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Common-mode and differential-mode voltages
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Consider a bridge circuit for sensing temperature, pressure, etc., with R, = R, = Re = R..

R4 = R + AR varies with the quantity to be measured. Typically, AR is a small fraction of R.
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Consider a bridge circuit for sensing temperature, pressure, etc., with R, = R, = Re = R..
R4 = R + AR varies with the quantity to be measured. Typically, AR is a small fraction of R.

The bridge converts AR to a signal voltage which can then be suitably amplified and used for display or control.

M. B. Patil, IIT Bombay



Common-mode and differential-mode voltages
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vV
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Ry Ry

Consider a bridge circuit for sensing temperature, pressure, etc., with R, = R, = Re = R..
R4 = R + AR varies with the quantity to be measured. Typically, AR is a small fraction of R.
The bridge converts AR to a signal voltage which can then be suitably amplified and used for display or control.

Assuming that the amplifier has a large input resistance,
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Common-mode and differential-mode voltages

Vee
Ry 2R
vV
! Amplifier [—eV/,
V2
Ry Ry

Consider a bridge circuit for sensing temperature, pressure, etc., with R, = R, = Re = R..
R4 = R + AR varies with the quantity to be measured. Typically, AR is a small fraction of R.
The bridge converts AR to a signal voltage which can then be suitably amplified and used for display or control.

Assuming that the amplifier has a large input resistance,

- _R V. —1V
v17R+R cc =5 Vee:
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Common-mode and differential-mode voltages

Vee
Ry 2R
vV
! Amplifier [—eV/,
V2
Ry Ry

Consider a bridge circuit for sensing temperature, pressure, etc., with R, = R, = Re = R..

R4 = R + AR varies with the quantity to be measured. Typically, AR is a small fraction of R.

The bridge converts AR to a signal voltage which can then be suitably amplified and used for display or control.
Assuming that the amplifier has a large input resistance,

= R V, —1V
v =pig V=3 Ve
(R+ AR) 1 1+x 1 1
= Vece=—-— — Ve~ —(1 1-— 2)Vee = = (1 2) Ve,
v R+ (RTAR) =3 Tox Ve 2(+X)( x/2) Vec 2(+X/) cc

where x = AR/R.
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Common-mode and differential-mode voltages

Vee
Ry 2R
vV
! Amplifier [—eV/,
V2
Ry Ry

Consider a bridge circuit for sensing temperature, pressure, etc., with R, = R, = Re = R..
R4 = R + AR varies with the quantity to be measured. Typically, AR is a small fraction of R.
The bridge converts AR to a signal voltage which can then be suitably amplified and used for display or control.

Assuming that the amplifier has a large input resistance,

= R V, —1V
v =pig V=3 Ve
(R+ AR) 1 1+x 1 1
= Vece=—-— — Ve~ —(1 1-— 2)Vee = = (1 2) Ve,
v R+ (RTAR) =3 Tox Ve 2(+X)( x/2) Vec 2(+X/) cc

where x = AR/R.

For example, with Vec =15V, R =1k, AR =0.01k ,
vi =75V,

Vo =7.540.0375 V.
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Common-mode and differential-mode voltages

Vee
Ra Re
vV
! Amplifier |—eV/,
V2
Re 2R,

v =75V, v»=75+0.0375V.
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Common-mode and differential-mode voltages

Vee
Ra Re
vV
! Amplifier |—eV/,
V2
Re 2R,

vi=75V, v»=754+0.0375V.
The amplifier should only amplify v» — v; = 0.0375 V (since that is the signal arising from AR).
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Common-mode and differential-mode voltages

Vee
Ra Re
vV
! Amplifier |—eV/,
V2
Re 2R,

vi=75V, v»=754+0.0375V.
The amplifier should only amplify v» — v; = 0.0375 V (since that is the signal arising from AR).
Definitions:

Given v and vy,
1
Ve = 5 (v1 + v2) = common-mode voltage,

vg = (v» — vi) = differential-mode voltage.
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Common-mode and differential-mode voltages

Vee
Ra Re
vV
! Amplifier |—eV/,
V2
Re 2R,

vi=75V, v»=754+0.0375V.
The amplifier should only amplify v» — v; = 0.0375 V (since that is the signal arising from AR).
Definitions:

Given v and vy,
1
Ve = 5 (v1 + v2) = common-mode voltage,

vg = (v» — vi) = differential-mode voltage.
vy and v can be rewritten as,

Vi= Ve —Vg/2, vo = ve+ vg/2.
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Common-mode and differential-mode voltages

Vee
Ra Re
vV
! Amplifier |—eV/,
V2
Re 2R,

vi=75V, v»=754+0.0375V.
The amplifier should only amplify v» — v; = 0.0375 V (since that is the signal arising from AR).
Definitions:

Given v and vy,
1
Ve = 5 (v1 + v2) = common-mode voltage,

vg = (v» — vi) = differential-mode voltage.

vy and v can be rewritten as,

Vi= Ve —Vg/2, vo = ve+ vg/2.

In the above example, v. = 7.5V, vy =37.5mV .

M. B. Patil, IIT Bombay



Common-mode and differential-mode voltages

Vee
Ra Re
vV
! Amplifier |—eV/,
V2
Re 2R,

w=75V, v»w=75+0.0375V.

The amplifier should only amplify v» — v; = 0.0375 V (since that is the signal arising from AR).
Definitions:

Given v and vy,

Ve = % (v1 + v2) = common-mode voltage,

vg = (v» — vi) = differential-mode voltage.

vy and v can be rewritten as,

Vi= Ve —Vg/2, vo = ve+ vg/2.

In the above example, v. = 7.5V, vy =37.5mV .

Note that the common-mode voltage is quite large compared to the differential-mode voltage.

This is a common situation in transducer circuits.
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Common-Mode Rejection Ratio

Vit Vi = Ve + vg/2
Amplifier [—ev,
Vo =V —Vg/2

V_e— —

An ideal amplifier would only amplify the difference (v; — v_), giving
Vo =Aqg(v4 —v-) =Agva,

where Ay is called the “differential gain” or simply the gain (Ay).
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Common-Mode Rejection Ratio

Vit Vi = Ve + vg/2
Amplifier [—ev,
Vo =V —Vg/2

V_e— —

An ideal amplifier would only amplify the difference (v; — v_), giving
Vo = Ag(vy —v_) =Agvg,

where Ay is called the “differential gain” or simply the gain (Ay).

