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ABSTRACT

This thesis presents 3-mode-operation of Four-Quadrant analog multiplier design as
follows: The first circuit, voltage mode analog multiplier, consists of a basic multiplier based on
quarter square technique and 6 subtractor circuits. Advantage of the quarter square technique is
low distortion of output. Advantage of the subtractor circuit is that only two transistors are
connected horizontally in order to operate low voltage supply. The second circuit, current mode
analog multiplier, consists of a basic multiplier based on square-different technique and a copy
signal circuit. In the current multiplier, some transistors have two -ﬁmctions (squaring input signal
and copy input signal) at the same time. Therefore, this circuit can decrease the transistors. The
third circuit, mixed mode analog multiplier operating both voltage mode and current mode in
some transistors at the same time, consists of a basic multiplier based on square-different
technique, an adder circuit, two mixed signal circuits, and a voltage divider circuit.

Though the mixed mode multiplier has several circuits, but these circuits have common
operation in some transistors. Therefore the number of transistors used is lesser.

Theoretical analysis, simulation results, and experimental results of all circuits are carried
out, and these results accord with theoretical analysis. All circuits have good performance, and
they expect to use in analog signal processing and are suitable for implementing as an integrated
circuit.

Additionally, this thesis presents also the design of signal vector summation based on

analog multiplier.
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weenifudygrudines uazulasnndugnudiasadudyanueasn 2evsSoufouuss
AU (Voltage Comparator) M95AIVANEATIV010 [a06A 1UNA (Automatic Gain Control) 4104
Fmseenuuled sviiouldmalulateyg 2 wwude wuvlulnars (BIT) uazuea
(] ¥ E 4
N uFanes(MOSFET) Tavszuuiludaudess dagilii 2.1 Tasiamuatiuszeguusinguves

wma lulag 9955 uganau



SILICON TECHNOLOGIES

v , y
Bipolar * | Bipolar/MOS MOS
v ! v v ) y
Junction Dielectric Oxide

isolated isolated isolated CMOS PMOS NMOS

i iy
Aluminum Silicon Aluminum Silicon
gate gate gate gate

UM 2.1 uamsurursveamaTulataeessau [1]

2.2 msﬁwmmmuaﬁmméﬁmmé

yBANIUF AR (MOSFET) WINAUANI Metal Oxide Semiconductor Field Effect
Transistor ﬁ‘fﬂﬁﬂﬂ%ﬂéaﬂﬁﬂ’h ‘6wym‘nmmnmﬂﬂ (Insulated Gate Field Effect Transistor)
@oude IGFET Hugunsalsiianis FuldaunlvthauguuSinams revesnssualuses
vimsoua TuilegiuiiveamsndamesIddudunumid lu Inarims wdmaef iesnniiTase
atadio Sunoumsrantes Tvinadnhid g namn AMWATUNIUBUNNGS (High Input

a/

Impedance) dQyIaisUNINA1 uaeansUFmae s AT daduioudy luInainswdnae fe

.
o o

MITuUNMdsd sasmoed anudalunisiiaum

2.2.1 Tassadwveaeamiusaines

yeansmFame s ianwmsiauld 2 wiia fe Wusuwwiveansudmees
(Enhancement MOSFET) uasfwantuusansusaans (Depletion MOSFET) Fudazyiiail
fnsauLaesn 18dn 2 ¥iia fio P-Channel 130150771 PMOS 1ag N-Channel #38 38031 NMOS
Taseadeves PMOS way NMOS TlnseaduasedwiuluiitocvouansInssainveoa
nsmdmmesiidu Susnmnivinfulasiadie NMos wanalugd 22 daulnseatreves

PMOS uaaalugili 2.3



S
Oxide
(8i0,)
Source
region
p-type
Substrate
(Bulk) Channel \
region B D”_’"’
region
31 2.2 Tassadnveudusuanieansmdame faiia NMOS
S
oD Oxide
(8i0,)

Source
region
n-type
Substrate
(Bulk) Channel

region B Drain
region

1 o a
1 2.3 TaseaduvewduaunnniveansuFamesviia PMOS

U $ & g L} o~ ~t A é ﬂ/ [} o
NMOS 1lsgneudrvdimugiusesiifiuarshsdniniia f (P-Type) Fallarsnaiisiia

o [} £ o o a o -:y o 1 g .
DU 2 YA QOUNITIIVUFIUTDY mimmmﬁmﬂtauugmwn’n ¥9IN (Source) UALIATU (Drain)



= ] o ] an J . ]
wuAmhsenie sesafuasuseliiuiiduney  vesdanoulnoenlus (Si0,) dmuuuveq
aa ¢ d £ o aaa ' a a ' Y 1
Fanou'lneenlad sziiTansdauinn Indsansu dudigniSendt 1nm (Gate) auveegu
-3 & L o - A o o ) =y L]
703 M sndnhwiabu (NType) waraisisiniisda guwsauuguses Inse
v
a¥aiiailisondt PMOS
1] U A Y (-] d' L]
szosesgnInasidniiidusess uaziasy $ond1 Channel Length (L) 4aga21y
nAavesressEninyesduazasy (58091 Channel Width (W)

+CP D o D
G IDi G IDT
s | IR
Vv Vg
BS
5§ +0 +
S S
(n) NMOS @) PMOS

3UN 2.4 namemsludy

M3 NMOS vaigh hifiuseduludaiinn Awszaudegluaniag ot Tivhnszue

oA 1Y [ =1 a o ° a o P ] 9 a o

Aediplus AU v, finn swifiamsmiivnh Sinaseudadiunmedaulotuginsoswiiai
1 4 . [ 4

(P-Type Substrate) ifiadhuuzunuadu el lusafidaasudhnnndfieutuseda  nszua

ad 2 o ' s v
maﬂﬂsaucanuwmzmummawasmmzmsummiﬂ‘l‘na‘lﬂ

LY o d o d
2.2.2 AYYANYUYDINIANI U AINDT

dygdnvslveweansuFaneisiadusumuiveansudmaed tazimansunod
nudaines uanidagii 2.5



NMOS 5 PMOS 5
GO—IEI Go—-]l::I
(n) S (1) s

D D
Go—] G o—|
(a) S () ¢

NMOS D PMOS p
Go—lu'_ios GO——I}:;T;OB
() '_é (a) s

D D
Go—g<_—ToB Go——|—I—>;oB
(x) (w) &

31]1’1 2.5 uaasdagdnualag vewsansuTames

71 2.5 uansdygdnveivemennsmBmaessiani q dywd Snuallugilil 2.5 (n) fie
Enhancement NMOS tije Toarlinvszniniwenuazweis (Vye) Hhugud dygydnueilugud 2.5 )
fie Enhancement PMOS iif® Vos= 0 dayeydnuailugalii 2.5 () Ao Depletion NMOS (e V= 0
Fayydnuailugyii 2.5 (1) fle Depletion PMOS iiie Vas= 0 Faygydnuailugalii 2.5 @) - 2.5 @)
uarmdygydnuaives NMOS oz PMOS mieugdit 2.5 () — 2.5 (1) uAuANATUASST
Ve 0



° J
223 ﬂﬂlﬁuﬁ?\ﬂ']iﬂ‘l\nu\laquﬂﬂﬂi'lﬂ‘%ﬂlﬂﬂﬁ

o a 4 o 3o a
msiinuvsweansudmaes Jusnuuzlfdnar lfnruguilSuuvenssua
aumsveweaNIUFMaeignfintulay Sah [2) Uag Shichman and D. Hodges [3] $aaumsi

2.1 ueasgaiauiamsnauvswmeansudanes

.4

4
7, 7 {(Vas“Vr)"—%s"}Vos Ve 2 Vr 2.1

Twi K flo NI UAABUANUAUT (Transconductance) TAUNITY 4 oClpy

Hp B AANNATEIVDI Taan3BBIANATEM (Surface Mobility of
Carrier)

Cox 0 A MIgAAUTB NS I (Capacitance Per Unit
Area of The Gate Oxide)

W fi9 AW 319U83%8 011 (Channel Width)

L fio A7106179849901 (Channel Length)

Vs f18 ANMANRANGSEN DA TR T

V, fio useduBiaGy (Threshold Voltage)

Vps 718 AIARANGSEINIATUR DY

I, flonszuaasy

yeansUFmaesin i mutuiu 3 929 Tﬂmm'a:ﬂhqmsﬁumiyumjﬁvm
Ve -V; fafl

L i Vg -V duguineidiumoy  veansudmmesazeylugashivhnszua
(Cut off) Tugae hivinszuad youhnssudezhdumniiouesidla (Open Circuit)

I, =0,V -V, <0 (2.2)

2.8 Vs = V>0 uag 0< Vs <V V4 udrweansmdmaeseveglusives

mainsualiduda (Non-Saturation) Haumaiiu feaunis 2.3)
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K'w 4
I, = {(VGS‘ - Vr)‘ -ZLS}VDS 2.3)

3.8 Vs =V >0unz Vs 2V — V5 wdeamsudane; sxvhamlug9veq
MINTTUAdUAI (Saturation) Herunsifu

Iy =KWV -4} 2.4)

o v KW
K=——
fivuald 7

Auaniamaeniynveweanswudmany uaasB3igylii 2.6

ImA) Vs VasyVos”Vasi> Ve
A

Triode SATURATION

} Vesa
i
{

+—Vp= VosVr

GS3

/ b

Gs2

Gs1 ¢

f.
Lo

S CUT OFF(V<V,)

31 2.6 urnsnuauiRveweanT T AT

a d 1T a a oo
2.3 m‘s'Jsﬂswﬁmmmuu‘nﬂgumm

1 a a va [ wa o A < o a da
mwuvmﬂgum'lunJuf]mﬁnmm‘nm‘nmuanmﬂszﬁmmmanws NITNAW

dedigaeduymifidenidindnn e INSandauvesdyanaisignal) AOd Y IUTUNIU
. s t & o P o dy o & a a (J ey
(noise) UMYY LAZIBIFUMTMINUNUIAY IWRBId 1R iTsennreeshidnoiinussl ifiang
v 4
Munasdwnszua wazeenuuuli cMOS yaFahmlusedud AnTug B uymI§iiaam

< 9 P ° (] A W a =)
UBIIVT ‘iNQﬂ'ﬂ'lllﬁﬂ'lﬂl\‘li’)uvl‘Uﬂ15“101“1“%3\10“9\?%8\3”875715"Iu‘lfﬁlﬂ'ﬂiﬂf)
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Vos 2 Vs = Vs @9)

uay Ve > V5 (2.6)

lunmisfivsamerBugnifidoussdedivsawsansuianeiynidaoidou
L) - Qe A o ] Q‘ o/ foed
Py Taogasuymifidnussgamidondenlumsiauis e udivewesmsudmaes
o o A L é 4' ° a 1] o 1 o d.i =) tﬂ' d‘d
Mladmilaneyalaganisfesinnfasimahoaudeusisunieyasu luvasiifing
affownasdygraduym v, uay v,

a d o
2.4 MIFUATICHHIANUDADUTUDS

ahqmm?;m'auﬁuewm'msri'fluﬂmﬂuﬁﬁﬁmﬁaﬁﬁwanﬁqﬂszﬁwﬁmwvemws Tng
ﬁ”’:‘lﬂﬂzaammmmﬂﬁ'ﬂanaummmﬁ"lﬁ'qqc] xﬁaim%”umsﬁmu“luthumm?;qqq uaglu
msmennsinevrueses i mesnnadnve e ansudmne i nnfiand 138
Wit 27 (@ Selunsdlvesemmymdmmeiinluenduds sufunalidosanyinih
(Channel) fivuasufinauunyinn ‘1uthu€iuﬁ’nimﬁuﬁmmsuﬁ%zﬁwanizwuﬁuﬂszq‘M“?hﬁ
vunn unzgesmun ihfonnn dumgilissernszndnids daunlsey ¢, wliantonunn
awwmosznaldhuiiugud daudafinsey ¢, ¢, wee ¢, Sudafivisyuonudsin
Yoon Fuwwirnesdymannadnvewemsi@mans umsiainduda wuaadl
Fagit 2.7 ()

| o
G | + f D G v < D
TonP os® U L ol
db
o — Cy

L S T T

l I !

