Buabl uckaxeHUMd U METOAbI UX U3MeEPEHUit
Distortion types and methods of their measurement

Knaccudukanusa nckaxkeHui
Distortion classification

HckaxkeHus moapa3aensaroTcs Ha JBa OCHOBHBIX Kilacca:
— JIMHCUWHBIC;
— HEJIUHEHHbBIC

Distortion 1s classified into two main classes:
linear;
nonlinear

K nuHelHbIM UCKaKEHUSIM OTHOCAT MCKAKEHUS BO3ZHUKAIOIIME B IMHEHHBIX HEMAX. ITO U MOHSATHO, B TMHEHHBIX LETAX (eCiu
9TH METH COCTOAT U3 UcalbHBIX KoMIOHEeHTOB R, C, L) HeT npeanochuiok i ux BO3HUKHOBeHUS. OTHAKO MaJIo TJE 3a0CTPseTCs
BHUMAHHE YTO 3TOT TEPMUH (TIOHATHE «JIMHEWHOCTDHY) OTHOCUTCS TOJBKO K YCTAHOBHUBIIIEMYCS PEKUMY TOCIIe OKOHYAHUS
MIEPEXOHBIX MPOIIECCOB KOT/a B CUTHAJIE YK€ HET JIOMOJIHUTEIHLHBIX KOMITOHEHT.

Linear distortions include distortions that occur in linear circuits. This is understandable, in linear circuits (if these circuits
consist of ideal components R, C, L) there are no prerequisites for their occurrence. However, in few places attention is drawn to the
fact that this term (the concept of "linearity") refers only to the steady state after the end of transient processes when there are no
additional components in the signal.

Yro kacaeTcs HeMMHEHHBIX NCKKEHUN, TO JUTSl KX BOSHUKHOBEHUS CYIIECTBYET MHOXKECTBO IIPUUYNH: HEJTMHEHHOCTH BXOIHBIX U
BBIXOJIHBIX UMITCJIAHCOB YCHIIUTENIS, €T0 KaCKaJ0B YCUJICHUS, YCHIINTEIbHBIX KOMITOHCHTOB, TEIUIOBBIC MCKAXCHHS KaK aKTHBHBIX
KOMITOHEHTOB TaK U MACCUBHBIX U MHOTOE Jpyroe. [loMrMMo HeTuHEHHBIX NCKaXKEHUN eCTh elle M HHTEPMOIYJISIUOHHBIE HCKAXKESHHUS,
a MPU HEJOCTATOYHON CKOPOCTH HapaCTAHUS BBIXOJHOTO HAIPSKEHUS U TMHAMHYECKUE UCKakeHus Tumna TIM.

As for nonlinear distortions, there are many reasons for their occurrence: nonlinearity of input and output impedances of an
amplifier, its amplification stages, amplifying components, thermal distortions of both active and passive components, and much more.
In addition to harmonic distortion, there is also intermodulation distortion, and if the slew rate of the output voltage is insufficient,
there is also dynamic distortion of the TIM type.

[Tpu ycuneHuu CuHYCOUJAIbHBIX CUTHAJIOB ¢ HEM3MEHHOW 4acTOTOM (YTO M mpoucxoauT npu uzmepenun THD) Bompoc
JMHEHHBIX UCKAKEHUN HE UTPAET HUKAKON POJIH, TaK KaK M3MEPEHUS MPOUCXOAT IO OKOHUYAHUHU TTEPEXOTHBIX MTPOIIECCOB.

When amplifying sinusoidal signals with a constant frequency (which happens when measuring THD), the issue of linear
distortion does not play any role, since the measurements take place after the end of the transient.

Bo BpeMst mepexoaHbIX MPOoIeccoB (HE MyTaTh ¢ KPOCCOBEPHBIMU UCKAXKEHUSIMH, KOTOPBIE BO3HUKAIOT BOJIM3HM TIEpexo/ia
CUTHAJIa Yepe3 HOJIb) BO3HUKAET MIUPOKHUI CIICKTP TAPMOHHK IPOAOKUTEIBHOCTD U aMILIUTY/Ia KOTOPBIX 3aBHCHT OT
MPOAOHKUTEIILHOCTH MEPEXOTHBIX MPOIIECCOB.

During transients (not to be confused with crossover distortions that occur near the zero crossing of the signal), a wide range of
harmonics arise, the duration and amplitude of which depends on the duration of the transients.

HckakeHus: yCUIIMTENEN TOCTOSHHOTO TOKA ¢ OAHOIIOJIFOCHON KOPPEKIHUEN Y MHOTUX ACCOLUMUPYIOTCS C IMHEUHBIMU
UcKaxxeHusiMH npoctoi RC-nienouku.

Paccmotpum napametpsl npoctoid RC-uieny, puc. 1

The distortion of single-pole corrected DC amplifiers is often associated with the linear distortion of a simple RC circuit.

