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Audio amplifier output protection

http://www.angelfire.com/sd/paulkemble/sound7.html

The silicon chips, in the output transistor packages, can be seen as the thinnest slivers of glass about 5mm square or smaller, and these can get very hot (see Ohm's law and the Second Law of Thermodynamics). Constructed of different layers that can expand and contract at different rates, as the chip heats and cools stresses occur which then result in cracks. Excessive heating can also melt connectors. A sudden current surge, say from a short-circuited speaker or associated wiring, can heat the chip to catastrophic levels before the heat-sink can act. By increasing the number of output devices this heat can be spread, or dissipated, over a larger area. Bipolar transistors have a negative temperature coefficient, this means that as they heat up they pass more current, thus getting hotter. Often the heating effects will be confined to small hot-spots thus increasing the stress differentials within the chip. V-FETS have a positive temperature coefficient which means that the current they pass reduces as they heat up and, because of their architecture the heat will be spread over the entire chip. These devices then have an inherent safety feature built in as far as internal dissipation is concerned.

Semiconductors are more sensitive to overloads than thermionic valves. Although a maximum voltage and current rating may be specified, both of these cannot be sustained simultaneously. The power rating, in watts, is usually specified at a chip operating temperature of 25°C. Beyond this, the maximum dissipation of a device must be derated linearly to zero at the device's maximum rated operating temperature. Thus, the concept of Safe Operating Areas or curves, within which a device is designed to survive. Beyond these, failures are usually sudden and of a permanent nature.

Output protection usually appears in a design, sometimes to protect the amplifier from damage by load failure (speaker, wiring, inadequate DIN speaker connectors, etc), or to protect the load from amplifier failure (eg; thermal runaway arising from inadequate heat-sinking and ventilation). This latter appears, in reality, to be the true function since most faulty outputs usually involve a short-circuited output device.

As a general rule, the power dissipation of an amplifier driving a 60° reactive load (usually considered to be a worst case loudspeaker load) will be roughly that of the same amplifier driving the resistive part of that load. For example, a loudspeaker may at some frequency have an impedance of 8R and a phase angle of 60°. The real part of this load will then be 4R, and the amplifier power dissipation will roughly follow the curve of power dissipation with a 4R load. Lively loads like isobariks, ESLs, ribbon types, etc, can easily dip below 1 ohm, then causing catastrophic output stage failures. With these it is not the power output of the amplifier that is important, but it's ability to withstand short-circuits. For example, the peak power an output device has to survive may only be about 100W for a 4R resistive load, this rises to around 250W for a complex load (45°). Low loss speaker cables can exacerbate the problem and often it is suggested that loads like these have a high-power 2R5 resistor wired in series with them to maintain stability.

It is a sad fact that under pressure of commercial constraints, protection circuitry is invariably the first omission to be made by manufacturers. A further disincentive can be created when a well-protected amplifier with defined operating limits will not sound louder than an unprotected model of a similar output.

Protecting a power amplifier output with a fuse may, at first, seem like a good idea. Compared to other electronic protection methods, it avoids hard clipping under dynamic conditions when the amplifier is driving fast HF transients into loads with a low HF impedance. However, if the fuse is in the signal path (see A below), it's non-linear resistive characteristics as it heats and cools can affect the sound quality, especially that of the bass.
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Including the fuse in the feedback loop (see B above) can help to alleviate this if no other alternative is possible. Ideally, if fuse protection is to be provided to individual amplifiers, these should be placed in the supply lines before the amplifiers and chosen to reflect the load's usually smaller power handling capabilities rather than the amplifier's usually greater output limits.
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Similarly, monobloc designs can be protected with a single mains fuse rated for the load, the use of a 'fast' type being possible if a soft-start is employed.
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When fault-finding or installing systems run on lower voltages, eg; automotive, marine, class D, etc, the use of a suitable bulb as a dummy load, whether in series with a suspect amplifier or speaker, can be of considerable assistance. As the load is driven harder, the bulb's filament's impedance rises, then limiting the current through the load.
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Such an approach is useful in professional systems or when faced with unknown or dubious loads since a bulb is cheaper to replace than a speaker.

Obviously, it makes sense if an amplifier can 'look after itself' when presented with a short-circuit on it's output by current-limiting it's output stage. An older 'workhorse' approach (below) intended for disco use current-limited the drive as well as using AC coupling to the load. Large output electrolytics have disappeared from most power amplifier designs; reliable, high-voltage, high value capacitors proving expensive and/or difficult to obtain, leading their use to fall out of favour for high current outputs. Multiplying these components increased expense and compromised reliability, those in the power supply most prone to failure. Benefits, however, included protection of the load from gross DC failures in the (most common) event of a power transistor short-circuiting.






The high voltage supplies, 95V in this case, often using multiples of 10mF, 125V electrolytic reservoir capacitors were then likely to fail next.

A 'nice' design with adequate protection is shown below;
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Not only is the drive current-limited, but the output, and other areas, are clamped with diodes offering protection from misuse or overloads, eg; two (or more!) amplifier outputs being tied together via sloppy speaker wiring, or reactive speaker loads, which normally spell instant death for most designs. For belt and braces clamp input transistor bases to ground (2 x 2V7 zeners in series, each reversed with respect to each other, 2k2 resistor in series with input capacitor). Mount RCA1A18 on heat-sink and small caps as close as possible to their respective transistors. The 22k, 1W Rs feeding the RCA1A09s can be 11k, ½W, taken to ground, rather than the + rail. A runner, built to last. Nice one, RCA. The 200W version is very similar with an added driver and output pair, appearing in a variety of forms such as the much later FM Acoustic FM800A (40W designs from same databook).

Stripping out the protection (see below), some might say, gives better performance. But others might argue that by the application of a little effort, at the design stage, avoidance of a later major effort can be achieved, given the components that are now vulnerable.
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Current-limiting the output can give rise to distortion in the form of clipping when wanted transients trigger the protection. This can be overcome by including capacitors to damp and thus delay the onset of limiting operation, even by a small margin as in the FM800A. Often the voltages at which these will trip will be assymetrical, in another design +4V8 and -6V9, for example. This should be noted, lest reasonable limits be exceeded.

Some may disagree, but the author found a good working example of rugged, well-protected design in the RSD 800b one of which drove four 18" scoops for more than fifteen years without complaint, apart from other incinerated / dropped speakers that the optimistic hoped would work. There is no doubt that the RSD's ability to run 'all day, every day' into any load, at any level, with any user and for so long without ever blowing a fuse, was largely due to the protection employed and the available airflow over it's components, though now appearing dated. Indestructibility is a very desirable feature. The author considers the transient damping employed in the current-limiting to be noteworthy.