Cgb S

B
(1) woaNIUTAADT (1) weANIMUTMADTIIUDUA

‘l.lﬁ 2.7 ’J\iﬂiﬁllllailﬂ\?i]ﬂﬁﬂi'm%ﬁmﬂi
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Tunsmisanuiaeurussesnssirlasnsunuuesms ey Srouvuinesglii
2.7 (@) Tunesiidesmsmaruiineumuesazmailaisudiwlou (ransfer function) 842993
"v’iqnunuﬁ"wuuuﬁaaufu Aovnifufio1seim Twais (Dominant Pole) ¥942493 1Ay Inauau
vornvsvmiiudaimuanuiineuausivesns

Tuwnensdiens hifl nauvesniinansenuvesdls (Zero) Fansdilfislszinam
#2u Tualnezunsu (Bode diagram) [4] uaz 14 Tusunsy MATLAB iemdnindasuausive
22995

2.5 MIAATIHMIANNAANAIAAINY YB3

mshinaeslaeinly  MaumniRvewesnsudmaeslugingidaedly
aamnfusSeesiimnan hidhugaundvoeansudaines(second-order offect) AaRATU 191
Naﬂlﬂd‘lﬂvﬂé (body effect), miua@mmmmman&imnszuﬁ (channel-length modulation), W@
AITAANOUAIIUATOIAIVBINING  (mobility reduction) 1A% wan 1w liaunadvesguinsal
(Component mismatch) (Hudy Faaeqmariissiilsz@ninmuessesanas Taskaves
vwed ez hifinty 11‘1"awmuaﬁm1uc§ﬁma§nnﬁwiamwas'aﬁum%uﬁmsmi’hﬁ'wﬁu wag
HRUBINTUTULL9YBIAINEITBINTZUT (channel-length modulation) aunsovl¥asulay
m31¥ long channel-length w38l¥209saRoUnsEUAILY Cascode SuniuluSneniinuiios
ﬁawm'nmmxﬂ1saﬂﬁ'€1ummﬂdmﬁgmaamﬁz (mobility  reduction) sazA laumeiveq
Qﬂﬂiﬂf (Component mismatch) lﬁflﬁ’:u

2.5.1 MIAANBUAINAABINIVBIWITY (mobility reduction)

anuLaNa -V Uoueaniudmaes [5] NAANISAANOUAINAGDIRT UBINed

< IA
NITUYAINDIAD

KWV sV )?
1+6(V gs — V7 )

2.7

i ' 4 a .
die & 1l mobility reduction parameter #3A15¥111 0.001 ~ 0.1 V"' uazl¥ Taylor
Series aumMs (2.7) ansoou ldInaidly
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Iy = Mes Wy P60~ 1) +0 2V tp P .. 29

< o a0 w 4& 1 0’: 4‘ 1 dl o w J
Tamsedd ¢ Smdufuniionfemeainiungnld dau ¢ it IgIngnaziaY

4
1W51$ﬂ1ﬁ§ﬂ61?ﬁuﬁ8ﬁiﬂﬁﬁﬂtlll'lﬂ

TumsInsizvinaves mobility reduction 9231 TAtUNUANT (2.4) Aavaums (2.7) nie

(2.8) lursesagfideamimsisw

2.5.2 mm‘iﬁaumﬁumqﬂnmf (Component mismatch)

Tumsinzvna liaunaivesgilnselezAnnme transconductance parameter (K) 1M1

q’: o $ a |

WilagesmuyAnesiivsinsiedidiu 2 ya TeoyausnIWil transconductance parameter 1§y
4K : 4K 4 o ax o

K+=- uazegaaelfl transconductance parameter 1Hu A’ TR FIM3NATIEHAWITA
t 4

nanHsiamena1581994 [6)

2.5.3 AnuEamisumMagiilutia (Harmonic distortion)

t 4 i d
TumslinsizdnauAamounnes Tulialuinoiinusi19nsg e IEEE Sid 519 [7]

b4
=i

¢§ o Yo
Fationy 13ae

(2.9)
a
. Wy
THD; = ”=]22 x100% (2.10)
1

Tagh Wuaz 7 feussduneznszuaveaniwdndnd Vuae 7, fAeussduuas

¢ o a o w A A A o o o o o a o o a a o
ﬂizllﬂ"llﬂ\iﬁ'ﬁiuuﬂﬁ'lﬂﬂﬂ niidn ﬂ@ﬂ'lu'Julﬂll'U')ﬂ(a'lﬂUﬂﬂ\iéﬂiiﬂuﬂ) ﬁmm‘lu’mmu‘wuﬁ

L \

1 4 ]
fiezfian THD 94 n 1907 9
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2.6 agy

‘luuni‘iy'lé'ﬂf‘:umummi’ﬁmMﬂTuTa?mnssmuun CMOS  maMauveNed
niudmaesuas lduanidaitmsanafildiinnsiumlssiniamangvesssgudygu
U $2BuMIGiAnu mnlesuTueYeINNs HATAINRANAIAAINY YBIII9T Fanrmd
a1 manfiosai W luundt 3 - 6 sozmnsuande



uni 3

NoInAUTYANUIHHALTIAY

3.1 unin

v A dda ¢ o t
2197 Inuansdune Rosnliduyn wmyn wazmsilssuranavesdygnaeglugy
< @ a oA a1 A e 1 a =] 91 LY : =
vBadya Iy Buiiuaudeng Adygrariueslinngy) dwinluilegiiuiiseling
o Yo a 4?' 1 < v do 9
Warni129es i uTnuanssuadiindy  wdegnlstan 2995 luTnuaussdundadosns
t 4
BUINT1LN0T IMuAuTAUsTazaINIazIslumsesnIUD99T uazUBNINGiIes Inualse
¥
auldinnldnusudgausnvesmseenuuulees
v a 9 4 o 1 Y o 4” o =Y
1950 IHuANsdUITNAUIN[8-9] Fnesanan A uRamisun1es Tuiinsau
v [ 1 4 ¢
i ualidedsuiie M uauginsaifiun uazlduswiuTiidedige denléwannes 101
1 4 [ ] ¥
TWidsed[10-12] wazld$auginsalimiesas udlivedesfielinuAaiiounieeayuiin
ci PR o a wa o a ldyo Y a' 8/
sungaazligeuynigidauey hlnetinusinitauelesgu Tnuaussqui l9us
o :f o &8 0 a wa o o \ 5 - a q" o
auTdifesdfigralfuaomumeuymiindouuy single rail uazlisnuRaiiouniass Ty
finsaud wdnmsdhon msdnsisilssEniamang  agHansNAdev8I299592QN

naaaluiadedalyl

3.2 HanMININY

. 14 14
wesgudy TnuauswuiiiauefilssnouA0299s gUNUUILY  Quarter

o 2 o a
Square technique 1 2995 UATIVIAUVAYYIU 6 VT Faaaswaziooalanail

& o \ d'
3.2.1 NVIPUNUUBUUNMAIXIAIUT (Quarter Square)

1 4 ’
nanmsvenrvsgaiiuguuuufidesdudgnuans  Tnaverfuaunsadiacans
& 1 é o/ a U
fo 1y, = (v, +V,¥ -, -V, }| Fgoiamunnen (8] uasanaumsainainainse

1 4 .
tu1d Taseroguanianuiluiideaesves cMOS dwaaslugadi 3.1



. VDD . °
R, R,
< Vo >
v;w;yg_l ii;(v;vb) vc+(va-vg)_| P/g-wa-vb)
) M, M, M | M,
. i .

3N 3.1 nesguiugnuy Mdsaesdud (Quarter Square)

16

vinguii 3.1 dAmuald Y fedygnusan(Voltage common mode) ¥, uaz V, foduygnaidu

yniiieldauns (2.4) aunsefounszuamasves CMOS MM, 1adai
2
Ip = K, V4V, ~Ves - V5)
2
Ipy = K(Vc V-V -V ‘Vr)

KWV +Vy ~Vy ~Vieg —V;

N
S
I

Ipg = KW =Vo+Vy ~Ves -V, F
d' ° @ s 9 o ;
1Nz 3.1 aunsofmuaus e iynuazuans ladal

Vo

1l

RL[(‘[DI "‘[oz)"(fos +]o4)]

V, = 8KRVV,

3.1

(3.2)

(3.3)

3.4)

(3.5)

(3.6)

qums (3.6) nansiussiuemiymAoraguveuseiu 1 uaz 1, Taoi 1 azgadiia

Tvuall waslddunadrlunmsifausinsdindndesnsdyona , +1,),

4 5 . 4
(V, =Vp), V; =V,), (-V, +V,) Fuzgaaduniniesaudyanusiuig 6 2995

uaaaluidedaly



e @ [ 4 @
ﬂ'luﬂﬂbﬂiiﬂﬂrl‘n RITIBUINA N INNTTIN

3.2.2 N9TaUTYR N

17

s ] y
nesaudyguerly NMOs 2 dwinfufidetunuuidai ldeesawnsonam

1 4 ]

molduseau IMidoed

1@
@
I©®

1@

es

/2

31 3.2 nesavdym

' 0 ) 4 < d
71U 3.2 yerasnesaudYRIus MY 6 2995 Fa29950 1 Ysznoudas MM, 29950

2 152neuAI8 MM, 29951 3 1/52n0UA M-M,,, 29957 4 1l52n8Ud M, -M,,, 29951

« ) a
5 Uszneudan MM, iaz2esh 6 Usensudis MM, uazitenuazanluasesing

v y
wazfimaeimuaussdui Inuae wiynveaasssaudyapaudiudell v, v, v, v, v,

uaT V, MUQAANIMIUN 3.2 wasiilvua 1 aunsaniniuduiuiuenssuaiasues

MM, (95aUTYYNUNISTH 1) Aip

Lps = Ipg
V 2
¥aums .4) w'ld ?f" ~V - Vr) = KW -V -V, )
useAu vV, aunsomlade V, = l%’ + %ﬂf_

1 Tnua 2 arwduiusveanssumasuyss M-M, (esaudyaanesi 2)fe

]07 zloe

(3.7

(3.8)

(3.9)

(3.10)



18

% 2
Waums 2.4) 924 K(—ZL -V - V,J = KV, Vs -V, ) (3.11)
o " 4
usadu v, aunsam ldfe v, = ?” -V + Vg (3.12)
4 Vr Ve Vs
unuaums 3.9) lueums G.12) weld Y, = STt (3.13)

flnua 3 (esaudyaatesh 3) Ansanihiesfnfuaums (3.10-(3.13) aunsom
UsIAU V, fip

v
V3=__VV v
2

"T“'T (3.14)

Twiuesufoaiuiy v, v, 4ag v, (51ansomam v, V, 4ag Vv, (1995audyeuiees

4-6)'18¢ail

W= —%+VT$ (3.15)
289 )
O e 619
V,- Vv, V.
Ve = -——2£+—;‘X—+-2£ (3.17)

ﬁqmﬂinwsanﬁmwmwsﬁ 2,3, 5, 6 Tmthiaudea o ﬁuﬁmmﬁvgmm'ms
(V,, V, V,V) iannussduiivinnusasansudamesfnnaudioussduiivinnves
UPANTUTAADIAIAN

dmiasesaudayanaaeesi 1 oz 4 Jumaihwunnues Mos dadnaeduent
wn flasesdandrhmiiiduasesutus ety tazeinasesdanan mldisaunsoade

HasINLAzHaA VBT uBUNN V, naz v, 1]
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[ v d
3.23 'Nﬂ‘iﬂﬂ!ﬂiyﬂﬁmiﬂuﬂlﬁﬂﬂuﬂﬁﬂuim