Consider the parameters of a simple RC-circuit, Fig. 1
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Cuumem nuarpammy boze rakoii nenu BMecrte ¢ ['B3, puc. 2
Let's remove the Bode diagram of such a circuit together with the Group Delay, fig. 2
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[Tonoca mpomyckanus Takoi 1enu Ha ypoBHe -3 1b ot nocrostHHOro Toka A0 100 xI'. Casur ¢azer Ha yactore 100 kIl paBeH
45 rpanycos. I'B3 B Mkc paBHO npousBeaennto RC, rae conporusnenue B kOmax, a eMKOCTh B HaHO(apanax. ' B3 npumepHo
noctosiHHO 10 1/10 vactoTel cpesa, T. . g0 yactothl 10 kI'11. Ha camom gene mbl BuuM 4to (paza Havana KPyTUTHCS ropasjio paHblIle,
npaktudecku ¢ yactoThl 1 kI’ Kak yTBeprkaeT Takasi Hayka Kak MCHUX0aKyCTHKa CITyX MEHEe YyBCTBUTENECH K aMIUIUTYIHbIM
UCKa)KEHUSIM U HanboJiee YyBCTBUTENIEH HMEHHO K (a30BbIM HCKakeHUsIM. B xadecTBe nmprumMepa Bo3bMeM curnai yactoton 20 kI’ ¢
MOJIMEIIIAaHHON K HEMY TpeThel rapMoHukoit paBHoi 60 kI'11. CoracHo quarpamMmbl bosie TpeThs rapMoHuka Oyner casunyTa Ha 30
rpaaycoB. K uemy 3To mpuBeAeT HAmIsIHO BUAHO HA pUCYHKE 3. [[yHKTHPHBIMU JIMHUSIMU TIOKa3aHbI TIEpBasi U TPETh TAPMOHUKH.

The bandwidth of such a circuit is -3 dB from DC to 100 kHz. The phase shift at 100 kHz is 45 degrees. GD in us is equal to the
product of RC, where the resistance is in k€, and the capacitance is in nanofarads. The group delay is approximately constant up to
1/10 of the cutoff frequency, i.e., up to a frequency of 10 kHz. In fact, we see that the phase began to spin much earlier, practically
from a frequency of 1 kHz. According to such a science as psychoacoustics, hearing is less sensitive to amplitude distortions and is
most sensitive precisely to phase distortions. As an example, let's take a signal with a frequency of 20 kHz with a third harmonic equal
to 60 kHz mixed with it. According to the Bode diagram, the third harmonic will be shifted by 30 degrees. What this will lead to is
clearly seen in Figure 3. The dotted lines show the first and third harmonics.
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Kak Bugum u3 pucyHka opma UCXOJHOTO CUrHaja (HenpephiBHAS JIMHUS) CYIIECTBEHHO U3MEHUIACh, XOTS CIIEKTP CUTHAJIA



OCTaJICS IPEKHUM. AHAIOTUYHBIE U3MEHEHHS (POPMBI UCXOHOTO CUTHAJa MPOUCXOMAT U ¢ 00Jiee HU3KOYACTOTHBIMU CUTHAIAMH,
POUCXOIUT HapylIeHHe (popMbI OrubdaroIIeii CIIEKTpa CUTHAIOB KOTOPOE BEAET K U3MEHEHUIO TEMOPAbHOM OKPACKH 3BYKa.
As you can see from the figure, the shape of the original signal (continuous line) has changed significantly, although the signal
spectrum remains the same. Similar changes in the shape of the original signal occur with lower-frequency signals, the shape of the
envelope of the signal spectrum is disturbed, which leads to a change in the timbre color of the sound.

B Hauvasie pa3BUTHSs 3ByKOYOCHJIUTEIbHON TEXHUKU YCUIIUTEIN CTPOMIUCH MpeuMyliecTBeHHO Ha ammnax 6e3 OOC. Crekrp
BBIXOJIHOTO HAMPSKEHUS TaKUX YCUIIUTENEeN OblT KOPOTKUH (aHAJIOTMYHBIN CIIEKTPY aKyCTUYECKHUX CUCTEM), XOTS U C BBICOKUM
coliepKaHMEM HU3IIMX TapMOHHUK. B 3TOM cityuae pesynbrarsl uaMepennss THD xopolo koppearpoBaiu ¢ Ka4eCTBOM 3ByKa. B To
BpEMs Hauyaljla MHTEHCTBHO Pa3BUBAThCA CXEMOTEXHHMKA YCUITUTENEeH Ha TpaH3ucTopax ¢ mpumeHenueM Global NFB. 1o mepe
yBenuuenus ryounsl NFB yposens THD cHukasics, a aiekBaTHOTO MOBBIIIIEHUST KaY€CTBA 3ByKa, KaK 9TO HH MapajOKCaIbHO, HE

MIPOUCXOJIUJIO.

