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ABSTRACT

A 100 watt audio amplifier was recently developed
using a new Power MOSFET which was developed by
our MOS Device Group. The Power MOSFET has
several advantages over bipolar transistors. It has good
frequency response, no carrier storage delay, thermal
stability, no secondary breakdown and high input
impedance.

The MOSFET amplifier delivers a continuous power
output of 100 watts at 8 ohms from 5 Hz to 100 kHz
with no more than 0.01 per cent total harmonic dis-
tortion which is about ten times better than ordinary
bipolar transistor amplifiers, and in addition, the high
input impedance and thermal stability of the MOSFET
reduces the size of total circuit about 30 per cent.

1. INTRODUCTION

At present, bipolar transistors are widely used as
power devices of audio amplifiers because in the past
they have been the only semi-conductor power devices
available. Such devices require a wide Area of Safe
Operation for greater reliability and a large gain band-
width product for large amounts of negative feedback
at high frequencies. Bipolar transistors, which have
positive temperature coefficients of collector currents,
have secondary breakdown, and bipolar transistors
which are minority carrier devices lack frequency
response and carrier storage delay.

In light of these drawbacks associated with transis-
tors,a MOSFET for power applications is being developed
and this research is progressing significantly, especially
with regard to high frequency and high speed switching
applications.”"  In audio power applications, Power
MOSFET, a majority carrier device, is expected to have
several advantages over bipolar transistors:
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(1) Good frequency response because of fast carrier
speed,

(2) High speed switching due to the absence of
minority carrier storage,

(3) Thermal stability and no secondary breakdown
because of their drain current, negative tempera-
ture coefficient, ;

(4) High power gain because of high input impe-
dance.

An available Power MOSFET presently has a maxi-
mum rating of 90V, 2 A, but in an audio amplifier
which delivers a continuous power output of 100 watts
at 8 ohms or 4 ohms, a power device of 140V, 7 A is
needed.

Our MOS Device Group has concentrated on ob-
taining a greater power handling capability for the
MOSFET and developed the p channel MOSFET of
100 V,20 A"

A complementary Power MOSEET pair (n channel
and p channel, with 160V, 7 A capacity) has been
developed. The breakdown voltage capability is now
improved by using an ion implanted offset gate structure.

A 100 watt amplifier with the complementary
MOSFET pair has been designed, and it has low dis-
tortion, wide power bandwidth, high reliability and
simple circuitry. In this paper the responses, switching
delays, and total harmonic distortion of source followers
and darlington connected emitter followers are com-
pared, and the circuit construction of an amplifier with
a complementary MOSFET pair is also described.
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2. FEATURES OF THE POWER MOSFET

Figure 1 shows a cross-section of the Power MOSFET.
High breakdown voltage capability is achieved by using
an ion implanted offset striped gate structure.

p* ion-imp.

n-Si

Fig. 1 Cross-section of Power MOSFET

The offset gate structure reduces the electric field
around the gate electrode, but the channel is not con-
structed in the region which is not covered with the gate
electrode. Ions then are implanted in this region so this
high resistance region divides the voltage between the
drain and source.

A capability for handling large currents, and large
transconductance are achieved with wide channel width
and short channel length. The channel width is 40 cm
for the n channel; 50 cm for the p channel. The channel
lengths are 9 um for the n channel, 8 um for the p
channel. The equivalent circuit of the Power MOSFET
is shown in Figure 2. In this circuit, parasitic capacitance

Table 1 Features of Power MOSFET

and leak resistance are neglected. Since the gate is made
with poli-silicon, the intrinsic gate resistance is relatively
larger than the metal gate structure.

