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As data cc)ll))ll[ll)ic:~tiolls  raics climb tm’arcf  10 C.bits/s,  dock rccmwy  and syn-
cl]rol)izatic)ll  b(:comc  JIIOIC  difficult, if JIOf impossible, using cozlv(!l)tiollal dcctronic
circuits. ‘1 ‘h c II ig-h-speed IdmtolJ  ic clod lcgcncrai  c m dcscribcd  ill t }J is article may
bc Inorc suifablc  for such USC!. ‘J’his plloto~)ic rcgcllcrator  is .hI<SCd  on a pmvioudy
rcjmrt(!d  ]Jwto]lic  oscillator capabk! of fast, acquisil  h) azld sylIcl)l onixatio~l. With
l)otlI ckxtrical and optical clock  il)puts  al,d  output .s, the dcvh is ca.sily illtcrfacccl
}{ritl)  fiber-o~)tic s.ystcms. 7 ‘lJC rccovcrcd  electrical  clock (a?) l)c IISCCI  locally  and
the  optical c!k)ck ca~i .bc used aIIywhcrc ~vithizl a scvcra] kilo~nct  cr ~adiLls of tllc
clock/ca  rricr  rrgc]mra  tor.

Kcy words: l)~)ot,ollic  oscill;Ltor,  clock rcmvcry,  ca I ricr rccovrr.~j  i]~jcc~ion locking,
syj)cl)ro]]iza tioJ)

1. Introduction

III lligll-spcc(l fiber-ol)tic co~~lll)u]licat,io~ls  systems, the abillty  to Iccovcr tllc clock frolll tfIe iucoming
rall(lom data is (!sscllti al. ‘I’l Ic ICXX)VCIC c1 clock must  be iu I)ltcise  sy)lcllrol)is!l) wittL tllc illcolning  d a t a
aLl(l is usd in furtlmr  signal l)roccssillg syste~us , such as rcgcllcrativc  rq)cat(m,  ti)[lc division switching
sySt(’ills, al)cl clcu)ulti  I)lcxcrs.

Cmlvcutiollal  clock mcovcny clcvicc!s arc gc]lcrally  I)asd  011 cl(!ctronic  l)has(:-lockd  Ioc)ps (l>l.l,s) [1].
‘1’llcsc  dcviccs ]Ilay  not, IN suited  for tjll(! llig,ll-speed fiber-optic colil~ll~lllicatiolls syste[u bccausc  of tllcir
I clativcly  slow S1)CCC1 , slow acquisition titue, ]mrrow  tracki~lg  raugc,  iuability  to Lc tun(!d over  a  wide
I allgc of frcqucncics,  and IIol)-o])tical  iuputs  aud outputs. IIavillg optical i~}puls  slid outf)uts  is imr)ortaut
bccausc  it makes iutcrfacillg  with a fiber-optic systclil  easier.

All ol)tical  clock rccovcry SCIICI1lCS  l)roposcd by ~llauy aut]]ors  [2- 6] arc bad 011 illjcctiou  locki[lg a
l)uked hw!r With th(! itlCOItliI)g data stIcam,  whc!rwin the l)Llki<d laSC!l  }Ia.$ a Ilolllillal I) Llhatioll rate C1OSC!
to tllc illcoluiu~  data rate. 111 OIIC SClICIIIC,  the I) LIIs(YI laser [2 4] is a Iaod(:-k)ckcd  fiber ring laser, aud
tllo illl)ul  data ]Iwdulates  tlIc laser cavity IcIIF,L1l or ]OSS via t}, c ol}tical llo]l]i]lca] c flint. Ilecausc  ol)tical
lwlllillcarity  is used, tlIc itd mwity of t lIC illjcctioll  data has t(I bc high all(l is, tll(!rcforc,  not I)ractical  ill
Illally al)l)licatiolls.  III allotllcr  s(,l IcIn(:, t,tlc pulsed lasm is a self-l)ulsatillg sc:lllicoll(l(lctc)r  laser  [5,6]  wllcrc
tllc s(’lf-l)ulsatioll  is caused by self-Q-switcllin~ witlliu tllc d(nicc.  ‘1’lIc  I)ulsatiol) rate CaII  I)c controlled
[)y Viiljfjllg  t]lc Currc!llt to t]l(! (Icvicc. ‘1’lIc I)roblcll)s  a.ssociat,mi  with SLIC1l a dcvicc! arc! t II(; rc!iat,ivcly low
sl)(w(l (a f(!w Gl]z)  aII(l lclat, ivdy llig,ll Iloisc.