Qo

o o P 4 a 4
iy Tnvaussduinuysaioaluglfl 33 Fufannmssaneesgli

3.1 uazglii 3.2 hdauiu

Vpo/GND
. ' 1 .
MS hdl MXS M9 MH i_L
P e Ry Elﬂ:_ E]H |—¢: Re o]
+Vy 2 v Vy /2 M, Vy 2 v +V,/2
Mt:m I:lw!:mn r.L:I I:J
Mlo MZ Ml MH
LM M, M, | M, Mg X
VS
i 3.3 2vvsguidgana Tnuaussdudiauysel
A ° l/y VX v o
NNaUMs (3.6) Weanimua V, = ¢ Yy AN IRy vz lAus Ay
Id =
My v, fie
V, = KRVY, (3.18)

] L4 b4 [
dunadnesi 3.3 awnsadhou idiamasseiidoudss (GND-v) uazuvas
£ 4
910 1Wi804g (V,,~ GND, GND-V,)

[ t4 ]
o o/

9 ¥ a awva 4 S o o o < 1Y &
dmiumsilszgnalsnusselumalfid Wessesiinaueiiviaiiusedulids

a Qs o

Aoy dggrudurmannsafoudeiunesaisuenldiauiiiosniniseseurasnialiey

o

]
1 o

3 o dy ' o s 3 - é
aufiusaiu In@esg(v,, uas v seaudyanudidesniniisedy Iiasalszuna o v &
.Q A a o °o_ @ {
aunsofunfiguynvesnesquldimsiuiadedne ilvdida Wi figands Power
e e . 4 4 . ¢ ¥ v v
dissipation) lu2s9sgnanasnseniiy uazludiuveueniynendesldresasiounssud
unu R, Taawsazieunszuaeivszdesasiuusedu v, emldaeniyndfifeu
[ ° o @ a & a P o
A3 RUVY rail to rail udedWlshamdesihldmasihqaduiviunn@udndesminiu
4 o dd
Faaas 1ddaga 3.4

<«
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DD . o
[ T L 4
Ground & current mirror T *

out in ou 1, |

- . > - .
Analog circuits » ™ Analog circuit
out V;
3 the proposed
v, circuit

VSS ® °

: g 1 ! [ o & A o Y {
11 3.4 uarsmsieuAsvssNeTguUIMinAuBiUlITBUlD 1Hus 1dU IWiRsauu@Y)

3.2.4 Yr0uymlfitiam

yuymigianuvesnesgudgan raussdy  awnson ldonndeulums
M lugadudvewesnsudanes M, M, M,, M, M,,, M, kaziilofmualiaees

} 4 (] [
mnuneldundans d@eaforss 1adeu lafe

VTX (V; uas i (Vs (3.19)

wazannsom idnnteu lunshaulutidudvemeemsmdanes M, M, M,, M, M,,

MlO’ M]4’ MIG
Ve V, V, V.
| 74 - Y s X Ve - 2S5
r+ ) ( ) p (=V;+ 2 (3.20)
1oz VZX " ';’ <V, (3.21)

-1 1 A o 9/ . J pa [
INAUNT (3.19) 1AL (3.20) WIAUN mmwsmq'nmw‘lmmamw’lﬂmmmm YN
a a va 9 o J [ ay 9 A ) (] =y a ey
suymigidnumeduinannsalimgandusaui@edld  FusuSondrdunmiljia

i 4
iy Single rail
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A
3.3 ANUBADVAUDIVYDIIIIDG

] L4 ] 2
AMVDABLAUBIVBINIQRUAAIIITDIRTUYBIBUYNAD Hduyn V, diedmuald

; 4
Vy =V, 110g V, =V, i5iaunsomandasuaussdgauaassiazidoa 13 lumamnuan nl

t 4
Adatl

Vo RL [gm[gmB gm4](SC+ gm)] (3.22)

V, 2| @sC+g,)asC+2g,)

lJ t ﬂ' L 1 @ A
uagenmsunual g uas Cp AN INATNN 0.1 Tuaums (3.21) wunu Tnawu 2 A2 9

’ ' A i ] ¥ G’/’ hd
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HAZINNITUNUA g, UDT C, AN 9MAIT1eH 12 Tuaums (3.22) wuhli Tna 2 67
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A H é 1 t o
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2 Ver3 Vx3Vr 2
I, = RV, WV, [L+ 36V, ]+ R KO + + 6V, V)
2 8 (3.24)
ot mualy Vo =(Ves+V5)

o [] 1 o [l ] -
VINTUNT (3.24) uaad IR UTINITaANOUAINATBIRIVBININZ S dINaRDANAR

Y ] P e = o °
wowaulusi luiinfi 3 Fawaf ldoeandostumaBounuunsiiem (simulation) @78

y [ 1 4
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gruassswazdua 13 lunenuan n3 Faezldussdueniynde
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Vo= KR, + MRRICE-+ 200 + s + VT 29
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3.5 HamIinaasy
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YDINI
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SR WL 483 NMOS fi8'Sum /4um 110 PMOS fie 10um /4um Tno191nliEos Vpp=0, V=
2V,R, = 10kQ HANINATOURAUANIANN DC Transfer Aaumstloudunm v, uils
f1910 0.6 V i1 0.6V uazduwn v, uilsa19n-06 v 0.6 v mdlay 03V gauaas
Tugdl 3.5 (n) waztleuduym v, wilsiinin —0.6 v 8 0.6 V uazdunn v, wlsaiein
06V B9 06V mflaz03 v gaudasugl 3.5 @) mamsnageunuaInEaurues
Frumistlou Suwn v, dudoenusnd vna 0.4 v Ufusaned 10 Hz 81 100 MHz uag
suym v, dudyapaasenue 0.1 v gnuaalugl 3.6 (1) uay mstleuduym v, du
Fygnaanod via 0.4 V lSusaad 10 Hz 1 100 MEz waguyn v, Hudoooiase
vua 0.1V gauaaslugy 3.6 (1) Namﬁﬂmmﬁmﬁuumamﬁuﬁﬂqnmﬂﬁau'{m 3
Houdunn v, Hudyanuaned veanud 100 kiz - wazduyn v, Sudyaneivase
vt 0.4 V gauaaslugy 3.7 (n) FefannuRadoumasdluiias s 0.11 % Tasnstleu
Sun v, Sudayanaanod vuim 0.4 vanud 100 kiz wazduwn v, Sudaaneiase

& o a ny o o v
YU 04V Qﬂllﬂﬂﬁiugﬂ 3.7 (%) ‘lf\l’]ﬂﬂ')’llmﬂmﬂuﬂ'lﬁﬂ'IiIiJ'NﬂTJll‘lﬂ 0.15%
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msianuRanmavesnnuiudaduveanssgu Inuaussduldis nadeonmsdesusa

HIRU(Newton’s divided-difference interpolating polynomials)

2 o o = {a
@unsuan laumsuazdfisuduwaii 18910107 3.5 vaziduynifvaina

4 o °
[13] Fah Tashvuaeuns

mseii 3.1 mudAanamanuiiududuvesisesgu Invaussfuiiduynv,vae v,= 0.6 v
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3.5.2 HANINATOUAEINIIADIIDIVIIAIVOIA

4 o ° o ° o ' ' a d
ietutumaihnuveesga Inuausduldinesdandnundedessseauesa
14
naaes Tavldled CD 4007 usedulifion v,, =0, vy = -4 v, R, = 10kQ msnaaewgn

n329uiu2995 Balanced modulator Taotlousuwniudyanaamumaouuing 1 V, A0

v
[

2 kiiz wazdlouduym v, idhudygnumnivinn 1V aaud 30 kiz gauaaslugyldi 3.8 ns
maaummﬁmﬁuumqmﬁuﬁﬂqnni:v‘iﬂﬂu nmsteudunn v, Wudyapamoivina
1.2 V, A9 2 kHz wazfloudunn v, d2easauina 1 v enuaastugyl 3.9 (n) Felanaw
Rafivum s Tuifins g 4.5% Tagmstlouduwn v, Wudyanaaneivuie 1.2 v A
2 kHz uazflouduwn v, de'lvassving 1v éeuam‘lugﬂﬁ 3.9 (¥) FainmAnioumns
a5 lulinsn'ld 1.8% vawanisia THD wuhaeandesfiunamsInszinangufuassa
M5 Simulate A3y PSpice fio & third order harmonics lﬂuﬁmﬁﬂﬂlums dawadammﬁﬂvﬁﬂu

373U

~500.00 us 0,000 ¢ S00.00 uz
160 us/aiv reeltime
1T 100 W 2 1,00 ¥/ 3 400 an/
=30.2000 m¥  -200.000 uy 000.000 uv

gﬂ‘ﬁ 3.8 Wav®4 Balanced modulator
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3.6 a1

'stqmﬁtytymTﬂuﬂusqﬁuﬁmmuaﬁﬂsznwﬁ'umwsqmﬁfugmunu Quarter
Square uazReTaUFYYIY 6 295 inTassadnfieenuunednivesassdndiy ¥l
NI5UYAAY AB

1 WuseduiiBoed uazmu1mv‘imu'1¢’fﬁ'1Uﬁyuma'a1i1u"lﬂt§u~uﬁuwaz"lvh§ywj

2. Tgduynlfridnuniuesiiaunuy Single rail

3. ﬁmmﬁmﬁ’uui U (Total Harmonic Distortion :THD) 9‘%1

4. MmsuGames fiflvine WL nhdunuaynds

t 4
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Ansrer lumangug Nﬂi‘?iﬁuﬂuaﬁymm«"fqﬁimi’n‘lﬂ‘h’f’qmﬁ'mmiﬂizmawaﬁtyupm
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v, = l’gf_ 45)
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(5.28)

t v
dunaineesiildveansudamesifios 1 @ wmniy nagdnsvenovenavsamsn
1511840 R,
a 4 é o o
2vsgumihFuaud uaaslugyii 5.7 Falszneudie 2vsqudyanunszuaiuus

i 4
AU T1UIU 2 2995 UAZINTAUYY 1 2993 1Ae2993H gndautadunainunady (18]
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: T
|—> L 1l
k4 Vy Vy
1k 1%
X I
Ve =1V

L=

- IY IY
I
ChamnttN

914 5.7 2vsguanhduaud

' o o A
ﬂ‘]ﬂ')‘]uu‘]ﬂlﬂ\??\iﬂizllﬂ 5.7 90

7
Y(s) = 5[1—]—1J51 (5.29)
2
wazaAnhFunuTv09995A0
G = (1+§JC, (5.30)
&

o v ¥ a Jel dy a [ a ' a o
dunamensuaudn 18l Wudassdenansenuguugll  uazsamhduaud

annsolSuamlddronseua 1 uaz 1,
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5.6 HamIinaaay

5.6.1 HANINAABUAY PSpice

wovlszAnsammsthavesesga Tnvanay 5 1dhnesfandnumadey
#ruTsunsu PSpice Tumsnadey 19 Tunaneansudanesves Mosis 14 level 3 fiflvun
W/L %84 NMOS 18 W = Spm 1% L = 4 um PMOS fle W = 10um 1182 L = 4 um (30u'lvveq
AINATBY V,, = -V, = 1.85V, V. = 200mV , V- =400mVp_psine200kt , I, = 8pA ,
Lue =16 psine200k . HANTTMATBUGAUAALTLAITNE 5.1 FauansnuAniounaey
Tuiiasay uagaImdineudues MansAdBURuANTANIY DC Transfer daumstioudumm
V, 1151910 200 mV 69 200 mV Uazduwn vV, 11l5A191n-200 mV 3 200 mv m@rag
100 mv gauaastugiii 5.8 (n) uazdloudumm v, urliA191n -200 mv 9 200 mV trazduym
v, w39 200 mv f4 200 mv mdtlaz 100 mv guaeslugiii 5.8 () mngalit 5.8
mehmmni‘luL%uﬁuﬁﬁuaz‘lﬁﬁuﬂﬁmewfu*n offset HAMINATOUNWAIWAADUAUDS
dromstloudumm v, dudysnumeiviia 200 mv, umnagg 10 Hz & 100 MHz
uazdunm v, dudyguiiasnng 200 mv gousasiugilit 59 () sazastloudumm
v, Fudyanumnivug 200 mv, YSufANd 10 Hz @9 100 MHz wazdunn v,
Foyaeassving 200 mv, gouaasluglii 5.9 @) Namﬁﬂmmﬁmﬁuumams’TuﬁﬂQn
nageylas nstloudunn v, Wudgygnumoiauia 200 mv, 21w 100 kHz uazduym
v, Wudganaliassvuna 200 mv Qnuﬁm‘lugﬂ‘?‘i 5.10 () eTannuRariiouniaes Tuiin
518 1.6 % Tasmstlouduwn v, Wudyanaannivung 200 mv A2wd 100 kHz azdy
wn v, Sudgeneliasinin 200 mv gouaaslugali 5.10 @) FeiammAaiounes

