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LUNOPOBAA ®ATTY AAl TEXHOAOTUYECKOTO INMPOLECCA

C HOPMAMMU 65 HM

Ilocmynuna 6 pedaxyuro 23.03.2017

Ilpedcmasnennt pe3yaomamol npaKkmu4ecko paspabomKy CA0HCHO-PYHKUUOHANbHOR0 0A0KA YUPPOB020 ycmpoticmea ¢az060il
asmonoocmpolKy 4acmomsl ¢ UCNOAb308aHUeM 6a3060u mexuosoeuu KMOII ¢ npoexmuvimu Hopmamu 65 um. Paccuumarst oc-
HOBHble XAPAKMepUCmuKy — UeHmpaibHas 4acmoma OCYUIIAYUL, nOA0ca NPONYCKAHUA U Oxcummep.

Karoueevie caoéa: KMOII-mexnonoeus, ghazoeas aemonodcmpoiika 4acmomol

BBenenue

B coBpemMeHHBIX cHCTEeMaX KOMMYHUKAUMU YCT-
poiicTBa (a3oBoii aBTonoacTpoiiky YacToThl (DAIIY)
SIBJISTIOTCST HE3aMEHMMBIM 3jieMeHTOM. VX mpuMeHsIoT
JIJIS IEMOYJISILIMKA CUTHAJIa, BOCCTAHOBJICHUSI CUTHAJIA
U3 LIYMHOTO KaHalla, TeHepaluy TAKTOBOIO CUTHAJIA U
1.4. lllupokoe pacrnpocTpaHeHUe MOJYYUIU aHAJIOTO-
Bole (DAITY. AHaIOroBBEIE CUCTEMBI 00ECTICUMBAIOT
BBICOKYIO TIOMEXOYCTOMUMBOCTh MPU HU3KOM COOTHO-
IIEHUU CUTHaJ/IIyM Ha BXONEe, HO HMX HEIOCTaTKOM
SIBJISIETCS y3Kasl Iojioca 3axBaTa. Bpems 3axmara, oII-
peneasieMoe TapamMeTpaMM TeTiIeBoro (uibTpa, pea-
JIN3alKsI KOTOPOTO CBSI3aHA C CYLIECTBEHHBIM YBEJIU-
YyeHHeM TUJIOLIAAM Ha KPUCTajle MHTerpajibHOM cXe-
MbI, 1O0BOJbHO Beimko. lLludposbie DAY ummeror

442 HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 19, Ne 7, 2017

0osiee LIMPOKYIO TOJIOCY 3axBaTa M IOTEHLIMAIbHO
MeHblliee BpeMsi 3axBarta. CylleCTBYIOT pa3inyHbIe Ba-
puanThl peanusanun IUposbix AIY (LPAITY).
B paGote [1] aHan0roBbIM YaCTOTHO-(A30BBIN AETEK-
TOp 3aMEHEH Ha ABYXTAKTOBBIN YAaCTOTHBIA KOMITapa-
TOpP, GWIBTP HUKHMX YACTOT BHITIOJTHEH B LIM(MDPOBOM
Buze. [TozgHee ObLT NIpeaioxeH HOBBIM Tuir LIDAITY,
B KOTOPOM YacCTOTHBII KOMITApaTop 3aMeHeH Ipeos-
pasoBarelieM "BpeMeHHOM MHTepBall — Kon'" [2]. BroT
tunn HPAITY umMeeT yiydiieHHbIE LIYMOBBIE XapakK-
TEPUCTUKU, B YACTHOCTH, B CIIEKTpe (ha30BOro IIymMa
OTCYTCTBYET rapMOHUKa onopHoro curHaia. LIOAITY
3TOr0 TUIIA YK€ HallUTM cebe MpUMEHEHHEe B TAKUX KOM-
MYHUKAIIMOHHBIX CHCTEMax, KakK COTOBasl CBA3b [3],
Bluetooth [4], WIMAX [5].




