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AIKTRACrI

‘J’])cwlctical H]]tilysis i s  fo:-l]llllatcd  fm a soli(l sttitc law] I)asul o~~tic:il  ])llasc-lockfd

loo]) (01’ 1,1,) distu]bcd  by sl~ot  l,f,isc , alll])litudc lI]odulatd  IIoise ,  al)d frqucllcy  l]oisc.

‘J’IJc frcquclicy  IIoisc s]utral ckvlsity of solid s ta te  lasms is ]IIodelld tc) ml]tai]l  a white

Coll)]mlalt,  a 1 / f  Cx)lll])olmllt ,  aII(l a stlollg  l/j2 col])])ollcl)t  at tllc lasm out}~ut,. ‘1’})is

lilocle]  is vcrifkd  and s]xctlal  Collt.cllt  of cticl L colll~)ollcllt  is lllcasu]d using, a]] o~)c]l-lool)

1{1’ fvquolc.y  dism illlilmtol. ‘1’IIC  c.)loic.c c)f lo(q) filtcl is ]l)adc hy cm]sidcl illp, tile fqucllcy

]Ioisc colll]~culcllts,  trallsicllt  cfl’ccts,  a]ld tl]c 100]) dallll~ill~,  facto] (, ‘J’l]c tc)ta] }~liasc  cr] 0]

valiallcr as a fulwtioll  c)f lcm]) Lal]dwidt}l is dis])laycd  for scwcval va lues  of ca]ric] sig]]al-

tol)oisc ratio fcn tlm nictisuml  flcqumlcy IIoise  s]wctlull]. O})tilnal 100]) bandwidth  is alsc)

Ctll CUltitCd as a fullctiml of calric~  Sip,]ial-tc)-llc)ist:  ] atio, All 01’1,1, cwlwlil]mlt  is ~w]forl]d,

til~d  lnrasurd  ~)liasc CIJ 01 vaiallcc  is coIJl]m]cd  witl) tllc tllcolctica]  ])ldictiolls  usil]f, tllc

lllPhSUl”Cd fI’C(lUC’ll  C~ IIOi SC S]) CCtI’UJll. ‘J’11(’ Ic%ult s S]lc)w that t}lc Itleasul’cd  ]Illasc$ CI”I 01”

vtiliallcc closc]y  II]atcllcs tllc tllcolet,ical  }))cdictio]]s,
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(;olme]~t  l]cte]odyl]c  o~)iical  ctnllllnlllicat  iw] tcc}ll]o]ogy call ~)1 ovidc  illl~~l ovcd rcccivcr

Salsitivity  a]ld Ilettcl rcjcctiol] ca}~z~})ility  of l)nckf,wul]d  lloisd over diwct  c{ctcctiol) Systcll)s

[1-?].  (Mmc,lt cq,tical  systc~~ls c:,,, 1 )clldit s~mccclaft llnvir,ati(~sl, call S[l])]ml  t ]K)t(lltial

s]mcc-l)asd scim]tific fx])cri]I]c]]ts  sucl I as ~,ravitatiollal  w a v e dctcctioll,  and llavc stlculp,

}mtcl}tia]  fol l)lulti~de-dcccss  cc)]l]l])llllic{~tic)l]s  m’cl a sillp;lc  lasillf, l.mlldwicltl], 11] odcr to

acllicvc  tllc full advallta~;c  of II(ttc]ody]ie  rccc])tiolll i t  i s  dcsiml)lc tl]at  aII o])tica] sig]]a]

l)c’ C[)l)cl”mtly  dc’lllc)clulatt’d. {Mlcrcllt CIclllocllllatic)l]  i s  gc)lmally accol]ll]lisl]d  by syJl-

cl)mllizill~,  tllc i]]c.c)]]]i])g canicv  wit]) a loca] Iefclcl)cc usillt,  a ~)lIasc-loclid  locq) (1’1 ,1, )

[3-4].

