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UNITED STATES DISTRICT COURT
CENTRAL DISTRICT OF CALIFORNIA
LABYRINTH OPTICAL CASE NUMBER:
TECHNOLOGIES LLC -
Plaintiff, To be Sppghed by the Clerk of
The United States District Court
Vs. '
ALCATEL-LUCENT USA, INC,,
. COMPLAINT FOR PATENT
INFRINGEMENT; DEMAND
Defendants. FOR JURY TRIAL
DATE: May 10, 2012
Plaintiff Labyrinth Optical Technologies LLC (“Labyrinth™) files this action

for infringement of United States Patents No. 8,103,173 (“the '173 patent”) and
7,599,627 (“the '627 patent”) against Defendant Alcatel-Lucent USA, Inc.
(*Alcatel”), seeking damages and injunctive relief. Labyrinth alleges as follows:
JURISDICTION AND VENUE

1. This is an action for patent infringement arising under the Patent Laws
of the United States, 35 U.S.C. § 1 et seq., alleging infringement of United States
Patent Nos. 8,103,173 (*the '173 patent”) and 7,599,627 (“the '627 patent™).
Copies of the patents are attached hereto as Exhibits A-B respectively, and are

incorporated herein by reference in their entirety.
COMPLAINT FOR PATENT INFRINGEMENT
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2. .This Court has exclusive subject matter jurisdiction over this action
under 28 U.S.C. §§ 1331 and 1338(a).

3. This Court has personal jurisdiction over Alcatel because Alcatel has
conducted business in this district and has infringed, contributed to the
infringement, and/or activelyinduc':ed others to infringe Labyrinth’s patents in this
district as alleged in this Complaint (at a minimum by using, offering for sale
and/or selling products which fall within the scope of the claims of the '173 and
'627 patents). | | |

4, Moreover, upon informatibn and belief, Alcatel continues to conduct
business in this district and infringe, contribute to the infringement of, and/or
actively induce others to infringe the '173 and '627 patents in this district.

5.  Venue is proper in this Court pursuant to 28 U.S.C. §§1391(b),
1391(c) and/or 1400(b), in that a substantial part of the events giving rise to
Labyrinth’s claims occurred in the Central District of California and Alcatel is
subject to personal jurisdiction in the Central District of California (and thus for
purposes of venue Defendant resides in the Central District of California).

THE PARTIES

6.  Plaintiff Labyrinth is a limited liability company organized and
existing under the laws of California, :;:md having a principal place of business at
500 Newport Center Drive, 7" Floor, Newport Eéaﬁh, California 92660.

7. Upon information and belief and after a reasonable opportunity for
further discovery, Alcatel is a corporation organized and éxisting under the laws of
the state of Delaware, having a principal place of business at 800 North Point
Parkway, Alpharetta, GA 30005. Alcatel’s registered agent for service of précess
in the State of California is The Prentice-Hall Corporation System, Inc., 2710
Gateway Qaks Dr., STE 100, Sacramento, CA. 95833,

2 COMPLAINT FOR PATENT INFRINGEMENT
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THE PATENTS IN SUIT

8.  In optical data cornmunications_, ;ss';st-enls were upgraded from a 10
Gb/s data transmission rates to a 40 Gb/s transmission rates, Data transmission
rates at the much faster 46 Gb/s (or higher) presented extensive design challenges
because the effects of polarization mode dispersion (PMD), chromatic dispersion
and fiber non-linear effects such as cross-phase modulation become more
dominant at the higher transmission rates.

9. The inventors of the patents-at-issue were driven to find a cost-
effective method and system that compensates for PMD, optimizes signal to noise
ratio performance and minimizes phase noise and nonlinearities (chromatic
dispersion) associated with transmission over fiber at high data transmission rates.

10. The '173 patent entitled “Method and System For A Polarization
Mode Dispersion Tolerant Optic_al Homodyne Detection System With Optimized
Transmission Modulation” v'vas. duly and legally i,ssued on January 24, 2012,

11. The assignee of the '173 patent is Le;byrinth. “ |

12.  The '173 patent is valid and enforceable and has been at all times
relevant to the instant action.

13.  The '173 patent claims a system and method for coherent optical
detection for an optimized ﬁansmission modulation. |

14, For example, claim 1 of the '173 patent provides:

(1) A method of compensating a quadrature modulated optical data
signal for effects of chromatic dispersion occurring during transmission over
optical fiber, the method comprising the steps of:

(a) separating in-phase and quadrature components of the

optical data signal;

BE COMPLAINT FOR PATENT INFRINGEMENT
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(b) optoelectrically converting the in-phase and quadrature
components of the optical data signal into in-phase and quadrature
| datasignals; ' - | I | | -
(c) applying a corrective function to the in-phase and
quadrature data signals, the corrective function ﬁwdify_ing the. in- |
phase and quadfature data signals in a manner that precisely
counteracts effects of chromatic "dispersion on the in-phase and
quadrature components of the optical data signal.
'173 patent, Col. 12, Ins. 42-56. |
15.  The '627 patent entitled “Method and System For A Polarization
Mode Dispersion Tolerant Optical Homodyne Detection System With Optimized

Transmission Modulation” was duly and legally issued on October 6, 2009.

16. The assignee of the '627 patent is Labyrinth Optical Technologies
LLC. | |
17.  The '627 patent is valid and enforceable and has been at all times
relevant to the instant action.
18. The '627 patent cla@ms a system and method for coherent optical
detection for an optimized transnﬁssion'ﬁodulatign.
19.  For example, claim 22 of the '627 iaa:%cent provides: |
-(22) A method of reducing the trahsmitted power of a quadrature
modulated optical data signal, comprising the steps:
(a) providing a quadrature modulated optical data signal by a
transmitter; | ' |
(b) during all transitional states of the quadrature modulated
optical data signal in which data symbols can change in value,
reducing, by the transmitter, the power to zero such that transmitted

power decreases to zero at approximately a mid point of each of the

4 COMPLAINT FOR PATENT INFRINGEMENT
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transitional states, where data signals are in effect spread out by
approximately fifty percent in the frequency domain equivalent to a
multiplication by a sine wave at half the data rate, and results in each
symbol returning to zero at approximately a mid-point of the
transitional states.
627 patent, Col. 16, Ins. 30-44.
THE INFRINGING PRODUCT

20. Defendant Alcatel, within the United States, manufactures, uses,
offers for sale, or sells at least Alcatel-Lucent’s 1830 Photonic Service Switch,
Metro/regional/long—haul WDM Platform that falls within the claims of the '173
patent. | ' |

21. For purposes of an eXamp.l.e only, Alcatel’s-1830 Photonic Service
Switch, Metro/regional/long-haul WDM Platfcirr_ﬁ falls within the scope of at least
claim 1 of the '173 patént as it meets each limifation recited therein. Alcatel’s
1830 Photonic Service Switch, Metro/regional/long—haul WDM Platform separates
the in-phase and the quadrature components of the optical data signal upon
reception, opto-electrically converts the in-phase and quadrature components of the
optical data signal into in-phase and quadrature data signals, and it applies a
corrective function to the in-phase and quadrature data signals, which modifies the
in-phase and quadrature data signals that precisely counteracts effects of chromatic
dispersion on the optical data signal.

22.  On belief and information only, Alcatel’s 1830 Photonic Service
Switch, Metro/regional/long-haul WDM Platform falls within the scope of at least
claim 22 of the '627 patent as it meets each limitation recited therein. Alcatel’s has
performed published experimental results Whér:e it uses a Carrier Suppression,
Return fo Zero, Quadrature modulate_g optical data sigpal, which during all

transitional states of the quadrature modulated optical data signals, the transmitter

5 COMPLAINT FOR PATENT INFRINGEMENT
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reduces the power to zero such that transmitted power decreases to zero at
approximately a mid-point of each of the transitional states. Exhibit C, Chongjin
Xie et al., Transmission of Mixed 224-Gb/s and 112-Gb/s PDM-QPSK at 50-GHz
Chahnel Spacing Over 1200-km Dispersion-Managed LEAF® Spans and Three
ROADMs, Journal of Lightwave Technology, Vol. 30, No. 4, Pg. 547, February
15,2012. On belief, Alcatel’s 1830 Photonic Serv'ice Switch, Metro/regional/long-
haul WDM Platform may have the limitations of claim 22 also.

23. Defendant Alcatel does not have a license or other authorization to
practice the claims set forth in the '627 patent.

' COUNTI

Alcatel’s Patent Infringement Under 35 U.S.C. §271 of the '173 Patent

24. - Labyrinth incorporates by reference the allegations of paragraphé 1-
23. | '

25. Alcatel has directly or indirectly infringed the '173 patent at a
minimum by making, using, selling and offering for sale a product that falls within
the scope of the ‘173 patent, including, but not limited to, the Alcatel’s 1830
Photonic Service Switch, Metro/regional/long-haul WDM Platform.

26. Alcatel has caused and will continue to cause Labyrinth substantial

| damage and irreparable injury by virtue of its continuing infringement.

27. Labyrinth is-entitled to recover from Alcatel the damages sustained by
Labyrinth'as' a result of Alcatel’s wrongful acts in an amount subject to proof at
trial and an injunction preventing Alcatel from continuing its wrongful acts.

28. Upon information and belicf and after an opportunity for further
discovery, Alcatel’s infringement of the '173 patent is wﬂlful and deliberate.

. COUNTII _
Alcatel’s Patent Infringement Under 35 U.S.C, §271 of the '627 Patent

6 COMPLAINT FOR PATENT INFRINGEMENT
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29. Labyrinth incorporates by *fefereﬁce the allegations of paragraphs 1-
28. | |

30.  Alcatel has directly or indirectly infringed the '627 patent at a
minimum by making, vsing, selling and offering for sale a product that falls within
the scope of the '627 patent, including, but not limited to, the Alcatel’s 1830
Photonic Service Switch, Metro/regional/long-haul WDM Platform and publishing
the results of their research. Ex. C.

31.  Alcatel has caused and will continue to cause Labyrinth substantial
damage and irreparable injury by virtue of its continuing infringement,

32. Labjzrinth is eﬁtitled to recover from Alcatel the damages sustained by
Labyrinth as a result of Alcatel’s wrongful acts in an amount subject to proof at
trial and an injunction preventing Alcatel from continuing its wrongful acts.

33.  Upon information and belief and after an oppoftunity for further
discovery, Alcatel’s infringement of the '627 patent is willful and deliberate.

WHEREFORE, Labyrinth respectfully requests that the Court enter a
judgment as follows: '

A,  That Alcatel has inﬁiﬁged the '173 and '627 patents under 35 U.S.C.
§271;

B. Permanently enjoining and restraining AIcafel, their officers,
directors, agents, servants, employees, licensees, successors, assigns, those in
concert and participation with them, and all persons acting on their behalf or within
their control under 35 U.S.C. §283 from further‘ acts that infringe the '173 and '627
patents, including but not limited to, making, using, selling, offering to sell,
importing, exporting, adveﬂisﬁg, or otherwise using, contributing to the use of, or
inducing the use of all infringing prodqugs produced by Alcatel;

C.  Requiring Alcatel to: |

7 COMPLAINT FOR PATENT INFRINGEMENT
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1. Send a copy of any decision in this case in favor of Labyrinth to
cach person or entity to whom Alcatel has sold or otherwise distributed any
products found to infringe the '173 and '627 patents, or induced to infringe
the '173 and '627 patents, and informing such persons or entities of the
judgment and that the sale or sol1c1ted commercial transaction was wrongful;

‘2. Recall and collect from all persons and entities that have
purchased wholesale or are a distributor of any and all products found to
infringe the '173 and '627 patents that were made, offered for sale, sold, or
otherwise distributed by Alcatei, or anyone acting on its behalf;

3. Destroy or deliver to Labyrinth all infringing products produced
by Alcatel; and | |

4.  Filé with the Court and serve upon Labyrinth, within thirty (30)
days after entry of final judgment in this case, a report in writing and
subscribed under oath seiting forth in detail the form and manner in which
Alcatel has complied with the Court’s orders as prayed for. .

D.  Awarding Labyrmth patent 1nfr1ngement damages and pre-judgment
interest pursuant to 35 U.S.C, §284 including, but not limited to, lost profits and/or
a reasonable royalty; '

E. Awarding treble damages for willful infringement pursuant to 35
U.S.C. §284;

F. Declaring the case exceptional and awarding Labyrinth reasonable
costs and atforneys fees pursuant to 35 U.S.C. §285;

G.  Granting Labyrinth such other and further relief as justice and equity
may require.

1
"
I

8 COMPLAINT FOR PATENT INFRINGEMENT
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Labyrinth requests a jury trial.

