High power high quality
amplifier using mosfets

Though power-mosfets are superior to bipolars because of wide frequency response, high
switching speed and absence of secondary breakdown, input capacitance can cause non-
linearity problems at high frequencies if you don’t have enough drive current. This is
especially important when paralleling mosfets for higher output power.

The amplification of very low level signals
delivered by a pickup to the high power
Jevel needed to drive inefficient loud-
speakers presents unique problems which
have attracted the attention of many engi-
neers, as witnessed by the many articles in
‘WW. Some of these are closely related to
the devices used: bipolar transistors. The
relatively new power devices in m.o.s.
technology, power mosfets, are capable of
solving most of these problems.

Audio power amplifiers usmg bquhr
devices tend to be overload protection.
The first one is needed because of the
positive temperature coefficient of the col-
lector current versus base-emitter voltage.
With increasing power dissipation we get
an increasing junction temperature, which
increases with the collector current and
therefore power dissipation. Eventually,
this will lead to thermal runaway, causing
destruction of the device. To avoid it a
sophisticated circuit is needed to sense the
temperature on the output devices and
regulate the quiescent current through
them accordingly.

Bipolar power transistors are also well
known for current concentration under
high current conditions. This causes local
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Fig. 1. Negative temperature coefficient of
the drain current above 100mA prevents
thermal runaway with Hitachi
25K 134/25J48 type mosfets and avoids use
of temperature-tracking circuits.
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hot-spots which can eventually lead to
secondary breakdown. This is especially
dangerous at combinations of high voltage
and high current. Conscquently bipolar
power amplifiers use d volt-

die, which does not deteriorate in the high
current, high voltage area. The result is
that there are no hot spots and no second
breakdown. Sophisticated V-A limiters are
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amp limiting to get the maximum from the
devices without damaging the

The Hitachi 25K 134/28]49 power mos-
fets used in this design do not have such
pmbkms Their most important advnn
tage is the negative
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of the drain current versus gate-source
vnlnge As Flg 1 shows, Lhe drain current

v Vis=0.

lbove npprmnmllely 100mA. This means
that thermal runaway cannot occur and
complicated temperature-tracking circuits
are therefore not required.

Another advantage is the uniform cur-
rent distribution across the whole silicon
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Fig. 3. Typical Ip-Vps curves for 25K134
show that maximum drain current is
limited to seven amps.
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Fig. 2. This n-channel mos source follower has ten times the bandwidth of an emitter

follower.




Fig. 5. Many top-
quality amplifiers
have used a fully
balanced,
complementary,
dual-di i

topology, known
for very low static
di ion at low
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levels and for good
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but it's difficult to
get good linearity
at high levels,
because the
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Fig. 4. Compared to a giant bipolar
transistor, the mosfet has limited current
capability at low voltages, but out-
performs the bipolar at combinations of
high current and high voltage.

therefore not required for protection. In
fact most amplifiers do not need any pro-
tection atall.

There are several more advantages with
mosfets that are important in audio appli-
cations. One is that they are majority car-
rier devices. Because the charge carriers
are controlled by electric fields and not by
injection of minority carriers in the active
region, there is no stored charge in the gate
region. The result is wide frequency res-
ponse and fast switching, even when com-
ing out of clipping.

Like bipolar transistors, mosfets are
usually used in the follower configuration
in audio amplifiers. Fig. 2 shows the fre-
quency response of an n-channel mosfet in
source-follower configuration. For compa-
rision, the response of an emitter follower
is also shown: bandwidth of the source
follower is ten times wider than that of a
bipolar device.

