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DIGITAL WATTMETER

BY MR. SOMCHAI KATTIYANG No. 39013292
MR. WATHIT CHOTIMAPRUK No. 39013287

ADVISER ASSIST PROFESSOR. WICHAI SURAPHAT
YEAR 1998
ABSTRACT

THIS THESIS IS CONCERNED ABOUT DESIGN AND CONSTRUCTION OF DIGITAL
WATTMETER. THE PURPOSE OF THIS PROJECT IS USING FOR THE MEASURE OF
ELECTRIC POWER CONSUMTION IN ELECTRIC EQUIPMENT SUCH AS LAMP, MOTOR,
COMPUTER ETC.

THIS WATTMETER IS CHEAP AND EASY TO OPERATE. IT CAN MEASURE
ELECTRIC POWER IN “WATT” UNIT. THIS WATTMETER USE LOAD VOLTAGE SIGNAL
MULTIPLY WITH LOAD CURRENT SIGNAL BY MULTIPLIER IC NUMBER ICL8013 AND
OUTPUT TO THE DIGITAL DISPLAY.
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q A ° s " W o a Ja o a o
@) efiezsinld PF vosnasiidumdy 0.95 dmds wdesldnnthdmesniliifasas
° a o, I 2 § { a
i 3uenfn 155 var vndh@ihdwesiduns) uasisidelWinsing(Apparent power) Nifin
J 4 a da 1 1 @ o @ { a 13 { a ¢ O o @ A { a
Jui anhdwestinwihdumdevihSuenaniferuiaihdmes Wufemasiiihiidsngifa

J P a IR Ay 1 @
unmMFwesnAUMNY 155 VA

y
A9NU Sc = IcE = 155 VA.

I =S/E = 155VA/120V = 1.2917A
X, =E/I, = 120V/1.2917A =929
ug X, = 1/2TfC

C= 1/2WfX, = 1/2x3.14x 50Hz.x 92.9 Q
= 3428 UF.
44 o o 4 da & 4 s
Tuidl s,= Mdeihnlsngiifeduinihdines

{ ] a o
L= nszued inakiunhdnes
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y ]
(@) wes Insueufa Asguh 2.5 ()

17.32 ohm
120V, 4
50 Hz! fg (o=
10 ohm
3N 2.5 (n) 2993
P=623.5W
Q' =205 var
A
Q=360 var
v i
A Amda
Qc = 155 var
Himih

[ y
Eﬂ“ﬂ 2.5(%) LW'I!'JBﬂﬂSLLﬂQLﬂﬁ
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2.2 _N9¥§2993590uUUBUIALN (Analog Multiplier)

ad a 1
'N%iﬂ’ﬂl'ﬂTQﬂlﬁﬂ‘niﬂuﬂﬁ{ ﬁﬂﬂ?ﬂtl'ﬂ'ﬂ vlg]lllﬂ Uy FET - Controlled Multiplier (11U

Logarithmic amplifier a2 (11U Chip IC Multiplier

2.2.1 3993§)uuUY FET-Controlled Multiplier
J s va 4
a¥199u' 1A 1au1¥ Field Effect Transistor (FET) InuorAvgaerutAvesmsilasunani
' o o A ' [ a A o Y a = .
ANANY Vgs AP T¥YINN gate NU source UDI FET ‘IN!JNﬁ‘VIﬂ‘H namsiasunlas ¥e9 drain
4 - a 4 . . . vy 2 gy o a
resistance (M30158NDNYDI1 dynamic drain source resistance ) ’Niliﬂmﬁm'liﬂﬁi'ld‘llu‘lﬂﬂﬂ m;ﬂ‘n

2.6

D ris S
o
Vi
G
\i!
sUN 2.6
vngd r, O V2 Mie r, = K/V2) o L (2-12)
oK = Ann
drain resistance 1, = OV, /Ol = dV,p/dI, ] Ve AN (2-13)
Transconductance g_ = dI;/dV | Vs A

=0S,/0V¢ e (2-14)
v o 1 a Jd a o daa o g/
ATTUAUNUTITHINWITINADIAN 9 mmiawum‘ﬂuﬂumswwuﬁwn 2 Ay vlﬂ

di, = [0,/ OV 1dV +[0i/ OV 1dVye e (2-15)
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] ] 9
naumsi (2-12) Seayald v, uag v, Wududsuasnssud I, aefl Rz di, des

ohRugud aumse-12) Weoulnildd
[0,/ 0V 1dV= -[0i/ OV ldVys s (2-16)

iazaInaNms i (2-13) uag (2-14)
s =« (g JAVoyavy] | 1 aef oo (2-17)
NAANMS-17) sziiiuiulanniu fu Ve, 39 Vg fuiiugTnons iy v, Tugulfi 2.7 uag
gl 2.6
VO =R Frded= -(REFRIY V& —[— N\ (2-18)

Ui 2.7 §796192995981LY FET Controlled Multiplier (FET (185 2SK146Y)

ean

1ngUN27 AsBue i = V,/r, Wag i, = V,/R. (2-19)

flosmnnseud i, = i,
Ve, = VB, e (2-20)
ds2 = (VZ/ Vy)Rf .......... (2'21)



213
g 2708 vV, = R, (2-22)
unus (2-21) Tu (2-22)
Vo= (VyVy)/V, (2-23)

A wva 9 o g 1 [y o Yy g o a dy
N e FET alsufauuanaionu LWi"lﬂ']ﬂ'Nﬂu%ﬂﬂ'lcl‘H DINHVNANGU

2.2.2 NIIYMUUY Logarithmic Multiplier
§2uuy
f. 299300M 3NN (Logarithmic circuit)

%, 33931eHARBNABN 3NN (Anti-Logarithmic circuit)

f1. 79932001313 (Logarithmic circuit)
A v 3 q 9 o L a
nhlﬂ'li90ﬂlm‘U’NﬂilWﬂimﬂNﬁﬁﬂUﬁuﬂﬁuﬂﬂ ﬁﬂﬂllﬂll‘lj UU %zmamﬁuqﬂﬂmwwﬂm
wa [~ 1 U 2 v o w U v o
ﬁuumﬂuuuu ?IE]ﬂ(log) 1?”51’1'3']\3 Feed back loop @13N9AIUIANINATI vléllllﬂ P-N Junction 910f)™

a A @ o ] . é a 9y
autinussansnemari wu laTeadiode) Fuduniluauns 1431

I, =CIJExp (Vo@/KT e (2-24)
d‘ ﬂ' o o
e I, = leak current tile ludanay
q = UszqBilnasou (1.6x 10" gasui)
v, = laleaTaariag

K = s1nefi Tuaauius (Boltzman’ s constant 1.38 x 10-23 3a/1AAIW)
T = gangiiduysel esruaadu
Tatf KT/q = 26 mV. #125C°

T TiTuB RIS URY Transistor 132U Collector TUIIDIADUUBUILT(Common Base) A

I. = I Exp (Vge@KT) (2-25)



e vy,

[y aa 4
UIIAUIUT-DUALADT

I

2-14

A o aa 4 .
s = NITUT BUANVT-DUAIADI (Emitter-base Saturate current : I, )

v wy a o o v - . vy Q) v
sB U1 e nswdamed uaz lalon %udu1995 Logarithmic amplifier 10 A298197993

donnldlalen uansdagilh 2.8

Vi

-

gﬂ"?l 2.8 base log amp

ungliiag Vo = v,
Take Log @3/N13 (2-24)
Inl, = InI + qV,/KT
o~ qV,/KT= lnl - InI
UnUA1 2-28 aelu 2-26

Vo = -V, =[KT/ql(nl,- Inl)

1ngUi 2.8 nssud L = V/R, = IR,

Vo = [-KT/ql(ln V/R, - lnL)

—O0 <
(o]



o [ dq 9 a J o a
ﬁ'lﬁi'lJ'N'ﬂiﬂll‘ﬂﬂﬁ'lu‘lfﬁmaﬁ ﬂﬂgﬂﬂ 2.9

iC

gﬂ'ﬁ 2.9 Basic log amp

1 o a o
wuReIAuIAgli 2.9 AeglA aums

Mo = KT gl(h ViR~ )/ 201 A 7 (2-32)

51l 2.10 Fvdrreesldau



9n3l 2.10 V,, Y89 TR,
Ve = Velnl /A, e (2-33)
Ve = VeI A, (2-34)
o vV, = KT/q

WaRN V, 5¥NIN TR, TR,

AV, = V- Vyo= Vo (oI In I Vo In (I In L) oo, (2-34)
IO -V I TN 1777 NN oo (2-36)
Taofl 1= I
NN I,= V, /R,
U (T PR B\ Ve / &5\ /NN =)\ (2-37)
unuA (2-37) Tu (2-36) 3218 (Vo >> Av,)
AV T v 1 e vsiey \\( A [£25 2018  )s--tro-- (2-38)
AV Y BOANROION € g7 TNy - e (2-39)
nngl v,
L2AV, SV IRV R) S0 e f (2-40)
1n3l v,
>V RNBARRY A~ o Ff (2-41)
V=V,
V. InV,R,/VeeR) =VoRMRAR)] " (2-42)

V, = -V, [I+R, /R, I [R/R, Vo)V, e (2-43)



vifN

Tuinnemmnm +

Q. 'ammeuﬁaannam?ﬁu (Anti-Logarithmic circuit)
14
a 4 1 . °
IAAUFIUNNANAMNAATITING VN &1 Take exponential U9 log MWD M5 log W

(Ju Anti-log ™ = x MnaAuMIA (2-27) wazningii 2.11

I. = Igexp [ qVy /KT]
Vo= IR, = -I. R,

Vo= -R[; antilog [QV/KT] (2-44)
MU Ue AR UDIVUNY Transistor A28 Diode AAUATS
V,= R I antilog [qV/KT] e (2-45)

1995114 e Teaununsmsames 1@

Rf
Al | | ) Vo
(o, L : :
——O
at T F;

]
=

gﬂ‘t’l 2.11 anti-log amp




o 1 s a
#196192995 151U 3UN 2.12 Lagaums

o R
D1,02:181588 _'“_ 10K
D2
—
351 Vo
sUN 2.12

I = Ijexg [V/V.]
Vy= V_exp[ L/
BN V3 pe Al

N, = Ry BRRRIY, ACRIGEOION ¢ Ny~ ..
o S NN < 11/ RN/ dWt..cn
L =L exp [l (/) RV/R+RV] -~ 1 0
= exp [JRVY RERIEIN (B (Y79 . -fA.-

uaz Vo =R, e _ AN

V, = R Lexp TRVR IRV "™
R, LIn" [RV/®R+R)V,] e

<
I

[¢]

2-18



DINMANAIYBI93 logarithmic i5rasaadIenesga IAdegUR 213 dheds

R1 Q1
V1
in1
R2
v2 Q2
In2
R
a P AAN—
< e
<
Q3 Rf
} Vout=
i Vvivz
JUn2.13

003l Vg, = V,nV/R -V Inl

01

Vv

02 v, In Vz/Rz -V, InIg,
y A Al
lﬂ'ﬁ’lw‘ﬂ‘}’m'lu adder 19
Vo3 = VT[anl/Rl +InV,/R;- lIlI51'111152]
(BN NUBI2995 A
Vs =R 1

S4

antilog [In V/R, +In V,/R,-InI-In] ]
=[R, I,/ ®RR, I, IV, V,
1 R.I, = RR, LI
Vo, = V,V,

