Linear Versus Nonlinear Behavior
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Linear behavior:
- input and output frequencies are the same (no additional frequencies created)
- output frequency (signal) only undergoes magnitude and phase change

Nonlinear behavior:
- output frequency (signal) may undergo frequency shift (e.g. with mixers)
- additional frequencies created (harmonics, intermodulation)

JluHeliHOe nosedeHue:

— B8XOO0HOU U 8bIXOOHOU cuaHarslbl 00UHaKo8bl (00rofHUMeribHbIe 2apMOHUKU He c030aromcsl).

— 8bIXOOHOU cu2Har uUsMeHsiemcsi MosibKo o eesiuduHe u gpase (lMpumeyaHue. obycriosrieHoO Hanu4uem 8 mecmupyemom ycmpoucmee
peakmueHbIX 35ieMeHmos) - cripasedniugo 01151 2apMOHUYECKUX CU2Haro8 8 ycmaHosusweMcs pexume. Ecnu umerom mecmo
repexoOHbIe rpPoyecchl, Mo 00 UX OKOHYaHUS cu2Har s8/1siemcsi Kea3u2apMOHUYECKUM U 803HUKaOM O0MNoIHUMErbHbIe
2apMoHu4ecKkue cocmaernsowue. Omcroda U nascKu ¢ akycmudeckumu kabernsamu y komopbix 6osbwol pa3bpoc RLC-napamempos.

HenuHeliHoe noeedeHue:

— 8bIXOOHOU cuzHar Moxem rnodsepaambsCs HacmomHoMy cosuay (Harpumep, rnpu MuKuwuposaHuu)

— co30aromces 0onoTHUMerbHbIe Yacmomsl (2apMOHUKU, uHmepmoOdynsayus) (MpumevyaHue.Ob6ycriogrieHO Hanu4yuem 8 mecmupyemom
ycmpoucmee 351IeMeHMOo8 C HeNMUHEeUHbIMU Xxapakmepucmukamu).

Before we explore linear signal distortion, lets review the differences between linear and nonlinear behavior. Devices
that behave linearly only impose magnitude and phase changes on input signals. Any sinusoid appearing at the input will
also appear at the output at the same frequency. No new signals are created. When a single sinusoid is passed through a
linear network, we don't consider amplitude and phase changes as distortion. However, when a complex, time-varying
signal is passed through a linear network, the amplitude and phase shifts can dramatically distort the time-domain
waveform. (which is unacceptable for audio frequency amplifiers)

Non-linear devices can shift input signals in frequency (a mixer for example) and/or create new signals in the form of
harmonics or intermodulation products. Many components that behave linearly under most signal conditions can exhibit
nonlinear behavior if driven with a large enough input signal. This is true for both passive devices like filters and even
connectors, and active devices like amplifiers

[Npexde yem mbI uccriedyem fiuHelHoe UCKaXXeHue cuzHara, 0asalme paccmMompum pasuydus Mexxoy fluHeUHbIM U
HernuHeuHbIM rnogedeHuUeM. Yecmpoulcmea, Komopble eedym cebsi luHelHO, HaKraldbkleatom mosibKO USMEHEHUS
amnnumyobl U ¢ghasbl Ha 8x00Hble cueHarbl. Jllnbasi cuHycouda, nosiensuascs Ha exode, rnosi8UMCS U Ha 8bixode ¢ mou
)Xe yacmomou. Hoeble cueHarbl He co30aromcs. Koeda oOuHoYHasi cuHycouda rpoxodum Yyepes JIUHEeUHY cemb, Mbl He
paccmampueaem UMEHeHUs1 amniumyObl U ¢ha3bl Kak uckaxxeHue. O0Hako, Koz20a CrIOXHbIU, U3MEHSULULCSH 80



8peMeHU cuzHall rnpoxoodum 4dyepes JIUHeUHyo cemb, coguau amnumyoObl U ¢ghadbl MO2ym CUSIbHO UcKa3umb ¢(hopMy
CueHasa 80 epeMeHHou obriacmu. (Ymo HexeramesibHO 0118 ycunumeriel 38yKogol Yacmomal)

