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B paboTe BBIITOJTHEH aHAIU3 apXUTEKTYPHBIX M CXeMOTEXHUUYECKUX PEIICHU# pa3dpabaThiBaeMbIX CKOPOCTHBIX ITPHUEMOTIC-
penaryukoB ¢usnveckoro yposHsa (PMA) s noptoB SpaceFibre u GigaSpaceWire. OrnipenesieHbl ONTUMalbHble HAOOPbI
MIPOrpaMMUPYEMBbIX CTAHIAPTHBIX OMTOBBIX YacToT. [IpeaioxkeHa yHUBepcalbHasi apXUTEKTypa IIprueMoIiepenaTanka.
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The article analyses architectural and circuit design solutions for high-speed physical medium attachment (PMA) for

SpaceFibre and GigaSpaceWire ports. Besides, it identifies optimal sets of programmable standard bit frequencies and proposes

a universal transceiver.
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BBEAEHUE
AKTyaJbHBIM BOIPOCOM Pa3pabOTKU CKOPOCTHBIX NpUeMoIiepe-
naTtyukoB dusuyeckoro ypoBHs (PMA) nng nopros SpaceWire
u SpaceFibre siBasieTcs MOBBIIIEHUE CKOPOCTHBIX XapaKTepH-
ctuk CD-610KOB, YTO MOKA3BIBAIOT PAGOTHI 11O MEPEXONY MTOPTOB
SpaceWire B rTurabuTHBIN 1ana3oH ckopocTeit [1], a Takke pa3BuTHE
craHaapTa noptoB SpaceFibre B cTOpoHY yBeJIM4eHUsI cKopocTeii [2].
HaxkorieHHBII OTBIT MPOEKTUPOBAHUS TTOKA3BIBAET, YTO IJISI CTAH-
naptHoii oobemHoit KMOII-Texnonoruu yposHus 180—90 um dusu-
YecKHe OrpaHUYeHU sl OBICTPONEHCTBUS OJIOKOB CTAHOBSITCS CyILIe-
CTBEHHBIMU Ha CKOPOCTSIX Nepeaun JaHHbIX 2—3 ['0uT/c u BbiLue [3].
AHalN3 pe3ybTaTOB BbIITOJHEHHBIX Pa3paboTOK U UCIIBITAHU I
00pa3LoB MUKPOCXeM Ha KPHUCTaJje MO3BOJIUJ BbISIBUTh OCHOBHBIE
MPOGJIEMBI, MMPEMSTCTBYIONIME TOCTUKEHUIO TPeOYEeMbIX XapaKTepu-
ctuk CP-6;10k0B. UCTOUHMKOM MTPOOIJIeM MOXKET OBIThH HAOOP HECO-
YETAIONIUXCST TPOTPAMMUPYEMBIX YaCTOT, TEXHOJOTMUYECKHE Orpa-
HUYeHUSs (TIpeaesibl OBICTPONCICTBUS 2JIEMEHTOB), a TAKKe HEOMTH-
MaJbHbIe aDXUTEKTYPHBIE M CXeMOTEXHUUYECKIE PELIeHUsI YCTPOil-

cTBa 6J10KOB. ['pyrmna mpo6JyieM OTHOCUTCS K CBOMCTBAM MHTepdeiica

WY BHelrHero udposoro siapa. [Ipodaemsr CD-610KOB 3aBUCSIT
OT TEXHOJIOTUUYECKOTO YPOBH S, apXUTEKTYPHOTO ¥ CXEMOTEXHHUIE-
CKOTO yCTpoiicTBa. PelieHre Kax 1ol 13 mpooJieM siBJIsIeTCsI HE00X0-
MUMBIM JUTST OOeCIieueHUsT Hale)X HOW paboThl pUeMOIiepeIaTInKa
Ha BCeM JIMaIa30He MPOrPaMMUPYEMbIX YACTOT.

OBIIASA APXUTEKTYPA C®-BAOKOB
IIPUEMOIIEPEAATUUKA
Ilepenaya nocnenoBaTeJbHbBIX AJaHHBIX OT TiepenaTunka (TX) kK mpu-
emHuKy (RX) BoinonHsieTcss B 6utoBoM hopmate B hopme nudde-
peHlUuaabHOTrO curHaga. HamexHasi paboTa BBICOKOCKOPOCTHOM
JIMHUM TIepeAay MPeACTaBIsIeT OTACIbHYIO TPOOJIEeMY U He SIBJISIETCS
MpeaMeToM JaHHOro paccMoTpeHust. [Ipsmoe oTHOLIEHKE K IMHUU
CBSI3U MMEIOT MOBBIILIEHHbIE TPeOOBaHU S OBICTPOLEHCTBUS U Kaye-
CTBa Mepenavyu K nmepudepuitHbIM aHa10roBbIM cxeMaMm Cd-G6JI0KOB:
MpUEMHUKAM, YCUJIUTEIISIM, IpaiiBepam.

Bbicoko4acTOTHBINM MOTOK HaHHBIX Ha Beixoae TX dpopmupy-
eTcsl TTyTeM cepuaiu3aluu (CBEPTKH) MapaieIbHOTO MMOTOKA TaH-
Heix. [locpencTBoM necepuanu3annu (pa3BepTKU) BXOTHOTO MTOTOKA




AOKAAABI KOH®EPEHIIUU

NAHHBIX TPUEMHUKOM TTPOUCXOUT MTPe0OPa30BaHUE BBICOKOYACTOT-
HOTO CUTHAJa B MapaJlJIeJIbHBII MOTOK AaHHBIX. DyHKINU cepua-
JIM3alMu 1 Aecepuain3aluu BoinojaHseT uudposoe sapo TX u RX
COOTBETCTBEHHO. ObecreyeHne nepecTpoiiku OMTOBOM 4YaCTOTHI
nepenayu npeaycMaTpuBaeT UCOIb30BaHue 6J0Ka MPOrpaMMupo-
BaHMUSI OUTOBBIX YACTOT B LI poBoit yacTu CP-610Ka U CXeMbI CUH-
XPOHM3AIUU CETKU TAKTOBBIX CUTHaJIOB B cucteme MATTY.

Hudbposoe simpo CP-6710Kka (TX 1 RX) nmpencrapisieT co60it KOH-
Beliep JTaHHBIX, COCTOSIIIUI U3 IBYX OCHOBHBIX ITOJICXEM: KOHBelep
KOJIOBBIX TPYIII (TapajuieibHble 10-pa3psinHble TaHHBIE) U KOHBeliep
6uTOB (IocyienoBaTeIbHbIC JaHHBIE). [ pyIIIIOBbIE OMepalnuu pea-
JIU3YIOT TaKue GYHKINU, KAK HU3KOYPOBHEBBII TOUCK CITYKEeOHBIX
CHMBOJIOB, BBIpaBHUBaHME KOAOBBIX TPy U T. . [locnenoBarens-
HbI€ OMEePaLM U BBIMOJHSIOT PYHKIUIO Ceprain3aluy U Jecepuaiu-
3aLlM U TIOCJIEI0BATEIbHOTO MOTOKA TaHHBIX.

Bbiok ®ATTY TX u cucTeMa BOCCTAHOBJIEHMST TAKTOBBIX CUTHA-
JioB U3 naHHbIX (BTC) RX reHepupyloT ceTKy TaKTOBBIX CUTHAJIOB
pas3JIMIHBIX YAaCTOT U (a3, IpeTHa3HAYCHHBIX IJIsI CHHXPOHU3AIlM U
TPYTIOBBIX U OUTOBBIX OMEpaLUd.

IIPOBAEMBI BBICTPOAEMCTBUSA CP-BAOKOB
IIPUEMOITEPEAATYUKOB

HapyueHue npoiiecca CMHXpOHU3a1MU ONlepaliuii KOHBeiiepa gaH-
HBIX BEJIET K TIOSIBJICHUIO ONIMOKY MPU Tiepeaade TaHHbIX.

MapuipyT npoeKTUPOBaHUsI BBICOKOCKOPOCTHBIX TIPUEMOIIE-
penatynkoB 1o oobeMHbIM KMOII-Texnpoueccam (2,5 ['6ut/c mo
texHosoruu 180 M, 3,125/6,25 T'out/c mo 90 HM) I0JIKeH BKIIOYATh
B ce0s1 aHaIM3 3amaca 1Mo ObICTPOACHCTBUIO CTPYKTYPHBIX JI€MEH-
toB CD-6110K0B. HanMeHbIIre 3amachl 1o ObICTPOACHCTBUIO UMEIOT
CXeMBbI, BBITTOJIHSIOIIME OMTOBbIE ONEpallMu: X yactora F,, 3HaUu-
TEeJIbHO BbILIE Tpynmnossix F, (F, = F,,/10).

OTMeYeHBI CIenyoUue apXUTEKTYPHbIE M CXEMOTEXHUUYECKHE
0COOCHHOCTH paHee pa3paboTaHHBIX TPUEMOTIepelaTINKOB, Orpa-
HUYMBAIOIINE BO3MOXHOCTH JOCTUXEHNSI MAaKCUMaJIbHOI LIeJI0CT-
HOCTH TIepeaBaeMbIX TaHHBIX:

INTRODUCTION

CnoxHas cTpykrypa nudponoii yactu GAITY. PazpabaTteiBacmbie
aBTOpaMM MPUEMOTIepeaTINKH SIBJISIIOTCSI YACTOTHO-TIEpeCTpanBa-
e€MBbIMM, TIPELyCMATPUBAIOT COBEpPIlIEHNEe OOMEHa KaK Ha MerabuT-
HOM, TaK ¥ Ha rurabutHom auanasoHe yactot. Llupokuii nuana-
30H MOJJEPXKUBAEMbIX OUTOBBIX CKOPOCTEi MPUBOAMUT K HEOOXONU-
MOCTHU MPOTrpaMMUPOBAHMSI TAKTOBBIX YACTOT. TaKTOBBII reHepaTop
DATIY hopmupyeT curHaibl ¢ yactoTtoii 1250 MITr Bo Bcex pexu-
Max. OyHKIIMOHMPYIONINE HA TAHHOW YacTOTe BOCBMHMPAa3PsITHbIE
CYETYMKU B Temie oopatHoii cBsizu MAITY u nporpamMMupyembie
Ha BCE YaCTOTHl pabouero quama3oHa CUeTIMKN (GOpMUPOBAHUS
OUTOBBIX YACTOT pabOTAIOT Ha Tpenesie ObICTPOACCTBUS, TaK KaK
BO3HUKAET MpobaeMa 3aBepIIeHUs IIUKIIa pa3psiTHOTO TiepeHoca
3a KaX/blil TAKT IETMMOTO CUTHANA.

OTCyTCTBHE CITELIMAJbHBIX MEP 3alMUTHI eneit muranus GAITY
OT LIYMOBOTrO BO3AeHCTBUS cXeM 1ubpoBoro sapa CD-6y0Ka.
CHHXPOHHOE MEePeKII0YEeHUE 2JIEMEHTOB LM(PPOBOTO JOMEHA
MpreMoriepeaTINKa, a TaKKe HaJIuJIue MapasuTHBIX WHIYKTHB-
HOCTEI Kopriyca MpuBOAST K MOSIBJEHUIO MyJibcalluii (10 coTeH
MWJUIMBOJIBT) TIO IIMHAM MTUTAHUS ¥ 3eMJIM. DTO IPUBOIUT K BO3-
HUKHOBEHUIO TOTIOJTHUTEIbHOM NeTePMEHUPOBaHHOM (ha30Boit
OIIMOKY B TPAKTe CIEOBAHUS JAHHBIX, a TAKXe K YBEJIMICHUTIO
nxutTepa 6;10koB @ATTY u BTC.

