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CHAPTER OBJECTIVES:

» Develop confidence in the use of logarithms, understand the concept of decibels, and be
.able to accurately read a logarithmic plot

» .Become acquainted with the frequency response of a BJT and FET amplifier
> Be able to normalize a frequency plot, establish the dB plot, and find the cutoff frequencies and bandwidth

» Understand how straight-line segments and cutoff frequencies can result in a Bode plot
that will define the frequency response of an amplifier

» Be able to find the Miller effect capacitance at the input and output of an amplifier due to a feedback capacitor

> Become familiar with square-wave testing to determine the frequency response of an amplifier
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General Frequency Considerations

The frequency response of an amplifier refers to the frequency range in which the
amplifier will operate with negligible effects from capacitors and device internal
capacitance. This range of frequencies can be called the mid-range.

« At frequencies above and below the midrange, capacitance and any
inductance will affect the gain of the amplifier.

« At low frequencies the coupling and bypass capacitors lower the gain.

« At high frequencies stray capacitances associated with the active device lower
the gain.

* Also, cascading amplifiers limits the gain at high and low frequencies.

PEARSON Electronic Devices and Circuit Theory, 10/e 2 Copyright ©2009 by Pearson Education, Inc.
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Bode Plot
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Cutoff Frequencies

The mid-range frequency
range of an amplifier is
called the bandwidth of
the amplifier.

The bandwidth is defined
by the lower and upper
cutoff frequencies.

Cutoff — any frequency at
which the gain has
dropped by 3 dB.
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BJT Amplifier Low-Frequency Response

At low frequencies, coupling
capacitor (Cg, C.) and bypass
capacitor (Cy) reactances

D vf.'
affect the circuit impedances. 5
1 +
R.‘u‘ R{

+ Vi

v.'l' I
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Coupling Capacitor (Cy)

The cutoff frequency due to Cq can be calculated by

1
"~ 2n(R¢ +R;)Cq

fLs
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Coupling Capacitor (C,)

The cutoff frequency due to C can be calculated with

g’
fLe= Vee
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Bypass Capacitor (Cy)

The cutoff frequency due to Cg can be calculated with

P 1
LE 27cReCE V%c
where
R: R,
Re =Rg [|(>+Te) oV,
B c
|
+
and 3 %
i3 R
R: =Rs[IR1[IR2 % Vi Qs
— .J?.. I S
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BJT Amplifier Low-Frequency Response

The Bode plot indicates

that each capacitor may < o LS N
have a different cutoff f{; 7
frequency. I IR 7% Jiwo N\ e
HE Ml
It is the device that has il (n
the highest lower cutoff Wl
frequency (f,) that 21 - L
dominates the overall - / Y
frequency response of the il 12 dBoctave
amplifier.
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Roll-Off of Gain in the Bode Plot

The Bode plot not only

indicates the cutoff i
frequencies of the various O e Bode plot
capacitors it also indicates n . f{l 7
the amount of attenuation N A X / o AT IR §
(loss in gain) at these S e Midhand
frequencies. 7 @

P o
The amount of attenuation Ky
is sometimes referred to as b / & -
roll-off. ] A

-12 dBfoctave -
The roll-off is described as
dB loss-per-octave or dB
loss-per-decade.
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Roll-off Rate (-dB/Decade)

-dB/decade refers to the
attenuation for every 10-fold
change in frequency.

For attenuations at the low-
frequency end, it refers to
the loss in gain from the
lower cutoff frequency to a
frequency that is one-tenth
the cutoff value.

=15
-18
=21
-24
=27
~30

In this example:

k Av
"J""m.drmu] Dﬁ:udn: Bode plot
-Ir-.l 7
1 fL}
0.1 B / 10 ftlog
= —"rdH scale)
I~ Midband
L 20 dB level
s / -6 dB/octave g
B -12 dBfoctave ~

f s = 9kHz gain is 0dB

f, /10 = .9kHz gain is —20dB

Thus the roll-off is 20dB/decade
The gain decreases by —20dB/decade

Electronic Devices and Circuit Theory, 10/e
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Roll-Off Rate (—dB/Octave)

"‘m.drmu] Decade — Bode plot
-dB/octave refers to the — 1 ﬁ? }7
attenuation for every 2-fold o = St — ,'}' e e
change in frequency. sl -3d8 .
For attenuations at the low- ~B 20 dB e
frequency end, it refers to Ao
the loss in gain from the S
lower cutoff frequency to a i / -6 abjgeuve |
frequency one-half the cutoff |-
value. -30- -12 dBfoctave ~~
In this example:
f.s = 9kHz gain is 0dB
f s/ 2 =4.5kHz gain is —-6dB
Therefore the roll-off is 6dB/octave.
This is a little difficult to see on this graph because
the horizontal scale is a logarithmic scale.
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FET Amplifier Low-Frequency Response

At low frequencies,
coupling capacitor (C,
Cc) and bypass capacitor
(Cy) reactances affect the
circuit impedances.

-
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Coupling Capacitor (C.)

