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1.0 Popular beliefs about negative feedback

Today's high-end audio world owes quite a debt of gratitude to individuals who postulated, against widely accepted contemporary practice, that negative feedback was not a benign panacea for all distortion.  Not long ago, several independent leaders in the audio community broke with mainstream thought to promote the idea that the massive amounts of negative feedback employed by early solid state audio manufacturers was a cause and not the cure of audible distortion.  Furthermore, they argued that the consequences of mis-applied feedback were among the most dissonant forms of distortion, easily audible, and objectionable.

History provides some perspective on the use of feedback. Feedback is a tremendously powerful and beneficial tool, used across amplifiers and controllers of all forms.  Used properly it can make circuits more linear, more tolerant of device imperfections and it can be the basis of sophisticated self-learning.  Feedback is in fact inherent in almost all amplifiers, and was used (moderately) in the vaunted tube electronics of the first golden age of audio.  If one understands its limitations, there is noting wrong with feedback; yet mis-applied very bad things occur.

Feedback has three properties that made this apparent contradiction rational, and made the use of feedback desirable.  First, negative feedback makes most designs more easily manufactured, by linearizing inherent manufacturing differences (gain) in transistors. Second, feedback greatly lowers measured distortion on the standard laboratory tests employed, which are all based on repetitive signals such as sine waves.  Third, and most critically, feedback provides practical, if not sonic, gains when used sparingly, but then becomes parasitic.  Large amounts of feedback make circuits very susceptible to oscillation and overload.

We cannot know, for sure, what prompted the industry to apply massive and inappropriate levels of feedback, we can surmise that marketing, plus ease and low cost, were culprits.  With cheap, high-gain transistors, it’s easy to use 
large amounts of feedback.  With costly, lower gain tubes it was much more difficult – or at least costly in money, space and power.  In the 1970s and 1980s, gear was marketed based on vanishingly low THD%.  Product A advertised 0.01%, so product B wanted .005%.  It may well have been more important to appear to be good than to be good.

So why did premium players enter in the game?  Its hard to say – possibly they were seduced by the apparently beautiful sine waves and THD measurements, and the low cost of achieving them.  We can’t say – but many buyers, reviewers and music lovers suddenly became nostalgic for the gear of an earlier age, specifically tube gear.

Sonogy’s name derives from “Son” (sound) and “ogy” (to study). Note that it is not “to measure”.  Our goal is to apply valid engineering and insight to make cost effective, stable, practical, powerful solid state gear exhibit the natural timbres that so many appreciate in tubes. A judicious approach to negative feedback is one of the many tools in our kit.
2.0 What is Negative Feedback?

The goal of any amplifier is to make a small signal larger without changing it in any other way.  Yet all components; transistors, capacitors, resistors, and inductors, are imperfect.  Good design minimizes the effects of these components.

Negative feedback is a concept which is applicable outside of electrical engineering.  Hand-eye coordination, for example, is a perfect example of negative feedback.  So is the action of a thermostat.  In both cases a comparison is made between what is (heat or the position of your hand) and what is desired (target temperature or the location of, for example, a baseball).  If your goal is to catch the ball, you will look at where you are, and where you should be, and make the right adjustment.  Likewise, a thermostat compares the temperature you set to the one you want, and continues to apply heat until they are identical.  Then it shuts off the heat, and continues to monitor.

Negative feedback circuits work the same way.  The idea, as far as it goes, is absolutely brilliant.  Some of the output of an amplifier, containing distortion, is returned to its input in mirror image form.  Thus, some part of the distortion will cancel.  The more feedback, the less distortion, but this is only true if a number of conditions are met.
If the signal being amplifier is perfectly repetitive, or if there is absolutely no delay in the amplifier, negative feedback works perfectly.  If however, the signal is not repetitive (and music is not), and there is delay in the amplifier circuit (and there always is), then the "fed back" signal mixes with a slightly different part of the music and generates a distortion.
  This is one reason why amplifiers that use feedback can measure well when tested with sine waves, but still sound poor when reproducing music.  The tests are simply not meaningful for their stated use.  Most people, confronted with such a dilemma, would opt to change the tests employed to ones, which are more meaningful, but this too runs astray.  Nearly all test equipment and quantitative evaluation are based on the presence of a known, repetitive, and thus predictable test signal.  When the test signal is well known, and enough time is allowed to quantify it, the difference between an amplified and original signal is easier to measure.  When the input and output are constantly and unpredictably changing, as they are in music, this process becomes far more complex, expensive, and inconclusive.  Note that this is a very similar situation to what exists in subjective evaluations.

