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1 N 'STABI LI ZED DFB LASER _
Fiel d of W@98/388361ti on " The field of the invention rl&fﬁﬂﬁﬁﬁ’oﬁé”

| asers and in particular to the stabilization of |asers used for cable
tel evision transm ssions. |5 Background of the '

| nvention The use of lasers for the transm-ssion of information

i n comruni cation systens is known. Such use has typically been limted
to anplitude nodul ated systens that in use 40 often attain a speed of
several negabytes. Laser systens in current use for conmunications
are " typically anplitude nodul ated because of certain inherent _
limtations in a laser's ability to change frequency. Lasers, in fact,

are often limted to a single frequency or 15 a narrow range of
frequencies. The tendency of a |SEABILEZED DEBeLASERW t hi n narrow ranges
I's i nherent in the resonant cavity used in the generation of |aser

si gnal s. ' A resonant cavity of a laser is designed to anplify
optical signals of a desired fréﬂhehdyoﬁndhetEanaatéonignals 20 of an

-undesi red frequen h avg t esi uenC|es t hrough
use of a | aser %‘A&/ %é%s? n%ﬁ%é‘”fﬂvéﬁE%%g %ﬁ%ggeﬁ \%lgvé' 1"r%r’e‘?rents.
The cl oser tbanmﬂadhar tocﬁh&nsﬁabmlnzetionaoﬂe$aseﬁstubeﬂamvr ddisle

narrower the 1 evidNge qarfre gencies within which the laser will operate
25 (the |in&®EHS OR%ie linewidth, the |ess i nher ent
noi se w Ig be transn1tted in alaser signal. . Further, the narrower the
i newidth, the nore power is f ocus i Nt sire ent er; frequenc

P Backgroun of 'the" fﬁ%entf%g a v

The use of lasers for the transmission of information
in communication systems is known. Such use has typically
been limited to amplitude modulated systems that in use

10 often attain a speed of several megabytes.

Laser systems in current use for communications are
typically amplitude modulated because of certain inherent
limitations in a laser‘’s ability to change frequency.
Lasers, in fact, are often limited to a single frequency or

15 a narrow range of frequencies. The tendency of a laser to
operate within narrow ranges is inherent in the resonant
cavity used in the generation of laser signals.

A resonant cavity of a laser is designed to amplify
optical signals of a desired frequency and attenuate signals

20 of an undesired frequency. The cavity amplifies desired.
frequencies through use Qf a laser cavity dimensioned in
one-gquarter wavelength increments. The closer the cavity
dimensions are to a desired tolerance, the narrower the
range of frequencies within which the laser will operate

25 (the linewidth). The narrower the linewidth, the less
inherent noise will be transmitted in a laser signal.
Further, the narrower the linewidth, the more power is

- focused into a desired center frequency.



WO 98/ 39826 PCT/ US98/ 03579

2 Wi |-e gas | asers have been devel oped with extrenely narr ow
1inew dt kg og/ds2él state | asers do not performnearly - aPGHRA§9B/03579

Di stributed feedback (DFB) sem conductor | asers, in fact, are known to
have relatively wide linewidths. 5 As the junction current of a DFB
| aser is changed (or the cavity tenperature changes), the operating
frequency of the | aser also changes. The |linewidth may al so vary.
Static variations in the inside cavity di#ensions nmay cause the cavity

to inherently resonate at a nunber of 10 frequencies.  Variations_in the
j'unction ‘curr ent Whlec gase lasers baeebeare f(RVRIOR]F AR extremelyp) from

one resonant T egi . nothgr.g SHaw | jt J: L RS by
t enper at ur enﬁﬁ§°Wagghg§'éLtd§§%é test ?‘ el((:it s qsaéé}Bsgg%%;sﬂe/ogf t gdi)?ﬂi rnlﬁgfb%gg

| ow cost andsrwelabi | DiptriERtes fesshackalRFBn ewieendupbernlagersn

| aser commupi cation st ens. e : NEEse X4 . a net hod
of _cont 1Bl FRAgt RES ﬁ%&)ﬁﬂg?cﬁ g%% Qﬁﬁz%ﬁaqsée%%e.fy | t1ibd15Phs?

Summary 5 20 AsAthid Hathcaridr pranmnts off & PER | tesker ois schangedi Hgra

di stributed feedbagk sem conductor laser. .Th t R N o e eps
of conpari nﬁhﬁncéﬁﬁté(aﬁ:eﬁﬁeﬁ@t%u&e £hamass) etrg%c(it???%?tfjﬁréé n%%éaﬁ%nfg&e of
senm conduct ghel asRerdtalasd idhsinges . paiss i Finéwnid tnghey walsoavappti cal

out put of a second 25 oscill ating.node of.the sem conductor |aser at_a
second  BOREAR: XEROR % 10t (REOGTA LI THE 7Y rSUPRPAPRS dfrg, CavSe

angle. A figpk taedRacksiianalrdrit 1y @ddlatht® &t caviiiwber ofenperature
controll er:of tthe .sem conductor .| aser; i ) r'esggn-se 1.0 detected: -

n AR
di f f er it es EsPAERCIGRrar MpFHAtEOnH B OFRR CHIRC bR | FAFFREEnBa¥s Cafse 2

met hod furt pap cilClaides dhis to sitfap Of . €0 PEeH NOfBbmOshautesbnbe
reference |aser with an out put of the senj con(guctor .l aser and

provi di ng aregfimer disc@nothen gfhanges, W R FEcdbaeRsiPgRaratisech &Y

tenper at Ur'€temperature may have the same effect.
_ Because of their inherent low cost and reliability, DFB
.15 1lasers have an enormous potential in lase: communication
systems. Consequently, a need exists for a method of

controlling the linewidth of DFB lasers.

Summary

20 A method and apparatus are provided for stabilizing a
distributed feedback semiconductor laser. _Thé method
includes the steps of comparing an optical output of a first
oscillating mode of the semiconductor laser at a first
polarization angle with an optical output of a second

25 oscillating mode of the semiconductor laser at a second
polarizétion angle orthogonal to the first polarization
angle. A first feedback signal is provided to a cavity
temperature controller of the semiconductor laser in
response to detected differences of the compared first and

30 second oscillating modes. The method further includes the
step of comparing an output of the reference laser with an |
output of the semiconductor laser'and providing a difference

signal as a second feedback signal to the temperature
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3 controller of the sem conductor |aser in response to ed

di f f er enc®O 98898%6en t he reference | aser and seniconductBFTFEgghﬁﬁg 5
Bri ef Description of the Draw ngs FIG 1 is a block diagramof a
stabiltzed | aser transm ssion systemin accordance with an enbodi nent
of the I nventi on; FIG 2 is a schematic view of the
nonochroneter of the 10 systemof FIG 1, FIG 3 is a cut-away
side view of the optoel ectronic cl ock %f FIG. 1, and FIG 4 is

a bl ock di agra he a | ock. |
Det ai | ed De%c‘?rftp’f?:'oi]e’f)fg{g éﬁ? n@%’m‘f%ﬂaugtor 1d5 ]nlresSporfﬁ%crkodl agr am of
a | aser nodete®pedyditferencéd henweehl yhen xmf@rredmu:d.afséi‘l and enbodi ment

of the i nventi o Inclided wi thin the nodul ation system 10 is a 20
transmittingemkeondyctors {aSert aser stabilization feedback section
(circuit) 13, a second | aser stabilization feedback - section (circuit)

14 and a | aser nodul ati on section 16. . The transnitting | aser 12
may be aPy distributed -EﬁﬁﬁiﬂﬂﬁﬂEiiﬂﬁﬁgﬁaS§r4h§ Brawings wavel engt h)

conpatible with agr@5 12apprappigtR HQ "aﬁlt e o€ A1 zeleLd d@pt i On

current of the Taser 12 is provid a current controlled source (not
shown) supplstarsnisaied §M$F—@1’4t igi ?-ﬁcﬁ‘é‘ fidth @mprbodingpt eof the
Tenmperature gantrol of the laser 12 is acconplished 30 using an active
heat control deV|ce 8 and bal anci ng heat source 20. The active heat

control device 18FT@n Beis a schemptigt view ofi the goncshnareted oft bhe a

-nDuntrn su ( a heat .si.nk): of - the taser 12. The device 18 may
B0\ em g Fa8: 15 7 PCT/ US98/ 03579

FIG.. 3 is a cut-away side view of the optoelectronic
clock of FIG. 1;.and :
FIG. 4 is a block diagram of the phase lock loop of
FIG. 1.
15
Detailed Description of the Invention

FIG. 1 is a block diagram of a laser modulation system
10 generally in accordance with an embodiment of the '
‘invention. Included within the modulation system 10 is a
20 transmitting laser 12, a first laser stabilization feedback
| section (circuit) 13, a second laser stabilization feedback
section (circuit) 14 and a laser modulation section 16.
The transmitting laser 12 may be any distributed
feedback (DFB) laser (1.3 um wavelength) compatible with an
.25 appropriate temperature control. The junction current of
| the laser 12 is provided by a current controlled source (not
shown) supplying a rated current with no more that 0.1%
ripple.
Temperature control of the laser 12 is accomplished
30 using an active heat control device 18 and balancing heat
source 20. The active heat control device 18 can be a
temperature control device located within a mounting surface

{(e.g., a heat sink) of the laser 12. The device 18 may be



4 I npl ement ed using a thernocoupl &€ sensor and controller coup] ed
to any thermally active tenperature control device (e.g., a Peltier
effect thgiggapbgst ri c heater/cooler). The operating tenper/asso3ssf the
heat control 18 of the laser 12 5 may be held to an appropriate setpoint
tenperature (e.g., 32 [err]F) with appropriate limtation on
tenperature variation (e.g., no nore than 0.1 F). The

bal anci ng heat source 20 is directed to stabilization of cavity

di rensions by tenperature control 10 and4may be inplenented using an
appropriately sized nichrone wire wapped around the outside of the

cavity of tHedlagfRinted dLimyta stiieantcdedpby sehbernahlly comtdiwdiliate,
electrically non- conduct i ve nﬁhgrial (e sorei son, %)L The heat

source 20 m&PURFSE P (% PR LLY JppFL ?ig?@ﬁréFEEFecfgltt Cdviggyice

tenperature (£l B3pd1trsr]EEfect] thePRd-ELe0LEEE! hbGter/cotdr)). Motlee
hoppi ng of an output of the DFB | aser aradi gm | aser 40

, 12. _ The
may be a | oRHSFRIRYG JeRIIPRKREUTe OBpEP%IPﬂﬁthPﬁt§°Puﬂ§tPén ré@fer i dd
to withig Omh¥ 3 held ORST A | Ao AbpRidté esétpbiAreLengelatulle RAIAd H@p
| aser 40 may 20 be calibrated using an appropriate instrument standard
(e.g., a ZeiBk Wikth Spprepsphteosdmataidiongon femperatymeevariathen t hat
is NBS trac l.£) vel in each wavel engt h. The
par adi gm | ag%P'gi'd %%ﬁ%&%%?lﬁed usi ng.a t enperature control | ed
heat sink and an Tt ihesl@2scingnpeatt spereeon2Polbediseatedr tioo t hat used by

t he traqﬁg$pth r : : n e | at ed
with the stabi |Jtlyl%éﬁ(§)'$ ?%gc ?Yjét rﬁﬂ %‘%‘?%gff{égeggggafé‘%r%?‘?& g’lr% ,aséé\:lf has
been  10detesydrimead be iplementédoisihg awsaprueprbaselypeizechgizthrome

dependent udatd TR e FEEPAL RISRe bAvikY oz one AARELTY
the cavity Nas aigkrsuieteumdeddoy oa behermallyi gonfluctnvef aellectmiddidavity
gE;?B%bg?ogg%ﬁjﬁﬁﬁductive m§¥%§§£f9?§§g., soreison, etc). The heat
source 20 may be used to provide an appropriately stable
15 cavity temperature (e.g., 32.1 °F £ 0.001 °F)to restrict
cavity mode hopping of an output of the DFB laser 12.

