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Memory Distortion

This page is about a little known form of distortion called Memory Distortion, which happens in solid state devices. It is a bold attempt made to explain the
"solid state sound", or the "sound of feedback".

Memory Distortion was discovered a long time ago by a French man called Gérard Perrot, who has since created his own company called Lavardin, which
makes amplifiers and other Audio devices. I have tried to explore his ideas by building a different kind of amplifier. Here are some of my experiences.

* Part 1 : Theory, beginning

* Part 2 : The input stage (theory)

* Part 3 : How to measure memory, and interesting simulations

* Part 4 : Circuits to minimize memory

* Part 5 : New ideas on the VAS stage

* Part 6 : Listening tests results

* Part 7 : A short test about power supplies and memory

» Part 8 : Complete schematics of the prototype, VAS ideas, and more listening tests... How does an amp with 100dB of feedback sound like ?...
* Part 9 : Pictures of the prototype at work (slow to load : 230Kb)

* Comments from readers.

* Part 10 : An easy way to determine which transistors in an amp cause the most thermal annoyance.

Collected articles from other people :

Very interesting article that shows how to actually measure these elusive thermal drifts (hint : it is based on the integrated dc error over time). [Download]
Patent on the global amplifier design. Recommended reading. [Download]

Patents on the Lavardin input stage : interesting, bur read the other ones before that one.[ Download]

Memory Distortion - Part 1 : Theory

Copyright Advice : I first heard of this in a patent from a French designer named Gérard Perrot so Thanks to him. He owns intellectual property on some of
the circuits. Fortunately this only concerns commercial matters and DIYers can't get sued from building stuff at home, even if it is patented by other people...

0. Introduction
e FactA:

A French audio manufacturer, Lavardin, claimed the discovery of a previously neglected circuit characteristic, which they called "circuit memory". The root
of phenomenon was, according to them, signal-induced thermal drifts in transistors. They developed an amplifier which supposedly eliminated this
phenomenon.

Dpanyysckuti ayouo npouzsooumens Lavardin ymeepacoan, omkpvlimue panee npenedpecaiu Xapakmepucmuxamu yenet, Komopvle OHU Ha3eanu "yenu
namamu”. Kopenv s181eHust, N0 ux MHEHUI, CUCHATbHO-UHOYYUPOBAHHBIU mepmuyeckutll opetigh 8 mpanzucmopax. Onu pazpabomanu ycuiumenv, 8 KOMopom
SAKOOBL YCMPAHEHbl SMU S61eHUSL.

* FactB:

Said amplifier got reviews to die for. Audio critics got hysterical. J]M Lab uses it to power their Utopia line of loudspeaker in demos. However, the
manufacturer in question being French, having limited production capacity, and expensive prices (although no so by audio standards), the scandal somehow
faded as few people (not including me) could test listen the amplifier. Lavardin, however, seems to be doing good business.

Vkazaunwiil ycunumens ecmos om3wvlebl, ymodwvl ymepems 3a. Ayouo kpumuxu noayyun ucmepuxa. JM Lab ucnonv3yem e2o 011 numanus ux
0eMOHCmMpayuoHuslx epomkocosopumeneii Utopia line. Tem ne menee, npouszgooumens 8 60npoc 3aKa0Uaemcs 6 mom paHyy3ckull, 02panuiusuUcs
npouU3B00CMEEHHbIE MOUHOCTMU, U QOPOcUe YeHbl (XOmS U He MAK ayouo- CMmaHoapmam), CKaHOA1 Kak-mo nooiek, Koeoa HeCKOIbKO 4elo8eK (He 8KIoUas.
MeHs1) Mo2ym ucnblmams cayuiamo ycunumens. Lavardin, oonaxo, xasxcemcs, oenaem xopowiuil OusHec.

* FactC:

When there's smoke there's fire.

Ilvima 6e3 ocns ne Ovisaem.

What Now ?

It is not often that some claimed "discovery" in audio makes sense. I got a copy of the patents. They made sense. I'll try to sum up what I understood. I don't
pretend to be the owner of the absolute truth. I do think, however, that I might attract your attention on a previously "neglected circuit characteristic", tickle
your curiosity, and maybe interest you.

Omo ne uacmo, umo HeKOmopbvie YMeepHcOanu «OmKpbimue» 8 ayouo cmuici. A nonyuun konuio namenmos. Onu coenanu cmvica. A nocmapaiocs
CYMMUpo8ams mo, ymo s nousu. A ne npemenoyio bvime enadenvyem abconomHou ucmunsl. A oymaio, 00HaKo, 4Ymo 51 Mo2 Obl Npusieyb eauie BHUMAaHue Ha
panee "3abvimuix yenu xapakmepuwvim"”, wexomame Bawie n11060nsimcmeo, u, 603MOX*CHO, 84C 3aUHmMepecyem.

1. Definitions
First, the obvious : circuit memory is the ability of a circuit to remember the past states of a signal. Here are some examples of memories :

* A capacitor has memory : it integrates current into voltage

* An inductor : it integrates voltage into current

* A heatsink, or a transistor : its mass stays warm long after thermal power has been dissipated.
* Alow-pass filter

* A transistor driven into saturation

* etc.
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I will not talk about inductors and capacitors directly, as integrating is part of their function. That's how filters are made.

Stored charges in junctions : this is a known problem, of which I am no specialist. They determine how long the amplifier takes to get out of clipping ; this is
important because as long as the amplifier is in clipping, all signal is cut off. This is not of this kind of memory that we are going to talk about, however.

Bo-nepsvix, ouesuona: namamo cxema cnocoonocms yenu, Ymoodvl NOMHUMb NPOULIble COCMOSHUSL CUeHALd. Bom nekomopule npumepsbt 60cnOMuHaHUL:

- Konoencamop umeem namams: ona 06veouHsem mox u HanpsxiceHue

- U unoyxmuenocms. ona 00beOuHsiem HaAnps’ceHus 6 MoK

- Paouamop, unu mpanzucmop: e2o macca ocmaemcs menivimM 00J120€e 8pemsi NOCLe PACCESHUSA MEeNL060U IHEPLUU.

- QuabmMp HUICHUX YaACmOm

- Tpanzucmop 6 Hacvlujenuu

- u m.o.
A ne 6ydy 2060pums 0 UHOYKMOPAX U KOHOEHCAmopax Hanpamyro, KAk UHmezpayus A61aemcs yacmoio ux ynkyuu. Bom xax gunvmpul uzeomasnuearomcs.
Coxpanennvie 068uHeHUs 8 nepexodax: Imo u38ecmuas npooiema, 8 KOmopoll s He A61A10Ch cneyuanucmom. Onu onpedensirom, KaK 00120 YCUIUmens
HAX00UMCsl 8 KIUNUPOBAHUU, MO 8AHCHO, NOMOMY YMO, NOKA YCUTUMENb HAX0OUMCS 8 OMCeuKe, 8Ce CUSHANbI OMPe3aHbl. Mo He mako2o pooa Namams, O
KOMOPOT Mbl cCOOUPAemMcsi NO2080PUMb, OOHAKO.

2. A striking example of Memory, or Why Distortion Measurements Fail

Check out this simple, bare circuit :
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Fig.1 : the THD Trick

Now imagine we measure its distortion, by sending a 1 KHz sine of constant amplitude at the input and connecting the output to an analyzer. With adequate
component values, after a few seconds the cap is charged with the peak voltage of the sine wave minus a diode voltage. Once it is charged, almost no current
flows in the diode anymore, and the sine wave passes untouched, giving very good distortion measurements.

If we were to listen to music through this, however, we would notice that, after several seconds of low amplitude signals, the cap has discharged and will
completely clip the crescendo that follows. This circuit has memory : the cap voltage is an image of past amplitude peaks.

This example is rather extreme, but shows that measurements using constant amplitude signals will fail to describe a system that is used to reproduce signals
with extremely wide dynamics!

3. Distortion and Operating Point

Check out this other, simple circuit : a one transistor amplifier. It is a simplification of the Voltage Amplification Stage (VAS) of a solid-state amplifier
without current mirror in the first stage. We are going to examine the effect if operating point variations.
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Fig. 1-2 : Simplistic amplifier
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Fig. 1-3 : Output voltage (inverted, upper curve)
and derivative (lower curve) versus Input voltage




Fig.2 shows the transfer function of this amplifier : a portion of exponential fading into a straight line as the emmiter degeneration resistor kicks in. This
particular circuit is not very linear, as the gain curve shows (red curve in Fig. 1-3). We see clipping, also.

If we were to use this amplifier in real life, we would need to choose a DC bias point around which to operate. Let it be VInput=0.7V+AC. Now, we can re-
center the transfer function curves around the DC bias point : Fig. 1-4 has the transfer function for an input signal of +/- 20 mV around the DC Bias.

I also stepped the DC Bias from 700mV to 750mV in SmV steps : these are the series of curves on Fig. 1-4. Transfer function is still the blue one and gain
(derivative) the red one.

Tenepw npeocmasvme cebe, Mol uzmepsiem e2o uckaxcenue, omnpaeus 1 kl'y cunyc ¢ nocmosHHou amniumyooil Ha 6x00e U NOOKIIOUUE 8bIX0O0 8 AHAUZAMOP.
IIpu adexsammulx 3HAUEHUL KOMNOHEHMOS, 4ePe3 HECKONbKO CEKVHO KPbIUKA 83UMACTCS ¢ NUKOBO20 HANPSNCEHUSL CUHYCOUOANIbHOU BOJIHbL MUH)C
Hanpscenus ouooa. Ilocie mozo, Kaxk OH He 3UMAEMCcsl, NOYMU He meyenm MoK 8 Ouode OovuLe, U CUHYCOUOA NPOXOOUM HeMPOHYMbIMU, 0A8dsl OYeHb
Xopouuue UsMepeHUst UCKANCEHUIL.

Ecnu 6v1 Mol 66111, umobsl cryuwams My3vIKy yepes 3mo, 00HAKO, Mbl 3aMemuiu Obl, Ymo NOCe HECKOIbKUX CEKVHO CUSHAN08 MATOU AMNIUMYObl KOINAYOK
BbINYCKACMCS U NOIHOCMbIO 00pe3amb KpeueHoo, Ymo ciedyem. Ima cxema umeen namsms. HAnpsajfceHue Kpbluka 00pas nocieOHUx MakCUMyMo8
amnaumyo.

Dmom npumep s615emcst 00CMAMOUHO IKCMPEMALbHBIM, HO NOKA3bIBAEM, YMO USMEPEHUsL C UCRONb308AHUEM CUSHATI08 NOCMOAHHOU AMNIUMYObl He Oyoem
BbINOJIHEHA, YMOObL ONUCAMb CUCMEMY, KOMOPAsi UCNONb3YemCst OISl 60CNPOU3BEOCHUSI CUCHANO8 C OYEHb UUPOKUM OUHAMUKU!

3. Hckaricenue u pabouas mouxka
IIposepums 3mo Opy2oii, npocmyro cxemy: 00UH MPAHIUCIIOP YCuaumens. Imo ynpowenue Hanpsaxcenus Amplification cyene (VAS) 6 meepoomenvrom
ycunumene 6e3 mokog8o2o 3epKaia Ha nepeom smane. Mol 6yoem uzywamo s¢hghexm, ecau sapuayuii pabouei MouKu.
Puc.2 nokaszvisaem nepedoamounyio ¢pynxyuio smozo ycurumens.. dacmv 59KCHOHEHYUATbHO 3amyXarowue 8 NpAMoU, KaK u uziyyamend 0eceHepayus
pe3ucmopa yoapos 8 OGHHOM KOHKPEMHOM CXeMd He 04eHb JIUHeliHd, KaK KPUsoll ycuienus woy (Kpacuas kpusas Ha puc 1-3. ). Mei 6uoum, omceuenue, a
makoice.
Ecnu 661 mul ucnonv3oeanu smom ycunumenv 8 peaibHOU HCUSHU, Mbl O0NHCHBL ObLIU Obl 8bIOPAMb MOYKY CMeleHUss NOCIOSHHO20 MOKA, BOKPY2 KOMOpou
ModicHo pabomams. [Iycmb smo 6yoem Vinput = 0,7 + AC. Tenepob mvi modcem nosmopro L{enmp Kpugvie nepedamoynol QyHKyuu ¢ OKpecmHoCmu mouxu
cMmeujeHuss nNocmosiHHo2o0 moka: Puc. 1-4 umeem nepedamounyio @pynkyuro 01 6xo0Ho2o cuenana +/- 20 mB 6okpye cmewjenus nocmosHHo2o0 moxa.
A maxoice cmynun cmewjenust nocmosnno2o moka om 700 mB 0o 750mV ¢ 5 mB wacos: smo cepus kpugwvlx na puc. 1-4. Illepeoamounas ¢ynxyus no-
npedCHeMy CUHULL U YCUeHUsl (Mpou3eo0HAs1) KPACHDBILL.
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Fig. 1-4 : Effect of DC Bias variation on transfer function

Shifting the DC bias simply shifts the curves horizontally, their global shape does not change at all. However, the part of the curve that is used for
amplification is the one at the center, therefore its shape changes with DC Bias.

Each of these transfer function has its own non-linearities, gains, and probably sonic character. It is safe to assume that if we built the circuit and measured
its distortion, the harmonics spectra would be different between 700mV and 750mV biasses, and even between each 5 mV bias curve.

Besides, if we use this circuit in an amplifier with global feedback, which is typically done, its gain will be a part of the global open-loop gain. The open-
loop gain will then be dependent on the DC bias of that transistor.

Executive summary : Every parameter of the transistor depends of its DC operating point (Bias) :
* Gain
* Non-linearities (distortion spectrum)
* Possibly, Sonic character

So, am I re-inventing intermodulation distortion, you will ask. For all intents and purposes all [ wrote above in 3. is strictly a rehash of known stuff on
intermodulation distortion (IMD). Besides, IMD is not a problem in a well designed, linear amplifier. So what ? Wait until you read the rest...

Hepexod NOCMOARHOCO CMewerusl npocmo cosuzaem Kpuevle no copuzonmaiu, ux 2n0banvHaAA gbopma He mensiemes. Tem ne MeHee, 4acmbv KPMGOZZ, Komopas



UCNONL3YEMCS 015 YCULEHUSL ABNAENC OOHUM 8 YeHmpe, NOIMOMY e20 popma UMeHAemcs ¢ NOCMOAHHbIM YKIOHOM.

Kaowcovui uz smux nepedamounoni pynkyuu umeem ceou HerunetuHocme NpUObLIU, U, 03MONCHO, 386VK06oU xapaxmep. Mooicho ¢ yeepeHHoCmbIO
NPEOnOIONHCUMb, YMO eClU Mbl NOCIMPOUNU CXEMY U USMEPUNU €20 UCKAMCEHUE, CHEKMPbL 2apMOHUK 6y0em omaudamvca om 700mV u 750mV
npedybexcoenull, u oaxce mexcoy Kaxcoou 5 mB kpusoil cmewyerus.

Kpome moeo, ecnu mvi ucnonvsyem smy cxemy 6 ycunumerne ¢ ooujeli 00pamuoul césa3u, 4mo 0OblYHO 0enaemcs, e2o 8bluepblil Oy0em 4acmuio 200aANbHOU
861200061 pazomkHymou. Koagpgpuyuenm ycunenus 6e3 obpamuoii cesasu 6yoem 3asucems om cmeujeHusi NOCMOAHHO20 MOKA 8 MOl MPAH3UCMOPA.
Pestome: Kasicowiii napamemp mpansucmopa 3agucum om e2o paboueti mouxku DC (cmewenue):

Ycunenue

Henunetinocmu (uckasicenue cnekmpa)

Bozmoocno, Conuk xapaxmep

Takum obpasom, s 3aH080 U306pemamsv UHMEPMOOYIAYUOHHBIE UCKANCEHUS, Cnpocume 6bl. [[lis 6cex HamepeHull U yenetl 6ce, 4mo s Hanucau eviute, 8 3.
CMpo2o nepenes u36eCmHoU 8ewju Ha UHMepmMooyIayuoHHbIx uckaxcenuil (IMD). Kpome moeo, IMD ne npobnema 6 xopouto npooymMaHHoU, TUHeUH020
yeunumens. Hy u umo? Ilooosxcoume, noxa vl e npouumaenme 0CMAaIbHOoe ...

4. But DC conditions are fixed, aren't they ?

Consider the following simplified amplifier embryo (Fig. 1-5) : a diff pair (Q1 Q2) and a VAS (Q3). I put a PNP diff pair, a la Douglas Self, for a change.

4. Ho ycnosus nocmoannozo puxcupyiomcs, He max au?
Paccmompum cnedyrowyro ynpowennyro ycunumensn asmopuona (puc 1-5.): Diff napa (Q1 Q2) u VAS (Q3). A nonoscun pasnuuuii napy PnP, a-ns /[yenac
Cengh, ons pasnoobpasus.

— To output stage

—_—

23

i %m

Fig. 1-5 : Some bits from an amplifier

This makes for a high feedback design, with R1=R2=10R, R3=1K, R4=10R. Compensation cap is not drawn.

Let us do a thermal modelling of a realistic VAS transistor (Q3) : it will be a TO126 critter (BD139 as the usual suspect). Voltage-driven (like above), with
[2=20mA and R4=10R. Typical values. The collector is loaded by a buffer transistor. Our thermal model is in Fig. 1-6 :

Omo obecneuusaem blcoKyo KoHcmpykyuu oopamuoti cesasu, npu RI1 = R2 = I10R, R3 = 1K, R4 = 10R. Kpviuukxa Komnencayus ne msanem.

Jasaiime coenaem Tennosoe mooenuposanue pearucmuynoco VAS mpanzucmopa (Q3): amo 6yoem 126 meapu (BD139 kax 06biuHbIli N0003pe6aemo2o).
Hanpsioicenue npusooom (kak eviwe), ¢ 12 = 20 mA u R4 = 10R. Tunuunwvie 3navenus. Konnekmop 3aepyscen 6ypepnoi mpanzucmopa. Hawa mennosas
Mmooens Ha puc. 1-6:
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Fig. 1-6 : Thermal model




Notice G1, a current source whose value is proportional to the power dissipated in Q1 (Vce*Ie), and the various caps and resistor that model the thermal
capacitances and resistances of the transistor package and heatsink. Notice also E1, which models the Vbe variations of -2 mV/Celsius.

Now, let's drive it with a large transient signal, as shown in Fig. 1-7, which does not drive it into clipping, but close, and plot the temperature variations of the
transistor silicon. This transient signal is 30V at the output for 20ms. The output voltage is in blue, the junction temperature in red :

Ilpumeuanue G1, ucmounux moxa, 3HaueHue KOMopo2o NPONOPYUOHAILHO MowHocmu, pacceusaemoti 8 1 keapmane (VCE * IE), a makoice paznuunvie
KOINAUKU U Pe3UCOP, KOMOPbIli MOOENUPO8aAmsb meniosvle eMKOCmell U CONpOmusiLeHull nakema mpansucmopa u paouamopom. Ommemum maxoxce, El,
kaxue mooenu eapuayuu VBE -2 mB / [lenvcus.