PHV,[i]

CKR

CJIOXXEHUSI eT0 TEeKYIero 3HAaYeHUsI
co 3HayeHnueM FCW, u Takum o6pa-
30M TMoJiyueHHbIH pesdyabTaT PHR
BbIpaxkaeT TeKyllylo ¢a3zy Tpedye-
Moro curHaina. JIjs Toro 4ro0sl mo-
Jiyuuth pazy ocumsuigtopa PHV, uc-
MOJIB3YIOT (Pa30BBIl AKKYMYJISITOP U
npeodpa3oBarelib "BpEeMEHHOU WH-
TepBaJl — Kon'". BeIxomHble TaHHBIC

PHV,

X

KO HOPMANW3I0BIHHOTO NEPHOAA CUIHANA OCUMNNATOPa
{normalized DCO period code)

Puc. 1. CrpykrypHas cxema [I®AITY (TeMHbIM IIBETOM BbIIEJIEHbI AHAJIOTOBbIE KOMIIOHEHTHI):
1 — ocumnATop, yopasisieMblii KogoMm; 2 — mudpoBoit GpuiabTp; 3 — mpeodpa3oBaTeib
Kona (a3oBOil OMIMOKM B KOJ YIpaBJICHUSI OCLHMLIATOPOM; 4 — (ha3oBbIii aKKYMYJISITOP
OIMOPHOTO CUTHANA; 5 — aKKyMYJISITOP CUTHaja OCLWLISATOPa; 6 — COMILIEP; 7 — CUHX-
poHusaTop; & — npeobpazoBaresib "BpeMeHHOW MHTepBal — Iudpa”

Fig. 1. DPLL structure (the dark color designates analog components): 1 — digital-controlled
oscillator; 2 — digital filter; 3 — code-to-thermocode converter; 4 — reference phase
accumulator; 5 — variable phase accumulator; 6 — sampler; 7 — retimer; § — TDC

IIpenmeToM uMcciaegoBaHUsI JAaHHOI paOOTHI SIBJISI-
erca LHDAITY, npenHasHadyeHHas I pean3alyu 1o
TEXHOJIOTMM C HOpMaMu 65 HM, C BBIXOZHOM YaCTOTOM
10 I'Tu m moJiocoii mponyckaHus He Oosee 2 MI.
B xauecTtBe aHanora misi JaHHOK pa3pabOTKU MCIOJb-
3oBaHa uudposag PAIIY, omucanHas B padote [2].
OHa nMeeT CIenyrole OCHOBHBIC JOCTOMHCTBA!

e BBICOKAS YCTOMUYMUBOCTD K IIIyMaM;

e BO3MOXXHOCTb YITPaBJICHUS TTOJOCOM TPOITYCKAHMS
JIJIT YMEHBIIIEHUST BpEMEHU YCTAHOBKU B PabOuMiA
peXUM;

e BO3MOXHOCTh PETYJIMPOBAHUS YaCTOTOI OOHOBIIE-
HUSI YIPABJISIOLIEro Koaa B LEIsIX YBeJTUUCHUST Ha-
JIEKHOCTU CXEMHBI;

e OTCYTCTBME "BBIOPOCOB" Ha rpaduke (a3oBOro Iy-
Ma, KOTOpble MOXHO Ha0I0AaTh B Cllyyae ¢ aHaJlo-
rosoii ®AITY;

e BO3MOXHOCTb YMCHBIICHUS TIUIOIIAAN, 3aHWMAae-
MOI1 Ha KpHUCTalljie, IPU Nepexoae Ha TEXHOJIOTHIO
C MEHBIIEH TOMOJIOTMYECKON HOPMOM.

Ipuanun padorsr LIOAITY

CrpykrypHast cxema LIDAIIY mnpencrabiieHa Ha
puc. 1. B LI®AITY ncrionb3yoTcst 32-pa3psiaHble 1BO-
WYHBIe KOJBI, KOTOpbIe MPEACTABISIOT BellIECTBEHHOE
yucao ¢ (UKCUPOBAHHON TOuKoil. BeuiecTBeHHas
yacTh mnpeacrasieHa 20 miaagmumu ouramu. HasHa-
yeHue curHajoB cieaywuiee: FREF — omnopHblit
curHan, CKV — curnan ocuwuisitopa; CKVD8 —
JeneHHbI curHan ocuwuisitopa; FCW (Frequency
Command Word) — uudpoBoii Koa, BeC KOTOPOIro
oIpeneasieT OTHOLIEHHWE YaCTOThl OMTIOPHOTO CUTHAJla
FREF x yacrore curnama CKV.