Tuiiasw'ld 1.6%



M3 5.1

UAAY % THD LAz BW NBUNNAY ¥9929059

Biasing inputs of the multiplier THD BW
1o = - A% Ve =V Wy =Voe | 1.6% | 84 MHz
J =Ty =0 Vi = Voo Vy = Ve 1.6% | 30MHz
T % | 45MH
Io—m Vi = Voc Iy =Iac 1.4% z
;Ix y OIVY =0 VX = vAc,Iy = IDC 1-6% 45 MHZ
Io = 5N 14% | 72 MHz
2 Ves +2V) Iy =Tac:Vy = Voc riba
;Vx =0,Iy =0 1Y =N, 1.6% 81 MHz
X DCr VY AC
lo =~ 1.4% | 75 MH
® T Tk ( Vs + Vo P Iy =Ipc,dy =Ipnc 4% z
sVx =W =0 o Kl o ine 1.4% | 42 MHz




-2006mV -106mV 1] 100my 206my
o I(rl)
Ux
(M)

: Vx=0 2V
2. 0UAH e e Fow = = AR LN - - amge - MRY R~ == oy ~FuBRee el Lt o SRl |
-200mV -100mV ou 100myU 200my
o I(rl)
vy
(V)

UM 5.8 wavesuauiiavesInass (DC Transfer characteristic)
(M) Vy /U I, vz V, ualsA191n -0.2 vV 8302 vV midaz 0.1v

@) V, M I, vaiz V, u15a191n-02 v 5102 vV adtaz 0.1v
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3 OB U SR S SR S e i
: ..................................... {
' 1
' 1
[ 1
1 [
Le 1
-1204; E
: Probe Cursor s T :
i A1 = 30.439H, -118.987 i
: A2 = 12.549, -115.965 |
[ dif= 30.439M, -3.8226 :
-1254 :
6 1
1 1
] 1
] )
] ]
1 1
i : . ; 1
“180 4 ey e T R e e LT 1
10Hz 1.0KHz 100KHZ 10MHZ 1.0GHZ
{5 IDB(r1)
Frequency
(M)
SRR & CREEREEEEE LS, M va A0 TN A B Al WD, W "
1 )
B e et e e i e s ety oot b dtiiieades Hie o wo ot s SO st - « « TOUERSs > § « o Wk o Mo s 500000 s 0 J
) 1
1 1
1 1
1 1
1 1
1 1
1 1
] 1
| |
-1204 el '
s 83.813H, H
! B2 = 37.798, -115.972 H
: dif= 83.813H, -3.0195 !
1 1
H s i 1
1 1
1 ]
b i
=125 -t e Bt L P T L B R e AR LTt o el L |
10Hz 1.0KHz 100KHZ 10MHzZ 1.0CHzZ
{0} IdB(rl)
Frequency
)

31]?; 5.9 HAYBIAIMAABLAUDY
(n) iiio Vy =0.2Vsinwtuaz V, = 0.2V
) lilo vV, =0.2Vsinatuaz V, = 0.2V
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1
1
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1
1
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1
1
1
1
1
1
i
i
1
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10pA+----mmm e o e o e e o e e e NS SO " 4
OHz 8.2MHZ 0.4MHZ 0.6MHZ 0.8MHz 1.06MHZ
o I(rl)
Frequency
(n)
106ufn R e A el T Ll bl Dottt bt bbbl el ~
100kHz

-200kHz

|
1
1
1
1
1
1
1
)
1
]
1
)
16na -
1
1
1
1
1
|
1
|
1
|
1

i .
TPR+—----- - PE === =g V1% L~ et l S 1 > 14 F=F-go=-===OY = P 4

®
B6Hz 0.2HMHz 8.4MHZ a.6MHz 0.8MHz 1.0MHZ
o I(rl)
Frequency
()

31]‘?'1 5.10 HanNuAAfouMIEs luilafimaudne
() il V, = 0.2V sin 200 k=t waz ¥}, = 0.2V
@) die ¥, = 0.2/ sin 200 Azt waz Vy = 0.2V

= E N S = a g 4 y a =
1AM 5.1 saasliiiuinestinnuiufuduiineuded wazlinaneuaues
. . v 4
anudseudge uaziimanudaevaussvedazdurmaniy NstiRannudazduynil

Tasaadran lumiteunu



62

Mgl 5.8 damanuAanmavesnnuududuveisesgu Inuanauvaz o

wnidvanauansldluasai 5.2 wag 5.3

M3t 5.2 AnvAanmanthuFuduvesesgu Inuananvue NOUNNV, YUV, ~0.2V
0

Vy (V) -0.2 -0.15 -0.1 -0.05 0 0.05 1 0.15 0.2

Y%error 29 1.6 Il 0 0 0 1.1 32

a

m31eis.3 anwAanaanihuFaduvesiesgu Inuanauvazisuyny, vaiev,= 0.2v

Vy (V) -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

%error 29 2 13 0 0 0 1.1 1.7 3

[ k4
MINMITNIN 5.2 Hee 5.3 nuhdnuRanawveIn U FudUve B UM 2 A1
. o o {q ar a {
(Vy ez v,) Ifandudniies msizasesii Inssadei limumnasfumedunm uazasiei

5.2 UAURAVBIANUAANAIAAD 1.28 % M1319N 5.3 HAUNAUUBINIWAANAIARD 1.3 %

YV J a d
5.6.2 HANIINATDUAIINITADINVIVIIAILDIA

Lﬁ‘aﬁuﬁumsv‘iNmmanwsqm‘lnuﬂﬂan Ihinsesdnaninaednsiiiaueia
naaes Tavldled 1C 4007 useduiidos Voo = V=5V, R, = 10kQ lumsnageuil
dmualiesgu Tuuanauihomiluasesgudagiauseiu (W 1, = I, = 0) minaaeugn
nszsiuiluae9s Balance modulator Tnefloudumm v, iWudyanamuvdonvua 1.6 v,,
AWD 1 kHz wazloudunm v, Wudggnaaniving 1.6 V,, a2wd 20 kHz guaaslu
it 511 msmaaummﬁﬂvﬁuumqaﬁ'[uﬁﬂgﬂnszﬁﬂﬂm151’Jau8uvm v, udnyanu
gefuinanIni 0. V,, uaz 100 kiz uazflousuwn v, d1olvasaviin 0.8 v gnuaasly
3 5.12 (n) Feiamamiaiioumees Tuiinsan (THD) 18 5 % Taomstlouduwn v, iy
dygramnaivinannd 0.8 v,, uaz 100 kiz nazdloudun v, &aelvlasaving 0.8 v gn
uaaalugalit 5.12 ) Felannufiaiounasts uiinsan g 5.4 % vinwams3a THD wuth
A0ANGBINUNANITAATIZHNNNGURUAZHAMTIROUIUUMITNY (simulation) A9 PSpice

A4 a 4 o @ 1 ' a ay
f1® U second order harmonics ﬁ‘lumnan"lumsamamemmwmwuusm
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Q)

Ui 5.12 wavesanuAmoumans Tudiafinawdde
(n) e 1} = 0.41/sin 200 kz£ waz Vy = 0.8V
@) iife 1, =0.4/sin 200 krt was Vy = 0.8V

5.7 aju

'msamﬁmununmTﬂuﬂNanf:ﬂsznauﬁ";mq%51‘;}&4frugmuwwafimf‘hﬁmm (Square
difference) 1 993,290 IWANTYYIN 2 2197, WITUINTYYIU 1 19T HATIVIUUIUTIAY 1
2993 N%sﬁﬁnauaﬁygnaammu"l%’athammsﬂu Mmldweansudmassundninulan
2 wihii fie mnt‘fammuaxqmsmuﬁuﬁm ‘lunmnﬁmr‘ﬂuwa"lﬁ’qmsgm{fmmmaﬂﬁmau

a

] [l 4 '
woans uFmaes 19 udnvuridivyvenssguiniuaueiife e ldvawwim, du
wnidludyanauuuiAod (single ended) uazuaamsuFaaesnldtivina (W/L) iy daiy

dy Iq 9 Yy 9 (R o & P °
vsguiiansadszgnalsanuldnde, azaanlumsdesiufuiesdug uazimingioni
Tineessan  wamsnageudioTisunsu PSpice molditeulafie v, = v = 1.85V, wu
1905 IAMUAEAINIUN 1815 Tuiinsay (THD) feoni1 1.7 % Musafuduyn 200 mv uag
NITUABUNN 8 pA ANNDABUAUBIBY IUTIN 30-84 MHZ 9INMITAATIHNNNGEE Msidoy

] v .
HUUMINIY (simulation) HazMINAABINseIiNaNasIiUABALAAINILETS INTinTi a0
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a ¥ { a ¥ { o H o A o 9

FunuRadiouiidulunnufadiousan (THD) evsiituaueiinianTefiesin 19w
1 4

AumsdszuanedyganiewasnluTnuaussdutas Tnuanszud uenvIntinesdagn
manRnezgmi e luswnavesnsesnuuueessivewiaen RezlidnuuiRvafiy

an & 1 o o L= PO 2
ATBBNLULNITTNUVLATABARE evsanguzgnianylugilausi3dibrary)uazgnfian

A o g P o

Thiledeants uazasesiviuauefivediuresguiieunlssasdun mazifusunsounuas
¥3A1e9 14849 3 295 1% laus 3 (library) Afadulivinadnas mawunuieiafues

L4
aida 3 2993 (UNTTUT GUUSIAU gUTTUANUNSIAY) udssdaRufivaunes@oumniu



uni 6

[ d
PNATVINAYYIUNINUIAIAD T
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6.2 Bann1sNIIu

nesgudyanuh ldmatiavad i deasdiaumaiiv-

W+ W) -V +V, =2V, (6.1)

o 1 o - @ !
HagnNauNIg (6.1) muwnmmammmaumsmmvﬂmmimﬂ ﬂJﬂg'lm‘Vl'Nl'JﬂmE){ 3}

s A
OINYNAD

V, =V, +V,} (6.2)
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fimuald cMos yadafivianiiiu uazldauns 2.4) 9218 nszuaimsuves MM, fie

Y 2

e{tesas)
5= /((— V—{ —Ves - Vr)z (6.4)
L= K(% —Vss - V-,—JZ (6.5)
Iy = K(— -,{2’1 Vs - Vr)z (6.6)

(4 ° 2
asTuds MmN Lo gafimuans

Ioy=1+1,+1;+1, 6.7
Vid 1
T st 6
ASTUAATUVD M,-M, FiD
Vy +14 2
15=K( Xz y-Vss-VrJ (6.9)
Ve +W ’
Is = K| -( > )—Ves -7 (6.10)
I =Ig=K(-Ve - V4P (6.11)

s ° =)
nszudemiyn oy, gnimuade
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102 =ﬁ5+]5 +]7 +]8 (6.12)
Vit 3A
1p) =A{%+-§+VXVV+4(V$’VT)Z) (6.13)

o o o/
HAANTYBIM NN iytuummmsnm'lmﬂu
Iz =Ip~Ipp (6.14)
1oz = =KVl (6.15)