HenuHeliHble ycmpoticmea Mmoaym cdsuzamb 8X00HbIe cu2Haslbl [0 Yacmome (Harpumep, cMecumers) u/unu
co30asamb HO8ble CuaHallbl 8 sUOe 2apMOHUK UsU rMPoOyKkmoe8 UHmepmooyrnsayuu. MHoaue KOMMoHeHMbI, Komopble
eedym cebsi nnuHeuHo rnpu borbwuHCMee ycrioeul cuzHasa, Mo2ym 0eMOoHCcmpuposams HesluHeUHoe rnogedeHue, ecriu
Ha Hux rnodaemcsi docmamo4Ho bosbWoU 8X00HOU cuzgHarsl. 3mo 8epHO Kak Orisl MacCusHbIX ycmpoucmes, maKkux Kak
unbmpbi U 0axke padbeMbl, mak u 011 akmueHbIX ycmpoucme, maKkux Kak ycunumeru.

lpumeyvarHue. DUT - Device Under Test (mecmupyembiti KOMIMIOHEHM/3r1eMeHm)

Heb6onbwoe nosicHeHue.
lapmoHu4eckul cuzHarsn ornuckigaemcsi criedyrouwiet opmyrou:

A cos (wot + @o)

20e
A — amnnumyda cuzHana,

Wo = 2rfo — Kpy20Bas yacmoma,
(Po — HayarnbHas ¢ha3sa.

/7,0U amom A — geriuquHa rnocmosiHHasi, a CrieKmp cueHarsia cocmoum us 00HoU eduHCmMeBeHHoU cocmaernsnuwel ¢
yacmomou Wo — MOHOXpOMaqueCKUU criekmp.

Bo epewmsi nepexoOHbIX rnpoyeccos cuaHasl cmaHo8umcs KkeasuaapMoHudeckum [1]:
S(t) = A(t) cos [wot + @(1)]

B omnu4ue om ycmaHosuswez20cs pexxuma amniaumyoda cueHana A u Ha4anbHas ¢ha3a  3asucsm om epeMeHu Ha
ydacmeke repexo0Ho:20 rpouyecca. [pu amom amrnumyoda cueHana A He NocmosiHHa (Kak rpu 2apMOHUYECKOM cuz2Hare),
a criekmp cuaHana cmaHo8UMCS CII0XHbIM (C QONOTHUMENbHbIMU 2apPMOHUYECKUMU COCMaessitouuMu) 3a8ucsauum om
rnosedeHusi epyHkuuu A(t). Haubonbwum uckaxxeHusiM (8 mom 4ucrie U CKOPOCMHbIM U3-3a KOHEYHO20 8peMeHU
MPoxoX0eHus1 cugHarna) rnodeepxeH repesbilt nepuod bypcma. B psde criydaes noOobHbIe UcKaxeHUs1 8UOHbI
HeBoOpYXeHHbIM ara3om. 1o mepe 3amyxaHusi NepexodHbIX MPOUEccos8 (meopemuyecKku ux rnpodormKkumerbHOCMb
pasHa beckoHe4YHocmu) uckaxxeHusi ymeHbwaromcesi. OOHaKo yxKe Co 8mopo20o rnepuoda He8OOPYXKEHHbIM 2/1a30M OHU
rpakmu4yecKku He 8UOHbI, & CKOPOCMHbIe UCKaXeHUs1 U 808Ce Omcymcmeyrom.

lMpumeHuUmMenbHoO K ycunumerssam 38yKoeol Yacmomael 8 6oree 8bI200HOM 0f1I0XKEeHUU Haxo0smces ycunumesu
rnocmosiHHo2o0 moka (YTIT).