2-19
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2.2.3 2993QUUVY Variable - Transconductance Multiplier
a a . 4 ' Y 9 a
'J\‘li]i@ﬂl!lﬁi] 'é)‘Ll'lﬁ’E]ﬂ(Analog) HUY YN vl'él“]f (Chlp 1C) mmu‘lﬂﬁgmwammmz”l‘vmﬂuﬂ
1Yy Variable - Transconductance ¥4 silicon Junction semiconductor ’N%Sﬂﬂlﬁ’ﬁﬂﬁn i]ﬂ'k’i’
. A v da o dad A a g . . da a ;1 53
Bandwidth NNINUIN uamusaﬂHiammﬂummu(lmeamy) e TﬂUﬂ’J'IlIW]UQﬂiQiIN@gﬂUﬂ'Ii
[ a 4 yu 2 o Y] '
L‘i’ll'lﬂu(Matching) YD ﬂiTu‘ﬁﬁmﬂi{l"NLﬁUQ uﬂﬂi}'lﬂﬁﬂﬂﬁﬂﬂ'lQﬂ‘INﬂ'liVl'l\l’lH‘USQ’N‘ﬂiﬂQﬂﬁ‘l’J
a 9y o dy
o5u10'ld fall

+Vc

Rf

J—W’_ Vo
>+

71l 2.14 wermslaseadravesynlod

NNAUMIIBIARMIAN V.= KT/QW @A) e (2-59)

I. = Collector current

I, = saturation current



11031 2.14 nswFmaes Q,, uaz Q,,
V,-V, = KT,,/9) In(i,/,,)
V-V, = KTz /q) In(iyfi,;)

3 [y 9 " 2 W
e Q,, match AU Q,, 9NN T, = T =T, uag i, = i,=i

.. @ouaums (2-60) uag (2-61) Inw 18

V,-V, = (KT,,/q) In(i, /i)

sl

Tuhmeueonfiu nsmFmaes Q,/Q,, 1as Q,,/Q,, fiwi lAdnymziRuai

V,-V, = (KT, /q) In(i,/iy)
V,-V, = KT, /q) In(i, /i)
VINANNTT (2-62) (2-63) (2-64) 01 T, =T, =T,= T

L /ig = Ly/ip= iy/i
(Ve T ViIRy-=dy) tily, 4 (Vigred/Ry

(VC - Vs)/Rz = N Vein
NAAUMST (2-66) (2-67) 9218

Io/Ro= A izA' Ly

fvsangnsusaee’ Q,/Q,
X,-V, = KT,/q)InG,,/ i)
X,-V, = KT,/q) In(i,/ig)
auN1s (2-69) - (2-70)
X, -X,-Vi- V. + (KT, /@) In i,/ i)
i, = [(V,- VYR 1+,
ig= (V.- V)R, I+1,

aun1s (2-72) + (2-73)

i, Tip= 2L,

2-21
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UNUM V, - V, 91nduns (2-72) aslu (2-71)

X,-X,= (i), -L)R, HKT,/ QI (G, /i) oo 2-75)
X,-X,= (i, -I)R, HKT,/Qln G, /iy) e (2-76)
aums (2-76) Uszinme TaelimRanaa linadn asiudouingld
X,-X,= G, -I)R /2 e, @-77)
TushusaRerfudunn Y Wou'ldd
Y, oY= Ggy IRy /2, (2-78)
ALK - X)X, YD/ R Ry =Gy -L) Gy ~Ly) e (2-79)

HASINUBINTEUE Collector UBI Q,, LDT Q,y
AN 7/ AN P~0 -\ (2-80)
P odl Ao, N R e At (2-81)

Lsa
lp

NAUNT (2-74) (275) iy, 5 iy HVOUTUIY iy, , iy HAT i

s A S TE IR 5 Car | AN 31 (2-82)
LR (0, € 07 LI (@ J (2-83)
U1 (2-80), (2-81), (2-82), (2-83) @alu(2-79)
4L (X, - XY, - YV R, Ry = 21, Gy, =Ly = (- L Gy = i) / Gy # iy )i (2-84)
VINEUNTS (2-84) REVTIATI Gy = ipp) / Gy + i) | = Gy = igp) / Cigy + dgg)cereern (2-85)
unu (2-85) Tu (2-84)
4L (X, - XY, - Yl /Ry R, = 21, (i ~Ly-L,-L) oo (2-86)

wvuifioy (2-82) fu (2.83) v'ld
Tavfi [2R, / IxRxRy] = 1/10
e’ = (X -X)Y,-Yp) /10 .. (2-87)
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NIARUIN AL

HARRIS ™" ICL8013

1MHz, Four Quadrant Analog Multiplier

November 1996

Features Description
¢ ACCUTACY: o 155 s s w515 w1505 v w88 508 +0.5% (“A” Version) The ICL8013 is a four quadrant analog multiplier whose out-
. put is proportional to the algebraic product of two input sig-
Input Voltage Range ..............ccceennn 10V nals. Feedback around an internal op amp provides level
e Bandwidth. ... ..coiiiiiiiiii it 1MHz shifting and can be used to generate division and square
3 root functions. A simple arrangement of potentiometers may
* Uses Standard +15V Supplies be used to trim gain accuracy, offset voltage and

feedthrough performance. The high accuracy, wide band-
width, and increased versatility of the ICL8013 make it ideal
for all multiplier applications in control and instrumentation
systems. Applications include RMS measuring equipment,
frequency doublers, balanced modulators and demodula-
tors, function generators, and voltage controlled amplifiers.

* Built-iIn Op Amp Provides Level Shifting, Division and
Square Root Functions

Ordering Information

PART NUMBER MULTIPLICATION ERROR TEMP. RANGE (°C) PACKAGE PKG. NO.
ICL8013AMTX +0.5% -55t0 125 10 Pin Metal Can T10.B
Max
ICL8013BMTX +1% -55to 125 10 Pin Metal Can T10.B
ICL8013ACTX +£0.5% 0to 70 10 Pin Metal Can T10.B
ICL8013BCTX +1% Max 0to 70 10 Pin Metal Can T10.B
ICL8013CCTX 2% 0to 70 10 Pin Metal Can T10.B
Pinout Functional Diagram
ICL8013
(METAL CAN) . 2
TOP VIEW IN
XiN—4 VOLTAGE TO CURRENT }— BALANCED OP
CONVERTER AND VARIABLE GAIN AMP ouT
Xos=— SIGNAL COMPRESSION [— AMPLIFIER
L Zos
YiN o~ VOLTAGE TO CURRENT
Yés O CONVERTER
[
ZN
CAUTION: These devices are sensitive to electrostatic discharge. Users should follow proper IC Handling Procedures. File Number 28632

Copyright © Harris Corporation 1996 8-145
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Absolute Maximum Ratings

Supply Volage «semesm s mms sw v s ms s mm s m e s s 9E 1 5% 8 5@ +18
Input Voltages (XN, YNy ZiNy X0Ss: YOS, ZOS) « v v v v - VsuppLY

Operating Conditions

Temperature Range
ICLBOTBXC . v vttt vee e e et 0°C to 70°C
ICLBO13XM. . . e

Thermal Information

Thermal Resistance (Typical, Note 1) 84 (CC/W) 8¢ (°C/W)

Metal CanPackage . . ............. 160 75
Maximum Junction Temperature (Metal Can Package). ... ... 175°C
Maximum Storage Temperature Range ......... -65°C to 150°C
Maximum Lead Temperature (Soldering 10s)............ 300°C

CAUTION: Stresses above those listed in “Absolute Maximum Ratings” may cause permanent damage to the device. This is a stress only rating and operation
of the device at these or any other conditions above those indicated in the operational sections of this specification is not implied.

NOTE:

1. 84 is measured with the component mounted on an evaluation PC board in free air.

Electrical Specifications Ta =25°C, VgyppLy =15V, Gain and Offset Potentiometers Externally Trimmed, Unless Otherwise

Specified
TEST ICL8013A ICL8013B ICL8013C
PARAMETER CONDITIONS MIN | TYP | MAX | MIN | TYP | MAX | MIN | TYP | MAX UNITS
Muiltiplier Function . - XY - - XY - - XY -
10 10 10
Multiplication Error -10< X< 10 - - 0.5 - - 1.0 - - 2.0 [ % Full Scale
-10<Y <10
Divider Function - _10;2 - - E - - 1_02 -
X X X
Division Error X=-10 X 0.3 - 3 0.3 - - 0.3 - % Full Scale
K=yl - 1.5 - - 1.5 - - k-3 - % Full Scale
Feedthrough X=0,Y=%10V - : 50 - - 100 = - 200 mV
Y=0,X=zx10V - - 50 - - 100 - - 150 mV
Non-Linearity - - - - - - -
XInput X =20Vp.p 0.5 +0.5 0.8 %
Y=+10Vpg
Y Input Y =20Vp.p - 0.2 - : $0.2 - - 0.3 - %
X =+£10Vpc
Frequency Response Small - 1.0 - - 1.0 - - 1.0 - MHz
Signal Bandwidth (-3dB)
Full Power Bandwidth - 750 - - 750 - - 750 - kHz
Slew Rate - 45 - - 45 - - 45 - Vius
1% Amplitude Error - 75 - - 75 | - - 75 - “kHz
1% Vector Error (0.5° Phase Shift) - 5 - - 5 - - 5 - kHz
Settling Time Vin =10V - 1 - - 1 - - 1 - us
(to 2% of Final Value)
Overload Recovery VN =110V - 1 - - 1 - - 1 - us
(to 2% of Final Value)
Output Noise 5Hz to 10kHz - 0.6 - - 0.6 - - 0.6 - mVRMS
5Hz to 5MHz - 3 - - 3 - - 3 - mVeMs
Input Resistance - - - - - &
X Input ViN =0V - 10 10 10 MQ
Y Input . - 6 - - 6 - - 6 - MQ
Zlnput - 36 - - 36 - - 36 - kQ
Input Bias Current 3 - - . = - -
XorY Input ViN=0V - 2 5 7.5 10 pA
Z Input - 25 - - 25 - - 25 - HA
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Electrical Specifications T = 25°C, VgyppLy = £15V, Gain and Offset Potentiometers Externally Trimmed, Unless Otherwise

Specified (Continued)

TEST ICL8013A ICL8013B ICL8013C
PARAMETER CONDITIONS MIN | TYP | MAX | MIN | TYP | MAX | MIN | TYP | MAX UNITS
Power Supply Variation - - - - - - -
Multiplication Error E 0.2 0.2 0.2 %!%
Qutput Offset - - 50 - - 75 - 100 mV/v
Scale Factor - 0.1 - - 0.1 - 0.1 - Yol%
Quiescent Current - 3.5 6.0 - 3.5 6.0 - 3.5 6.0 mA
THE FOLLOWING SPECIFICATIONS APPLY OVER THE OPERATING TEMPERATURE RANGES
Multiplication Error -1V <Xy< 10V, f - 1.5 - - 2 # 2 3 - | % Full Scale
-10V <Yy < 10V
Average Temp. Coefficients - = - - 2
Accuracy 0.06 0.06 0.06 %/°C
Output Offset - 0.2 - - 0.2 - - 0.2 - mV/°C
Scale Factor - 0.04 - - 0.04 - - 0.04 - %/°C
Input Bias Current - - - - 2 -
Xor Y Input Vin =0V 5 5 10 LA
Z Input - 7 25 - & 25 - - 35 pA
Input Voltage (X, Y, or Z) - 3 +10 7 - +10 - - +10 \')
Output Voltage Swing RL 2 2kQ - +10 - - +10 3 - +10 - Vv
Cy < 1000pF
Schematic Diagram
V+ o
2R, %Rs E: Rqg E: R23 Ro7
T S\ @ ¢ - AN ro ZiN
=G4
Q Q >
o R |l g 5
i Zos
Rv F‘20<*Fxzz
YN o - ‘,Avgr=1/'\A Qg Rrs Qo H—- = Rat Rao
1 b Q.
Q “AAA R S 26
Xy O-Wv-Koa e 4 L W ) 171 T K
WA Rg ;: Ry <Ryg| SR21 $Ras
o < Q _
COMMON & L I:EQW - ¢ OuTPUT
R103 b L— {
> NQ24 p: Rag
e SRR P | G
I 1o Q27
Yos
Xos
R32
AA
b & A g
Qz% Qq3
< < S <& < Riy < >
> Rq f Rs R122Z ‘:R15 < Ryg R24% Ra %Rzﬁ
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Application Information