VINTUMST (6.15) WU Jpy Aowaguusaussdu  Vy uag ¥, uazwadnivesnisuan

o’ 4
fygramanawesamnson 1alae

oy =1Ig+ 1y (6.16)

diefnuald 75 =4KWVes +V4 , 6.17)
v K

A o K(T*T ©18)

usadue niymuensuIndaenannaeesie
2 2
Vo =yVx" +Vy (6.19)
Werimuald Vo=V (6.20)

TumsldomsSedymra v, +Kuas ¥y -1, annsaadaldnnisesaudyaie

uazesnaudganui ldnann MBudarluuni 3
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multiplier Voo Vg input range THD BW | Number of Transistors
) \) % (MHz) | NMOS PMOS
Voltage mode - 2 16
Vo =KV,V, V=V, V,=V, | -08v/08V [ o.l1 61
V=V, V=V, | -08v/osv | 015 57
Current mode 2 2 12 3
I,=KLI, =V  L=I | -10iA/100A | 0.73 66
=V, L=1, -10pA / 10pA 0.73 67
Mixed mode 1.85 1.85 16 2
1.1,=KV, V.2 V=V, V,=V, | -02V/02V 1.6 84
V=V, V=V, | -02V/02V 1.6 30
2.1,= V,IJQV,#2V)) | V=V, L=I_ | -02V/8uA 1.4 45
=1 V=V, | -8uA/02V 1.6 45
3.1= LVJ/QV42V)) | LI, Vo=V, | -8uA/02V 14 72
V=V, L=I_ | -02v/8uA 1.6 81
4.1=LIJCK(V,#2VY) | L=1_ IL=1 | -8uA/8uA 14 75
IL=I,  L=IL | -8:.A/8A 1.4 42

v []
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t 4
K —-‘%(- AUBIAY ATTUMATUYE M,-M, ansodioulniladail

2

% 4 (/(+%){-%‘—VT$— V,] (¥.20)
2

I, = (/(+ %)[-%-%i—v,) @.21)

(v.22)

AKY V. 2
[D4 =(K—T)(—'—2£'—l/7-) (2.23)
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To=Tp +1p =1y —1p, (v.24)
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Parameter | MOSIS LEVEL 3 MC 14007 CD 4007
NMOS | PMOS | NMOS | PMOS | NMOS PMOS
K@AV) | ox10° 5x10° | 9.02x10” | 3.31x10° | 5.6x10™ | 8.56x10°
VT (V) 0.67 -0.93 1.75 -1.4 1.75 -1.6
r, (Q) 200M 30M 900k 900k 900k 900k
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Abstract

b=

This paper presents a four-quadrant analog multiplier by using the quarter-square technique.
The quarter-square technique takes advantages of high frequency response but it consists of more
active devices. Thus, it has more chip area and high power dissipation. The input voltages should be
differential valtage, then the multiplier operates. This paper proposes a design with differential
voltage but the circuit operates for single or dual power supply. This proposed circuit uses the same
transistor sizing (W/L) for all transistors, it is easy to design the process. This proposed circuit can

be modified for differential input voltage or using for single input voltage but for dual power supply.

This circuit technique is suitable for VLSI design.

Keywords : Quarter-Square, multiplier-

[ntroduction
The multiplier circuits are widely used to
apply to commufication sysicms, instrumentations,
analog signal processing. The analog multiplier
<ircuits have been started from bipolar technology [1-2]
aud then with CMOS technology for circuit designs [3-
"20}. The design principle uses Gilbert cell [3], but the
circuit uses a lot of CMOS transistors, same technique
-uses the linearity of CMOS .transistors in saturation
operation[4-5] and the frequency response is not high.
The conventional principle is quarter square [6-8). a
previous paper [6] used a lot of devices, took time for
integration, high power dissipation anothes previous
paper [7) proposed the differential input for operating
the circuit. This paper proposes two multiplier circuits
1o use quarter square principle, both. multiplier circuits
use the same basic circuit in order 0 have the same
characteristics. The results have been carried qut based

-on PSpice simulator program. This paper alsc propeses

the c}pcdmcntal results based on the commercial
integrated eircuit chip such as CMOS MC14007. in
order to investigate the hardware testing. .

Theory :
The quarter square principle can be shown as
in equation (1) and its block diagram as shown in
Fig.1.

AT =%[(X+rf - (x-1¥ o)

In Fig.l consists of the connection of
subcircuits, this circuit is designed by using CMOS
technology for operation in saturation rcg'ion. the drain
current of CMOS transistor is, .

1= Klis -V i¥gs >V Vs > g =Vp) @)



_ #Cort 3
as == 3)

Suppose that all values of K in 'this circuit are
cqual. Esch subcircuit can be cxplained as following..

+ (X+Y) X2 i

4XyY

_ ol 2 L

Fig.1 Block diagram of multiplier circuit based
on quarter square principle

Signal subtraction circuit:
This circuit uses to subtract the input voltage

signal at gate of M1, M2, the output voltage signal is
the signal at drain of M2 and source of M1. The
" operation.can be described as in cquations (4) - (6)

Voo
—
Vi2 ]l Ve
vn el
.\444___‘

Vss

Fig.2 Signal subtraction circuit

Ip=Ip: 59

K A\ 9 .

KL~V =17)° = K=~ Tes =F7) (3
I’y "'x-

. Vo’ =—;——-T')—+[,$S (6)

- In equation (6), the output voltage (Vor) is the
differential voltage of (V,/2) and ,(\/,/2) adding to the

Vss voltage.

Signal level-shifting circuit
This circuit is quite similar with the signal

subtraction circuit, it is designed for reducing the input
signal amplitude in order to extend the input signal
operating range and input signal level shifting in the
desired level, as shown in Fig.3.

106

Fig.3 Signa! level-shifting circuit
From Fig.3, the relations are;
Ipis = Ips @)

“"(’—“Voz“r ) = Koy ~Vss ~47)* (8)

Ve
Fr lss
4 )

&)

o=
To‘z,_

The equation (19), the output signal Vi is the
sum of input signal (V,/4) and (Vss/2)

Differential signal squaring circuit

A multiplier circuit nceds to use two circuits
of differcntial signal squaring circuit for inputs %(V, -
V)2 ahd H(V, + V)12, as shown in Fig.4. The output
of cach circuit comes from the difference of the output
of each signal squaring circuit.

Voo

iy P

N e liL'
'—.
(Vv

(V,+V, )':z
MLis MI2 8

. Vs
Fig.4 Differential signal squaring circuit

-v

A\ -V, \’,ﬁ
e S T
;_1 ’ V2 ‘

Fig.5 Proposed multxphcr—bascd quartcr square
technique.

Consider the transistors M3 and M4 of the
circuit as shown in Fig 4, t.hc relations can be obtained
as following.

Vos =Vpp —Upy +1pa)Ry iRy =Ry y= Ry 5 (10)
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Fos =pDD—2&RL[-,_ai)_'+(VT +l'es)"] (11)

Similarly for the lm;lsislors M9 and M1Q
Vsl
You =¥o0 - 2MRIEE 40 1) ()

Thus, the differcntial voltage is the product of input
voltages V, and V, as shown in equation (13).

Fos =ps = 2KR V' V) (13)
Proposcd multiplicr-based quarter square technique

The proposed circuit is shown in Fig.5 by
connecting 4 circuits in Fig.2 and 1 circuit in Fig.4.
The circuit in Fig.5 can operate as input signal V, must
be less than input signal Vy or V, < V.

Proposcd multiplicr circuit no. 1
Connect the circuit in Fig.5 with the signai

level-shifiing circuit as shown in Fig.3, the proposed
multiplier circuit no. 1 can be obtained as shown in
Fig.6. this circuit can be used for single supply or dual
supply. The output voltage can be obtainead as;

Fo= AR 171} (14)
4 XY

! 'J+\ rz-—|' '_I &%‘v.n 1:4’ =2 v

AM12 MI3
le \m '
AD ll" M10 -n Mig,
Voo GNT
v =N \o FPN— syn
m R M
MS
A3 M4
C Vas

Fig.6 Proposcd multiplier circuit no. 1

The differential pair circuit can be used to
adjust the voltage, or convert single voltage signal to be
 differential voltage signal. The .differential voltage
signal has two types namely; signal level shifting up
and signal level-shifting down, as shown in Fig.7.

Consider the circuit in Fig.7(a) for single
input voltage, the relation can be obtained as follows;

Fy =Fgs 653 (15)

Tp1=~Foz =tgs: =T x4l o1 = 11.Fp3 =1 (16)
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Ip=lpy  Ipy=1Ip, ' ¢¥))
Thus, cq’uation (15) zan be rewritten as

Fy = ~Vpy ~Fp3) . (18)

The variations of Vp, and Vp; will effect with the input
Vs

VoD

vss vss
@ o ®)
Fig.7 Differential pair circuit. (a) level-shifting up,
- (b) level-shifiing down.

Proposcd multiplier circuit no.2
The circuits in Fig.5 and the differential pair

circuit as shown in Fig.7 are connected, then a new’
multiplicr circuit can be obtained as shown in Fig.S.
This circuit has both single voltage signal and
differential voltage signal, that is an advantage.

oD
o
G < | 3
Ve vy T/
1 ‘ T Ve + Av.OGND
v U fvono [ ws mr b
M| M) I -
N/ n i et
v vss {—“jm M;—" _:
DD
Vi | NV L‘i KT
"{ ”“?-\wl—!f“ "!’_‘.vuzsx" -

Fxg.S Proposed multiplier circuit no.2

The output signal of proposed circuit as shown
in Fig.8 is the same as in equation (13).

Results
All results are divided into simulating results

and experimental results. Simulating results have been
carrier out by using PSpice based om worst case
transistor models of European Silicon Structure (ES2)
for level =2, 85°C. The proposed multiplier circuit no.1

_93__ .



108

uses the ratio W/L for all transistors arc 10 wm/ 10 pu.
The proposed multiplicr circuit no.2 uscs the ratio W/L
for all N-channel transistors are 10 pnv 10 pm but for
both P<channel and N-channel transistors arc [0pnv/ 10

pm. Iy = 50 pA, I = 100 pA and all characteristics are oL L
shown in table L. Morith I
Transistor (ypc pCoc  (UA/V:) Vi (volis.)
N-Channel A 1.07
P-Channel 487 -0.8

Table 1. Transistors characteristics.