In practice, the output can also have a common-mode component:

Vo = Agvd + Acve,

where A. is called the “common-mode gain”.
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Common-Mode Rejection Ratio

Vit Vi = Ve + vg/2
Amplifier [—ev,
Vo =V —Vg/2

V_e— —

An ideal amplifier would only amplify the difference (v; — v_), giving

Vo = Ag(vy —v_) =Agvg,

where Ay is called the “differential gain” or simply the gain (Ay).

In practice, the output can also have a common-mode component:

Vo = Agvd + Acve,

where A. is called the “common-mode gain”.

The ability of an amplifier to reject the common-mode signal is given by the
Common-Mode Rejection Ratio (CMRR):

A
CMRR = 22
A

c
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Common-Mode Rejection Ratio

Vit Vi = Ve + vg/2
Amplifier [—ev,
Vo =V —Vg/2

V_e— —

An ideal amplifier would only amplify the difference (v; — v_), giving

Vo = Ag(vy —v_) =Agvg,

where Ay is called the “differential gain” or simply the gain (Ay).

In practice, the output can also have a common-mode component:

Vo = Agvd + Acve,

where A. is called the “common-mode gain”.

The ability of an amplifier to reject the common-mode signal is given by the
Common-Mode Rejection Ratio (CMRR):

A
CMRR = 22
A

c

For the 741 op-amp, the CMRR is 90 dB (=~ 30,000), which may be considered to be infinite in many applications. In such
cases, mismatch between circuit components will determine the overall common-mode rejection performance of the circuit.
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Op-amp circuits (linear region)
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Op-amp circuits (linear region)

A%

Method 1:

R
Large input resistance of op-amp — iy =0, V, = ‘

=——Vp.
Rs + R4
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Op-amp circuits (linear region)

Method 1:
Large input resist f —i, =0, V Ry,
arge Input resistance or op-am 1L = = — 2.
g p p P + y Vi Rs + Ra 2
. . 1 1
Since Vy — V_ =0, i1 = — (Vi —V_)~ — (Via — V4).
Ry Ry
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Op-amp circuits (linear region)

Method 1:
Large input resist f —i, =0, V Ry,
arge Input resistance or op-am 1L = = — 2.
g p p P + y Vi Rs + Ra 2
. . 1 1
Since Vy — V_ =0, i1 = — (Vi —V_)~ — (Via — V4).
Ry Ry

R
i,z0—>VO=V,—i1R2%V+—FZ(Vfl—V+)_
1
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Op-amp circuits (linear region)

A%

Method 1:

Ry
Large input resistance of op-amp — iy =0, V; = —— V;
g p P P + y V4 Rs + Ra i

1 1
Since V, — V_ =0, iI:E(V,- 7v,)z?1(\/,-17\/+).

R:
Lm0 Vo=Vo iR~ Ve — 22 (V= V).
Ry
R R
Substituting for V. and selecting ?4 = FZ we get (show this)
3 1

R>
Vo = — (Vi — V).
o Rl( 2 1)
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Op-amp circuits (linear region)

Method 1:

Ry
Large input resistance of op-amp — iy =0, Vy = —— Vj».
g p P P + y V4 Rs + Ra i2

1 1
Since V, — V_ =0, iI:E(V,- 7v,)z?1(\/,-17\/+).

R
i,zO—>V0=V,—i1R2zV+—FZ(Vfl—V+)_
1

_ . R R .
Substituting for V4 and selecting — = —, we get (show this)
R; R
R>
Vo= — (Vo — Vi1).
°= R ( )

The circuit is a “difference amplifier.”
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Difference amplifier

VW VWAV VW
R, R> Ry
Vii— VW = VW =
Ri 4 v, AND = R 1.y,
Vi p ' Va * '
Rs ?RL Rs $RL
R, ' Ry '
L ) Case 2 1 B
Method 2:

Since the op-amp is operating in the linear region, we can use superposition:
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Difference amplifier

VW VWAV VW
R, R> Ry
Vii— VW = VW =
Ri 4 v, AND = R 1.y,
Vi p ' Va * '
Rs ?RL Rs $RL
R, ' Ry '
L ) Case 2 1 B
Method 2:

Since the op-amp is operating in the linear region, we can use superposition:

Case 1: Inverting amplifier (note that V; = 0 V).

R
— V01:7F Vit .
1
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Difference amplifier

VW VWAV VW
R, R> Ry
Vii— VW = J_ VW =
Ra v, AND = N v,
Vi p ' Va * '
Rs ?RL Rs $RL
R, ' Ry '
L ) Case 2 1 B
Method 2:

Since the op-amp is operating in the linear region, we can use superposition:

Case 1: Inverting amplifier (note that V; = 0 V).

R
= Vor=——> V.
R1 R
Case 2: Non-inverting amplifier, with V; = T Vi»
Rs + Ry

V. <1+ Rz) ( R ) v
— = —_— —_— .
o2 Ry R3 + R4 :
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Difference amplifier

VW VWAV VW
R, R> Ry
Vii— VW = J_ VW =
Ra v, AND = N v,
Vi p ' Va * '
Rs ?RL Rs $RL
R, ' Ry '
L ) Case 2 1 B
Method 2:

Since the op-amp is operating in the linear region, we can use superposition:

Case 1: Inverting amplifier (note that V; = 0 V).

R
= Vor=——> V.
R1 R
Case 2: Non-inverting amplifier, with V; = T Vi»
Rs + Ry

V. <1+ Rz) ( R ) v
— = —_— —_— .
o2 Ry R3 + R4 :

The net result is,
R» Ry Ry R> R R
Vo=Voa+Vea=(1+ =) —= ) Vo— = Vi=— (Vo — Va),if — =—.
v (10 2) (7R ) Ve R Ve R Ve v
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Difference amplifier

Vee
Ra RC
V2
Ry Ry

Amplifier

_.VO

10k
2A%%
Ra
1k
A% =
Ry
1k n
Rs
Ry
10k
Bridge Difference amplifier
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Difference amplifier

10k
Vee e
Ra
Ra Re 1k
N =
A
! Amplifier {—aV/, Ry S
Vo 1k + H
Ry Ry Rs ?RL
Rs '
10k 4

Bridge Difference amplifier

The resistance seen from vz is (R3 + R4) which is small enough to cause v» to change.