Apxutektypa CP-610K0OB MpeamnoiaraeT HaJu4ue CJI0XHOM Mpo-
rpaMMUPYEMOI cXeMbl KOMMYTAllMil BBICOKOYACTOTHBIX LieMeit
JNaHHBIX U1 OUTOBOW CUMHXPOHU3ALIMU, TepecTparuBaeMoil B COOT-
BETCTBMU C 3aJJlaHHOI CKOPOCTBIO Nepefaun. BriaoyeHue craH-
JNIAPTHBIX MYJIBTUTIIIEKCOPOB (LMppoBast 6MOIMOTEKa) B OUTOBBII
KOHBeiiep co3naeT npoodaeMbl ObICTPONEMUCTBUS: CHUXKAET Npe-
ZeJibHBIE CKOPOCTHBIE XapakTepucTuku CD-610Ka 13-3a 1010~
HUTEJIbHBIX 3aiepkeK. CxemMa MYJIbTUTIIIEKCOPa YYBCTBUTEIbHA
K BpEMEHHBIM MTePeKOCcaM CMEXHBIX OUTOB (HapyIllIeHne CKBaX-
HOCTH), YCUJIMBAIOIIUM MPOSBACHUS IXKUTTEPA U MOHUKAIOLIIAM
HaJexXHOCTh nepegaauyn. CiaeactBue 3Toro — ¢ha3oBbie OTKJIOHE-
HUsI CUTHAJIOB, paboTa Ha mpereie ObICTPOAeCTBU S, OBBIIIEHUE
BEPOSITHOCTHU OILIMOOK.

Improving the speed characteristics of 1P-
blocks is a relevant issue in the field of devel-
opment of high-speed physical medium
attachment (PMA) transceivers for Space-
Wire and SpaceFibre ports. The evidence
of that are works on transition of SpaceWire
ports into the gigabit speed range [1], as well
as the development of SpaceFibre port stan-
dard towards acceleration [2]. From design
experience to date, physical limitations of IP-
block speed performance become influential
at data transmission speeds of 2—3 Gbit/s and
higher in the context of conventional 180—
90 nm bulk CMOS process [3].

The analysis of implemented designs
of chips on crystal and test results thereof
revealed the main problems impeding the
achievement of the target characteristics
of IP-blocks. The possible cause of the prob-
lems might be an incompatible programmable

set of frequencies, technological constraints

(component speed limitations) or imper-
fect architectural and circuit design solu-
tions of the blocks. There is a group of prob-
lems connected with the characteristics
of the interface or the external digital core.
The problems of IP-blocks depend on the
technology node as well as on architectural
and circuit design. It is necessary to solve each
of the problems to provide reliable operation
of the transceiver across the entire program-
mable frequency range.

GENERIC ARCHITECTURE

OF TRANSCEIVER IP-BLOCKS
Serial data are transmitted from the trans-
mitter (TX) to the receiver (RX) in the bit-
map format in the form of a differential sig-
nal. Fault-free functioning of a high-speed
transmission line is an issue which is beyond
the scope of this paper. Higher speed and
transmission quality requirements for periph-
eral analog circuits of IP-blocks (receivers,

amplifiers, and drivers) have a direct relation-
ship to the transmission line.

The high-frequency data stream at the
TX output is formed by means of serializa-
tion of a parallel data stream. The receiver
transforms the high-frequency signal into
the parallel data stream by means of input
data stream deserialization. The digital cores
of the TX and RX perform serialization and
deserialization, respectively. Transmission
bit frequency tuning implies using the block
of bit frequency programming in the digital
part of the IP-block and the synchronization
circuit of the clock signal grid in the phase-
locked loop (PLL) system.

The digital core of the IP-block (TX and
RX) has the form of a data pipeline consisting
of two main subcircuits: the pipeline of blocks
of words (parallel 10-bit data) and the bit pipe-
line (serial data). Grouped operations perform
such functions as low-level search for ser-
vice digits, alignment of blocks of words, etc.




» CryneHb KOHBeliepa, Tpeobdpasytonias napajjieabHble (TPyIo-

BBI€) MaHHBIE B mocienoBaTenbHble (TX) niu mocienoBaTesb-
Hble B TapasuienbHble (RX) siBisieTcst KpUTUUECKUM (hparMeH-
ToMm C®D-610Ka 110 XapaKTepuCTHKe ObicTpoaeiicTBus. PazoBoe
COOTBETCTBUE BHICOKOYACTOTHO OMTOBOI U IPYIIOBOM CUH-
XPOHM3AL MY TPYIHOIOCTUKMMO B 1Uarna3oHe pabounx yCiIoBUii
MHMKPOCXEMBbI ITPU HAJTMYUH CIOKHBIX TTPOrPAMMUPYEMBIX KOM-
MyTaluii GUTOBBIX M TPYIITOBBIX Lerneit. Huxke mpencraBieHbl
apxuTekTypHbie pemeHus CP-610KOB, TO3BOJISTIONINE UCKITIO-
YUTh KOMMYTAIM¥ OUTOBOTO y4acTKa KOHBeliepa TaHHbIX U CUH-
XPOHU3ALINH.

MOAUNDPUKAILINA APXUTEKTYPbBI
IMPUEMOITEPEAATYNKOB
Iepeuncnennbie acnekTsl cTpoeHuss CD-610KOB pueMoInepenaT-
YUKOB MPUBOJST K MOBBILICHUIO TPYIOEMKOCTU MPOEKTUPOBAHUSI,
MOSIBJICHU 0 HEOOXOAMMOCTH MIPOBEIEHMSI JOMOJHUTEIbHOTO KOH-
TpoJist pabOThl KPUTUUHBIX BBICOKOYACTOTHBIX Y3J10B 0J10KOB. Crie-
NYIOLIMe apXUTEKTYPHBIC U CXEMOTEXHUYECKUE PEIICHU s TPU3BaHbI
WCKJIOUUTh M3 KOHCTPYKIIMU TPUEMOIepeIaTINKOB U poBbIE
LIEMTY ¢ HAMMEHBITMMU 3aracaMu 1o OBICTPOACUCTBUIO, YTO TOJKHO
YIPOCTUTH U YCKOPUTH MPOIIecC pa3paboTKU.

ApPXUTEKTYPHBIE 0COOEHHOCTH CKOPOCTHBIX MPUEMOITEPeIaTI i~
KOB MO3BOJSIOT (HOPMUPOBATH OUTOBBIEC MTOCIEIOBATEIBHOCTH TP
paboueit yactore HbPOBBIX JIEMEHTOB, KPATHO MEHbIIIC 3HAYe-

Hus F,.

DTO OCHOBHO#1 CITOCOO MOBBIIIEHUSI CKOPOCTHBIX XapakK-
Tepuctuk CP-610Ka, OCHOBaAaHHBIM Ha ()a30BOIt CUHXPOHU3ALIUM
OMTOB ¢ McMoJib30BaHUeM MHorogasHoro 'YH. ®a3oBbiii caBUT
(war) paBeH 6utoBomy uHrtepsany (1/F,,). ®a3osas yacrora paBHa
F,,/n, roe n — yucno das.

dazoBasi CHHXpOHM3ALMsI TPeoOpa3yeT OUTOBBI MOTOK C YaCTO-
Toit F,, B n mapaJjeJbHbIX NOTOKOB ¢ yacToToit F,,/n. PacnipocTpa-
HeHHBbIH ciyydaii n = 2 (Double Rate) mpencrasisiet napaJjijiejibHble
IMMOTOKY YETHBIX M HEYSTHBIX OMTOB. YBeJMUYMBasi Ynuciio das, cie-
NyeT YYUTHIBATh HaJIUUYME BHICOKOUYACTOTHOIO y3Jia JIOTHYECKOTO

TEXHOAOIrMM ¥ KOMIIOHEHTHI MUKPO- 1 HAHOSAEKTPOHUKH

00beAMHEHU S OUTOBBIX TOTOKOB — MYJIbTUTIIEKCOD #: 1 (Brixom TX).
JIaHHBII y3eJ MOXET 0Ka3aThCsl OCHOBHBIM MPETSTCTBUEM (10 KPH-
TEPUIO OBICTPOACICTBU ) IJIS1 YCIIELIHOM peayu3alum MpoeKTa.

OCHOBHBIM MCTOYHUKOM (ha30BOil OIMOKU pa3paboOTaHHOTO
Cd-610ka TX mepenaBaeMbIX JaHHBIX SIBISIETCS BHIXOIHOM MYJIBTH-
riekcop 2 B 1, mpeoOpasylonii ABa napaaieabHbIX TOTOKA JaHHBIX
B IIOCJIeloBaTeIbHbII. B mpolecce cepuaansany NpoUCXoIUT Npo-
MOPIMOHAIIBHOE YMHOXEHME YaCTOThI CUTHAJIA, UTO YBEIMINBACT
OTHOIIIEHUE IETePMEHUPOBAHHOTO IXKUTTEPa K NIUTEIbHOCTU OUTO-
BOT'O MHTepBaja. Bapranuu TeXHOJOTUYECKOTO TIpolecca, a TakxKe
W3MEHEHUEe TeMIepaTyphl MPpUOOPOB MPUBOIAT K npeiidy curna-
noB agpeca C Ha BXOJe MYJIbTUTIIEKCOPA IO OTHOIIEHHUIO K CUTHA-
JIaM MYJIBTUTUTMIMPYEMbIX 1aHHBIX D1 1 D2. PaccMOTpeHbI 1Ba TUMa
¢GopMUpoBaHMSI TAKMX CUTHAJIOB: CO B3AMMHBIM CMELIIEHUEM CUTHa-
JIOB IaHHBIX (puc. 1a) u 6e3 cmelieHus (puc. 16). bbla BbIOpaH Bapu-
aHT b kKak uMeronit 6onblnit 3amnac no apeitdy dassl Mexay nepe-
najgamu gjaHHbix D1/D2 u curHanom agpeca C.

JlaHHBIII BapUAHT peajnu3aly MOCeTHEel CTYMeH ceprain-
3alMM MOXET OBITh MOIU(PULMPOBAH NMYTEM YBEJIUYECHUS MYJb-
TUTIJIEKCUPYEMBIX TOTOKOB AaHHBIX. [lepCeKTUBHBI BapUaHTHI

S D

Puc. 1. Bapuanmol epemeHnbix Quazpamm pabomsl OKOHeHHO20 MYyAbMU -
naexcopa nepedamuuxa

Fig. 1. Timing waveform variations of the terminating transmitter
multiplexer

Sequence operations serialize and deserialize
the serial data stream.

The phase-locked loop block of the TX and
the CDR (Clock Data Recovery) system of the
RX generate the clock signal grid of various fre-
quencies and phases. The clock signals serve
for synchronizing grouped and bit operations.

SPEED PERFORMANCE
PROBLEMS OF TRANSCEIVER
IP-BLOCKS

Irregularities in the process of synchroniza-
tion of pipeline operations cause errors in data
transmission.

The design flow of high-speed transceiv-
ers produced according to bulk CMOS pro-
cess (2.5 Gbit/s for 180 nm, 3.125/6.25 Gbit/s
for 90 nm) should include the analysis of the
operational speed margin of the IP-block
structural elements. The circuits perform-
ing bit operations have the smallest opera-

tional speed margins: their frequency F,,

is significantly higher than that of the grouped

ones F,, (F,, = F;/10).

The following architectural, schematic and
technical features of the existing transceivers
are reported to impede the achievement of the
maximum integrity of the transmitted data.

* The complex structure of the digital part
of the PLL system. The transceivers being
developed by the authors are frequency-
tuneable, enabling data exchange both
in megabit and gigabit frequency ranges.
The wide range of supported bit speeds
leads to the necessity of clock frequency
programming. The clock generator of the
phase-locked loop system produces sig-
nals with a frequency of 1250 MHz in all
modes. The eight-bit counters in the feed-
back loop of the phase-locked loop system
and the bit frequency formation counters
programmable for all-range operation fre-
quencies, which function at this frequency,
operate at their speed limits because there

is a problem of bit transfer loop termination
within each clock cycle of the divided signal.
Absence of special measures for protecting
PLL power circuits from the noise gener-
ated by the circuits of the digital core of the
IP-block. Synchronous switching of the
elements of the transceiver digital domain
as well as parasitic inductances of the
package induce pulsations (up to hundreds
of mV) on the power and grounding rails.
This causes additional determinate phase
error in the data transmission path and
higher jitter of PLL and CDR blocks.

