AUDIO DESIGN

Building on his earlier
fast driver amplifier
work, Giovanni Stochino
has now developed what
is possibly the fastest
high-power audio
amplifier of its type.
More impressively, he
has done so without
sacrificing audio purity.

300V/ps power

basic architecture of high-speed voltage

feedback amplifiers can be applied to the
design of high-performance audio-power
equipment. Detailed design information for a
non-slewing 100 watt into 8€2 mosfet power
amplifier was given. It featured a linear output
speed of £170V/ps and its rated output power
total harmonic distortion figures were 0.004%
and 0.045% at 1kHz and 20kHz, respectively.

Subsequent investigations have shown that
further evolution of the basic architecture can
provide higher speed and better thd figures —
comparable with top-class hi-fi amplifiers —
relative to the basic configurations.

This article reports the results of my recent
investigations and experiments and provides
design details for a new low-distortion, very
high speed 100W into 8Q audio power ampli-
fier, which features a slew rate higher than
+300V /us and rated power thd figures of less
than 0.002 % and 0.020% at 1kHz and 20kHz,
respectively.

In my previous article' I described how the

Improved high-speed architectures
In my last article, I demonstrated that the thd
and speed performances of the basic high
speed voltage-feedback architectures appear to
be influenced by the low, i.e. unity to two,
current gain of the intermediate stage. This
implies that a substantial improvement of both
thd and speed figures can be obtained when a
higher current gain class AB intermediate

stage is incorporated in the original schemes!'.

The problem here is that this change has to
be done without degrading the other perfor-
mances and, more importantly, the robustness
of the basic design.

With this requirement in mind, my investi-
gations have focused on the topologies shown
in Figs 1 and 2.

The input stages are designed to provide
class AB operation and the simultaneous
availability of large push-pull currents, /g and
I, with the appropriate phase, at nodes A and
B, Fig. 2. I have already shown ? that this fea-
ture is very important to avoid the dangerous
simultaneous conduction of the upper and
lower half of the intermediate stage. During
simultaneous conduction there is a risk of
driving intermediate stage transistors out of
the dynamic safe operating area.

Avoiding simultaneous conduction con-
tributes to the robustness of the amplifier. It is
particularly important in very fast high-power
amplifiers, where the feedback loop forces the
intermediate stage to provide high peak cur-
rents during large/fast input transients.

Another key feature of these schemes is the
use of common-base transistors 77 g ;1. These
play a twofold role:

@ to allow the use of low voltage high current
gain transistors Trg and Tr),, which increases

the available gain and peak current of the
intermediate stage;

Jamel Ai(ib

@ to improve amplifier linearity.

Relative to Fig. 2, the configuration of Fig. 1
potentially provides higher input stage large
signal transconductance and less power con-
sumption. As is well known, large signal
transconductance in both schemes is deter-
mined mainly by cross coupling resistor R.
However, while in Fig. 2 the value of R is
mainly governed by the need to provide the
level shifting voltage with reasonable power
consumption, in Fig. | this limitation does not
apply. As a result, R can be set as low as con-
venient.

Because of the above, Fig. | promises better
speed and lower power consumption than Fig.
2, although at the expense of offset and noise
precision and distortion performance.
Differences in the two schemes are only in the
input stage. Intermediate and output stages are
exactly the same for both designs.

Compared with the simplified circuit dia-
gram presented in my March ’96 article, the
clamping network at the output of the input
stage in these designs shows one additional
diode, which has been introduced to increase
the intermediate stage peak output current to
about 80mA. Accordingly, higher maximum
output rates of change are to be expected. In
order to produce comparable results, the two
amplifiers are designed with as close as pos-
sible phase margins and unity gain frequencies
under closed-loop conditions.
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Fig. 3a). Detailed circuit diagram of the final
100W/8Q audio-power amplifier, featuring a
speed higher than +300V/us, and a rated
power thd of 0.002% at 1kHz and 0.018% at
20kHz. Note that all diodes are 1N4448
Diodes 1N4448HV are 1N4448 selected for a
reverse voltage higher than 120V. Add
100uF//100nF decoupling to each 55V rail
and 1000pF//2x100nfF to each 48V rail.

