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Abstract

This paper is related to a new approach of audio circuit measurements.

Present distortion measurements fail to tally with listening tests, and try to define effects of
mernorjyless non-linear transfer functions. Unfortunately, audio circuits are not memoryless.

This paper presents a measurement set for circuit memory. First measurements seem to exhibit
good correlation between this new distortion and listening tests.

Pegpepam

Oma cmamusl C6A3aHA ¢ HOBLIM NOOXOOOM K USMEPEHUIO AyOUoYyenel.

Huinewnue usmeperus UCKaxiceHull He cosnaoarom ¢ mecmamu Ha npoCIyUuUanue u nblmaiomcs
onpedenums 3hpexmul be3mepHbIX HelUHelHbIX nepedamounslx Gyukyull. K coxcanenuro, ayouocxemol
He Juuenbl NAMAMU.

B smou cmamve npedcmasgnen Habop uzmepenuil 014 namamu cxemol. Ilepsvie usmepenus
NOKA3bIBAION XOPOULYIO KOPPETAYUIO MENCOY IMUM HOBbLM UCKANCEHUEM U MeCmamu Ha NPOCIyWUsaHue.

1 Introduction

Measurement of distortion is fundamental for design and evaluation of audio circuits. Several
techniques have been defined for distortion measurement and have been widely used for improvement of
audio circuits. However, the evaluation of top quality circuits via listening tests does not tally with the
figures given by these techniques. and more and more people prefer tube circuits in spite of they poor
distortion figures.

1. Beeoenue

H3zmepenue uckasicenuti umeem ochosononazarouee 3Havenue 0 nPpoeKmuposanus i OYeHKu
ayouocxem. Jsi usmeperusi UCKaxiceHutl Oblio OnpeoeneHo HeCKOIbKO Memoo08, KOmopble UUpoKo
UCNONB308ANUCDH 015 YIyuuleHus ayouocxem. OOHAKO OyeHKA yenell 8blCule20 Kaiecmed ¢ HOMOUbIO
NPOCTYWUBAHUSL HE COOMEEMCMEYem YUppam, NOaIyYeHHbIM ¢ HOMOWBIO dMUX MEMOO08. U 6ce bobuLe U
bonvute nr00ell npeonoyuUmarom 1aMno8sle cXemol, HeCMOMPsL HA UX HUKUE NOKA3AMENU UCKANCEHUSL.

There have been some attempts to define new, sharper measurements better correlated with
subjective tests, but with little success. An explanation of this failure may be that these new
measurements are based on the classical theoretical model of distortion, regardless of a possible
misconception concerning distortion in audio circuits. Questioning the theoretical bases of audio circuit
distortion is fruitful and leads to breaking new ground in audio circuit measurement.

Bvinu nonvimku onpedenums Hosvie, 6onee mounsie usmMepenus, 1yiuie Koppeiupyouue ¢
CyOvLeKmuHbIMU mecmamit, Ho 6e3 0cobo2o ycnexa. ObvscHeHue Mot HeyOauu ModXdCem 3aKI04ambCs 6
MOM, YUMo MU HOBble USMEPEHUs OCHOBANbI HA KIACCUYECKOU Meopemuyeckol MoOenu UCKAXCEHUs,
He3a8UCUMO OM 803MONCHO20 HENPABUILHO20 NPEOCMABleHUsl 00 UCKAdXCeHUU 8 ayouocxemax. Bonpocul
MeopemuyecKux 0CHO8 UCKANXCEHUs ayOuoyenu ni000meopHbl U 6e0VM K OMKPLIMUIO HOBbIX 20PU3OHIO8
8 UsMepeHulU ayouoyenu.

2 Summarised theoretical analysis
2.1 Traditional theoretical analysis

2 O6obuennvlll meopemuyecKuil Aanaiu3s
2.1 Tpaouyuonmnsiii meopemuueckuii AHaIu3

Fig. 1 presents the classical theoretical model of an audio power amplifier. This model is the base
for measuring amplifier distortion. It is made up of a perfect amplifier and two distortion generators : the
linear distortion generator corresponds to the amplitude, phase, phase-slope and group delay
modifications resulting from the band limitations of a real amplifier ; the non-linear distortion generator
corresponds to the non-linear transfer characteristic of a real amplifier.
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Figure 1 : The classical model of an audio amplifier

