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Topic 5.6 - Audio Systems WIJEC

CBAC

Learning Objectives:

At the end of this topic you will be able to;

recall the conditions for maximum voltage transfer between sub-systems;
analyse a unity gain op-amp voltage follower, used in impedance matching;
analyse and design a multi-stage voltage amplifier, incorporating
decoupling capacitors, giving specific bandwidth and voltage gain;
analyse and design a mixer circuit based on a summing amplifier;
select/use the following formula to calculate a mixer’s output voltage:

VOUT = -RF (V1/R1 + VZ/RZ + V3/R3)}
define the break frequency for a filter;
select/use the following formula to calculate a filter's break frequency :

fo =1/ (2 nRC)
draw and interpret log gain / log frequency graphs for filters;
analyse and design the following first order active filter circuits based
on an op-amp inverting amplifier:
bass boost, treble boost, bass cut treble cut;
recall and apply the maximum power transfer theorem;
recall that an emitter follower can be used as a simple power amplifier,
with the benefit of high input impedance and low output impedance;
draw the circuit diagram for an emitter follower:
e using resistor bias;
e using a dual rail power supply:
analyse and sketch waveform graphs for an emitter follower:;
draw circuit diagram for, and sketch waveform graphs in, a push-pull
power amplifier, consisting of npn and pnp emitter followers;
explain crossover distortion, and describe how it can be eliminated:;
select and use the following formula to calculate the maximum power
dissipated in the load of a push-pull power amplifier:
Pmax = V52 / (8 RL)
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A typical audio system :

The specification for this part of the module focuses on an audio system like
the one shown in the diagram. This is a monaural (mono) system.

Input Pre-
source [ |amplifier

, Tone Power Loud
Mixer - controls amp speaker

Input Pre-
source ["lamplifier

Typical input sources are microphones, CD players, MP3 players and musical
instruments such as keyboards. These generate alternating voltage signals,
which are processed by the other sub-systems.

The pre-amplifiers are voltage amplifiers. Usually these are based on non-
inverting voltage amplifiers, because these offer much higher input impedance
than inverting amplifiers, and so draw less current from the signal source.

Mixing desks are at the heart of television, radio and recording studios. They
are impressive pieces of kit, with expanses of slide controls and bar graph LED
displays. They are used to combine input signals, from a number of
microphones, from tape players, from keyboards and other musical
instruments. They allow each to be ‘faded' in or out. At their heart is a simple
circuit which we will look at here, based on an op-amp summing amplifier.

Tone controls allow the user to emphasise high (treble) or low (bass) notes.
This may be to compensate for factors that arose during recording or caused
by the room the system is used in. It may be to suit the mood, or preferences
of the listener!

The power amplifier has the job of producing both current and voltage signals
to drive the loudspeaker. We will revisit the emitter follower as one way of
doing this, and extend the idea to the push-pull power amplifier.

In this topic, we explore the electronics behind each of these sub-systems
that make up a typical audio system.
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Signal transfer:

In designing an audio system, it is important to consider how effectively the
signal is tfransferred from one sub-system to the next. Through most of the
system, we try fo ensure that the voltage signal is passed on with as little loss
as possible between stages, but pay no heed to current.

However, the final link between the power amplifier and the loudspeaker
brings in a different requirement, that power is transferred effectively from
one sub-system fo the next.

Conditions for maximum voltage transfer between sub-systems:

Why do cars rely on an expensive and very heavy 12V lead-acid batteries, when
cheap batteries a few centimetres long, with a mass of only a few grams also
output 12V? The reason is the low internal resistance of the lead-acid battery.

The output of the cheaper batteries may be 12V, but the current that they
deliver is much smaller because of their higher internal resistance. If a device,
like a starter motor, tried to draw a large current from them, the output
voltage, seen by the motor, would drop substantially.

This effect was studied in ET2, when you looked at Thevenin's theorem, which
says that the output of any sub-system can be considered as a voltage source
in series with an internal equivalent resistance. The following diagrams show

this principle applied to the first two sub-systems of the audio system:
Equivalent
resistance

is l—l_l__li—
Microphone | — equi:alen'r
o %’5

Voltage

source
On the other hand, the input of a subsystem looks like an input resistance
connected from the input ferminal to OV. Input

resistance
| Pre- looks _|
amplifier like
oV
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The next diagram combines both these ideas to represent a microphone
connected to a pre-amplifier:

el o

microphone pre-amplifier

In the audio system, the first challenge is to design the system so that as
much as possible of the voltage from each sub-system is passed on to the next
sub-system. In other words, using the labels on the diagram above, we want:

Vin & Ve

This arrangement is actually a voltage divider circuit, as shown in the next

diagram.
\ Y | | [Rour
VbV )
’ Vin| | [Ren
Since:

Vmic = Vin + Vi

we need to make Vg, the voltage drop across Royt, much smaller than Viy.
To do this, we make Ry much bigger than Royr.

So far we have referred to the input and output resistance of sub-systems.
More generally, when AC signals are involved, we should talk about /impedance,
rather than resistance.

In general, to maximise voltage transfer from one sub-system to the
next, the input impedance of the second sub-system should be much larger
than the output impedance of the first one.
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Exercise 1 (The solutions are given at the end of the topic.)
Calculate the voltage transferred from the microphone to the pre-amplifier in
the following situation:

Output resistance of microphone = 100kQ;
Input resistance of pre-amplifier = 800kQ;
Voltage generated inside microphone = 1.8V.

Impedance matching:

In some situations, it is not possible to manipulate input and output impedance
to ensure effective voltage transfer. It may then be worthwhile adding an
extra sub-system to improve voltage transfer. This is known as impedance
matching. One such sub-system is called a voltage follower.