At the beginning of the development of sound amplification technology, amplifiers were built mainly on tubes without NFB.
The output voltage spectrum of such amplifiers was short (similar to the spectrum of acoustic systems), although with a high content
of lower harmonics. In this case, the THD measurement results correlated well with the sound quality. At that time, the circuitry of
transistor amplifiers using the Global NFB began to develop rapidly. As the NFB depth increased, the THD level decreased, and an

adequate increase in sound quality, paradoxically, did not occur.

Koraa nonsnu uro mexay THD u kauecTBOM 3ByKa HET HUKAKOW KOPPEJISILIUU CTAJIM UCKAaTh IPYTHE METOJbI TECTUPOBAHUA. Tak
POIMIICS TECT HA HHTEPMOAYJISLIMOHHBIE HCKakeHHsl. Kak rmokasalia mpakTuKa U 3TOT TECT c1ab0 KOPPEIUPET C KaueCTBOM 3BYKA.
Torna caenanu cUrHaga MHOTOTOHAJIbHBIM KOTOPBINM OJInke K My3blKaJbHOMY cUrHaiy. [Ipumep TecToB Tpex ycuinTenel noka3aH Ha

clenyromux pucyHkax (4-6) [1].

When they realized that there was no correlation between THD and sound quality, they began to look for other testing methods.
This is how the intermodulation distortion test was born. As practice has shown, this test also weakly correlates with sound quality.
Then they made the signal multi-tone which is closer to the music signal. An example of tests for three amplifiers is shown in the

following figures (4-6) [1].
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Fig. 5 Pesynbrar TecTa OAHOTAKTHOTO TpaH3UCTOpHOro ycunutens 6e3 NFB
Fig. 5 Test result of single-ended transistor amplifier without NFB
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[lepBbIil ycUIUTENh UIMEET OY€Hb MAJIOE BPEMSI 3aJIEp>KKU TPpoxokIeHus curnaia. Beero 1,3 He. KauecTBo 3Byka 3Toro
YCWJIMTEISL OIIEHUJIO OOJIBIIIOE KOJIMYECTBO KaK paauoitoOuTesnel, mpoCcTo MEJIOMaHOB, TaK U MPO(EeCCHOHANIOB U BCE OHU J1alln
BBICOKYIO OLICHKY KaueCTBY 3ByKa. 3 uckakeHuit Mol BUAUM ToJibko 50 I'i m ero Tpetbto rapmMonuky 150 I'u. lymaro yTo oHM MOIH
OBI OBITH yCTpaHEHBI O0JIee Ka9YeCTBEHHBIM M3TOTOBICHUEM OJI0Ka IMTUTAHMUS.

JuHamMu4eckuil Auana3oH BTOPOro ycunutens (Tpan3ucTopHbiii o1HOTaKT) okoiio 80 nb (100 — 20 = 80). [Ipuuem cnektp
TapMOHMK CITAIAFOLIUN.

The first amplifier has a very fast signal propagation delay. Only 1.3 ns. The sound quality of this amplifier was appreciated by a
large number of both radio amateurs, music lovers and professionals, and all of them praised the sound quality. Of the distortions, we
only see 50 Hz and its third harmonic at 150 Hz. I think that they could be eliminated by a better manufacturing of the power supply.

The dynamic range of the second amplifier (transistor single-cycle) is about 80 dB (100 - 20 = 80). Moreover, the spectrum of
harmonics is decreasing.

VY TpeTbero ycunuTens IMHaMUYecKui auana3on Bcero 60 ab, mpuyeM crekTp BBICHIMX FApMOHUK HOCUT HapacTaroluui
Xapakrep. A Kak U3BECTHO UMEHHO K BBICIIIMM rapMOHUKaM CIIyX HanboJiee 4yBCTBUTEICH, UMEHHO OHU Hanbosee HenpusaTHbl. Kak
nUcaj B OJHOM U3 MHTepBbI0 Oununn Hbio211 npu 0JuHaKOBOM YPOBHE MHTEPMOYJISIIMOHHBIX UCKAXKEHUH CiIyX uenoBeka B 40 pa3
0oJsiee UyBCTBUTEIIEH K BBHICIITIM TAPMOHHUKAM BBIIIIE MSTON. A €CJIM YYECTh YTO Pa3HUIA B YPOBHSIX BBICIIMX FAPMOHUK BTOPOTO U
Tpethero ycunutens pasHa 30 nb (30 pa3), To naxe 6e3 ymMHOkeHus emie Ha 40 TOHSATHO YTO 3BYK TPETHETO YCHIIMTENS OyIeT 3aMETHO
xyxe. UMEHHO 3TO M TOATBEPAMII TECT MpochymuBaHus. [Ipu 3ToM KauyecTBO 3ByKa MEPBOTO U BTOPOTO YCHIIUTENS OKa3ajI0Ch
HEOTITUINMBIM.