The paradigm laser 40 may be a low power diode laser
operating with a junction current fixed to within 0.1% and
opérating at 1.3 um wavelength. The paradigm laser 40 may

20 Dbe calibrated using an appropriate instrument standard
(e.g., a Zeiss DK-2 Spectrophotometer using a quartz-iodine
lamp that is NBS traceable) to a known energy level in each
wavelength. The paradigm laser 40 may also be stabilized
using a temperature controlled heat sink and an active

25 temperature controller similar to that used by the
transmitting laser 12.

The fundamental problem associated with the stability
of the transmitting laser 12 and paradigm laser has been
determined to be control of the resonant modes operating

30 within the cavity. Control of the resonant modes, in turn,
is highly dependent upon the dimension of the laser cavity.
The temperature of the caVity has been determined to be a

significant factor in the cavity dimension and laser



5 "stability. Further, where attenpts are made to control the

cavity tenperature, the caV|ty tenperature often overshoots a set point
due to t H¥O98BPEE| | ag (and thernal mass) associ at ed wi PRTUSHOBT o
12, 40. The solution to the 5 problem in fact, has been found to lie in
control of the cavity tenperature by nodeling the [aser cavity as a

transi ent thernodynam ¢ system Using enbedded therm stors

an a sunmm ng

operation anplifier, it has been found th%t t he active tenperature

controller 18 can be adapted to follow 10

t he transient tenperature usi ng

patmer 5. REABI T, murtEREL, M A dlembt e L hatE . O\ st g ant
Tenper at ur eca%@ySeteEwnamairre;na:heSafaxatqgoae@efé,e@:Eé) often oversHbdti¥

case of a thermal system which, for the f% ft urface, _has
char act eri sRi §§toPoint due to 'the thermg

apd; Fhermel; PRSS)[ err] <6

[err] and Rhgkbki8tleR klith each Iatwexeomolwedrﬁéa@éietﬁrbw kb leeek |ike:

[err]T[err]= [err]T[err] CT/ US98/ 03579 WO
98/ 39826 Problem, in fack, hafy kepn d%%‘HFF?/o‘F‘EJt%HetPangP@‘FM of ke the
forn1. E8%iky temperature by modeling the laser cavity as a

transient thermodynamic system. Using embedded thermistors

an a summing operation amplifier, it has been found that the

active temperature controller 18 can be adapted to follow

10 the transient temperature using techniques previously '

described by the inventor (see for example, Palmer,

J. R.,

Transient Heat Transfer in Flat Plates,.Vol. II Constant

Temperature, Pro Se Publications, San Diego, CA (1995)).

In the case of a thermal system which, for the first

15 surface, has characteristics of:

Rd<(5¢ut+Ro), td<6¢at and.Ro<6¢at,

the convoluted transform will look like:

ATV o5

AT = AT“‘FO h, ‘/_Blﬁs + p2?s 4 g3-75|

.75

1-!(

’



where: [err] 10 ' WD 98/ 39826

PCT/ US98/ 03579 . 7 and:
[err] Tl gy, @1813982 = Tlerr]-T[err], in [err]C, POTAUSIBIO3STY
const ant FCé tenperature in [err]C tlerr] = starting
terrperature of the flat plate 5 -~ at
[err] .0C, -

6

and the deconvoluted transforrq;will-have the form:

22),
pe, 2y
AT.= 2| %\ " ,/a—'tpc R,,n ‘Pi(lerfc(x))-(lerfc(xl))+(.1erfc(x2)))
t KTRon
[ TRonh ] ]
cp&fnt " 2
- 2 a%t Z ‘/a_Tpc"R“nt\Fo((ierfc(y).) -(ierfc(y,) ) +{ierfc(y,) ))

KTRem

erfc(y) - e(t"H°H )erfc(z)))

TRguk, ) N R
0 'pcp'R:n't - 2 _ . -
JALS ) '/a;pc"R"nt\!'o((ierfc(y))-(ierfc(yl))+(J.erfc(yz)))
K1Ren : ;

[ ( TR:HH‘) W

C, zx'lt: 2 .
2| ate\ PR/ o 1} J_‘pcp‘R«ntq,‘x(ierfc(x) )-(ierfc(x)) +({ierfc(x,) ))
K‘[Ron

)ierfc(y) e(c"ﬂ° H '“)erfc(z))) '

+(

where: , :
| H_=0. S'l =>t,cm™t,
: ot
S
z= £ +H Jfort,
2,/0(1 °
10
= R,
2,/0:1 ’
_ _ R
x2= % ’
15 ) 2«01
1.0

20



h[err] . = heat .transfer coefficient from

tenperature source in Wcnferr]C, Flerr] crltlcal = absorbed
flux denswo98/398W cnierr], 10 " lerr] = thermal P@'Tf‘fﬁﬁg@?ﬂ?ty of
material in cnferr]/sec, _ [err]
time interval that the heat source is ranning in
seconds, K = thermal conductivity of the material in
15 Wcenierr].C, tlerr] =
t hi ckness of the flat pl ate conponent in 7 - cm
clerr] = _specific heat of the plate materlal I n
Wsec/g[err@@d20 .~ p. = density of the plate material in
g/cnferr], are Rerr]= lhadtus of the heat source beam on
the pl a’t Eer cm Rl err] = radius
of the flat platelin cmfor &Zny constant source temperatuxe)iikneSs greater
than t- =0 cm 25 . The te”@&é?{:!hs Eb&%e%t%%@o@@ﬂé'ﬂé’ttﬁfate
conponent at >0 wll follow from
Rlerr]<6perr]+Rlerr], t[err]<6[@Er], and R err]<6[err] ' -The
convol ut ed transformwl |1 have tpe fgs [err] WO
98/ 39826 / US98/ 03579
8 and when -ddzonvol ut ed wdIIhbatetrhesfemwnoefficient from
' ' temperature source in W/cm?°C,
Fo-ang criticat =  absorbed flux density in W/cm,
10  a = thermal diffuseivity of material in
cm?/sec, .
T = time interval that the heat source is

running in secoénds,

X " = thermal conductivity of the material in
15 W/cm?°C,
to = thickness of the flat plate component in
cm, _
Cp = specific heat of the plate material in
W-sec/g°C,
20 P = density of the plate material in g/cm?,
R, - = radius of the heat source beam on the

plate per ‘om,
R, = radius of the flat plate in cm for any
thickness greater than t = 0 cm.
25 The temperature rise at some depth into the component
at t > 0 will follow from

Ra<5\/orr4rRo, to<6\/0( , and Ro<61/ort.
The convoluted transform will have the form:

. AT WY ATV\/ v
AT, =AT'9 | h 2 | +AT 9 | b — 0
_ P‘/;m P\/F_—gg



[err] wher e: [err] 10 : 15 and 0 <t [err]

tlerr]. As denonstrated, the active tenperature controller 20 can
be provi %g;}gg foll ows the non-linear response of the pdiresssmss™®ass of
t he heat sin the laser in real tine. Usi ng the equations

‘denonstrat ed above, appropriate scaling 20 and response factors nay be
provi ded which track the thermal characteristics of the transm ssion

| aser 12 and paradi gm | aser 40. Anot her factor is the control of
the tenperature of the | aser cavity usBng the bal anci ng heat source 20.
Control of WD 98/ 39826

PCT/ US98/ 03848 when deconvoluted will have the form:

{
{ ( tR:nhc]
ate\ *%Rmt) L | SToc RPnt )
ar{ AL S— farTecse v((ierfely,)) - (ierfely,)) + (ierfe(y,,)))
{ KTRyn '

( TRynh ] ]

c R3n 2
2{ 2% PNt o1, | JaTpe Rent
KT1R’m

x(erfc(y) e(t‘" g °'")erfc(z)))

-

\Pa(-(ierfc(x) )-lierfe(x}))+ (ierfc(xz) ))

where:

t
Y = P
° 2\/011:

JE2+RS
2/t

yol=

10

| yt2+Rq
3%2'_;¢§? ’
15 and 0 < t < t,.
As demonstrated, the active temperature controller 20
‘can be provided which follows the non-linear response of the
thermal mass of the heat sink of the laser in real time.
Uéing the equations demonstfated above, appropriate scaling
20 and respomnse factors may be provided which track the thermal
characteristics of the transmission laser 12 and paradigm
laser 40. _
Another factor is the control of the temperature of the-

laser cavity using the balancing heat source 20. Control of



9 t he bal anci ng heat source 20 is est abl i shed using a first

f eedback |1 oop 13 and a second feedback | oop 14. The first f eedback | oop
13 oper aippg od)30886 abi l i zing a natural emission f r equencPCHUSMBOIFons of
the cavity with a node frequency 5 of the cavity. The objective
of the first feedback loop 13 is to ensure that only a single |aser
frequency (node)is present and that the laser 12 is stable in producing
that single node during operation. |In general, the gain region of a
DFB 10 |aser nust be regarded as relativ8ly wide. As such, several

| ongi tudi nal nodes of operation may normally be present . during
operation ofha BiBahaieg. heatesourse Rfers ®etamkished gasingegi §ATSE t he
DFB | aser -1 be narrouwgd dj My CRSEN 0PN | ONGRHebil rst

t enper at ur eg%%a%?fife( Egogt :‘AL?I a?)é a"lné'sclé?sc{c]f{(:?yf.ee T g|J:?{| S blyecause the pogi?t i on
of the gai nfga@batk loopddpengerateshdybatidipl aing he snphunakefBA Sisgon

extrenely dependent Qn _yariati ] r e e

Sl ght - charGESHEREn BEat e Abotid Tiadhs (G AL 74 £ HpRa e Elichey™
profil esto shi thesuhkiigyently to cause the |laser 12 to 20 node "hop" to
anot her | ongi t udi nal de nore favorahl.y di dywih,regard to the
gain profile. The °g%ﬁ§t&vﬁe§r§t§¥e ?e’\fe‘eftop#%ég&gg@gl }J%%nlgogghgogai n
profile eRtabkbehait! o2AK ke dAsglieddder fredquehey nimedes isspirelsaring

at frequency v[err] which is greater than thg natq&al.enigﬁign 25 frequency

of the atongng| shat. thee leder 42 A% atfy PTocRsER?| 5B g SHPETency

vierr] creapgget WRrike @perdtildit. In diadéddlyithe JFagnopeylibat odn saDFB

friequency vlerr] iIs a standing wave: Wi t hin_the gaV|té§,cong;st|n (gl o
\Y n

“two wavds tlaseki mysith be regaisiad agiirlAtbyRlY TRideno fgvELC
desi gnat ed by, 1'tyddnaANthodes ST ¥EdY maPohbrmayey bavprasemtquency

of v[err]. he Interaction of the waves traveling In the positiye +vm
directi on winiringe opesat insdiafmailEB Pagfeat cSRdeH t ﬁo%@ventlon"tﬁﬁj

23/39826 gain region of the DFB laser 12 m&Th&SR8r9dwéd by adjusting

the corrugations, but temperature control is still

15 necessary. This is because the position of the gain profile
depends on the bandgap and this phenomenon is extremely
dependent upon variations in temperature. Consequently, a
slight change in temperature could cause the position of the
gain profile to shift sufficiently to cause the laser 12 to -

20 mode “hop” to another longitudinal mode more favorably
disposed with regard to the gain profile.