This is not desirable.
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Difference amplifier

10k
Vee e
Ra
Ra Re 1k
N =
A
! Amplifier {—aV/, Ry S
Vo 1k + H
Ry Ry Rs ?RL
Rs '
10k 4

Bridge Difference amplifier

The resistance seen from vz is (R3 + R4) which is small enough to cause v» to change.

This is not desirable.
— need to improve the input resistance of the difference amplifier.
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Difference amplifier

10k
Vee W
Ra
R, Rc 1k
A% =
\%
1 Amplifier —aV/, 1R " ——Vo
Vo '
+
Ry Ry Rs ?RL
Rs '
10k —_
Bridge Difference amplifier

The resistance seen from vz is (R3 + R4) which is small enough to cause v» to change.

This is not desirable.

— need to improve the input resistance of the difference amplifier.

We will discuss an improved difference amplifier later. Before we do that, let us discuss another problem with

the above difference amplifier which can be important for some applications (next slide).

M. B. Patil, IIT Bombay



Difference amplifier
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Difference amplifier

R,
Consider the difference amplifier with R3 = Ry, Ry = Ry — V, = ?2 (Vi2 — vi1) .
1

The output voltage depends only on the differential-mode signal (vi2 — vi1),

i.e., Ac (common-mode gain) = 0.
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Difference amplifier

R,
Consider the difference amplifier with R3 = Ry, Ry = Ry — V, = ?2 (Vi2 — vi1) .
1

The output voltage depends only on the differential-mode signal (vi2 — vi1),
i.e., Ac (common-mode gain) = 0.

In practice, R3 and R; may not be exactly equal. Let R3 = Ry + AR.
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Difference amplifier

R,
Consider the difference amplifier with R3 = Ry, Ry = Ry — V, = ?2 (Vi2 — vi1) .
1

The output voltage depends only on the differential-mode signal (vi2 — vi1),
i.e., Ac (common-mode gain) = 0.

In practice, R3 and R; may not be exactly equal. Let R3 = Ry + AR.

Ry ( Rz) Ry Ry ( R2> Ry
Vo =——— 1+ |vo—5vi=—-———2 |1+ V- 5 va
R3+ Ry Ry Ry R+ AR+ Ry Ry Ry
AR

————  (show this)
Ri + Ry

2 .
~ —(vg — xVve),with x =
Rl(d C)
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Difference amplifier

R,
Consider the difference amplifier with R3 = Ry, Ry = Ry — V, = ?2 (Vi2 — vi1) .
1

The output voltage depends only on the differential-mode signal (vi2 — vi1),
i.e., Ac (common-mode gain) = 0.

In practice, R3 and R; may not be exactly equal. Let R3 = Ry + AR.

Ry ( Rz) Ry Ry ( R2> Ry
Vo = —— 1+ = |vo—=vi=——""——(1+—= |Vo— =i
R3+ Ry Ry Ry R+ AR+ Ry Ry Ry

2 . AR .
~ —(vg — xVc),with x = ————  (show this)
Rl R1+R2
AR R Ry
Al = ——m— — Ayl = —.
o
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Difference amplifier

R,
Consider the difference amplifier with R3 = Ry, Ry = Ry — V, = ?2 (Vi2 — vi1) .
1

The output voltage depends only on the differential-mode signal (vi» — vi1),
i.e., Ac (common-mode gain) = 0.

In practice, R3 and R; may not be exactly equal. Let R3 = Ry + AR.

Ry R, R» R, Ry Ro
Vo = —— 1+ = |vo—=vi=——""——(1+—= |Vo— =i
R3+ Ry Ry Ry Ri+ AR+ R Ry Ry

2 . AR .
~ —(vg — xVve),with x = —— show this
Rl( d e) R TR ( )
AR R R;
|Ac| = m EZ < |A4l = EZ However, since v, can be large compared to vy, the effect of A. cannot be ignored.
1 > Ry 1
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Difference amplifier

R, R,
|Ac| = x =, |Ad| = =, where x =
R R

AR
R+ R
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Difference amplifier

Ry R AR
ol =x =, |A4| = =—,where x = ————.
[Ac| [Ad] h

Ry Ry Ri+ R

In our earlier example, v. = 7.5V, v4 =0.0375 V.
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Difference amplifier

Ry R AR
|Ac] = x =, |Ad| = =, where x = ——.
Ry Ry Ri+ R
In our earlier example, v. = 7.5V, v4 =0.0375 V.
' 0.01k 10k 10k
With Ry = 1k, Ry = 10k, x = —-== = 0.00091 — |Ac| = 0.00091 = = 0.0001, |Ay| = = = 10.

[vS| = |Ac ve| = 0.0091 x 7.5 = 0.068 V.
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Difference amplifier

?RL 2 = Ve + (va/2)
Rs=R; '
Ry R> AR
ol =x =, |A4| = =—,where x = ————.
[Ac| [Ad] h
R Ry Ri + Ry
vg = 0.0375 V.

In our earlier example, v. = 7.5V,
i 0.01 10k 10
With Ry = 1k, R, = 10k, x = —— = 0.00091 — |A.| = 0.00091 —— = 0.0091, |A4| = —10
11k 1k 1k
[VE] = |Ac ve| = 0.0091 x 7.5 = 0.068 V.
[vd| = |Ag vg| = 10 x 0.0375 = 0.375 V.
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Difference amplifier

R R> AR
|Ac] = x =, |Ad| = =, where x = ——.
Ry Ry Ri+ R
In our earlier example, v. = 7.5V, v4 =0.0375 V.
. 0.01k 1 10k
With Ry = 1k, Ry = 10k, x = —-== = 0.00091 — |Ac| = 0.00091 = = 0.0001, |Ay| = = = 10.

[vS| = |Ac ve| = 0.0091 x 7.5 = 0.068 V.

[v¥| = |Ag vg| = 10 x 0.0375 = 0.375 V.

The (spurious) common-mode contribution is substantial.

If we measure v,, we will conclude that vy = ;—o, but in reality, it would be different.

d
— need a circuit which will drastically reduce the common-mode component at the output.

M. B. Patil, IIT Bombay



Difference amplifier: resistance mismatch
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Difference amplifier: resistance mismatch

R> R4 R>
Vo=(14—=)(=—— ) Vp——V,
249 ¢ <+R1><R3+R4> PTR T
V,
Let Vii=Vip=V, — Ac=—.
Ve

R Ry

S WV
) ()
?R ‘ ( R)\Rs+R) R
L
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Difference amplifier: resistance mismatch

R> Ry R>
Vo=[1+4— ——— | Vp— =V,
A% ° ( * R1> <R3 + R4> 2 R1 !