The third amplifier has a dynamic range of only 60 dB, and the spectrum of higher harmonics is growing. And as you know, it is
to the highest harmonics that the ear is most sensitive, they are the most unpleasant. As Philip Newell wrote in an interview with the
same level of intermodulation distortion, human hearing is 40 times more sensitive to higher harmonics above the fifth. And if we take



into account that the difference in the levels of the higher harmonics of the second and third amplifiers is 30 dB (30 times), then even
without multiplying by another 40, it is clear that the sound of the third amplifier will be noticeably worse. This is exactly what the
listening test confirmed. At the same time, the sound quality of the first and second amplifiers was indistinguishable.

Crnenyronias MomneITKa B MOMCKaX KOPPESAIUU ¢ KaueCTBOM 3BYKa MPEANPUHATA B paboTe [2], KoTopas Mo3AHee IpuBeia K
pOXaeHUI0 HOBOro ctanaapta 1 tectoB Tuna DIM 30 and DIM 100. OnHako 3T TeCTbl HEAOCTYITHBI MOAABIISIONIEMY OOJBIIUHCTBY
paanoNoOuTeNe 3aHUMAIOIIINXCS KOHCTPYUPOBAHUEM ay IOy CUITUTEICH.

The next attempt to find a correlation with sound quality was made in [2], which later led to the birth of a new standard and tests
such as DIM 30 and DIM 100. However, these tests are not available to the vast majority of radio amateurs involved in the design of
audio amplifiers.

Ho naBaiite mompoOyeM Bce ke pa3o0parhCs B 4EM K€ MPUYMHA OTCYTCTBUS Koppensiuu mexxay THD u kauectBom 3Byka. Ha
PUCYHKe 7 TIOKa3aHa CTPYKTypHasi cxeMa HanboJjiee pacmpoCTPaHEHHOTO aHAJIOTOBOTO U3MEPHUTEIS HETMHEHHBIX NCKAKEHUN.

But let's try to figure out what is the reason for the lack of correlation between THD and sound quality. Figure 7 shows a block
diagram of the most common analog harmonic distortion meter.
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block diagram of a nonlinear distortion meter

1 - calibration, 2 - measurement
Fig. 7

OCHOBHOM MPUHIKIT PaOOTHI U3MEPUTEIS 3AKITIOYAETCS B BRIPE3aHUM OCHOBHOM FApMOHUKH PEXKEKTOPHBIM GuibTpoM. Bee uro
OCTaeTCcsl Ha BbIX0JIe GUIIBTPA U €CTh UCKAKEHUS.

The basic principle of the meter is to cut out the fundamental harmonic with a notch filter. All that remains at the output of the
filter is distortion.

Bo-niepBhIixX 04eHB CIO0KHO C/IeNaTh nepecTpanBaeMbiil (PUIBTP C BEHICOKUM TMOJIABIEHUEM OCHOBHOM rapMOHHMKHU. BO-BTOPBIX
Y376l U3MEPUTEIISI CAMH BHOCSIT HCKaXeHHS. B-TpeThux, Kak y 100010 GpriibTpa BpeMsi yCTaHOBJICHHUSI CUTHAJIA Ha BBIXOJIC U3MEPUTEIS
MOKET OBITh 3HAYUTEIHHBIM, MHOTO OOJIBIIIE TTEpHOIa U3MEPseMbIX curHaioB. [loaToMy n3MepeHne nCKaKeHN BOZMOXKHO TOJBKO B
YCTaHOBHBIIEMCS pexkumMe. B 3ToM cityyae MCKaKeHHs] BOZHUKAIOIINE B IEPEXO/IHBIX MIPOIIECCAaX CAMOIO YCUIIUTENST OKa3bIBAIOTCS BHE
noJisl 3peHus. A Be/lb UMEEHO OHU U OKa3bIBAIOT HAWOOJIbIIIEE BIUSHUE Ha KAYE€CTBO 3BYKA.

First, it is very difficult to make a tunable filter with high fundamental suppression. Secondly, the units of the meter themselves
introduce distortions. Third, like any filter, the settling time of the signal at the output of the meter can be significant, much longer
than the period of the measured signals. Therefore, distortion measurement is only possible in a steady state. In this case, the
distortions arising in the transient processes of the amplifier itself are out of sight. But they have the greatest impact on sound quality.

EauHCcTBEeHHBINM c11OCO0 BBIIETUTH PEAIbHO BHOCUMBIE YCUIIUTEIEM UCKAXEHUSI — HTO BOCIIOJIB30BAThCSI BEKTOPHBIM METOJIOM U
BBIYECTh BBIXOJTHOE HAMPSHKEHUE YCUIIUTENS U3 UEaTIbHOTO BXOHOTO. UTOOBI MONMYYUTh MI€ATbHBINA BHIXOIHON CUTHAN HEOOX0IMMO
YMHOXUTh BXOAHOU curHai Ha Ky v cIBUHYTH €ro Ha BpeMsi 3aJIep>KKU IIPOXOKICHUSI CUTHANIA B YCUJIUTENE, T. €. Ha Bpems tPD (time
Propagation Delay). MoxxHO cienarh 1 1o Ipyromy, mpocTo CABUHYTh BXOJAHOW CUTHAN Ha BpeMs tPD, a BBIXOJHOM cUTHAT OCIa0UTh
JI0 YPOBHS BXOTHOTO. ITOT METOJT OB MpeioxkeH B [3] u npyrumu aBropamu emie A0 bakcangamna, puc. 8
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Fig.2.3. Test circuit for an inverting amplifier

Ref.29.
P.J.Baxandall, "Audible amplifier distortion is not a
mystery."
Wireless World, Nowvember 19277, pp 63 - 66.