Teneps, Oasatime 6ecmu 2mo ¢ OONBLUIUM NEPEXOOHO20 CUSHAIA, KAK NOKA3AHO Ha puc. 1-7, He 3a2oHsalime e20 8 omcedenus, HO OIU3KO K IMOMY, U CIOdHcem
UBMEHeHUs1 meMnepamypbl MpaH3ucmopa Kpemuuss. Imo nepexoouwiii cuenan 30B na evixooe ons 20 mc. Bvixoonoe nanpsisicenue 8 cunem, memnepamypbl
nepexooa 6 KpacHblil ygem:
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Fig. 1-7a : Temperature variations on a large transient Fig. 1-7b : Output voltage (zoomed)

This transient heats Q1 by 0.215°C ; while this is very small, is is enough to create a noticeable variation of 1.37 V in the output voltage (Fig. 1-7b). This is
because the very high input impedance of the buffer magnifies the minute current variations caused by the Vbe delta.

We can try other test signals :

* 1Hz at 2.83VRMS (Fig. 1-8a) not a common frequency per se in music, but on the order of magnitude of the variations of the power envelope of the
signal, which influences power dissipation in Q1. On Fig. 1-8a, we see the junction temperature varies of 0.38°C peak-to-peak, which would translate
into a 2.42V output drift.

* 10 Hz at the same amplitude, seen in Fig. 1-8b.

Omo nepexoousiii Hacpesaemces Q1 no 0,215 ° C; 6 mo epems Kaxk 5mo oueHb Maio, 00CMAmMoyHo, Umodwl co30ams 3amemuoe usmenenue 1,37 V 6blxo0H020
Hanpsicenust (puc. 1-7b). Dmo npoucxooum nomomy, 4mo o4ersb 8blCOKUL 8XOOHOU UMNnedanc 0ygepa yseruuusaem menvuatiuiue mexkyujue UsMeHeHus,
evi36aHHble Oenvma VBE.

Mbwi modicem nonpobosams Opyaue mecmogwle CUSHAL:

-1 I'y na 2.83VRMS (puc. 1-8a), ne obwuii uacmomuwiti makogou 8 My3viKe, HO HA NOPSAOOK 8apuayuii MOWHOCMU o2ubarowell CUeHAaId, KOMopblll
enusiem Ha pacceusanue mowrocmu 6 1 keapmane. Ha puc. 1-8a, mvt suoum, memnepamypa nepexooa meusemces 0,38 ° C nuk-nux, komopwiii Oyoem
nepesooumsw 6 evixoonou 2.42V opetiga.

- 10 I'y, 6 mo ace amnaumyowl, uono na ghue. 1-8b.
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Fig. 1-8a : Temperature variations on a 1 Hz tune Fig. 1-8b : Temperature variations on a 10 Hz tune

These output drift voltages will not appear at the output of the amp, as they will be corrected by global feedback. However, they will cause the DC bias of the
whole amplifier to shift a little as the feedback corrects the DC error. The operating points of the input pair will change as well as the one of the VAS. As we
have seen earlier, this will change the distortion spectrum of the amplifier, hence, its sonic character will be dependent on the power of the signal that has
passed through it in the last seconds. It will not sound the same after a loud passage than after a quiet one ; powerful Bass notes will upset the balance too. It
takes very little to upset an input pair, and Douglas Self measured that an imbalance as little as 1% in current between the two transistors is enough to
generate a measurable increase in distortion.

As I wrote earlier, this could be considered like intermodulation, but it is intermodulation between the audio signal and the hidden variations of DC
conditions. It is different from simple intermodulation between two frequencies, as this thermal drift signal can not be measured because the feedback
corrects it. The drift signal also depends on the original signal, which makes it even worse.

Omu dpetigh 8b1X00H020 CUCHANA HANPAXCEeHUs He 0)y0em NOABIAMbCs HA 8bIX00e YCUTUMes, MakK Kak oHu 6y0ym ucnpasiieHvl ¢ NOMOWbI0 2100a1bHOU
obpamuoii cesnzu. Tem ne menee, onu OyOym 6vi3bl6aAMb CMEUWCHUE NOCHOIHHO20 MOKA 8CE20 YCUIUMESL, YMOoObl COBUHYMb HEMHO20 KAK 0OPAMHASL CE513b
ucnpasnsiem owuobKy nocmosnHo2o moka. Pabouue mouku 6600a napa Oyoem menamucs, a maksice 00un uz VAS. Kak mvl 6udenu panee, smo uzmenum
UCKAICEHUsL CNeKMPA YCUIUMEIS, CLe008aAMENbHO, €20 36YKO8ble XAPAKMEPUCMUKU OYOYM 3a6Ucens Om MOWHOCMU CUCHALA, NPOULeOULe20 Yepe3 He2o Ha
NOCNeOHUX CeKYHOax. Dmo He 6ydem 38yuamb MAK Jce Nocjie SpOMKO20 NpuHsmue 6oavule, Yem nocie muxo20 00OH020, MOWHBIU 6AC HOMbL HAPYUWUMb
bananc mooce. Imo 3anumaem ovenb Mao, Yymoodwvl Hapyuwums 6xo0Ho2o napa, u /lyenac Camo uzmepsemcs, umo oucoananc ceeo b 1% 6 moka
MeANCOY O8YMsL MPAHIUCMOPAMU OOCIMAMOYHO, YMOObl 2EHEPUPOBAMb UBMEPUMOE VYEETUYEHUE UCKANCEHUL.

Kax s yoice nucan panee, 3mo modxcem paccmampusamscsi Kak UHMepMOOYIAYUU, HO MO UHMEPMOOYVIISIYUOHHBIX MENCOY 38YKOBbIM CUSHATIOM U CKPbIMbIX
8aPUAHMO8 YCIOBULL NOCMOSHHO20 MOKA. DMO OMAUYAEMCst OM NPOCMO20 UHMEPMOOYISYUEl MexHcOy 08YMSL HaACMOMAMU, KAK IMOM CUSHAT
memnepamyphbwlil Opetigh He Modicem Obimb UMEPEeHa, maxk Kax 0opamuas cesi3e koppekmupyem e2o. Cuenan opeigha makice 3a8Ucum om UcxooH020
cueHana, ymo oenaem e2o euje xyxice.

5. The input stage wanders around
Now, consider the model amplifier of Fig. 1-9. It has no output stage, and only the VAS transistor has a thermal model, to keep things simple.

5. Bxoonoii kackao, xoxcoenue no Kpyzy
Tenepb paccmompum moodens ycunumens puc. 1-9. On ne umeem 8bIX00HOU KACKao, U MoAbKo mpauucmop VAS umeem mennogyio mooens, umoowl
()epofcamb eewiu npocmuimu.
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Fig. 1-9 : Simple model amplifier

Having this amplifier process the large transient of Fig. 1-7 gives us the curves on Fig. 1-10 :

HUmes smom ycunumensv npoyecc 6onvuioli nepexoousiii puc. 1-7 oaem nam xpugwvie Ha puc. 1-10:
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Fig. 1-10 : Thermal drifts in simple model amplifier

Please note the amplifier is not driven into clipping. The temperature delta on Q1 is still there (red curve), but the output voltage (blue curve) shows only a
measly 4 mV drift, instead of 1.37V : global feedback did its thing and nicely hides the gremlins from sight. We can still hear them scream, however.

The black curves show the drift of input pair error voltage Vb(Q3)-Vb(Q4) ; the bottom one is a closeup :

* At T=0, VError = 4.98mV
* During the impulse, for an output of 30V, VError = 9.302mV (This gives a rather lowish openloop gain of 6940)
* Immediately after the transient, VError = 5.177mV

The thermal drifts therefore caused VError to shift of 197uV (this corresponds to the 1.37 value at the output if we multiply it by the OL gain). If we compare



this to the VError during the impulse (4.322mV), we come to this shocking conclusion :
The thermal drift signal is only 27dB down from the musical signal !

Besides, if we neglect the base current of the buffer transistor Q2 (which is perfectly rational), Intensity in Q1 is constant and dissipated power varies linearly
with signal amplitude. Therefore, Q1 thermal drifts are proportional with music signal amplitude, which comes to another bad thought :

This 27dB ratio does not depend on the signal amplitude ! but only on circuit design. It will affect the sound quality of the circuit at all levels.

Loowcanyticma, obpamume enumanue, ycunumens He ynpasisiemcs 6 omceyenus. Temnepamypa oenoma Q1 6ce ewe mam (Kpacras Kpueas), Ho 8bIX0OOHOe
Hanpsicenue (CUHss Kpusds,) noKaswvleaem monvko dcanixkue 4 mB opetigh, a 1.37V: enobanvHulii 00pammuoil céa3u coenanu ceoe 0elo U Xopouio cKpbleaem
epemaunos u3 eudy. Mul éce ewje modcem yCavluiamy, KaK OHU KpUuiam, mem He MeHee.
Yepuvie kpusvle noxasvlearom opeliqh Hanpsxicenus ouudxa 66ooa napa B.B. (03) -vb (Q4),; nuosicHuil a61semcsa KpynHovlM NIAHOM:

-Ilpu T = 0, Verror = 4.98mV

- Bo epems umnynvca, ons evixooa 30B, Verror = 9.302mV (Omo oaem dogonvro lowish ycunenus openloop uz 6940)

- Cpa3sy nocne nepexoonoco npoyecca Verror = 5.177mV
Tennogvie cyepobvl nosmomy euvizean Verror k cosuzy 197uV (smo coomeemcmeyem 3uauenuro 1,37 na 8vixooe, eciu YMHOMCUMb ee Ha KOI(hduyuenm
yeunenus I1IP). Eciu mut cpasuum smo ¢ VError 6o epems umnynvca (4.322mV), mvl npuxooum K 3moi wlokupyroujeti 6b18600y:
Cuenan mennogotui opetigh monvko 27 OB no cpagueHuro ¢ My3vlKaibHo2o cucHana!
Kpome mozo, ecnu mvl npenedbpecaem 6asosviii mox o6ygep mpansucmopa Q2 (umo enonne payuonanvras), Mumencusnocms 6 1 keapmane asnsiemcs
HOCMOSHHBIM U pacceudaemas MOuWHOCMb USMEHAeMCs TUHEUHO ¢ aMnaumyooll cuenana. Taxum obpasom, Q1 mennogvle HAHOCbI NPONOPYUOHATLHA
amnaumyoe My3vlKaibH020 CUSHANA, KOMOPBIU NPUXOOUmM K Opy2oti NA0XOU MbICTIU.
Omo coomunowenue 27 0b, He 3a6ucum om amnaumyobvl cueHana! Ho moabko Ha cxemomextuke. Imo Oyoem enuAmb Ha KA4ecmeo 38yKa Yyenu Ha 6cex
VDOBHSIX.

6. Tubes vs. Transistors

Of course, tubes don't care about temperature. This might be the reason why they sound better...

Koneuno, mpybuel ne sabomamcs o memnepamype. Imo moducem Oblmb NPUHUHOL, NOYEMY OHU 36Y4AM JIyYULe ...

7. Feedback

Feedback hides the bias variations : as one stage gets imbalanced, the other stages will tend to get imbalanced too, but the opposite way, in a desperate effort
to compensate.

We saw above that the thermal drifts of the VAS transistor were multiplied by its gain. Reducing the open-loop gain (by loading the VAS collector to ground
with a resistor) therefore reduces the drifts, but it also reduces the feedback factor available to correct them, resulting in a draw. Besides, it adds distortion.

[Flame suit on] I personnally think that high feedback is preferable. TIM seems more like a legend to me. High feedback can be used more efficiently
against memory effects. Besides, you can make a fast amp that has high feedback too. There will be more on this in the next article, which will cover the
details of the amplifier I designed against memory distortion. [Flame suit off]

Obpammuas césa3b cKpbléaem UMeHeHUs CMeWeHUs. KaKk 0OHOIMAanHblll Noxyyaem HecoOaNanHcuposanHbim, opyaue 3mansvl 6y0ym, KaxK npasuio, 4moovl
HOTYYUMb HecOANAHCUPOBAHHOL MOJice, HO NPOMUBONONO0NHCHLIM 00PA30M, 8 OMYASHHOU NONbIMKE KOMNEHCUPOB8Amb.

Mpi udenu sviute, umo meniogule yxoovl mpansucmopa VAS Ovliu ymHOdCeHbl Ha ee ycuneHus. YmeHvulenue Kodgguyuenma ycuneHus pazoMKHymou (no
3aepy3ke koanrekmop VAS na 3emnio ¢ pesucmopom), cnedo8amenbHo, CHuxicaem opetighvl, HO maxdice CHUdGICaem K03 guyuenm oopamHotl csa3u O0CMynHbulil
ucnpasumu ux, 8 pezyiomame ye2o opo. Kpome mozo, 3mo 0obasnsiem uckax#ceus.

[Flame xocmiom na] A muuno oymaro, umo vicoxas 0opamuoul ceésa3u asusiemcs npeonoumumenvrvim. TIM 6onvue noxodce na necendy 0 merHs. Bvicokas
06pamuas c6:a36 Modicem Oblmb UCNONB308aHA bonee dhGekmusrno npomus s¢ppexmos namamu. Kpome moeo, vt mosceme coenams 6biCmpuvlil ycuiumenn,
KOMOPbll umeem 8blCOKYI0 omoauy modce. Tam 6yoem bonvute Ha 5mom 6 ciedyroujell cmamove, Komopas 6yoem oxeamvléams 0emanu YCUuIumens s
paspaboman npomus uckaxcenusi namamu. [Flame kocmiom c]

Further reading

* There is a very interesting article that shows how to actually measure these elusive thermal drifts (hint : it is based on the integrated dc error over
time). [Download]

* [ spared you the maths, but you can find them in all their glory in the patent on the global amplifier design. Recommended reading. [Download]

» The patents on the Lavardin input stage : interesting, bur read the other ones before that one. Besides, my input stage is funkier. [Download]

All files ate zipped. Images are in TIFF CCITT4 Format, which allows for excellent compression ratios (1/4 the size of Gif's). You can read them with
ACDSee, Photoshop, Paint Shop Pro, and the like.

Hanvnenwee umenue
Cywecmeyem oyeHb UHMEPECHAs CMAMbsl, KOMOpasi NOKA3bleden, KaK Ha camom 0elle Usmepsims 9mu Heylosumble meniogvle Hanocwl (Iloockaska: ou
OCHOBAH HA KOMNIEKCHOM OWUOKU NOCMOAHHO20 MOKa ¢ meyeHuem epemenu). [Ckauams]
A nowaoun eac mamemamuxy, HO 8bl MoJicene HAUmu ux 60 6cell UX Kpace 8 nameHme Ha MUPOBOM cxembl ycurumens. Pexomenoyem 0ns umeHus..
[Crauams]
Ilamenmwl Ha smane 66o0a Lavardin: unmepecno, Byp-npouumams opyeue, komopuie oviau 00 mozo. Kpome mozo, Mot 6X00HOU KACKaO A615emcs
gankosvim. [Crauamy]
Bce ¢aiinvr enu monnuu. Hzoopascenus 6 TIFF CCITT 4 ¢hopmam, komopuwiti obecneuusaem npesocxoonvie koagguyuenmot cocamus (1/4 pazmepa I'HDC).
Bvt mooiceme yumamo ux ¢ ACDSee, Photoshop, Paint Shop Pro, u momy noooomoe.

I'll be back

I was into electronics since a long time, but mostly digital. I had no idea how an audio amplifier worked until september, 2000 (!). If you want to know how I
designed a small amplifier that looks impossible on paper, yet makes my reviewer-reccommended, purist, prized-by-La nouvelle revue du son, $800 store-
bought mosfet amp sound like a pocket AM radio, don't miss the next article !!!

A sepnyco
A 6b11 6 paduomextuke 00s20e 8pems, HO 8 OCHOBHOM Yu@Pposou. A nonamus ne umen, kax ayouo ycuaumenv paboman 0o ceumsaopsa 2000 cooa (!). Ecau vt
xomume 3HAmMb, KAK 51 pa3pabomai HeboIbUIOl YCUTUMENb, KOMOPBIU 8bl2NA0UM HEBO3MONCHBIM HA OyMmaze, HO deidem MOU peyeH3eHm PeKoMeHO08dll,
nypucma, yennvle, no-Jla Hysenwv pesio ow coina, $ 800 6 mazazune xynun MOSFET ycunumens 38yka, kak kapmantvle AM paouo, /[on 'm nponycmume
crnedyrowyio cmamoio !!!


http://peufeu.free.fr/audio/memory/patents/lavardin-inputstage.zip
http://peufeu.free.fr/audio/memory/patents/lavardin-amp.zip
http://peufeu.free.fr/audio/memory/patents/aes-measurement.zip

Memory Distortion - Part 2 : The Input Stage
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There are billions of these critters around the world : think about all the opamps in your TV, CD player, portable phone, etc. This circuit topology has become
so common that almost everybody takes it for granted. With the very notable exception of Tubes, audio amplifiers almost universally use a differential pair.
Those which don't have a differential are often exotic designs, like zero-feedback, single-ended class A oddities.

Ecmo munnuapowvt smux meapeii 6o ecem mupe: oymaio o écex OV 6 eawem menesusope, CD-nieep, nopmamusHulii meieou, u m.0. Ima cxema monono2ust
CMAna HACMONLKO PACNPOCMPAHEHHOM, YMO NOYMU 8Ce NPUHUMAIOM M0 Kak dondcHoe. C ouenb peOKuM UCKIouenuem mpyo, ayouo ycuiumen noumu
nO8ceMecmHo UCNONb308ams ouggepenyuanvhyro napy. Te, Komopbvie He UMeOM nepenao 4acmo K30MudecKue npoeKmovl, KaK Hy1e6oll 00pamHou c6s3u,
HeCUMMeMPUYHbIX CMpaHHocmell kiacca A.

Résumé of previous épisodes

If you read the previous article, you remember that the Memory distortion theory states that thermal pulses in the transistors, caused by the audio signal,
upset the global DC operating point. Feedback hides the bias variations : as one stage gets imbalanced, the other stages will tend to get imbalanced too, but
the opposite way, in a desperate effort to compensate. Therefore, the distortion spectrum, which is dependent on the operating point, varies according to the
signal which passed through the amplifier in the last few seconds. Tubes are insensitive to this phenomena, which could be the explanation of why transistors
and tubes sound "different".

Pe3tome npeovloyuiux 3nu30006
Ecnu vt wvumanu npedbldymyio cmamsio, 6bl NOMHUmMe, 4Yno meopusl UCKAJNCERUe namimu ymeepofcdaem, unmo menjiogvle UMn)JjibCol 6 MPAH3UCNHIOPOS,
6bl36AHHbLX 36YKOB0O20 CUcHAlA, paccmpoﬁcmeo 2n00abHOU pa60qeﬁ MOYKU NOCMOAHHO20 MOKdA. O6pamuaﬂ C6513b CKpbleaen USMEHEHUS CMEUIERUA. KAK
00HOIMANHLILL NOTYYAem HecOANAHCUPOBAHHBIM, Opyeue Imansl 6YOym, KaK npasuio, Y¥moowsl NOIyYUms HecOAIAHCUPOBAHHOU Modice, HO
npomueonoj10HCHbIM 05]?6130/[/1, 8 OMYAAHHOU NONbIMKE KomneHncupoeanio. Taxum 06pa30M, UuckKaosicenue cnekmpa, Komopdas sasucunt om pa60qed mMo4Ku,
USMEHAEmMCA 6 3asucumocmu ont CucHald, KOI’nOpbllZ npouten 4epes ycuiumeisb 6 nocneoHue Heckoabko CeKyH(). pr6bl HeYyecmeuneilbibl K 9momy }18]Z€HUZZ,
Komopbwle Mo2iu 0bl Oblmb 0O0BLACHEHUEM MO20, NOYeM) MPAH3UCMOPbL U mpyobl 36yuam "pasnuvie”.