R, v
Let Vii=Vio=V. — Ac=—.
Ve

(R) ()
R R3 + Ry Ry

R <1 Ry R3)
C R3+ Ry R1 R4

Ac
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Difference amplifier: resistance mismatch

R> Ry R>
Vo=[1+4— ——— | Vp— =V,
A% ° ( * R1> <R3 + R4> 2 R1 !

R, v
Let Vii=Vio=V. — Ac=—.
Ve

R: R, R
e 8) (k) &
R R3 + Ry Ry
R <1 Ry R3)
C R3+ Ry R1 R4

Assume ideal op-amp with R} = Rlo(l + x1), etc. 1% resistor — x =0.01.
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Difference amplifier: resistance mismatch

R: R. R:
Vo = <1+72> (74> Via — 22 Vi
A R: R3 + Ry R
Ra v
o

Let Vii=Vip=V. — Ac=-2.
Ve

R: R, R
b8 ()&
Ry R34+ Ry Ry
R <1 R, R3)
C R3+ Ry R1 R4
Assume ideal op-amp with R} = Rlo(l + x1), etc. 1% resistor — x =0.01.

_ Ry (1_ R20 (1+X2) « R30 (1+X3)>
R; + Rs Rlo(].+X]_) R40 (1+X4) '

Ac

— Ac
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Difference amplifier: resistance mismatch

R> R4 R>
Vo=(14—=)(=—— ) Vp——V,
249 ¢ <+R1><R3+R4> PTR T
R» y
Let Vii=Vip=V, — Ac=—.
Ve

R: R, R
1 2) ()
Ry R34+ Ry Ry
R <1 R, R3)
C R3+ Ry R1 R4
Assume ideal op-amp with R} = Rlo(l + x1), etc. 1% resistor — x =0.01.

_ Ry (1_ R20 (1+X2) « R30 (1+X3)>
R; + Rs Rlo(].+X]_) R40 (1+X4) '

— Ac

Using (1+U1)(1+UQ)%1+U1+UQ if |U1‘<<1, ‘U2|<<1,

M. B. Patil, IIT Bombay



Difference amplifier: resistance mismatch

R> Ry R>
Vo=[1+4— ——— | Vp— =V,
A% ° ( * R1> <R3 + R4> 2 R1 !

V,
Let Vii=Vio=V. — Ac=—.
Ve

R: R, R
1 2) ()
Ry R34+ Ry Ry
R <1 R, R3)
C R3+ Ry R1 R4
Assume ideal op-amp with R} = Rlo(l + x1), etc. 1% resistor — x =0.01.

_ Ry (1_ R20 (1+X2) « R30 (1+X3)>
R; + Rs Rlo(].+X]_) R40 (1+X4) '

Using (1+U1)(1+UQ)%1+U1+UQ if |U1‘<<1, ‘U2|<<1,

— Ac

1
and —— ~1—u if |ul <1,
14+ u
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Difference amplifier: resistance mismatch

R> Ry R>
Vo=[1+4— ——— | Vp— =V,
A% ° ( * R1> <R3 + R4> 2 R1 !

V,
Let Vii=Vio=V. — Ac=—.
Ve

R: R, R
A = (1+£) <74) R
Ry R34+ Ry Ry
R <1 R, R3)
C R3+ Ry R1 R4
Assume ideal op-amp with R} = Rlo(l + x1), etc. 1% resistor — x =0.01.

_ Ry (1_ R20 (1+X2) « R30 (1+X3)>
R; + Rs Rlo(].+X]_) R40 (1+X4) '

Using (1+U1)(1+UQ)%1+U1+UQ if |U1‘<<1, ‘U2|<<1,

— Ac

1
and —— ~1—u if |ul <1,
14+ u

Ry

Ac= — 2
R3 + Ry

(Xl — Xp — X3 + X4).
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Difference amplifier: resistance mismatch

(Xl — Xp — X3 + X4).
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Difference amplifier: resistance mismatch

Ry
Ac= —— (x1 — x0 — x3 + xq).
V'\?/\/ c R3+R4(1 2 — X3+ xa)
: Re R
Rs+ Ry~ RY+RY
oV,

o
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Difference amplifier: resistance mismatch

Ry
Ac= —— (x1 — x0 — x3 + xq).
V'\?/\/ c R3+R4(1 2 — X3+ xa)
: Re R
Vi = Rs+ Ry~ RY+RY

(1) RY=RY (ie., R =RJ)
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Difference amplifier: resistance mismatch

Ry
Ac = —— (x1 — x2 — x3 + xa).
V'\?/\/ ¢ R3+R4(1 2 — X3+ xa)
: Re R
Vi = Rs+ Ry~ RY+RY
(1) RY=RY (ie., R =RJ)

1
Ac = §(X1—X2—X3+X4)
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Difference amplifier: resistance mismatch

Ry
Ac= —— (x1 — x0 — x3 + xq).
V'\?/\/ c R3+R4(1 2 — X3+ xa)
: Re R
Vi = Rs+ Ry~ RY+RY

(1) RY=RY (ie., R =RJ)
1
Ac = E(Xl—xg—x3+X4)

1
= = 4x = 2x (worst case)

2
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Difference amplifier: resistance mismatch

Ry
Ac= —— (x1 — x0 — x3 + xq).
V'\?/\/ c R3+R4(1 2 — X3+ xa)
: Re R
Vi = Rs+ Ry~ RY+RY

(1) RY=RY (ie., R =RJ)

1
Ac = §(X1—X2—X3+X4)

1
= = 4x = 2x (worst case)

2

(2) R < RY (e, RY < RY)
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Difference amplifier: resistance mismatch

Ry
Ac= —— (x1 — x0 — x3 + xq).
V'\?/\/ c R3+R4(1 2 — X3+ xa)
: Re R
Vi = Rs+ Ry~ RY+RY

(1) RY=RY (ie., R =RJ)

1
Ac = §(X1—X2—X3+X4)

1
=5 4 x = 2x (worst case)

(2) R < RY (e, RY < RY)

a _ (RY/RY)

= —" =" (xy —x2 — x3 + xa) =~ 4x (worst case)
1+ (RY/RY)
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Virm Vo = Va=

Vi Al

1
i s VB:M'Z;‘)"IZE(\/I'I

Rs

Rs

— V).