Before we move on to the source of feedback ills in audio, it is only fair to note some of the attributes of feedback, particularly in non-audio applications.  Negative feedback forms much of the logical basis for most computer control, missile/aircraft guidance, and robotics applications.  Much as we react to the flight of a ball, correcting our position in order to catch the ball, robotics and other guidance systems employ negative feedback to home in on their targets.  Much of today's advanced manufacturing and quality control would be impossible without feedback loops and their associated logic.

Closer to home, negative feedback is the basis for "DC servo loops" which allow the widespread direct coupling of audio circuits, and the subsequent elimination of inter-stage coupling capacitors in the signal path.  By providing only subsonic negative feedback, a DC servo cancels the DC portion of a signal (eliminating the need for a cap) while passing the AC portion (music) relatively unaffected.  If you recall, I earlier noted that the problem with feedback is delay – the delay must be less than the highest frequency to be amplified. Thus, a DC servo meets this criterion by amplifying only very low frequency signals approaching DC).
3.0 Loop delay, open loop gain, and overload

In the previous section, we discussed that distortion signals result from delay in the "feedback loop", as the returned feedback signal is called.  In this section we will look at overload problems, which are caused by the application of negative feedback loops.  The root cause of this overload is the transition from what is commonly referred to as "open loop" to "closed loop" gain, terms, which we hope, will mean more after you read the next few paragraphs.

The fed back "mirror image" signal in audio cancels some forms of distortion.  More generally, it cancels some portion of the entire input, thereby reducing the overall level of "gain".
   So a circuit with feedback cancels out some portion of the amplification it had before the application of negative feedback.  Unfortunately, a feedback circuit also changes its gain abruptly during use, and this leads to overload.  The source of this abrupt gain change is becoming familiar; loop delay.  Loop delay is the time between when a signal enters an amplifier circuit, passes through the amplifier’s various stages, and when it is finally returned to inverted input.

Once a circuit is driven beyond its capabilities, it is said to "overload", or in audio vernacular, to "clip".  Clipping sounds absolutely terrible, since it bears no relationship to the music, and is therefore dissonant.  Clipping distortion, due to its inherent nature, contains a great deal of high frequency (treble) information, and in addition to sounding distorted, it sounds bright, tinny, and generally obnoxious.  Negative feedback circuits, when presented with bursts and transients (such as exist in dynamic music) can clip, even at low to moderate volumes.

To understand how this occurs, consider our discussion of feedback circuits in general.  Part of the output is fed back to the input as a mirror image (or "inverted" signal), where it cancels part of the input, including part of the distortion.  This cancelling lowers the effective amplification of the circuit.

If a delay exists between the time a signal enters an amplifier circuit, and is fed back
, then the amplifier has a much larger gain for this small time period.  During this period of higher than normal amplification, any input will be made much larger than the designer intended, and may therefore overload the circuit, leading to very high levels of distortion, of a particularly unpleasant kind.  We at Sonogy feel that the less forgiving overload characteristics of transistors, as opposed to tubes, coupled with poorly applied negative feedback, is part of the cause of what many condemn as the "solid state sound". 

The scenario painted above is only the tip of the overload iceberg.  Circuits, you see, do not overload instantly and then return to normal instantly.  They take time to "settle" back to normal operation.  Therefore a circuit that is driven to clipping only a small proportion of the time may actually be in overload for far longer periods of time.  No wonder some audio circuits sound considerably worse than others do.

