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CMaHo8AeHUe MAKM08020 CUCHANAA U3 OAHHBIX.

The article considers a method for estimating bit error ratio (BER) in multispeed transceivers of the serial channel at the design

stage. A model of critical nodes of the path has been given.
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BBEAEHUE

DyHKINIO 00MeHa TaHHBIMHM MEXIY OJOKaMH BHYTPH U(pPo-
BOI1 BBIYUMCIUTETbHON CUCTEMBI BBITIOJTHSIIOT TIPUEMOIepeIaTY MK H.
[MpuHIIUTT UX PabOTHI COCTOUT B CBEPTKE MOCTYMAIONIEr0 Ha BXOM
rmapajieIbHOTO MOTOKA JAaHHBIX B MOCJIEA0BATEIbHBIN, hopMu-
POBaHUMU NEKTPUUECKUX YPOBHEU, COOTBETCTBYIOIIMX CTAHAAPTY
oOMeHa, TPAaHCSIIIUYU CUTHAa M0 JUHUU Tlepeaadn, ero 3axBare
MPUEMHUKOM U pa3BePTKe B MapaieabHblil MOTOK AAHHBIX, MPU-
TOIHBII 151 TOCIenyolleit 00padboTKu.

B nacrosiiee BpeMsi akTUBHO pa3BUMBAeTCsl CTAHAAPT BBICOKO-
CKOPOCTHOI MOoCJef0BaTeAbHON U MapasaebHON neperayu qaH-
HbIX SpaceFibre [1]. laHHBII cTaHIapT BKJIOYaeT B cedst TpeboBa-
HUSI TI0 TPOEKTUPOBAHUIO BHICOKOCKOPOCTHBIX ITPpUEMOIIepeaTu -
KOB TIOCJIeIOBATEJIbHOTO KaHala, MpelHa3HauYeHHBIX 1T oOMeHa
MAHHBIMY MEX]Y YCTPOUCTBAMU B COCTaBe KOCMUYECKUX allapaToB
1 paboTAIOIINX Ha CKOPOCTSX 10 6,25 ['ouTt/c.

OnHOW M3 OCHOBHBIX KOJMUYECTBEHHBIX XapaKTEPUCTHUK,
HATJISIAHO OMpPeAesIIoNINX KaYeCTBO Nepenadyu HudpoBbIX TaHHBIX,
SIBJISIETCSI YACTOTA BOSHUKHOBEHUSI OMTOBBIX OLIMOOK (B aHIJIOS3bIY-
Hoii tuteparype Bit Error Ratio uiu BER). B cooTrBeTcTBUM € Tpebo-
BaHUSIMUM K COBPEMEHHBIM MpHUeMonepesaTYnKaM OTBETCTBEHHOI O
npuMeHeHuss BER He nomxen npesbimats 1072 B my6aukanusax
Ha TeMy pa3paboTKU U U3MEPEHU s TPUeMOoTNepeaaTuMKOB TeMaTUKe
BER ynensiercss MHOro BHUMaHus. [1psiMoit aHanu3 npu Moaeaupo-
BaHWUU, AaHAJOTUYHBIN HU3NUECKUM U3MEPEHUSIM T10 TIOACUYETY YrCIa
omMOOK Ha dTare MPOeKTUPOBAHU S, TPEOYET MO MecsiTKa 4acoB.
Wcnonb3oBaHMe TPUEMOB, COKPAIIAIONINX BPEMSI TECTUPOBAHUS,
YXYIIIAeT TOUHOCTH Pe3yabTaToB [2].

B HacTosUm Mt MOMEHT MoOJy4unJia IMPOKOE Pa3BUTHUE TEOPUST
IKUTTepa KaK OCHOBHOM MTPUYMHBI MTOSIBJICHU ST OLTMOOK TIPH Iepeaade
curHasa. bojplroe BHUMaHUe yaeasieTcs pusnuyeckoMy u3MepeHuIo
BER pa3paboTaHHbIX 00pa3oB puemMonepearaTynkon. M3BeCcTHBI
METOJIMKHU aHAN3a JXKUTTepa IMepefaBaeMoro CUrHaia TaHHbIX, pas-
JIOXEHU S €r0 Ha KOMIIOHEHTHI [IJTsI TMOCTIeNYIONIero aHaau3a paboThl
nmpueMoriepeaamIero tpakra [3, 4]. MHoxecTBO pabOT MOCBSILIEHO
0ecrpoBOAHBIM HHTepdelicaM, BIUSHUIO IMHUY Tiepelaul, BHyTPeH-
HUM QYHKUMSIM TECTUPOBAHUS, cUCTeMaM (U3NUYECKOro usmepe-
Hust BER rotoBoii cuctembl [5]. Takke M3BECTHBI METOAMKM OLIEHKU
BER, npusBaHHble COKPAaTUTh 3aTpaylBaeMoe Ha U3MEPEHUE BpeMsl.
JlaHHbBIC METOIVKU SIBJISTIOTCST TPUTOIHBIMU TSI PA3BUTHSI ITOIXOIA
Kk npenckazaHuio BER Ha atane npoeKTupoBaHus.

TIpenMeToM JaHHOTO UCCIEI0OBAHUS SIBJISIOTCS pa3BUTHE TEOPUU
OIIEHKH YACTOTHI BOSHUKHOBEHU I OMTOBBIX OIIMOOK B TPAKTE TOCIIE-
NOBaTeJNbHOU Nepegayn UMGpPOBOro NOToKa TaHHBIX Yepe3 MPOBO-
MHYIO WA OTITUYECKYIO Cpelly Ha dTare MPOeKTUPOBAHUS U pa3-
paboTKa yHUBEPCATbHON METOAUKY TTOCTPOCHMST BHICOKOCKOPOCT-
HBIX IPUEMOTepeIaTINKOB MOcaeNoBaTeIbHOTO KaHana. [Ipennara-
eMasi MeTOIMKa OCHOBaHa Ha ONTUMM3AIIMU COCTABIISIOMINX UX OJI0-
KOB B LIeJISIX MUHMMU3AL MU 4YaCTOThl OMTOBBIX OIUO0K. OObEeKTOM
HCCIe0OBAaHUS SIBJISIIOTCS KPUTUYHBIE OJIOKU B COCTaBe MpUeMorne-
penaTyuKoB, GyHKIIMOHUPYIOLIME Ha YACTOTaX, PABHBIX U KPAaTHBIX
YacToTe TPAHCIUPYEMOTO OMTOBOTO MOTOKA TaHHBIX.

TTpensiokeHO yCoBEPLIEHCTBOBAHUE CTATUCTUYECKOM METOAUK Y
oueHky BER [6]. YcoBepiieHCTBOBaHME 3aKII09aeTCA B 10OABIEHU N
NMOTIOTHUTENbHBIX NTapaMeTPOB, XapaKTePU3YIOINX 0COOEHHOCTH

CTPOEHUS U pabOoTHI TpreMoTiepenaTynka (Ko bUIINEeHT repenavu,
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3a7epxkKa, myMm u T.1.). Metonuka BER ocHoBbIBaeTcst Ha matema-
TUYECKOU MOMENN MPpUeMOoIepenaloniero TpakTa, BKI0YaeT KOH-
TPOJIb XapaKTePUCTUK CUTHAJIOB Ha BXOZE DJIEMEHTOB MaMsITH MPU-
eMHHUKA, BBITIOJHSIOMUX DYHKIIUIO TIEPBUYHOM 3aMICH MOCTYIalo-
LIMX TaHHBIX.

OCHOBHBIE ITOAOXEHUSA
B ciyuae orcyTcTBUS DyHKLIMOHATBHBIX HapyLIEHU paboTHI Uccie-
IlyeMOro rnpueMornepeaaTymka, a TakxXe HaJudus JO0CTaTOYHbBIX
3armacoB 1Mo OblcTpoAeicTBUIO MGpoBOro foMeHa cucteMbl BER
3aBUCUT OT (PA30BbIX COOTHOLIEHU I MEX Y LIM(PPOBBIMU CUTHAJIAMU
¥ TAKTOBBIMY CUTHAJIAMU Ha BXOJIe TPUITEPOB, 3aTTUCHIBAIOIINX TaH-
HbIe ¥ TPOU3BOASIINX MEPBUYHYIO ecepuaan3auio moToka naH-
HbIX. OTHOCUTEIbHOE PACIOJIOXEHUE TIePernagoB dTUX CUTHAJIOB
3aBHCHUT BO BpEMEHHU OT IXKUTTEpa.

[Mpennaraercst paccMaTpuBaTh AXUTTEP TaKTOBOI'O CUTHAIa
OTHOCHUTEJIbHO HETIOJABUXHOIO cUuTrHaia faHHbIX. [1pu aToMm dhazoBbie
MCKaXeHM s, HAKOIIJIEHHBIE B POLIeCcCe TPAHCISI UM TOTOKA TaHHBIX

Haxkomnienue $ha3oBbIX MCKaXeHU I TTPOU3BOAUTCS B MpoILecce
dopMuUpoBaHUs U cleTOBaHMSI MOTOKA JaHHBIX Yepe3 TPAKT Mpue-
MorepeaaTynka, a TakKe ero TaAKTUPOBAHUSI U 3aXBaTa TPUTTEPOM
npuemMHuka. Takum obpazom, moaenb oueHku BER nomixHa Bxiio-
4yaTh B ce0sl ONMMCaHUe yCTPOUCTBA U MPUHIUTIOB (DYHKIIMOHUPOBA-
HUS 2JIEMEHTOB IMPpUEMOIepeTaTynKa, OT KOTOPBIX 3aBUCUT PE3YIb-
TUPYIOIIUIA IKUTTED.