Bmecte ¢ TeM FCW paBeH uMciy TaKTOB CUTHaia
CKYV 3a oguH TakT curHaia FREF. ®a30BbIit akKy-
MYJISITOpP OIIOPHOTO CUTHAJIA OCYIIECTBIISICT ONEPaLInIo

KOHBEpTOpa IPOXOIsSIT 0O0pabOTKy B
0JIOKEe aHAJIM3aTOpa U €ro BHIXOAHOE
3HaueHue PHVp aBisgercs BeELIECT-
BEHHOW KOMIIOHEHTOW Koga PHV.
PHYV}, cOOTBETCTBEHHO, 1i€/1asi KOM-
noHeHTa koaa PHV. HeobxonrumocTb
npeoOpazoBaTesisi 0O0YCIOBICHA TEM,
yTo (pa30BbIl aKKyMYJISITOp cpada-
ThIBA€T TOJIBKO IO MOJIOKUTEIBbHOMY
(¢ponty curnana CKV, 1. e. peruct-
pUpyeT TOJIBKO 1ieJioe 3HaueHue da-
36l. [Ipeobpa3oBaTenb "BpeMeHHOM
WHTEpBal — Ko u3MepsieT BpeMs € MexXay (PpoHTaMU
nocinenHero nukia curdHaia CKV u FREF (puc. 2).

IHudpposas yacts (CM. puc. 1) TaKTUpPyeTCs CUTHA-
JoM CKR, KoTophlil reHepupyeTcss 0J10KOM CHUHXPO-
Hu3zatopa. IlonpoOHoe ommcaHue 3TOro 0J0Ka JaHO
Huke. [lepeMeHHasl i 3HAUUT, YTO AAHHBIN KO SIBJIS-
ercs yHkuueit B jomeHe curHana CKV, a k — ¢yHk-
uueit B nomeHe curHaga CKR.

PHE[k] — xon ¢a30Boii OlIMOKM, KOTOPBIA TOTY-
YeH CIeAyIoIIUM 00pa3oM:

PHE[k] = PHR[k] — PHV[k]. Q)

[aee 3TOT KO/ MPOXOAUT 00pabOTKy B LIM(PPOBOM
¢unbTpe, KOTOPHIM yMeHbIIaeT 3HaueHue (a30BoOit
OLIMOKMU:

PHE k] = PHELk] - o. 2)

st yIpoleHnsT peaan3alii MOXHO HCIIOJB30-
BaTh 3HavYeHus a. = 1/2, 1/4,1/8, 1/16, ..., TaK Kax rpu
TaKMX 3HaYeHUSIX UMPPOBOIt HUIBTP MOXET OBbITH BbI-
MOJHEH B BUAE perucrpa CABUIa BIIpaBo. 3HAUCHUE
Ko ULMEHTa ¢ OMpeAessieT MOJOCY MPOIyCKaHUsI
Jpw HDAIIY:

Tew= %E " JFREF> (3)

rae fpppp — vacrora onopHoro curtana FREF.

[
1

Puc. 2. Bpemennsie auarpammsbl curaanios FREF u CKV
Fig. 2. Time diagrams of FREF and CKV signals
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pBIil SIBIISIETCS CYETYMKOM CHMTHAaja
FREF. YcnoBueM nepekiatoyeHUs o
SIBJSIETCSI OOCTMXKEHUE CUYETYMKOM
3aJaHHOTO U3BHE 3HAUCHUSI.

Anajorossie KomnoHenTsl IIPAITY

Awnanorosas dacte LHDAITY co-
JEPKUT CIIEAYIoNe OJIOKU: OCLMI-

JIITOP € MOOK/IIOYEHHBIMM K HEMY
JEIUTEISIMA 9aCTOThI, CUHXPOHU3a-
TOp M TIpeobpa3oBaTesb "BpeMEHHOU
uHrepBan — kon" (ITBUK). B gaH-
Hoil pabote wucnosisdyercsi LC-oc-

LWIJISATOp, LIEHTpaJIbHAS 4acTOTa KO-
Toporo paBHa 10 I'Tu. OH comepxuT

Puc. 3. [IpunnunuaibHas cxema nepeKioyarens Ko3gduuuenra o
Fig. 3. a-shifting circuit

Hanee mojydyeHHOE 3HAYE€HME HEOOXOIMMO HOp-
MaJn30BaThb B BUJ KOAa YIPaBICHUS OCUUIISTOPOM
OTW (Oscillator Tuning Word):

OTW k] = PHE[k] - fj@” , (4)
DCO

rne Kpco — Ko3bdULUMEHT nepenayn oCLuUIATOpa.