Rq

A3
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1

Large input resistance of Al and A2 = the current through the two resistors marked R is also equal to i.
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Improved difference amplifier

Vi Al

Rs

i 1
Vim Vo = Vo=V, VB:VIZ;‘)’IZF(VI — Vi)
1
Large input resistance of Al and A2 = the current through the two resistors marked R is also equal to i.

1 2R,
Vor = Vo2 = iil(R1 +2R) = R*(Vn* Vi2) (R1 +2 R2) = (Vi1 — Vi2) (1+T2)'
1 1



Improved difference amplifier
Vi Al

Rs

N :
R3 $ Ru

i 1
Vim Vo = Vo=V, VB:VIZ;‘)’IZF(VI — Vi)
1
Large input resistance of Al and A2 = the current through the two resistors marked R is also equal to i.

1 2R,
Vor = Vo2 = iil(R1 +2R) = R*(Vn* Vi2) (R1 +2 R2) = (Vi1 — Vi2) (1+T2)'
1 1

)(v,-z—v,-).

R R 2R
Finally, V, = ?“(v(,2 — V) = — <1 + 2=
3

R3 Ri



Improved difference amplifier

Vi Al

Rs

i 1
Vim Vo = Vo=V, VB:VIZ;‘)’IZF(VI — Vi)
1
Large input resistance of Al and A2 = the current through the two resistors marked R is also equal to i.

1 2R,
Vor = Vo2 = iil(R1 +2R) = R*(Vn* Vi2) (R1 +2 R2) = (Vi1 — Vi2) (1+T2)'
1 1

R R 2R
Finally, V, = ?“(v(,2 V) = — <1 + 22
3

Rs R1>(‘/i_‘/i)'

This circuit is known as the “instrumentation amplifier.”
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Instrumentation amplifier

Vee
R,
R R. *
- A3
Vi . R3 .
Vo t— + VA
Ry Ry R3 $ Ry
Ry '

The input resistance seen from Vi1 or Vj; is large (since an op-amp has a large input resistance).
— the amplifier will not “load” the preceding stage, a desirable feature.



Instrumentation amplifier

Vee
R,
R R. *
- A3
Vi . R3 .
Vo t— + VA
Ry Ry R3 $ Ry
Ry '

The input resistance seen from Vi1 or Vj, is large (since an op-amp has a large input resistance)
— the amplifier will not “load” the preceding stage, a desirable feature.

As a result, the voltages vi and v» in the bridge circuit will remain essentially the same when the bridge circuit
is connected to the instrumentation amplifier.
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Instrumentation amplifier: common-mode rejection

Rs

Rs
Vit = Ve — (vg/2)
Vo Viz = Ve + (va/2)
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Instrumentation amplifier: common-mode rejection

Rs

R3
NS Vit = Ve — (va/2)

Vo Vig = Ve + (va/2)

Note that v,1 serves as vj; for the difference amplifier, and vy as vjp. Let us find the differential-mode and common-mode
components associated with v,1 and ve;.

(Vo1 + Vo2)

N | =

’ ’
Vig = Vo2 — Vo1, V.=
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Instrumentation amplifier: common-mode rejection

Rs

Ry

Note that v,1 serves as vj; for the difference amplifier, and vy as vjp. Let us find the differential-mode and common-mode
components associated with v,1 and ve;.

’ ’
Vig = Vo2 — Vo1, V.=

1 % V, R, + R,
Vi/dz(RZ""Rzl"'Rl)Fl [(vc—}—?d) - <vc—?d)] = <1+2T12> Vy.

(Vo1 + Vo2)

N | =
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Instrumentation amplifier: common-mode rejection

Ry

Rs

Vit = Ve — (va/2)
Vo Vi2 = Ve + (va/2)

Note that v,1 serves as vj; for the difference amplifier, and vy as vjp. Let us find the differential-mode and common-mode

components associated with v,1 and ve;.

’ ’
Vig = Vo2 — Vol, Vi =

(Vo1 + Vo2)

N | =

1 % V, R, + R,
Vild:(R2+R2l+Rl)F1 [(Vc+7d>—<vc— ;)] = <1+2T12> V.

1
vi=> [(v - %) + iR+ (vc+ %) = ilR;] ~ ve.
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Instrumentation amplifier: common-mode rejection

Rs

R3
NS Vit = Ve — (va/2)

Vo Vig = Ve + (va/2)

Note that v,1 serves as vj; for the difference amplifier, and vy as vjp. Let us find the differential-mode and common-mode
components associated with v,1 and ve;.

!’ [ 1
Via = Vo2 = Vol, Vie =3 (Vo1 + Vo2)

1 Vd Vd R2+R£
G T O R e I e I

1 Vd ) Vd -/
v-:E vc—? + iRy + vc+5 — 1Ry | = ve.

— vy has got amplified but not v. — overall improvement in CMRR.

=
a

a0~
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Instrumentation amplifier: common-mode rejection

Rs

R3
NS Vit = Ve — (va/2)

Vo Vig = Ve + (va/2)

Note that v,1 serves as vj; for the difference amplifier, and vy as vjp. Let us find the differential-mode and common-mode
components associated with v,1 and ve;.

!’ [ 1
Via = Vo2 = Vol, Vie =3 (Vo1 + Vo2)

1 Vd Vd R2+R£
G T O R e I e I

1 Vd . Vd oY
Ve=5 |- % +iR + Vc+5 — Ry | & ve

— vy has got amplified but not v. — overall improvement in CMRR.

=
a

a0~

(Note that resistor mismatch in the second stage needs to be considered, but it will have a limited effect.)
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Some circuits produce an output in the form of a current. It is convenient to convert this current into a voltage
for further processing.
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Current-to-voltage conversion

Some circuits produce an output in the form of a current. It is convenient to convert this current into a voltage

for further processing.
Current-to-voltage conversion can be achieved by simply passing the current through a resistor: Vo1 = I R.

£ A
+ + R, |+
v, 2 v
. RS Vo §Ri AV o2
B ) —_ amplifiér

However, this simple approach will not work if the next stage in the circuit (such as an amplifier) has a finite R;,
since it will modify V51 to Vo1 = Is (R; || R), which is not desirable.
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The output voltage is proportional to the source current, irrespective of the value
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Current-to-voltage conversion

V.

e
= Vbias (negative)

VoxVi,andim=0=>V,=V_-LR=—-R
The output voltage is proportional to the source current, irrespective of the value

of Ry, i.e., irrespective of the next stage.

