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

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

JInHenHOe noBeaeHue:
— BXOQHas 1 BbIXOA4HAs YacTOTbl OANHAKOBbI (AOMONHUTENbHbIE YaCTOThl HE CO34aloTCH)
— BbIXOQHasA YacToTa U3MEHSIETCS TONbKO NO BenuynHe n dase
HenuHenHoOe noBeaeHme:
— BbIXOQHasA YyacToTa MOXET noaBepraTbCa YaCTOTHOMY cABUry (HanpuMmep, C MUKLLIEpaMm)
— €O34alTCs AONONHUTENbHbIE YacTOTbl (rAaPMOHUKN, UHTEPMOAYNALNS)

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.

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

Mpexae 4em Mbl Uccnegyem NIMHENHOE UCKaXXeHWe CurHana, JaBanTe pacCMOTPUM pasnnyunsa Mexay NMMHENHbIM U
HEenMHeNHbIM NOBeAeHMEM. YCTPOMCTBA, KOTopble BeAyT cebsi NMMHEeNHO, HaknaabiBatoT TONbKO M3BMEHEHUSA aMNNNTYAbI U
¢hasbl Ha BxogHble curHansl. Jllobas cnHycomnaa, NosBnsWascsa Ha Bxoae, NOSIBUTCS M Ha BbIXOA4E C TOW e YacTOTOM.
HoBble curHanbl He co3gatotcs. Korga oguHoYHas cruHyconaa NnpoOXO4auT Yepes NIMHENHYO CETb, Mbl HE paccMaTpyBaeMm
N3MEHeHMs amnnnTyabl 1 dasbl kak nckaxeHne. OgHako, Korga CrioXHbIN, U3MEHSIOLLMIACSA BO BPEMEHM CUrHan NpoxoanT
4yepes NUHENHYIO CETb, COBUMM aMMnUTYyAbl U dasbl MOryT CUITbHO MCKa3nuTb (POpMY CUrHama Bo BpeMeHHoN obnacTw.

HenuHeliHble yCcTponcTBa MOryT caBUraTb BXOAHbIE CUIHanbl MO YacToTe (Hanpumep, CMecuTenb) U/unm co3gaBatb
HOBble CUrHarbl B BUAE rapMOHWK UM NPOAYKTOB MHTEpMOAYNsuMKU. MHOrMe KOMNOHEHTLI, KOTOpble BeayT cebsi MMHEeNHO
npv OONbLUMHCTBE YCNOBWUI CUrHaNa, MoryT IEMOHCTPUPOBATL HENMMHENHOE NOBEAEHME, ECITM HA HUX NoAaeTcs



O0CTaTOMHO 60bLION BXOOHOM CUrHar. 3TO BEPHO KaK Af1si MAaCCUBHbBIX YCTPONCTB, TaKMX Kak ouUnbTpbl U aXe pasbeMbl,
TaK N ONs aKTUBHbIX YCTPOUCTB, TaKMX KaK YCUITUTENMN.
Mpumedanme. DUT - Device Under Test (TeCTMpyeMbIi KOMNOHEHT/3NIEMEHT)
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Criteria for Distortionless Transmission
Linear Networks

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

Kputepun nepenaydn 6e3 nckaxeHum
JInHenHble ceTun

[MoCTOSiHHaA aMnNnTy4a B MHTEPECYIOLLEN NONoCce NponycKaHnA
JInHenHasa pasa No nHTepecyoLen nornoce NPonyckaHng

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.