Input Stage Simulation

Fig. 2-1 is the schematic, in which the two voltage sources taken in the emitters represent the Vbe shifts with temperatures. The output is taken as I(R1)-
I(R2). The input, or error signal, is the voltage between the two bases. RE=100R, ITail=8 mA.

Fig. 2-2 shows the dissipated power in both transistors versus error signal (which is simply the differential signal betwen the two bases). The high rail
voltage makes them dissipate quite a lot ; the maximum value (at clipping) is around 250 mW. I modified the thermal model for small TO92 transistors,
BC550 for instance, which are much easier to heat up than the bigger ones we use as VAS.

Bxoomnoii kackao Mooenupoeanue
Huorcup. 2-1 cxemamuuecku, 8 Komopom 08a UCMOYHUKA HANPSIICEHUs,, NOTYYEeHHbIX 8 usnyuamenell npeocmasisitom Vbe cosueaem ¢ memnepamypou. Buixoo
npunumaemcs I (R1) (R2-1).Bxo0, unu cuenan 06 owudxe, smo HanpsiceHue mexcoy 08yms oazamu. RE = 100R, [Tail = 8 mA.
Huorcup. 2-2 noxasvieaem pacceusaemyro MOWHOCMb 8 000UX MPAH3UCHOPOS8 NO CPABHEHUIO C CUSHATOM OUUOKU (KOMOPDBIIL S18I5eMCsi NPOCHO
oughghepenyuanvuwiii cuenan betwen 08yx ocrnosamnuil). Bolcokuil Hanpsiscenue numanus 0eidaem ux paccesims 00801bHO MH020; Makcumanvhoe 3uavenue (8
omceuenust) cocmasasiem okono 250 mBm. A usmenun mennogyio mooens 015 manvix mpauzucmopos TO92, BC550 nanpumep, copazoo necue Hazpems, wem
Oonee KpynHvie, KOMopbvle Mbl UCHONb3YEM 8 Kauecmae OONOIHUMENbHbIX YCIVe.
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o Fig.2 : Dissipated power in Q1 and Q2 vs error signal.

Fig.1 : The differential pair.

Consider an amplifier with the following parameters as an example :

* G : closed-loop gain (20 dB, or 10)
* Ao : openloop gain (46 dB, or 200)
* FB : feedback factor Ao/G = 26dB, or 20

We will suppose for a moment that we have an amplifier with large openloop bandwidth, in which FB is constant with frequency, to simplify. Now, let's


http://peufeu.free.fr/audio/memory/memory-1-theory.html

suppose this amp is asked to produce the same transient as in the last article (30V for 20ms) : Vout = 30V at the ouput corresponds to Vout/Ao = 150 mV
between the transistor bases.

In Fig. 2-3, I plot the die temperature of the two transistors. The black curve is the output voltage, the green and blue are the temperature of both transistors.

Paccmompum ycunumens co cnedyrowumu napamempamu 8 kavecmee npumepa:

- G: ycunenus oopamuoii ceasvro (20 06 unu 10)

- Ao: ycunenue openloop (46 ob, 200)

- FB: koa¢hpuyuenm obpammnoii ceéasu Ao/ G = 26 ob, uu 20
Mpui 6y0em npeononazamo, Ha MeHOBEHUe, YMO Mbl UMeeM YCUIUmMeNb ¢ WUPOKOL nonocotl openloop, 6 komopom F'B nocmosanno ¢ uacmomoti, 01
npocmomul. Tenepwv, 0agatime NPeonoIONHCUM, YMO SMOM YCUIUMENb NPOCAM NPOU3BECMU MAKOe JHce KPAMKO8PeMeHHoe KaK U 8 npoulioi cmamove (30V 0ns
20 mc): Vout = 30B na evi600e coomeemcmeayem Vout / Ao = 150 mB mesxncoy mpanzucmopom oCHOBAHULL.
Ha ¢ue. 2-3, 1 yuacmox memnepamypbi KpUCMAania u3 08yx mpauucmopos. Yepras kpueas sA611emcsi 6bIx00HOe HANpAXCeHUe, 3e1eHblll U CUHULL A6IAI0MCA
memnepamypa o60ux mpaH3ucmopos.
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Fig. 2-3a : Temperature of Q1 and Q2 versus Time

In this example, the transient generated a temperature delta of 0.016°C, which is pretty small. It translates as a 3uA difference in the output currents, which is
50 dB smaller than the audio signal. This thermal signal is quite small. However, these thermal drifts have importance regarding sound quality, as we will se
later.

Before I forget, let me mention the interesting fact that, no matter what values we have for FB and Ao, this S0dB between thermal signal and error signal is
likely to be a constant, as thermal dissipation is proportional to error signal (see Fig. 2-2). So, we have not found an explanation on why the low-feedback
amps seem to sound better.

B amom npumepe, nepexoomnsie vizeana memnepamyput oenoma 0,016 ° C, komopas aensemcs 00801bHO HeOOAbULOU. DMOo npueooum Kax pazHocms 3uAd 6
8bIXOOHBIX MOK08, umo 50 OB meHbute, uem 36YK068020 CUcHANA. Dma meniosas CUcHala 00cmamouno maia. Tem He MeHee, SMu Meni08ble HAHOCHL UMEIOM
3HAueHUe 8 OMHOWEHUU KaYyecmed 38YKa, KaK Mbl Oyoem cebe nosaice.

Iloka 5 He 3a0bL1, N03601bME MHE YNOMSIHYMb UHMEPECHbLL (DaKm, Ymo, He3a8UCUMO Om MOo2o, Kakue yeHHocmu Mol umeem 0isi FB u Taxum obpazom, smo
50 0B medsncoy mennosoil cueHana u CUSHALA OUUOKU, 8ePOSMHO, He Oy0em NOCMOAHHOU, Kak Tennosvloenenue nponopyUoOHaIbHa CUeHAl ouuoKky (cm. 2-2).
Taxum ob6pazom, Mol He HAULTU OOBICHEHUsL O MOM, NHOYEMY YCUTUMENU C HUSKUM YPOBHEM 00PAMHOU CE53U, KANCEMCSl, 36YYUM yHule.

Forgot something ?

Of course, we forgot the audio signal itself. The error signal is differential, but the audio signal, which comes at the input of the amplifier, is common mode.
Fig. 2-4 shows what happens when both transistors have the same base voltages : the purple curve is their dissipated power vs. common mode voltage, and
the green one is their junction temperatures, while processing the same transient as before.

3abviu ymo-mo?

Koneuno, mol 3a0611u ayouocuenan ceos. Cuenan ouubku ouppepenyuanibHotl, Ho 36YK080U CUSHAL, KOMOPbBII NPUXOOUM HA 6X00e YCULUMENs, 00uutl
pearcum. Unoicup. 2-4 nokasvieaem, umo npoucxooum, Koeoa 0b6a mpaH3ucmopa umerom me dice 6a308vle HANPANCeHUs. UOIEMOBbLIL KPUBAS UX
pacceusaemas MOWHOCMb NO CPABHEHUIO C 00Ujell HANPANCEHUS PEXCUM U 3eleHbLIL OOUH UX memMnepamypvl nepexood, npu oopabomke ice
KPamKoBpeMeHHOe KaK paHblle.
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Fig. 2-4 : Thermal variations in common mode

Their temperature varies of 0.046°C on the transient. This is much higher than the variation caused by the error signal.

Hx memnepamypa xonebremcs om 0,046 ° C na nepexoonozo npoyecca. Imo 3Ha4UMenbHO 8biule, YeM UsMeHeHUe, 8bI36AHHOe CUSHANA OUUOKU.

On Clipping
Much has been said on clipping. A fact is that amplifier behaviour at clipping seems to be an important factor for sound quality.

At clipping, feedback no longer maintains a low error signal : the error signal is simply the difference between the actual Input Voltage and the maximum
input voltage that can be amplified without clipping. The same transient as before, driven into clipping with a 1 Volt error signal, generates a delta of 0.1°C
between Q1 and Q2.

Knunupoeanue
Mmnoeo bvin0 ckazano o knunuposanuu. /leno ¢ mom, 4umo nogeoerue yCuiumens npu KIunupo8anu s81semcst 6a*CHbIM (aKmopom 015 Kayecmed 38YKd.
Ipu kaunuposanuu odpammuas céa3b 6oabULe He NOOOEPHCUBAEN CUSHATL HUZKO20 YPOBHS OWUOKU: CUSHAN OWUOKU NPOCMO PA3HUYA MexCOy hakmuyecKum
BXOOHBIM HANPANCEHUEM U MAKCUMATbHBIM 8XOOHbIM HANPSIJICEHUEM, YMO Modicem bblmb ycuiien bes nepezpysku. Te dce camvle nepexoouwie, Kak u pamvuie,
npu KIUNUPOBAHUU ¢ cueHaiom owubku 6 1 Bonom, cenepupyem denvma 0,1 ° C mexcoy Q1 u Q2.

Questions, questions

Unlike in the last article, where the numbers clearly showed that there was something happening, this time the thermal effects seem rather small. Effects
caused by the error signal really seem negligible. The other two, common mode audio signal and clipping, might not. Let's see what happens when the
openloop gain changes.

In a low feedback amp (A0=200 or 46dB), the error signal for a full scale output (Vout=30V) is around Vout/Ao = 150mV. A delta of 0.1°C, offsets the error
signal by 200uV, which is very little indeed.

In a high feedback amp (A0=50000 or 90dB), the error signal will be 600uV for a full scale output. Then, 200uV generated by one tenth of a degree of
thermal imablance do not appear to be negligible anymore. It is actually one third of the actual audio signal !

High-feedback amps have a low open-loop bandwidth, as low as 10-100Hz. This is associated with the notion of them being "slow", i.e. incapable of
reproducing transients, while in fact they have very good speed and slew rate. The reason why they often sound "slow" on transients might be that, when
they clip, the tiny thermal imbalance that is generated will be enough to offset the operating point of the input stage, and then the other stages, by a
noticeable margin, for several seconds after the instant when clipping has occured. The quasi-religious question of feedback is not solved, but we know a
little more.

The clipping behaviour of tubes vs transistors, has been compared many times, especially in amplifiers which have to deal with original signals coming from
microphones, which have much more dynamics than recorded ones. However no really conclusive evidence of why tubes clip more gracefully has appeared.
This thermal imbalance theory might be the answer to that old question...

Finally, it has appeared in this page that the input stage did not generate much thermal drift (except on clipping). It is, however, sensitive to the drifts
generated in the other parts of the amplifier, especially the VAS (see last article). We will take this into account in the input stage design.

Bonpocul, sonpocut
B omauuue om nocneoueii cmamoii, 20e YUCIO YemKO NOKA3AIU, YO CYUeCmEyem Ymo-mo NPpoucxooum, Ha Smom pas meniogvle 3¢ghekmoi, Kaxcemcs,
008011bHO MAbl. DheKkmbl, 8bI36AHHBLE CUSHALOM OUUOKU, 0CUCMBUMENbHO KAXCEMC S He3HAYUmenbHbyl. J]ea Opyaux, oowull pexcum 36yKo8ou CUSHAL U
omceyeHue, He Modcem. Jlasaiime nOCMOMPUM, YMO NPOUCXOOUM NPU USMEHEHUU YCUTLEHUSL PA3ZOMKHYMOLL.
B nuszxou ycunumens oopamuoii cesasu (Ao = 200 unu 46dB), cuenan owubku 0 gvixooa nonnou wixkansl (Vout = 30B) cocmasnsem oxono Vout / Ao = 150
MB. lenoma 0,1 ° C, komnencupyem cuenan omuoxu ¢ nomowvio 200uV, komopwiii Ha camom oene o4eHb Mauo.
B swvicoxoui oopamuoii ycurumensn (AO = 50000 unu 90 0F), cuenan owubku 6yoem 600uV oas evieoda noanou wikanel. 3amem, 200uV noposcoaemcs 00HOU
0ecamoil cmeneHu mepmMuiecKoll HeyCmoudugOCmu, Kaxicemcsi, He Obimb He3HAYUMeNIbHbIM Oo1bUe. DMO HA camom Oelle 00HA mpemb Om PaKmu4ecKo2o
ayouocuenana!
Yeunumenu High-obpamnoti cesa3u umerom HU3KY0 NPONyCcKHy0 CHOCOOHOCIb C PA3OMKHYMbIM KOHMYPOM, Kak Hu3ko kax 10-100Hz. Omo cesazano ¢
nOHAmMuUeM u3 Hux "3ameonrums”, mo ecmv He CNOCOOHBI BOCHPOUZBOOUMb NEPEXOOHBIX, A HA CAMOM Oelle OHU UMEIOM 04YeHb XOPOULYI0 CKOPOCMb U CKOPOCMb
Hapacmanus 8bIX00H020 Hanpsaxcerus. Ilpuuuna, nouemy onu uacmo 3gyuam "3ameonrums"” Ha nepexoOHvle Modicem Oblmb, YUMo, K020d OHU KAUMN,
KpOuleuHbvlll menniogo OUcoananc, Komopulii 2eHepupyemcs 6yoem 00Cmamouro, Ymoodvl KOMNEHCUPO8ams pabouyo moyKy 6Xo0H020 KAcKaod, a 3amem



opyaue 3manvl, 3aMemMHbIM OMPLIBOM, 8 MedeHUe HECKOIbKUX CeKYHO Nocie MoMeHma, koeoa obpesanue npouzouino. Keasu-penueuosnsiii gonpoc oopammot
CB53U He peulend, HO Mbl 3HAeM, HEMHO20 Ooble.

Tlosedenue omceuenue mpyb npomus mpau3ucmopos, Oblil N0 CPAGHEHUI0 MHO20 PA3, OCODEHHO 8 YCUNUMENAX, KOMOopble UMEIOM 0el0 C OPUSUHATILHBIMU
CUCHANI08, NOCMYNAIOWUX OM MUKPODOHA, KOMOpble UMeron 20pa300 Oonbuie OUHAMUKU, YeM 3anucanublx Hux. OOHaKo He oueHb YOeoumenbHbix
0oKazamenbCcme mozo, nouemy mpyovl obpezams 6onee UsAuWHO He NOSBULOCL. DMa Menio6as meopus OUcCOAIAHC Modcem Oblmb OMEen Ha JMom CMapbiil
8omnpoc ...

Haxoney, on noseuics na 3mou cmpanuye, Ymo 6X00HOU KACKAO He 2eHepupyem MHO20 memMnepamypHulii opelid (3a uckirouenuem omcedenus). Imo,
00HAKO, YYBCMBUMEEH K CY2PODAM, 2eHepUpyemblx 6 Opyeux yacmsax ycunumens, ocobenno VAS (cm nocneonioro cmamowio). Mol 6yoem npunumams 5mo 60
BHUMAHUE NPU NPOEKMUPOBAHUU BXOOHO20 KACKAOA.

Memory Distortion - Part 3 : Measurements

How to measure Memory

The method that Gérard Perrot, author of the patents, used is very clever. The drifts we want to measure are hidden by feedback : as one stage gets
imbalanced, the other stages will tend to get imbalanced too, but the opposite way, in a desperate effort to compensate. This must result in an extremely small
drift voltage at the amplifier output, which is dependent on the actual internal drift, but much smaller. In order to detect it, integration of this offset over a
period of time is used, as explained in the AES article that you can download by following this link .

Kax uzmepums r¢pghexm namamu
Memoo, komopwiti Kepap [leppo, asmop namenmos, ucnoivzyemcs ouenv ymuviil. Cyepodovl mvl xomum usmepums ckpvimol Obpamuas cés3v6. Kak
O0O0HOIMANHYBIU NOYYUAem HeCOANIAHCUPOBAHHBIM, Opyaue dmansl 6y0ym, KaK npaguilo, Ymoodwvl NOIyYUms HecoOAIaHCUpOBAHHOU Modice, HO
NPOMUBONONONHCHBIM 0OPA30M, 8 OMYUASHHOU NONBIMKE KOMNEHCUPOB8AMb. IMO O0JIHCHO NPUBECMU K YPE38bIYALIHO MAJIOL Opeliha Hanpsd#CeHUs: Ha 8bIX00e
yeunumenst, KOMopbwiii 3a8UCUmM OM YaKmuiecko2o 6HympenHe2o opetigha, Ho HaMHO20 MeHbule. /[ Mmo2o, Ymobvl e2o0 0OHAPYHCUMb, UHMeZPaAYUL IMOoU
KOMReHcayuu 3a nepuoo 8pemMeHuU UCNOIb3Yemcsl, Kak onucano ¢ cmamve AES, komopulil MOXCHO ckauamb no 3motl ccovlixe. link

Example of measurements

Using the method described in the article, I simulated a number of circuits and their memory measurements. The test waveform was to make the amp output
20V during one second, and the thermal models used were pessimistic, to exacerbate memory effects and ease the search for a memory-free circuit topology.
I started with the circuit of Fig. 3-4, and attached a thermal model to all transistors.

Ipumep uzmepenuii

C ucnonvzosanuem memood, ONUCAHHO20 8 CMambe, st MOOEIUPYemcs pao cxem u ux usmeperull namsmu. Tecm cuenana 6wi10 coenamov 661600 YCUIUMENS
20V 6 meuenue 00HOU CeKYHObL, U MENI08ble MOOEIU, UCNONb3YeMble NeCCUMUCTIUYECKU, K 000CcmpeHuio 3¢ggexma namamu u obie2uums NOUCK MONoI0cul
newamuou namsimu oecniamuo. A Hauan co cxemoul puc. 3-4, u npuoaem meniogyro Mooenb OJist 6CeX MPAH3UCTIOPOB.
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Fig. 3-1 : Our basic test circuits

The resistors in the current sources are 100 Ohms, and the other circuit values are :
ReDiff 100 Ohms

RMirror 100 Ohms
I will elaborate on the first measurement of Fig. 3-5 : you will see more of these strange-looking curves. This curve is simply the integration (sum over time)
of the output offset voltage. Integration starts right after the end of the test waveform (we don't want to measure the waveform itself, but the memory of it).
Once the test waveform is over (at t=1s), the output should return to zero volt. It doesn't however, because the bias points have shifted. Instead, the output
voltage of the amp slowly comes back to normal as the transistors come back to their usual temperature. Integration shows us the total error summed over
time, and this is a practical tool for evaluating the total memory of the amp.

This gives us the curves in Fig. 3-2 : blue is output voltage, black is integrated memory signal. We can see the tiny variations of the output voltage in the
zoomed curve on the right. Remember, these seem very small because they are hidden by feedback.

Pesucmopbl 6 MeKyWuUx uCmMo4YHUKo8 100 OM, a ocmajlbHble 3HAYEeHUA Yenu A6IAI0MCA.

Rediff - 100 Om


http://peufeu.free.fr/audio/memory/patents/aes-measurement.zip
http://peufeu.free.fr/audio/memory/patents/aes-measurement.zip

3eprano - 100 Om

A ocmanosntoce Ha nepsom usmeperuu puc. 3-5: Bol ysuoume 6onee uz 3mux CMpaHHbiX Ha 610 KPUBLLX. Dma Kpueasi s81semcs npocmo uHmespayuu
(cymma no épemenu) 8bIX0OH020 HANpAXCenUs cmeweHus. Mumezpayus HauuHaemcs cpaszy nocie OKOHYAHUS UCHbIMAMENbHO20 CUSHAAA (Mbl He XOMUM,
UmMoObl UBMEPUMb CAMY CUSHANA, HO namsimb o0 Hem). Tlocie mozo, kak mecm cuenana cocmaensem 6onee (npu T = 1c), 6b1x00 00ndHCEH BEPHYMBCS K
HY1eou 801bMm. Mo, 0OHAKO, He, MAK KAK MOYKU cMewjeHus nepewinu. Bmecmo 3mozo, 6vixo0noe Hanpsicenue ycuiumeris MeoieHHO NPUXoOUm 6 Hopmy,
KaK mpaH3ucmopwvl 6epHYMbCsi K ceoell 00biuHoU memnepamype. Mumezpayus nokazviéaem Ham 00wy owubKy CyMmMupyemcst 60 6pemMetu, u 3mo
NPAKmuyecKull UHCmpymenm 0Jisi OYeHKu ooujeti NamMamu yCUIumens.