The cutoff frequency due to Voo
C can be calculated with e
1 \ o
fLC: ZR(R ~ + R )C h s 4 o l("-' ﬂ
sig 1/~G «;\? L =]
where t P 3 j_ §m
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Coupling Capacitor (C,)

Voo

The cutoff frequency due to
C. can be calculated with Ro [

[ oV
1 _ ] I ,,

f = il Vi ; e
L€ " 2n(R,+R | )Ce Al

where - R I Cs

Ro =RpIrg
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Bypass Capacitor (Cy)

Voo
The cutoff frequency due to
C, can be calculated with Rp
1 K oV,
fLs = Y G
——AAN >
27‘CR C S Ry (',';
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FET Amplifier Low-Frequency Response

The Bode plot indicates that .
each capacitor may have a Bode plot
different cutoff frequency. s fe |k
The capacitor that has the =t ——
highest lower cutoff e 20 > T
frequency (f,) is closest to the 12~
actual cutoff frequency of the g’ 12 aBjoctave
amplifier. E o dBliecde
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Miller Capacitance

Any p-n junction can develop capacitance. In a BJT amplifier,
this capacitance becomes noticeable across:

* The base-collector junction at high frequencies in
common-emitter BJT amplifier configurations

* The gate-drain junction at high frequencies in common-
source FET amplifier configurations.

These capacitances are represented as separate input and output
capacitances, called the Miller Capacitances.

PEARSON Electronic Devices and Circuit Theory, 10/e 18 Copyright ©2009 by Pearson Education, Inc.
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Miller Input Capacitance (C,;;)

h Cr
Cmi =(1=Ay)Cq [ [
Note that the amount of I I,
Miller capacitance is O£ 11,742 i l 5
dependent on inter- ¥ +
I V
electrode capacitance v , Ay=t v,
from input to output (C,) %y R; '
and the gain (A,). 3 =
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Miller Output Capacitance (C,,,)

If the gain (A,) is
considerably greater
than 1, then

(:MoE f
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BJT Amplifier High-Frequency Response

Capacitances that affect the
high-frequency response are

« Junction capacitances
Cbe’ Cbc’ Cce

-
=

» Wiring capacitances
Cwi’ CWo

Cs, Cc

« Coupling capacitors : i
~ 4

 Bypass capacitor

Ce
PEARSON Electronic Devices and Circuit Theory, 10/e 21 Copyright ©2009 by Pearson Education, Inc.
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Input Network (f,;) High-Frequency Cutoff

1 S

foi =
N 2nRhiCi

I :

where , @ b
R, !

S V gﬁz Cy, :%

R1hi =Rsl|R1 [|R2 | Rj v, @ i

= __J__ _ l

and
C, =C +C, +Cy;

=Cwi +Cp +(1-A,)C,,
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Output Network (f,,) High-Frequency Cutoff

1

f —
o 2R ThoCo
where
El‘{,

Rtho =Rc IR [l
and

=+

— & —AA—
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h;, (or B) Variation

I | 4 flhge | g | The h;, parameter (or ) of a
Iy, . . .
i transistor varies with

e frequency
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BJT Amplifier Frequency Response

A A v

A
YmidldB

fu,

] i 10 ""c 100 f"/s | kHz 10 kHz 100 kHz \l MHz /ﬂIO MHz 100 MHz
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-5 BW

v =6 dB/octave

{ ‘
\ ‘
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‘ .
\J \
‘ \
:
\ \ \
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™ 420 dB/decade
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Note the highest lower cutoff frequency (f,) and the lowest upper cutoff
frequency (f,) are closest to the actual response of the amplifier.
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FET Amplifier High-Frequency Response

Capacitances that affect the
high-frequency response are

« Junction capacitances

Cgs’ ng’ Cds

T,
0 H.I.l

« Wiring capacitances
Cwi’ CWo

il

1l
Vi

=

1 = +

« Coupling capacitors

C G C c = =
 Bypass capacitor
Cs
PEARSON Electronic Devices and Circuit Theory, 10/e 26 Copyright ©2009 by Pearson Education, Inc.
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Input Network (f;;;) High-Frequency Cutoff

B 1
2R ThiCj

fhi

Ci = CWi +Cgs +CMi

il

1l
Vi

=

Cwmi =(1- Av)ng

R1hi =Rsig lIRG
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Output Network (f,,) High-Frequency Cutoff

1
B 2R ThoCo

fHo

Co =Cwo +Cds +Cpnmpo

1
CMO - (1 - A—chd

\Y

1l

[l |
VA,
=

Rtho =Rp |[RL [l rg
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Multistage Frequency Effects

Each stage will have its own frequency response,
but the output of one stage will be affected by
capacitances in the subsequent stage. This is
especially so when determining the high frequency
response. For example, the output capacitance (C,)
will be affected by the input Miller Capacitance

(Cyp) of the next stage.
PEARSON Electronic Devices and Circuit Theory, 10/e 29 Copyright ©2009 by Pearson Education, Inc.
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Multistage Amplifier Frequency Response

L A,
L]
log scale)
~3dB g ~ fi
—6dB ;‘:’ \
=S dB —
—12dB |
~15aB " ’ =
=18 dB [+
n=2 n=2
n=3 | n=73
i H M” o f
(n=1)(n=2)(n=3) fn=3{n=2)(n= 1)

Once the cutoff frequencies have been determined for each stage (taking into
account the shared capacitances), they can be plotted.