Paralleled arrays of output devices spread the thermal load inherent in the output stage. Differences in current gain between output devices can become important, a higher gain device passing more current than a lower gain type and consequently getting hotter. Emitter resistors lift the base voltage as more current is passed, thus helping to limit this effect.

Although adequate performance was given by the Quad 303, Cambridge P-Series and the near theoretically perfect Crown DC300, new speaker designs offered more in terms of low-impedance. The use of very lively speaker loads, such as Quad ESLs and the notorious Linn Isobariks, could present problems where previously there were none, especially if used with 'low-loss' speaker cables.

To cope with adverse loads some designs, like the very hefty Technics SE-9600, had switched feedback giving selectable output impedance (0.08, 0.8, 2.7 and 8 ohms) which reduced the damping factor proportionately. This was apart from three-way thyristor crowbar protection in the power supply and short-circuit, DC and over-temperature circuits for the power amps. Inverse polarity protection diodes, clamping the output to the supply rails, will help with back EMF from the load, a personally-held major contributory cause of output stage failures. Diodes used to clamp supply rails to ground, or outputs to supply rails, should be rated at four times the supply voltage and double the current required to blow relevant fuses. Most Darlington transistors, as with most FETs, include an integral diode.
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Three different approaches using identical output transistors are shown below, two being built with output stages intended to be capable of dissipating all of the energy from the power supply.

Stan Curtis' ETI System A (1981) used collector current ratings totalling 90A on each side, the output transistors chosen for their large chip and die mounting area (200W, 90V, 30A, 2MHz). This design dissipates 240W, whilst idling, then some more for a 60W output. Lesser power ratings can be found in amplifiers intended to drive loads of 400W+.






The earlier Lecson AP3 Mk II (1976) mounted the same transistors in series effectively doubling the Vce of the output devices thus increasing the safe operating area (SOA). Capable of delivering 20A to the load, the more conventionally configured BGW 750 could deliver even more. A detailed discussion of a B&O application (Beomaster 4400) can be found here.






Using the same 'meaty' transistors the Cambridge P60/80 (1975) instead used a FET to reduce the input V in proportion to the output current. This protection only turns on at the equivalent of 50W into a 2 ohm load and when it does it only adds a moderate distortion (0.2% typically) as distinct from clipping.
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A number of designs have used output current detection to trigger safety circuits (B&O, Mission, etc) and FET input muting has been been used to reduce switch-on transients (B&O, Linsley Hood, etc) and to reduce input levels when high operating temperatures are detected (eg; Technics SE-A7, etc).

Another approach intended to safely handle low-impedance loads together with an alternative output configuration which uses slave transistors to dump current into a low power output stage such as a class A or VFET. Most of the dissipation is in the slave transistors.
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Class G configurations wired additional output pairs in series, each pair fed from it's own (progressively higher voltage) supply. By dividing the 'power bandwidth' between a number of output devices, dissipations were reduced, and smaller (cheaper) output devices with lower ratings could be employed. The 1980 Carver M-400 was a variation of this theme.






Such output stages could then become quite complex affairs, as can be seen, increasing the component count and thus the possibility of failure. Layouts like this are commonly seen in amplifiers giving outputs of 1kW or more.

The mid-seventies BGW 750A (and the lesser 500D) was, with ten 2N3773 output transistors per channel, intended for rugged professional use and 'built like a tank', as some have put it. No current limiting was included in the output stage this being intended to be capable of dissipating all of the energy from the power supply.
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A current cut-out in the mains feed preceded a resistor that was shorted after a one second delay. The cooling fan ran at a slower rate until one of the output stages thermal switches (fitted directly to an output device) came into play then saving motor wear but also indicating inadequate ventilation. The detection of DC on the output lines would fire a thyristor across the supply dissipating the energy away from the speakers, each of which in an array would be protected by it's own fuse.

Class H designs switch in a higher voltage supply to cope with peaks then helping to reduce dissipation. Most use a Darlington series pass power transistor for switching the relevant supply rail to the output devices. Each is triggered by a comparator whose inputs are fed via diodes from the output and a zener reference derived from the supply. In the event of an overvoltage appearing at the output, the comparator then cuts in the higher supply to the relevant supply rail. At the same time, a thermistor can be used to trip the circuit on an over-temperature condition.

Below is the clamp fitted to the output of the 'current-dumping' Quad 405. In the event of an over-voltage, this draws current away from the load, relying on the driver stage's current limiting to save the amplifier (BDY77/2N3773). Left for long under short-circuited conditions, and with fuse protection, Quad 405s simply burn out.
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Any arrangement that substantially increases the load on an already overstretched power supply and output stage instead of relieving it cannot be sound. Very definitely, an idea that clearly did not catch on. Ideally, one should isolate or prevent the problem, not exacerbate it.

Using more modern components, a contemporary output array might comprise;






Output pairs can be five times faster with a positive temperature co-efficient and higher voltage ratings. Integral reverse polarity protection diodes can be included, as with some Darlington types. The electrolytics can be high-voltage (250V), high-temperature types intended for switched power supplies.

A number of designs employ exotic and complex protection systems, some more complex than the amplifier itself. Sometimes this is necessary, especially if destructive surges, say through V-FETs without sufficient bias on switch on, are to be avoided. The first Yamaha V-FET power amp design (B-1 series, resembling the once familiar, single-ended, push-pull power stage featuring two pentodes, worth a look simply from an educational point of view) had 39 FETs, 113 transistors, 3 LEDs, 64 diodes and 7 zeners.

Increasing the component count can sometimes be disadvantageous, since obviously, there will be fewer hardware failures and costs will fall if there is less of it, especially if high-voltage supplies (+85V through -200V rails in the B-1, +304V to -12V in the SP-11) are involved. At the same time, any failure in a system which acts upon another, will produce a fault condition which will, in all probability, result in failure of the primary system which is working perfectly. Similarly, if the failure is beyond the owner/user's ability to rectify, finding an engineer locally who is equipped, competent and willing enough to do so promptly is a virtual impossibility. Another example of a (in the author's view overly) complex design, the hybrid Audio Research SP-11 preamp is worth a look, but is not recommended for beginners.