The only way to isolate the real amplifier distortion is to use the vector method and subtract the amplifier's output voltage from
the ideal input voltage. To get the ideal output signal, it is necessary to multiply the input signal by Ku and shift it by the time delay of
the signal passage in the amplifier, that is, by the time tPD (time Propagation Delay). You can do it differently, just shift the input
signal by the time tPD, and attenuate the output signal to the input level. This method was proposed in [3] and other authors even
before Baksandall, Fig. 8

Kak BUIHO 13 puCyHKa 8 BpeMs 3aJIep>KKH JIJI1 BXOJIHOTO curHaja opmupyercs: GUKCUPOBaAaHHOM JIMHUEH 3a1epKku Ha 150 Hc,
HEIOCTAIOIIee BpeMs 3aJIepPKKH monoupaercs ¢ momombio RC-mienu. Ecin ske BeuuTaHue MPOU3BOAUTH O€3 CABUTA BXOJAHOTO CHTHAA
BO BPEMEHU TO MBI MOJTYYUM BEKTOPHBIE MTOTPEITHOCTH, YTO U MOKa3al B cBoer padore Upxku Joctan [4]. [Ipocreiimuii cnocob
OILICHKU BEKTOPHBIX MOTPEIIHOCTEN Ha CIIyX mpeuioxm Xadmuep, puc. 9

As can be seen from Figure 8, the delay time for the input signal is formed by a fixed delay line of 150 ns, the missing delay
time is selected using an RC circuit. If the subtraction is performed without shifting the input signal in time, then we will get vector
errors, as shown in his work by Jiri Dostal [4]. The simplest way to assess vector errors by ear was suggested by Hafler, Fig. 9
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Fig.4. Hafler ‘straight-wire' differential test.

Fig. 9

Ecnu B kauecTBe TECTOBOIO CUTHAJA UCIIOIB30BaTh MPSIMOYTOJIbHBINA CUTHAJI, TO HAa HAarpy3ke OyayT UTOJIKH BBEPX U BHU3 OT
oceBoii 1uHUU. YeMm MeHbIe Bpems tPD TecTupyemoro ycuinurens, TeM Kopoye Mo JJIMTENbHOCTH OyAyT UTOJIKU Ha Harpy3Ke.
MHorue, KTo BOCTIOIb30BAJICS 3TUM TECTOM, M CMOIVIM YMEHbIINTH BpeMst tPD HacKoIbKO 3TO BO3MOXKHO YO€IUINCH B YIYUIICHUN
KauecTBa 3ByKa.

If you use a square wave as the test signal, the load will have pins up and down from the centerline. The shorter the tPD time of
the amplifier under test, the shorter the needles on the load will be. Many who have used this test and have been able to reduce the tPD
time as much as possible have found an improvement in sound quality.

H3MepeHre BeKTOPHBIX MOTPEIIHOCTEH ISl IBYX THIIOB yCHIUTENEH (MHBEPTUPYIOIINX U HEMHBEPTUPYIOIINX ) MPEITOKIIT B
cBoeit kaure u Jlocran [4], puc. 10

Measurement of vector errors for two types of amplifiers (inverting and non-inverting) was proposed in his book and Dostal [4], Fig.
10
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M X0Ts1 BEKTOpHAs MOTPEITHOCTD HE SABIISIETCS NCKA)KEHUEM CUTHAJIA B MIPSIMOM CMBICIIE ATOTO CJIOBA, HO €0 BEJIMYMHA KOCBEHHO
TOBOPUT O BEJIMYMHE CKOPOCTHBIX UCKAKEHHUM KOTOPBIE MPOSIBISIFOTCS TIPH JIFOOOM OTKJIOHEHUU CUTHAJIa OT CHHYCOUJIbl U O KOTOPBIX
ynoMuHaeT B cBoet kaure [loctan. [IpaBaa Jlocran He coBceM 4eTKO CHOPMYIMPOBAIT CaMO MOHSATUE ITOTO BUJIA UCKAKEHUH.



And although the vector error is not a signal distortion in the literal sense of the word, its value indirectly speaks of the
magnitude of the speed distortions that appear at any deviation of the signal from the sinusoid and which he mentions in his book I got
it. True, I didn’t quite clearly codify the very concept of this type of distortion.