AlthouKli  tllc coimq)t  of all o]iical  systcIIIs  is att r’ac.tivc,
.

i lie majority of l)rcscllt and future syskmls
will [m IIybrid, lncalling  that tl]c systc~tl can bc cent lollcxl and acccssml  Imtll f~l)tically  and clcctrcnlically.
‘1’llercforc,  a clock rccovcry dcvicw llavillg SUC1l a Iiybrid  caIJ:[l)ility is i]nl)ortant , and ill t,liis article wc
rcIJort sucl) a device tllc ])llotollic clock regenerator WC also sliow tliat thf! saIt Ic dcwicc can be USCXI  for
Iiigtl-frcqumlcy carrier recovery Mid will k useful in fibm-ol)t  ic analo:,  cc)llllll(lllicatiotis syskms.

‘J’lic I)l]otollic dock aIId carrier rcgcmrator is bawd  On tll~ l)llotol)ic oscillator dcscrild  in an t!arlicr
article [7]. As SINW]I  in Irig. 1 ,  fullctionalty  it is a six-lml 1 dc!vicc witl] all c)])tical ad an e l e c t r i c a l
injection  }mrt, all optical a]ld an electrical outI)ut  l)ort, atld two Iwltjaf;c. colltrolli~lg ports for tunillg
frcq(mi(y.  ‘JIIN  il]coming data arc illjcctd into the l)llotonic oscillator cit Ilcl ol)t,ically or electrically. ‘1’hc
fro!-  rulllli]lg plmtollic  oscillator is tunccl to oscillate at a nolllillal frequency C1OSC  to tllc clc)ck frequency
of tlw illco]ning clata. With tllc injection of tlic data, the plmtonic  cmillatc)]  will be cluickly l)hasc Iockecl
to tllc clock frcquc!l)cy  of th[! data s tream wllik!  I’cjc!ctirig oi Jlcr frcqu(!ncy mmponcmts  (}[armonics  and
s~ll)ll[lrlt)c)llics)  associated with tllc clata. Cc)nscqucvltly,  the (}utj)ut clf tlic lockccl I)hotc)nic: oscillator is a
collt.illuous I)crioclic: waw! sy]lcllronixcd  with the iuco~ning  dala, or si][ll)ly  t IIC NTOVCICCI  clock.

(a)

RANDOM
DATA

OF RATE
R

ELECTRICAL INJECTION ;;i[:

~z-:;~:_E::L
OPTICAL INJECTION -

(t))
ELECTRICAL INJECTION ~~~j~

AT C=-~~:--EE::SF’OILED
CARRIER ‘----

L__.___—_  —-L
OPTICAL INJECTION

Fig. 1. Functions of the photonic clock and carrier regenerator: (a) clock recovery and (b) carrier recovery.