‘J’lIe lmIforlI1allcc  of aII O1’I,IJ o}watil)g  wit]) sclllicc)llclllctc)l  lasms l]as bwll alialy?d

cxtalsivcly  l-Iy several autllms, ]11 lllOSt  C%WS, t]lC Zlll~]~SCS  WCI’C }KV”fO1’Jlld  fOl” Zi SCIIli-

ccnlductor lasm bad systml) su~q)w tiI1g lli~,ll  data Iatc cc~IJ1lJILIIlicatic)lls.  }:’01 lli.gll data

rate filwl ol)tic  liliks  usill~,  sclIlicc)llclllctc)l  lhscm , it is SIIOWI Lllat  tlIc 01’ 1,1/ ~wlforlI1alIcc

i s  dictated  by t}jc  rcccivcn sllc)t  JIoisc aIId tllc wllitc fwqucllcy  Iloisc. ‘J UIC ]Kv”f[)l”lllallcc  of

W]] lmtcmdy~m  I w.civm aIId honmlyIIc  x cccivm  }Ias LCCII  tlIIdyzd Ly xl]cdcli]]?,  tile

frqumlcy  noise as a wl]itc Gaussial] nc)ise  ~mcmss [4-5]. ‘J)IIC treatlljcut  o f  tlIc 01)1,1

also ha} cxtcndd  to i]lcludc 1 /J frcquolcy  lmisc [6-7].

IIowcww cohe.ra~t IAasc tracking  loo})s fc)l cliodc-lascx  l)ascd systcvlls  lcxluile  scvcnd

IIlcgallclt?r of balldwicltll bccausc  c)f tllc lalgc lil]cwidtll  of diode lascls  [8], alIcl tile l o w

si,y]a] ~)c]}$’clex~)cc.tecl  flolIl solIlcflcc-s~)hcc  ]ijlks~))cclll&s t]lcllscc)f]liF,]j  l.)allc]wic]t,}l  ~)]Iasc

tracking  ICq)s. Ccnwqucmtly,  dwdop]lmlt  of fmc slmce cc)II];llllI1icatio]l  syste]ns  c]]]])lc)yi]lf,

sc~)llicc)]lcll]ctc)]  lasers ]Iavc kmI ccmfi IIccl tc) ]Io]]colmwl]t  }lctelcdylie o r  cli]cct  detcctiml

Systems. }{ece]]tly, wit]l the advw]ces ill (Iic)cle-])ll]l]l)ccl  sc)licl  s t a t e  la.wr tecl}ldogy,  suL-
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2’lIC  allll)litudc  Inodulatc.cl  signal cal) IN dctcc.tee{ usinp; citllm collcrmt

nollcollcrellt  ( d i r ec t )  ddcc.tim rcceivcrs a]d tlmcfow ~m~l])its  a grcatcl

illtclactioll  with a wwidy  of rcmiwr installations ll~ay  k ]Nc.cssa]y.

III this ~m~m, tlic clcsigll, allalysis, a]]d ex}millmltal  vcrificaticm  of

(hctc!lc)dyll(’)  01”

flexibility wlml

all 01’1114 bad

ml l,ig;htwaw  II IOdCl  120-01A frequcnlcy-st  abilizd  clic)clc-I)tllI~~)ccl  solid state lasers  will h

addrcssccl, SImcificallyt tllc work w i l l  fc)c.us cm t}m devclcqunmlt  of a lmv  hwr frcqucvlcy

]Ioise JJ1OC1C1 and its zq)~)licaticm to the cicsigg] of a.YI  01’1,1, o~matillg;  U) ICIC1 weak incident

sig;llal ~mwcr.

II. 01’1.,1/ ]) F,SCRII’’1’ION ANIJ ]’i/RFolthfANCR  sUhfhi ARY

l’lmsc-loc.kcd  loops IJave bcc]l allalyzcd cxtellsivdy  for colllll~~lliicatiolis  systcllls  usillg

r a d i o  frcqucmcy  (1{}”) [18, 19]. ‘llc stocljastic  illtcg,lc)-c lifl”clclltial  ccluatio]l  dcwribil)g  a
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lillealiz,cd  01’1,1, call be derivd,  usill?,  sill]ilar  aIJIIIoacl] as ill l{k’ systmns,  as

d(ie(t)

di !‘ .fN(f)-  l{,J ‘w’ [/!~,,(7  )-i ?/l(T)  -}?l(T)]f}(t-  7)d7
- N’

(1)

wllmc q’~e(t)  is tllc ~Jlasc  cnor, j~(t) is thcfrqw]lcy  IIois( ;moccss due to I.mtl] tl)c rcwivd

sip,l}al  ~lld local oscillator (1,()) laser, A* is tljc avclag;e 1}(’ sig;llal  l)owcr, li’}1 is tile tullillg

Col]stallt  C)f t!llc! 1s) lasc!r,  n(i) is tile additive I]oisc, aIlcl f})(t)  dclmtcw tllc! iIIl]dSC’ I’C’S])CHISC

of tl]c tracki  Ilg 100]) filter. T}letcvlnm (t) = a(t)sill[+C(t)]  istllelllc)cl~llatio]l  IIc}ise, due

t o  aln~ditudc lnodulaticm a(t). III order  tc) keel) tlm analysis  g;cnmal,  clescri~)timl c)f tlie

]noclulatioll format will nc)t be slmificd uliti] sect io]] IV. T1]c ccluivalmt  block diagralll  c)f

tile lil)earizccl O1’IJIJ descrihhlg;  (1) is s}]owu ill ITigl 1, wllcm c#~C(i) is tl)c ~dlase of tllc 1,0

laser.