[Npu4uHOU dornonHUMeEsbHbIX NePexoOHbIX rnpoueccos (Kpome pasderniumeribHbIX KOHOeHcamopos Ha exode U 8
uenu OC) yacmo sernstomcsi UHOYKmuU8HOCMU 8K/lto4aeMble Ha 8bixo0e ycurnumeris rnpedHasHadyeHHble 051 obecrieyeHusi
ycmou4dugou pabombi. 3mu uHOykmusHocmu obpa3syrom riocriedosameribHbIU KoriebameribHbIU KOHMYyp ¢ peakmueHoU
Hazpy3Kou 8 sude emKkocmu docmuzaruiel 8 psde criydaeg 8 Mk®. [Tloamomy uernecoobpas3Ho 1o 803MOXXHoOCmMu
paspabambigeamb ycunumersu He Hyxoarouwuecs 8 cmabunu3ayuu ux pabomsl ¢ MOMoWwbo UHOYKMU8HOCMU.

lNapy crioe o epemeHu rpoxoxoeHusi cuegHana (time Propagation Delay). B ycunumerisix nOCMOsIHHO20 mokKa
epyririogoe epeMs 3adepxku (FB3) cuesHana umeem 20pU30HMasibHbIU y4acmoK om UHgpaHuU3Kux 4yacmom u
rnepekpbieaem 8echk 38yko8oU duarna3oH. OYeHb 8aXXHO Ymobbl amom ydacmok bkl He meHee Yem 0o 300 KI'y. Bbiwe
amou Yyacmomsi B3 0ormkHO umems rnnaeHbit crad do Hyrns, donycmumo Hebornbwoe ysenudeHue [B3. 3HayumeribHble
nodwemsi B3 criocobcmeayrom pocmy CKOPOCMHbIX UCKaXeHUU (UCKaXXeHUS1 803HUKarWUe 8 MOMEHMbI U3SMEHEHUS
yacmomal unu amnnumyOsl cugHana). Haubonee npocmo ux usmepume KOMIeHcayUOHHbIM MEMOOOM C MOMOUWbHO
mecmosbix cuaHanoe Yacmomou 10 Ky (mpeyaorbHbIX unu cuHycoudaribHbIx 6ypcmos).

Ha 2opusoHmarnbHbix ydacmkax (B3 e2o 3HadeHue cosrnadaem o eerniuduHe co 3HadeHuem tPD.

Benu4yuHy 8eKmopHbIx rnoepewHocmeu 8 ripedesiax 38yKkogo2o duara3oHa (a) 0711 cuHycoudarnbHO20 cuaHarsa
8bI4uUCrIsAiom rno ¢gpopmyrne [2]:

a ~= 2mA*tPD/T
ede
T — nepuod cuesHana, MKc;
A — amninumyQa cueHarna Ha ebixo0e ycunumeris, B
tPD — epems 3a0epXXKu rpoxoxX0eHuUs cuaHarsa, MKC

Kpumepuem ebinonHeHusi mecma SWDT ([].Xagpriepa) sensemcsi eekmopHas rnogpewHocms He 6onee -60 0b Ha
yacmome 10 kl'u, u He 6ornee -70 0b Ha cpedHUX Yacmomax 38yKogoz2o duara3oHa [3]. dmomy mpebosaHuro Orisi
yacmomel 10 kl'y coomeemcmeayem tPD = T/1000*21 = 100000/6280 = 16 Hc, a 0ns yacmomabl 20 kl'y — 8 Hc.

OO0HaKo Kak roka3sbigaem ripakmuka 8 pside Criydaes MOXHO 0o/1y4uUmb 8r10fIHE Xopowue pesyribmamabl 1o
ka4ecmay 38yka ripu tPD He 6onee 100...120 Hc ((Hanpumep, MIMESIS 9.2 - 3agucum om rnoeedeHusi B3 ebiwe 300
Kl'y) u omcymcemeuu HeobxoOuMocmu rnPUMeHeHUs1 UHOYKMUBHOCMU Ha 8bixode ycusriumeris.

Jlumepamypa:
1. JI.M.®QuHk, CueHarnsbl, nomexu, owubku... , M, Paouo u cesi3b, 1984
2. Operational Amplifiers by Jiri Dostal 1993



3. D.A. Hafler, Listening Test for Amplifier Distortion, Hi-Fi News and Review, November 1986, pp.25-29
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Criteria for Distortionless Transmission
Linear Networks

Constant amplitude over bandwidth of interest
Linear phase over bandwidth of interest

Kpumepuu nepeda4vu 6e3 uckaxxeHuu
JluHelUHbIE CEMu

lMocmosiHHasi amnnumyoda 6 uHmepecyrouweli nosoce npornycKaHusi
JlureliHasi ghasa no uHmMepecyrouiel Nosoce nporycKkaHus

Now lets examine how linear networks can cause signal distortion. There are three criteria that must be satisfied for
linear distortionless transmission. First, the amplitude (magnitude) response of the device or system must be flat over the
bandwidth of interest. This means all frequencies within the bandwidth will be attenuated identically. Second, the phase
response must be linear over the bandwidth of interest. And last, the device must exhibit a "minimum-phase response”,
which means that at 0 Hz (DC), there is 0° phase shift (0° £ n*180° is okay if we don't mind an inverted signal).

