some arrangement
of operational amplifiers, transistors, diodes and resistors. It seems that
none of them have been builted by using op amp as only the active element.
Recently, a new method for contructing full-wave rectifier was presented
(Toumazou et al. 1987) and shown to provide wide-band precision
rectification. In this realization method, the phase split output currents
of the supply-line leads of the op amp are sensed by using current mirrors
and then recombined to produce a unipolar output.. The purpose of this
note 1is to show that the same idea can be employed to create a full-wave
rectifier circuit which constructed by using op amps and resistors. The
proposed realization scheme is suitable for general-purpose op amps like

LM741, LF351 or LF441, in which their output stage are usually a class AB

complementary amplifier.

Full-wave rectifier circuits:

A full-wave rectifier circuit using two op amps and resistors is
shown in Fig. 1. The op-amp A, and a converting resistor R_ form a voltage
follower circuit, converting an input voltage V _ into a signal current

I . =V,./R.- If the signal current is so large such that | I 1 > I,
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where I_ is the biasing current of the class AB complementary output stage,
then the positive supply-line current I, and the negative supply-line

current I, of the op amp A, can be given by

~ + +
I,z I, +IL+1, (1.a)
I, 2-I_ - I_ -1, '1.b)

where the current I_ is the quiescent bias current, excluding the bias

current I_ , drawn by the op amp and the currents
I = -1 5 I = ] for v, > o 12.a)
and I = 2 ¢ I = -1 for Via$ 9 2.b)

A B in

The supply-line currents I, and I, are sensed by the resistors R,

and Ry» respectively, and then the voltage drop across the resistors are
delivered to a difference amplifier formed by the op amp A, and the

R, and R,. Assuming that R, = R, =R, R, =R, = umR, R, =

resistors Rl, R 1" )

z'

R, » It =1,=1I, Il=1_=1I_and|I | =1I_l, then the output voltage
Vﬂ can be expressed as

Vo = { 2mR (I _+I_) - 2mV__ + mV__R/R_ } + R IV _I/R_ (3)
where V__ is a power supply voltage. It is evident that the fouth term of
the eqn.(3) is in the form of a full-wave rectified signal. The terms
between the brackets are DC voltages which can be nulled by including the
resistor Rg connected to the negative power-supply voltage as shown in the

Fig. 1, where R_ = R/2. However, due to the use of a difference amplifier,

high precision resistors are required by this realization, particularly for
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the resistor R,, in order to get a good rectified signal. (wait et al. 1971
Alternatively, a full-wave rectifier circuit using three op amps

and resistors is shown in Fig. 2. For this circuit, op amps A, and A, and
a converting resistor R_ form a differential voltage-to-current  converter,
converting an input voltage V.. into half-wave rectified currents I, , I, ,
I,, and I The op amp A, and the resistors R,» R, R, and R, form a

sumning amplifier. In this case, the positive-supply-line currents I, and

[, of the op amps A, and A, respectively, can be given by

Il = I:1 + I;1 * IA]. 3.2
and I, 200, +I1, +1 (1.b
where I § = o esi-iiillag 4 for v,. >0 (5.a)
If § =9 UM 3 —Iln for v..<8@ (5.b)

Ideally, it is required that R,=R,, R,=R =R and the op amps A and A, are

. + .+ _ + o+ i3
closely matched, ice., I =1 =TI, I_ =I__=I_, and |I  I1=IT_,I. Then the
output voltage V,, can be expressed as
Voo = (2(R,R/R)(I_+I-2V__(R./R)+V__(R/R)D} + RR_IV I/(RR) 6

Similarly, the terms between the brackets which are DC voltages can be
removed by employing R, = R/2. However, the main disadvantage for the

realization scheme of Fig.2 is that its requires closely matched op amps.