!i’hc closccl 1001) trallsfcr  functiml is ddhccl in the literature [18] as,

(?)

(3)

The  pmforma.ncc  of the OPI,IJ  dq)cnds cm the ]no]mrtim  c)f the illlnlt signal ald loo~)

design.  11’}Jc perforlna]]ce  is affcctd by shcjt  noise,  lnoclulation noise, alicl  freclumlcy Iloisc.

Wl]ml tl]c loo]) is opcratillg  irl the linear xcgio],, tile effects of Cacll  xloisc call LC dctcn[lillcc{

sq)aratcly  anti  ccml}i)md to oLta.ill t}lc  IId results [1 9], q’llmefoxe,  tile total ~Jlase error

variance  c.a II k written as

o ($,
2 i o ;,,,, -i o ;,,.

2 = CJ @,,

4
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W1lC’IT 024b, y ~ ;,,,, 7 u;, are phase  CI1OI’ lwria]lccs  due to additive Iloisc, lnodulatioll  Iloisc.

a]ld frcqucllcy  noise rcs}wctively.

‘1’llc additive  I)oise n(t), due ~)rilnarily to tl]e 1,0 s}lot noise,  Call  be lllc)dcllcd as [ill

additive wllitc Gaussian  Iloisc with ~mwcr s p e c t r a l  dcllsity (1’S1)) No. ‘1’lm j)llasc  error

variallc.c  co~ltlib~ltcclbysllot  noise can Lcwrittml  as [19]

No2 , --0  & 1)1,,,42 (5)

For al] amplitude Inoclulatec]  systcll), tlm Il]cdulatioll  Iloisc call Le rcgardccl a s  a n

aln~)litude  noise, and can km tmatccl ill a silllilar fashion as the additive hoist n(t) [1 S].

!l’l]e PSI] of t}lc  m o d u l a t i o n  llc)isc  7J2(i)  is, iIl gcnimal,  quite difflcu]t  to obtain Lec.ausc of

tllc sinusoidal Ilonlincarity.  Howe.ve.r, it c.a~l  LC Written using tllc linear  a})~jroxilllatioxl as

m(t) =. o(i)~)e(t), wheII the phase mror  is small. F’urthmmorc,  a(i) and g+~(t) MC assullmcl

to Lc i]ldqmndmt. This is a good aplwoximation  when the Lanclwic{th of the loo~~ filter

is Imrrow C.OMI]MWC to tl]c data rate allcl  hence #t(t) is a function of a long history of a(t)

wllicll  is coxnposed  of marly indqmldc]lt  clata Lits. By letting  S.(f) a n d  S~,c(j)  h tllc

l> S1)’s of a(i) and #e(t) processes respcc.tivcly,  tile 1’S1) of the amplituck moclulatccl  nc)isc

/

+ ~)

Sri(f) = Sa(.f -- j’)s#,,  (y) Cy’. (7)
-MJ

‘_l’yl}ically,  S~,, (j) is very narrow conll~arecl  to So(j), aIId (7) call be ap~)roxilIlatecl  as

JSin(f) = ‘w ‘a(.f ‘“ .f’)”$)e61J(.f’) ‘f’ ‘ ‘$, Sa(.f) ($)
- 00
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W)lm’ 0;,, is the total phase  error varialicc and 61j(J) is tl}c IIirac-delta functicm, ‘1’llercfmv,

(9)

q’]lc ~)llasc c!rrc)r  V~I’i~llCC’  ccmtributcd  by t]lc’ frcqucvlcy  lloisc ca!l bc! writ, CII as

I

cm
2

~~),  = ~ Ipl,(j’hrf)l’s  j(f)d”, (lo)

Icrc Sf(f) is the 1’S1) of frcqucmcy xloisc. As will be SIICNVN ili the next section, the

frequcmcy  nc)ise of Lightwave model 120-01A lasers consists of three  major coln~)ormlts:  a