Op amp voltage follower :

Compare the circuit diagram for the voltage follower with that for the non-
inverting amplifier: R

Inpute +
> >
[JR,
< Q

ov ov
Voltage follower Non-inverting amplifier

You can see that they are identical, when, for the voltage follower:
Rr = 0Q and R; is infinite (00).

Using the voltage gain formula for the non-inverting amplifier:
voltage gain = 1 + (R / Ry)
gives a voltage gain of unity (1) for the voltage follower.

In other words, Vour = Vin. The output ‘follows' the input.
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However, the important aspect of this circuit is impedance, not voltage. The
diagram below shows the equivalent circuit for one input of the op-amp.

The input signal is connected directly (and only) fo the non-inverting input of
the op-amp. It therefore 'sees’ the full input resistance, Rn, of the op-amp,
which is typically greater than IMQ.

Similarly, the output resistance is very
low, close to the output resistance,

Rout, of the op-amp, typically ~ 75Q. R, ’{, iUT oQutput

These two elements, a huge input resistance
and a very low output resistance, make a lov
significant difference to voltage transfer.

Inputo—

The next diagram illustrates a situation where a voltage follower is required.

The input resistance, R;, of sub-system 2 is not a lot bigger than the output
resistance, Ry, of sub-system 1. If they were connected together directly, the
voltage, V2, seen by sub-system 2 would be much smaller than V;.

Sub-system 1 Sub-system 2

L
Vl]{%J R, ITJ % v,

\

Voltage follower

When a voltage follower is used, the input resistance, Rz, of the voltage
follower is much bigger than R;, and so the voltage transferred from sub-
system 1 to the voltage follower is very close to V1.

The output resistance R4 of the voltage follower is much smaller than Rz, and
so most of the output voltage of the voltage follower is passed on to sub-
system 2.

As a result, then, V; is roughly equal to V.



Topic 5.6 - Audio Systems WIJEC
CBAC

Multi-stage voltage amplifier:

In module ET1, you learned that one of the features of op-amps is a quantity
called the 'gain-bandwidth product’. Essentially, there is a trade-off between
voltage gain and bandwidth (range of frequencies that is amplified.)

The bigger the voltage gain, the smaller the bandwidth (and vice-versa.)

For example:

A 741 op-amp has a gain bandwidth product of 1IMHz, (= 1000 000 Hz).

The full audio frequency range runs from 20 Hz to 20 kHz, (a bandwidth of
20 kHz in other words.) With this bandwidth, an op-amp amplifier cannot have
a voltage gain bigger than 50x, (as 50 x 20 000 = 1000 000.)

However, there is a way around this limitation - use a multi-stage amplifier.

The next diagram shows a two-stage amplifier made from two voltage
amplifiers, each with a bandwidth of 20 kHz, cascaded together, (the output
of the first amplifier provides the input to the second.)

Two stage amplifier

Inpuf_oOutpuf

Bandwidth Bandwidth
= 20kHz = 20kHz

Overdll,
voltage gain = 50 x 50 = 2 500
bandwidth = 20kHz

Assuming the two op-amps have a gain-bandwidth product of 1 MHz, each
amplifier by itself has a gain of 50x. However, when they are cascaded, the
overall gain is 50 x 50 (= 2500.) The first amplifier has a bandwidth of 20
kHz, and so amplifies successfully all frequencies in the audio range. So does
the second amplifier. Overall, the system has a bandwidth of 20 kHz and a
voltage gain of 2 500!

In this way we can have both bandwidth and voltage gain!
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An important design point - we could get a voltage gain of 2 500 by cascading
an amplifier with a voltage gain of 25 with a second one having a voltage

gain of 100. However, the first would have a bandwidth of 40 kHz, but the
second would have a bandwidth of only 10kHz. Although the first amplifier
boosts signals with frequencies all the way up to 40kHz, the second one boosts
only those with frequencies below 10kHz, and rejects all others. The high
voltage gain of the first stage is wasted. The overall bandwidth of the
cascaded amplifiers is 10kHz. This is shown in the next diagram.

Two stage amplifier

Input—a0u1'pu1'

Bandwidth Bandwidth
= 40kHz = 10kHz

Overall,
voltage gain = 25 x 100 = 2 500
bandwidth = 10kHz

The moral:

Use stages with identical voltage gains to maximise the bandwidth.

Exercise 2 (The solutions are given at the end of the topic.)

You have three identical op-amps, each having a gain-bandwidth product of
2MHz. You cascade them to give an overall bandwidth of 100kHz. What is the
overall voltage gain of the multi-stage amplifier?
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Use of decoupling capacitors:

Out treatment of multi-stage amplifiers overlooked an important aspect.
Each amplifier stage offers voltage gain all the way down to OHz (i.e. DC).
Audio signals are waves with frequencies above 20Hz. However, there are
bound to be DC voltages lurking around in the system. If we are not careful,
each stage of the amplifier will amplify these, and the output of a later stage
may well be driven into saturation as a result of these DC voltages.

The solution is to block these DC signals - prevent them passing from one
stage to the next. The component to do this - a capacitor! Used like this, they
are known as DC blocking capacitors, (and also as decoupling capacitors, as
they decouple each stage from any DC bias present in the previous stage.)

The next version of the multi-stage amplifier includes DC blocking capacitors:
Two stage amplifier with DC blocking capacitors

The capacitors are chosen to have as little effect as possible on the audio
signal. In other words, they should have a small reactance over the range of
frequencies being amplified, the bandwidth of the amplifier. Since reactance
decreases as the frequency increases, this requirement is most stringent for
the lowest frequencies being amplified. A 10uF capacitor has a reactance of
around 160Q at a frequency of 100Hz, for example.