[ToaTOMY ST OCMENUIICS UHTEPIPETUPOBATH UX IO CBOEMY. ECiii TOBOPUTH O BEKTOPHOM (DOPMUPOBAHUH HATIPSIKCHUS, TO
JIOCTAaTOYHO YBEIMYUTH WM YMEHBIIUTH aMITUTYIy BEKTOpa 00pa3yIoIero CHHYCOHUTY, YBEIUIUTh I YMEHBIITUTH CKOPOCTh
BpAIICHHUS 3TOTO BEKTOPA KaK TYT e BO3HUKAIOT CKOPOCTHBIC UCKKEHUS. BemnunHa 3THX NCKaKEHUI 3aBUCUT OT BPEMEHU 3aICPIKKU
MIPOXO’KJIeHUs curHaia (0T tPD), 4To Mo HEMOHATHBIM MHE MPUYMHAM BBI3BIBAET CMEX MECTHBIX TYY.

Therefore, I dared to interpret them in my own way. If we talk about the vector formation of voltage, then it is enough to
increase or decrease the amplitude of the vector forming the sinusoid, increase or decrease the rotation speed of this vector, and speed
distortions immediately appear. The magnitude of these distortions depends on the signal propagation delay time (from tPD), which
for some unknown reason makes the local gurus laugh.

[IposiBneHue mogo0HOTo Poja UCKAXKEHUH 5 y’Ke MOKa3bIBaJl HEOJHOKPATHO B Pa3HBIX BETKAX, B TOM uuciie U BeTke o FCD.
KoMy 3TO HHTEpECHO MOTYT MPOUTH B MOCMOTPETh. UECTHO TOBOPSI MHE YK€ U3PSATHO HATOEIO JOKA3hIBATh TO, UTO JIGKHUT Ha
MOBEPXHOCTHU U HE TpeOyeT JOKa3aTeIbCTB.

I have already shown the manifestation of this kind of distortions several times in different branches, including the FCD branch.
Anyone who is interested can go through and see. Frankly speaking, I am already pretty tired of proving what lies on the surface and
does not require proof.

[Tapy pekoMeHIaIwii TeM KTO 3aX04€T MOIKCIIEPUMEHTHPOBATH C 3TUM METOOM.

Crnenyet yuutsiBarh uTo ['B3 B quana3zoHe 3ByKOBBIX YaCTOT MOKET UMETh HEOOJIbIIINE OTKJIOHEHHUS, TOATOMY JIJIsi OOJIbIIEH
TOYHOCTHU U3MEPEHUSI HA MHOTOTOHAJILHOM CHUTHAJIE WJIM HA 3BYKOBOM CHUTHAJIE CIIEAyeT UCIOJIb30BaTh cpeHee 3HaueHue. Eciu s
HCIIOJIB3YI0 B KAUECTBE TECTOBOTO CUTHAJIA TPEYTOJIbHBIN curHai yactotor 10 xI'n, To g ucnone3yro B kauectse tPD 3anepxky B
yCWJIMTENE Ha 3TOM yacToTe. [[71s1 Hauasa mojar CHHYCOMIaIbHBIN CUTHAT U TIIATEIHHO KATUOPYI0 Kak KOdPPUIIMEHT yCUIICHUS, TaK
¥ BpeMSI 33JIEP>KKH JI0 TTOJIHOTO COBMAACHUS «UJI€aTbHOT0Y» BXOJHOTO CUTHAJA (CM. BBIIIE) U BHIXOAHOTO CUTHAJIA.

A couple of recommendations for those who want to experiment with this method.

It should be borne in mind that the group delay in the audio frequency range may have small deviations, therefore, for greater
measurement accuracy on a multi-tone signal or on an audio signal, an average value should be used. If I use a 10 kHz triangle signal
as a test signal, then I use a delay in the amplifier at that frequency as a tPD. To begin with, I apply a sinusoidal signal and carefully
calibrate both the gain and the delay time until the “ideal” input signal (see above) and the output signal match.

Ecnu ycunurens nocTossHHOTO Toka, To ero ['B3 kak mpaBuiio TuHEHO OT AoJei ['epia, 10 HECKONBKUX COTEH KI Il ¥ BBILIE.
Yeunurenu ¢ pa3IenuTeIbHbIM KOHIEHCATOPOM Ha BXOJIE S BDEMEHHO MEPEBOXKY B YCUIIUTENN TTOCTOSIHHOTO TOKA U TIIATEIFHO UX
Oanancupyto. M TonbKo mocie 3Toro TeCTUPYIO B CUMYIISTOPE.

If the amplifier is a direct current, then its GDT is usually linear from fractions of Hertz, up to several hundred kHz and above.
Amplifiers with a blocking capacitor at the input I temporarily convert to DC amplifiers and carefully balance them. And only after
that I test it in the simulator.