Ha puc. 1 npedcmasnena knaccuieckas meopemuyeckas MoOelb YCUIUMeNs MOWHOCMU 368YKd.
Dma mooenv A615emcs OCHOB0U OISl UsMepeHus uckaxcenuul ycuiumensi. On cocmoum u3 udeaibHo20
YCUIUmens u 08yX 2eHepamopo8 UCKAHCEHUIL. 2eHepamop JTUHENUHbIX UCKANCEHU COOMBEmMCmayen
amnaumyoe, ¢ase, HAKIOHY (azvl u PYNNOBOT 3A0ePAHCKe, BOZHUKAIOUUM 8 pe3yibmame 02paHudeHull
HOJIOCHI YACTNOM PEAIbHO20 YCUTUMENS, 2eHEPAMOop HENUHEUHbIX UCKANCEHUL COOMBEMCMEYem
HeTUHEUHOU nepedamoyHoOll XapaKmepucmuke peaibHo20 YCUIUMEs.

The aim of current distortion measurement is to characterise the distortion generators. Band
limitation and non-linear transfer function are measured in order to fully characterise the circuit under test
and to define its distortion for any audio signal. The characterisation of the distortion generators is made
with sinusoidal signals.

Llenb usmepenuss meKywux UCKa#ceHutl CoOCmoum 6 mom, 4moobsbl 0XapaKmepu3zo8amby
eenepamopul uckaxcenuil. Ozpanuyenue noiocyl U HeTUHeuHas nepe0amodras (YHKYuUs usmepsaromcs 0Jis
mMo2o, YmobObL NOTHOCMbBIO OXAPAKMEPU0B8AMb MECUPYEMYIO CXeM) U ONpedelumb ee UCKAXCeHUs 05
1106020 ayouocueHania. Xapakmepucmura 2eHepamopos8 UCKA#CeHUL NPOU3B00UMCS CUHYCOUOATbHbIMU
CUCHANIAMU.

This approach is rigorous and is valid as long as the model itself is valid. The validity of the
distortion model is widely accepted even though this model does not take into account a known distortion
phenomenon : Transient Intermodulation Distortion. The reason for this is probably that TID ( as far as
this concept is limited to slew-rate limitation ) only affects poorly designed circuits and can easily be
avoided. However, slew-rate limitation shows that linear and non-linear distortions can be combined in a
more complex way than in the classical amplifier model.

Dmom nooxoo0 a61emcs cmpo2um u oeticmsumerner 00 mex nop, NOKa OelcmeumenbHa camda
mooensv. Cnpasednusocms MOOenu UCKANHCEHUs WUPOKO NPUSHAHA, 0adce HECMOMPs HA MO, YMo 2mda
MoOenb He NPUHUMAem 80 6HUMAHUE U3BECIMHOE ABIEeHUE UCKANCEHUSL: NEPEXOOHOE UHMEPMOOVIAYUOHHOE
uckaxcenue. Ilpuuuna smoeo, éeposmno, 6 mom, umo TID (nockonvky sma KoHyenyus 02paHuyeHd
02PaHUYeHUeM CKOPOCIU HAPACMANUs) GULEN MOAbKO HA NJIOX0 CNPOEKMUPOBAHHbIE CXEMbL, U €20
MOdHCHO Niecko uzbexncams. OOHAKO 02paHuyeHue CKOpoCmu Hapacmanus noKazvleaem, 4mo JuHelHbvle U
HETUHEUHbLE UCKANCEHUSL MO2YM KOMOUHUPOBAMbCSL O0ee CLONCHBIM 00PA30M, YeM 8 KAACCUYeCKoU
Mooenu ycunumens.

Unfortunately, other phenomena combining linear and non-linear distortion occur in many audio
amplifiers. Thus their non-linearity is not adequately analysed with sine waves and thus by classical
distortion measurements. It is possible to exaggerate these phenomena and to design two simple circuits
[1] exhibiting exactly the same classical distortion measurement ( band limitations, non-linear distortion
figures and spectrum ) but showing different distortions with many non-sinusoidal and audio signals.
These circuits also have a very different sound quality. They prove that the classical measurements of a
circuit are usually unable to define its sound quality.