Additional features of the Power MOSFET are
summarized in Table 1.
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Yg: intrinsic gate resistance

Cgs: gate to source capacitance

Om: transconductance

Cgp: gate to drain (feedback) capacitance
Cps: drain to source capacitance

Tp: drain output resistance

Fig. 2 Equivalent circuit of MOSFET

Item Symbol Conditions n channel p channel
Drain to Source Breakdown voltage V (BR) DSX Ips =10 mA 160V -160 V
Gate to Source Breakdown voltage V (BR) GSS Igs = £+100 A 14V 14V
Maximum Drain Current Ip 7A -7A
Maximum Power Dissipation Pp 100w 100 W
Threshold voltage VGs (off) Ips =100 mA 08V -08V
Transconductance Gm vVgs=3V 1S 18
On-resistance Ron Ip=5SA 1Q 1
Input capacitance Cgs vVgs=5V 600 pF 900 pF
Chip size 4.5 x 4.5 mm? 5 x5 mm?
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3. FREQUENCY RESPONSE

The Power MOSFET, which is a majority carrier
device, has a better frequency response than a bipolar
transistor. Figure 3 shows transconductance of the n
channel MOSFET as a function of frequency for various
values of external gate. resistance Rg that are measured
using the circuit in the inset. For example, in the case of
Rg=0, cut-off frequency fc is 3 MHz. The cut-off
frequency fc is limited by the 600 pF gate to source
capacitance and by the 65 €2 intrinsic gate resistance.
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Fig. 3 Frequency response of transconductance

In the output stages of audio amplifiers, the B class
emitter follower push-pull operation is generally used.
Figure 4 shows the frequency response of the emitter
and source follower. The frequency response of the
source follower is 10 times greater than that of the
emitter follower of an equivalent semi-conductor size.
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Fig. 4 Frequency response of source follower

Figure 5 shows the source follower and its equivalent
circuit. Figure S (b) can also be applied to the emitter
follower circuit. For a MOSFET the gate leak resistance
R, can be neglected, but in bipolar transistors, R,
cannot be neglected.

R, +79 _h

(a) Source follower
R, y—l

& Ry

(b) Equivalent circuit
Fig. 5 Source follower and its equivalent circuit

€o . .
The transfer function —e—‘f- is derived:
l

€o 1
2= 1
R; (1+Z, 8m)

For aPower MOSFET the parameters are R; =50 Q +
658, R, = o, C=600pF, gm=1S, R; =8 Q.
The calculated cut-off frequency (- 3 dB), which is cal-
culated by equation (1), ia approximately 20 MHz so it
is roughly equal to the measured result in Figure 4. For
emitter followers, the parameters change: R; =50Q +
5Q, R, =75, C = 0.18 uF, 8m=8S, R; =8 Q.
The calculated cut-off frequency is 1MHz, and the
results are roughly equal to the measured result.

In an emitter follower amplifier with more than a few
watts output, the darlington arrangement is generally
used because it can be driven by a small signal amplifier
stage.

The transfer characteristics of the darlington con-
nected emitter follower are rather complicated, but they
can be roughly estimated by the transfer characteristics
of single emitter followers. The phase shift of a darling-
ton-connected emitter follower stage is the sum of phase
shifts of each emitter follower stage. For a two stage
darlington arrangement, the total phase shift is -7 radians.
For three stage, the phase shift is —-—1r radians. Figure 6
shows frequency responses of gain and phase shift: the
phase shift of the darlington connected emitter follower
is larger than that of the source follower.
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Fig. 6 Frequency response of gain and phase shift

In audio amplifiers, negative feedback is applied to
improve non-linear distortions. Phase shifts of amplifiers

above the unity loop gain should be kept below -7-

radians. If the phase shift exceeds - radians, the fre-
quency response should be decreased by frequency
compensation. Then, in the audio amplifier with darling-
ton connected emitter followers, frequency response
should be limited.

In contrast, with MOSFET source followers, it is not
necessary to use the darlington arrangement because of
the high input impedance. Consequently, the maximum
phase shift is ——72L radians, and little frequency compensa-
tion is needed.

In conclusion, the frequency response of the ampli-
fier with a Power MOSFET is definitely improved, the
amplifier has large amounts of negative feedback at high
frequency (40 dB at 300 kHz) and distortion is lowered.