Another important advantage is their
high input impedance. Together with the
uniform current distribution, this allows
paralleling of mosfets without undue prob-
lems. However the spread in the gate-
source turn-on voltage has to be consid-
ered when doing this, as we will see later.
Although the statement “high impedance”
is correct at very low frequencies, it is by
no means applicable for the whole audio
frequency range. The input looks like a
pure capacitor with a value of about InF.
This can cause non-linearities at high fre-
quencies if you don’t have enough drive
current available. The input capacitance
therefore becomes the most important fac-
tor in selecting the driver circuit.

of power
Although having a number of advantages
compared to bipolars, mosfets are by no
means ideal. The most important disad-
vantage with the 2SK134/2S]49s is the
high on-resistance. Worst-case calculations
show that it can go up to 1.7ohm; a current
of 5 amps through the device gives a
voltage drop of 8.5 volt across it. Clearly
this would increase power dissipation and
decrease efficiency. Power supply design
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transistors are
working with
extreme Ve~
excursions,
causing large gain
variations.

has to be based on this worst-case on-resis-
tance. Typical on-resistance is around one
ohm, so there is some margin built-in if we
calculate with the worst-case value. Other
manufacturers are offering devices with
much lower on-resistance but they are
limited in other parameters such as
breakdown voltage and/or in offering com-
plementary devices. A wider selection of
mosfets is expected to be available on the
market in the next few years.

‘When looking at the I4-Vy, characteris-
tics of the Hitachi mosfets, Fig. 3, notice
that the curve is not shown at higher drain
currents than about 7A — the maximum
rated drain current. Compared to some of
the bipolar transistors rated at 20-30A this
‘might look meagre. But taking into consid-
eration the device’s complete freedom
from secondary breakdown, one can
usually use more of the available current
capability of the mosfets than of the bipo-
lars. Fig. 4 shows the safe operating areas
for the Hitachi 28K 134 and, for compari-
son, of a representative bipolar power de-
vice, the MJ15003, being a 20A device and
superior at low voltages. At high voltages
the mosfet is equal to, or in one area it is
even better than, the bipolar device.

Inverti
ot Output

Fig. 7. The cascode configuration
is one of the best for large signal
handling capability.

The maximum output power one can get
with power mosfets is limited only by the
thermal capability of the die/package com-
bination. A 2SK134/28]49 pair can easily
deliver 60W into 82 and more than 75W
into 42. Two pairs in parallel make a
120W/8Q2 or a 150W/4() amplifier, as in
this design.

Driver design
The most important considerations when
selecting the topology for the driver circuit
are

— linearity

— open-loop bandwidth

— drive capability.
Although there are some three-stage driver
circuits in commercial amplifiers of Japa-
nese origin, most European and American
designers prefer the two-stage design
which can achieve both good linearity and
wide bandwidth.

The differential input is universally
accepted as the input stage. The second
stage, which has to supply all of the drive
to the output stage, is either a common-
emitter stage with a current source as a
load, or a differential amplifier using a
current mirror for differential to single-
ended conversion.

Many top-quality amplifiers have been
:xi::g" a fully-balanced complementary

Fig. 6. This offers very good linearity and
easy control of the second stage current, I,.

topology in recent years,
known for very low static distortion at low
levels and for good power supply ripple
rejection, Fig, 5.
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Fig. 8(a) shows the Ic-Vce characteristics of
a typical high-voltage transistor, the
MJE340. Alithough limited in terms of
voltage and current, the curves clearly
indicate gain variations with changing
collector-emitter voltage. (b) shows the
characteristics of cascode circuit where Try
is a MJE340, and Try is MPSAS5. The
composite characteristics of this circuit are
extremely linear, approaching that of an
ideal transistor. Voltage variations across
the transistors do not cause significant
gain variations, consequently these can
handile large voltage swings with very little
distortion.

It is more difficult to get good linearity
at high levels because the second-stage
transistors are working with extreme V.
excursions, causing large gain variations.
There are a number of ways to improve
large-signal handling capability; I have
found the circuit shown in Fig. 6 excellent
in this respect. This fully symmetrical cir-
cuit also allows easy control of the current
in the second stage; it is fixed by the ratio
of the two collector resistors in the input
stages:

Ri/Ry=+1))/,;

1 have found that this current transfor-
mation from first stage to second stage
works well up to a ratio of about 30 and;
with the particular transistors used, up toa
second stage current of 30mA. This cur-
rent was used to drive a pair of
2SK134/28]49s in a 60W amplifier with
good linearity and slew rate. However, if
we want to drive two pairs of devices to
increase the output power to over 100W,
this current is not sufficient any more (see
calculations below). To be able to use
higher current in the second stage with
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goodhnumy,lmdmgnednunnglm—
tion.

