Power amplifiers

Classification of Power Amplifiers

Power amplifiers are generally classified into five types: A, B, AB, and C for analog
designs and class D for switching designs. This classification is based on the percentage of the
input cycle for which the amplifier operates in its linear region. The waveforms of the output

currents for various types of amplifiers are shown in Fig. 1.
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FIGURE 1 Output voltages for various classes of amplifiers
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An amplifier receives a signal from input source and provides a larger version of the
signal to some output device or to another amplifier stage. An input signal is generally small (a
few microvolts from an antenna) and needs to be amplified sufficiently to operate an output
device (speaker or other power-handling device).

Power amplifiers primarily provide sufficient power to an output load to drive a speaker

or other power device, typically a few watts to tens of watts.



The main features of a power amplifier are the circuit’s power efficiency, the maximum
amount of power that the circuit is capable of handling, and the impedance matching to the
output device.

Amplifier Efficiency

The power efficiency of an amplifier, defined as the ratio of power output to power input. In a
class A amplifier, the maximum efficiency occurring for the largest output voltage and current
swing (only 25% with a direct load connection and 50% with a transformer connection to the
load). Class B operation, with no dc bias power for no input signal, can be shown to provide a
maximum efficiency that reaches 78.5%. Class D operation can achieve power efficiency over
90% and provides the most efficient operation of all the operating classes. Since class AB falls
between class A and class B in bias, it also falls between their efficiency ratings between 25%
(or 50%) and 78.5%. Table-1 summarizes the operation of the various amplifier classes. This
table provides a relative comparison of the output cycle operation and power efficiency for the

various class types.

TABLE 1
Comparison of Amplifier Classes
Class A AB B C D
Operating cycle 360° 180° to 360° 180° Less than 180° Pulse operation
Power efficiency 25% to 50% Between 25% 718.5% Typically over 90%

(509%) and 78.5%

CLASS A AMPLIFIER
The simple circuit of a class A amplifier shown in Fig. 2. The signals handled by the

circuit are in the range of volts, and the transistor used is a power transistor that is capable of
operating in the range of a few to tens of watts. The circuit is not the best to use as a large-
signal amplifier because of its poor power efficiency. The beta of a power transistor is

generally less than 100,
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DC Bias Operation

The dc bias set by Vcand Rj fixes the dc base-bias current at

i Vee — 0.7V
B Ry
with the collector current then being
Ic = Blp
with the collector—emitter voltage then

Ver— Yeo— Igle
To appreciate the importance of the dc bias on the operation of the power amplifier, consider
the collector characteristic shown in Fig. 3 . A dc load line is drawn using the values of V ¢
and R¢ . The intersection of the dc bias value of I ; with the dc load line then determines
the operating point ( Q -point) for the circuit. The quiescent-point values are those
calculated using Eqs. (1) through (3). If the dc bias collector current is set at one-half the
possible signal swing (between 0 and V' ¢/R¢ ), the largest collector current swing will be
possible. Additionally, if the quiescent collector—emitter voltage is set at one-half the
supply voltage, the largest voltage swing will be possible (Q—point set at optimum bias
point).
AC Operation

When an input ac signal is applied to the amplifier of Fig. 2, the output will vary from its dc

bias operating voltage and current. A small input signal, as shown in Fig. 4 , will cause the base
current to vary above and below the dc bias point, which will then cause the collector current
(output) to vary from the dc bias point set as well as the collector—emitter voltage to vary
around its dc bias value. As the input signal is made larger, the output will vary further around

the established dc bias point until either the current or the voltage reaches a limiting condition.
For the current this limiting condition is either zero current at the lowend or V' ¢ /R at
the high end of its swing. For the collector—emitter voltage, the limit is either 0 V or the
supply voltage, V.

Power Considerations

The power into an amplifier is provided by the supply voltage. With no input signal, the dc
current drawn is the collector bias current /¢y. The power then drawn from the supply is:
P;(EIC} — VCCICQ

Even with an ac signal applied, the average current drawn from the supply remains equal to the
quiescent current /o, so that Eq.(4) represents the input power supplied to the class A amplifier.
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Output Power

The output voltage and current varying around the bias point provide ac power to the load. This
ac power is delivered to the load R ¢ in the circuit of Fig. 2. The ac signal Vi causes the base
current to vary around the dc bias current and the collector current around its quiescent level
Ico. As shown in Fig. 4 , the ac input signal results in ac current and ac voltage signals. The
larger the input signal, the larger is the output swing, up to the maximum set by the circuit. The
ac power delivered to the load (Rc) can be expressed in a number of ways.

The ac power delivered to the load (Rc) may be expressed using RMS signals

Py(ac) = Vep(rms)Io(rms)

P,(ac) = I%(rms)Rc

VZ(rms)
P (ac) = ol o |
Rc
Efficiency

The efficiency of an amplifier represents the amount of ac power delivered (transferred) from
the dc source. The efficiency of the amplifier is calculated using

P,(ac)

F o i dc)

% n = X 100%

Maximum Efficiency = 25% (This maximum efficiency will occur only for ideal conditions of
both voltage swing and current swing, most of class A circuits will provide efficiencies of much
less than 25%.)

EXAMPLE 1: Calculate the input power, output power, and efficiency of the amplifier circuit

in Fig. 5 for an input voltage that results in a base current of 10 mA peak.
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Solution:
Vee — 07V 20V — 0.7V
= = = 193 mA
0 Ry | kQ

Ic, = BIp = 25(193 mA) = 4825mA = 048 A
Vee, = Vec — IcRc = 20V — (048 ()(20 ) = 104V
Py = Ico™Vee =0.48%20= 9.6 Watt
The ac variation of the output signal can be obtained graphically using the dc load line drawn on
Fig. 4- b by connecting Vg = Vee=20V with I = Vec/Rc=1000 mA =1 A
Ip) = Blg(p) = 25(10 mA peak) = 250 mA peak

f%{pJR (250 x 1073 A)?

g % 2

P,(ac) 0.625 W , _
% 100% = —=2" « 100% = 6.5%
P(dc) T 06w B Mt

P,(ac) = Iz(rms)R¢c = 20 Q) = 0.625 W




TRANSFORMER-COUPLED CLASS A AMPLIFIER

A form of class A amplifier having maximum efficiency of 50% uses a transformer to couple

the output signal to the load as shown in a simple circuit of Fig. 6.

+VYee

(a) (b)
FIG. 6 Transformer-coupled audio power amplifier.

Transformer Action

A transformer can increase or decrease voltage or current levels according to the turns ratio. In
the following discussion assumes ideal (100%) power transfer from primary to secondary, that
is, no power losses are considered.

Voltage Transformation: The voltage transformation is given by

Vi N,
Vi N
Current Transformation: The current transformation is given by
L N
I N,

Impedance Transformation: Since the voltage and current can be changed by a transformer,

an impedance “seen” from either side (primary or secondary) can also be changed. As shown in
Fig. 7- ¢, an impedance R ; is connected across the transformer secondary. This impedance is
changed by the transformer when viewed at the primary side (R). This can be shown as
follows:
R, Ry, WV/L Voly Wl NoN,  [(Ny)\?
mzﬁfﬂwh_hm_Mh_Mm_(E)
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FI1G.7: (a) voltage transformation, (b) current transformation;(c) impedance transformation.
If we define a =N,/N,, where a is the turns ratio of the transformer, the above equation becomes

Ri_&_(&)z_ >
R, R N,/ °

We can express the load resistance reflected to the primary side as

R, =d’R, or R} =d’R;

where R; is the reflected impedance. As shown in Eq. , the reflected impedance is related
directly to the square of the turns ratio. If the number of turns of the secondary is smaller than

that of the primary, the impedance seen looking into the primary is larger than that of the
secondary by the square of the turns ratio.

EXAMPLE 2: What transformer turns ratio is required to match a 16X speaker load so that the

effective load resistance seen at the primary is 10 k.

Solution:
(ﬂ)- B W0ER
N2 Rj_ 16 !l
i—l = V625 = 25:1
Operation of Amplifier Stage
DC Load Line

The transformer (dc) winding resistance determines the dc load line for the circuit of Fig. 6.

Typically, this dc resistance is small (ideally 02). In Fig. 8, a 0 € dc load line is a straight



vertical line. A practical transformer winding resistance would be a few ohms, but only the
ideal case will be considered in this discussion.
There is no dc voltage drop across the 0L dc load resistance, and the load line is drawn

straight vertically from the voltage point, Vigo = Ve
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FIG. 8: Load lines for class A transformer-coupled amplifier.

Quiescent Operating Point

The operating point in the characteristic curve of Fig. 8 can be obtained graphically at the
point of intersection of the dc load line and the base current set by the circuit. The collector
quiescent current can then be obtained from the operating point. In class A operation, keep in
mind that the dc bias point sets the conditions for the maximum undistorted signal swing for
both collector current and collector—emitter voltage. If the input signal produces a voltage swing
less than the maximum possible, the efficiency of the circuit at that time will be less than the
maximum of 50%. The dc bias point is therefore important in setting the operation of a class A
amplifier.

AC Load Line

To carry out ac analysis, it is necessary to calculate the ac load resistance “seen” looking

into the primary side of the transformer, then draw the ac load line on the collector



characteristic. The reflected load resistance (R ;) 1s calculated using Eq.11 using the value of
the load connected across the secondary ( R ) and the turns ratio of the transformer. The
graphical analysis technique then proceeds as follows:

Draw the ac load line so that it passes through the operating point and has a slope equal to
1/R; (the reflected load resistance), the load line slope being the negative reciprocal of the ac
load resistance. Notice that the ac load line shows that the output signal swing can exceed
the value of V¢ . In fact, the voltage developed across the transformer primary can be
quite large. It is therefore necessary after obtaining the ac load line to check that the possible
voltage swing does not exceed transistor maximum ratings.

Signal Swing and Qutput AC Power

Figure 9 shows the voltage and current signal swings from the circuit of Fig. 6 . From the signal
variations shown in Fig. 8 , the values of the peak-to-peak signal swings are:
Vee(pP) = Veg,, — Vekm,
Ie(pp) = Ic_ — Ic

min

A Vep (V)

\ v CEpp™ Veeg,,— Yorg,)

Q

(a) (h)

FIG. 9: Graphical operation of transformer-coupled class A amplifier.