(In reality, the DC blocking capacitor and input resistance of the amplifier
together form a high pass filter.)

When op-amp voltage amplifiers are cascaded together with DC blocking
capacitors, a problem can arise. The op-amp inputs require a small DC current
to allow them to operate. The DC blocking capacitor can prevent this. The
solution is to add a high value resistor (typically IMQ,) between the input and
OV. This is shown in the next circuit diagram:
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. R
DC blocking —F
capacitor —
T |
Adde -
resisto |:l:| R.l
(s "
ov

Coupling together amplifier stages like this does not prevent noise signals
from one stage being amplified by the next and subsequent stages. Noise is an
AC signal occurring over a wide range of frequencies. As a result, it is not
stopped by the DC blocking capacitors.

Exercise 3 (The solutions are given at the end of the topic.)
Design a two stage amplifier with an overall voltage gain of 900.

Your design should be based on non-inverting op-amps, in order to offer high
input impedance, and should include a 10uF decoupling capacitor.

(@) Draw the circuit diagram for your design.

(b) Calculate the bandwidth of the multi-stage amplifier assuming that
each op-amp has a gain-bandwidth product of 900 kHz.

10
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The audio mixer

The design for the audio mixer is a development of the summing amplifier,
which is itself developed from the inverting voltage amplifier, studied in ET1.
First of all, we study the summing amplifier.

Summing amplifier:

The diagrams below show the inverting amplifier and the summing amplifier.

e S
R

e (I Inputs zo_ﬁ_.
Input— | - -
. —o OQutput t Iil —o Qutput

ov ov
Inverting amplifier Summing amplifier

The voltage gain formula for the inverting amplifier is:
G = -(Rr / Rn)
so that the output voltage is:
Vout = -[(Re / Rn) X VIn]
Notice that the smaller the input resistor, the bigger the output voltage.

You can think of a summing amplifier as a combination of linked inverting
amplifiers where the final output is the sum of the outputs of each inverting
amplifier.
The output voltage for the summing amplifier is :

Vour = -{[ (Re / R1) x Vi] + [ (Re / R2) x V2] + [ (Rr / R3) x V3]}
where Vi is the voltage applied to input 1, and so on.

This is sometimes written as:
Vout = - Re [(V1/ Ry) + (V2/ R2) + (V3/ R3)]

11
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Using Ohm'’s law, we can introduce the following currents:
I1:V1/R1, IZZVZ/RZ and I3:V3/R3
The formula then becomes:
Vout = - Re [I1 + I + T3]
which shows that the summing amplifier actually sums currents!

One of the assumptions we make about op-amps is that their inputs ideally
have infinite resistance.

The next diagram shows that, with this assumption, and Kirchhoff's current
law, it is obvious that the summing amplifier sums the input currents:

e
-----

B /.-—""“' ..... "
/ R; IRF
| B d N

—

ov

Next, we modify the circuit slightly and use it as an audio mixer.

12
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The mixer:

In a mixer, the input resistors have variable resistors added in series with
them. The following diagram shows this:

3 IL
Inputs 2 +
1 — Output

ov

The behaviour is exactly the same as for the summing amplifier, except that
now the input resistance used in the output voltage formula is the sum of the
fixed resistor and the variable resistor. As the variable resistor is adjusted to
bigger resistance, the voltage gain on that input is reduced - that input is
‘faded out'.

An example may make this clearer:

In the three channel mixer circuit
shown here, channel 1 has an input
resistance which can be varied
from 10kQ to 30kQ by adjusting
the variable resistor.

Treating this channel as an inverting amplifier, the voltage gain on

channel 1 = - (Rr / input resistance).

Maximum voltage gain happens when the variable resistor is set to 0Q. At that
point, the input resistance = 10kQ (due entirely to the fixed resistor, R;,) and
the voltage gain = -(30 / 10) = -3.

Minimum voltage gain happens when the variable resistor is set to maximum
(20kQ.) At that point, the input resistance = 30kQ (= 20kQ + 10kQ) and the
voltage gain = -(30 / 30) = -1.

Channel 2 is identical, and so its voltage gain can also be varied from -1 to -3.

13
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The input resistance for channel 3 can be varied from 20kQ to 120kQ by
adjusting the variable resistor. This means that the voltage gain can be varied
from -1.5 (when the variable resistor is set to 0Q2,) to -0.25 (when the variable
resistor is set to a maximum, 100kQ.)

In readlity, this mixer would be used to combine signals from microphones,
musical instruments etc., but purely for illustration, suppose that the following
input voltages occur:

Channel 1: 1V;  Channel 2: 1.5V; Channel 3: 2V.

When all the variable resistors are set for maximum gain (set to minimum
resistance,) the output voltage will be:

VOUT = - RF [(V1 / R1) + (Vz/ Rz) + (V3/ R3)]
=-30[(1/10)+ (1.5/10) + (2 / 20)]
= -10.5V
Looking at it another way:
maximum gain on channel 1 = -3, so inputting 1V causes an output of -3V;
maximum gain on channel 2 = -3, so inputting 1.5V causes an output of -4.5V;
maximum gain on channel 1 = -3, so inputting 1V causes an output of -3V.

Adding all these together gives the mixer an output voltage of -10.5V.

A challenge:. Prove to yourself that when all variable resistors are set for
minimum gain, the mixer has an output voltage of -3V.