Dated: May 10,2012

JURY DEMAND

Respectfully submitted,
Labyrinth Optical Technologies LLC

By its attorneys,
SIMMONS BROWDER GIANARIS
ANGELIDES & BARNERD LLC

Crystal G Ebley  \_J

100 N. Sepulveda Blvd., Suite 1350
El Segundo, California 90245
Telephone: 310-322-3555
Facsimile: 310-322-3655

Email: cfoley@simmonsfirm.com

Paul A. Lesko — pro hac vice (pending)

Jo Anna Pollock — pro hac vice (pending)
Stephen C. Smith — pro hac vice (pending)
One Court Street:

-Alton, IL. 62002

Tel: 618-259-2222

Fax: 618-259-2251

Email: plesko@simmonsfirm.com
jpollock@simmonsfirm.com
ssmith@simmonsfirm.com

9 COMPLAINT FOR PATENT INFRINGEMENT
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1
MEFHOD AND SYSTEM FOR A
POLARIZATION MODE DISPERSION
TOLERANT OPTICAL HOMODYNE
DETECTION SYSTEM WITH OPTIMIZED
TRANSMISSION MODULATION

CROSS-REFERENCES TO RELATED
APPLICATIONS

This applieation is a divisional of U,S, patent application
Ser. No, 09/871,216 filed on May 31,2001, whichis related to
topending and commonly assigned U.S. patent application
Ser. No. 09/748,750, filed in the TInited States Patent and
Trademark office on Dec. 26, 2000, entitled “Method, System
and Apparatus for Optically Transferring Information®,
which is expressly mcorpuratcd herein in its entivety by ref-
erence thenato.

FIELD OF THE INYENTION

The present invention relates to optical dats communica-
tion, and in particular, relates tv a method end optical data
communication system that improves signal-to-noise ratio of
optical data signals, counteracls poladztion mode dispersion
and improves robustness to fiber nonlinearities.

BACKGROUND INFORMATION

Currently, optical data communication systems are being
upgraded fonn a 10 Gb/s data transmission rate up to a 40

" Ghfe transmission rate. However, daie transmission at 40

Gb/s (orhigher) prusents extensive design challénges because
the effects of polarization mode dispersion (PMD), chromatic
dispersion and fiber non-linear effects such as cross-phase
modulation become more dominant st the higher transmis-
sion rateg, In particular, the limit of toletable polarization

mode dispersion, vsvally défined s 14%6 of the data bit dura- -

tion, is only 3.5 ps at a 40 Gb/s trensmission rate. A 3.5 ps
polarization mole dispersion jranslates to an attainsble reach
of sever] hundred kilometers over single mode fiber which
has a typical fiber PMD of 0.1 ps/km*'=.

Current optical commmications systems, such as the PMD
compensation arrangement described in U8, Pat. No. 6,130,
766 to Cao, generally aitempt to compensate for PMD by
splifting received optical signals into % and ¥ mode compa-
nents having orthogonal polasization, and then adjusting the
delay on one of the orthogonal components fo align the
modes, This arrangement requites siprificant signal process-
ing and differential delays to cover the range of frequencies
carrying deta,

Nonlinearities induced duriog optical transmissionare alse
amplified at higher data rates. While it is necessary for aceu-
rate detection that optical data signals be at least 20 dB above
background noise, if the data signals are transmitted with too
much power, nonlinearities can play a greater role in distost-
ing the signal, In addition, in coherent systems typical het-
erodyne optical receplion systems suffer an inherent 3 dB
penzlty with respect to homodyne systerns and introduce
phase nolse through use of & local oscillator, and thereby add
afurther level of camplexity and constraints to optical system
desi

What {s therafore needed i5 2 cost-effective method and
system that compensates for PMD, optimizes SNR perfoi-
mance and minimizes phase neise and nonlinearitics associ--
ated with transmission over fiber at high data transmission
raies.
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SUMMARY OF THE INVENTION

‘The present invention meets the above ohjectives by pro-
viding an optical homodyne communication system and
miethod inwhich a reduced amplitude side carrier is transmit-
ted along with data bands in an optical data signal, and upon
reeeption, the side carrier is boosted, shifted to the center of
the data bards, and iis polarization state is matched to the
polarization state of the respective data bands to compensate
for polarization mode dispersion during transmission. This
scheme achieves the signal-to-noise benefits of homadyne
recepiion without incurring the conventional restrictions and
complications of homodyne reception such as requiring the
phase of a signal from & Joenl oscillator to be locked to tha
phase of the optical signal.

Accordipg {o one embodiment, the present invention pro-
vides a method of oplical communication that begins with
providing a quadtature modulated optical data including two
data beands separated in frequency, each data band having
in-phase and guadramire components. The power of the
quadrature modulated optical deta sigoal Is limited in orderto
limit non-Yinear ¢ffects by redueing the power of the optical
data signal during transitiona] states in which data symbols
transmitied ie the optical data signal change in value, and in
particular by reducing the powerto zero such that transmitted
power docreases to zere at approximately the mid point of the
transitional states, The optical deta signal is combined with a
side carricr at a single frequency betweed the two data bands
of the optical data signal and then transmitted actass optical
fiber fo a recciver.

At the receiver, the side carrier Is separated from the two
data bande of the combined optical data signal and increased
in amplitude relative fo the dota. The side carriers ure then
shifted tp the middle of sach of the respective two databands,

- Since the relntionship between the polasization siate of the

side carriers and the polarizafion state of the data bends does
not stay coastant during Iransmission over optical fiber, the
polarization state of the shifted side cardiers is adjusted to
match the polarization state of the data bands at which they
are centered,

The present invention further provides & method of com-
pensating for the effects of chromatic dispersion during trans-
mission over optical fber by separating the in-phase and
quadrature components of the two data bands prior to opto-
electric conversion, and, after optoelectric conversion, com-
pensaling for chromatie dispersion by applying e comreotiva
funetion to each of the in-pbase and quadrature components
of the data bands, the comeciive function precisely comnter-
acting the effects of chromatic diepersion on the in-phase and
quadraturs components,

The preseat invention also provides a method of providing
information concoming a transmission device by providing
anaptical data signal having data bands and a sidecarrier with
the slde carder madulated to carry an identification code, the
identificetion code including informetion concerning the
franymitter, According to an embodiment of ke present
invention, the information concerning a transmitter embed-
ded in the side canjerincludes parameters used in the correc-
tive function to precisely counteract the effects of chromatic
dispersion.

An optica] data signal transnmitter is provided for generat-
ing the quadrature moduluted optical data signat including at
leastone side carrier, The iransmittey includes s Mach-Zender
modulator which generates an opfival carrier signal by modu-

“lating a puir of side carriers onto an input optical signal, The

optical carrier signal is modulated by at least two phase
modulators which modulate 8 pair of data sigoals, in quadra-
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ture, onto the aptical carrier signal, ouiputting an gptical data
signal including st least two data bands, By spreading the data
bands orito the pair of side carriers, the amplitude of the
optical data. signal is reduced fo zero during transitions
betweendata symbols, The transmifter also in¢hudes a second
Mach-Zender modulstor which imprints a low-frequency TX
1D (isansmitter idontification code) side varrier.onto the inpm
optical signal, The T ID signal side carrier then combined
with the optical data sigesl for transmission. The transmitted
identification ¢ode includes information conceming the
transmitter, such as its lecation, from which the distance
between the transmitter and a receiver may be deduced,

The present invention further provides a receiver forimple-
menting homodyne reception, The receiver includes a sido
carrier boosting module for increasing the amplitude of the
side carrierrelative to the data bands in the optica) data signal.
The receiver further includes a side carrier shifring module
coupled to the side carrler hoosting module which shifis the
slde carrier ‘into two shifted carriers. Bach of the shifted
cartisrs is shifted to the eenter of one of the date bands. In
addition, means for compensating polarization mode disper-
sion that are canpled to the side carrier shifting module match
the polatization states of the shified carriers to the data bands
by adjusting eitherthe polarization state of the shifted carders
or the polarization state of the data bands. After optoelectric
conversion of the optical dafa signal, the receiver emplays =
chromatic dispersion correction stage that inciudes circuits
that apply transfer fimetions to the in-phase and quadrature
detected data channels

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of & fransmiiter according to an
embodiment of the preseat invention,

FIG. 2 shows the spectrum of an optical cerrier signal at
the ouput of MZ1 of FIG. 1 according to o embodiment of
the present invention,

FIG. 2b shows the spectrum of au opticel daty signel el the
outputof QMZ3 of FIG, 1 after duta imedulationinquadrature
according to an embodiment of the present invention,

FIG. 2c shows the spectrum of ap optical data sighal at the
ontput of QM Z2 of FIG. 1 according to an embodiment of the
prezent invention,

FIG. 3 shows a 10G symbol per second Quadrature Returm
to Zera (QRZ) constellation dingrom of the output from
QMZ.2 and QMZ3,

FIG, 4a shows the spectrum of an optical data slgnal ut the
output of C1 of FIG. 1 according to an embodiment of the
present inveation,

FIG. 4b shows the spectrum ofan optical dala signal al the

-output of C2 of FIG, 1 acconding to an embodiment of the

present invention,

FIG, d¢shows the spectrum of an optical data signal at the
output of the DWDM of FIG. 1 according to an embodiment
of the present invention.

FIG, § is a block diagram of 2 receiver according to an
embodiment of the preseat invention.

FIG. ¢ is a block diagram of a firstembodiment of the side
carrier boosting medule according to the present invention.

FIG, 7 is a block diagram of o second embodimept of the
side carrier boosting module socording 1o the present inven-
ticn which employs the Stimulated Brillowin Sceltering
(SBS) effect,

P16, 8a shows the spectram of an optical carrier signal a1
the output of the FP4 of FIG. 5 ac¢ording fo an embodiment

- of the present invention.
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FIG. 8b shows the spectm of an optical carrier signat af
the output of the 87 of PIG. § according to an embodiment of
the present invention,

- FIG, 8¢ shows the spectrum of an optical carrler signal at
the output of the PBS3 of FIG. 5 according to an embodiment
of the present invention.

P1G, 84 shows the spectrom of an optical carmier signal 8¢
the ourput of the §81 of FIG. 5 according to an embodiment
of the present Invention,

PIG, 8e shows the speetrum of an optical carrer signal at
the owtput of the C5 of FIG, 5 according to an embodiment of
the present invention,

FIG. §f shows the specirvm of an optical camrier sipnal at
the owlpnt of the C6 of FIG. 5 according 1o an embodiment af
e present invention.

FIG, 9 is a block diagram of a chwomatic dispersior com-
pemsation circuil according 1o an embodiment of the present
invention,

FIG. 10aisablock diagram of & microstripimplementation
of & circuil that applics a COS transfer finetion ta an input
signal according to an embodiment of the present invention.

FIG. 105 is ablock dingram of a micrestripimplementation
of ¢ circujt that applies 8 SIN transfer function to an input
signal according fo an embodiment of the present invention.