The architecture of IP-blocks includes
a complex programmable circuit for high-
frequency data chain switching and bit
synchronization, which tunes according
to the specified transmission speed. Incor-
poration of standard multiplexers (digital
library) into the bit pipeline creates oper-
ation speed problems: the threshold speed
characteristics of the IP-block decrease




AOKAAABI KOH®EPEHIIUU

MynbTUIIIeKcopa 4 B 1 1 5 B | Kak paBHOBECHBIE C TOYKU 3PEHUST YBe-
JIMYEeHM S 3amaca 1o ObICTPOAECHCTBUIO IMHU I TaHHBIX U TpeOOBaHM It
10 B3aMMHOMY (Da30BOMY PACTOJIOKEHUIO CUTHAJIOB.

IIporpaMMupoBaHue OGUTOBOW CKOPOCTU HEMOCPEACTBEHHO
B CIBUTOBOM PETrUCTpe MPUBOIUT KO BKJIIOUEHUIO B KOHCTPYKIIMIO
CJIOXKHOM CXeMbl KOMMYTallMil BBICOKOYACTOTHBIX NIepecTpanBae-
MBIX LieTeit TaHHBIX U OUTOBOM CMHXPOHU3AaL WU, K GOPMUPOBAHUIO
Habopa CUTHAJIOB CHHXPOHU3AIIM Y I'PYTIITOBBIX M OMTOBBIX OTepaIINid
omokamu PATTY u BTC/I, 4T0 YCIOXHSIET YCTPOMCTBO NaHHBIX OJ10-
KOB, CHMXasl UX HAJEKHOCTb.

B pamkax TecToBOI1 pa3paboOTKU CKOPOCTHBIX TIpUeMoIiepenaT-
4UKOB ucciaenoBanbl CPO-0J0KY C EPCTIEKTUBHBIM apXUTEKTYPHBIM
TMOCTPOEHUEM, UCKITIOUAIOIINM HAJUYUEe MYJbTUTIIEKCOPOB MPO-
rpaMMUPOBAHUsI CKOPOCTH Mepeayu B KOHBeliepe TaHHbBIX U CXeMe
CUHXpOHM3al MK OMTOB. BUTOBBIIT KOHBeliep Bceraa paboTaeT B hop-
Mmare BepxHeii yactorsl Fbit.max (Hanpumep F,, = 6,25 I'Tw), HezaBu-
CHMO OT YaCTOTHI 3aMPOrpaMMHUpPOBaHHO#. [10CTOSIHCTBO YacTOTHI
T'VH ®ATIY (B mpumepe — daspl 3,125 I'Tu mpu n = 2) o6ecneyrBaet
HaWJIydIlue YCIOBUsI onTuMu3anuu napamerpo GATTY. MynbTu-
TJIeKcMpoBaHue (hopMaTHpoBaHUe TaHHBIX HA BEPXHIOIO YaCTOTY)
BBITTOJTHSIETCS] B KOHBeliepe KOMOBBIX TPYIII HAa BEPXHEil TPyNIoOBOit
gactore CLKI10 (B mpumepe — 625 MI'11) 1 He co3maeT mpoodieMbl
OBICTPONECIICTBUS.

®opmaTupoBaHUe TaHHBIX HA BEPXHIOIO YacTOTY £, B IpOrpam-
MUPYEMOM JMaTna3oHe 03HauaeT MpeacTaBlIeHe OTPe3KOB OUTO-
BOIl MOCJIENOBATEIbHOCTU NaHHBIX B opMme 10-pa3psiiHBIX KOTO-
BBIX PYTI BepxHeil yactoTsl F,,. Hampumep, 2-61TOBbII OTpe-
30K ab yactoThl F,, = 2,5 'T1 npeactaBasieTcsi KOAOBOI rpynmnoit
aaaaabbbbb yactots F,, =12,5'Tu (12,5/2,5=15), 4T0 COOTBETCTBYET
OJIHOMY M TOMY € CUTHaJIy BO BpeMEHHBIX KoopanHaTax. OTpe3oK
abcde (5 6uT) yacToThI 6,25 I'T'11 BO BpeMEHHOM TPEACTaBICHUM 9KBU-
BaJIECHTEH KOJOBOI rpynne aabbccddee va yactore 12,5 Ty u 1. 11.
B pesynbrate hopMaTUpOBaHMS JAHHBIX BCE YaCTOTHI TPOrPaMMHK-
pyeMoii CeTKM He pa3ITnuUMBbl B pab0oTe CKOPOCTHBIX YUYACTKOB KOH-
Beliepa OUTOB.

UckitounB nepemeHHble HOPMATh (IMKINYECKU U3MEH SIEMBbIC
no taktam CLKI10 1 monmycTuMble TEOPETUYECKHU) MOJTYYUM YCIIO-
Bre GOpMaTUPOBAHUSI: OTHOLIEHWE 3HAYEHU A TPOrPaMMUPYEMbIX
4acTOT MPEACTABIISIeTCs TPOU3BEICHUEM YHCE Psiia

1,2,5,10k (k=1, 2, ... — HaTypaJIbHOE YUCIIO). (1)

biok dopMaTupoBaHMs TPy MPEACTABISIETCS CABUTOBBIM
PETUCTPOM U JIOTHYECKOM CXeMOI KOMMYTAallMil (MYJIBTUIIIICKCOPHI).
Yucio paspsinoB peructpa KpatHo 10. Ecniu oTHoleHMe 3Haue-
HUI BEpXHEH U KaX10it u3 ¢popMaTupyeMbIX (IpOrpaMMUpPyEMBbIX)
YaCTOT MpeAcTaBisieTcss Yucaom u3 psiaa (1), To pa3psiTHOCTh peru-
cTpa MUHHUMaJbHA — 10.

Tlepexon ¢ yacToThl 2,5 Ha yactory 3,125 ['6ut/c nyTem hopmaru-
pOBaHUsI TPYII HEBO3MOXEH, TaK KaK JaHHbIE YaCTOThI HE KPaTHHBI.
Takas 3amaya MOXeT OBITh pellleHa MyTeM nepexoaa u3 psaa (1)
K MTPOMEXYTOYHBIM CTAHAAPTHBIM 3HAYCHMSIM Yepe3 COMHOXMUTETU
5/4, 4/5. TexHu4ecKHU 3TO pealn3yeTcsi BLIOOPOM M3 Habopa cTaH-
NMapTHBIX 3HAYEHU I OMOPHOI YacTOTHI (OUTOBBIE YACTOTHI ITPOTIOP-
IIMOHAJIBHBI OTTIOPHOI YacToTe), 6;1M3KuM K 125 MT':

CLK = 156,25; 125; 100 Mt (5/4, 1, 4/5).

I[MpumeHeHue MHOXUTENS 5/4, 4/5 He TpeOyeT nmepernporpaMmu-
poBaHus yacToThl. HanpuMmep, 3HaueHue 3,125 ['out/c nocturaercs
nporpamMmMupoBaHueM Ha 2,5 [OUT/c, HO MPU MOBBILIEHHOM (B OTHO-
menun 3,125/2,5) onopnoii yactote CLK = 156,25 MTI't (BmMecTo
125 MT'). ITpormopiiMoHaJIbHO MOBBIIIAIOTCS TPOU3BOJAHbBIC BHY-
tpeHHue yacTtoThl: DATIY paboraet Ha (a3oBoii yactore 1,5625 I'T'1x
(Bmecto 1,25 I'T'w).

CHUHXPOHHOE TIEPEKITIOYEHUE 2JIEMEHTOB IU(PPOBOTO JOMEHA
mpueMolepenaTinka, a TakXe HaaWM4uue MapasuTHBIX WHAYK-
TUBHOCTE# KopIyca MPUBOIAIT K MOsiBJIeHUIO Tynbcanuii (90 mB)
10 IMHAM NTUTAHUSI OTHOCUTEJBHO 3eMJIU. DTO MPUBOIUT K BOSHUK-
HOBEHU IO AOMOJHUTEIbHOM IeTePMEHUPOBAHHOM (ha30BOIi OLIMOKK

because of additional delays. The circuit
of the multiplexer is sensitive to temporary
mismatch of the adjacent bits (duty cycle
distortions), which makes the jitter stron-
ger and reduces the reliability of the trans-
mission. The above results in phase devi-
ations, operation at the limit of operation
speed, and higher error probability.

* The pipeline stage transforming parallel
(grouped) data into the serial ones (TX),
or serial data into the parallel ones (RX), is
a key part of the IP-block in terms of oper-
ation speed. Phase compliance of the high-
frequency bit and grouped synchronization
is difficult to achieve within the operation
range of a chip if there is complex program-
mable switching of bit and grouped circuits.
The following presents architectural solu-
tions for IP-blocks which make it possible
to eliminate the switching of the bit stage
of the data pipeline and that of synchroni-
zation.

MODIFICATION

OF TRANSCEIVER
ARCHITECTURE

The above mentioned aspects of transceiver
IP-block construction require higher design
effort and make the additional monitoring
of the performance of the critical high-fre-
quency block parts necessary. The architec-
tural, schematic and technology solutions
described below are intended to exclude dig-
ital circuits with the smallest operational
speed margin from the transceiver design,
which will simplify and quicken the develop-
ment process.

The architectural features of high-speed
transceivers allow forming bit sequences
at the operation frequency of the digital ele-
ments, which is a divisible of F,,. This is the
main way of increasing the speed character-
istics of the IP-block which is based on the bit
phase synchronization using the multiphase

voltage-controlled oscillator. The phase shift

increment equals to the bit interval (1/F,,).
The phase frequency equals Fbit/n, where n is
the number of phases.

Phase synchronization transforms the bit
stream with a frequency of Fbit into n paral-
lel streams with a frequency of Fbit/n. A fre-
quent occurrence of n = 2 (Double Rate) has
the form of parallel streams of odd and even
bits. When increasing the number of phases,
the presence of a high frequency node of bit
stream logical consolidation should be taken
into account: multiplexer n: 1 (TX output).
This node may appear to be the main imped-
iment (in terms of operation speed perfor-
mance) for the successful design implemen-
tation.

The output multiplexer 2-in-1 transforming
two parallel data streams into a serial one is the
main source of phase error in the data trans-
mitted by the TX of the IP-block. The process
of serialization implies proportional multipli-
cation of signal frequency, which increases the




B TPAKTE€ CJI€EAOBAaHUA JaHHBIX, @ TAKXE K YBCIIMUYECHUIO IKUTTEPaA

610k0B DATTY u BTC/. B uensix yMeHbIIEHUS] B3aUMHOIO BJIM-
sSTHUS 0J10KOB oOmmue muHbl nutanusg RX u TX Oblau pa3aeaeHb
Ha OT/ebHbIe 001acTH 1151 HU(POBBIX M AaHATIOTOBOBBIX YacTe il MpHu-
eMmorepenaTyrka. Kaxabiit JoMeH MUTaeTCsl OT MOHMXKAIOIINX CTa-
OMJIM3aTOpOB HanpsixkeHus ot 2,5 10 1,2 B. DTo M03BOJINIIO CHU3UTH
MyJIbCalluM IKUHBI TUTaHus 10 30 MB, 4TO nMpuBeno K yMeHbIICHUIO
CKO mxuttepa @AY TX ¢ 8 ric no 4 mc.

HailineHHbBIe apXUTEKTYPHBIE U CXEMOTEXHUYECKHE PEIICHU ST
MpeAToaraeTcs UCMOJIb30BaTh B JaJIbHEUIINX pa3paboTKax s
pacIIMpeHHOro Habopa OUTOBBIX YACTOT.