Exercise 4 (The solutions are given at the end of the topic.)

The mixer described on the previous page is adjusted so that the variable
resistors on channels 1 and 2 are set to a resistance of 10k, and that on
channel 3 o 40kQ. At some instant, the following voltages are applied to the
channels:

Channel 1: 1.6V; Channel 2: 1.2V; Channel 3: 2.8V.

Calculate the resulting output voltage of the mixer.

14
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Another design point:

A mixer sums input voltages. As a result, it is easy to drive the output into
saturation. When designing a mixer, it is important to limit its voltage gain by
keeping the value of the feedback resistor down.

Make sure that the output does not saturate when the input voltages have
their maximum values.

If more voltage gain is needed, that can be provided by other components of
the audio system.

15
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Tone controls:

In module ET4, you were introduced to filters, specifically, low pass, high pass
and band pass passive filters. These have some important limitations:

e They can only ‘cut’, they cannot 'boost’. In other words, they have a
maximum gain of unity. For example, a low pass passive filter will reduce
the amplitude of high frequency signals but it cannot increase the
amplitude of low frequency signals.

e Their behaviour is modified substantially when they are connected to a
load, unless that load has a very high impedance. In situations where they
have to deliver a significant current to a load, they must be buffered by
a suitable interface, such as an amplifier.

The active filter overcomes both of these limitations. They can have a voltage
gain larger then unity for signals of a particular frequency. They include an
amplifier which can deliver current to a load without affecting the frequency
response of the system.

The circuits of active filters can be very complex. In this module, we introduce
the topic by studying four types of filter, based on inverting voltage amplifiers
using op amps, (the kind you studied in module ET1.) There are much better
designs for active filters!

The behaviour of these filters is best studied using log-log graph paper. This
is the same approach as that used in ET4. Again, we are going to rely on the
'two-straight-lines’ approximation that was introduced there.

e One straight line is horizontal, and shows the gain due to the feedback
and input resistors, as in the inverting amplifier itself. In other words,
for this section of the frequency response:

Voltage gain = -Rr / Ry

¢ The other straight line has a slope of 45°. The exact nature depends on
which filter we are looking at. This is the part of the frequency spectrum
where the resistor-capacitor (RC) network is controlling the behaviour.

16
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Using log-log graph paper, the four types of filter have the following
characteristics:

Voltage Voltage
gain gain
A A
|
Bass boost Bass cut
I
|
I I
| |
fb Fr'eqrjency fb Fr'eqTJency
Voltage Voltage
gain gain
A A
I
Treble boost Treble cut
|
I
’ |
! f . I I
fb Frequency fb Frequency

The break frequency f, marks the boundary between the two types of
behaviour.

It is defined as the frequency at which the reactance of the capacitor is equal
to the resistance of the resistor that is in the RC network.

In other words, at the break frequency, fu:

R=Xc
or R=1/(2n=f,C)
so that fo=1/(2nRC)

The formula and definition are identical for all types of active filter. The only
issue when applying this formula in an active filter circuit is to choose the
right resistor, as there are two of them. Go for the resistor that is in the RC
network, i.e. the one that is connected to the capacitor!

17
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Here is a break frequency example:

The circuit for an active filter is shown opposite.
(It doesn't matter what kind it is.)

The RC network is made up of a 4.7nF capacitor 200kQ
and a 200kQ resistor.

(Ignore the 10kQ resistor for now - it will o_lﬁ -
appear in a different calculation later!) +

C=47nF

Using the break frequency formula:
fb =1/ (2 R C)
fu=1/(2xnx200x10° x 4.7 x 10°)
= 169.3 Hz.

ov

Exercise 5 (The solutions are given at the end of the topic.)

Calculate the break frequency for the active filter circuit shown in the

diagram.

C=47nF
|| L___1
|| 200k

o—t— 14D
10kQ S

+

ov

Active filter design:
For all four filters, the basic circuit layout is that of the inverting amplifier.

e Something is connected in the negative feedback loop.

e Something is connected in the input circuit. )
One of these 'something's is a RC network; Inpute— 2 - Outout
the other is a fixed resistor. . ______________ + P
' | Feedback ? .
The voltage gain depends on ———————----—----

________________

18
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Active Bass Boost filter: C

In this case, the feedback loop contains
a series RC network and the input circuit o 1
contains the fixed resistor. P L o

The break frequency is given by: +
fo=1/(@2nRC)

The voltage gain at high frequencies is: oV
G=-R/r

At frequencies below the break frequency, as the frequency decreases:

e the reactance of the capacitor increases, and so C behaves like a bigger
and bigger resistor;

e this combines with R to give a value in the feedback loop that gets bigger:;

e the voltage gain of the system increases as a resulft.

Active Bass Cut filter:

In this case, the input circuit contains c
a series RC network and the feedback loop | —
contains the fixed resistor. O_I R

The break frequency is given by: +
fb =1/ (2 n R C)

The voltage gain at high frequencies is: ov
G=-r/R

At frequencies below the break frequency, as the frequency decreases:

e the reactance of the capacitor increases, and so C behaves like a bigger
and bigger resistor;

e this combines with R to give a value in the input circuit that gets bigger:;

o the voltage gain of the system decreases as a result.