DETAILED DESCRIPTION

1. Transmission ’

Inaccondance with the present invention, =i a transmitter, &
pair of side carriers ja moduluted onto each side of a mono-
¢hromatic opticel carrier signal, which is then split into two
channels. Bach optical carrier signal chenne] is modulated
with two 10 Gb/s data signale in an orthogonal phase rela- -
tionship to one another, The data signals are spread onto the
two side carriers in ench channel, and in effect, are spread out
by fifty percent in the frequency domain. This spreading is
equivalent to mmltiplivation by 2 sine wave at half the data
meto, and results in each dala symbol returning fo zero
between transitions, referred to as quadrafure-retuth-to-zero
(QRZ), Using QRZ, the power of the optical date signal is
made independent of the data pattern, The polarization of one
of the optical data signal chanuels is then shifted, and one of
thechannets is combined with 2 channel of the ordglnal mono-
chromatic carrier that has been modulated with a transmis-
sion identification carrier of Jess than 100 kH=z

The two optical data sigoal bands, which each carry 8 20
G/l data strorm, are combined and either multiplexed with
adjacent channels at similar frequency and arthogonal polar-
ization or oag of the two changels is shifted in pu]arlmtmu o
match the other chanpel, In ¢ither case, the opticsl data sig-
nals are’ multiplexed according to a Dense ‘Wave Division
Muliiplexing (DWDM) scheme and transmitted atong long

" han! fiber to a destination seceiver

35

0

F1G. 1 jlfustrates an embodiment of a transmitter eccording,
to the present invention, which may be implemented on a
Lithium-Niobafe chip, forexample. An optical signal genera-
tor SG1, which may be a laser, gencrates a monochromatic,
polarized optical carrier at a reference frequency which for
purposes of tho following discussion is designated as the
origin (0 GHZ) in terms of relative frequency, The opticel
signal is thereafter split info two channels, an upper channel
going to Mach-Zender modulator MZ1 and a Jower channel
being transmitled to Mach-Zender modulator MZ4. The divi-
sion of ight intensity between the two channels can be uneven
with the lower channel recéiving, for exumple, just 10 percent
of the light intensity generated by SG1, At narrow-band
modulatar MZ4, the Jower channe] of the optical signal s
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modulated with a “Transmitter Jdentification” (TX ID) tone
in the frequency range of 10 KHz to 100 KHz above the
referance frequency, At modulator MZ1, two sets of side
cariers at +/-20 GHz and +/-30 GHzare modolated onta the

optical signal, The spectrum for the modulated signal, 5

denoted an optical carrier signal, is shown in FIG, 24. As,
shown in the figure, the resulting spectram output from MZ1
ghows four peaks, two below the reference frequency at -30
GIlz and ~20 GHz relative to the reference frequency, and
two above the reference frequency af +20 GHzand +30 GHz.
The ontput of modulator MZ1 is further split into an upper
chapne] which is tmosmitted to quadrature data modulator
QMZ3 anda lower chaniel which is transmitted to quadratare

10

data modulator QMZ2, Data medulator QMZ2 imprints two 15

individual 10 Cbfs datz stremms in quadmture (in anhogoual
phase relationship) CH.1 and CH. 2 onto each of the pairs of
side carriers above and below the reference frcquency., Simi-
larly, data modulator QMZ3 imprints individeal 10 Gh/s datn

strearns CH.3 and CH.4 onto each of the palrs of side cartiers 29

in the optical cartier signal. Respective bias confrol elec-
trodes VB2 and VB3 assist in keeping the data streams in
quadmture, Spectra of the outputs from QMZ3 and QMZ2 are
shown in FIG, 26 and FIG, 20 respectively, As can be dis-

cemed in FIG, 26 and FIG. Z¢, the output specira from QMZ3 25

and QMZ2 show two data bands, one extending from 49
GHz o ~10 GHz end anotherextending from +10 GHzio +40
GHz relative 1o the referenve frequency.

By imprinfing two 10 Gb/s data streams in quadrature, in

effect, 20 Gb/s of data are modulated one cach pair of side 3¢

carriers (~30, 20 GHz and 420, +30 GHz, respectively) and
each 20 Gbis dala band covers 30 GHz in the frequency
domatn. By providing two side carriers, with ode side carrier
in thepaira clock rate away from the other (i.e., 30 GEzbeing

2 clock away from 20 GHz), {he data bits in both I and Q 35

format are ionltiplied in the time doroein by 4 5 GHz simisoid
which crosses zero every 100 ps. Thus, the {otal date signal
always crosses through zero in between any pair of symbols
(any pairof L,Q data), referred 19 a3 quadmiure-retum-to-zero
{QRZ) modulation,

FIG. 3 ilhustrates the key property of the QRZ format,
showing that the trajectory between two successive symbols
always leads throngh the [-Q crigin. Bach comer of'the figure
represents a pair of I, Q data symbols (e.g., I=1,Q=~1 orI=-

40

Q=1). As shown, to get from adjacent comer points I=1, Q=1 45

(upper right coxner) to I=1, Q=-1 (lower right corner) the
optical data signal must travel Through the origin {0,0). Dur-
ing each trajectory through the-origin, the power ofthe signal,
which is proportion to the square of ity amplitude, gues to
zero,

Retumning to FIG. 3, the ouiput from modulator QMZ3 i3
input fo a polarization wansformer PTI1, which shifts the
polasization of the opticat data signal output from QMZ3 90

‘degrees, The polarization of the signal output from PT1 is

5

1]

arbltrarily Hiustrated by parallel lines as parallel polerization ss

as opposed to a petpendicular polarization of the original
optical signal, Furthermore, the output uptical data signal

from modulator QMZ2 is combined at combiner C1 with the -

TX XD pilot signaf from MZ4: The output from C1 is shown

in FIG. 4a. As noted above, the intensity of the TX ID slgnal &p

is reduced in compmison with the optical data sigoa] from
QMZ2. 1t is also noted that the polarization of the cutput
signal frora C1 Is shiown as perpendicular, since (ke poleriza-
tion of the output from C1 remains unchanged from the oxigi-

nal polurizetion. Thereafter, the output signel from PT1 is 65

combined with theoutput signal fromcombiner C1atC2, 'Ihe
spesiriun of the output signal ot of C2 is shown in FIG. 45

6

Ascanbe discemed, the spechrum includes data channels 1, 2,
3 and 4 in bath lower and upper data bands, Chennels 1 and 2
are in perpendicular polarization and channels 3 and 4 are in
parallel polarization. The reference carrierat approximately 0
GHz from M74 15 in perpendicular polarization.

Accordmg 1o the {liustrated cmbodiment, the output signal
{ftom C2 Is input fo @ polarization beam splitter PBS1 which
splits the signal into perpendicular and paraliel polarized
components, thereby separafing the data channefs I and 2
from channels 3 and 4. The perpendicular component (con-
taining data channels 1 and 2 as well as the centrel reference
frequency) istransmitted along lower path 102 to a first chan-
nel of a dense wave divisionmultiplexer DWDM, the parallel
component (contnining data chamels 3 and 4) is input fo a
polarfzation transformer PTZ, which roiates the polarization
ofthe parmile] component back into a perpendicnler stute, The
output from PT2 is then input fo & second DWDM chennel,
Bach DWDM chanonel acte a5 & band pass filter and passes
only frequencivs that fall withina 50 GHz band. Assuming for
illustrative purposes that DWDM channel 1 passes frequen-
cies from -50 GHz o 0 GHz relative (o the reference fro-
quency, and DWDM channel 2 passés frequencies from O to
450 GHz, data channels 1 and 2 are passed only in the dota
band fiom -40 GHz to ~10 Gz and whilc data channels 3
and 4 are passed only in the data band from +10 GHz to +40
GHz. The DWDM muitiplexes each of the pagsed bands onto
a long haul fiber (not shown), The output spectrrm from 50
GHzto+50 GHz outputfrom the DWDM isshawn inFIG, 4e,
The adjacent DWDM channels each pass 20 Gbis of data,
combining for a total of 40 Gh/s,

In an alternative embodiment, a polanzunon multiplexing
scheme may be used, making if unnecassary to separate data
chonnels Tond 2 from datz chennels 3 and 4, As described in -
related and commonly owned application [Ser. No. 097732,
354] hioreby incorporated forreference, the pairs of data chan-
nels can ocoupy the santedala band iftheir polarization states
remain orthogopal and thus do ot interfere with each other,
Inthisimplementation, the polarization beam gplitter PBS1is
not needecl and the output from C2 canbe sent directly to one
of the DWDM input channels,

1, Reception

In accordance wuh the present mvention, & homadyne
reseptipn system is employed to receive the optical dats sige
nal generated as deserlbed sbove, Upon téception, the trans-
mined side carrier at the reforenca frequency Is boosted to
increase the signal-to-noise ratio (SNR) of the opticel datn
signal andto compensate for the sttenuation of the side carrier
in the transmitter, The boosting of the side carrier increases
the SNR because of the implementation of homodyne recap~
tion in which overali detected sigon) power is incressed in
preportion to {ke power of the local oseillator, orin the present
cage (as will be discussed below), the fransmitted side carrier.

Once the amplitude of the side carrier power js boosted

- relative to the transmitted data bands, the side carder is

shifted by +/-25 GHz into two side carders that are cach
shified 1o the center of one of the two data bands to further
implement homodyne reception.

After the shifting of the side carricrs, the twa side carriers
are separated and then modified by polarization controllers
which maich the fime-varying polarization stete of each the
side carriersta the different time-varying polarizationstate of
the respective data bands, thus overcoming the effects of
polarizaliof mode dispersmn by controlling the Im]anzatinn
at only = sitigle frequency,

‘According fo an embodiment of the present mvantwn,
chromatic dispersion compensation stege ia used to ecuster
the effects of dispersion during transmission over long banl
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fiber. Since the effects of dispersion can be modeled as a
transfer function that is spplied to the T and Q data sigoals, the
chromatic dispersion compensation slage applies a compen-
sating correcton function that effectively counteracts the
transfer function, rendering the ¥ and Q data signals into their
original non-dispersed stafe,

T1G. 5 illustrates an embodiment of a homedyne receiver
according o the present invention. An oplical data signal is

- received first by a side sarrier boosting module 200 for which

the present inveation provides two axemplary erobodiments,

In a first embodiment of the side carier boosting modnle,

shown in FIG. 6, the optical data signal is first mput to an
optical amplifier BDFAL, which may be, for cxample, an
erbium-doped fiber amplifier (EDFA). It is noted that all
further optfcal amplifiers used In the Implementstions
described below may be implemexntod a3 erbium-doped fiber
soplifiers, The optical amplifier BDFAT amplifies the entire
spectrum of the received signal by, for example, approxi-
mately 15-184B, The amplified signal putput from EDFAZ is
split at 83 between an upper branch that is coupled to a
Fabry-Perot resonator FP1 and a Jower branch that is eoupled
to an attenvator AT,

The Fabry Perot resonator FP1 functions as a high-Q filter
that nearly completely filters out all frequencies excepts fora
geries of frequencies that ere separated by, for example, 100
Ghz which, according to the Intemationa] Telecommunica-
tion Union {ITU) grid, is the amowmt of bandwidih allocated
for cach chamnel, The resonator FP is adjusted to pass the
side cezrier at the reference frequency and filter out the data
bands of the optical data signal, It is noted in this repard Gt
it {a contemplated that the embodiments of the present inven-
tion be used in the context of the ITY grid, and that the
reception approach described allows for simultaneous pro-
cessing of side camiers for a plarality of ITU grid-spaced
channels, The lower branch passed to ATT1, which conteins
both the data bands and the side carrier s aftenuated. ‘The
signals output from FPY and ATTY arve combined in combiner
C4 and then passed to a firlher optical amplifier EDFAZ
where thecombined signal is again amplified by, for example,
approxémately 15-18 dB. Because the side carder was iso-
lated and boosted in FP1 and the data bands were attenuated
in ATT1, the combined signal contains a skle carrier boosted
atleast 10 dB in nmplitnde relative to the deta bands, .

A second embodiment of the side canier boosting modnle,
which advantageonsly makes use of theamplitede-enhancing
effect of Stimulated Brillovin Scattering (SBS), is shown in
FIG. 7, The SBE effect ceuses a first optical signal having
parow frequency band aroind fréquency X 1o be amplified
when collides with a signal of frequency X+l 1 GHz travel-
ing inthe opposite direction. Referring to FIG. 7, the received
signal isinput to optical amplifier EDEA3 which amplifies the
entive spestrum of the Input signal. The signal ontput from
amplifier BDFA3 is fransmitted to optical isolator ISL 1,
which permits optical signal to ravel only in one direction
(the direction indicated by the amrow in the figure) and pre-
vents optical signals being reflected or transmitted back
toward the amplifier EDIA3, From the optical Isolafor ISL 1,
the optical data stgnal is split into two branches at splliter 84,

A first upper branch from splitter 84 leads to Fabry Perot
resorator BPZ, which passes the side carer {and other modes
in the series of frequencies) in between the data bands, FP
confroller 1 auicmaticelly ndjusts the resonator FP2 so that it
correctly passes the side carrier using input from spliler 85
end filters out the data bands, The output fiom FB2 is deliv-
ered to external modulator XMOD 1, which aiso receives an
11 GHz signal from a 11 GHz oscillator through an 11 GHz
amplifier, The external modulator XMOD 1 medulates the 11

5

—
o

8

GHz signal onfo the side carrier. The spectrum of the output
from the modulaler XMOD 1 thereafter contains the refer-
enca frequency and two sidefrequencies localed 11 GHz both
above and below the reference ftequency. This output signal
i5 then transmitted to another resomator FP3, which is
adjusted by FP controller 2 to center on (and pass) only the
side frequency 11 GHz above the reference side carrier fre-
quency. The resulting signal, camrying substantially a single
frequency at the reference frequency +11 GHz, is anplified in
optival amplifier BDFA4 and then input to girculator CIRC 1,
The circulator passes signals in a counter-clockwise direc-
tion, More specifically, CIRC 1 passes the oniput from
BDFA4 lefiwards in a counterclockwise rotation towards the
cutput of optical isolator ISL 2. It s noted that the side carrier
boosting scheme jg also intended be used in conjunetion with
a dense wave division rouliiplexing scheme, Thus, the side
currier boosting module can simultaneously process and
beost a plumlity of side carriers spaced in frequency aceord-
ing to ITU channe] spacing.