KoneuHblil pe3yabTaT yMHOXEHUS IIPOXOAUT IIPeo0d-
pasoBaHue B TepMokon. Ilporiecc HacTpoitku LIDAITY
JNeIUTCS Ha TPU peXuMa, KOTOPbIE OMpPeaesstoTCs
TUIABHOCTBIO HACTPOWKU. [IepBbIil pexXM COOTBETCT-
BYET Irpy0Oli HaCTpOIiKe, BTOPOI peXKUM — MPOMEXKY-
TOUHOM; TpeTuit, pabouuii pexum, — IUIaBHOU Ha-
cTpoiike. 1151 KaXa0ro pexxuma CyuieCTBYIOT CBOU KO-
spuumentel o U Kpop. Ilepexmoyenne pexumoB
OCYIIECTBJISIETCSI C MOMOIIBI0O KOHTPOJBHOro 0OJIOKa,
KOTOPBIA MEHSIET PeXUM B 3aBUCMMOCTU OT COCTOSI-
HUS cueTuyMmka, TakTupyeMmoro curHaiom FREF. Ko-
s duumentel Kpr-o ONpPENEeNAOTCa €lle Ha CTaauu
MPOEKTUPOBAHNS, U JOIYCKAETCSI CPaBHUTEJIbHO He-
0oJIbLIOE paA3IUUME C UX PeabHbIMU 3HAUYCHUSIMMU.

st mocTHMXKeHUsI TpeOyeMOMi ITOJIOCHI MpPOITycKa-
HUSI MOXET MOTpedoBaThCsl OUEHb MaJIOe 3HAYEHUE o,
YTO, B CBOIO OU€pelb, MOXKET CKa3aThCsl HA 3HAYUTEb-
HOM YyBEJIMYEHUU BPEMEHU YCTAHOBJIEHUS B pabouuMii
pexuM. 1151 Toro 4ToObl yIOBJIETBOPUTH TpeOOBaHMS
JIJISI CKOPOCTH YCTAaHOBJIEHUSI B pa0OYMii peXXUM U IS
LIMPUHBI TIOJOCH MPOMYCKAaHUS, peaanu3yeTcsl mMexa-
HU3M TepeKoYeHus o (puc. 3).

Ha HauanbHOM 3Tare TpeThero pexxmma MCIoJb3y-
€TCSl OTHOCUTEIBHO OOJIbIION KO3(hMUIHUEHT o U Ye-
pe3 onpeaeeHHbIN TPOMEXYTOK BpeMEHU MOC/Ie KOH-
TPOJILHOTO CHUTHaia "gear" TPOMCXOOUT TIEpPeXom K
MEHbllIeMy 3HayeHuio. [lepekiaoueHre ocylecTBiIs-
eTCsl TaKXKe BHEIIIHUM KOHTPOJbHBIM OJIOKOM, KOTO-
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TpU Habopa KOHAEHCATOPOB, COOT-
BETCTBYIOIIMX TpPEM peXHUMaM Ha-
crpoiiku. IlepBomy, rpyoomy, pexku-
My HACTpOMKU COOTBETCTBYET HAOOP
sT'9eeK W3 KOHIEHCATOPOB C OTHOCH-
TeJIbHO OOJIbIION eMKOcCThlo. Jlis
BTOpPOTO M TPETHETO PEXMMOB €MKOCTH MeHbIe. B pe-
3yJIbTaTe JIJIs1 TIEPBOTO, BTOPOTO U TPETHErO PEKUMOB
KO3((PUILIMEHTHI Nepenady paBHbI 3HaUYeHUSIM 44 MI'1g
u 2,5 MI' u 290 xI'i coorBeTcTBeHHO. OCHOBHBIMU
(byHKLIMSIMU 06JTOKa CUHXPOHU3ATOPA SIBJISTIOTCS TeHepa-
LIMSI TAKTOBOTO CUTHaJA Ut 1iudpoBoit yactu LIDAITY
u noacuyeT umnyiabcoB curHaia CKV. Curyauuu, B
KOTOPBIX TOJ0XUTeAbHbIe (DpoHTH curHasioB FREF u

e

| CueTumk
i (counter)