19
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Active Treble Boost filter:
¢ —L
In this case, the input circuit contains I_ r
a parallel RC network and the feedback loop

contains the fixed resistor. R

The break frequency is given by: +
fo=1/(@2nRC)

The voltage gain at low frequencies is:
G=-r/R

At frequencies above the break frequency, as the frequency increases:

e the reactance of the capacitor decreases, and so C behaves like a smaller
and smaller resistor;

e this combines with R to give a value in the feedback loop that gets smaller;

e the voltage gain of the system increases as a result.

ov

c
Active Treble Cut filter: H
In this case, the feedback loop contains 1
a parallel RC network and the input circuit R
contains the fixed resistor. - -

—C
The break frequency is given by: +
fb =1/ (2 n R C)

The voltage gain at low frequencies is: 5

G=-R/r

At frequencies above the break frequency, as the frequency increases:

o the reactance of the capacitor decreases, and so C behaves like a smaller
and smaller resistor;

e this combines with R to give a value in the feedback loop that gets smaller;

o the voltage gain of the system decreases as a result.

20
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Exercise 6 (The solutions are given at the end of the topic.)

The graph shows the frequency response needed for a filter:

Voltage
gain

100

s - %

Frequen ,
1 10 100 1000 10000

1

Design a filter circuit which has this frequency response, using an op-amp, two
resistors and a 3.3 nF capacitor. Draw the circuit diagram for your filter.

Calculate suitable values for the resistors, showing how you obtain your
results.

21
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The power amplifier:

As pointed out in the introduction to this fopic, the requirements for signal
transfer change when we are looking at the final output, from the loudspeaker.
Here we are concerned with transferring not only the voltage from the
previous sub-system, but also as high a current as possible, to create enough
power to drive the loudspeaker.

Conditions for maximum power transfer between sub-systems:

Since : power dissipated = current x voltage,

for maximum power transfer, we need to maximise both current, I, and
voltage, V|, passed to the loudspeaker. These quantities are shown in the next
diagram.

These are conflicting requirements. For maximum voltage transfer, the input
resistance of the loudspeaker, R., should be as large as possible, compared
with the output resistance, Rour, of the previous stage. However, o maximise
current, all resistance needs to be kept as low as possible.

I

= \tl ﬁ]RL

R
\eml}»

power amplifier loudspeaker
To explore this problem fully requires the use of calculus, and is beyond the
scope of this course. However the result is the maximum power transfer
theorem.

Maximum Power Transfer theorem:

The power transferred from one sub-system, A, to the next, sub-system B, is
a maximum when the input resistance of B (R in this case,) is equal fo the
(Thevenin) output resistance (Rout) of A.

22
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The graph below, generated using Microsoft Excel, shows the effect of a
range of load resistances on the power fransferred.
For this example:

e signal voltage = 1V;

e output resistance of power amplifier, Royt = 10Q;

e the current through the load, I = Vsrg /( Rout *+ RL):

o the voltage across the load, V. = I x R;

o the power transferred to the load, P =I x V,.

0.03 +

Max power fransferred

0.025

0.02 +

0.015 +

0.01 +

0.005 +

Power dissipated in W

0O +—+++++++-

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
;
|

N XD 04 D 9GSO DD PUPARADAO (P

Load resistance in ohm
Notice that maximum power is transferred when the resistance of the load is
equal to the output resistance of the power amplifier (10Q).

Exercise 7 (The solutions are given at the end of the topic.)

The open-circuit output voltage of a power amplifier is 1.2V, and it has an
output resistance of 12Q.
It is connected to each of the following loudspeakers in turn:

(a) Loudspeaker A, which has an input resistance of 6Q;

(b) Loudspeaker B, which has an input resistance of 12Q;

(c) Loudspeaker C, which has an input resistance of 18Q.

Calculate the power dissipated in each of these loudspeakers.

23
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The emitter follower:

The emitter follower is one example of a power amplifier.

The OUTPUT power, POUT = IOUT X VOUT-
The input power, PN = Iin X Vin.

The output voltage, Vour, is roughly equal to the input voltage, Vin (= Vin - 0.7).
The output current, Ioyr, is roughly equal to Ic and so oyt ~ hre X Iy
As a result, Pout =~ hre X Py and so the emitter follower is a power amplifier.

In the notes for section 5.3, on power supplies, it was pointed out that the

emitter follower:
is a voltage follower circuit - the output voltage Vour follows (tries to
equal) the input voltage Vin;
is a current buffer - the output current Ioyr is much greater then the
current Iy drawn from the signal source;
is an example of a common-collector circuit;

and

is often used as an impedance ftransformer, to interface a signal
source having a high output impedance to a low impedance load.

It is this final aspect that is of use to us here. The emitter follower has a high
input resistance (~ hre X R.), and a low output resistance. It can therefore act
as an interface between the loudspeaker (usually a low resistance) and the
rest of the audio system. The circuit diagram for this arrangement is shown
above.
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A problem!

The emitter follower circuit shown
earlier uses a npn transistor, and so
does not respond to negative voltages.
If the signal from the audio system
contains a negative component,

the emitter follower power amplifier
will ignoreit. LN

No conduct

No conduction Time

The result is shown in the graph, Voliage
which assumes an amplitude of 2V
for the input signal. 1av ...
Notice that two things have happened:
o the negative portion of the input Output

signal is missing in the output; signal
e the transistor does not conduct

until the input signal reaches 0.7V.

The amplitude of the output is

0.7V smaller than the amplitude of the input.

A solution:

One way forward is o add a DC voltage to the input signal Yo make sure that it
is always positive, and greater than 0.7V. The way to do this is shown in the

next circuit diagram. The resulting signals are shown in the graph.

. Vol{age
R : 12v

6V -

R —h}: j
: Time
o

O— » T
OV:Power amplifier:
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The circuit diagram includes a decoupling capacitor to isolate the previous
stage of the audio system from the DC voltage added by the power amplifier.
This added DC voltage results from the two equal sized bias resistors, R.