Sirmmltaneously, the optical signg] in the Jowerbranch from
splitter 84 is trensmitted thropgh isolator ISL 2 and then
meels with the optical sigral from the upper branch ouiput
from the circulator CIRC 1. This collision of the two optical

- siguals traveling in opposite directions penerates the SBS

25

non-linear effect, According to one lmplementetion, the fiber
connecting isolator ISL 2 and circulator CIRC 1 can be dis-
persion compensating fiber which, due to iz relatively

_smaller cross-section, promotes higher intensity and more

0

pronounced non-lincar effects such o3 SBS. When the optical
data signal containing the reference side carrier collides with
the 11 GHzsidefrequency signal fom CIRC 1, anarrow band
inchading the side carrier in the optical data signal s amplified

rhifive to the data bands due to the SBS effect as explained -

above, This modified optical data signal then reaches the
circnlator CIRC 1 from which it passes in the counter-clock-
wise direction to optical amplifier EDEAS, which nmplifies
the entire speommn of the modified optical data signal by
15-18 dB, The cutput from BDFAS is the final ontput of the
second embodiment of the side carrier boosting modale 200,

Returning to FI1G. 5, the optical data signal output from the
side caryier boosting module 200 js fuput 1o circulatar CIRC
2, which in turn transinits the signal jn a counter-clockwise
direction to Pabry-Perot resonater FP4, having n free speciral
range (FSR) of 100 GHz and Snesseon the order of 1000, The
resouetor FP4 Is alsp funed to select The side carrier at {ap-
proximsiely} the reference frequency (O GHz). FIG. 8a

" showe a spectium of the signal outpui from FP4, indicating

2]

65

that the data bands have again been filtered out. The data
bands that dre filtered out at FP4 are resent back foward
¢imulator CIRC 2, where they are-redivected in & covnter-
clockwisa direction towards splitter 87, The spectrum of'the
output fom gplitter 7, which includes the two filtered data
bands at 40 GHz to 10 GHz and +10 GHz to 440 GHz, is
shown in FIG, 86

It is noted 1hat when the optical data signal is transmitted
over long haul fiber between the transmitter and the recejver,
the polarization state of the transmitted signal is scrambled,
with the result that the received signal has an vnknown time-
varying polarization stete. Since the time-verylog polarizas
tion state varies with frequency, the side carrier is expected fo
havea different time-varying polarization stnte than either of
the data bands because it is separated from the centers o data
bands by 25 GHz, When the cutput fromn resonator FP4 is fed
to the sido currier shifiing module 210, the side carrier’s
orthogonsl polarization states are split in polarization beam
splitier PBS2, and then each of the orthogonal signals are
separate]y modulated by 25 GHz in XMOD 2 and XMOD 3,
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tespectively, and then joined back in PBS3. The autput from
PBS3 is illustated in FIG, 8c, which shows two side cartlers
at =25 GHz and +25 GHz fiom the reference frequency,

respectively. The output from PBS2 is passed on to Fabry- .

Perot filter FPS (FSR=50"Gllz, finesse >500) which passes
both the 25 GHz left and right shified side carriers, and,
transmity them to cirenlator CIRC 3, Cirenlator CIRC 3 detiv-
crs shifted 3C's to reflective polardzation controllers PC 1, PC
2, through respective adjacent 50 GHz-spaced channels of
WDM demmuliiplexer DWIDM 2, The polarization coatrollers
PC 1, PC 2 are construcied to provide control of the phase of
the signals reflecied from the polarizaticn controljers back to
the demultiplexer DWDM 2. Such control may be used, for
instance, in order to compensate for the effective fiber length
between the polatization controllers PC 1, PC 2 and the
demultiplexer DWDM 2. In one implementation, the polar-
ization controllers PC 1, PC 2 inclnde mirrors and piczoclec-
tric actimtors to adjust the distancethe reflected signal travels,
which in furri controls the phase ofthe reflected aptical signal,

Bach polarization controller PC 1, PC 2 is usedi to trans-
form the time-varying polarjzationstate of one ofthe twoe side
carders so that the polarization states of each side carrier
matches the time varying pofarization state of the respective
data bands which are centered at the side carter (25 GHz
and +25 GHZ). To accomplish this, each polarization control-
fer PC 1, PC2 obtains feedback from the photodiodes that
receive the data bands, PC 1 receives the feedback vie bias-T
couplers BT 1 and BT 3, while PC 2 receives feedback via
bias-T eouplers BT 2 and BT 4. As will be described below,
the demultiplexers at the top of FIG. 5, DWDM 3, DWDM 4,
receive both the data bands and the side carriers, filter them
into separate, adjacent frequency chamnels and then- effec-
tively multiply the side carrier and data bands toguther st
photodiodes PD1, PDZ, FD3 and PD4 (and other photodiodes.
of adjacent channels that are not shown) which respdnd fo the
intensity of the signal (i.e., the square of the amplitude), The
product signal output from the photodicdes {s delivered o the
respective polarizetion controllers PC 1, PC 2 via bias-T
couplers BT 1, BT 2, BT 3 and BT 4. The outputs rom BT 1
and BT 3, which contain converted data signals 1 and 2,
corresponding fo data chennels 1 and 2, are combined to
provide feedback.fo polarization conu'cl]er PC 1, and the
outputs from BT 2 end BT 4, which contain data mgnals 3and
4, comesponding to date chaunels 3 and 4, are combined ta
provide feedback polarization coutrolier PC 2, 1t is noted that
the data signals 1 and 2 are expected to have a similar polar-
fzation state since, during ransmission, they oceupy the same
frequency range. Equally, data signals 3 and 4, corresponding
to datn channels 3 and 4, are expected to have a similar
polarization state, At the polarization controllers PC 1, PC 2,
the time-varying polarization of the combined product sig-
nals are compared 1o the polarization state of the individual
side carrler signals.

By contimually acbusuugthcpo]anzauon of the sidecarrier
signat and then comparing the modified polarization state to
the combined product signals, the polarization controllers PC
1, PC 2 can accurately malch the ﬁme—varying polarization
stafe of each of the side carriers with the time-varying polar-
jzation sfate of the corrcspondmg data bands, This fechnique
tokes advantage of fact that It is easier to adjust the single
polarization gtate of a single side carier frequency than to
adjust the multitude of polarization states of a band of fre- .
quencies, for example, a 20 GHz data band, via wide-band
pulanzauon compensation. However, polarization mode dis-
persmn compensation canalso be performed hero by adjust-, |
ing the average polarization of the data band, which g treated -
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10
as baving a single polerization, und then meiching to the
polarization of the sida cartler.

Returningonce again to FIG. 5, the polarization controllers
BC 1, PC 2 output polagzation compensated side camier
signals to clreulator CIRC 3, from which they are forwarded
to splitter 831. The splitter S51 also shifts the phaseof one of
the cutput branches hy 90 degrees rolative to other branch.
The output spesirum from 881 is shown in FK3, 34, These 0
degree and 90 degree phase shifted carriers are recombined in
combiners C5 and C6, respactively, with the data bands out-
put frorn splitter 37, In-phase (0 degrea shified) and quadra-
ture {90 degree-shified) signal spectrums cut of ontputs of
respective combiners C5 and C6 are shown in FIG, 8¢ and
FIG. 87. As can be discerned, In each spectrum, a side carrier
is positioned in the cenfer of a data band. Each side of the
specira is equivalent to a spectrum generated by a conven-
tional homodyne system in which the local oscillator fre-
quency is matched to the center frequency of the dnta band,
Furthermore, as iz conventional homodyne reception, the
power of the central cander freguency is hoosted relative to
the data portion in order to the improve sigaal-to-noise ratio
of the detected signal. The side carrier that has been shifted 0
degrees can be used to detect the in-phase (1) 10 Gb/s data
channels from the trensmiiter (chumels 1, 3) and the side
carrior{hat has been shifted 90 degrees can be used to detest
the geadrature (90 degree shifled) 10 Gb/s data chaneels
{channels 2, 4},

The combined signal from C5 s sent through opticel
amplifier BDPAG and the combined sigoal from C6 is sent
through optical amplifier BDFAY to final 50 GHz spaced
demultiplexers DWDM 3 and DWDM 4. Bach of the demul-
tiplexcrs DWDM 3, DWDM 4 separate.the data bands and
sidecarriers madjaccnt channels for electro-optic conversion
atphotodicdes PD 1, P 2 and BD 3, PD 4 respectively, In this
manner 10 GB/s data chanoels 1 and 3 are separated in
DWDM 3 and 10 Gb/s chinnels 2 and 4 are separated in
DWDM 4, resulting in the output of four separate 10 Gly's
data sig‘nals.

In an implementstion of the receiver according to the
present invention, low-bandwidth photodicdes can be pluced
at reflective ends of polarization controllers in each leg of
‘WDM demnltiplexer to provide monitor outputs proportienal
to fluctuations in each of carriers, forexarmple cavsed by cross
phase modulstion ({PM). Since the respective 10 Gb/s data
channels correspording to the side carriers generally fluciu-
ate in sympathy, the effect of camier fluctuation can be
removed if the monitor culput fuctnations are subtracted
from the outputs of the respective received 10 Gb/s output
channels,

After the converled data siguals are further processed
through frens-impedence amplifiers TIAT, TIA2, TIA 3, TIA
4 and low pass filtcrs LPP1, LPF2, LPT'3, LPF4, they are Input
1o a chromatic dispersion compensation stage shown sche-
matically in FIG, 9, It is noted in this context that the disper-
sion compensation stage car equally be implemented at the
quedrature data medulators on the transmitter side instead of,
or in addition to, implemeniation at the reseiver. The effects
of fiber-induced chromatic dispersion on quadrature-maodu-
Inted sinusoidat data signals cae be deseribed by the follow-
ing matrix equation:

Lowt@: L,

. cosgl (P, L f)  ringi(D, 4 1) ][ Lintf) )
Qo L /)

*|-sngup, L, ) cospren, £ 13 Qw1
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where [_oui(f) and Q_out(F) are frequency domain represen-
tations of output [ and Q signals, which are medified from
frequeccy domain representations of fnput 1 and Q signsls, |
I_ia(f) and Q_in(f), by the dispersion matrix, for which

D, L.,f):D-L-:?:—i-!O"‘-mn’ - @

D denotes the fiber dispersion inmnits of ps/nm¥km, I, stands
for fiber Iength in meters and f'stends for frequency in Hz.

The dispersion matrix canbe interpreted as a transfer funce
tion which applies a clockwise rotation angle that 35 propor-
tional to the square of the frequency of the {ransmitted sinu-
soid. To counierthedispersion effect, it is feasible fo apply an
inverse trangfer finction, which can be interpreted as a coun-
terctockwise rofation, also propodions] to the square of the
frequency, This counter-dispersion, or correction funstion
may be described by the following matrix equation:

costpl(D, L, 1) —ﬂiﬂ(ﬁlma-l«ﬂ]] &

dispror(D, L f) [swlw. LI oD, L /)

Therefore to correct the 1 and Q daia signal for the effects
of chromatic dispersion, the correction fonction is applied to
the ] and Q input signale (again, ¢ither at the transmitter or at
the receiver, asis shown), Multiplying the correction function
by the input signals yislds:

I out=cos @ LDL L in-sim QUD LML jn

O _out=sin &1 (D,LA-Ljnteos 21D LAQ I @

From equation (4), itis clear that dispersion compensation
can be obtained by modifying the ioput T and Q data signals
with an appropriate transfer fanction and then combiniog the
modified signal, An embodiment of a dispersion cormrection
circuit that performs these operations is shown in F1G, 9. As
shown, the I inputsignal Is input to asplitter 810, from which
an upper branch is delivered 1o amplifier Al and a lower
branch is delivered 10 an amplifier A2 in order to hoost the
signal. The upper branch s trangmitied to a COS1 clronit
which applies the cosine portion of the dispersion correction
function cos $1(DL,D {o the ingut data signal as will be
described further below, The lower branch from the splitter
810 js fed to a STNT eirenitwhich applies the complementary
sine portion of the dispersion correction fimetion,

“The Q data signal is concurrently input to splitter $11 and
broken up into ax upper branch which is fed through ampli-
fiers A3, and a lower branch which is delivered to inverfing
amplifier 1A1 which, in addition to boosting the signal, also
shiits the phase of the signal by 180 degrees, The upper and
lower branches are thereafter input to respective COS2 and
SIN2 cirenits which perform the sams furctions as the COS)
aad SIN circuits, respectively. As shown, the modified signal
from the SINI circpit, which is the prodsct I_in times sin
1,17, is combined with 1he output from COS2, theprod-
wet, Q_intimes cos ®1(D,L,T), 8t combiner CMB1. Compati-
son with equation (4), shows that the output of combiner
CMB1, matches the desired Q_out autput for dispersion com-
pengation, Similarly, the combination ot CMB2, containing
the produets J_in times cos ®1(D,L,1) and Q_in times —sin
®1(D,L,0), matches the desired I_out cutput for dispersion
compensation, .