In the source follower output stage, one complicated
problem is parasitic oscillation due to a lead inductance
to gate contact and negative resistance caused by capaci-
tance load. Figure 7 shows the source follower’s equi-
valent circuit, and in this figure, L is lead inductance to
gate contact Cy, is capacitance load which contains drain
to source capacitance, stray capacitance of speaker code
etc.
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Fig. 7 Equivalent circuit of source follower

Input impedance Zin is given by:

Zin

1 Ry gm
+
gt sL ot sCgs 1+ sCLRL(l * ngs)
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Rp
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CLRp?
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(1+ w?CL2RL?) Cgs

where input impedance Zin has a real negative part. If
the sum of Rg and the real part of Zin is negative, this
circuit oscillates. Here, the imaginary part of the input
impedance Zin should be zero as a condition of oscilla-
tion. Oscillation frequency fosc is given by:

N 1 sCLRy?
sCgs 1+ w?CL2R?

sL

sgmRy

- , = (4
(1+ w?CL?2RL?) w?Cgs @
1> w?C2R1?, 1 » w?CCgsRy?
L1 [T¥emPRp
fosc = o [Cgs Tt &)

For example, at L = 50 nH, fosc is about 87 MHz cal-
culated by equation (5), and practically speaking, fosc
is 60 MHz.

Preventive measures for this parasitic oscillation are:

(1) an inductance between source and load

(2) alarge Rg
These measures are introduced in equation (2).
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4. SWITCHING DELAY AT HIGH FREQUENCY

In a bipolar transistor audio-amplifier, switching delay
at high frequencies is another restriction of output
power. Figure 8 (a) shows an example of bipolar tran-
sistor switching response. The long switching delay of

Input

Output

(a) Bipolar Transistor

f =50 kHz, H =5 us/div

V =5 V/div (Input),

2 usec, due to carrier storage in the base region, is .

recognized. Figure 8 (b) shows that in a Power MOSFET,
the rise and fall time is about 50-100 usec which is

~more than 20 times faster than that of a bipolar tran-

sistor.

Input

Output

(b) MOSFET
V =10 V/div (Output)

Fig. 8 Switching response of bipolar transistor and MOSFET

Figure 9 (a) shows the actual current wave form for
each half cycle of a bipolar, B class, push-pull stage. In
this graph the dotted wave form is the presumed wave
form when the transistor has no delay, and it is equal to
the response of the Power MOSFET shown in Figure 9
(b). When the wave form is stretched by the carrier
storage delay, the other half cycle’s wave form is also
stretched in such a way that the composite full wave
form approaches to the correct sinusoidal wave form by
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(a) Emitter current waveforms
f =100 kHz,
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negative feedback. As a result, in both transistors in the
B class, push-pull stage useless current begins to simul-
taneously flow near the cross-over region, and power
consumption is increased. This phenomenon becomes
significant at high frequencies and brings the output
stage into thermal runaway.

As illustrated in Figure 9 (b), the Power MOSFET
does not have this delay, so high power operation at high
frequencies is possible.
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(b) Source current waveforms
H = 2 usec/div

Fig. 9 Current waveforms of B class push-pull stage
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Figure 10" shows total harmonic distortion of MOS-
FET amplifier compared with bipolar transistor ampli-
fiers. Output power of the bipolar transistor amplifier
is limited by thermal runaway at high frequencies.
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Fig. 10 Total harmonic distortion vs. frequency

5. CIRCUIT DESCRIPTION

Figure 11 shows the driving power of the Power
MOSFET required for 100 watt output as a function of
frequency compared with that of a bipolar transistor.
The Power MOSFET requires little driving power, only
a small amount of current to charge the gate to its
source capacitance. This advantage makes the driving
circuit simple.
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Fig. 11 Driving power required for 100 W output

The thermal stability of the Power MOSFET is better
than that of bipolar transistors, and Figure 12 shows
the transfer characteristics at various temperatures. At a
large drain current, the temperature coefficient is
negative. If the current density increases at one parti-
cular point on a chip, its temperature rises, then the
current decreases due to the negative temperature
coefficient. In this way the current flows equally
throughout a chip. As a result, secondary breakdown
does not occur and the Area of Safe Operation of the
Power MOSFET is wider than that of a bipolar transistor
of equal chip size.
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Fig. 12 Transfer characteristics at various temperatures