Note the highest lower cutoff frequency (f, ) and the lowest upper cutoff
frequency (f,,) are closest to the actual response of the amplifier.

PEARSON Electronic Devices and Circuit Theory, 10/e 30 Copyright ©2009 by Pearson Education, Inc.
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Square Wave Testing

AV
Fundamental + 3rd,

In order to determine the frequency _ 5th, 7th harmonics

response of an amplifier by Vin
experimentation, you must apply a wide /Square wave

range of frequencies to the amplifier.

One way to accomplish this is to apply a 0 Tl ' T ¢
square wave. A square wave consists of s
multiple frequencies (by Fourier
analysis: it consists of odd harmonics). W/\]
e g N St o e oy 8- g s



Square Wave Response Waveforms

If the output of the \I D , \ k ,
amplifier is not a perfect P %u b B %V g'V«‘ :

square wave then the
amplifier is ‘cutting’ off ;

certain frequency ﬂ /l
components of the square

o] KA | 3rl ar ‘¢ | TUEN TR i
2 2 2 2
wave.
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Chapter 12:
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Slide 1 Cascade Connection

The output of one amplifier is the input to the next amplifier.
The overall gain:
Avtotal: Av; * Av,
Note the DC bias circuits are isolated from each other by the coupling capacitors.

The DC calculations are independent of the cascading.
The AC calculations for gain and impedance are interdependent.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



FET Cascade Amplifier

Slide 2
[
+ C‘u
Vi
<
\oltage Gain:

Input Impedance:

Output Impedance:

Robert Boylestad
Digital Electronics

Av = AviAV2 = (—gmiRb1)(—gm2Rb2)

Z1 = Ra1

Z0 = Rp2

[Formula 12.1]
[Formula 12.2]

[Formula 12.3]

Copyright ©2002 by Pearson Education, Inc.
Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 3

V.

i

10 mV

Robert Boylestad
Digital Electronics

Example of a Cascaded FET Amplifier

§2.4 kQ

I

n
0.05 uF
1 "’DSS = 10 mA

I\ . Vp= -4V

0.05 uF
3.3 MQ
+

680 Q == 100uF

§ 2.4kQ

1
i OVH

0.05 uF

VeV

Copyright ©2002 by Pearson Education, Inc.
Upper Saddle River, New Jersey 07458
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Slide 4 DC Calculations

From the DC Bias Calculations:

VGSQ = -1.9V
IDQ = 2.8mA
Both transistors: g = T\'/;r - 2(|f°4ri‘/‘|\) _5ms

At the bias point: ~ gm= ng(l— \</ij = (5m8>(1— _1219ij ~—26mS

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 5 AC Gain and Output Voltage

\oltage gain of each stage:
Av, = Av, = -gmR, = -(2.6mS)(2.4kQ?) = -6.3

The cascaded amplifier gain:
Av =Av, * Av, = (-6.2)(-6.2) = 38.4

The output voltage:
Vo = Av * Vi = (38.4)(10mV) = 383mV

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 6 Impedances and Loaded Output Voltage

Input Impedance:
Zi = RG = 3.3MQ

Output Impedance:
Z0 =RD = 2.4kQ

Output across a 10kQ load:

Ru v 10kQ

VL = 0=
Zo+RL 2.4kQ +10kQ

384mV = 310mV

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 7 BJT Cascade Amplifier

+V(.1£‘

T

Re, R, ke,
R, G, &
€ I oV,
G o
V! 2 }I I\ Ql 1 Q2
R, + R4 +
§REI -I' Cs, § Re, == Gs,
_ Ay =" Rc || Re
\oltage Gain: T [Formula 12.4]
Input Impedance: Z1 =R Re [|Bre [Formula 12.5]
Output Impedance: Z0=Rel|ro [Formula 12.6]
Robert Boylestad
Digital Electronics

Copyright ©2002 by Pearson Education, Inc.
Upper Saddle River, New Jersey 07458
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Slide 8 DC Calculations

From the DC Bias Calculations:
VB =4.7V
VE = 4.0V
VC =11V
IE = 4.0mA
re = 6.5Q2

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 9 AC Gain and Output Voltage

\oltage gain of each stage:
_ (Re[R1|| R || Bre)

Avl =
le
at - (22KQII5KQ | 4.7KQ | (200)(6.5Q) _ o
6.5Q
Av2 = —& = —w =-338.46
le 6.5Q

The cascaded amplifier gain:
Av = Avl * Av2 = (-102.3)(-338.46) = 34,624

The output voltage:
Vo = Av * Vi = (34,624)(.025mV) = 0.866V

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 10 Impedances and Loaded Output Voltage