Example: a photocurrent detector.
M. B. Patil, IIT Bombay



Current-to-voltage conversion

V.

g

Vbias (negative)

VoxVi,andio 0=V, =V_ - LR=—-LR.
The output voltage is proportional to the source current, irrespective of the value
of Ry, i.e., irrespective of the next stage.

Example: a photocurrent detector.
Vo = I’ R. (Note: The diode is under a reverse bias, with V,, =0V and V, = Vyas.)
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Op-amp circuits (linear region)
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Op-amp circuits (linear region)

V,%V+:OV—>i1:Vi/R.
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Op-amp circuits (linear region)

V_ =~ V+:OV—>i1: V,/R
Since i— = 0, the current through the capacitor is iy .
dVe . V;

= C =1 =—.
a TR
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Op-amp circuits (linear region)

V_ =~ V+:OV—>i1: V,/R
Since i— = 0, the current through the capacitor is iy .

:>Cdvc Y
=1 = — .
a4  'T R

dv, V;

vc:v_fvo:ofvo:fv(,ac(f dt"):ﬁ
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Op-amp circuits (linear region)

V_ =~ V+:OV—>i1: V,/R
Since i— = 0, the current through the capacitor is iy .

:>CdVC i Vi
= = — .
d 'R
dVo Vi
Ve=V_—-V,=0—-V,=-V, C|(— = -
c o o o — ( dt> R
VO:,L V; dt
RC

The circuit works as an integrator.
M. B. Patil, IIT Bombay
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6
C
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R —\/,,
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Given: R=10k, C=0.2 uF.
If Vo =0V at t=0, find V,(t) (Let tp =0.5msec, t; = 1.5 msec).

1 7
Vo:——/ Vidt, 7= RC=2msec.
RC
1 t ,
* For t < to, Vo(t)—vo(o):——/ 0dt' =0 — Vo(t) = V,(0) =0V
T Jo

1/t 1
For tg < t < t1, Vo(t) — Vo(to) = —— / 5dt’ = — = 5(t — ty) — a straight line with a negative slope

T Jy T
5V X Imsec = =25V — V,(t1) = —2.5V.

At t=t;, V(t1) — V(o) = Iy

* For t > t;, V,(t) remains constant since V; =0V.
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Given: R=10k, C=0.2 uF.
If Vo =0V at t=0, find V,(t) (Let tp =0.5msec, t; = 1.5 msec).

1 7
Vo:——/ Vidt, 7= RC=2msec.
RC
1 [t ,
* For t < to, Vo(t)—vo(o):——/ 0dt' =0 — Vo(t) = V,(0) =0V
T Jo

1/t 1
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T Jy T
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Integrator
6
C
|
11
+ V. - 3l
VoA —
R —\/,,
' 0
IR
_é_ -3 L L L L
0 0.5 1 15 2 2.5
t (msec)

Given: R=10k, C=0.2 uF.
If Vo =0V at t=0, find V,(t) (Let tp =0.5msec, t; = 1.5 msec).

1 7
Vo:——/ Vidt, 7= RC=2msec.
RC
1 [t ,
* For t < to, Vo(t)—vo(o):——/ 0dt' =0 — Vo(t) = V,(0) =0V
T Jo

1/t 1
* Fortg <t < ty, Vo(t) — Vo(to) = —— / 5dt’ = — = 5(t — ty) — a straight line with a negative slope

T Jy T
5V X Imsec = =25V — V,(t1) = —2.5V.

At t=t;, V(t1) — V(o) = Iy

* For t > t;, V,(t) remains constant since V; =0V.

SEQUEL file: ee101_integrator_1.sqproj
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* An integrator can be used to convert a square wave to a triangle wave.
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L,
Vo= —oc / Vidt t (msec)

* An integrator can be used to convert a square wave to a triangle wave.

* In practice, the circuit needs a small modification, as discussed in the following.
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Integrator

Vi— A —
R —V,

gl

R=10kQ, C=02uF =

v
‘VO_/
Il Il Il
1 2 3

L,
Vo= —oc / Vidt t (msec)

* An integrator can be used to convert a square wave to a triangle wave.

* In practice, the circuit needs a small modification, as discussed in the following.

SEQUEL file: ee101_integrator_2.sqproj
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Practical op-amps: Offset voltage

=— Real Op Amp

Ideal Op Amp
Vo

=~ Vsat

1= Vst

For the real op-amp, V, = Ay ((V4 + Vos) — V).
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Practical op-amps: Offset voltage

. — Real Op Amp
+ + — Ideal Op Amp
Vi V, Vi Vo
[ *— Vsat
Il Il Il Il Il Il Il Il Il Il Il Il Il Il ] _Vsat

For the real op-amp, V, = Ay ((V4 + Vos) — V).
For Vo, =0V, V. +Vps—V_=0—=V, =V, - V_ =—Vps.
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Practical op-amps: Offset voltage

( . — Real Op Amp

Ideal Op Amp
Vo

[ *— Vsat

1= Vst

For the real op-amp, V, = Ay ((V4 + Vos) — V).
For Vo, =0V, V. +Vps—V_=0—=V, =V, - V_ =—Vps.

V, versus V; curve gets shifted (Note: Vs is negative in the above example).
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Practical op-amps: Offset voltage

( . — Real Op Amp

Ideal Op Amp
Vo

[ *— Vsat

1= Vst

For the real op-amp, V, = Ay ((V4 + Vos) — V).

For Vo, =0V, V. +Vps—V_=0—=V, =V, - V_ =—Vps.

V, versus V; curve gets shifted (Note: Vs is negative in the above example).
741: —6mV < Vps <6mV, OP-77: —50uV < Vps < 50uV.

