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Introduction

1940s

e The original concept of the operational amplifier
(op-amp) came from the field of analog computers.

e |tis derived from the concept of an extremely high gain,
differential-input amplifier, the operating characteristics
of which were determined by the feedback elements
used with it.

e Different analog operations could be implemented by
changing the types and arrangement of feedback
elements.

e Early operational amplifiers used basic hardware of that
era - the vacuum tube.




Introduction

1960s

o Significantly widespread use of op-amps did not really
begin until the 1960s.

e Solid-state techniques were applied to op-amp circuit
design.

e |n the mid-1960s the first integrated circuit (IC) op-amp
was produced which is well known as pA709.

e |[n 1968, yA741 was produced (Lojek, 2007).




Some Op-amp models

Figure 4. ADI's HOS-050: a high

Figure1. GAP/R's K2-W: a speed hybrid IC op-amp (197_9)___

vacuum-tube op-amp (1951).

g
i
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Figure 2. GAP/R's Figure 3. GAP/R's model

model P45: a solid- PP65: a solid-state op-amp Figure 5. An op-amp in a
M state, discrete op-amp  In @ potted module (1962). modern mini Dual-in-line
(1961). Package (DIP).
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Example: 741 Opamp

No Offset
connection +V  Output null
8 7 6 5

Figure 5. An op-amp in a
modern mini Dual-in-line
Package (DIP).

1 2 3 =

Offset
null

Figure 6. A typical 8 pin DIP
op-amp integrated circuit.
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Figure 7. A micro-
photograph of the 741
op-amp.

How are the circuits related to what we have learnt?
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741 Opamp: What's inside?

What 1s inside the op-amp?
Basically we may divide an op-amp into three main stages:

Main functional parts
1. Input stage (Differential Amplifier (DE))

2. Second stage (gain stage) (Common Emitter (CE))
3. Output stage (Emitter follower (EF) based Class AB)

Other parts
* Bias circuit
*  Short-circuit protection circuit




/41 Opamp: Input Stage

]

1 Voo (H15 W)

Ry =
39 kO

l‘rFiF-l
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/41 Opamp: Second Stage

-
L‘| I Vee (F15 V) 4 ..}\active load

0 ¥ ol Q16 1s an emitter follower, providing high input resistance for the stage so as
to minimize its loading effect.

A
LA A

Q17 1s a common-emitter amplifier, loaded by Q13B.

2 Out

Ri= &

s Q13B 1s a current mirror and serves as active load.
- <

BVAS Y

The gain is

GAINseconcl stage ~ gm,l? Fp13B

Note the capacitor Cc. This 1s called internal compensation cap and is used for
maintaining stability in when the op-amp is used in a feedback configuration.
R = We'll revisit this issue later when we study feedback and stability.
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/41 Opamp: Output Stage

Class AB output stage
complementary

A I Vo (415 V) "j push-pull

-~
QI\‘l 13A I
P TR -

Rs = Q;

9 kO

Qs

R_1=
50 kN

Ry= Y
[ifl O "4 R, =
?50 k(1
5




Summary: Internal circuits

* Input stage: Differential amplifier (DA) of high input resistance, e.g.,
MOSFET/JFET pair

e Second stage: Common-emitter (CE) stage with active load
e Qutput stage: Emitter follower (EF) with low output resistance

DA CE Eil=

imput stage oain stage output stage

More details in Appendix



Op-amp Terminals

From a signal point of view, op-amp has three terminals: two input terminals for differential signal input and one

single-ended output terminal. -
; i | vo - AVOLvid
inverting vV,
> | T 3 = Ao (vz - Vl)
VO
non-inverting V, o—— + output where
Via = (vz — vl)

—

‘ Most IC op-amps require two power supplies V+and V-
1: sometimes given as [+Vcc; Vee; Vpp] and [—Vec; VEE;
Vss]

(b)




l[deal Op-amp

In EE2301/2005, you have studied the op-amps and simple op-amp circuits, assuming that the op-amp is an ideal element
satisfying the following conditions:

Output resistance = 0 (perfect output stage)
Input resistance = @ (perfect input stage)
Differential voltage gain = =

+ > + - +
B * H\H\\"H‘ N
> ‘_" om |
.-f'f —

Multiply v, — v, by @ number 4, ; (open-loop voltage gain)
to cause 4, (v, — v,) to appear at the output terminal.