BbBIBOP METOAA OITEHKU BER

CyuiecTBytoT nmonxojbl K otieHke BER Ha aTare pazpaboTku, ocHO-

BaHHBIE HA HECKOJIBKUX MPUHITUIIAaX. B KauecTBe 6a3bl 1151 pa3BUTHS

TpenCcTaBIeHHOW METOIUKY OBIJIA PACCMOTPEHBI CIIeT Yy IOIIHE.

* Tlpssmoe momenupoBanue B CAIIP. JlaHHBII MOAXO TTO3BOJISIET,
eCcJI B JOCTATOUYHOI Mepe YUTEHBI KI04eBble (haKTOPhI, MOTY-
yuth BesinunHy BER ¢ BbicOKOIT TOuHOCTBIO. [Ipsimoe monenu-
poBaHMe OTIMYAETCS YHUBEPCAJbHOCTbIO U MPOCTOTOM pea-
nu3auuu. OgHaKo MOAOOHBIN LMK pacyeTa MOXET IJIUTbCS
OT HECKOJIbKMX JHE U 10JIbILIE.

yepes TPaKT, IPeodpasyoTcs B IXKUTTEP TAKTOBOIO CUTHAJIA.
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* MopenvupoBaHUe Ha HAUXYILIUIA ciydaii. [IpencrasisieT co6oit
BapuaHT npsmMoro moaeiaupoBanusi B CAIIP, npu kotopom
HaMEPEHHO YXYIIIAIOTCs OTASTIbHbBIC TapaMeTPhl MOIEJIH, TAKHE
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Puc. 1. Iloagnenue owubKu npu 3Kk CMpanossiyuu pe3yabmamos
Fig. 1. An error occurring upon applying results extrapolation

INTRODUCTION

Transceivers perform data exchange among
the blocks of a digital computing system.
The principle of their operation consists
in transforming the incoming parallel data
stream into a serial one, forming electric lev-
els compliant with the interchange standard,
transmitting the signal along the transmis-
sion line, receiving the signal by the receiver
and transforming it into a parallel data stream
suitable for further processing.

SpaceFibre standard of high-speed serial
and parallel data transmission is rapidly devel-
oping now [1]. This standard includes require-
ments for designing high-speed transceivers
of the serial channel used to exchange data
among devices being parts of spacecraft and
operating at speeds of up to 6.25 Gbit/s.

Bit Error Ratio (BER) is one of the main
quantity characteristics describing the quality

of digital data transmission. According to the

— = JKCTPAMNONALNA

JIEHUsI OIIUOKY 9KCTpanoasiuuu (puc. 1) CHUXKAeTCsI TOYHOCTh
I/ pacueTa.
t + Craructudeckuit meton. OCHOBaH Ha ClIydyailHOM XapakTepe
daszoBoro myma. [MpuroaeH nyist co3agaHusl YHUBEPCaIbHOM
MOJIeJIM TPaKTa Mepeaadyu JaHHBIX, MO3BOJISIIONICH HAa HE6OIb-
1I0€ BpeMsi MPOBECTH KOMILJIIEKCHBIN aHaJIn3 KauyecTBa paboThl

1,0 ycTpoiicTBa. [TapaMeTpsl M XapaKTepUCTUKU pa3pabaThiBa-

extrapolation

requirements for state-of-the-art transceiv-
ers for demanding applications, BER should
not exceed 1072, The BER topic is widely dis-
cussed in the literature on transceiver devel-
opment and measurement. In the process
of simulation at the design stage, direct analy-
sis similar to physical error counting requires
up to ten hours. Techniques reducing the
testing time compromise the accuracy of the
results [2].

The theory of jitter as the main cause
of errors occurring during signal transmis-
sion has become widespread recently. A lot
of attention is paid to physical measurement
of BER of the developed transceiver sam-
ples. There are methods of analysis of trans-
mitted data signal jitter and its breakdown
into components for further analysis of trans-
ceiver path functioning [3, 4]. There are a lot
of works on wireless interfaces, transmission
line influence, internal testing functions and

eMOoTOo npueMoriepeaaTuKa TPAaHCIUPYIOTCS B MaTeMaTHUyie-
cKyto Mozesb. CaM pacyeT 3aHMMaeT MUHUMAaJIbHOE Bpems
(1m0 HeCcKOJIbKUX MUHYT). TpebyeTcss oxapaKTepu3oBaTh KJIloue-
BbI€ BJIEMEHTHI TpaKTa. Pe3ynbrar 3aBUCUT OT 00beMa CTATUCTH-
YeCKOi BBIOOPKU U TOUHOCTHU PE3YJIbTaTOB XapaKTepr3aluu.

systems for physical BER measurement of the
complete system [5]. There are BER evalua-
tion methods aimed at reducing measurement
time. These methods are suitable for devel-
oping an approach to BER forecasting at the
design stage.

The subject-matter of this paper is devel-
opment of a theory of evaluating of Bit Error
Rate in the path of the serial digital data
stream transmission through a hardware
or optical medium at the design stage and
development of a universal method of design-
ing high-speed transceivers of the serial
channel. The proposed method is based
on optimizing the component blocks of the
transceivers in order to minimize the Bit
Error Rate. The authors have researched
sensitive blocks that are part of transceivers,
functioning at frequencies equal to or divis-
ible by the frequency of the transmitted data
bit stream.




* Hcnonb3oBaHue BBICOKOYPOBHEBBIX moneneii. [To3BossieT 3ame-

HUTb MOAPOOHBIE MOIEIN OTAETbHBIX OJIOKOB Ha YIIPOIIEHHBIE,
YTO MPUBOJUT K yMEHbILIEHUIO TpeOyemoro BpemeHu. TpebyeT
MOCTPOEHUSI TOTIOJHUTEIbHBIX MOJIENICl, X XapaKTepu3alniu.
Haubosiee ahhekTUBHBIM SIBISIETCS pacyeT B CrelMalu3upo-
BaHHbIX CATIP.

CTATUCTUYECKHUMN IMIOAXOA ITPA OLIEHKE BER

3a OCHOBY pa3pabOTaHHOW METOAMKM OBbIJ B3SIT CTATUCTUYECCKM A
MOIXOJT, TTOCKOJIbKY OH OTJIMYaeTCsl BBICOKOU CKOPOCTHIO pacyeTa,
BO3MOKHOCTBIO alaliTallu¥ MO MHOXECTBO apXUTEKTYp IMPHEMO-
nepeaaTyuKoOB, Ybs MaTeMaTU4YeCKast MOJIEIb MOXET ObITh pacLIy-
peHa u ycJoXHeHa. B 3ToM ciiyyae MOBBIIIEHUE TOYHOCTU Pe3yJib-
TaTa JOCTUTAETCS B IEPBYIO OUepeb MyTeM YCIOXKHEHU I aJITOpUT™Ma
00pabOTKHM JaHHBIX, 4 HE YBEJIMYCHUS UX 00beMa, KaK IMPU MOJIEIU-
POBAHUM UJIU U3MEPEHUSIX TOTOBBIX 00PA3IIOB.

KputepueM npuHaajiexX HOCTU NpueMoriepeaaTynuka onpeae-
JICHHOMY CTaHIapTy Mepenayn siBasieTCsl BbINMOJHEHE TpeOoBaHM it
10 COOTBETCTBUIO TJIA3KOBOM TMarpaMMbl MepeaaBaeMbiX JaHHbBIX
MacKe, COOTBETCTBYIOIIEH HAMXYAIIEMY CIYUalo 3JeKTPUISCKHX
mapaMeTpoB U JKUTTepa. [Ipr 9TOM B poJiu mapaMeTpa paccMaTpuBa-
eTCsI BeJIMYMHA CYMMAapHOTO JKUTTePa, HAKOTIEHHOTO Ha MTPOTSIKe-
HUW ONpPEIeIECHHOTO BpEMEHU U MPH Mepeaade orpeaeeHHOro Koa.
Ilpu tTaHHOM TOAXOME IXKUTTEP 3aBUCUT OT MeperaBaeMoil KOToBOi
MOCJIeI0BATEIbHOCTH U OT 00beMa BbIOOPKHU. [laHHBIIT METO TTO3BO-
JISIET MPOBECTU TIEPBUUHYIO OLIEHKY KauyecTBa pabOThl TpaKTa.