At a small drain current, the temperature coefficient
is*positive and the drain current is independant of tem-
perature at a current level of 0.1 A. In the B class push-
pull amplifiers, the n and p channel MOSFET act com-
plementary as source followers for.each signal’s half
cycle. The transfer characteristics of source followers
change from linear to non-linear of square low as drain
current decreases. It is best to bias the DC quiescent
current for a B class push-pull stage at the cross-point
between the linear and non-linear of square low region
to minimize cross over. In our MOSFET this optimum
bias current is conveniently equal to the drain current
which is independent of temperature. Then, the tem-
perature compensating network, indispensable in bipolar
transistor amplifiers can be eliminated. As a result, the
size of the total circuitry is reduced about 30 per cent
compared with that of ordinary bipolar transistor
circuits.
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Figure 13 is a circuit diagram of an audio amplifier
using a Power MOSFET. The first stage is a differential
amplifier formed by Q,-Q, and the second stage is a
differential amplifier which has an active collector load
(currgnt mirror formed by Qs and D, ) for the push-pull
action. This second stage differential amplifier directly
drives the power stage formed by a complementary
Power MOSFET pair. In ordinary bipolar transistor
amplifiers, the power stage is constructed with a com-
plementary pair of darlington connected transistors.

The ampliﬁer uses two Power MOSFET pairs in a
push-pull arrangement. One hundred watt amplifiers
with Power MOSFET pairs can be designed if using a
large heat radiator is feasible. But generally with a high
power amplifier, a large heat radiator is more expensive
than the device itself.
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Fig. 13 Circuit diagram af the 100 watt MOSFET amplifier

Distortion is usually reduced by negative feedback,
but it has been found that some distortion is never
reduced by negative feedback. This residual distortion
is induced by magnetic coupling between power supply
wiring and an output line or feedback loop.

In the Bclass push-pull operation, half-cycles of
output current flow through each output transistor, and
this current contains even harmonic components. Most
of the residual distortion, therefore, is this even har-
monic component. This residual distortion can be
cancelled with a negative coupled coil inserted in the
output line or feedback loop. Especially at high fre-
quencies, this counter-measure is very effective, and the
total harmonic distortion is improved from 0.01 per cent
to 0.003 per cent as shown in Figure 14.
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Fig. 14 Reducing harmonic distortion with a coupling coil
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As a result, the MOSFET amplifier delivers a con-

tinuous power output of 100 watts at 8 ohms from

5 Hz to 100 kHz with no more than 0.01 per cent total
harmonic distortion which is about ten times better than
ordinary bipolar transistor amplifiers as illustrated in
Figures 10 and 15.
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Fig. 15 Total harmonic distortion vs. output power

6. CONCLUSION

A 100 watt audio amplifier was developed using the
new Power MOSFET developed by our MOS Device
Group.

Since the phase shift of the source follower is less
than that of the darlington connected emitter follower,
the MOSFET amplifer has good frequency response.
Consequently, low distortion is achieved with large
amounts of negative feedback at high frequency.

The fast switching speed of the Power MOSFET
can produce high power at a high frequency.

After studying the stability of source follower cir-
cuits, it was discovered that a coil inserted in output,
and resistors inserted in each gate contact are effective.

The high input impedance of the Power MOSFET
enables reduction of the size of driver circuits, and
thermal stability can eliminate the temperature com-
pensating networks, consequently, the total size of the
circuits can be reduced by about 30 per cent.

Distortion induced by magnetic coupling between
power supply wiring and output lines, can be cancelled
by a negative coupling coil inserted in the output lines,
and low distortion, wide power bandwidth, high stability
and simple circuitry are achieved. The MOSFET ampli-
fier delivers a continuous power output of 100 watts at
8 ohms from 5Hz to 100 kHz with no more than
0.01 per cent total harmonic distortion which is about
ten times better than ordinary bipolar transistor ampli-
fiers.
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