Omo daem Ham Kpusbvie Ha puc. 3-2: CUHULL BLIXOOHOE HANPANCEHUE, YEPHBLIL UHMEeSPUPOBAH cucHan namsamu. Mul 6uoum, Kpouieunvie UsMeHeHUsl BbIXOOHO20
HAanpAdiCeHUsl 8 y8eludeHHoM Kpugol cnpasa. Ilomuume, umo 3mo, Kaxicemcs, o4eHb Mauo, HOMOMY 4o OHU CKPbimMbl 0OPAMHOU CA3U.
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Fig. 3-2a : Memory, input stage only

We will use the value the curve reaches at the far right (here 2.66) as a measurement of memory. These are arbitrary units, so the only use of such a value is
for comparison. So, I will activate the thermal models in all the stages of the amp and plot their respective memories. I will not include all the curves here
(they all look the same), but only their final values.

Of notable importance is, also, that I used the VAS transistor as a Current amplifier, whereas in article 1 it was used as a Voltage amplifier. In the voltage
amplifier configuration, with resistors instead of the current mirror, Q6 generates much more memory, because the thermal Vbe errors are multiplied by the
VAS gain, which is large. This gives memory measurements an order of magnitude higher than with the current mirror. Q6 Beta varies with temperature,
also, but apparently this is much less problematic. It seems we will stick with the current mirror, then.

Mot 6ydem ucnonvzoeams 3HaueHue Kpuso docmuzaem 6 OaibHem npagom yeuy (30ecov 2,66) 6 kauecmee uzmepeHus namsamu. Imo ycilognvle eOUuHuYybl, max
YUMo MONbLKO UCNONb308AHUE MAKO20 3HAYeHUs 01 cpasHeHus. Takum oopaszom, s 6y0y akmusupoeams meniogblx Mooelell 60 6cex CMAoUsaX YCuiumens u
HOCMPOUmMb C80U COOMEEemMcmayouue ocnomunanus. A ne 6ydy onucvleams 6ce Kpugwvle 30eC (OHU 8ce bl2NIsA0AM 00UHAKOB0), A MONILKO UX KOHEUHble
3HAYEeHUs.

U3 3amemubix 3nauenue umeem, Kpome mozo, 4mo 5 UCnoab308al mpauzucmop VAS kax ycunumens moka, 8 mo epems Kaxk 6 cmamsve 1 oH Obll UCHONb3068aH
8 Kauecmee ycunumens Hanpsidcenus. B konguzypayuu ycunumens HanpsaiceHus, ¢ pe3ucmopamu 8mMecmo mokogozo 3epkana, Q6 evipabamsisaem 20pazoo
bonviue namamu, nomomy umo meniosvie owmuoku VBE ymuoscaromes na kodgguyuenm ycunenus VAS, komopwiil sensiemcst 6orvuum. Imo daem
U3MEPEHUA namamu na nopadok eviuie, yem y mexkyuje2o zepkaio. Q6 Beta usmensemcs c memnepamypou, a makaice, HO, BUOUMO, IO 20pa300 MeHee
npobremamuyno. Kasicemcs, mvi Oy0em npuoeprcusamvpcs ¢ meKyuwum 3epkaiom, a 3amem.

Thermal model activated in... Memory

None. 0.00001 (roundoff errors)
Input pair (Q1,Q2) 0.77

Current mirror (Q3,Q4) 0.27

Tail current source (Q5) 0.3

VAS (Q6) 4.76

VAS Current source (Q7) 2.7

Both current sources 3.

All at once 4.83

Apparently we were a little bit over optimistic in part 2 by saying that the input stage would not really create offset on its own. It does, and quite happily,
even if it is not the main source. These "almost negligible" values might not have been so negligible after all...

We will now apply the thermal models to all transistors except one stage, to see in which stages eliminating memory will benefit the most.

Ouesuono, mvi ObLIU HEMHO20 HAO ONMUMUIMOM 8 Yacmu 2, CKA3Ade8, Ymo 6X0OHOU KACKad He 6y0em 0elicmeumeibHo co30amb cmeujerue no cebe. Imo
denaem, u 6NONHE YCNEULHO, 0axHCe eCiu MO He A8IeMmcsi OCHOBHBIM UCOYHUKOM. Dmu "Huumooichyio" sHauenus e Mo210 Oblmb HACMONbLKO
HE3HAYUMENbHbIM, 8 KOHYE KOHUYOE ...
Tenepv mvl Oyoem npumeHsms meniogvle Mooenu 0 8cex MPaH3UCMOpPOo8s, 3a UCKTIOYEHUeM 0OHOU cyene, Ymodbl NOCMOMpPems, 8 KAKUX CIaousx
JUKSUOAYUU NAMSIMb 8bLUSPAIOM OONbULE BCE20.

Thermal model activated

. Memory Gain
everywhere except in...



Input pair (Q1,Q2) 3.08 1.75

Current mirror (Q3,Q4) 10.6 Ouch !
Tail current source (QS5) 3.72 1.11
VAS (Q6) 0.63 4.2
VAS Current source (Q7) 3.86 0.97
Both current sources 2.68 2.17

The Current mirror looks suspicious ! There must be an interaction between this and other stages which partly cancels with all thermal models on, but
deactivating the thermal model in the current mirror prevents this cancellation and gives strange measurements. I guess the only solution will be to optimize
all parts of the circuit regarding memory.

In the next chapter, we will examine each of these circuit elements and see how we can get rid of their memory by adapting their topology.

Texosoe 3epxano gviensioum nodospumenvro! Tam 0onxHcHO ObimMb 83aUMOOEUCIBUE MEHCOY IMUM U OPYSUMU IMANAMU, KOMOPble YACMUYHO OMMEHAEm 8Ce
MENN0BLIX MOOEEl, HO OMKIIOYEHUEe MENI080L MOOETU 8 MEKYWeM 3ePKAN0 Meulaen Smo COKpaujeHue u oaem cmpantvle usmeperus. A oymaio,
€OUHCMBEHHBIM peutenuem Oyoem onmuMUUpPo8ams 6ce Yacmu yenu OMmHOCUMeENIbHO NAMAMU.

B credyroweii enase mvl paccmompum Kaxcowliii U3z 3Mux 1EeMeHmos cxembl U HOCMOMPemb, KAK Mbl MOJCEM U30A8UMbCSL OM C80el NamMsimu, A0anmupys ux
MONONOUIO.

Memory Distortion - Part 4 : Circuits

On to the exciting stuff !

The Constant Power concept

Consider a transistor. If we neglect its base current, the thermal power it dissipates is :
p=Vece *Ie

If we wish to reduce thermal effects, we want to enforce a constant junction temperature, hence a constant dissipated power, in all critical transistors. This
can be done in two ways :

* Vce and Ie are constant
* Vce = Constant * 1/Ie, or an approximation of this.

Now, on to the applications.

Ilocmosnnas konyenyus numanusl
Paccmompum mpansucmop. Eciu npenedpeus e2o 6a308blil MOK, Menio8as MOWHOCMb OHA pAcceusaem s6iaemcs:
p="Vce *Te.
Ecnu mvl xomum, umobwvl ymenvuiums meniogvie 3¢ghexmuol, Mbl Xomum, umodwvl obecneuusams NOCMOAHHYIO meMnepanypy nepexooa, 3Havyum u
HOCMOSHHYIO PACCeUBAEMYI0 MOUWHOCTb, 80 6CeX KPUMUYECKUX MPAHZUCIOPO8. DMO MOd#cem Oblmb COeNaH0 08YMA CNOCOOAMU:
- Vece u Te. [locmosannwi
- Vce = I[locmosinnas * 1/ T e., unu npubnausicenue 3moeo.
Tenepw, Ha npunodceHUsX.

Current Sources

They are simpler to explain and will make a good example before we start with the other, hairier stuff. Conventional wisdom has it that "current sources
sound bad". Maybe this is because they add memory, as the measurements showed.

The critical transistor of our current source (Fig. 4-1) is Q1. Thermal Vbe variations will change the voltage on the emmiter resistor, hence the current.

The nice thing in a current source is that, obviously, the current is almost constant. Therefore, we will just put a cascode transistor (Q3) to enforce constant
Vce on Q2, and then our constant Vee and Ie is done !

Hcemounuku moka
OHnu npoue 00vbACHUMB U cOellaem XOpOoulull npumep, npexcoe yem mMvl HauHeMm ¢ Opy2ol, 80J10Camuvlil euu. 30paswvlii CMuICl 21acum, Ymo "UucmouHuKu
moxa 38yk nioxou". Moxcem Ovimos, 5mo nomomy, 4mo oHu 000a8IAIOM NAMAMb, KAK NOKA3AIU USMEPEHUS.
Kpumuueckaa mpanzucmop naweti ucmoynuxa moka (puc. 4-1) senaemcs Q1. Tennoguvie konebanus VBE 6yoem usmensams HanpsaxjceHue Ha smMummepe
pe3ucmop, c1edo8amenbHo, MoKd.
Xopowas eewp 8 Kauecmee UCMOYHUKA MOKA ABIAEMCA MO, YMO, 04e8UOHO, MOK noumu He MeHaemcs. Takum odopazom, msl npocmo nocmasums Cascode
mpanzucmop (Q3) ons obecnewernus nocmosinnoeo VCE na Q2, a 3amem nawa nocmosinuas Vee u T.e. denaemcsi!

oz Cascode Woltage

Fef Wiltage | 01 | 0z

Fig. 4-1 : Current sources

Here, I activated the thermal model only on the current source transistors (and the cascodes) of both sources (input pair tail and VAS), but not in the rest of
the amp. The measurements are self-explanatory :

30ecw I akmusupyemcs menyogot Mooeiu moibko Om meKyuwe20 mpaH3ucmopos UCMOYHUKA (U KACKAO08) 0m 000UX UCMOYHUKO8 (6X00HAs napa Xeocma u
VAS), Ho ne 6 ocmanvrot yacmu ycunumens. Mzmepenus noscHenui:

Circuit Memory

Simple source 3.


http://peufeu.free.fr/audio/memory/memory-4-circuits.html

Cascoded 0.016

...and Re=1K 0.004

It was known that cascodes improved the sound, but it was unclear wether or not it was because they give better frequency response. Doc Bottlehead sells
cascode current sources to put in their highly famous single ended tube amps, so they must sound good. These results show that the effect of cascodes might
be simply thermal.

From now we will keep the cascoded current sources, with Re=1K in the input stage and Re=6500hms in the VAS. Voltage references will be taken from
8.2V Zeners, which is the voltage for which the Zeners are the less noisy.

Now that we have seen what tweaking an innocent-looking current source can do, let's tackle the input stage.

buino useecmuo, umo cascodes ynyuwums 38yK, HO ObLIO HESCHO, NO200Y UNU He ObLI0, NOMOMY YMO OHU Oalom Jyduiee Yacmomuyr xapakmepucmuxy. Doc
Bottlehead npooaem Cascode ucmounuxos moxa, umoowvl HOLOHCUMb 8 UX BLICOKO U3BECHHBIX OMOEIbHBIX YCUIUMETNEU 3aKOHYEHHble MPYOKU, NOIMOMY OHU
OOJIAHCHBL XOPOULO 38y4amsb. Imu pe3yibmamsl HOKA3wblearom, ymo sggexm cascodes modicem 6bimv NPOCmMo meniogoe.

OmHuvine mol 6y0em depocams ucmounuku moxa Cascode, ¢ Re = 1K 6o 6xoonom kackade u Re = 650 Om 6 VAS. Onopnoe nanpsoicenue 6yoem 63am u3
8.2V Zeners, umo nanpsiceHue, Ha KOmopoe 8 Zeners s81saiomcs MeHee WyMHbIMU.

Tenepw, K020a mbl gudenu, Ymo NOOCMPOUKA HEBUHHO 21051 UCHOYHUK MOKA MOJCEm COenamp, 0asatime 603bMeMcsi 3a 6X0OHOU KACKAO.

The input stage
In order to reduce memory, we must ensure Constant thermal dissipation in critical transistors, regardless of :

* Common mode input voltage
 Differential input voltage
* Tail current (more or less)

Besides, this input stage should be insensitive to the drifts generated by the other stages, especially the VAS.

I will spare you the details, but I tried countless configurations, more or less inspired by the Lavardin patent [Download]. Their solution (read the patent !) is
elegant but there is a hint of positive feedback, and it does not take into account the differential voltage. This is not very important as their amp is a very high
feedback design, and error voltage is very small, but still, it leaves room for more brain-itching.

I finally arrived at the following configurations :

Bxoomuoiu kackao
B yensax cuudicenus namamu, Mvl 00IHCHbL 0Oecnedums NOCMOAHHYIO PACCEUBAHUSA MeENLA 8 KPUMUYECKUX MPAHIUCTOPO8, HE3A8UCUMO OM.:
Bxoomnoe nanpsoicenue cungpasnozo cuenana
HHugpepernyuanvrwiii 6x00 HanpsaiceHus
Xeocm moka (bonee unu menee)
Kpome moeo, samom 6x00 sman dondicen 6bimv HeUYBCMEUMETLHBIM K CY2pOOAM, NOPOHCOEHHBIX Opy2Uux smanax, ocoberno VAS.
A uzbasnio eac nodpooHocmu, Ho s cCmapacs becuuciennvie KoHpueypayuu, bonee uiu meHee 600xXHos1eHHble namenma Lavardin [ckauamy]. Ux pewenue
(vumai namenm!) Snecanmmuvlii, HO eCMb HAMEK HA NOTONCUMENLHOU 0OPAMHOL C853U, U MO He YHUMbleams Oug@eperyuaivrhoe Hanpsaxicerue. Imo He
OUeHb BANCHO, KAK UX YCUTUMENb OYeHb BbLCOKOU KOHCIMPYKYUSL 00PAMHOU CB53U, U HANPANCEHUEe OUUOKU OYeHb MAId, HO 6Ce Jice, IMO OCMABIsien Mecno
07131 6o1ee M0320801 3)0.
A, naxoHey, npudwvln 8 Cledyiowux KOHpueypayusx:

RIDiff RE
Ré RIDift
¥ 01 oze
inpos \1 o o inneg inpos o o inneg
REDiff REDiff REDiff REDiff
RE1 RE2 3% R4

I 12

ITail ITail
A~ Standard Cclr'lfiguratinn B- Constant Current

4,_[}1.3 th j_,i

RIDiff R12
[:J_1 Jij R RIDif

¥ a1 oze
inpos inneg inpof nneg
‘——|\‘ a1 oz :|—_. s L oz ;
REDiff REDiff REDiff REDiff
R7 R& R4 R1i0
I3 14
ITail ITail
C- Constant "..-"'I:I|tEIQE O- Constant Power

Fig. 4-2 : Input Stages



http://peufeu.free.fr/audio/memory/patents/lavardin-inputstage.zip

Configuration B is a Complimentary Feedback Pair. The current in Q1 and Q2 is simply the Vee of Q1B and Q2B divided by RIDiff. This Vce is quite
constant, so the current is, too. However, Q1/Q2 Vce is not constant as it is simply one Vbe lower than the Vce in the standard case. Thermal power is not
constant but should be lower, because the current is lower.

Configuration C is a simple cascode with JFETS. 2SK246 will suit this application well (go to Mr Borbely's site and read the articles on JFETs and
cascodes). It will maintain its source around 2 volts above its gate, which is perfect here, as it will give us a constant Vce of around 2.6V. Mr. Borbely
connects the gate of the JFET to the emitter of the transistor below in order to neutralize its parasitic gate-drain capacitance. It could work here, with one
transistor.

Configuration D is the combination of B and C : a Complimentary pair to enforce constant current in Q1/2, and a Cascode to enforce constant Vce. Try to
analyze the circuit, you will see it works. Q1 and Q2 are operated at constant power. Neat, ¢h ?

Of course, it looks complex and ugly, but it is the simplest way that [ know of to achieve constant power. As an added bonus, the local feedback of the
complimentary pair makes it much more linear than the standard configuration. And, the parasitic G-D cap on the JFETS prevents the whole mess from
oscillating : it will not do dirty stuff at high frequencies.

Before measuring memory, let's make sure this thing is fit for the job by plotting the transfer function of Output (diff current) versus Input (Diff Voltage) (see
Fig. 4-3).

The red curve is the new input stage, the black one is the simple, two-transistor version. Top curve shows lout versus Vin, and the two curves at the bottom
show the gain variations (derivative) of the previous curve. Same vertical scale is used on both, so we can see the new stage has a much flatter curve,
meaning more linearity. The blue curve is the configuration B, the CFP, which has the same linearity as the new stage.

Koungpueypayus B saensemcs Becnnamuwviti Obpamuas céaze napa. Tox 6 Q1 u Q2 npocmo Vee uz Q1B u Q2B denennoe na RIDIff. O9mo Vece dosonvho
HOCMOSHHBIM, MaK 4mo mox, modxce. Tem ne menee, Q1 / Q2 Vce ne aeniaemcs nocmosanHou, Kaxk 3mo npocmo ooun Vbe nudice Vece 6 cmanoapmmuom ciyyae.
Tennosas mowHocmy He ABIAEMC NOCMOSHHOU, HO O0NHCHA ObIMb HUMCE, NOMOMY YUMo MOK HUdICe.

Kongueypayus C npocmotu kackooa ¢ JFETs. 2SK246 noootioem 3mo npunodcenue maxoice (nepetimu Ha cavum 2-Borbély u yumamos cmamou na JFETS u
cascodes). On 6yoem noodepaircusams C80U UCMOYHUK OKOLO 2 80IbM 8bllle €20 80POM, KOMOPbLU UOeaNlbHO NOOXOOUM 30eChb, MAK KAK Mo 0acm HAM
nocmosnnoe VCE cocmagnsem oxono 2.6V. I'-n Borbely coeounsem sopoma JFET ¢ smummepom mpanzucmopa nudice, 4modwvl Hetimpaiu308ams e20
napazumuyecKuti 3ameop-cmox emxkocms. Ona mozna 66t pabomams 30ecb, ¢ 00H020 MPAHZUCMOPA.

Kongueypayusa D senaemcs couemanue B u C: becniammuuiii napa 0ns obecneyenuss nocmoannozo moxa 6 1 keapmane / 2, u Cascode onsa obecneuenus
nocmosinnoeo VCE. [lonpobyiime npoananusuposams cxemy, vl ysuoume, umo pabomaem. Q1 u Q2 pabomarom npu nocmosHHoU MOWHOCMU.
Axkypamuvie, a?

Koneuno, smo @viensioum ciodchuvim u HeKpacugo, Ho Mo NPOCMOU CROCob, Ymo 5 3Har0, Ymobbl 00CMUYb NOCMOAHHOU MOwHOCMU. B kauecmee
O00NOTHUMENLHO20 OOHYCA, MECMHbBII 0OPAMHOU C853U OeCNIAMH020 NApPbL Oelaenm e20 20pas0o bolee TUHelHbl, YeM CMaH0apmHou Kongueypayuu. Y,
napazumapusie GD kpviuxa na JFETs npedomepawaem éecb becnopsaook om Konedouelcs: on ne oyoem 0enamo psAa3Hy0 Mamepual Ha 8blCOKUX
uacmomax.

