Block B Operational Amplifiers

Why do we learn operational amplifiers?

= [f an output of a sensor was ImV, which 1s the smallest your DMM
could measure

* You need to amplify the voltage for 1t to be detectable by the DMM
= Through the amplifier, the signal is now stronger (see Fig below).
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Figure 11.1 Electronic amplifier.

This entire block is dedicated to building circuits for amplifying weak
signals.
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Block B Outline

Block B Unit 1
I. The Ideal Operational Amplifier (Op Amp)
II. Op Amp Circuits (Part 1)

- Source follower

- Inverting amplifier
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- Summing amplifier Alexander & Sadiku,
Block B Unit 2 “Fundamentals of Electric Circuits”
5th Edition Ch 5
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- Differential amplifier
IV. Op Amp in Real Life
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I. The Ideal Operational Amplifier

Terminals

= The i1deal op amp has 3 terminals that you should notice. Fig 1 shows the
symbol for an op amp. The 3 terminals to notice are:

= Non-inverting input terminal (+) N
= Inverting input terminal (-) Out

e

= QOutput terminal (V)
Open loop gain (A) Figure 1: Symbol of an op amp

The op amp sees the voltage difference across the two inputs and multiplies it
by a factor A. This factor A 1s known as the open loop gain:

Vour =AWV - V)
Input resistance (R,,)
A resistance lies between the two inputs.
Output resistance (R,,,)
Refer to the op amp shown in Fig 2. Only when Rout is 0, the above equation
will hold.
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The operational amplifier

3 Characteristics of an ideal op amp

= Infinite open loop gain L |
= Infinite input resistance * Vour =A(V" - V') (Output resistance = 0)

= Zero output resistance V=V (Ais oo, V,, = A(V" - V)

* Input current = 0 (Input resistance )

Vin

Vout

Op-amp model I

Figure 2: Op amp model
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Operational amplifier internal circuit

What is inside the op-amp?
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Internal circuit of classic op-amp LM741

Block D will cover the circuit components that comprise of the internal
circuit of the op-amp.
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11. Op amp circuits

Part 1

=  Source follower

* Inverting amplifier

*  Non-inverting amplifier
* Summing amplifier
Part 2 (Block B Unit 2)

= Differential amplifier
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Source follower

v, * Closed loop gain (V,,/V,,)
o—1+ v
e Gain: out. =]
“out V

. . . .in .
* Circuit input resistance : Infinite

Figure 3: Source follower

=V, 1S connected to V-

2>V, = V-

=  V+ = V- (infinite loop gain with negative feedback)
9 Vout - V+

- Vin =V+
9 Vout = Vin
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a

Source follower

Negative feedback: Connect the output to the
mverting input of the op amp. The effect is to
reduce the voltage difference seen between
the non-inverting and inverting input of the op
amp

Open loop gain (A) is specific to the op amp
and 1s usually very large such that we can
assume it to be infinite

Closed loop gain (G) refers to the ratio of the
output to the input specific to the circuit when
the circuit is connected in negative feedback.
The closed loop gain 1s always much lower
than the open loop gain
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Circuit input resistance of source follower

= Definition of circuit input resistance: Vin
Vin / Iin
= Here, the input current sees the infinite input

resistance of the op amp. So the input current -
1S zero.

out

—> Circuit input resistance is therefore infinite ,
Figure 3: Source follower

Note: Circuit input resistance 1s not always equal to the infinite input
resistance of the op amp (e.g. the inverting amplifier).

= Features of source follower:
- Large circuit input resistance
- Small output resistance
- Gain of close to one
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What’s source follower good for?

= Application: Buffer between a large source resistance and small load
resistance. It 1solates the input from the output load. See example below.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

(a) (b)

= Find v, for the above 2 circuits where the 3k€2 1s the output load
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What’s source follower good for?

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

(a)
= Ideal case: when the load is infinite, 1.e. open circuit

= Without the 3k load, the open circuit voltage across the 6k
resistor = v,/2

&  EE2301: Block B Unit | 1



What’s source follower good for?

oo

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

6 kQ g
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(a)

For circuit (a), when 3kQ is connect at the output:
6kQ and 3kQ are in parallel = 2k(2

So v, =[2/(2+6)]*v, = v /4

Note that the output voltage has not dropped by half (it is vg/2 in the ideal
case) due to the 3kQ load compared to the no load case.

So the 3k load actually has an effect on the output. This is not a good
thing!
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What’s source follower good for?

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

6 kQ2

O j
6 kQ 3kQ S,

-

(b)

= The problem of 1solating the output load from the input resistance (6kQ2)
can be solved with a source follower like in circuit (b)

= For circuit (b), when 3kQ is connected at the output:

= Voltage across 6kQ = v,/2 (note that the 2 resistors are in series since no
current is flowing into the op amp inputs)

= Since the gainis 1, v, =v,/2
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What’s source follower good for?