The ac power developed across the transformer primary can then be calculated using:

{VCEmux o 1"}JCEmin]I[‘!Crnu.wc Icmin’l'

8

P,(ac) =

The ac power calculated is that developed across the primary of the transformer. Assuming an
ideal transformer (a highly efficient transformer has an efficiency of well over 90%), we find
that the power delivered by the secondary to the load is approximately that calculated using Eq.
(13). The output ac power can also be determined using the voltage delivered to the load. For

the ideal transformer, the voltage delivered to the load can be calculated using Eq. (7):



N,
V}r =V, = r‘_ V|
-y i h I

The power across the load can then be expressed as

V‘E{ rms)
PI, -
Ry
Using Eq. (8) to calculate the load current yields
L=1="1
[ 2 N- C

with the output ac power then calculated using

P; = I;f{rms )R

Efficiency
The input (dc) power obtained from the supply is calculated from the supply dc voltage and the

average power drawn from the supply:
PE'{C]L'.‘ y — VCC"!C'{:;

For the transformer-coupled amplifier, the power dissipated by the transformer is small (due to
the small dc resistance of a coil) and will be ignored in the present calculations. Thus the only

power loss considered here is that dissipated by the power transistor and calculated using
Po = Pjdc) — Pylac)

where P, is the power dissipated as heat. The amount of power dissipated by the transistor is

the difference between that drawn from the dc supply (set by the bias point) and the amount
delivered to the ac load. When the input signal is very small, with very little ac power delivered

to the load, the maximum power is dissipated by the transistor. When the input signal is larger

and power delivered to the load is larger, less power is dissipated by the transistor. In other

words, the transistor of a class A amplifier has to work hardest (dissipate the most power) when
the load is disconnected from the amplifier, and the transistor dissipates the least power when

the load is drawing maximum power from the circuit.

EXAMPLE 3: Calculate the ac power delivered to the 8 speaker for the circuit of Fig. 10.

The circuit component values result in a dc base current of 6 mA, and the input signal (Vi)

results in a peak base current swing of 4 mA.



Due to V:
[hp:ak =4 mA

" ICE

FIG. 10: Transformer-coupled class A amplifier
Solution: The dc load line is drawn vertically (see Fig. 11 ) from the voltage point:
Veeo=Vee=10V
For Iz = 6 mA, the operating point on Fig. 101s Vgp =10 V and I¢p= 140 mA

The effective ac resistance seen at the primary is

Ry = (M) k= o%®) = 120
L=\ N, i — (3 16y — 7242

The ac load line can then be drawn of slope -1/ 72 going through the indicated operating point.

To help draw the load line, consider the following procedure. For a current swing of

V, 10V
[c = —£ = = 139 mA
R, 720

mark a point 4 :

Icg, + Ic = 140 mA + 139 mA = 279 mA along the y-axis

Al (mA) dc load line
14 mA
400 -
350 = 12 mA
300 — ac load line (R} =72 Q)
5 A 10 mA
Ic‘max: 555 mA I 250:_ 3
Al 200 j’_ : : : & mA
Operating point
I, 150 | 6 mA
o - -
100 4 mA
50 . Iz=2mA
!(_-m_m =25mA | | - < |
0 5 10 15 20 25 Vg
V(-!'-min =L7V V("i'-max: 183V

(b)

FIG. 11: Transformer-coupled class A transistor characteristic for Examples 3 and 4 :
(a) device characteristic, (b) dc and ac load lines.
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Connect point A through the Q -point to obtain the ac load line. For the given base current

swing of 4 mA peak, the maximum and minimum collector current and collector—emitter

voltage obtained from Fig. 10 are, respectively,

Veg,, = 17V Ic,. = 25mA

Veg,. = 183V Ie =2

The ac power delivered to the load
Vere — Yoo — )

8

183V — 1.7V)(255mA — 25 mA
i }[8 m mA) _ 0.477 W

EXAMPLE 4: For the circuit of Fig. 10 and results of Example 3 , calculate the dc input

Pylac) =

power, power dissipated by the transistor, and efficiency of the circuit for the input signal of
Example 3.

Solution:

Pi(dc) = Vecele, = (10V)(140mA) = 1.4W

Pg = Pidc) — Py(ac) = 1.4W — 0477TW = 092 W
The efficiency of the amplifier 1s then

Pyac) 0477 W
X 100% = ————

%n = — X 100% = 34.1%

i(dc)

Maximum Theoretical Efficiency For a class A transformer-coupled amplifier, the maximum
theoretical efficiency goes up to 50%.
EXAMPLE 5: Calculate the efficiency of a transformer-coupled class A amplifier for a supply
of 12 V and outputs of:
aVy=12V,b. Vy=6V,c. V=2V
Solution:
a) Since Vegp = Vee = 12 'V, the maximum and minimum of the voltage swing are, respectively,
Vee,,, = Vee, T Vip) = 12V + 12V =24V
Vee,. = Veg, — V(p) = 12V = 12V =0V

resulting in
24V -0V
% n = 50

24V + 0V

9
) % = 50%



b.

resulting in

18V — 6V\2
o= 50(—) % = 12.5%
ISV + 6V

C.
VeEnn = Vcg, — V(P) = 12V —2V = 10V

resulting in

14V — 10V\2
%n = 50(,—.) % — 1.39%
14V + 10V

Notice how dramatically the amplifier efficiency drops from a maximum of 50% for V' ) = Ve

to slightly over 1% for V) =2 V.



CLASS B AMPLIFIER OPERATION

In class B, the transistor turning on when the ac signal is applied. The transistor conducts
current for only one-half of the signal cycle. To obtain output for the full cycle of signal, it is
necessary to use two transistors and have each conduct on opposite half-cycles, the combined
operation providing a full cycle of output signal. Since one part of the circuit pushes the signal
high during one half-cycle and the other part pulls the signal low during the other half-cycle, the
circuit is referred to as a push—pull circuit. Figure 11 shows a diagram for push—pull operation.

An ac input signal is applied to the push—pull circuit, with each half operating on alternate half-
cycles, the load then receiving a signal for the full ac cycle. The power transistors class B
operation of these transistors provides greater efficiency than was possible using a single

transistor in class A operation.

One-half

. A, (

One-half |

circuit

FIG. 11:Block representation of push—pull operation.
Input (DC) Power

The power supplied to the load by an amplifier is drawn from the power supply (see Fig. 12)

that provides the input (or dc power). The amount of this input power can be calculated using:

where /g is the average or dc current drawn from the power supplies. The value of the average
current drawn can be expressed as

2
Iy. = ;.f (p) )
where /) is the peak value of the output current waveform. Using Eq. (2) in the power input
equation (1) results in

3
P,(dc) = vcc(if{p))
» 3)
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FI1G.12:Connection of push—pull amplifier to load: (a) using two voltage supplies, (b) using one voltage supply.
Output (AC) Power

The power delivered to the load (usually referred to as a resistance R ; ) can be calculated using
any one of the following equations:

If one is using an rms meter to measure the voltage across the load, the output power can be

calculated as:

Vi(rms)

P,(ac) = R,

4)
If one is using an oscilloscope, the measured peak or peak-to-peak output voltage can be used:
Vi (p-p) _ Vi(p)

P,(ac) =

The larger the rms or peak output voltage, the larger is the power delivered to the load.

Efficiency
The efficiency of the class B amplifier can be calculated using the basic equation
P,(ac)
%m = P‘"’ o X 100%
;(dc) ©)
Using Egs. (3) and (5) in the efficiency equation above results in
P,(ac) Vi(p)/2R Vi(p)
et S 2R o0s = ZYER 000
P;i(dc) Veel(2/m)I(p)] 4 Vee )

[using [, = V/R. ]. Equation (7) shows that the larger the peak voltage, the higher is the
circuit efficiency, up to a maximum value when  §, = VCC, this maximum efficiency then
being

10



maximum efficiency = L % 100% = 78.5%
- (8)

Power Dissipated by Output Transistors

The power dissipated (as heat) by the output power transistors is the difference between the

input power delivered by the supplies and the output power delivered to the load,

P 20~ P i(de) = P o(ac) (9)

where P, 1s the power dissipated by the two output power transistors. The dissipated power

handled by each transistor is then

PO=P,y,/2 (10)

EXAMPLE 6: For a class B amplifier providing a 20-V peak signal to a 16Q load (speaker)

and a power supply of ¢ = 30 V, determine the input power, output power, and circuit
efficiency.

Solution: A 20-V peak signal across a 16-() load provides a peak load current of

Viltp) 20V
I = = —=1.25A
1P ="~ = 50
The dc value of the current drawn from the power supply is then
2 2
by, =—1 = —(1.25A) = 0.796 A
de = —11(p) = )

and the input power delivered by the supply voltage is
Pi(dc) = Veclge = (30 V)(0.796 A) = 23.9 W
The output power delivered to the load is

Vf(p} (20 V)?
P,(ac) = R ik MR
) = R T 26 )

for a resulting efficiency of

Q‘U
—
f)
=]
L]
g
=)

25W

o
o
3,
[~
('S ]
©
=

Maximum Power Considerations
For class B operation, the maximum output power is delivered to the load when
Vigjy=Vee  (11)
V2
maximum P (ac) = _}—CC

The corresponding peak ac current /(p) is then

11



Vee

I(p) = —
R a3
so that the maximum value of average current from the power supply is
. 2 2Vee
maximum lg. = —I(p) =
m TRL  (14)

Using this current to calculate the maximum value of input power results in
zvtc) _ 2Vec

maximum P;(dc) = Ve (maximum [y,) = VCC(

The maximum circuit efficiency for class B operation is then

P,(ac) Vic/2R;
naximum % n = X 100% =
| muim 7e n Pi[dCJ 7 VCC[Q/»;T)( VCC,/RL)]

X 100%

= % % 100% = 78.54%

When the input signal results in less than the maximum output signal swing, the circuit
efficiency is less than 78.5%.
For class B operation, the maximum power dissipated by the output transistors does not

occur at the maximum power input or output condition. The maximum power dissipated

by the two output transistors occurs when the output voltage across the load is

)
VL[])) = 0()3()VCC (: ;Vcc)

T
for a maximum transistor power dissipation of
2
2
TR L

EXAMPLE 7: For a class B amplifier using a supply of V'¢c= 30V and driving a load of 162,

maximum Ppp =

determine the maximum input power, output power, and transistor dissipation.

Solution: The maximum output power is
Vie  (OV)?:

maximum P,(ac) = R, =216 0) = 28.125 W
The maximum input power drawn from the voltage supply is
_ 2V 230 V)? .
maximum Pj(dc) = 2L = (16 ) = 3581W
The circuit efficiency is then
iy = 2 « 100 = ZIOW o jonm . Fa51%
Pi(dc) 3581 W

as expected. The maximum power dissipated by each transistor is
maximum P _ i S(ZVZCC) ilg(g{} V)2

2 “\ 7R, L 716 Q
Under maximum conditions a pair of transistors each handling 5.7 W at most can deliver
28.125 W to a 16-() load while drawing 35.81 W from the supply.

maximum Py =

] = 5.7TW

12



The maximum efficiency of a class B amplifier can also be expressed as follows:

V,%(p]
P,(ac) = R,
EVL{[J}
Pidc) = Veclye = Ve
TRy
P (ac) VZ(p)/2R
sothat % mn=—— X 100% = Lp)/ = X 100%
Pi(dc) Veel(2/@)(Vi(p) /Rp)]
%5 = 7854 XPq,

CC
EXAMPLE 8: Calculate the efficiency of a class B amplifier for a supply voltage of V- =24V
with peak output voltages of: a. V=22 V. b. V) =6 V.