4.0 Where is the scientific origin of feedback/delay theory?

The theory behind how feedback circuits are best used cannot be traced to any one single source.  It is generally agreed that Harold Stephen Black is the father of negative feedback.  But in inderstanding the dynamic behavious or feedback more generally, I look often to the work and teachings of Jay W. Forrester of the Massachusetts Institute of Technology.  Professor Forrester is truly a giant in the field of electrical engineering.  To his credit are the design of early digital computers for National Defense and the invention of "core" memory.  Core memory made the age of mainframe computers feasible, and made MIT millions of dollars.

Yet Professor Forrester is less associated with computer technology in particular than with feedback theory in general.  His earliest national contributions, those for defense, were feedback applications to make millions of computer tubes more reliable and predictable, and thus allow a frighteningly complex system work (we all know how hard it is to keep a few audio tubes in working order, try maintaining millions of them, any one of which can spell nuclear danger!!).

As Professor Forrester's career progressed, his mind turned to wider management, social, and ecological problems, which he saw as giant feedback loops which could not be analyzed statically, but could only be understood as dynamic systems.  This led to his development of an integrated theory of the operation of feedback loops in general, and to the birth of a new academic and industrial discipline.  Known either as "industrial dynamics" or “systems dynamics", this methodology is used to model organizations and the world we know as dynamic, changing, systems.  The basic structure of each of these systems is that of interlocking feedback loops.

Forrester demonstrated that among the most powerful attributes of feedback loops, either for good or bad, was delay.  Regrettably, it was also an attribute not often accounted for, predicted, or understood.  He showed that only by performing sophisticated simulations using computer programs such as DYNAMO, could most humans ever understand the far-reaching implications of feedback with delay.  He also showed how complex and often unintuitive the results could be, - cause for caution in our opinion.
Paraphrasing Rosanna Rosanna-danna, feedback is neither always good nor always bad.  In either case, however, it can be tremendously powerful.  Forrester and the many academics that now lead the worlds of industry and academia in dynamic modeling can show others a great deal about what applications are appropriate and what applications are not.  Feedback, if studied more extensively and modeled properly, may have a role to play in future audio design.  For today however, and in high-end audio designs, the problems associated with its use outweigh any potential advantages by a wide margin.

5.0 "Solid State Fatigue"; Feedback's Sonic Signature

Too often, products which otherwise sound “OK” are unpleasant to listen to for extended periods of time.  The more you listen, the less you enjoy the music.  Something almost palpable is there- but you can't quite hear and describe it.

This has been given many names: Listener fatigue., "Lack of inter-transient silence",  edgy.  Many of these attributes can be traced back to well-established problems with overloading feedback circuits: they ring, hey smear and distort out sounds by adding delay, they create high frequency garbage and they clip.

Most bothersome about all these accusations is that they occur in the time domain.  Rather than simply modify the frequency response of music, which is sometimes tolerable, these feedback related problems tend to take a "note" that occurs at a point in time, modify it, and distribute the result over a longer period.  The important silence "heard" between notes vanishes, replaced by sonic trash, an unwanted intruder.  While I have not had the resources to perform valid subjective tests, we can reasonably assume that this does several things.  First, it gives your ears no rest, possibly leading to listening fatigue.  Second, it removes dynamic range from music, since silence is now noisy.  Third, it smears the clarity of musical notes much like a long exposure smears a photograph.  Taken individually, these can lessen musical enjoyment.  Taken together, they are well worth avoiding.

6.0 So what constitutes a good sounding circuit?

The first five sections of this paper make one aspect of our opinion clear; carelessly used negative feedback, resulting in suspiciously impressive static measurements, does not make for good sound, or even for stability.  The objective signature of good sound is slightly more difficult to pin down, but we will try to give insight into our design philosophy.

One of Sonogy’s tenets could easily be the philosophy of the high-end community itself: quality over complexity.  Traditionally high end products are devoid of many features routinely provided on mass-market products costing only a fraction as much.  This indicates a fundamental belief that we cannot over emphasize:  simplicity is a virtue.  By removing a great deal of unnecessary circuitry, most products can be sonically improved.  Where there could be tone controls and equalizers, we put nothing; because every unnecessary component and feature adds also unnecessary distortion and noise.

