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454 MODERN COMMUNICATION CIRCUITS

11.8 Design a class C amplifier that will deliver an average power of 20 W at | MHz
using the DV1260T MOSPOWER FET (sce App. 1).
11.9 Determine the maximum output power and conduction angle of a class C amplifier
using the DV1260T MOSFET and a 48-V supply voliage (sec App. 1).
11.10 If a class C amplificr is 10 be used as a frequency tripler, what should the
conduction angle be for maximum output power?
11.11 Determine the maximum output power of a {requency tripler using the DV1260T
MOSFET and a 48-V supply voltage (sce App. 1).
11.12 Design a complementary class D amplifier to deliver 100 W to a 50-1 load using
DV1260T transistors (see App. 1). A typical transistor values. A 48-V supply is to
be used, and an impedance matching transformer can be used for the output.

. 11.13 What is the efficiency of the amplifier of Prob. 11.12? What will efficiency be if
a DVI1260T FET is used?
11.14 What is the maximum output power possible using DV 1260T transistors in a class
D amplifier? (See App. 1). What will be the maximum value of supply voltage?
11.15 Describe a technique for class S amplification that uses single-edge pulse-width
modulation. * .

REFERENCES

11.1 Joyce, M. V., and K. Clarke: Transistor Circuit Analysis, Addison-Wesley, Reading, Mass.,
1961.
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(January 1983).

11.4 Rowe, H. E.: Signals and Noise in Co ication Sy , Van N d, New York, 1965,
p-277.

11.5 Sokal,N. O., and A. D. Sokal: Class E—A New Class of High-Efficiency Tuned Single-Ended
Switching Power Amplifiers, IEEE J. Solid-State Circuits, 10:168-176 (1975).

11.6 Raab, F. H.: Idealized Operation of the Class E Tuned Power Amplifier, IEEE Trans. Circuits
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Ric“.c w—...v.-s. C. W. Bostian, and F. H. Raab: Solid State Radio Engineering, Wiley, New York,

moanh.e wc Amplitude Modulation of the Switched-Mode Tuned Power Amplifier, Proc. IEEE,
53:1658-1659 (1965).

160



The basic circuit we will analyze is shown in Figure 1 which is a complementary-symmetry
class B or AB power amplifier. It is assumed that Q1 and Q2 are complementary transistors,

i.e. that they have almost identical Ic-VcE curves, identical f's, etc. This is a requirement for
designing any class-B amplifier. The 2N2222 and 2N2907 which are used in the lab form one
complementary pair; another complementary pair is the 2N3904/2N3906. Many other
complementary pairs are commercially available.

The biggest problem with designing a class B amplifier is to design a bias circuit to give a
stable Q point near cutoff. There are many ways to bias the class B amplifier.

The first we will examine is the simple voltage-divider we typically use to bias a class A
amplifier. Figure 1 shows the circuit necessary to bias the class B complementary symmetry
amplifier..

+V cc

R1

§

Figure 1 - Resistive-divider biasing of class B transistor amplifier

—@

The assumptions we will make are that the collector and emitter currents are identical

(Realistically, they will be very close to each other unless the transistor B is very small as may
be the case with power transistors). For the transistors to be at cutoff the transistor Vgg must
be between 0.6 and 0.7 volts (the exact voltage is a function of the specific transistor type
being biased). This voltage will appear across the two resistors shown as Ry in Figure 1. Note
that Ry will typically be a single resistor; two resistors are shown to emphasize the symmetric
nature of the complementary class B amplifier. The resistor R, can be vary easily calculated by

where Vg is the desired base-emitter voltage and Ip is the current we choose to go through the
resistive divider. The same considerations apply for picking Ip as applied earlier. Simply pick
Ip large enough that the voltage drop across Ry will not be affected by changes in the transistor

-161-
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base currents. If we examine the diode equation for the base-emitter junction we see that a
small change in VgE creates a very large change in Ig (because of the exponential nature of the
equation). Typically, a change of only 60mV in Vgg might change the emitter current by
1000%. The resistors needed for a particular Vg can be calculated as shown above but the
typical resistor tolerances preclude using a resistor for design. Typically, Ry is a potentiometer
which is adjusted for the proper bias emitter current.

The major problem with this design is the temperature dependence of the base-emitter diode.
Remember that the diode equation contains a temperature dependence in the exponent. A very
small change in temperature due to transistor heating (This is the temperature at the junction
inside the transistor by the way—not the temperature of the case!) or variations in
environmental temperature can cause drastic shifts in bias point. This process can lead to a
condition called thermal runaway in which the transistor heats up due to the emitter currents.
This increases the base-emitter junction temperature which increases the emitter current which
further increases the junction temperature and so forth. Basically, this is a positive feedback
situation and is the major reason why only cheap, low-power amplifiers use resistive biasing.