Some Spice simulation results are reported
in Tables 1 and 2. Here, the main character-
istics of the two new amplifier configurations
are compared with the basic non-slewing
architecture, with similar characteristics.

It is clear that the new implementations pro-
vide better speed and thd performances than
the basic non-slewing architecture design, con-
firming the theoretical predictions.

Figure 1 and 2 have very similar closed-loop
performances. However, due to the reduced

5042 co-ax cable

number of transistors in the input stage, Fig. 2
offers better open-loop performance, in terms
of frequency response and phase margin, as
well as less noise.

In the light of the above, Fig. 2 seems to
represent the best candidate for the design of a
high-performance audio power amplifier,
although power consumption is higher due to
the level shifting current needed to bias the
input stage. Moreover, this topology can be
expected to provide reduced sensitivity to lay-
out and parasitics, as well as load impedance
variations. Consequently it will simplify

in vy A . .
SR -------m-m---
To the power amplifer ! Jal n design and implementation.
e 3 . 3
C(SR) Implementing the power amplifier
R(SR)S 12R5 50R > Ry (Oscilloscope) Design has been optimised through intensive

Termination

R(SR)//R;p(Osc) = 100

Fig. 3b). Slew rate test circuit from D. Self3. Component values and circuit have been adapted
to high-speed measurement. Slew rate, SR, can be determined by the following;
SR= VSR(max)/(CSRRP)=100x VSR(max)/ in V/’IS, where RFR(SR//RIN(OSC)=1OQ- OSC”’OSCOPG

bandwidth is higher than 200MHz.

simulation work and verification tests on the
experimental prototype. Measurements have
substantially confirmed simulation results.
Discrepancies only occur when simulation
data are close to or below the limits of avail-
able test equipment, the readings from which

.include noise, as well as thd. This is the case
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3 A
Fig. 4. Input stimulus type used for verifying
the amplifier’s speed, during simulation and
experiments. Vertical scale is 3V/div.
Maximum speed measurements were made
using both standard and Self methods.

for thd at 1kHz. The differences at 20kHz can
be explained by layout problems in the exper-
imental prototype and/or by the influence of
component mismatches.

Final design

Figure 3a shows the complete circuit diagram
of the final low thd, high speed 100W, 8Q
audio power amplifier.

Compared with Fig. 2, extra capacitors C5 to
Cg are introduced in the assembled prototype.
These components compensate for layout par-
asitics and achieve a clean step response in all
operating conditions, Figs 4, 5 and 6.

The diode clamping network on the collec-
tors of the input stage transistor has been sim-
plified. Two diodes connected to zener diodes
DZy and DZ, perform the same task of the
original circuit. Here, positive and negative
peak currents of the intermediate stage are
slightly higher and symmetrical than in Fig. 2.

The biasing network of the intermediate
stage is made from Tr3, Try4, DZ3 and DZ,,
in addition to current setting resistor Rg.
Nominal bias current, given by,

Igo=Igo =(Vec+VEE—2VZ—4VBE(on)/RB

and is about 6mA.

Bias setting and stabilisation of output
power mosfets is achieved by means of the
TL431 shunt regulator and temperature sens-

AUDIO DESIGN

1o=120mA, R;=50, Load=8//0.5F.

Characteristic

Best input offset voltage?

DC gain, open loop

Unity-gain frequency

Open-loop gain at 20kHz

Open-loop amplifier phase margin3
Closed-loop amplifier phase margin®
Slew rate, 10V pp square wave input
Output noise, bandwidth 80kHz

Table 1. Characteristics of Fig. | and Fig. 2 fast audio-power amplifiers. Test conditions are

Basic nsa'  Fig. 1 Fig. 2
350pV 180pV 170pV
80dB 110dB 111dB
22.5MHz 19MHz 22MHz
64.5dB 67dB 68dB
-81° -127° -93°
+82° +79° +76°
+160V/us +210V/us +185V/us
34pV rms 50pV rms 31pVrms

Table 2. THD of amplifiers in Fig 1 and Fig 2 with same test conditions as Table 1.