As a means of developing a solution to the gain profile
problem, it can be assumed that a single mode is oscillating
at frequency v, which is greater than the natural emission

25 frequency of the atom, Vv,. The natural frequency and
oscillating frequency v, creates two “*holes” in the
distribution. The oscillation at frequency v, is a standing
wéve within the cavity, consisting of two waves traveling in
opposite directions. The two waves can be designated by “+”

30 and “-”, respectively. Both waves have a frequency of wv,.
The interaction of the waves traveling in the positive +vm

direction with the laser medium will be greatest for those



atons that have a velocity conponent direction of +v[err], such t hat

[err] 5 There are, therefore, two groups of atons Wwhose
stinul at ls9s46ON contributes to-the 1 aser out put | PEF08dsi08s 79T e
popul ationi'nversion is reduced for these 10 atons and gain saturation
occurs with regard to these atons. Two "hol es are burned" and they are
symmetrical about v[err]=0 - and correspond to atons wth velocities of
pl us and m nus vierr]. Under the enbodi nent, we can change the
frequency of the oscillating node urk@!| the peak frequency of the

|l aser 15 line is equal to the natural em ssion frequency (i.e.,
vierr]=v[eraktpms thiat tRiveda acneniltys emhpgnnemt ydigedbtoheagt kvpf such the

cavity by snmll variations in the cavity tenperature. I n changi ng t he
tenperature tBREr so slightly, only a S|ngle - group of atons can
contribute to the |l asing process, Vi those with zero-x conponent of
vel ocity, and prOV|d|ng only Qh "hol e' in the popul ation

i nversi on-vel ocity curve. %henOt ics happens, the output power has
been found to drop as the available 1 nverted population is smaller

t han before. The small increase in power resulting fromthe

slight 25 deviation fromthe center frequency of the laser 12 is used

as a feedback 'n'x?nféﬁ‘:é‘ hd, ferdhadsd O%ol?gf&lﬁéa@flawméh@hose

frequency of the laser 12 ‘at the Iine center by mnim zi ng t he

out put . Becatdmudpteide epvesian faantariduttesiio dflre t1ager outpuke node

frequency Wihleeoig ONSHD dRdhd) d i BRvdo s AMCLs Faddda! BerOLRRLS ©

decr ease. Firstfeedback Foop:1 to nonitor the e

differeft pewems end gadm Staturatlorsmmemiwhtbe@amu tie aheeedb&@mS.

signal to c rQ Vg™ 2R : 6 -

BC US98/ 03 o1& are mf¥hdd . Wby are sﬂ%&%ﬁé?ggf about v,=0
and correspond to atoms with velocities of plus and minus

v,. Under the embodiment, we. can change the frequency of
the oscillating mode until the peak frequency of the laser
15 1line is equal to the natural emission frequency (i.e.,
' v,=V,) . This can be accomplished by varying the length of
the cavity by small variations in the cavity temperature.
In changing the temperature ever so slightly, only a single
group of atoms can contribute to the lasing process, viz.,
20 those with zero—k component of wvelocity, and providing only
a single ‘hole’ in the population inversion-velocity curve.
When this happens, the output power has been found to drop
as the available inverted population is_smaller than before.
.The small increase in power resulting from the slight
25 deviation from the center frequency of the laser 12 is used
as a feedback in the first feedback loop 12 to stabilize the
frequency of the laser 12 at the line center by minimizing
the output. Because of the power differences, any drift in
the mode frequency will cause one mode to increase in power
30 and the other to decrease. The first feedback loop 13 is
used to monitor the two different power levels and to
subsequently to provide a feedback signal to control the
cavity length. -



Fundanmental ly, it has been found that adjacent cavity nodes are pl ane
pol ari zed with their planes.of polarization .at right angles to each
ot her. | rWOm8B898260 i solate and =~ capture the two cavity nBeEYSIBBEHut put
signal of the laser 5 12 is split into two beanms in beamsplitters 24, 26.
A pol ari zer 28, 30 inserted into the path of each beam Each :
polarizer 28, 30 is oriented orthogonally with respect to . the other, to
i solate the two adjacent cavity nodes. Two mat ched 1 nGaAs detectors are
~used to detéct the two nodes. 10 The di f+&rence in the out put of the
detectors 28, 30_is proportional tq the difference in power of the two

nodes. Fradsmentealdy + He ths deeertbpundsthap pdiprentdeqvity

~an input to Isf i | d agecisophe ok | g1 of I
32. The di f{‘ng?’gﬁt ifagee:iﬁ'rﬁe %ﬁﬁ%tm 15 det ecltgo?ré}e%B,e%BBb!l?Iﬁ'széaét\ibq@the

di f f erenti apti mpghtvenmes &o eaghjeisher he Poverder treigedategansl | 20
to, in turn e e aq%ah e i Vi ser.
This, in ca?: 3?1%% éﬁhteerésv%t Fée node - r%%%’en%?éesgg#plgﬁeéﬁéggé &)?e tq:%e%as’]@r

operati &n ol2the fspldtt figvuhduo [eams 3ikdedmesplbtindrso0220 26abi 1A ze t he
frequency o J_aser, 12 W g 0s TQf e abilize the

| aser 12, aggé%%ﬂﬁ%?eez acid) lmé%%%&lﬂ%%l?% %%1386\!#%%% %’ﬁ%&ns'ecc#r?cf% '
f eedback | opplafizer 28, Al pig delantdd téethegenallyi withnmpraspeot tdo an

out put bea a reference paradi gm |l aser. 40 and_the differenc

provi ded ZELH? ggilgfdn R é’esd)gla% & stra}b%gtfw%sa '%??ﬁe?aﬁﬁg}{smﬁ’fiegchi g'm"ng
control ovemathhed diGadrsy ddtddtotsstre l2sed to detéstnghe heenmddd t er
26, ‘a snmall _porti.qn of t:he ,output . beam-of. the |aser: 12,is provided-as a
first i]:HSutT § %%r%ere&ﬁeoé‘lrbc eorﬁ"t‘:t%’ftbc%ﬁh?h&%%ﬁﬁtar?i'?§'t". ndchr onet er
34. A 30 sepgdghdritidinalo e tnptdiot Bt ende Cin| PeWeBlof S t HEOEwde tholdedim

t he paradigm |l aser 40, throu second_npnochr o er_38, Under_ t he
ebo mont ot he. e GUERN S o S oL FONEE PSS 28 530 b8 REpVAGed as

construct edapulisicat it |y divecSfdfsial input VE10848988Atrolled o
PCT/ US98/ 03579 | W t hi n

3 . (] 12
~the nonochr 8Fedddatdre B gifes tThe gt texprtial imputpfromthe,tyass
through s bgawpeetRanderg cad iiPtieddy the differential input VCO 32 to

adjust the power to the heating coil 20 to, in turn, change

the length of the optical cavity of the laser 12. This, in

turn, alters the mode frequencies of the laser 12. The

operation of the first feedback loop 13 has been found to |
20 stabilize the frequency of the laser 12 to within 10 A.

To further stabilize the laser 12, a second feedback
loop 14 is provided. Within the second feedback loop 14, an
output beam of the laser 12 is compared with an output'beam
of a reference paradigm laser 40 and the difference provided

25 as a second feedback signal as a further means of achieving
control over the stability of the laser 12.

. Using a beam splitter 26, a small portion of the output
beam of the laser 12 is provided as a first input to an
optoelectfonic clock 34 through a first monochrometer 34. A

30 second input to the optoelectronic clock 34 is provided from
the paradigm laser 40, through a second monochrometer 38.
Under the embodiment, the first and second monochrometers

34, 38 may'be constructed substantially the same.



and then on to a grating 54. Fromthe grating 54, the beam goes to a

parabolic mrror 56 with a 24 cmfocal length. 5 The slit 50 is

fabri cat gg ,gagzﬁchar acteristics which limt the bandw BCTVUS8/03874 dent -
radi ation. er the enbodi ment, the dinmensions of the slit 50 may be
determ ned usi ng an appropriate bandwidth [imting technique (e.g., see
Ri chardson, D., Diffraction Gatings, Applied Optics and 10 Opti cal

Engi neering, Vol. V, Part 1l, Optical Instrunents, R Kingsl ake, ed.,
Academ c Press, New York, NY, (1969)). 12 The beam expander and
collimator 52 are of conventi onal design for a 1.3 [err]msignal, using

quartz optics. Within tfettionpcHromytde, fiaheiheamdgubshthrbhgheaarsglie: of

24[err] and a 15 line spaci of. /[f(13.4 (103) [inch.or 527 .5
hes 507 (FC. lor Bagait YRFTHER A0SR STPATAPECPALAPAhE 3 ve 1o
t he Su%h@:%hé}prdmltdca&_;fﬂi@tfbmg oFeom Ngher gtatingt 542 the qui ng,

d, the path difference for the |] i dent on, , apy tw en

grooves i sg@sisnt®d 2 \RRFRRGEIC || °Fs éowj'&"f?r%%t%’a E¥S#Dljr %% 'ngs at

sone otdier angl éyd iy 561elspa:.tébnca@leaf@wncehé@actagllstg&ts whifdH t her

I ncreased by the amount . dsin([err] %, The rel ected l.ight _of

wavel engthllﬁte-rtr]thembﬂn@élﬁ?h of IrekdebeFaghRtLr®i r cURAPE PGt when the

path differ imen Ortﬂ%yaméwép@ﬂé 8P B as eIt 90 ORMYS beS Gt dritig@ichl 25

multiple o e wavel engt For |i of a_given wavel ength i nci dent

"at a parti adimg &n’gl@Ptmia%tbﬁ%‘ﬂ‘%‘éﬁédlw‘bﬁiﬁgl technigue He -gr-00\RRE
wll be in C SeraPéngs, el ebtwaelf{yt hs of

- a path di fflﬁrence&%gr%ma%d} ;‘ii{e]ﬁflfa@ﬁﬂéagr%(r)vgsngs PFed the¢order of

i nt er f20 en©ptimal LEngIgled!mm, déetr i VedPraki &B) e@Ptacgﬂ-atImréWﬁ%n can
be witten

oCert] cuc ok Enarifhe 8. . Acadgpig Prsgs, New York, NY, (1969)).
PCT/ US98/ 03579 The beam expander and collimator 523are offeenvantional

equal to tt% Iaze%‘glgngal}ete%ras sl&ﬁgl[eﬁélngt Hﬁaﬁ:i:&sbptlc%r dermy aze

wavel engt h
grating 54 may be fabricated with a blaze angle of 24° and a

15 1line spacing of /£(13.4(10%) lines/inch or 527.559 lines/mm.

Where light is incident at an angle, o, relative to the

surface, normal to a reflecting grating, ruled with a
spacing, d, the path difference for the light incident on
any two adjacent grooves is dsin(a). When this light is

20 AdQiffracted from the rulings at some other angle, B, the path
difference for the light is further increased by the amount
of dsin(B). The relected light of wavelength, A,.will be in
phase over the entire wave front when the path difference
for rays incident on adjacent grooves is an intégral

25 multiple of the wavelength.. For light of a given wavelength
incident at a particular angle, the light reflected from all
of the grooves will be in phase only at certain angles. The
number of wavelengths of a path difference from adjacent
grooves is called the order of interference, m,. Using the

30 described variables, a grating equation can be written as

follows:

mA=d (sinotsing) .



