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6 Background of the Invention

7 Methods of providing overall frequency control of

8 lasers are known. Optical phase locked loops (OPLLs) are also

9 known. Such techniques have been applied to a variety of lasers
10 including gas lasers, dye lasers and solid state lasers to
11 achieve frequency stabilization and 1linewidth narrowing
12 performance under appropriate laboratory conditions. Linewidth,
13 as such term is used in the art, refers to the overall spectral
14 content of the laser output (i.e., a frequency spectrum), rather
15 than any resolution limitation (e.g., lines/mm) of the optical
16 system.
17 The prior use of OPLLs has generally been limited to
18 systems including laser resonators wherein the spectral response
19 is characterized by a single frequency of relatively narrow
20 linewidth. Thus in the OPLL of the prior art the transfer
21  function of the optical system comprising the laser resonator
22 typically must provide adequate filtering to select an individual
23 spectral feature for amplification while reducing the Fourier
24 frequencies at which residual laser phase noise may occur. On
25 the other hand, the wide free running linewidths characteristic
26 of monolithic semiconductor lasers has made feedback control of
27 these devices substantially more difficult. Thus the vast
28 majority of researchers have abandoned the monolithic design in
29 order to reduce the free spectral range of the semiconductor
30 laser resonator.
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-2:'1 Key to the teachings of the prior art has been a belief 2 that the
acttve device conprising the |aser resonator nust 3 exhibit a high degree
of cohewfp&gﬂ.,;ghus as the free spectral 4 range of the gpihaak1geeonat or
i s ncreased, the resonance 5 bandw dth nust be correspondi ngly reduced in
order to provide 6 adequate phase stability for the inplenentation of the
OPLL of 7 the prior art.. This can be_acconplished in sone cases by
further 8 increasing the resonator fifiesse or by utilizing a |aser gain 9
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ijpvention to 28 provi dezachaserost abiligatiap C%i@émystae;rnlté@dlg
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iivent |C3<J‘rfecciflﬁi%v?dé°°r§llodpf8édt?ac agBht PYPYFst SHNRHT cATES &nﬁﬁ??ﬁl"@ with
hJ4gh f igpasiseal 32eee>$1farta;tror@hbuh i sesmbadependend prant itdidarl33 defiaed

lért her Ob}! eC %r%]:qute?licsleismi %teip%%dte%taggi Y€ 1aser frequency, and the

16 laser frequency is maintained on one such resonant frequency
17 through feedback control action. When the reflectivities of the
18 mirrors comprising the resonator are very high (low loss), the
19 resonator is referred to as a high finesse resonator.
20 Mathematically the finesse is simply the free spectral range of
21 the resonator divided by its full width at half maximum frequency
22 response (spectral linewidth). It is the free spectral range of
23 the resonator which determines the spectral linewidth for a given
24 finesse. The high finesse resonator which also exhibits long
25 term stability properties has been suggested to be an important
26 factor in the control and stabilization of lasers.

27 Accordingly it is an objective of this invention to
28 provide a laser stabilization control system that is applicable
29 to semiconductor lasers.

30 It is further objective of this invention to provide
31 a feedback control system which is compatible with high finesse
32 resonators but is not dependent upon them.

33 It is further objective of this invention to achieve
34 narrow linewidth as well as long term frequency stable operation

35 of the semiconductor laser.



* 34-narrowlinewidth as well as |long termfrequency stable operation 35 of
the*sem’ conductor | aser. WD 97/17749 PCTI US96/ 18056 -3 Summary of the
Inventl%% iRse and other objectives are provided by apgirfghsRss 3
metthod 0f Trequency stabilizing a sem conductor |aser wherein a 4 |aser
phase is detected relative to a resonator phase (or another 5 optical
ref erence signal phase) and fed back as a frequency 6 control signal to
"the laser. The nethod includes the steps. 7 detecting a mcrowave
agnature of the | aser spect#um in g h terod "'ne beat note by optically
: ing a | eakage field of aRil #nd a frequency nodul at ed
ougput of the 10 sexr@sca)ladldcbahetraebljebnlaepharedpnde;de@doylei edtsdigpsedhase -
of the- by m xi eresltl v ect. tunedto an
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14  filtering the detected phase of the heterodyne spectrum, scallng
15 . the detected phase of the heterodyne spectrum, and.modulatlng the
16 '_-éemiconduetor' laser with the .frequency' modulation -feference
17 sburce'and the scaled detected phase of the heterodyne'spectrum.
f,lé . ' _ Brief Descrlptlon of the Draw1ngs _
19 - : o FIG. 1 depicts a block dlagram of a semlconductor laser
20 stabilization system of "a coherent optlcal communications
21 transceiver in accordance with a preferred embodiment df_the
22 invention;" | |
23 | FIG. 2. illustrates an embodiment of the optlcal.z
24 resenator 20 utilizing a Fabry Perot - 1nterferometer as a-
25 reference cavity in the transcelver of FIG. 1; '
26 | FIG. 3 111ustrates an embodiment of the optical
27. . resonator 20 utilizing a three element ring resonator as a
28 reference cavity in the transceiver of FIG. 1; |
29 ' FIG. 4 illustrates an embodiment of the optical
30 fesonator 20, utilizing a polarization maintaining fiber ring
31. resdnater as a reference cavity in the transceiver of FIG. 1;
32 : ' FIG. 5 is a schematlc dlagram representlng the
33 _c1rcu1try' compr1s1ng' the optoelectronlc front end 22 in an
34 = embodiment which produces a flat frequency response from DC-2.5