Purthermote, the TX TD pilot signal, which, ss noted
above, is moduleted onto the reference frequeney +/-10-100

5

&

20

W

40

45

53

60

65

12 :
kHz, is regeived al the polarization confrollers PC 1, PC 2and
converted to the RP dorain at pholodetectors PD3 and PD4,
The TX pilots may be coded by frequency medulation or by
another code modulation technique, The TX 1D identifies the
particnlar transrmitter sending the signal, allowing informa-
fiom, such as the length oFoptica) Aiberbetween the fransmitter
and the receiver (which is the same as the parameter, L, used

nthedispersion correction function), 1o be extracted fromthe .

coded signal, This informationis transmitted to the chromatic
dispersion coropensgtion stage where it is received by a chro-
mafie dispersionmodule 259, The chrometic dispersion mod-
ule, in twrn; is coupled to the SIN and COS ¢ircuits and causes
adjustments to be made to the respective transfer functions
applied to the T and Q inputs in accordance with the infoima-
tion extracled from the TX ID.

According to an embodiment of the present invention, the
SIN and COS cirouits of FIG. 9 are implemented as micros-
trip circuits which use fayers or regions of copper deposited
on & circuitboard having various widihs and lengths, to adjust
electroragnetic effects that modify signals seat through the
copper Jayers or regions, FIG. 10a and FIG, 1056 ilustrate
implementations of the sin ®1(D,L,f) and cos BUD,E,)
transfer functions respectively. As is knownin the art, verions
combinations of linear strips, (denoted as MLIN}, t-junctlons
(denated as MTEE), and capacitive elements {capl, capZ),
agpin having vardous adjustable lengths and widths are vsed
1o fine-tune the elegiromagnetic wave effects in the copper
regions to simulate the desired transfer foactions.

In the foregoing description, the mathod and syswem of the
invention have been described with reference to a nutnberof
exemples thet arenot to be considered limiting. Rather, itisto
beunderstood and expected that veriations in theprinciples of
the meihod spd spparatus herein disclosed may be mude by
oneskilled inthe art and it is intended that such wodifioations,
chanpes, and/or substitutions are 10 be included within the
scope of the present invention as set forth in the appanded
claims. For example, although only & 10 Gbp/s digital base.
band s discussed, the inventive principles herein may be
applied 1o higher or [ower data rates as the case may be,

‘What Is claimed is:

1, Amethod of compensating a quadrature modulated opti-
cal datd signnl for effects of chromatie dispersion ocourring
duing transmission over optical fiber, the method comprising
the steps of}

separating in-phase and quadrature components of the

optical deta signal;
optoelectrically converting the in-phase and quadratore
components of the opticat duta signal into in-phase and
quadrature data signals; )

applyiog 1 comrective function to ihe in-phass and quadra-
mee data sigoafs, the corrective fanction modifying the
in-phase and quadrature data sigpals In a manuer that
precisely counteracts effects of cluomatic dispersion on
the in-phase and quadrature componeats of the aptical
data signal.

2, The method of claim 1, wherein the corrective function
15 a function of'a coefficient of fiber dispersion, a Jength ofthe
optical fiber, and frequency of the optical data sipnal.

3. A receiver for receiving snd processing an optical data
signal, the optical data signal including at least two data bands
and ot Ienst onc side cartier, cach ofihe at least two data bands
including a pair of guedratire modulated data signels, the
receiver comprisicg;

& side cander boosting medule, the side carrier boosting

module for increasiog an amplitude of the at least one
side carrier refative to the at least two data bands;
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a side carrier shifting module coupled to the side carrier

boosting module, the side carrler shifiing module for

shifting the at least one side carrier info at least two

shifted carriers, each of the at least two shifted carrfers -

shifed o a center of one of the at least two data bands;
and

means for compensating polarization mode dxspemnn
coupledto theside carrier shifting module, the means for
compensating adjusting a polarization state of one oft

a) each of the at least two shifted camiers to match a
polarization state of one of the at least two data bands;
und

b) the at least two data bands to match a polerization state
of the at least two shifted carriers,

4. Thereceiver of claim 3, wherein the side camrier boosting

module inchrdes;

a splitter for splitting, the received opticel data signal and

. tronamitting the optical dats signel into an upper branch
and a lower branch;

a Fabry-Perot resonator coupled 1o the upper branch for
filtering the at least one skde camier from the at least two
data bands in the optical data signal fed to the upper
branch;

an aticnuator covpled to the Jower branch for attenuating
the optical data sigoal transmitted via the lower branch;

a combiner coupled to both the upper and lower branches,
the combiner combmjng and outpuiting the optical data

gigaals transmitted via each of the upper and lower .-

branches; and
‘an optical amplifier coupled tothe combiner foramplifying
the output of the combiner;

wherein an amplitude of the at least ene side carder is
increased relative to an amplitude ol the at least two data
bands,

8. The receiverof claita 3, wherein the side camrier boosting

module includes:

a splitter for splitting the received opfical data signal and
transmitting the optical data signal jnto anwpper branch
amxl a Jower branch; and

& Fabry-Perot resonator coupled to the upper branch for
filtering the arleast one sidz carrier from the at Jeast two

dats bands in the optical data sigaal fed to the upper-

branch;

a modulator coupled o the Fabry-Perot resonator for
modulating an 11 GHz signal onta the at least ong side
carrier ouiput from the Pabry-Perot resonator;

a farther Fabry-Perot resonator coupled to an outpat of the
modulator for sefecting & frequency 11 GHzabove theat
least one side carrier; and

a cirenlator coupled 1o both an output of the further Fabry-
Perot resonator and the lower branch, the circnlator
sending the ontput of the further Fabry-Perot resonator
in along the lawer branch in a directfon, opposite to a
transmission direction of the optical data signal;

wherejn the aptical data signal coilides with the oulpit of
tha further Pabry-Perot resonator inducing a Stimolated
Briliovin Scatterlng effect, the effect enhancing en

amplitude of the at Jeast one side carier in the optical -

data signal relative to an amplitude of the at Jeast two
data bands in the optical data signal,
6. Thereceiver oficlaim 5, wherein (heslde carrler boosting
module inclades:
an amplifier for amplifying the output from the firther
Fabry-Perot resonator,
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an isolator in lhe lower branch downstream of the splitler,
the isolator blocking the progress of the output from the
farther Fabry-Perot resonator along the Jower branch:
and

dispersicn compensating fiber coupling the cirenlator with
the isolaior along the lower branch, the dispersion com-
pensating fiber enhancing Stimulated Brillouin Scatier-
ing events occurring within the fiber.

7. The receiver of claim 3, further comprising;

B chromoatic dispersion compensation stage, the chromatic
disperslon siage recelving as inpat in-phase and quadra-
fure-phase sipnals of the quadratire modulated data sig-
nals, the chromatic dispersion correction stage includ-

ng:

a first splitter for eplitling the input in-phase signa) into a

st branch and a second branch;

a frst COS cirouil coupled to the first splitter for applying
8 COS transfer function io (he n-phase signal in the first
branch;

a first SIN circnit coupled to the first splitter for applying a
first SIN transfer function 1o the in-phase signal in the
second branch;

a second splitter for splitting the input quedrature-phase
signal into a first quadrature branch and a secend
quadrature branch;

an inverter coupled to the second quadrature branch for
changing the phase of the quadrature signal in the sec-
ond branch 180 degrees;

b second COS eireult coupled to the first splitter for apply-
ing 0 COS transfer function to the quadrature signal in
the fivst branch;

a second SIN circult coupled to the first splitter for apply-
ing s SIN transfer function to the quadrature sigpalinthe -
secand brunch;

a first combiner for combining output from the first SIN
circuit with gutput from the second COS circuif info 3
corrected quecratare oulput signal; and

a second combiner for combining output from the first
COS cirenit with output from the second SIN circuit into
a corrected in-phase oujput signal,

8. The receiver of claiin 7, wherein the received oplical data
signal includex a tramsmitter identifloation code embedded in
one of the at least one side carrier and the chromatic disper-
sion compensation stage further includes:

& chromatic dispersion module coupled to oo input for
receiving the transmitter identification and also soupled
to the first and second COS cirguits and the first and
second SIN clrenits;

wherein the chromatic dispersion modnle js operative to
transmit signals to the first and second COS cirenits and
the first and second SIN circuits, the signal effectuating
adiustments to the respective transfer functions applied
by the fisst and second COS cirenits and the first and
second SIN circuits in accordance with information
extracted from the transmitter identification.

9, The receiver of ¢laim 8, whercin the extracted informa-
hon includes infomoation ducnhmg the location of a trans-
puitter from winchthe received optical data signal originates,

10. The receiver of clalm 8, whercin tho first and second
COS circnits and the first and seecand SIN circuits include
microstrip elements, the microstrip elements having variable
lengths and widihs end modifying inpwt signals according to
the variable lengths and widths.

11. The receiver of claim 3, wherein means for compen-
saling polarization mode dispersion include:

a frequeacy filter conpled to an output of the side carier

shifting module; and




[ VR Y

Case 8:12-cv-00759-AG-MLG Document 1  Filed 05/10/12 Page 30 of 62 Page ID #:46

US 8,103,173 B2

15

at least two polarizalion controllers, the at feast two polar-
ization confrollers coupled to the frequency filter and to
8 photedetector outpwt, each polarization controiler
recelving ong of thetwo shifted sidecarriers and altering
a polarization state of the received shified side carrierto

match a polarization state of the data band at which the,

shifted side carrier is centered, the polarization state of
-the dafe band being recelved via fecdback from the gho-
todetector outpat.

12, The receiver of claim 11, further compnsmg

aphase shifler coupled fo andrecewmgoulput side carriers

1]

10

$rom the g1 least two polarization controllers, the phase
shifier splitting tho received shifted side carrder signals |

into & first branch and a sccond branch, the second |
branch signal being shifted %0 degrees with respect to
the first branch signal;

afirst combiner for combining the first branch with the data
bands ofithe optical data signal;

& second combiner for combining the second branch with
the data bands of the optical data signal; and

a first demultiplexer coupled to the first combiner and

filtering output from the first combiner info first and-

second in-phase chanuels according to frequency, the
Arst and second in-phase channels each incloding a deta
band and a shifted side carrier;

8 second demultiplexer coupled to the second combiner
and filtering ontput from the second combiner into thivd
and fourth quadrature-phase channels according to fre-
queney, the tird and Jourth quadmture-phose chennela >
each including a data band and a shifted side carrier; and

at first set of photwdetectors conpled to the first denmti-
plexer for opioelectrically converting the first and sec-
ond in-phase channels; and

8 second set of pholodsteciors coupled (o the swond
demultiplexer for optoslectrically converting the third
and fourth quadature-phase channels;

wherein output from the first and second set of photode-
tectors is provided fo the at least two polanization con-
trotlers, the polarization controllers match pelarization
states of the first, second, third and fourth chennels with
the rspeclive side carier within each of the channels.