[err]=2dsin [err]. 5 For a grating 54 where [err] is 24[err] and the
grating spacing is 527.559 lines/mm the spacing, d, is equal to
1.89553 [WOrgA9826 Fromthe equation, [err] can be deterni REHUESAISETI ons:
10 [err] =2dsin [err]=2(1.89553 [err]m (sin 24[err])=1.541956
[err]m If the blazed wavel ength, [err], for the condition ~
[err]=[err] is known, and the blazed wavel ength [err]"' for other

conbi nati ons of[err] and [err] is desjred, then the desired val ues nmay
be 15 determ ned as follows: [err] For the particular case of

[err]=1.3 [err]m where we want .to find he.ang] e normal_ to_the grating
that is sui WhBPReBrds Geual tohhe HMfze anelend e%’rﬁ? o deier FLRER by:

[err] orde$hizal 7@ YRR 1dngi fdad B dsodtBad2ls: [err] WO
98/ 39826 : - PCT/ US98/ 03579 .
14 -

Ag=2dsin 6.

' For a grating 54 where 8 is 24° and the grating spacing is
527.559 lines/mm, the spacing, 'd, is equal to 1.89553 um.

From the equation, A; can be determined as follows:

10 - 77 Ag=2dsin ©=2(1.89553 um) (sid 24°)=1.541956 im.
If the blazed wavelength, }\B, for the condition o=p is
known, and the blazed wavelength 24’ for other combinations

of o and B is desired, then the desired values may be

15 determined as follows:

_ ' .
A’:Aﬁcos[ « +B']
_ 2

20 For the particular case of A;=1.3 um, where we want to find
the angle normal to the grating that is suitable for our

wavelength, the angle may be determined by:

which may be simplified to produce; .

25 /
=0.843085=cos( “;B)

1.31
1.541956




and _ cos[err] =(0.843085)=32.53266[err]. S5 Fromthis
value, [err]' nmay be determ ned as follows:"-

[err]' =2¢RPespssfiP) +24= 89. 0653[er] . Anot her | SSRETMUSHROISTNg t he
grating 54 1s that of 10 resolution. Using a 6 inch wde grating, the
grating resol ution can be determ ned using Fraunhofer diffraction
theory fromthe foll ow ng expreSS|on [err] wher e:

N=nurmber of grooves 15 =527.559 lines/inch

=80.4 (10[err]) lines, and 20 14 d=spaci ng between
grooves ([err]) =1.89552 (10[err]) neter

=1. 89552 hed|m Substituting N and dinto the equation results in

the 25 expression as foll ows:
PCT/ US98/ 03579 WD 98/ 39826

cos™=(0.843085)=32.53266".
5 From this value, o’ may be determined as follows:
a’=2(32.53266)+24= 89.0653".

Another 1ssue regardlng the gratlng 54 is that of
iO resolutlon Us1ng a 6 inch w1de gratlng, the gratlng '
resolution can be determined using Fraunhofer diffraction

theory from the following expression:

A Nd(51na sinf)
N A

where:
_ N=number of grooves
15 =527.559 lines/inch
=80.4(10%) lines,

and
20 . d=spacing between grooves (u)
=1.89552(10°%) meter

=1.89552 um.

Substituting N and 4 into the eguation results in the

25 expression as follows:



15 [err] - and [err] 5 The resol ving power of
a grating is a measure of its ability to separate adjacent spectrum
lines. |woeBm39s26expressed as [err]/[err], where [err]+[err PCTAISP$Q3STI.
wavel ength of a spectrumline that i's just barely distinguishable froma
line at wavelength [err]. 10 Usi ng the techni ques devel oped herein, it
shoul d be evident that |large gratings used at high angles are needed

to achi eve high resolving power. The actual attainnment of hi gh

resol ving power with a grating depends upbh the opti cal quality of the
grating surface, the uniformty of the 15 spacing of the grooves, and the
associ ated optical - conponents. The equati on suggests that. one shoul d

be ale to . \hags. aniiodfLphes«12895%2NA0POMESLSESP|Y. bysaasge@sumﬂm
total nunber
(81 e/ MELQTE ¢

f undanent al ?qu that has to be applﬁe , s 20 absolutely
necessary that the incident mavelength be Iess ~ than the groove spacing
(d)). If not for the fundanental A2

0.09039294meters

=AAmeters

X _9.039294(10%)meters
AA 1.30(107 %) meters

and
-1y,
A=1.8696(10 )meters=0{18696.
1(10 YY) meters
A
5 : The resolving power of a grating is a measure of its

ability to separate adjacent spectrum lines. It is

expressed as A/AA, where A+AA is the wavelength of a

spectrum line that is just barely distinguishable from a
- line at wavelength A.

10 Using the techniques developed herein, it should be
evident that large gratings used at high angles are needed
to achieve high resolving power. The actual attainment of
high resolving power with a grating depends upon the optical
quality of the grating surface, the uniformity of the

15 spacing of the grooves, and the associated optical
cbmponents. The equation suggests that one should be ale to
have an infinite resolving power simply by increasing the
total number of grooves in a given width. However, there is
a fundamental rule that has to be applied, (i.e., that it is

20 absolutely necessary that the incident wavelength be less

than the groove spacing (d)). If not for the fundamental
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16 rule, a grating having 4500 1i nes/ mMm woul d have been 'sel ect ed.
Unfortunmﬁlgﬁmgﬁi s woul d have provided a groove spaci neembsdgi 3dsio
[err]m IcCh'Ts 5.85 tinmes too small to provi de an effective solution
to the problem Using the 5 techniques described herein; the resolution of
the laser 12 ~ has been inproved to provide a line width that is
approximately 0.18696 A or 1.8696(10[err]) neter. That is, the l'ine

wi dth of the grating 54 spans the range qf6 bet ween 1. 300018 and

1.299981 [err]m Effectively, the line wwdth is 10 stable to 5 parts in
10[ err] Theypepraxgfatengandviidgh4600 Dénes/mhasmlas Hapld sen

[err] . Wwhere Y[err]=0.002, which is di nrensi onl es ateria

di sper si on 5319%5%@fiCV%EPPLEBateEY'.' 1ﬁeWPP39e %%&mﬂ§°w4é;ég%fﬁF%ﬂYﬁaser
40 is a | owpaciRGWeE 0iode LASewhep®r ki B9 88t timed aldd mnwavel €sngth. Prior
to . entry into the paradi gm nongchroneter 38, the_|aser beam from

the paradi ge¥P¥sde an PEfpgtiNg ERLYEIRNa to0GhE Problem. {iYsing akhe rough

control shef orenfPihisi BEQctIBedOnerRIGC NEPRELRSoI®tion of thdVidkd g
nonochr onet er 38, "t he beam passes through t he expander-col limator 52,

onto the grkas$ngeed, impyored to prpvideca fis® WHEtHatd®l i¥sSnirror 56, as
descri bed ; I § pPagsgd A0 LYy tght® g Qlgatd)ngJdBdy Or tﬁgﬁ i ng
66 25 of %ﬁ%&g%¥%%?g§g¥o§igg§?océ 34. Afte#qbasging tﬁ{oug t gﬂg'géﬁé
grating 66,1lihe wédhhsofi khe grafdngs Sdespans: the randedi detweemot her

nGahs det eptghofBa0ghact 0hogBalNEO! Nale AlAq 1Y Nene 108 GRheRNES® | OCK
| oop 36. :Asmenti oned above; the " i .- . ] .
10 stable to 5 parts in 10'. The approximate bandwidth can be

shown as follows:

108
o3 0(10%)

n =2.6075 (10%5)
4 —=\vy '
: A

m

where Y¥,=0.002, which is é diménsionless material dispersion
coefficient.

15 As mentioned above, the paradigm laser 40 is a low
power diode laser operating at 1.3 um wavelength. Prior to
entry into the paradigm monochrométer 38, the laser beam
from the paradigm laser 40 is passed through a 300 A line
filter as a rough control before entry into the

20 monochrometer 38. _

Within the monochrometer 38, the beam passes through
the expander-collimator 52, onto the grating 54, and is
reflected from the parabolic mirror 56, as described above
and is passed on by the rotating mirrors 62 and grating 66

25 of the optoelectronic clock 34. After passing through the
grating 66, the beam strikes a InGaAs detector 70 matched to
another InGaAs detector 68 detector on the other side of the -’
optical.phase lock loop 36. As mentioned above, the
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17 paradi gm | aser 40 is calibrated using the Zeiss DK-2

Spect r ophowowsBes26t 0 preci sely determ ne the optical output PCT/USHSNOBH

| aser 40. Wth the transmitter |laser 12 slaved to the paradigm 5
| aser 40 through the optical phase |ock |oop 36, the vari abl e
controlled output 54 will feed back to the cavity t enperature control
20 of the transmitter |aser 12 as snall i ncrements of voltage control
on the heating el enent surroundi ng th&7optical cavity of the

transmtting laser 12. 10 In this manner, it has been found that
t enper at ur e :(amtilgm lasgrhiOofist nalcbmattydcmm ridvee Zeims ShRy2

control |l ed. S n feedback, ciycuif 14,
in fact, ethﬁgﬁgﬁgﬁﬁgéfohgr ésg&ﬁianu%%ﬁﬁﬂé éicxﬁRF% 3°uEput
tinES_bettEHoﬁfEhEtIESérrso feedback circuit 13. 15 Turning now to

the optoel ectroni |t s Id be ,not.ed irst,. that t

opt oel ectronic dqﬁﬁ? gﬁ?uﬁﬁ??ﬁﬂ% e &?sgrpgztéa?iﬁétqﬂaEHﬁxPﬁF? t¥Back
circuit 34 drabent so0 ashfough theckpstuatephasieon oakdWap Bk nflps mat i on
signals onto_the pur.pQs of .sinplicity, FIG 3
will be use&’at’f)"ae]?(:’p?a?ﬂntr°9E8&h°FgﬁEE éﬁ Wil Feey bPr'FgPl%eqﬂ? r&meHt¥si on
system 10 oftdngerdcubepeortdeld 20 ofothehe randiiaitedn laisbst rens Sshan of
up to 1,000, - teIeV|S| annel's Slnie each tel evision channel 25

" (including gRFTERERES)O eﬁﬁ?F@g%cﬁnﬁﬂZ Phe thSutieabigy elerepfabilities
of the systeAbwidihe tR¥EBHLOBaIOBRYIRG of t@y@%&ta@&:ﬂlq;éleng’ltléééftl‘@ 2

Ghz Furt her,iit'o nmodul ate a channel onto the | aser .beam a

cl ock sl@naln} sthbﬁdﬂ?-’é‘aeﬁvei‘y bas been: frynghébet: Femperature mandon
spectrum Qg Pinf h@ffﬁﬁéué§§1€{r thR 550ﬁ16r%4?rec1's%1§; RIS e gt hifle Of

providing a multitude of such i ncremental frequencies.

feedback signal 54 of the second feedback circuit 14, in
fact, has been found to provide a granularity of control 53
times better than the first feedback circuit 13.

15 Turning now to the optoelectronic clock 34, it should
be noted, first, that the optoelectronic clock 34 functions
as a portion of the second feedback circuit 14 and also as a
clock source 45 for modulating information signals onto the
laser beam. .