Tenepb gaBanTe pacCMOTPUM, Kak JIMHENHbIE CETU MOTYT Bbi3BaTb UCKaXeHue curHana. Ectb Tpu kputepus,
KOTOpble AOSMKHbI BbITh YO0BNETBOPEHLI 4S5 NIMHENHON nepeaaydn 6e3 nckaxxeHuin. Bo-nepeebix, amnnutyna (BennymHa)
OTKIIMKa YCTPOMCTBA Ui CUCTEMbI A0SMKHA ObITb MAIOCKON B MHTEPECYIOLLEN NOSIOCe NPOMNyCKaHUs. 3TO O3Ha4aeT, YTo BCe
4YacToTbl B Npegenax nonockl nponyckaHus 6yayt ocnabnarbca ognHakoBo. Bo-BTopbIX, a3oBas xapakTepuctunka
OOSIKHa ObITb NMMHENHOW B MHTEPECYIOLLEN Nosioce nponyckaHus. M, HakoHeL, YCTPOMUCTBO AOSMKHO 4EMOHCTPMPOBATh
«MWHUMAasbHYI0 0a30BY0 XapakTepUCTUKY», YTO o3HayaeT, 4To npu 0 'y, (NOCTOSAHHLIN TOK) dha3oBbi casur paseH 0° (0°
+ n*180° — 9TO HOpMAasbHO, ecrni Mbl He BO3pa)kaem NpoTUB MHBEPTUPOBAHHOIO curHana). Kak MoryT BO3HUKHYTb
aMmnnNuTyaHble N (pasoBble UckaxeHus? Crnegyowme aBa npuMmepa UnntocTpUpyoT, Kak amnnntygHas u oasosas
XapaKTEPUCTUKN MOTYT BHOCUTb JIMHEWHbIE UCKaXXEHUS CUrHana.

lpumeyvaHue. HarnucaHo sce rpasursibHO: ghalda domkHa bbime rubo 0° nubo 180° dns uHeepmupyrowe2o sapuaHma. C
y4emom ricuxoakycmuku JIUHeUHbIU y4acmok ¢hasbl 0osmkeH bbimb om rnocmositHHo20 moka 0o 300 Kl'y (¢ y4emom
npasusibHou nepedadyu 18-mu 2apMOHUK)



Magnitude Variation with Frequency
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Magnitude Variation with Frequency
U3meHeHue aMnnuTyabl C YacTOTOMN

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.

BoT npumep NpsiMoyrofibHON BOSHbI (COCTOALLEN N3 TPEX NEPBbIX FAPMOHUK), MPUMEHEHHOW K MONOCOBOMY (OUNLTPY.
PunbTp HanaraeT HepaBHOMEPHOE N3MEHEHME aMIMNTYAbl HAa KaXXOyH YaCTOTHYK0 COCTaBndaloLWwyo. HecMoTpa Ha To, YTO
n3MeHeHna pasbl He BBOASTCH, YaCTOTHbIE COCTaBnsaoLMe BonbLle He CKnagbiBaloTCs B NPSMOYrOfibHYHO BOSTHY Ha
BbIxoge. [psiMoyronbHas BoriHa Tenepb CUITbHO UCKaXKeHa, ctaB 6onee cnHyconganbHOM NO CBOEN NpUpoLeE.

lMpumeyaHue. [NapannenbHbilU KOHMYP HAaCMPOEH Ha 3-t0 2apMOHUKY, rpu amom 1-a u 5-a 2apmoHuKa
ocnabnsromcs.



Phase Variation with Frequency
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Phase Variation with Frequency
U3meHeHMne dpa3bl B 3aBUCUMOCTU OT YaCTOThl

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.

[aBanTte npuMeEHNM Ty Xe NPSIMOYrofibHYH0 BOMHY K Apyromy dounbtpy. 34ecb TPETbS rapMoOHMKa npeTepneBaeT
drasosbin casur Ha 180°, HO ocTarnbHblE KOMMOHEHTbI HE CABUHYTHI NO dpase. Bce amnnuTyabl Tpex cnekTpanbHbIX
COCTaBMAOLWMX OCTAOTCA HEN3MEHHBLIMW (PUNBTPLI, BAUSIOLLME TONBKO Ha dpa3y CUrHasnoB, Ha3biBalOTCA pursTpamm
MOJSTHOrO NpoNycKaHUs — BcenponyckarLme unetpbl). Bbixog CHoBa UCKaXXeH, Ha 3TOT pa3 O4eHb MMMYbCUBHO.