Detailed Circuit Description

The fundamental element of the ICL8013 multiplier is the
bipolar differential amplifier of Figure 1.

l 2lg

V-
FIGURE 1. DIFFERENTIAL AMPLIFIER

The small signal differential voltage gain of this circuit is given by:

Ay = Vout - L
Vi TE
- 1 kT
Substituting re = — = —
e =gy " ale

L qlg R
Vout = Vm(?E] = VINX T

The output voltage is thus proportional to the product of the
input voltage Vjy and the emitter current Ig. In the simple
transconductance multiplier of Figure 2, a current source
comprising Qz, Dy, and Ry is used. If Vy is large compared
with the drop across D1, then

A
DRY

2Ig and
qRy
Your = ﬁ;(vxxvv)

V+

RL Ry

qRL ‘
Vourt Vour = K (Vx x Vy) ==— (Vx x Vy)
kTRy |

v-& -
FIGURE 2. TRANSCONDUCTANCE MULTIPLIER
There are several difficulties with this simple modulator:

1. Vy must be positive and greater than Vp.

2. Some portion of the signal at Vx will appear at the output
unless lg = 0.

3. Vx must be a small signal for the differential pair to be linear.

4. The output voltage is not centered around ground.

The first problem relates to the method of converting the Vy
voltage to a current to vary the gain of the Vy differential pair. A
better method, Figure 3, uses another differential pair but with
considerable emitter degeneration. In this circuit the differential
input voltage appears across the common emitter resistor, pro-
ducing a current which adds or subtracts from the quiescent
current in either collector. This type of voltage to current con-
verter handles signals from OV to 10V with excellent linearity.

b

V-
FIGURE 3. VOLTAGE TO CURRENT CONVERTER

The second problem is called feedthrough; i.e., the product
of zero and some finite Input signal does not produce zero
output voltage. The circuit whose operation is illustrated by
Figures 4A, 4B, and 4C overcomes this problem and forms
the heart of many multiplier circuits in use today.

This circuit is basically two matched differential pairs with
cross coupled collectors. Consider the case shown in Figure
4A of exactly equal current sources basing the two pairs.
With a small positive signal at Vi, the collector current of Qq
and Q4 will increase but the collector currents of Qp and Qg
will decrease by the same amount. Since the collectors are
cross coupled the current through the load resistors remains
unchanged and independent of the V|y input voltage.

In Figure 4B, notice that with Vjy = 0 any variation in the ratio of
biasing current sources will produce a common mode voltage
across the load resistors. The differential output voltage will
remain zero. In Figure 4C we apply a differential input voltage
with unbalanced current sources. If Igq is twice Igo the gain of
differential pair Q1 and Qs is twice the gain of pair Q3 and Q4.
Therefore, the change in cross coupled collector currents will
be unequal and a differential output voltage will resuit. By
replacing the separate biasing current sources with the voltage
to current converter of Figure 3 we have a balanced multiplier
circuit capable of four quadrant operation (Figure 5).

tv-o-

b

V-

FIGURE 4A. INPUT SIGNAL WITH BALANCED CURRENT
SOURCES AVour = 0V
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V-

FIGURE 4B. NO INPUT SIGNAL WITH UNBALANCED CURRENT
SOURCES AVgyT =0V

v.

FIGURE 4C. INPUT SIGNAL WITH UNBALANCED CURRENT
SOURCES, DIFFERENTIAL OUTPUT VOLTAGE

This circuit of Figure 5 still has the problem that the input
voltage V)N must be small to keep the differential amplifier in
the linear region. To be able to handle large signals, we need
an amplitude compression circuit.

tV-o-

9
AV =K (Vx * Vy) >
b

o——ni—g-o; Qo Q3
Vin

7518 811&

FIGURE 5. TYPICAL FOUR QUADRANT MULTIPLIER-
MODULATOR

Q1

Figure 2 showed a current source formed by relying on the
matching characteristics of a diode and the emitter base junc-
tion of a transistor. Extension of this idea to a differential circuit
is shown in Figure 6A. In a differential pair, the input voltage
splits the biasing current in a logarithmic ratio. (The usual

assumption of linearity is useful only for small signals.) Since
the input to the differential pair in Figure 6A is the difference in
voltage across the two diodes, which in turn is proportional to
the log of the ratio of drive currents, it follows that the ratio of
diode currents and the ratio of collector currents are linearly
related and independent of amplitude. If we combine this circuit
with the voltage to current converter of Figure 3, we have
Figure 6B. The output of the differential amplifier is now propor-
tional to the input voltage over a large dynamic range, thereby
improving linearity while minimizing drift and noise factors.

The complete schematic is shown after the Electrical Specifica-
tions Table. The differential pair Q3 and Q4 form a voltage to
current converter whose output is compressed in collector
diodes Q1 and Qo. These diodes drive the balanced cross-cou-
pled differential amplifier Q;/Qg Q14/Q1s. The gain of these
amplifiers is modulated by the voltage to current converter Qg
and Qqq. Transistors Qs, Qg, Q41, and Q42 are constant cur-
rent sources which bias the voltage to current converter. The
output amplifier comprises transistors Qg through Qp7.

FIGURE 6A. CURRENT GAIN CELL

TV+

v
FIGURE 6B. VOLTAGE GAIN WITH SIGNAL COMPRESSION

Definition of Terms

Multiplication/Division Error: This is the basic accuracy speci-
fication. It includes terms due to linearity, gain, and offset errors,
and is expressed as a percentage of the full scale output.

Feedthrough: With either input at zero, the output of an
ideal multiplier should be zero regardless of the signal
applied to the other input. The output seen in a non-ideal
multiplier is known as the feedthrough.

Nonlinearity: The maximum deviation from the Dbest
straight line constructed through the output data, expressed
as a percentage of full scale. One input is held constant and
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the other swept through it nominal range. The nonlinearity is
the component of the total multiplication/division error which
cannot be trimmed out.

Typical Applications

Multiplication

In the standard multiplier connection, the Z terminal is con-
nected to the op amp output. All of the modulator output cur-
rent thus flows through the feedback resistor Ro7 and
produces a proportional output voltage.

Multiplier Trimming Procedure
1. Set X;y = YN = 0V and adjust Zgg for zero Output.

2. Apply a £10V low frequency (<100Hz) sweep (sine or trian-
gle) to Yy with Xy = 0V, and adjust Xgg for minimum output.

3. Apply the sweep signal of Step 2 to Xy with Yp =0V and
adjust Ygg for minimum Output.

4. Readjust Zpg as in Step 1, if necessary.

5. With X;n = 10.0Vp¢ and the sweep signal of Step 2 applied
to Y, adjust the Gain potentiometer for Output = Y. This
is easily accomplished with a differential scope plug-in
(A+B) by inverting one signal and adjusting Gain contral for
(Output - Yjn) = Zero.

z'N 0
Xin Y]
lo=Xin*YiN Yold =%‘.6E
sl MODULATOR
YINO—' —0
FIGURE 7A. MULTIPLIER BLOCK DIAGRAM
Xin Y,
3 OUTPUT =N _IN
ZiN 4 10
Xno—— 81 icLso13 —o
1
YIN
Sk 71 101 9 1
7.5K Xos Yos Zos

FIGURE 7B. MULTIPLIER CIRCUIT CONNECTION

Division

Ifthe Z terminal is used as an input, and the output of the op
amp connected to the Y input, the device functions as a
divider. Since the input to the op amp is at virtual ground,
and requires negligible bias current, the overall feedback
forces the modulator output current to equal the current pro-
duced by Z.

Tiareiors . o Xong 8 ¥ = 4522
ereiore lp = AN YIN = /R 7 IN

. 10y
Since Y| = VouTt VouT = £

Note that when connected as a divider, the X input must be a
negative voltage to maintain overall negative feedback.

Divider Trimming Procedure

1. Set trimming potentiometers at mid-scale by adjusting
voltage on pins 7, 9 and 10 (Xgs, Yos, Zos) for OV.

2. With Zjy = 0V, trim Zpg to hold the Output constant, as
X|N is varied from -10V through -1V.

3. With Z;ny=0V and XN =-10.0V adjust Yog for zero Output
voltage.

4. With Z;\ = XjN (@and/or Zjn = -X|n) adjust Xpg for minimum
worst case variation of Output, as Xy is varied from -10V
to -1V.

5. Repeat Steps 2 and 3 if Step 4 required a large initial ad-
justment.
6. With Zjy = X|n (and/or Zjy = -X|n) adjust the gain control

until the output is the closest average around +10.0V
(-10V for Z|N = -X|N) as XN is varied from -10V to -3V.

XiNnO—
MODULATOR
Yin

FIGURE 8A. DIVISION BLOCK DIAGRAM

Xos Yos Zos

(07O -10V) | 10ZiN
XiN O—— OUTPUT = —0
XiN
ZlN O——-T ICL8013 D—
Y, d
IN <
GAIN ']r 5K

$7.5K

FIGURE 8B. DIVISION CIRCUIT CONNECTION
Squaring

The squaring function is achieved by simply multiplying with the
two inputs tied together. The squaring circuit may also be used as
the basis for a frequency doubler since cosPot = 1/2 (cos 2wt + 1).

8-150
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XiN
X
YIN

XiN
5kQ

SCALE o

FACTOR Xin?

ADJUST 6 OUTPUT =—
ICL8013 ——o
10| o

Xos Yos Zos

FIGURE 9B. SQUARER CIRCUIT CONNECTION

Square Root

Tying the X and Y inputs together and using overall feedback
from the op amp results in the square root function. The out-
put of the modulator is again forced to equal the current pro-
duced by the Z input.

lo =XiNX Yy = (-Voum)? = 10Z)y

Vour = -J10Z)y

The output is a negative voltage which maintains overall
negative feedback. A diode in series with the op amp output
prevents the latchup that would otherwise occur for negative
input voltages.

Square Root Trimming Procedure

1. Connect the ICL8013 in the Divider configuration.

2. Adjust Zpg, Yos, Xpos, and Gain using Steps 1 through 6
of Divider Trimming Procedure.

3. Convert to the Square Root configuration by connecting
X|n to the output and inserting a diode between Pin 4 and
the output node.