How can magnitude and phase distortion occur? The following two examples will illustrate how both magnitude and phase
responses can introduce linear signal distortion.

Note. the phase must be either 0° or 180° for the inverted option. Taking into account psychoacoustics, the linear
section of the phase should be from DC to 300 kHz (taking into account the correct transmission of 18 harmonics)

Tenepb Oasalime paccMOmMpPUM, Kak JIUHeUHbIe cemu Mo2ym 8bl38amb UCKa)XeHue cuaHana. Ecme mpu kpumepus,
Komopbie 00/mKHbI 6bimb y0oeremeopeHsb! 0115 luHelHou rnepedadu 6e3 uckaxkeHul. Bo-nepebix, amrinumyoda
(eenu4uHa) omknuka ycmpoutcmea unu cucmemMbsl QormkHa bbimb riockou 8 UHmMepecyouwed nosioce nporyckaHus. 3mo
O3Ha4Yaem, 4mo 8ce Yacmomal 8 ripedesiax nosiockl rnporyckaHus 6ydym ocnabnsamecs 0OUHakoeo. Bo-emopabix,
pa3oeas xapakmepucmuka 0ormkHa bbimb fTUHeUHoU 8 UHmepecyrowel rosioce rpornyckaHusi. M, HakoHeu,
ycmpoucmeo O0/MKHO OeMOHCMpUpPo8amb «MUHUMAaIIbHYIO (ha308yro XxapakmepucmuKy», 4mo o3Hadaem, ymo rpu 0 'y
(nocmosiHHbIU MOK) ¢hba3oebit cdsue paseH 0° (0° £ n*180° — 3mo HopmaribHO, ecriu Mbl He 803paxkaem rnpomues
UHBepMuUposaHHoO20 cuzHara). Kak Mo2ym 803HUKHYMb aMriumyOHble U ¢ha3oeble UckaxeHus? Cnedyrowue dea
npumepa unnocmpupyrom, Kak amrniumyOHas u ¢gha3oeas xapakmepucmuKu Mo2ym 8HOCUMb JIUHEUHbIEe UCKaXXeHUSs
CueHarna.

lMpumeyvaHue. hasa domkHa bbimb nubo 0° nubo 180° dns uHeepmupyrow,eao sapuaHma. C yd4emom
rcuxoakycmuku fIUHeUHbIU y4acmok ¢ha3sbl omkeH bbimb om nocmosiHHo20 moka 0o 300 kl'y (¢ y4emom npasusibHoU
nepedadyu 18-mu 2apMOHUK)



Magnitude Variation with Frequency
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Magnitude Variation with Frequency
UN3meHeHuUe amnnumyodbl ¢ Yacmomou

Here is an example of a square wave (consisting of three sinusoids) applied to a bandpass filter. The filter imposes a
non-uniform amplitude change to each frequency component. Even though no phase changes are introduced, the
frequency components no longer sum to a square wave at the output. The square wave is now severely distorted, having
become more sinusoidal in nature.

Note. The parallel circuit is tuned to the 3rd harmonic, while the 1st and 5th harmonics are attenuated.

Bom nipumep rpsimoy207ibHOU 80JTHbI (COCMOsiWel U3 mpex rnepsbix 2apMOHUK), MPUMEHEHHOU K MosI0CO80MY
ounbmpy. Qunbmp Harnazaem HeEPasBHOMEPHOE U3MEHEHUE aMumyObl Ha Kaxoyr 4acmomHYy COCMAassrowyio.
Hecmompsi Ha mo, 4mo u3meHeHuUs ¢hasbl He 8800SIMCS, HacmomHble cocmasrsrouwjue bonbuwe He cKkradblgearomces 8
MPsSIMOY2071bHYH0 80JIHY Ha 8bix0o0e. [psiMoy20bHas 80/1Ha mernepb CUlbHO UCKaxeHa, cmaes 6oriee cuHycoudarbHOU o
ceoel rpupode.

lMpumeyaHue. [NaparnnernbHbIU KOHMYP HACMPOEH Ha 3-K0 2apMOHUKY, rpu amom 1-1 u 5-9 2apMoOHUKa
ocnabnsromcs.