Solution:

» e VEAP).. af 22V 5
a. %m = 78.54 Ve o = 78.54 SYEY, = 72%

C
6V
24V

Notice that a voltage near the maximum [22V in part (a)] results in an efficiency near the

b. %m = ?8,54( )‘-?E- = 19.6%

maximum, whereas a small voltage swing [6V in part (b)] still provides an efficiency near 20%.
Similar power supply and signal swings would have resulted in much poorer efficiency in a
class A amplifier.

CLASS B AMPLIFIER CIRCUITS

A number of circuit arrangements for obtaining class B operation are possible. There are two
common approaches for using push-pull amplifiers to reproduce the entire waveform. The first
approach uses transformer coupling. The second uses two complementary symmetry
transistors (npn and pnp , or ntMOS and pMOS).

1- Transformer-Coupled Push—Pull Circuits

Transformer coupling is illustrated in Figure 13. The input transformer has a center-tapped
secondary that is connected to ground, producing phase inversion of one side with respect to the
other. The input transformer thus converts the input signal to two out-of-phase signals for the
transistors. Notice that both transistors are npn types. Because of the signal inversion, Q1 will

conduct on the positive part of the cycle and Q2 will conduct on the negative part. The overall

13



signal developed across the load then varies over the full cycle of signal operation. The positive

power supply signal is connected to the center tap of the output transformer.

o
Input rrpln Output
transformer transformer
0,
npn

FIG. 13: Transformer-coupled push-pull amplifiers. Q1 conducts during the positive half-cycle; Q2 conducts
during the negative half-cycle. The two halves are combined by the output transformer.

2- Complementary-Symmetry Circuits

Using complementary transistors ( npn and pnp ) it is possible to obtain a full cycle output
across a load using half-cycles of operation from each transistor, as shown in Fig. 14-a.
Whereas a single input signal is applied to the base of both transistors, the transistors, being of
opposite type, will conduct on opposite half-cycles of the input. The npn transistor will be
biased into conduction by the positive half-cycle of signal, with a resulting half cycle of signal
across the load as shown in Fig. 14-b. During the negative half-cycle of signal, the pnp
transistor is biased into conduction when the input goes negative, as shown in Fig. 14-c. During

a complete cycle of the input, a complete cycle of output signal is developed across the load.

l
Vee,
- 4V,
Ry

+

Biased on by

input signal \

Biased off by/’
input signal

(@) (b)

Biased off by
input signal ~~_

Biased on hy/
input signal

FIG. 14: Complementary-symmetry push—pull circuit.

14



Crossover Distortion
When the dc base voltage is zero, both transistors are off and the input signal voltage must

exceed Vg before a transistor conducts. Because of this, there is a time interval between the
positive and negative alternations of the input when neither transistor is conducting, as shown in
Figure 15. The resulting distortion in the output waveform is called crossover distortion.
Biasing the transistors in class AB improves this operation by biasing both transistors to be on

for more than half a cycle.

0, conducting

0, off ~la

Both Q; and @, off \Q‘ off

(crossover distortion) 0, conducting

FIG.15: Illustration of crossover distortion in a class B push-pull amplifier. The transistors conduct only during
portions of the input indicated by the shaded areas.

Biasing the Push-Pull Amplifier for Class AB Operation

To overcome crossover distortion, the biasing is adjusted to just overcome the Kg of the
transistors; this results in a modified form of operation called class AB. In class AB operation,
the push-pull stages are biased into slight conduction, even when no input signal is present. This
can be done with a voltage-divider and diode arrangement, as shown in Figure 16. When the
diode characteristics of D1 and D2 are closely matched to the characteristics of the transistor
base-emitter junctions, the current in the diodes and the current in the transistors are the same;
this is called a current mirror. This current mirror produces the desired class AB operation and

eliminates crossover distortion.
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In the bias path of the circuit in Figure 16, R1 and R2 are of equal value, as are the positive and
negative supply voltages. This forces the voltage at point 4 (between the diodes) to equal 0 V

and eliminates the need for an input coupling capacitor. The dc voltage on the output is also OV.
Assuming that both diodes and both complementary transistors are identical, the drop across D1
equals the Vg of 01, and the drop across D2 equals the Vs of O2.

EXAMPLE 9: For the circuit of Fig. 17 , calculate the input power, output power, power
handled by each output transistor and the circuit efficiency for an input of 12 V rms.(assume

voltage gain unity)

Ve =425V

R

. .
-

Vg =25V

Vi

4Q

==

FI1G. 17: Class B power amplifier for Examples 9 to 11 .

Solution: The peak input voltage is
Vip) = V2V;(rms) = V2(12V) = 1697V = 17V
Since the resulting voltage across the load is ideally the same as the input signal (the
amplifier has, ideally, a voltage gain of unity),
Vi(p) = 17V
and the output power developed across the load is
Vi(p) _ (17 V)?

P,(ac) = = = 36.125 W
oA8C) 2R, 24 Q)
The peak load current is
Vilp) _ 17V G
I = = ——=425A

P ="p "~ 20
from which the dc current from the supplies is calculated to be

4 12 _2(425A)

) s

so that the power supplied to the circuit is
P{dc) = Vealge = (25 VX271 A) = 6775 W
The power dissipated by each output transistor is
grop Pyo _ PPy 6175W —36125W
= 2 2 2

= 15.8W
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The circuit efficiency (for the input of 12 V, rms) is then

%nzfﬂxmwp:%féﬂxlm%zﬂm%
P, 67.75 W

EXAMPLE 10: For the circuit of Fig. 17 , calculate the maximum input power, maximum
output power, input voltage for maximum power operation, and power dissipated by the output

transistors at this voltage.

Solution: The maximum input power is
Ve _225V)

axi P{dc) = = 9947 W
maximum P;(dc) =" i
The maximum output power is
Ve 25 V)?
maximum P (ac) = 2;‘5 = (2{_4 ﬂ}) = 78.125 W
[Note that the maximum efficiency is achieved:
78.125 W

P
%o n = —0 X 100% = 100% = 78.54%]

s 0047 W
To achieve maximum power operation the output voltage must be
Vilp) = Vec = 25V
and the power dissipated by the output transistors is then
Pop = Py — Fp = 99.4TW — J8.15W = Z13W

EXAMPLE 11: For the circuit of Fig. 17 , determine the maximum power dissipated by the
output transistors and the input voltage at which this occurs.

Solution: The maximum power dissipated by both output transistors is
Ve 2(25V)
R, 74 Q)

= 31.66 W

maximum Prp

This maximum dissipation occurs at
Vi = 0.636Vi(p) = 0.636(25V) = 159V

(Notice that at V; = 15.9 V the circuit required the output transistors to dissipate 31.66 W,
whereas at V; = 25 V they only had to dissipate 21.3 W.)

AMPLIFIER DISTORTION

A pure sinusoidal signal has a single frequency at which the voltage varies positive and
negative by equal amounts. Any signal varying over less than the full 360° cycle is considered

to have distortion. An ideal amplifier is capable of amplifying a pure sinusoidal signal to
provide a larger version, the resulting waveform being a pure single-frequency sinusoidal

signal. When distortion occurs, the output will not be an exact duplicate (except for magnitude)
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of the input signal.

Distortion can occur because the device characteristic 1s not linear, in which case nonlinear or
amplitude distortion occurs. This can occur with all classes of amplifier operation. Distortion

can also occur because the circuit elements and devices respond to the input signal differently at
various frequencies, this being frequency distortion.

One technique for describing distorted but period waveforms uses Fourier analysis, a method

that describes any periodic waveform in terms of its fundamental frequency component and
frequency components at integer multiples these components are called harmonic components

or harmonics. For example, a signal that is originally 1000 Hz could result, after distortion, in a
frequency component at 1000Hz (1 kHz) and harmonic components at 2 kHz (2*1 kHz), 3kHz
(3*1 kHz), 4 kHz (4*1kHz), and so on. The original frequency of 1 kHz is called the
fundamental frequency ; those at integer multiples are the harmonics . The 2-kHz component is
therefore called a second harmonic , that at 3 kHz 1s the third harmonic , and so on. The
fundamental frequency is not considered a harmonic. Fourier analysis does not allow for
fractional harmonic frequencies only integer multiples of the fundamental.

Harmonic Distortion

A signal is considered to have harmonic distortion when there are harmonic frequency
components (not just the fundamental component). If the fundamental frequency has an

amplitude 4, and the n ™ frequency component has an amplitude 4 ,, a harmonic distortion can

be defined as

|Ap|
A,

The fundamental component is typically larger than any harmonic component.

% nth harmonic distortion = % D,, = X 100%

EXAMPLE 12: Calculate the harmonic distortion components for an output signal having
fundamental amplitude of 2.5 V, second harmonic amplitude of 0.25 V, third harmonic

amplitude of 0.1 V, and fourth harmonic amplitude of 0.05 V.

Solution:
% Dy = 42| % 100% = 22V 100% = 10%
© Ay 2.5V
%Ds = 3 100% = 2V 100% = 4%
Ay 25V
% Dy = 1Ad 100% = 29V o 100% = 2%
1A 2.5V
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Total Harmonic Distortion
When an output signal has a number of individual harmonic distortion components, the signal
can be seen to have a total harmonic distortion based on the individual elements as combined by

the relationship of the following equation:

%THD = VVD} + D} + D} + -+ X 100%

where THD is total harmonic distortion.

EXAMPLE 13: Calculate the total harmonic distortion for the amplitude components given in
Example 12.

Solution: Using the computed values of D, = 0.10, D; = 0.04, and D, = 0.02

% THD = \/D} + D3 + D} % 100%
= V(0.102 + (0.04)2 + (0.02)2 X 100% = 0.1095 X 100%

= 10.95%

¥

An instrument such as a spectrum analyzer would allow measurement of the harmonics present
in the signal by providing a display of the fundamental component of a signal and a number of
its harmonics on a display screen. Similarly, a wave analyzer instrument allows more precise
measurement of the harmonic components of a distorted signal by filtering out each of these
components and providing a reading of these components. In any case, the technique of
considering any distorted signal as containing a fundamental component and harmonic
components is practical and useful. For a signal occurring in class AB or class B, the distortion
may be mainly even harmonics, of which the second harmonic component is the largest. Thus,
although the distorted signal theoretically contains all harmonic components from the second
harmonic up, the most important in terms of the amount of distortion in the classes presented

above 1s the second harmonic.

CLASS C AND CLASS D AMPLIFIERS

Although class A, class AB, and class B amplifiers are most used as power amplifiers, class D
amplifiers are popular because of their very high efficiency. Class C amplifiers, although not

used as audio amplifiers, do find use in tuned circuits as in communications.
Class C Amplifier

A class C amplifier, such as that shown in Fig. 18, is biased to operate for less than 180° of the

input signal cycle. The tuned circuit in the output, however, will provide a full cycle of output
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signal for the fundamental or resonant frequency of the tuned circuit ( L and C tank circuit) of
the output. This type of operation is therefore limited to use at one fixed frequency, as occurs in
a communications circuit, for example. Operation of a class C circuit is not intended primarily

for large-signal or power amplifiers.