AvoL (v2 o vl )
A v

voL = id

The real op-amp has a very large gain, 4, , but not
: infinite.
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|[deal Op-amp: Properties

The voltage gain is infinite i.e. 4, = oo

This implies that with finite output voltage, the required
differential input is zero. T

Negative Feedback

voL

as A, — o and v, # since the output is finite.

The input differential resistance is infinite, K, = K, =%,

|deal op-amp does not draw any input current; the signal
current into terminal 1 and terminal 2 are both zero.



|[deal Op-amp: Properties

V.

The output resistance is zero, R, = 0.

The output voltage at terminal 3 with respect to the
voltage at the input terminals is always

A, (v, —v)) = A, v,y; iIndependent of the current that
may be drawn from output terminal into a load if the
load current is finite, 1, <.

The bandwidth is infinite, BW = 0.

This implies that there will be no phase shift between
the input and output signals.

There is zero input offset voltage, v, = 0. This implies
thatv, =0 ifv,; = 0.



|[deal Op-amp: Properties

vi. Slew rate, SR = oo.

However, slew rate Is defined as the maximum rate of

change of the output voltage, and therefore,
dv
ds

SR >

= o0

max




Example: Perform Mathematical Operations

Negative Feedback

Non-inverting Gain Amplifier

Vg =V, =V =V,
VRl—z'
= iy
Rl
V. =1

Examples of Negative Feedback:

R
_ 2M
R,
_ "
V =V
J=V
4 v
— LV, = xR = SxR,
> R R

1 1

V
R —_ AY
V, =Vp + Ve =V, + xR,
1

vCL



Example: Perform Mathematical Operations

Examples of Negative Feedback:

R2
PaVal
Negative Feedback v. R,
Inverting Gain Amplifier - Vo
v_=0 VI— +
V—:V—I—:O ’ V():_VR :_lR XR2
\% A%
—S:lR1 — ZR1><R2: 7S><R2
R 1
szle XR2 VOZ—&:AVCL
Buti, =i, "~ [ =1 =0 v K




Example: Perform Mathematical Operations

Examples of Negative Feedback:

Negative Feedback Voltage
Non-inverting Unity Gain Amplifier Buffer
V, 0—

Vo=V, =V =V — Alternatively, — Asi =0, v, =0
v, =V +(i xR,) Ve R, | R, Hence, R, has

=V, +(i xR,) s T T no effect, and

. S 1 can be shorted
=V, +(LxR,) =140

for convenience.

=v v i=0 ) o1-y



Example: Perform Mathematical Operations

Examples of Positive Feedback:

Note: Output is in Non-linear Region

and Input Differential is not Zero
o V_ R'l
vS

VS
Vo =V forv >v, =

Comparator

R, a potential divided voltage
SV, =—b X
R + R, |of the output voltage, =V

v, =+V.. forv <v

R a potential divided voltage
SV, =4V %
| 1@' R + R, | ofthe output voltage, +V




Example: Perform Mathematical Operations

More examples

C
I _ dv .
1 v, = Ri and C—2 = —j
il
R
Vi - -] f
+ Yo = — 'R A P’:fﬂ' + Vo.init
- Thus 1s the integrator.
d“{ . .
('— =1 and —v, =i
dt
Vi
du;
v, = —C'R
dt
— Thus 1s the differentiator (theoretically).
m In practice, this circuit won't work!!!
EAATAE




Example: Perform Mathematical Operations

v —1:1—‘ Ry Ry Ry
R vo = — | =Luy + Lo + —Lu
V2 1 - ) ( h’l ! lfg . R 3

13

" + This 1s the summing amplifier.

Vo = 1 (vy — vy)
1

This 1s the difference amplifier.




Scaling subtractor or Difference Amp

R
pors
v
Vi o 24 J.— _
| RI
V
0
V2 o— Vo 1,
RZ
R3




Scaling subtractor or Difference Amp

RI
O
V) o An v, >_“V Non- |nvert|ng amplifier
R+ R
ER3 +%R ]( FR I]Vz
- |

3
L N l —|—ij
Vo | "




Scaling subtractor or Difference Amp

By using Linear Superposition Principle:

V0:V01+V02
(R, [ RO (R,
R, R+R ) R
If B _ K then v :_&VI—F&V
1 2 RI I
R
:ﬁ(vz_vl)

Special Case
When R = R,y and R;= R, it is simply called,

Difference Amplifier with a gain of RF
I

This scaling subtractor gives an output that is proportional
to the difference between the two inputs.