Input Impedance:
Zi=R,||R, || Br. = 15kQ || 4.7kQ || (200)(6.5Q2) = 953.6Q2

Output Impedance:
Z0 =RC = 2.2kQ

Output across a 10kQ load:

VL= (R, /(Zo+R,))* Vo = (10kQ /(2.2kQ + 10kQ) ) * .866V = .71V

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 11 Combination of FET and BJT Cascade

A FET-BJT cascade is calculated in a similar fashion as a FET-FET or a BJT-BJT cascade.
This combination provides a high gain from the BJT with the high input impedance from
the FET.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 12

Cascode Connection

oV

This is a CE — CB combination.

f]2

(B1=B>= 200)

I CE: 20 jJ.F

This arrangement provides high input impedance but a low voltage gain.

The low voltage gain reduces the Miller Input Capacitance therefore this combination

works well in high frequency applications.

Robert Boylestad
Digital Electronics

Copyright ©2002 by Pearson Education, Inc.
Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 13 Darlington Connection

C C
1 B
B =
0, EQD
Q>
E E

This combination provides large current gain, typically a few thousand.

It has a voltage gain of near 1, a low output impedance and a high input impedance.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 14 Packaged Darlington Transistor

Type 2N999

N-P-N Darlington-Connected

Silicon Transistor Package

Parameter Test Conditions Min. Max.
| Vg I =100 mA 1.8V
hFE (BD) IC = 10 mA 4000
I- =100 mA 7000 70,000

Darlington transistor is available in a single package.

Robert Boylestad
Digital Electronics

Copyright ©2002 by Pearson Education, Inc.
Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 15 Feedback Pair
O

E

This is a two-transistor circuit that operates like a Darlington pair.

It has similar characteristics: high current gain, voltage gain of near 1, low output
Impedance and high input impedance.

Note: it is not the Darlington configuration:

Darlington: 2 npn BJTs
rovertBoyiestad -€E€0DACK Pair: pnp driving an npn BJT

Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 16 CMOS Circuit

+Vobp
S
G I 0,
M
— pMOS
D
¢ V.
V‘- -_—
D
— Q,
_IG g nMos

This CMOS circuit is used in integrated digital circuitry.
It uses both n-channel and p-channel enhancement MOSFET transistors. This arrangement
is called a Complementary MOSFET (or CMOS).

The input is applied to both gates and the output is from the connected drains.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 17 Voltage vs. Current Source

Voltage Source
The ideal voltage source provides a
constant voltage to any load and it .

R
—  ANN— o

[
gy
[

has an internal resistance of zero. E 3

Practical Ideal
voltage source voltage source

I 1[\, R 1A
y
O ]
Practical Ideal
current source current source
(b)

Robert Boylestad
Digital Electronics

(a)

Current Source

The ideal current source provides a
constant current to any load and has
an infinite internal resistance.

Copyright ©2002 by Pearson Education, Inc.
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Slide 18 Current Source Circuits

Constant-current sources can be built using FETs, BJTs and a combination of these
devices.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 19 JFET Current Source

= = -

Vss=0Vand I = g = 10mA
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Slide 20

le= ¢

Robert Boylestad
Digital Electronics

BJT Constant Current Source

J,IC
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Slide 21 Transistor/Zener Constant Current Source

‘IC’SIE

Va
.
+
VBE (on) V,
I ¢@=1
‘ 7 B2
L]
L2 o
—VEE

Replacing resistor R2 with a Zener improves the constant current source.

[~ Vz—Vee
~ |l =
Re [Formula 12.26]
Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 22 Current Mirror Sources

=+ VCC

3 ¥

@
0, . 0>
- _ -
Current Mirror circuits are used to provide constant current in integrated circuits.
Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 23 Differential Amplifier Circuit

Differential amplifier circuits have 2 inputs and 2 outputs.

Rc Rc
Vol V02 V’l
Vol 0, Q, Vi
Vig
Rg
Ve

It can be operated with a dual power supply: V¢ t0 Vig;
or with a single supply: V.. to Gyp

Robert Boylestad
Digital Electronics

|

&0
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Slide 24 Features of Differential Amplifiers
o It amplifies the difference between the 2 inputs

* It is a high gain, low noise amplifier

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 25 3 Modes of Operation

1. Single-ended ~ an input signal is applied to one of the inputs and the other input is
grounded.

2. Double-ended ~ two different input signals are applied to the inputs.

3. Common-mode ~ the same input signal is applied to both inputs.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 26 DC Bias

] Ve=0V - Vee =-0.7V
Both inputs are grounded:
~ Ve—(-Ve) Vee-07
B Re " Re

le

assuming both transistors are well matched:

le
lci=lco=—

le
Veci=Vez2=Veec — IcRc = Vee ——Re
Robert Boylestad 2
Digital Electronics

[Formula 12.28]

[Formula 12.29]
[Formula 12.30]
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Slide 27 AC Operation

T

Ve
Vi ,\, E W,
Je_ Ry
~Vee
Separate signals are applied to the inputs: Vi, and Vi,
Separate signals are available at the outputs: Vo, and Vo,
Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 28 Single-Ended Mode AC Voltage Gain

In this mode a signal is connected to one input and the other is grounded.