FIG. 18: Class C amplifier circuit.
Class D Amplifier

A class D amplifier is designed to operate with digital or pulse-type signals. An efficiency of
over 90% is achieved using this type of circuit, making it quite desirable in power amplifiers. It
1s necessary, however, to convert any input signal into a pulse-type waveform before using it to
drive a large power load and to convert the signal back into a sinusoidal type signal to recover
the original signal. Fig. 19 shows how a sinusoidal signal may be converted into a pulse-type
signal using some form of sawtooth or chopping waveform to be applied with the input into a
comparator-type op-amp circuit so that a representative pulse-type signal is produced. Although
the letter D 1s used to describe the next type of bias operation after class C, the D could also be
considered to stand for “Digital,” since that is the nature of the signals provided to the class D

amplifier.
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Sawtooth (chopping) waveform

AN ﬂ/ﬁﬂ/
U

{ ‘
/ Input waveform

+5V . Digital wavetorm

/

0

FI1G. 19: Chopping of a sinusoidal waveform to produce a digital waveform.
Figure 20 shows a block diagram of the unit needed to amplify the class D signal and then
convert back into the sinusoidal-type signal using a low-pass filter. Since the amplifier’s
transistor devices used to provide the output are basically either off or on, they provide current
only when they are turned on, with little power loss due to their low “on” voltage. Since most of
the power applied to the amplifier is transferred to the load, the efficiency of the circuit is
typically very high. Power MOSFET devices have been quite popular as the driver devices for

the class D amplifier.

Converts digital
back to sinusoidal
Sawtooth p
generator /
Comparator —  Amplifier , LD{::\; ;E?ss v,
Vi 1 +

Feedback ~

FIG. 20: Block diagram of class D amplifier.
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Feedback and Oscillator Circuits
FEEDBACK CONCEPTS

Feedback has been mentioned previously in op-amp circuits. Depending on the relative polarity
of the signal being feedback into a circuit, one may have negative or positive feedback.
Negative feedback results in decreased voltage gain, for which a number of circuit features are
improved, as summarized below. Positive feedback drives a circuit into oscillation as in
various types of oscillator circuits.

A typical feedback connection is shown in Fig. 1 . The input signal Vs is applied to a difference
block, where it is combined with a feedback signal V' , to produce V' ; which is then the input
signal to the amplifier (A). A portion of the amplifier output V' , is connected to the feedback
block (B), which provides a feedback signal to the difference block.

Input ., + V; . (Output

. V A — v, o
signal ¢ ¥ signal)
-

Feedback amplifier
Fig.1

Although negative feedback results in reduced overall voltage gain, a number of advantages are
obtained, among them being:
1. Higher input impedance.
2. Better stabilized voltage gain.
3. Improved frequency response.
4. Lower output impedance.
5. Reduced noise.
6. More linear operation.
FEEDBACK CONNECTION TYPES
There are four basic ways of connecting the feedback signal. Both voltage and current can be
feedback to the input either in series or parallel. Specifically, there can be:
1. Voltage-series feedback ( Fig. 2 a).
2. Voltage-shunt feedback ( Fig. 2 b).



3. Current-series feedback ( Fig. 2 ¢).

4. Current-shunt feedback ( Fig. 2 d).

In the list above, voltage refers to connecting the output voltage as input to the feedback
network; current refers to tapping off some output current through the feedback loop. Series
refers to connecting the feedback signal in series with the input signal voltage; shunt refers to

connecting the feedback signal in shunt (parallel) with an input current source.

i;
—_—

+ | m , — WT% | . , + !
V, ,\’ v, A= ?2 v Ry f /. A= v, §Ri.
L [ : ]

i

=~ |(;:

I o= I i
- s —
+ | o T
v, N\, Vi A= ?R;. 1, f | A= ff— R,
-— I_ |i :| 5. L. L ' _‘

¥ I, =B1, ; —

FIG. 2: Feedback amplifier types:
(a) voltage-series feedback, Af = Vo/Vs; (b) voltage-shunt feedback, Af = Vo/Is;
(c) current-series feedback, Af =10/Vs; (d) current-shunt feedback, Af = Io/Is.
Series feedback connections tend to increase the input resistance, whereas shunt feedback
connections tend to decrease the input resistance. Voltage feedback tends to decrease the output
impedance, whereas current feedback tends to increase the output impedance. Typically, higher
input and lower output impedances are desired for most cascade amplifiers. Both of these are
provided using the voltage-series feedback connection.
Gain with Feedback
The gain without feedback, 4 , is that of the amplifier stage. With feedback [3, the overall gain
of the circuit is reduced by a factor (1 +B 4 ). A summary of the gain, feedback factor, and gain
with feedback of Fig. 2 is provided for reference in Table 1.



TABLE 1 Summary of Gain, Feedback, and Gain with Feedback from Fig. 2
I

Voltage-Series Voltage-Shunt Current-Series Current-Shunt
Gain without feedback A E E I_f’ 1_0
Vi I; Vi I
Feedback B E i E i
V, Y. I I,
Gain with feedback As Yo Yo L L
VS‘ IS 1'/5 IJ

1- Voltage-Series Feedback
Figure 2-a shows the voltage-series feedback connection with a part of the output voltage fed
back in series with the input signal, resulting in an overall gain reduction. If there is no
feedback (V= 0), the voltage gain of the amplifier stage is:

V v,

A=-2—=-2 (D

V.s Vr'

If a feedback signal Vis connected in series with the input, then
Vi=V, =V
Since  V, = AV, = A(V; — Vp = AV, — AV; = AV, — A(BV,)
then (1 + BA)V, = AV,

so that the overall voltage gain with feedback is

V A
e 2
As v~ 1+ pA (2)

Equation (2) shows that the gain with feedback is the amplifier gain reduced by the factor
(1+BA). This factor will be seen also to affect input and output impedance among other circuit
features.

Input Impedance with Feedback

A more detailed voltage-series feedback connection is shown in Fig. 3 . The input impedance

can be determined as follows:

V.

L=
Y/ Z; Zi Z;

LZ; =V, — AV,
V_;- - L'Z,' + 'BAV[ = I!'Z{' + BAIEZ,

_ Vs — Vf _ Vi — BV, _ Ve — BAV;

V, |



The input impedance with series feedback is seen to be the value of the input impedance
without feedback multiplied by the factor (1+4 ), and applies to both voltage-series ( Fig. 2 a)

and current-series ( Fig. 2 ¢) configurations.

Zy Amplifier Zy

{ [ V¥V + I
+ [ * Za |
v, N\, v, z N\, av v, % 7
l —_— Vf + — : l 3 -
Feedback network v, i
A=y L Ve _A
+ + Vf v, 1+8A
. _av Ve , P=v
p;’ =pv, p = T;: Vo 4

FIG. 3: Voltage-series feedback connection.
Output Impedance with Feedback
The output impedance for the connections of Fig. 2 is dependent on whether voltage or current
feedback 1s used. For voltage feedback, the output impedance is decreased, whereas current
feedback increases the output impedance.
For voltage-series feedback, the voltage-series feedback circuit of Fig. 3 provides sufficient
circuit detail to determine the output impedance with feedback. The output impedance is
determined by applying a voltage V , resulting in a current I , with Vs shorted out (Vs =0). The
voltage V is then

V=1IZ,+ AV,
For o — 8 =%
so that V=1, - AV;= IZ, — A(BY)
Rewriting the equation as
V + BAV = IZ,
allows solving for the output impedance with feedback:
Vv Zo
F— 4
4 I 1+pgA *)

2- Voltage-Shunt Feedback
The gain with feedback for the network of Fig. 2-b is

Vo AL _ AL Al
T L, L+I L+BV, L+pBAL

= T5 pa ®)



A more detailed voltage-shunt feedback connection is shown in Fig. 4. The input impedance

can be determined to be

e
' I I; + [f I; + BV,
B Vi/I;
B lf'./f:' + .GV()/{‘(;'
Z,

Zr=17vp ©

This reduced input impedance applies to the voltage-series connection of Fig. 2-a and the

voltage-shunt connection of Fig. 2-b.

I;
—

i f Z; ,\J Al; Vo §Z;_

If Tﬁvu *

1
B=+F
L

FIG. 4: Voltage-shunt feedback connection.
The output impedance with current-series feedback can be determined by applying a signal V to
the output with Vs shorted out, resulting in a current I, the ratio of V to I being the output
impedance. Figure 5 shows a more detailed connection with current-series feedback. For the
output part of a current-series feedback connection shown in Fig. 5 , the resulting output

impedance is determined as follows.

. _ #‘- .
With V s =0, + | " I — AV,
Vi=V i, Vi oz { 2

Vv % Vv R I

I=——AV.= — — AV, = — — ABI

R Ty, Y &
Zo(l B BA” =V
1%
Zq{ = ? = Zo(1 + BA) (7) +
V=Bl B=-

Fig.5

A summary of the effect of feedback on input and output impedance is provided in Table 2.



TABLE 2 Effect of Feedback Connection on Input and Output Impedance

Voltage-Series Current-Series Voltage-Shunt Current-Shunt
Zy Z{1 + BA Z(1 + BA Z %
ir Zi{1 + BA) (1 + BA) 1+ A 1+ pa
(increased) (increased) (decreased) (decreased)
Z, Zo__
Zy 17 o Z(1 + BA) T Z,(1 + BA)
(decreased) (increased) (decreased) (increased)
EXAMPLE 1 Determine the voltage gain, input, and output impedance with feedback
for voltage-series feedback having A = —100, R; = 10k{). and R, = 20k} for feed-
back of (a) 8 = —0.1 and (b) B = —0.5.
Solution:
A —100 —100
a Af= = = = —9.09
: 1 + BA 1 + (—=0.1)(—100) 11
Ziy = Z(1 + BA) = 10kQ (11) = 110k
Z 20 x 10°
Lo = = = 1.82k()
ST 1+ BA 1
A —100 —100
b. Ar= = = = —1.96
i 1 + BA 1 + (—0.5)(—100) 51

Zis = Z{1 + BA) = 10kQ (51) = 510kO
Z;  20% 10’

= = 392.16 Q
| + BA 51

Zof =

Example 1 demonstrates the trade-off of gain for desired input and output resistance. Reducing
the gain by a factor of 11 (from 100 to 9.09) is complemented by a reduced output resistance
and increased input resistance by the same factor of 11. Reducing the gain by a factor of 51
provides a gain of only 2 but with input resistance increased by the factor of 51 (to over 500
kQ) and output resistance reduced from 20 kQ to under 400 Q. Feedback offers the designer the
choice of trading away some of the available amplifier gain for other desired circuit features.
PRACTICAL FEEDBACK CIRCUITS
Examples of practical feedback circuits will provide a means of demonstrating the effect
feedback has on the various connection types. This section provides only a basic introduction to
this topic.
Voltage-Series Feedback
Figure 6 shows a voltage-series feedback connection using an op-amp. The gain of the op-amp,
A, without feedback, is reduced by the feedback factor

Ry

B:R]‘FRE



T
V
+ E - Op-amp ’
v, N\, —
J?_ R;
AAN—
+

FIG. 6: Voltage-series feedback in an op-amp connection.