20 For purposes of simplicity, FIG. 3 will be used to explain
both functions. '

-The laser transmission system 10 of FIG. 1 is provided

for the modulation and tranémission of up to 1,000
television channels. Since each television channel

25 (including guard bands) requires 6.2 MHZ, the modulation
capabilities of the system 10 of the inﬁention would be
expected to be at least 6.2 Ghz. ‘ '

Further, to modulate a channel onto the laser beam, a

clock signal is'required every 6.2 MHZ throughout the

30 transmission spectrum. One of the features of the clock 34
is a practical method of providing a multitude of such

incremental frequencies.
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18 The essence of the clock 34 is two counter-rotating di sks
-72,-74.'N%b%ﬁghggsks_72, 74 may be driven by vari abl e seeedosisis? S
(e.g., Drenel notors). The variable 'speed capability of the disks 72,
74 is such that the speed 5 may be continuously varied froma | ow of 83.33
revol utions per second (rps) to 25.3(10[err]) rps. Under an enbodi nent,
t he speed of the inner disk 72 is chosen to be 500 rps. The two

disks 72, 74 rotate in opposite directions A nunber of mrrors

60, 62 are nounted to the inner 10 mrror disk 72. Mre specifically,
sixteen nmirrors $Re E2senceabE mhenicddoki 3a 4% W edunterotetabialy axis

of the disk._., 72_.ar gund e periphe f- the disk.72 at, a radius of 63.5
nm The n1r¢b?§SGé?'6 ﬂarekﬂﬁuﬁﬁgdgéﬁ%%'&ﬁat%§Iqiﬂnb?né%ﬁven avel i ng
paral I'el tovaheaBiksspbefomatoss qe.ghe Gremel? mbromoiu) d dige rehtesbed

‘radi ally through a_rotathg tran nis§%$? ggaljng 64, 66 on the second

di sk 74" at SPRFEJERBRARLALEY of Lhg disks; & i dsrBuchy thakitheesnesdt of

stati ona'y may B8t 86hessublslyOvaried froml ke 1RE B gH SIe Hevidtonat 2
speed of 15.2 887(105err]) 20 rgs. The second_di sk nay be equi pped W th
an annul ar PeRgsSeconds (xPs) £edR8s 33103y, BP9 nHpder: aad embiogiimenty the
transm ssiVgneeq GEathBYifherblisk 72 is cHRPUR vy A sesnad
produced byg%ﬁg ogtoéLegfro%Fc cloéf 34 may be dete#ﬁ?ﬁ@%ﬁbye?ﬁg ewo
equation; 2&isks 72, 74 rotate in oppositg edgjeqtdanig N err] x+Y),
wher e: ~ je wat-atieng s Ll rald qud e ce of the
second di sk, ¢ sL ﬁ?hbggrp§~%%kF%§§G?P}q§9dﬁ§2 méﬁﬂﬁéqiﬂ§ﬁwps %ﬁﬂ?ﬁe
second 1§i skmindor disk 72N eMpfrenspeed facadilpr.osixtrearhaninrons 60 sk62

are mounted at a 45° angle to a rotational axis of the disk

72 around the periphery of the disk 72 at a radius of 63.5
mm. The mirrors 60, 62 are mounted such that a light beam
traveling parallel to the axis of rotation of the disk 72

15 would be reflected radially through a rotating.transmissive
grating 64, 66 on the second disk 74 at a predetermined
angle of the disks 72, 74 to strike a set of stationary
detectors 68, '70.

The second disk 74 rotates at a speed of 15.27887(103)

20 rps. The second disk may be equipped with an annular ring
76 of a radius of 97.0209 mm, fitted a rotating transmissive
grating 64, 66. '

The total cycles per second produced by the
optoelectronic clock 34 may be determined by the equation;

25 _ '

V=0 (Npx+Y) ,

where: _
o=grating lines/mn,
30 =circumference of the second disk,
x=rps of the mirror disk,
Y=rps of the second disk and

Ny=number of mirrors on the mirror disk.
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19 As shoul d be apparent fromthe equation, the frequency of t he
si gnal deypdsadgiey the detectors 68, 70 can be adjusted POY/USHEIORFINg t he
gratings, the nunber of mrrors, the radius . of the mrrors, or the
radius of the grating. Having passed 5 through the grating 64, 66, the

| aser beam strikes the detectors 68, 70 providing an electrical signal
‘that is conditioned and anplified to establish a particular tuning
frequency. For purposes of the sEtond feedback circuit 14 al one,
10 the speed of the counter-rotating disks 72, 74 is not consi dered

critical. ASsashonidgbeneppatreatdifgion the 2hunatyion, thae ofrequedcat of speed
conveni ent for ener ti [ Le i ce
for purposegh%f ? %ggggng Fgég%g%k gﬁ?%&ﬁgy%ﬂg ef?hégﬁgBFleggg&F%P
di sks 15 7@y &Hahglnbopha bmghuanamdhennumhértéﬁamxnmensttthg ragHus

12 and f h di gm | 40 | hat . b
compar ed a5o% o BRaRA TSy nEEndits, adive BF He SRty (¥evinmagraned

the phase L@ﬁkghgﬁpﬁhe giiatdmiot 636. 64 sﬂ’twm(.jasm;] déamtsofikes ghesors 68,
70 is 20 s ed wthi p Q2, 104 Schmdt trigger. 106, 108.
The shaped %%F?EEoﬁﬁe asgéd WB' %, A ST af si %%9 §88Edfor e
conpari son J:Bnéi&ﬂahé@ﬂ and0afpldFiled ti2%stablish a p@rtibeldet eadrsy 68,
70, the level of the signal requires anplification to raise the signal

to a sufficFEREUSBY)-evel to trigger the Schmidt trigger 106, 108. The

si gnal from ?Be pel &%@s@’s 6¥ @hd RRedi@dianaasiel c #cdseS12 BAone,
- inverting ogh .104.. The_signal fromithe detector 68 of . t he

transmltin ¢a§§?e§2°§a§hGS§Q%$QQ¥Rﬁqq4E}Qﬁ)Q&ﬁkﬁiﬁ? 74 if BRSUl d be
noted that é&n%id@?%dalcEéttH@al' MPald teddqibhed hetm@paisﬁggﬁél %moméfe

detectors 68 only t he square wave of the Schm d
‘triggers 108e operatedsaisspaspiesd wortenient for gengragicngef

PCT/U898/03§g9erence frequencies. Of more importance for purposes of

the second feedback circuit 14 is the ability of the disks

15 72, 74 to chop a light beam from both the transmitting_laser
12 and from the paradigm laser 40 into light pulses that may
be compared as to phase and intensity.

FIG. 4 is a block diagram of the phase lock loop

circuit 36. As shown, an output of the sensors 68, 70 is

20 shaped within an op amp 102, 104 and Schmidt trigger 106,
108. The shaped pulses are passed through a loop filter
130, 132 before comparison in a control logic section 128.

From the detectors 68, 70, the level of the signal

requires amplification to raise the signal to a sufficient

25 1level to trigger the Schmidt trigger 106, 108. The signal
from the detector 70 of the paradlgm laser 40 uses a non-
inverting op amp 104. The signal from the detector 68 of
the transmitting laser 12 may use an inverting op amp 102.
It should be noted that it is not all that important that

30 the input signal from the detectors 68, 70 match, but only
the square wave of the Schmidt triggers 106, 108
substantially match.



20 The loop filters 130, 132 provide a neans of averaging  an
out put of the phase |ock loop 36. A signal fromthe |oop filter 130,
132 is COQYRs% 8‘?5% iég th an output of the Schm dt trigger 1pernkosioisto
control logic 5 (e.g., an XOR gate) to 5 identify and reinforce

coi nci dence of phase and anplitude rel ati onshi ps between the
transmtting |aser 12 and paradi gm | aser 40. The output of the control
|l ogic 128 is then scal ed and provided as a control output of the second
feedback circuit 14 through the heater c@urol |ogic 20. 10 - A

speci fic enbodi mrent of a novel nmethod and apparatus for construction of

a stabilized | asgheageepdifig tieas 180, 13:2rwldé\\/aerrhems has keepaging
descri bed for thé purpase_of illustratin he rmanper jn_which tﬁ

i nvention i 3RnBBEPHRIOL thgsplpass 1P Ahders iR hafrpRethe loop

i npl ement at gpnegl 1300t N8R @ | @R IR | aipwBSoff thEeskhMeat on
and its vari ous aspects wi || apparent to one skilled in the art,

and t hat thériﬁgéﬁtﬂgﬁvléoﬁoﬂq|Qﬁq§§9 YaFHe ki fe -, arnkORi gakes to
descri beg. ﬁéﬁ&%gr ana' b elith FORIUL Y i8S drve of GHESe  DRAPARSEN tude

i nvention any and nodi fications, 20 variations, or equivalents that
fall withi nrehet@m@h@pa ibletweenar\?élesd'{ﬁ?é‘s(ﬁlﬁtﬁé‘%alsﬁ%ennh%ral}ﬂngaradlgm
princi pl es oggd a /898
PCT/USQ8/OB§§§8L 3680 affle outphd B I &ldhtrol log%gmi§§ 89 gﬁen

CLAI VB scaladrandoprovigieshias A myna:nﬁlstqumu‘@obi el askcond

sem conduct t,ho

conparing aﬁég ?gglcégggﬁ?pgp %é g Ei050|ﬁ$at|n node o% l?g%ﬁ 20.

sem cordduct or I aAespatcn.zilfq leyﬂoqs?ohmntza:tﬁ @n reovgle methcvdtdménapparaahs
out put of aggec i)l | NG S at a
second poIa“rﬁ|8§afg|8%)1ﬁ%§%cl‘::1'%5"l og?%gﬁgﬁ' t*?géllTﬁgﬁgﬁéﬁ z%$ gheangle;
provi di ng aptesentf éesieadck on iy baenadaanngbed for the purpose of

illustrating the manner in which the invention is made and

used. It should be understood that the implementation of

15 other variations and modifications of the invention and its
various aspects will be apparent to one skilled in the art,
and that the invention is not limited by the specific
embodiments described. Therefore, it is contemplated to
cover the present invention any and all modifications;

20 variations, or equivalents that fall within the true spirit
and scope.of the basic underlying principles disclosed ana

claimed herein.



10 tenperature controller of the. sem conductor |aser in response to

detected differences of the conpared first and second oscillatin
nmodes; WO 98/39826npari ng an output of the reference | aser RGT{USH/O03579
out put of the sem conductor |aser; and 15 providing a difference

signal as a second feedback -signal to the tenperaturecontroller of the
sem conduct or | aser in response to detected diff he
reference | aser and semi conductor |aser. 20 2. ﬁl@ Ilm mm“
stabilizing a ‘distributed feedback se#d conduct or Ser tasni nsclaim 1

further conprising the - step of polar|2|ng an out put of the
'seniconductor |.aser at the first p tion angle to produce a |aser

- signal of the fdidHodPst |sl@é]:5ﬂ&i@&§ aZézn.str1]§t1ted.-r?‘éeﬁ!é;‘a.@?éj of

stab|I|2|ng a distributed feedback sem conductor laser as in claiml
further corrpemmglwor lagayp dughingthedocampsicpng shet seeps of:

sem conductor |a zaki gn e er
signal of 30 the%e%én nd."nc?sm Ieo I ng no"ﬁgéﬁﬁt BE % fﬁ#ﬁg- ﬁ%{gﬁ(@&%%% qné&é
st abi I'i A ngod thet memitcohdustttbacdaser atndcbihdattpeolhzaieation mogle m 1
]I;gl'} [‘Egs / ogg”}'g'jll n% r3_‘3‘%‘.:‘.ca1 outp\}/t\p °9§/ § 9§§§ond oscil%ating mgtdgp 00§ the

det ecti ng tbemh&mmduﬂuynﬂlaﬁerrEtfars&cmndipbharﬁgationnadglhn a first
phot odi ode.

5. , The thod of s a_di tributed f eedback 5
sen1conduct8FtP89%n%£;991%ﬁ%ﬂ | éﬁ lﬁﬁhba?s?ﬂ Bhe step of
detecting the Iag@bvmdﬂﬁg aﬁfifmtSﬁmedhbckcsigﬁalngo a cavdey n a second
photodlode ' ;

temperature controller of the semiconductor laser in

response to detected differences of the compared first and
second oscillating modes; '

comparing'an output of the reference laser with an
output of the semiconductor laser; and
15 providing a difference signal as a second feedback

signal to the temperature controller of the semiconductor

laser in response to detected differences between the

reference laser and semiconductor laser.