+Vee

R § B,

0]

Q, 0,

Vfl % % sz =0
: _V_EE ,

Assuming the transistor circuits are perfectly matched:

Vo Rc
AV == n [Formula 12.31]
ViL  2re
Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 29 Double-Ended AC Voltage Gain

Double-ended mode connects a different signal to each input.

Vo BRe [Formula 12.32]

Ad=—=
Vd  2ri

Where Ad = differential voltage gain
Vd = Vi;-Vi, (the difference between the inputs)

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
Digital Electronics Upper Saddle River, New Jersey 07458
All rights reserved.



Slide 30 Common-Mode AC Gain

Common-mode applies the same signal to both inputs. Because the amplifier amplifies the
difference between the inputs. The common-mode gain should be quite small.

+VCC

[

0, )

2
7

= Rg
Vee
Ac — Vo BRc
Vi ri+2(B+1)Re [Formula 12.33]
Where Ac = common mode gain
Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 31 Common-Mode Rejection = Noise Rejection

In common-mode, the signal common to both inputs will have a low gain (Ac).

In differential-mode (single- or double-ended), any signal that is common to both inputs
will have a low gain. Any signal, in differential-mode that is common to both inputs is

noise.

The ability of the amplifier to have a low common-mode gain, i.e. not amplify signals that
are common to both inputs, is called Common-Mode Rejection.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 32 Improving Common-Mode Rejection

To improve common-mode rejection:
» Ad must increase
» AC must decrease

One method is to increase the value of R¢ in AC by adding a constant-current source
circuit.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 33 Constant-Current Source Circuit

R¢ Rc
Vo, Vo,
VI 1 Ql Q2 Vi 2
Q3
R, R, .
3
- |
Vg

This increases the AC impedance for Re.

Robert Boylestad
Digital Electronics
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Slide 34 BIFET Differential Amplifier Circuit

The differential amplifier characteristics can be improved by using JFETSs as input

transi
+V

BIFET circuit increases the input impedance.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 35 BIMQOS Differential Amplifier Circuit

Using MOSFETSs as input transistors and BJTs as current sources can further increase the
input impedance of the amplifier.
+V

T
,', I
l

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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Slide 36 CMOS Differential Amplifier Circuit

A CMOS differential amplifier uses pMOS transistors as input transistors and nMOS
transistors as outputs.

I In+ > p MOS

> n MOS

A CMOS circuit will have very high input impedance and it will require lower DC source
voltages. This makes it well suited for battery-operated devices.

Robert Boylestad Copyright ©2002 by Pearson Education, Inc.
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» Understand what a differential amplifier does

» Learn the basics of an operational amplifier

» Develop an understanding of what common mode operation is

» Describe double-ended input operation

S {elN Electronic Devices and Circuit Theory, 10/e Copyright ©2009 by Pearson Education, Inc.
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Basic Op—Amp

Input | =

Output

Input 2 =

Operational amplifier or op-amp, is a very high gain differential
amplifier with a high input impedance (typically a few meg-Ohms)
and low output impedance (less than 10Q).

Note the op-amp has two inputs and one output.

PEARSON Electronic Devices and Circuit Theory, 10/e 2 Copyright ©2009 by Pearson Education, Inc.
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Op—-Amp Gain

Op-Amps have a very high gain. They can be connectegen-loop or
closed-loop.

*  Open-looprefers to a configuration where there is no feedback
from output back to the input. In the open-loop configuration
the gain can exceed 10,00

« Clwssatl-loogonfiguration reduces the gain. In order to control
the gain of an op-amp it must have feedback. This feedback is a
negative feedback. Anegative feedbackeduces the gain and
Improves many characteristics of the op-amp.

PEARSON Electronic Devices and Circuit Theory, 10/e 3 Copyright ©2009 by Pearson Education, Inc.
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Inverting Op—Amp

ANN
Ry
v, S
R |
Op—ﬂl‘l’]p -_—— VG

« The signal input is applied to the inverting (-) input

e The non-inverting input (+) is grounded

* The resistor R; is the feedback resistor. It is connected from the
output to the negative (inverting) input. This is negative feedback.

PEARSON Electronic Devices and Circuit Theory, 10/e 4 Copyright ©2009 by Pearson Education, Inc.
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Inverting Op—Amp Gain

Gain can be determined from
external resistors: R and R,

A Vo _Re
VOV Ry AN N
Ry
Unity gain—voltage gainis 1 Yy A 3
1
R 384 Op-amp —— VW
-R
A, =—T1=21
Ry
4
The negative sign denotes a 180 ‘
phase shift between input and e
output. 5
Constant Gain—R: is a multiple of R,
Electronic Devices and Circuit Theory, 10/e 5 Copyright ©2009 by Pearson Education, Inc.
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Virtual Ground