Jlaxke yCuIuTeNnu MOCTOSTHHOTO TOKa C CHCTEMOW CEpBOKOHTPOII UMEIOT oTkiIoHeHue ['B3 B o6mactu HY oT ropuszoHTansHo
auHuK. B 3TOM cityuae s ucnosns3yro BpeMsa ['B3 Ha ropu30HTAIBHOM y4yacTke B quana3zoHe 4actot S... 20 kI,

Even DC amplifiers with a servo control system have a delay in the low frequency range from the horizontal line. In this case, I
use the delay time on the horizontal section in the frequency range 5 ... 20 kHz.

[Tpu ncronp30BaHUM B KQYECTBE TECTOBOTO CUTHAJIA TPEYTOJbHUKA BEKTOPHAS MOTPEUTHOCTD MPEICTABISIET COO0M
npsIMOYTONIBbHBIN curHai. [Ipu maneiimielt HeTouHocTr Ky MONKU MpsMOYTrobHOTO CUTHANIA OyIyT UMETh HAKJIOH B Ty JINOO JAPYTYIO
cTopoHy. [Ipu u3mepeHn CKOPOCTHBIX UCKAXKEHUI MpU HETOYHOM u3Mepenuu tPD OymyT octatku npssMoyroibHoro curnania. [lpu
TogHOM TIoa00pe kak tPD tak u Ky B pe3ynprare BHIYUTaHHS MTOJTy9aeM BCE BUIbI MCKAKCHUI: HETMHEWHBIE, KPOCCOBEPHBIC 1
CKOpOCTHBIE. JIMHEHHbIe HCKaXKEHUSI IPU STOM TMOJIHOCTHIO KOMIIEHCUPYIOTCS 3aJIEP’KKOM U Ha pe3yJIbTaT TeCTa HE OKAa3bIBAIOT
BIIUSTHUSL.

When using a triangle as a test signal, the vector error is a square wave. At the slightest inaccuracy K, the shelves of the
rectangular signal will have an inclination to one side or the other. When measuring velocity distortion with an inaccurate
measurement of tPD, there will be residuals of a square wave. With an accurate selection of both tPD and Ku, as a result of
subtraction, we obtain all types of distortions: nonlinear, crossover and high-speed. Linear distortion is completely compensated for by
the delay and does not affect the test result.

[Tpu TecTupoOBaHUU peanbHBIX YCHIHTENEH MeTonoM Xadiepa Takxke yIo0HO UCIIOIb30BaTh TPEYTONbHBIN CUTHA YaCTOTON
3...10 kI'u. B aTOM cinydae HacTpoika 3aKJIF0YaeTCs B MOJYYEHUH MPSIMOYTOJIbHOTO CUTHAJIA HA HArpy3Ke. AMIUIUTYAA
IPSIMOYTOJIBHOTO CHTHAA U OyJIeT KOCBEHHO TOBOPUTH O BETUYMHE CKOPOCTHBIX UCKAKEHUH.

When testing real amplifiers using the Haffler method, it is also convenient to use a triangular signal with a frequency of 3 ... 10
kHz. In this case, the adjustment consists in obtaining a square-wave signal at the load. The amplitude of the square wave signal will
indirectly speak about the magnitude of the speed distortion.

Jlureparypa:
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Eero Leinonen, Matti Otala, and John Curl, A Method for Measuring Transient Intermodulation Distortion (TIM)*
. by Peter J. Baxandall, Audible amplifier distortion is not a mystery, Wireless World, November 1977
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IIpumep ucnoIb30BaHNUS TPEYTOJbHOTO CUTHAJIA HA IPAKTHKE
An example of using a triangle signal in practice

[TpoBepuM TPEYTOIBHBIM CHTHAJIOM MOJEIb YCHUIIMTENS BBITIOJIHEHHOTO 110 [5], puc. 11
Let's check the amplifier model made according to [5], fig. 11

1]

(5]
: "
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¥

Fig. 11

CurHan reHeparopa nojaercs Ha Bxoj| ycuiurtens uepe3 HU-punstp. s Hauana B camom ycunurene otkiaouuM HU-bunbstp,
koHzeHcarop C4=0. CkopocTb HapacTaHUs TAKOI'O CUTHAJIa HA BBIXOJIE YCHIIUTENS HUYTOXXHO Maja: 60V/50uS = 1,2 V/us
[TocMOTpHM Kak yCHUIIMBAETCS TAKOM CUTHAJ, puc. 12.

The generator signal is fed to the amplifier input through a low-pass filter. To begin with, in the amplifier itself, turn off the low-
frequency filter, capacitor C4 = 0. The slew rate of such a signal at the amplifier output is negligible: 60V / 50uS = 1.2 V / us Let's see
how such a signal 1s amplified, Fig. 12.
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Fig. 12

Ecnu pactsinyTh curHaibsl BOJIM3M 1epexoja yepe3 Hojlb, TO MOJKHO YOETUTHCS UTO BBIXOJJHOW CUTHAJI ONepekaeT BXOIHOM Ha 13
HC.