Ilepeo uzmepenuem namameo, dasatime YOOCMOBEPUMCSL, YMO dMA elb NOOXOOUM OJisi pabombvl, OMKAAOLIBAS. NEPEOAMOYHYI0 QYHKYUIO 8b1X00a (Oughg
moxa) 8 3asucumocmu om 6xo0Hozo cuenana (Diff nanpsoicenus) (cm. 4-3).

Kpacnas kpusas sensemcs Hogbim 9manom 6600a, 4epHbulil A615emcs NpoCmoll, 08a mpaH3ucmopa eepcusl. Bepxusasa kpusas noxkasvieaem lout no cpasnenuio
¢ Vin, a 06e kpugvie Ha OHe NOKA3bIBAIOM UMEHEHUs YCUTeHUs (NPOU3800HAs1) npedvloyuje2o Kpusou. To dce 6epmMuUKanbHAs WKALA UCHONb3YEMCs Ha 000uX,
MAaxK 4mo Mul MOXdCeM 8UOemb HOBbIL IMAN umeem 20pazoo bonee NIOCKUL Kpusyro, mo ecmo oonvuie aunelinocms. Cunss Kpugas aeiaemcs KoHpuaypayus
b, CFP, komopbulii umeem mom dice TUHEUHOCMb 8 Kayecmee H08020 Smand.
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Fig. 4-3 : Input Stage Linearity

It will also be interesting to plot thermal power in the critical transistors Q1 and Q2 versus common mode (Fig. 4-4) and differential (Fig 4-5) input voltage :

On maxoice Oyoem uHmepecHo NOCMpoOUms Meniogyro dHepeuro 8 Kpumuueckou mpansucmopos Q1 u Q2 no cpaguenuro ¢ obugezo pexcuma (puc 4-4). 1
oughghepenyuana (puc 4-5) 6x00H020 HanpsICeHUsL:


http://www.borbelyaudio.com/
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Fig. 4-4 : Dissipated power in critical input transistor versus common Fig. 4-5 : Delta of Dissipated power between critical input transistors versus
mode input voltage differential input voltage

Numeric results are easier to handle (I added the cascode only case). The Common column is the variation in the dissipated power in one transistor for a 2
volts variation in common mode input voltage (-1 to +1 volts). The Diff column is the difference in power between the two transistors for a differential input
voltage of 0.2V (-0.1V on one base, +0.1 on the other). The stages are loaded with 1k resistors int he collectors connected to a V+ of 40V. Powers are in
milliwatt :

Lughposwvie pezynomamor npowe 6 oopawenuu (1 0obasun Cascode eduncmeennwiil cayuait). Odugue KOTOHKA paziudus 8 pacceudaemo MOWHOCMU 8 0OHOM
Mpansucmope npu usmeHeHuu 2 80bm 6 00WULL pexcum 6x00Ho20 Hanpsaxicenus (om -1 0o +1 eonem). Kononka Diff aenaemcs pasnuya 6 mowyHocmu mexncoy
08YX MPAH3UCMopos 05 Qughghepenyuanvrozo 6xoono2o nanpsicenus 0.2V (-0.1V na oonoii basze, 0,1 na opyeom). dmanwi 3azpysxcaromes ¢ 1k pezucmopoi
INT HE xonnekmopul, coedunenusvie ¢ V + na 40V. Ilonnomouus 6 muiiugamm:

Case Common Differential
A. Classic 8 mW 60 mW

B. CFP <0.00l mW  0.67 mW
C. Cascode 4.7 mW 4.7 mW

D. New <0.00l mW  0.04 mW

This is very logical : the cascode and New stages are well protected against common mode. The CFP is well protected against differential voltage. The New
circuit is the only one that can handle both with minimal thermal drift. Let's do a "real-life" test by incorporating it in the complete simulated amplifier. Here,
the thermal models are active only in the input stage (left column), or in the whole amplifier (right column).

Omo ouenb 102UUHO: KACKOOa U HOBble IMANbl XOpoulo 3aujuuervl om obuezo pexcuma.CFP xopowo 3awuwien om oughgepenyuanvnoco

Hanpsiicenust. Hogulil Konmyp eOuHcmeenublil, Kmo modicem oopabamviéams KaxK ¢ MUHUMATbHbIMU MeNn108020 opetiga. /lasatime coenaem mecm "peanvroii
arcuznu” nymem 8KIOUEHUS. €20 8 NOTHOM MOOeIUpyemot ycuiumens. 30ecs meniogvle Mooelu akmugHbl MOIbKO 80 8X0OHOM KAcKade (11eablli cmonbey), uiu
8 Yenom ycunumenro (npaeswiii cmonoey,).

Case Memory Memory
Input only Whole
amplifier
A. Classic 1.05 3.23
B. CFP 0.293 2.7
C. Cascode 0.192 2.
D. New 0.009 2.

Results are conclusive : it works as advertised. We have to minimize the memory in the rest of the amp, though, it we want to benefit from it. Let's make a
quick test to find who the culprit is : current mirror or VAS ? I will also keep the four input stages a for this one.

Pezynomamot asnsaromesa okonuamenvbHeMU. OH pabomaem Kaxk pexiamupyemcs. Mol 00I#CHbI MUHUMUSUPOBATNL NAMAMb 8 OCIATILHOU YACMU YCUTUMEIA,
O00HAKO, MO Mbl XOMUM, 4MOObl U381e4db 861200y U3 9mMo2o. Jlasaiime coenaem HeOOILULOU mecm, YMOoObl bIACHUMb, KO A6Aemcs BUHOBHUKOM. mMeKyujee
3epkano unu VAS? A coxpamnto uemvipe 6xo00nbix Kackados 0is 3mozo.

Case Memory Memory
With a perfect With a perfect
VAS Current Mirror
A. Classic 2.8 8.
B. CFP 0.276 6.
C. Cascode 0.356 4.68
D. New 0.127 4.56

We have interaction, or compensation effects, again between the current mirror and the VAS, as the perfect current mirror actually gives worse results than



the "real" one. Anyway, it is pretty clear from these results, that :

* The New configuration is by far the best one regarding memory,
* The Cascode is better than nothing,

The CFP alone is not worth the trouble,

* The VAS is the next to get under the microscope.

YV nac ecmo 63aumooeticmsue, wunu komnencayuu 3¢hghexmos, onsme dce mexcoy meKywum zepraiom u VAS, a uoeanvho mexywum 3epkaiom Ha camom oeie
Odaem xyouiue pesyniomamsl, yem "peanvnoi” ooun. Bo écaxkom ciyuae, 5mo 00801bHO SACHO U3 IMUX PE3YIbMAMO8, YMO:

- Hogas konghueypayus na cec0OHAWHUIL OeHb S6IAENCsL TyYiiell 8 OMHOWEHUU NAMSAMU,

- Cascode nyuwie, uem Huuezo,

- Ooun CFP ne cmoum npoobnema,

- VAS asnaemcs crnedyrowuti nonacms no0 MUKpOCKONOM.

Memory Distortion - Part S : Brainwashing the VAS

It has been remarked that the VAS is important in amplifier sound quality. This backs the memory theory, as its contribution to memory effects is huge. How
can a single transistor be so critical ? Simply, it is at the same time the main gain stage and the one that heats the most (it takes the full output swing). And,
its errors are multiplied by its gain.

First, rather standard, proposal
For once, I will not have a funky circuit here, and we will simply try to put a Cascode on the VAS.

Hckaorwcenue namamu - Yacmo 5: npomvieanus moszzoe VAS

Bovino ommeueno, umo VAS siensemcsi 6axiCHbIM Kauecmeom YCUuaumeins 36yKd. Imo noooepicusaent meopuro NamMamu, a e2o 6xkiao 6 s¢hghexmol namsamu
oepomen. Kax ooun mpanzucmop 6yoem max kpumuuno? Ilpowe 2060ps, amo 6 mo dHce 8pems 21a6HOU cyene YCUienus u 00UH, KOmopulii Hazpesaem
OONbUWUHCMBO (OHA 3aHUMAem NOTHBLU PA3MAX 8bIXOOH020). U, e2o oumubKu ymHoxicaemcs Ha koagduyuenm ycunenus.

Bo-nepsvix, 0osonbho cmanoapmHuulil, npeonodcerue

Ha smom pas3, y mens ne 6yoem 0b6andennwviii KOHmyp 30ecs, u Mbl npocmo nvimaromes nocmasums Cascode na VAS.

Tl
Fram ] From
Input W02
Input 4| = Stage4|

To output. ..
o autp 38> w113

Ta output. ..

WA51- Standard WASI2- Cascode

Fig. 5-1 : VAS Variations

We will build a model amplifier around this VAS, make it output a full swing of -30/+30V, and plot the linearity (upper plot) and dissipated power in the gain
transistor (lower plot). Blue is for Standard and red is for Cascode.

Mbob1 6yoem cmpoums moodens ycurumens 60kpye smozo VAS, coerams e2o 6vi1x00 pazeape -30/ + 30B, u nocmpoums JUHeNHOCMb (8epXHAs yuacmKa) u
pacceusaemou MOWHOCMU 8 AKMUBHOU mpan3ucmopa (Hudxcuui epagux). Cunuii Ona cmanoapmuulx u Kpachwiti 011 Cascode.
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Fig. 5-2 : VAS Linearity and Power

This is old news, but the Cascoded version is much more linear (the gain curve is flatter). See Douglas Self's Power Amplifier Design Handbook for details.
As for the power, of course the Cascode version has much more constant dissipation. The current does not vary very much actually, as the impedance that the
VAS has to feed is quite high, being only the current source collector, and a buffer transistor's base.

Cascoded VAS's are used almost everywhere, and they are a good step towards reducing memory. However, it might be possible to do a even a little bit
better.

Omo cmapas nosocmw, Ho sepcusi Cascode 20paz0o bonee nuHeliHbIM (Kpusas ycuienus seisemcs bonee niockou). Cm ycunumens mowHocmu Pykoeoocmeo
Design [lyenac Cengp 3a bonee noopoonoii unghopmayueti. Ymo xacaemcs enacmu, koneuno eepcus Cascode umeem 20pazoo 6oavuie nocmosanHou
pacceusaemoii. Toka He MeHAEMCs O4eHb Ha CaMom Oelle, Kak conpomusieHuss, umo VAS oondicen kopmums 00CcmamouHo blcoka, 6y0yuu moabKo MoK
KOJLLEKMOpa UCMOYHUKA u 6azvl 6ygheproco mpanzucmopa.

Cascode VAS ucnonvsyromes noumu 6e3oe, u OHU XOPOUWIUL Wide 8 HanpasieHuu CHuxceHus namsamu. Tem He meHee, MOX*CHO ObLIO Obl cOenams oaxce
HEeMHO20 JIyuule.

Enter the Magic Resistor.

Fram ;2"14"‘( 04
Input [l ?
Stage

3 W3 3y W (15

To output... To output ...

WASZ- Cascode WASE- Magic Resistar

Fig. 5-3 : The Magic Resistor

We have a constant voltage v around the gain transistor (Q2/4), enforced by the cascode (Q3/5). However, the current i varies, even if by a small quantity.
The Power p is not constant. Let Vo be the v without the Magic Resistor. then,

v =Vo - R*i

p=vi=(Vo-Ri)i=Voi-Ri2

Those who remember their algebra (?) will note that, if we choose R = Vo/(2I), then at the DC bias point, little variations of i only affect p at the second
order : power variations are therefore much smaller.

Tricky thing is, the emmiter resistor of the both transistors is part of R, so we can't use the above formula straight away ; a simulation will do nicely. VAS
Transistor is BC560C, Cascode is BF470 :

Y nac ecmo nocmosmnnoe nanpsisicenue V eoxpye ycunenus mpanzucmopa (Q2 / 4), nookpennennsiii kackoonozo (Q3 /5). Tem ne menee, 8 nacmosiujee epems
5 UBMEeHsIlemcsi, 0adxce eciu 6 Hebonbuiom Konuwecmeae. Mownocmo P ne sisnsiemes nocmosinnoil. Ilycmo Vo 6bims v 6e3 mazuu pezucmop. 3amem,
v=Vo-R*xa

p=va=(o-Ra)a=Voa-Ra"2



(?) Te, kmo nomuum ux aneebpy Ommemum, umo eciu mul 8vloupaem R = Vo / (21), mo 6 mouke cmeujenus noCmosaHHO20 MOKA, MaleHbKUue 8apuayuu s
MONLKO GIUAEM HA CIP HA MOPO20 NOPAOKA: USMEHEHUsL MOWHOCMU, CLed08AMENbHO, 20pA300 MeHbULe.

Tricky /leno 6 mom, smummep pe3ucmop oboux mpau3ucmopog A6isAemcs 4acmoio R, nosmomy mwvl He Modcem UCTONb3068aMb NPUBEOEHHYIO 8blule POPMYIY
cpazy, mooenuposatue 6yoem deramo Kpacueo. VAS mpanzucmopa BC560C, Cascode sisnsiemcsa BF470:

WAS 2.CIR Temperature = 27 RZ2 =40

20.00mm
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Fig. 5-4 : The Magic Resistor at work
Power dissipated in the gain transistor versus output voltage.

This set of curves is the power in the gain transistor versus amplifier output voltage, with the resistor stepped. 50 Ohms seems nice, as it gives an almost
constant power. It works !

There should be no stability issues. Just in case, I put the resistor on the collector side, because the C-B paratitic cap is smaller than the E-B one.

Now, for a simulation of the complete amplifier. With the VAS as the only source of memory, the global memory goes from 4.56 to 0.4. This is interesting,
but it still swamps the memory of the input stage. Careful examination reveals the cause to be the thermal Vbe variations of the cascode transistor, which are
enough to vary the voltage across the gain transistor. The Magic resistor can do nothing here.

What shall we do then... Well, obviously ;

Omom Habop Kpusvix 81acmo 8 YCUleHUss MPAH3UCIOPA NO CPABHEHUIO C 8bIX00A YCUTUMETS HANPAXCeHUs, ¢ pesucmopa vtuten. 50 Om Kadcemces Xopouium,
Max Kaxk oH oaem noYmu NOCMOSIHHYIO MOUWHOCMb. Imo pabomaem!

Tam He 0ondicHO Obimb HUKAKUX nNpobiiem co cmabunvhocmyio. Ha ecsakuti cnyyaii, 2 nocmasui pe3ucmop Ha CmopoHe KOJLeKmopa, NOMmomy Ymo
napasumapnsle wanka CB menvue, uvem mom, EB.

Tenepw, 013 mooenuposarnus noanou ycunumens. C VAS 6 kauecmee eOuncmeenHo2o UCmMoYHUKA namsamu, enooanvrot navamu uoem om 4,56 oo 0,4. Smo
UHmMepPeCcHO, HO OH NO-NPEXCHEMY, NOPANCAIOWASI NAMAMb 0 8XO0OHOM Kackalde. TujamenvbHoe uzyyeHue noKazvléaem npuyuly, Ymoosl 66ims Mmeniogovle
usmernenust VBE o kackoOHOU mpanzucmopa, Komopwvie 00CmMamo4Ho, Ymoovl USMEHAMb HANPAdiCeHUe HA YCUuleHus mpansucmopa.Mazus pezucmop ne
Modrceme Oenamb HUYe20 30€Ch.

Ymo mwut 6yoem denams nomom ... Hy, ouesuorno

Cascoding the Cascode

“WPlus

|N" o1

> |hf oz

> |hf o

Fig. 5-5 : The Cascoded Cascode

Now, it is getting serious : VAS memory is down to 0.004, and can be made to go as low as 0.002 with the magic resistor in place. The last part of the circuit




that needs exercising is the current mirror :

Tenepv ona cmanosumcest cepvesuvim. VAS namamu oo 0,004, u mocym o6vims coenanvt, umobwl notimu kax Huzko kax 0,002 ¢ eonwebnol pesucmopa Ha

mecme. Ilocneonsis wacmo yenu, kKomopa:s Hyofcdaemc;l 6 OCyuecmeiAarouieco A6aAencs moKo6bliM 3€PKAIOM.

Current Memory
Mirror

Perfect 0.01
Realistic 0.03

This can be taken care of easily by changing the emitter resistor in the current mirror for 1k instead of 100 Ohms. This gets us back to the value of a perfect
current mirror.

Omo moocem Obimb npeomemom 3aO0mbl 1e2K0 MeHAemcs IMUmmepa pe3ucmop 6 mexyuwiem sepkaia oasa 1k emecmo 100 Om. Omo eozeépaujaem Hac K
3HAYEHUIO UOEAIbHO20 MOKOBO20 3ePKAA.

Conclusion of the Theorical Part

We have taken a rather standard amplifier topology (Fig. 5-6) and transformed into a rather unusual one (Fig. 5-7), while reducing memory at least a 500-
fold. Now is the time for a listening test !
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3aknrouenue meopemuttecxoﬁ yacmu
Mbi 6351 ycunumensb ¢ 0080IbHO CMAHOAPMHOU monono2uetl (puc. 5-6) u npespamuiu e2o 8 0080IbHO HEOOLIUHBLU (PUC. 5-7), 8 MO 8peMsl KAK CHUdICEeHUe
namsamu, no kpatinet mepe 6 500 pas. Cetiuac 8pems 01 mecma npociyuusanus!

Memory Distortion - Part 6 : The Listening Test

It has amused me to read Douglas Self's Audio Power Amplifier Design Handbook. While this book contains a wealth of useful ideas, is really well written
and scientifically-minded, it never mentions listening tests. What is the purpose of an amplifier, after all ? Do you listen to music to take the dust off the
speakers, or to move your inner self ?

Self's book is compulsory reading for anyone wishing to design a power amp. [ would ever have been able to design mine without this book. It is very
competently written and interesting. However, we will proceed to the listening tests.

I used headphones for all my prototypes. There is no way I'm going to build a full power version of the amplifier straight away : when I burn 10 ouput
transistors in two hours, they better be $0.50 ones that drive headphones, than $5 ones that drive speakers. Besides, the Sennheisers 580 allow me to hear
many things that, on speakers, could have been masked by the imperfections in the room, speakers, whatever. And finally, my speakers are bi-amped, so that
ended the debate.

So, the amp was coupled to a simple output stage powered by BD139/140, with drivers, a Vbe multiplier, and a buffer to protect the VAS from them. This is
quite typical indeed. I tried single ended output stages too, but I didn't like the sound of them. Not enough balls.

Omo 3a6a61510 mens wumams Ayouo ycunumens mownocmu Pykosoocmea Design Jlyenac Cengh-x 20008. Xomsi sma KHu2a cooepaircunm MHOHICeCma0
NONIE3HBIX Udell, HA CAMOM Oelle XOPOUO HANUCAHA U HAYYHO-eOUHOMBIULIEHHUKO8, OH HUKO20a He YNOMUHAem mecmosble npociyuusanus. Ymo maxoe yenw
yeunumens, 8 kKonye konyos? Crywaeme nu 8bl MY3bIK), YmMoObl 834Mb NbLIb ¢ OUHAMUKAMU, UTU OISl nepeMelyeHUsl C8010 BHYMPEHHION0 CYUWHOCD?
Knuea Camocmosmenvhas siensiemcs 0053amenvHbiM, ymenue 0Jisi 6Cex, KMo Xouem co30amby ycunumenb MowHocmu. H Hukoeoa Ovl He 6biiu cnoCoOHb
pazpabomams mecmopodicoenue ez smotl khueu. O 0ueHb 2pamMomHoO HANUCAHO U UHMePecHO. Tem He MeHee, Mbl NPUCIYNUM K UCHbIMAHUAM
NPOCIYUUBAHUSL.