IMEPCITEKTHUBHBIE HABOPBI YACTOT
CKOPOCTHBIX ITPUEMOITEPEAATYUKOB
IMpencraBnennas apxutekTypa CD-610KOB TPUMEHUTENBHO K TIep-
CMEKTUBHBIM pa3paboTKaM CKOPOCTHBIX MPUEeMOINepeIaTYnKOB pac-
IIMPEHHOro Auana3oHa OMTOBBIX CKOPOCTEH onpenesieT cieaylo-
LK€ BAPUAHTHI IPOrpaMMUPYeMbIX HAOOPOB CTAHAAPTHBIX OUTOBBIX
U OTIOPHBIX YACTOT:

1. F,,=6,25,3,125,1,25, 0,625, 0,3125 I'Tu (CLK = 125 MT'n), 2,5 I'Tu

(CLK =100 MTm).

2. F,,=125,6,25, 2,5, 1,25, 0,625, 0,3125 I'Tu (CLK = 125 MTny),

3,125 T (CLK = 156,25 MT).

JInvHa BEIOPaHHOTO PSia BIUSIET HA CIIOKHOCTh KOHCTPYKIIMU
C®D-610KOB.

[IpuMeHUTETbHO K PACCMOTPEHHBIM aPXUTEKTYPHBIM OCOOCHHO-
CTSIM CKOPOCTHBIX TPUEMOTIEPEAATUMKOB MTOKAKeM MTPUMEPBI CXEMO-
TeXHUYEeCKUX petieHuit mepenatunka TX u mpuemHuuka RX. ®par-
MEHTBI CXeM MJUTIOCTPUPYIOT U3JI0KEHHBIE TPUHLUTIBI apXUTEKTYP-
HOT'O TIOCTPOEHMUS.

C®-6J10KM TPOrpaMMHUPYIOTCSI B IIIMPOKOM JMana3oHe cKOpo-
crteil nepenayu faHHbIX (F,,) mpu onopHoii yactore CLK = 125 MT'u:

HY: 5,10 ... (mar5) ... 125 MT'i;

BY: 1,25, 2,5 (3,125) I'Tu (puc. 2, puc. 3);

312,5, 625 MTI'1, 1,25, 2,5 (3,125) I'T'ut (puc. 3).

TEXHOAOIrMM ¥ KOMIIOHEHTHI MUKPO- 1 HAHOSAEKTPOHUKH

3HaveHue 3,125 I'Tu mocTuraercss mporpaMMuUpoOBaHUEM
Ha 2,5 I'Tu, Ho nipu nosewviwentoi (B oTHOIIeHUM 3,125/2,5) omopHoi
yactore — CLK = 156,25 MT11.

4-dazubiit ['YH OAIIY (f0, f1, £2, f3, war 90°) ¢ hazoBoii yacTo-
Toii 1,25 (1,5625) I'Tu (n = 2). ®aszoswrit untepsan 180° (f0—f2 unu
f1—f3) cooTBeTCTBYET OMTOBOMY MHTEPBaJy BepxHeil yactoTsl — 0,4
(0,32) Hc. CurHainel f0, f2 CMHHXPOHU3UPYIOT MOCJIEI0BATEbHOCTHU
HEUYETHBIX, YeTHBIX OMTOB B KOHBeiiepe. Besi COBOKYITHOCTD CUTHA-
noB f0, f1, £2, f3 ucnionssyercst cxemoit BTCJI mist mpencraBieHust
1/2 GUTOBBIX MHTEPBAJIOB.

Yacrora uHTepdeiCHBIX 3TEKTPUUSCKUX CUTHAIOB TPYIIIIOBBIX
naHHbIXx CD-6710K0B (0OMEH ¢ BHEITHUM IIUGPOBBIM SIIPOM) HE TIpe-
BoimaeT 125 (156,25) MT'1 (vacToTa 2JIeKTPMYECKOrO CUTHAaIa JaH-
HBIX BIBOE HIXE YaCTOTHI JaHHbIX).

DAEMEHTbBI KOHCTPYKIINUU PASPABOTAHHBIX
IMTPUEMOITEPEAATYNUKOB

Ilepegamuuk TX

TlepenaTyuk npeobpasyer nocjaenoBaTeabHOCTb 10-pa3psaHbIX
Kodosubix epynn TXD[9:0], cnenyomux ¢ yacroroii F,,/10, B mocie-
JIOBaTEJbHOCTb GUTOB C MPOrpaMMUpPYeMOit YacToToi F),, HAYMHasK
co crapuiero paspsina TXD[9].

Ha puc. 2 npexncrasnen ¢pparment TX Ha yactoTh F,, = 1,25,
2,5 T'Tu B ananazone BY (+HY) — yuacTok KoHBeiiepa 10-pa3ps-
HBIX KOJOBBIX TPYIII CO CpeACTBAMU (OpPMAaTUPOBAHUS TaHHBIX
Havactoty 2,5 ['T1.

B pesyabrate dhopMaTupoBaHUS PEXKUMbl OMTOBOM 4aCTOTHI
1,25, 2,5 TTu u HY He paznuuuMbl B paboTe BHICOKOYACTOTHBIX (0,
f2=1,25TTu) ueneit 6UTOBOI CUHXPOHMU3ALMU U NaHHBIX. He Tpe-
OyeTcsl MporpaMMMpPOBAHUE U HE U3MEHSIOTCS MapaMeTpbl paboThl
DATTY B 3aBUCMMOCTH OT CKOPOCTH Tepeiauu JaHHbIX.

Kaxnas 10-paspsinHast kopoBas rpynmna [9:0] 6uToBOi yacToThl
1,25 I'Tu ¢dopmaTtupyercss B ABe rnocienoBatenbHble 10-paspsaHbie
IpyMIbL: cTapinue paspsabl [9,9,8,8,7,7,6,6,5,5] v muaniie pa3psiabl
[4,4,3,3,2,2,1,1,0,0], nmepenaBaeMble B pexkume OMTOBOI yacToTh 2,5 I'TiI.

ratio of determinate jitter to bit interval length.
Variations of the process and device tempera-
ture result in C address signal drift at the mul-
tiplexer input relative to DI and D2 signals
of the data being multiplied. Two types of sig-
nal shaping are considered: with the mutual
shift of the data signals (Fig. la) and without
it (Fig. 10). Option B was selected as having
a larger phase drift margin between D1/D2 data
swings and C address signal.

This implementation of the last serializa-
tion stage can be modified by increasing the
number of data streams being multiplexed.
The 4-in-1 and 5-in-1 multiplexer implemen-
tations can be considered promising as being
balanced in terms of data line speed margin
improvement and mutual phase requirement.

Bit speed programming directly in the
shift register requires a complex circuit for
upper frequency data chain switching and
bit synchronization, the circuit being reorga-

nized according to the set transmission speed.

Another outcome is that the signal set for the
synchronization of the grouped and bit oper-
ations is performed by the PLL and CDR
blocks, which complicates the construction
of these blocks and compromises their reli-
ability.

IP-blocks with promising architecture
excluding transmission speed programming
multiplexers from the data pipeline or the bit
synchronization scheme were studied for the
purpose of test development of high-speed
transceivers. The bit pipeline always operates
in the upper-frequency format Fbit.max (for
example, Fbit = 6.25 GHz) regardless of the
preset frequency. The persistence of the fre-
quency of the PLL voltage-controlled oscil-
lator (in the example above — 3.125 GHz
phases at n = 2) provides the best conditions
for PLL parameter optimization. Multiplex-
ing (data formatting to the upper frequency)
is performed in the pipeline of blocks of words
at CLK10 upper group frequency (in the

example above — 625 MHz) and does not cre-
ate any operation speed problems.

Data formatting to Fbit upper frequency
in the programmable range means pre-
senting bit data sequence parts in the form
of 10-bit blocks of words at the upper fre-
quency Fbit. For example, 2-bit ab part
at Fbit frequency = 2.5 GHz is represented
by aaaaabbbbb block of words at Fbit fre-
quency = 12.5 GHz (12.5/2.5 = 5), which corre-
sponds to the same signal in time coordinates.
Abcde (5 bit) part at a frequency of 6.25 GHz
in time representation equals aabbccddee block
of words at a frequency of 12.5 GHz, and so on.
Data formatting results in all frequencies of the
programmed grid being indistinguishable in the
operation of the high-speed parts of the bit
pipeline.

Exclusion of the variable formats (changed
cyclically by CLKI10 clock cycles and the-
oretically allowable) will yield the format-
ting condition: the ratio of the programmable




AOKAAABI KOH®EPEHIIUU

250 M| MHz

125 Ml | MHz
250 MIu|MHz

(HY) | (LF)

Fb (HY) | (LF)
5..125 MTu| MHz

Puc. 2. Cxema popmamuposanus napannenvroix 6xo0nsix 0annoix TX na wacmomy F,, = 2,5 Ty
Fig. 2. The scheme of parallel input TX data formatting to a frequency of Fbit = 2.5 GHz

DopMaTHpOBaHKE BBITTOIHSIETCS HA HU3KOM YacTOTe: 4aCTOTE KOTOBBIX
rpynn 250 MTu (CLK250). Crapiuast ¥ Mjaaiuast rpyribl HyMEpyoTcst
(0, 1) sHavenustmu curHana CLKI125 = 125 MTI' (CLK250/2).

Bxonnbie nanubie TXD[9:0] mepenatumnka 3amenkubaores (EN
TX =1) B 6ypeprom peructpe B[9:0] (BL[9:0]) mo monoxxuTebHBIM
nepenanaM exympenneeo curdana CLK250 = 250 MT'u. I1pu EN_
TX = 0 BocmpousBonuTcst ucxogHoe 3HaueHue B[9:0].

Curnaner CLK125 (125 MTI'u) u CLK250 (250 MTI'm) ot ®ATTY
CHUHXPOHM3UPOBAaHbI OMOpHbIM curHaiom CLK = 125 MI'u — nmeii-
cTBue Mexanuzma PATIY (BpeMeHHBbIe AMarpaMMbl Ha puc. 2).
Ecin CLK — meaHnap, To nmosoxuteabHbie Tiepernaabl CLK250
coBMellleHbl ¢ nmepernagamMu oboux 3HakoB CLK (peanusaums
pexuma Double Rate).

B cnywae F,, = 2,5 I'Tu B kaxaom Takte CLK250 3ammenkuBaercs
ouepenHas KogoBas rpyrmmna, yactora rpynmn — 250 MT'. C 3anepx-
koii Ha 1 TakT CLK250 rpynnst B[9:0] nepenuceiBaloTcs B peructTp

BH[9:0] — xouBeitiep rpynn kanama BY.
Anpec MynabTuMIeKcopa MX yCcTaHOBJIEH
Ha 3HayeHue «2,5» = 1.

Mpu F,, = 1,25 'Ty konosas rpynmna
TXDI9:0] 3amenkusaetcs (B[9:0] = BL[9:0])
B IBYX IocienoBaTebHbIX TakTax CLK250
(2 paza). Janusie B[9:0] neiicTBYIOT B ABYX
nocygenoBaresbHblX Taktax CLK250
(BpeMeHHBbIE AuarpaMMbl Ha puc. 2):
CLKI125 =0 — crapwuii takT, CLK125=1—
MIanmuil TakT (ajgpeca MYJIbTUIIEK-
copa Mx). @opmaTupoBaHHBIE HA YACTOTY
2,5 Tu nanusie B[9:0] («9988776655» —
cTapuias rpynna, «4433221100» — mnan-
wmas rpymnmna) nepeaatrorcsi B BU-koHBeliep
BH[9:0] («2,5» = 0) kak mocJjenoBaTejb-
HOCTb IBYX 10-pa3psAHBIX IPYTI, HE OTIU-
YHUMBIX OT KOJOBBIX TPYTIIT GUTOBO 4aCTOThI
2,5TT.