EXAMPLE 2 Calculate the amplifier gain of the circuit of Fig. § for op-amp gain

A = 100,000 and resistances Ry = 1.8 k{) and R, = 200 ().
Solution:
g R, 200 Q ——
Ri+R, 2000 + 1.8k '
W A 100.000
T 14+ BA 1+ (0.1)(100,000)
100,000
- = 0.999
10,001
Note that since A => 1,
1
A= —=—=10
F= B o1

Voltage-Shunt Feedback
The constant-gain op-amp circuit of Fig. 7-a provides voltage-shunt feedback. Referring to
Fig.7- b and Table 1 and the op-amp ideal characteristics /i =0, Vi = 0, and voltage gain of

infinity, we have

Vﬂ
A _ — =
L
B_i_i
Vo R,

A:VQZV{J: A :]—:—R
'™, L 1+pA B ?

This is a transfer resistance gain. The more usual gain is the voltage gain with feedback,
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EA A7 R, R

R()
A YAYAY

R, r}f

’7_:-

v AAR]h b v, If co ——V
— v, f 1'=R_ — P
5
+ v

.

(b)
(a)

FIG. 6: Voltage-shunt negative feedback amplifier: (a) constant-gain circuit; (b) equivalent circuit.

SUMMARY of Equations

Voltage-series feedback:

A—V”— A Z—E—Z’—{BA}Z—Z{1+BA}
v, 1+pBA I S ’
¥ Z,
7 o= = —"
T I 1+ BA
Voltage-shunt feedback:
A Z;
A = : O . M
T7 1+ p4 (1 + BA)

Current-series feedback:

V V
Z,f:T:Z,“ +BA} Zﬂf:T:ZG{] +,8:‘-1J

Current shunt feedback:
Z,

vV
Zif = m Zof = Fam o(1 + BA)



OP-AMP and its applications

Introduction

- The operational amplifier (Op-Amp) concept was introduced by Tellegen in 1954 under the
name of “ideal amplifier”. The first Op-Amps with discrete transistors appeared in production
in 1956. One of the first analog ICs was an Op-Amp developed by R. Widlar in 1964. The
operational amplifier is still the integrated circuit with highest production volume.

- OP-AMP is a very high-gain directly-coupled negative-feedback amplifier which can amplify
signals having frequency ranging from 0 Hz to 1 MHz.

- OP-AMP is so named because it was originally designed to perform mathematical operations
like summation, subtraction, multiplication, differentiation integration ...etc. Present day usage
1s much wider in scope but the popular name OP-AMP continues.

nd in analog computers applications.

- Typical applications of OP-AMP are scale changing, analog computer operations, in
instrumentation and control systems and a great variety of phase-shift and oscillator circuits.

- Example of OP-AMPs [LM 108, LM 208, 741,....]

OP-AMP Circuit and Symbol

Standard triangular symbol of an OP-AMP is shown in Fig.1. All OP-AMPs have a minimum
of five terminals:

1. inverting input terminal (labeled with a minus sign),

2. non-inverting input terminal (labeled with a plus sign),

3. output terminal,

4. positive bias supply terminal,

5.

negative bias supply terminal.
9+ V(‘C

1 2

vy

(a) Complete representation (b) Simplified representation

Fig. 1: Operational amplifier
- When an OP-AMP is operated without connecting any resistor or capacitor from its output to
any one of its inputs (i.e., without feedback), it is said to be in the open-loop condition. The
specifications of OP-AMP under such condition are called open-loop specifications and
exhibiting the open-loop voltage gain (Agy).
- An op amp amplifies the difference between two input signals v,&v,; i.e amplifies (v4), where
(Va=Vi-V2)
vo=Aor*vs (Ao for actual op amp is extremely high i.e., about 10°)
However, if (v4=1 V), it does not mean that will be amplified to 10° V at the output.
Actually, the maximum value of y is limited by the basis supply voltage and is called its
saturation voltage. This voltage is approximately 2V smaller than the power-supply voltage
(Vce). In other words, the amplifier is linear over the range
-(Vee —2)<vy<Vcce-2,typically £ 15 V.

1



Examplel: An op amp has saturation voltage Vsat =10 V, an open-loop voltage gain of -10 >,

and input resistance of 100k. Find (a) the value of y that will just drive the amplifier to
saturation and (b) the op amp input current at the starting of saturation.

Solution:
+ Vf)%'it +10
'f.‘{ — = — z — :i:[}] l“l’lv
R P
v, +0.1x107°
(b) iy = 4 — — +1nA

R; 100 x 10°

Ideal Operational Amplifier

An ideal OP-AMP has the following characteristics :

1. its open-loop gain A, is infinite i.e., Av =—

2. its input resistance Ri (measured between inverting and non-inverting terminals) is infinite
i.e., Ri = o Q. This means that the input current i = 0.

3. its output resistance R ( (seen looking back into output terminals) is zero i.e., R (=0 Q. This
means that v, is not dependent on the load resistance connected across the output.

4. it has infinite bandwith i.e., it has flat frequency response from dc to infinity.

Virtual Ground and Summing Point

Fig. 2 shows an OP-AMP which employs negative feedback with the help of resistor R , which
feeds a portion of the output to the input. The concept of virtual ground arises from the fact that
input voltage vi at the inverting terminal of the OP-AMP is forced to a small value (assumed
zero). Hence, point 4 is essentially at ground voltage and is referred to as virtual ground.
Obviously, it is not the actual ground.

When vl is applied, point 4 attains some positive potential and at the same time v is brought
into existence. Due to negative feedback, some fraction of the output voltage is fed back to
point 4 antiphase with the voltage already existing there (due to v1). The algebraic sum of the
two voltages is almost zero so that vi =0. Obviously, vi will become exactly zero when
negative feedback voltage at A is exactly equal to the positive voltage produced by v1 at A.
Another point worth considering is that there exists a virtual short between the two terminals of
the OP-AMP because vi = 0. It is virtual because no current flows (remember i = 0) despite the

existence of this short.
Feedback Path

R'1 RI'
+ A
v, — A AN
Yi [\
o
_l_
\‘.r
7 ]
o O
- +
Fig. 2



OP-AMP Applications

1- Inverting Amplifier

The inverting amplifier of Fig. 3 has its noninverting input connected to ground. A signal (vin)

i1s applied through input resistor R1, and negative current feedback is implemented through
feedback resistor R¢. Output voltage (v,) has polarity opposite that of input.

R, R,
v}'rz O L LA
* > i > i
+
Vo
< O
Fig. 3
The gain of the inverting amplifier can be driven as follow:
Since point 4 is at ground potential (V,=0) and 1;,=0,
Vin—V4 V4-V
il=i2 . i=— and i,= 0
! Rl = Rf
R Ry Rf Rl Vin Rl
4, = - ?1 Also, vy =-4,v.

It is seen from above, that closed-loop gain of the inverting amplifier depends on the ratio of the
two external resistors R1 and Rf and is independent of the amplifier parameters.

2- Noninverting Amplifier

The noninverting amplifier of Fig. 4 is realized by grounding R1 of Fig. 3 and applying the
input signal at the noninverting. Here, polarity of v0 is the same as that vin.

1 R, A Ry
® "\
[ 4— V; [ 4+—
_|,.
""2(% + Vo
Fig. 4



The gain of the noninverting amplifier can be driven as follow:
Because of virtual short between the two OP-AMP terminals, voltage across R1 is the input
voltage vin. Also, v0 is applied across the series combination of R1 and Rf.

v iR, +R R +R R

\Z iR R, R

mn

3- Voltage Follower

It provides a gain of unity without any phase reversal. This circuit (Fig. 5) is useful as a buffer
or isolation amplifier because it allows, input voltage vin to be transferred as output voltage v0
while at the same time preventing load resistance RL from loading down the input source. It is
due to the fact that its Ri = oo and RO = 0.

+0O
Vin
= ®,
(Vin = Vo)
Fig. 5

4- Adder or Summer Amplifier

The adder circuit provides an output voltage proportional to or equal to the algebraic sum of
two or more input voltages each multiplied by a constant gain factor. It is basically similar to a
Fig. 3 except that it has more than one input. Fig. 6 shows a three-input inverting adder circuit.
As seen, the output voltage is phase-inverted.

+ b R,
ViO—— A ANA—
i R R
+ b 2 A I f
Vo O—p—AN p—AAN
i R;
Vi A —
Vf \
® o
/
Vo
E @ 0
+




Calculations
As before, we will treat point 4 as virtual ground
. _ vV .V . Vv . \Y
Applying KCI to point A, we have
[, T, T iyt (=0) =

VioVa o Vs [TV |
—+—=+—=—-—|=0
® R R R [Rf]

R, R,
i
R =R, then
R
Vo = —?(v +v,tvy)

It R, = R, thenouput exactly equals the sum of inputs.



5- Subtractor
The function of a subtractor is to provide an output proportional to the difference of two input
signals. As shown in Fig. 7. The inputs are applying at the inverting and noninverting terminals.

R, A R;
v, 0 AW AW
Vo
V20O +
Fig. 7
Calculations
According to Superposition theorem;
vO =v0"+v0"
where v0' is the output produced by vl and v0” is that produced by v2.
Now v, = - & v, (see inverting amplifier equation)
1
R
v’ = |1+-L |v, ; ; lifi ;
0 R | (see noninverting amplifier equation)
If Rf>>R1 and Rf/R1 >> 1, hence
R
\r’o = _f V, —V
R, (V4 =Vy)

Further, If Rf= R1, then
v0 = (v2 — vl) = difference of the two input voltages

Example: Find the output voltages of an OP-AMP inverting adder for the following sets of
input voltages and resistors. In all cases, Rf =1 MQ.

vi==-3V,v2=+3V,v3=+2V; Rl =250 KQ,R2=500 KQ,R3=1M Q (ans. Vo=4v)
Example: In the subtractor circuit, R1 =5 K, Rf =10 K, vl =4 V and v2 = 5V. Find the value
of output voltage.

Solution:

R R,
B I N m) 10 5y
vV, {1+R1 ]\1 R Vv, (1—1—5 4 5><5 +2)

Example: Design an OP-AMP circuit that will produce an output equal to — (4 vl +v2 +0-1v3).
Write an expression for the output and sketch its output waveform when vl = 2 sin ot, v2 =+5V
dc and v3 =—-100 Vdc.

Solution:

R R, R
VO = _|: Rf \11 -|-}€—J1!V2 + Rf VS} (l}
1 2 3

Vo = —(4v,+v,+01vy) ...(2)
Comparing equations (1) and (2), we find,




R R R
o=y, L=, 2L =01
Rl RZ RS
Therefore if we assume Rf'= 100 K, then R1 =25 K, R2 =100 K and R3 = 10 K. With there
values of R1, R2 and R3, the OP-AMP circuit is as shown in Fig. 8 (a).