4. With Zj\ = 0V adjust Zgg for zero output voltage.

Xin

MODULATOR

Yin

FIGURE 10A. SQUARE ROOT BLOCK DIAGRAM

Xos Yos Zos

XiN
(OVTO +10V) 6

ZN o——

YN

OUTPUT = -\/1OZ|N

ICL8013

Gan T 3K

7.5K

FIGURE 10B. ACTUAL CIRCUIT CONNECTION

Variable Gain Amplifier

Most applications for the ICL8013 are straight forward
variations of the simple arithmetic functions described
above. Although the circuit description frequently disguises
the fact, it has already been shown that the frequency
doubler is nothing more than a squaring circuit. Similarly the
variable gain amplifier is nothing more than a multiplier, with
the input signal applied at the X input and the control voltage
applied at the Y input.

i

6
f\/\, INPUT 11 o

| %

4| OUTPUT = 7

o

ICL8013

GAIN
CONTROL I |
VOLTAGE 5K T o #
7.5K Xos Yos Zos

FIGURE 11. VARIABLE GAIN AMPLIFIER

V+

Xos O—>< 20K Yps O——’%ZOK Zos O——b% 20K

V-

FIGURE 12. POTENTIOMETERS FOR TRIMMING OFFSET AND
FEEDTHROUGH
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Typical Performance Curves

100
0 0 g 7
N N\ AMPLITUDE S A
N »w 10
\ .
5 \ 10 = _/
= PHASE \ - A
m w w
S 0 20 & © I
“g‘ g 2 1! X-INPUT
5 S’ E 11 | &
% 15 -30 & g — 111 P
E E 4 oq— Y-INPUT
20 -40 2
@]
\ 4
25 -50 0.01
1K 10K 100K M 10M 100 1K 10K 100K
FREQUENCY (Hz) FREQUENCY (Hz)
FIGURE 13. FREQUENCY RESPONSE FIGURE 14. NONLINEARITY vs FREQUENCY

X =0, Y=20Vp.p

(7
/

FEEDTHROUGH (dB)
A
=)

-60
A Y =0, X=20Vp.p
70 % an
1K 10K 100K ™ 10M
FREQUENCY (Hz)

FIGURE 15. FEEDTHROUGH vs FREQUENCY

8-152




HARRIS

SEMICONDUCTOR

ICL7135

41/, Digit,
BCD Output, A/D Converter

August 1997

Features

e Accuracy Guaranteed to +1 Count Over Entire +20000
Counts (2.0000V Full Scale)

Guaranteed Zero Reading for 0V Input

1pA Typical Input Leakage Current

True Differential Input

* True Polarity at Zero Count for Precise Null Detection

Single Reference Voltage Required

* Overrange and Underrange Signals Available for
Auto-Range Capability

All Outputs TTL Compatibie

Blinking Outputs Gives Visual Indication of Overrange

Six Auxiliary Inputs/Outputs are Available for Interfacing
to UARTS, Microprocessors, or Other Circuitry

¢ Multiplexed BCD Outputs
Ordering Information

Description

The Harris ICL7135 precision A/D converter, with its multi-
plexed BCD output and digit drivers, combines dual-slope
conversion reliability with £1 in 20,000 count accuracy and is
ideally suited for the visual display DVM/DPM market. The
2.0000V full scale capability, auto-zero, and auto-polarity are
combined with true ratiometric operation, almost ideal differ-
ential linearity and true differential input. All necessary active
devices are contained on a single CMOS IC, with the excep-
tion of display drivers, reference, and a clock.

The ICL7135 brings together an unprecedented combination
of high accuracy, versatility, and true economy. It features
auto-zero to less than 10uV, zero drift of less than 1uV/°C,
input bias current of 10pA (Max), and rollover error of less
than one count. The versatility of multiplexed BCD outputs is
increased by the addition of several pins which allow it to

‘operate in more sophisticated systems. These include

STROBE, OVERRANGE, UNDERRANGE, RUN/HOLD and
BUSY lines, making it possible to interface the circuit to a
microprocessor or UART.

TEMP. PKG.
PART NUMBER | RANGE (°C)| PACKAGE NO.
ICL7135CP!I 0to70 |28LdPDIP E28.6
Pinout
ICL7135
(PDIP)
TOP VIEW
U

[

REFERENCE [2]
ANALOG COMMON [ 3]
INT OUT [4]

AZIN [5]

BUFF OUT [§]

REF CAP- [7

REF CAP + [8]

INLO [9]

IN Hi [i0]

V+ E
(MsD) D5 [12)
(LsB) B1 [i3]

B2 [13]

28] UNDERRANGE
27] OVERRANGE
[26] STROBE

[25] RH

24] DIGITAL GND
23] PoL.

[22] cLock IN

21] BUSY

20] (LsD) D1

19] D2

18] D3

[17] Da

16] (MsB) B8

15] B4
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Absolute Maximum Ratings Thermal Information
Supply Voltage V4 . oot +6V  Thermal Resistance (Typical, Note 2) 84 (CCW)
Ny a8 53 0§05 8 3 YR B B 8 o e -9V pp|P Packa
: Lo = 55
gnalog Input Voltage (Elthgr Input) (Note 1)........... v Veto Ve Maximum Junction Temperature . . ... 150°C
eference Input Voltage (Either Input) .. ............... V+ to V- < 0 )

Clugk Inoat Voltags GND to V Maximum Storage Temperature Range .......... -65°C to 150°C

P Q8 oo ¥ 8073 80 8 B A N B R S £ 0 +  Maximum Lead Temperature (Soldering 10S). ... ......... 300°C
Operating Conditions
Temperature Range . .. .......oooveereeneeneenn. 0°C to 70°C

CAUTION: Stresses above those listed in “Absolute Maximum Ratings” may cause permanent damage (o the device. This is a stress only rating and operation
of the device at these or any other conditions above those indicated in the operational sections of this specification is not implied.

NOTES:

1. Input voltages may exceed the supply voltages provided the input current is limited to +100pA.
2. 84 is measured with the component mounted on an evaluation PC board in free air.

Electrical Specifications  V+ =45V, V- = -5V, Ta = 25°C, oLk Set for 3 Readings/s, Unless Otherwise Specified

PARAMETER TEST CONDITIONS MIN TYP MAX UNITS
ANALOG (Notes 3, 4)
Zero Input Reading Vin =0V, Vgeg = 1.000V -00000 |+00000 | +00000 | Counts
Ratiometric Error (Note 4) ViN = VRer = 1.000V -3 -1 0 Counts
Linearity Over + Full Scale (Error of Reading from Best Straight Line) |-2V S Vin < +2V - 0.5 1 LsB
Differential Linearity (Difference Between Worse Case Step of -2V S VN S +2V - 0.01 - LSB
Adjacent Counts and Ideal Step)
Rollover Error (Difference in Reading for Equal Positive and ViN=+VN =2V = 0.5 1 LSB
Negative Voltage Near Full Scale)
Noise (Peak-to-Peak Value Not Exceeded 95% of Time), ey Vin = 0V, Full scale =2.000V - 15 - ny
Input Leakage Current, I k ViN =0V 2 1 10 pA
Zero Reading Drift (Note 7) Vin = 0V, 0°C to 70°C - 0.5 2 NY/e
Scale Factor Temperature Coefficient, T (Notes 5 and 7) V)N = +2V, 0°C to 70°C : 2 5 ppm/°C

Ext. Ref. 0ppm/°C

DIGITAL INPUTS
Clock In, Run/Hold (See Figure 2)

VINH 2.8 2.2 - \'
VINL - 1.6 0.8 v
IINL Vin =0V - 0.02 0.1 mA
IINH ViN =45V - 0.1 10 HA
DIGITAL OUTPUTS
All Outputs, VoL loL = 1.6mA - 0.25 0.40 \
B1,B2, B4, 88, D1, D2, D3, D4, D5, VouH loH =-1mA 24 4.2 - TV
BUSY, STROBE, OVERRANGE, UNDERRANGE, POLARITY, Vo | loq =-10uA 4.9 4.99 - SV
SUPPLY
+5V Supply Range, V+ +4 +5 +6 \
-5V Supply Range, V- -3 -5 -8 \
+5V Supply Current, I+ fc=0 - 1.1 3.0 mA
-5V Supply Current, |- fc=0 - 0.8 3.0 mA
Power Dissipation Capacitance, Cpp vs Clock Frequency - 40 - pF
CLOCK
Clock Frequency (Note 6) [ [ pc ] 2000 | 1200 | KkHz
NOTES: :

3. Tested in 41/2 digit (20.000 count) circuit shown in Figure 3. (Clock frequency 120kHz.)
4. 1§sted with a low dielectric absorption integrating capacitor, the 27Q INT OUT resistor shorted, and RiNT = 0. See Component Value Selection
iscussion.

5. The temperature range can be extended to 70°C and beyond as long as the auto-zero and reference capacitors are increased to absorb
the higher leakage of the ICL7135.

6. This specification relates to the clock frequency range over which the ICL7135 will correctly perform its various functions See “Max Clock
Frequency” section for limitations on the clock frequency range in a system.

7. Parameter guaranteed by design or characterization. Not production tested.
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SET VRgr = 1.000V
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>

DIG GND

FIGURE 2. ICL7135 DIGITAL LOGIC INPUT
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Detailed Description

Analog Section

Figure 3 shows the Block Diagram of the Analog Section for
the ICL7135. Each measurement cycle is divided into four
phases. They are (1) auto-zero (AZ), (2) signal-integrate
(INT), (3) de-integrate (DE) and (4) zero-integrator (ZI).

Auto-Zero Phase

During auto-zero, three things happen. First, input high and low
are disconnected from the pins and internally shorted to analog
COMMON. Second, the reference capacitor is charged to the
reference voltage. Third, a feedback loop is closed around the
system to charge the auto-zero capacitor Capz to compensate
for offset voltages in the buffer amplifier, integrator, and compar-
ator. Since the comparator is included in the loop, the AZ accu-
racy is limited only by the noise of the system. In any case, the
offset referred to the input is less than 10uV.

Signal Integrate Phase

During signal integrate, the auto-zero loop is opened, the inter-
nal short is removed, and the internal input high and low are
connected to the external pins. The converter then integrates
the differential voltage between IN HI and IN LO for a fixed time.
This differential voltage can be within a wide common mode
range; within one volt of either supply. If, on the other hand, the
input signal has no return with respect to the converter power
supply, IN LO can be tied to analog COMMON to establish the
correct common-mode voltage. At the end of this phase, the
polarity of the integrated signal is latched into the polarity F/F.

De-Integrate Phase

The third phase is de-integrate or reference integrate. Input
low is internally connected to analog COMMON and input
high is connected across the previously charged reference
capacitor. Circuitry within the chip ensures that the capacitor
will be connected with the correct polarity to cause the inte-
grator output to return to zero. The time required for the out-
put to return to zero is proportional to the input signal.
Specifically the digital reading displayed is:

V
QUTPUT COUNT = 10,000 ( ]
VREF

Zero Integrator Phase

The final phase is zero integrator. First, input low is shorted
to analog COMMON. Second, a feedback loop is closed
around the system to input high to cause the integrator out-
put to return to zero. Under normal condition, this phase
lasts from 100 to 200 clock pulses, but after an overrange
conversion, it is extended to 6200 clock pulses.

Differential Input

The input can accept differential voltages anywhere within the
common mode range of the input amplifier; or specifically
from 0.5V below the positive supply to 1V above the negative
supply. In this range the system has a CMRR of 86dB typical.
However, since the integrator also swings with the common
mode voltage, care must be exercised to assure the integrator
output does not saturate. A worst case condition would be a
large positive common-mode voltage with a near full scale

negative differential input voltage. The negative input signal
drives the integrator positive when most of its swing has been
used up by the positive common mode voltage. For these crit-
ical applications the integrator swing can be reduced to less
than the recommended 4V full scale swing with some loss of
accuracy. The integrator output can swing within 0.3V of either
supply without loss of linearity.

Analog COMMON

Analog COMMON is used as the input low return during auto-
zero and de-integrate. If IN LO is different from analog COM-
MON, a common mode voltage exists in the system and is
taken care of by the excellent CMRR of the converter. How-
ever, in most applications IN LO will be set at a fixed known
voltage (power supply common for instance). In this applica-
tion, analog COMMON should be tied to the same point, thus
removing the common mode voltage from the converter. The
reference voltage is referenced to analog COMMON.

Reference

The reference input must be generated as a positive voltage
with respect to COMMON, as shown in Figure 4.