K coorcanenuro, opyeue sagnenus, couemarowjue nuHelinbie U HeTUHEUHble UCKANCEHU, UMEIOm
Mecmo 60 MHO2uX ayouoycunumensx. Taxum obpazom, ux HeTUHEUHOCb He MOXCem Oblmb A0eK8AMHO
NPOAHATUIUPOBAHA C NOMOWBIO CUHYCOUOANbHBIX BOIH U, CLe00BAMENbHO, C NOMOWBIO KIACCUYECKUX
usmepenutl uckaxceruil. Mooicno npeysenuuums 3mu A61eHUsL U CHPOEKMUPOB8ANb 08e NPOCHIble CXeMbl
[1], oemoncmpupyrowue mouno maxue dHce Kiaccuieckue UsmMepeHus UCKa@ceHull (02paHudeHus: No10Cyl
yacmom, HeruHeluHble YUuppvl UCKANCEHULL U CNEKMP), HO NOKA3bIBAIOUUE PAZTUYHbLE UCKANCEHUSL CO
MHOUMU HECUHYCOUOATILHBIMU U 36VKOBBIMU CUCHANAMU. DMU CXeMbl MAKHCe UMEIOM OYeHb PA3HOE



kauecmeo 38yka. OHu 00KaA3b16alON, YMo KAACCU4ecKue usmepeHus yenu 006bI4Ho He MO2ym onpeoenums
Kauecmeo ee 36yKd.

This example highlights a basic limitation of classical measurements in that static measurements
are only reliable for stable systems. Classical measurements rely on the implicit hypothesis that the
distortion characteristics are immutable. If not, classical measurements fail to fully characterise circuit
distortion and to define circuit behaviour with any signal.

Omom npumep noouepkuaem oCHOBHOE 02paAHUYeHUe KNACCUYeCKUX USMEPEHUll, 3aKIo4arueecs
6 MOM, Umo cmamudecKue usmepenus Ha0exiCHbl MObKO 0iisl cmabunbhblx cucmem. Knaccuueckue
u3MepeHUss OCHOBAHbI HA HEAGHOU 2unomese 0 HeU3MeHHOCMU XapaKmepucmuK uckaxcenus. B
APOMUBHOM CIyyae KIaccuyeckue usMepeHust He CMo2ym NOIHOCHbIO OXAPAKMePU308amb UCKAHCEHUS.
yenu u onpeoenums nosedeHue cxemuvl npu 10O0M cusHae.

2.2 New theoretical analysis

2.2 Hoeuviti meopemuueckuii anaius

A thorough theoretical analysis of audio circuits reveals many possible causes making
characteristics unstable and, especially, variable according to the signal. These changes often have time
constants inducing memory phenomena.

There are many sources of memory in audio circuits :

- Memory occurs in components. The main source of memory in components is known as thermal
feedback in transistors ; memory also affects resistors ( self-heating ), capacitors ( dielectric absorption )
and wiring ( skin effect in cables ).

- Memory also occurs in circuits and mainly results from combinations of non-linear transfer functions
and band limitations ( in power supplies and in feedback loops ).

- Global memory is the combination of all these memory effects.

Twamenvuwviti meopemuyecKull aHAIU3 36YKOBLIX Yenell GblABAeN MHONCECTNBO BO3MONCHBIX
NPUYUH, 0eNAIOUUX XAPAKMEPUCMUKY HECTAOUTLHBIMU U OCODEHHO USMEHAIOWUMUCS 8 3A8UCUMOCTIU OM
CueHana. dmu usMeHeHus: Yacmo UMeom NOCMOsHHbLE 8PEMEHU, 8bI3bIEAloWUe ABLEHUSL NAMAMIU.

B ayouo cxemax ecmv MHO2O UCMOYHUKO8 NAMANU.:

- Ilamams npoucxooum 6 komnonenmax. OCHOBHOU UCMOYHUK NAMAMU 8 KOMNOHEHMAX U36eCmeH KaK
Meni06as 0opamuas césa3b 6 mpausucmopax, Ilamame makdice enusiem Ha pe3ucmopul (camonazpes),
KOHOeHcamopul (Oudiekmpuyeckas abcopoyus) u npogooxy (Ckun-agpgexm 6 kabensx).