Phase Variation with Frequency

F(t) =sinwt+ 1/3 sin 3wt + 1/5 sin 5wt
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Phase Variation with Frequency
U3meHeHue ¢ha3bl 8 3agucuMocmu om 4acmomabl

Let's apply the same square wave to another filter. Here, the third harmonic undergoes a 180° phase shift, but the
other components are not phase shifted. All the amplitudes of the three spectral components remain the same (filters
which only affect the phase of signals are called allpass filters). The output is again distorted, appearing very impulsive
this time.

Note. As you can see from the above example, the signal spectrum remained the same (the amplitude of the
harmonics did not change), only the phase of one harmonic changed by 180 degrees.

Laealime ripuMeHUM my e rpPsMOoy20/IbHY0 8051HY K Opy2oMmy huribmpy. 30ecb mpembsi 2apMOHUKa
npemepresaem ¢ha3o8bil cosue Ha 180° HO ocmarsibHble KOMMIOHEHMbI He cO8UHYMbI o ¢hase. Bce amnnumyob! mpex
criekmparibHbIX COCMaesnstouwux ocmarmcesi HeU3MeHHbIMU (Cburibmpabl, 8ruUsSUWUE MOSIbKO Ha ¢ha3y cuaHaros,
Ha3sblgaromcsi ¢buribmpamu rosIHO20 MPorycKaHuUsi — ecernporyckarouwue gunbmpsl). Bbixo0 cHoga UCKaXXeH, Ha 3mom
pa3 04eHb UMIYSIbCUBHO.

lNMpumeyvaHue. Kak sauOuM u3 ripugedeHHO:20 fpumMepa CriekKmp cuaHasia ocmarsics fnpexxHuM (amnnumyoda 2apMOHUK
He U3MeHusiack), UsMeHuracb morsbKo ¢haza o0HoU 2apMoHUKU Ha 180 epadycos.



Deviation from Linear Phase
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Deviation from Linear Phase
Use electrical delay to remove linear portion of phase response

OmknioHeHuUe om siuHeUHoU ¢ha3bi
Ucrionb3ytme anekmpuyecKyro 3a0epXKy, Ymobbl yOariumb fTUHEUHY Yacmbe ¢ha3o8ou xapakmepucmuKku

Now that we know insertion phase versus frequency is a very important characteristic of a component, let's see how
we would measure it. Looking at insertion phase directly is usually not very useful. This is because the phase has a
negative slope with respect to frequency due to the electrical length of the device (the longer the device, the greater the
slope). Since it is only the deviation from linear phase which causes distortion, it is desirable to remove the linear portion
of the phase response. This can be accomplished by using the electrical delay feature of the network analyzer to cancel
the electrical length (time Propagation Delay) of the DUT. This results in a high-resolution display of phase distortion
(deviation from linear phase).

Tenepb, ko20a Mbl 3HaeM, YmMo ¢hasa 8KIIHOHEHUS 8 3a8UCUMOCMU OM Yacmomakl 18/151emCcsi O4eHb 8aXKHOU
xapakmepucmukoul KoMrnoHeHma, 0agaltime rnocMompumM, Kak Mbl bydem ee usmepsme. 11505 HernocpedcmeeHHO Ha
a3y ecmaeku, 06bIYHO He OYEHb I10/1€3HO. IMO C853aHO C MeM, Ymo ¢haza umMmeem ompuuamesibHbIU HaKI0H 10
OMHOWEHUIO K Yacmome u3-3a ariekmpuyeckoul OruHbl ycmpoucmea (dYem OruHHee ycmpoucmeo, mem 60sbuie HaKIoH).
[ToCKOMbKY UCKa)XeHUe 8bI3bleaem MoJsIbKO OMKIIOHEHUE om JIUHEUHOU ¢hbasbl, XenamesibHO yoanume JUHEUHYH Yacmb
¢ha3080U xapakmepucmuKu. 3moao MOXHO O0bUMbCS, UConb3ys OyHKUUK NIeKMpUYecKoU 3a0epxXKu aHanusamopa
ueneu, 4mobbl KOMeHcUpo8amb ariekmpuyeckyro OnuHy (time Propagation Delay) mecmupyemozo ycmpoticmea. Omo
rnpusooum K omobpakeHuro ¢pa3o8020 UCKaXXeHUS (OMKITOHEHUS om JIUHeUHOoU ¢hasbl) C 8bICOKUM paspeuieHUem.



