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* Op Amps
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* Imperfections

* Op-amp applications
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JFET Application Current Source

+15V
¢ Household application: battery
charger (car, laptop, mp3
players)
* Differential amplifier current 2N5459
source
¢ Ramp waveform generator i
¢ High Speed DA converter using l D
capacitors

¢ Simple circuit: 2N5459
Nchannel JFET

Inss = current with V;5=0

Ve = pinchoff voltage

Ves

ip =1 pg| 1-
P
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Fugure by MIT OpenCourseWare

2017 Quiz Design Question

Design a circuit such that when a momentary

push button switch is closed, “switched 9v”
will be supplied to your design under test for
exactly two minutes.

switched
+9 You have available a 2N7000 (n-channel
MOSFET) and a ZVP2106A which is a p-channel
complement to the 2N7000.

You have a 100uf capacitor that is exactly 100uf
with negligible leakage current.

Based on measurements, your 2N7000 has a
Vgs(th) 3.0 volts and the ZVP2106A has a
Vgs(th) -3.0.

The 9V battery is a constant 9V during the test.
In(.3333) = -1.0986
In(.2222) = -1.5041

In(.1111) = -2.1972 [one or more of these
— constants may be required for your design]

6.101 Spring 2020
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Op-Amps Op-Amp Packaging

+ Active device: V= a(V,-V.);
note that it is the difference
of the input voltage! — "

INVERTING INPUT =1 =t " 13 12 n " L] L]
« a=open loop gain ~ 105~ 109 m.mmu_?_m | J\—_J g'[
* Most applications use negative feedback. ¥ 8 orrscr

V4 LM741 Pinout Diagram LM324
Ny

OFFSET NULL—{1 Bf=NC

OUTPUT 4 INPUTA™  INPUT 4" GND INPUT 3" INPUT 3™ OUTPUT

» Comparator: no feedback D)
» Active device requires power. No shown for ’_Q’——T

simplicity. T
 Classics op-amps: 741, 357 ~ $0.20; one, two or oUTRUTY WUTI WRTY v wTz weurr oureurz

four in a package.
* Newer op-amps operate at <3.3V (OPA369 1.8V)

LF353
6.101 Spring 2020 Lecture 7 5 6.101 Spring 2020 Lecture 7
356 JFET Input Op-amp JFET Differential Pair

Small Signal Model
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241 Circuit Discrete 741

Printed circuit board

Aldurninumn Display Stand (2 pieces) —\ /_ wi threaded inserts.
Differential ( ur I‘t‘llt‘ Source _}[l[llllﬂﬂl‘ml P — \: e
Inpl t Stage for bl‘lblﬂ“g Gain 5tilg(.‘ ' 7 '\'ﬂ © - -
-
08 4(‘ a8 m?&l—ﬁ—tjms -
= -
s h.Oltput deyices - —
NSV o a1 ’H":{f,""’ > s provides jarge L2
i P H kns drive current -
,-‘ H a Iy 45K e -
A ! T e s x - -
/ [ TAK T o [ 3
Bipolar version [ 2
has small input -
Bias current - Fas - £ our -
; |“‘A g R -
MOS OpAmps ’ = . 4
have - [oJ in;put i 6 Eﬂ ’ 22 transistors, e -
current o o cua <o 11 resistors, - ' ‘
SR arsser 1 capacitor, &
HUL i A 1 diode - i
= = =wmz F R
| |‘x = ;ul ﬁt :‘n : ¥ :. H ! Capacitor
[ 4 . | Serews and spacers for stand — 1
1 | O8G0 L, d
Thumbscrew terminal pus.:.
(color coded red, black, yellow, and gray)
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Discrete 741 Differential (Emitter Coupled) Pair

Schematic Diagram

BJT Diff Pair .
THFFERENTIAL AMPLIFIER BIAS GENFRATOH GAIN STAGE OUTPUT STAGE Sma” S|gna| MOdel

in

g <mr
g Bl
w
E| L]
L]
1" |33pF 2

2

o o %
= =
%T ST

1
1
'
'
G i "oe0 |
3806,
i 1
| '
iz 1

904, ' R,
<Rz < RN '