Vout (VPP) Basic nsa' design Fig. 1 Fig. 2
1kHz 20kHz 1kHz 20kHz  1kHz 20kHz
20 0.0018 %  0.0240% 0.0008 % 0.0140% 0.0006% 0.0120 %
80 0.0090 % 0.0380% 0.0005% 0.0100% 0.0004% 0.0080 %
Notes

1. Non-slewing amplifier

2. In the simulation phase, devices and components have been considered perfectly matched.
3. Amplifier only, i.e. without the feedback network.
4. Amplifier plus feedback network. Closed loop gain is 30.6dB.
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Fig. 5. Simulated frequency response - i.e. magnitude — of the power amplifier in Fig. 3. Test
conditions are V,(a) load=8Q//0.5pF, V,(b) load=8//0.05uF, vertical scale is 10dB/div and

frequency range is 1THz to 100MHz.

sists of three diode-connected 2N555/s and is
mounted very close to the output mosfets on
the same heatsink to provide thermal coupling.

This scheme provides a stable working point
for the temperature sensor TS, which is insen-
sitive to /gq variations. This is because current
I1s is kept constant by the TL43/’s 2.5V inter-

Irs=Viei/R(T).

Since, as is well known, each transistor pro-
vides a AV,/AT of about—2 mV/°C, TS yields
a total AV1g/AT of —6 mV/°C. This has been
found adequate to compensate for the intrinsic
I changes with temperature of power devices.

Bias current / of each mosfet is set at

ing network TS in Fig. 3a. This network con-  nal reference, through the relationship 120mA via trimmer VR, after a reasonable
Vo ]| _ , - 15 Vo' Vo 7 15 Vo'
40 Vo' 40 Vo'
4 SRR |, 0
20 —-] 204
— — -15 A -15
f Vo 7 / \/\/\/—\VO
i ] — : T |
20 -20 V V
T T T T T T T T T T T T | | T
1404 160p 180p 200p 220p 240p 260p 280 140p 160 180p 200p 220p 240p 260p 280y

Fig. 6a). Simulated voltage step response of the
power amplifier in Fig. 3. Test conditions are
V,’=20V peak-peak, load=8Q//0.005yF, vertical
scale is 15V/div and frequency is 10kHz.

8Q//0.5pF.

Fig. 6b). Simulated voltage step response of the power
amplifier in Fig. 3. Test conditions in this case are the
same as for 6a), except for the load, which is
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amplifier warm-up time. Make sure to set this
trimmer to its highest value before applying
power to the amplifier. Measured / variations
during operation are less than 20%.

Supplying power

To increase the amplifier’s efficiency, separate
unregulated +48V supply rails are used for the
output power devices, which are /RF640 and
IRF9640 types from International Rectifier.
The rest of the amplifier is powered by two
regulated +55 and —55 V supply rails.

Tables 3 and 4 demonstrate the notable
improvement of harmonic distortion figures.
At 1kHz, measured thd is mainly limited by
the available instrumentation, as illustrated by
the fact that it remains virtually unchanged
when load impedance reduces to 4Q.

The maximum rate of change of the output
voltage results in excess of 300V/us, con-
firming that the new architecture is viable for
reliable high-speed power amplification.
Measurements of slew-rate were made both in
the traditional way, and in accordance with the
practical method suggested by Douglas Self,?
with appropriate adaptations.

The test circuit is shown in Fig. 3b.
Assuming Vy'>>Vgg, the maximum rate of
change SR is determined by,

SR = Lt _ 100 v, \Y/
- - SR(max) Hs

SRHP
where Rp=Rsr//RiN(osc)=10€2.

To the best of my knowledge, this speed is
the highest ever reported for a high power
audio amplifier, which makes use of voltage-
feedback.

The theory behind the speed performance of
this architecture can be basically explained as
follows. The maximum current available at

nodes A and B depends on the maximum
input voltage, V. which can be safely
applied to the input of the amplifier. This is
given by equation 4 of my March ’96 article,

- ‘/(maxj - zvhe(un) - VEBO - Vh?(un)
A 2R +R 2R +R

This current amounts to about 18mA for the
component value and active device types used
in Fig. 3a.

Since capacitance at nodes A and B in Fig.
3a is about 50pF, the maximum slew rate
across C; and C, is SR, p=360V/us.
Capacitors C3 and C,4 do not play a major role
in this context because the voltage variation
across them is limited to a few volts.