The comparative results of table 2 show that
the proposed circuit .no.l has some advantagcour
characteristics better than the proposed circuit 10.2.
Both proposed circuits use the same basic circuit, the
error occur from the diffcrential pair circuit in

proposed circuit no.2. i
Characteristic Proposed circuit _
no.1 no.2 5 e = )ﬁ,‘.}”mm“
Supply voltage 0,4V -4V OV, +4V RIS 3‘2‘%& '
lincarity error for | Vx=0.1% Ve=1% ; "%«' = %“'—* =
input 1.5V V,=0.1% Ve=07% i
Total harmonic V,=0.28 % V,=0.1%
distortion (THD) V,=0.16% V=074 %
input 1.3V
f=20kHz
Frequency V. = 30 MHz V, =44 MHz
response = 25 MHz V=97 MHz

Table 2 Comparative results between proposed circuits

ro.l and no.2

All experiment results have been carried out
based on the proposed circuit no.! by using 16 chips of
MC14007 CMOS transistor array Ky = 0.73 mA/V?,
Vr = 1.6 V. -4 V supply voltage, Ry = 6.8 kQ. The
testing circuit is shown in Fig, 9. Fig.10(a) shows the
input signal that is used 10 test the DC transfer charac-
teristic. The staitcase signal varies from -1.4 V to 1.4
V, 0.4 V per step and the fuilwave sinusoidai signal
varies from -2 V to 2 V. Fig.10(b) shows the testing
results of DC transfer characteristic by injecting the
input signal from Fig.10(a) into input Vi and Vy of the
multiplier circuit, setting the oscilloscope for x-y mode,
output from the multiplicr circuit connecting to vertical
connector of oscilloscope and inject fullwave sinusoidal
signal to horizontal connector of oscillo- scope. Fig.10
(c) shows the DC transfer characteristic by alternating

:ll:c input signals V, and V. Fig.11 is the spectrum of S ©
¢ output signal - when qonn&ting the Fi isti i i
3 ; _ ; g.10 DC transfer characteristics. (a) input signals.
1.2 5in 40,000 7t 10 input V, and Vi to input Vy, the (b) V, vs V, for various valucs of';-'. (1 \', v§
measured total harmonic distortion m‘{D) is 1.8%. \/ for various valucs of \/ - N .
;‘\Istf/mate the input signals V, and V,, the THD is
o
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Fig.11 Total harmonic distorticn from experiment. VAR Ny fada | .(b) :
2. Y =17 bl od V';\' Fi2.13 Applications from experiment
(3) Vs = 1.2 spdp. OS0=L Y ~ o i) 2s fraquency doubler circuit

«t) as signal mixear circuit

E 5 e linzarity crror whereas input
sigani Vo2 is (.6 VL thiangular signal, V; is adjustable
DC voltags in order 10 abin V, = V,/2. Then. V, is

) subtracted by V2 based on the differential amplifier.
Fig.i2(a). the upper trace is the output waveform. the

e~ ¢ o tra=s 1
waveform. the lower razz ic

middle race s the input wa
the difference between output signal irace is the
difference Setw2en Quipui signal and input signal.
Thea. the average measured lincarity error is 1.66%.
Similarly for Fi2.i2(b), alicrnate the input V/2 and
V2 as meationsd. the average mcasured linzarity
error is 7.3% Fig.13 (b) 1s the resuit of signai mixer
circuit by using input sigral V72 = sin 4,000zt V2 =
sin 60.00Cx:. R = 680 Q. the output signal amplitude

is 1.2V,

-
=

Conclusion

. This paper presents two multiplicr circuits
based on the same basic circuits but the performances
arc differcnt depending on job description.” The
proposcd circuii no. 1 operates with the single supply to
save the en2rgy or the dual supply to have the wide
input dvaamic range. The proposed - cirauit no.2
operates both with single input voltage and dual input
voliage, it iz 225v 0 connect with the other circuits.

"

Fig. 12 mcasurcd lincarity error from experiment

(@ V.= 1.2 Viomangular, VY, = Vs o
(0 V. = 1.2 Vi triangular, V' =\ Ths chamcieristic comparison  of both  proposed
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circuits, it is obviously that the proposed circuit no.1 is
more advantages than the proposed circuit no.2, such
as small linearity error, small total harmonic distortion,
high frequency response, as Vi = V,. The proposed
circuit no.2 is more disadvantages than the proposed
circuit no.1 because of differential amplifier as V, and
.V; have the different characteristic depending on
N-channel transistor as signal level-shifting up and
P-channel transistor as signal level-shifting down. In
the experiment, it is obviously shown that the odd
harmonic distortion is dominant according to mobility
reduction of transistor in MC14007 when compared
with the even harmonic distortion. It may occur from

the mismatch problem of devices. The comparison of .

results from experiment and simulation as shown that
the experimental results are undistinguished. The
experiment needs to use the other circuits such as
inverting amplifier, noninverting amplifier, differential
amplifier to connect with the proposed circuit. The
simulation is unnecessary to connect with the other
circuit and W/L for all transistors arc the same.
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Abstract: This paper proposes .a four-quadrant analog
multiplier circuit design for three mode operation; voltage
mode. current mode. mixed voltage and current niode. This
paper presents a type of mixed mode. the first one is only
mixcd voltage and current mode. the second one is mixed
mode multiplier circuit with vector summation circuit. All
transistors in the circuits use the same W/L ratio. it- is
suitable and casy to implement.
1. Introduction
The four quadrant analog multiplier circuits are widely

used in telccommunication  svstems. instrumentations. -

signal processing and ctc. The multiplier circuits are
developed since BJT and CMOS[1-6). The CMOS design
techniques for saturation rcgion [1-4] and unsaturation
region {5-6] have been used. The saturation region of
CMOS design technique will give the better frequency
response than unsaturation region. thus this paper also uses
this method.

The general design techniques can be classified
into two groups: voltage mode operation [1-3, 5-7} and
current mode operation [4]. A previous paper proposed a
design with differential voltage for single or dual power
.supply of the circuit {8]. This paper proposes to design in
mixed mode operation whih nutiber of iransistors reduction
by using Quarter-Square technique [1]. The Quarter-
Square technique uses a lot of transistors and the input has
to use with differential signal, therefore it is unsuitable for
practical use. A previous paper [7] improved this technique
to reduce the number of (rdnsistors with single signal
input. il is more convenient to connect with the other
circuits. Both mentioned techniques are shown in Fig.l
and 2, respectively.

VDD
RL RL ’
Vo
(Vv V44V
— [ m w2 X — ey e
*_. (Vx'vv’ ) l’(—v‘x'vv’
Ven

v,V =l[(v +Vy )2 - (v, -y, )2
X'y 4 X Yy (x y)]

Fig.1 Conventional Quarter-Square technique [1].

VDO
RL ) RL
VO
v V. +V
T M2 =" N"-—"-){ M3 Me | F—
vSS
y .2 2 2
Wy = (Vg +Vy JT =V 3V
Fig.2 Modificd Quarter-Square technique |7}
2. Theory

Suppose all CMOS transistors operaic in saturation soyne
thus the drain current should be as follows:

Ip = K(Vgs = V1 FiVes )Wp Vs )Vgy - ¥
W
K = HCox
L

for

2.1 Veltage-mode analog multiplicr

The basic circuit of voltage-mode analog muluplt +
shown in Fig.2, but if should add the sub-circuts *
produce the nmotded sigaal (VtV,). Fig.d shows
proposed voltage-mode analog multiplier, the propose
circuit consists of the transistors M1 and M2 to predu
the signal V,® and V,*. The transistors M1, M2. M*. M
are uscd to produce the signal -(V,+Vy), but the lr.'msl.\h:r:
M7 and M8 are used to invert the signal -(Vi+Vy) 10 ¥
(V,+V,). The transistor M2 produces the signal (\-‘_‘:‘t“
the transistor M4 is used to produce the compensitfs
current. '

ohet
Fig.3 Proposed voltage-mode analog mult!P he

18—
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. nosc all CMOS transistors have the same W/L ratio
supp® node voltages are as follows;

Jhe R
4 = Ve - (Vi = Vss) . @
\! =Ve -(Vx +Vy)+2Vg @3)
vV, = Vy +Vy - Vg “)
dnm currents of tranmstor M1 to M4 are as follows;
A = [\(Vx VSS V ) (5)'
Iy = K(Vy = Vss - V'r) 6)
I = K(Vy +Vy = Vg5 - \ Bk )]
lps = K(-Vgs = Vr)? ' ®
The output current of this multiplier circuit is
I ={(Ip1+1p2)-Ips+1Ip4)] )
Thos.  lo=-2KViVy 10)

2.2 Current-mode analog multiplier
rhe simple current-mode analog multiplier circuit is
Jown in Fig.4, it consists of transistors Ml M2, M4 and
\i to produce the signal (L)°, )2, (I, )- and
compensating current, respectively.
VDO
1

current mirror

i

[ inpa

Fig.4 Simple current-mode analog multiplier circuit
The éircuit as shown in Fig.4-néeds the signal (I:+],), thus
the improvement is done by adding the sub-circuit to
produce the desired signal. Fig.5 shows the proposed
current-mode analog uliiplier circuit. suppose all CMOS

transistors have the same W/L ratio and the node voltages

are as follows:
v, =ﬁ8.+l-i; C, = K(\ mvT) an
2 C
Vee 1 )
V, =SS Y 12
2 ¢ a2
v, =Yss _(x+Iy) (13)
2 )
V= & ) (14)
The dmm currents of transistors M1 to M4 are as follows;
I =K(=V, - vp)? - (15)
2 =K(-V, - vp)? (16)
Iy = K(Vy - Vp - Vi) an
oy =K (-8 - v,)? 1%

The output.current of this multiplier circuit is
Io =(ip; +Ip2) = (Ip3 +Ip4)
- Iy
2K (Vg +2Vy)?
2.3 Mixcd-mode analog multiplier

(19)
0)

Thus, o=

The input signals of the mixed-mode analog multiplier are
in the function of current and voltage. Therefore, some
processing part is in the current signal arc the voltage
signal or the current signal, the input current operating
range is unlimited by the power supply. The proposed
mixed-mode analog muitiplier is shown in Fig.6. This
circuit operates as multiplier and signal vector summauon
The multiplier circuit nceds to use the 51gnal (LHy ) o
subtract with the signal [,> + I,*. The signal I, + I,” passes
to the square root circuit, thus the signal vector summation
can be obtained as (I, + I,%)'”. Fig.6 consists of the current -
signal processing part by using the transistors M1 to M3
and M4 to M6 as squaring current signal of I, and I,. The
other part is the voltage signal processing by using the
transistors M3. M9 and M10, M6 to subtract the voltage
signal of M11 and M12 in order to shift the voltage levels
V, and Vs, respectively. The transistors M7 and M8 arc
connected as differential pair to square the voltage signal.
Suppose all CMOS transistors have the same W/L ratio.
The node voltages are as follows;

V. [
V, == +-X.C, =-2K(V5 +2V;) @n
1
V=85 1 @2)
2 G,
V3=V +V, (23)
V.x = \I'C '?'\’3 (2-’”
= Ve +Va V) +Vss . (25)
= Vc +V, '\’: +Vss ~ (26)
The currcits at various points are as fellows;
Tor -2K[<“‘>- 554 v) } an
Iy o Vss 2
[o-» —QK[( ) +( +VT) ] (28)
-1 B
I, —21\( c XYY (Ve - V)J 29)

1
The output current of the proposed mixed-mode multiplier
circuit is

Ios =lo1 +lo2-los
Thus,

&)

- . V.
Loy = (Ve V) =24 V)’
K(Ves +2Vy)? 2

(€3]

The output current of the signal vector summation is

Ios =Ioy +Io~ (32)

ID\!"ZI\[( ) +('—) I ln=4K(-sts-+\’T): (33)

I & T+
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Voo
|
L input current mirror ]
1 1 | 1 o
02 —
l ﬁl fos . M2 M11 M12
() o 1
V.‘ va MS
f@‘ @1 | 2
O ),
Mi0 Mme| {ms M7 ‘M6 M3 |M4
Vss '

Fig.5 Propgsed current-mode analog multiplier circuit.

VDD
I -
, input current mirror
P 1/ &8 b o oY
i5 101 ll03 l l02
\Y; ; o w12
s L v meg— ﬁv ' (D
v —{ [ M10 4[ e
M1
J-—‘ ADY, MIrME |y Vv
1, T
M2 M3 M6 q [ ~
L3 v
Fig.6 Proposed mixed-mode analog multiplier with vector summation circuit.
Multiplier circuit Supplv voltage Frequency THD
response )
L.voltage-mode Vop=V=3.5V,Vss= 1.75V 6.5 MHz 0.8%
2. current-mode Vpp= -Vss= 4V 6 MHz 0.25%
3. mixed-mode Vpp=6V,Vss=-4V, Ve =2 5V 23 MHz 0.88 %

Table 1 Tesling results of proposed multiplier circuits.