20 2. The method of stabilizing a distributed feedback
semiconductor laser as in claim 1 further comprising the
step of polarizing an output of the semiconductor laser at
the first polarization angle to produce a laser signal of
the first oscillating mode.

25

' 3. The method of stabilizing a distributed feedback
semiconductor laser as in claim 1 further comprising the
step of polarizing an output of the semiconductor laser at
the second polarization angle to produce a laser signal of

30 the second oscillating mode.

4. The method of stabilizing a distributed feedback

semiconductor laser as in claim 1 further comprising the



6. The nethod of stabilizing a distributed feedback 10 sem conductor,
laser as in claim1l wherein the ste ' an out put of the

reference_| aser with an out put of t he ] Jsdior | a
‘conpri sesWOTER28, o choppi ng aﬂm h‘iﬁﬂﬁmm\em com’?%grspolgg?er and
ref erence | aser into a first and!¥ L *pul. se of predeterm ned
15 | engt hs. 7. The nethod of stabilizing a distributed feedback

sem conductor |laser as i.n claim®6 wherein the step of choppi ng t he

sem conductor and reference outputs intoyg0 optical pulses further
conprises the step of disposing a first reflecting mrror on a rotating
di sk which refl ect Sqoract M4 0ERL 176LAt 9PNk OBE! ReeS STrEaNducion d @ssy
radially ut war ?ron1t e rotating disk as the rotating di sk passes

t hrough a prcetketion na nBtirsngbrotodiode.g. - The nethod of stabilizing a

di stributed feedback sem conductor laser as in claim7 wherein the step
of choppi ng the sem conductor and reference outputs into opti cal

pul sSes furtsher crisermeesofihefsstagbblidingosi Agsiributesofeadifdalet i ng

m.rror on a rotating disk,which_ refle . lenCl radi-ati.on f t he
ref eren elﬁﬁﬂﬁc?%ﬁ'%F?§ babGAr3s %?%ﬁpt%ekﬁﬁé§¥%ég F§ﬁ'£?§té§€%tating
di sk passesstidpy wHhdetectinpgetheetaserdsagghd. of the sefOr@B/BE8blating

PCT/ US98/ 03579 , . :  ode 23 9. The nethod
of stabili ZRF Wi 3t PPEAPEPPREADARRS:  seni conductor Iaser as in claim8
wherein the step of choppi ng the sem conductor and reference outputs

into optical_ pulses fyrther conprises the.step.of djsposing.a 5
counter-rot%iindfﬁﬂhﬂﬁﬁpeaanuﬁBagﬁ l?&?ﬁtFné%ﬁgﬁ%q%ﬁéﬁfﬁéfdhétg ;
synchr ggousi gmbbhiaaedorniass@maspianelaim he wher@linngh scep of 10. The

met hod of stabilizing a distributed feedhack seanond ctor laser_as_in
cl ai m 9 wheP@MPAY had sfBpogfput of the reference laser with an output of.

the semiconductor laser further comprises the step of

chopping an output of the semiconductor laser and reference

laser into a first and second optical pulse of predetermined
15 lengths.

7. The method of stabilizing a distributed feedback
semiconductor laser as in claim 6 wherein the step of
chopping the semiconductor and reference outputs into

20 optical pulses further comprises the step of disposing a
first reflecting mirror on a rotating disk which reflects
incident radiation from the semiconductor laser radially
outward from the rotating disk as the rotating disk passes
thfough a predetermined angle.

- 25 o .

8. The method of stabilizing a distributed feedback
semiconductor laser as in claim 7 wherein the step of
chopping the semiconductor and reference outputs into
optical pulses further comprises the step of disposing a

30 second reflecting mirror on a rotating disk which reflects

~ incident radiation from the referenc¢e laser radially outward

from the rotating disk as the rotating disk passes through a
predetermined angle.



10 choppi ng the sem conductor and reference outputs into opti cal
pul ses further conprises the step of disposing a first transm ssive
grating i woogsssget er m ned circunferential |ocation of {PEIUSIBNISTI

counter-rotating annulate in the path of the reflec%eleimﬁjELLEL$gflﬂ_
the sem conductor 15 [laser to provide the chopped optic ul se of the
sem conduct or | aser. 11. The method of stabilizin ’m mr"uﬂmﬁ

f eedback sem conductor |aser as in clain110.mherein r""

chopping t he sem conduct or and referenceZ@utputs into . optlcal "pufses
further qgrlses t he step of disposing second transm ssive grating
in a predet®r ni nEae metbPﬁcBﬁféF ﬂ&PHﬂﬁnﬂ|4iﬁﬁﬁlhqﬁ?4xiﬁﬁébaﬁbtat|ng

annul at e i nyems o4l ggE % %s&?e EGEEEEH%QR{%QMﬁéfElﬂréﬂgtéﬁé eBFrence

| aser 25 to provi oppe optical pulse of the reference |aser.
12. The. netc¢heppingt thel semhgoaducsori Fefaxsmns outpwesi Eohduct or

| ' ' { d
ot orcnce GRLAEA pulbBEECEIiE, LR i ses CHIDMRAY dH b aRLEREE! OF A7
detecti Bg tdmunterehopptingpahoulagel seosid Hdiss aratadrichgtdiskaretating

WO 98/ 39826

ph 5 symEhT RPRBALY; VERLAPE, B, % SRS RIS AT dp At ating disk.

seniconductor Iaser as in claim12 wherein the step of chopping the
seniconduct refe S .1.Nnt.0 S urt
conpri ses t gB O?eé§9§09 nﬁgﬁhéllglfﬁb 5@' iﬁﬁggénfé% ?he - -
reference |s”é§iconductoi:4laIbQ a.t Aad cdfaisd ablwhemenga aclik Séteﬂsubﬁd f eedback
sen conduct.or | aser in. claim13 wherein t -step of roviding a .
di fferéfce %?%HBPnguFﬁﬁe?e@6ﬁBPP§€§°Fhé“gféﬁﬁ%F' e(ﬁﬂﬁﬁﬁ?ﬁgl?ﬁ8 det ect ed
chopped optéseicpul pagset Fhether comprises the step. of disposing a
first transmissive grating in a predetermined
_circumferential location of the counter-rotating annulate in
the path of the reflected radiation from the semiconductor
15 laser to\provide the chopped optical pulse of the

semiconductor laser.

11. The method of stabilizing a distributed feedback
semiconductor laser as in claim 10 wherein the step of

20 chopping the semiconductor and reference outputs into
optical pulses further comprises the step of disposing a
second transmissive grating in a predetermined '
circumferential location of the counter-rotating annulate in
the path of the reflected radiation from the reference laser

25 to proVide the chopped optical pulse of the reference laser.

12. The method of stabilizing a distributed feedback
semiconductor laser as in claim 11 wherein the step of
chopping the semiconductor and reference outputs into

30 optical pulses further comprises the step of detecting the
chopped optical pulse of the semiconductor laser.



sem conductor and reference | asers. 15. A stabilized distributed

f eedback sem conductor | aser, conprising: 15 means for ‘conparing
an opti calyPslidegse of a first. - oscillating node of the septeaiRIg/eises

| aser at a first pol ari zation angle with an optical output of a second
oscillating node of the sem conductor |aser at a second ' I
angl e .orthogonal to the first polarization 20 angle; fo
providing a first feedback signal to a cavity tenpe”"’ ,I,ﬁ 'I of
t he sem conductor laser in response pa detected differencas

conpared first and second oscillating nodes; 25 means for
conmparing ams out'mlé méthb@ o£f stebidikangra dlsmbu&léd)lﬂdé&bé&kt he

sem conduct or for_pro |d|n a dlfference si gnal
as a secomfemlc?%éﬂ%ﬁﬁf LaFLEi fS¢ bntﬁia nﬁg 1St ALt he

senm conductdiopig the! SERVB68dLELEE! aﬁae@‘eﬂe&bﬁe@nwp%s Bgiween the
reference | aser and sem conductor | aser. 16. The stabilized

~distribut ecPH@e%ﬂ)thu%%ﬁ?cgﬂﬂﬁb?BrCPEEEFseS the skep & mdpj:qqmm@rthe

conpri sk ngé’fﬁ%‘;ﬁe ObpEPLAL 1 ghNgeaBE th ﬂé@eﬁ%é?’@.%%@
PCT/ US98/ 0357 4%pEe pule © re i out put of the

sem conductor |aser at the first polarlzatlon ' angle to produce a | aser

signal of t ﬁéEh&&aégﬂgtabllﬂgﬂﬁg a él&%rliﬂﬁ§§gﬁﬁgqﬁﬁﬁkmy

distribute eed%ack sem conductor | aser as In c
conpri si ng smwicoRducpor atrgengaanin claimpdd whermdnsshecottptal | aser at

the second algiazayi @NgiecePBibE b2oRIMGR Rk eB MY Wl Wifero5P

osci:llatin
10 comparing the detected chopped optlcal pulses of the

semiconductor and reference lasers.

15. A stabilized distributed feedback semiconductor laser,
comprising: _

15 means for comparing an optical output of a first
oscillating mode of the semiconductor laser at a first
polarization angle with an optical output of a second
oscillating mode of the semiconductor laser at a second
polarization angle orthogonal to the first polarization

20 angle;

means for providing a first feedback signal to a cavity
temperature controller of the semiconductor laser in
response to detected diffefences of the compared first and
second oscillating modes;

25 neans for comparing an output of the reference laser
with an output of the semiconductor laser; and

means for providing a difference signal as a second
feedback circuit to the temperature controller of the
semiconductor laser in response to detected differences

30 between the reference laser and semiconductor laser.

16. The stabilized distributed feedback semiconductor laser °

as in claim 15 further comprising means for polarizing an



18. The stabilized distributed f or |aser as in claim
15 further conpri sing neans for det ect i | aser signal of the first
osci | | at i wey sxmIg26 15 19. The st ﬁamﬂ@”nmt ed feedbRCE/USIB/INISTI

sem conductor | aser as in cla cenpri sing nmeans for '
detecting the | aser signal of the second oscill ating node. 20.

The stabilized distributed feedback sem conductor |aser 20 as in claim 15
wherein the means for conparing an out put of the reference laser with
an out-:put of the sem conduct or | aser 2burt her conprises neans for

choppi ng an out put of the sem conductor | aser and reference |aser into
a first an@utput’se@f)nth%pﬁ$mh¢°lp@u§é°§f 1peetensr Fheed ixatgwlanization].

The stabil iged di &4 pPUe0e TaeT0ack SEghERNACiAL (Bt osciPddakel T 20

wher éi-n thé sem conduct or and ref'érence Outputs’
I nto opti calodmu ses further conprises a first reflecting mrror

di sposed on a 30 rotating disk which reflects incident radiation fromthe
sem conductor laser radially outward fromthe rotating disk as the

rotating diisk parisesstéivilijghed @isteibunededeadback semicondudeﬁ&é%ﬁéfG
PCT/ US98/ 03579, for 23. N The
stabilized & st i GARED 1RFPEERSEFPRBRAG RS, MeRRS, for 3?-§§+§ﬁﬁﬁrﬁ51

wherei n t heuias ¢éHrtedopamigohdiactor iapegoatuthe’ satbrdIRNcEz L FHt S

into optical pulses further conprises.a nd reflecting mrror

i Sposed oRAGER "6 FEFG B SRSGR| EhoRaR B2t Ehtna 325189 om ¢ he
reference hgsgg. radially outward fromthe rotating disk as the rotating
di sk passes through a predeternined angle; : - 23. The stabilized .

di strib¥ted feedback seniconductor |asér 10 as in claim22 wherein the

memS for ahoppifge tdeabilisedl @286HELAE AN ¢ bBLACRN SRR oY 0L 2L cal
ul ses
P as in claim 15 further comprising means for detecting the

laser signal of the first oscillating mode.