Fxg 7 shows the basic cascode connec-
tion of two transistors. Used alone, a high-
voltage transistor such as the MJE340
clearly suffers from gain i with

back loop. Using the cascode configuration
in the second stage, we can easily satisfy

this requirement.
As the collector-base voltage of Tr; is
held constant in this circuit there is
of its colls base ca-

changing collector-emitter voltage; see the
1-Vee characteristics in Flg 8(a). The
composite characteristics of a cascode m—
cuit (MPSASS, M]E340) are

pacitance, effectively eliminating the in-
fluence of this capacitor on the frequency
response. Transistor Tr, is operating in

lme-r, approaching that of an ideal tran-
sistor, Flg 8(b). Voltage vnmuons acmss
the do not cause

base mode, which is ly a
wideband oonﬁgunuon Together, they
offer a very linear operation over a wide

variations, conxequmtly these can lundle
large voltage swings with very little distor-
tios

n.

An additional advantage of the cascode
circuit is its wide bandwidth. It was estab-
lished many years ago' that we need an
open-loop frequency response up to 20kHz
to avoid transient overload inside the feed-
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=

Fig. 9. Paralleling mosfets is easy, thanks to
the high-input impedance and the uniform
current distribution across the die.

range. A slight disadvantage is
the increased voltage loss across the two
devices. This is not a problem in our appli-
cation because the voltage loss across the
output devices due to the on-resistance will
dominate. Alternatively the driver circuit
could be supplied from a higher voltage.

Finally, look at the drive reqmmnenl:
Fig. 9 shows the output stage, consisting
of two pms of n and p-channel devices
operating in source-follower mode. The
input capacitance of the p-channel fets is
around 900pF, the n-channel around
S00pF. Used in the source-follower mode,
the input capacitance is reduced by the
local feedback. As the transconductance of
the devices is fairly low (0=0.7 to 1.4S),
this reduction is moderate. Calculations
based on the published figures in the Hita-
chi data sheets show that we will end up
with 100 to 200 pF input capacitance for
each of the devices using an 8} load.

The input of the output stage is nor-
mally used as the main roll-off point for
the amplifier. Because input capacitance
varies with operating conditions, it is
necessary to add a real capacitor here
(Ceomp in Fig. 9), to come up with the total
value needed to stabilize the amplifier.
Assuming Ceomp 400pF, and 150pF each
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Fig. 10. Driver circuit chosen is as it was for open-loop measurements: gain without the
load was too high: the 2k(2 load reduced it to about 66dB. In parallel with 1nF the distortion
was 0.1%, both at 1 and 10kHz. Response was down 1dB at 20kHz, 2dB at 30kHz.
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for the mosfets, the total load

seen by the driver circuit is around 1nF.
To avoid non-linearities caused by this
input capacitance, we have to have enough
current available in the driver stage to
charge and discharge it under all condi-
tions. I was especially interested in very
low distortion across the whole audio band
with a reasonably high internal slew rate as
a secondary requirement. This was to be
higher than the slew rate of any signal
capable of entering the amplifier, through
the low-pass filter used at the input. Using
the well-known formula for the slew rate

dV/dt=i/C

calculate the necessary current to charge
and discharge the input capacitance at the
rate required. For a slew rate of 100V/us,
and assuming an input capacitance of 1nF,
100mA is needed in the driver stage.

‘The final driver circuit selected consists
of a balanced. complementary differential
input stage and complementary cascode
second stage, Fig. 10. The differential in-
put stages are working with 2mA each
(ImA per transistor) while the second
stage, for reasons of linearity and power
dissipation, ended up with approximately
S0mA. )

Open-loop distortion for the whole am-
plifier is approximately 0.5% measured at
1kHz and 100W into 8. If all of the
feedback (40dB in this case) reduced the
distortion effectively, we would end up
having 0.005% in the final amplifier. This
is more than adequate for any high quality
amplifier. However, the 2k} resistor is
shunting too much of the available current
away from the load capacitor (correspond-
ing to the input capacitor of the output
stage), resulting in a little higher distortion
at high frequencies than I was looking for.
To avoid this, I removed the 2k(2 load and
replaced it with 10k() (actually 2x 22k, see
final circuit). This increased the open-loop
gain and the feedback, and the final ampli-
fier shows very low distortion across the
whole audio range.

lthubeenmdmndunothelowgmot
the mosfets, specul circuit

18 turns, 1layer
p=120m

Fig. 11. A suitable output coil can be made
on a plastics spacer with parallel resistor to
dampen ringing caused by capacitative
load.

mal electrolytics connected to form a non-
polar capacitor can also be used. The
layout gives a number of possibilities as far
as type and size of the capacitor(s) are
concerned.