Puc. 4. Cxema CHHXPOHH3AaTOpA
Fig. 4. Retimer circuit with counter




B paboueMm pexume. Tak Kak wuue-
aJlbHOE 3HAYEHUE HE MOXET ObITh
W3BECTHO 3apaHee, 6JJ0K 00paboTKu
JIOJKEH OIpeAesiiTh ero U3 COCTOSI-
HU peoOpa3oBaresis. YIpaBieHue
3aI€PKKON IIPOUCXOIUT IIyTEM M3-
MEHEHWST HaIIPSDKeHUS ITUTAHWST MH-
BEPTOPOB — 3JIEMEHTOB 3aIEPKKHU.
IIpu M3MeHeHUU HampsKEHWST Mu-
taHusa Ha +10 % wusMeHeHue 3a-
JepKKU cocTtaBigeT okono 30 %.

Puc. 5. PesyabraThl pacueroB auddepeHnuanbHoil (CIUIOMHAS JMHUA) W HHTErpajbHOM
(myHkTupHas quHus) HeJmHeiiHocteil IIBUK
Fig. 5. Differential (the continuous line) and integral (the dashed line) nonlinearities of TDC
in worst case

CKV cauiikom 6113KU, KpaiiHe HexXeJaTeIbHbl, TaK
KakK MOTYT CITIPOBOLIMPOBaTh cOOUl B MOACYETE TAKTOB.
HMMeHHO MO3TOMY HCHOJIb3YETCSl CTPYKTypa, IpUBeE-
neHHast Ha puc. 4. CurHan SEL_EDGE dopmupyercs
6;10k0M 00padotku gaHHbix [IBUK u curHanusupyet
0 HEOOXOAMMOCTHM MPOIMYyCKa TEKYILIEro MUMITYJibca Ha
BBIXOAE OCLIMJIIITOpa, YTOOBI M30exXaTh cOOs B ITOI-
cuere TakToB. Kog PHV[2:0] — mianiuue OUTHI 1IeJ10i
cocrapisitouleit koga PHV. Crapiiue 6utsl hopMupy-
€T OOBbIYHBIM CUYETYMK, HAa TAKTOBBIA BXOJ KOTOPOTO
MocTymnaer AejeHHbI curHan ocuuiisgtopa CKVDS.
Kpome Toro, BpeMeHHOI nIuana3oH MeXIy MOJOXKM-
tenbHbIMU poHTamMu curHajioB FREF u CKR non-
KE€H OBITh OCTATOYHO BEJIWK, YTOOBI 3a 3TO BpeMs
a”Hagm3aTop ycnea oopadbortath gaHHbie [IBUK.

KoHeuHoii 3apaueit 3Toro G;1oKa sIBAsIeTCs Mpeood-
pasoBaHMe BPEMEHHOI'O MTPOMEXYTKA MeXIy OauxkKaii-
LIIUMHU TTOJOXUTEbHBIMU (ppoHTamu curHasioB FREF
u CKV B nudpoBoit koa. be3 Hero ¢a3a BBIXOZHOIO
curHanma LIDAIIY nuiob Tokanm3oBaHa B AUama3oHe
oT 0 1o 2rx. B naHHO# paboTe UCIOJIb30BaH Mpeodpa-
30BaTe/ib HA OCHOBE JIMHUM 3aepXKU. OH CONEepPXUT
WHBEPTOPHI B KAUECTBE 3JIEMEHTOB 3aIePKKN M TPUT-
repbl, Ha TaKTOBbI BXOJA KOTOPBIX MOAAETCS] CUTHAI
FREF. Pa3peliaroiiiasi cCnocoOHOCTb TaKOTro Ipeoopa-
30BaTelisl paBHA BPEMEHU 3aJep>KKU OTHOTO MHBEPTO-
pa. [lns TexHojormu 65 HM 3TOT MPOMEXYTOK paBeH
okosio 20 nc. Tpebyemas TojHas1 1IKajaa mpeodpaso-
BaTess JoJikHa cocTaBiisTh 800 ric nmpu KoadduieH-
Te Tepenayn okojo 14 out/mc.