]/j or 1 /~2 co]]l]JoIlcIlt at low frcqucllcics, a white frequcIlcy ]Ioisc, a]~d spCctIa]  pCaks

that col lesponcl to relaxation oscillations. Mathmnatical]y  the PSI) c? frcqualcy  noise is

mc)dcllcxl  as:

k, k*
Sj(f) ‘- ~o + ~ -1 p- O< f<m, (11)

IIy usi]lg  the frequency  noise moclcl givcm by (11), the phase error  variance  cent ributccl by

the frcclucmcy noise can bc writtexl  as

(12)

It can be showII that Hz(j27r f) has a ‘{zero” at ~ =- O for a perfect second-order

100IJ, wlumeas first-order ancl irnpcrfcct  sccoxld-order loops C1O not llavc this prcqmrty.  I’his

~ncqmrty is very desirable since the ‘(zero” of H2(j27r J) at j = O will ca~iccl  the “poles” of

the ]/j ant] ] /j2 frequency noise com])cnmJts,  c~onscquently,  a perfect  secol]d-orclm  loc)p

can track out low frequcnlcy  fluctuation that would occur when first-order cm impcx-feet

scc.ollcl-orclcr loo~)s arc utilizccl. III tcmns of DcJp}Jler tracking, first-orclcr ancl iln~mr-feet

scc.olld-orclm  loops can track t}le  initial  ~dlase  ofl”sct  with mm steady state error but  will

rcsu]t  in a fil]itc steady state error W}ICI1  trackillg  the frcclucllcy offset [18, 19]. A pc.rfcc.t
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SCCO1lCI.ON]CV  ]oop has all advalkagc mm first-o]  da’ aI1d iln]mfcct secoIJd-older  100])s i])

that t}w fcmnm loo~) Ilot o~lly call track  the phase alld frequency off”sct  wit]] ZCH.C)  steady

state mm, but also call track the I)oI)lder rate wit}l  finite steacly  state crrcm [1S, 19].

II) terms of frequency acquisitic)ll,  a ~wrfcct linearized secol]d-orclcr  loop tllcoretical]y  has

all infillitc I)ull-in range  whereas first-order and iln~mfcct  seco]ld-order locqm lla~’e fillitc

pull-in ra]qys [1 ~], Fbthcmnorc, it is well kllowll  that, perfect scwoncl-orclm 100I)s arc

Illlcollclitic)llally  stable  [1 ~, 1 9]. Ilence  a perfect second-order looj) was chcmn  with  tile

loop filter  transfer functicm

l+(s) = ~..:-l-:~: ,

Usil]g (2), (3), alid section 2.161 of [20], along; with algebraic  silll~>lificatiolls,

(13)

the phase

error variance contributed by tile frccluellcy Imise for a perfect scccnlcl-orcler  loop can bc

Ck?rivccl  as

o;, =- ko90(oT;1  -1 WO;”2 + ~292K);3
1) 1/

whcm go([), g]((), .wld g2([)  arc defined Ly

90(() .q 4(2 +“ I_. . . . . . .
64(2 ‘

(14)

(15)

~ 7P(4(2 +- 1)3
9 2 ( ( )  =  –~2@-’--  >

rcs}wctivcdy.  The  damping factor, (, for a

(17)

mrfect second-orckx OP ,IJ is given  by [19]

(18)

i’
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As ]milltecl  ou t  in

hiI:ASLJJiI:hfI;N’1’  01’ ~. ASl:R ~’l{i:QLJI:NCY  ~OISE

the l)rcvious scctiol], the ~mrformallcc of tile phase tI”acking loop

dq)cllds critically cJ1i tile frcqumlcy uoise  characteristics of tile lasers. Thmefcme accurate

knowledge of the laser frequcmcy Iic)isc is required in orcler to clcsign an optilnal  fcwdbacli

control.  q’l~e  frequency noise statistics of the 1,ightwave  mcdel  120-01 A lasers were nwa-

surec] by first hctmodym dctectillg  the o~]tical  siglla] allc~ thcll performi]lg  t}w freque~lcy

deviation nmasurcnlc~lt usillg  all o~mn-loop  I{F’ frequency cliscriminator  at the illtcxmecliate

frequency.

An exlmimmtal  setup  for the 1P fr.ecluel)cy  ~misc measuxcmcult  is SI1OWII irl 1+’ig, 2, T h e

signal from a laser is mixed with an icltxltical lc)cal oscillator laser and then detected using

a balanced  detector. The  IF signal is thcv] nlixcd with an F’M-nlodulatcd  rcfcrcnce  signal

tc) ~movidc  a calibration for the resultillg  frcqumcy  noise  mcasurmmlts.  After  the second

frcqucnlcy  Inixillg,  the 1P signal is subscqucult,ly  wn}~lified and passed throug]l  a. balld~)ass

lilnitcr.  ‘1’hc passband  of the 11’ is chosen  to lx suff-iciclltly  wide (10 MHz) such that the

frequency drift during the measurement ]miod  is small com])arcd to the lF bandwidth.