Components R; and C; form a low-pass
network to prevent high frequency signals
with slew rates higher than the internal
slew rate of the amplifier from reaching the
input. As the output i of the

single zener diode or a zener diode and a
silicon diode in series.

The 3V reference for the cascode circuit
(formed from Try, Trg & Try as the p-n-p
part, and Tryy, Try; and Try; as the n-p-n
pm) is derived from a string of IN4148s.

This might seem extravagant, but the only
alternative, a 3V zener diode.

at SmA, the. average forward drop is
0.64V, five of them in series supply 3.2V
for the cascode circuit.

Transistor 10 and associated circuitry is
for bias adjustment. Hitachi recommend a
regular potentiometer for this but as the
relatively high current in the second stage
is SOmA I didn’t find it satisfactory to pass
all of this through the wiper of a small
trimpot. Instead, I use a normal bias ad-
)ustmcm circuit (Vgg-1 muluplm‘) found in

all blpol.lr The dif-

preamplifier forms part of this filter, the
value of C, should be ld]uswd for the
icular system it is used in.
that the output impedance is very low, the
values shown give a —3dB point of over
200kHz, so C, should be changed to 1 to
1.20F, bringing the —3dB point down to
about 60kHz. The value shown can be
used with preamplifiers with output im-
pedance up to about 10k(2. C; should be a
polystyrene or polypropylene capacitor.
The d.c. path for the input transistors goes
through R; which for minimum d.c. offset
at the output of the amplifier should be
equal to Ru
_For minimum d.c. offset we also need
transistors in the input stages
bm it is difficult to find them with high
breakdown voltage. The best compromise
1 have found is the BC546B and BC556B
complementary pair; hgg is specified as
180-450 at 2mA collector current and
breakdown voltage 65V. A better choice as
far as voltage is is

ference is that this circuit is not supposed
to have any temperature compensation:
Tryo should therefore not be mounted on
or near the output heatsink.

‘When switching the amplifier on the
first time, the potentiometer should be set
to its anti-clockwise position. While moni-_
toring the current through the whole am-
plifier (for example by removing one of the
fuses and connecting an ammeter across its
terminals), the quiescent current should be
adjusted to 260mA (100mA in each of the
output devices, plus driver). This ensures
an optimum operation from the point of
view of temperature stability, and low-
level distortion.

The mosfets are guaranteed for a
minimum gate-source breakdown of
+14V. The devices have built-in protec-
tion diodes, so it should not be necessary
to use external protection unless the ampli-
fier is overloaded at very high frequencies.
For wsung 1 usuxlly drive the nmpllﬁﬂ' to

the MPS8099 and MPS8599 pair (80V)
which gives the possibility of higher
supply voltages; hrg is 100-300 at 1mA,
but does not create any problems with the
relatively low-impedance d.c. path used.
The current sources, which supply 2mA

like the composite source-follower or ex-
trememly high open-loop gain in the driver
stage are necessary to get an acceptable
linearity?. It is my experience that the only
precaution necessary is to have enou;h
current available to charge and

the mosfet input capacitances. The design
described shows that very good linearity
can be achieved with a moderate amount of
feedback (30 and 40dB, respectively) and
normal source-follower configuration.

Circuit discussion
In the complete circuit diagram, p.73, the
blockmg capwtor C together with R;-R;

to the stages, require a stable
voltage reference. This is normally ob-
mnedfmmlowvulugemudlodesorn
string of small-signal silicon diodes.
1N4148 can be used in this circuit: they
show a good repeatability and are very
inexpensive. Operating the IN4148s at
around 1mA, the vnlnge drop is very close
to 0.6V: two in series with 2mA through
them give an acceptable performance (Ry;,
Ry3=22k, Ryo, R12=30002).