Rl
vid AN f"z
25K
+5V
+ R, Ry Vi
V2 o—— AN — AMAMN +2V
100 K 100K (\U— -—-
vy AN )
10K - e

+
Vo
10V — - — - — - — - — - A

(a) (b)
Fig. 8

With the given values of vl = 2 sin of, v2 = + 5V, v3 = — 100 V dc, the output voltage,
v0 = 2sin o#+ 5 — 100 =2 sin of — 95 V. The waveform of the output voltage is sketched as
shown in Fig.8 (D).
6- Integrator
The function of an integrator is to provide an output voltage which is proportional to the
integral of the input voltage. A simple example of integration is shown in Fig. 9, where input is
dc level and its integral is a linearly-increasing ramp output. The actual integration circuit is

similar to the inverting circuit except that the feedback component is a capacitor C instead of
a resistor Rf.

ol

+0

+ Ri A |(| Xc
O ’V\"\/ 11
v, —¥ —> i,

Input
npu — () L lpul
Integrator

Fig. 9
Calculations

As before, If the op amp is ideal, point 4 will be treated as virtual ground, and v, appears across
Rl- Thus



dv dv

< =-c—*> (since V.=V
dt dt ( Vo)

But, with negligible current into the op amp, the current through R1 = current flow through C.
Then

i, =i, =c

. d 1
Y = oD dvy =- —v,dt _ v =- b v, dt
R, da = Rc . Rc

It is seen from above that output (left-hand side) is an integral of the input, with an inversion
and a scale factor of 1/CR ;. This ability to integrate a given signal enables an analog computer
solve differential equations and to set up a wide variety of electrical circuit analogs of physical
system operation.

Note: we can integrate more than one input as shown below in Fig. 10. With multiple inputs,
the output is given by

Vo (D) = — [Kl jvl (t)dt + K, lez (t) dt + I J.vj (7) dr]

where K] — L K, :L and K3 = L
CR™ 2 CR, CR,
R]
Vi 0—AMN—
R,
V2 0—AM
Vy O—AAAN——-
R

Fig. 10

Example: A 5SmV, 1-kHz sinusoidal signal is applied to the input of an OP-AMP integrator, for
which R =100 K and C =1 pF. Find the output voltage.
Solution:

Lo -0
CR 107 x10

The equation for the sinusoidal voltage is
v, = 5sin2nfr=5sin 2000 ¢
Obviously. it has been assumed thatat /=0, v, =0
—cos 2000 7t
2000

f

I
Vo) = —IOLS sin 2000 TD‘:—SU‘
0

- — L (cos2000m—1)
Om
7- Differentiator
Its function is to provide an output voltage which is proportional to the rate of the change of
the input voltage. It is an inverse mathematical operation to that of an integrator. As shown in

8



Fig. 11, when we feed a differentiator with linearly-increasing ramp input, we get a constant dc
output.

Differentiator circuit can be obtained by interchanging the resistor and capacitor of the
integrator circuit.

R
M

C A

Y=

o]
@
O
+

Output
Input

Differentiator

Fig. 11
Calculation:
The expression for the output signal of the inverting differentiator amplifier assuming the op
amp is ideal can be derived as follows:
Taking point 4 as virtual ground, consequently, v;, appears across capacitor (vi,=V.)

. dv, dv.,
I =c =-c
dt dt
v, =-v, =-iR =- C%R =-cR v,
dt dt

As seen, output voltage is proportional to the derivate of the input voltage, the constant of
proportionality (i.e., scale factor) being (—RC).

Example: The input to the differentiator circuit is a sinusoidal voltage of peak value of 5 mV
and frequency 1 kHz. Find out the output if R = 1000 K and C =1 pF.

Solution

The equation of the input voltage is vl =5 sin 2 w x 1000 #= 5 sin 2000 nt mV

scale factor = CR =10-° x 10° =01

v, = 01 % (5 sin 2000 mf) = (0-5 X 2000 ) cos

dt (5 sin 2000 nr) = (0-5 % 2000 1) cos 2000 nz = 1000 7 cos 2000 it mV

As seen, output is a cosinusoidal voltage of frequency 1 kHz and peak value 1000 T mV.

8- Comparator

It is a circuit which compares two signals or voltage levels. The circuit is the simple because it

needs no additional external components shown in Fig. 12. If vl and v2 are equal, then vO
should ideally be zero.

Vs o +

Fig. 12
Output of the comparator can be summarized as follows
If Vi>V,then V,=-V (Vsat)
If V<V, then V=V (Vsat)



p

Ap t

+Visat

-Veat

Fig. 13
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Application of comparator

1- Zero Crossing Detector

Comparator can be used as a zero crossing detector. A typical circuit for such a detector is
shown below:

V. V,

1

= R;

= Fig. 14
During the positive half-cycle, the input voltage is positive, hence the output voltage is +Vsat .
During the negative half-cycle, the input voltage is negative, hence the output voltage is -Vsat .
Thus the output voltage switches between +Vsat and -Vsat whenever the input signal crosses
the zero level.
V.

1

v
+V

sat

-V, L

sat

Fig. 15

Looking at the waveform shown above, we realize that a zero crossing detector can be used as a
sine- to square-wave converter. This is an impractical circuit, since any noise on the input
waveform near the zero crossings will cause multiple level transitions in the output signal
(cause a comparator to erratically switch output states). In order to make the comparator less
sensitive to noise, a comparator with positive feedback, called hysteresis, can be used. This
comparator is called Schmitt trigger.

2- Output Bounding (or Voltage limiter)

In some applications, it is necessary to limit the output voltage levels of a comparator to a value
less than the saturation voltage. A single zener diode can be used, as shown in Fig. 16, to limit
the output voltage to the zener voltage in one direction and to the forward diode voltage drop in
the other. This process of limiting the output range is called bounding.

The operation is as follows. Since the anode of the zener 1s connected to the inverting input, it is
at virtual ground Therefore, when the output voltage reaches a positive value equal to the zener
voltage, it limits at that value, as illustrated in Figure 17(a). When the output switches negative,
the zener acts as a regular diode and becomes forward-biased at 0.7 V, limiting the negative
output voltage to this value, as shown in part (b). Turning the zener around limits the output
voltage in the opposite direction.

11



)

0.7V
+
Fig. 17-(a) Bounded at a positive value
h
AR U

O _

\/ W5 +0.7V

0 '

ar _V‘Z

Fig. 17-(b) Bounded at a negative value
Two zener diode connected back to back with a comparator as in Fig. 18 to limit the output
voltage to the zener voltage plus the voltage drop (0.7V) of the forward bias zener diode, both

positively and negatively.
D, D,

>

+VZ? +0.7V

0 /\\_/ o l\i;\, l

Vg -0.7V

Fig. 18

9- Logarithmic and Antilog Amplifier

Log and antilog amplifiers are used in applications that require compression of analog
input data, linearization of transducers that have exponential outputs, and analog multiplication
and division. They are often used in high-frequency communication systems, including fiber
optics, for processing wide dynamic range signals.
Note: The logarithm of a number is the power to which the base must be raised to get that
number. A logarithmic (log) amplifier produces an output that is proportional to the logarithm
of the input, and an antilogarithmic (antilog) amplifier takes the antilog or inverse log of the
input.
a- Logarithmic Amplifier
The logarithmic amplifier is the use of a feedback-loop device that has an exponential terminal
characteristic curve (diode or BJT transistor) which is characterized by

I, =1 - 1) ~Ie™" (1)

Where /; is reverse leakage current, / p is the forward diode current, V' is the forward diode
voltage (approximately 0.7 V), Vr is the thermal voltage and is a constant equal to
approximately 25 mV at 25C°.

12



Vin ©

Fig. 19
An analysis of the circuit in Figure 19 is as follows, beginning with the facts that:
1, =t = )
w = =l
and Vp=-V, ... (3)
Substituting into the formula of eq. 1,
V - - Vour VT
e S " = Vi =Rlge
Take the natural logarithm (/n ) of both sides
] V
In(V,) =In(Rl,e"'""y= In(V,) =In(RI,)- -2~ @)
T

V.
Vou =VrlIn(RIR) - In(V;, )] =- V7 1HR—Z ....... (5)
Under the condition that the term Rl is negligible (which can be accomplished by controlling R
so that Rl = 1, where the factor, /i, is a constant for a given diode), then gives V,,, = -V In (V).
Note: /n is the natural logarithm to the base e. A natural logarithm is the exponent to which
the base e must be raised in order to equal a given quantity. Although eq. 5 will use natural
logarithms in the formulas, each expression can be converted to a logarithm to the base
10(log10) using the relationship In x = 2.3 log10x.
Example: Determine the output voltage for the log amplifier in Fig. 19. Assume /r = 50nA and
R=100k.

Solution:
I

! 2V
Vs = (0025 Vinl —— |} = —0.025 V)t - _
OuUT { ) n([RR ) ( : n([SO nA)(100 l\'Q))

= —(0.025 V)In(400) = —(0.025V)(5.99) = =0.150V
Notel: The output voltage of the logarithmic amplifier is limited to a maximum value of
approximately (-0.7V).
Note2: The input must be positive when the diode is connected in the direction shown in the
Fig. 19. To handle negative inputs, the diode must be reversed.
Log Amplifier with a BJT
The base-emitter junction of a bipolar junction transistor exhibits the same type of logarithmic
characteristic as a diode because it is also a pn junction. A log amplifier with a BJT connected
in a common-base form in the feedback loop is shown in Figure 20. Notice that Vout with
respect to ground is equal to - VgE.

13



Ilﬂ

I!H /_\
: %

D—O
Lh i
= = Fig. 20

The analysis for this circuit is the same as for the diode log amplifier except that V' gz replaces
Vp, Ic replaces Ip and 1350 replaces I;. The expression for the V zp versus /¢ characteristic curve
1s

_ VsV,
I =Igpoe™ !
where Igpo 1s the emitter-to-base leakage current. The expression for the output voltage is
V.
Vouw =V In(——=)
]EBO

b- Antilog Amplifier
The antilogarithm of a number is the result obtained when the base is raised to a power equal
to the logarithm of that number. To get the antilogarithm, you must take the exponential of the
logarithm (antilogarithm of x=¢"™
An antilog amplifier is formed by connecting a transistor (or diode) as the input element as
shown in Fig. 21. The exponential formula still applies to the base-emitter pn junction. The
output voltage is determined by the current (equal to the collector current) through the feedback
resistor.

Vout = 'Rf[C
The characteristic equation of the pn junction is

[ ] VBE/VT

EBOC
Substituting into the equation for V,,,

I/Out — Rf]EBOeVBE/VT
As you can see in Fig. 21, V;, = Vgg
_ VinlV,

out
The exponential term can be expressed as an antilogarithm as follows:

V

Tog( i
out =" RfIEBOantl 10g(7)

T

Where V7 is approximately 25 mV.