13. The receiver of claim 12, wherein the first and second

demultiplexers are dense wave division demultiplexers,

14, A method of vorrecting a quadmture modulated optical

data signal for effects of chromatic dmpersion comprising the
steps oft

deriving in-phase and quadrature data signals via a homo- 5

dyne reception system; and .
applying a corrective function to the in-phase and quadra-
ture data signals, the corrective fumction modifying the
in-phase and quadrature data sigpals in a manner that -
precisely counteracts effects of chromatic dispersion on
the in-phase and quadratare components of the aptical
. data signal.
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15, A method of correcting in-phase and quadrature date
signals for effect of chromatic dispersion prior to modulation
onto an optical data signal, comprising the steps oft

providing an in-phase data signal on a first i input and pro-
viding a quadrainre data signal on a secord inpuf; and
‘applying a comrective function o the in-phase and quadra-
ture data signnls, the corrective fiunction modifying the
in-phase and quadrature data signals in a manner that
precisely couvateracls effects of chromatic dispersion
occurring when the in-phase end quadrature data signals
ure moduleted onto the optical dala sigoal and ransmii-
ted across oplical fiber
16. A recciver for receiving and processing an opticel data
signal, the optics] datz signal inclnding wl least two dafa bands
and atleast one side carrler, each of the at least two data bands
inchiding a pau- of quadrature modulated data signalz, the
recelver comprising;

a sids carrier boosting module, the side carrier boosting
module Jor increasing an amplitude of the at least one
side cerrier relative to the af Jeast two data bands;

a side carrier shifting module coupled fo the side carrier -
beosting module, the side carrier shifting module for
shifting the at least one side camier info at least two
shifted camiers, each of the at least two shifled carriers
shlﬂed to a center of one of the at Teast twé data bands;

a ch.mmalxc dispersion compensation stage, the chromatic
dispersion stage receiving as input in-phase and quadra-
tore-phase signals ofthe guadrature modulated data sig-
nals, the chwomatic dispersion correction stags includ-
ing:

a first splitter for splitting the input in-phase signal into
e first branch and a second branch;

a first COS cirenit coupled o the first splitter for apply-
ing a COS transfer fimetion to the in-phase signal in
the first branch;

& first SIN circuit conpled te the first spliter forapplying
e first SIN ransfer function to the {n-phase signal in
the second branch;

asgoond eplitter for splitting the input quadraturé‘.~phase
signal into a first quadratore branch and a second
quadratire branch;

a0 inverter coupled to the second quadrature branch for
changing the phase of the quadrature signal in the
segond branch 180 deprees;

a second COS eiréult coupled to the first splitter for
app]ylng a COS transfer fimetlon to the quadratore
signal in the first branch;

8 second SIN gircujt coupled to the first splitter for
applying a SIN transfer function to the quadrature
signal in the second braoch;

a fitst combiner for combining ontput fiom the first SIN
cirouit with output from the second COS cirouilintoa
corvected quadrature output signal; and

# secomd combiner for combining cotput from the first
COS cirouit with ontpat from the second SIN circuit
into a corrected in-phase output sigaal,

¥ x4 ¥ 3
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1
METHOD AND SYSTEM FOR A
POLARIZATION MODE DISPERSION
TOLERANT OPTICAL HOMODYNE
DETECTION SYSTEM WITH OPTIMIZED
TRANSMISSION MODULATION

CROSS-REFERENCES TO RELATED
APPLICATIONS

L3

This application is related to copending and commonly o

assigned U8 patent application Ser. No, 09/748,750, filed in
the United States Patent and Tradematk office on Dec, 26,
2000, entitled *Method, System and Apparatus for Optically
Transferring Information™,

FIBLD OF THE INVENTION

The present invention relates to optical daty communica-
tion, and in pamcular, relates to & method and optical data

commumicetion systern that improves signal-to-noise ratio of 20

optical date sipgnals, counteracts polarization mode dispersion
and improves rebusiness to fiber nonlinearities,

BACKGROUND INFORMATICN

Currently, optical data communication systems nre being
upgraded from a 10 Gb/s data transmission rate up to & 40
Gbfs trapsmission rate. However, dais {ransmission at 40
Gb/s (or higher) presents extensivedesign challenges because
the effeots of polarizalion mode dispersion (PMD), chromstic
dispersion and fiber non-linear effects such as cross-phase
modulation become more dominant at the higher transos-
gion vates. In particular, the limit of {clershle polarization
mode dispersion, vsually defined as 14% of the datz bit dura-
tion, is only 3.5 ps at @ 40 Gb/s trausmission mate. A 2.5 ps

polarzation mode dlapersion transiates 1o an attainable reach-

of several hundred kiJometers over single mode fiber which
bas a typical fiber PMD of 0.1 pa/km 2,

Current optical communications systeras, such as the PMD
compensation arrangement described in U.S, Pat, No, 6,130,
766 10 Cao, generally attemnpt to compensate for PMD by
splitting received optical signals into X and y mode compo-
pents having orthogonn} polarization, and then adjusting the
delay on one of the orthogonal components to align the
modes. This arangement requires significent signal process-
ing and differential delays to cover the rungs of frequencies
carrying data,

Noenalinearities induced dmngopt:cal trangenission are alse
amplified at higher data rates, While it is necessary for accn-
rate'detection that optical data signals be at least 20 dB above
background noise, if the data signals are tranemitted with 100
much power, noslinearities can play a greater role in distort-
ing the signal, In addition, in coherent systems typical het-
erodyne opfical reception systems suffer an inherent 3 ¢B

* penalty with respect to homodyne systems and jntroduce

phese nolse through use of s local oscillator, and thereby add
a frther level of complexity and constreints to optical system
design.

What is therefore needed is a cost-effective method and
systern that compensates for PMD, optimizes SNR perfor-
mance and minimizes phase noise aud ponlinearilies associ-
ated with transmission over fiber at high data transmission
rates,

SUMMARY OF THE INVENTION

The present invention meets the sbove objectives by pro-
viding an optical homedyne commmoication system and
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method in which a reduced amplitude side carrieris transmit-
ted afong with data bands in an optical data signal, and upon
receplion, the side carrder is boostod, shifted to the center of
the data bands, and its polarization slate is matched to the
polarization state of the respective data bands io compensate
for polarization mode dispersion during fransmission, This
scheme nchieves the signal-to-noise benefits of homodyne
reception withoot inchrring the conventional restrictions and
complicetions of homodyne reception sech as requiring the
phase of a signal from a Iocal oscillator to be locked to the
phase of the opiical signal. .

According to one embodiment, the present invenfion pro-
vides B method of optical communication that bepins with
praviding a quadrature modulated optical data including two
data bands separated in frequency, esch datn hand having
in-phasa and quadralore componenis. The power of the
quadrature modulated optical data signal is limited in order to
limit non-linear effects by reducing the power of the optical
data signal during transitional states in which data symbols
transmitted in the optical data signal change in valve, and in
particular by regueing the power to zero such that transmitted
powerdecreases to zoro at approximately the mid point of the
transitional states, The optical data signal is combined witha
side carrder at a single frequency between the two data bands
of the optical data signal and then transmitted across optical
fiber to & recelver.

At the receiver, the side carrler iz separated from the two
data bands of the combincd optical data signal and increased
in amplitude relative to the data. The side carriers are then
ghifted to the middle of each of the respective two data bands.
Since the relationship hetween the polarization state of the
side cxrricrs and the polarization stote of the data bands does
not glay constant during transmission over optical fiber, the -
polarization state of the shifted side carders is adjusted to
match the polafzation stete of the data bands at which they
are cenlered.

The present invention further provides a method of com-
pensating for the effests of chramatic dispersion during trans-
mission over optical fiber by separating the in-phase and
quedrature components of the two data bands prior to oplo-
electric cogversion, and, afler optoeleciric conversion, com-
pensating for chromatic dispersion by applying a correetive
function to each of the ln-phase and quadratore components
of the data bands, the corrective function precisely counter-
acting the effecis of chromatic dispersion on the in-phase and
quadrature components.

‘The present invention elso provides amethod of providing
information concerning & trapsmission device by pmvndmg

. anoptical data signai having data bands and a side carrier with

w

the side carrier moduiated fo carry an identificstion cude, the
identification code including information concerning the
transmitter, Acconding to an embodiment of the present .
invention, the informafion concerning a transmitter embed-
ded in the side carrier includes parameters used in the correc-
tive function to precisely counteract the effects of chromatic
dispesrsion.

An optical data signal fansmitter is provided for generat-
ing the quadrature modulated optical deta signe! including at
{east one sids carrier, Thetransmitter includas a Mach-Zender
modulator which generates an optical cartier sigoal by modu-
lating & pair of side carriers onto an input optical signal. The

- optical carrier signal is modulaiéd by at lenst two phase

mudulators which modulate & pair of data signals, in quadra-
ture, orto the optical carder signal, onlputiing an optical data
signal including at ferst two data bands, By spreading the data
bands onte the pair of sido varriers, the emplitude of the
optical data signel is reduced to zero during transitions
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betweer data symbols, The transmitter also inclndes 4 second
Mach-Zender modulator which imprints a Jow-frequency TX
ID {transmitter identification code) side caurier ento the input
optical sipnal. The TX ID signal side carrier then combined
with the optical daia signal for transmission. The transmitted

identification code. includes information conceming the,

trapsmitter, such as its Jocation, from which the distance
between: the transmitter and a recelver may be deduced.

The present invention further provides a recelver for imple-
menting homodyne reception, The receiver includes & side
carrier boosting module for increasing the amplitude of the
side carrier relative to the data bands in the optical data signal,
The receiver further inclndes a side carrier shifting modnle
coupled to the side carrier boosting module which shifis the
side carrler inte two shifted carders. Bach of the shifled
carriers is shifed to the center of one of the data bands, In
addition, means for compensating polarization mode disper-
slonthat are coupled to the side.carrier shifting module match
the polarizatién states of the shifted camders to the data bands
by adjusting either the polarization state of the shifted carders
or the polarization state of the data bands. After optoelectric
conversion of the optical dats signal, the receiver employs a
chramatic dispersion correction stage that includes circnits
that apply transfer funciions to the in-phase and quadrture
detected data channels

BRIEF DESCRIPTION QF THE DRAWINGS

FIG. 1 is a block disgram of a transmitter acourding fo Bn
embodiment of the preseat invention.

PIG. 2a shows the spectrum of an optical carrer signal at
the output of MZ1 of FIG, L accm'ding 1o an embodimen of
the present invention.

FI1G. 2b shows the spectrum of an opfical data signel at the
output of QMZ3 of FIG. 1 after datamodu]ahonmquadramm
sccording to an embodiment of the present invention,

output of QMZ2 of FIG, T according to an embodiment of the
present invention,

FIG, 3 shows a 10G symbol per second Quadrature Retum
to Zero (QRZ) constellation diagram of the ouipat from
€QMZ2 and QMZ3.

FIG. 44 shows the specinum ol an opticul data signal af the
cutput of C1 of FIG, 1 according to an embodiment of the
present invention,

FIG. 4b shows the spectrom of an optical data signel at the
cutput of C2 of FIG, 1 accordiag to an embodiment of the
presefit jnvention.

FIG. 4¢ shows the spectrum of an optical data signal at the
gutput of the DWDM of FIG. 1 recording 1o an embodiment
of the present invention.

FIG, 5 is s block diagram of a receiver according fo #n
embodiment of the present invention.

FIG. 6 is a block diagram of a first embodiment of the side
carrier boosting module according 1o the present invention,

FIG, 7 is a block diagram of a sccond embodiment of the
side carrier boosting module according to the present inven-
tion whick employs fhe Stimulated Brilloyin Scattering
(SBS) effect.

P1G, 84 shows the spectrum of =i optical carrice signal at
the output of the FP4 of FIG. 5 according to an embodiment
of the present invention.

FIG, 85 shows the specirum of an optical carder signal at
the output of the 87 of FIG. 5 accordmgto an embodiment of
the present invention,
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P1G. 8¢ shows the spectram of an optics] canrier signal at
the output ofthe FBS3 of FIG. S according fo an cmbodiment
of the present invention.

FIG. 8d shows the spectrom of an optical carrier signal at
the output of the 581 of FIG. § eccording to an embodiment
of the present invenlion.

PIG. 8¢ shows the spectrum of an optical carrier signal at
the output of the C5 of FIG, 5 according 1o an embodiment of
the present invention.

FIG. 8f shows the spectrum of ar optical conder signal at
the output of the C6 of FIG. 5 ﬂccordmg to an embodiment of
the present invention.

FIG. 9 is a block dlagtam of e chromatic dispersion com-
pensauon cironit aocordmg to an embodiment of the presant
invention,

FIG. 104 is 2 blook diagrem of a microstrip inaplementation
of a circuit that applies a COS transfer function to an input
algnal aecording to an embodiment of the present invention,

F1G. 106 iz ablock dingram of a microsirip implementation
of a circvit that applies a SIN transfer fanetion to an input

signai according to an embodhment of the present jnvention.

DBTAILED DESCRIPTION

1, Transmission

Inaccordance with the prcscnt invention, ata transmitter, a
pair of side candces is modulated onto each side of a mono-
chromatic optical carrier signal, which iz then split into two
channels, Bach optical carrier signal channel s modulated
with two 10 Gb/s data sipnals in an orthogonal phase rela-
tionship 1o one another, The date signals arc spread onto the
two side cumec.-, in each chennel, and in effect, are spread it -
by fifty ‘perent in the frequency domain, This spreading is
equivaleat o mu]nphcalmn by a sive wave ot half the data
rate, and resulfs in each data symbol retumning fo zero .