35 GHz in the transceiver of FIG. 1; and



31-resonator- as a reference cavity in the transceiver of FIG 1; . 32 FIG
5 is a schematic diagramrepresenting the 33 circuitry conprising the

opt oel e@brgqm-ggfront end 22 in an 34 enbodi nent which ppogusssisasd | at
frequency response fromDC 2.5 35 GHz in the transceiver of FIG 1; and WO
.97/ 17749 PCT/ US96/ 18056 -4-. 1 FIG. 6 is a schematic di agram of the I F
anplifier 14 2 section of the servo Ipop including the interface to the

| aser .3 through the inpedance matching network of the conbiner 32 of the
4 transcel ver of n Gf R |rrent

6 FI G 1 shows aﬁ%ickédllg Fpg%na}d%ﬁgt%ser Eb |Io?z§lh|%onﬂ:e q‘chg)J—triJ?fE%Tpsystem
18, gef&F&HOR ihddre aﬁeéﬁ%oHPﬁﬁnﬂn§ﬁ—Udln9t ﬁ@e gnterddceorto the shasar a
S@Ni CORBLeih |t&&er1n1¥3%da$1d@ﬂﬁ|tm%gbhet%o@k bE afBl bbhBinds 33 JECEQuave
(RF) oscillataor d.a si gnal i nput. Whereas the sem conductor | aser
1% repFEEETCEt % F181 4"may be an InGaAsP distributed feedback |aser
(e.g., . nodel 257 12 made by AT&T), it .is understood that the invention is
agplicable 13 ' limted to

i ndex. 14 gui d&d SEftrct ure desi gns.
16 In-fact, -the |Eﬁﬂantl c&’hm abelﬂrmderttnrﬁsgram eIf tao lmsrekr \mzlatbxﬂmzaiﬁlé-‘ﬂAl As

| gasers.as el | agg ng.t hes al :
fromt he Ig\é%l 18 ssc?%lﬁfi':??r %gﬁgééyt he }’lg%gr P ase‘JrLl?é m&gn%du?at dggt t he
18 fredn¥geyFiem ¢ heAs?Fslé@Yém | at semieongugbpPri i-é?ieén 12ofist modwsered Jdoy 12

_-rray thgn be asganished as dra.scczrdm below due A faedback an@l Sopgh
nmbi ned with t H@e si gnal fromthe oscillator 16 within. ..22 the: conbl ner

é . 2310R%Er t m.%%tse%%%smear BﬁﬁFellzlafeﬂ?@IS@d%d 2 Fléptical
eiement abyabeappr qmcaastsfp Srring vt ifeedbrlofidal (o .2h COMUET 487 . '
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lhrougho_t feyoptooukeneliemant lamhnsomcmdihg but not limited: _to_ 1n_de_x_

'l4 guided lasers and Other types of buried heterostructure designs.
15 In fact, :the invention has been demonstrated to work well on
16 GaAlAs lasers as well as InGaAsP lasers. _ '

17 _ : : Modulatlng the laser 12 by a s1gnal from the RF .
lS | oscillator 16 causes the laser phase to be modulated ‘at the
19 - frequency of the RF oscillator 16. Stablllzatlon of the ‘laser
20 12 may then be accompllshed as described below by a feedback
21 signal combined with the signal from the RF oscillator 16 w1th1n}_-
22 the combiner 32. . o . l '
23 : - Under the embodiment, the optical coupler 18 includes
24 an'optical-element of an appropriate coupling ratio. The-optical
25 coupler 18 functions as a beamsplitter or'partial.reflectorlso'
26 that as laser emissions strike the optlcal element, ;sdmé of the
27 light is transmitted through the optlcal element and some of the
28 - light is reflected from it. That portion Wthh is transmltted
29 through the . optlcal coupler 18 is useful as a communlcatlons-
30 's1gnal and that which is coupled or reflected is directed toward
31 the optical resonator 20 for use as a feedback s1gnal The
32 optical coupler 18 may be a mirror with a suitable optical
33 coating or a passive fiber optic device with a suitablefcoupling.
34 ratio. ' _ . -

35 . ' | The optlcal resonator 20 may be a Fabry Perot -

36 -1nterferometer 56 or a ring resonator 74 conflguratlon as shown



28-light is reflected from it. That portion which is transmtted 29
through*the optical coupler 18 is useful as a comrunications 30 signal and
that whjgy-;5-40upl ed or reflected is directed toward 3pcrigo@idossal