®dopMupoBaHNE BEIIECTBEHHON COCTaBJISIONIEH
kona PHV onpenensieTcs cieayioluM BbIpakeHUEM:

PHV,= =%, (5)
I Tegy
IIe &€ — pa3HuWlla BO BpPEMEHU MexXay (ppoHTaMu;

Tcxy — uaeanbHoe 3HaueHue nepuoga curana CKV

Hanuuue nuddepeHuMaNbHbIX JU-
HUM 3agepXKu cMsrdaer 3ddekr
pa3bpoca TEeXHOJOTMYECKUX Tapa-
METPOB, M B TAKOM IIpeoOpas3oBaresie
MOXHO OOOWTHCH 0€3 KaJIMOpOBKM.
Ha puc. 5 mokazaHbl pe3yJbTaThbl
pacyeTHOM 3aBUCHMMOCTH nudde-
PEHIIMATBHOM U WHTETPAJIbHOU HE-
muHeitHocTeit (DNL u INL) oT BpemeHHOro nmpome-
KyTtKa mexny ¢pontamu CKV u FREF.

OcHoBubie xapakrepuctukn [TOAITY

Pesynpratel MomenaupoBanusi B cpeme CAIIP
CADENCE npuseneHbl Ha puc. 6 u 7.

HMcnonb3oBaicss TUIIOBOM TEXHOJOTMYECKUIl MPO-
necc 65 HM npu temneparype 27 °C, IXATTEpPE BXOMI-
HOro curHaja, paBHoM 60 mc. Yacrora 0rmopHOro cur-
Hana paBHa 100 MI'u. ITosoca mpomycKaHHWsI COCTaB-
nsgeT 2 MI'n. Ha puc. 6 mokaszaHo M3MeHEHHE YacTo-
Thl B IIpOlieCCe HACTpOMKU. IlepBblil pexxumM padOThI
Imics 2 MKc, BTopoit pexxuM — 10 Mxc. CymmapHoe

10.2

f, GHz 10.1

10.0 =4

Puc. 6. U3menenue yactotsl B npouecce nacrpoiiku: I, 11, 111 — pe-
SKUMBI HACTPOMKU

Fig. 6. Frequency dynamic during calibration: I, 11, II1] — the calibration
modes
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Puc. 7. 'na3koBas auarpaMma CHrHaja reHepaTopa
Fig.7. Eye diagram of the oscillator signal

BpeMsl HacTpoliku coctaBuiio ~20 mkc. Ha puc. 7 mo-
KazaHa IJIa3KOBasl JuarpaMma CHUTHajJa TeHeparopa.
HeTepMUHNPOBAHHBIN KUTTEP BBIXOTHOTO CUTHAja
paBeH 5,9 ric.

3akimouenue

B nanHoli paboTe mpeacTaBieHa peaau3alus
L DAITY ¢ ucnonp3oBanueM 6azosoit KMOII-TexHO-

JIOTMM C MPOEKTHBIMM HOpMaMu 65 uM. Ilpm 1eHT-
panbHOI yactote ocummisgTopa 10 I'T'x u mooce mpo-
nyckaHus 2 MI'y neTepMUHUPOBAHHBINA JXKUTTEP CUT-
Hama LHDATIY cocraBiseT 5,9 T1C.

Hannas peanusanus LIDPAITY Moxer ObITH HC-
MOJIb30BaHAa KaK CUHTE3aTOP YaCTOThI AJIs1 BHICOKOCKO-
POCTHBIX KaHAaJIOB CBSI3M B MUKPOIIPOLIECCOPHBIX U
koMMmyHuKaimoHHbIXx CBbUC.
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This paper presents the result of practical development of IP-block of digital phase-locked loop (DPLL) using a basic CMOS
process with design rules of 65 nanometers. The analog PLLs are widespread but advanced CMOS technologies are becoming less
friendly for analog design, therefore digital solutions adaptation for analog applications issue is of great interest. The structure of
implemented DPLL is the same as one of WiMAX and Bluetooth receivers DPLL. The main advantages of this structure is higher
noise immunity in comparison with the analog PLL one, scaling and bandwidth control during calibration. The operations of analog
and digital parts are described. For simplicity, the inverter-delay chain is used as the time-to-digital converter. Its main parameters
are presented, differential and integral nonlinearities are obtained using Monte-Carlo analysis. Also, the settling time reducing tech-
nique is implemented using gain shifter. The digital part implementation is done with Verilog. The central frequency of oscillation
and bandwidth are calculated. The simulation is implemented and the output jitter is obtained.
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Introduction