> T | =

stk st i
[ ] " ]
u '
_____________ hcccccacaad
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Differential Pair — Common Mode Voltage

Small Signal Model

0O,

Differential Pair — Differential Mode Voltage

b3 Signal ground
Signal ground ; B ki :

- = Signal ground =

(a) (b)

6.101 Spring 2020 13 6.101 Spring 2020 14
MOSFET Differential Pair virtual Node Analysis
a =gain
Small Signal Model A + Vout = a(V,-V,) S = feedback or loop function
= 27V
a If a>>1 and a>> g then v1~v2
Current into input terminals zero by
design
Typical values:
a~100,000 & ap>>1
ok for a=a(s) and g = f(s) as long as
V=V, +apV,~apV, ae)pe) >
14 (1 + aﬁ) =V_+apV, e [is the loop transfer function
(not to be confused of B of a BJT)
1 ap
V]_K[Haﬂ}r[naﬂJVZNVZ + ap is the loop gain
15 6.101 Spring 2020 Lecture 7 16
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Op Amps — Virtual Node

* With negative feedback, output will drive the input voltage difference to
zero =>V,=V.
¢ Inputcurrent=0
Benefits of Feedback

Stabilize gain against device Reduce distortion by the
variations, temperature, aging | feedback factor [(1+aB)]

741 Op Amp Max Ratings

common mode voltage

Need +Vcc, -Vee f ti
appears at both inputs e ©c, -Vee for operation

MAXIMUM RATINGS

Input and output impedances Gain determined by passive Rating Symbol \q Nalug {h
adjusted by (1+ap) components Power Supply Voltage Vee. Vee +18 Wdc
Input Differential Voltage Vo 130 v
Input Commeon Mode Volizage (MNote 1.) ¥ Viem +15 v
. Cutput Short Circuit Duration {Note 2.) x tac Confinuous -
Dlsadvantages of Feedback Operating Ambient Temperature Range Ta Ot +70 G
Storage Temperature Range Tetg —b510 +125 L o
Loss of gain; need more stages | Greater tendency for 1. Fer supply voitages less than +15 V, the absolute maximixy input voltage is equal to the supply voitage.
a mh Theeh 2. Supply voltage equal to or less than 15 V.
instability (oscillations)
Idiot proof
1 a
V=V —— |+ == =1,
1+ap 1+ap
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741 Electrical Ch teristi LF356
DC Electrical Characteristics
Almost zero Py
LF155/6 LF385/67
LF356B
ELECTRICAL CHARACTERISTICS (Voo =+15V, Vize =15 V, Ty = 25°C, unless otherwise noted ) Symbol Parameter ¢ e L —t - Units
Characteristic Symbol Min v Max Unit n] Typ | Max |Min]| Tvp | Max|Minf Typ | Max
- - Vos Input Offset Voltage Re=500, T,=25°C 3 5 3 5 3 0| mv
Input Offset Voltage (Rg < 10 k) Vio - 20 6.0 mV Gver Ter Tt 7 55 3 —y
Input Offset Curent o - 20 200 nA AVoelT Average TC of Input Re=500 E . " P
Input Bias Current Iis = 80 500 nA Offset Voltage > i
Input Resistance 5 0.3 20 - Mo ATC/AVps | Change in Average TC | Rg=500, @ 05 05 05 WVrC
Input Capacitai c 14 F with Vos Adprst per my
nput Capacitance i - 4 - p los Input Offset Cusrent 1260, 3 | 3 |2 3 [s0] pa
Offset Voliage Adjustment Range Vier - +15 - mv T Trom 0 i 2 =}
Common Mode Input Voltage Range Vier +12 +13 - v b Input Bias Current 1,525°C [T an 100 20 100 a0 200 P&
Large Signal Voltage Gain (Vg =+10V, R_22.0k) Aol 20 200 - vimv TS Traon 50 5 8 nA
Output Resistance T - 75 - o R Input Resistance T,=26°C 10" 10" 107 ]
Common Mode Rejection (Rs < 10 k) CMR 70 %0 - dB Avor Large Signal Voltage VsTH15V, Tu=25'C 50 | 200 50 | 200 25 | 200 VimV
Gai o =
Supply Voltage Rejection (Rg <10 k) P3R 75 25 = dB " Vg=210V, Ry =2k
Qutput Voltage Swing Vo v Over Temperature 25 25 16 ViV
(R 2 10K) +12 +14 - Vo Output Voltage Swing | Va=+15V, R, =10k +12| #13 £12| #13 12| #13 v
RL220k) el £k - X Vg=#15V, Ry =2k 10| #12 s10| 212 s10| 12 v
Qutput Short Circuit Current Ise - 20 - mA Ven Input Common-M: V=215V +15.1 2161 +15.1 v
Supply Current I - 17 28 mA Voltage Range ST il =T =T [
Power Consumption Pe - 50 85 mw CMRR E:mm?‘-gﬁ 85 100 85 100 80 100 dB
Transient Response {Unity Gain, Noninverting) e m
(V=20 mV, R = 20k, C < 100 pF) Rise Time [ - 03 = s FSRR Supply Voltage Rejection \ a5 | 100 85 | 100 a0 | 100 a8
0 mV, Rz 2.0k, C_ < 100 pF) Overshoot os - 15 - % oAl
(v,=10V, R 2 2.0k, C_< 100 pF) Slew Rate SR - 05 - Vins \
not rail to rail
Lecture 7 19 6.101 Spring 2020 Lecture 7 20
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g LM6132 — Rail to Rail Output
INSTRUMENTS