- resonatar 56 ¥or use as a feedback signal.. The 32 optical coupler 18 may
be a mirror with a suitable optical 33 coating or a passive fiber optic
device with a. sui tabl e coupling 34 rat%o 35 The optical resonator 20 may
be a Fabry-Perot 36 interferoneter a ring resonator 74
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16 the functlon of a polarization selective ibeamsplltter' Wthh
17_-_'d1rects a strong feedback 51gna1 to the photodlode 72 comprising.
18 f the input to the optoelectronic front end 22, while prov1d1ng the
- .19 required isolation from the semiconductor laser 12.
.20 -.0On the other hand, in the embodiment of the invention
21 (FIG. 3) which utilizes a ring resonator 74 the inputdmirror 76
22 'is titled off-axis; thus this design provides inherent isolation
23 . between the optical resonator 74 and the semiconductor laser-12 
24 because the refleetion from the input mirror 76 is aligned to the
25 . PIN photodlode 72 instead of the laser 12. Thus, in addition,to:
26 prov1d1ng isolation of the resonator 74 from the laser 12, the
'f27. '.1nput mirror 76 of the ring cavity 74 performs the secondary
| 28 functlon of beamsplltter for the feedback signal.
29 : " In order to ensure that resonant power can be
30 established in the optical resonator 20, one must match the.
_ 31 - spatial characteristics of the'laser beam to the desired spatiai
-f_ 32 mode of the optical resenator 20.  This can usually be
-33 accomplished with a mode matching lens 64. '
.34 . While Fabry-Perot resonators 56 and ring resbnators_74,
35 .86 are useful ‘in frequencysSelection, they are difficult to
. 36 design and build, especially'in the high finesse-range (e.g.,

.37 50,000-100,000) . Optical reflecting devices having tolerances



24- because the reflection fromthe input mrror 76 is aligned.to the .25
PI N photodi ode 72 instead of the laser 12. Thus, in addition to 26

prow di %b-ﬁp}ﬁﬁlon of the resonator 74. fromthe | aser IptTitidve/180547 i nput
m rror 76 of the ring cavity 74 perforns the secondary 28 function of -
‘beansplitter for the feedback signal. X29 In order to ensure that resonant .
power can be 30 established in the opt_'F(_:aI resonat or 20, .one nust match
the 31 spatial characteristics of the laser beamto the desired spatial

32 frode of tehe QRAldrAl oEesaJn%%s%Qldtﬁhléf can wsyuplhyebe 33 aceemmhicghed
with a node, matching, | ens_64. 34 Wi]e Fabry-Perot resonators 56 "and ring
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mrgors éi]l‘]:é)‘-sf 3 not exceeding a few parts per. mllion are al so _

requi red.""Precise” 4 alignment are often difficult to nmaintain over S
extended periods Bngf nieferred leabestisierdnguchgged keavidamimtad iy gii¢al  of

thegfield &épﬂﬁlﬁaéb%cs 76 @@r@@réﬁokk?émzoﬂhoémf@soﬁé@gra%tB?t FIG.

depicted in FIG the bul'k optics, 76, _ 78 the ring resonator 74
of ¥1G 393Be. 5?@1%6%&@&%%#%? bePt bpt pLEBERRENPS 884,886 86 LR tHlS 10
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coppl i nglrsi@é/fﬁgcéﬁﬁélagetﬁébﬂngp&beplé§ Bk "Pe Bficth! khéeghgqg B fiber
resonator finesse. Thus the optical
16 82 and the fiber optic ring resonator 86. Note that any losses

17  in the fiber optic ring -coupling device 84 or the fiber optlc'
18 rin§:86=will degrade.the resonator finesse. -Thushthe optical
19 ° ring coupler 84 which is utilized must_provide a relatively low
20 coupling ratio (e.g., <1%) between the .coupled PM'fibers'with
21 minimal excess loss. Typically the excess loss: must be-J-
22 con31derab1y smaller than the coupllng ratio 1n order to achleve'
23 - optimal results. ' ’ '
24 L Regardlng the application of the polarlzatlon”
25 ‘maintaining flber optic ring 86 to the optlcal resonator 20 scme

. 26 'flnal notes are in order. In order to achieve a working

© 27 assembly, it is important to ensure that a uniform linear
28  polarization is introduced into the inpﬁt of the-polarization

- 29 maintaining fiber 82 coupled to the fiber optic resonator 86.
30 One may ensure this by inserting a polarizing optical-element 64 .
31 between the laser output and the PM fiber input and bytaligning
32 the orientation of the transmitted polarization to cOrrespondfto.
33 a principal_axis of the PM fiber (i.e., the fast or slow axis)
34 which will thus maintain the integrity of the optical
35 polarlzatlon as it. propagates along the PM fiber. '
36 _ Furthermore, one must ensure that the spllce whlch

37 connects the two ends of the polarization malntalnlng flber



19 ri ng coupler 84 which is utilized nmust provide a relatively |ow 20
coupling ratio (e.g., <16) between the coupled PMfibers with 21 m ninal

excess ks 17yl cal I y the excess | oss nust be 22 consi qitrﬁ@ggngdgal | er

than the. coupling ratio in. order to achieve 23 optimal results.