Digital Section

Figure 5 shows the Digital Section of the ICL7135. The
ICL7135 includes several pins which allow it to operate con-
veniently in more sophisticated systems. These include:

Run/HOLD (Pin 25)

When high (or open) the A/D will free-run with equally
spaced measurement cycles every 40,002 clock pulses. If
taken low, the converter will continue the full measurement
cycle that it is doing and then hold this reading as long as
R/H is held low. A short positive pulse (greater than 300ns)
will now initiate 2 new measurement cycle, beginning with
between 1 and 10,001 counts of auto zero. If the pulse
occurs before the full measurement cycle (40,002 counts)
is completed, it will not be recognized and the converter will
simply complete the measurement it is doing. An external
indication that a full measurement cycle has been com-
pleted is that the first strobe pulse (see below) will occur
101 counts after the end of this cycle. Thus, if Run/HOLD is
low and has been low for at least 101 counts, the converter
is holding and ready to start a new measurement when
pulsed high.

STROBE (Pin 26)

This is a negative going output pulse that aids in transferring
the BCD data to external latches, UARTS, or microproces-
sors. There are 5 negative going STROBE pulses that occur
in the center of each of the digit drive pulses and occur once
and only once for each measurement cycle starting 101
clock pulses after the end of the full measurement cycle.
Digit 5 (MSD) goes high at the end of the measurement
cycle and stays on for 201 counts. In the center of this digit
pulse (to avoid race conditions between changing BCD and
digit drives) the first STROBE pulse goes negative for /2
clock pulse width. Similarly, after digit 5, digit 4 goes hic high (for
200 clock pulses) and 100 pulses later the STROBE goes
negative for the second time. This continues through digit 1
(LSD) when the fifth and last STROBE pulse is sent. The
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digit drive will continue to scan (unless the previous signal
was overrange) but no additional STROBE pulses will be
sent until a new measurement is available.

BUSY (Pin 21)

BUSY goes high at the beginning of signal integrate and stays
high until the first clock pulse after zero crossing (or after end of
measurement in the case of an overrange). The internal latches
are enabled (i.e., loaded) during the first clock pulse after busy
and are latched at the end of this clock pulse. The circuit auto-
matically reverts to auto-zero when not BUSY, so it may also be
considered a (ZI + AZ) signal. A very simple means for transmit-
ting the data down a single wire pair from a remote location
would be to AND BUSY with clock and subtract 10,001 counts
from the number of pulses received - as mentioned previously
there is one “NO-count” pulse in each reference integrate cycle.

OVERRANGE (Pin 27)

This pin goes positive when the input signal exceeds the
range (20,000) of the converter. The output F/F is set at the
end of BUSY and is reset to zero at the beginning of refer-
ence integrate in the next measurement cycle.

UNDERRANGE (Pin 28)

This pin goes positive when the reading is 9% of range or
less. The output F/F is set at the end of BUSY (if the new
reading is 1800 or less) and is reset at the beginning of sig-
nal integrate of the next reading.

POLARITY (Pin 23)

This pin is positive for a positive input signal. It is valid even
for a zero reading. In other words, +0000 means the signal is
positive but less than the least significant bit. The converter
can be used as a null detector by forcing equal frequency of
(+) and (-) readings. The null at this point should be less than
0.1 LSB. This output becomes valid at the beginning of refer-
ence integrate and remains correct until it is revalidated for
the next measurement.

Digit Drives (Pins 12, 17, 18, 19 and 20)

Each digit drive is a positive going signal that lasts for 200 clock
pulses. The scan sequence is D5 (MSD), D4, D3, D2, and D1

(LSD). All five digits are scanned and this scan is continuous
unless an overrange occurs. Then all digit drives are blanked
from the end of the strobe sequence until the beginning of Ref-
erence Integrate when D5 will start the scan again. This can
give a blinking display as a visual indication of overrange.

BCD (Pins 13, 14, 15 and 16)

The Binary coded Decimal bits B8, B4, B2, and B1 are positive
logic signals that go on simultaneously with the digit driver signal.

—

V+

6.8V

REF HI |- ZENER

ICL7135

COMMON l Iz

V-
FIGURE 4A.

V+

ICL8069

REF HI 1.2V
REFERENCE

ICL7135

COMMON

FIGURE 4B.
FIGURE 4. USING AN EXTERNAL REFERENCE

v+ POLARITY D5
-0 = =0
1"
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SECTION
Y
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FF
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CONTROL LOGIC

|24 2

DIGITAL CLOCK RUN
GND IN HOLD

2 I EO
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RANGE RANGE

FIGURE 5. DIGITAL SECTION OF THE ICL7135
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Component Value Selection

For optimum performance of the analog section, care must
be taken in the selection of values for the integrator capacitor
and resistor, auto-zero capacitor, reference voltage, and
conversion rate. These values must be chosen to suit the
particular application.

_ Integrating Resistor

The integrating resistor is determined by the full scale input
voltage and the output current of the buffer used to charge
the integrator capacitor. Both the buffer amplifier and the
integrator have a class A output stage with 100pA of quies-
cent current. They can supply 20pA of drive current with
negligible non-linearity. Values of 5pA to 40pA give good
results, with a nominal of 20pA, and the exact value of inte-
grating resistor may be chosen by:

R _ full scale voltage
INT = 20pA

Integrating Capacitor

The product of integrating resistor and capacitor should be
selected to give the maximum voltage swing which ensures
that the tolerance built-up will not saturate the integrator
swing (approx. 0.3V from either supply). For £5V supplies
and analog COMMON tied to supply ground, a +3.5V to 4V
full scale integrator swing is fine, and 0.47uF is nominal. In
general, the value of CyT is given by:

INT —

[10,000 x clock period] X linT
integrator output voltage swing |’

_ (10,000) (clock period) (20pA)
integrator output voltage swing

A very important characteristic of the integrating capacitor is
that it has low dielectric absorption to prevent roll-over or
ratiometric errors. A good test for dielectric absorption is to
use the capacitor with the input tied to the reference.

This ratiometric condition should read half scale 0.9999, and
any deviation is probably due to dielectric absorption.
Polypropylene capacitors give undetectable errors at reason-
able cost. Polystyrene and polycarbonate capacitors' may
also be used in less critical applications.

Auto-Zero and Reference Capacitor

The physical size of the auto-zero capacitor has an influence
on the noise of the system. A larger capacitor value reduces
system noise. A larger physical size increases system noise.
The reference capacitor should be large enough such that
stray capacitance to ground from its nodes is negligible.

The dielectric absorption of the reference cap and auto-zero
cap are only important at power-on or when the circuit is
recovering from an overload. Thus, smaller or cheaper caps
can be used here if accurate readings are not required for
the first few seconds of recovery.

Reference Voltage

The analog input required to generate a full scale output is
VIN = 2VREF-

The stability of the reference voltage is a major factor in the
overall absolute accuracy of the converter. For this reason, it

is recommended that a high quality reference be used where
high-accuracy absolute measurements are being made.

Rollover Resistor and Diode

A small rollover error occurs in the ICL7135, but this can be
easily corrected by adding a diode and resistor in series
between the INTegrator OUTput and analog COMMON or
ground. The value shown in the schematics is optimum for
the recommended conditions, but if integrator swing or clock
frequency is modified, adjustment may be needed. The
diode can be any silicon diode such as 1N914. These com-
ponents can be eliminated if rollover error is not important
and may be altered in value to correct other (small) sources
of rollover as needed.

Max Clock Frequency

The maximum conversion rate of most dual-slope A/D con-
verters is limited by the frequency response of the compara-
tor. The comparator in this circuit follows the integrator ramp
with a 3us delay, and at a clock frequency of 160kHz (6us
period) half of the first reference integrate clock period is lost
in delay. This means that the meter reading will change from
0 to 1 with a 50uV input, 1 to 2 with a 150pV input, 2 to 3
with a 2500V input, etc. This transition at mid-point is consid-
ered desirable by most users; however, if the clock fre-
quency is increased appreciably above 160kHz, the
instrument will flash “1” on noise peaks even when the input
is shorted.

For many dedicated applications where the input signal is
always of one polarily, the delay of the comparator need not
be a limitation. Since the non-linearity and noise do not
increase substantially with frequency, clock rates of up to
~1MHz may be used. For a fixed clock frequency, the extra
count or counts caused by comparator delay will be constant
and can be subtracted out digitally.

The clock frequency may be extended above 160kHz
without this error, however, by using a low value resistor in
series with the integrating capacitor. The effect of the resis-
tor is to introduce a small pedestal voltage on to the integra-
tor output at the beginning of the reference integrate phase.
By careful selection of the ratio between this resistor and the
integrating resistor (a few tens of ohms in the recommended
circuit), the comparator delay can be compensated and the
maximum clock frequency extended by approximately a fac-
tor of 3. At higher frequencies, ringing and second order
breaks will cause significant non-linearities in the first few
counts of the instrument. See Application Note ANO17.

The minimum clock frequency is established by leakage on
the auto-zero and reference caps. With most devices, mea-
surement cycles as long as 10s give no measurable leakage
error.
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To achieve maximum rejection of 60Hz pickup, the signal
integrate cycle should be a multiple of 60Hz. Oscillator
frequencies of 300kHz, 200kHz, 150kHz, 120kHz, 100kHz,
40kHz, 331/3kHz, etc. should be selected. For 50Hz rejec-
tion, oscillator frequencies of 250kHz, 1662/3kHz, 125kHz,
100kHz, etc. would be suitable. Note that 100kHz (2.5
readings/sec) will reject both 50Hz and 60Hz.

The clock used should be free from significant phase or
frequency jitter. Several suitable low-cost oscillators are
shown in the Typical Applications section. The multiplexed
output means that if the display takes significant current from
the logic supply, the clock should have good PSRR.

Zero-Crossing Flip-Flop

The flip-flop interrogates the data once every clock pulse
after the transients of the previous clock pulse and half-clock
pulse have died down. False zero-crossings caused by clock
pulses are not recognized. Of course, the flip-flop delays the
true zero-crossing by up to one count in every instance, and
if a correction were not made, the display would always be
one count too high. Therefore, the counter is disabled for
one clock pulse at the beginning of phase 3. This one-count
delay compensates for the delay of the zero-crossing
flip-flop, and allows the correct number to be latched into the
display. Similarly, a one-count delay at the beginning of
phase 1 gives an overload display of 0000 instead of 0001.
No delay occurs during phase 2, so that true ratiometric
readings result.

INTEGRATOR
OUTPUT
AUTO
ZERO

SIGNAL
INT.

REFERENCE
INTEGRATE
10,001/ | 10,000/ 20,001/
COUNTS|COUNTS |COUNTS MAX.
~<«=—FULL MEASUREMENT —>=
CYCLE 40,002 COUNTS

| ENCEN
-

BUSY

OVER-RANGE
WHEN APPLICABLE

UNDER-RANGE
WHEN APPLICABLE
l EXPANDED SCALE |

DIGIT SCAN BELOW
FOR OVER-RANGE g D o (S 1
ST _pa
S S o [N B
—tl_T1_T D2
—_—Tr L _ D1
10007/ +FIRST D5 OF AZ AND
— |couNTs| = rer INT ONE COUNT LONGER
STROBE T[TT]
~—AUTO ZERO REFERENCE
DIGIT SCAN | D5 SIGNAL INTEGRATE — <—|NTrE‘GRATE
FOR OVER-RANGE 11 23
pit n_n__
1 72
—T122 22 I
— o2 2 n_n
o1 -
22 | g B o

FIGURE 6. TIMING DIAGRAM FOR OUTPUTS

Evaluating The Error Sources
Errors from the “ideal” cycle are caused by:
1. Capacitor droop due to leakage.

2. Capacitor voltage change due to charge “suck-out” (the
reverse of charge injection) when the switches turn off.

3. Non-linearity of buffer and integrator.

4. High-frequency limitations of buffer, integrator, and
comparator.

5. Integrating capacitor non-linearity (dielectric absorption).
6. Charge lost by CrgF in charging CsTRAY -
7. Charge lost by Caz and Cyn to charge CsTRAY -

Each error is analyzed for its error contribution to the con-
verter in application notes listed on the back page, specifi-
cally Application Note ANO17 and Application Note AN032.