B pamkax takoit Mogesr BER cuibHO 3aBUCUT OT B3aMHOI (hasbl
CUT'HAJIOB Ha BXOJIE JIEMEHTOB MaMsITU NIEPBOI CTYTIEHU JAeCepraim-
3alMy prueMHuKa. Heo0XonuMbIM YCIOBUEM MOJIYYEHUSsI TIPUEMHU -
KOM BEPHBIX JAaHHBIX SIBJISIETCS COOJIIOIEHUE pa3pelIEHHbIX BpEMEH-
HBIX COOTHOLIECHU A MEX Y MepeKTI0YeHMeM CUTHala JaHHbIX U TaK-
TUPYIOIIETO CUTHAJIa Ha BXOIe TPUTTepa B IMGbPOBOIl YaCTH ITpHEM-
HUKa, KaK IoKa3aHo Ha puc. 2. JlaHHbIe TOJXKHBI TOCTYTTUTh HA BXOJT
He TM03Xe, YeM 3a MUHMMaJIbHOEe BpeMs npenycraHoBKu (7Tsetup)
[0 Tiepernaja TaKTUPYolero curaaia. OQMHOBPEMEHHO C 3TUM JaH-
HBbIE JOJIKHBI OCTaBaThCsl Ha BXOJE IMOCJE Mepernana TaKTOBOTO
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CUTHaJla He MeHee, YeM MUHUMaJibHOe BpeMs ynepxanus (Thold).
Ipu HEBBITTOJIHEHU U XOTsI ObI OMHOTO U3 YCJIOBU i 3aMK1Ch MTPABUIIb-
HOI MH(pOPMALIMYU CYUTAETCS HEBO3MOXHOM.

B ycnoBusix Hanuuus ¢ha3o0BOro mymMma Bo3pactaeT BEpOsSITHOCTb
MOSIBJICHU ST OIIMOKY MPU MPUEME B CUTYaLlM U, KOTAA WU TPUXO,
MaHHBIX OTHOCUTEJIbHO TEPEKIIIOUCHUSI TAKTUPYIONIEro CUTHaa
OCYIIECTBIISIETCST CJIMIIKOM IO3HO, UJIV BHICTaBJICHHbBIE HAa BXOJE
NAaHHbIE YIePXKUBAIOTCS HETOCTATOUHO JOJITO.

BepositTHocTHOE pacripesesieHre GPOHTOB UCCIIEIyeMbIX CUTHA-
JIOB OTTMCHIBAETCS C TTIOMOIIbIO HOPMaJILHOTO pacrpeneneHus. Bos-
HUKHOBEHUE OMIMOKU MOXHO PACCMOTPETh KaK OJHOBPEMEHHOE
HACTYIUJIEHUE ABYX CIyYallHbIX COOBITHUIA, TPU KOTOPBIX HE BBIMOJ-
HSIETCsI YCJIOBME BPEMEHHBIX COOTHOLIEHU I MEXY TPUXOJOM TaK-
TOBOTO CHMTHaJla U CUTHaJja JaHHbIX. PacnpeneieHue MIOTHOCTH
BEPOSITHOCTU COOBITHSI, TP KOTOPOM HE BBITIOTHSIETCS] YCIOBHE
1Mo MUHUMaJbHOMY TSetup, n300pakeHo Ha puc. 3.

B ocHOBe METOAMKM JIEKUT MPUHIIUIT TOCTPOCHUSI U UCTIOJb-
30BaHUS CTATUCTUYECKOM MOJEIN BEPOSITHOCTU BOSHUKHOBEHU S
OIIMOKU MPU Tiepeiade ONHOro 6ura. BHavyasie BBIMOJHSICTCS aHATN3
YCTPOWCTBA TPAKTA MePelavyt ¥ PACUET IKUTTEPa OTACIbHBIX OJIOKOB
Ha MMyTH ClieNoBaHus curHaa. [loaydeHHbI# IXKUTTep MpeaiaraeTcs
paccMaTpuBaTh KaK MPUBEISHHbBIN K JXKUTTEPY TAKTOBOTO CUTHAJIA

Bxop paHHbIx Tpurrepa | Data input

TakToBbIN BXOA TpUrrepa | Clock input
I
| |
I

Bpems | time

Thold Bpems | time
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;
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I
| I
" |
k
| I
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| Tsetup
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Puc. 2. Yenosus no e3aumnoii ghase cuenanog
Fig. 2. Conditions for the mutual signal phase

This paper proposes an improvement
in the statistical method of BER evalua-
tion [6]. The improvement consists in adding
extra parameters specifying the structure and
operation features of the transceiver (trans-
mission factor, delay, noise, etc.). The BER
method is based on the mathematical model
of the transceiver path and implies moni-
toring of signal characteristics at the inputs
of receiver memory elements which perform
the initial writing of the incoming data.

THESES

Providing that there are no functional fail-
ures in the operation of the transceiver being
investigated and the digital domain of the
system has enough operational speed mar-
gin, BER depends on the phase relationship
between digital and clock signals at the input
of the triggers which write data and perform
the initial deserialization of the data stream.

The relative position of the edges of these sig-
nals depends on the jitter over time.

The paper proposes considering clock
signal jitter relative to the fixed data signal.
In such a case the phase distortions accumu-
lated during data stream transmission through
the path will transform into clock signal jitter.

Phase distortions are accumulated in the
process of data stream formation and pas-
sage through the transceiver path as well as its
clocking and receiving by the receiver trig-
ger. Consequently, the BER evaluation model
should include the description of the device
and the operating principles of the transceiver
module elements which determine the result-
ing jitter.

SELECTING A BER EVALUATION
METHOD

There are several approaches to BER eval-
uation at the design stage, which are

based on several principles. The following

approaches have been considered as a basis for

the proposed method:

« Direct simulation in CAD systems. If the
key factors are taken into account properly
enough, this approach produces a highly
accurate BER value. The distinctive fea-
tures of direct simulation are its versatility
and simplicity of implementation. How-
ever a calculation cycle of that kind may
take several days or longer.

* Worst-case simulation. This simula-
tion is a variation of direct simulation
in CAD systems, whereby some charac-
teristics of the model, such as signal/noise
ratio, line length, and clock signal jitter,
are intentionally worsened. This makes
it possible to decrease the calculation time
by several orders of magnitude. However,
this reduces the accuracy of the calculation

because of the extrapolation error (Fig. 1).
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MnoTHoCTb pacnpeneneHns BEpOSTHOCTU
Probability density

Bpems | time

Puc. 3. Pacnpedenenue geposmuocmu npuxooda nepeonux ponmos
cuenanoe
Fig. 3. The probability distribution of the rising edge arrival

Puc. 4. Ymenvwenue bumosoeo unmepsana
Fig. 4. Bit interval reduction

OTHOCHUTEIbHO MPUHUMAEMOT0 MIOTOKA TaHHBIX Ha BXOJIE 3JIEMEHTOB
MaMsITH [EPBOM CTYMEHU fiecepruann3auuu npueMHuka. /lajgee npo-
M3BOJUTCSI TOCTPOCHUE paCIpe/ie/IeHUSsI TIJIOTHOCTE BEPOSITHOCTE I
HapylleHUs TpeGOBaHU I MO MUHUMAJIbHBIM BpeMeHaM TpenycTa-
HOBKU U yIepXXaHUsl CUTHaJIa JaHHBIX Tpu ero 3anucu (1):

1 (X*r;t)z
e M

DPC =

oi2n

rae 6 — CKO pacnpeneneHuss MOMEHTA Nepenaja ypoBHS TaKTO-
BOT'O CUTHAJIa BHYTPU OMTOBOTO MHTEPBaja, X — TEKyIllee 3HAUeHUE

+ Statistical method. It relies on the random

MOMEHTa Teperajia TAKTOBOrO CUTHAJIA, M — MaTeMaTUIeCKOe OXH-
JaHMe MOMEHTa Mepernaia.

3akJauuTeNbHbI 3Tan pacyeta BER 3akiatouaeTcss B uHTErpu-
pPOBAaHUU MOJTYYEHHOTO pacrpeaesieHrsi Ha MHTepBajiaX, COOTBET-
CTBYIOLIMX MOSIBJICHU O OUTOBOM OLIMOKY (2):

ur
BER=1— IDPC(t)dt , ()
0

rie Ul — OGUTOBBII MHTEpBAJ CUTHAJIA TaHHbIX.

JIaHHBIii TOAXO/ 1€JIaeT BO3MOXHbBIM pacyeT BEPOSTHOCTU OUTO-
BBIX OLLIMOOK 32 OTHOCUTEJIbHO MaJjioe BpeMsl. OMHaKo TOUHOCTh MOJy-
YEHHOTO Pe3yJIbTaTa CUJIbHO 3aBUCUT OT COOTBETCTBU S MOJIEJIU pa3pa-
GaTbIBaEMOMY YCTPOICTBY. B cienylomieM pasiese oCBeleHbI TOJIOXKe-
HM I, TIO3BOJISIIONINE CYIIIECTBEHHO TIOBBICUTH TOYHOCTD pacueTa.