Regarding the application of the polarization 25 naintaining fi ber. optic

ring 86 to the optical resonator 20 so 26 final notes are in order. In

“order to. achieve a. working 27 assenblly, it is inportant to ensure that a
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: ropagat es on PM fiber. 36 Furthernore nmust ensure that the
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fol lows this approach, the assermbly of a stable optical. 7 resonat or.
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- 10, _fibe tics device ( PM fi ring 86 I
optRcs d 9?@ fge@ueri%}br F%rot Sgﬁt gﬁz e’?‘t_'5%§l a‘ﬂﬁyéfoé’prﬁ %(i’?esse-
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frgguenc*hgge ‘a muéhTﬁt%thdfgkeggeaR%r%P“5%5366@Fsa§y be achleved by

16 ‘using research -grade optlcal components and may function
.17_-'-particﬁlarly well, it is contemplated that the inventionlwould
ISge“-be most benef1c1al and cost effective when applied to resonators
.19 with lower finesse (e.g., less than 1000) .
.20 o - The optoelectronlc front end 22 interfaces to the
'21t; optlcal resonator 20 of the optlcal system through an approprlate.,-
22 high speed photodetector Under the embodiment a PIN photodlode
- 23 ;72.(e,g.,~EPITAXX model ETX 60B) is eelected. Under'a.preferred_
f. 24 : embediment, a transimpedance amplifier (FIG. 5) which prov1des
25 gain acrdss the full communications system bandwidth (e. g.
.26. : MHZ—Z.S GHz) is utilized to amplify'the output from the PIN
‘_27.. photodiode 72.
28 '. FIG. 5 depicts a schematic diagram representing an
= 29 embediment of the optoelectronic ffont end 22. In the embodiment
30 = the optical signal contained in opt1ca1 fiber 82 is incident upon
31 PIN photodiode 72 which is connected to the input of a
32 transimpedance amplifier including a common emitter amplifier
33 tranSister 140, emitter follower transistor 144, transimpedance
34 ~ resistor 134 and voltage dropping resistor 138. Current source
35 trénsistor_lso regulates the voltage drop across resiSter-lSz at
36 one diode junction potential below the base voltage set.by a

37 voltage divider comprising resistors 154 and 156, thereby



.14 (e.g.;_200) using comercial ly avail abl e Optical conponents. 15
. Wil e*a much higher finesse (e.g., 8.0,000) may be achieved by . 16 using

-researcmgra,d gptical conponents and may function 17 pa,s@wggg@rgbg(, wel |,
It «ts contenp at ed that the invention would 18:. be nost beneficial and

cost effective when applied to resonators 19 with |ower finesse (e.g.,
less than 1000). 20 The optoelectronic front end 22 interfaces to the 21
optical resonator 20 of the optical syé?émthrough an appropri ate 22 hi gh.
speed phot odetector, . Under th odi nent PIN phot odi ode_ 23
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that which regul ates the voltage drop across 5 resistor,K 138, any errors in
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2.'25 i s designed.to. att%%uate fny. Lesponse of ttl:e f.eedback

amp which follows 1S a cascade of

16 conventlonal broadband devices (e.g., Avantek AWT—2054X as are_'
17 .the ‘phase . detector 28 (e.g., Watkins-Johnson M2GC) and
18 dlrectlonal coupler 30 (e.g., Narda 4012C-10) . _ The'moSt'unique
19 aspect of the RF amplifier is that the gain is set ‘rather hlgh
20 (e.g., >90 dB) so that the average power contalned in the
21 - feedback signal to the phase detector 28 at the RF oscillator 16 -
22 frequency is brought to a level which saturates the diodeé'in.the7
23 phase detector 28 yet not so high as to degrade:the.signaldto“'
24 -n01se ratio achieved by the optoelectronlc front end 22 -Notef
25 that the’ phase detector 28 may be a double balanced - mlxer in

26 ~wh1ch case .one must ensure that the IF port is DC- coupled so that_
"27  the device will function as a phase detector 28. _ '
28 The operation of the phase detector 28 is critical to

- 29 the correct function of the control system. The sighal-which
30 drives the RFIinput to the phase detector 28'contains_thedpower
31 spectral density of the laser phase. In the case of the laser
32 ° transmitter 10 described herein that signal is generated by
33 difference frequency generatlon produced.by optlcal mixing of. the
34 laser 12 with a resonant optlcal fleld of the optlcal resonator '
35 20. said m1x1ng takes place 1n the PIN photodlode 72.
36 : Keeping in mind that the laser 12 is phase modulated

37 by RF oscillator 16, it is clear that the RF difference frequency.



9 systemto the nodul ati on produced by the communications signal 10 (i.e
signal i'nput), while passing the nodul ation due to RF 11 oscillator 16.
Under t{ig, &iaodi nent a high pass filter-is. 12 utilizedpphinsddeagods eves _
<1.-0 dB.insertiron loss at 1.2 GHz while 13 providing >65 dB of attenuation
at 800 MHz (e.g., inverted 14 Tchebycheff filter: 4 poles and 4 zeros in
passband).' 15 The RF anplifier 26 which follows is a cascade of 16
conventi onal broadband devices (e.qg., Avant ek AW - 2054) as are 17 the
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N erage df ellk denponentThe phase of the laser, which is contained in the