In communication systems, the phase-locked loop devices
(PLL) are irreplaceable. Their applications are signal demod-
ulation, signal restoring from a noisy channel, clock signal
generation, etc. The analog PLL devices are now widespread.
The analog systems ensure high noise immunity at a low sig-
nal to noise ratio at the input, but their drawback is a narrow
locking band. The locking time determined by the parameters
of the loopback filter, which implementation is related to an
essential increase of the area on the integrated circuit, is rath-
er long. Digital PLL have a wider locking band and poten-
tially smaller locking time. There are various versions of the
digital PLL (DPLL) implementation. In [1] the analog fre-
quency-phase detector is replaced with a two-clock frequency
comparator, and the low-pass filter is digital. Later a new type
of DPLL was offered, where the frequency comparator is re-
placed by time-to-digital converter (TDC) [2]. This type of
DPLL has improved noise characteristics, in particular, there
is no reference spurs in phase noise spectrum. DPLL devices
of this type have already found application in such commu-
nication systems, as cellular communication [3], Bluetooth
[4] and WiIMAX [5].

The object of research is DPLL implementation in 65 nm
CMOS process, output frequency of 10 GHz and bandwidth
of no more than 2 MHz. The reference for the given design
is the one of the DPLL described in the work [2]. Advantages
of this design are:

e High noise immunity;

e Bandwidth control for settling time reduction;

o Filter output updating control for reliability improvement;

e Absence of reference spurs, which can be observed in case
with an analog PLL;

e Scaling at advanced technologies which is not the case
with analog PLL.

Principle of operation of DPLL

Block diagram of DPLL is presented in fig. 1. In DPLL
32-bit binary codes presenting fixed point numbers are used.
20 least significant bits represent the fractional part. The pur-
poses of the signals are the following: FREF is a reference sig-
nal; CKV is an oscillator signal; CKVDS is a divided oscillator
signal; FCW (Frequency Command Word) is a digital code,
which value determines the frequency ratio between FREF
and CKV signals.

On the other side, FCW is equal to the number of time
steps of CKV signal per one period of FREF signal. The ref-
erence phase accumulator carries out the operation of addi-
tion of its current value with the value of FCW and thus re-
ceived PHR code expresses the current phase of the demand-
ed signal. In order to receive PHV code the variable phase ac-
cumulator and TDC are used. TDC output data are processed
in analyzer and one output value PHFis a fractional part of
PHYV code. PHV;is an integer part as well. The necessity of
converter use is explained by the fact that the phase accumu-

lator works only with the positive edge of CKV signal, i.e. it
detects only the integer part of a phase. TDC measures time ¢
between the positive edges of the CKV last cycle and FREF
(fig. 2).

The digital part (see fig. 1) is clocked by CKR signal,
which is generated by the retimer. A more detailed description
of this block is given below. The variable i means, that the giv-
en code is a function in the domain of CKV signal, while k&
is the function in the domain of CKR signal.

PHE]k] is the code of a phase error, which is calculated
in the following way:

PHE[K] = PHRIk] — PHV[K]. (1)

Further, this code undergoes processing in the digital fil-
ter, which reduces the value of a phase error:

PHE,[k] = PHR[K] - a.. )

For simplification of the implementation it is possible to
use values o = 1/2, 1/4, 1/8, 1/16... because at such values
this operation can be performed by simple right-shift register.
The value of coefficient o determines the bandwidth fy, of
DPLL:

Tew= %C “JFREF (3)

where frrpr is the frequency of the reference signal FREF.
Then, the received value should be normalized into oscil-
lator control code OTW (Oscillator Tuning Word):