A superior way to bias the class B amplifier is to use what is known as a current mirror shown
in Figure 2. This technique uses a diode (or the base-emitter junction of an identical transistor)
in place of R2 in Figure 1. If the diode equation for the two semiconductor devices (the diode
and the transistor base-emitter junction) is identical, they will exhibit the same junction current.
Why is this? The devices are in parallel so they have the same applied voltage. If they have
identical diode characteristics this means that their junction currents (the current through the
diode and the current through the transistor base-emitter junction) must be the same. In
practice, we set the voltage across the diode/base-emitter junction pair with a resistive voltage
divider. If we assume that the junctions are biased near cutoff this means that the required
junction voltage will be near 0.6 volts. So, a simple resistor to VCC as shown in Figure 2
serves to bias the transistor.

+VCC

R

Figure 2 - current mirror

The value of the bias resistor R is chosen by

R = Ycc- VBE
Ig
where IE is the desired emitter bias current. As before, the exact value of R needed depends

upon the relationship between VBE and IE (the diode equation) and will be slightly different
for every transistor (even if they are of the same type). In practice, it is reasonable to estimate R
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using the above equation and then use a variable resistor to get the exact bias current you want.
However, how about thermal runaway? Basically, the resistor R limits the current through the
diode D. If the emitter current increases due to an increased junction temperature the diode
current will increase since this is a current mirror. A increase in diode current, however, results
in an increased voltage drop across R and a decrease in Vgg which lowers the diode current
and, because this is a current mirror, also lowers the emitter current. This is now a situation of
negative feedback and the transistor/diode pair should remain at a stable operating point even as
the temperature changes. Note that this assumes that the diode and base-emitter diode
characteristics match exactly. If they do not match exactly, which is reasonable for a diode and
a transistor, there is the potential for thermal runaway although it may take higher temperatures
to cause it. The solution is to make the diode characteristics as identical as possible. The simple
solution is to replace the diode with a transistor which is identical to the transistor being biased.
The base-emitter junctions are put in parallel and the bias transistor's collector is tied to the base
of the bias transistor. This circuit is should possess very nearly identical diode characteristics,
if the transistors are reasonable well matched, and be very immune to thermal runaway. An
example of this type of circuit used to bias a class B amplifier is shown in Figure 3. As an
aside this type of bias scheme is often used in integrated circuits.

) Q1

—R
b 4
b 4

" ’
R1 % R1

(a) diode biasing (b) equivalent use of
transistors

Figure 3 - Current mirror biasing of class-B amplifier

The designer might rest at this point having overcome thermal runaway; however, the basic

class B amplifier as shown possesses very little voltage gain. In fact, the class B

complementary symmetry power amplifier is simple two symmetric emitter followers which

have a voltage gain near 1. They can have very large current and power gains, however, which

is why this type of amplifier is called a power amplifier. The typical class B power amplifier

g;ight hfllve the signal source capacitor coupled into the resistor-diode bias network as shown in
igure 4.
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b 4
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0g 1

Figure 4 - Capacitor coupling to a class-B power amplifier

A more sophisticated and satisfactory (from an engineering design viewpoint) solution is the
circuit shown in Figure 5.

+VCC
R3 §
— @
R1 g D1 - Iy
| ( Vou
D2 I\
R
1 Q3 L
V. | [
m I \ Ql == —

R2 E R4
Figure 5 - Class B power amplifier with current mirror biasing and transistor driver
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A direct-coupled common-emitter amplifier replaces one of the resistors used to bias the power
amplifier transistors. The bias current through the driver transistor Q1 is also the bias current
through the bias diodes (or transistors) and, because the bias scheme is a current mirror, will
also be the bias emitter current for the power amplifier transistors, Q2 and Q3. This circuit is
very attractive for implementation because varying the base current of Q; (which is very small)
can control the (typically) much larger bias currents in Qo and Q3. The value of R is not very
critical anymore and is typically chosen to represent a nominal value for a 0.6 volt drop across
the base-emitter junctions of Q2 and Q3. An example of this calculation is at the end of this
section.