For Rp =R, =R;=R,, thenv,=v, —v,.

The circuit is called subtractor.



Op-amp nonidealities

* Previous part was about Ideal op-amp > Real op-amp has several non-idealities
e Offset voltage — caused by circuit mismatch between + & - terminals

* Input current can be non-zero — BJT input

e Actual differential gain is not infinite

* Finite time taken for op-amp output to change = slew rate & bandwidth

EibamAR u
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Op-amp nonidealities: Offset

Vo is defined as negative of the DC voltage that must be

applied between the inputs of an op-amp to force voto
zero under open-loop conditions (Figure 21).

The V|5 can be either positive or negative and typically
has a value between 10 mV and 1 uV, depending on the

type of op-amp.

It may also vary with temperature.




Op-amp nonidealities: Offset

The effect of V,, on an op-amp circuit can be modelled by adding a DC voltage source V,, in series with the
non-inverting input terminal, as shown in the Figure.

AyvoLVI0
\
O

Note: 1, is ™\ +
always place at © VU Polarity of this output can be > 0 or <0
the non-inverting 10 depending on whether V7 is positive or

input negative respectively




Offset: Example

An inverting feedback amplifier has a closed-loop gain of
A, = -5V/V.The input signal I’ is —1.0 VDC. The output
voltage is 5.120 VDC. What's the J/, for the op-amp ?

Ry
Ve } v,=5.120V
=50l =k
= VR

iv) The input offset voltage 1
will contribute to an output
given by

Vo = (1 +]€FJI/IO
RI

=(1+5V,
=6V

10

Solution:

. . RF
) The expected output voltage is v, =| = Vix

I

=)

=5.0 VDC
i) The actual v, =5.120 VDC

lii) The difference between (i) and (ii) is

5.120-5.0=0.120 VDC

(v) The output obtained
in (iv) must be
0.120 VDC.

Thus, 6V, =120 mV

Vo= 20mV



Offset: Practical problem

e Offset in integrator

* The op-amp integrator is very easily saturated if there is a small lack of
symmetry. This is because the error gets integrated quickly and the output
will soon move towards the maximum voltage.

C
I
I

nin ' PP

Vi — ] -




Op-amp nonidealities: Input current

e Areal op-amp must draw a
small amount of DC bias
currents (Z,, 1) into its v, and
v_terminals for proper

operation of its internal circuit.

e These input bias currents are
designated /. and /_and they
are modelled by placing DC
current sources inside an
otherwise ideal op-amp.

Vi

The input bias current is
formally defined as the average
of /. and /_:

|
U ZE(I+ +]—)

_C

Typical input bias currents range in
value from 0.1 pA to 10 uA and

can be positive or negative,
depending on the type of op-amp.

In some op-amps, the DC input bias currents /. and /_are not
equal.

Their difference is called the input offset current, defined by
the relation /,, =1 -1

The imbalance is typically of 5 to 10% of the average input
bias current.



Op-amp nonidealities: Input current

* Input bias current

* Unwanted offset: Since i, flows into both inputs, the negative input side will
have a slightly negative dc voltage even when v, = 0, whereas the positive
input side is still OV because there is no resistor there!

R
R, I
—

R _
R > v — = \
Vi | I L —» \ f!r
I v, : /
+
_b -
i, / Introduce a resistor at [RlllRa I::Iq

non-inverting terminal.




Op-amp nonidealities: Slew rate

The output of an ideal op-amp is able to change
Instantaneously.

In real op-amp the rate of change of the output is finite,
in V/us, can never exceed a specified value called the
slew rate, Sg.

For uA741, SR =0.5 V/us

When op-amp is driven to its slew rate limit, the output
SR = Max [dv,/dt| of an opamp exhibits non-linear behavior.

Under such conditions, the output of an otherwise linear
circuit will not be a faithful reproduction of the input signal

and will exhibit non-linear distortion. Here, V_ = }J_.




Slew rate: Example

An op-amp with S =1 V/us
=10° V/s is used to build an
inverting amplifier with a gain of
—10 V/V. With a 1.0¥, sinusoid
the output has a peak of 10 V.

B

10V

a) At what frequency will the output be affected by $;?

b) If the sinusoidal input is increased to 1.5 V at this

frequency, sketch the resulting waveform.