The graph assumes that the power supply voltage is 12V, and shows that the
input signal now sits on a centre voltage of 6V, instead of OV. As a result, the
transistor is always conducting, even when the input signal is zero, and outputs
an accurate copy of the input signal, but dropped by 0.7V.

The disadvantages of this arrangement are:

o the transistor is always conducting, even when there is no input signal, and
so is always dissipating energy as heat;

e there is always a current flowing through the two biasing resistors, R,
though these can have a large resistance to minimise this current.

Exercise 8 (The solutions are given at the end of the topic.)

The following emitter follower circuit is used as the power amplifier to drive

the loudspeaker.
15v

15kQ
Signal
from
tone controls

15kQ

—

ov

At one instant, the signal from the tone controls raises the voltage at point X
to 7.9V.

Calculate the resulting voltage across the loudspeaker.
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An alternative:

If we replace the npn with a pnp transistor, the overall behaviour is unchanged
except that the circuit now processes negative voltages.

Whereas the npn transistor conducts when the base is 0.7V higher than the
emitter, the pnp conducts when the base is 0.7V lower than the emitter.

The circuit diagram and the resulting output signal graph are shown below.

Tf No conduction

OWWF--——=————=

Notice that:

the loudspeaker is still connected between the emitter and OV;
the collector is connected to -Vs instead of +Vs;

the arrows for Viy and Vour point the other way, (as they point from low to
high voltage;)

all the currents flow in the opposite direction to those in the npn emitter
follower, (as they flow from high voltage towards low;)

in particular, the current through the loudspeaker now flows in the
opposite direction.
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The push-pull power amplifier:

The alternative solution to the power amplifier problem, then, is o combine

the npn and pnp emitter followers into what is known as a push-pull (or

complementary pair) power amplifier. The circuit diagram for this is shown

below. 24V
o

o—
Vin vOUT“
OVo— ov
s,
-24V

The circuit diagram assumes a power supply voltage of +24V/0V/-24V.
However, any split power supply voltage can be used. The graph at the top of
the next page shows the output signal produced by this arrangement. The
loudspeaker passes a current during both the positive and negative half-cycles
of the signal. During the negative half-cycles, the current flows in the
opposite direction, making the cone of the loudspeaker move in the opposite
direction. On both half-cycles, the amplitude of the signal is reduced by 0.7V,
by the action of the emitter followers.

The graph shows up a disadvantage of the push-pull power amplifier -
crossover distortion. When the input signal is between +0.7V and -0.7V,
neither transistor conducts, and so the output voltage is zero. The output
sighal is not a copy of the input - it is distorted. This effect is known as
crossover distortion. The result on the sound produced by the loudspeaker
depends on the amplitude of the signal, but usually makes the sound produced
rather harsh and 'tinny’,
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13v 4o R FUUUUUUUUON PO

Ou'rpu'l' 1 i COI‘:I I:‘C‘I‘S conducfs

H ! 1 1 n 1 T'm’
signal | \c,,:dam / e

crossover distortion

There is a solution to crossover distortion - add resistors and diodes to the
input circuit, as shown. The resistors ensure that the two diodes are forward
biased and conducting. As a result, the npn transistor base is always 0.7V
higher than the input signal, and so is conducting even when the input signal is
zero. The same, but opposite is true for the pnp transistor.

24V _
J
\
]
vC‘UT
R ov
Zav
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Practice Exam Questions:

1. Here is the block diagram for a public address system.
Microphone
—l‘" Mixer Pre- Tone Power Loud
> amplifier > Controls amp speaker
Tape |
Deck
() Part of the specification for the mixer is given below.
Description Value
Number of input channels 2
Maximum voltage gain on input channel 1 10
Maximum voltage gain on channel 2 5
Minimum input impedance (either channel) 10k
Bandwidth (either channel) 15kHz
(i) Complete the following circuit diagram for the mixer.
Channel 1 o0——
—O Output

Channel 2 0——

ov

(ii) Calculate suitable values for the fixed resistors used in the circuit.

30
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(b) The pre-amplifier is a 2-stage non-inverting amplifier with a gain of 900.
Pre-amplifier
Input o—r P P ——o Output
Amp A Amp B

(i) In order to optimise the bandwidth of the pre-amp, what is the gain of

Amplifier A, Ga; oo
Amplifier B, Gg;  ovviiiiii [2]
(i) The table gives some data on the op-amps used in the circuits for amplifiers A and B.
Parameter Typical Value
Open-loop voltage gain 10°
Input resistance 10"Q
Gain bandwidth product 1MHz
Slew-rate oV ps™
Common mode rejection ratio 90dB
What is the resulting bandwidth of the pre-amplifier? [1]
(c) Part of the tone control circuit is shown below.
C=2.2nF
300kQ
o | | -
10kQ
+
Input Output
oV
(i) What type of filter is this — treble boost, treble cut, bass boost or bass cut? [1]
(ii) Calculate the break frequency of this filter [3]
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(iii) Calculate the voltage gain of the filter at frequencies well above the break frequency.

(iv) Use the axes provided to sketch the frequency response of this filter.
\oltage gain

A
100

50

10

0.1 05 1.0 50 10.0 50.0 100.0
Frequency / kHz

[1]
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@) In terms of voltage gain, what is the difference between the performance of an active filter and a
passive filter? [1]
(b) Identify the following types of active filter. [2]
\oltage gain \oltage gain
A A
Fre uen% Fre uen%
Filter A q Y Filter B a Y
Filter A =
FIlter B = o
(© An audio communications system uses a low-pass filter with the following frequency response:
Voltage gain
A
100 r
50 AN
N
AN
\\
10 \\
™,
N
5 N
N
1 1 1 :
0.1 0.5 1.0 50 10.0 50 100
Frequency /kHz
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(i) What is the break frequency for this filter?