17 . heterodyne beat note, is detected in the phase detector .28 by
18 = mixing the heterodyne beat note in quadrature w1th a reference
19 31gnal from the RF osc1llator 16.
200 - . It is the function of the phase detector 28 to .convert
.121 : the detected phase into a de¢ coupled error signal of appropriate
'22'. polarity'tO'cause a'phase correction at the servo actuator (i.e.,
.23 -..laser 12) . The DC characteristics of the IF output of the"phase_*
_ 24h detector 28 are determined by the phase relationship between the
- 25 d51gnals at the LO and RF ports. Thus this phase relationship
26 must_be adjusted in order to produce the appropriate IF response.
'27- This-adjustment-can be made by tuning the frequency of the RF
28 - oscillator 16 or by changihg the physical length of a delay-line
29 between directional coupler 30 and the LO input to the phase
30 detector 28. |
31 ' When the phaselrelationship between the LO and RF ihput
32d sighals to the phase detector 28 have been prOperlyxadjusted,-the'
33 IF signal has a distinct bipolar shape corresponding to laser
34 frequencies in the vicinity of a resonance mode of the optical
'35 resonator 20. Thus if a phase error occurs which drives the
36 laser.to a higher frequency a corresponding change in the IF

37 signal will cause the laser junction current to increase until



4 whi ch has been spectrally filtered by the optical resonator 20. 5
Because 't he frequency spectrum of the spectrally filtered 6 conponent from
opti cal ?ﬁpﬁ%&r 20 is much narrower than the raw.. 7 n8lse

semt conduc aser 12, the spectrally filtered signal 8 1s capable of
resol ving nuch of the fine structure in the laser 9 frequency spectrum
into a. feedback signal wthin the PIN_10 photodi ode 72. This spectrum
appears in the nodul ation of the- 11 ﬁﬁ8focurrent produced'in Pl N

photodlode 2 at-the uenc of 1 the scd | @2l or_.as het er \
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signal wokl aatiag the baamplpgnctcumremmreﬁeeﬁbaphcreasemnnt106 (e.g.,

17 Comlinear CLC 502) . This feedforward technique allows IF
18 . . bandwidth to be'increased desplte phase margin degradation due_
19 to additional stages of IF gain. ' 'i )
20 o A low pass section accommodates lower Fourier frequency '
21 components of the IF signal where additional avallable ‘Pphase
22 = margin enables the 1ntroductlon of additional IF gain (i.e., -
23 scallng){ In the embodlment depicted by FIG. 6 a 51nglegetage-
24  amplifier is used which'inCOrporates a high gain, wide bandWidth
25 op-amp 100 (e.g., Comlinear CLC 422 or CLC 401). The scaled
- 26 -.outputlat the lower Fourier frequencies is combined with the high
27 - frequency components at the summing junction 104 of op—amp 106.
28..- The IF signel (i.e., the high frequency component and
f29' scaled detected phase of the heterodyne beet note) drives the
30 laser junction current through op-amp 106 in combination ‘with
31 emitter follower transistor 108. The current is set by the input
32 voltage to the op-amp at node 104 which corresponds to the
33 voltage across resistor 110. The collector of current-Souroe
.34 transistor 108 is impedance matched to the laser by-the-IOW'pess
35 ..section at node 112 of the combiner 32 circuitry. It is

‘36 important to note that this impedance match must be maintained
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' V\097/ 17749 PCT/ US96/ 18056 -10 .1 the laser 12 phase corresponds to that
of the optical resonator 2 .20. Conversely, the IF signal will cause
junctio to be 3 reduced i f a phase error resul tggq Lgpper
frequen-S’K/éFé{g-’zJ 4 emission. 5 The IF anplifier 14 pr ocesP;Ceéursagﬁ“error
signal. fromthe 6 phase detector 28 and provides the interface of the
feedback 7 systemto the |laser 12. A schematic di agram depicting an 8
enbodi nent of the I F anplifier and conb%her sections of the |aser.
~drive circuit is shown in FIG odlrren the |F 10 aqut :
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16~ the communications Signal to the laser 12, and the low pass
17 . section 112 of diplexer 116 couples the IF feedback 51gna1 to the
"18en7'1aser 12. All of the aforementioned signals may thus be combined
19 | ‘and subsequently modulate the laser 12 without degradatlon of
20 - laser performance due to the contribution of any respective
ljéiu : source - The modulated optical output is coupled into optical'
"22_ -_flber 134 which thus contains the optical output of:the coherent_.
' 23 - -laser transmitter. : _
24-.. o _ " The function of the semiconductor laser (slave) 36 is -
.' 25 _. - as a 1local oscillator in a coherent homodyne or heterodyne'
'.926 'opt;cal receiver. The servo ~system which controls the
f27 ..eemiconductor laser (sla#e) 36 is virtually identical to that
28 which controls the transmitter laser 12 with the major exception
“i'29 ‘that the. 1ocal oscillator laser 36 does not utilize an optical
30 "resonator 20 for the derlvatlon of the RF error - signal in the
'31 heterodyne optical mixing spectrum. Furthermore, the frequency'
3_2.," of '-.RF' oscillator 40 must be separated from that of the RF
33 oscillator 16 by at least two ‘times the full IF bandwidth of the
- 34 servo. This ensures an adequate allocation of error 81gnals
35 . between the master and slave lasers, respectlvely The reason
36 that the local oscillator servo for laser 36 does not require an