A ucnonvzosan HayuwHuKy 05 6cex Moux npomomunos. Tam nem, kax s 6y0y cmpoums HOIHYIO 8ePCUI0 MOWHOCHb YCUIUMEINS CPA3Y: K020a 5 coceyb 10
BbIXOOHBIX MPAH3UCMOPOS 6 08a Yaca, oHu ayuuie ovims § 0,50 me, komopvle ynpasnsrom HaywHuku, yem § 5 mex, komopuwle nHa ounamuxu. Kpome mozo,
Sennheisers 580, nossonvme mHe ycaviuiames MHO20 8eujell, KOmopwvle, Ha OUHAMUKAX, MOHCHO ObLI0 Obl MACKUPYIOMCS HECOBEPULEHCMBOM 8 KOMHAme,
OUHAMUKY, YMO Y20OHO. U, HakoHey, MOU KOIOHKU O8YXKAHATbHOU, MAK YMo KOHeY CHOPAM.

Takum obpaszom, ycunumensb ObLl COCOUHEH ¢ NOMOWbIO NPOCMO20 8bIXOOHO20 Kackada numanue om BD139 / 140, ¢ opaiisepamu, ymnooicumens VBE, u
oyep, umobwt 3awumums VAS om nux. 9mo 006016HO MUunuyHwlll 0elucmeumenbHo. A nonblmaics 00H020 COCMABA BbIXOOHBIX KACKAO08 Modice, HO 5l He
o610 ux 38yk. He xeamaem wapuxu.

Case Test Setup Memory  What it sounded like...
(Simulated
)
Basic configuration (Fig. 6-1), with the current Like solid state, harsh, grainy. You know the story. Bleh.
1. sources from the Advanced version (Fig. 6-2), Very high  Kax meepoom cocmoanuu, Pesxuil, 3eprucmoiii. Boi 3naeme ucmopuio. BLEH.

and 1000R current mirror resistors.

Better. Still solid-state, but less harsh. On the good way.
Jhyuwe. Tem He menee 6 meepOoM cOCMOAHUU, HO MeHee CYposblil. B xopowem

2. Like 1, + Cascoded VAS High
cmuice.

Much better than 2, more fluid, more musical. Starts to get enjoyable.
Hammnozo nyuwe, uem 2, 6onee eubxum, 6onee mysvikarbHoim. Hauunaem

3. Like 2, +JFETS in the input stage Medium
nonyyams y008oIbCmeue.

Similar to 3, but maybe a little bit of a muffled, dark sound.
4. Like 2, with CFP in the input stage Medium Kax 3, no, 603m001cHO, HeMHO20 npueyueHHbIM, MEMHBLL 36)K.

Another big step forward. Music really gets enjoyable ! Solid-state hash is
almost gone ! What remains could come from the CD player. The amp has
almost no sound of its own, as the ambience changes completely from
recording to recording. On some, it sounds genuinely Live. Goosebumps are
there !

lpyeoti bonvuwiotl wae éneped. Mysvika OeticmeumenbHo 00CmMasisiem
yoosonvcmsue! Teepoomenvhuiil xaw noumu ne ocmanocs! To, umo
0Cmaemcst Modcem UCXo0Ums om NPoucpvLeamens KOMNAaKm-

ouckos. Ycunumenv ne umeem noumu HUKAko2o 36yKa cama no cebe, Kax
ammocghepa noIHOCMbIO MeHsemcs om 3anucu K 3anucu. Ha nexomopuix,
amo, kadxcemces, uckpenre Live. Mypawku ecmv!

5. Cascoded VAS + New input Stage Low

Scroll down please...
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Temporary conclusion

So, the listening tests seem to confirm that minimizing memory is a good step towards improving subjective sound quality. Personnally, I have a problem
here, as I can't listen to my stereo anymore. I just can't stand anymore how harsh, how solid-state it sounds. I spend hours listening to my prototype on the

headphones instead, and I like it.

Bpemermoe 3AKJ/Il04eéHue
Taxum 06pa30M, mecmbol C1yxoebvle, noxooice, nodmgepofcdaiom, Umo MUHUMU3AYUA NAMANU ABTAEMCA XOPOUUM UWUASOM 6 HaAnpaeJaeHUU YayduleHusl

Cy5'beKmu6H020 Kauecmeda 36Y4YaHUAL. Jluuno Y MEHs eCmb npo@zema 30€Cb, KAK s HE Mo2y cayulamb MO cmepeo bonvue. A npocmo He Mo2y CmoAinib
60jlbul€, KaerBKLHZ, KdkK 6 m6€p00.7|/l COCMOAHUU MO 36YHUM. A wacamu cpyuasa Mou npomomuna Ha HAYUWHUKU 6MeCnto 5moco, U MHE MO HpABUNICAL.

What remains to be done ?

Well, plenty. Two practical things, first :

* Testing the Cascoded Cascode VAS
* Adding a DC servo to get rid of the output DC drift (I use no input cap, so I can get upto 30mV of drift, which is bad with headphones).



And then, turning this prototype into a full-blown amplifier. It is going to take a lot of polishing.

The saturation problem is not solved yet. I will do another chapter on this, but as far as we are, now, when the amp clips, it gets as much memory as the
very first prototype. This is very bad and has to be dealt with. I can't hear it with headphones, though, as I would be deaf before it clips... have you heard
many headphone amps that can output 20V RMS ?

I am a little tired of all this writing. So, while I go rollerblading a little, please think about it and email me your feedback ! There are probably many typos, as
I wanted this to be available early to keep the TNT amp project running...

Umo ocmaemcs oenamo?
Hy, mnoco. /lea npaxmuueckue eewyu, 60-nepevix:

- Tecmuposanue Cascode Cascode VAS

- Jlobasnenue cepsonpusod nocmosiHHO20 MoKd, Ymoobl U306a8umMbCsi OM 8bIXOOH020 NOCMOAHH020 Opelidha (s ucnonwv3yio bydem 8600ums KOINAYOK,
mak umo s mo2y noayuums 00 30 mB Opetigha, umo nioxo ¢ HayWHUKAMuU).
U 3amem, noeepHysuucs 3mom npomomun 6 HOTHOMACUIMAOHbBIL ycuaumens. Imo 3atmenm MHO20 NOTUPOBKU.
IIpobnema Hacviwenus euje ne peuiena. A coenaro euge 0OHy 21a8y U3 3M0O20, HO, HACKOILKO Mbl, Menepsb, Ko20d yCUiumensb Kiunsl, OH HOIYYAem CHONbKO
RAMAMU, CKOLKO CAMO20 NEPEO20 NPOMOMUNA. IMO 04eHb NI0XO0, U HYHCHO UMemb 0elo C. A He Mo2y Mo CIbluams 6 HAYWHUKAX, XOMS, KaK 5 Obl 2IyXum
nepeo Hetl KIUNOS ... 8bl CALIUUAIU MHO2O0 Ycuaumenel 015 HAYWHUKO8, Komopble mocym evioasams 20V RMS?
A nemnozo ycman om 6ceii 3motul nucbmeHHou ghopme. Taxum obpazom, 8 mo epems KaK s HOKAMAamvCs Ha pOIUKAX MAo, NoOyMaiime 0o 3mom u Hanuwume
MHe sauiu om3viebl! Ecmb, 6eposimHo, MHo2ue oneuamku, Kax s XomeJ, 4moosl 2mo Obl1o 00CMYNHO PaHo 0epxcams Xx00 npoekma ycunumens TNT ...

Memory Distortion - Part 7 : Power Supplies

The effect of power supplies on sound quality has been known for a long time. In power amps, feedback is supposed to reject everything that happens on the
power supply lines (the famous power supply rejection ratio).

The case of power amps is interesting, because most of them use unregulated power supplies. Therefore, when the amp needs to put out a lot of juice (on a
transient, or when it clips), rail voltages will sag a little. How much will depend on the "stiffness" of the power supply (capacitor size), and wether or not the
rectifying diodes are conducting when this current demand happens (in which case the current will come directly from the transformer).

Of course, moving rail voltages will not only affect dissipated power in devices, but also shift the operating parameters which depend on supply voltage. |
tried to run some simulations with very pessimistic power supply sag (1 volt during 1 second), and I found that the memory effect is measurable, around 0.8
units in the scale we previously used, for the standard amplifier configuration. The New amplifier configuration that was examined in the last chapters shows
no measurable memory.

So, here is yet another reason for regulating the power supplies in the signal stages. Dejan has been knowing that for what, 20 years ?.....

The Kick ass amp will, therefore, have two power supplies, one for the signal stages (fully regulated), and one for the output stage (unregulated, but with
biiig caps).

Hckaxncenun namamu - Yacmo 7: Ucmounuku numanus
Dhghexm snexmponumanus Ha Kayecmeo 38yKa, KAK U3BECHHO, 8 MeyeHUue OIUMENbHO20 8peMeHU. B ycunumensax mowmnocmu, 0Opamuas céa3b 001x#CHA
omeepeams 6ce, 4mo NPOUCXOOUM HA JUHUAX INEKMPONUMAHUS (U36eCHbILL KOIPGuyueHm nooasieHus NUMaHus,).
Cnyyail ycunumeneti MOWHOCMU UHMEPECHO, NOMOMY 4MO OONbUUHCINEO U3 HUX UCNONb3VION Hepe2YIupyemMblX UCOYHUKo8 numanus. [1osmomy, kozoa
Yeunumens 00aNCeH NOMYywums MHO20 COKA (Ha NepexoOnblll, Uil K020 OH KAUNbl), HANpsdjceHuu numarus 6yoem npo2ubamocs nemnozo. Cronvko oyoem
3asucemsv om "dcecmkocmu" ucmounuxa numanus (pazmep KOHOeHcamopa), u OelcmeumenbHo iU 8bINPAMUMeNbHble OUOO0bL 8edeme, K020ad NPOUCXO0Um
9MO MeKywuli Cnpoc (8 2mom ciyyae mox 6yoem nocmynams HenocpeoCmeeHHo 0m mpancgopmamopa,).
Koneuno, 0sueasico nanpsidiceHuu NUManusi He moabKo 1usien pacceusaemasi MOWHOCHb 8 YCIMPOUCmeax, HO U NEPeLoNcUunb paboyue napamempul,
KOMopbie 3a8UC OM HANPAXCEeHUs: NUMaHus. A nonvimancsa 3anycmums HeKOmopbie MOOEIUPOBAHUSL C BeCbMA NECCUMUCIUYECKOM NPOSUOAMbCS NUMAHUS
(1 6onvm 6 meuenue 1 cexynowi), u s 06Hapyxcun, umo 3pgexm namamu uzmepuma, oxono 0,8 eounuy 6 macuwimade Mvl paree UCNONb308ANU OIS
cmanoapmuou kKongueypayuu ycunumens. Hosas kongueypayus ycunumens, komopwiii Obll paccMompeH 8 NOCIeOHUX 21A8aX He NOKA3bl8aen HUKAKO20
UBMEPUMO20 NaAMSIMU.
HUmax, éom ewje 00na npuuuna 015 pe2yiupo8anusi UCMOYHUKO8 NUMAHUS 8 cCmaouu cueHana. /lesn oviia, 3Has, umo 3a umo, 20 1em? .....
Kick Ass ycunumens, cniedosamenvro, Oyoem umems 08a OJ10ka NUmManusl, 00UH 0Jisl S9MAN08 CULHAIA (NOTHOCMbIO Pe2YyIUpPyemblx), U 0OUH 0 8bIXOOHO20
Kackaoa (nepezynupyemvim, Ho ¢ biiig wanku,).

Memory Distortion - Part 8 : More tests

Today, more listening tests. I wanted to try new VAS configurations :

Ceeoons, bonee mecmosvie npocaywueanus. A xomen nonpobosame Hosvie Konpueypayuu VAS:
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The beta-enhanced VAS is interesting to compare to the Cascode because they have almost the same simulated memory values. However, the beta-enhanced
VAS has more inherent memory, (because the power dissipated in the transistors is in no way kept constant). It appears to be the same as the cascode, only
because it allows a much higher feedback factor, which in turn neatly hides all the gremlins.

On short term, A/B testing, the difference seems subtle, so I left the beta-e in for a few days to get used to its sound. A first it seemed to worsen the sound just
a little, but after a while it seemed back to normal. After a few days I took it out and put the cascode instead. The change was substantial, more like getting

another pair of brand new ears.

Now, when I switch, I realize that the beta-enhanced VAS, in spite of sounding good, does not stand a chance against the cascoded VAS of fig. 8-1a.

I went on searching how to get better sound from the beta-e, by trying to cascode it. This could give the best of both : a high gain and stable dissipation. I
tried several configurations, which all did nothing except oscillate with total obstination. I gave up. If any one of you has ideas on this, please, email me.

Now, I tried to mess a little with the feedback factor. Have a look at fig. 8.2 below, and locate R142 (in parallel with the VAS compensation capacitor). This
resistor makes a local feedback loop around the VAS and, by changing its value, we can transfer some part of the VAS gain from the global loop to local VAS

linearization.

By the way, the schematic here is exactly what is right now in my high-tech laboratory (er, living room). It is my actual prototype.
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So, if we step R142 from 10K to open circuit, we get the curves in fig. 8-3. Horizontal axis in Hertz. Red is open-loop, black is closed-loop. Top is

Amplitude (dB), bottom is Phase (deg).

The closed-loop amplitude curve gives us the closed loop gain, here 20 (26 dB). The space between open-loop and closed-loop gives the Feedback Factor.

The values, at DC, are :

e RI142=10K: 16 dB of feedback
* R142=4.7Meg : 67 dB of feedback


mailto:peufeu@free.fr

* R142 open circuit : 100dB of feedback (whoa !)

Takum obpaszom, ecau mul denaem wiae R142 om 10K, umobvl omxpeims cxemy, Mol nonyyaem kpusvie Ha puc. 8-3. [opusonmanvuas oce 8 1'y. Kpachwiii
ABNIAEMCSL OMKPLIMBIM KOHIMYPOM, YepHblll ¢ 00pamuol céasvro. Ton amnaumyorno (0b), ono ¢asvl (epad).
Kpusas amniumyoa obpammoii cea3vi0 daem 8vbiucpuiis N0 3aMKHYMOMY KOHmYpY, 30ecs 20 (26 0b). IIpocmpancmeo mexcoy pazoMKHymMulM U 3AMKHYMbIM
KOHMYpom 06pamuotl cészu oaem gakmop. 3uauenus, 6 okpye Konymous, sersromcs:

-RI142 = 10K: 16 05 om3bi6bl

-RI142 = 4.7Meg: 67 05 om3bigvl

- R142 o6pwis yenu: 100 o6 obpamuoii ceéaszu (3i!)
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Fig. 8-3 : Bode plots for various feedback factors

I originally had 4.7Meg in, the exact reasons leading to this value being quite forgotten in my brain. So, in a provocative and bold move, I took out R140 .
Now, the simulations might be a little "optimistic", as there are probably other factors happening in the real world, like un-simulated VAS collector loading
for instance, which would lower the gain.

Now, how does this amp with a whooping 100dB of feedback, and a beautiful 3 Hertz open-loop bandwidth sound like ?

A nepeonauanvro umen 4.7Meg 6 mounvle npuuunbl, NPUBOOAWUE K IMOMY 3HAYEHUIO, KOMOpble cO8CeM 3a0blLiu 6 Moem mo32y. Tak, 8 npoeoKayuorHouU u
cmenvitl wiae, 1 0ocman R140. Teneps, modenuposanue modcem 6vims HemHo20 "onmumucmuynslil”, max Kax, 8eposimuo, u opyaue hpaxmopet,
npoucxoosauue 6 pearvHom mupe, kaxk OOH-mooenuposanue VAS xonnekmopa nazpysku, Hanpumep, 4mo npugeoem K CHUNCeHUIo Kodgh@uyuenma ycuieHus.
Teneps, kax oeraem smom ycurumenv ¢ oepomuvim 100 05 obpammuou céazu, u kpacuswiii 3 1'epy pazomMKkHymou nponycKHot cnoCoOOHOCMU 38y4amy?

Whoa!

The ablation of this mere resistor made the amp get so much better, that I heard loads and loads and loads of stuff that I had never noticed, on my test CDs,



the ones I know best, and that I have listened to non-stop while testing this amplifier in the past weeks. And it is not just "more detailed", it is more lifelike,
more enjoyable. Its weak point is definitely the CD player driving it, as it reveals mercilessly the sibilance of the CD63SE, and the differences with the
Harman DVDI1, which does not sssibilate, but sounds a little dead sometimes.

For instance, the moment the singer is going to start can often be predicted by the minute changes in background noise, that happen when the sound engineer
slides the mic volume pot up. On Alpha's "ComeFromHeaven", last track, the singer's mic signature is a slight hum with a particular tone. I don't talk about
tracks where this is really too easy, like Diana Krall's "When I look into your eyes" album, which is really noisy ; no, on this album there is no silent
background at all. In the same track, you can tell the samples from one another, and notice the drum loop is actually enhanced with a real guy hitting some
drums from time to time, at a very low volume. This is also the first time I actually hear sounds coming from out of my head with headphones (not on all
recordings).

The imaging and soundstaging is awesome. Everything is natural and pure. Everything changes completely from recording to recording. It can be furiously
violent on Propellerheads, and reproduce chamber music in all its subtlety. It does not slaughter the voices of women. Bach's grand organ sounds like a grand
organ (with the church reverb coming from all directions).