B nuanazone HY komoBas rpynmna TXD[9:0] 3amenkuBaercs
(BL[9:0]) MHOrOKpaTHO — He MeHee 20 pa3 (MepekIIoyarTcs TOJIbKO
cxeMbl cuHXpoHusauuu). I'pynmna BL[9:0] nepenaetcs napanieabHbIM
KOJIOM B cBUTOBBLIH perrctp RL[9:0] niist mpeoGpa3oBaHus B ocie-
noBateibHOCTH 6uTOB HY Stream L (ctapimii paspsin RL[9]). Paspsin-
HBIE MYJIBTUTLIEKCOPB MX KOMMYTUPYIOT PETUCTP HA MapaJIeIbHBI
npueM uiu casuru (B maanmuii paspsa RL[0] caBuraercs 0). CnBuru
CHUHXPOHU3UPYIOTCS OMTOBOI yactoToit Fb (5—125 MI'n) or HY DATTY.
TMapannenbHblii npueM — no curHaiy LOAD =1 (aapec MX): uMIyJibc
IUTUTEbHOCTBIO 1 epuoa Fb ¢ yacToToil KopoBbix rpyni Fb/10, xecTKo
OT/IEJICHHBII BO BpeMeHHU OT rnepenaja 3HaueHuit BL[9:0].

B naHHoil paszpaboTke mapasjieibHble KOAOBBIE T'PYIIIbI
RLI[9,9,9,9,9,9,9,9,9,9] (HY), BH[9:0] (BY) B coOTBETCTBUMU C AuA-
mazonom L/H (ampec myibTuUIIeKcopa MX) 3amelKuBaOTCS
B 3HaueHUs mapajenbHoro peructpa BS[9:0]. TaktoBast yactoTa
f0 =1,25TTu (baza T'YH) B 10 u Gosee pa3 nmpeBbIIIAET YACTOTY

frequencies is a product of the numbers of the
following sequence:

1,2,5,10k (k=1,2, ... — positive integer). (1)

The group formatting block is represented
by a shift register and a logical switching circuit
(multiplexers). The number of register bits is
a factor of 10. If the ratio of the upper frequency
to each of the frequencies being formatted (pro-
grammable) is a number from sequence (1), the
register has the minimum capacity of 10.

The transition from 2.5 Gbit/s to 3.125 Gbit/s
by means of group formatting is impossible
because these frequencies are not multiple. This
problem can be solved by transition from sequence
(1) to intermediate standard values through 5/4,
4/5 multipliers. From the technical point of view,
it is implemented by choosing a reference fre-
quency close to 125 MHz from the set of standard
reference frequency values (bit frequencies are

proportional to the reference frequency):

CLK = 156,25; 125; 100 MHz (5/4, 1, 4/5).

The use of 5/4, 4/5 multipliers does not
require frequency reprogramming. For
example, the frequency of 3.125 Gbit/s can
be achieved by programming at 2.5 Gbit/s
with a higher (relative to 3.125/2.5) reference
CLK frequency of 156.25 MHz. The derived
intrinsic frequencies increase proportionally:
the PLL block operates at 1.5625 GHz phase
frequency (instead of 1.25 GHz).

Synchronous switching of the elements of the
transceiver digital domain as well as parasitic
inductances of the package induce pulsations
(170 mV) on the power and grounding rails. This
causes additional determinate phase error in the
data transmission path and higher jitter of PLL
and CDR blocks. The common RX and TX
power rails were split into separate areas for digi-
tal and analog parts of the transceiver to reduce
the mutual influence of the blocks. Each domain
is supplied by 2.5 to 1.2 V voltage step-down

stabilizers. This reduces the power rail pulsations
to 30 mV and therefore reduces the mean square
deviation of TX PLL jitter from 8 ps to 4 ps.

The obtained architectural, schematic and
technical solutions are intended to be used
in further development projects based
on an extended set of bit frequencies.

PROMISING FREQUENCY SETS
OF HIGH-SPEED TRANSCEIVERS
The proposed architecture of IP-blocks,
applied to the promising designs of high-
speed transceivers with an extended bit speed
range, determines the following options
of programmable sets of standard bit and ref-
erence frequencies:

1. Fbit = 6.25, 3.125, 1.25, 0.625,
0.3125 GHz (CLK = 125 MHz), 2.5 GHz
(CLK =100 MHz).

2. Fbit = 12.5, 6.25, 2.5, 1.25, 0.625,
0.3125 GHz (CLK = 125 MHz), 3.125 GHz
(CLK =156.25 MHz).




3JIEKTPUUECKOTO cUTHala, nmpenacrasisiomero BS[9:0] (1/2 rpynmo-

BOi1 yacTOTHl — He Oosee 125 MI'w).

B 3nauenusix BS[9:0] 6utossie vactorsl (HY- u BU-guanazoHos)
He pa3IuYMuMBbl, TO9TOMY BO BCEX CJIy4asiX CUTHAJI MOXET ObITh OTHE-
ceH kK outoBoit yactote 2,5 (3,125) I'T1. B Takux curHagax Moryt
MPUCYTCTBOBATh IJMHHbIE Lierouku 0 u 1 (HY).

CxeMma, npeobOpasyolas napajjeibHble faHHbie BS[9:0]
B BBIXOIHYIO IMOCJIEI0BATEIbHOCTh OMTOB TepeaaTInKa, He 3aBH-
CUT OT BbIOOpAa OMTOBOI YaCTOTHI (HE COAEPXKUT MTpOrpaMMupye-
MBIX MYJIBTUTIJIEKCOPOB) U ONITUMU3UPYETCS JJISI BEPXHETO 3HAYCHU ST
F,,=2,5(3,125) I'Tu.

Cxema Ha puc. 3 IpeICTaBIISIET YIaCTOK TPOXOXIEeHUS U hopma-
TUPOBAHU S KOMOBBIX TPYTI B KOHBeWepe naHHbIX TX, nMeeT ob11me
KOHCTPYKTHUBHbBIE TPU3HAKHU U SIBJISIETCSI PA3BUTHUEM CXeMbI Ha pHC. 2:
paclMpeHHbIi Habop 6UTOBBIX yacToT F,, = 312,5, 625 MI'u; 1,25, 2,5
(3,125) I'Tu nuana3ona BY. AkTyanbHbl 0003HAYEHUS U MTOSCHEHU ST
K paHee paCCMOTPEHHOI cXeMe.

Kongeitep rpynn cuHxpoHusupyetcst yactoroit CLKI10 = 250
(312/5) MTI'u (BepxHee 3HaueHue F10 = F,,/10) npu Bcex 3HaAYEHU X
OMTOBOI 4acTOTHI F),.

F10 — BHYTpeHHU# CUTHAJ MapajielbHON 3arpy3KU TPYIITBI
B[9:0] B 40-pa3psnHbiii cnBurossiit peructp Q[39:0]: umnyabc
B nomeHe CLKI10 gaurenbHOCThIO | TaKT (4 HC) ¢ IporpaMMupye-
Moii TpynmnoBoii yactoroii F,,/10. DopmMupyeTcs ¢ UCMOIb30BAHUEM
DAITY u cxeMBbl KaCKaIHOIO IeJIEHUS 4YaCTOTHI Ha 2.

[lpu mapannenbHoii 3arpy3ke pa3psaasl B[9:0] pacnpenensitoTcs
B Q[39:0] B 3aBMcKHMOcTH oT F,;, = 1,25 I'T'1g; 625, 312,5 MT'u: Q[39:30],
Q[39:20], Q[39:0], mpu aToMm kaxawblit paspsin B[9:0] rpy3utcs B 1, 2,
4 paspsiga Q[39:0]. ITo cymectBy, nannbie B peructpe Q[39:0] mpen-
BapuTeabHO hopMaTUpPYIOTCs Ha yacToty F,, = 1,25 T — yetsipe
10-pa3psiaHble IPYIIIBL.

Peructp Q[39:0] cTpyKTypHupOBaH Ha 5-pa3psiiHbIii CABUT: B KaX-
noM takte CLKI10 caBuraiorcs S-pas3psiiHble TpyIIibl («cTapuias,
MJaaag») TaHHBIX, TPUBEACHHBIX K yactoTe F,, = 1,25 I'Tu. Beixo-
JIOM peructpa siBjasioTcs crapiuue pas3psabl Q[39:35] — rekywas

TEXHOAOIrMM ¥ KOMIIOHEHTHI MUKPO- 1 HAHOSAEKTPOHUKH

250 MIu| MHz

1,25 TTu | GHz

Puc. 3. Kongeiiep dannoix 6 TX (yuacmok k00oguvix epynn)
Fig. 3. Data pipeline in TX (the fragment of blocks of words)

MOJOBUHA pa3psiioB NpuBeneHHoM 10-pa3psanoit rpynmsl. [TonHas
rpynna IaHHBIX, IPUBEIEHHBIX K yacToTte F,, = 1,25 T'T1, BeIBOAUTCSA
3a aBa takta CLKI10.

®opmaruposanue F,, = 1,25 'Tu Ha 2,5 I'Tu BeImonHseTCs, KaK
U B CXeMe Ha puc. 2: MYJIbTUILIEKCOP «2,5», peructp BH[9:0].

Brixon BS[9:0] — mocienoBaTeIbHOCTh KOMOBBIX TPYIII, MTPU-
BeIEHHBIX K yactoTte F,, = 2,5 (3,125) I'T, TakTUpyeMbIX YacTOTOIH
IT'YHf0=125TTu.

ITpuemnuuk RX
Ha Bxone npyeMHMKa — NOTOK OMTOB JaHHBIX Stream ¢ 4acToToi F,.
TIpueMHUK npeodbpasyeT ouepegHyIo nocjieaoBarebHOCTh 10 OUTOB
B napajuiesbHylo 10-pa3psiiHy1o KofoBylo rpynmy. YacTota KOIOBbIX
TPy Ha BeIXozie MpueMHuKa — F10 = F,, /10.

OCHOBHast apXUTEKTYpHasi 0COOEHHOCTb MPUEMHHMKA COCTOUT
B TOM, YTO PeKMMbI OMTOBOI YacToThl 1,25 1 2,5 I'Tu He pa3anuyumMel

The length of the selected sequence deter-
mines the complexity of IP-block construction.

Some examples of schematic and techni-
cal solutions for the TX transmitter and the
RX receiver will be described below in the
context of the architectural features of high-
speed transceivers stated above. The circuit
fragments demonstrate the foregoing archi-
tectural principles.

IP-blocks are programmed in a wide range
of data transmission speeds (Fbit), the refer-
ence frequency being CLK =125 MHz:

LF:5,10 ... (increment 5) ... 125 MHz.

HF: 1.25, 2.5 (3.125) GHz (Fig. 2, Fig. 3);

312.5, 625 MHz, 1.25, 2.5 (3.125) GHz
(Fig. 3).

The value of 3.125 GHz is obtained by pro-
gramming at 2.5 GHz, but at a higher (rela-
tive to 3.125/2.5) reference frequency CLK
of 156.25 MHz.

Four-bit PLL voltage-controlled oscilla-
tor (f0, f1, /2, /3, increment 90°) with a phase

frequency of 1.25 (1.5625) GHz (n = 2).
The phase interval of 180° (f0—f2 or f1—f3)
corresponds to the upper frequency bit inter-
val — 0.4 (0.32) ns. f0, /2 signals synchronize
sequences of odd and even bits in the pipeline.
The whole f0, f1, 2, f3 set of signals is used
by the CDR circuit for representing 1/2 bit
intervals.

The frequency of interface electric sig-
nals of IP-block grouped data (exchange with
an external digital core) does not exceed 125
(156.25) MHz (the frequency of the electric
data signal is twice as low as the data fre-
quency).

COMPONENTS OF THE
DEVELOPED TRANSCEIVER
STRUCTURE

TX transmitter

The transmitter transforms a sequence
of 10-bit TXD[9:0] blocks of words at a fre-
quency of Fbit/10 into a sequence of bits

at a programmable Fbit frequency starting
from the high-order bit of TXD[9].