METOAUNKA OIDEHKHU BER
DIIeMEeHTHI TpaKTa Mepenayr JaHHbIX MOTYT FeHepUpPOBaTh KaK Cly-
YaliHbBIH, TAaK U JETEPMUHUPOBAHHbIM JKUTTEp. CaydyailHbIM AKUT-
Tep (RJ) UMeeT Npupoay LIyMa, YTO JIeJIaeT BOSMOXHBIM €ro OIu-
caHue ¢ MOMOIIbI0O HOPMaJILHOTO 3aKOHA pacrpeiesieHUsi MOMEHTa
nepenana curiaja. [lapaMmeTpamMuy B TaHHOM cliydyae sIBJISTIOTCSI MaTe-
MaTUYeCKoe OXMIAHUE U CpeIHEKBaJApaTUIHOE OTKJIOHEeHUE. RJ
TaKTOBBIX CUTHAJIOB U JAHHBIX TPUBOISATCS K IXKUTTEPY TAKTOBOTO
CUTHaJjla OTHOCUTEJIbHO OMTOBOTO MHTEpBaia JaHHbBIX. JleTepMUHU-
poBaHHBIN IXXUTTep (DJ) orpaHuYeH CBEpXy MaKCUMaJbHbIM 3Ha-
yeHueM. CieactBueM Bo3aeiicTBus DJ BBICOKOiT 4YaCTOTHI SIBJISIETCS
YMEHbIIIeHEe OMTOBOro MHTEpBajia. YMEHbIIEHUE OMTOBOrO MHTEP-
BaJjia MPU MOSIBJICHUU NEeTEPMUHHUPOBAHHOTO AXUTTEpa BHICOKOM
YacTOThI MPOUJUIIOCTPUPOBAHO Ha pUC. 4.

Takum 06pa3oM, TPy MHTEIPUPOBAHUY MJIOTHOCTH pacripenesie-
HUs BeposiTHOCTel hopmyiia (2) mpeodbpasyercs B hopmyiy (3):

UI—(DJ/2)~Thold,y;,

BER=1— DPC(t)dt . 3)

(DJ/2)+Tsetupyyiy

CocTaBagOIMMU 1€TEPMUHUPOBAHHOIO IDKUTTEPA SIBISIOTCS:
* ¢dyukunoHanbHblit LxxuTTep GAITY nepenaruuka DJ,,;;

transmission standard. In this context the

nature of the phase noise. This method
is suitable for creating a universal model
of the data transmission path allow-
ing integrated analysis of the device per-
formance within a short period of time.
The parameters and characteristics
of the developed transceiver module are
transferred into a mathematical model.
The calculation itself takes minimum
time (up to several minutes). It is required
to characterize the key elements of the
path. The result depends on the statistical
sampling size and the accuracy of charac-
terization results.

» Using high-level models. This method
allows replacing detailed models of sepa-
rate blocks by the simplified ones, which
reduces the required calculation time.
The method involves generation of addi-
tional models and their characterization.

Calculation in specialized CAD systems
is the most efficient.

THE STATISTICAL APPROACH

TO BER EVALUATION

The statistical approach has been used as
a basis for the proposed method because
it is characterized by a high calculation
speed and is adaptable to many transceiver
architectures with a possibly expanded and
more sophisticated mathematical model.
This being the case, a higher accuracy
is achieved by means of complicating the
data processing algorithm rather than data
expansion typical of modelling or ready
sample measurement.

Matching the eye diagram of the trans-
mitted data with the mask corresponding
to the worst case of electrical characteris-
tics and jitter is the criterion for conform-

ing a transceiver module to a particular

value of the total jitter accumulated over
a time interval or transmission of a certain
code is considered as a parameter. With this
approach jitter depends on the transmitted
code sequence and the sampling size. This
method allows initial evaluation of path per-
formance.

Within the constraints of this model,
BER depends heavily on the mutual sig-
nal phase at the input of memory elements
of the first stage of receiver deserialization.
The required condition for receiving correct
data by the receiver is providing the allowed
timing between switching of the data sig-
nal and the clock signal at the trigger input
in the digital part of the receiver, as shown
in Fig. 2. The data should arrive at the input
not later than the minimum setup time
(Tsetup) before the clock signal edge. How-
ever the data should be held at the input after




s JKuTTep LMdpPoBoii yacTu nepenaruuka DJ,, ,,; U TPUEMHHUKA
DJ
*  IXUTTep ApaiiBepa nepenatyuka DJ .y ,q;

RX_DIG>

*  KOJ03aBUCHMBIi JKUTTEP AAHHBIX KAK CIEICTBHE MEKCHMBOJIb-
Hoit uutepdepeHuuu DJ,y,;

* JUKUTTEp yeuuutesst npueMHuka DJpy 403

* (yHKUMOHaJBHBINM Komo3aBUcUMBbI IxuTTep BTC/ (cuctema
BOCCTaHOBJIEHU I TAKOBbIX CUTHAJIOB U3 JaHHBIX, aH1. — CDR)
DJ cpys

* TOMEeXH MO IIMHE NUTaHus nepenaryuka DJ y ,,, 1 IpUEMHUKA

DIy vpps
* IIOMEXM M0 MOMJIOXKKE repenatanka DJ .y g, M IpueMHUKa DJ

suBs
* HEpPaBHOMEPHOCTH Mapa3sUTHBIX CTPYKTYP Ha IIMHAX TAKTOBBIX

curHanoB DJ 4y

B npouecce Kak MpoeKTUPOBaHUSI, TaAK U U3MEPEHUS TOTO-
BbIX 00pa3110B NPUEMOTNEPEeIaTYIMKOB MOXKET BBITIOJHITHCS Nepe-
Jlaya CTaTUYECKUX TECTOBBIX MOCIEA0BATEIbHOCTEN MPOU3BOIBHOMI
IUIMHBL. Hannyue B TaKMX MOCBIIKAX MOCIeN0BaTeJIbHOCTEl OUTOB,
MMEIONINX OJMHAKOBBII JJOTUYECKUI YPOBEHDb, ITPUBOIUT K Bapbu-
pOBaHUIO OUTOBOI YaCTOTHI C TOUKU 3peHM s paboThl 6;10ka BTCII.
IMockonbky BTCJ/I BKIIOYaeT B ce0s1 MHEPLMOHHBIE 3JIEMEHTBI
(c 3agepkKaMu), MOTPEUIHOCTb MOACTPONMKHM (ha3bl CUTHAIA JaH-
HBIX CTAHOBMUTCS 3aBUCUMOI OT MepenaBaeMoii OCIe10BaTeIbHOCTH
u coctaBisieT 10 0,5 MpoTAKEHHOCTH OMTOBOTO MHTEpBaJa.

Bo BpeMms pacueTa 1eTepMHMHUPOBAHHOTO JAXUTTEpa Ha Mpak-
TUKE UMEET CMbICJI TPOBOAUTH pacyeT OMHOBPEMEHHOIO BJIUSHUS
HECKOJIbKMX AETEPMUHUPOBAHHBIX KOMITOHEHT, TAKUX KaK

DJ* =JTF(DJ,,,) +JITF(DJ 1y pe) +ITF(DI 1y pp) +
+JITF(DJ yp) +ITF(DJ gy ypp) +ITF(DJ gy pg) +
+JTF(DJ 1y syp) Y ITF(DJ 1y ) +ITF(DJ ) +

+JTF(DJ yy syp) +ITF(DI gy ypp) +ITF(DI i 1 4y)s 4)

rane JTF (Jitter Transfer Function) — GbyHKIIUS MOACTPONKY IO
ICKUTTED BXOIHOTO cuTHazia 6;okom BTC/I mpueMHuKa.

I/ISAEAI/U[ MHUKPO- 1 OIITOOAEKTPOHUKU OBIIETO
N CIIEITMAABHOI'O HASHAYEHUA

Puc. 5. Bausnue mesxnccumgonvnoil unmepgepenyuu na 01umeabHoCms
oumosoeo unmepsana

Fig. 5. The influence of the intersymbol interference on the bit interval
length

[MpuBeneHHBII KO BXOAY TPUTTEPOB MPUEMHUKA OUTOBBIN MHTEP-
BaJ paBeH

Ul = UI - DJ* — Tsetup,,, — Thold,,, ®)

B npouecce pazpaboTKu MpuemMornepeaaTInKoB TpaHCIUPYEeMblid
ITOTOK JaHHBIX TPUHUMAETCS TICEBIOCTYYallHBIM B pAMKaX KOHKPET-
Hoil konupoBkU. Kak mokas3aHo paHee, COCTaBISIONIEH 1eTEPMUHU-
POBAHHOTO KUTTEPA BHICTYIIAeT MEXCUMBOJIbHASI MHTEepDepeHIIns,
YPOBEHb KOTOPOI 3aBUCHT OT IepeaaBaeMoro Kojaa. BosHukarormas
MPEABICTOPUSI IJIUHOM B HECKOJBKO OUTOB MPUBOAUT K BapUAIIUK
IUTUTEJIBHOCTH OTAEIbHOTO OMTOBOrO MHTEpBaia (puc. 5).

JlaHHasi MOJIeJ/Ib YUUTHIBACT PAa3INvMe B IJIMHAX OUTOBBIX MHTEP-
BaJIOB, 3aBUCSIINX OT MOCJENI0BATEILHOCTU MepelaBaeMbIX JaH-
HBIX. AJITOPUTM aHaJIM3UPYET MepeJaBaeMblil KO, COCTaBIIsIsl OUTO-
BbIC IA0JIOHBI, YYUTHIBAIOIINE MPEIBICTOPUIO IIMHOM B HECKOIBKO
OuTOB naHHbIX. Hanpumep, eciiu ajaurHa mabjioHa paBHa 5, o0liee
yucyo mabaoHoB OyaeT paBHO 32. B 3TOM cilyyae XapakKTepUCTUKU
rocjeHero 61urTa 3aBUCAT OT MOCJIEOBATEIBHOCTH MPEAIIECTBY-
JOLIMX YeThIpeX OUTOB. [IpMHUMAsI MOTOK JaHHBIX OECKOHEYHBIM,
aJITOPUTM PACCYUTHIBACT BEPOSITHOCTH MOSIBJICHUSI TOTO UJIU KHOTO
mabioHa, puaaBas UM BecoBoit KoadduumeHt P;:

the clock signal edge for as long as the mini-
mum hold time (Thold). If any of the condi-
tions is not met, the writing of correct infor-
mation is considered to be impossible.