1+ between trunsitions, referred 10 as quadratare-retumn-to-zero
FIG. 2 shows the spectrum of an optical dala signal at thie

4
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{QRZ). Using QRZ, the power of the optical data sigoal is
made independent of the data pattern: The polarizetion of one
of the optival data signel channels s then shifted, and one of
the channels is combined witha channc] of the original mona-
chromatic carrier that has been modulated with 2 transmis-
sion idenfitication carrier of less than 100 kHz,

The two optical data sigas] bapds, which cach carry a 20
Gb/s data stream, are combined and either multiplexed with
adjacent channels at similar frequency and ortlioganal polar-
izationor one of the two channels is shifted in polarization to
match the other channel. In either case, the optical data sig-
nals are multiplexed according 1o a Dense Wave Division
Mulitplexing (DWDM) schems and tramsmitted along long
bavl fiber 1o a destination receiver, |

FIG. 1 illustrates sn embodiment of g transmitter according
fo the present invention, which may be implemested on a
Lithium-Nlobate chip, forexarople, An optical signal genera-
wr SG1, which may be a Jases, generales a monochromatic,
polarized optical carrier at a reference frequency which for
purposes of the following discussion is designated as the
origin (0 GHz) in terms of relative frequency, The optical
sigal Is thoreafter split info two channels, an upper channel
going to Mach-Zendor modulator MZ1 and a lower charmel
being transmnitted to Mach-Zender medalator MZ4, The divi-
sion of light intensity between thetwo channels can be nneven
with fhe lower chanke] recelving, forexample, just 10percent
of the light intensily generated by 8G1. At narmow-band
modulator MZ4, the Jower channe] of the optical siymal is
modulated with a *Transmitter Identification” (TX ID) tone
in the frequicncy range of 10 KHz to 100 KHz above the
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reference frequency. At modulator MZ1, two sets of side
cartiers at +/-20 GHz and +/-30 GHz are modulsted onfo the
optical signal, The spectrom for the modulated signal,
denoted an optical -carder signal, is shown in FIG. 2a. As

shown in the Bgure, the resulting spectrum ouipnt from MZ1 5

shows four peaks, two below the reference Trequency at ~30 .

(GHz and -20 GHz refative to the refevence frequency, and’

two above the reference frequency at +20 GHz and +30 GHz,
The output of modulator MZ1 is further split inte an upper

channel which is transmitted to quadrature data modulater 10

QMZ3 and & lower channel which is transmitted to quadrature
data modulator QMZ2. Data modnlator QMZ2 imprints two
individual 10 Gb/s data streams in quadrature (1n orthogonal
phase relafionship) CH,1 and CH.2Z onto gach of the pairs of

side carrlers above 2nd below the reference frequency. Simi- 15

larly, data modulator QMZ3 imprints individual 10 Gbfs dala
streams CH.3 end CH.4 onto each of the pairs of side carders
in the optical carrier signal. Respective hias control elec-
trodes VB2 ghd VB3 assist in keeping tho data streams in

quadrature. Spectra of the ontpats from QMZ3 and QMZ2 are 20

shown in FIG. 2b and FIG. 2c respectively. As can be dis-

. cerned in FIG, 2band FIG. 24, the output spectra from QMZ3
and QM22 show two dete bands, one extending from ~40
GHzto -10 GHz and another extending from +10 GHz to +40
Gz relative to the reference frequency,

By imprinting two 10 Gb/s dala streams in quadratare, in
effect, 20 Ghls of data are modulated onto each pair of side
earriers (-30,~20 GHz and 20, +30 GHz, respectively) and
each 20 Gbfs data band covers 30 GHz in the frequency

domain. By providing twa side carriers, with one side carrier 30

inthepaira clock rateaway from theother (L., 30GHzbeing
2 clock away from 20 GHz), the data bits in both ] and @
format are multiplied in the time domain by a 5§ GHy sinusoid
which crosses zevo every 200 ps, Thus, the total data sigml

always crosses through zero in between any pair of symbols 35

(zoy pairof1,Q data}, referred to as quadrature-retum-to-zero
(QRZ) modulation:

FIG. 3 illustrates the key property of the QRZ format,
showing that the trajestory between two successive symbols

alwaysleads throngh the I-Q origin, Bach corner of the figure 40

represents a pair of I, Q dala symbols (o.g, I<1,0=1 or
I==1,Q=1).Asshown, lo get from adjacentcorner points =1,
Q=1 (upper right corner) te =1, Q=-1 (Jower right cormer)
the aptical data signal must travel through the origin (0,0).

During each trajectory through the origin, the power of the 45

slgnal, which is proporifonto the square of its amplitude, goes

to zero. .
Returming to FIG. 1, the cutput from modulater QMZ3 1s

input to a polarization transformer PT1, which shifis the

polarization of the optical data sigoa] output from QMZ3 90 so

degrees, The polarization of the signal ontput from PT1 is
arbitrarily itlustrated by paratlel lines as pasallel polarization
as opposed to a perpendicular polarization of the original
optical signal. Furthermore, the outpnt optical data signal

from modulator QMZ2 is combined at combiner C1 with the 55

TX 1D pilot signal from M24, The outpat from C1 is shown
in FIG. 4a, As noted above, the intensity of the TX ID signal
is redyeed in comparison with the optical data signal from
(2MZ2. It is elso noted that the polarization of the output -

signal from €1 is shown as perpendicutar, since the polariza- 60

tior pfthe ontput from C1 remains wnchanged from the origi-
nal polarization. Thereafter, the output signal from PT1 is
combined with the oufpul signal from combiner C1at C2.The
spectrum of the ontput signal out.of C2 is shown in FIG. 45,

As can bediscemed, the spectrnm includes datachannely 1, 2, 65

3 and 4 in both Iower and upper data bands, Chaonels 1 and 2
are in perpendicular polarization and chaanels 3 and 4 arein

6
perallel polarization, The reference carrierst approximately 0
GHz from MZ4 s in perpendicular polarization.

According to the ilJustrated embodiment, the output signal
from C2 is input to a polarizetion beam splitter PBSY which
splits the signal into perpendicular and parailel polarized
components, thereby separating the daty chaxnels 1 and 2
from channels 3 aad 4, The perpendicular component {con-
1aining data chansels 1 and 2 as well as the central reference
frequency) is transmitted along lower path 102 to a first chen-
nel of adense wave division multiplexer DWDM, the parallel
component (containing data channels 3 and 4) is input to a
polarizalion transformer PT2, which rotates the polarization
ofthe paralle] component back into a perpendicular state, The
output from PT2 is then input to a second DWDM channel.
Eath DWDM channel acts as a band pass filter and passes
only frequencies that fall within a 50 GHzband. Asseming for
illustrative purposes that DWDM channel 1 passes frequen-
cies from 50 GHz to 0 GHz rolative to the reference fre-
quency; and DWDM channel 2 passes frequencies fram 0o
+30 GHx, dats channels 1 and 2 are passed only in the data
band from ~40 GHz to —10 GHz and while data chennels 3
and 4 are passed only in fhe data band from +10 GHz {o +40
GHz, The DWDM multiplexes each of the passed bands anto
a long Lanl fiber (1ot shown), The output spectrom from -50
GHz o +50 GHz ouiput from the DWDM is shown in FIG, 4e.
The adjacent: DWIDIM chennels each pass 20 Gb/s of deta,
combining for a totel of 40 Gb/s. .

In an alternetive embodiment, a polarization multiplexing
scheme may bo used, making it imnecessary to separate data
channcls 1 and 2 from data channels 3 and 4.

As described in related and commonly owned applcation
Ser. No, 09/782,354 hereby incorporated for reference, the
paits of data chamnels can occupy the same data band if their
palarization states remain orthogona] and thus do not inter-
fere with cach ofher. Tn this implemedtation, the polacization

. beam splitter PBS1 is not needed and the outpat from C2 can

be sent directly to one of the D'WDM input channels,

1. Reception

In accordance with the present invention, a homodyne
reception system is employed to receive the optical date sig-
nal generated ag described above, Upon reception, the trans-
mitied side carrier at the reference frequency is boosted to
increase the signal-to-noise ratic (SNR) of the aptical data
mignal and fo compensate forthe pttemation of the side carrier
in the trapsmitfer, The boosting of the side camrier ncreases
the SNR because of the implementation of homodyne recep-
tion in which overall detected signal power is increased in -
proportion te the power of thelocel oscillator, orinthe present
case {as will be discussed below), the transmitted side carrjer.

Once the amplitude of the side carrder power is boosted
relative fo the fransmitted daja bands, the side carrier is
shifted by +/-25 GHz into two side cumiers that are each
shifted to the center of one of the fwo deta bands to further
implement homodyne reception.

After the shifting of the side carriers, the twe side carriers
are separated and then modified by polarization vontrollers
which match the tirne-varying polanzation state of each the
gide carders to the diffetent time-varying polarization state of
the respective data bands, thus overcoming the effects of
polarization made dispersion by controlling the polarization
ot only a single frequency.

According to an embodiment of the present invention, 2
chramatic dispersion compensation slage is used 1o counter
the effects of dispersion during transmission over lung haul
fiber, Since the effects of dispersion can be modeled s a
tremsfet function thatis applied to the Iand Q data signals, the
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chromatic dispersion compensation stage applies a compen-
sating correction function that effectively counieracts the
transfer fimetion, rendering the T and Q data signals into their
original non-dispersed state.

FIG. 5 illnstrates an embodiment of a homodyne receiver
aceording to the present invention. An optical data signal i is
received first by a side carrier boosting module 200 for which”
the present imvention provides two exemplary embodiments,
In a first embodiment of the side carder boosting module,
shown in FIG. 6, the optical. data sigoal is first input to an
optical amplifier BDPAL, which may be, for exampls, an
erbium-doped fiber amplifier (BEFA), Tt is noted that all
furiher optical amplifiers used in the implementations
described below may be implemented as erbium-doped fiber
amplifiers, The aptical amplifier BEDEA1 amplifies the entire
spectmia of the received signs) by, for example, approxi-
mately 15-18 dB. Tha mnplified signal ouiput from EDFA1 i3
split ‘&t 83 between sn upper branch that is coupled o &
Fabry-Perot résonator FP1 and a {owsr branch that is coupled
to en attenvetor ATTL, -

The Fabry Perot resonator FPI finctions as a high-Q filter
that nearly completely filters qut all frequencies oxcepts forn
series of frequencies that are separated by, for example, 100
Ghz which, according to the Intemnational Telecommunica-
tion Unjon {ITU) gxid, is the amount of bardwidth allocated
for each channel. The resonator BP1 is adjusted to pass the
side carvier at the reference frequency and filter our the data
bands of the opticsl data signal, It s noted in this regard that
itis conteraplated that the emthodiments of the present inven-
tion he need in the context of the ITU grid, and that the

‘reception approach described allows for simultaneous pro-

cessing of side carriers for a plarality of TTU grid-spaced
channels. The Iower branch passed to ATT1, which containg

- both the data bands and the side carrier is attenuated, The

sigrals output from FP1 and ATT1 are combined in combiner
C4 and then passed 1o a further optical amplifier EDFAZ
wherethe combined signal is again amplified by, for example,
approximately 15-18 dB. Because the side carrler was iso-
lated and boosted in FP1 and the data bands were attenuated
in ATTI, the combined signal contalns a side carter baosted
at least 10 dB in amplitade relative to ihe data bands.