OTW |kl = PHRI[k] - &@f, 4)
Kpco
where Kjco is the transfer coefficient of the oscillator.
The result of multiplication undergoes transformation into
a thermocode. The DPLL calibration has three modes differ-
entiated by the smoothness. The first mode corresponds to a
rough adjustment, the second — to an intermediate adjust-
ment, the third — to a smooth adjustment. The third mode
corresponds to a normal mode. For each mode their own co-
efficients are o and K. Switching of the modes is carried
out by means of the control unit, which changes a mode de-
pending on a counter condition. The counter clocked by
FREF signal. K factors are determined at the design stage
and small differences from their real values are allowed. For
achieving of the demanded bandwidth a very small value of o
may be required, which can cause a substantial increase of the
settling time. In order to meet the requirements for the set-
tling time duration and the bandwidth, the switching mech-
anism of factor o (fig. 3) is implemented. At the initial stage
of the third mode a relatively large coefficient a is used, and
after a certain period of time by the "gear" reference signal a
transfer to a smaller value is performed. The o switching event
is also controlled by the external control unit, clocked by
FREF signal. When current unit value is equal to ones spec-
ified by designer, the unit calls the switching event.
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Analog components of DPLL

The analog part of DPLL contains the following units: an
oscillator with the frequency dividers connected to it, a retimer
and a TDC. In the given work oscillator based on LC-tank is
used, its central frequency is about 10GHz.

The oscillator contains three sets of capacitors corre-
sponding to three modes of adjustment. A set of capacitor
cells with high capacity corresponds to the first mode of ad-
justment. For the second and the third modes cells with small
capacitors are used. Therefore, the one cell switching changes
the frequency by 44 MHz, 2.5 MHz and 290 KHz respec-
tively. The retimer functions are clock signal generation for
the DPLL digital part and CKV pulses accumulation. The
cases, when the positive edges of FREF and CKYV signals are
too close, are extremely undesirable, because calculation fail-
ures of the time steps can be caused. For this reason the struc-
ture presented in fig.4 is used. TDC data processing unit gen-
erates SEL._ EDGE signal and the purpose of this signal is to
make retimer skip the current CKV pulse in order to avoid a
failure in calculation of the time steps. PHV[2:0] bits are the
least significant ones of the integer part of PHV code. A sim-
ple counter clocked by CKVD8 signal generates the high or-
der bits. However, the time span between the FREF and CKR
positive edges should be large enough to allow the analyzer to
process TDC data.

The TDC task is conversion of the time interval between
the closest FREF and CKYV positive edges to a digital code.
Without this block the output signal phase of DPLL is only
localized within the range from 0 up to 2x. In the given work
a delay line converter is used. It contains inverters as the delay
elements and flip-flops, clocked by FREF signal. The reso-
lution is equal to the time delay of one inverter. In 65 nm
CMOS process this interval is about 20 ps. The demanded
time range of the converter should be 800 ps at the ~14 bit/ps
transfer coefficient.

The fractional part of PHV code is determined by the fol-
lowing expression:

PHV,= & 3)
s TCKV

where ¢ — difference between the edges; 7T(-x, — CKV period
ideal value in the normal mode. Since Tk} cannot be known
in advance, the processing unit should determine it from the
converter states. In addition, the time delay control of all in-
verters can be achieved by power supply adjustment. Chang-
ing supply voltage by £10 % can change the resolution by

30 %. Presence of differential delay lines mitigates mismatch
effects, and with proper design this converter can be calibra-
tion-free. Fig. 5 presents the worst-case TDC differential and
integral nonlinearities (DNL and INL) obtained by Monte-
Carlo analysis.

Basic characteristics of DPLL

The results of simulation in the CAD CADENCE environ-
ment are presented in fig. 6 and 7. Typical process at 27 °C is
used, input jitter is 60 ps. The reference frequency is 100 MHz.
The bandwidth is 2 MHz. Fig.6 presents a change of the fre-
quency during the calibration. The first mode lasted 2 ps, the
second mode — 10 mcs. The total time of adjustment is about
20 ps. Fig.7 presents an eye diagram of the oscillator signal.
The determined jitter of the output signal is equal to 5.9 ps.

Conclusion

The work presents an implementation of DPLL in 65 nm
CMOS process. At the central oscillator frequency of 10 GHz
and a bandwidth of 2 MHz, the determined jitter of DPLL
signal is 5.9 ps.

The given DPLL implementation can be used as a fre-
quency synthesizer for the high-speed communication chan-
nels in the microprocessor and communication GSI.
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