In the presence of phase noise, the receive
error probability increases if either the data
arrive too late relative to clock signal switch,
or the data are held at the input for not long
enough.

The probability density of the edges of the
investigated signals is described as nor-
mal distribution. Error occurrence can
be regarded as simultaneous occurrence
of two accidental events when the condition
of timing between the arrival of the clock sig-
nal and the data signal is not met. Figure 3
demonstrates the distribution of the proba-
bility density of an event when the minimum
TSetup condition is not met.

The method relies on the principle

of building and using a statistical probability

model of error occurrence during transmis-
sion of a single bit. At first the transmission
path organization is analysed and the jitter
of separate blocks in the signal path is calcu-
lated. It has been proposed to consider the
resulting jitter as normalized to the clock sig-
nal jitter relative to the data stream received
at the input of memory elements of the first
stage of receiver deserialization. Next, the
probability density of non-compliance with
the requirements of minimum setup and hold
time during the writing is calculated (1):

(x-m)’

e 2 , )

DPC =

c¥2n

where o is the root mean square deviation
of the distribution of the clock signal tran-
sition moment in the bit interval, x is the
current value of the clock signal transition
moment, m — the mathematical expectation
of the transition moment.

The final step of BER calculation con-
sists in integrating the distribution calculated
on the intervals corresponding to bit error
occurrence (2):

ur

BER=1— JDPC(t)dt , )

where Ul is the bit interval of the data signal.

This approach allows calculating bit error
ratio within a relatively short time. Never-
theless the accuracy of the obtained result
depends to a great extent on the correspon-
dence of the model to the device being devel-
oped. Next section describes the aspects sig-
nificantly improving the accuracy of the cal-
culation.

THE METHOD OF BER
EVALUATION

The elements of the data transmission path
may generate both random and deterministic




AOKAAABI KOH®EPEHIIUU

p="m, ©)

rne D — nnauHa mab6ioHa B 6utax, N — oOlee 4nciio nepeaaHHbIX
6uTOB, M, — 4MCJIO0 TOBTOPOB i-T0 11abJI0HAa B BEIOOPKE U3 MepeaH-
HBIX OMTOB.
IMpu 3TOM DYHKIMS MIOTHOCTU BEPOSITHOCTU IJISI KAXIOTO
U3 ciiyyaeB OyeT UMeThb BUJT
1 (x-m)?

DPC =—r——e ™
oi2n

, (7

rae m, — MaTeMaTU4eckoe OXXMIaHMe NSl KaXI0ro U3 BapUaHTOB
pacrpejieseHus.

Hanunuwue nByx u 6osiee MAKCUMYMOB pacrpeaeieHusi MOMEHTa
npuxoaa 6MTa TaHHBIX O3HAYaeT, YTO B hopMyie (4) OyayT cBou ca-
raembie JTF(DJ,,,), a dopmyne (3) OyayT UCTIOIB30BaHbI CBOM Tpe-
JIeJIbl MHTETPUPOBAaHUsI B COOTBETCTBUM C KaXbIM U3 MAKCUMYMOB
pacnipenejieHus curHasa naHHbiX. [1pu aTtom CKO daszbl aast Kax-
JIOTO U3 pacrpeiesieHU i MpUHUMaeTcs OTHUM 1 TeM xe. Dopmyia (3)
npeodpasyercst B hopmyty (8) st Kax10ro u3 1abJIoHOB:

I-UI—(DJ‘RX/Z)—Tho[d

BER, =1— J " DPC,(t)dt , ®)

(UJIFA/U+TA2WP“||H

rne DJ* — pesynbTUpyOMUil TETEPMUHUPOBAHHBINA TXUTTEDP
Ha BXOJIe TPUTTepa MPUEMHUKA JIJIs KaXJI0T0 U3 CIIy4aeB.

Takum o6pa3om, BER mo dase curHanos Oynet siBIATbCS ajre-
O6panyeckoii cymmoii BER st Kaxaoro U3 mabJ0HOB € YYETOM UX
BECOBBIX KO3(DDUILIMEHTOB:

BER=Y\(P-BER), ©

J=1

roen = 2” KonuyecTBO MUCCICIOBAHHBIX MAKCUMYMOB pacripeaciCHUA.

jitter. Random jitter (RJ) is similar to noise, .
which makes it possible to define it using .
the gauss distribution of the signal transition
moment. In this case the mathematical expec- .
tation and the root mean square deviation will .
be the parameters. The RJ of the clock signals
and the data signals are normalized to the .
clock signal jitter relative to the data bit inter-

ter DJ o pp;

the jitter of the transmitter driver DJy
the code-dependent data jitter as a result

the jitter of the receiver amplifier DJyy 53
the functional code-dependent CDR jit-

the noise on the power rails of the trans-

OIHUM M3 OCHOBHBIX MCTOYHMKOB CJIY4YalHOTO IKUTTEpa
cuctembl sapasietcst DAY nepenatuuka. CTeneHb MOAaBICHUS
($a30BOTO LIyMa BHEIIHEr0 OMOPHOTO CUTHAJIa 3aBUCUT OT Tapame-
TpoB HUJIbTpa U 6JIOKOB KOHTYpa YMHOXUTEN S YaCTOThI. JIKUTTEP
BBIXOJIHOT'O CUT'HaJIa IaHHBIX MepeJaTyrKa BKJIoYaeT B cebs ciayyaii-
Hblit LxxkuTTep @ATTY, cocTosnnii M3 COGCTBEHHOrO IymMa 6JJ0KOB
M TOM cocTaBiisiioleil (pa3oBOro myMa ormopHoOro curHazia, Koropas
He Obl1a monapyieHa cuctemoir GATTY.

CucreMa BOCCTAHOBJIEHUSI TAKTOBOTO CUTHAJA M3 JaHHBIX MTPO-
W3BOJUT MONCTPOIKY (ha3bl TAKTOBOTO CUTHAJIA TiepelaTInKa Mol
a3y curHaza gaHHbIX. TakKuM 00pa3oM, IPOUCXOAUT MOJaBICHUE
CJIy4aiiHOTO AXKMUTTepa JaHHBIX, TPUBEIEHHOTIO KO BXOAY TPUTTEPOB
npueMHuka. CTerneHb MOAABJICHUS 3aBUCUT OT MapaMeTpoOB OJ0Ka
BTCI.

[MpennoxeHHas METOAMKA BKJIIOYAET B Ce0s1 MaTeMaTUYECKYIO
Mmozenb 6;10koB DATTY u BTC/I, 4T0 MO3BOJISIET pacCUUTATD PE3YJib-
TUPYIOLIUI CIydaifHBII AKUTTEP, OKa3blBaIOLIUIA BIMSIHUE HA pac-
yetHbIil BER.

Ecnu ¢a3a TakTOBOTO CHTHAaJIa OTHOCUTEIBHO (ha3bl MpHuHUMAae-
MBIX JaHHBIX BEIXOIUT M3 00JIACTU JOTYCTUMBIX 3HAUCHU 1, BOZHU-
KaeT omnoka 3anucu. OQHaKO B ciyyae 3alucH Mocjaen0BaTeIbHO-
CTU OMTOB, UMEIOIINX OMMHAKOBBII JIOTMYECKUI YPOBEHb, JTaHHBIC
OyayT 3amKucaHbl BEpHO, YTO AejaeT pe3yabrat ouieHku BER 3aBucu-
MBIM OT TIepelaBaeMoro Koja.

Eciu BesiMuMHA IXKUTTEpa TAKTOBOTO CUTHAJa HE MPEBbILIAET
IUIUTEIbHOCTU MPUBEIEHHOTO KO BXOAY TPUITEPOB MPUEMHMKA
OMTOBOTO MHTEpPBAJa, TO OLIMOKA 3aITMCU MOXET MPOU30MTH MpU
M3MEHEHU U JIOTUYECKOTO YPOBHSI CUTHAJIa JaHHBIX Ha OHOM U3 Tpa-
Hu1 6uta. CiienoBaTeIbHO, 11eJIeCO00pa3HO pacCMaTPUBATh, TOMUMO
BER, yacTtory om0k npu nepejaye JOrn4eckux rnepernagonB cCur-
Hajla JaHHBIX. YCpedHeHHas 4acToTa IMepernaaoB JOTUYECKOTO
YPOBHSI TOTOKA JTAaHHBIX UMEET BUJL

influence of several deterministic compo-
nents, such as:

of intersymbol interference DJ,,;

DJ = JTF(DJ ;) + JTF(DJT)LDG) +
+JTF(DJ 1y pg) +ITF(DJ ) +
TITFDT . yyp) +ITE(DT ) +
TITF(DJ 1y sy5) +JTF(DJ 1y ypp) +

val. Deterministic jitter (DJ) is bounded from
above by a maximum value. High frequency
DJ results in bit interval reduction. Figure 4
shows bit interval reduction in the presence
of high frequency deterministic jitter.