The purpose of the bandpass limiter is to ]u-ovidc  AM sidcba~]d  rejection, These  AM

sidcbancis, locatcc{ near 300 kHz, are due tc) the interaction lmtwecn signal and 1,0 mean

fields with  the fluctuations ix) LO and signal amlditudcs.  A1l~~)lit~lclc-varyil~g  Iloise such as

tllc relaxation oscillation can produce Ahf sidebands that, if not properly suppressed, can

c.cmul)t  the frequency noise mamuwmcmt.  Unlike the signal and LO intensity lioiscs  that

arc located near dc and can be supprcssccl  hy using the balanc.ecl detector ccmfiguration,

tllcm  AM sic{cbaxlcls  are locatecl  near the IF’ spcc.  tral peak, and cwlnot  be sup~mmsed by

using a balallccd  detector, Since tile rclaxatio~i  oscilla.tioll  is an amplitude noise ant] not a

frcquculcy  noise, illclusioll  of the Ahfl noise ill frcxlucllcy  noise rncasuremmts  call result ill

mroneous  prediction of the phase tracking loop ~wrforlnallcc. After band}) ass filtering, tllc

8



IF is f~~] i]]to all r{~ frqllency  discrilnillatol’. Tile o u t p u t  flcnn tile discrilniI1atol  is tllcll

aln~)lified,  low-pass filtered, al]d fed il]to a dyual]lic sig;na]  analyzm.

‘1’}lc Ineasurccl  frequency Iloisc ~)owcv s~)cct!al  clcl]sity (1’S11)  of tllc Ijiglltwave lasers

is sllc)wll  in Fig. 3. ‘1’}Ic calibration] ~)eak at 400 Hz is CIUC to tile F’IvJ calibratic)ll  sig;llals.

Also show)l in tlw figure is an empiric.al II)CKIC1 of the laser frcqumlcy lmisc collsistillg a

w]]ite coln~)ollcllt,  a l/~ C.olnpoucnt,  allcl  a l/~? coln~)ollcllt. ~’lle ~mralnctms associated

with the frequency noise XI1OC1C1  sllowll  in F’ig, 3 are k-o == 0.2 IIz, kl = 1.5 x 104 Hz*,

and kz =- 1 x 107 HZ3. It is scm frcnn F’ig. 3 that the ])owcr spectral density of the laser

flcqllcllcyflllcttlatioll  c.ontaillsa  strong  l/j2 conlpcmmt  inacldition  to the l/~arlclwhitc

Iloisc com~)oxwnts.  Furthmnore,  tlm mcasumncmt  confirmed that the white  cc)lnponent  of

thcfrcquculc  ynoiseisless  thal10.2  Ilz.

“1’hctota]  ~)}lasc  crrorvariallccc  allbcu~rittcll,  bysllbstitlltillg(  5), (9), and (14), illtc)

(4), as

2
‘ {

No
o tj>e = A4>’

}
~m,+ ko90(Oj;i--+  k191(O;2”  .i”k292(O;3”,  ,

It I!
(19)

wllcrc Bz,, go(~), gl(~), and g2(~) are defilml  Ly (6), (15), (16), ancl (17) rcspcctivcly.  The

fu]lctions  get((), gl(~), and g2(<) arc plotted in Pig. 4, Note that go(() is n~ollotonically

dccrcasixg  as ( inc&ascs,  and asym~)totical]  y approaches 1/16. q’hc ]ili~li!nuln of g] (<)

occurs at ~ = 1.14 with gl(l,14)  =- 0,19, and g](<) is fairly ccnlstallt  fcm 1 < < < 1.5, For

all practical purposes, g](() % g2(l.14)  =: 0.19 fo~ 1 < < < 1.5. Unlike the above two cases,

92(() decreases with increasing (, and reaches a mininmm  of 1,04 at < = 0.71, ancl bcgixls

tc) illcrcasc  as < incmascs  further.
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~’llc’ IIlc)dulatioll  Pdctor Ml’ ill (19) is ddille(l hy

I’m bi!iary ~mlse  ~)ositicnl  x]loclulatd  (lJ]’l’hi)  signal, the moclulatiml factor ca~] bc wr i t ten