Example: For the antilog amplifier in Figure 21, find the output voltage. Assume Izgo =40 nA,
Vii=175.1 mV and Rf= 68k.
solution

Vi = —RI‘IEB(I)““H]OEI( 2; ;V) = —(68 k)40 1‘1A)1.11‘1ti10g(
= —(68k1)40nA)1101) = =3V

Note: In certain applications, a signal may be too large in magnitude for a particular system to

handle. In these cases, the signal voltage must be scaled down by a process called signal

compression so that it can be properly handled by the system. If a linear circuit is used to scale

a signal down in amplitude, the lower voltages are reduced by the same percentage as the higher

voltages. Linear signal compression often results in the lower voltages becoming obscured by

noise and difficult to accurately distinguish, as illustrated in Fig. 22-a. To overcome this

problem, a signal with a large dynamic range can be compressed using a logarithmic response,

as shown in Figure 22-b. In logarithmic signal compression, the higher voltages are reduced by

a greater percentage than the lower voltages, thus keeping the lower voltage signals from being

lost in noise.

[775.1 mV)

25 mV

This portion of the signal
may be lost when compressed
to a very small amplitude.

Linear
signal compression

(a)

Large voltages are reduced
more than small voltages.

Logarithmic
signal compression

(b)
Fig. 22
Questions
1. What purpose does the diode or transistor perform in the feedback loop of a log amplifier?
2. Why is the output of a log amplifier limited to about 0.7 V?
3. What are the factors that determine the output voltage of a basic log amplifier?
4. In terms of implementation, how does a basic antilog amplifier differ from a basic log amplifier?
5. Define the term bounding in relation to a comparator’s output.
6. What is the reference voltage for each comparator in Figure 23?

-12V
Vino————— Vin =
100 kO (o 47 kQ Vour
+13V - +
10 kQ 22kQ
(a) ) (b) ) Flg 23



Other OP-AMP Circuts

This section introduces other op-amp circuits that represent basic applications of the op-
amp. These circuit, of course, not a comprehensive coverage of all possible op-amp circuits but
1s intended only to introduce some common basic uses.
1- Constant Current Source

A constant-current source delivers a constant current to the load even the load resistance
changes. Figure 24 shows a basic circuit in which a voltage source (V' ;) provides a constant
current (/;) through the input resistor (R;).

Since the inverting input of the op-amp is at virtual ground (0V), the value of)(is
determined by

[ = VIN
1 R{
Now, since li=1
1’!1‘
I = —
I. R':

If R, changes, I} remains constant as long as Vjy and R; are held constant.

— = Vo0 :..
+ I
Vi =
L :
- = Fig. 24

2- Precision Rectifiers

Rectifier circuits can be implemented with silicon junction diodes. Recall that for the
diode to conduct, the voltage across it must be =~ 0.7 V. Therefore, a major limitation of these
circuits is that they cannot rectify voltages below about 0.7 V. In addition, since the input
voltage has to rise to about 0.7 V before any appreciable change can be seen at the output, the
output is distorted as shown in Fig. 25.

V. v

i o

1" Half-wave /[;2‘
e t —=] Rectifier |—>= : — 1

‘ (HWR)

The output of a half- wave rectifier
is distorted due to real diode characteristics

Fig. 25

- half-wave rectifier (HWR) is a circuit that passes only the positive (or only the negative)
portion of a wave, while blocking out the other portion. The transfer characteristic of the
positive HWR is:

vo=v;forv;>0,vy,=0 forv, <O0.

- full-wave rectifier (FWR), besides passing the positive portion, inverts and then passes also

the negative portion. Its transfer characteristic is:

vo=v; forv;> 0, vy =v; for v; < 0. or, more concisely, vp = |v; |

16



i- Half-Wave Rectifiers
Figure 26 below shows a precision half-wave rectifier circuit consisting of a diode placed

in the negative-feedback path of an ideal op-amp.
Superdiode

= Fig. 26

The analysis of the circuit of Fig. 26 above is illustrated as below:

1- when input voltage is positive (v; > 0), the op-amp output (v) will also positive, turning ON
the diode and thus creating the negative-feedback path shown in Fig. 27-a. This allows op amp
to operate as voltage follower and give v o = v, (prove that). The output of the op amp (v) is a
diode drop above vo, (v =vo + Vpn) = vo + 0.7 V.

2- when input voltage is negative (v; < 0): The op amp output (v) is negative, turning the diode
OFF and thus causing the current through R to go to zero. Hence, v, =0. As shown in Fig. 27-b,
the op amp is now operating in the open-loop mode.

F
"Dl'-nm

(a) (b) Fi
1g. 27

A disadvantage of this circuit is that when v ; changes from positive to negative the op-
amp will be saturated close to its negative supply rail. Thus, the op amp output may exhibit
intolerable distortion. The improved HWR of Fig. 28 alleviates this inconvenience by using a
second diode. Circuit operation is summarized as:
1-v;> 0 = vo=0. (positive input causes D, to conduct, thus creating a negative-feedback path
around the op amp. By the virtual-ground, D | now clamps the op amp output at v=—V" p;on =
—0.7 V. Moreover, D, is OFF, so no current flows through R, and, hence, v, = 0).
2-v; <0 = vpo=v;.(negative input causes the op amp output positive, thus turning D , ON.
This creates an alternative negative-feedback path via D, and R,. Clearly, D, is now OFF, so the
op amp operate as inverting amplifier, 1.e. vo = (—Ry/R)v)).

Fig. 28

17



Full-Wave Rectifiers

There are many configuration for achieving precision FWR. One of them is given in Fig. 29.
Here op amp (OA1) provides inverting half-wave rectification, and op amp (OA2) sums v ; and
the HWR output (vyw) to give vo = —[(Rs/Ry)v; + (Rs/R3)vuw].

Where vyw = —(R»/R1)v; for v; > 0, and vyw = 0 for v; < 0.

= Fig. 29

18



Examplel: Draw the output showing its proper relationship to the input signal of the

comparator circuit shown in Fig.30. Assume the maximum output levels of the op-amp are +
12V.

-

Out

V., =sinwt

Sk Fig.30
Solution:
When Vin >0 = Vout =+12 (maximum positive level)
When Vin >0 - Vout =-12 (maximum negative level)
v[n
/{f"’ \
0 ]/ .:[\ 4 - [
' £
| LY
| | |
V. | [ |
ol | |
2] i
|
0 >t
|
-12 .
Fig. 40

Example2: Draw the output showing its proper relationship to the input signal of the

comparator circuit shown in Fig.4l. Assume the maximum output levels of the op-amp are
+12V.

t +15V
5V
.
! J‘/J‘ \“\
I.’Il.' \‘I\I ™
V. 0—F “\ ;,-—l-_r v
1\_ f.
y /
\\ /
-5V --«"
‘ Fig.41
Solution:
The reference voltage (Vgrgr) is set by R; and R, (use voltage divider rule)
R, 1.0 kQ)
Vi = ————— ¥} = +15V) =163V
S > +R2( ) 8.2kQ+1.0kQ( )

As shown in Fig. 42, each time the input exceeds +1.63 V, the output voltage switches to its

+12V level, and each time the input goes below +1.63 'V, the output voltage switches to its -
12V level.

19



-12V
Y

Fig. 42
Problem: Draw the output showing its proper relationship to the input signal of the comparator
circuits shown in Fig.43. Assume the maximum output levels of the op-amp are + 15V.

+12v v

— 8V + + +

"thl'

Vz=0.7V

Vin= 10 sinwt V= 10 smwt V,,= 10 sinwt

Fig. 43
Example3: Determine the output voltage response to the input square wave for the ideal
integrator in Fig. 44. The output voltage is initially zero.

]

+25V 0.01 uF

R;
25V —l _ _ — O YWY :
2( <200 pys—= 10 kQ

«—200 ys—==—200 ys—=

Fig. 44
Solution
The output voltage during the time that the input is at +2.5 V (capacitor charging) is

The output voltage during the time that the input is negative (capacitor discharging) is the same
as during charging except it is positive.

20



When the input is at +2.5 V, the output is a negative-going ramp. When the input is at -2.5V the
output is a positive-going ramp.

During the time the input is at +2.5 V, the output is a negative-going ramp (will go from 0 to -
5). During the time the input is at -2.5V the output is a positive-going ramp (will go from -5 V
to 0 V). Therefore, the output is a triangular wave with peaks at 0 and -5 as shown in Fig. 45.

+25V
—2. ‘\.lr — —
23 200 ps—==—200 ys—==—200 us—=
| | | |
: )\/\l/
| |
V.. | I
v | |
| |
SV-—-——

Fig. 45
Example: Determine the output voltage of the ideal op-amp differentiator in Fig.46 for the
triangular-wave input shown.

R
MV
2.2k0
+HSV———7 C
0 /N 10ps /\ [l
5 us W 15 us \ © 1]
5V 0.001 uF ol

Fig.46
Solution
Starting at ¢= 0, the input voltage is a positive-going ramp ranging from -5V to +5V (+10V
change) in Spus. Then it changes to a negative-going ramp ranging is:
Time constant = R C = (2.2 kQ) (0.001 puF)=2.2 ps

And Wy AV _C32W o)y
dt At (5-0)
Vi =- RC% =-22X2=-4.4V
t

Likewise, the slope of the negative-going ramp is -2V/us and the output voltage is
V., =-(-2.2x2) =44V

Figure 47 shows a graph of the output voltage waveform relative to the input.

202h

, Sus 0us |15us |20 us
Vo O >t

Fig. 47
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Digital to Analog conversion

It is an important interface process for converting digital signals to analog signals. An
example is a voice signal that is digitized for storage, processing, or transmission and must be
changed back into an approximation of the original audio signal in order to drive a speaker.
The R/2R ladder 1s more commonly method used for D/A conversion because it requires only
two resistor values as shown in Fig. 48 for four bits.

[nputs

.

R, R; Rs R; Ry =2
2R 2R 2R R AN
RE R._l Rﬁ RH L
MA——AW——A\—e—A\\—o —
2R R R R |
— +
= Fig. 48

Assume that the D3 input is HIGH (+5 V) and the others are LOW (ground, 0 V). This
condition represents the binary number 1000. A circuit analysis will show that this reduces to
the equivalent form shown in Fig. 49 (a).

Essentially no current goes through the 2R equivalent resistance (R gq) because the inverting
input is at virtual ground. Thus, all of the current (/=5/2R) through R7 is also through Rf, and
the output voltage 1s -5V.

+35V f::;\.,-'
g

D_‘: = i
R? '
2R ‘
S S

2R R

Equivalent ladder -0V
resistance with Dy, ——» 2 Rpg=2R

D,. and D), grounded

J
T —
— —

(a) Equivalent circuit for D3=1,D,=0,D,=0,Dy=0

Figure (b) shows the equivalent circuit when the D2 input is at +5 V and the others are at
ground. This condition represents 0100. If we thevenize looking from RS, we get 2.5 V in series
with R, as shown. This results in a current through Rf of /= 2.5/2R, which gives an output
voltage of -2.5V. Keep in mind that there is no current from the op-amp inverting input and that
there is no current through R7 because it has 0 V across it, due to the virtual ground.
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Dy=0 Dy=0
D=0

(b) Equivalent circuit for D3 =0,D,=1,D; =0, Dy=0

Figure (c) shows the equivalent circuit when the DI input is at +5 V and the others are at
ground. This condition represents 0010. Again thevenizing looking from RS, you get 1.25 V in
series with R as shown. This results in a current through Rfof /= 1.25 V/2R, which gives an

output voltage of -1.25.
+5V

(c) Equivalent Cil'Cl;'ll for D3 = O.IDE =0,Dy=1.Dy=0
In Fig. (d), the equivalent circuit representing the case where DO is at +5 V and the other inputs
are at ground is shown. This condition represents 0001. Thevenizing from R8 gives an

equivalent of 0.625 V in series with R as shown. The resulting current through Rf is
1=0.625V/2R, which gives an output voltage of -0.625 V.