Figure 2 demonstrates a fragment of TX
at frequencies of Fbit = 1.25, 2.5 GHz in the
high-frequency range (+low-frequency
range): a part of the pipeline of 10-bit blocks
of words with data formatting to a frequency
of 2.5 GHz.

As a result of formatting, the bit frequency
modes of 1.25, 2.5 GHz and LF are indistin-
guishable in the operation of the high-frequency
(f0, f2 = 1.25 GHz) circuits of bit synchroni-
zation and data. No programming is needed
and none of PLL operation parameters change
in accordance with the data transmission speed.

Each 10-bit block of words [9:0] of 1.25 GHz
bit frequency is formatted into two serial 10-bit
blocks: high orders [9,9,8,8,7,7,6,6,5,5] and
low orders [4,4,3,3,2,2,1,1,0,0] transmitted
in the 2.5 GHz bit frequency mode. Format-

ting is performed at a low frequency of blocks
of words of 250 MHz (CLK250). The high and
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B paboTe BBICOKOYACTOTHBIX LIEMeil CHUH-
XPOHM3ALUUK U JaHHBIX: oguH OuT 1,25 I'T1x 125 T
1.25 GHz

OTOXIECTBIISIETCS C TIOCIeI0BATEIbHOCTHIO
nByx 6utos 2,5 I'Tu. [MprieM GUTOB BHIMOJI-
Hsetcs B ¢popmare 2,5 I'T mo cxeme Double
Rate: pasznenenue Ha nBa motoka (4eT-
HbI/HEYETHBI OUT), CHHXPOHU3UPYEMBbIX
dazamu I'VH 0, /21,25 Tu.

OTCyTCTBYEeT HEOOXOMUMOCTh MYJIbTH-

1,25 TTu
1.25 GHz

TJIEKCUPOBAHU ST BBICOKOYACTOTHBIX LieTei
CUHXPOHU3AIMNU MIPU TTePEeTPOrpaMMUPO-
BaHuu OATIY: yactoTa CMHXPOHU3ALUK
6urtos B BU-nnanasoHe He 3aBUCUT OT F,.

dopmaTupoBaHue mapaieJbHbIX TaH-
HBIX BBITTOJHSIETCS Ha 4aCTOTE KOJOBBIX
rpynn F10 (125,250 MT'1) 1 He co3maeT npo-
6s1em ObicTponeiicTBust. CurHain F10 nepena-
eTcsl BHEUIHEMY LIU(DPOBOMY APy 17151 CUH-
XPOHUM3ALMU TPYITOBOro 0OMEHa JaHHBIMMU.

Cnyuaii F,, = 3,125 I'T'uy nonpasymeBa-
ercs B cBsasu ¢ F,, = 2,5 T'Tu: omopHas yactota CLK u nponsBonHbie
YaCTOTHI YBEJIMYMBAIOTCS B OTHOMEeHWH 3,125/2,5 (25 %).

KonBeliep gannbix B RX
Kouseiiep nanubix BU-nuanazona B npueMHuke RX mokaszan
Ha puc. 4. [leTanu3upoBaH BHICOKOYACTOTHBII Y4ACTOK TTPOXOXKIE-
HUsI OUTOB U3 BXOAHOTO MOTOKA Stream.

CxeMma 6s10ka hopMaTUpPOBaHUS TIPEACTaBICHA IPYMITION MYyJIbTH-
riekcopoB Mx[9:0] u tpurrepos RH[9:0].

BxonHbie (Stream) Tpurrepsl TT SBASIOTCS KOMKUENH TPUTTEPOB
B @] (B cxeme BTCJ] — puc. 5) ¢ oTHOMMEHHBIMU BXOIAMK CUHXPO-
Huzauuu f0, 2 — HajexxHasi 3a1UCh OMTOBBIX TaHHbIX.

OnnHoctyneHyarblit Tpurrep T (Boixon Q CUMHXPOHU3UDY-
eTCsI MOJIOXUTEbHBIM mepernanoM f0) mo3BoJisieT CHHXPOHU3UPO-
BaTh ciBuru B peructpax R2[4:0], R0O[9:0] ennubiM curnanom f0.

MIu | MHz

Juarpammbl @ATTY (BTC)
PLL (CDR) graphs

Puc. 4. Koneeiiep dannvix B4-duanasona é npuemnuxe RX
Fig. 4. Data pipeline of the HF range in the RX receiver

TeMm caMbIM OTITUMM3UPYIOTCS YCIOBUS TiepeIavu mapaiaelbHbIX
KonoB B peructpsl B2[4:0], BO[9:0].

Curnan F10 npencraBisieT 4actoTy 10-pa3psimHBIX KOTOBBIX
rpynn quana3zona BU: Bei6op n3z CLKI125, CLK250 («2,5» — angpec
MyJbTUILIEKCOpa MX) M TakTUpOoBaHUe yacToToi [0 (MmoBbIlIaeT
HaJeXHOCTb CUHXPOHU3AL MU KOJOBBIX TPYIII).

Mynabtuniekcop Mx «2,5» orHocut nuanazon HY k agpecy 0:
F10=125MT1.

B pabouem pexume npueMHuka (3axsat BTCJl) BxogHO# 6uTO-
BbIit moToK Stream (KMOIT) pazaensiercs Ha 1Ba MOTOKA, CUHXPO-
HU3UPYEMBbIX 4aCTOTOM F,,/2:
¢ R2[4:0] — perucTp ciBuUra HEUETHBIX OMTOB, CHUHXPOHU3UPYEMBbI i

daszoit f2 (1,25 I'T);
¢ RO[9:0] — perucTp caBura 4eTHbBIX OUTOB, CHHXPOHU3UPYEMBbI i

da3zoii f0 (1,25 ['Tu).

the low groups are assigned numbers accord-
ing to the values of CLKI125 = 125 MHz
(CLK250/2) signal.

TXDI9:0] input data of the transmitter are
latched (EN_TX = 1) in B[9:0] (BL[9:0]) buf-
fer register upon positive swings of the inter-
nal CLK250 = 250 MHz signal. For the case
of EN_TX = 0 the initial value of B[9:0] is
retrieved.

CLK125 (125 MHz) and CLK250
(250 MHz) signals coming from the PLL
block are synchronized by CLK = 125 MHz
reference signal, which demonstrates the
functioning of the PLL algorithm: (see graphs
in Fig. 2) If CLK is a meander, the positive
swings of CLK250 are brought into coinci-
dence with the bipolar CLK swings (Double
Rate mode implementation).

If Fbit = 2.5 GHz, every CLK250 clock
cycle latches another block of words: the
block frequency is 250 MHz. B[9:0] blocks
are written in BH[9:0] register with a delay

of 1 CLK250 clock cycle, which represents the
HF channel block pipeline. Mx multiplexer
address is set to “2.5” = 1.

If Fbit = 1.25 GHz, two serial CLK250
clock cycles latch (B[9:0] = BL[9:0]) TXD[9:0]
block of words (twice). B[9:0] data are valid
in two serial CLK250 clock cycles (see graphs
in Fig. 2): CLKI125 = 0 is a high clock cycle,
CLKI125 = 1is a low clock cycle (at Mx mul-
tiplexer address). B[9:0] (“9988776655” is the
high group, “4433221100” is the low group).
Data formatted according to 2.5 GHz fre-
quency are transferred to BH[9:0] (“2.5” = 0)
HF pipeline as a sequence of two 10-bit
blocks indistinguishable from blocks of words
of 2.5 GHz bit frequency.

In the LF range TXD[9:0] block of words
is latched many times (BL[9:0]) — at least 20
times (only synchronization circuits switch).
BL[9:0] block is transmitted to RL[9:0] shift
register in a parallel code, to be transformed
into a LF Stream L bit sequence (high order

of RL[9]). Mx bit multiplexers switch the reg-
ister into the parallel reception or shifts (RL[0]
is shifted in the lower order bit as 0). Parallel
reception is performed upon LOAD signal = 1
(Mx address): a pulse of 1 Fb period in length
at Fb/10 frequency of blocks of words, strictly
separated in time from BL[9:0] value swing.

In the described design, parallel
RL[9,9,9,9,9,9,9,9,9,9] (LF), BH[9:0] (HF)
blocks of words latch to the values of paral-
lel BS[9:0] register in accordance with “L/H”
range (Mx multiplexer address). The clock
frequency f0 = 1.25 GHz (voltage-controlled
oscillator phase) is 10 or more times higher
than the frequency of the electric signal repre-
senting BS[9:0] (1/2 of the group frequency —
not more than 125 MHz). The bit frequencies
(of LF and HF ranges) are indistinguishable
in the values of BS[9:0], therefore the sig-
nal can be referred to 2.5 (3.125) GHz bit fre-
quency in all cases. Such signals may include
long sequences of 0 and 1 (LF).




B kxaxmoit mape R2[i], RO[i] ctapuium

SBIsIeTCS HeyeTHBIM 6uT R2[i] (moctynaet
nepBbIM). PeanuszoBana cxema Double Rate
s Fy,=2,5(3,125) I'Tu.

B dopmate 2,5 'Tu npuHumaeTcs
M TocJjiefoBaTebHOCTL 6uToB 1,25 I'T'i:
KaxXIblit 6UT mmpencrtaBieH napoit R2[i],
RO[i]. KomMmyTalnuum B BBICOKOYACTOTHBIX
uensx (B 3aBucumoctu ot Fbit) orcyr-
CTBYIOT.

[Ipeobpa3zoBaHue JAaHHBIX B Mapaseib-
Hblit xox B2[4:0], B0[9:0], dbopmaTuposa-
HUE ¥ TIPOJBUXEHUE B KOHBeliepe TPyl
CUHXPOHM3UpPYIOTCS curHaisom F10 (125,
250 MT).

I'pynnoBas onepauust popmamuposanus
3aKJII0YaeTCcsl B JJIOTMYECKOM OTOOope (MyJib-

TEXHOAOIrMM ¥ KOMIIOHEHTHI MUKPO- 1 HAHOSAEKTPOHUKH

D

Phase detector

Puc. 5. Dazoesbiii demexkmop
Fig. 5. A phase detector

Tuniaekcopsl) 10 6utos u3 15 (B2[4:0], B0[9:0]):

* BO0[9:0] — 10-pa3psiaHas kogosas rpynmna npu F,, = 1,25 I'T'u (B2
M30bITOYEH);

« B2[4], BO[4], B2[3], BO[3], B2[2], BO[2], B2[1], BO[1], B2[0], BO[0] —
10-pa3psigHad Konosas rpynna npu F,, = 2,5 (3,125) I'T'n.
Peructp RH[9:0] dopmupyet Boixon TX B nuanazone BU. O6b-

eqMHeHMe BbIxona ¢ nuana3onoM HY He mpencraBiseT mpooieMbl

ObICTpOnECTBUS.

Ilporpammupyembpiil pa30Bblil gemeKmop

®a3zosbiii nerektop (P) B coctaBe BTCJl npueMHMKa KOHTPOJIU-
pyeT BpemeHHoe nojoxeHue das f0, f1, 2, f3 T'YH orHocuteabHO
rpaHull OMTOBBIX MHTEPBAJIOB (MepernanaoB JaHHbBIX) BXOAHOTO
OMTOBOTO MOTOKA Stream NMpueMHKUKa. BoipabarbiBaeT yrpaBiisiio-
1me curHasbl Ha nobiieHue (Up) uiau noHuxeHue (Dn) yacTorsl
T'VH, uto no3Bossier BTCJI ycTaHOBUTD «3allleJIKMBatone» (asbl
f0, f2 Ha cepedunvt, a daswl f1, f3 — Ha rPaHUIIBI OUTOBBIX UHTEP-

4-dasnbiii 'YH onTumaneH s KOHBEEPHOM CTPYKTYPhI «4eT-
HBII-HEYeTHBII1 OUT» — JBa MapaJlleJIbHbIX IOTOKA OUTOB € 4aCTO-
Toii F,,/2. AHanornuHo padoraer ®DJ1 B KoHBeliepe YeTblpe GUTOBBIX
1moTokoB ¢ 8-dasueiM 'YH Ha yactore F,,/4: yeTHBIC U HEUETHBIC
daspl ycTaHaBIMBAIOTCS HA CEPEIUHBI U TPAHMIIBI OUTOBBIX UHTEP-
BaJIOB U T.TI.