A zener diode solution, shown on p73,
needs zener diodes operated at a higher
current than the 1N4148s, hence the
change ofRu, Ry3 to 10kQ2. Although not
shown in the schcmnuc, a good tempera-

Pt of the pi pli
ﬁu ines one of the low-fr

ture can be achieved by
a silicon dxode in series with

roll-offs of the amplifier. Assuming that
the impedance feeding the amplifier is low,
the —3dB point will be about 1Hz. The
non-polar capacitor Cy, should be polypro-
pylene, polycarbonate or, if these are not
available, a polyester capacitor. Worst
case, a non-polar electrolytic or two nor-

7”2

the 4.7V zener, which follows the Vgg
variations of the current-source transistor.
This is recommended when operating the
amplifier at very high ambient tempera-
tures

Th'e proposed layout accepts all three
solutions: two silicon diodes in series, a

output in the
30 to SOkHz with an 8Q load and d.l
connect a large capacitor (around 4uF)
across the output. The amplifier should
work either normally if current
capability permits or should automatically
limit the output.

I have seen the Hitachi devices act a
number of ways, depending on the circuit
configuration. They might latch, conduct-
ing a very high current; they might break
up, delivering a very distorted wave form;
or they might go into oscillation. Although
none of these conditions ever produced a
destruction, the devices should not operate
under such conditions for an extended
period of time. Diodes Dy3-Dy¢ serve that
purpose; no matter what current is de-
manded from the output stage, the diodes
prevent the driver stage from delivering
more than +10.6V peak gate-to-source
voltage. This protects the output from out-
of-audioband overstress and just about any
sort of abuse is tolerated, until we reach
the thermal limitation of the die/package
combination.

There are three more blocks of compo-
nents on the p.c.-board. One is the feed-
back network, in which d.c.-feedback is
applied through Ry;; for minimum offset
this is equal to R; and a.c.-feedback, given
by Ry and Ry, isolated from the d.c.
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Capacitors are of three main types — those marked 100nF ~ &

e i e e i it S A are 250V polyester (stacked foil) types, below this value
| | they are 63V polypropylene or polystyrene types (or
| Tunsistors Ryg ! dipped mica for C7), and above they are 80V electrolytics,
LTt T s . O+ «except for C1 which should be a non-polar 100V
| polypropylene, polycarbonate or polyester type.
| T % T, BCsses fsgme g S, & ﬁ C ._. ] Resistors are Yawatt, 1 or 5% unless otherwise shown.
T 9 b
,. j :w MPSASS T [ 1000 ,,
T MIE 350 T
) T o |
| o MPS ASS 3 3-0 h
Ty MJE3L0 v |
| Ty Trg MPSA0S |
|, ™ 25K134 T vy
% 715 9 |
|
: Tog Ty 2509 - ]
” Diodes ING148 mm R3
| v 5w
|
u see fext
; Ros |2,
30 | & Ry
22 (2W) Ty ny ¢
C 13
] 0K 22K
1,
T cu=
Ogk  © 12 100p
v
L Lo
ap
Ry
: - 15 watt wire -wound low inductance

2 1 *1 watt metal oxide
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feedback by Cs and Cg. The d.c. gain is
unity, and a.c. gain is approximately

(Ras|[Raz+Ra1)Ray

which is close to 20 times or 26dB. Capaci-
tor 5 is a non-polar elemolyuc and since

The first one is a
pmperdeeouphnguf power supply
connections directly nttbed:vwe

ages. Again, lmmbmuonofelomolym
and polyester capacitors is used for this.
The second one is the usual source fol-

Compom C;7 and Ry ptvvlde lead
compensation and optimize square-wave
response; C; should be polynyreu
polypropylene or a dipped-mica type.