The really good thing is, if you want to count the tracks on the multitracks, you can, but then once you get used to these surprising things, it just clicks in you
forget about it and listen to the music... it really flows, no aggressive tonalities jump at you. It is Musical. The details are there in a natural way, not jumping
at you, just being there instead of being erased by the electronics... Let me do the world's shortest review :

Bay!
Abnayuu 3mo2o npocmo2o pe3ucmopa coenal yCuiumenb noayyume 20pazoo Jyuuie, 4mo s CIvlilal Ha2py30K U Ha2Py30K U HA2PY30K 8ell, Komopble 5
HUKO20a He 3aMeyall, Ha MOUX mecmosblx OUCKO8, me, KOmopble 5 3HAI0 JIyyule 6ce20, U Ymo 5 CIYULAN HOH-CIMON NPU MeCmupo8arHul yCUiumeins 6
nocneonue nedenu. M asmo ne npocmo «/lemanvrnee», smo 6onee peanucmuyto, o6onee npusmuuim. E2o cnabvim mecmom aensemces, 6e3yciogho,
npouzpvliéament KOMRNAKM-OUCKO8 80HCOEHUs], MAK KaK oHa nokasvieaem, bezxcanocmuo wunenue 8 CD63SE u paznuuus ¢ Harman DVDI1, umo e
sssibilate, HO 36yuum HeMHO20 MepMELIX UHO20A.
Hanpumep, momenm nesuya cooupaemcs Hauamos 4acmo MO*CHO NPeocKazams no Manetiuiue UsMeHeHus 6 (POHOBOM uiyme, 4mo npousoloem, Koeod
38YKOpedcuccep CKONb3um epomkocmu Mukpogona copuiox eeepx. Ha "ComeFromHeaven", nocieonuii mpex Anvghol, MUKpogon noonuce neguyvi
Hebonbuiue nomexu ¢ 0coobim mounom. A ne 2060pio 0 mpekax, 20e 5mo 0elcmeumenbHo CauuKom aezko, kak Jatiana Kponn 6 "Koeoa s cmompio 6 meou
enasa" anbbom, komopulii deticmeumenvHo wymno, Hem, na amom anvbome Hem monuanue ¢ou na écex. B mom oice mpex, 6vi modiceme ckazamv 00paszybvl
opye om opyea, u obpamume HUMAaHUe Ha OAPAOAHHBIL YR HA CAMOM Oelle NOBbIULEHA C PealbHblll NapeHsb Y0apa Ha 6apabanax epems om epemeHu, Ha
OUeHb HU3KOM YPOBHEe 2POMKOCIU. DMo makdice nepawlli pas 5 Cbluly 36VKU, UCX0OAWUE U3 U3 MOell 201108bl ¢ HAVUWHUKAMU (He HA 8CeX 3aNuUcsX).
H306padicenuti u 368yK08YI0 CyeHy A611emcs yousumenbHuiM. Bce smo ecmecmeenno u uucmo. Bce mensemcs, notHocmsio ¢ 3anucu Ha 3anucs. Imo mModlcem
bvime Apocmuo xcecmoxum Ha Propellerheads, u eocnpouzeooums kamepHyro my3viKy 60 6celi ee MOHKOCmU. Omo He Yousamyp 2onoca xenuwut. bonvuiozo
opeana baxa 36yuum xax 6016ui020 opeana (¢ YepKo8HvIM pegepoepayuLl co 6cex HanpaeIeHull).
HeticmseumenvHo xopoulas éewyb, eciu bl Xomume, 4moodbl CHUmMams c1edbl Ha MPeKU, MOXCHO, HO M020a KAK MOJIbKO 8bl NPUBbIKHEME K IMUM
YOUBUMENbHBIX 8elell, OH NPOCMO HANCUMAEN 8 8ac 3a0blMb 00 IMOM U CYUAMb MY3bIKY ... IO OCLCMBUMENbHO meyem , He azpecCueHble MOHANbHOCMU
He npuvleams HaA éac. Imo my3vikanbHulll. [100pobHOCmMU ecmb 6 ecmecmenHbIM 00PA30M, a He Npvleams Ha 8ac, NPOCMo OblMb MaM, a He CIUPAEencs ¢
HOMOWbIO 2NeKMPOHUKU ... [1o3601bMe MHe cOenramb KOpomKull 0030p 8 Mupe:

It kicks ass !

Next things to do :

* How can I get more feedback ? More than 100dB ? Hummmm...

* How can I get this beta-enhanced cascoded VAS neot to oscillate ?

* What happens on Clipping. I think I will make the amp clip and then use an attenuator to hear just the effect of clipping, but without getting deaf.
Probably the only viable solution will be to pre-clip the signal before it enters the amp, with diodes or whatever, so that the amp itself will never clip.
The ideal would be to do it in the digital domain, of course.

Problem is, I'm short on ideas now. What shall I do next ? Well, I still have 400 albums to re-listen to...

Imo nunaem 3aonuuyy!

Cneoyrowue gewyu, umoobwl coenams:
- Kax s mo2y nonyuumo 6onvue omswieos? bonee 100 067 Xwm ...
- Kak s mozy nonyuums smy 6ema nosviuwennou Cascode VAS ne konebamuvca?
- YUmo npoucxooum na nepecpysku. A oymaro, umo s 6y0y oenamv Kaun ycuiumens, a 3amem UCHONIb308aAMb AMMeHIOamop YCavbluiams mMoabKo
agppexm obpesku, Ho, He noryyue 2nyxum. Haeepnoe, eOuncmeenHviM JHCU3HECNOCOOHBIM peuteHuem 6yoem npeosapumenbHo 0ope3ams CUSHAI,
npexcoe uem oH nonadaem 8 yCuiumenb, ¢ OUOOAMU ULU 000U OpY20ll, MAK Ymo cam ycuiumeisb He 6yoem kaun.MoeanvHo 06b110 Obl cOenrams 3mo 6
yughposom ude, KOHeuHO.

IIpobnema 6 mom, umo s mano udeti cetivac. Ymo s 6y0y denams danvwe? Hy, s1 0o cux nop 400 anbbomos no6mopHo ciyuams ...

e Comments from readers.
Pierre,

Excellent, excellent article. | only read it lightly, but found nothing to argue with. | too believe one of the "differences" between SS and VT amps
to be just how they are affected by instantaneous temperature changes in the active devices.

These are ideas that | have intuitively considered to be at play, but never bothered to attempt to measure.
| Look forward to more.

lbep,

Omrnuy4Ho, omnu4Has cmambsi. 51 monbKo npo4yumarn ee crieaka, Ho Hu4e20 He Halles cc YeM criopuma. 51 moxe cqyumaro, 0OUH U3
«pasHoanacul» mexdy CC u BT ycunumenet, 4mobbl 6bimb rpocmo, Kak oOHU cmpadarom om MaHOBEHHbIX U3MEHEHUU memrepamypbl 8
aKkmueHbIx ycmpoucma.

3Amu udeu, Komopsbie 1 UHMyUmMuU8HO cHUMaromces 8 ugpe, Ho HuUkoz2da He becriokousiu, 4mobbi MonbimambCs USMEPUMBb.

Koy 6onbuwe.

Marvin Match
University of Utah

Thanks for the comments Marvin ! This is what I hope for : wake up people who have been thinking about this kind of things before, and think together
about it. Read the new articles, we'll talk about it.

Pierre


http://peufeu.free.fr/audio/memory/memory-comments.html

| find some of your comments especially interesting- particularly that the brain compensates for or ignores the constant distortion of the SET.
The function of the brain in what we think we hear is to me the big black hole wherein probably lies a lot of the apparent difference in peoples
perception of sound.

| am somewhat surprised that you write off TIM as | would think that what you describe is a very valid TIM mechanism. ie change of operating
points with the possibility of increasing distortion. Particularly if the amplifier is direct coupled to the output with resulting change in output bias.
The distortion of the output stage is very dependent on bias settings. regards pat

A cqumaro, HeKomopable U3 salux KOMMeHmapues, 0CO6EHHO UHMePECHbI, 4mMo MO32 KOMIEeHCUpyem unu ugHopupyem rnocmosiHHOe
uckaxeHue SET. ®yHKyuUsi Mo32a 8 MoM, 4mo Mbl OyMaeM, Mbl CIbILUUM MHe 6orbwol YepHoU Obipou, 20e, 8epOsIMHO, 11eXUm MHO20
04Ye8UOHOU pa3HUUbI 8 HaPOOO8 BOCTIPUSMUS 38YKa.

51 HeckorbKo youerieH, Ymo 8kl criucame TIM, kak s1 Oymaro, 4mo mo, 4mo 8kl orucbieaeme, o4eHb delicmayem mexaHu3m TIM. m.e.
U3MeHeHue paboyux MoYeK ¢ 803MOXHOCMbIO y8eTuUYeHUs UCKaxeHul. B yacmHocmu, ecrnu ycunumersib rpsiMol coOeOUHEH C 8bIXOOOM C 8
pesyribmame U3MeHeHUSs1 8bIXOOH020 CMeWeHUs1. MIckaxxeHue 8bIX0O0H020 Kackada Cus/lIbHO 3asucum om Hacmpoek cmeweHusi. C ysaxxeHuem

Some research reports that the ear has lots of distortion by itself. I might be speculating, but this might explain why the high distortion figures of SET amps
don't seem to matter. Just like if the brain could filter out large amounts of low-order distortion, on the condition that the spectrum be stable, which is not the
case with transistors.

You are also positively right about TIM ! I think that conventionnally TIM is associated with slew rate limitation, but this memory effect could also be
labeled transient intermodulation as it is caused by the signal itself... It is a matter of vocabulary actually. Personnally I'd rather call it memory to differentiate
from slew rate effects.

Thanks,
Pierre

Hexomopuie uccnedosanus coobwaem, umo yxo umeem MHO20 UCKAANCEHUL cam no cebe. A Moz Obl CneKyIuposams, HO M0 MO210 Obl 0OBACHUMb, NOYEeM)
8am Kaxgcemcs, 4mo 6obuiUe UCKAHCEHUS Pu2ypbl U3 MHONMCecmaa ycunumerneti umeem 3nadenus. Tax sce, Kak eciu 6l Mo32 MO2 OMPUILMPOBAMb OOIbLULOE
KOMUYECMB0 UCKANCEHUL HUZKO20 NOPAOKA, NPU YCI08UU, YMO CHeKMpP CIMabUlbHbIM, KOMOPbIUL He OMHOCUMCS K MPAH3UCTIOPOS.

Buvi maxkowce nonosrcumenvro npasvr TIM! A oymatro, umo ycnoeno BPEMA cesazano ¢ oepanuuenuem ckopocmu Hapacmauusi 8bIXOOHO20 HANPANCEHUS, HO
amom 3¢gpGhexm namsamu maxice MON’CHO 0bLI0 Obl HA36AMb NEPEXOOHBIX UHMEPMOOYIAYUOHHBIX KAK MO 00)CI08IEHO CAMUM CUSHATIOM ... DMO 0elo
JleKcuKu Ha camom oene. JIuuHo s 6bl cKopee HA38a e20 NAMAMU OMAULUMb OM HAPACMAHUSL 8bIXOOHO20 HANPAICEHUs I peKkmos Kypca.

Cnacubo,

Ilvep

| have now read your ideas on the SS amplifier on the page http://peufeu.free.fr/audio/ and found that your results correspond very closely to
my efforts.

The use of a cascode stage to drive the output is very important as well as the use of good CCS for both the input stage and VAS.

| will try the magic resistor tonight and see what | can hear. You comment that during listening tests you could still hear the hiss and suggested
it may come from the input signal, | would hazard a guess and say it is coming from the zener in your CCS.

A cetivac yumato sawu udeu Ha ycunumere CC Ha cmpaHuye http://peufeu.free.fr/audio/ u o6HapyXxuru, 4mo sawiu pesyribmamal
coomeemcmeyom o4eHb 651U3KO K MOUM yCUIUSIM.

Hcnonb3osaHue cmaduu KacKoOHOU e30umb 8b1800 O4YEHb 8aXHO, a makKxxe ucrionib3o8aHue xopowux CCS kKak 0risi 8xo0HO20 Kackala u VAS.
A nocmaparocb Macuu pe3ucmop ce200Hs1 8e4epOoM, U MOCMOMpPeMmb, Ymo S cribiwy. Bbl ommeyarom, 4mo 6o 8pemsi npocriyuueaHull euje
MOXHO 6bI10 yCrbilamb wuneHue u npeodrnosioxusl, Y4mo 3mo Moxem ucxodume 0m 8X00H020 cuaHasa, PUCKHY rnpednosioXume U cKasamsb,
4Ymo ucxooum om cmabunumpoHsl 8 sawem CCS.

Thanks ! Working alone, and not having other listeners at hand to confirm what I thought made me a little nervous. Was I hearing things ? Now, I receive
emails that confirm from experience, that structures with lower memory have better sound....

| would suggest that you look at using the Philips BF469/470 as they are much better sounding and do not inhibit the slew rate as do the
BD139/140. There is also the MJE 340/350 series but they also inhibit slew rate but have better driving abilities than the BD139/140

For small signal | use BC556 or BF421/423 which seem to be similar apart from the VCEO.

Power transistors : | have tried the Toshiba 2SA1302 /2SC3281 but found them to be very unstable over about 35 Volt rails. | am now using
the MotorolaMJL21193/21194's with good results.

MOSFETs do work well but are not as good sounding as the Bipolars and | have not worked out why yet.

A xomen 6b1 npednoxume ucrnonb3oeams Philips BF469 / 470, nockonbKy oHU 0arom 20pa3do flydwe 38y4aHue u He rnoodaesnsitom CKopocmeb
HapacmaHusi 8bIXOOHO20 HarnpsiXKeHusi, kak amo Oenatom BD139 / 140. Cywecmeayem makxe psid MJE 340/350, Ho oHU makxe rodasrisirom
CKOPOCMb HapacmaHusi 8bIXOOHO20 HarpsiKeHusi, HO ecmb Jly4wue 803MOXHOCMU 80XX0eHus, yem BD139 / 140

Lns manozo cueHana s ucrionb3yto BC556 unu BF421 /423, komopble Kaxemcsi Moxoxu opya Ha Opyea u3 VCEQ.

MouwHble mpaH3ucmopsl: 5 npoboean Toshiba 2SA1302 / 2SC3281, HO HaxoxXy Ux o4eHb HecmaburnbHbIMU fpU NUMaHuu ebiwe 35 Borbm.
A menepb ucrionb3yto Motorola MJL21193 / 21194 ¢ xopowumu pe3yribmamamu.

MOIl-mpaH3ucmopsbi pabomarom Xopowo, HO He mak Xxopouwee 38ydaHue, KaK y buronspos, u no amou rnpu4uHe s He pabomarsn ¢ HUMU.

Maybe this is because MOSFETS are much less linear than Bipolars... their crossover region looks very bad unless biased into class A. Even then, they are
less linear than bipolar.

Mooicem 6vimob, smo nomomy, umo MOII 2opaz0o menee TuHeliHblL, YeM OUNOAAPDL ... UX KPOCCOBep 00ACHb BbI2NISLOUM OYEHb NIOXO0, eCliU He NPE083AmMO K
knaccy A. Jlasice moeda, onu menee TUHElHbL, Yem OUNOPHDbILL.

| would also stay away from the use of CFP stages as they tend to get unstable and the local feedback errors generated cannot be controlled
by the global feedback.

A makxxe xomern 6bl Oepxxambcs nodarsnbwe om ucronb3oeaHusi CFP stages, kak OHU, Kak ripasusio, Ymobhbl nosy4ums Heycmou4yusbIM U
MecmHble owubku obpamHoU ces3u, coddasaeMble HE MOXem yrpaesisimbcs ¢ MoMowbro arnobanbHol obpamHoU ces3u.

I tried CFPs too, they seem to like oscillating very much. Stabilizing them (with caps) does not seem to do good to the sound. The good old EF stage is



IMHO the best compromise.

A noimancs CFPs mooice, onu, Kaxcemcst, Hpagumcsi Ko1eonouuxcs ouenb MHo2o. Mx cmabunuzayuu (¢ KOHOeHcamopam), Kaxcemcsi, e oenams 000po
38yka. Cmapuwuii 0oopwiii sman EF UMXO nywwuii komnpomucc.

Another worry is what effect the normal VBE multiplier has in the bias arrangement for the output stage, as | think this also has a detrimental
effect on the sound due to it trying to present a stable voltage during transient conditions as well as providing bias stability during thermal
changes to the output stage. The use of a capacitor helps but then you get into capacitor problems again. | would prefer to use a simple
resistor with the thermal characteristics being taken care of in another way. Russell.

Lpyaoe 6ecriokoticmeo mo, Ymo 3¢ghghekm HopMasibHOU MHOXumersib VBE umeem 8 pacrionoxeHuu cMeuweHuUsi 0151 8bIXOOHO20 Kackalda, Kak Sl
dyMaro, Ymo 3moO Makxe oKasbleaem He2amueHOoe B8/USIHUE Ha 38YK U3-3a e20 Mbimatomcs rpedcmasums cmabusibHOe HarnpsiKkeHue rnpu
repexo0HbIX ycrio8uUsiX, a makxe obecriedeHUss cmabusibHOCMU CMeWweHUs1 80 8peMsi merio8biX USMeHeHUU 8 8bIXOOHOM
Kackale.Hcrionb308aHUe KOHOeHcamopa rnomozaem, Ho mozada 8bl nosy4ume rpobremsl KOHOeHCamopoes cHosa. 5 bbi pednoyern
ucrobL308ame rPoOcmMoul pe3ucmop ¢ mersioebIMuU Xxapakmepucmukamu pabomarowjumu rno-opyaomy. Paccern.

To be honest I don't know if the memory occuring in the output stage is important. I have got to make other simulations on this. It is actually an other form of
memory than the one I already studied, as it is not the DC drifts that are annoying (these are verry little), but rather the crossover distortion being modulated
by the quiescent variations caused by transistor heating/cooling. The cure might simply be to use large emitter resistors.

I think that the Vbe multiplier is slow enough... The transient is finished for long once its thermal effects start to arrive at the sensor transistor. The memory
effects I simulated are much faster (ie. at the second scale, similar to the beat of the music, or even faster, ie. the bass notes below 100 Hz). Output stage
memory and interaction with the Vbe multiplier is at much slower speeds, like the alternance of loud and soft moments in music. This might be very
important, too, and the easy solution appears to be Class-A, with all assorted heat problems.

Unlike memory in the rest of the amplifier, the output stage has been quite studied before. I will try to simulate it nonetheless...
Thanks for your feedback !
Pierre

Umobbl 6b1mb YeCMHbIM, 5 He 3HAI0, eClU NAMAMb NPOUCXOOUM 8 BLIXOOHOM KacKaode umeem adxcHoe 3uadenue. A 0ondxcen coenams opyeue Mooenuposanus
1O 3MOMY NOB0JY. DMO HA camom Oele Opy2as opma namsamu, 4em mom, KOmopbwlil s yice YUUILCs, MaK KaK 9mo He cyepodvl NOCMOAHHO20 MOKd, KOMopble
pazopasicaiom (3mo o4eHb Mao), d UCKANCEHUE KPOCCO8EP MOOYIUPYEMCs NOKOS 8apUAYULL, BbI36AHHBIX HA2Pe8oM / oOXaadxcoenuem mpansucmopa. Jlevenue
Modrcem OblmMb NPOCHO UCNONB308AMb DONbULUE PE3UCTNOPLL MOZYH UMeMb CONPOMUBIEeHUE.

A oymatro, umo muoxcumensy Vbe 0ocmamouno meoneHHo ... nepexoOHblil Npoyecc 3aKOHYUIL 3a 00120 NOCTe e20 Men08ble dGeKmovl HAUUHAIOM NOCMYNAmb
Ha mpau3ucmope oamuuxa. Ighghexmol namsamu s mooenupyemcs 2opazoo bvicmpee (m.e.. Ha emopotl wikane, anaiocuuHol 6 maxkm my3vike, Uil 0axce
ovicmpee, mo ecmo. bacosvie nomut nudice 100 I'y). Boixoownotl kackad namsmu u 3aumoodeticmeaue ¢ ymroxcumenem VBE naxooumcs 6 eopazoo bonee
HU3KUX CKOPOCMIAX, KAK AlbMEPHANHCA 2POMKUX U MASKUX MOMEHMO8 8 MY3blKe. Dm0 Modcem Obimb OUeHb 8AHNCHO, MAKMCe U NPOCMOoe pelieHue, KaxK
npeocmasuaemcs, Kiacca, co 6CemMu pa3HooOpazHbiMu npooiemamu menid.

B omauuue om namamu é ocmanvhol yacmu ycuaumens, 8bIX0OOHOU KACKao Obll 00CmMamouHo uzyienst panee. A nocmaparocs, umobvl UMUmMupo8ams e2o,
mem He MeHee ...

Cnacubo 3a sau om3vig!

Ilvep

These are messages I got on the Audio Asylum, and their replies.
Thanks for sharing your facinating work. | do have some questions -

1.Your Vas circut ,cascode or cascoded cascode, would, | believe, have a very high output impedence. With the addition of an emmitter/source
follower you have a defacto, functional op amp. A wonderful building block. Have you investigated the succeptability of followers to memory
distortion, and its cure? If so could you update us on your findings?