Il. Clock Recovery Demonstration

I“ip,um 2 s} lows t lie clc)ck recovery cxpcrinlcnt  sd u]). AI i 11P 8(NO WCJI (1 Gclmrator  Systc~n was USCC1
to gcllcratc  a strcalu c)f rclmtitivc  G4-bit worc]s  at 100 IVlbii s/s, all(l tllc })llotollic cmillatc)r was t,uuccl to
oscillate at, 100 L411Y,. ‘1’lIc data were injected into the l)ia~ pc)rt of !I)c clf!(:t,ro-c)~~tical  (E/0) modulator
tltrou~]t a filtmr and a bias ‘1’. ‘J’llc fjltcr was ccnL(:rccl at 100 MIIz wit tI a 3-cIII banclwidt}] of 10 h411z.
It was usd to rcxl ucc unwanted frccluency  compc)lmks  of t}lc inl Jut clata. ‘J’llc Outl)llt  of ttlc! IJhotonic
oscillator was feel c!it,llcr into a sl)cctrum  a)lalyzcr  (111’ 856?) or all oscillosco])c  (rl’cktrollix  246511). Whcm
\lsillp, ttlc oscilloscol)c, tile first bit, of each word tva.s used to trig,gw t 1 )c Swml)  so t,llc wllc)lc wore] Cc)ulcl
Iw (Iisl)laycd.

P!otc tltat alt,lmu~ll a  ]Jmtcmic clock rq,cIIcI  ator  i s  (a])ablc  of rtcmwri]lg  a dock  a t  HIUCII Itiglm
frcqilf,]icics (II]) to 7 0  GIIz),  duc to cquip]l]cl]t, const,raillis  wc CIIOSC to dc~llmlstratc  clc)ck rccovcry a t
Io() Ml IY, to Inakc 0111 lll(::ls(lr(:ll~c]]ts  easier. Wit]l tlIc 11)’ 8080 systclll, tlic data l)attc!rn can easily I)c
select ml to IJC citlwr  rcturll-to-zero (1{7, ) or ~loll-r(t  urll-tmzcro  (NI{ ‘Z), so I)(jt,l] t,yl)cs of data were tested it!
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Fig. 2, Clock recovery experiment setup.

{)111 cxperi]l)cn)t,s,  ‘1’lle selected 64-t)itj  word was 0010101101” IOJ ()()1 0110001110101101 1011001010001010
0010101100101000. ” ‘lll}(! clock recovery is indeImldmt of the v;ord chose]], as IOJIR as it is ba]anccd.

~“i~],u]e  3 SIIOWS tile cxl)mi[lmlt,  rcsu]t,s ill t,]m frcquculcy dt,~]laill  ~]lat  delnonstratcd s u c c e s s f u l  clock
I txxwcr.y  from a]] N]{ 7, data stream. ‘1’hc frequency spectrulll  of tllc inl)ut  data is measurccl with tile
100 h411z filter a]ld is identical to tile il)ject,cd signal, As one (all  see, th~! sclucted NRZ data strealll  llms
SOII]C:  frcqumlcy colllpo~lellts st,rongcr than tllc clock frcquellcy. After clock rcgineration, tile rccovc!red
clock is G2-dll st, rollger than the strongest harmonic colllpoll{nlt. F’ig:urc 4 slmrs tllc salne expcri[mmt
r(:su]ts  ill tl)c tilne do)l]ain. Figure  4(a) S11OWS  the traces  of tllc input data (lower trace) and tlm trigger
sip,llal (ul)~)er t,racc). P’ip,urc 5 c o n t a i n s  tlm salne ill forlnatio)] as F’ig. 4, cxccIlt tl!at the time span is
] cduccd 10 times so t,llat the details of tile traces call be scell, It is evident, t,llat tllc Iccovcrcd clock is a
lm feet silw wave. ‘J’lle fact  that tllc recovered clock call be ck!arly dislllaycd  o]] the oscilloscope WIICU tllc
first bit of data is used as the trigg,cr i)lclicatcs  that tile rccovcrccl  clock is sy]lcllrw~lized  with the clata, If
tlw l)llotollic oscillator is not, lockccl to tlm data (free I unning),  its phase wan(lcrs  rwlativc  to tllc data bits.
As a result, tllc disl)lay of the lhotonic oscillator’s out,IJut  Si,gllid on the oscilloscol)c  is srmarccl  whcm any
data bit is used tc) trigger the oscillosco~)c, as SIIOWII in Fig. 6. hTotc the I ccovclcd clock level is allnmt
illdelmlclent  of the inl)ut  signal lCVCI, a feature  that, is dcsi] ;LLIc for clock ] ccovery and is inherent ill
i]lj(:cticjll-lock(:(l  oscillators. other lnwposcd lligh-spcml clock ] (:covcry  circuits usc automatic gain collt, ro]
and li]nitillg  allll)lificrs  to acl]icvc colls~ant ainplituclc  [8].