Group Delay

Frequencyy tg Group delay ripple
to F—— —
N Average delay
Group Delay (tg) = Fraquency
d¢ _ _- d
dw 360° * df « group-delay ripple indicates phase distortion
¢’ in radians « average delay indicates electrical length of DUT
() in radians/sec « aperture of measurement is very important
q) in degrees
f inHertz (0 =2xf)
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Group Delay

- group-delay ripple indicates phase distortion
- average delay indicates electrical length of DUT
- aperture of measurement is very important

- nynbcauuu epynnosou 3adepXXKu yKasbliearom Ha ¢ha308ble UCKaXXeHUsl
- CpedHsIs 3a0depkKa yKasbleaem Ha 371eKmpuYeckyto OriuHy mecmupyemozo ycmpolcmea
- anepmypa (Ouara3oH 4Yacmom) UsMepeHUs] O4eHb 8a)KHa

Another useful measure of phase distortion is group delay. Group delay is a measure of the transit time of a signal
through the device under test, versus frequency. (Note: On horizontal sections, it is the same as the delay time of the
signal at the test frequency). Group delay is calculated by differentiating the insertion-phase response of the DUT versus
frequency. Another way to say this is that group delay is a measure of the slope of the transmission
phase response. The linear portion of the phase response is converted to a constant value (representing the average
signal-transit time) and deviations from linear phase are transformed into deviations from constant group delay. The
variations in group delay cause signal distortion, just as deviations from linear phase cause distortion. Group delay is just
another way to look at linear phase distortion.

Lpyeaol none3Hol mepol ¢ha3osbix UCKaxeHUU siersiemcsi epyrnoeas 3a0epxxka. | pyrrnosas 3adepxka — 3mo mepa
8PEMEHU MPOXOXOEHUSsT CU2Harna 4epe3 mecmupyemoe ycmpoulcmeo 8 3agucumocmu om 4acmomel. (lpumeyvaHue. Ha
20pU30OHMaribHbIX yHacmkax coernadaem c epeMeHeM 3a0epPXXKU rMPOXOXOeHUs cuaHasia Ha Yacmome mecmupo8aHUsl).
[pynnoeasi 3adepxxka paccyumbigeaemcs nymem oughghepeHUuUposaHUsi OMKUKa mecmupyemozo ycmpotlicmea Ha ¢hasy
BKITIOHYEHUS 8 3a8UCUMOCMU Om Yacmomel. [pyasumu criogamu, 2pyrirnosas 3a0epxxka sersemcs Mepol HakroHa ¢ha3oeol
xapakmepucmuku nepedayu. JTuHelHas Yyacme ¢ha3o80U xapakmepucmuku rnpeobpasyemcs 8 rnocmosHHoe 3Ha4eHue
(npedcmaaersirouiee cpedHee 8peMsi MPOXOXOEHUSs cu2Harna), a OmKIoOHeHUss om fIuHeuHoU ¢hasbl rpeobpasyromcs 8
OMKJITOHEHUS OmM MI0CMOSIHHOU 2pyrnogou 3adepXXKu. MIameHeHuUs1 8 epyrnogou 3adepXXKe 8bI3bi8adom UCKaXXeHue
cuzHarna, Mmo4YyHO Mak e, Kak OmKIIOHeHUS Om JIUHeUHoU ¢hasbl 8bi3blearom uckaxxeHue. pyrnnoeasi 3a0epxxka — 3mo
euwje 00uUH criocob 832s1IHyMb Ha JIUHeUHble (ha308ble UCKaXXeHUSI.