- Ilamsims maxoice 603HUKAEM 8 YeNnsxX U 8 OCHOBHOM BO3HUKAEN U3-3a KOMOUHAYUL HEeTUHELHbIX
nepeoamouHbiX GYHKYU U 02paHuyeHuli OUana3ona (8 UCIOYHUKAX NUMAHUS U 8 NeMIAX 0OPAMHOU
ces3U).

- [ nobanvuas namame npedcmasisem co60l KOMOUHAYUIO 8CeX dDMUX d¢hghekmos namsamu.

A new circuit model including memory ( Fig. 2 ) can be proposed for distortion analysis. The
linear distortion is produced not only by the band limitation effects, but also by the memorizing of the
signal. The non-linear distortion is produced by a non-linear variable transfer function. Fig. 3 presents
the basic possible variations of the transfer function ( the distortion of the memorised signal might also be
considered ).
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Figure 2 : The new model of an audio amplifier

Jna ananuza uckasiceHutl Modicem 6vimv NPeosloNCeHa HOBAsL MOOElb CXeMbl, BKII0UAOU A
namamo (puc. 2). Jlunetinvie uckaxiceHus 603HUKAIOM He MONbKO U3-3a I¢)heKkmos ocpanuyenus noiocsl,



HO U U3-3a 3anomMunanus cuenana. Henunelinoe uckascenue cozoaemcs HeluHeHou nepemeHHoll
nepeoamounou gyukyuetl. Ha puc. 3 npedcmasnensvt 0CHO8HbIE 803MONCHbIE 8APUAHTNBL NEPEOAMOYHOT
DYHKYUU (MONHCHO MAKIHCE YUUMBIBAMb UCKANCEHUE 3ANOMUHAEMO20 CUSHALA).

Figure 3 : The 3 basic variations of the tranfer function :
offset variation, gain variation and non-linearity variation .

NOTE : offset variations can be included in memory.

The new distortion model is more complex than the previous one and its characteristics are not
easy to measure. Memory phenomena are ignored by measurements using static signals like steady-state
sine waves (or the signals used for the attemps of new measurements).

Hosas modens uckasicenus bonee cnodcHa, wem npeovloyuas, u ee Xapakmepucmukiy HeleeKko
uzmepums. fenenus namsamu UCHOPUPYIOMCS NPU USMEPEHUSX C UCNONb308AHUEM CIAMUYECKUX
CUCHANI08, MAKUX KAK YCMOUYUBbLE CUHYCOUOATbHBLE 8OTHYL (LU CUSHALO8, UCHONIB3YEMbIX OISl NONBIMOK
HOBbIX UBMEPEHULL).

3 New measurement set
3.1 Principle

3 Hoevlil nabop uzmeperuii
3.1 lpunyun

Memory measurement in audio circuits is not easy : the related phenomena are generally of low
amplitude and may be complex ( with, for example, positive feedback ). However, a first new
measurement technique has been defined, which confirms the reality of memory in audio circuits and
indicates the order of magnitude of this phenomenon.

H3zmepenue namamu 6 36YKOBbIX CXeMax He NPOCMO. CEA3AHHbIE ABLEHUS 0ObIYHO
MAnoamMnaumyOusbl U MO2ym Obimb CLONCHLIMU (Hanpumep, ¢ NOA0ACUMENbHOU 00pamHoll céia3vi0). Tem
He MeHee, Oblia onpedenena nepeas Ho8ds MemooOUuKa UsMepenUs, KOmopas noOmeepHcoaen peaibHOCb
namsmu 8 36YKOBbIX CXeMax u yCmpoucmeax.

YyKazvleaem Ha NOPAOOK BETUUUHBL INO20 ABTIEHUS.

The principle of this measurement consists of freezing the input signal at a fixed value and
measuring the output drift which reveals the fleeting memory of the circuit under test. It can be done with
digital audio circuits provided the DA converter is memoryless. Another method consists in switching the
input to zero and to analyse the output drift. In that case, the effect of high frequency band limitations
appears ( the related time constants are short compared with usual memory phenomena ). In both cases,
the low frequency band limitations can affect output voltage and may mask memory (a low frequency
pole is also a kind of memory).