Solution: v, =a_ COosS®/
a) The slope of v, = d,, x A, COS®!

. dv .
IS d;’ =wa_x A4, sinof and
dv
max{ d; =oa A,
= 2nfamAVCL

The Max|dv /df Should be less

than Sy to avoid non-linear

— Fora IOVP sinusoid,
the frequency at
which Sy limitation
begins is

S, =2nf_a_A

m m~* VCL
‘fl‘n

S

R

" 2na A

m* VCL

10° Vs
27(10)

distortion, i.e., wa_A,, < S,.

~16 kHz



Slew rate: Example

An op-amp with S =1 V/us
=10° V/s is used to build an ﬂv_
inverting amplifier with a gain of
—10 V/V. With a 1.0¥, sinusoid
the output has a peak of 10 V.

B

10V

a) At what frequency will the output be affected by $;?

b) If the sinusoidal input is increased to 1.5 V at this
frequency, sketch the resulting waveform.

hn

Undistorted

_ Dashed line:
intended ideal output

[ sinusoid -~ Solid line:
output f slew rate limited

output

[

ZEr0-Cros Sillg

t; =73 pus

®
— Slew rate ®

t (us)

l[imitation »




Op-amp nonidealities: Finite gain

* Finite loop gain and bandwidth

* The open-loop gain of practical op-amps is not infinite and drops

as frequency increases.

* Open-loop gain: 4, = ” V_OV
L Ao
* The gainis given by A, = 1+£)_w

* (wy, = 21fy is the break frequer%’cy)

100dB

60dB

A,
1

slope = -20 dB/dec

__________________________

0dB

» [(Hz)

100Hz 10k 10M



Op-amp nonidealities: Bandwidth

| Voltage Gain | .
A Bandwidth
BW =f,~f
A L |
4l 3 | 07074, f, = lower cutoff
J2 |/ | frequency
| I .
| L1 /> = upper cutoff
A /., f(Hz) frequency




Op-amp nonidealities: Open-loop Bandwidth

The dominant pole frequency
fpis often in the low
frequency hertz range
(normally below 1 kHz).

Above f,, the gain falls at a
rate of —20 dB/decade.

A(m) A _ A
A A =—— 7
=4, 1+ 4]
TN
J2 | .
: I \—20 dB/decade |
o 20 dB
|
: |
| | | nity gain frequenc
|
| : : | ]:, — Amfp
A=1- o - (0>
[ =" /i 107, f, / =—(log scale)
P2 ‘ 2T




Op-amp nonidealities: Open-loop Bandwidth

Gain [in dB] = 20 log Gain /UGF
AGif) = A, ; At unity-gain frequency, f \A(Jff;)zl
I+ 7 _ 1
, YT
| A A, =11+ 7"

- AGS)| = o 7, — where

\/1+ i f 2 /. = unity-gain frequency (freq.)

I ( ] =A"-1 of the op-amp A(j7)
o | A, = DC value of A(jf)
UGF = Gain*BW /o = fp (A02 - 1)2 fp = —3dB cutoff freq. of A(jf)

product is constant

m Gain-Bandwidth fo = Ao.]:; (AO > 1)_ Aof[; = gain-bandwidth product




Op-amp nonidealities: Closed-loop Bandwidth

* Inverting amplifier: Suppose the op-amp gain is Av(w), not infinity!
The inverting amplifier gain at w becomes

R,
— 1

v

Vo — R2 /Rl
V; ('1 + g—? )
1+ A, (w)
Since A,
"I’I' v ('-“-“ ™,
L+
and A,0, = o,
we have Yo _ —Ry/ Ry

14 (14 B+



Op-amp nonidealities: Closed-loop Bandwidth

Clearly the transfer function has a typical first-order response.
Vo — Ry /Ry
v 1 Ry | iw Ry
1 + Af'} (1 + R'] ) + Wy (1 + R].

A —Ry [ 1 wi
4 ~ here Wp =
:ﬂng|H;u_fH1| W l —I_ J!ri}]
slope =20 dB/dec
| > o (rad/s) @, = ©,(R,/ R))
Im “ O




Op-amp : Other Applications

Current Source
Again vy 1s fixed by the voltage divider.

— 1 Ve The op-amp will make sure that the voltage at the
R lower end of R 1s also equal to vg, which 1s fixed!
Therefore the current flowing down R must be
-|_~ J — ‘/cc — UR
v R
R J
/, which 1s very close to the load current (if base
s current 1s small and op-amp draws very small
_ LOAD current).