Experimental results:

The two op amps rectifier circuit of the Fig. 1 was constructed



using IM741 op amps and V..=15 volts. Fig. 3 shows the full-wave
rectified signal in comparison to the input signal for the case of
R, =R =750, R_=310, R =R =22k0, R,=18k0, R_=11k0 and R, =5.24k0. The
peak-to-peak amplitude of the input signal is 1 volt and the testing
frequency is 1 kHz. It may be noted that in order to get an equal
rect.ified peak output voltage, the resistor R, requires a high precision
resistor. Therefore, in practice, a variable resistor connected in series
with R, should be employed. For the case of the three op amps rectifier
circuit of Fig.2, the circuit gives a response similar to the response
shown in Fig. 2. The circuit elements in this case are R, =R =75Q, R_=310Q,
R =R_=22l1, R3=11kn and R_=18kQ. In addition, the bandwidths of both the

1 fed

circuits was also tested and measured to be 20 kHz.

Conclusion:

In this note, it has been shown that a full-wave rectifier circuit
constructed using op amps as only the active elements is possible. The
rectifying action is performed through the use of a class AB complementary
amplifier at the output stage of a general-purpose op amp. Two new
full-wvave rectifier circuits, where the first circuit comprises two op amps
and 8 resistors and the second circuit comprises three op amps and \7
resistors, have been described and experimentally verified. Since the

method employing op amps, it is suitable for low frequency applications.
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Figure 1

Figure 2

figure 3

P,
CAPTIONS
The proposed two op amps full-wave rectifier circuit.
The proposed three op amps full-wave rectifier circuit.
Response of the full-wave rectifier to a sinusoidal excitation.
Input, signal ¢ 1 Vp_p , Output signal : @.5 Vpeak.

Horizontal scale : ©.2 ms/div.
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THAILAND.

Abstract:

An operational transconductance amplifier(OTA)-based
wide-tunable-range voltage-controlled resistance converter circuit, where
the magnitude of the converted resistance can be electronically varied, is
proposed in this article. The circuit is realised through the use of an
active network termed as an electronically tunable second-generation
current. conveyor(ECCII), which is a current conveyor with electronically
variable properties. The realisation scheme provides both a positive and a

negative resistance and employs OTAs as only the active elements.
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Introduction:

It is well known that negative and positive resistances that can
be electronically tuned are highly useful in the field of active networks
and oscillators. Many general resistance conversion circuits do exist 1in
the literature (Pookaiyaudom et.. al. 1978, Regtien 1979, Surakampontorn and
Junnapiya 1986). owever, the design methods are suitable only for
implementing in monolithic integrated circuit form. In addition, their
linear tunable range are limited to be less than two decades. Recently,
there has been a great deal of interest in the OTAs (Marval 1982, Geiger
and Sanchez-Sinencio 1985, Khan and Ahmed 1987). This is due to the fact
that OTAs are low-cost devices and their tranconductance gain g can be
linearly controlled over more than four decades by means of an external
bias current. In this article, an ECCII realised by using OTAs as only the
active elements is proposed. The ECCII is then employed to implement a
grounded and a floating tunable general resistance converter, where both a
positive and a negative resistances can be realised. Experimental " and
simulation results demonstrating the circuit linear tunable range and
dynamic range are presented. Although emphasis is given on OTA-based
circuit, the proposed realization scheme is also suitable for implementing
in monolithic integrated form.

Circuit description:

The proposed tunable grounded voltage-controlled resistance
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converter is shown in figure 1. The active network formed by OTA1l, OTA2 and
R, 1is an OTA-based ECCII. Its terminal characteristic can be described by

1

the matrix equation

— - — - -
i, Q ] 2 v,
v, = | (g, R/(14g R 0 ) i, (1)
i 2 g R, ] v,

L R S\

where R is a given resistance, g,., and g_, are the transconductance gain of
the OTAl and OTA2, respectivery. The transconductance gain is given by g =
I702v,), where I, is the bias current and V_ denotes the thermal voltage
kT/q.