If you stretch the signals near the zero crossing, you can make sure that the output signal is ahead of the input one by 13 ns.

Ha BepmmHax TpeyrosbHUKa aMIUIATY1a CUTHAJIA yBenuuuBaeTcs Ha 345 MB u3-3a 3ama3apIBaHus peakiuy yCUIMTENS Ha
M3MEHEHHE BEKTOpa 00pa3yollero curnai. J[muTenbsHOCTh MpUpanieHus CUrHajia paBHa nepuoy curnaia yacroroit 350 k' —
4acTOTa Ha KOTOPOU €CTh NUKOBBIN ypoBeHb AUX 1 nukoBbii ypoBeHb GD.

Crnenyer oOpaTuTh BHUMaHUE Ha TO, BEIIMHBI CUTHAJA SKBUBAJIEHTHBI HAYaJly TIEPBOTO MEPUOJAa CUHYCOUJAIbHOTO CUTHAJA.
TakuM 00pa3oM UCKa)KEHUsI BOZHUKAIOLIME HAIPOTUB BEPIINH TPEYrojibHUKA 3KBUBAJIEHTHBI HCKakeHUsiM niepBoro nepuoja (FCD). C
JIPYTOil CTOPOHBI 3TO HE YTO MHOE KaAK CKOPOCTHBIE NCKAKEHUS.

Bxorounm Bxogno#t puinstp yeunurens (C4=1 ud) u cHoBa npoBeaem TecT, puc. 13.

At the vertices of the triangle, the signal amplitude increases by 345 mV due to the delay in the response of the amplifier to a



change in the vector of the generating signal. The duration of the signal increment is equal to the period of the signal with a frequency
of 350 kHz - the frequency at which there is a peak frequency response level and a peak GD level.

It should be noted that the signal peaks are equivalent to the beginning of the first period of the sinusoidal signal. Thus, the
distortions occurring opposite the vertices of the triangle are equivalent to the first cicle distortion (FCD). On the other hand, this is
nothing more than speed distortion.

Turn on the input filter of the amplifier (C4 = 1 nF) and perform the test again, Fig. 13
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Fig. 13

brnaronaps BimroueHuro GuibTpa HY Bpemst 3a1epKku MPOXOXkKACHHUS CUTHANIA BO3pacTaeT mpakTudecku 10 1 Mxc (945 He).
AMITIITYIa BEKTOPHOU TorpemHocTr paBHa 1 B (2 B ot nuka 1o nvka). AMIUTUTYIa CKOPOCTHBIX MCKXCHHU CHU3HMIIACh O0Jiee YeM B
2 pa3a u crana paBHa 150 mB. HanpoTus niepexonia curaaia gepe3 HOJIb SIBHO BHJIHBI KPOCCOBEPHBIC NCKaXCHMs. PacTssHeM cUTHAM 110
BEPTUKAIN U IOCMOTPUM YPOBEHb 3THX UCKaXKEHUH, puc. 14

Thanks to the inclusion of the low-pass filter, the signal propagation delay time increases to almost 1 ps (945 ns). The
magnitude of the vector error is 1 V (2 V peak-to-peak). The amplitude of high-speed distortions decreased by more than 2 times and
became equal to 150 mV. Crossover distortion is clearly visible opposite the zero crossing of the signal. Stretch the signal vertically
and see the level of these distortions, Fig. 14
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CornacHO TecTy aMIUINTY/Ia KPOCCOBEPHBIX MCKaXKEHUH npeBbliiaeT 5 MB. JlononHUTEIbHO IPOBEIEM TECT 3TOTO YCUIUTEINS €
MOMOLIBIO CIIELUAIIBHO pa3pabOTaHHOIrO JIJISl 3TOM LENH PEXEKTOPHOTO (PUiIbTpa, puc. 15

The crossover distortion is greater than 5 mV in the test. Additionally, we will test this amplifier using a notch filter specially
designed for this purpose, Fig. 15
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Fig. 15

[Tpu ammuintyne curnana 4yth 6osabuie 10 B MbI Takke HaOI01aeM HCKaXKEHHsI BOJIM3U MEPEX0/1a BBIXOJJHOTO CUTHAja Yepes
HOJIb (KOHTPOJIBHBIN CUTHAII YEpHAs! JIMHUS).

s cpaBHEHMS IPOBEAEM TECT TPEYTOJIBHBIM CUTHAJIOM ycuiuTens [6], puc. 16

With a signal amplitude of slightly more than 10 V, we also observe distortions near the transition of the output signal through
zero (the control signal is black line).

For comparison, let us carry out a test with a triangular signal of the amplifier [6], Fig. 16
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[To cpaBHEHUIO C MPEABIAYIINM yCHINTEIEM BCE BUIBI HCKAKXCHUN 3TOTO YCHUIUTENSI HHYTOKHO MAJTbI
Compared to the previous amplifier, all types of distortion of this amplifier are negligible
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