15 19. The stabilized distributed feedback semiconductor laser
 as in claim 15 further comprising means for detecting the

laser signal of the second oscillating mode.

20. The stabilized distributed feedback semiconductor laser

20 as in claim 15 wherein the means for comparing an output of
the reference laser with an output of the semiconductor
laser furthe: comprises means for chopping an output of the
semiconductor laser and reference laser into a first and
second optical pulse of predetermined lengths.

25 |
21. The stabilized distributed feedback semiconductor laser
as in. claim 20 wherein the means for chopping the
semiconductor and reference outputs into optical pulses
further comprises a first reflecting mirror disposed on a

30 rotating disk which reflects incident radiation from the
semiconductor laser radially outward from the rotating disk

as the rotating disk passes through a predetermined angle. -



further conprises a counter-rotating annul ate di sposed ~around the |

rotating disk rotating synchronously with and in a same plane’ as t he
rotating {icdgraods 24. The stabilized distributed feedbpgknsesinssr '
sem conduct or | aser as in claim23 wherein the neans for chopping the

sem conductor and reference outputs into optical pulses

conprises.the a first transm ssive grating disposed '

circunferential |ocation of the counter- rotati, MI
S

edet;rnined
Wnm.

of the reflected radiation from t he =@ni conduct or* | &
chopped optical pul se of the sem conductor |aser. 25 25. e
st abi | i-zed2di, st irhiputsadigadhat K isABiBE t e dlfSEk semidsnllictbal Mabr

wherein the nmeans _fqr choppi ng the sem conduct or and reference outputé
into opticf B §d&im z#tﬂ%ﬁﬁﬁlQJEﬁﬁiqﬁiP%i_- cﬁkP?P%ﬁ%nFé@ive grating

di sposed | BemicoRdic@¥H @ind et sidrdfaignital ihesabpeical phigseaunter- . 30
rotating annulate in the path of the reflected radjation_, ~fraomthe

ref erence FHEERSF, COMRFIGES fe SEFFLFIteEIng minyex cdbspefeds epethce

laser. 5 rotati¥ ¢/sIO8ABch reflects incident radiation from the
PCT/ US98/ 03579 . 27 26 The

stabi | | zedraEsrenss: desaxradialdy conmnandriramcthe rotatingclash 25
wherein th f ' - ' f t put
erein E}aggi\p at%gcbg%‘?é %ééé% throudh C&[pf%&é?ée %%’%%& Qﬁggge. out put's

into optica ul ses urthfer conprises nears for de I'ng € chopped

optical 5 pulse of the sem conductor laser. ~27. The stabilized

di stribut egﬁf.ee%%C%ﬁwlqwﬁi%rtéji{ﬁﬁ{ed %&3&?&&(%&“’&%&(& E6¢! Dallls:
.‘means for chopping the sem conductor -and reference.oufputs nto opti:-cal

pul sest0l0 &ar thecledmpi2s edheansdns thy mestrsrtfon chepringptlbeopt i cal
pul se of tggmﬁgggﬁgy%%ﬂi%ﬁﬁ“reference outputs into optical pulses

further comprises a counter-rotating annulate disposed
around the rotating disk rotating synchronously with and ih
a same plane as the rotating disk. | |
15
24. The stabilized distributed feedback semiconductor laser
as in claim 23 wherein the means for chopping the
: semiconductor and reference outputs into optical pulses
further comprises the a first trénsmissive grating disposed
20 in a predetermined circumferential location of the counter-
rotating annulate in the path of the reflected radiation
 from the semiconductor laser to provide the chopped optical

pulse of the semiconductor laser.

25 25. The stabilized distributed feedbaék Semiconductor laser
as in claim 24 wherein the means for chopping the '
semiconductbr and reference outputs into optiéal pulses
further comprises a second transmissive grating disposed in
a predetermined circumferential location of the counter-

30 rotating annulate in the path of the reflected radiation
from the reference laser to provide the chopped optical

pulse of the reference laser.



28. The.,stabilized a distributed feedback sem conduct or | aser as in
claim 27 wherein the neans for providing a 15 difference signal further
conpri'ses waag39sker conparing the det ect ed. chopped opt i ROT/PIASH3ET0f
t he sem conduct or and reference | asers. 29._ A stabilized

di stributed feedback sem conductor |aser, 20 conprising

conpar at or whi ch conpares an optical output of _ "ﬂi nnde
of the sem conductor |aser at a first polarizat | o l’l”ﬂ ﬂlﬂﬂl Tj’a
optical output of a second oscillati B node of the*seficbn ser
at a second 25 pol arization angle orthogonal to the first polarization

angl e; 26. ‘Bheocstalgblizedrdistuibyser feedbarkciseprimantbscoritaser

f eedback si t r r t | sem conduct or
| aser in rgg%qoglnse%&rga%’%c‘?}é%fg?ﬁf gif%ng\géﬁ%f %gg ?ﬁ‘&g’g’&g’%r ede first and
second oscidengitconpuoites ; and'refereaceeounpucsnﬁamatoprmaﬂ1pn&seses an

f’gtsg‘r“ of . %ﬂ:hér rc‘?&%ﬂ‘% ggggégwgag 8 24tRUG Phe! RBRHLS Oé‘g%’éjféé’i
PCT/ US98/ 03lBe of the semiconductor laser. 2 8 an
anplifier for providing a difference signal as a second feedback
‘circuit to the tenperature controller of the sem conduct or | aser in

response t @'Iiet eniécbtﬁ&}ﬁibiﬁédedistribﬁtéﬂelﬁebﬂﬁabkf genicdrndf®foRNaser
sem conduct or z%i 30. Theﬁﬁtabilize di stri byted feedback
& 26 Wherely

seni conduct&st lrfé WRETe 29TPEPEhePTc GREPPIMY the st

pol ari zi ng detisccondudtd £ han@l 26 F&eenaa eutputso&ntbe McGANGICi s | aser at
t he first polarization angle.to_produce a, aser nal he 10 first
OSC|II%@|rufWﬁEh?r C°mpr%ﬁ951m%a%§aSPFl98&38F§PQ|Bbﬁe %FéﬁﬁﬁthPthal

sem conductRi1dASEF the reference laser.

28. The stabilized a distributed feedback semiconductor

_ laser as in claim 27 wherein the means for providing a

15 difference signal further comprises means for comparing the
detected chopped optical pulses of the semiconductor and

reference lasers.

29. A stabilized distributed feedback semiconductor laser,
20 comprising: _ _

a first comparator which compares an'optical output of
a first oscillating mode of the semiconductor laser at a
first polarization angle with .an optical output of a second
oscillating mode of the semiconductor laser at a second

25 polarization angle orthogonal to the first polarization
angle; _ .

a voltage controlled oscillator which prdvides a first
feedback signal to a davity temperature controller of the
semiconductor laser in response to detected differences of

30 the compared first and second oscillating modes;

a second comparator which compares an output of the
reference laser with an output of the semiconductor laser;
and



as in claim?29 further conprising a second polarizing |ens whi ch
pol ari zes an out put of the sem conductor |aser at the 15 second

pol ari zat‘k,grbg-églgl?e to produce a | aser signal of the se Satozbteat i NQ

nmode. he stabilized distributed feedback_sem conductor | aser
as in claim?29 further conprising a first photodetems

the 'l aser signal of the first oscillating nmode.;; | i
stabilized distributed feedback sem conductor |aser. ”"I"Hmm,IHnEJ 9
further conprising a second photodetectgg 25 which’ det ect stthe 'si gnal

of the second oscillating node. 34. The stabilized distributed

f eedback sem c i r {81 a&a5 M3 2 s WReHEEN stilkgishi T,
conpar at or whi %gé%arggffegé%pf%ﬂ%ﬁ?%utlo “the re%’grencesl laazlearl vﬁ ha an
out put of selmond femdbhachoutrowit aterther tAmperatpires eongaodpe f cthpper

whi ch ch f ' : 8/ 39826
PCIT;:USSS? oni] o%'ﬁtpéjéop 1&9&%&?‘ f@ggHﬁEQrtbaagﬁeéegggdlf_ferre&\%%s:nce | aser

into a fi ksdttweeh ssvemebeténcd baster ahd semprodduetoirndeésieangt hs.

35. Thg stabilized distributed feedback sem conductor laser 5 as in claim

34 wherein the chopper which chops the sem conductor and reference

out puts i rgoo. offheadtabikized disuribetedofipeidbaskaskbmisondefdtet iligsedt rror

di sposed on a rotating disk which reflectsci.ncident radi.atiaon fromthe

Sem conduditt LA B AT ERSE EPTPFISHRen8 FATAE: Ry LATIEInS LRPA ne

rotati ng citicpassksriieough suppetdedbfr thaedenhigbaductor laser at the
first polarization angle to produce a .]_.a§e:1.:‘“_,s_i:g_'_nall of the

10 first oscillating mode.

31. The stabilized distributed feedback semiconductor laser

as in claim 29 further comprising a second polarizing lens

which polarizes an output of the semiconductor laser at the
15 second polarization angle to produce a laser signal of the

second oscillating modé.

- 32. The stabiliied distributed feédback semiconductor laser
as in claim 29 further comprising a first photodetector
20 which detects the laser signal of the first oscillating

mode.

33. The stabilized distributed feedback semiconductor laser
ag in claim 29 further comprising a second photodetector
25 which detects the laser signal of the second oscillating

mode.

34. The stabilized distributed feedback semiconductor laser

as in claim 29 wherein the first comparator which compares
30 an output of the reference laser with an output of the

semiconductor laser further comprises an optical chopper

which chops an output of the semiconductor laser and



36. The stabilized distributed'feedback_seniconductor | aser as in

cl-ai m 35 wherkin the chopper which chops the sem conduct or and
referencew;apj&;‘ into optical pulses 15 further conprises CcTAKOSUIST
reflecting mrror disposed on the rotating disk which reflects incident

radi ation fromthe reference laser radially outward fr

ar d T romthe—etating
di sk as the rotating disk passes through a predet?’ ] I 20
37. The stabilized distributed feedback seni conductor myw&,mggg“ggfsl aim
36 wherein the chopper which chops the 29 sem conduyctdr ander :
outputs into optical pulses further conprises a counter-rotating

annul ate di8pesefice lageduiditiohe rilraid hdlisdcdmd adpPcaynptilgowE y Wi th
and in 25 a sane plane as the_rotating disk. 38. The stabilized
di st ri but s peelBRPRIESLERIHAS-or | aser as in claim37 wherein the
chopper which chops the sem conductor and reference outputs into
optical pulses 30 further conprises the a first. transm ssive grating
di sposed 35.i nThepptabidimad digtrdhwtadt figedback SemhcondugEosodasar
- orar B9 aggul At 8160t KA RAldredh e 'BdRfd Al At 3hoPs the VO

98/ 39826 : PCT/ US98/03579 from

the sem conemicondngser eadrefieende oo cepticapupudses t he

sem conduc e . i L 1l dzeid, i | byt a
sem conduc%’g%tbggeg:og'prég el_%?] aclf;q%tggae%n}eér ern qjtﬁfc%%%pﬁgséﬁlggﬁ % 06'5 t he
seni conductotatnugr diskemwbd chymefiledts dnsprdentt yadiation fiamt bbe

. Ceai At - - isned
B e s B e L L

of thaorefasctkd ratibitingn diGk passese thefadrgnce predeteémminedi daglles
chopped opti cal _ pulse of the reference | aser.
36. The stabilized distributed feedback semiconductor laser
as in claim 35 wherein the chopper which chops the
semiconductor and reference outputs into optical pulSes
15 further comprises a second reflecting mirror disposed on the
rotating disk which reflects incident radiation from the
reference laser radially outward from the rotating disk as

. the rotating disk passes through a predetermined angle.