Noise

The peak-to-peak noise around zero is approximately 15uV
(peak-to-peak value not exceeded 95% of the time). Near full
scale, this value increases to approximately 30uV. Much of
the noise originates in the auto-zero loop, and is proportional
to the ratio of the input signal to the reference.

Analog And Digital Grounds

Extreme care must be taken to avoid ground loops in the
layout of ICL7135 circuits, especially in high-sensitivity cir-
cuits. It is most important that return currents from digital
loads are not fed into the analog ground line.

Power Supplies

The ICL7135 is designed to work from %5V supplies.
However, in selected applications no negative supply is
required. The conditions to use a single +5V supply are:

1. The input signal can be referenced to the center of the
common mode range of the converter. :

2. The signal is less than +1.5V.

See “differential input” for a discussion of the effects this will
have on the integrator swing without loss of linearity.

Typical Applications

The circuits which follow show some of the wide variety of
possibilities and serve to illustrate the exceptional versatility
of this A/D converter.

Figure 7 shows the complete circuit for a 41/2 digit (£2.000V)
full scale) A/D with LED readout using the ICL8069 as a
1.2V temperature compensated voltage reference. It uses
the band-gap principal to achieve excellent stability and low
noise at reverse currents down to 50pA. The circuit also
shows a typical R-C input filter. Depending on the applica-
tion, the time-constant of this filter can be made faster,
slower, or the filter deleted completely. The 1/2 digit LED is
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driven from the 7 segment decoder, with a zero reading
blanked by connecting a D5 signal to RBI input of the
decoder. The 2-gate clock circuit should use CMOS gates to
maintain good power supply rejection.

A suitable circuit for driving a plasma-type display is shown
in Figure 8. The high voltage anode driver buffer is made by
Dionics. The 3 AND gates and caps driving “Bl” are needed
for interdigit blanking of multiple-digit display elements, and
can be omitted if not needed. The 2.5kQ and 3kQ resistors
set the current levels in the display. A similar arrangement
can be used with Nixie® tubes.

The popular LCD displays can be interfaced to the outputs of
the ICL7135 with suitable display drivers, such as the
ICM7211A as shown in Figure 9. A standard CMOS 4030
QUAD XOR gate is used for displaying the 1/2 digit, the
polarity, and an “overrange” flag. A similar circuit can be
used with the ICL7212A LED driver and the ICM7235A vac-
uum fluorescent driver with appropriate arrangements made
for the “extra” outputs. Of course, another full driver circuit
could be ganged to the one shown if required. This would be
useful if additional annunciators were needed. The Figure
shows the complete circuit for a 41/2 digit (£2.000V) A/D.

Figure 10 shows a more complicated circuit for driving LCD
displays. Here the data is latched into the ICM7211 by the
STROBE signal and “Overrange” is indicated by blanking the
4 full digits.

A problem sometimes encountered with both LED and
plasma-type display driving is that of clock source supply
line variations. Since the supply is shared with the display,
any variation in voltage due to the display reading may
cause clock supply voltage modulation. When in overrange
the display alternates between a blank display and the 0000
overrange indication. This shift occurs during the reference
integrate phase of conversion causing a low display reading
just after overrange recovery. Both of the above circuits have
considerable current flowing in the digital supply from driv-
ers, etc. A clock source using an LM311 voltage comparator
with positive feedback (Figure 11) could minimize any clock
frequency shift problem.

The ICL7135 is designed to work from +5V supplies. How-
ever, if a negative supply is not available, it can be generated
with an ICL7660 and two capacitors (Figure 12).

Interfacing with UARTs and
Microprocessors

Figure 13 shows a very simple interface between a
free-running ICL7135 and a UART. The five STROBE pulses
start the transmission of the five data words. The digit 5 word
is 0000XXXX, digit 4 is T000XXXX, digit 3 is 0100XXXX, etc.
Also the polarity is transmitted indirectly by using it to drive
the Even Parity Enable Pin (EPE). If EPE of the receiver is
held low, a parity flag at the receiver can be decoded as a
positive signal, no flag as negative. A complex arrangement
is shown in Figure 14. Here the UART can instruct the A/D to
begin a measurement sequence by a word on RRI. The
BUSY signal resets the Data Ready Reset (DRR). Again
STROBE starts the transmit sequence. A quad 2 input

multiplexer is used to superimpose polarity, over-range, and
under-range onto the D5 word since in this instance it is
known that B2 = B4 =B8 =0.

For correct operation it is important that the UART clock be
fast enough that each word is transmitted before the next
STROBE pulse arrives. Parity is locked into the UART at
load time but does not change in this connection during an
output stream.

Circuits to interface the ICL7135 directly with three popular
microprocessors are shown in Figure 15 and Figure 16. The
8080/8048 and the MC6800 groups with 8-bit buses need to
have polarity, over-range and under-range multiplexed onto
the Digit 5 Sword - as in the UART circuit. In each case the
microprocessor can instruct the A/D when to begin a mea-
surement and when to hold this measurement.

Application Notes
AnswerFAX
NOTE # DESCRIPTION DOC. #
ANO16 | “Selecting A/D Converters” 9016
ANO17 | “The Integrating A/D Converter” 9017
ANO18 | “Do’s and Don'ts of Applying A/D 9018
Converters”
ANO023 | “Low Cost Digital Panel Meter Designs” 9023
ANO028 | “Building an Auto-Ranging DMM Using 9028
the 8052A/7103A A/D Converter Pair”
ANO30 |“The ICL7104 - A Binary Output A/D 9030
Converter for Microprocessors”
ANO032 | “Understanding the Auto-Zero and 9032
Common Mode Performance of the
ICL7136/7/9 Family”
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ICL7135

0 +5V
\Y
V- ICL7135 UR ) 7447
REF OR
ANALOG S— : 150Q .
COMMON 5 o
INT OUT RM & ol
AZy DIG. GND —A"W—1 D B4
E B8 —
BUF OUT POL F
RC1 CLOCK [22}— G .
SIGNAL RC2 BUSY [21]
INPUT =
INPUT LO D1/20]
INPUT HI D2[19} 47K
+5V o—{T1] v+ D318}
13|B1 B8 16}
—
| C  RCNETWORK

r 5 zg —

NOTE:

1. Forfiner resolution on scale factor adjust, use a 10 turn pot or a small pot in series with
a fixed resistor.

FIGURE 7. 41/2 DIGIT A/D CONVERTER WITH A MULTIPLEXED COMMON ANODE LED DISPLAY

+5V 4/, DIGIT LCD DISPLAY
[
w | [T
| P L
23POL | '/5CD4030
e e
20 D1 CD4081 |1/4 CD4030N~

! 31D1
19 D2 : \Ir 32 D2
A T |
- [EEEAE = 1| "o
! l 8880 17 D4 L ! 34 D4
G RBO PROG el | -
I I 77137 :

16 B8 T .l N CD4071

RBI Blp A

30 B3

1
+5v | Hi VOLTAGE BUFFER D1505 | .. |
- A 15 B4 |1+ |
5K BT ] i }r 29 B2
> | |
L 14 B2 I TN X i
.-,—l J \ .
w o} .
3 wHE 13 B1 I "\! :‘ -
alale l w1t 111D 3 B Wl o il o i o i i o -
=R =R = | 12 D5 HH— ) CD4011,|ICM7211A
S |o.02uF 26 STROBE 1I
POL D5 D1 B8 27 OR |— !
|
ICL7135 B1 ICL7135 !
V+ +5 . |
DGND oy +5V A !
14 CD4030
FIGURE 8. ICL7135 PLASMA DISPLAY CIRCUIT FIGURE 9. LCD DISPLAY WITH DIGIT BLANKING ON

OVERRANGE
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ICL7135

41/, DIGIT LCD DISPLAY

REF
VOLTAGE Vs w5V — 28 SEGMENTS D1 -94
Ce—g e re M5 OHAH
T 'i 2E;LOG OR E— 1161514125 3 4
I (Slcommon  STROBE[ZEI— | | COI0Eh,
ANALDG 4|INT OUT RM [25]—
== | I
GND 5|AZiN DIG. GND 3_;1, — . BACKPLANE
100k 6 | BUF OUT POL(23
Fou :l‘ 120kC = 3 READINGS/SEC
= F_r{z RC1 cLock [22] <CLOCK IN
= n
T{&|nc2 BUSY [21}— 5BP 1cm7211A
o
j0ka  [—12]INPUTLO D120} 31D1
1al
INPUO—*M—rT e ——10|INPUT HI D219} 32 D2
o—T—-+sv—E Ve D3 18] 33D3 2,3,4
6-26
=
—12|ps D417} 34D4 40
EEL B8 16} 3083 OPTIONAL
[—E B2 B4 [T5}- 29 B2 CAPACITOR
OSC36f---:i---;
28 B1 2-100pF *5V
_T_ i 27 BO Ve
%
/el —SOOPZ;;T 35 V- _—I
j; ov +5V
FIGURE 10. DRIVING LCD DISPLAYS
4[ +5V
16kQ é 1kQ
56kQ 3 +5V
W—¢ U
N 8 Q> E 8
+
2 7
E — LM311 2 7
Q2F i - 1 L |+ 2] ICL7660 7]
| s < 30ka 10pF ”J;’—E 5
- -
16kQ [‘—{:“ E—I—" Vour =-5V
 390pF 104F
) i
7

FIGURE 11. LM311 CLOCK SOURCE

FIGURE 12. GENERATING A NEGATIVE SUPPLY FROM +5V
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ICL7135

[ |

FIGURE 13. ICL7135 TO UART INTERFACE

SERIAL OUTPUT TRO RRI DRR
TO RECEIVING UART IM6402/3 8
T —4 EPE TBR TBRL
TRO 1 23 456 7 8
UART [ 1 ]
EPE IM6402/3 TBRL 1Y 2Y 3y E ENABLE[—]
18R 74C157 =
T2 3 4 5 & 7 3 1A 2A 3A © 1B 2B 3B
D4 D3 D2 D1 B1 B2 B4 B8
D4D3D2D1 B1B2B4B8 Jd T
He=—y = STROBE s 20
L {Ds5 o =
ICL7135 5
ICL7135 STROB
L RUN/HOLD |—o0 +5V RUN/AOLD ST
BUSY — —e—WAo
100pF 10K

FIGURE 14. COMPLEX ICL7135 TO UART INTERFACE

L

FIGURE 15. ICL7135 TO MC6800, MCS650X INTERFACED

EN 1Y PAQ = 1Y PAO
g ” 2y PA1 5 2y PA1
] 74c157 3
newr 3y PA2 o 3y PA2
1B 2B 3B » 1A 2A 3A M%sgox 1B 2B 38 ® 1A 2A 3A
e | mcsssox f A
1 MC6820 8255
°3 o o1 PN “ 3L D1 PAG
2
ns |, i IcL713s e
—_— D3 PA6 i D3 PAG
HOLD STROBE D4 PA7 HOLD ROB D4 PA7
CA1 CA2 STB, PBO

80C48

8080
8085,
ETC.