From an ac viewpoint we now have a common-emitter amplifier driving an emitter-follower
with the overall voltage gain being the product of the voltage gains of each individual amplifier
stage. Since the output stages are emitter followers with voltage gains near one this means that
the overall voltage gain is approximately the voltage gain of the common-emitter driver
amplifier Q;. What is the voltage gain of this stage. This is an un-bypassed common-emitter
amplifier so the voltage gain is

where RE is the emitter resistor of Q1. What is Ry ? We might say that Ry is the other bias
resistor Rj and be approximately correct. From the small-signal viewpoint (at low audio
frequencies) the bias diodes are electrically on and do not contribute any appreciable resistance
or capacitance to the small-signal model. This allows us to ignore the diodes. The bias resistor
R; is certainly in the driver collector circuit; however, the input impedance of the power
amplifiers Q2 and Q3 is in parallel with R;. Q7 and Q3 are complementary-transistor amplifiers
so one is off whenever the other is on. This is not quite true in a class-AB amplifier but will be
ignored here. The basic rule for a common emitter amplifier is that the input impedance is

simply [} times the emitter resistance and will give a reasonable approximation for our

calculations. Power transistor's tend to have lower B's than small-signal transistors and the
values of the amplifier loads are in the range of 5-100 ohms depending upon the amplifier
application. This gives an estimate of the transistor input impedance which is on the order of
several hundred to several thousand ohms. This value is not negligible when compared to the
bias resistor R and will significantly lower the amplifier gain. Furthermore, since the circuit is
usually biased in a class-AB mode with both transistors being slightly "on" both transistors
will contribute to the parallel impedance across Rj lowering the voltage gain of Q1 even more.
A complete class-AB amplifier is analyzed in Example 1.

There are many variants of the class B amplifier. The most common is the split power
supply. As shown in Figure 5 the load is capacitor coupled to the load. This is not
acceptable for amplifiers which require DC (or very low-frequency) response. If the power
supplies are split with a +V being applied to Q2 and a -V being applied to Q3 as shown in
Figure 6 the emitters of Q2 and Q3 will be very near ground potential. If the load resistor is
reasonable small the load can be DC coupled to the transistor emitter's. This is the
configuration most often found in high-end audio equipment and industrial servo
amplifiers. For the same power supply voltage this circuit will produce more output power
(assuming that the power supplies can deliver it) because of the increased voltage across
each transistor.

Sometimes the amplifier load varies considerably and we want the performance of the amplifier
to remain very stable. This requires a "stiffer" output. Stiff as used here means a lower
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amplifier output impedance. This can be achieved by increasing the current gain of the power
amplifier stage using Darlingtons to replace the ordinary power transistors as shown in Figure
7. Note the use of additional diodes in the bias network due to the presence of additional diode
drops in the bias circuit. ‘

Assume that VCc=30 volts. Because the class-B amplifier we are using 1S Symmetric
each transistor will have a Vg of 15 volts and the emitter of Q3 will be at +15 volts.
Assuming that the diode voltage drop is 0.7 volts (It actually will probably be between
0.5 and 0.6 volts.) The base of Q2 is at +15.7 volts and the base of Q3 (which is also
the collector of Q1) is at +14.3 volts. Assume that we are to bias the output transistors
at 14.3 mA. This means that the current through the diodes will also be 14.3 mA
because of the current mirror. Furthermore, the current through Q; and R; will also be
14.3 mA. Let's examine R3 first. From Ohm's Law R3=(30-15.7 volts0/14.3 mA =
1kQ. The only remaining unknown is R4 which can be selected for a particular voltage

gain. If Q; and Q3 have a f of 120 the input impedance of the class-B amplifier

(assuming only one transistor is ON) is approximately zjn=BRr, = 120(100Q) = 12kQ.
The parallel combination of zj, and R3 is 923Q. Let's assume we want to design for a
voltage gain of 10, a nice round number. Then, the emitter resistor is determined by
Avy=-R1/RE. In this case, RE=R[ /Ay=923€2/10=92.3LQ2. The emitter voltage of Qj is
then IgRE = (14.3mA)(92.3Q)=1.33 volts. The bias Vg for Qg is then 14.3-
1.33=12.97 volts. Q1 can now be biased if we know its dc characteristics. It was
assumed that Ve and the bias collector current were previously chosen based upon
considerations involving the desired output power and Ry..

Example 1 - Analysis of the class B amplifier of Figure 5

+V cC

R1 g
__.@>Q1

A 4

Figure 6 - Split-power supply used with class-B complementary symmetry amplifier

Ve
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Figure 7 - Darlington complementary-symmetry power amplifier.

4
Voo Y

n:1 ; n:1

I — +VCC _%)l

®

Figure 8 - Transformer-coupled class B power amplifier

The complementary symmetry power amplifier is by far the most common type of class-B
power amplifier. The transformer coupled class-B power amplifier as shown in Figure 8 is still
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found in many audio applications. Note that this design uses transistors of the same type with
power supply and bias supplied through the transformers. This poses no problem for the bias
network but the large output currents of a power amplifier may cause core saturation in the
output transformer and a consequent loss of power. Furthermore, transformers designed for
large currents tend to be rather large, very heavy because of the iron cores, and very expensive
which are all motivations for using the complementary symmetry configuration.