LM6E132 LM&134

wwwti.com SHOSTHIE - APFIL 2000-REVISED SEPTEMBER 2014

6.6 5.0V DC Electrical Characteristics

nless otherwise specified, all limits guaranteed for V* = 5.0V, V™ = OV, Ve = Vi = VY2 and R, > 1 M0 t0 V12, Boldface

limits apply at the temperature extremes

LMGEIMAI  LME134BI
PARAMETCR TEST CONDITIONS TYPI  LME1I2AI  LMG1320I URIT
| | | LIMITR LM
Vs Input Oftset Vohage 0 2 6 mv
4 B max
TCWos  Input Offtsat Vohage Average Drift 5 Wic
Ig Input Bias Cusrent [ - 140 150 A
300 IS0, emax
los Input Oftsat Current 34 0 30 A
50 50| max
Ru Input Resistance, CM 104 MO
CMRR  Common Mode Rejection Rata OV S Vo 5 4V 100 75 75
’ ] m B
O £ Wiy & 5V &0 =] min
- 80 55 55
PSRR Power Supply Rejection Ratio AV SV SV ” 75 8 a8
™ s min
Veu -025 |
Veu Input Common-Mode Valtage Range 2 a5 .‘: 5 g W
Ay Large Signal Voltage Gan Ry = 10k 100 25 15 vimv
Wy Cutput Swing | 100k Load
10k Load
Sk Load
6.101 Spring 2020 +—tecture7
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IN+

Gl

Rail to Rail Input

Bipolar Input CMOS Input

ND

6.101 Spring 2020
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Decibel (dB)

dB =20log Yy
v

i

log40(2)=.301 100 dB = 100,000 =
80dB = 10,000 =

3 dB point = half power point 60dB = 1,000
40 dB = 100

6.101 Spring 2020 Lecture 7

dB =10log £
P

i

10°
104
103
102

23

Ayol, VOLTAGE GAIN (dB)

120
100

80

60

40

20

-20
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741 Open Loop Frequency Gain