Note ttlat for all infinitely  lo]lg  NI{Z raildolll  data strcalll, t lie clock frcqucllc-y  colnponc!]lt,  is zero, III
ordm to r(!covcr  t,llc clock fro~ll SUCI]  a data S( rca[ll, a l)]occdur(,  to collv(!rt NI{ 7, data forl]lat  to I{Z fornmt
is lcquited  [1].

‘1’o extend  our clock rccovcry to Iligllcr data rat,(s, we sil)lulat,ed  a strctl]n of 4.95 -G bit,s/s  data by
ul)colw(xtillg  a strcartl  of 10()-Mb/s I{Z data usitlg all RII’ Illixer, as SIIOW,  ]I ill Flip,.  7. ]n t,llc cxIxriIllent,
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Fig. 3. Clock recovery from an NRZ data stream
measured in the frequency domain: (a) random data
input and (b) recovered clock.

Fig. 4. Clock recovery from an NRZ data stream measured iri the time domain: (a) random data input and
(b) recovered clock.

a COII)IIIOII rcfcrcllcc!  signal from a ltla,sor was us(!d t o }Jhasc lock fmtll tllc word gc!llcrator  and all 111> EW72A

s~~lltlmsizcd signal gcllcrator.  ‘J’llc signal cr(lt,l~~lt, froln t,fm si~~ld gcllmator  wra.s clioscll t,o bc 4.85 GIIz and
was I]sc(l as a local oscillator signal to mix with tl)c l(io-hll)its/s  l{Z dal. a fiorn tllc word gcncratot. As
sll(nvli ill Fig, 8(a), t,lm o{ltput  fro~ll  tl]c: mixer Iias a ccat,cr IJalld, a low{,]  side barld, and an ut)~)c!r  s i d e
lmld, wllicll all colltai]l tllc infomlation  oft IIc data. WC us{d a filter cclltcl ml at 5 [:117,  with a bandwi(itil
of 255 N411z  1,0 scicct  o]lly t}lc u])l)cr s i d e  I)and, ~frilicil (f fi)ctivc]y siltiu]at wi a st rx!am of 4.95 -G bits/s
i{Z data after  tiw filter. ~Vc intended  to rccovcu tile clo{k frcqu(n]cy at 4.95 GIIz,  mici the resul ts  am
sllowr[] ill 1+’ip,s.  8(i)) all[i 8(c). WC [ISCCI  all t:lcctro-ol)t  ic ]Ilrj{lu]at,or  flolll II;. ‘lt:k I)yllalnics  IIIC.  to c o n s t r u c t



Fig, 5, The data trace of Fig, 4, with the time span reduced 10 times: (a) random data input and (b) recovered clock.

*

Fig. 6. The data trace where the phot(,  nic oscillator is
not locked to the data
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Fig. 7. Experiment setup for clock recovery at 4.95 GHz.

carr ier  gain of N d]). ]Iccausc  Lhc opcm-lool)  gain of tllc pll{)toliic  oscillator is only 7L d]) (n % 1), tllc
)miscof tl]c itll)ut  is alnl)lificcl by only 71 d13 and tlic sigllal-to-lloisc  ratio of the carrier is tlicll  incrcawxl
by (~ 7 1 )  (]]].