- Thus, this circuit provide a constant current source

M for the grounded load.
Bnnn
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Op-amp : Other Applications

Low-pass Filter

: Vo — '?:(R]. + R J‘)
R ' R
1 -« f ) y 1
—L ] [ — Ry = 1 -
BN JwC
=3 h iRy = v;—1iRy
R, Vo
Vi —] ! +
—» From (2) and (3), we get
-
. Wi
L i(jwORy) +i—t =
Fron Ry
1 - | ‘ V4 1
—_— 7 1 f—
— cI1ice, we nave R]_Rz ﬁ —|— jwc
oy 1
Ry ﬁ + jwC

(3)

Ui

Ry



Op-amp : Other Applications

Low-pass Filter

R 1 .,.i_ R f
— —
RE -V,
v —
-
[

From (2) a

N

f}\

cutoff frequency or

> ®

3dB corner frequency




Op-amp : Other Applications

High-pass Filter

‘l-"!

a

201log (l + i

Ri

1
CR,
™

cutoff frequency or
3dB corner frequency

We can easily derive the transfer function as

> @



Appendix
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The bias circuit in 741

l Voo (H15 V)

Qy
- -T T T T -
- t~ .J A
4 0o .
7~
7 o Out
current sources
R_s - ‘
39 k) \
A
l‘rm-l \
- Lol .‘\"I-r
-~ Sy
’ Y
/7 A
/ oy 0n V
Widlar mirror ¢ _ R o=
\ i H
\ 5 .I:'i{ 100 0
~
~ -~ - - z \\|Q24

e




The bias circuit in 741

proportional to Izeg

Vee (F15 V) current CoOplers = * =, : et :
e I » bias for Q18,Q19
- s l

— - QJ]HQ QE*‘-
Lo /
Sy
0 Q \

- bias for Q17

QIS

Out

Q!I]

\ Widlar mirror $ z, !
\ Skt

RH —
100 £2

N O




Short-circuit protection circuit in 741

L‘I I Fo (H15 V)
e

A N

R, =
39 kD)

These transistors are
usually off, but will be
on when the output
draws a large current.

Ry =
100 £2

\\| o




Input stage

I Voo (15 V)

QFE
A

Out

Ry =
39 kN

100 £

\| 2




Input Stage

t‘| I Voo (15 V)
Q;I

-

N
Rs= &
YK0P

40 k() <

'———{ém
Ry=4<
off

© Dut

BIAN

FEEHTARE

City University of Hong Kong

Q1 and Q2 are emitter followers, providing high input resistance.
Q3 and Q4 serve as differential amplifier, providing high CMRR.
Q5,Q6,Q7 and R1,R2, R3 provide the load (active load) for the differential

amplifier.
This loading circuit also provides a single-ended output for the next stage.



Second stage (gain stage)

t‘| 1 Voo (F15 W)
o
L

Out

cg! high gain

-

¢: I common-

QD— O

! L
R, = emitter

100 £)

'R-i -
5k

B HAR

City University of Hong Kong
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Second stage (gain stage

-
L‘| I Voo (F15 V) !l ..}\active load J
J o),
TN

Qy 4
>
b3
2 Out
3
>
>
Rs= £ 1
WKND l‘/
QZU
l‘rfif-l Lw
o H
4
> R, =

FEEHTARE

City University of Hong Kong

Q16 1s an emitter follower, providing high input resistance for the stage so as
to minimize its loading effect.

Q17 1s a common-emitter amplifier, loaded by Q13B.
Q13B 1s a current mirror and serves as active load.

The gain is
GAINseconcl stage ~ gm,l? Fp13B

Note the capacitor Cc. This 1s called internal compensation cap and is used for
maintaining stability in when the op-amp is used in a feedback configuration.
We'll revisit this issue later when we study feedback and stability.



Output stage

Class AB output stage
complementary

3

]

I Voo (H15 V) "j pU.Sh'l]l'lll
-
Q - Q 134 P I

Ry =
9 kO




Output stage

Provides low output resistance.

Class AB output stage provided by Q14 and Q20 as complementary push-
pull.

Q19 and Q18 maintain a Vgg drop to smooth out the crossover distortion,
as in the class AB amplifier.

FEEAH AR |
City University of Hong Kong
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