+35V 0.625V
R_f I= E—R Rf
MWy (—AW—
IR l 2R

Vou = —IR;

_ _( 0.625V ) 2R =—0.625V

2R

D =0 D,=0 D;=0
(d) Equivalent circuit for D3 =0,D,=0,D,;=0,D, =1

Notice that each successively lower-weighted input produces an output voltage that is halved,

so that the output voltage is proportional to the binary weight of the input bits.

In summary, We can prove that the equivalent analog voltage shown in Fig. 50 below is
obtained from the relation:

v VA + 2V +4V e +8Vp+ ...

analog —

2" ((The proof'is left as an exercise))
Where (n) 1s the number of digital inputs.
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MWAN—1 ‘Vg\' —W\—r—-- ‘Vanalog
2R 2R 2R IR

Va Vg Ve Vi Fig.50
Figure 51 shows a four—bit R—2R ladder network and an op—amp connected to form a DAC.
The op amp shown is an inverting amplifier and in this case the reference voltage (V ¢r) should
be negative so that the amplifier output will be positive. Alternately, a non—inverting op amp
could be used with a positive value of (V)

AAA
2R R R R Ry
WN—pt— " WN—r— " WN— 11— W\— -- —
L B
2R 2R 2R 2R _L—+ Vanalog
Q T [~]
>—s >— > J=_
1g. 5
V]‘ef ~ Fig. 51

Example: Figure 52 shows a four—bit DAC where all four switches are set at the ground level.
Find the analog voltage value at the output of the unity gain amplifier for each of the sets of the
switch positions shown in Table. Fill-in the right—most column with your answers.

20KQ 10 KQ 10KOQ 10 KQ N .
N MN—/r—" WN—r— " WN—— WN—p—-- + Vanalog
- 20 KQ 20 KO 20 KQ 20 KQ 1

D (Ish) C B A (msb)

| 0 le 0 le 0 le 0

=
+ o s
8 VDC
= Fig. 52
A 20 B 2! C 22 D 2°

(a) 1 1 1

(b) 1 0 0

© 1 0 1 0

) 0 1 0 0
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Solution:

This is a 4-bit DAC and thus we have n=P=16 distinct binary values from 0000 to 1111
corresponding to decimals 0 through 15 respectively.

_ VA+2VB+4VC+8VD _ I x8+2x8+4x8+8x8 - 75V

a analog = o i
b, analog = VA+2VB;;1VC+8VD _ 1x8+2x02—44x0+8x8 45V
c. analog = VA+2VB+2;1VC+8VD _ 1><8+2><02—44x8+8x[] 95V
d. analog = VA+2VB+2;1VC+8VD _ 1><U+2><82—44><0+8><U 10V

Based on these results, we can now fill—in the right—most column with the values we obtained,
and we can plot the output versus inputs of the R—2R network for the voltage levels and as
shown in Figure 53.

VDLI[ (V}

4.0 —
35 T
3.0 +
2.9 7
2 T
L5 +
1.0 1
S T

0 : — . ~
I 2 3 4 § & T 8 in Fig.53
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Active Filters

A filter circuit can be constructed using passive components like resistors and capacitors. But
an active filter, in addition to the passive components makes use of an OP-AMP as an amplifier.
The amplifier in the active filter circuit may provide voltage amplification and signal isolation
or buffering. There are four major types of filters namely, low-pass filter, high-pass filter, and
band-pass filter and band-stop filter. All these four types of filters are discussed in the following
sections.

1- low—pass filter transmits (passes) all frequencies from dc or zero frequency up to a critical
(cutoff) frequency denoted as w,, and attenuates (blocks) all frequencies above this cutoff
frequency. An op amp low—pass filter is shown in Figure 54(a &b) and its amplitude frequency
response in Figure 54(c).

In Figure 54(c), the blue lines represent the ideal characteristics and the smooth curve represents
the practical characteristics, where the gain does not reduce immediately to zero. The vertical
scale represents the magnitude of the ratio of output to input voltage V. .,/ Vi, that is, the gain
A,.

The cutoff frequency w;. is the frequency at which the maximum value of Y,/V;, falls to
0.707C, , and this is called the half power or the -3dB point.

C2
1
R, R,

0 AW

V'm J_

T J__Cl Y_Ull.l’

= — R; LL
= R,
a-first-order low-pass filter

b-second-order low-pass filter

Low — pass filter frequency response

[deal

————————— Half — power point
-~ Realizable

V. ./V. ‘ i~
= |Uut n ]

(0]
« C

Radian frequency (log scale)
()
Figure 5 4. An active low—pass filter and its amplitude frequency response
2- high—pass filter passes all frequencies above a cutoff frequency w . , and blocks all

frequencies below the cutoff frequency. An op amp high—pass filter is shown in Figure 55(a&b)
and its frequency response in Figure 55(c).
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(a) first order high-pass filter (b) second-order high-pass filter.

High — pass filter frequency response

e — — — — — — -
72— — — — — — - Half — power point
>‘E <—Ideal
s Realizable —
5
=
0 o
oc
Radian frequency (log scale)
(c)

Figure 55. An active high—pass filter and its amplitude frequency response
3- band-pass filter passes the band (range) of frequencies between the cutoff frequencies
denoted as w; and w,, where the maximum value of A, which is unity, falls to 0.707C,, while it
blocks all frequencies outside this band. A simple way to construct a band-pass filter is to
cascade a low-pass filters and a high-pass filter as shown in Figure 56(a) and its frequency
response in Figure 56(b). The values of w; and w, can be obtained by using the relations, 1/R,C;
and, 1/ R, C,. Then band width,

Low-pass filter
(sets w2 value)

High-pass filter
(sets W1 value)

BW= Wor— Wq
And the centre frequency,
W():W1W2
The Quality-factor (or O-factor) of the band pass filter circuit.
Q=W0/BW
|
O ' C
v, L e [~
Q) |
L Ry : % R, -
| —
wl |
|
|
|
|

32



High-pass filter
response

Low-pass
filter response

Wi W2

— W Fig 56
4- band—elimination or band—stop or band-rejection filter attenuates (rejects) the band of
frequencies between the critical (cutoff) frequencies denoted as w; and w,, where the maximum
value of C, which is unity, falls to 0.707C,, while it passes all frequencies outside this band. An
op amp band—stop filter is shown in Figure 57(a) and its frequency response in Figure 57(b).
The block diagram shows that the circuit is made up of a high-pass filter, a low-pass filter and a
summing amplifier. The summing amplifier produces an output that is equal to a sum of the
filter output voltages. The circuit is designed in such a way so that the cut-off frequency, wl
(which is set by a low-pass filter) is lower in value than the cut-off frequency, w2 (which is set
by high-pass filter). The gap between the values of wl and w2 is the bandwidth of the filter.
When the circuit input frequency is lower than w1, the input signal will pass through low-pass
filter to the summing amplifier. Since the input frequency is below the cut-off frequency of the
high pass filter, V2 will be zero. Thus the output from the summing amplifier will equal the
output from the low-pass filter. When the circuit input frequency is higher than w2, the input
signal will pass through the high-pass filter to the summing amplifier. Since the input frequency
is above the cut-off frequency of the low-pass filter, V1 will zero. Now the summing amplifier
output will equal the output from the high-pass filter.

Low-pass filter

\%
f I
Summing amplifier T
Vv 0db
O— ¥y —O ;‘” 3dbl---\-————— -
\f_'in 1V{:-ut = V] + VZ . : : :
High=pass filter Lﬁf‘;l\;epfﬁﬂ | 111%3[-?55
L f- L TESPOnsSe : : response
= z = L L
f f

2

(a) (b)
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Butterworth Filter

There are many different types of active filters. Among the most useful of them are Butterworth
filters because they have an excellent response. Butterworth filters, named after British engineer
Stephen Butterworth.

Table-1 below gives the Butterworth polynomials for n up to 8. Note that for n even, the
polynomials are the products of quadratic forms, and for n odd, there is present the additional

factors (s+1).
NORMALIZED POLYNOMIALS THAT PRODUCE BUTTERWORTH RESPONSES

Oroer Normaizeo Denominator PorynomiaLs

1 (s+1)

2 (s2+1.414s+1)

3 (s+1) ( 2+s+1)

4 (s +}?6‘§4s+l)( +1.848s + 1)

5 (s+1)(s2+0.6180s + 1) (s> + 1.618s + 1)

6 (s2+0.51765+1) (s2 + 1.414s +1) (s +1.9325+ 1)

7 (s + 1)(s + 0.445s + 1)(s? + 1.247s + 1)(s? + 1.802s + 1)

8 (s 4+ 0.390s + 1)(e% + 1.111s + 1)(s® + 1.663s + 1)(s* + 1.962s + 1)

b
=

=3 — Ay, or Ayo =3 — 2k . (1)
1
W = T~
And EC

We are now in a position to synthesize even-order Butterworth filters
by cascading prototypes of the form shown in Fig.b , using identical
R’s and C’s and selecting the gain Ay, of each operational amplifier to satisfy
HEq. (1) and the damping factors from Table 1.

To realize odd-order filters, it is necessary to cascade the first-order filter
of Eq. (1) with second-order sections such as indicated in Fig.p
The first-order prototype of Fig.c has the transfer function of Eq.
(1 ) for arbitrary Ay, provided that w, is given by Eq. (2 ) . For
example, a third-order Butterworth active filter consists of the  circuit in

Fig.b in cascade with the circuit of Fig.i¢, with R and C chosen so
that RC = 1/w,

(o) Generalized octive-filter prototype.
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(b) Second-order low- pass section.

Example: design a fourth-order Butterworth low-pass filter with a cutoff frequency of 1kHz.

Solution

(c) First-order low-pass section.

we cascaded two second-order prototypes as given below.

Item First Stage Second Stage
Stage K, =0.7654 K; =1.848
parameters fo= 1000k fo= 1000k
Desion Av1=3-2k1=2.235 Av2=3-2k2=1.152
constraints Avl= CRH‘R- /R1 Avy=(R2+R2)/R2
d - 35 J—
o Choose R1= 10k < R1=12.35k | ChooseR2=10k = R2=152k
values fo=1/21RC =¥ et R=1k =» C=0.16uF fr=1/2aRC =» [et R=1k =>» C=0.16uF
10K 1235 K 10K 162 K
1K
Ve 0=\ \,TVV T
16 0.16 — 0.16 0.16
T uF uF uF :I: uF
designs Final

Exercise: design a third-order Butterworth low-pass filter with a cutoff frequency of 10kHz.
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