B cocraBe 4-daszHoro M/ Ha puc. 5 npeacTaBieHa U3BECT-
Has cxema JeTeKTupoBaHus — Tpurrepbl Q0—Q3 1 cymMmaTopsl
o moayuio 2. Tpurrepselt Q0—Q3 xpaHAT OTCYETHI Stream Ha IMoJIo-
KUTeNbHBIX nepenanax f0—f3. CymMMaTopbl CpPaBHUBAKOT CMEXHbIE
OTCYETHI U BbISABISAOT Hasuuue (1) unam orcyrcrBue (0) nepemnana
JTAHHBIX HA COOTBETCTBYIOLIEM (ha30BOM UHTEpBaJe.

Lukn ckaHMpoBaHUS NaHHBIX MpuBeaeHHBIM D]l paBeH IBYM
OMTOBBIM MHTEPBaIaM yacToThl Fbit,, ;2,5 T — 0,8 He. [l yacToThl
F,, = 1,25 TTu nurepsain 0,8 HC paBeH OMTOBOMY MHTEpPBAy, YTO
MO3BOJISIET UCTOIb30BaTh TOT e DJI ¢ Toii xe (ha3oBoit YacTOTOI,
HO IPYTOii JIOTUKON MO3UIIMOHUpOBaHUs (a3: f0 — Ha cepeanHy,

BaJIOB.

The scheme of transforming parallel
BS[9:0] data into an output sequence of trans-
mitter bits does not depend on the bit fre-
quency choice (does not contain any program-
mable multiplexers) and is optimized for the
higher value of Fbit = 2.5 (3.125) GHz.

The scheme in Fig. 3 shows a fragment
of transmission and formatting of block
of words in TX data pipeline. It has common
design features with the scheme shown in Fig. 2
and is a development thereof due to an extended
bit frequency set of Fbit = 312.5, 625 MHz; 1.25,
2.5 (3.125) GHz of the HF range. The notation
and comments to the above described scheme
apply to this one as well.

The pipeline of blocks of words synchro-
nizes with CLK10 = 250 (312/5) MHz fre-
quency (the upper value of F10 = Fbit/10) for
all the values of Fbit bit frequency.

F10 is an internal signal of parallel load
of B[9:0] block of words into 40-bit Q[39:0]
shift register. The pulse in CLK10 domain is

f2 — HaTpaHUIly OUTOBBIX UHTEPBAJIOB (f1, 3 M3OBITOUHBI).

1 clock cycle long (4 ns) and has a program-
mable group frequency of Fbit/10. It is formed
using the PLL block and a circuit for cascade
frequency division by 2.

Given the parallel load, B[9:0] bits
are distributed in Q[39:0] depending
on Fbit = 1.25 GHz; 625, 312.5 MHz: Q[39:30],
Q[39:20], Q[39:0], respectively. In the mean-
time, each B[9:0] bit is loaded into 1, 2, 4 bits
of Q[39:0]. Basically, the data in Q[39:0] register
are pre-formatted to Fbit = 1.25 GHz frequency
and have the form of four 10-bit blocks of words.

The structure of Q[39:0] register is tar-
geted at a 5-bit shift. Five-bit groups of data
(higher, lower) normalized to a frequency
of Fbit = 1.25 GHz are shifted in each CLK10
clock cycle. The higher orders of Q[39:35] —
the current half of the bits of the normal-
ized 10-bit group — are the output of the reg-
ister. The complete data group normalized
to Fbit =1.25 GHz frequency is put out within
two CLKI10 clock cycles.

Formatting of Fbit =1.25 GHz to 2.5 GHz
is performed similarly to the scheme shown
in Fig. 2: “2.5” multiplexer, BH[9:0] register.

BS[9:0] output is a sequence of blocks
of words normalized to Fbit = 2.5 (3.125) GHz
frequency and clocked by f0 = 1.25 GHz fre-
quency of the voltage-controlled oscillator.

RX receiver

There is a stream of Stream data bits with
a frequency of Fbit at the receiver input.
The receiver transforms a serial sequence
of 10 bits into a parallel 10-bit block of words.
The frequency of blocks of words at the
receiver output is F10 = Fbit/10.

The main architectural feature of the
receiver consists in the fact that bit frequency
modes of 1.25 and 2.5 GHz are indistinguish-
able in the operation of high-frequency cir-
cuits of bit synchronization and data: 1 bit
at 1.25 GHz is the same as a sequence of 2 bits
at 2.5 GHz. Bits are received in the format
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Puc. 6. Bvixoonas noeuxa ghopmuposanus cuenanros Up, Dn om DJ BTCI
Fig. 6. The output logic of formation of Up, Dn signals from the CDR phase
detector

TIpoGiema D] BO3HUKAET MPU PACITUPEHUU psizia TPOrpaMMUPY-
€MbIX YaCTOT C yCJIOBUEeM Heu3dMeHHocTH yactoThl ['YH. Lluka cka-
HUPOBAHUS B CXEME PUC. 5 HEIOCTATOYCH JIJIsI IpeAcTaBiIeHus 1/2
TaKTOB 4acToT 625, 312,5 MI'u (Fbit
snokanuzoBaTh a3y ['YH Ha OuToBOM MHTEpBae.

/4 Fbit,, /8), 4TO He O3BONAET

[nsa pemeHust MpoOIeMbl CAeAyeT YBEAMUYUTH LUK CKAaHU-
pOBaHMS: perucTp capura orcuetoB naHHbix Q[1:0] mo f0 (BMecTO
tpurrepa Q0) ¥ JONMOJHUTENbHBI cUeTUMK TaKTOB f0 Ha YeThIpe
cocTosiHuS (nBa paspsiaa). [lepuon curnana f0 paseH 1/2 6utoBoro
nHTepBaia 625 MI'u unu 1/4 6utoBoro nHtepnaia 312,5 MI', uyto
MO3BOJISIET CKAHMPOBaTh Stream B ceTKe 1/2 TAKTOB IOMOJTHUTEI b-
HBIX yacToT. Pe3ynbraT nerektupoBanus mapsl Q[0], Q[1] peructpa
CIIBUTA MPEACTABISETCS BBIXOIOM JOMOJHUTEIBHOTO CyMMaTopa
mo Monymio 2 u untepnperupyercs (1) kak Up unu Dn B 3aBucu-
MOCTH OT COCTOSTHUSI CUETUMKA. BBIXONIBI CUeTUMKA UCTIONb3YIOTCS

of 2.5 GHz according to Double Rate scheme:

division into two streams (even/odd bit) syn- is shown in detail.

transmission from Stream input stream

TakXe 1151 GopMUPOBAHUSI IPUHSATOIN OUTOBOI MOCIEAOBATEIBHO-
CTHU: Kak Jjornyeckue (B noMeHe f0) i CHUHXPOHU3UPYIOLIUE CUT-
HaJbl (B 1oMeHe F),).

Jlornka o6paboTKM pe3yabTaTOB AETEKTUPOBAHUS 1151 HOPMUPO-
BaHus curHaioB Up, Dn 3aBUCUT OT KOHKPETHOI0 Habopa rnporpam-
MUPYEMBIX 4aCTOT.

B cxeme Ha puc. 5 pe3yabTaT CpaBHEHM s 3alIMUCHIBAETCS B TPUT-
repsl 2-ii crynenu Q30, QO01, Q12, Q23 — nepBuuyHas opma cCurHa-
sioB Up, Dn (akTuBHbBIM ypoBeHb 0). Llukanveckuii pazoBbiii ciBur
(f3, f0, f1, f2) onTUMU3UPYET YCIOBUSI CHHXPOHU3ALMHU. 3aaepXKKa
pesyabrata (Up, Dn) oTHOCHTENIbHO COOBITUS (TIepenaa JaHHBIX)
Ha OOWH repuon 4actoTel 1,25 (1,5625) I'Tu HecymiecTBEHHA IUIs
nHepunoHHOM cxeMbl BTC/I.

IpencraBneHHblit D] MMeeT HETMHENWHYIO QYHKIIMIO: IJTUTENb-
"octb Up, Dn Bcerna pasua nepuoay I'VH 0,8 (0,64) Hc u He 3aBu-
CHUT OT OTKJIOHeHU ST (pa3bl. HeT mpobemMbl «CXJI0MbIBAHUSI» KOPOT-
KHX CUTHAJIOB U «MepTBO 30HbI» MJI.

Curnaznsl Q30, QO01, Q12, Q23 ot M/ torndyecku 0O beANHSIIOTCS
Ha Beixomax Up, Dn cxembl puc. 6 IJ1s1 HEOCPEACTBEHHOTO YITpaBie-
HUSI 3apsITHO-pa3psAHBIMK ToOKaMu B 610ke Charge Pump.

SKCIHEPUMEHTAABHBIN OBPA3EIL]
IMPUEMOIIEPEAATYUKA

Pa3paboranHas aBTOpaMu apXMTEKTypa Obla pean30BaHa NP
MPOEKTUPOBAHUM TECTOBBIX CTPYKTYp IMpHUeMOINepenaTunka
mo TexHosoruu 90 HM. butoBsie ckopoctu paszmenens Ha HY-
(5—125 M6urt/c, mar 5 Mout/c) u B4-o6nacts (1,25, 2,5, 3,125 ['6ut/c).
Ha puc. 7 npeacrapieHa tonojorus TX.

B pesysbTate mpoBeeHHBIX UCCIEI0BAHUI YCTAHOBIEHBI MTPEAEIb-
HbI€ YacTOThI coxpaHeHust dha3oBoit noacrpoitku (BTC) u npuHsaTHS
BEPHbBIX JaHHbBIX (HaHHbIe) st cBsI3KM TX 1 RX (Tada. 1).

B mraTHOM pexkuMe repenayu Ha Habope MpeayCMOTPEHHBIX KOH-
CTPYKIIMEI CKOPOCTEHl TIO IIPOBOMHOM IMHUY YaCTOTa OUTOBBIX OITUOOK
He nipesbimaet 1072, Ha puc. 7 n3o6paxkeHa maskosas AMarpamMma cur-
HaJla TaHHBIX B JIMHUY Mepefavn Ha yactote 3,125 ['out/c.

Mx “2.5” multiplexer relates the LF range
to 0 address: F10 =125 MHz.

chronized by f0, 2 1.25 GHz phases of the
voltage-controlled oscillator.

There is no necessity to multiplex high-
frequency synchronization circuits during
PLL reprogramming because bit synchro-
nization frequency in the HF range does not
depend on Fbit.

Parallel data are formatted at a frequency
of F10 blocks of words (125, 250 MHz), which
does not impede the speed performance. F10
signal is transmitted to the external digital
core for data group exchange synchronization.

The case of Fbit=3.125 GHz is considered
with respect to Fbit = 2.5 GHz: CLK refer-
ence frequency and frequency derivatives are
increased in the ratio of 3.125/2.5 (25 %).

Data pipeline in RX
Figure 4 demonstrates the HF data pipe-

line of the RX receiver. The fragment of bit

The formatting block circuit is represented
with a group of Mx[9:0] multiplexers and
RHJ[9:0] triggers.

Input (Stream) TT triggers are duplicates
of triggers in the phase detector (in the CDR
circuit, see Fig. 5) with f0, /2 synchronization
inputs having the same name, which provides
reliable bit data writing.

T latch trigger (Q output is synchronized
with the positive f0 swing) allows synchroniz-
ing shifts in R2[4:0], RO[9:0] registers by a sin-
gle f0 signal. As a result, the conditions of par-
allel code transmission into B2[4:0], B0[9:0]
registers are optimized.