An understanding of the —  AANN———————
concept ofvirtual ground Ry

provides a better Vi — AAA =
understanding of how an op- R,
amp operates. Op-amp —— V== g Vi

at ground. Theinverting input
pinis also at 0 V for an AC
signal. R, Ry

The non-inverting input pin is f +

. —

The op-amp has such high input impedance
that even with a high gain there is no
current from inverting input pin, therefore Vi '\, Vi Vo
there is no voltage from inverting pin to i i~

ground—all of the current is through R;. ‘ i

PEARSON Electronic Devices and Circuit Theory, 10/e 6 Copyright ©2009 by Pearson Education, Inc.
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Practical Op—Amp Circuits

Inverting amplifier
Noninverting amplifier
Unity follower
Summing amplifier

Integrator
Differentiator
PEARSON Electronic Devices and Circu_it Theory, 10/e 7 Copyright ©2009 by Pearson Education, Inc.
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Inverting/Noninverting Op—Amps

Inverting Amplifier Noninverting Amplifier

- R; Ry
Vyo=—YV — —

Vi +
R;
Op-amp —e—V,
V| -
R, ”
Op-amp ——F,
—WWA————
4
Ry
R
=
PEARSON Electronic Devices and Circuit Theory, 10/e 8 Copyright ©2009 by Pearson Education, Inc.
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Unity Follower

b —
T —

7. 5Ye]'l Electronic Devices and Circuit Theory, 10/e 9 Copyright ©2009 by Pearson Education, Inc.
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Summing Amplifier

Because the op-amp has a : S/
high input impedance, the Vi —AAA— f
multiple inputs are é \:;\' | b
treated as separate inputs. R
Vi —AAN— Op-amp e

R R¢

R
V, =—(—fv1+—v2+—vgj +
R1 R> R3 ‘

PEARSON Electronic Devices and Circuit Theory, 10/e 10 Copyright ©2009 by Pearson Education, Inc.
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Integrator

The output is the integral

of the input. Integration I
IS the operation of C
summing the area under
a waveform or curve over " b =
a period of time. This
i E i Op-amp smm— )
circuit is useful in low-
pass filter circuits and r
sensor conditioning l
circuits. =
Vg (1) 1 j v 4 (t)dt
o) RC 1
e N pr sy 2508 b Peen Eueaton



Differentiator

ANA
The differentiator R
takes the derivative of
the input. This circuit 1@ It <
Is useful in high-pass u Gopnam | S
filter circuits.
v () = —rc V2 :
dt a
Cecreic e and Creu oy 10k N oo st R0 2000y pearsen Educaon, i



Op—Amp Specifications—DC Offset
Parameters

Even when the input voltage is zero, there can be an
output ofiiset The following can cause this offset:

 Input offset voltage

* Input offset current

* Input offset voltage and input offset current
* Input bias current

PEARSON Electronic Devices and Circuit Theory, 10/e 13 Copyright ©2009 by Pearson Education, Inc.
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Input Offset Voltage (Vi)

The specification sheet for an op—amp
indicate an input offset voltage (Vyy).

The effect of this input offset voltage on the
output can be calculated with

V vV R 1+ Rf
o(offset = VIO R
1
Electronic Devices and Circuit Theory, 10/e 14 Copyright ©2009 by Pearson Education, Inc.
- Robert L. Boylestad and Louis Nashelsky
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Output Offset Voltage Due to Input
Offset Current (I;,)

If there is a difference between the dc bias currents for the same
applied input, then this also causes an output offset voltage:

« The input offset Current (I5) is specified in the
specifications for the op—amp.
 The effect on the output can be calculated using:

Vo(offsetdueto Y 4 lio Ry

PEARSON Electronic Devices and Circuit Theory, 10/e 15 Copyright ©2009 by Pearson Education, Inc.
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Total Offset Due to V5 and [},

Op-amps may have an output offset voltage due to dot
factors V,; and l,5. The total output offset voltage will be
the sum of the effects of both:

Y (offsety Y (offsetdueto V )+ V, (offsetdueto | )

PEARSON Electronic Devices and Circuit Theory, 10/e 16 Copyright ©2009 by Pearson Education, Inc.
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Input Bias Current (I;z)

A parameter that is related to input offset current(l,y) is called
input bias current (l,5)

The separate input bias currents are:

I I
~ 10 — 210
IlB_IIB_ IIB_IIB+
The total input bias current is the average:
— +
|- B+l
IB — 2
Electronic Devices and Circuit Theory, 10/e 17 Copyright ©2009 by Pearson Education, Inc.
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Frequency Parameters

An op-amp is a wide-bandwidth amplifier. The following
affect the bandwidth of the op-amp:

e Gain

» Slew rate
PEARSON Electronic Devices and Circuit Theory, 10/e 18 Copyright ©2009 by Pearson Education, Inc.
e Robert L. Boylestad and Louis Nashelsky Upper Saddle River, New Jersey 07458  All rights reserved.



(Gain and Bandwidth

The op-amp’s high frequency
response is limited by
internal circuitry. The plot \
shown is for an open loop
gain (Ag_ or A,p). This means
that the op-amp is operating
at the highest possible gai
with no feedback resistor.

