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http://ece.wpi.edu/~mcneill/handouts/Op-Amp_Error_Matrix_Razavi.html

o

Op-Amp Errors
Static (DC) Dynamic (AC)
Error Offset Voltage . .
Source DC Bias Current Hinite Raheuidi
| Text | Sec.9.1,13.2 Sec. 8.1,9.1
Analysis ' ,
Strategy - Add DC sources to ideal op-amp to model errors Model closed loop behavior with first-order transfer function:
. Analyze with superposition to find contribution e DC gain from ideal op-amp assumptions
of each error source to output voltage e Closed loop bandwidth (3-dB frequency)
Linear f3_ B from gain-bandwdith product relationship
. Add in "worst case" fashion
Gain-bandwidth product procedure:
Offset voltage can be either polarity
Bias current polarity known from type of 1. Redraw circuit with all inputs suppressed (set = 0)
Op-amp input stage 2. Find feedback factor {3 (fraction of output fed back to
inverting input)
3. Closed loop bandwidth f; 4g Will be unity gain frequency f A
mutliplied by 8
Error Output voltage swzn.g {zmzt Slew rate limit
Source Output current limit
Text: Sec. 9.1 Sec.9.8,10.5.1
Analysis
Non-Linear | Strategy . Determine maximum total Vour i OUT* 1. Determine VOUT(t) from linear system behavior (transfer
excursion at op-amp output from linear system function for sine wave, general exponential response for step)
model 2. Calculate time derivative dVOUT(t)/dt
. o o 3. Compare maximum positive and negative dVOUT(t)/dt to
. Compare maximum, minimum to op-amp limits ..
op-amp slew rate limit

Textbook: Razavi, Design of Analog CMOS Integrated Circuits
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STEP RESPONSE OF FIRST ORDER SYSTEM . |
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KvL c:ApAa'roR dt vou*' Rc>vou+ & )Vin

‘er differental e%uahon hovm emeous solution - V=0
solution of form Aj’“*‘ SU s ﬁwl'e

?—{Ae */T} (ec){ AenHT |
,:;_EL Ap~t/T - :R_!C' Ae~tlT = T=RC 23 g:g;m"_

Porticular solution: when output 1s constant,

1> dVouifdt = O , try consﬁmf soluhon Vout=B
As ’{'_"5”0 Vm - VF

(é::) (RC)V{-‘ =0 = B=Ve

Boundary condition: at 20, Vet =V (Volage across
C ;Znﬁ d/\avge insfan+an§gus ;) 3

Ae~O/T 4y, - FVp ATV

General soluton:

lvou{(i): Ve - (Ve -vi) e tRe
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BANOWIDTH AND RISETIME
Consider the single pole network

Vout - ' '
L Vouf / .
N H(S_) l+sl€C Tist

Letting S'r_jw we have

H(qu) . 2
+JUJ’T.' ‘+J(Q,}o)
where wo=1/T 1s the 348 bandwidth, n radhians [sec

The ‘rise time" t, 1s defined ds the +ime rquared
for the output Jr‘o rise from 10% 1o 950% of °
e ou+pu+ 5+ep

From general step response .
0.1=1.0- ¢ “te/T =%’*t;o=—-'r In (0.9)
09210~ o= trl" = ozt (0.1)

Or,‘t =2.21T

Sﬂce = | Jw,, and 7“ w./or=BW (3d8. bomdmdﬂf\ n Hz)

_ L2z
Zzwo BWZTI’

Approximately vaho\ for on Y, inear system with S[‘:>ole5
near real axis (Ifte oversheot in Step response)

i f:t90"tlo: T {V? (9)
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OP-AMP AS A CLASSICAL FEEDRACK SYSTEM
OP-AMP C\gp%%tg 6:@ . CLASSICAL FEEDBACK !
e LG © FoRWA AIN
— A—> , DIFFERENCE ORWQDGV {
Vout \A + u
n
ya
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FOR THIS CIRCUIT = | FACTOR

B: "FEEDBACK FACTOR" FRACTION OF \pyt FED BACK TO V

Vo ut
FIND CLOSED LOOP GAIN G = -7,

VAS EXPECTED
ook

AS A —»oo
WHAT IS CLOSED LOOP GAIN G WHEN A IS EINITE ?
REAL OP-AMP HAS SINGLE POLE TRANSFER FUNCTION
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GAIN -~ BANOWIDTH TRADEOFE !

WHEN WE CHOOSE A FEEDBACK FACTOR A& (FRACTION <)
T0 GET A CLOSED LOOP DC GAIN OF —g—

CLOSED LOOP BANOWIDTH sy IS 8wy

UNITY GAIN FREQUENCY (), REDUCED BY .8 EACTOR

INVERSE  RELANONSHIP ;| PRODUCT 1S CONSTANT

LN

[CLOSED L_OOP] % [c:.oseo LOOP] - [GA!M—BANOMON]
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- By 2N
‘9 N N~
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E C
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FOR LF3S6, 1.4 MHz
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EE3204
DC ERRORS

OFESET VOLTAGE
Mcdel as o source In series wWith erther mput of
an deal op-amp:

Vs

*
D_—O—_1>_Q OR
G IDEA L.