I

FIGURE 16. ICL7135 TO MCS-48, -80, -85 INTERFACE
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ICL7135

Design Information Summary Sheet
« CLOCK INPUT

The ICL7135 does not have an internal oscillator. It

requires an external clock.
fcLock (Typ) = 120kHz

* CLOCK PERIOD

tcLock = 1/fcLock
INTEGRATION PERIOD

tint = 10,000 x tcLock
+ 60/50Hz REJECTION CRITERION

tiNT/te0HzZ OF tiNT/t50HZ = Integer
¢« OPTIMUM INTEGRATION CURRENT
liNT = 200A
¢ FULL-SCALE ANALOG INPUT VOLTAGE
VINEs (Typ) =200mV or 2V
INTEGRATE RESISTOR

VINFs
INT

RinT =

INTEGRATE CAPACITOR
_ Unp i)
INT =
¢ INTEGRATOR OUTPUT VOLTAGE SWING

_ (NP Uin)

*  ViNT MAXIMUM SWING:

(V-+0.5) < V|NT < (V+-0.5V)
VINT Typically = 2.7V

DISPLAY COUNT

VIN
VREF

COUNT = 10,000 x

CONVERSION CYCLE

téYC =tcLock X 40002
when foLock = 120kHz, tcyc = 333ms

COMMON MODE INPUT VOLTAGE
(V-+1V) < V|ny < (V+-0.5V)
AUTO-ZERO CAPACITOR

0.01uF < Cpz < 1uF

REFERENCE CAPACITOR

0.1uF < CReF < 1uF

POWER SUPPLY: DUAL %5V

V+ = +5V to GND
V-=-5Vto GND

OUTPUT TYPE
4 BCD Nibbles with Polarity and Overrange Bits

There is no internal reference available on the ICL7135. An
external reference is required due to the ICL7135’s 41/2
digit resolution.

Typical Integrator Amplifier Output Waveform (INT Pin)

|
|
|
(COUNTS) !
|
|
|

AUTO ZERO PHASE INTEGRATE
PHASE FIXED
30001 - 10001 10000 COUNTS

DE-INTEGRATE PHASE
1 -20001 COUNTS

TOTAL CONVERSION TIME = 40002 x tc ock
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ICL7135
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HARRIS

SEMICONDUCTOR

August 1997

ICL8069

Low Voltage Reference

Features

« Low Bias Current (Min)
¢ Low Dynamic Impedance

* Low Reverse Voltage

Description

The ICL8069 is a 1.2V temperature-compensated voltage
reference. It uses the band-gap principle to achieve excel-
lent stability and low noise at reverse currents down to 50uA.
Applications include analog-to-digital converters, digital-to-
analog converters, threshold detectors, and voltage regula-

* Low Cost tors. Its low power consumption makes it especially suitable
for battery operated equipment.
Ordering Information
PART NUMBER MAXIMUM TEMPCO TEMP. RANGE (°C) PACKAGE PKG. NO.
ICL8069CCZR 0.005%//°C 0to 70 SIP Package (TO-92) Z3.05
ICL8069CCSQ 0.005%/°C Oto70 Metal Can Package (TO-52) | T2.A
ICL8069DCZR 0.01%/°C 0to 70 SIP Package (TO-92) Z3.05
ICL8069DCSQ 0.01%/°C Oto 70 Metal Can Package (TO-52) | T2.A
|CL8069CCBA 0.005%/°C 0to 70 8 Ld SOIC M8.15
ICL8069DCBA 0.01%/°C 0to 70 8Ld SOIC M8.15
ICL8069CMSQ 0.005%/°C -55t0 125 Metal Can Package (TO-52) | T2.A
ICL8069DMSQ 0.01%/°C -55to 125 Metal Can Package (TO-52) | T2.A
Pinouts
ICL8069 ICL8069
(SOIC) (METAL CAN TO-52) (SIP TO-92)
TOP VIEW TOP VIEW TOP VIEW
COMP
NC |1 8| Vs
V+ NC V+ V-
NC |2 7 | NC I 21 [3
NC |3 6 | NC
V- E EI NC
V-

CAUTION: These devices are sensitive to electrostatic discharge. Users should follow proper IC Handling Procedures.
Copyright © Harris Corporation 1997
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ICL8069

Functional Block Diagrams

SIMPLE REFERENCE (1.2V OR LESS)

+5V
6.8kQ
fm - -
1
! ICL80ES | 4 po—_—
4.7uF ::; <0
(NOTE 1) | 2 Vout
. 2 \ 2 o—0

BUFFERED 10V REFERENCE USING A SINGLE SUPPLY

+15V
ICL8069
2 1

15kQ 7
by D W/ "N .
¥ LM108 E +10VoyT

DOUBLE REGULATED 100mV REFERENCE FOR ICL7107 ONE-CHIP DPM CIRCUIT

+5V
2.2kQ
ICL7107
+V
1 10kQ
ICL8069
2 1kQ
<+—— REF HI
<
COMMON
REF LO
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ICL8069

Typical Performance Curves

-
o

-
N

-
o

-55°C /

OUTPUT VOLTAGE CHANGE (mV)
)

4
/ 25°C,
2 125°C —
o
2
101 100p imA 10mA

REVERSE CURRENT (A)

FIGURE 1. VOLTAGE CHANGE AS A FUNCTION OF REVERSE

CURRENT

100mA
< 1mA
'—
z
w
0@
5 100
3 toou
@ —
0@ /'
W qou // / =
125°C /
-55°C
25°C / l
1 I
0.2 0.4 0.6 0.8 1.0 1.2
REVERSE VOLTAGE (V)

1.4

FIGURE 2. REVERSE VOLTAGE AS A FUNCTION OF CURRENT

1.245
IR = 500pA

1.240
w 1.235
(&)
<
g 1.230
4 . p————
[
2 1/
= 1.225
=
o

1.220

1.215

-50 -25 25 50 75 100 125
TEMPERATURE (°C)

FIGURE 3. REVERSE VOLTAGE AS A FUNCTION OF TEMPERATURE
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@ MOTOROLA

BCD-TO-SEVEN-SEGMENT
DECODERS/DRIVERS

The SN54/74LS247 thru SN54/74LS249 are BCD-to-Seven-Segment
Decoder/Drivers.

The LS247 and LS248 are functionally and electrically identical to the LS47
and LS48 with the same pinout configuration. The LS249 is a 16-pin version
of the 14-pin LS49 and includes full functional capability for lamp test and
ripple blanking which was not available in the LS489.

The composition of all characters; except the 6 and 9 are identical between
the LS247, 248, 249 and the LS47, 48 and 49. The LS47 thru 49 compose
the = and ‘2 without tails, the LS247 thru 249 compose the and '3 with
the tails. The LS247 has active-low outputs for direct drive of indicators. The
LS248 and 249 have active-high outputs for driving lamp buffers.

Alltypes feature a lamp test input and have full ripple-blanking input/output
controls. On all types an automatic leading and/or trailing-edge zero-blanking
control (RBI and RBO) is incorporated and an overriding blanking input (BI)
is contained which may be used to control the lamp intensity by pulsing or to
inhibit the output’s lamp test may be performed at any time when the BI/RBO
nodeis at high level. Segment identification and resultant displays are shown
below. Display pattern for BCD input counts above 9 are unique symbols to
authenticate input conditions.

LS247

¢ Open-Collector Outputs Drive Indicators Directly
o Lamp-Test Provision

o Leading/Trailing Zero Suppression

LS248

o Internal Pull-Ups Eliminate Need for External Resistors
e Lamp-Test Provision

o Leading/Trailing Zero Suppression

LS249

¢ Open-Collector Outputs

¢ Lamp-Test Provision

o Leading/Trailing Zero Suppression

SN54/74LS247
SN54/74L.S248
SN54/74L.S249

BCD-TO-SEVEN-SEGMENT
DECODERS/DRIVERS

LOW POWER SCHOTTKY

J SUFFIX
CERAMIC
CASE 620-09

N SUFFIX
PLASTIC
CASE 648-08

-

D SUFFIX
SoiC
CASE 751B-03

16\%

1

ORDERING INFORMATION

SN54LSXXXJ  Ceramic
SN74LSXXXN  Plastic
SN74LSXXXDW SOIC

Al

=1l

= g

IS

]

-

L)

[

‘._

sl L

o fl_LI

0o 1 4 5 6 7 8 9 10

1

12

13 14 15

NUMERICAL DESIGNATIONS AND RESULTANT DISPLAYS

a

|
4

b

«

c

SEGMENT
IDENTIFICATION

FAST AND LS TTL DATA
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SN54/74LS247 « SN54/74L.S248 « SN54/74L.5249

SN54/74L5247
(TOP VIEW)

OUTPUTS
B AN

d \

g a b c e

[ia] [ie] [11] [ro] [o]

E
—_
E-N
—a
w
—_
n

YT

e

BI/
B CLTRBORBID A

—_

1

L_ILIL_H_H_JI_]L_J

SN54/74L.5248
SN54/74LS259
(TOP VIEW)

QUTPUTS
J\

VCC/f

[16] [15

] a
14

[13]

A
=

c

2] [l [l

g9

B CLT

=] [ =

bcde

BI/
RBORBID A

I ——

[ L—

1I_JL__ILH_JI_H_H__I

B LAMP RB GND B C LAMP RB RB A GND
L\,—/ TEST OUT IN \—v—/ \—— TEST OUT N \—V—J
INPUTS PUT PUT  |NPUTS INPUTS PUT PUT  INPUTS
ALL CIRCUIT TYPES FEATURE LAMP INTENSITY MODULATION CAPABILITY
DRIVER OUTPUTS TYPICAL
TYPE ACTIVE OUTPUT SINK MAX POWER
LEVEL CONFIGURATION | CURRENT | VOLTAGE | DISSIPATION
SN54LS247 low open-collector 12 mA 15V 35 mW
SN54LS248 high 2.0 kQ pull-up 2.0 mA 55V 125 mW
SN54LS249 high open-collector 4.0 mA 55V 40 mW
SN74LS247 low open-collector 24 mA 15V 35 mW
SN74LS248 high 2.0 kQ pull-up 6.0 mA 55V 125 mW
SN74LS249 high open-collector 8.0 mA 55V 40 mW
LOGIC DIAGRAM
LS247 LS248, LS249
] (13) outPUT
INPUT (7) = - 0
= INPUT (7) i
A __'DT-D ¥ 7 -
1) (12 Sl
INPUT (1) | OUTPUT 1) (12)
e D il b iNpUT (1) | 212 OUTPUT
LD‘ 8 B :D;[ H-- b
@ < niee L TTTT
D i %D’D"ﬂ QUIRYT weor 21— T () ourpuT
- ° ° - ;
INPUT (6) Biifs el
) {>v1 (9 qurput INPUT (6) | li (10)
;‘ '}_ HH D E ams| OUTPUT
BI/RBO ' T d «:— ‘
BLANKNG (4 /é (9) 4&
NuTOR O E)—'}D"D*’— ouTPUT el ) ® ourpur
RIPPLE-BLANKING ﬁ (n RIPPLE-BLANKING - e
~ OUTPUT . ' OUTPUT
i1 (8) ourpuT L 1N (15)
o | , ¥ OU'frPUT
=
LAI\IANPPLE_EI_ST o ‘ i LAWPLEST @) '=
RBI 5 = OUTPUT = (14)
AIPPLE-BLANKING 1] L=é >>;D C g RIPPLE-BLANKING ) | L OuTPUT
INPUT INPUT 9

FAST AND LS TTL DATA
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SN54/74LS247 « SN54/74L.S248 « SN54/74L.S5249