Deviation from Linear Phase
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Deviation from Linear Phase

Use electrical delay to remove linear portion of phase response

OTKNnoHeHue OT NMHenHou hasbl

Mcnonb3ynTe anekTpu4eckyo 3agepxKy, 4Todbl yaanuTb IMHENHYIO YacTb (Pa3oBOW XapaKTEPUCTUKN

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 of the DUT. This results in a high-resolution display of phase distortion (deviation from linear phase).

Tenepsb, Korga Mbl 3HaeM, 4To dpasa BKNKOYEHUS B 3aBUCMMOCTU OT YaCTOTbl ABNAETCH OYE€Hb BaXKHOW
XapaKTepUCTMKOM KOMMNOHEHTA, AaBanTe NOCMOTPUM, Kak Mbl Byaem ee namepstb. [Maaa HenocpeacTBeHHO Ha ¢hasy
BCTaBKM, OObIYHO HE OYEHb NOSIEe3HO. JTO CBA3aHO C TeM, YTO dha3a MMeeT oTpuLlaTenbHbIA HAKMOH NO OTHOLUEHUIO K
YacToTe U3-3a ANEeKTPUYECKON OMNHbI YCTPOUCTBA (YEM LfIMHHEE YCTPONCTBO, TeM BorbLle HakIoH). [ockorbky
NCKaXXeHME Bbl3bIBAET TONbKO OTKITOHEHME OT JIMHENHOM (pasbl, XXenaTenbHO yaanuTb NMUMHENHY0 YacTb 0a3oBou
XapaKkTePUCTUKN. DTOrO0 MOXHO A0BUTBECA, UCNOSb3Ys (PYHKLMIO SNEeKTPUYECKOW 3aepXXKn aHanusaTtopa ueneu, 4tobsbl
KOMMEHCMpPOoBaTh anekTpudeckyto anvHy (time Propagation Delay) TecTupyemoro yctponcTea. OTo NpuBOAUT K
OTODpaXKeHMo Pa3oBOro UCKaXKeHUs1 (OTKNMOHEHMUS OT JIMHENHOM pasbl) C BLICOKUM pas3peLLeHNEM.



Group Delay

Frequencyy) tg Group delay ripple
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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

nynbcaunn rpynnoBon 3a4epKKN yYKkasbiBaloT HA 0a30Bble UCKaXKEeHUs

CpeaHsAs 3aJepXXKa yKasblBaeT Ha ANEKTPUYECKYIO ANMMHY TeCTUPYEMOro YCTPONCTBA
anepTypa n3amMepeHusi O4eHb BaXKHa

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. 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.

[pyron nonesHon mepoun a3oBbIX UCKaXXEHUWN SABMSAETCA rpynnoBad 3afgepxka. [pynnosas 3agepxka — 310 mepa
BPEMEHW NPOXOXKAEHUS CUrHana Yyepes TeCTUpyemMoe YCTPOMUCTBO B 3aBUCUMOCTU OT YacToThl. (lpumevyaHue. Bpewms
3a0epXXKU MpOoXoX0eHUs cugHarna Ha Yacmome mecmupogaHusi). [pynnoBas 3agepXka paccynTbiBaeTCa NyTem
anddepeHLMpoBaHNSA OTKIMKa TECTUPYEMOrO YCTPOUCTBA Ha (hasy BKITHOYEHNSA B 3aBUCUMOCTM OT YacToTbl. [Apyrumm
cnosamu, rpynnoBas 3agepxka aBnseTcss Mepon HaknoHa oasoBOM XapaKTepUCTUKKN nepedadn. JInHenHas 4actb
¢ha30BOM XapakTepPUCTUKN NpeobpasdyeTca B NOCTOAHHOE 3HaYeHne (NpeacTaBnstoLLee cpegHee BpeMsi MPOXOXaeHN
CcUrHana), a OTKIIOHEHUs1 OT NMHENHON dhasbl NPeobpasyroTCca B OTKITOHEHUS OT MOCTOSIHHOW rPYNMNOBOW 3a4EPXKMW.
M3ameHeHns B rpynnoBON 3afep>KKe BbI3bliBAOT UCKaXXeHME curHana, TOMHO TakK e, KaK OTKNOHEHUS OT IMHENHON (pa3bl
BbI3bIBAIOT UCKaXKeHne. [pynnoBaga 3agepxka — 3To ewe oguH cnocob B3rMAHyTb Ha JIMHENHbIE (Pa30Bble UCKaXKEHWS.