Tpunyun 3mozo uzmepeHusi COCmoum 8 mom, ymoowl 3aghUKCUPoOBams 6X00OHOU CUSHA HA
DUKCUPOBAHHOM 3HAYEHUU U UBMEPUMb BLIXOOHOLL Opelih, KOMOPbILL 8bIAGIACH MUMOLEMHYIO NAMAMb
mecmupyemou cxemul. Mo MONCHO COeNamsb ¢ NOMOWbIO YUPPOBbIX ayouocxem npu yciosuu, ymo LIAIT
He umeem namsamu. pyeotl Memoo 3aKI0uaemcst 8 NepeKiioueHul 6X00d Ha HOb U AHAIU3E BbIXOOHO20
opeugha. B smom cryuae nposasnsiemcs 3¢pghexm oepanuienus noaocyl 8bICOKUX 4acmom (Cesa3anHble ¢



IMuUM NOCMOSAHHbIE 6PEMEHU MAJIbl NO CPABHEHUIO C 0ObIYHBIMU S6/ICHUAMU I’ZCIM}ZI’I’ZL{). B oboux caydasix
OcpaHuU4erusl HU3KOYACMOMHOU NOJIOCHI Mo2cyni noe6iusins Ha 8bIX00HOE Hanpisicerue u mozym
MACKUpoesanib namsimabs (HM&’KO‘{acmomellj NOJIIOC MOdHce A6JIAenicA ce60eco pO()CZ naMﬂn’lblO).

Measurements of sampled memory were made in the same condition ( a tone-burst of a 60 Hz
sinus signal at 2 6 V pk-pk on a 4 Q load ) for 3 amplifiers using different technologies :

- a commercially available high quality transistor amplifier, with a THD of -86 dBc at the level of the test
signal ( Fig. 8)

- a triode tube amplifier designed by an audiophile, with a THD of -27 dBc at the level of the test signal
(Fig. 9)

- a new transistor amplifier designed for low memory, with a THD of about -110 dBc at the level of the
test signal ( Fig. 10).

Hzmepenus ouckpemusuposanHo namsamu npo8oOULUCh 8 OOHUX U MeX Jice YCI08UAX (8CHIeCK
cuHycouoanbroeo cuerana yacmomou 60 I'y npu 2,6 B nuk-nux na Haepysxe 4 Om) 011 mpex ycunumeneti
C UCNONb308AHUEM PASHBIX MEXHOIO2U:

- UMEIOWULICS 8 NPOOAdiCce BbLCOKOKAYECHBEHHbIL MPAH3UCMOPHBIL YCUTUMENb ¢ KOIDduyuenmom
HeluHelHbIX uckaxcenutl -86 0bu Ha ypoene mecmogoeo cuenana (puc. 8)

- IAMNOBbLU YCUIUMeNb Ha Mpuode KOHCMpPYKyuu ayouoguia, ¢ koagouyuenmom HeruHeuHvlx
uckasxcenuu -27 0bn na ypoene mecmogoeo cuenana (puc. 9)

- HOBbLU MPAH3UCTOPHBIL YCUTUMENb, PACCYUMAHHBLU Ha manyto namams, ¢ KHU oxono -110 0bu Ha
VposHe mecmogozo cuenana (puc. 10).

' output signal

Figure 8 : Output signal ( 2V/div. ) and memory signal ( 1 mV/div. )
for a classical transistor amplifier. Time scale is 10 ms/div.
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Figure 9 : OQutput signal ( 2V/div. ) and memory signal ( 2 mV/div. )
for a tube amplifier. Time scale is 10 ms/div.
The curvature is induced by a second low-frequency pole.
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Figure 10 : Output signal ( 2V/div. ) and memory signal ( 0,5 mV/div. )
for a transistor amplifier using a new memory free technology. Time
scale is 10 ms/div.



4.3 Correlation with listening tests
4.3 Koppenayus ¢ mecmamu npocuyuiu8anus

Several listening tests were made with the measured AC amplifiers in different conditions, with
different listeners ; they gave the same results. They seem to show that the measured memory is better
correlated with sound quality than the THD.

The tube amplifier, in spite of its poor distortion figure, was judged as giving a much more natural
sound than the traditional transistor amplifier, completely in opposition to the traditional distortion
measurement values.