LS247
FUNCTION TABLE
DECIMAL INPUTS OUTPUTS
OR B/RBoT NOTE
FUNCTION | LT |RBI cC B A a b c d e f g
0 H | H|[L L L L H ON ON ON ON ON ON OFF
1 H x| L L L H H OFF ON ON OFF OFF OFF OFF
2 Hl x| L L H L H ON ON OFF ON ON OFF ON
3 H x| L L H H H ON ON ON ON OFF OFF ON
4 H | x | L H L L H OFF ON ON OFF OFF ON ON
5 Hl x| L H L H H ON OFF ON ON OFF ON ON
6 H x| L H H L H ON OFF ON ON ON ON ON
7 H|lx | L H H H H ON ON ON OFF OFF OFF OFF 1
8 H | x |H L L L H ON ON ON ON ON ON ON
9 H|lx|H L L H H ON ON ON ON OFF ON ON
10 Hlx | H L H L H OFF OFF OFF ON ON OFF ON
11 Hlx |H L H H H OFF OFF ON ON OFF OFF ON
12 H| x |H H L L H OFF ON OFF OFF OFF ON ON
13 H|x | H H L H H ON OFF OFF ON OFF ON ON
14 H|lx | H H H L H OFF OFF OFF ON ON ON ON
15 H | x| H H H _H H OFF OFF OFF OFF OFF OFF OFF
BI X | xfifx ey Kl X L OFF OFF OFF OFF OFF OFF OFF 2
RBI H I =™ X _pon 4 L OFF OFF OFF OFF OFF OFF OFF 3
LT R I Y. E-—1 H ON ON ON ON ON ON ON 4
LS248, LS249
FUNCTION TABLE
DECIMAL INPUTS OUTPUTS
OR BURBO! NOTE
FUNCTON | LT |RBI| D ¢ B A a b c d e i g
0 H | A\ &2 L-CONVIL H H H H H H H L 1
1 H | x\\t®D &2 N H L H H L L L L 1
2 H | x AN ToL A0 H H H L H H L H
3 H | x [N\ 9N H_ H H H H H L L H
4 H x| ANHD & L H L H H L L H H
5 H | x | L N\ o, H H H L H H L H H
6 H{x | L WNH¥sL H H L H H H H H
7 Hlx | L HNW H H H H L L L L 1
8 H x| H L SN H H H H H H H H
9 Hlx|#H L L H H H H H H L H H
10 Hix|H L H L H L L L H H L H
11 H | x| H L H H H L L H H L L H
12 H| x| H H L L H L H L L L H H
13 H|lx|H H L H H H L L H L H H
14 Hlx]|H H H L H L L L H H H H
15 H|{x|H H H H H L B L L L L L
BI X | x | x x x x L L L L L L L L 2
"RBI g lLele & L L L L L L L L L L 3
LT L x| x x x x H H H H H H H H 4

H=HIGH Level, L = LOW Level, X = Irrelevant
NOTES: 1. The blanking input (Bl) must be open or held at a high logic level when output functions 0 through 15 are desired. The ripple-blanking input (RBI) must
NOTES: 1. be open or high if blanking of a decimal zero is not desired.
2. When a low logic level is applied directly to the blanking input (Bl), all segment outputs are off regardless of the level of any other input.
3. When ripple-blanking input (RBI) and inputs A, B, C, and D are at a low level with the lamp test input high, all segment outputs go off and the
NOTES: 1. ripple-blanking output (RBO) goes to a low level (response condition).
4. When the blanking input/ripple blanking output (BI/RBO) is open or held high and a low is applied to the lamp-test input, all segment outputs are on.
1 BI/RBO is wire-AND logic serving as blanking input (Bl) and/or ripple-blanking output (RBO).

FAST AND LS TTL DATA
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GUARANTEED OPERATING RANGES

SN54/741L.5247

Symbol Parameter Min Typ Max Unit
Vee Supply Voltage 54 4.5 5.0 5.5 \"
74 4.75 5.0 5:28
TA Operating Ambient Temperature Range 54 -55 25 125 °C
74 0 25 70
IOH Output Current — High  BI/RBO 54,74 =50 LA
loL Output Current — Low BI/RBO 54 1.6 mA
74 3.2
Vo(off) Off-State Output Voltage a-—g 54,74 15 \"
10(on) On-State Output Current a-g 54 12 mA
On-State Output Current a-—g 74 24
DC CHARACTERISTICS OVER OPERATING TEMPERATURE RANGE (unless otherwise specified)
Limits
Symbol Parameter Min Typ Max Unit Test Conditions
Guaranteed Input HIGH Voltage for
VIH Input HIGH Voltage 2.0 Vv All Inputs
54 0.7 Guaranteed Input LOW Voltage for
ViL Input LOW Voltage = s \Y, All Inputs
VIK Input Clamp Diode Voltage -065 | -1.5 \ Vce=MIN, [N =-18 mA
v Output HIGH Voltage 54 2.4 4.2 V. |veec=MIN, loH = MAX, ViN = VIH
ak BI/RBO Sl o/ 1o V| or ViL per Truth Table
Output LOW Voltage 84,74 025 | 0.4 vV |loL=16mA  [Vcc=VccMN,
VoL BI/RBO VIN =ViLor VIH
74 0.35 0.5 ' loL=3.2mA per Truth Table
Off-State Output Current Vce =MAX, ViH=2.0V,
l0(off) s 54,74 250 | pA VO(off) = 15 V, Vi = MAX
Vo On-State Output Voltage 54,74 025 | 04 V. |lo(n)=12mA | Voo =MIN, ViH=2.0V,
(On) a-g 74 0.35 0.5 Vv IO(OH) =24 mA V”_ per Truth Table
20 A |Voc=MAX,ViN=2T7V
IIH Input HIGH Current
0.1 mA VCC = MAX, V|N =70V
Input LOW Current
I Any Input, except BI/RBO -0.4 mA | Vcc=MAX, VN =04V
BI/RBO -1.2
Short Circuit Current
los BI/RBO (Note 1) -0.3 -20 | mA |Vce=MAX
Icc Power Supply Current 7.0 13 mA |Vcc=MAX
Note 1: Not more than one output should be shorted at a time, nor for more than 1 second.
AC CHARACTERISTICS (Vg =5.0 V, TA =25°C)
Limits
Symbol Parameter Min Typ Max | Unit Test Conditions
tPLH Tum-Off Time from A Input 100 P
tPHL Turn-On Time from A Input 100 CL=15pF,
tPHL Turn-Off Time from RBI Input 100 s RL=6650Q
tPLH Turn-On Time from RBI Input 100 L
FAST AND LS TTL DATA
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SN54/741.5248

GUARANTEED OPERATING RANGES

Symbol Parameter Min Typ Max Unit
Vece Supply Voltage 54 4.5 5.0 5.5 \"
74 4.75 5.0 5.25
Ta Operating Ambient Temperature Range 54 -55 25 125 °C
74 0 25 70
loH Output Current — High BI/RBO 54,74 -50 LA
Output Current — High a-g 54,74 -100
loL Output Current — Low  BI/RBO 54 1.6 mA
Output Current — Low BI/RBO 74 3.2
Output Current — Low a-g 54 2.0
Output Current —Low a-g 74 6.0
DC CHARACTERISTICS OVER OPERATING TEMPERATURE RANGE (unless otherwise specified)
Limits
Symbol Parameter Min Typ Max Unit Test Conditions
Guaranteed Input HIGH Voltage for
VIH Input HIGH Voltage 2.0 \Y All Inputs
54 0.7 Guaranteed Input LOW Voltage for
Vi v
L 4 Input LOW Voltage 31 7% Al Inputs
1VIK Input Clamp Diode Voltage -065 | —-1.5 Vv Vce =MIN, |y =-18 mA
v Output HIGH Voltage 54 2.4 4.2 V' | Voo =MIN, IoH = MAX, V|N = VIH
OH a—g and BI/RBO 74 24 4.2 v or V| per Truth Table
Output Current Voe =MIN, Vo =085V,
IoH a-g e & | At A Input Conditions as for VoH
Output LOW Voltage
a-g 54,74 0.25 0.4 v |loL=20mA
74 035 | 05 loL =6.0mA Vcc=MIN, ViH=2.0V,
Vou ‘ i V)L = per Truth Table
BI/RBO 54,74 0.25 0.4 # loL=1.6mA
74 0.35 0.5 loL=3.2mA
: input HIGH Current 20 WA | Vce=MAX VN =27V
IH Any |nput, except BI/RBO 0.1 mA VCC = MAX, V|N =7.0V
Input LOW Current
e Any Input, except BI/RBO -0.4 mA Vee =MAX, Vi = 0.4 Vv
BI/RBO -1.2
Short Circuit Current
los BI/RBO (Note 1) -0.3 -20 | mA |[Vge=MAX
Icc Power Supply Current 25 38 mA | Vcc = MAX
Note 1: Not more than one output should be shorted at a time, nor for more than 1 second.
AC CHARACTERISTICS (Vcc =5.0V, Ta =25°C)
Limits
Symbol Parameter Min | Typ | Max | Unit Test Conditions
tPLH Propagation Delay Time, High-to-Low-Level Output from A Input 100 g CL=15pF
tPHL Propagation Delay Time, Low-to-High-Level Output from A Input 100 RL=4.0kQ
tPHL Propagation Delay Time, High-to-Low-Level Output from RBI Input 100 . CL=15pF
tPLH Propagation Delay Time, Low-to-High-Level Output from RBI Input 100 R RL=6.0kQ -

FAST AND LS TTL DATA
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SN54/741L.S249

GUARANTEED OPERATING RANGES

Symbol Parameter Min Typ Max Unit
Vece Supply Voltage 54 4.5 5.0 5.5 "
74 4.75 5.0 5.25
TA Operating Ambient Temperature Range 54 -55 25 125 °C
74 0 25 70
IoH Output Current — High BI/RBO 54,74 -50 HA
loL Output Current — Low BI/RBO 54 1.6 mA
Qutput Current— Low BI/RBO 74 3.2
VOH Output Voltage — High a-g 54,74 5.5 v
loL Output Current — Low a-g 54 4.0 mA
Output Current—Low a-g 74 8.0
DC CHARACTERISTICS OVER OPERATING TEMPERATURE RANGE (unless otherwise specified)
Limits
Symbol Parameter Min Typ Max Unit Test Conditions
Guaranteed Input HIGH Voltage for
VIH Input HIGH Voltage 2.0 \' All Inputs
54 0.7 Guaranteed Input LOW Voltage for
v
L Input LOW Voltage a x ot Vv All Inputs
Vik Input Clamp Diode Voltage -0.65 | -1.5 \ Voc =MIN, iy =—-18 mA
v Output HIGH Voltage 54 2.4 4.2 V' Voo =MIN, IoH = MAX, ViN = VIH
QH BI/RBO 76 | 24 | 42 V| or ViL per Truth Table
Output HIGH Current Vcc=MIN, Vig=2.0V,
loH i 54, 74 250 | BA lyoh=55V, Vil = MAX
Output LOW Voltage
BI/RBO 54,74 0.25 0.4 Vv loL=1.6mA
74 0.35 | 05 loL = 3.2 mA Vece=MIN, Vig=2.0V,
VoL = ViL = per Truth Table
a-g 54,74 0.25 0.4 g loL=4.0mA
74 0.35 0.5 loL=8.0mA
| Input HIGH Current 20 HA (Voo =MAX,ViN=2T7V
IH Any Input, except BI/RBO 0.1 mA |Vgoc =MAX, ViN=7.0V
Input LOW Current
i Any Input, except BI/RBO -0.4 mA | Vo =MAX, VN = 0.4 V
BI/RBO -1.2
Short Circuit Current
Icc Power Supply Current 8.0 15 mA | Vce =MAX
Note 1: Not more than one output should be shorted at a time, nor for more than 1 second.
AC CHARACTERISTICS (Vcc =5.0V, Ta =25°C)
Limits
Symbol 'Parameter Min | Typ | Max | Unit Test Conditions
tPHL Propagation Delay Time, High-to-Low-Level Output from A Input 100 _ . _
tPLH Propagation Delay Time, Low-to-High-Level Output from A Input 100 ng |OL="15pR RL=200
tPHL Propagation Delay Time, High-to-Low-Level Output from RBI Input 100 _
tPLH Propagation Delay Time, Low-to-High-Level Output from RBI Input 100 Mf. 4S50 frz80
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