37 optical resonator is because the residual laser transmitter power



33 vol t age across resi stor 110. The collector of current source 34
transi stor 108 is inpedance matched to the | aser by the | ow pass 35

-sectionwa(g-ﬂp,q § 112 of the conbiner. 32 circuitry. It is pcgadogheyssant to
note t ha ? I's 1 npedance match nmust be maintai ned WO 97/ 17749 -~ :

PCTI US96/ 18056 -11 1 over a wi de bandwi dth which may need.to include the
entire gain 2 bandw dth of op-anp 106. 3 The conbiner 32 (FIG 6)

functions as a rTU|tIp| exing 4 filter \?vﬁlch conprises a | ow pass section
112 (e
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- 16 that in order to narrow the linewidth of a laser source, the gain
17 . bandwidth of the servo loop must exceed the laser l;newidth;
.18: i.e., the loop must have gain at the highest Fourier frequency
19 of 'phase noise. Notwithstanding closed loop Stébility'.
20 requirements determine the maximum group delay which can be
21  ‘tolerated before the high Fourier components of ‘the feedback
22 siénal will make ‘the loop unstable. Thus there iS“in fact'a
23 . maximum galn which can be achieved within an acceptable phase'
24 - marg1n for a given loop bandwidth. '
25 _ In the case of the semiconductor laser however the case
- 26 is not quite that simple. The laser functions as source,
27 ﬁodulatdr and actuator in the feedback loop. Since the:laSer
.28. functions ‘as. the servo actuator it is in fact its own phase
- 29 response to a modulation of junction current Which_determines_the_
30 - transfer characteristics of the loop. Because the dynamic range
_ 31 'of the IF feedback signal controls the laser frequency over a
32 ° considerable portion of the microwave spectrum it is possible for
| 33 the loop to exhibit phase noise quieting of the laser_at'Fourier
34 frequencies which exceed the frequency content of the IF spe¢trum_~
35 of the servo loop. | .
‘36 In addition to performing several functlons in the

37 servo loop, the laser performs a dual function as source and



29-that’ thé_,_ local oscillator |aser 36 does not utilize an optical 30
resonator 20 for the derivation of the RF error signal in the 31.

- het er odyyigofpphigal m xing spectrum Furthernore, the freq¢angsvengode Of
RF.oscillator 40 nmust. be separated from that of the RF 33 oscillator 16
by at least two tines the full |IF bandwi dth of the 34 servo. This ensures
an adequate allocation of error signals,,35 between the master and sl ave

~ ‘lasers, respectively. The reason 36 that the | ocal oscillator servo for

| aser 36_d . requi.r n:. jcal rgsonafor,ibs bggausgt i.dual
Iazle_r t?%%cgl‘r?nf??cg%p%gmrt}aﬁagfp%éfl}gtdgﬁl usoe/ '?%E)S%hh-ﬁlzgg provi g%g{t erggsl'arre :
furkt i ot fansmhessenveiwd chowvrnieprsionscaianglesciThut or Fasele36 a8ex he

opt cal O d£Nkage itianal  £3nlkQwhdesid ok tBahp@Ext heydEans ey
| aser 1Z. Thus the 4 enbodi ment enabl es thg | ocal oscillator |aser to be-
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' suggres§y§ﬂ§$$néﬁgeéﬁgég ?%ise-ﬁvxfggﬁﬁgék act?%% éﬁ% y providing that the
- feedback | oop systemexhibit 'gain. at 14 frequencies. which exceed. the
~hi ghest frequency Fourier. conponent 15 at which the phase noi se nust be.
- conpensated. Thus it follows 16 that in order to narrow the linewdth of a
"l aser source,. the. gain 17 bandw dth of the servo | oop nust exceed the.
| aser linewdth; 18 i.e., the |loop nust have gain at the highest Fourier’

- frequency 19 of phase noise. Notwi thstanding closed |oop stability 20
requi renments deternine the nmaxi num group delay which can be 21 tolerated
~-before the high Fourier conponents of the feedback. 22 signal wl| L
.. make. the | oop unstable. Thus there is- in fact a 23 nmaxi mum gai n which can
. be achieved wthin an acceptabl e phase



24 margin for a given |loop bandw dth. 25 In the case of the sem conductor
| aser however the case 26 is not quite that sinple. The laser functions as .
sour ce, wo2oh/iFgul at or and actuator in the feedback | oop. pGirnmsestdese | aser
28-functions as the servo actuator it is in fact its own phase - 29
response to a nodul ation of junction current which determnes. the. 30
-transfer characteristics of the |oop._fecause the dynam c range 31 of the
| F feedback signal controls the |aser frequency over a 32 considerable
portioncQitfige m crowave spectrumit is possible for 33 the loop to =
exhi bi t” phase noi se quietin f %h | aser at F r|er 34 frequenci es which
exteed the frequehcy c@n‘f‘%ﬁgogf hfgr.eq‘f'—e%‘aéé‘ttr liging a ke @P&’(Slulcd'(ﬁ? 36.
| o addi 1498rt 6onpifiehi Agngheeweegls fafmctions in the 37 servo |oop, the
| aser performs a dual function as source and WO 97/ 17749 PCTI US96/ 18056
-13 1 nodulator in this invention. It is that of the coherent. 2
t ransm ssi on of a commdeieattiiogs a|@n&broﬁwmsaabeangm@dea§ey o®qMﬂékam
y cr [ esults ig
o et E8y, S oPRRlERE, DAL TR B GYELAL "PLEDnator it Bt efheney o