Break frequency =

(ii) Draw the circuit diagram for a filter which has a frequency response of this type, based on a
single op-amp.

Input O—— ——0 Output

ov
(d) Another low pass active filter has a voltage gain of 40 and a break frequency of 2kHz.
The following resistors are available.

100 50Q 400Q  2kQ 10kQQ  80kQ2 4MQ
(i) Select the one pair of resistors that is most suitable to give the specified voltage gain.

ResiStor 1 ....oovveeiiiiiieaeen,

ReSIStOr 2 .o

(ii) Use the formula C = 1/ 2 & fg R to calculate the value of capacitor required.

[1]

[3]

[2]

[2]

[2]
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The block diagram for a simple public address system is shown below.

Pre- Power

Microphone - amplifier > amp

Loud
speaker

Extracts from the data sheets for the microphone and loudspeaker given in the table.

Microphone:.

Impedance 50kQ
Frequency response: 100Hz - 20kHz
Loudspeaker

Power rating 10W
Impedance 8Q
Frequency response 80Hz to 9kHz

WUJEC

CBAC

(@) (i) Whatis the ideal value of the input impedance of the preamplifier required to maximise transfer of the

(b)

voltage signal from the microphone?

(i) What is the ideal value of the output impedance of the power amplifier required to maximise power

transfer of the signal from the output of the power amplifier to the loudspeaker?

The power amplifier uses the emitter follower circuit shown below.

12v
o

e,

ov

A student tests this by applying a DC input voltage, Vv, of +3.0V.

(i) Calculate the expected value of Vour?

35
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The student measures a DC current of 0.4A flows through the loudspeaker.
(iii) What is the power dissipated in the transistor when Vi = +3.0V? ..., [1]
(iv) Estimate the corresponding current Iy, and show how you obtain your value. [2]

() (i) Animproved power amplifier uses a push-pull follower circuit. Complete the circuit diagram for the
push-pull follower. [3]
L2v

Input o0———

oV

Tov
(ii) Give one advantage of the circuit over the emitter follower power amplifier. [1]

(d) (i) Push-pull followers can cause crossover distortion. Illustrate the meaning of cross-over distortion by

drawing an output signal which exhibits it. An undistorted output signal is shown to assist you. [1]
\oltage ) )
4 Undistorted %Jtput signal
' Time
(ii) Explain what causes crossover distortion in a push-pull amplifier. [1]
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@) The circuit diagram shows a summing amplifier with two inputs, A, and B.
75kQ
150kQ2 L T
300kQ
B
_o
Vout
O
ov

(i) The following input voltages are applied:
Va=18V Vg=2.0V

Calculate the output voltage Vour.

WUJEC

CBAC

[2]

(it) The summing amplifier is now provided with new input signals. A sinusoidal input voltage is
applied to input A and a steady negative voltage applied to input B. These signals are shown in

the following graphs.

Use the axes provided to sketch the resulting output signal Vour.

\oltage/V
4

A

Time

Time

[3]
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(b)

The summing amplifier is modified to make a mixer for an audio system.

The 75k«2 feedback resistor is retained.

The specification for the system states that both inputs must have a voltage gain that is variable from a
minimum of 0.1 to a maximum of 1.0.

Complete the circuit diagram for the mixer, and calculate suitable ideal values for all components. [4]

75k
1
|
Ao
_o
Bo
Vout
O
ov
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An audio system requires a treble-cut filter, having a low frequency voltage gain of 20 and a break

frequency of 800Hz.
(a) Sketch the frequency response of the filter using the axes provided. [3]
\oltage gain
A
100
50
10
5
1 +
10 100 1000 10000
Frequency / kHz
(b) A passive filter circuit would be unsuitable for this application. Why? [1]
©) Draw the circuit diagram for an active treble-cut filter, based on an op-amp. [3]
Input o— —Output
ov
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(d) The circuit includes a 10 nF capacitor. Calculate the ideal values for any resistors used in the circuit.
6. (a) In the diagram, sub-system A sends a signal to sub-system B
Subsystem Subsystem
A B

Complete the following statements:

(i) In order to maximise voltage transfer between the two sub-systems, the output impedance of sub-
system A should be

(if) In order to maximise power transfer between the two sub-systems, the output impedance of sub-
system A should be

(iii) A microphone is used for sub-system A, and a preamplifier for is used for sub-system B.

Is maximum voltage transfer, or maximum power transfer required?

(b) Here is the circuit diagram for a power amplifier, using an emitter follower.
12v
100kQ
-
hFE— 40
\A 100k
N 40
Vout
ov

40
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[1]

[1]

[1]
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(if) The signal shown below is applied to the input of the emitter follower.