But simplicity is only half of the equation.  The removal of superfluous complexity also provides an opportunity to focus on excellence in what remains.  On the basic circuit we lavish our attention.  Electronic parts (which perversely constitute only a fraction of the cost of most audio equipment
) are the finest available.  Yet it is in the designs implemented by these components that we distinguish ourselves.

The inability of THD (total harmonic distortion), simple power ratings, and other traditionally quoted measurements to correlate to sonic quality has caused many high-end manufacturers and audiophiles alike to disregard any quantitative, traditional design goals.  We emphatically disagree.  Much of the scientific and engineering literature, little read by many practicing engineers, contains adequate information to cast doubt on many of these tests as routinely performed.  There are measurements that correlate well to sound, both in our lab and in general.  Sonogy pays special attention to three areas, among others.

First, we insure that impedance matching is optimal.  The recent favor of "high current" power amp designs illustrates this quality well, yet identical problems exists with preamplifiers and many internal circuits that no one ever talks about.  The industry's preoccupation with fads, rather than performance, is illustrated by the simultaneous popularity of high current amplifiers (which improve dynamic impedance matching to speakers) and "passive preamps" which potentially degrade impedance matching between sources and amplifiers by removing an important traditional preamp function.  Sonogy’s Concerto™ buffered preamplifier is our innovative effort to combine the goals of simplicity (passive preamps) with the high current impedance matching of traditional active designs.

Second, we minimize the number of components through which a signal must travel.  The obvious components are the amplifying transistors and their associated capacitors and resistors.  Less noticed are the many support parts contained in ancillary circuits, such as DC coupling servos. Minimum parts design requires careful attention to details, such as direct coupling of many circuit elements (both to remove capacitors and to remove the noise of resistors). Fortunately, the benefits are immediately audible to those with the interest to listen.  There are limits however- to quote Einstein, “things should be made as simple as possible, but no simpler”. Go Albert.
Third, and by far most importantly, we focus, obsessively, on power supplies.  An amplifier may be characterized as a “modulated power supply”.  Power supplies influence the sound of any circuit in many ways.  Poor ones are a primary cause of noise, limit current capability, and provide an insidious form of negative feedback.   In addition, a power supply is a circuit's only protection from the distortion caused by noise entering from the AC power line.  This distortion has only recently been recognized by the high-end industry.  This has been thanks to designers like George Tice (Tice Audio Products) and others who have built products, companies, and careers reducing the garbage brought to you through the AC power line.  Overall, the most complex and costly part of any Sonogy product designed and built to date is the power supply.  This, however, is a topic for another paper.

7.0 Summary

We have discussed at length the nature of negative feedback, and its dangers in high quality audio circuits.  We believe that the concept of feedback is one of the most beneficial and important in electronics, yet simultaneously believe that its mis-application has been the cause of much poor sound over the decades.  We certainly hope that you have found reading this interesting, and even enjoyable.
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�For those of you who want more detail, a perfect amplifier has the transfer function Vout=AVin where A=gain.  Perfect negative feedback reduces the gain (A) resulting in Vout=(A-F)Vin where F=absolute magnitude of the feedback.  However, the output of a feedback amplifier operating on a non-repetitive signal might be represented by Vout=AVin(t)-FVin(t)-1, where t=relative time.  Clearly AVin(t)-FVin(t)-1 ≠ (A-F)Vin.


�Gain refers to the degree of amplification in a circuit.  A gain of 20 amplifier, for instance, makes signals 20X larger than they started.


�obviously some delay exists, all arguments focus on how small the delay is; the smaller the delay, the higher the frequency of signal that can be reproduced without overload or distortion.


�This does not imply over pricing.  Most of the cost of fine audio equipment is in the power supplies, circuit boards, and high quality controls, not in transistors, capacitors, and resistors.  Compromising on these parts is, to us, nearly heretical.