On the other hand, the current available at
the output of the intermediate stage, nodes C
and D, is about 80mA. Total node capaci-
tance, including the reflected capacitance of
the output power devices, is less than 230pF.
Slew rate at the input of the output stage will
therefore exceed SR p(miny=350V/us.

Bias current considerations

It is worth pointing out that this high value of
slew rate can be sustained by the amplifier
only if biasing current /g is large enough to
charge/discharge at the same rate the base-col-
lector capacitances Cy. of Trig and Try,
which equal 5-8 pF. This means that
I802SRcp(min)Che has to be set at 2.8mA.

A safety margin is recommended for taking
into account parasitics and base drive require-
ments, which equals,

IB(peak)/ﬁ(mm)=80mA/30=2.7 mA.

The minimum output slew rate SR(pin) will
be slightly less than SRcp(min). due to the gate
driving requirements of the output power

80kHz bandwidth.

Table 3. Total harmonic distortion of final amplifier in Fig. 3a, with R=50Q, 1o=120mA and

Vout (Vpp) Spice simulation Measured Measured

8Q load 8Q load* 4Q load*

1kHz 20kHz 1kHz 20kHz 1kHz 20kHz
5 0.00010% 0.0040% 0.0031%  0.005% 0.0035% 0.007%
10 0.00025% 0.0140% 0.0024%  0.008% 0.0029% 0.010%
20 0.00070% 0.0190% 0.0020% 0.011% 0.0023% 0.013%
40 0.00060% 0.0145% 0.0023% 0.015% 0.0023% 0.018%
80 0.00060% 0.0110% 0.0021% 0.018% 0.0023% 0.026%

*Instrumentation limit, thd+noise): 0.002% at 1kHz; 0.003% at 20kHz.

Characteristic

Input offset voltage

Slew ratet, C=0pF

Slew ratet, C=1nF
Output noise, bw=80kHz  31pV (rms)

1 6V peak pulse input, as in Fig. 4.

Table 4. Further characteristics of Fig. 3a amplifier, R=50Q, load=8Q, 15=120mA

Spice simulation

+336/-297V/us-
+360/-304V/us

Measurement results
1.6 mV
+310/-360V/us
+360/-370V/us

39uV (rms)

devices. The above theoretical values are in
line with simulation, and with measured
results, Table 4.

In this design, a InF capacitor has been
added across R to increase the dynamic
transconductance and the available peak cur-
rent of the input stage corresponding to the
maximum expected input signal transients, say
3V peak. In such a case,

V.

[ __ in(peak)

A(peak) — 2R

e

B 2th(an) <18mA

This results in a slight increase of speed for
input signals within the linear dynamic range
of the amplifier and in a further reduction of
the already low residue of dynamic intermod-
ulation distortion.

Cross-coupling capacitor C needs to be
treated very carefully. In fact input transistors
Try to Try4, under large signal conditions,
behave like a full wave rectifier of the voltage
difference Vin—VE. Current flowing in C is
thus unidirectional. This results in a dynamic
charge build-up across C, which is particular-
ly important at high frequencies and during
transients, when Vn—VE is usually larger.

The charge build-up could end by producing
undesirable bias and gain modulation of the
input stage, and, consequently, increased high
frequency thd and intermodulation distortion.
This effect is also evident from the fact that
while C can truly help to boost the linear
speed of the amplifier during occasional tran-
sients, it does not produce the corresponding
improvement of the linear power bandwidth
and of the dynamic intermodulation distortion.

Minimising charge build-up

In order to minimise the above side effects, a
low value of capacitance should be chosen.
Definition of the right value of C is not an
easy task, since its influence on the circuit per-
formance is both amplitude and frequency
dependent. The following rule of thumb has
proved effective in many applications,

ce 1V
10(27RF,,)

where F)y is the maximum input frequency,
which is 20kHz for audio applications. This
implies that the zero introduced by R//C in the
large signal frequency response of the ampli-
fier has to be located far above the audio fre-
quency range. According to the above empir-
ical inequality, C should be lower than 3.9nF.
As a matter of fact, the value employed in this
design, InF, has not produced measurable
effects on thd performance. |
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