On the same axes draw the output signal. [2]
\oltage/V
12+
10+
[Printer - sine wave centred on 6, peak at 8V]
8,,
Input
signal 67
4 4
2 €
Time/ms
10 | 2.0 |
[Printer - 2mm grid, 10cmwide by 12cm high]
(c) Power amplifiers often use push-pull circuits.
(i) Complete the circuit diagram for a push-pull circuit used to deliver power to a 4Q load. [3]
12v
(¢
Input o——o 40
ov
©
-12v
(ii) Calculate the maximum power dissipated in the 4 load. [2]
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7. The power amplifier shown in the following circuit diagram is used to drive a loudspeaker.
24V
A .
o—
\/ 8Q) speaker
IN ouT
0Vo— ov
>,
-24v
(@) Complete the table to show the values of the output voltage Vour. [3]
Input voltage Vn /V Output voltage Vour IV
+2.0
+0.5
-0.2
-2.5

(b) Estimate the maximum power that can be dissipated in the 8Q loudspeaker in this circuit. [1]
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Solutions to Exercises:

Exercise 1:

The situation can be represented by the following voltage divider:

Ryp= 100kQ

Vo= 1.8V
\&NI R, = 800kQ

Using the voltage divider formula, the voltage transferred,
ViN= Vme X Ry
Rin + Rout
= 1.8 x 800 / 900
= 1.6V

Exercise 2: Gain-bandwidth product = 2MHz

The three-stage amplifier is
shown in the diagram: Input-

To give an overall bandwidth

- Bandwidth  Bandwidth  Bandwidth
of 100kHz, the bandwidth of =100kHz ~ =100kHz = 100kHz

each stage must be at least 100kHz. Overdll bandwidth = 100kHz

The best design uses the same bandwidths, and the same voltage gains, for
each stage. This means giving each stage a bandwidth of 100kHz.

Since the gain-bandwidth product of the op-amps is 2MHz ( = 2 x 10°Hz,)
each stage must have a voltage gain of:
6 =2 x10° /100 x 10°
= 20

The overall gain of the multi-stage amplifier is 20 x 20 x 20 = 8 000.
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Exercise 3:

For best results, the two stages should have the same voltage gain, and same
bandwidth. The circuit diagram for the solution is:

o o

Inputo >;_” >;-—o Output
S
ov

The overall voltage gain is 900, so each stage will have a voltage gain of 30.

The formula for the voltage gain of a non-inverting amplifier is:

G=1+ RF / R1
To give a voltage gain of 30, Rr/ Ry must have a value of 29, so that:
RF =29 x R;

All resistor values should be greater than 1kQ, to reduce power dissipation, so

one solution is to use:
RF = 290k and R; = 10kQ

(There is a wide range of possible answers. However, all resistors should be
greater than 1kQ, and the ratio Rf : Ry should be 29 : 1)

The gain-bandwidth product of the op-amps is 900kHz, so with a voltage gain
of 30, each stage will have a bandwidth of 30kHz, giving an overall bandwidth
of 30kHz.
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Exercise 4:

The arrangement described in the question is shown in the following diagram:
2.8V "—M I
12v o Loy |
Loy (2% 100, | T

[

ov
The output voltage is calculated using the formula:
Vour = - Re [(V1/ Ry) + (V2/ R2) + (V3/ R3)]

The input resistances R;, R; and R; are found by adding together the
resistances of the variable resistor and fixed resistor for each input channel.

so: Vour = - 30[(1.6/(10+10)) + (1.2/(10+10)) + (2.8/(40+20))]
=-30[(1.6/20) + (1.2/20) + 2.8/(60)]
=-5.6V
Exercise 5: I
,-‘/ ‘\\‘
The significant portion of the circuit diagramis /€= 47nF
shown opposite: ;} | 200kQ
The break frequency is determined by the o_._.._;: ;;" I\_
RC network. In this case, that is the 4.7nF Y, 0k s |
capacitor and the 10kQ resistor. e -

(The 200k resistor helps to determine the voltage gain in the horizontal
section of the frequency response, as you will see shortly.)

Using the break frequency formula:
fb =1/ (2 n R C)
gives a break frequency of f, =1/ (2 x n x 10 x 10° x 4.7 x 10°®)
= 3.4kHz
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Exercise 6: 100
The frequency response for the ik - s
filter is: - Vd
’ /
1 Frequency
This has the following characteristics: : © 10 1000 10000
Type of filter Treble boost
Low frequency voltage gain 6
Break frequency 2 000Hz

The circuit diagram for this filter, using a 3.3nF capacitor is given below:
33nF —_}—

[l r

[
Input o—— } -
R o Output

ov

Resistor R is chosen to give the required break frequency with the 3.3nF
capacitor, i.e. using
fo=1/(2nRC)
R=1/(@2nf,C)
=1/(2xnx2000x 3.3 x107)

= 24.1kQ
Resistor r is then chosen to give the required low frequency voltage gain, i.e.
r/R=6
Hence r=6xR
giving r = 144.7kQ

Using the E24 resistor series, the nearest values are R = 24kQ, r = 150kQ.
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The arrangement of power amplifier and loudspeaker

can be represented by the voltage divider circuit:

Vo =12V,

WUJEC
CBAC

Royr = 12Q

Answers to the exercise can be obtained by analysing | VIR,

this circuit. ,

Power transferred to the loudspeaker, P = I x V.

The current flowing through the loudspeaker, I = Vs / (Rout + RL)

The voltage generated across the loudspeaker, V| = I x R,.

The answers to the exercise are developed in the table:

Loudspeaker' (ROUT + RL) I/A Vi /V P/ W

A 180 0.067 0.4 0.027
B 240 0.05 0.6 0.03
C 300 0.04 0.72 0.029

PS - The results support the maximum power transfer theorem!

Exercise 8:

The secret here is to see through the fog of unnecessary information.

This is an emitter follower, and it obeys the relationship:

Vout = Vin- 0.7

The information given in the question says that the voltage at point = 7.9V.
This is actually Vi.

Hence the answer:

the resulting voltage across the loudspeaker = 7.9 - 0.7 = 7.2V.

(The 15kQ resistors play their part in setting up the 7.9V input. When the
signal is zero, they maintain a voltage of 7.5V at point X. However, the

question is answered without any reference to this.)
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