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.

[Mpu ykazaHuUu nnm namepeHum rpynnoBomn 3afep>Kku BaXKHO KONTMYECTBEHHO onpenennTb anepTypy, B KOTOPOW
Npou3BOANTCSH N3MepeHne. AnepTtypa onpeaenseTcs Kak gernbra 4acToThl, MCnornb3yemMas B npoLlecce
anddepeHLmMpoBaHuns (3HameHaTesnb B oopMyne rpynnosor 3agepXkun). Korga Mbel paclumpsemM anepTtypy, WyMm Tpacchl
YMEHbLUAETCH, HO AOCTYMHO MEHbLUEE pa3peLLeHne rpynnoBon 3adepXkn (Mo CyTu, Mbl ycpeaHaem as3oByro
XapakTepucTuKy rno 6onee LWMPoKoMy OKHY). [lo mepe Toro, Kak Mbl Aenaem anepTypy 6onee y3kou, LWymM Tpacchl
yBENMYMBaETCS, HO Mbl NonyyYaeM bosnbliee paspelleHne N3MepeHun.



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

3a4yeM N3mMepATb rPynnoByr0 3a8epPXKKy?
OpHa 1 Ta xe nynbcauuns goasbl pasMmaxa MOXET NPUBECTU K pasfiMiyHON rpynnoBOV 3aiepXKKe

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)

[MoyeMy 0BObIYHO M3MEPSAIOT KaK OTKIOHEHWE OT IMHENHOWN dhasbl, Tak 1 rpynnoBylo 3adepxky? B 3aBucnmocTu ot
ycTpouncTtea o6a MoryT 6bITb BaXkHbl. YKasaHMe MakCMMaribHOro 3HadeHnsa pasmaxa pa3oBon Nynbcaunm HeJoCTaTOYHO
AOJ151 MONHOW XapaKTepPUCTUKN YCTPOUCTBA, NOCKOSIbKY HaKITOH ha3oBou Mysibcauum 3aBUCUT OT KONM4YecTBa Nynbcauni,
BO3HUKAIOLLNX B MHTEPECYIOLEM JMana3oHe YacToT. [pynnoBada 3afepkka y4nTbIBAET 3TO, MOCKOSbKY 3TO
anddepeHumpoBaHHasa oasoBas xapaktepuctuka. [pynnoeas safepikka 4yacTto sasrserca boree rnerko
NHTEPNpPeTUPyeEMbIM MPU3HAKOM (Da30BOro UCKaXeHus. (npumedaHue. Kak Harnpumep 8 ycurnumere 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 npuBefeHHOM Bbile rpadomke nokasaHo, YTO OOHO M TO e 3Ha4YeHne pasmaxa HepaBHOMEPHOCTU ddasbl MOXET
NPUBECTU K CYLLECTBEHHO Pa3HbIM XapakTepucTukam rpynnoBon 3agepxku. OTknnk cnpaea ¢ 6orbWwWmum n3smeHeHnem
rpynnoBOK 3a4epKKN BbI3OBET DOMbLUEE UCKaXKEHNE CUrHana.