20 37. The stabilized distributed feedback semiconductor laser
as in claim 36 wherein the chopper which chops the
semiconductor and referénce outputs into optical pulses
‘further comprises a counter-rotating annulate disposed
around the rotating disk rotating synchronously with and in

25 a same plane as the rotating disk.

38. The stabilized distributed feedback semiconductor laser
as 1n claim 37 wherein the chopper which chops the
semiconductor and reference outputs into optical pulses

30 further comprises the a first transmissive grating disposed
in a predetermined cirdumférential location of the counter-

rotating annulate in the path of the reflected radiation



40. The stabilized distributed feedback seniconductor |aser as in claim
39 wherein the chopper which chops the 15 seni conductor and reference
outputs i .cal pul ses further conprises a third phiyaeekRsiR"

whi ch det 3&{3?9,5%%2 chopped optical pulse of the sem conductor | aser.

41. The stabilized distributed feedback sem conductor laser 20 as 1n claim

outputs into optica pulses  turther compriscs a {NNINNIGH ﬂﬂlaﬁﬂlfor

whi ch detects the chopped optical pukge of the ireferénce .Ifaser. *

42. The stabilized a distributed feedback sem conduct or | aser as |n
claim a4l whergl rtﬂ@esé:ﬂ@ééﬁa@étmpénsafoubdg%oelde il tol Yiedal
further conprises a differential anplifier ~whi ch conpares thé detected
chopped opmw;l@emﬁs@geoqsemh@onducg% tamBtict or and reference |asers. 30
43. A stabilized sem conductor distributed feedback |aser system
conpri si ng: : a sem conductor distributed feedback | aser;

WO 98/ 39823%9. The ‘stabilized dlstrlbuted feedbpgk/'gmguggﬁnptor laser
31 f f r t a t ratyre

cont rol?er 5 J?%eéisge}r'n c%%duc agllé% Ci‘ﬁB?eg %iéﬁ)’:h eHBEs tt% i fferential

i nput vol t apeiconidwtter andlreﬁenence OuMPUhSpnnvpdeptanadupmﬁsaﬂ t he
fi f eed : .al) ey.: .
ot T oodiagiiflf ot 985 110, COLAY LEHERT BEULE G9ALAY Hicpoced in @

first phot ¥ ety Mg a po arized ou
| aser at aanpr§d¢mérm1nad|@nraugferandlal lpcatﬁdhngfathbrsbuﬁﬁémﬁentim

phot odi ode SRRATVIRGIRRbE SR Tacc it BaERoPE: hbe Heflertesaaiiat ioRer at a

secondi pol eFdcmetiles vafkeence laser to provide the chopped optical

pulse of the reference laser.

40. The stabilized distributed feedback semiconductor laser.
as in claim 39 wherein the chopper-which chops the

15 semiconductor and reference outputs intd optical pulses
further comprises a third photodetector which detects the
chopped opticallpulse of the semiconductor laser.

41. The stabilized distributed feedback semiconductor laser
20 as in claim 40 wherein the chopper which chops the
semiéonductor and reference outputs into optical pulses
. further comprises a fourth photodetector which detects the

chopped optical pulse of the reference laser.

25 42. The stabilized a distributed feedback semiconductor
laser as in claim 41 wherein the amplifier which provides a
difference signal further comprises a differential amplifier
which compares ﬁhe detected chopped optical pulses of the
semiconductor and reference lasers.

30 _

43. A stabilized semiconductor distributed feedback laser
system comprising:

a semiconductor distributed feedback laéer;



orthogbnal.to the first pdlarization angle and providing a  second
differenti al ut tothe voltage controlled oscill ator; q&hj
second feé’ﬂ@&%’ﬂf&%rcwt to the cavity tenperature controll’ Sgs{°3§-f?a

sem conductor | aser conprising: a referen

conpar at or whi ch conpares a power output of the e Iaser mnth a
power output of the sem conductor 20 |aser and mhl 'ﬂgﬁ erence
signal as an out put- of the second fe§Qback C|rcu ature
controller of t he sem conductor |ase 44. The stablllze

sem conductor | asef, as_i rei_n th mar at or of the second
f eedback circuit? 1r§5rEﬁ%&b%%%pF}gggl%h%PlPS %ﬁ%ﬁ% DTN Eh an axi s
of - r(ﬁiﬂdﬁﬂtdﬂléheoﬂlskepsémibehdhotam Qahputc@hpwﬁ31ng seni conduct or

| aser and the refere e | ase The st |I|zed sem conduct or

| aser as in cl ai%n 3 ereﬂﬁ%?%lhn?ﬁﬁ XS&ﬁEF&tSPﬁ%r f 2Eback

circuit  wHiHH HOFoFDARE | 8RSoubphtl 68 Eher Firgits Ii@‘e@l:a&ik theréwi at th
di sk ‘which reflects an output of the sem conductor |aser
08/ 3982% the cavity temperature controller,pCT/U398/03579

32 radial | y, f£ppd hﬁhé@é&ih&@ #eekidinghe b&»tlé.tr‘l%cﬁ'cﬁi‘tﬁ@ﬁ 8 £Sthe

t hrough a predetern1ned angle in its rotation. . The stabilized
seni conductsemiceriuator nlaser nasa glﬁﬁ§rEPﬂﬂﬂ%?Q£iﬁ§M%RQ}ecﬁn@he second

feedback cigfiiiding JUFLPEE APFPELaRtiad 19G0R0 Y i HrmRsed on the

rotating reflects an output of the referen
radial |y fromtielledaosagliateras the rotating disk rotates t hr ough

the prfgetern1nqg §Q9$§d &ﬁotodlode receiving a polarized output of ‘theé
semiconductor laser at a second polarization angle
orthogonal to the first polarization angle and providing a
second differential input to the voltage controlled
oscillator;
_15 ~ a second feedback circuit to the cavity temperature
controller of the semiconductor laser comprising:
a reference laser; and o
a comparator which compares a power output of the
reference laser with a power oﬁtput of the semiconductor
20 laser and which provides a difference signal as an output of
the second feedback circuit to the temperature controller of

.the semiconductor laser.

44. The stabilized semiconductor laser as in claim 43
25 wherein the comparator of the second feedback circuit

further cbmprises: a first'iotating disk with an axis of

rotation of the disk parallel to an output of the

semiconductor laser and the reference laser.

30 45. The stabilized semiconductor laser as in claim 44
wherein the comparator of the second feedback circuit
further comprises: a first mirror disposed on the rotating

disk which reflects an output of the semiconductor laser



46. The stabilized sem conductor |aser as in claim45 wherein,the .
conparat or of the second feedback circuit =~ further conprises: a first
St ati onar Ywdybgsggdé ode di sposed to recei ve the out put of PCTAISI8/03STI
sem conductor | aser reflected from15 the first mrror at the

predeterm ned angle of the rotating di sk. ”‘ﬂB"TﬁE—EFEBTTTEEB

sem conductor |aser as in claimA47 wherein the m“ln“ﬂhsecond
feedback circuit 20 further conprises: a second sl gmnglm"““

di sposed to receive the output of tRa reference lasér teffected from

the second nirror at the predetermined angle of the rotating di sk. 25
49. The:ﬁaﬂnalkpdfsemitbednotatingséishsasnthbarnta&ing datek erotabes

db f '
Counter - RTIE o Seecarapaeo bt dp, dug BREARRAECR  0C S 1ot

phot odi ode and second n1rror and second phot odi ode which rotates
Eg?gP[ﬁgou§é é%e stgbtf gégééggggaﬁgtor iasengSIE%.%fg¥nléglas Phe
PCT/USQ8/Q%E&k1n the comparator of the second feedbddk cirdfit The

. stabilized_ sem conductor laser as in_cla

he .
counter-rcﬁ%ﬁ?h@Faﬂﬁﬁ?ﬁ%%e?ur?hﬁ?CEBﬂpWF§€§r dlsPoﬁF%% %hﬁﬂﬁ%ﬁﬁ%%?g

grating dl&ﬁ}é%p&tbsfyeaﬁéaaﬁ bﬁtﬁut off thst rétfé%ﬁfc%r Qidet position
between the first mrror and first photodi ode as the rotating disk

passes t hragiathe fromprﬁeF@FﬁFhEH éﬁﬁkeaﬁn&hﬁhF@ﬁﬂﬂ%ﬂ&sQﬂﬁkr¥9¢%%¢%d

out put of tphyoit PRAYELPhihadCh gnlthe first mrror to the first
phot odi ede |rn?05!§1t§$€algt :one pulse n%o :51.

| aser1fls in claimb50 wherein the counter-rotatlng annul ate further’

conprises gy pRECOPLLI I ADSH SehYBoHEAELRY FhsReSEd .9R g gy ate in a

wherein the comparator of the second feedback circuit
further comprises: a first stationary photodiode disposéd to
receive the output of the semiconductor laser reflected from

15 the first mirror at the predetermined angle of the rotating |
disk.

.48. The stabilized semicohductor laser as in claim 47
wherein the comparator of the second feedback circuit

20 further comprises: a second stationary photodiode disposed
to receive the output of the reference laser reflected from
the second mirror at the ptedetermined angle of the rotating
disk.

25 49. The stabilized semiconductor laser as in-claim.48
wherein the comparator of the second feedback circuit
further comprises a counter-rotating annulate disposed
between the first mirror and first photodlode and second
mirror and second photodlode which rotates synchronously

30 with the rotating disk in an opposite direction as the

rotating disk.

The stabilized, sen1conductoru-



second ci.rcunferential position between the first mrror and first
phot odi ode as the rotating di sk passes through the 15 predeterm ned angle
and whi chwesiseseée refl ected out put of the reference | REHUIBOHANPhe -
second mrror to the second phot odi ode into at |east one pul se.

52. The stabilized sem conductor laser as in craimbsl 20 wherein the
conparat or of the second feedback circuit

differential anplifier which receives as H“I'mﬂll mml)mﬂn of the
first and second photodi odes and provwdes a- differertial output

as a feedback signal to t he CaVIté nperature controller of the
seni condu®for e sfabilized semicon uctor laser as in claim 49

wherein the counter-rotating annulate further comprises a
first transmissive grating disposed on the annulate in a
first circumferential position between the first mirror and
5 first phdtodiode as the rotéting disk passes through the
bredetermined angle and which chops the reflected output of
the semiconductor laser from the first mirror to the first

photodiode into at least one pulse.

10 51. The stabilized semiconductor 1akér‘as in cldim 50
wherein the counter-rotating annulate further comprises a
second transmissive grating disposed on the annulate in a
second circumferential position between the first mirror and
first photodiode as the rotatihg disk passes through the

15 predetermined angle and which chops the reflected output of
the reference laser from the second mirror to the second

photodiode into at least one pulse.

52. The stabilized semiconductor laser as in claim 51

20 wherein the comparator of the second feedback circuit
further comprises a differential amplifier which receives as
inputs the outputs of the first and second photodiodes and
which provides a differential output as a feedback signal to
the cavity temperature controller of the semiconductor

25 laser.