(21 )

whCIC h’b k th(! da.t~ ~a.k,  a~ld it k ?iSsurld that ~]] (~2~f) is a ~) CrfCct ]~w ~)ass filt~r Wit]l

cut-of f frc!qucmy 11~, . With this approxi]naticm,  the modulation factor clepcu]cls  explicitly

on tile ratio of bandwidth to data rate (~t~ ). As indic.atcd  in (9), the eflect of anlplitudc

m o d u l a t i o n  oli tl)c total Idlase error  varial]cc  ap~wars as a multi~)licativc factcm. lb the

CZISC!  of 110 lllOdUlatiOll or i l l  t}lC? liIl]it  ZiS ]~1,/]~b ~OC’S to ZfXO, it G311 k S11OW11  that &f~ =. 1,

and tile ~dlasc error Variallcc is tllc bracketed tm III ill the cx~)rcssio]l ( 1 9). F’igurc 5 SIIOWS

thC kf~’  as a  fU1”lCtiOll  of ~~1,/]/b  for () <  ~~],/}~b  <  ~. Note that,  the Ml’ illcrcases

ll~ol]otolli~al]y  as ~~J,/~~b illCITaSCS. ‘1’lIC iln}dication  is that for a fixcxl data rate, tllc

total phase error variance ill ( 19) increases as locq~ ballclwiclth  ixlcrcascs ill tllc absmlcc of

fI’CqUC1lCy noise. l’his  agrees with one’s il~tuiticm  that more and more rnoclulatio]l  noise

passes  through the closed loop tramfcr function, HI (27rf),  as the loop bandwidth increases,

and he]lce degrades the tracking performal]ce. It call also he seen from Fig. 5, that A417

is roughly equal  to 1 for ~1,/~?b  < 0.25. This inl~dies that the effect of modulatioll  is

Imgligiblc  for an OPLL with a loc)p bandwidth s]naller that one fourth of the data. rate

whcm using amplitude modulation

Dccausc of the nature of the. BPPM  in~)ut, the 01’1,1, must lx able to track  a phase

stc~) in~mt, duri)ig  t}lc  “off-to  o~l tra.llsitiol]’) tixnc of the signal. The height of the phase stq)

ill}mt dcqmlds  o!] tile amomlt  of relative l)hasc cllift between the two lasers duril]g  the last

C)ff  ~miod,  and tllc phase error at the “cnl-to-cdl  tralJsition”  instant, A critically claln~)ed
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CIIosm I as a ]mactical  cc)lIll)rolliisc

f i l ter  was desigllecl  fcw l a b o r a t o r y

which results  ill all cmrcla]n~md loop (< = 1 .5] wit 11 loop tmndwiclth of 10 KHz at tmscballcl

signal am~)litudc c)f 1 volt.

lJsing these ~)aramc%crs,  t}le

fl cquc]]cy  noise, 1 /f* fI”c!qumy

F’igurc 6 s]]ows tl]e C.olltributioxls

ccnltrihutiol]  c]f snot ]Ic)isc, W h i t e  frecluellcy  llc)isc,  1 /-f

noise tc) total phase e r r o r  variaIlc.c  call }m c a l c u l a t e d ,

h the total pl]ase e r r o r  varial)ce  frc)lli  cacll c)f the noise

com~)olmnts,  as well as the total l)hasc error wuiance. The figure was ~)lc>ttcxl with loop

Lzulclwiclth  frcml O to 20 Kl]z,  a]lcl for A2/ATo = 70 CIB-}17(  with ]Io lnoclulatioli. It call

bc SCCII from F’ig, 6 that pcrfornmlcc  of the 01’1,1, is frcclucllcy noise li~nitcd  if the loo])

Lallclwiclth  is less tllall 3 KHz, al]d is shot nc)isc lil]litccl if the 100}) t)alldwicltll  is greater

tha]l 3 KH7,. A family of curves re}msclltillg  total ~)}]asc cmor variallc.c  with diffcrcvlt,

wducs of A * / No is plo t ted  in k’ig. 7 as a ful~cticu)  of loo]) balldwidth  for tllc c.asc of IIC)

nmclulation.  It can Lc stml from Pig. 7 that the standard  deviation  of the l)hasc traclcillg

errcm is less than 10° for A*/A’o > 60 cIII-IIz for an C)PI,L with a 1001) ba~lclwicltll  of 10

KHz, ‘1’llis verifies that the limm  approxilnatiol!  xmclc tlmoughout  the analysis is valid

Wht211  A * / No > 6 0  dFLHz.