The memory-free transistor amplifier, thanks to its unusual sound quality, was preferred to the tube
amplifier even by tube fanatics involved in the listening tests. This result seems to invalidate an
explanation for the preference for tube circuits : the hypothesis of distortion pleasant for the ear.

bvino nposedeno neckonbko npocayuusanull ¢ usMepeHHbIMU yCUIUmenamu nepemerHo20 moxa 6
DA3HBIX YCIIOBUSX, C PA3HBIMU CLYUWAMENAMU, OHU OAIU 00UHAKo8ble pe3yivbmamul. Iloxooice, oHu
NOKA3bI8AIOM, YO USMEPEHHAs NAMAMb Jyuule Koppeaupyem ¢ kaiecmeom 3eyka, uem THD.

Jlamnoswiii ycunumens, HecCMOMPS HA NIOXOU NOKA3AMENb UCKAXNCEHULL, Dbl OYeHeH KaK 0aoujuti
20paz0o bonee ecmecmeeHHblll 36VK, YeM MPAOUYUOHHBII MPAHIUCTNOPHBIL YCUTUNENb, YO NOTHOCTNBIO
npomueopedum mpaouyuOHHbIM 3HAYEHUSM USMEPEHUSI UCKAHCEHUL.

TpansucmopHulii ycunumens 6e3 namamu, 61a200aps c60emy HeOObIUHOMY Ka4yecmay 36)Kd,
NpeonoYUmanu 1amMno8oMy YCUIUmMento oaxce I0oumenu 1amn, yuacmeosasuine 8 NpoCiyuuaHuu.
Omom pezynvbmam, no-6UOUMOMY, onpogepaaem o0vbsACHeHUue NPeonoumeHuUs 1amMno8blx yene. 2unomesy
NPUSMHO20 015 CIIYXA UCKANACEHUS.

4.4 Other measurements

Other limited measurements concerning the impact of capacitor technology and feedback factors
on memory amplitude seem to confirm some empirical statements of “golden ears” ; they have to be
confirmed by further experimentation.

4.4 Jlpyeue uzmepenus

Jpyeue oepanuuennvie usmepenus, Kacarowuecs GIUsAHUSL KOHOEHCaAMOPHOU MEeXHOL02UU U
Gaxkmopos 0bpamuoul cea3u Ha AMNIUMYOY NAMAMU, NO-BUOUMOMY, HOOMBEPAHCOAION HEKOMOPbIe
IMAUPUYECKUE YIMBEPIHCOCHUSL O «30JI0MBIX YULAXY, OHU OOJIHCHBL OblMb NOOMBEPHCOEHBL OANbHEUUUUMU
IKCHEPUMEHMAMU.

5 Conclusion

These limited first results of memory measurements in audio circuits prove that memory really
occurs in audio circuits. They show that the proposed model for circuit distortion is closer to reality than
the traditional model.

Even if the reason for the auclibility of memory distortion is not yet clear, the sound quality
improvement resulting from a memory-free design shows that memory is audible. Low memory distortion
is the probable reason for the good sound of tubes.

Much Work still has to be done for measuring memory distortion and understanding its effects on
audio signals ; however, memory distortion has to be considered when improving and measuring audio
circuits.

5. Bwvi6oo

Omu oepanuyenivie nepsvie pe3yibmamsl UsMepeHutl NamMsamu 8 36VKOGbIX CXeMax 00KaA3bl8arom,
Umo namsams OelcmeuUmenbHoO NPUCYmMcmayem 6 38yKoauvix cxemax. OHU NOKA3bI8AI0M, YO
npeonazaemas Mooeb UCKANCEHUsT CXeMbl OUdCe K PeabHOCMU, YeM MPaoUYyUOHHASL MOOEb.

Haoice eciu npuyuHa CislUUMOCMU UCKANCEHUsL NAMAMU euje He SICHA, VIyYluleHUe Kauecmad
38YKa 8 pe3yibmame KOHCMPYKyuu O6e3 namsmu noKazvleaen, 4mo namsame caviuna. Huskue uckasicenus
RAMAMU - 8ePOSMHASL NPUYUHA XOPOULe20 38YYAHUSL JIAMN.

Mmnoeoe ewge npedcmoum coenamso 0711 UsMEPEHUsL UCKANCEHUL NAMSIMU U NOHUMAHUS UX G/IUSHUSL
HA 38YKOBble CUSHAIbL, OOHAKO NPU YIYVUULEHUU U USMEPEeHUU AYOUOCXeM He0OX00UMO YUumvléamy
UCKAIICEHUSL NAMSIMIL.
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