The output voltage of the s:gnal vector summation is
KVo® =1Ip,; as Vg = V¢ = Threshold voltage of NMOS

(34)
thus, Vg = _[2 (IC—Y] +(é—’) 35)
1 1 .
3.Results

All results .are divided into simulating results and
experimental results. The simulating results have been
carried out by using PSpice based on worst case lransnstor
models of European Silicon Struc(urc (ES2) for level =
85°C. All NMOS transistors use W = 10 pm, L = lOpm.
all PMOS transistor use W = 100 pm, L = 10 pm. . The

voltage-mode uses 0. 2 V input signal. the Luu.'u’ s
and mixed-mode use 20 pA input signal. All s
results are shown in table 1. o
All experimental results have been carricd out " usl
MC14007 CMOS. transistor array. Fig.7 show» we ot
transfer characteristic of voltage-mode multiphet -+
for varying V, = -350 (0 350 mV. 100 mV"per *‘w .
varied form -500 to 500 mV. Fig.8 and 9. rc~P~~
varying I, = -350 0 350 mA. 100 mA por sicp. |

from -300 10 300 mA.
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e 7DC iransfer characteristic of proposcd voltage-mode
altiplicr crreuit using

multipher circt
=

i Ak W

aracteristic of proposcd mixed-mode
multiplicr circuit using Vpp = SV. Vg5 = 4.3V

ERRESGT

ig. 10 Result of signa

AR CYESAS -
I vector summation using Vpp = 8V,
Vs = 4.3V with 07 phase shitied

1. Circuit pedformance analysis
e freguenay rosponse evalustions can be carried out by
ubstituting NS dmisistor witir voltage-controlled
Urent sonrcy e calo-te-souroe capacitance.
ctrsde mmninplier is Lags

The froc BRPEA LI LU DRI A3 HE
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= gn/2.4rC Hz, for current-mode and mixed-mode
multiplier depend on PMOS transistor of current mirror
circuit and f345 = gm/67C Hz. It is obviously that the
frecquency responsc of mixed-mode multiplier circuit is
highest becausec the current mirror circuit has the
maximum value and gm is maximum. The input voltage
operating range o voltage-mode multiplier circuit is (V+
Vss)< (Vs+Vy). the input current operating range of
current-mode and for mixed-mode multiplicr circuit is K
(Vss+ 2Vss) > (Vy+Vy) > -K(Vss+2 Vo).
5. Conclusion

The voltage-mode multiplier circuit sues the small number
of transistors. the disadvantage is supply voltage. The
circuit operates as the supply voltage is suitable The
operating range is narrow. The current-mode or mixcd-
mode circuit has the similar characteristics. It should be
noted that the mixed-mode circuit design will reduce the
number of transistors. The mixed-mode circuit can be
redesigned to have two outputs or both circuits can operate
together in order to reduce the transistors.
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A Versatile CMOS Analog Multiplier

Ittipong CHAISAYUN'®), Student Member and Kobchai DEJHAN?, Regular Member

SUMMARY  This paper describes a novel four-quadrant ana-
log multiplier. It is comprised of two mixed signal circuits, a
voltage adder circuit, a voltage divider circuit and a basic multi-
plier. Its major advantages over the other analog multipliers are:
this design has single ended inputs, the geothetry of all CMOS
transistors are equal, and its output can be the product of two
signal currents, the product of two signal voltages, or the prod-
uct of a signal current and a signal voltage. Second-order effects
are analyzed, and the experimental and simulative results that
confirm the theoretical analysis are carried out.

key words: analog multiplier, analog signal pr ing

1. Introduction .

A four-quadrant analog multiplier is a key element
in the construction of many signal-processing circuits.
There are different approaches for implementing four-
quadrant analog multiplier in CMOS technology. The
previous techniques used quarter square [1]-{4], and
its equation is 1 [ (Vi + Ve )? + (Vx = W) = VxVy].
The disadvantages are that there are a lot of num-
ber of used devices and the required differential in-
put signal. Then the square-difference technique [8],
6] has been proposed to improve the equation form as
[(Vx +W)P-VE-12= 2VxVy]. The advantages
are that the number of used devices decrease and the
single ended input signals are required. This paper also
employs the latter technique. In general, a voltage mul-
tiplier [1]-[5] (output signal is product of two signal
voltages) can be applied in modulator, frequency dou-
ble and etc., a current multiplier [7]-{9] (output sig-
nal is product of two signal currents) can be applied
for fuzzy controller and neural networks, and a cur-
rent and voltage multiplier (output signal is product of
a signal voltage and a signal current) can be applied
for a variable gain amplifier [10], a current-controlled
transconductance amplifier or a voltage-controlled cur-
rent amplifier. In this paper, we properly combine a
voltage multiplier, a current multiplier and a current
and voltage multiplier into a single circuit, and it is
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called the versatile analog multiplier. ‘I'he output cur-
rent /, of the multiplier is related to input signals Vi,
Ix, Vy, and 1y by

~ - Vi
fo = —2% (ZK(VX —Ves—2vp) T2 )

ly Vy
” (2K(Vy “Vss—2vp) T2 ) :

This design has single ended inputs so that the inputs
do not need to be pre-processed before being fed to the
multiplier, thus, it saves additional arrays. The ad-
vantages of the proposed multiplier are 1) it versatilely
applies because it can be a voltage multiplier, a cur-
rent multiplier, or a voltage and current multiplier. 2)
it conveniently connects with the other circuits because
it has single ended inputs, and 3) it is suitable to im-
plement as integrated form because this design has the
same dimension for all transistors.

2. Principle of Operation

All devices have the same geometry and operate in the
saturation region. The drain current is written as fol-
lows:

Ip=K(Ves — Vr)?; Vas > Vr,Vps > Vgs — Vr
(1)
when K = £0oxW
The proposed multiplier consists of two mixed sig-
nal circuits, a voltage adder circuit, a basic multiplier

circuit and a voltage divider circuit. The operating
principle of each of sub-circuits is described below.

2.1 Two Mixed Signal Circuits

The first mixed signal circuit is shown in Fig. 1. Their
inputs are a signal current Ix and a signal voltage Vy,
and its output is a signal voltage Vpx. The input cur-
rent of the first mixed signal circuit can be written as
Ix =1ps—Ips (2
Substituting (1) into (2), we can express "the output
voltage Vpox as
Ix=K(Vox—Vss—Vr)?—K(Vx~Vox—Vr)? (3)
1x Vx , Vss )

Vox = Zx , Yss
XTI (Vx—Ves—2vy T2t 2
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l 2/ Mo
- VOX
los l l;'}—.—o
Vss
Fig.1 Mixed signal circuit.

B
M1t

Vo o—-:;% l fo o——l% 11 llmz

Fig.2

Voltage adder circuit.

The proposed multiplier needs two-mixed signal
circuits. The first circuit is shown in Fig.1, and the
configuration of the second circuit is the same as Fig. 1.
Their inputs are a signal voltage Vi and a signal cur-
rent /y, and its output is a signal voltage Voy. T'he
output voltage Voy is related to mput signals Vy and
ly by

ly Vy . Vss

Voy = W Vss
oY= KWy —Ves—2p) T2t 3 ©

2.2 A Voltage Adder Circuit

A voltage adder circuit is shown in Fig. 2, and it consists
of three simple NMOS inverter Stages.

The first NMOS inverter stage, consisting of the
transistors M1 and M9, can express the relation of the
drain current as

Ipy = Ipe (6)
Using (1) yields .

- V.
K(Vox—Vss—Vr) =K <——§§ —Vo1— V’I‘) (7

‘I'he output voltage Vo, is

Vss @)

Vor = —Vox + —= 2
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5 mel

i
M1 llm M2 ll ml
Voxo—GEI Vovo-——l V o—( l—oV 12

Fig.3 Basic multiplier.

Substituting (4) into (8), we obtain

g Ix Vx
VoL =~ K (Vx — Vos = 2Vr) 2 ©)

Similarly, the second NMOS inverter stage, consisting
of the transistors M2 and M10, can express the output
voltage Vo as

Vo2 = Vo1 — Voy + Vss (10)

Substituting (5) and (9) into (10), we obtain

Voa = Ix Y
R S 2k —Vs5— ) | 2
2K (Vy —_ Vss &~ 2V7')
W | Vss .
e (11;

Similarly, the third NMOS inverter stage, consisting of
the transistors M11 and M12, can express the output
voltage Vo3 as

Voz = =Voz2 + Vsg (12)

Substituting (11) into (12), we obtain

v 1Ix VX
03 = YK (Vx — Ves —2vg) T
Iy
+ 3K (Ve — Ves — 2V1)
Vv  Vss
+T+_‘2—' (13)

2.3 A Basic Multiplier

Figure 3 shows the basic multiplier based on the square-
difference identity [ (a+b)’—a2—b2=2a bJ . Using
(1), the drain currents of the transistors M1-M4 can be
expressed as follows:
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Fig.4 Completed analog muitiplier. ,
Ipy = K (Vox — Vss — Vr)? (14) lo = —2K ( : Ix VX)
Ip2 = K (Voy — Vss — V)2 (15) 2K (VXI Vss —2Vr) "y
— - - 2 Y Y
1oy = K U= Vo = 1) (19) (Rt ) @
Ips =K (""Tjg - VT) 4 (17) where Vpp = —Vss.

Substituting (4), {5), and (13) into (14), (15) and (16),
respectively. The drain currents of the transistors M1-
M4 can be rewritten as follows:

2
Ipy = K(’X ‘;x—%—w);

Ay = 2K (Vx — Vss —2Vy) (18)
_ Iy W Vss ol
102_K(A2+ 2 T3 "VT) '

Ar=2K(Vy - Vss — ZVT) (19)

x Vx Iy W Vss 3
1034(( LR AN V) (20)
2
Ipa=K (-% - VT) (21)

The output current of the basic multiplier can be de-
fined and expressed as

lo = Ipy+ Ips— Ips — Ipg
. lx Vx\(dy. . W
~ak (2 2)(A2+2 .

2.4 The Completed Analog Multiplier

(22)

‘I'he completed analog multiplier is shown in }ig. 4, and
it consists of two mixed signal circuits, a voltage adder
circuit, a basic multiplier circuit and a voltage divider
circuit.

The voltage divider circuit consists of the transis-
tors M13—M16 and it is used for generating voltage
signals ——5-‘1 and —55- The output current lo of the
proposed multxpher is related to input signals Vx, Ix,
Vy, and Iy by

Consider (23a), it may be rewritten as follows: If
1x=1y=0 or there are no input currents, the multiplier
has function as the voltage multiplier.

KVxVy
2

IfVx =Vy =0or bonnecting voltage inputs to ground,
the multiplier has function as the current multiplier.

lo =~ (23b)

lo = Lxly (23¢)

2K (Vss + 2v)?
If Vx=0, Iy=0 or 1x=0, Vy=0 the multiplier has func-
tion as the current and voltage multiplier, a current-
controlled transconductance amplifier, or a voltage-
controlled current amplifier.

¥, L IxVy

= - 23d
2(Vss + 2Vy) (23d)

and
Vx Iy
2(Vss +2V7)

From the multi-function of the multiplier, the proposed
multiplier is called the versatile analog multiplier. In
general, a voltage adder and a basic multiplier are
usually separated, so many transistors are used. The
proposed circuit presents economy configuration. The
transistors M1 and M2 are used as a composition of the
voltage adder and the basic multiplier. Therefore, the
proposed multiplier can reduce two transistors.

IO = (238)

2.5 Input Range

The input range of the multiplier is restricted by the
saturation conditions of M3 and M12. Therefore, the
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input range can be derived as follows:

Ix
+V
K(Vx —Vss —2Vp)

+ ly
K (Vy — Vss — 2Vr)

2Vp + Vgs <

+ Vy < —2Vp —~ Vss
(24)
and

Ix
+V
K (Vx — Vss —2Vr) X

ly

R (Ve —Ves—2vp) T ¥ (25
Equation (25) indicates that input range of Vx and Vy
directly depend on the threshold voltage Vr and input
range of [x and Iy depend on the threshold voltage
Vi and K parameter. Equations (24) and (25) suggest
that the lowest supply voltage Vss as maximum input
range is Vgg = —3Vr.

—-Vr <

3. Performance Analysis #

Our previous analysis of the proposed multiplier was
based on the assumption that the characteristics of
the devices are perfectly square-law. However practi-
cally, the various second-order effects such as mobility
reduction, transistor mismatch, body effect and chan-
nel length modulation will degrade the circuit perfor-
mance. The body effect can be reduced by connecting
sources and bulks of transistors. Nevertheless, a p-well
fabrication technology is necessary for bulk-source con-
nection. The channel length modulation effect can be
improved by using the long channel length devices or
«cascade current mirrors. In this section, we will only
discuss influence of mobility reduction and transistor
mismatch. .