Th:nmbhckuthgoutp\nnetwork,
consisting of L in parallel with Rss, and
the RC network R37-Cy3. To prevent short
circuit of the output with capacitative load
and high frequencies, an inductance is in
mwnhthcoutpm This has an in-
uuung impedance with frequency, thus
preventing the short circuit. This can
cause sustained ringing with a capacitive
load, so we dampen the inductance with
Rsg. A suitable coil is shown in Fig. 11 (I
us_edlphsﬁmupuwuuooilfurm:r).

Components R3;-Cj3 terminate the am-
plifier resistively at very high frequencies,

to the gate pins of the devices.
The uniform current distribution across
the die means hot- cannot occur and

input impedance enables operation in
parallel mode without too much trouble.
However, some precautions have to be

drain

Ideally, the devices should be matched
to within +10maA at 100mA drain current.
But unfortunately, this requires a large
number ofdeviouwsdectﬁommdan

Mnnu'mnu on practical amplifier

I ped: 28d
nput impedance2
ut power 1zow mlo sn

50W inf
Harmonic 1kHz 0.002% n 120W into 80
distortion 10kHz 0.0065% at 120W into 80
Slew rate SWI

without input
Rise time | 2|n without inj ﬁlmr
2us with input

only make an approximate balancing of
lhueby;ddmg:xmupmﬂnoetolhen-

soldered directly to the gate-source pins of
the n-channel fets.
Capacitor Cys, togetha with Cy4 on the

wiring
m\mleOpFuneededontheboud the
rest does a better job when connected
directly at the input of the mosfets. Make
them

only be done in larg
prpﬂy devices coming from the same

necessary because represent
nveryhxghorunconuouodnmpedmeen
h.f., causing oscillation that can destroy
tweeters.

Finally, there are RC networks in each
of the supply connections. Although the
amplifier has a good inherent ripple rejec-
tion, additiohal filtering is an advantage
from the point of view of isolating the two

. This is especially important at
high frequencies, hence the paralleling of
the electrolytic with a 0.1uF polyester ca-
pacitor.

Heatsink assembly
The rest of the components are mounted
directly with the output devices on the
heatsink assembly.

The power mosfets are high speed de-
vices, and require special mounting and

Transistors 9 & 11 need
heat dissipators — either a
standard extrusion (SK09)
oran -bracket can be used.

Outout

2)

batch (bought at the same time
from a distributor and marked with the
same date code), seem to be close enough
to work satisfactorily in the amplifier. Re-
sistors Ry1, Rz, Ryz and Ry are also
helping in equalizing the current at the
same time, as they help linearize the char-
acteristics of the mosfets. These resistors
should be non-inductive types.

types, or
dipped-mica.

Although not intended primarily for
plug-in systems, the p.c. board is made in
a standard-size Eurocard format
(100X 160mm), mdudmg a 31p|n connec-
tor. For simplicity, the input is available at
the other end of the board. This makes the
layout very straightforward; except for the
ground path, the hymn follows the circuit

very closely. There are two
jumpers on the bou-d both indicated on
the layout.

value of the input capacitances, we can

Thermal resistance should be around
0.5deg C/W per channel, which allows the
amplifier to operate at a very high average
output power continuously. A 150mm
piece of a standard SK47 extrusion, with a
T or L-bracket to mount the mosfets on,
works fine. If the possibility for contin-
uous operation with very low impedance
loads exists (less than four ohms), it is a
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5amp
fostacting fuses .
L0V,

L 1onF

s 24

220 WV

10mF

T 8V

The grounding scheme is flexible in that output ground and input ground are not
connected together on the board. This makes it very simple to adopt a number of wiring

schemes: a proposed wiring diagram for a stereo amplifier using acommon power supply

is shown. Using the boards with separate supplies, output and input ground can be
connected together, which gives the best signal/hum ratio in a system.
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good idea to put thermal breakers on the
heatsinks with a cut-out temperature of
about 75°C.

Plus and minus 57V supplies are needed
for 120W into an eight ohm load. Assum-
ing a 10% transformer regulation, the no-
load voltage should be +63V. This
translates into a transformer with a 2x45V
secondary, and rated at SOOVA, toroidal
for minimum hum. The filter capacitors
must be at least 10mF each, rated at 80V.
The bridge has a rating of 30A with a surge
rating of 300A. W
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