One recalls upsetting a number of 'audiophile' engineers by pointing out that the current from the overload indicator LED in the JLH Hi-Fi News 75W design (BDY56 output Trs) was dumped straight into the base circuit of the Class A driver and a perhaps better approach was to take an overload signal via an opto-isolator paralleled with the current sense resistors for the output current limiters. Apparently, to criticise a Linsley Hood design in some circles is blasphemy. However, this approach has been used to good effect, eg;
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Jose Arjol Acebal's 'professional power amplifier' used comparators to monitor the voltages across the output devices.






The Albarry M408/M1008 (below, courtesy of Trevor Latala) used this technique to limit the input stage, although this might have been seen as academic in the M1008 since the supply voltages were those of the Vce of the output devices with no safety margin. This detracted from a design that otherwise attracted positive comment in sonic terms.
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The thyristor action, requiring a manual reset, "prevents the user screwing the nuts off the amplifier", but has proved too sensitive for some users who have either disabled it or employed other protection circuits. The author considers that a marrying of optical techniques with an input limiting technique, as used in an older design, might prove more useful. Some form of interaction with the user and the protection circuitry is considered vital, unless, of course, a 'fire-and-forget' system is designed. Unfortunately, these can be more complex than the amplifier itself. Trevor has suggested that Sanken STD03P/STD03N (160V, 15A, 160W) devices are suitable replacements for the TIP types.

A simple 'add-on' protection circuit is shown below.






Regulators for power stages are not normally considered and can be more complex than the hardware they protect. The use of an active regulator for power amps can be driven by the low impedance offered. To match this in terms of µF, one would require capacitors of, say, 1F, a less than compact, inexpensive or reliable solution. Smaller main smoothers can then be specified, a good example being the JLH 80W mosfet amplifier. Dissipations can increase bulk and reduce efficiency thus increasing consumption, eg; the SE-9600 mentioned above could use 960W whilst delivering 185W/4R or 110W/8R with both channels. Some systems allow for a fast shutdown negating the need for an output relay. However, problems can occur with spurious triggering caused by LF signals, especially from digital media, notwithstanding the conflicts that can arise from accommodating transients and protection. The time constants involved may then require an empirical evaluation since a theoretical and faster one may disappoint.

False triggering of safety circuits can damage a company's reputation, as B&O found. One quadrophonic remote-controlled tuner amp needed 157 transistors and ICs, 160 diodes, 706 resistors, 413 capacitors, 24 coils and 14 indicators. That's apart from a motor, transformer, switches, fuses... and a fault switch which cut the supply. Unfortunately, for all involved, the triggering circuit was too sensitive. This was followed by a series that shorted their transformer secondaries with a triac, thus, and very effectively, blowing their mains fuses, under fault conditions. Again, sensitivities proved too high and later modifications recommended the triac's removal altogether, thus removing the intended protection (and an excellent method of stressing a perfectly good transformer!). A more modern unit from another supplier employs this technique and uses a 90°C bi-metallic switch fixed to the case/heat-sink to trigger a triac that then shorts the mains transformer's primary. The more 'stylish' or compact a sealed case or enclosure, some are no more than extruded aluminium sections, the less ventilation there is likely to be. Perhaps an intermediate threshold that reduces the amplifier gain, or input, would enable the unit to continue functioning without the risk of 'sudden death'.

The same bi-metallic thermal switches (eg; Microtherm) have been used in amplifiers where they interrupt transformer primaries, a less drastic solution perhaps but still rendering the amplifier, albeit temporarily, inoperative. If these are used, a high-voltage ceramic capacitor fitted across the contacts will reduce arcing and subsequent wear. Lower rated current types, in TO220 cases like those from Airpax, can be fixed to a heat-sink to trigger safety circuits on a power amplifier PCB. Solid-state MOXIE types are even smaller. The thermal hysteresis is much tighter with solid-state types being some 15°C with bi-metal types. In all cases, the use of thermal compound between the sensor's and transformer's or heat-sink's mating surfaces will increase sensitivity and reduce hysteresis, especially if the use of close tolerance types is required. When used a thermal cut-out may be evidence of production shortcuts or constraints to reduce costs and a possible 'quick-fix' solution to resolve fire/thermal damage issues in prototypes. An empirical approach can determine whether a lower operating temperature is worth considering, 90°C being, in the author's view, too hot for an amplifier, given the inevitable thermal resistance between the sensor and the devices being protected. Perhaps a wiser limit to consider is 75°C.

The Technics SE-A7 was a very slim amplifier (just over 2" high) intended to deliver 2 x 60W or 120W in bridge mode. Heat sensors not only monitored the heat-sinks but the main smoothing caps as well. This last was set to trip at 90±5°C.
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Using FETs, as in the SU-A8 stereo DC control amplifier, this resulted in a -3dB drop in the amplifier output which was thought to be a good idea and was reset by turning the power off and on. However, it was felt that an output should then have been taken to an indicator to show that over-heating had occured, since non-technical owners would then simply, on hearing an apparent drop in volume, turn it up, thus negating the very point of this circuit's inclusion. Perhaps an approach could have been considered to variably reduce the gain of the amplifier in proportion to temperature before limits were exceeded. Apart from a SVITA7317P muting/relay drive IC used to detect power and any output DC, this amplifier used additional circuitry to set both it's transformers secondary voltages (via an additional relay) by detecting the load's impedance, prior to power up (37-0-37Vac for 8~16R and 32-0-32Vac for 4~6R) thus helping to reduce output stage dissipation. Compare to class H operation.
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The heat-sinks used, on opposite sides of the unit, resembled the 'heat-pipe' system seen in some Sony amplifiers - a thick bar to which thin fins were crimped, the output devices being fixed to the bar's centre. The left channel's output pair, associated drivers and quiescent current transistor were then mounted away from the main PCB on the other side of the two mains transformers. A connector for one of these circuits was responsible for very annoying spontaneous shutdowns. Whilst the design ethic was appreciated, the author felt that the additional ancillary circuits and particularly the features of the resulting layout that were then used to implement it had possibly impeded the prospect of reliable operation, normally felt to be a solid feature of the Technics brand.

Intended for a 2 x 500W / 1 x 1kW amplifier, the next circuit combined a soft-start, output DC protection and visual indication of condition. An auxillary supply gave ±12V for ancillary circuits and the 15-0-15V AC feed. Combining the amplifier inputs and speaker switching via a single circuit, as with the SE-A7 above, then shuts down both channels when only one malfunctions.
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Unfortunately, this short-coming is evident in a number of approaches, take the Kuroda for example.