—
\‘
1.0 10 100 1.0k 10k 100k 1.0M 10M

f, FREQUENCY (Hz)
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Non-Inverting Amplifer

Zero input current;

therefore v, =v,,

— 1 —
V.= RR, xv,, butv, =v_
R,
MY vin = Rl +R2 Xvom;
A Rl +R2
v R,

B (not to be confused with B ——— R
of a BJT) T — f=—"u

for finite A

6.101 Spring 2020
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Ayol, VOLTAGE GAIN (dB)

741 Open Loop Frequency Gain

1.0 0 100 10k 10k 100k 1.0M  10M
1, FREQUENCY (Hz)

6.101 Spring 2020

Examples at 1 Hz, 1000 Hz, and 10kHz

Voltage gain A,=40dB = 100; R,= 100kQ,
R.= 1kQ; [101 = 40.1dB!] B=0.01

At 1 Hz, A,,;= 100 dB = 1 x 105 = 100,000.

S S
=4 10 10 00— 40ap
1+4f 141001 10

At 1000 Hz, A, = 60 dB = 10% = 1000.
A 10° 10° 1000

A, = = . = = =90.9=39.2dB
1+44 1+10°x01 1+10 11

At 10 kHz, A, = 42 dB = 1.26 x 102 = 126.

A 126 126 126

A, = = = = =55.8=34.94B
1+4f 1+126x01 1+1.26 226
B is the loop transfer function
ap is the loop gain
Lecture 7 26

741 vs 356 Comparison

741 356
Input device BJT JFET
Input bias current 0.5uA 0.0001uA
Input resistance 0.3 MQ 10°MQ
Slew rate* 0.5 v/us 7.5 vlus
Gain Bandwidth product 1 Mhz 5 Mhz
Output short circuit duration continuous | continuous
Identical pin out

* comparators have >50 v/us slew rate

6.101 Spring 2020 Lecture 7
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So Why BJT in Op-amps?

BJTs have higher transconductance (gain), better
consistency in spec between pieces, and in some
applications, lower noise than FETs.

Like most JFET op amps, the LF356 has a relatively
high offset voltage, and relatively high drifts. BJT
op-amps tend to have much lower offset voltage and

drifts.

6.101 Spring 2020
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Gain Bandwidth Product = Constant
(No free lunch)

Open Loop Frequency Response

110 T T
P Ve = +15V —
S AN\ i Gain: 60dB = 10°
z \ Bandwidth = 5x10°
o on -LF357
2 B i Gain Bandwidth product = 5x10°
~ 50 -
> 150N
S 2 ANAN
S NN\
Z A\Y
5 0 N

-10

10 100 1k 10k 100k 1M 10M
FREQUENCY (Hz)
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Op-Amp Imperfections — Real World

* Input offset voltage

* Input Current Bias

* Input Offset Current

* Finite Output Voltage Swing

* Finite Current

* Finite Gain, gain bandwidth product
* Voltage Noise —Johnson Noise

* Phase Shifts

* Slew Rate

6.101 Spring 2020 Lecture 7 30

Input Offset Voltage *

DEFINITION OF INPUT OFFSET VOLTAGE

Ideally, if both inputs of an op amp are at exactly the same voltage, then the output should be at
zero volts. In practice, a small differential voltage must be applied to the inputs to force the
output to zero. This is known as the input offset voltage, Vos. Input offset voltage is modeled as a
voltage source, Vos, in series with the inverting input terminal of the op amp as shown in Figure
1.

Vos

# Offset Voltage: The differential voltage which must be applied
to the input of an op amp to produce zero output.

4 Ranges:
® Chopper Stabilized Op Amps: <1pv 741: 6000pv
® General Purpose Precision Op Amps: 50-500pV 357: 1 0,000UV
® Best Bipolar Op Amps: 10-25pV
® Best JFET Input Op Amps: 100-1,000uV
® High Speed Op Amps: 100-2,0004V Current technology:
® Untrimmed CMOS Op Amps: 5,000-50,000pV 1 OHV
® DigiTrim™ CMOS Op Amps: <100pV-1,000pV

Figure 1: Typical Op Amp Input Offset Voltage

* Analog Devices MT-037 Tutorial

6.101 Spring 2020 Lecture 7 31

Offset Adjustments

p OUTPUT
t
V-

.