The transformer-coupled class B amplifier uses transistors of the same type (either npn or pnp)
and does result in easier matching of transistors. However, because both transistors are of the
same type each transistor must be supplied with an input signal that is 180 degrees out of phase
(i.e. inverted) with respect to the other. The input transformer accomplishes this by using a
center-tap as a voltage reference. The two transformer outputs will then be 180 degrees out of
phase with respect to each other since their windings are in the same direction and they are tied
in series. Basically, the result is very similar to putting two batteries in series and tieing their
common point to ground to achieve a split-power supply. The transistors can be biased in the
same manner we have seen for the complementary symmetry power amplifier. The transistors
are dc coupled through the transformer so it is convenient to supply the bias voltage through
the transformer center-tap. Because there is only one diode drop from this point to ground only
one diode will be used to ground. Note that this is not a very good current mirror because there
are two transistor base-emitter junctions in parallel with the bias diode. As the temperature
changes the currents will not compensate exactly and this amplifier configuration can be subject
to thermal runaway. As the bias point is adjusted so that the amplifier is operating in class B
rather than AB the performance of the current mirror will improve since only one transistor will
be on at a time.

i

The input transformer is often replaced by a semiconductor phase splitter or other such circuit.
An example of a simple circuit of this type is shown in Figure 9. This does remove one
transformer but offers few significant advantages over the transformer other than the possibility
of additional gain. '

+VC C

o
%

Figure 9 - Transistor phase splitter
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All transistors are rated as to a maximum power dissipation they can handle before self-
destructing. An overheated transistor junction can act exactly like a fuse and blow-out! Most
transistor specification sheets will list a maximum power dissipation Pp and a maximum
junction temperature (the critical parameter), Tjmax). For example, the 2N3904 has a Tymax)
of 150 degrees C and a Pp of approximately 800 mW. The Pp is specified for an ambient
temperature of 25 degrees C and must be de-rated (decreased) for operation in higher ambient
temperatures. This is usual practice since we want electronic equipment to operate on hot days;
furthermore, the insides of electronic equipment usually is considerably hotter than 25 degrees
C. The Pp that is specified on a transistor data sheet is actually Ppmax) and must be de-rated
for temperatures above 25 degrees C. This is done by the manufacturer supplying either a
derating curve which lists the transistor power rating as a function of operating temperature, or
a power derating factor which can be used to calculate the decrease in transistor Pp as a
function of ambient temperature. Specifically,

AP =D(T, - 25°)

where AP is the loss in Pp, i.e. the new Pp is Pp(max)-AP, Ta is the ambient temperature in
which the transistor is to operate, and D is the supplied derating factor.

This picture changes somewhat when transistor heat sinks are utilized. Specifically, high
power transistors are designed with metal tabs or surfaces which are directly connected to the
transistor collector. These allow conduction of heat away from the transistor to cool the
transistor and allow operation at higher powers or in higher ambient temperatures than would
be possible otherwise. In such designs both the temperature of the transistor case and the
ambient air are important and the derating calculation becomes slightly more complex.

The following analysis assumes that the power transistor is heat-sinked to allow it to operate at
high output powers. A slight amount of thermodynamics is in order at this point. The
relationship between the transistor case temperature, the heat sink temperature, and the ambient
temperature can be visualized as a series resistance circuit as shown in Figure 10.

Tc

O¢s
Tg

O5a
T,

Figure 10 - Electrical equivalent circuit of case/heat sink thermodynamics

Bcs is the thermal resistance between the transistor case and the heat sink, g4 is the thermal
resistance between the heat sink and ambient air. Both resistances are highly dependent upon
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the design of the heat sink and are usually supplied by the héat sink manufacturer since most
electrical engineers are not good thermodynamicists. A typical set of values might be

0cs=0.5°C/watt and 654=1.5°C/watt. To analyze the circuit of Figure 10 we need to complete
the analogy between thermodynamics and electrical circuits noting that power corresponds to

current, 8 corresponds to resistance and temperature corresponds to voltage. This allows us to
write Ohm's Law for the resistances of Figure 10 as

Tc-Ta
Ocs + Osa

Pp=

where we combined the thermal resistances into a single resistance Ocs + 0sa, Tc is the case
temperature, T4 is the ambient temperature, and Pp is the transistor power dissipation. Solving
this expression for the case temperature gives

Tc =Ta +Pp(Bes + 6sa)

which can be used to calculate the case temperature of a heat-sinked transistor. The power
derating calculations are then done based upon the case temperature.

REFERENCES:

Albert Malvino, ELECTRONIC PRINCIPLES, Third Edition, McGraw-Hill, 1984. Chapter
10, Class A and B Power Amplifiers. ;
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