It is SCCI1 from F’i.gs,  6 and 7 that the ~)hasc error variaxlce decreases with increasing

locq) ballclwicltll  until  a lnillirnu~n i s  rcachcd. Further ixlc.rcasc in loop ballclwiclth  will

result in all increased phase  error variance, q’}lc cxistmcc  of a.~1 o}ltimal  bandwidth or

lnillilnulll phase error variance  is also SCCII fxom (19), Assulnijlg that < = 1.5, M}’  =- 1,

allcl tllc lncasured  frequalcy  Iloisc paraI1letcrs, tl]c c)~)tilllal  locq) ballclwidtll call be ~)lottcd
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as a fullcticm  of  the  carrier  sigl)al-to-lloisc xatio ({:hTl{). F’igure S SIIOWS tl)at tllc o])tilnal

loc)~)  Lalldwidtll iIlc.leases  a s  .42/N0 illcrcascs. ‘Jllc’ pcrfc)rlllmcc’  of tllc 01’141, bc’cmncs

frcqucvlcy  Iloise li)nitcd as the ~X1i increases , a]]d tllercforc  Letter tracking  ~wrfor!na~lcc

call k obtaillcxl  by widcllil)g;  t h e  100]) Lalldwidtl], Altllcmgh F’igs. 6-S arc IJlottccl  for tile

cfisc of no modulation) it is illllmrtallt  tc] IIotc l]crc that tllcy arc equally valici  for the case

of tracking  a]nlditude  lnodu]atcd  signals as lo]lg as ~~1,/l{b < 0.25.

V, 01’1,1,  h; XP1:R1hl  E:~”J’

A sim~difiml block cliagraln  ofan 0}’I,I,ex~)elilllcllt  iss}lmv~lill F’ig. 9. ‘1’}mrcxcivccl

optical sigl)al is detcctccl using a balmlccd detector ccmfiguratic)llo ~’llc balallcccl  clctcctor

C.cn]figurat,  ion is usccl  to cxmccl the 1,0 laser intc]lsit,y  ]loisc [21], ~’hc 11’ signal is filtered

through an 1P balld~mss  filter and fut-thm mixecl C1OWII to t.mscba]lcl  using a R]” xnixcr and

a  stfab]c frcclucllcy  rcfcrc]lcc. ‘1’hc error signal  a! the out~nlt  of the Inixcr is filtcwcl by a

100I) filter tc) obtain an estilnate of tllc p}lasc error bctwm~l the rcxcivcd  and the LO laser

siguals. The out~mt  signal of tllc 100]) filter is then fcd back into the frcquclic.y  tullillg

input of the LO laser.

F’rcquc]lcy  tullillg  of I,ightwavc model 120-01 A lasers is ac}licvccl tllrougll  its two IIN~

inputs. I\y applying a voltage to the tlicmnal  IIN~ input,  continuous frccluency  tullillg is

~mssible  over a ~arlgc of 16 GHz [22], However tllclli~al  tullitlg is .gc]]crally slow tc) stabilize

at each IICW frequency, and muc]i  fa.stw tutling  is required fen- phase  lockccl  o~maticnl.

A small I’Z1’ stack dcpositccl on to~) of the Nd:YAG  crystal reacts  tc) the control  illlmt

voltage by applying stress to the lasixlg  cavity, This alters  the physical characteristic.s c)f

the lasillg cavity slightly, and hence the lasilg frequency of the laser with a guarwltccd

Ia]]g;c of 30 MHz a.lld a rcs~)onse  tinlc of a fcw nlicrmcccmcls [22, 23]. q’uni~lg;  co)lstal)t 1{11

c)f a~qwoxilnatcly  1.2 h411z/V has Iwcul Il]casurcd fcn the 1,0 laser.
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Altlloug]l tile 1’21’ controller is sufiicie]]tly  fast to tr:icli tllc illstalltalwcJus ldlasc of

tl]e Iooj), it C1OCX Imt ~Josscss t})c wide frequc]lcy tul]il]g  ra]lgc lleecled tc) coln}w~lsatc  for tile

large drift ill lasillg frequmlcy. Amhicnlt  tcln}wature  drifts CaII cause t~le lasillg;  frcxiucllcy

tc) d r i f t  I)y as lJluclI  as 1 . ?  (;117/0(;. Collsuluelltly,

b e  il)cludcd to Inail]tail)  tile ])Z’I’ colltIol]ed loo])

‘1’mnl)cnature  mlltrol i s  accoln])lisllecl  by a~jl~lyillg

a frequency col]l~)ellsatiol)  loo]) Illust

at tllc celltel  of  i t s  dyllalnic  rall~e.

a ~)rc)~)cl  coln~]elisatil]g  signal  at t}le

tl)mnal con t ro l  ill]nlt. 11’llis coln~)ensatillg  signal  i s  obtail)cd  by scalil!g  zulcl i!itcg;lati]lg

tl]e lc)o1) filter  output a})~mo~wiately.