The Arjol used an output impedance detector but this is reliant on two relay contacts on each output. The imbalance in the protection supply's smoother values, together with the 1k resistor across both rails, increases the rapidity with which the relay shuts off on power down.






More modern IC design's protection circuits can exhibit unwanted effects. For example, the automotive class H Philips TDA1560Q's output impedance sensor may be activated by spurious impulses arising from speakers as a car door shuts on switch-on, the speaker acting as a microphone. Consequently to overcome this some users can then opt to de-activate the protection networks.

Given the above, perhaps then it should be considered whether a complex arrangement might be too clever and simply 'gets in the way', especially if it has to reset every time the amplifier is switched on, or is reliant on mechanical switch contacts which will invariably deteriorate with time and/or use.

A rule of thumb that emerged gave a safe margin, when using unprotected PAs, if the load (speakers) power handling was in excess of that of the mains consumption of the PA, the load thus being capable of handling safely all available energy from the power supply. Experience suggested that a ratio of 10:1 between the stated or claimed continuous rms power ratings of speaker and amplifier was realistic. Run amplifiers into twice their minimum (or higher) load impedance. This sounds much better, THD and incidence of clipping often being much reduced, and makes the system more resistant to abuse from a casual or abusive user. Damping factors, or the ability of the amplifier to recover from a fast transient, also improve.

The person who can determine a speaker system's impedance by listening to it's performance has yet to be met, experience showing very little subjective or even noticeable difference between 8 or 15 ohm loads. Those who persistently overdrive amplifiers into low-impedance loads are usually blissfully ignorant of the cost of repairs, when required, and will invariably claim burnt-out equipment is inadequate, rather than themselves.

A good source on bipolar power transistor handling and thermal considerations is RCA's Solid State '74 Databook Series SSD-204B, Power Transistors and Power Hybrid Circuits, application notes AN-4124, AN-4612, AN-4783, AN-6163, AN-6215.

The inductor/RC network found on most outputs has a number of functions. The inductance counteracts the capacitance found in some loads, making them appear more resistive to the amplifier and helping to prevent parasitic oscillation. Most speaker leads will have sufficient impedance to counteract this, however, 'low-loss' cables can introduce sufficient capacitance to cause problems. If a highly capacitive load is expected, wire a resistor (at least 1 ohm) in series with it. The transient performance of some designs (square wave ringing) can improve if the inductor is replaced with a non-inductive resistor of, say, 0R22. Simply as an output low-pass filter, the inductance will reduce higher harmonic frequencies.
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The RC network to ground loads the output at high frequencies since some amplifier designs can oscillate with no load. This circuit can also help to block RF pick-up by the speaker leads. Oddly, some 'good' manufacturers underate these two components, thus limiting the continuous safe operating high frequency range of their amplifiers by some considerable margin and offering a future cause of potentially harmful oscillation.

Output electrolytic capacitor coupling protects a speaker load in the event of an output device shorting but is now rarely used in hi-fi (though common in low-end commercial audio), but is essential for some class A designs. Whilst an identical type to that used for the smoothers can be used, consideration should be given to impedances presented by this capacitor at both high and low frequencies. Even the better high value electrolytics can become inductive from 10 or 15kHz, sometimes even from 5 kHz. A good HF/RF type (eg; 1 or 2µF polycarbonate / polypropylene) should be paralleled with it to deal with inadequacies at the upper end of the spectrum. A large value electrolytic, say 6m8F, will reduce losses at LF (eg; 1mF @ 20Hz = 8 ohms), surge current ratings set at least twice that expected. A 1k, 1W resistor should tie the output side to ground. Like the smoothers, output caps need ventilation. If desired, AC coupling can be applied to a DC coupled output but the speaker return must then be wired to the -ve rail rather than ground. The voltage rating of the capacitor used should be some 125% of the total supply.

To prevent a speaker being damaged as an output electrolytic charges through the load on switch-on, a simple supply arrangement will bring the supply up slowly allowing the cap to charge at a less precipitous rate. Allow an operating input/output differential of 5-6V. Additional benefits include hum filtering.
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Some situations that call for 'belt-and-braces' will use AC coupling to protect the load from a DC fault arising in the power amplifier, a capacitor being cheaper than a speaker; take 'bullets' or horns in a PA as an example. Protect HF drivers from switch-on transients with a decent high-voltage bi-polar capacitor in series with each; formula = 40,000/fc µF, where fc is the crossover frequency.

Where an output relay is fitted, problems can arise when their contacts tarnish or arc. A thin oxide layer may then block low level signals, which can then be cleared with a burst of power or by actuating the relay by switching the amplifier on and off repeatedly. Ideal contacts are gold (often as an overlay to silver palladium), but these are not often, or economically, available at high current ratings. Other materials can be summarised as follows;

Silver - unsuitable for voltages below 6V because of problems with sulphur.
Silver nickel - same as silver but can sustain higher currents.
Silver cadmium oxide - does not weld easily and is good for mains loads, but not below 12V.
Tungsten - oxidises easily in unfriendly environments but resists arcing and welding. Suitable for heavy loads but not below 24V.

No definitive proof is offered but those systems using soft-starts appear to be prone to fewer failures, perhaps because of the reduced stress on amplifier components on power up, or because the installation is sounder overall demonstrated by consideration having being given to one's inclusion. Where possible, a soft-start can be used as the protection circuit, eg; triggering on DC appearing on the output.
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This approach then negates switching the output and a mute output can overlap the switching period. However, for prolonged use, the resistive elements have to be upgraded considerably in terms of wattage in order to cope with the dissipation then experienced. One design seen used an additional relay to discharge the supply electrolytics via substantial resistors.

Class D operation differs considerably, and thus offers altogether contrasting approaches, the speaker being even directly connected to the output devices.

Input protection
Generally speaking, input protection is usually only included in professional equipment or other situations where failure, howsoever caused, is not an option. Since most input damage arises from human failure and inexperience, usually when the power output of an amplifier is plugged directly into the input of another, it is recommended that input protection be included in all designs intended for unknown casual users. PAs, combos, guitar amps, mixers, etc, fall into this category.