3.1 Mobility Reduction

The simplified /-V characteristics of MOS transistor
can be modeled as [11]

_ _K(Vos—Vr)’
1+6(Vgs — V)

The @ is the mobility degradation parameter which has
value about 0.1~0.001 V!, and the (26a) may be de-
veloped into a Taylor series.

Ip =K (Vos—Vr)®
. [1—0(VGs—VT)+92(Vcs—Vq:)Q...].
(26b)
For a calculation, the first order of 6 was used ouly
whereas the higher-order terms of @ were neglected.

The mobility reduction affected the following sub-
circuits.

Ip w (262)
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For the first mixed signal circuit, substituting
(26b) into (2), we obtain

Vox
_ Ix Vx , Vss
2K (Vx — Vss — 2Vr) * +

2 T2
6 [(Vox— Vss— Vo) —(Vx~Vox— VT)3]
2(Vx —Vss—2Vr)

+ (27)

Equation (27) indicates that the mobility reduction ef-
fect will affect the offset dc voltage and dominant in
the second and third-order harmonic distortion.

Similarly, for the second mixed signal circuit, its
analysis is the same as the first.

For the voltage adder circuit, the first NMOS in-
verter stage is considered by substituting (26a) into (6),
so the (7) can be rewritten as

K (Ves: — Vr)? _ K (Voss — Vr)?
1460 (Ves1—Vr) 140 (Veso— V1)

(28)

Considering (28), when the transistors M1 and M9 have
the same geometry and Vgs1 = Vgsg, the denominator
terms of (28) can be canceled. Hence, the mobility
reduction effect will not affect the first NMOS inverter
stage. The analysis of other NMOS inverter stages are
the same as the first, so the mobility reduction effect
will not affect the voltage adder circuit either.

For the basic multiplier, substituting (26b) into
(18)—(21), we can rewrite the (22) as follows:

A Ix Vx\(ly W
A 2K(A1+2)(A2+2)

. Ix Vx\* (I W
e (34 5 ()
Ix Vx ly Wy 2

(o s) (%)

) () ()
(29)

Equation (29) indicates that the mobility reduction ef-
fect will be dominant in the second-order harmonic dis-
tortion.

3.2 Transistor Mismatch

For the first mixed signal circuit in Fig. 1, let us assume
that the transconductance parameters of the transistors
M5 and M6 are K + 2K and K - 4K respectively.
Substituting the assumed transconductance parameters
into (3), the output voltage Vox can be rewritten as
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1
Vox =g 8,
Ix
' {(Bx — Bz)Vox — (B1 + B2) Vr + B2Vx — BiVss
+ (Bl — Bg) VT + Bng + Bl VSS] (30)

where

/ AK
B, = K—-ATK and B; = K+T

Similarly, the output voltage Vpy can be rewritten like
the output voltage Vox.

For the voltage adder circuit in Kig.2, let us as-
sume that the transconductance parameters of the tran-
sistors M9, M10 and M11 are K + M and those of the
ttansistors M1, M2 and M12 are K . The output
voltages Vo, Vog, and Vp3 can be rewritten as follows:

1 B
Voi1= B, [—Bl Vox + (Bl—'2—2> VSS+(BI—B2) VT]

. (31)
B, — B B B,

Vo2 = Vo1 + -(13—22)- Vr — Bl Vor + B, LVss  (32)
By By (By — Ba)Vr

Vos = B, Voz + B, Vss + B, (33)

Equations (30)~(33) indicate that transistor mismatch
will contribute to both of the offset dc voltage and the
signal gains. Additionally, the variation of the signal
gains will affect to the second harmonic although the
basic multiplier is perfectly matched.

tor the basic multiplier in Fig.3. Let us assume
that the transconductance parameters of the transistors
M1-M2 and those of the transistors M3—-M4 are K +AK
and K - —-— , respectively. The output current o can
be rewntten as follows:

lo=—2K (1" ‘;" )(’% VY)+AKA3 (34)

where

Ix Vx Iy Wy 2
As = (A1+ )+(A2+ )
Vss Ix Vx Iy VW
2( +VT)(A1+2+A2+
Vss 2 (1x Vx\(ly W
+z( +v) (A1+2 L.
Hence, such mismatch will contribute to the second har-
monic distortion..

4. Applications

Some applications of the proposed circuit are shown as
a current multiplier, a voltage division and a capaci-
tance multiplier.
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>H vo

Fig.5 Current multiplier.

‘ +
—QE)V2

l?i—: x><'°~ Ay v
L

Fig.8 Voltage division.

The current multiplier is shown in Fig.5. Let
Vx = Vy =0, the proposed multiplier will perform as a
current multiplier and an operational amplifier acts as
a current to voltage converter. Using (23c), the output
voltage of the circuit in Fig.5 can be expressed as

Rplxly
s X, MLIXIY o 35
T K (Ves + 2V)° (35)

Note that the gain of the circuit can be adjusted by R.

The voltage division is shown in Fig. 6 and consists
of a voltage multiplier and an operational amplifier. Let
Ix=Iy=0, the proposed multiplier will perform as a
voltage multiplier. Using (23b), the output voltage o
the circuit in I'ig. 6 can be expressed as

R
Vo =
O = KRV,

Note that this circuit uses only a single resistor, and
the gain can be adjusted by R;.

The capacitance multiplier is shown in Flg 7 and
cousists of two voltage and current multipliers and a
buffer. This circuit is adapted from a previous paper
[13]. Let Ix=0 and V4=0, the proposed multiplier per-
forms as a voltage and current multiplier. The admit-
tance function in Fig. 7 is

s,

(36)

Y(s) =5 (1 + f‘) G (37)

the effective capacitance C, of the capacitance multi- -
plier is
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Fig.7 Capacitance multiplier.

C.= (1 + 1—1) C. (38)
1z
Note that the effective capacitance is temperature in-
dependent and the capacitance can be controlled by the
bias currents I; and 5.

5. Results
5.1 Simulition Results

The performance of the proposed circuit was verified
by PSpice simulation program. The transistor model
is shown in*'l'able 1 based on 0.5 um CMOS process by
MOSIS.

The same dimension of CMOS transistors are
W=5um and L=4um for N channel transistors and
W=10um and L=4 um for P channel transistors. The
simulation conditions are that: the power supplies are
Vpp = —Vss = 1.85V and the input signals are the
DC voltage (Vpc) = 200mV, the AC voltage (Vag)
= 400 mVp.p sinusoidal of 100kHz, the DC current
UDC) = 8uA and the AC current UAC) = 16 uAp.p
sinusoidal of 100kHz. The simulation results are listed
in Table 2, showing total harmonic distortion (THD)
and frequency response. Figure 8 shows the dc trans-
fer characteristics of the proposed multiplier under the
condition that Vy = —200mV~+4200mV and Vx =
—200 mV~+200mV in step of 100mV. Figure 9 shows
frequency response and phase characteristic under the
condition that V¢=200mVp¢c and Vx =200mVp.p si-
nusoidal with the frequency of Vx is varied from 10 Hz
to 1 GHz. Figure 10 shows the relation between THD
and Vx under the condition that V4-=200mVp¢, Vx is
varied from 100 mVp.p to 400 mVp_p and the frequency
of Vx is varied to 5kHz, 50 kHz, 500 kHz.

5.2 Experimental Results

The proposed multiplier was verified experimentally us-
ing a commercial CMOS transistor array (CD4007). In
this experiment, Vpp = ~Vsg = 5V and K;=10k2
were used for the multiplier. The Vx and Vy are used
and the /x and /y are not applied. Figure 11 shows the
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Table 1  Transistor model.
NMOS LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U TPG=1
+VT0=0,6634 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04
+ UU0=493 .4 THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382
+ NSUB=1.1290E +17 NFS=7.1500E+11 VMAX=2,70006+05 ETA=1,8690E-02
+ KAPPA=1.6100E-01 CGDO=4.0820E-10 CGSO=4.0920E-10
+ CGBO=3.7765E-10 CJ=5.90005-04 MJ=0.76700 CISW=2.00008-11
+ MJSW=0.7100C PB=0.9900000
PMOS LEVEL=3 PHi=0.700000 TOX=9.6000E-09 XJ=0.200000U TPG=-1
+ VT0=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4 4927E05
+ UO=124.9 THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551
+ NSUB=8.0710E+16 NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02
+ KAPPA=0.3660E+00 CGDO=2.1260E-10 CGSO=2.1260-10
+ CGBO=3.6890E-10 CJ=0.3400E-04 MJ=0.48300 CISW=2.5100€-10
+ MJSW=0.21200 PE=0.930000

Table 2 Simulation resuits.

Biasing mputs of the multiplier THD Bandwidth
o= KWy Vx = Vae, Vy = Voc 1.6% 84MHz
2
ilx=ly =0 Vx = Voc, V= Ve 1.6% 30MHz
I Vy = Voo Iy =lac 1.4% 45 MHz
lo ii Ves ¢2V1-)
ilx=0,Vy =0 Vi = Vg Iy = Ioc 1.6% 45MHz
o= Ly Iy = Iac,Vy = Ve 1.4% 72MHz
Ves + ZVT
Vg =0ly=0 Iy mIpe, Wy = Ve 1.6% 8IMHz
P L2 Ix=Iocdv =Iac 1.4% 75MHz
*( Vs e f
Vx=Vy =0 Iy =Ipcidv = Ioc 1.4% 42MHZ'
|
2.8k poememnnn - P o
Y¥x==0 2V
H
. < / Vel 1Y
—
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o — 3
P ey :
/ . e e I
o - el
~yxeC 2vi
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-200 ~tetm0 o 1600 200w
« 1¢r2)
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Fig.8 Simulated dc transfer characteristics.

multiplier being used for amplitude modulation, when
a 20kHz 1.6 Vp_p sine signal and a 1kHz.1.6 Vp.p tri-
angular signal are applied to Vx and Vy, respectively.
Figure 12 shows the measured output spectrum of the
multiplier, when a 100kHz 0.8 Vp_p sine signal and a
0.8 V dc voltage are applied to Vx and Vy, respectively.
In Fig.12 the measured THD is 5% with the second .
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Fig.9 Frequency response and phase characteristic.
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Fig.10 Relation between THD and Vx under the condition
that Vy» =200mVpc.

Fig.11 Result of amplitude modulator Vx(lowest trace,
1V/div) is a 1.6 Vp.p sine signal of 20 kHz and Vy (middle trace,
1V/div) is a 1.6 Vp_p triangular signal of 1kHz. Measured out-
put (upper trace) is 1 V/div. Horizontal scale is 0.2 ms/div.

harmonic as main contribution to distortion, and this
result is in accordance with the theoretical analysis.

6. Conclusions

The versatile CMOS analog multiplier has been pre-
sented. The design is based on the square-difference
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Fig.12 Measured output spectrum of the multiplier, for
the case in which a 0.8Vp_p sine signal of 100kHz and a
0.8V DC voltage are applied to Vx and Vy, respectively

[Horizonta.l scale is 100 kHz/div; Vertical scale is 10dBuV/div
(ldBp.V: 20log ,{0\7) ]

technique. ‘I'he proposed circuit is properly designated
as some transistors operate as two functions which are
a voltage adder and a basic multiplier at the same time.
Therefore, this multiplier has decreased the number of
transistors. As its significant merit, the multiplier has
multi-functions, single ended input and same size of all
transistors. Thus, this multiplier widely applies, conve-
niently connects to other circuits, and is suitable for im-
plement as integrated form. Second-order effects have
been analyzed, and its performance has been demon-
strated by PSpice. The simulation results of that the
proposed multiplier acts as the voltage multiplier show
that the THD is less than 1.7% for a 400 mVp_p input
signal at £+1.85 V supply voltages and the —3dB band-
width is up 84 MHz. The experimental results have
been shown to confirm the operation.
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