F10 signal represents the frequency
of 10-bit blocks of words in the HF range:
a selection from CLKI125, CLK250 (“2.5” —
Mx multiplexer address) and clocking by f0
frequency (increases the reliability of the syn-
chronization of blocks of words).

In the standard receiver operating mode
(CDR mode) the input Stream bit stream
(CMOS) is split into two streams synchro-
nized by Fbit/2 frequency:

* R2[4:0] — shift register of odd bits syn-
chronized by f2 phase (1.25 GHz);

» RO[9:0] — shift register of even bits syn-
chronized by f0 phase (1.25 GHz).

R2[i] odd bit (which arrives first) is the high
bit of R2[i], RO[i] pair. Double Rate scheme
is implemented for Fbit = 2.5 (3.125) GHz.

It is possible to receive a sequence
of 1.25 GHz bits in the 2.5 GHz format: each
bit is represented by a R2[i], RO[i] pair. There
is no switching in the high-frequency circuits
(depending on Fbif).

F10 (125, 250 M Hz) signal synchronizes
data transformation into parallel B2[4:0],
B0[9:0] code as well as their formatting and
propagating through the group pipeline.




Puc. 7. Tonoaoeus pazpabomannozo nepedamuuxa

Fig. 7. The topology of the developed transmitter

3AKAIOUYEHUE

PaspaboTanHas aBTOpaMu apxUTeKTypa LMbpPOBOIl yacTu rnepenar-

YHMKa ¥ MPUEeMHUKA TTO3BOJISICT yIIPOCTUTD LIEMTH BBICOKOYACTOTHBIX

OUTOBBIX orepannii. Pabota KpUTUYHBIX OJIOKOB (BBIXOIHOU MYJIb-

TUIIEKCOP NMepeflaTunKa, CABUTOBbIE PETUCTPHI U T. [I.) HE 3aBUCUT

OT BEIOPAHHOI CKOPOCTU TepeIavuu.

ABTOpPBI CYUTAIOT, YTO B JAHHOI pab0Te HOBBIMU SIBIISIOTCS CIIe-

IYIOIINE MOJOXEHUS:

* apxuTekTypHble penieHuss CP-6,10K0B 6€3 MporpaMMUpPOBaHU S
cueTunkoB PATIY u geseHusT OMOPHOI YaCTOTHI;

* OUTOBBI KOHBeiiep C IPyNMNOBBIMU OMEPaLUIMU TaHHBIX
Ha BepXHeii yactore;

* ONTUMAaJbHBIC HAOOPHI TPOrPAMMUPYEMBIX CTAHAAPTHBIX OMTO-
BBIX UAaCTOT, YAOBJIETBOPSIIOIINE YCIOBUIO (hOPMATUPOBAHUSI.
Pemena 3amava rmovcka yHUBEpPCaJIbHON apXUTEKTYPhI TPUEMO-

nepefgaTyrka, pabOTAIONIETO Ha MUAMa30He OUTOBBIX CKOPOCTEM

OT HECKOJIbKMX METaOUT 10 eNMHUI] TUTAOUT.

TEXHOAOIrMM ¥ KOMIIOHEHTHI MUKPO- 1 HAHOSAEKTPOHUKH

Puc. 8. I'naskoeasn duaepamma cuenanra OaHHbIX 6 AUHUU nepedayu
na wacmome 3,125 I'oum/c

Fig. 8. The eye diagram of the data signal in the transmission line at a fre-
quency of 3.125 Gbit/s

Tabauya 1. I[IpedeavHvie vacmomeot pabomet céazku TX u RX
Table 1. The limit operating frequencies of the TX-RX bundle.

1,25 I'out/c 2,5 I'out/c mam 3,125 I'out/c
1.25 Gbit/s 2.5 Gbit/s or 3.125 Gbit/s
BTCI 2,46 T'out/c 4,8 T'out/c
CDR 2.46 Gbit/s 4.8 Gbit/s
JlaHHBIC 2 I'out/c 4,8 I'out/c
Data 2 Gbit/s 4.8 Gbit/s
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The group operation of formatting consists
in logical selection (multiplexers) of 10 bits out
of 15 (B2[4:0], B0[9:0]):

* B0[9:0] — 10-bit block of words at
Fbit=1.25 GHz (B2 is excessive);

« B2[4], BO[4], B2[3], BO[3], B2[2], BO[2],
B2[1], BO[1], B2[0], BO[0] — 10-bit block
of words at Fhit =2.5(3.125) GHz.
RH[9:0] register forms the TX output

in the HF range. Integration of the output

with the LF range does not present any oper-
ating speed problems.

Programmable phase detector

The phase detector (PD) as a part of the
CDR receiver controls the temporary posi-
tion of /0, f1, /2, f3 phases of the voltage-con-
trolled oscillator relative to the bit interval
boundaries (data transition) of the receiver
input Stream bit stream. The phase detec-
tor generates control signals to increase
(Up) or decrease (Dn) the frequency of the

voltage-controlled oscillator, which enables
the CDR to set the latching f0, /2 phases at the
midpoints, and f1, f3 phases — at the bit inter-
val boundaries.

A 4-bit voltage-controlled oscilla-
tor is optimal for the pipeline structure
of ‘even-odd bit’ because there are two par-
allel bit streams with a frequency of Fbit/2.
The phase detector in the 4-bit stream pipe-
line with an 8-phase voltage-controlled oscil-
lator at a frequency of Fbit/4 functions in the
same manner: even and odd phases are set
at the midpoints and boundaries of bit inter-
vals, and so on.

Figure 5 shows a well-known detection
circuit being part of a 4-phase phase detec-
tor, which contains Q0—Q3 triggers and half
adders. Q0—Q3 triggers keep Stream samples
at positive f0—f3 transitions. The half adders
compare adjacent samples and detect the
presence (1) or absence (0) of data transition
in the corresponding phase interval.

The data scanning cycle by the described
phase detector equals 2-bit intervals at
Fbit,, = 2.5 GHz, that is 0.8 ns. The inter-
val of 0.8 ns equals the bit interval at
Fbit = 1.25 GHz frequency, which makes
it possible to use the same phase detector
with the same phase frequency, but a different
phase positioning logics and set f0 at the mid-
point, and 2 — at the bit interval boundary
(f1, f3 being excessive).

The phase detector poses a problem when
the range of programmable frequencies
is extended, the frequency of the voltage-con-
trolled oscillator being the same. The scan-
ning cycle shown in the scheme in Fig. 5 is not
long enough to present 1/2 clock cycle at such
frequencies as 625, 312.5 MHz (Fbit,, /4,
Fbit,, /8), which prevents localizing the phase
of the voltage-controlled oscillator in the bit
interval.

To solve the problem, it is necessary

to extend the scanning cycle by using Q[1:0]




AOKAAABI KOH®EPEHIIUU

data sample shift register at f0 (instead of Q0
trigger) and an additional f0 clock cycle coun-
ter for 4 states (2 bits). f0 signal period equals
1/2 of 625 MHz bit interval or 1/4 of 312.5 bit
interval, which makes it possible to scan
Stream in the grid of 1/2 clock cycles of addi-
tional frequencies. The result of the detec-
tion of Q[0], Q[1] pair of the shift register
is represented by the output of an additional
half adder and is interpreted (1) as Up or Dn
depending on the counter state. The counter
outputs are also used for forming the accepted
bit sequence: as logical signals (in f0 domain)
or synchronizing ones (in Fbit domain).

The logic of detection result processing for
forming Up, Dn signals depends on the spe-
cific set of programmable frequencies.

In the scheme shown in Fig. 5 the com-
parison result is written in Q30, QO01, Q12,
Q23 triggers of the 2" stage — the initial form
of Up, Dn signals (0 active level). The (f3, f0,
f1, £2) cyclical phase shift optimizes the syn-
chronization conditions. The result delay
(Up, Dn) relative to the event (data swing) per
11.25 (1.5625) GHz frequency period is irrel-
evant for the inertial CDR circuit.

The function of the phase detector
described in this paper is nonlinear: the length
of Up, Dn always equals the 0.8 (0.64) ns
period of the voltage-controlled oscillator
and does not depend on the phase deviation.
There is no problem of short signal collapse
or switching blank of the phase detector.

Q30, QO1, Q12, Q23 signals from the phase
detector are logically combined at Up, Dn
outputs of the scheme shown in Fig. 6 to pro-
vide direct control of the charge-discharge
currents in Charge Pump block.

EXPERIMENTAL MODEL OF THE
TRANSCEIVER

The architecture developed by the authors
was implemented in the process of trans-
ceiver test structure designing according
to 90 nm process. The bit frequencies are
divided into the LF (5—125 Mbit/s with the
increment of 5 Mbit/s) and the HF (1.25, 2.5,
3.125 Gbit/s) domains. Figure 7 demonstrates
the TX topology.

The research yielded the limit frequencies
for keeping the phase adjustment (CDR) and
correct data reception (Data) for the TX-RX
bundle (Table 1).

The bit error frequency does not exceed
10" in the standard wired transmission mode
at the speeds of the set determined by the
design. Figure 8 shows an eye diagram of the
data signal in the transmission line at a fre-
quency of 3.125 Gbit/s.

CONCLUSIONS

The architecture of the digital part of the
transmitter and the receiver developed by the
authors allows simplifying the high-frequency
bit operation sequences. The functioning
of the critical blocks (the transceiver output

OCHOBbl KOHCTPYUPOBAHUSA

BbICOKOCKOPOCTHbIX SJIEKTPOHHbIX
YCTPOMCTB. KPATKWI KYPC «BEJIOW MATUW»
A.WN. benoyc, B.A. Conoagyxa, C. B. LLiBepoB
oA obLue peaakumeri A. Y. benoyca

multiplexer, shift registers and so on) does not

depend on the selected transmission speed.

The authors consider the following results
as novel:

» architectural solutions for IP-blocks with-
out PLL counter programming or refer-
ence frequency division;

 the bit pipeline with group data operations
at the higher frequency;

+ optimal sets of programmable standard bit
frequencies compliant with the formatting
requirement;

The task of developing a universal trans-
ceiver architecture operating in the bit speed
range of several megabits to several gigabits
has been solved.
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BI'IepBbIe B OTEYECTBEHHOM Hay'-IHO-TeXHI/l‘ieCKOIZ nmTtepartype B 00beme 0fHON KHUI AETANbHO
1 NnocneanoBaresisHO PaCCMOTPEH KOMIMJIEKC TEOPETUHECKNX 1 MPAKTUYECKUX aCMNEKTOB NMPOEKTUPOBAHNSA

LleHa 1960 py6.

11 OpraH13aLMy NPON3BOACTBA Pa3NYHOTO POJA PAAVOANEKTPOHHBIX YCTPOICTB, MPUOOPOB 1 CUCTEM,

OOLLYMM 1 OCHOBHBIM OT/IMYMTENbHBIM NPU3HAKOM KOTOPbIX ABNIAETCA BbICOKAA CKOPOCTb 06p860TKVI
n nepegaqn NaHHbIX.
KHura OpUEeHTMPOBaHa Ha LLIVIpOKVIVI Kpyr yuTarenen: CTY[IEHTOB, aCnMpPaHTOB, npenop,aBaTeneVl
TEXHNYECKUX YHUBEPCUTETOB, MHXEHEPOB, CreLNaIN3NPYOLLNXCA B obnactu pa3p860TKVI 1 opraHu3aummn
NPOM3BOACTB Pa3NN4HOro poaa Paano3NIEKTPOHHbIX yCTpOﬁCTB, I'IpVI60pOB U CUCTEM, K KOTOPbIM
NpeabaBnaoTCa TpeﬁoBaHI/Iﬂ obecrneyeHyst BbICOKO CkopocCTHn 06p360TKM n nepegaqn AaHHbIX.
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