sy%tenEmO@%bﬁtedngudenFn@ftﬁ@e @amyﬂﬂﬂﬁHQQﬂnaﬂﬁﬁﬁnwdth and l.oss budget
enhancements which are 7 characteristic of the coherent optical
technol ogy, the. utility. 8 of the |nvent|on scri bed hereln becones -
clar. WO 97/17749 PCTPE5§6Fi8g56 phase ofjkh ec%&ltl%‘o e DRAteMVE HY
f rwequenﬁyxﬁhgbldhezl Agtarsayneondest omot2 | aserqueadiut sragwilte, séepadifc 3

éect|€g$a het er odyne beat note. by optically 4 mxing a Ieakage-field of

ar® opt i thEIPERGKat 5F CARHCE. Frdfidricy 5 nodul ated output of the
sem conductor |aser; 6 detecting a phase of the heterodyne beat note by

9 S filtering the detected phase of the heterodyne
10 - beat note;

11 ' _ _ scaling the detected phase of the hetercdyne_beat
12 note; and’ ' '
13 ' | modulating the semiconductor laser w1th the. radlo
14 frequency reference signal and the scaled detected phase of ‘the
15 heterodyne beat note. '

2. The method as in claim 1 further comprising the

Step of coupling an output of the semiconductor laser intc-the

optical resonator.

3. The method as in claim 2 wherein the'séep of
detectlng a heterodyne beat note further comprlses the step of

diverting a portion of the output of the semlconductor laser into

» W N e

a photodetector

_ 4, The method as in claim 3 wherein the - step of
diverting a portion of the output of the semiconductor laser into

the photodetector further comprises the step of intercepting -a

B W N

optical'frequency reference signal from the optical resohator.

e

|




7 m xing the heterodyne beat note in quadrature with a radio. 8 frequency .
referenCe'signaI 9 filtering the detected phase of the heterodyne 10 beat
not e. woﬁqﬁmgﬁg the detected phase of the heterodyne beatrusbéismste; and
13~ nndulatlng the sem conductor laser with the. radio 14 frequency
reference signal and the scal ed detected phase of the 15 heterodyne beat
. note. 1 2. The nmethod as in claim1 furkher conprising the 2. step of

- coupling an output.of the sem conductor |laser into the 3 optical

resonator. 1 3. The method agchBdCl s Mia WeL#h N1t Reeteh Ofhe? sd;%;ecafng a

- hef'erodyne beat note further conprises the step of 3 dlvertlng gortlon

of 2t he G@tmatigio thehakpredratcPsrt P&§§rlqﬁ§?e§19?ﬂﬂﬁﬁ%ﬁﬁﬂ §oFtR 2% The

mehod Q8 vidt ol M 3p¥hei8hNothanseRpat of diheerdpiiral pessonatot theo

- out put of the senjconductor laser into 3 the photodetector further

.coﬁprlsé§QJR§Qﬂ Eﬁc?%ferceptlng a 4 optical frequency reference signa
. fromthe optical resonator WO 97/ 17749 PCTI US96/ 18056 ti -15- 1 S. The
“met hod ‘as in cl a| V\/ﬂf‘%el Qlettlpl%dfstgg g éjﬁ-ﬂeﬁt Lk 2 16t ?h@dyé?e%e%tf
S Ste |ver

notle further. conpr se e a portion of an output of
‘the opt |foztherze13(g1a11rmf detraared nheasqomft Sdet é@tt@rfodyn@ bgre RetRofurshey

clagiml {leé hep st g?ugf of2 1%'o|1ta%r1'n@g dehe dejieddgd phaseepf ff@@uency

het'er odyne not e. conprises the step of isolatin east

ond FoumqmpanEmenéy - cdﬁﬁiﬂ%ﬁylrpﬁ VPC|HFF§eSf gﬁﬁﬂﬂﬁﬂCXre%EenE
the 5 semiconductosr! psgsr.1 7. The method as in claim 1l wherein the step

of . 2.. scaling the detected phase of the heterodyne beat note further

| 7. The method as in claim 1 wherein the_step of"
‘scaling the detected phase of the heterodyne beat note further
_"comprlses the step of ampllfylng the detected phase of the

A R

heterodyne beat note.

_ 8. The method as in claim 1 wherein the step of
e'modulatlng the semiconductor laser with the high frequency
component and scaled detected phase of the heterodyne beat note
_further comprlses the step of summing the isolated Fourler"
- component of .the scaled detected phase of the heterodyne beat

note at an input of a current amplifier operably interconnected-

SCRR- T SRR NI

with the semiconductor 1aSer{

9. | The method as in claim 8 further comprising the__"
“step of 1mpedance matchlng an output of the current amplifier to
fthe semiconductor laser.