From the equation (1), if we choose such that g.,R> 1, then the

ECCII can be described by the following set of equations

[}

. . N .
i, D v, =V and i

#hoi = +R,.I 72V ) .1 (2)

It is cleary seen that the current transfer ratio h of the current conveyor
can be varied by electronic means. The plus and minus signs in the equation
(2) denote positive and negative current conveyor, respectively. It should
be pointed that the ECCII in the figure 1 realises ECCII @ and,  if the

terminals of OTA2 is interchanged, then the circuit will realise ECCII © .
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The operation of the resistance converter can now be explained as
follows: Assuming v, > @ ,an input voltage v,. at port A will transfer to
the resistance R and convert to a signal current i = + v,./R to flow out of
port x. The ECCII then amplifys the signal current and produces an output
current equal to i = h.i ,which will flow out of port A. By inspecting the
input. voltage polarities and the direction of the output current at port A,
we can readily see that the input resistance R, looking into port A is
equaled to

R,, = -R/h = -R@V_/1.) (3)
which is in the form of an electronically tunable negative resistance. On
the other hand, if we interchange the OTA2 input terminals, the circuit
will realise an electronically tunable positive resistance. In addition, if
a floating voltage-controlled-resistance is required, the circuit can be
made by cascading two grounded circuits in a symmetrical manner.

The major factors that contribute to the distortion and
nonlinearity in the circuit can be classified as follows. The first factor,
which will contribute to the inaccuracy of the circuit, is due to the ohmic
drop across the input stage of the OTAl. From equation (1), if we let r_,

= 1/g_.» then the relationship between v_ and v, can be written as

v, = (R/(2r,

x

L+ ROV (4)
2 4

We can see that the voltage at port y will accurately transfer to port x

only if the magnitude of the given resistance R is much larger than 2r_, or
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R>>2r_. . For example, if I, =50@uA or r_,=520 and R=10kn, then the transfer

1
error is about 1.03%. The second factor which will cause the nonlinearity
of the circuit is due to the limited linear range of the input stage of the
OTA2. In order to minimize this error, the voltage swing across the
resistor R, should be keep to be less than the limited linear range. The
third factor is due to the bias currents of the input stages of OTA1l and
OTA2. These currents, with the resistor R, will produce an output offset
current at port z. However, this offset current can be minimised by using a
low value of R. The last factor is due to the temperature dependent on
the R . If this temperature influence is a major interest, it can be

compensated by using a current source that proportional to the absolute

temperature. ( Pookaiyaudom et.. al. 1979 )

Experimental resulés

To verify the dynamic range and tuning range experimentally, the
resistance converter circuit of figure 1 was constructed using 13600-type
OTAs and 1-percent tolerance discrete resistors. Figure 2 shows the
measured characteristics of the grounded resistance conversion circuit for
both positive and negative converted resistances. We have used R=10kn,
R, =520, I_ =100uA and I, is varied from 250 pA to 200@pA. For these values
a dynamic range of approximately #+ 1 volts is observed. Figure 3 shows the

plot of the converted resistance R, _asa function of the current I_,. We
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can see that R, can be linearly and electronically controlled over more
than three decades with the current I_,- Close agreement between the

expected values and the measured values have been demonstrated by the plot.

Conclusion

In this article, an OTA-based electronically tunable
second~generation current conveyor (ECCII) have been realised. The
conveyor is then employed to implement a general resistance converter |,
where both a positive and a negative resistance can be realised in the
circuit and its magnitude can be controlled by electronic means. The
performance of the circuit have been verified experimentally. It should be
noted that although in this work only the resistance converter is
mensioned, the proposed ECCII can also be used to realise‘ active circuit
elements like those of a gyrator, a frequency dependent negative resistance

or an oscillator.
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CAPTION ON THE FIGURES

FIGURE 1 The proposed OTA-based grounded resistance converter.
FIGURE 2 The measured characteristics of the circuit in figure 1.

FIGURE 3 Plots of the converter resistance R,  versus the bias current I,
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