Consequently, when the probability den-
sity is integrated in formula (2), it transforms
into formula (3):

UI—(DJ/2)~Thold,

BER=1— j

(DJ/2)+Tsetup,

DPC(t)dt. (3)
The components of the deterministic jit-

ter are:

» the functional jitter of the phase-locked
loop of the transmitter DJ,,,;

+ thejitter of the digital part of the transmit-

ter DJy ,,qand the receiver DJyy 65

mitter DJyy ), and the receiver DJy 1)

* noise on the substrate of the transmitter

DJ;y gypand the receiver DJ gy g p3
« the irregularity of parasitic structures

on the clock signal rails DJ;; ¢ ;-

The processes of designing and measur-
ing ready transceiver prototypes may both
include transmission of static test sequences
of arbitrary length. The presence of bits with
the same logical level in these sequences leads
to varying bit frequency in relation to CDR
block operation. As far as the CDR block
includes delay elements, the data signal phase
adjustment inaccuracy becomes dependent
on the transmitter sequence and may account
for up to 0.5 of the bit interval length.

During the real-world calculation stage
it is reasonable to calculate the simultaneous

+JTF(DJ ) +JTF(DJ gy 5) +
+FITF(DJ gy ypp) TITF(DI i 149),  (4)

where JTFis the Jitter Transfer Function.
The bit interval normalized to the receiver
trigger input is equal to:

Ur = Ul — DJ* — Tsetup,,, — Thold, . (5)

In the process of transceiver designing the
transmitted data stream is considered as pseu-
dorandom within the limits of a particular
encoding. As can be seen above, one of the
components of the deterministic jitter is the
intersymbol interference, whose level depends
on the transmitted code. The emerging pre-
history of several bits long causes a variation
of a single bit interval in length (Fig. 5).




f,=(N1+NZ+N3+N4+NS)~%, (10)

rae f, — yacToTa rnepenajos JOrM4ecKoro ypoBHs CUTHaja JaHHBIX
nis 8b/10b koma, N, — 4MCI0 MOCAEIOBATEIbHOCTEN ONMHAKOBBIX
OUTOB INIMHOI i, M — ob1iee Ynucsio OMTOB B MepelaHHOM MOChLIKe,
f, — 6uTOBas 4acTOTa Mepeaayun.

JlaHHBI MOAXOL MO3BOJISIET NOJYUYUTh O0Jiee TOUHOE 3HaUYeHUe
YacTOTHI OMTOBBIX OIIMOOK B Ipoliecce Nepeaayy Npou3BOIbHOMN
MOCHIJIKM JaHHBIX TP U3BECTHOM aJITOPUTME KOOUpoBKHU. Hampu-
Mep, TOTOK TaHHBIX, 3aKOIMPOBAHHBI 10 anroputmy 8b/10b, umeet
YCPEIHEHHYIO YacTOTY Mepenaaos, B Ba pa3da MEHbIIYIO OUTO-
Boit yactotsl. [Ipu npoBeneHuu ouenku BER npennaraercs nenath
MOIMpaBKy Ha COOTHOILIEHUWE OUTOBOI YaCTOTHl U YCPEIHEHHOM
YaCTOTHI MepeaBaeMbIX MepernagoB JOTMUECKOro ypoBH S CUTHaa

I/ISAEAI/U[ MHUKPO- 1 OIITOOAEKTPOHUKU OBIIETO
N CIIEITMAABHOI'O HASHAYEHUA

S D

Puc. 6. Bapuanmer 63aumHoil a3zl cueHanoé Ha 6xooe 0OKOHeHHO20
Myabmuniexcopa nepedamuuxa

Fig. 6. Variations of the mutual signal phase at the input of the terminating
transmitter multiplexer

JAHHBIX.

TakuMm obpa3om, npeajaraemMass METOAMKA OLIEHKU 4YaCTOTBI

BO3HUKHOBEHMSI OMTOBBIX OIIMOOK CBOIUTCS K ciaenyrmunum

mraram:

© BI:160p KOJOBBIX IMOCJIEI0BATEIbHOCTEM, 1J151 KOTOPBIX 6yI[CT npo-

BOAMTHCS pacueT. Hapsay co craHmapTHBIMU 11a6JI0HAMU GUTOB,

rnepenavya KOTOPBIX MpearoiaraeTcs Mpu HoOpMaabHOM paboTe

YCTPOMCTBA, 1eJIeCO00pa3HO B MPOrpaMMy pacueTa BKJIIOUUTh

HauXyqUIne MmocCjacaoBaTCIbHOCTH, BbI3bIBAIOIIUE IKUTTEP HAU-

OOJIBIIICH BETUINHBI,

* aHaJu3 BECOBBIX KO3 GULNEHTOB (P,) 111a6I0HOB OUTOB BHYTPU

nocJjienoBaTeJIbHOCTE! U pacyer preHHCHHOﬁ YaCTOThI U3MECHE-

HUSI JIOTUYECKOTO YPOBHSI MOTOKA TaHHBIX;
* pacyeT JeTEePMUHUPOBAHHOIO AXUTTepa LUGPOBOTO TpaKTa,
JIMHUM Tiepenadyu u pyHkuuoHasbHoro nxurrepa BTCH nas

Ka’XJI0ro 11abjaoHa OUTOB;
* pacyeT ciayyvaiiHoro mxuttepa GAITY;

This model takes into account the dif-
ference in bit interval lengths which depend
on the transmitted data. The algorithm anal-
yses the transmitted code and compiles bit
patterns including the pre-history of sev-
eral bits in length. For example, if the pat-
tern length is 5, the total number of patterns
will equal 32. In this case the characteristics
of the last bit depend on the sequence of the
preceding four bits. Taking the data stream
as infinite, the algorithm calculates the prob-
ability of a pattern by adding a weighting fac-
torof P;:

©)

where D is the bit length of a pattern, N — the
total number of the transmitted bits, M, — the
repeat count of the j™ pattern in the sampling
of the transmitted bits.

The function of probability density for
each of the cases will have the following form:

DPC =———¢ 2 | )

(cnaownas)

Puc. 7. BER duaepammel 0as cayuas A (npepvieucmas) u cayvas b

Fig. 7. BER graphs for cases A (dashed) and B (solid)

where m;, is the mathematical expectation for
each of the distribution options.

The existence of two or more maxima
of distribution of the data bit arrival moment
means that formula (4) will have different
addends JTF(DJ,,;) and formula (3) will have
different limits of integration in accordance
with each of the maxima of the data signal dis-
tribution. In this case the root mean square
deviation of the phase for each of the distribu-
tions is considered the same. Formula (3) trans-
forms into formula (8) for each of the patterns:

BER, 1 J/-UI—”(VD./,RX/Z)—ThoIdW" DPC,.(I)dl‘ L ®
(DI 2)+ Tsetup,yi,
where DJ*"is the resulting deterministic jit-
ter at the receiver trigger input for each of the
options.

Therefore, BER of the signal phase will
be the algebraic sum of BER values for each
of the patterns with account of their weight-
ing factors:

BER = i(e -BER), )

=

where n =2" is the number of investigated dis-
tribution maxima.

PLL of the transmitter is one of the
main sources of random jitter of the system.
The degree of phase noise suppression of the
external reference signal depends on the
parameters of the filter and the frequency
multiplier circuit blocks. The data output sig-
nal jitter of the transmitter includes the ran-
dom PLL jitter consisting of the internal block
noise and the component of the reference sig-
nal noise which was not suppressed by the
phased-locked loop system.

The system of clock and data recovery
adjusts the transmitter clock signal phase
to the data signal phase. This way the random
data jitter normalized to the receiver trigger
input is suppressed. The degree of suppression
depends on CDR block parameters.

The proposed method includes the math-
ematical model of the PLL and CDR blocks,
which allows calculating the resulting random
jitter influencing the calculated BER.

If the clock signal phase relative to the

received data phase is beyond the tolerance
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Fig. 8. A 3D BER graph demonstrating the relation of the phase margin of the receiver adjustment rel-

ative to the incoming data phase to the nominal value of the damping capacitor of the supply stabilizer

* pacyeT CIIy4aiiHOTO JXUTTEpa BHIXOJAHOTO TAKTOBOTO CUTHAJa
BTCJl oTHOCcUTENbHO (ha3bl MOTOKA JaHHBIX;

* TIpuBeNeHHE KOMIIOHEHT IKUTTEePpa KO BXOLY SJIEMEHTOB MaMsITH
TIepBOH CTYTIEHU Jleceprain3aliy TPUEMHIKA;

* MHTErpUpoOBaHUE paclpeeieHus MJIOTHOCTUA BEPOSITHOCTE
C MONPAaBKOW Ha 4aCTOTYy M3MEHEHUS JIOTUYECKOTO YPOBHSI

IIOTOKA JaHHBIX,

* mnojydeHue pesyabrupyoiiero BER s kaxmoit KomoBoii mocie-

JI0OBATEJIbHOCTU OUTOB;

* noctpoeHue BER-nuarpaMmbl — 3aBUCMMOCTH YaCTOThI OLIMOOK
OT MOJIOXKEHMSI TAKTOBOTO CUTHAJIa MaMSITH IIPUEMHIKA OTHOCHU-
TEJbHO MPUHUMAaEeMOro OMTOBOTO MHTEpBaa.

range, a writing error occurs. However, if
a sequence of bits with the same logical level
is written correctly, the BER evaluation result
will depend on the transmitted code.