Vos can be of eirther + or ~— sign

BIAS CURRENT . |
Model as a current source n pami!ei Wit
ecch npuT of an deal op-amp:

l;co
. e
o— £
T =0 >——9
B '6 - .
e I DEAL

Polarity of Tg 13 usually known (depends on Type
v e

e
of transistors w op-amp nput stoge

ANALYSIS | o
Use superposition and 1deal opamp
assumphons 28] simpl_;f\/ ar\a!yms,




SLEW RATE LIMITING

WHAT T |S: ANALY SIS PRQCEDU@I::
Voor | A {) DETERMINE  OUTPUT Vjyr (£)

D A dt FROM LINEAR BEHAVIOR

§ Lt (TRANSFER FUNCTION,

| 1T ORDER STER RESPONSE)
MAXIMUM dV/dt POSSIBLE
AT OP-AMP OUTPUT 2) CALCULATE  dVpur(t) /dt
"SPEED LIMIT" | 3) SEE IF MAX dVpyr()/dt

EXCE&DS SLEW RATE LIMIT

EXF\M PLE LM 7’“* l

O N Vout Y
Vi ( ; r/ ! SLEW RATE LMIT
~ : MSEC
. SINUSOID STEP
IV 2" PREDICTED 8Y TRANSFER
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-\\ \/ ( LIMITED
2 H | N
OkHz. “
Voue(£)= Vi - @g \,r\ /T
Vourt (£)= Vi 10 (210 £ £)
oV | |
- dVouk(t) o AVout (£)_ (¥ -Vr) ¢ *ﬁf T
T 2 15\/% ccsg(ZTm.} e pe o
‘ Max=1 ot +20
Max 4V max=1 | Max dY

sL2Vfnsee  dE dt
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Discrete vs. Integrated circuit design

Discrete Integrated
- Board-level system + Chip-level system
- Devices "Take what you get" §+ Control over device geometry
- Matching difficult (+ Matching inherent
+ Precise values possible - Absolute values vary widely
+ Large R, C possible - Largest C = 100pF; large R bad
+ Many types of components - Limited to types in process

+ Possible to breadboard - Can't breadboard; simulation




EE4902 ANALOG IC DESIGN FLOW

- REDESIGN

—> i

EAST

FAIL

REDESIGN

ey

SYSTEM

REQUIREMENTS

v

~ DESIGN
SPECIFICATIONS

v

ELECTRICAL DESIGN
(SCHEMATIC)

v

SIMULATION

v

COMPARE WITH
SPECIFICATIONS

)

i PASS

PHYSICAL DESIGN

-1
@

MEDIUM
FAST

FAIL

FAIL <

q (LAYOUT)

v

DESIGN RULE
CHECK

v

COMPARE WITH
SCHEMATIC

l PASS

PARASITIC
EXTRACTION

v

SIMULATION

v

/  COMPARE WITH

( .

- \ SPECIFICATIONS

' l PASS

FABRICATION

v

/  FINAL TEST TO

AVOT1D

THIS BY
SIMUCLATING!

\ SPECIFICATIONS

)

PASS

PRODUCT

QUALITATIVE

GQUANTITATIVE

CHoose OP-AMP
ARCHITECTVRE

SPICE (Cao(a(/\ce)

| o
=

"5
-
-

> “Lys”

:‘l:c

%m

“TAPEOUT"
6-12 Weeks
$100,000 > $ 1M+




MOBILE MOBILE
HOLE \ p-TYPE n-TYPE /ELECTRON
FIXED T+t Ko (- — — FIXED
ACCEPTOR CRCNORCES; @@@@@@ ~<—DONOR
ION + o+ 4 KPR~ — ION
CRCECKCXC @@@@@@
Tt b KRR = =~ —
cxelekercicleiclclele
Ny ACCEPTR ATon [ EIxeD < “DEPLETION REG(ON"
om | NeneReD | Np  DOMR AT
. ! A ND-Na, o
: N
DOPING mommqmro om0 USTEP JUNCTION
= A X APPROXMATION"
PROFILE ST : —" A '
Npmmres -
. l (
{ ©
. <«—C&FRp
{ p ‘
( (+AQ
TOTAL s e — — — No
CHARGE . + x
DENSITY —Q
“Na ey e MUST BE EQUAL,
. < OPPOSITE (CHARGE NE/IRAUITY)
{ A € (‘ A :
{ X t
=% PoISSAN'S
ELECTRIC \ %f/ | EQUATION
FIELD ‘ : s ‘f/odx
{ (
\ (
{ A (
‘ (
: /\ v, Aeewd  VE ffdx
VOLTAGE | | N REVEWS popimg
‘ 1
: 7 Yy = ,../ (NAM°>20.7v+oo.9v
( 1 r)‘l
< - ) N~
OV REF . “BULT IN CARR

" CONC
VOLTAGE PURES,