Options available include; 

A; shows conventional clamping to the supply rails with overcurrent protection given by the resistors. In this case, all overvoltages on either input or output are fed to the power supply which should have a low enough impedance to cope. It should be noted that some opamps will not tolerate input voltage excursions exceeding the supply rails; this approach, then, should be avoided.
B; shows overvoltage protection for a millivoltmeter, the same circuit used to protect another voltmeter with an FSD of 600V.
C; clamping to ground for normally low-level signals, is useful for guitar preamps, often the subjects of abuse/misuse.
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D; 'belt and braces', the input resistor being scaled to suit the application. With a 1k input resistor 400mW diodes will sink 148mA at some 150V, which is more than sufficient. At this level the 1k resistor would have to disspitate some 25W, so a normally chosen small value, say ¼W, will burn out quickly thus 'isolating' the input, a ¼W, 1k resistor's maximum working voltage being nearer 15. An input capacitor will assist dissipation also.
E; an effective alternative approach.

A number of opamps include diode protection across their inputs. Input current must then be restricted (to 25mA or less) to prevent damage.

Clamps can be applied to both non-inverting and inverting inputs of power amplifiers protecting these areas, not only in the event of an input overload, but also if the output is shorted by a failed output device to a supply rail.

Filtering, although despised by some, can prevent damage from DC appearing in the signal chain and afford a reduction in RF harmonics from system by-products or external sources. More effective use is then made of power, especially with equalisation, the PA and speakers not having to cope with inaudible ends of the spectrum, although fast designs like the Stochino can have particularly wide bandwidths, eg;
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Some types of distortion found in sound systems, other than misuse, feedback, reflections or the resonance of speaker cabinets, windows, floors, tone arms, etc, can comprise;
THD | Transient distortion | Cross-over distortion | Clipping | Noise
Instabilities | 'Paranormal' Audio | A Tip
Using good quality audio equipment of, say, early '80s vintage a record deck could produce 3-6% with 8-10% being typical, even with the best cartridges and records. A reel-to-reel tape deck would give 2-3%, cassette decks doubling this although the variation between individual cassettes was much greater. Tuners gave some 0.2-1% providing the highest quality source for domestic users. Monitor quality speakers giving say 80dB @ 1W would produce about 0.3% in the mid-range and 1-2% at lower frequencies.

THD
When fed with a signal, some parts of an amplifier's circuitry will resonate at multiples, or harmonics, of the input signal. THD, or total harmonic distortion, is often cited in the specification of an amplifier and is seen by many as a measure of how well an amplifier performs. Two graphs, below, show how a single figure (in this case <0.1%) stated in a specification can be meaningless when the THD can vary considerably with load and frequency.
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0.1% seems not only arbitrary but optimistic as well. Note how 3rd, and therefore odd, harmonics predominate at higher frequencies. These are more noticeable and considered more objectionable than 2nd harmonics which are interpreted as having a 'musical' and therefore acceptable quality. A very rough rule of thumb multiplies the THD by three at 20kHz, when quoted at 1kHz.
Temporal aspects of audio processing, inherent in hearing, produce pronounced variables in perception. For example, long periods of high distortion are more objectionable than short bursts and longer term exposure to a specific level increases sensitivity. At the same time, THD peaks at low frequencies are far more difficult to detect than those of the same amplitude in the mid-range.

Most THD measurements are made using a continuous sine wave and take no account of performance when the amplifier is driven by other waveforms or transients normally found in music. The human ear is less sensitive to harmonic distortion than it is to other forms and this is why some specs will provide maximum output ratings at 10% THD.

Transient distortion
When driven by a signal with sharp rise and fall times like a square wave 'overshoot' can be observed.
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Caused by a transistor's parameters inconvenient habit of changing with collector current, most would agree that this problem can be rendered inaudible if the amplifier is designed to be sufficiently fast, or operated in class A, eg;
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Simulated loads may have very little in common with reality given the very lively reactance represented by some speaker enclosure designs, their associated cross-overs and 'low-loss' wiring. Jim Lesurf, a designer with Armstrong, has an excellent site where he mentions 'The Society for Cruelty to Amplifiers'.
Intermodulation problems can arise when a power amplifier's output 'lags' behind a fast transient that appears at it's input, the resulting feedback creating a distortion that the ear is as sensitive too as cross-over distortion. This problem can be overcome by making each successive stage of an amplifier faster than the preceding one and by using a low-pass filter at the input. It is for this reason that the class A pre-driver usually found in a power amp design has to be the fastest, or selected for a very low base capacitance. High voltage types are recommended.

A 'good' slew-rate for 20kHz at 100W into 8 ohms is usually considered to be 20V/µS or better. Some designs exceed this by a considerable margin. Smaller amplifiers do not have to slew so quickly, so a similar 50W amplifier needs 14V/µS and a 20W amp 9V/µS. If an output stage uses 'slow' transistors (say 800kHz) a marked improvement in high frequency performance will be produced by replacing them with 'fast' ones (say 4MHz+), often accompanied with a distinct drop in the THD.

Experience has suggested that, when comparing two amplifiers, one with 0.03% THD and 0.01% IMD will sound better than another with 0.01% THD and 0.03% IMD.

Normally, a low roll-off Bessel filter is placed at the input so that the phase shift is proportional to frequency, causing the time lag to be the same for all frequencies, with no audible consequences ('ringing').
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Such a filter can be useful in blocking RF breakthrough.
With some capacitive loads, ringing caused by the inductor in series with the output (intended to counteract this problem) can be reduced if the coil is replaced with a low-value, say 0R22, non-inductive, heavy-duty resistor. 'Super' speaker cables can be major contributors to this kind of problem and are best avoided.

With large output voltage swings, time delays taken by the capacitor decoupling the AC feedback loop to charge and discharge can modulate the output.

A detailed manufacturer's discussion of steps taken to reduce TID can be found here.

Clipping
This occurs when the amplifier is driven so hard that, in effect, it runs out of power supply, the peaks of the signal then being cut off, or clipped. Overdriven (usually) speaker cones, still moving, 'overshoot' thus producing objectionable harmonics. It is this particular distortion that has most people rushing to 'turn it down' and quite rightly too since silence will usually follow.

The same result occurs when some protection circuits kick in, especially those triggered by an over-current condition through the output device's emitter resistors when using reactive loads that dip below a couple of ohms or those that generate a back EMF. It is for this reason that an upgrade to a new speaker especially a low impedance one, and/or 'strange' cables, may prove unsuccessful and, in the worst case, disastrous. It is wise to try a given amplifier / speaker combination at the highest volumes that can be more than reasonably expected before commiting to an expensive purchase. If in doubt, fit a low resistance, say 1R, or suitably rated bulb in series with the load.