I’igurc 9 is tile cxlxxilllc~~t setup for d(!monstrating  L1lC pl)otonic carrier  Iccovcry.  III tflc cxpcrimcmt,  a
clcall 100-MIIz carrier from an Ii-maser freclucncy standarc] and a c.lean-up 10C)I) is cotnbillcd with a noise
source cotwistitlg  of two noisy allll)lificrs in series. ‘1’hc resulting slmilcd m] Iicl  was nlcasurcd  using the
SIN:C(,I  u]rl allalyzcr  and is shown ill Fig. IO(a). 1~’igurc  IO(b) snows tllc sl)cctl Unl of the mcovcrcd carrier,
and it is evident fronl the fip, urc tflat the signal-tc)-tloisc  ratio of ttlc carrier is itlcrcascd  by more than
50 d]]. WC also IIlC(mSUrCd  t,llc sl]oilcd  carrier and rccovcrcxi  cal rim ill tllc time do~naill wit}l all oscilloscol)c,
atld ttw results arc slmwl]  ill P’ig. 11. in both  Fig. 11 (a) and Fig. 11 (b), t 11(! u~)r)cr trace (a square pulse)
is tlw tfl igp,cr si~nal mld tllc lower trace is tile carrier. Comparison of tllc two figures clearly demonstrates
tllc cflccl ivctlcss of tllc JJmt(jtlic oscillator as a cart icr rc!cov~.ry  dcvicc.

IV. Attractive Properties of the Photonic Clock and Carrier Regenerator

OUI cxlmilncllt results a],d analysis  indicate that tllc pl](,tollic clock atl(l carrier rcgcllcrator  dcscribcd
almw, IIas t,flc followil~g, attrnctivc l)ro[mr~ics:
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I 1 igll-slmxl  or Iligll-frequency operation, ‘JTIIC slmxl  of tllc dcvicc can 1x; a s  lli.gll a s
70 GIlz  wld is linlitcd  only by tllc SIWCCI of tllc ptmtodetcctor  and tl~c K/() m o d u l a t o r
us(!d. WC llavc dcl~lolMratccl  a I)llotollic oscill<ltor opcrat  ill,g as Iligh as 9.2 Gllz,

‘J’l)c  allll)litudc  of tllc rccovmcd siglla] (clock or carrier) is c(J1lstar]t. It is indcI>clldcnt
of !IIC illl)ut  l)owcr of tllc signal to IN, rccovcrcd. ‘1’his  feature is cslJccially il[lIJortant  in
clock rccovcr.y bccausc  the clock comlm]lcnt  cotlt,ail)cd ill t,llc ] cccivcd c]ata strcatn varies
with tilnc afld with sc]ldcr ( in a t,ilne divisio]l Illultil)lcxillp, systc)ll).  ‘J’l)c [)]lot,o~lic clock
rcp,cllclat,or  mlsurcs that tllc rmovcrcd clock  lIas a collsta]lt,  l)mvcl  ICVC1  at all till]cs.
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Fig. 12. Clock regenerator anddata  recovery system.

‘1’lm rccovcwd  optical clock can l)c t,rallsluittcd  over Ol)ti{”ill  fibc!r  to be used by otlm clcviccs within
a s(’~~f:r:il-kilc)lllctc:rs ~arwa. ‘1’his nega t e s  tlic I]CCXI to llavc multi~)]c  clock Iccovcry systcnis  in a co]l~l)lcx.
IIrcause  of tllc lligll 10ss atld dis~)crsicrll of metallic transmission lines, it is I]ot practical to 0s(! tllclu  to
(Iistributc  a rccovcrccl 10- GJIY, clock over more than a fcw tells  of lnctcrs.

111 J:ig. 13, tllccarricr  r(!gcncrat,or  is used as a clean-ul) loop for an analog frcqucmcy rcfcrcnccsigtlal
t[alwlllittcd from a rclllotc  flcqucllcy  rcfmcllcc. Again the rcgcmxatoI  has both  au electrical a]td all
()])tical  outI)ut,  so O1lCC Llic! frcquc~lcy rcfcrcucc is rcgcncratctl,  it call h distrihutcd locally over oJiical
film
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Fig. 13. Optical frequency reference regeneration anddistrik~ution.
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