If the value of the clock signal jitter does
not exceed the length of the bit interval nor-
malized to the receiver trigger input, a writ-
ing error may occur upon changing the log-
ical level of the data signal at one of the bit
boundaries. Therefore, there is a good rea-
son to consider, besides BER, the error rate
occurring at transmitting logic transitions
of the data signal. The average rate of logi-
cal level transitions of the data stream is writ-
ten as:

f,:(NI+NZ+N3+N4+N5)-%, (10)

where £, is the transition rate of the data signal
logical level for 8b/10b code, N, — the number
of sequences of the same bits of i length, M —
the total number of bits in the transmitted pat-
tern, f, — the transmission bit rate.

This approach allows obtaining a more
accurate value of the rate of the bit errors

occurring in the process of transmission

curHaza GATIY.

IMIPUMEHEHUWUE METOAUKN
Pa3zpaboTanHas MeToanKa OblJa UCIOJb-
30BaHa MpPU MPOEKTUPOBAHUU MYJIBTUCKO-
POCTHOTO TIpueMoIrepenaTyrmka mociaeao-
BaTeJIbHOrO KaHaJja craHaapra SpaceFibre,
paboTapuiero Ha yactorax ot 5 Mourt/c 10
3,125 T6ut/c, B uensix ymenbinenusi BER.
Pesynbrarel otilenku BER nmo3Bosiuiau npo-
WU3BECTH CEPUIO YIYUIICHU I KOHCTPYKIIN U
npueMornepenaTynka. Hekoropsie 3 HUX
OIMCaHBI Jajee.

B uensix obecrieuenus nepenauyu OUTOB
B LIMPOKOM IMana3oHe CKOPOCTei pa3pa-
6oTaH OJIOK CHHXPOHU3AllMU JAepeBa Tak-
TOBBIX CUT'HAJIOB, TaKXe LM(ppoBas 4yacTh
pasaejieHa Ha JiBa MapaJjebHbIX KOHBEM-
epa DJaHHBIX aJs1 pabotsel B HUY-o06macTu
(5—125 M6ut/c) u BY-ob6mactu (1,25—

2,5 Tout/c). Ilepemaya Ha dYacToTe

3,125 I'éut/c mocturaercs MyTeM yBEJIUUYEHUS] YACTOTHI OITIOPHOTO

HudpoBas 4acTh BoIMONTHsIET GYHKIINIO CBEPTKHU TPYIII Mapai-
JIeJbHBIX OUTOB B MOCJEIOBATEIbHBIN MOTOK. B pamkax maHHO#
paGoThl MPUHUMAETCS, YTO DYHKIIMOHATbHbBIE OIIUOKH, a TAKXKe
OLIMOKM, CBSI3aHHBIE C HapyLIeHWeM TpeOoBaHUIA 1O ObICTPOICH-

CTBMIO B OJ0KaX CUHXpOHU3aALUUUN A€peBa TaAKTOBBIX CUTHAJIOB,

a Takxe B 0JloKax TPYMIIOBBIX Olepaluii, OTCYyTCTBYIOT. TeMm caMbiM,

BHUMaHUEC YICIICHO HEIAM OMTOBBIX onepaum‘z’l KakK pa6OTalOU.IWM

of an arbitrary data pattern using a certain

coding algorithm. For example, the average

transition rate of the data stream encoded by
8b/10b algorithm is half as large as the bit rate.

It is proposed to make a correction for the

ratio of the bit rate and the average rate of the

transmitted logical level transitions of the data
signal in the process of BER evaluation.

Summarizing the above, the proposed
method of bit error rate evaluation resolves
into the following steps:

« selection of code sequences for which the
calculation will be performed. It is advis-
able to include the worst patterns causing
the largest jitter in the calculation along
with the standard bit patterns to be trans-
mitted under normal device operation;

« analysis of the weighting factors (Pi) of the
bit patterns in the sequences and calcula-
tion of the average rate of the logical level
transition of the data stream;

+ calculation of the deterministic jitter of the
digital path, transmission line and the
functional CDR jitter for each of the bit
patterns;

» calculation of the random PLL jitter;

Ha 4acToTax, COMOCTAaBUMBIX C OMTOBBIMU YaCTOTAMU IMepeaayu,
a takxke 6sokam PATIY u BTC/I. [lanee npeacTaBieHbl TPUMEPHI
WCTIONb30BaHUsI pa3pabOTAHHOU METOIUKH.

+ calculation of the random jitter of the out-
put clock CDR signal relative to the data
stream phase;

* normalizing the jitter components to the
input of memory elements of the first stage
of receiver deserialization;

* integrating the probability density with the
adjustment for the rate of the logic transi-
tion level of the data stream;

« obtaining the resulting BER for each code
bit sequence;

» construction of a BER diagram — the vari-
ation of the error rate with respect to the
position of the clock signal of the receiver
memory relative to the received bit inter-
val.

APPLICATION OF THE METHOD
The developed method was used to reduce
BER in the process of designing a SpaceFibre
compliant multispeed serial channel trans-
ceiver operating in the 5 Mbit/s—3.125 Gbit/s
frequency range. The BER evaluation results
allowed a series of improvements in the trans-
ceiver design. Some of them are described
below:




OCHOBHBIM UCTOYHUKOM D‘]TX pc 1€peaaBacMblX NJaHHBIX

SIBJISIETCS BBIXOAHOM MYJIBTUILIEKCOD 2 B 1, IpeoOpa3youiunii 1sa
napaJiieJbHBIX MOTOKA JAaHHBIX B MOCJeN0BaTeAbHBII. B mpo-
ecce cepraan3aluy NPOUCXOIUT MPOMOPLUUOHATBHOE YMHO-
JKeHUEe YaCTOThl CUTHaJa, YTO YBEJIMUYMBAET OTHOLIEHUE AeTep-
MUHUPOBAHHOIO JXKUTTEePa K AJUTEIbHOCTH OMTOBOTO MHTEP-
Baja. Bapyauuu TexHOJOTMYeCcKOro npoiecca, a Takxe u3mMe-
HeHUe TeMIepaTypbl NPUOOPOB NMPUBOIAT K Apeiidy CUTHATIOB
aapeca C Ha BXolle MYJIBTUIIJIEKCOPA MO OTHOLIEHU IO K CUTHaJIaM
MYJbTUIIIUIUPYEeMbIX TaHHBIX DI u D2. PazpabotanHast MeTO-
nuKa OblJla TPUMEHEHA B LeJsX onpeaesieHus 3asucumoctu BER
OT TUTIA B3aUMHOU (ha3bl CUTHAIOB Ha BXONe MYJbTUILIEKCODA.
PaccmoTpenbl aBa Tumna GopMUPOBAHU S TAKMX CUTHAJIOB: CO B3a-
MMHBIM CMEIIIEHUEM CUTHAJIOB JaHHBIX (puC. 6a) u 6e3 cMeLIeH st
(puc. 606).

Ha puc. 7 npencraBiensl BER-nuarpammbl as ciiyyaeB A u b.
Hcnonb3oBaHUe CXeMbl, COOTBETCTBYOIIIEH ciyyato b (cnonHas
KpuBasi Ha rpaduke), MO3BOJISIET YBEJIMUYUTD 3arac Mo3MLLMOHMPOBa-
HUsI TAKTOBOT'O CUTHaJIa BHYTpH 6uToBOro nHTepBasa Ha 10 %. @op-
MUPOBaHUE CMEIIEHHBIX JaHHbIX TPEOYET UCIOJIb30BAHU ST HECKOJIb-
KuX a3 BBICOKOYACTOTHBIX TAKTOBBIX CUTHAJIOB, UYTO YBEJIUUYUBAET
CJIOXXHOCTb YCTpOlcTBa nepenarynka. OgHaKo JaHHOE pelleHue
SIBJISIETCS 11eJIeCO00Pa3HBIM, MMOCKOJIBKY OHO MO3BOJISIET NOCTUYD
3HAYMTEJILHOTO MMPUPOCTa 3armaca 1o dase.