M. B. Patil, IIT Bombay



Effect of Vps: inverting amplifier

R
10k "2
MWV
‘Real
1k ea Ideal |
—AAA S
Vi R Vos
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Effect of Vps: inverting amplifier

10k

/Real T
Ideal

A

R R
By superposition, V, = -2 Vi+ Vos ( 1+ 29
Ry Ry
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Effect of Vps: inverting amplifier

10k

/Real T
Ideal

A

R R
By superposition, V, = -2 Vi+ Vos ( 1+ 29
Ry Ry

For Vpos = 2mV, the contribution from Vps to V, is 22mV,
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Effect of Vps: inverting amplifier

10k

/Real T
Ideal

A

R R
By superposition, V, = -2 Vi+ Vos ( 1+ 29
Ry Ry

For Vpos = 2mV, the contribution from Vps to V, is 22mV,

i.e., a DC shift of 22mV.
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Effect of Vps: integrator

4
<
|

NnN—= <
__ﬁ
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Effect of Vps: integrator

+ v, — v, —
I 1€
1l 1l
11 c I1 Real ‘ Ideal)
Vi R Vi R -
i — > Vos -
VA . LV,
+
?RL . ) ?RL
1 dVe
Vorx V. =Vos — i1 =—(V; -V, =C .
+ 0s — i1 R( : — Vos) pn
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Effect of Vps: integrator

+ v v, —
I 1€
1l 1l
i1 c i ‘Real ‘ Ideal)
— — E
Vi R L. o v R Vos | .
H Vo 2 + H Vo
?RL . ) ?RL
1 dVe
Vorx V. =Vos — i1 =—(V; -V, =C .
+ 0s — i1 R( : — Vos) pn
X 1
Le., VC:E (\/,— Vos)dt.

M. B. Patil, IIT Bombay



Effect of Vps: integrator

4
<
|

Nn= <

_\°/ :> Vi R Vos
o

: S+ LV,
?RL . ) ?RL

dVe

dt

. 1
V,%V+:Vos—>11:E(Vi—VOS):C

1

ie., Ve = E

(Vi — Vos) dt.

Even with V; =0V, V. will keep rising or falling (depending on the sign of Vps).

Eventually, the Op Amp will be driven into saturation.
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Effect of Vps: integrator

4
<
|

NnN—= <
__ﬁ

V, R V; R
: ; v
v —> -

: S+
?RL . ) ?RL

dVe

dt

. 1
V,%V+:Vos—>11:E(Vi—VOS):C

1

ie., Ve = E

(Vi — Vos) dt.

Even with V; =0V, V. will keep rising or falling (depending on the sign of Vps).

Eventually, the Op Amp will be driven into saturation.

— need to address this issue!
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Effect of Vos: integrator with V; =0
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Effect of Vos: integrator with V; =0

(&) i Vos dV.
a) h = — = —
TR dt

1
Ve=—— Vos dt — op-amp saturates.
c RC / o0s P P
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Effect of Vos: integrator with V; =0

h=—=—

R dt

Vi dVv.
(@) i = 205 c

c

1
-— Vos dt — op-amp saturates.
RC / o0s P P

(b) There is a DC path for the current.

RI
—Vo=(1+—) Vos.
<+R> 0s

M. B. Patil, IIT Bombay



Effect of Vos: integrator with V; =0

h=—=—

R dt

Vi dVv.
(@) i = 205 c

c

1
-— Vos dt — op-amp saturates.
RC / o0s P P

(b) There is a DC path for the current.

RI
—Vo=(1+—) Vos.
<+R> 0s

R’ should be small enough to have a negligible effect on V.
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Effect of Vos: integrator with V; =0

h=—=—

R dt

Vi dVv.
(@) i = 205 c

c

1
-— Vos dt — op-amp saturates.
RC / o0s P P

(b) There is a DC path for the current.

RI
—Vo=(1+—) Vos.
<+R> 0s

R’ should be small enough to have a negligible effect on V.

However, R’ must be large enough to ensure that the circuit still functions as an integrator.
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Effect of Vos: integrator with V; =0

h=—=—

R dt

Vi dVv.
(@) i = 205 c

c

1
-— Vos dt — op-amp saturates.
RC / o0s P P

(b) There is a DC path for the current.

RI
—Vo=(1+—) Vos.
<+R> 0s

R’ should be small enough to have a negligible effect on V.

However, R’ must be large enough to ensure that the circuit still functions as an integrator.
— R" > 1/wC at the frequency of interest.
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Op-amp 741: offset null

Q12 Q9 _
Q15
R6
Symbol
+— at é ouT
2 Q19 L R7 N ?Vcc
R5 Q21
CC
1 Q18 :>
Q3 —| |— R10 B - ouT
}\ ¢ —Vee
Q16
17
Q10 3
' K R
Qi ; : ® She Q22
R4 H H
' ' Q24
+ ! T 7\/[[
offset adjusta ________ _/\/:/\,_........:
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Input bias currents
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Input bias currents

|=— Real Op Amp

Ideal Op Amp

Vo

I5 and I5 are generally not equal.

[lg — Ig | : “offset current” (los)

(I3 +15)/2: “bias current” (Ig)




Input bias currents

Ig ( | Real Op Amp
+ + Ideal Op Amp
Vo
O /
Ig _
I
I5 and I5 are generally not equal.

Y [lg — Ig | : “offset current” (los)

Typical values (I3 +15)/2: “bias current” (Ig)

Op-Amp lg los Vos Type
741 80 nA 20 nA 1mV BJT input
OP77 1.2nA 0.3nA 10 uV BJT input
411 50 pA 25 pA 0.8 mV FET input
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Effect of bias currents: inverting amplifier

MWV
R2
L gl Ideal
— A S
Vi R: v
N ‘ :
J:‘ ) J $ Re
s I s
B =

M. B. Patil, IIT Bombay



Effect of bias currents: inverting amplifier

(Real .
e Ideal

Assume that the op-amp is ideal in other respects (including Vps = 0 V).
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Effect of bias currents: inverting amplifier

(Real ;
e Ideal

Assume that the op-amp is ideal in other respects (including Vps = 0 V).

VoaV,.=0V i =Vi/R.
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Effect of bias currents: inverting amplifier

(Real ;
e Ideal

Assume that the op-amp is ideal in other respects (including Vps = 0 V).
Vox V=0V —>i=V/R:.

S - . Vi - Ro -
Iz:llleﬁVo:V_flsziof f*IB RQ:**V,’%»IBRz,
R Ry
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Effect of bias currents: inverting amplifier

MWV
Ra
L gl Ideal
—A S
Vi R: v
n .
J:‘ ) $ Ry
s I s
B =

Assume that the op-amp is ideal in other respects (including Vps = 0 V).

Vox V=0V —>i=V/R:.