10. A method of frequency stablllzlng a semlconductor

NOHE W N P

laser comprising the steps of:

detecting a heterodyne beat note in a photodiode
by optlcally mixing a leakage field of an optical resonator and

a frequency modulated output of the semiconductor laser,-

detecting a phase of the heterodyne_beat:note by

miking'-the heterodyne beat note in quadrature with a radio

frequency modulation reference signal;




3 conprises the step of anplifying the detected phase of the 4 heterodyne
beat not'e.. 1. 8. The nethod as in claim1 wherein the step of 12

nodul at h"r}?ﬁ/{lﬁ“ em conductor laser with the high frequeng¢raisogqgmgnent and
scal ed detected phase of the heterodyne beat note 4further conprises the -
~step of sunm ng the isolated Fourier 5 conponent of the scal ed detected
phase of -t he heterodyne beat 6 note at an input of a.current anplifier
‘operably interconnected 7 with the séfPconduct or | aser. 1-9. The method as

in.claim8 further conprising the 2 ste i_npeda 2hing,. - put
of the current anplifi @reHaora%s’uE%e aseﬁf%@n%’éltr&rerl alg%ggg%lﬁg. n%?“r@%ﬂ%g&of -
f 1equengygababi fi@mng al seniFeandiet of re@uénser conppriesitngsideatt @fs ohe 3
det ect i a het.erodyne be Nat € iy i . o, C 1 4:Rg a
[ZikageggFSF&e& &SPt i cal . r]C?]}e%ona %erlp%%}cf%.jS a tre%%ecy%n%dﬁgl?%%%‘glgtgput o
ofi2t he $édtearichgst or | aser; 6 detecting a phase of the heterodyne beat note-
by 7 mxing the heterodyne beat note in quadrature with a radio .8 ‘
frequency nodul ation reference_signal; VE297/%Z7§? PC}%%SQB/lS.EG -16 9
séBarating a hi gh Fourikrdeperiently corpbientthadiiy UETom & TSN RGYri er
f &@queneismg%mf?&ergid?wpaénaf 1bhe £ reflhegiel e Floed ipasonplortdie hetguallyaé

beat note by bandw Ling the high

h 12 filtering; 13.independen .S o
Faarier thﬁeﬁ]@ér?ﬁpedlép%?ﬁo‘ﬁ%n'fh'%ig%;t;\?raﬂ&n?ogf?ge%%%%Cygﬁour_i_ er conponent
signal of . 15 the detected phase of the heterodyne beat note; :and 16 '_
modul ating the sem conductoy_| aser.,w - L83 1eRdel QU rayri er
ftléquency conponent si dﬁ% %i%‘ffﬁﬁetk@e%gg%ggpaﬁékggp%&a%%ilﬁrﬁ: h'g ﬁe?g%ogyne :
baat nomdgandnd flow Reurddiro fneameasyy corponsatl 6fgBA1§0BF cele. 4293t TRe
mgighod %%éé%Faf“Eﬂéohéeé}BSQnQOEE%ksﬂalé'3hd with the radio freguency

19 modulation source.

11. The method as in claim 10 further compfiSing the

.sﬁep of - amplifying the detected heterodyne beat note before _

w N

detéétihg a phase of the heterodyne beat note.

12. The method as in claim 10 wherein the:step of
scaling the high and low Fourier frequency componeht-sighals of
the detected phase of the heterodyne beat hote ﬁurth§r chprises
.the'step of amplifying the detected phase ofﬁthefheterodyng_beat

nod W

note.

'13; A method of freqﬁency stabilizing a semiConduétor_

laser compfising_the-steps of :

detecting a heterodyne beat note by optically
mixing a leakage field of an optical resonator and a frequency

modulated output of the semiconductor laser;

6 . | detecting a phase of the heterodyne beat note by
7 mixing the heterodyne beat note in quadrature with a radio

8 frequency reference signal to produce a difference frequgncy and

9 : frequency modulating the semiconductor 1aser'With

10 the difference frequency.




2 step of anplifying the detected heterodyne beat note before 3 detecting
a phase‘of the heterodyne beat note. 1 12. The nethod as in claim10

- wher ei nydey,shap of 2 scaling the high and | ow Fourier frcaau®easoseonponent
si-gnal s of 3 the detected phase of the heterodyne beat note further
conprises 4 the step of anplifying the detected phase of . the heterodyne
beat 5 note. 1 13. A nethod of freque gx_stabilizing a sem conductor 2

- laser conprising the steps of: 3 detecti'ng a heterodyne beat note by
~optically 4 mxing, a |l gaka el d_of _a ical or t r ency
5" odal at ed out putthr 1 h0: oRar BBaatEr oF [AScy: 5 GRFEARE SbnBlRedab FULCY

- heter odyteheaf Aoequepncy? medikatime hbeesetyrendegtoyotleagsr quathatinee
wth a radiQ ¢ gﬂygnggféggﬁggngg'ﬁggnal to produce a difference

: fréﬂuené%ﬂgﬁﬁ f%%%éequ ncy nDduIatinS-the sem conductor |laser with 10 the
~difference frequency. V 1 WD 97/17749 PCT/ US96/ 18056 -17 1 14. The net hod
as in claim13 further conprising the 2 step of frequency nodul ating the
_senicOnductor laser with the 3 radio frequency reference signal.