© = 3pF N LF357 senes
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Input Bias Current *
DEFINITION OF INPUT BIAS CURRENT

Ideally, no current flows into the input terminals of an op amp. In practice, there are always two
input bias cirrents, Is- and Ig. (see Figure 1).

N Eoy The input offset current, log,
fs- ™ , is the difference between
I 7 lg_and g, or log = lg, = lg_

# A very variable parameter!

# |y can vary from 60 fA (1 electron every 3 ps) to many pA,
depending on the device.

4 Some structures have well-matched |, others do not.

# Some structures’ I varies little with temperature, but a FET op 741 : 200na
amp’s |y doubles with every 10°C rise in temperature. 357: 0.05na

4 Some structures have |z which may flow in either direction.
Current technology:

Figure 1: Op Amp Input Bias Current 3fA LTC6268

* Analog Devices MT-038 Tutorial
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Inverting Amplifier Bias Current Compensation

Re Iy=1y-1,=0
Vopr = =Ry 1

VL\’ - VOFF _I.— VUFF - VULT -0
R[.\’ ! RF
but with no input signal, V, and we want V,,; =0, so:

1 1 1 1
Sy =V | ——+—1] -lgy=—-R/ [ + —
B OFF {Rm RF:| B 1 R|:Rl.'v RF:|
thus [ ! + L} = {L} as a condtion for no offset at V
Ry Ry R,

Vour = l+[H Rp /IRy =1y R\JAVOL

Vour =0if Ry /I Ry = R,

Vour = l* Iy RellRy = 1 R\]AVUL

Vour =0if Ry /I Ry =

I
=

6.101 Spring 2020 Lecture 7 34

Common Mode Rejection Ratio CMRR

Common-Mode Rejection Ratio

of 1V, then the CMRR is X/Y.

) NN
N

g X CMRRzzolog@
10 100 1k 10k 100k 1M 10M Acy

FREQUENCY (Hz)

CMRR often expressed in dB:

= 100 T T CMRR: ratio of the common-
-Ev Q'\ Vg = +15V mode gain to differential-mode
Sl \ N N gain.

L9 = 96

: \ \ Tasa3cC Example, if a differential input
=l \ \ change of Y volts produces a

5 60 \ \ change of 1V at the output, and
= LF155/6 | a common-mode change of X
= \ \LF- 57 volts produces a similar change
a

(=]

=

=

=]

=

=

[=]

(=]
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Inverting Amplifer — Virtual Ground Analysis

Assumptions .
Infinite input impedance: - +
A4 =0 v_=0 because v is grounded.

=0, i =0

_Rf
A>A,=—+
V7R,
m
R,
i, —i,=0
vz'n _O_O_vout — O
R, R,
v —
out f
= Av
vin in
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Schmitt Trigger

Vin v, » Schmitt trigger have
different triggers
ve points for rising edge
R2 and falling edge.

+ Can be used to
a1 reduce false triggering
+ Thisis NOT a
negative feedback
circuit.

Fin
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2015 Quiz Question — Digital Clock Using 60Hz

The 60 Hz waveform crosses the reference voltage multiple times
because of the 200mv noise.

comparator output

T Design a circuit with a Schmitt trigger (“Your design”) using a
LM6132 with the thresholds greater than 200mv to fix the problem.
A LM7805 voltage regulator IC is used to provide a 5V output to
power the digital clock circuit (modeled as a resistor) as well as to

efmamarokege """ P supply +5V for the LM6132 in “Your design”.
v
N
o

1N4221
N vi | Lreses |, 5y
In Out
gl _]_ Com
:aaequ J:
+5 V3
V2 6Bhz sguare wave
Your Design
6.101 Spring 2020 Lecture 7 38

Schmitt Trigger + RC Feedback = Oscillator

e 741 op-amp.
R3 10K P P
W‘I e R1=10k, R2=4.7k, R3=10K,
C=.33uf

* Display V-and V,, on the
scope. Set R3=4.7k. Predict
what happens to the
frequency.