2. Have you expolered the application of your findings to balanced/differential circutry? Hope your original work bears fruit and look forward to
the day | can buy a 'minimal memory' op amp from your multinational conglomerate.

| failed to take note of the cap providing local feedback around the (cascaded-) cascode. Could you comment on the output impedence and
load driving capabilities (modeled or actual) with the circut as it now stands?, as well as the previous question on followers?

Cnacubo 3a obmeH sawez0 yerekamerbHyo pabomy. Y MEeHs eCmb HECKOSIbKO 80r1pOCO8 -

1.Your Vas Circut, kackoOa usnu cascoded kackoOa, bydem, 1 Oymaro, UMem OYeHb 8bICOKYIO 8bIXOOHYH0 umrnedaHc. C dobaesneHuem
emmitter / ucmo4yHuka riocriedoeamerib y 8ac ecmb 0e-ghakmo, ¢hyHkyuoHanbHas OY.[MpekpacHoe 30aHue bs1oK. Bbl uccrnedosanu
yygcmeumesibHoCmb riocriedogamersiell K UCKa)KeHUto rnamsimu, u e2o fiedeHue? Ecriu He moarnu 6bl 8b1 MIO3HAKOMUMb Hac ¢ eamMu
pesyribmamog?

2. Bb1 usyyanu npumeHeHue 8awu 8b1800bI cbanaHcuposaHHO20 / dughghepeHyuanbHo20 circutry? Haderoch, aw opuauHarsbHbIt paboma
rpuHocum ceou o0kl U ¢ HemeprieHuUeM x0em moao OHs, 1 Moy Kynumb "MuHumansHou namsmu” QY ¢ eaweao MHO20HaUyUOHabHO20
KOHerlomepama.

A He cmoe npuHAMb K ceedeHuto KpbiwKu lNpedocmasrneHue ycrye mecmHol obpamHol ces3u no (cascaded-) kackoOHo20. He moenu 6bi 8bi
MMPOKOMMeHmMupos8ame 803MOXXHOCMeU 8bixo0a umrnedaHc u Ha2py3skou (rno obpasuyy unu pearsbHbix) ¢ Circut, kak amo celvyac cmoum ?, a
makxxe rpeobIOyuuli 80rpPOC Yumamensam?

The VAS :

* output impedance : intentionally very high (I want to squeeze out the most gain from it, so the impedance has to be highest). Impedance decreases
gradually with increasing frequency, as feedback through the Cdom cap comes into effect. This is the standard method of VAS linearization through
Cdom.

 drive capabilities : almost none at LF

* hence the buffer transistor !

The memory in the buffer transistor is quite negligible compared to the VAS transistor. Imagine the VAS is confronted to a 50k load (base resistance of the
buffer), with a 10mA current sink. Heating the VAS transistor by one degree C will vary its Beta by 3%, which means a drift of 10mA * 3% * 50k = 15 volts
that will have to be corrected by feedback. Heating the buffer by 1°C will only make it drift 2mV... The essence of the thing is that memory is multiplied by

the gain of the stages downstream ; the VAS has a lot of gain, the follower has none.

If you use an emitter follower for amplification (with for instance 10 Ohm from emitter to ground and 1k from collector to V+) as is done in an input diff
pair, you're into trouble, because the Vbe variations are amplified by the gain of the stage. They have to be compared to the input signal, not the output
signal.

With a buffer and a small output stage, it is actually an opamp, even if a complicated one... It could be used for anything actually.



Early Effect :

I don't think memory distortion is related to the early effect. This one does not depend on temperature (or so I think). This is more about Vbe variations...
Headphones :

I have Sennheisers 580... are there any better headphones besides the 600s ? Electrostats do not apply here, thay usually have their own tube amps.

VAS:

- Bvixoonoe conpomuénenue: ymviuLieHnoe ouensb 8vicoka (A xouy, umobwl evidcame u3 Haubonee bi200y om He20, MaK UMNEOAHC 00XHCceH Obimb
camblii gvicokuti). ConpomueneHue noCmeneHHo YMeHbUAemcs ¢ yeeauyeHuem Yacmomol, max Kkax oopamuas céazv uepez CDOM kpwviuwikoii gcmynaem 6
cuny. Omo cmanoapmuwiti memoo VAS nuneapusayuu yepes CDOM.

- He e30Umb 803MOMCHOCIU. noumu Hukmo Ha HY

- cnedosamenvho, O6yghep mpansucmop!

THamamu 6 6ygepe mpanzucmopa coseputeHHo HUUMOICHO nO cpasHenuto ¢ mpanzucmopom VAS. Ilpeocmaseme VAS cmankusaemcsa ¢ 50k nazpysxu
(6azos01i conpomusnenus bygepa), c mexywetl pakoguroti 10 mA. Omonnenue mpansucmop VAS na ooun epadyc C 6yoem mensimocsa bema-eepcuu Ha 3%,
umo osznauaem opeuigh 10 mA * 3% * 50k = 15 eonom, komopwvie OyOym 00124CHbl ObIMb UCHPABLEHBL C NOMOUbIO 0bpamHot ceéazu. Haepes Oyghepnoii 1 ° C,
oyoem monvko coenams e2o opeligh 2Mv ... Cymb mo, umo namsame YMHONCAEMCS HA KO uyuenm ycuienus 5manos uu3 no meuenuio, VAS umeem muoco
8b1200bl, NOBMOPUMENL He UMeen.

Ecnu b1 ucnonvzyeme smummephuiti nosmopumens 011 ycunenusi (¢ Hanpumep 10 Om om smummepa k 3emae u 1k om koiiekmopa k 'V +), kak amo
oenaemcs 8 oughgh napwi 8600a, vl 8 bede, nomomy umo usmenenus VBE ycunusaromcs ycunenus cyena. OHu 00nd4CHbL ObIMb NO CPABHEHUIO € BXOOHBIM
CUCHATIOM, A He BbIXOOHOU CUSHAIL.

C oyghep u nebonvuioll 8b1X00H020 Kackada, smo Ha camom dene OV, dadice ecau crodicHas ... Ona modcem ObIMb UCNONB308AHA 0I5 4e20-HUOYOb HA CAMOM
Oere.

B nauane Sgppexm:

A He dymaro, umo uckadceHue namamu Ces3aHo ¢ panHel dgpgexma. dmom ue 3asucum om memnepamypul (Uiu max s oymaro). Imo bonvuLe 0 8apUAYUSIX
VBE ...

Haywnuku:

Y mensn ecmv Sennheisers 580 ... ecmwv 1u 60nee 3¢ppexmusnuvle naywnuku, kpome 600-? Electrostats 30eco ne npumenumul, Tail, Kax npasuio, umerom ceou
cobCcmeenHble TAMNOBBIX YCUTUMEIel.

Aim at the sore spot

I was trying to figure out which transistors of the whole amp had the most influence on the total memory distortion. Then, the answer struck me as obvious :
let's calculate the following two values :

Hanpasbme na 60on1oH0e mecmo
A notmancs 6vlsiICHUMb, Kakue Obliu MpaH3uCmopuvl 6cell YCuiumers Hauboavuiee 6lusHue Ha odujee UCKAdiCcenue namsamu. 3amem, omeem nopasuil Mems,
KAK 04esUoHo. dasatime paccuumaem ciedyioujue 08a 3HAYeHUs:

The Annoyance Factor

» Considering an open-loop amp to which we apply just the right DC input voltage so as to set the output to 0 volts. This is easy to do in simulation,
much less so in real life. All results here are in simulation.

In open-loop, the amp is very sensitive, so we can measure F = dV(Output Open Loop)/d(Temp), the variation of open-loop output voltage caused
by a 1° variation in the tempearture of a specific transistor. F is in Volts/°C.

* Then, in closed-loop, we can measure H = d(Dissipated Power)/d(VOut Closed Loop), which is the variation of power dissipated in a specific
transistor when the output voltage changes by Volt. H is in Watts/Volts.

Therefore, for each transistor, we know

* H : which tells us how much this transistor will heat up (as Temperature variations are proportional to dissipated power variations) ;
* F: which tells us the gravity of the drift induced by this transistor heating.

The product of these two values : A = H*F therefore gives an idea of how Annoying this transistor will be relative to the thermal drifts of the whole
amplifier.

Example 1 : classic Lin amp

click to display schematic (hint : use shift-click)

Jocaouwiii hakmop

- Paccmampusas ¢ pazomMknymviym KOHMYPOM YCULUMens, K KOmopomy Mol NpUMeEHSeM MOAbKO NPABUNbHOE 86X00HO0e HANPAdiCeHUe NOCOSHHO20 MOKA
Maxkum oopazom, 4umobwl 8bIXOOHOU cucHal ycmauasiuseaemcs 6 () 60nbm. Imo 1e2ko coenams npu MOOeIUpOBaHUU, 3HAYUMENbHO MeHbULe, NOIMOMY 8
peanvHoll dHcusHu. Bee pezynbmamul 30ecb 8 MOOeIUPOBAHUU.
B omkpvimom yuxne, ycunumenv oueHv yyscmeumenvua, nodmomy mol moxcem usmepums F'= DV (svixo0 Open Loop) / d (Temp), usmenenue 6bixo0H020
HAanpsAiCeHUs. pa30MKHYMOU, 8bl36anHoe usmenenuem 1 °© npu memnepamype konkpemuozo mpauzucmopa , F ¢ B/ ° C.

- 3amem, 6 3amKHymom Koumype, mvl modicem usmepumos H = D (pacceusaemas mownocmuw) / D (Vout Closed Loop), komopwiii siensemcs usmeneHue
MOWHOCMU, pacceudaemol 8 OnpedeleHHOM MPAH3UCMOopa NPU U3MeHeHUlU 8bIX00H020 Hanpsicenus npu Bonem. H 6 W/ éonvm.
Takum obpaszom, 0151 KarcO020 MPAH3UCIOPA, Mbl 3HAEM,

- H: umo 2060pum Ham, CKOIbKO M0 Mpan3ucmop 6yoem Hazpesamvcs (KaK KoneOanus memMnepamypsl RponopyUoHaibHo Juccunuposannas
UBMEHEeHUTl MOWHOCMU),

- F: umo 2o6opum nam o cepveznocmu opetigha, 8b136aHHO20 IMOU MPAHIUCOPA OMONIEHUS.
Ipoussedenue smux 08yx snauwenuii: A = H * F, cnedosamenvHo, daem npedcmasiieHue 0 mom, Kaxk pazopaj;caenm 5mo mpan3ucmop 0yoem no omuoueHuo
K Meniosvim OpeLighom 8ce2o YCUnUmers.
Ilpumep 1: knaccuveckuii Jlun ycunumens
Mbluu, 4modvl omoopazums cxemamuyecku (noockaska: ucnovdyime Shift-kiux)
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2023 is thermally coupled to output transistors)
\
Simple amplifier. DC Conditions are : Y23
5 K@ﬂ
Input stage Gain (D) : -40dB (0.01 A/V or Ohm?*-1) 3 s
VAS Gain (G) : 22.6 dB (13.4)
VAS Collector Impedance (Z) : 108dB (270 kOhm) %105
OL Gain : (DGZ) : 90dB (31600) %

BLUE @ ©penloopoutput drift (in v caused by this transistor changing by 1°C in termperature. (dYout OLdT)
BLACK * Delta in dissipated power (LW in this transistor caused by 1 voltvariation in output signal {closed loop) (dPidY Ut CL)
RED : Potential of annovance in this transistor {product of ahove twa values) (dvWOut OLdYOU CL)

MAGENTA : Deltain dissipated power (W) in this transistor caused by 1 volt variation in the power supply,
and annoyance caused by this transistor from the PSU thlue*magenta)

Sorry for the huge graphics (I always work at 1600x1200). If you use Opera, hit "-" to zoom out. If you use an imperialist browser made by a monopolistic
cartel, or a product of a defunct company, hit ctrl-alt-del.

Well well well, this is a standard sand amp, 90 dB open loop gain, 24 dB gain, 66 dB feedback at DC. Close to each transistor, I wrote the corresponding H,
F, and A.

* F, in blue : open loop output drift in volts if this transistor heats by 1°C.
* H, in black : power delta for 1 volt Vout change, in micro-watts
* A, inred : annoyance factor, ie. product of above two values.

Now it is pretty obvious that the most annoying transistor is in the input pair, with some help from the VAS and its current sink.
The numbers for H are pretty logical, just think that Power=Voltage*Current and try to explain them.

The numbers for F get worse the closer you get to the input, because they are magnified by the gain of the rest of the amp. ie. a drift occuring in Q25 will not
be multiplied by anything, whereas a drift occuring in the input pair will be multiplied by the full OL gain.

In Magenta, | wrote the results for the same technique applied to the power supply. Let's call H' the power variation caused by a 1 volt variation in supply
voltage : d(Power)/d(Supply). Then, A'=H*F"' relates to the sensitivity of the concerned transistor versus the power supply. The two numbers in magenta are
H':A'

We can see the input stage is extremely sensitive to power supply variations.

As a side note, the thermal effects in both transistors of the input pair cancel each other, but not completely. The sore spot is therefore not only in the input
stage, but also in the VAS and the current sources.

H3zeunume 3a oepomuvie epagpuueckue (s 6cecoa pabomatio 6 pazpeweruu 1600x1200). Ecau vl ucnonvzyeme Opera, naxcmume "-" 0na ymenvuienus
macwmabda. Eciu vl ucnonv3yeme umMnepuaiucmuyeckyio opaysep, coeiannoe MOHONOIUCMUYECKOl Kapmelb, Uil RpoO0yKma Hecyujecmsyroujei KOMnauuu,
yvoapun Ctrl-Alt-Del.
Hy ny 1y, smo cmanoapmuuiii necox ycunumens, 90 05 ycunenus pazomxnymoeo xonmypa, 24 0b, 66 05 om3wiebl Ha nocmosanHom moke. Paoom ¢ kaxcooeo
mpaHnsucmopa, s Hanucai coomsemcmayroujee H, F u A.

- F, 6 cunem: omkpwimulii KOHmyp opeligh 6bIX00HO20 CUSHANA 8 BOALMAX, eCiu IMOo mpansucmop Hazpesaemcs na 1 ° C.

- H, 6 uepnom: oenoma mownocmu 3a 1 éonom Vout usmenenusi 8 Mukpo-eamm

- B kpacnwiii ysem: pasopadxcenue paxmop, mo ecmo. IIpoOykm u3 yKazaHHuix 08YX 3HAUEHUIL.
Cetiuac smo 006016HO 04e8UOHO, YMO DONbULE 8CE20 PA3OPAdCAem MPAHIUCTNOP 80 6XOOHOM NApbl, ¢ HEKOMOopot nomowivio om VAS u eco mexywet
PAKOBUHOII.
Lugpot ona H 00801bHO 102u4HO, NPOCMO OYMAl0, YMO MOWHOCMb = HANPSdCeHUe * MoK U NONbIMAmsbCsi 00bACHUMb UX.
Lughpot ona F xyorce wem 6audice Kk 6X00y, ROMOMY 4MO OHU YEeIUUUBAIOMCS HA KO3DduyueHm ycuienus ocmanvHou wacmu ycunumens. IE. opetigh
npoucxooum ¢ Q25 ne Oyoem YMHOMCEH HA YMO-HUOYOb, 8 MO 8peMsl KaK Opeligh npoucxooum 60 6X0OHOM Napbl Oy0em YMHONCAMbCSL HA NOJHbLU 8bIUSDLLUL
OL.
B Magenta, 5 nanucan pesynomamoi 0151 mou e memoouxe, NPUIOHCEHHOU K UCOYHUKY numanus. Jlasaiime nazvieamov H 'uzmenenue mownocmu,
6b136aHHbIU U3MeHeHUuem | sonbm 6 Hanpsadcenue numanus: D (numanue) / D (Ilocmaska). 3amem, A '= H * F' omnocumcs k yyscmeumensnocmu
COOMBEMCmM8YIouie20 Mpan3ucmopa no OMHOWEHUIO K UCIMOYHUKY numanusl. /{ea nomepa 6 nypnyphuiti cooou H ':'.
Mbi 6uOuUM, 6X00HOTU KACKAO YPE3BbIUALHO YYBCMBUMENbHBI K USMEHEHUAM NUMAHUL.
Kax npumeuanue cmoponwi, mennogwvie 3¢pgpexmul 8 000UxX MPAHIUCTNIOPOE BXOOHO20 NAPbl KOMNEHCUpylom opye opyea, HO He nonHocmulo. bonvroe mecmo,
C1e008aMeNbHO, He MONbKO HA CMAduU 8600a, HO maxdice u 8 VAS u ucmounuxoe moxa.


http://www.netscrape.com/
http://www.operasoftware.com/

Example 2 : thermally compensated amp

click to display schematic (hint : use shift-click)
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WVAS Gain [G] 50 dB [316)]

WAS Collector Impedance [Z] 1 110dE [318 kOhin|
OL Gain @ [DGE] : 120dB [1 000 000
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BLUE : Open loop autput drift On ) caused by this tansistor changing by 1°C intemperature . (dhvbut. OLAT)
BLACK * Delta in dissipated power (W in this transistor caused by 1 wolt waration in output signal (clesed loop) (dPAWOut. CU
RED : Patential of annoyance in this trEnsistor (product of abowve twe walues) (dWOut, 0L W00t CL)

MAGENTA : Defta in dissipated power (07 in this transistor caused by 1 wolt vanation in the power supply,
and annoyance caused b this transistor from the PEU (blue®magenta)

The steps taken to operate critical transistors at constant power make the input stage almost imune to drifts : its annoyance factor dropped dramatically, both
relative to signal (red) and to the power supply (magenta).

The current sources also benefitted a lot from cascoding. Same for the VAS.
We can see where the new sore spot is, and where to direct the efforts :

The current mirror (I'll add a simple JFET cascode, a la Borbely)
* The VAS : under investigation.

A major interest of this method is that the buffer transistor is shown to be quite innocent, where I would have thought the contrary.
Maybe this thing is going to get finished one day ?
All in all, the compensated amp sounds good (euphemish). 94dB feedback, why not ? I have no preconceptions on that.

Llaeu, npeonpunameie 012 pabomvl KPUMUUECKU BAANCHBIX MPAHIUCTNOPOE NPU NOCMOAHHOU MOWHOCMU COeNAMb 6X0OHOU KACKAO NOYmu imune 8 cyepooax.
€20 Koaghhuyuenm pazopasicerue pe3ko COKPamuaoch, U N0 OMHOWEHUIO K CUSHANLY (KPACHBILL) U K Ucmo4yHuKky numanus (Magenta).
Huvinewnue ucmounuku maxoice gviuzpanu mHo2o om cascoding. To orce camoe ons VAS.
Mul mooicem ysudemn, 20e HOBbILL OOILHOE MeCTO ecmb, U KyOd HANPAasumy YCUius:
- Toxka 3epkano (s 0obasnto npocmou JFET Cascode, a-na Borbely)
- VAS: noo uccneoosanuem.
OchosHoll unmepec 5mo2o mMemooa AeIsemcs mo, ymo Oyghep mpaH3ucmop NOKA3aHo, Ymo GNnojaHe HeBUHHbIM, 20e i bbl MO2 NOOYMAamb, HA0OOPOM.
Moowcem 6vimob, s5ma éewyb OyOem noxy4ums 3aKOHUUIU OOUH OeHb?
B obwem, ¢ komnencayueu ycunumens 38yuum xopouio (36pemuzm). 94 05 om3zvigvl, nouemy 6w u nem? YV mens nem npedyodedxcoenus Ha 3mom cuem.


http://peufeu.free.fr/audio/memory/img/annoy_full_amp.gif
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