. _ . % - Ra _

Iz:llleﬁVo:V_flsziof f*IB RQ:**V,’%»IBRz,
Ry R

i.e., the bias current causes a DC shift in V,.

For I =80nA, R, =10k, AV, =0.8mV.
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Effect of bias currents: non-inverting amplifier

-
A
R,
h, s Ideal
+ :
o n
6] (D i
B =
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Effect of bias currents: non-inverting amplifier

2,
A
Re

'Real
e Ideal

Assume that the op-amp is ideal in other respects (including Vps = 0 V).
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Effect of bias currents: non-inverting amplifier

-
A
R,
h, s Ideal
+ :
o n
6] (D i
B =

Assume that the op-amp is ideal in other respects (including Vps = 0 V).
0o-Vi v

Ry R

Vor V=V, —-ih=
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Effect of bias currents: non-inverting amplifier

-
A
R,
h, s Ideal
+ :
o n
6] (D i
B =

Assume that the op-amp is ideal in other respects (including Vps = 0 V).

0=V Vi
Vor V=V, =i = = — .
R1 R1
S _ Vi -
12=11—IB:——R1—IB.
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Effect of bias currents: non-inverting amplifier

-
A
R,
h, s Ideal
+ :
o n
6] (D i
B =

Assume that the op-amp is ideal in other respects (including Vps = 0 V).

0=V Vi
VoxeVi=V,—ih= =L
R R
. . _ Vi _
I2=’1_IB :—EI—IB.
. Vi _ Ry _
Vo=V_ —bR =V, — —f—IB R=V, 1+ — +IBR2'
Ry Ry

— Again, a DC shift AV,.
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Effect of bias currents: integrator

lg




Effect of bias currents: integrator

- 1.C
il
+ Vv, —
b ped Ideal
— W >
Vi R v
. ‘ ‘
JT‘ () J ?RL
lg [y _i_
B =

1
Even with V; =0V, V. = — / —Ig dt will drive the op-amp into saturation.
c



Effect of bias currents: integrator

aA%%
R/
- 1<
1l
+ v, —
LIS pedl Ideal
— A N
Vi R v,
s ‘ :
ol g
s I+ 4
B =

1
Even with V; =0V, V. = — / —Ig dt will drive the op-amp into saturation.
c

Connecting R’ across C provides a DC path for the current, and results in a DC shift AV, = Ig R’ at the output.
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Effect of bias currents: integrator

aA%%
R/
- 1<
1l
+ v, —
LIS pedl Ideal
— A N
Vi R v
. !
Tlo g
s I+ 4
B =

1
Even with V; =0V, V. = — / —Ig dt will drive the op-amp into saturation.
c

Connecting R’ across C provides a DC path for the current, and results in a DC shift AV, = Ig R’ at the output.
As we have discussed earlier, R’ should be small enough to have a negligible effect on V.

However, R’ must be large enough to ensure that the circuit still functions as an integrator.
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Effect of bias currents: inverting amplifier




Effect of bias currents: inverting amplifier

LS
M
R>
Eeal Ideal )
' Vo
N ‘ :
® ’ $RL
Bl D =
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Effect of bias currents: inverting amplifier

LS
M
R>
Eeal Ideal )
' Vo
N ‘ :
® ’ $RL
Bl D =
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Effect of bias currents: inverting amplifier
>

M
R>
Ut A Ideal
LR v,

s

g s 0]

IFRs

VorVe=—IgRs = h=— R
1

IZRs Ry
B — + —
I ) == (1+ 2 ) FRs+ I R
R1+B> (+R1)B3+Bz

Vo=V_+ LR, = —I§R3+ R> (—
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Effect of bias currents: inverting amplifier
2
%

/Real r'm:
A —> = AN ‘ :

?RL 21O ?
i a L

IFRs

IER R
RALR *) =— (1+£> IERs + 15 Ry.
1 R

VorVe=—IgRs = h=— R
1

Ig

Vo=V_+ LR, = —I§R3+ R> (—

. Iy + 15 _ / _ los
Using Ig = %, los = I;—IB , e, I; :IB+%, lg =Ig — 7,We get
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Effect of bias currents: inverting amplifier
>

%
R>
<|71 Real (C ideal)
v i - y
o
Re

A —> = AN ‘ :
- Byl

s

IFRs

VorVe=—IgRs = h=— R
1

Ig

IER R
Vo=V_ 4 bR = —IfRs + R, (— L *) —- (14 2) iR+ Re
1 1
los

s |

Using Ig = NTB los = 1§ — 15 ,ie, I = Is + ol =1ls - % we get
R los
=) (1Rl - Rl 1o — L(RuIR) + R 2}

R> los ( los <
Vo=—Rs |1+ — /] —_— Ro(lg—— | ={(1
3< +Rl>(5+ 5 + R {Is 5 +R1
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Effect of bias currents: inverting amplifier
>

A%
Rz

/Real
= g
v Ve |+ ‘

R . )

n s @

s

IR
VomVe=—IfRy — h=—-E2 L >
Ry

+ I§Rs — R\ s —
Vo:V,+IzR2:—IBR3+R2 — R +IB = — 1+E IBR3+IBR2'
1 1

141y
Using Ig = N#B

R(1e ) (2 )4 r (-2 ) = (14 2) {IRIR) - R fo — [(RIR) + R 22}

The first term can be made zero if we select R3 = Ry || Re.

I I
os = 1§ — Iy e Ig =g+ =%, Iy =5 — >, we get

Vo= —

— Vb = —Ralos (Compare with V, = Ralg when Rs is not connected.)
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Should we worry about Vps and /Ig?

* For the integrator, Vps and Ig will lead to saturation unless a DC path (a
resistor) is provided.
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Should we worry about Vps and /Ig?

* For the integrator, Vps and Ig will lead to saturation unless a DC path (a
resistor) is provided.

* In AC applications (e.g., audio), the DC shift arising due to Vs or Ig is of no
consequence since a coupling capacitor will block it anyway.
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Should we worry about Vps and /Ig?

* For the integrator, Vps and Ig will lead to saturation unless a DC path (a
resistor) is provided.

* In AC applications (e.g., audio), the DC shift arising due to Vs or Ig is of no
consequence since a coupling capacitor will block it anyway.

* A DC shift is a matter of concern when the output is expected to be a DC (or
slowly varying) quantity, e.g., a temperature sensor or a strain gauge circuit.
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