In the open loop, the op-amp
has a narrow bandwidth. The
bandwidth widens in closed-
loop operation, but then the

Frequency
(log scale)

gain is lower.
PEARSON Electronic Devices and Circuit Theory, 10/e 19 Copyright ©2009 by Pearson Education, Inc.
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Slew Rate (SR)

Slew rate (SR)is the
maximum rate at which an
op-amp can change output
without distortion.

AV
At

o

SR =

(in V/ us)

The SR rating is given
in the specification
sheets as V/us rating.

PEARSON

20

Electronic Devices and Circuit Theory, 10/e
Robert L. Boylestad and Louis Nashelsky
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Maximum Signal Frequency

The slew rate determines the highest frequency of
the op-amp without distortion.

SR
f <
27ch

where V; is the peak voltage

PEARSON Electronic Devices and Circuit Theory, 10/e 21 Copyright ©2009 by Pearson Education, Inc.
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General Op—Amp Specifications

Other ratings for op-amp found on specification shets
are:

* Absolute Ratings
e Electrical Characteristics
 Performance

PEARSON Electronic Devices and Circuit Theory, 10/e 22 Copyright ©2009 by Pearson Education, Inc.
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Absolute Ratings

Absolute Maximum

Ratings
These are common
f h Internal power dissipation 500 mW
or the op-amp. Differential input voltage 630V
Input voltage 615V
Electronic Devices and Circuit Theory, 10/e 23 Copyright ©2009 by Pearson Education, Inc.
e Robert L. Boylestad and Louis Nashelsky Upper Saddle River, New Jersey 07458  All rights reserved.



Electrical Characteristics

TABLE 13.2 mA741 Electrical Characteristics: Vo = 15V, T, = 25°C

Characteristic MIN TYP MAX Unit
Vi Input offset voltage 1 6 mY
I Input offset current 20 200 nA
Iip Input bias current 80 500 nA
Vier Common-mode input voltage range 12 *13 Vv
Von Maximum peak output voltage swing +12 =14 Vv
Ayp Large-signal differential voltage amplification 20 200 VimV
r; Input resistance 0.3 2 M2
r, Output resistance ia g
C; Input capacitance 1.4 pF
CMRR Common-mode rejection ratio 70 90 dB
I~ Supply current 1.7 2.8 mA
P, Total power dissipation 50 83 mW

Note: These ratings are for specific circuit conditions, and they often
include minimum, maximum and typical values.

PEARSON Electronic Devices and Circuit Theory, 10/e 24 Copyright ©2009 by Pearson Education, Inc.
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CMRR

One rating that is unigue to op-amps is CMRR om@mmmmam - muokke
rejection ratio.

Because the op-amp has two inputs that are opposite in phase
(inverting input and the non-inverting input) any signal that is common
to both inputs will be cancelled.

Op-amp CMRR is a measure of the ability to cancel out common-mode

signals.
PEARSON Electronic Devices and Circuit Theory, 10/e 25 Copyright ©2009 by Pearson Education, Inc.
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Op—Amp Performance

é‘ 110+ 5@ [0 =
‘é 105~ E g0 =
% 'ﬂ: ; 60 -
Lfn 90 |- § 40
. . . = & 5 20
The specification sheets willalso = "L.... 1 2 [—= . |
include graphs that indicate the Supply voltage (+Vce Supply voltage (+V)
performance of the of-amp over oM _
. £ <] =] L
a wide range of conditions. p ,M,_\ 2 st0]-
2 = 400
é E 300
S 100kf 5 200
= = 100
iy AR e < L L I
10 1Tk 10k 100Kk I M [0 1Tk 10k 100k I M
Frequency (He) Frequency (Hz)
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» Learn about constant gain, summing, and buffering amplifiers

» Understand how an active filter works

» Describe different types of controlled sources

S {elN Electronic Devices and Circuit Theory, 10/e Copyright ©2009 by Pearson Education, Inc.
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Op-Amp Applications

Constamt-ggammuitipdier
Voltage summing
Voltage buffer
Controlled sources
Instrumentation circuits
Active filters

PEARSON Electronic Devices and Circuit Theory, 10/e 2 Copyright ©2009 by Pearson Education, Inc.
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Constant Gsim Ayl

Inverting Version

Ry
—AAN
R,
Vi—AWN—— =

& L-"ﬂ

17

+ ==

1

Re
more...
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Constant Gsim Ayl

Noninverting Version
R
f

PEARSON
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Wit e ShhageGaanss

The total gain (3-stages) is given by:

A=A AA,

or
A= & > & = &
R, \ R2\ R3
PEARSON Electronic Devices and Circuit Theory, 10/e 5 Copyright ©2009 by Pearson Education, Inc.
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Voltage Summing

The output is the sum
of individual signals
times the gain:

PEARSON Electronic Devices and Circuit Theory, 10/e
- Robert L. Boylestad and Louis Nashelsky
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Voltage Buffer

Any amplifier with no gain or loss is called aunity gain

sy

The advantages of using a unity gain amplifier:

* Very high input impedance
* Very low output impedance

Realistically these circuits
are designed using equal -
resistors (R, = Ry) to avoid

problems with offset . v,
voltages.