0.33uf

R2 4.7K
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High Pass Filter HPF

A, (dB)

C I
Vv, R Vv, | slope = 6 dB / octave
* | slope = 20 dB / decade
|
—0 |
e |
g » logf
fLo}°’ f a8
A _V, R joCR _ sCR I
YTV, R, L joCR+1 sCR+1 Degrees }
joC 4 }
|
90° ~ } PHASE LEAD
0 I
|
450 |
L » logf
floorfau
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Differentiator Insights Low Pass Filter LPF

A Ay (dB)
'y
A
04—
BdB ———————— 0
| slope = 6 dB / octave 8B 4—— ==
v, } slope = 20 dB / decade slope = -6 dB / octave |
} slope = -20 dB / decade }
|
g » logf ‘
folorf > logf
Lo} -3dB 1 T or: fags
Differentiator/High Pass Filter Degrees } 4= Vv, JX. _ jeoC _ 1 i
N | L= - = = Degrees
‘ V, R+jX, R+ 1 Jj@RC+1 N }
| JjoC I
—R, —sCR, . 90° } PHASE LEAD | ) PHASE LAG l
A4, = o= 5 os=jo; L 4,= ° ‘
Rt SR N ! " TSRCH1 a0 | L
S
| o
CR, <<1 45T ! -90; !
at low frequency ~ SCK << ! o f |
+ » log |
_ f f | » logf
A; = SIC‘RZ oMo fH\ or'fVSGB
multiplying by s equals differentiation differentiation works on|y at f << flo
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Integrator Insights Why R2?

i A
R?
A o c
+15 I R e Tt 3t
Via B slope = -6 dB / octave } R
. | =-20 dB / decad 2 . .
AR sope cace | AAA, Without R2, any DC bias
- I > logf current will saturate V,;
Vou fo o oo since the DC gain is the open
| .
| loop gain
R, 15 Det;;rees }
Integrator/Low Pass Filter !
PHASE LAG l
[ L
-45° 1
R, |
A4, = —74‘ s os=jo; - }
I + sCR, |
; » logf
at high frequency SCR, >> 1 forfage
R,
" T Ther, T T sCr, integration works only at f >> f,,  sCR, >> 1

dividing by s equals integration

6.101 Spring 2020 Lecture 7 43 6.101 Spring 2020 Lecture 7 44




Frequency Domain Insight

» Integration and differentiation easy
to understand in time domain

* In frequency domain, difference f[:] F‘ I:] .
between square wave and triangle |

wave is amplitude and phase —
same harmonics.

-

* Integrator (LPF) rolls off
harmonics and phase shift to
create a triangle wave

o ®

—_—
<
{1
5
=]

Basic OpAmp Circuits

Non-inverting

Voltage Follower (buffer)

V.
m Vv
out

Vv Ry
out 1243
Differential Input

« Differentiator (HPF) amplifies out v, >
harmonics and phase shift to Vin2 V+
create a square wave. R, R +
2
R v ~—-L
~ 22 (V — v ) out RC
R .
6.101 Spring 2020 Lecture 7 45 out ! in2 inl
Crossover Distortion (hole) Diode Biasing
+12V
10k0
o +15 o 15
oN3gos 10K 2N3904
Vout Vo <>D1 IN914
O
Re=5.60 +
RL R <>D2 1N914 1/2 watt A
L c o
1 o—)— ?0pamp ¢ 2N2905 You T
- + o
= n [From & R _
5 15 " Preampifier] 82 aods ii
1 -12V
- 2V
Why is [b] better? Re
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