Cross-over distortion
Each time an amplifier output of non-inverting or inverting configuration crosses zero a point is reached when 0V occurs across the feedback resistor (R2 below). Since no current flows the amplifier then 'sees' an infinite resistance, altering the gain characteristics of the circuit. In reality, this phenomenon is usually ignored by designers.
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The circuit found strung between the bases of the driver transistors 'ties' them together so that the output does not pass destructive amounts of current. It does, however, allow a little current (quiescent) to flow so that the output devices are biased on. A well-used example is shown below:
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Sometimes described as a 'variable zener' or 'amplified diode', it can also be used to reduce the overcurrent conditions that arise with hot bipolar output devices (NTC, negative temperature coefficient). If the transistor is put in close proximity to a heat-sink, output device or, sometimes more conveniently, bonded to a driver, closer thermal tracking can be obtained. Some prefer to fit a resistor between the transistor's base and collector to overcome potentially destructive wiper open-circuits.
The time it takes for the output of the amplifier to swing or slew across this small voltage drop, as it approaches zero, gives rise to cross-over distortion which can be seen easily on an oscilloscope.
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Subtracting the input from the output and imposing this on either can demonstrate and pinpoint not only inadequacies but improvements too (Technics 'New Class A' on left, class B on right).
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Alternatively, using the input of the amplifier as the x axis, and the output as the y and adjusting the respective amplitudes, a perfectly behaved amplifier will give a straight line at 45°, cross-over distortion appears as a kink in the middle (positive-going for class AB, negative for class B). Adjust the bias setting (R3) for minimum distortion at progressively higher output levels and higher frequencies. Clipping, if desired, and the effects of filters and tone controls can also be displayed, some very interesting results being obtained from some very well-known makes!
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It was cross-over distortion that distinguished, in sonic terms, early solid-state designs from their thermionic equivalents. This was described as "the transistor sound" — a quality of sharpness and crispness that, allegedly, makes valves sound muddy by comparison. Interestingly, it has been noted by the author, and others, that cross-over and other types of distortion become audible at the same time they become visible on a 'scope.
It has been noticed that many manufacturers insist on using a low quality open carbon skeleton preset pot to adjust the quiescent current. These are prone to corrosion and open circuits that can then destroy an output stage. It should be noted also that a carbon pot can exhibit 10 times the thermal drift of a comparable cermet type. Given the cost of the output devices alone care should be exercised to avoid unnecessary failures and quality sealed types should be specified and used to replace older ones. If the wiper has multiple contacts this will enhance performance.

The layout of an output stage can affect the stability of the bias and J. N. Ellis drew attention to this (EW&WW,1/91). The quiescent flow in the 0R5 resistors (below) will rise as the Vbe of both output devices rises. This can cause an increase in a driver's Vbe giving a 4mA increase per °C rise per pair. With two pairs this is doubled, as does each driver's Vin.
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Typically, in a conventional Darlington circuit, the output base resistors are 100R, the quiescent current 50mA and driver current about 6mA. At room temperature the Vbe of the output devices will be about 0V55 and that of the drivers 0V65.
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The bias transistor may be passing 10-15mA and then will have a higher Vbe than the drivers. A voltage drop of, say, 2V4 will be required and the bias transistor will be operating with a Vbe some 20mV higher than the driver. 2V4 / 0V67 is only 3.58 when a value of 4 is needed to be thermally stable.
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With a higher-power bias transistor, with a larger emitter area, the Vbe at the same emitter current will be lower. Inserting a resistor in the collector increases the bias voltage needed whilst any drift will be transferred to the output devices. Suppose the bias current is 12mA and 4Vbe = 2V68 bias. Rc then = (2V68 - 2V4) / 12mA = 22R, a larger value then over-compensating. In a complementary Darlington stage, small resistors in series with the driver's emitters will raise the bias voltage needed. At 6mA 3R3 will suffice, the loss at peak drive, say 200mA, giving an acceptable 0V66. Higher values will increase the compensation. Thermally coupling the bias and driver transistors will then prevent thermal runaway, eg;






As the output device Vbe falls with increasing temperature, the driver current decreases slightly while the output current increases slightly and must be taken into account when designing the bias circuit for the maximum temperature range anticipated for the amplifier. The above can be used to modify an existing design. Compare to PMI, Giesberts IGBT and Stochino. For new builds M. Renardson offers another approach with 'A New Audio Amplifier Circuit Design'.
A quasi-complementary output stage can ease output device selection and reduce costs, it being easier and cheaper to produce PNP devices in germanium, and later, NPN in silicon which could run hotter. A drawback encountered with this arrangement is that the transfer characteristic can become markedly assymetrical at low signal levels, then contributing to distortion. For this reason, low-level distortion figures are usually absent from an amplifier's specification.
The use of feedback, say, the use of a RC network between the input of the class A driver stage and the output (see TID discussion above) with conventional external feedback will reduce cross-over distortion considerably, or it can be eliminated if the output stage is fast enough to render this transition inaudible or if the quiescent current drawn is high enough for the output transistors to continuously operate in their linear fT regions (class A - see MJL3281A graph above). The low-level distortion found with other types of amp will also be eliminated. Power supplies and heat-sinking will, however, then have to be commensurately larger to sustain these very large losses, efficiency becoming a minor consideration.

'New Class A' was intended by Technics to impart the low-level distortion of class A with the efficiency of class B. This was achieved by clamping the driver bases so that the output devices conducted over the transition period. The result impressed this author, and many others.

With a class AB configuration, the driver stage will often drive the load in class A mode up to a low output level, say 2½W, beyond which the main output devices will kick-in providing higher drive. On the central part of the transfer characteristic where both output transistors are conducting the mutual conductance (gm) doubles. When one of the output devices cuts off as the circuit goes into class B mode the abrupt change in the slope of the transfer characteristic can produce a considerable rise in distortion.

Class B amplifiers, probably the commonest format seen, rely on a small quiescent current through the output devices to overcome transition phenomena although some designs will have none. Usually reserved for low-quality builds, some very famous and desirable amplifiers have operated in this mode.

In class C designs, where the cross-over transition can be comparatively quite considerable, an inaudible HF component can be added to the input signal which 'fills-in' the cross-over point, subjectively reducing distortion by a large margin.

With class D designs the output voltage is derived as an average as the output is switched directly between the supply rails, there being no consequent zero-crossing transition.

Classes E and F are not normally used in audio but, as with other modes of audio amplifier operation, can be useful in motor control, welding applications, etc.

Class G, in essence, has the same operating mode as AB or B, with additional output pairs being wired in series to help reduce output stage dissipation and are commonly used to achieve high (1kW+) outputs.