CHUHXpPOHHOE MepeKTI0YeHe 2JIeMEHTOB HU(GPOBOTO TOMEHA
nmpueMornepenaTynka, a Takxe HaJluuue MapasuTHBIX MHAYKTUB-
HOCTeil Koprnyca NMPUBOASAT K MOsiBAeHUIO nyiabcauuit (170 mB)
MO IKMHAM MUTaHUS U 3eMJIU. DTO MPUBOAUT K BOSHUKHOBEHUIO
JOTIOJHUTEIBbHON 1eTePMUHUPOBAHHON (ha30BOil OLIMOKHU B TpaKTe
CJIeIOBAHUS JaHHBIX, @ TAKXKe€ K YBEJMUYECHUIO IXKUTTEpa OJOKOB
DATIY u BTC/,. B 1ensix yMeHbIIIEHU sI B3aUMHOTO BIIUSIHUSI OJIOKOB

I/ISAEAI/U[ MHUKPO- 1 OIITOOAEKTPOHUKU OBIIETO
N CIIEITMAABHOI'O HASHAYEHUA

JIpYT Ha ApyTra o0lIve HMHBI MTUTaHWs TPUEMHKMKA U TiepeaaTymkKa
OBbIJIM pa3jesieHbl Ha OTAEJbHbIE 00JacTU 151 HU(MPOBBIX U aHAJIO-
roBbIX 1OMeHOB. KaXablii TOMEH MUTAETCS OT MOHUXAIOIIUX CTa-
OMJIM3aTOPOB HaMpsikeHUst ¢ 2,5 no 1,2 B. DTo Mo3BOJIMIO CHUBUTH
nyjabcaluu mHbl nutanus 1o 30 mB. Ha puc. 8 uzobpaxeHa tpex-
mepHast BER-nuarpamma, onuceiBaroniasi napaMeTpuyeckyto 3aBu-
CUMOCTb YaCTOTHI OLIMOOK OT AeMTI(pUPYIOIIEii EMKOCTH CTaOMIN3a-
TOPOB HaTPSIXKEHM S TTepeaaTInKa.

B cooTBeTCTBMM ¢ TOJIyUEeHHOU 3aBUCUMOCTBIO OBIJT BHIOpAH
HOMUHaJ KoHeHcaTopa, paBHbI 100 nd, KaK KOMITPOMUCCHBI it
C TOYKM 3PEHUS BEJIMUMHBI JDKUTTEpA JaHHBIX U 3aHUMaeMOii 1J10-
maau.

Moaudukauum ycTpoiicTBa nepejarymka 1 NIpueMHuUKa Mpu-
BEJIM K YMEHbIIEHU IO JXKUTTEPA TAKTOBBIX CUTHAJIOB U TepenaBae-
MBIX TaHHBIX, UTO, coryiacHo BER-nunarpammam, 1o3BoJiniio yBeiau-
4UTh (Ha30BBI 3aMmac MOACTPONKY TAKTOBOTO CUTHAJIA TPUEMHUKA
o1 TpUHUMaeMble faHHble Ha 20 %.

3AKAIOYEHUE

[IpoBeneHa pa3paboTKa yHUBEPCAIbHON METOIMKY OLIEHKH 4aCTOThI
BO3HUKHOBEHU S 6MTOBbIX olIn60K (BER) B mpuemonepenatunkax
MOCJIeJ0BaTeIbHOrO KaHaJla Ha 3Tale MPOeKTUPOBAHUS.

JlaHHas METOMKA UCIIOJIb30BaHa B IIpoLiecce pa3paboTKU MYJIb-
TUCKOPOCTHOTO MpueMoriepenaTunka crangapra SpaceFibre, pa6o-
TaIIEro Ha yacToTax ot 5 MouTt/c no 3,125 I'6ut/c. [IpousseneHa
ONMTUMU3ALMS IO KPUTEPUIO MUHUMAJIBHOTO AXUTTEPa KaxXI0TO
U3 KPUTUYHBIX OJIOKOB YCTPOUCTBA, UTO MO3BOJISIET YBEIUUUTH (ha3o-
BBIil 3amac MoACTPONKHU TAKTOBOI'O CUTHaJIa IPUEMHUKA OTHOCH-
TeJbHO (ha3bl IPUHUMAEMbIX TaHHbIX Ha 45 %.

ABTOpPBI CYMTAIOT, YTO B JAHHOI paboTe HOBBIMH SIBJISIIOTCS Clie-
NYIOLIE ITOJIOXEHUS:

To provide bit transmission in a wide speed
range, a clock signal tree synchronization
block has been developed. The digital part
has been divided into two parallel data pipes
to provide operation in the low-frequency
(5—250 Mbit/s) and the high frequency (1.25—
2.5 Gbit/s) ranges. Transmission at the fre-
quency of 3.125 Gbit/s is provided by means
of increasing the frequency of PLL reference
signal.

The function of the digital part is to con-
vert groups of parallel bits into a sequential
stream. This paper assumes that there are
no functional errors as well as errors con-
nected with the non-compliance with the
speed performance requirements on clock
signal tree synchronization blocks and group
operation blocks. The paper focuses on bit
operation chains as operating at the fre-
quencies comparable to transmission bit fre-
quencies as well as on PLL and CDR blocks.
Below you will find examples of the developed
method application.

The output 2-in-1 multiplexer converting
two parallel streams into a serial one is the

main source DJ, . of the transmitted data.

The signal frequency is multiplied proportion-
ally during the serialization, which increases
the ratio of the deterministic jitter to the bit
interval length. Variations of the technol-
ogy process and the device temperature result
in C address signal drift at the multiplexer
input relative to D1 and D2 signals of the data
being multiplied. The developed method was
used to determine the dependence of BER
on the type of the mutual signal phase at the
multiplexer input. Two types of such signals
have been considered: with a data signal shift
(Fig. 6 A) and without it (Fig. 6 B).

Figure 7 presents BER graphs for A and B
cases. The scheme corresponding to B case
(the solid line on the graph) allows increas-
ing the positioning margin of the clock sig-
nal within the bit interval by 10 %. Forming
shifted data requires several phases of high-
frequency clock signals, which complicates
the transmitter design. Nevertheless, this
solution is feasible because it provides a sig-
nificant phase margin increment.

Synchronous switching of elements of the
transceiver block digital domain as well
as parasitic inductances of the package

cause pulsations (170 mV) on the power and
grounding rails. This induces an additional
deterministic phase error in the data path
and higher PLL and CDR jitters. To reduce
the mutual influence of the blocks, the com-
mon power rails of the transmitter and the
receiver should be split into separate areas for
the digital and the analogous domains. Each
domain is supplied with 2.5 to 1.2 V voltage
step-down stabilizers. This reduced the sup-
ply rail pulsations to 30 mV. Figure 8 shows
a 3D BER graph which describes the para-
metric dependence of the error rate on the
damping capacity of the transmitter voltage
stabilizers.

According to the obtained relation, the
nominal value of the capacitor has been cho-
sen to be 100 pF, which is a trade-off between
the data jitter and the occupied area.

Modifications in the design of the trans-
mitter and the receiver allowed reduction
in the clock signal jitter and the transmitted
data jitter, which, according to BER graphs,
increased the phase margin of the receiver
clock signal adjustment in accordance with
the received data by 20 %.




AOKAAABI KOH®EPEHIIUU

KOMITJIEKCHBIM cTaTUCTUYeCKUit aHanu3 3aBucumoctu BER
OT pabOTHI CTPYKTYPHBIX 3JIEMEHTOB ITPUEMOTIEpeIaTunKa;
00paboTKa yHMKaJIbHBIX 111a0JJ0HOB OUTOB B COCTaBe MepeaaBae-
MOi1 MceBaOCIyYaiiHOM KOAOBOI MOCIe10BaTEIbHOCTHU C UX BECO-
BbIMU KO3 DUILIMEHTAMU;

OLIEHKA BEPOSITHOCTU BO3HUKHOBEHMSI OUTOBOM OIIMOKHU MpHU
M3MEHEHUHU JIOTUYECKOr 0 YPOBHS IepesaBaeMoro curHazia
JIaHHBIX.

VYyer kiatoueBbIX (GaKTOPOB, BAMSIOIMINX HA AXUTTEP TpaKTa

TPAaHCIAL WU JAaHHBIX, @ TAKXE UX BApMATUBHOCTb BHYTPU MOIECIN

obJieryaror IIPOBECACHUE CUCTEMHOI'O aHAa/IM3a paGOTI)I CTPYKTYPHBIX

DJIEMEHTOB IIpUEMOIIEPpENAaTUYM KA B LEJIAX ITOUCKaA 6JIOKOB, BHOCAIIUX

HauOonbIINii BKJIaa B yBeanyeHue BER ¢ nmocnenyouieit ux ontu-

MU3aLUE.
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CONCLUSIONS

A universal method of evaluating the bit error
rate (BER) in serial channel transceivers
at the design stage has been developed.

This method was applied in the process
of developing a SpaceFibre compliant mul-
tispeed transceiver operating at frequencies
of 5 Mbit/s—3.125 Gbit/s. Each of the criti-
cal blocks of the device was optimized with
respect to the minimum jitter requirement,
which resulted in increasing the phase mar-
gin of the receiver clock signal adjustment
in accordance with the received data phase by
45%.

The authors consider the following results
as novel:

« comprehensive statistical analysis of BER
dependence on the functioning of the
transceiver structural elements;

* processing unique bit patterns within the
transmitted pseudorandom code sequence
with their weighting factors;

ol ‘ oo

« estimating probability of a bit error occur-
ring on changing the logical level of the
transmitted data signal.

Taking account of the key factors influ-
encing the data transmission path jitter as well
as their variability within the model simplifies
the system analysis of the transceiver struc-
tural elements functioning in order to find the
blocks that contribute most to increasing BER
with their further optimization.
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