A Id)asc tracking cxpcrixncl]t  was perfcmned, al)cl t}]c nlcasurcd  ~)hase  error variallc.c

v s .  loo]) Ixallclwicltll  is ~dottecl  ill F’ig. 10, Also show]] ill the figure arc tllc theoretical

plcclicticms  dmivccl using a wllitc frccluellcy  uoisc  of 6 Kllz lillcwicltll  [12], and  r e s u l t s

delivccl  using;  tile frcqucl]cy lloisc Illcdcl  givcll ill Pig. 3 .  I t  i s  SCXVJ flmn  Pig, 1 0  that,

t}]c ~mxlicted  phase  erlor varia~lcc  using a white frcclucncy  nc)isc c)f 6 KHz lixlewicltll is

3-4 c)rclcrs of Inagllituc]c  larger tl)all ex~millmltal]y  nlcasured  values. How(!vcr,  Sncasllrc!d

phase error varialjce  closely matcllcs  t}lc tllcomtical  predictions using O1’IJII thccny dmivccl

f rom the noise xnc)clcl givc]l in scctio)l  11,

~~] , ~CJ~~l,~Jslc~Ns

‘1’hem-cticd  analysis irlclicated  that the phase error  variwlcc of all 01’1,1, can h writtcll

as a cc)]nbimdion  of tllc c.c)ljtributioll  fro]]] snot lmisc, m o d u l a t i o n  xlck,  WIC1 frequency

Ilc)isc. The frequency  noise Colltrit)utioll  call be evaluated by moclcllix]g  tile frequency nc)isc

s~wctruln as a SUI1-I of a white c.ol~l~)o~lellt,  a I/j c.olnponcllt,  alld a stxolig  1 /j2 c.ompoxmlt.

~ontributicms  of s~]ot IIoisc and c)f cac.h flcxjucllc.y  noise COlll~)O1lCIJt  to total phase error

variallcc  c)f tile 01’1,1, have k)cell dcl ived ill CICRCCI forlll to c\isl)lay their  c.xl)licit rclat,iolls}lil)s

to lcmp bulclwiclth  a~lcl da)n~)in~;  factor. ‘J’lIc effect of aln}ditudc InodulatioIl  011 total ])hasc
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cmcm  varizulcc  of the ()} ’1,1, alqwals  as a Iliulti})licativc  factor, :IIId is Ilcg;ligi  Lle for 100])

klldwiclt]ls  sllla]]cl  t])all  one foult]l of tllC {Iata Iatc.

C1’lIC  dcsigll  clloicc o f  t}lc lc)o])  filtcl  caII bc lIladc by collsiderillg  tl]e fluluellcy  Iloisc

colll])cnlm)ts,  and tile transicult  dkcts due to ~)llase stcl) inputs occurli I)g froln tllc xlatll~  ‘

o f  amlditudc I n o c u l a t e d  sigl)al,  It MD h coIIcludccl tlmt  i f  m o d e r a t e  effort  ill cllaractm-

i7,illg tile frequency  Ilc)isc is s}mnt i n i t i a l l y ,  tllcll tile systcIIl pcnforlnal]cc caIl h ])rcdictcd

accu~akly.  1~’~lltllcl.lllo)’c,  aI1 01]1 ,lJ call h desig]ld s u c c e s s f u l l y  t o  o]wratc  uIIdcr weak

illcidcnt sig;llal  ~mwcr  witll  o})tilnuln  trackill?,  Lalldwicltll.

l’hc  authors would like to thank  hr. James }{. I,csII, I)r, Salni h4, lIilwdi,  1)1, Marvin
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1 ,il)clscy  of Ullivc:rsity  of Southcm]  ~alifcmlia for their hcl~)ful cliscussicnls.  “J’hc rcscarcll  clc-
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Figure 10. Measured phase error variance from the phase tracking loop oxporiment,
Also shown is tho theoretically prociicted phase error variance derived
from tho frequency noiso model givm in section Ill, as well as the 6 KHz
white frequency noiso mociol.