When specifying or measuring group delay, it is important to quantify the aperture in which the measurement is
made. The aperture is defined as the frequency delta used in the differentiation process (the denominator in the group-
delay formula). As we widen the aperture, trace noise is reduced but less group-delay resolution is available (we are
essentially averaging the phase response over a wider window). As we make the aperture more narrow, trace noise
increases but we have more measurement resolution.

[pu ykazaHuu unu uamepeHUU 2pyrnnoeou 3a0epXXKU 8aXKHO KO/IU4YeCcmeeHHO orpedenume ariepmypy, 8 Komopou
rnpouseodumcs usmepeHue. Ariepmypa ornpedernisiemcs Kak derlbma Yyacmombl (Af), ucronb3yemas 8 npouecce



oughgbepeHyuposaHus (3HameHamesib 8 hopmyrie epyrnnoeol 3a0epxKKuU).
T =~ l B
773600 Af

Koz0a mbI pacwupsem arnepmypy, WyM mpacchkl yMeHbwaemcsi, HoO 00CmMyrnHO MeHbuwee pa3speweHue 2pynnosou
3a0epxKu (No cymu, Mbl yCpeOHsieM ¢ha3o8yro xapakmepucmuky o boree wupokomy okHy). 1o mepe mozo, Kak Mbl
Oenaem anepmypy boree y3kol, WyM mpacchkl ygeriudueaemcsi, Ho Mbl riosiydaem bosbwee paspeuweHue usmepeHud.

Why Measure Group Delay?
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Why Measure Group Delay?
Same p-p phase ripple can result in different group delay

3ayem usmepsimb 2pynnoeyro 3a0epPxxKy?
OOdHa u ma xe nynbcayusi hasbl pasmaxa Moxxem rpueecmu K pasnudyHol epyrnosoli 3a0epxKe

Why are both deviation from linear phase and group delay commonly measured? Depending on the device, both
may be important. Specifying a maximum peak-to-peak value of phase ripple is not sufficient to completely characterize a
device since the slope of the phase ripple is dependent on the number of ripples which occur over a frequency range of
interest. Group delay takes this into account since it is the differentiated phase response. Group delay is often a more
easily interpreted indication of phase distortion. (note. Like in an amplifier Hafler XL-280)

[Noyemy 06bIYHO UBMEPSAOM KaKk OMK/IOHEHUEe om fiuHelUHoU ¢hasbl, mak u epyrnnosyro 3adepXkKy? B 3agucumocmu
om ycmpoticmea oba mo2ym bbimb 8aXXKHbl. YKazaHue MakcuMalribHO20 3HadyeHus padmaxa ¢ha3osol rnyrbcayuu
HedocmamoyYHO 07151 MOSTHOU XapakmepucmuKku ycmpoucmea, NoCKOMbKy HakoH ¢ha3oeol rynbcayuu 3asucum om
Konudecmea ryrnbcayuli, 803HUKaroWUX 8 UHmMepecyrouwem duarnasoHe 4acmom. [ pyrinoeas 3adepxxka y4umsieaem 3mo,
MOCKOJIbKY 3mo OugbhepeHyuposaHHas hasoeas xapakmepucmuka. | pyrrnosas 3adepxka Yacmo sersemcs bornee
Jle2Ko UuHmeprpemupyeMbsiM rpu3HakoM ¢pa3o8o020 UcKaxXeHus. (npum. Kak Hanpumep 8 ycurnumerne Hafler XL-280)

The plot above shows that the same value of peak-to-peak phase ripple can result in substantially different group
delay responses. The response on the right with the larger group-delay variation would cause more signal distortion.

Ha npusedeHHOM 8bilie epaghuke nokasaHo, 4Ymo 0OHO U MO Xe 3HaYeHUe pa3maxa HepasHOMepPHOCMU (asbl
MOXKem rpueecmu K Cyu,ecmeeHHO pasHbIM Xapakmepucmukam 2pynrnoeoli 3adepxku. Omkriuk crnpaea ¢ 60/bLUUM
U3MeHeHuUeM 2pyrnosoli 3a0epXXKu 8bi308em 60sibUIee UCKaXeHUe cuaHarna.