Class H designs switch in a higher voltage supply rail to cope with peaks. The basic arrangement for the Philips TDA1560Q IC, intended for automotive use, is shown below.
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A novel approach, 'class S' (below), showed that if the load presented to the voltage amplifier by the power output stage appears very high, cross-over distortion can be reduced and the voltage amplifier is much easier to design.
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Class T is a variation of Class D introduced by Tripath, where the pulses are modulated based on the individual characteristics of the output transistors.
Noise
Connectors, switches and other mechanical contacts in controls can introduce anything from a faint crackling to an open circuit, a good contact only being possible when one contact breaks the surface of, and penetrates, the other, consequently causing problems when worn or dirty. At low signal levels, the consequences are obvious. Electronic switching, although sometimes complex, can overcome these difficulties.
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It makes sense to position the stages where most amplification (and/or equalisation) takes place as near to the source as possible, eg; a record-deck fitted with a RIAA preamp. In an electrically noisy environment, a higher output will sustain a comparably lower noise floor than a much smaller signal. The number of switches and connectors that can degrade the signal is also reduced. The deck can, if desired, then (via a volume control) feed a power amp directly.
Some designs used PCBs with edge-connectors where the units were based on a set of PCB cards that could be slotted in and removed easily. This made the system quite flexible to manufacture and meant that any units sent for repair could often be ‘fixed’ quickly by relatively unqualified staff simply by swapping faulty boards which might then be repaired by a more experienced engineer using a dedicated rig. Examples include the Leak Delta and Armstrong 400/500 series. Unfortunately, these connectors could corrode or oxidise, themselves giving rise to failures. This corrosion could be caused by the fingerprints left by production and service staff. In this type of construction, attention given to these connectors in a non-functional unit will often restore it.

Destructive connector problems can arise when a power amp is split between PCBs like the 2 used in the Radford HD250, the 3 in the Powertran JLH 70W Deluxe and the 2 in the RSD 800balthough the latter used a high-quality multi-pin connector whose pins were paralleled.

A DC presence can cause noise in controls, to avoid this AC couple any pots, particularly volume controls. In an older design this can be indicative of leaky coupling capacitors which should be replaced.

Magnetisation of tape heads could introduce hiss and crackling. Tape repeatedly passing magnetised metalwork can lose it's treble content. The Beocord 5000's bias oscillator would damp on shutdown, degaussing the record head automatically.

Electronic hiss is usually associated with Johnson noise, which is normally dependent on the temperature of an electronic device and it's associated impedance, or resistance, which can change with it. The more circuits in series (say a preamp, tone control and filter) the more hiss. On a mixing desk unused channel's noise can be used to cancel the noise in those used thus making the system quieter and increasing it's dynamic range.

As with distortion, noise figures can confuse, unless one is an engineer, which most music listeners are not. Differing standards involving filtering can appear to offer lower quoted specs which can appeal to marketing, eg;
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Low-noise amplifiers usually refer to an input load impedance to describe their noise output, whilst others give a measured mean voltage and bandwidth. Simply stating an A-weighted figure without a reference can be deliberately meaningless, as can measuring the output when the input is shorted. In the course of building preamps, a means of quantifying noise output was required and a relatively simple means of obtaining comparative measurements is described here.
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Power supplies can be considerable noise generators, the importance of mains filtering cannot be underestimated, many commercial designs suffering as a consequence of an almost mandatory and complete absence. 2nd and 3rd line harmonics can be very annoying as can by-products of rectification. 'Barrier' techniques, like those shown below, can be very effective, the first from a class A amplifier reducing noise by 20dB.
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Pre-regulation, ie; running say 15V regulators from 24V regulators, in conjunction with plentiful smoothing is advisable for low-noise designs, although batteries are useful for critical low-level applications. Some 78x/79x series regulators can be very noisy compared to adjustable types like the LM317/37 types. A post filter of a 10R resistor and a 470µF-1mF electrolytic can help alleviate this, although discrete designs can arguably outperfom ICs in this context.
It is important to add supply by-passing to a stage's supply rails to reduce noise. Often, with opamps this is done with a 0.1µF ceramic cap and a 100µF electrolytic per supply rail. Some fast opamps, like the AD797, require the usual ceramic but also a tantalum of 4.7 to 22µF whose lead inductance is loaded with a carbon resistor of 1.1 to 4.7 ohms when driving heavy loads.

Hum can have a number of origins - inadequate screening, earthing or supply smoothing. All connecting media must be sound and clean. Steel is recommended for all cases and a maximum distance should be made between any transformers and low-level circuitry. For example, the integrating of an mains on-off switch and high impedance volume control may make ergonomic sense but may increase susceptibility to hum. Additional screening between these or around the low-level circuitry can help. Employ star or spider earthing (bringing all earths to a single point) throughout to prevent circulating currents.
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Observing symmetry in supply arrangements will avoid audible ripple, earth connections to multiple smoothers often being made with a single plate.
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If a connection causes an earth loop (disconcerting hum), disconnect one of the concerned grounds. A colossal hum, accompanied by a chorus of radio stations, usually indicates a disconnected signal earth. Some equipment is fitted with an earth-lift switch which isolates the signal ground from the (safety) chassis ground. Some 'separates' designs will have, say PCB selectable, ground options. If a ground is lifted, an HF path to chassis (capacitor) usually improves and is best made permanent.
Mains-borne noise, especially spikes, can cause annoying clicks, bangs and even destroy speakers and components. A solution is considered here. Care should be taken to ensure that prior to any switching, a resistor grounds decoupling capacitors so that no DC shift, due to leakage, produces transients.

Instabilities
Half of the 'fun' involved when building an electronic project for the first time is making it work when completed. Oscillators won't oscillate and amplifiers may do nothing but. Sometimes the cause of misbehaviour will be obvious, sometimes not. Reactive loads, for example, can cause all sorts of problems (see amplifier protection). Thermal drifts may be masked by hysteresis.