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

6 k€2

6 kQ 3KQ % v,

(a) (b)

()
N

SUMMARY:

=  With the source follower, the 3k€2 load has no effect on the circuit on the
left hand side

= In other words, the source follower works as a buffer. It isolates the input
from the output load
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Inverting amplifier
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= Note that v- = v+ =0, assume that

=  Apply KCL at inverting input (V-), assuming that

Rg Rp
Vout — RF
Vs Rg
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* Closed loop gain (V,,/V,,)
v R

out

* Gain: - =-
Vs R

* Circuit input resistance : Rg

Type equation here.
° Figure 4 : Inverting amplifier
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Comparison of input to output

What does the minus sign mean?

Vout

i —Vin

The minus sign indicates that the gain is inverting. This means that the
direction of the signal is reversed by 180°

The minus sign does not mean that the output is less than the mput

If the modulus of the gain (i.e. |G|) is more than 1, that means the output 1s
larger than the input. The value of |G| determines the amplification factor

oo
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Circuit input resistance of inverting amplifier

¢ Permason requre? kx regroducton or Oagley
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= Definition of circuit input resistance:
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* = (vs—0) /Ry On T
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p ar
V "
. oul
—> Circuit input resistance = Ry L ‘[T

Figure 4 : Inverting amplifier
= You can now see that the circuit input resistance
is not infinite in the case of the inverting
amplifier, unlike the source follower. Circuit input
resistance is a circuit-related parameter that
depends on the actual connections in the circuit.
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Circuit input resistance of inverting amplifier

= Since the circuit input resistance (v¢/ig = Rj) 1s not
infinite, the consequence is that any sort of
internal resistance from the source (R,) would
have an effect on the output:

= Verify: Ra from the source appears in series with
Rg = Replace Rg with Rg + R,

—RFp ( Rs ) ( Rp
- — —_— —_— V
Vour = 5 7r. Vs = \&oer, Rs S

Rs i
—
— : O
I lin +
© >
g V¢ V y

\t\lll

O

Figure 4 : Inverting amplifier

= Hence the output 1s reduced to a factor of R¢/(R¢t+R,) of the value if R, =0
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Non-inverting amplifier
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R

* Closed loop gain (V,,/V.,)
+ Gain:  Z =142
VS RS

* Circuit mput resistance : Infinite

Figure 5 : Non-inverting amplifier

Closed loop gain (G)
= Note that 1., = 0 since it is going into the op amp input
2 V=V =V (1)
= Note there 1s also no current running into the inverting input of op amp as
well (1, = 0 for either inputs)
= Ry and Ry are thus in series

&  EE2301: Block B Unit | 19



Non-inverting amplifier

= Apply voltage divider rule: S L S

R

y =—=2—y
R.+R. ™ (2

= Substitute (1) into (2):
R;

Ve=—"""—"—YV
S RS+RF out (3)

Figure 5 : Non-inverting amplifier

= After rearranging (3):

G = Lou =1+&

Vs R

&  EE2301: Block B Unit | 20



Circuit input resistance of non-inverting amplifier
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= As mentioned already, 1,, = 0 since the current Ry
from the sources sees the infinite resistance of the
op amp

= Hence if 1., = 0, then:

v
S s o0
l.

in

Figure 5 : Non-inverting amplifier
= So just like the source follower, any internal
resistance at the source has no effect on the output
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Summing amplifier

Copyright®The McGraw-Hill Companies, Inc. Permission required for reproduction or display

Rp

R R R
= | £ _r _F

out
RS 1 RS 2 RSN

= This circuit is very similar to the
inverting amplifier

Figure 6 : Summing amplifier
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Summing amplifier
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Rp

Figure 6 : Summing amplifier
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Note that since v© = 0, therefore v- =10

Therefore:
Vg . Ve . Ve
| = ——,l, =—=,..0, = ——
RSI Rsz RSN
Applying KCL at v*;

.+, +1,+...410, =0

Hence by nodal voltage analysis:

\% 1% \% \%
out_l_ Sl+ S2 + .+ SN =O

RF RS 1 RS 2 RSN
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Summing amplifier

Copyright@®The McGraw-Hill Companies, Inc. Permission required for reproduction or display

RF = Rearrange the above equation, we obtain:
R R R
_ | BF F F
S1 S2 SN

Note that as the name suggests, the function
of this amplifier circuit 1s to amplify each
input voltage and add them all up at the
output. This sum however is inverted
relative to the input as indicated by the
negative sign.

Figure 6 : Summing amplifier
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Example I: Inverting Amplifier

Ifv;=0.5V, calculate: (vo=-1.25V, /=50 pA)
(a) the output voltage v,
(b) the current in the 10-kQ resistor.
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Example 11: Non-inverting Amplifier

Calculate the output voltage v,
(vo=7V)
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Example I1I: Summing Amplifier

; 1 1 1 Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display
Calculate v, and i, in the op amp circuit. s s
(v, =-8V, i, =-4.8 mA) Ao
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