V1_+

PEARSON Electronic Devices and Circuit Theory, 10/e 7 Copyright ©2009 by Pearson Education, Inc.
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Controlled Sources

Volitage anritolest waltteopge soiroee
Volitage cuomtna | ke @unnesit smuneee
Qumemit- cooritooléethabl tarppessnroese
Qumemt cooritodkbetoruresitssouwose
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Volage Camrtna | ksabl YW tegr Souneos

The output voltage

is the gain times the Noninverting Amplifier Version
input voltage. What Ry
makes an op-amp
different from other R,
amplifiers is its =
impedance <
. I e Vﬂ'
characteristics and |
gain calculations k A .
] Rf
that depend solely vﬂ=(1+?] V,
on external
resistors.
more...
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Volage Camrtna | ksabl YW tegr Souneos

The output voltage

is the gain times the Inverting Amplifier Version
input voltage. What .
makes an op-amp

different from other V,—AAA —
amplifiers is its

impedance R
characteristics and 2 .

gain calculations _]__ v,= - Tﬁ) 2

that depend solely b

on external

resistors.
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Voltage Canrtinal | kol Qunnesit S

The output current
IS: V,—AAA o

V I
IO=—1=kV1 | »> Vﬁ,

Rq

—+ gt V,
o—
R,
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Cumemit Cooritodikeet Wl sappe SHnuroee

This is simply another way
of applying the op-amp
operation. Whether the
input is a current

determined by V,,/R, or as _
1 | . v
2 {: _"’l RL}
— Rf
Vout = —V;

ou R]_ in S
or -

Vo =—1LR,

12

PEARSON Electronic Devices and Circuit Theory, 10/e
- Robert L. Boylestad and Louis Nashelsky

Copyright ©2009 by Pearson Education, Inc.
Upper Saddle River, New Jersey 07458 « All rights reserved.



Cuimemi- Cooritodié=t CLurrezritSHaurose

Rq
AN

This circuit may appear
more complicated than

the others but it is really
the same thing. . v,

Rf Vin
Vo =—| — |V, | =, Likd
out (R' J " ° Rl”RZ R3

in

Vout _ Vin | . S Ri1+R>
R - R R O~ " Vin
f 11IR2 R1xR>

Vout=_Vin i Vin[Rl"‘RZ]

R Rin lO__Rl R,

I =—|[1+ﬂ]= K
Ro
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Instrumentation Circuits

Some examples of instrumentation circuits using op-
amps:

« Display driver
e Instrumentation amplifier

PEARSON Electronic Devices and Circuit Theory, 10/e 14 Copyright ©2009 by Pearson Education, Inc.
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Display Driver

V+ (5 V)

@ CCD W (3N
_— @ 4, 600 mA
30 mA
——
Input 358 AN K

. 100 kQ Q!}m @ \ 2
@ @ (f=20) @ 0 mA

—
Input 358 —ANN—
= = 180 k2
— +
© J_@ A A
= =
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Instrumentation Amplifier

Frequency
(log scale)

For all Rs at the same value (except fR

Vo [1+—jm-v> ((V1-Vs)
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Active Filters

Adding capacitors to op-amp circuits provides exteral control of the
cutoff frequencies. The op-amp active filter provides controllable
cutoff frequencies and controllable gain.

* Low-pass filter
* High-pass filter
 Bandpass filter
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Low-Pass Hiter—Airst-Ordier

R, Ry
AN AN,
J_ V.1V,
- Vi i
— I =20y dB/decade
Op-amp —— Output (V) j
R, |
AN ' + l :
0 % ) B
The upper cutoff frequency
and voltage gain are given
by: 1 R
y f i A, =1+—1
2nR 1C1 Rl
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Low-Pass fHiter— Sseooh -Ordier

Re; Ry
A ATAY NN
1
= 4
A, —F;iLd Bidecade
Op-amp ——+——— Output (V,) i ~40 dB/decade
R, R ! /
v, + |
|
- I
1
1 o
C I fon

The roll-off can be made steeper by adding more RC networks.
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High-Pass Hitr

Re Ry
AAA AAA
L Vv,

T ~20 dBidecade /[ |
. Opamp — ——, g //, -40 dB/decade

Vi It + i

l - Jf
&) for '
The cutoff frequency is determined by:
¢ 1
oL —
27'[7 R 1C 1
7. 5Ye]'l Electronic Devices and Circuit Theory, 10/e 20 Copyright ©2009 by Pearson Education, Inc.
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There are two cutoff R ) L AAA————AAA
frequencies: upper and 2 L
lower. They can be .

calculated using the same s

low-pass cutoff and high- <« = | y

pass cutoff frequency g &I
formulas in the ’ =
appropriate sections. =

High-pass section

Low-pass section

A (mld} e o :
-20 dB/decade

20 dB/decade

JoL ff;u
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