If embarking on a new build or repair, some useful advice is given in setting up an amplifier. If no 'scope or frequency meter is available, oscillation may be hard to spot. However, if a power amplifier (other than class A) runs hot, components start 'cooking', bias is excessive, next door appear to be using their electric drill a lot or radio breakthrough occurs and no obvious DC bias is present on the output, the chances are that there is a problem in this area. Check the RC network (Zobel, Boucherot) between the output and ground, if fitted, for open circuits (many manufacturers insist on a feeble resistor in this position). If this checks out, look at the small decoupling caps near the class A driver (if class A, AB) or the input devices (usually small ceramics) for open circuits. If no means is available to test these, simply replace them. Similar symptoms can arise from dry joints or cracked tracks, so check for these first. The class A driver, if replaced with a type with a higher than intended Cbc (say, 1-5pF), can give rise to oscillation. V-FETs can oscillate if their gates aren't loaded with resistance or if their supply runs are (relatively speaking) high impedance. Low value ceramic (low-inductance) supply decoupling caps (usually 0µ1F) should be mounted as close to the output devices as possible.
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Consideration can be given to the drift of a capacitor's value with temperature (High K) and lifespan when mounted in close proximity to a heat source like a heat-sink. Choose a high voltage type, say 1kV for supply decoupling, and use more than one per PCB track.
Oscillation can occur when a test instrument's leads (DVM, 'scope) are applied to the unit under test. To prevent this, load the probe attached to the signal side with a resistor, say 680R. HF problems can cause equipment to radiate over a large area and must be avoided, often by law. Whilst steel is recommended for screening, care must be taken if equipment is dismantled and then unshielded.

When dealing with PAs say it can be useful to subtract the input from the output. Artefacts, like cross-over distortion and oscillations, can then be easier to spot with a variety of frequencies and waveforms.
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If a design, particularly one with a wide bandwidth, proves problematic consider whether capacitors intended to limit the bandwidth may be interacting, eg;
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In fig 1, Ca may be included to counteract coupling between the input and output. Both Ca and Cb may not interact on one build but will in another. Reversing the RC network (R-Cb, fig 2) will place R between them reducing the interaction. Alternatively, Rx can be fitted. A small value, say 68R, should suffice.
With compact builds the PCB layout can be a cause of instabilities necessitating the use of extra compensation caps to damp oscillation which may only arise at high levels of volume. This can be caused by high magnetic fluxes inducing currents in high impedance low-level areas. As a consequence, keep a distance between the inputs and the output/supply rails. If this is not possible, put a screen between them. Some cases have been seen where an improvement in distortion has been made by running the supply wires (twisted together) perpendicular to the plane of the PCB over a few inches. Instabilities can arise when high current earth wiring follows the same path as that used for low currents.

Sometimes the problem may only be apparent intermittently when high currents are passed through, say, a thin PCB track. A length of tinned copper wire soldered along the track's entire run can help prevent this, although all tracks on a new PCB should be tinned as a matter of course. Such steps are recommended for all high current runs in new builds before populating the rest of the PCB. Older, especially commercial, designs can benefit from this modification also.
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Small value capacitors should be mounted close to their associated components keeping track lengths as short as possible. Self-inductance will increase if leads are bent. If a long track length is unavoidable (>20mm), this should be at a low operating impedance, or have a multiple path. The inductance of long tracks in conjunction with a capacitor can form a very high Q LC tuned circuit, and the oscillations produced will have a worse effect than not having any decoupling at all. This is particularly true of supply and ground connections - a simple jumper wire connection, rather than a copper track, to a single logic IC ground caused enormous difficulties for one constructor.
Similarly, mount transistors close to the PCB. Long lead lengths can induce a variety of HF/VHF problems, especially if associated with high impedances, gains and currents adding to colourations. The view below shows how not to layout an output stage, although such occurences may be more down to the manufacturer's production team, rather than the original designer. Output devices with a low fT can probably cope with long runs like this but if the author was presented with an unstable new build of this format a reduction in wiring length would be on the cards.
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Another design whose PA PCB tracks could have been rotated 90°. Note also how the PA input leads (white) snake around the board and are then held in place by unrelated components. The signal path should flow topographically from input to output.
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Some ICs, whether opamps or regulators, can become more prone to instability at higher operating temperatures, particularly if of commercial grade. Loading the inductance of the leads of a tantalum capacitor with a low-value carbon resistor might be required in bypassing some high frequency opamp's supplies. The voltage dependence of a ceramic type's value can give rise to unwanted changes in frequency response, especially if used in feedback paths. For this reason, polystyrene types maybe preferable.
If mounting axial-leaded resistors in an upright position to reduce PCB area, the longest lead should be connected to the least impedance 'seen', thus reducing the area of a 'sensitive' high impedance side. The same can be said of polystyrene caps which if marked at one end indicates that wire is connected to the outermost foil and is then ideally connected to the least impedance.

Components exhibiting intermittent faults (which can have the highest annoyance level), say on warm up, can sometimes be identified by tapping with an insulated object, cooling with freezer spray or gentle heating with a small soldering iron brought into close proximity to them.

Sometimes the source of fault may be in an ancillary circuit, like a protection circuit, and not the amplifier - "There was no DC triggering the circuit from the emitter resistor. It was cross talk and leakage – and only happened in musical transients as you can get a net DC level – high impedance trigger input and boom – false trigger. Turned out the (DC) V Sense transistor was floating – some track break that could not be seen – and I obviously failed to measure. I double tracked the PCB around the area and it works fine. If I had listened first, I would have realised that there were no cracks or pops in the music as the triggered fired – hence no odd DC sifts etc. Relied too heavily on a scope!".

Full bridge amplifier designs increase the chances of HF instabilities. Ensure that a very low impedance ground exists between both amplifiers and that the DC offset of each is as close to zero as possible. Although useful for say doubling the slew rate and increasing output power, experiments with these are best left to experienced constructors since double the damage can occur.

As noted above, destructive connector problems can arise when a power amp is split between PCBs or if long wiring runs are involved in the power stages. For this reason, it is recommended that new designs be built on a single PCB or substrate. If a multi-way connector is unavoidable choose a multi-, say 3-row, type with as many pins that will fit the PCB and parallel the pins in adjacent rows - the more the merrier. Select a hard gold-plate with high current rating (2A+) with as low a contact resistance as possible, say 15 milliohm.

A Tip
Much of the travel on an average volume control is redundant, most domestic amplifiers giving a sufficient volume at about '2', with objectionable distortion, either of amplifiers or speakers, occuring long before the end stop. If the gain of the power amplifier is reduced to suit and set below clipping at all normal preamp settings of the programme material at the maximum volume setting, bandwidth will be increased. The amplifier will then be better able to tackle nonlinearities. At the same time the input referred noise floor will be reduced and the signal to noise ratio will improve.

Many preamps will supply signals far in excess of line levels, some at 10 or even 20V. Accommodating and even using this will further reduce contributory noise levels from power amps. To this end, some users have impedance converting amplifiers, in some cases having no voltage gain or feedback.