A second embodiment of the side carrder buosting module,
which advantegeonsly makes nse oftheamplitude-enhancing
effect of Stimmlated Brillonin Scattering (SBS), is shown in
FIG. 7. The 8BS effect causes a first optical signal having
narrow frequency band around frequency X to be amplified
when collides with a signal of frequency X++~]1 GHz travel-
ing inthe npposite direction. Referring to FIG, 7, the recejved
signalis input to optical amplifier EDFA3 whichamplifiea the
entire spectrum of the input signal. The signal output from
amplifier BDFAS is traosmitied to optical isolator ISL 1,
which permits optical signal to travel anly in one direction
(the direction indicated by the arrow in the figure) and pre-
vents optical sigpals being refiected or transmitied back
toward the amplifier EDFA3, From the optical isolator ISL 1,
the optical data signal is split into two branches at splitier 54,

A first upper branch from splitter 54 leads to Fabry Perot
resonator FP2, which passes theside carrier (and other modes
in the series of frequencies) in betwean the data bands, PP
controller 1 antomatically adjusts the resonator FP2 so that it
cortectly passes the side carrier using input from splitter 55
and filters out the daty bands, The outpnt from FP2 is deliv-
ered to external modulator XMOD? 1, which also receivea an
11 GHz signal from g 11 GHz oscillator through an 11 GHz
amplifier. The external modulator XMCD 1 modulates the 11
GHz signal onto the side carrier. The spectrum of the ontput
from the modulator XMOD 1 thereafter contains the refer-
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ence frequency and two side frequencies Jogated 11 GHzboth
above and below the reference frequency, This output signal
is then wrensmitted fo ‘another resonsater FP3, which is
adjusted by FP controller 2 to center on (and pass) only the
side frequency 11 GHz above the reference side carrier fre-
quency. The resulting signal, carrying substuntiaily a single
frequency atthe reference frequency +11 GHz, is amplified in
optical amplifier EDFA4 and then input to citrenlator CIRC 1.
'The ¢irculptor passes signals in a counter-clockwise dires-
flon, More specifically, CIRC 1 passes the output from
EDFA4 leftwards in a counter-clockwise sotation fowands the
outputof opticalisolator ISL, 2. It is noted that the side carrier
boosting scheme i3 also intended beused in conjanction with
o dense wave division ruitiplexing scheme, Thus, the side
carrier boogting module can simulteneonsly process and
boost a plurality of side carriers spaced in frequency sccord-
ing 10 ITU channel spacing, .

Simultaneonsty, theoptical signal in the lowerbranch from
splitter 84 is trapsmitted through iselator ISL 2 and then
meels with the optical signal from the upper branch outpur
from the clreulator CIRC 1. This collision of the two optical
signals traveling In opposite directions generates the SBS
pon-linear effect, According to one implernentation, the fiber
connecting isolator ISE 2 end circulator CIRC 1 can be dis-
persion compensating Bber which, due to its relatively
smaller cross-gection, promotes higher intensity and more
proncunced non-linear effects mech as SBS. Whea the optical
data slgnal cantalning the reference side carzler collides with
the 11 GHzside frequency signal from CTRC1, a narrow band
inchidingibe side carrierin the optical daa signa] te amplified
relative to the data hands due to the 8BS effect as explained
above. This modified optical data signal then reaches the
cirouletor CIRC 1 from which it passes in the counter-clock-
wise direction lo optical amplifier BEDFAS, which amplifies
the entire spectrnm of the modified optical data signsl by
15-18 dB, The culput from BDFAS is the final ontput of the -
second embodiment of the side carrier boosting module 200,

Returning to FIG. &, the oplical datz sipnal outpuf fram the
side carrier boosting module 200 {5 input to circulator CIRC
2, which in twn transmits the signel in a counter-clockwise
direction to Fabry-Perof resenatar FP4, baving a free speciral
renge (FSR) of 160 GHzand finesse onthe crder of 1000. The
resonator FP4 s also tuned fo select the side carrier at (ap-
proximately) the referenee frequency (O GHz). FIG. 8=
shows a spectrum of the signal cutput from FP4, indjenting
that the data bands have again been filtered out. The data
bands that are fillered out at FP4 are resent beck toward
circulator CIRC 2, where they are redivected in a counter- -
clockwise direction 1owards splitter 87, The spectrum of the
ontput from splitter 7, which includes the fwo filtered data
bands at -40 GHz to 10 GHz and +10 GHz to 440 GIlz, is
shown in FIG, 84

1t is noted that when the optical data signal iz transmitted
over long haul fiber between the transmitter and the receiver,
the polarization state of the transmitted signal is serambled,
with the result thet the received signal has an unknown time-
varying polarization state. Since the time-varying polariza-
tion state varies with frequency, the side carrier is expected o
hayea different time-varying polarization state than ejther of
the data bands because it is separated from the conters of data
bands by 25 GHz, When the ontput from resanator FP4 js fed
to the stide carder shifting module 210, the side carrier’s
orthogonnl polarization states are split in polarization beam
splitter PBS2, and then each of the orthogonal signals are
separately modulated by 25 GHz in XMOD 2 and XMOD 3,
respectively, and then joined back in PBS3. The cutpat from
PBS3 is illustrated in F1G, 8¢, which shows two side carriers
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at -25 GHz and +25 GHz from the reference frequency,
respectively. The output from PBS2 i& passed on {o Fabry-
Perot filter PPS (FSR=530 GHz, finesse>500) which passes
both the 25 GHz left and might shiffed side carrers, and

trensmits them to circnlator CIRC3. Cirenlator CIRC 3 delive 5

ergshifted SCs to reflective pularizetioncontrollers PC 1, PC.,
2, through respactive adjncent 50 GHe-spaced chanriels of
WDM demultiplexer DWDM 2. The polarization controllers
PC 1, PC 2 are constructed to provide contro] of the phase of

the signals reflected from the pokrization controllers backto !

the demultiplexer DWDM 2, Such controf may be used, for
instance, in onder to compensate for the effective fiber length
between the polarization controllers PC 1, PC 2 and the
dernultiplexer DWDM 2, In one implementatios, the polar-
ization controllers PC 1, PC 2 include mirrors and piezoelec-
tric actuators to adjust the distance the reflected signal travels,
which in lnm controle the phase of the reflected optical signal.

Each pelarjzation controller PC 1, PC 2 is vsed to trans- -
. farm thetime-varying polarizationstate of one of the two side 5y

cartiers so that the polacization states of each side cander
matches the time varying polarization siate of the respective
data bands which arc centered at the side cartier (25 GHz
and +25 GHz). To accomplish this, each polarization controf-

10

Returning once again to FIG, §, thepolarization controllers
PC 1, PC 2 output pelarization compensated side carder
signals to circulator CIRC 3, from which they are forwarded
to splitter S31. The splitter 851 alsoshifts thephase of one of
the output branches by 90 degrees relative fo other branch.
‘The oufput spectrum from S51 s shown in FIG, 84, Thess 0
degree and 90 degree phase shifted carriers are recombined in
combiners C5 and C6, respectively, with the data bands out-
put from splitter S7. In-phase (0 degree shified) and quadra-

0 ture (50 degree-shified) sipnal spectrums out of outputs of

15

ler PC 1, PC2 obtains feedback from the photodindes that o5

receive the data bands. PC 1 receives the feeback via bias-T
couplers BT 1 snd BT 3, while PC 2 recelves feedback via
bias-T couplers BT 2 and BT 4. As will be deseribed below,
the demultiplexers at the top of FIG. 5, DWDM 3, DWDM 4,

receive both the data bands and the sido carriers, filter them 45

into separate, adjacent frequency chennels and then effec-
tively multiply the side carrier and data bands logefher at
vhotodiodes PDA, PD2, PD3 and PD4 (and otherphotodindes
of'adjacent channels that are pot shown) whichrespond to the

intensity of the signal (i.e., the square of the amplifyde). The 34

product sigeal cutput from the photodiodes Is delivered to the
respective polarization controllers PC 1, PC 2 via bias-T
couplers BT 1, BT 2, BT 3 and BT 4, The outputs from BT 1
and BT 3, which contain converted data signals 1 and 2,

corvesponding to data channels 1 and 2, are combined to 4

provide feedhack to polarization controlier PC 1, and the
outputs from BT 2 and BT 4, which contain data signels 3 and
4, comesponding to date channels 3 and 4, are combined to
provide feedback polarization controller PC 2, Tt is noted thot

the data signals 1 and 2 are expected to have a similat polat- 45

ization state since, during transmission, they oceupy the seme
frequency range. Equally, data signals 3 and 4, corresponding
to daia cbanoels 3 and 4, are expected to have a similar
polarization state. At the polarization coptrollers PC 1, PC2,

respective combiners C5 and C6 are shown in FIG, 8¢ and
FIG. 8f. As can he discerned, In each spectrum, a side carrier
is pasitioned in the center of a data band. Each side of the
spectra is equivalen{ to a spectmim generated by a conven-
tional homodyne system in which the locel oscillator fre-
quency is matched to the center frequency of the daia band.
Purthermore, a5 in conventional homodyne recepiion, the
power of the central carrier frequency is boosted relative 1o
the data portion in order to the Improve signal-to-noise ratio
of the detected signal. The side ¢arrler that has been shifled 0
degrees can be vsed to detect the in-phase (I) 10 Gb/s data
channels from the transmitter (channels 1, 3) aud the side
carrier thet has been shifted 90 depress can be used 1o detect
the quadraimre (90 degree shifted) 10 Ghfs data channels
(channels 2, 4).

The combined signal from C5 is sent through optical
amplifier EDFA6 and the combined signal from C6 is sent
throupgh optical amplifier EDPFAT to final 50 GHz spaced
demultiplaxers DWDM 3 rnd DWDM 4, Bach of the demul-
tiplexers DWDM 3, DWDM 4 separate the data bands and
side earriess in adjacent channels for electra-opticconversion
atphotodiodes PD 1, PD 2and PD 3, PD 4 respectively. n this
manner 10 GB/s data channels 1 aod 3 are separated in
DWDM 3 and 10 Gb/s chamnels 2 and 4 are sepamated in
DWDM 4, resulting in the output of four separmle 10 Gbfs
data signals.

In an implementation of the receiver according fo the
present imvention, low-bandwidth photodiodes can be placed
al reflective ends of polarization ¢ontrollers in each leg of
WDM demuiltiplexer to provide monitor outputs proportional
1 fluctuationsin each of carriers, for example caused by cross
phase modulation (XPM), Since the respective 10 Gb/s datm
channels corresponding to the side carriers generally fiuctu-
ate in sympathy, the effect of carrler Huctation can be
removed if the monitor ovtput fluctnations are subtracted.
from the outputs of the respective recefved 10 Gb/fs ouiput

- ¢hanmels. <

the time-varying polarization of the combined prodnct sig- 5

nals are compared {o the polartzation state of the individes]
side carrier signals. '

By continvally adjusting the polatization of the side camrier
slgnal and then comparing the modified polarization state to

the combined product signals, the polarization controllers PC 55

1, PC 2 can accurately match the time-varying polarization
state of each of the side carriers with the time-varying polar-
ization state of the corresponding data bands. This technique
takes advantage of fact that It is easier to adjust the single

polarization siate of a single side camrier frequency than to ¢8

adjust the multitude of polarization states of & band of fre-
quencies, for exemple, a 20 GHz data band, via wide-band
polarization compensation. However, polarization mode dis-
persion compensation can alse be perdormed here by adjust-

ing the average polarization of the data band, which is treated 65

as having a single pelerization, and then metching to the
polarization of the side cander.

After the converfed data sigmals are further processed
throuph trans-impedance amplifiers TIA1, TIA2, TIA 3, TIA
4andlow pass{ilters LPF1, LPF2, LPF3, LPF4, they are lnput
1o & chromatic disparsion compensation stage shown sche-
matically in FIG, 9. It is noted in this context that the disper-
sion compensation stege tan equally be implemented at the
quadrature data moduletors on the transmitter side instead of,
or in additicn to, implementation at the receiver. The effects
of fiber-induced chromatic dispersion on quadrature-rnodu.
Isted sinusoidal data signals can be described by the follow-
ing matrix equation:

LouD, L, f) ]” [ caspi(D, L, ) sing)(D, L, ) ][ Lin(f) ] 3]
QoD L, 1] i—singl(D, L, ) cosﬁiA(D.L.ﬁ Qin(f)

where I_out(f) and Q_out{f) are frequency dommain ropresen-
tations of outpuit T amd Q signals, which are modified from
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frequency domain representations of inpot T and Q signals,
1_in{f) and Q_in(f), by the dispersion matix, for which

HUD, £, )= DoLe 2107 @

P denotes the fiber dispersion in units of ps/mm*km, L stands
for fiber length in meters and £ stands for frequency in He.

The dispersfor matrix can be interpreted es s transfor fune-
tion which applies a clockwise mietton angle that is propor-
tional {o the equare of the frequency of the transtilted sinu-
soid, Tocounter thedispersion effest, it is feasible to apply an
inverse trangfer function, which can be interpreted as a coun-
terclockwise rotatlon, also proportione] to the square of the
frequency. This counter-dispersion, or correstion function
may be desarilbad by the following matrix equation;

<os(@UD, L, [ —sin(g1(D, L, ] ))] <)

dispeontD, L, £) = [su $UDL[D costpliD, L, 1)

- Therefore to correct the I and Q data signal for the effects
of chromatic dispession, the comection function is applied to
the T and Q inpet signals (again, either et the transmitter or at
thereceiver, as is shown). Multiplyiog the comrection function
by the input signals yields:

Lowte cosgUD, L. £3+Linsbdl(D, L, f3+Qin @
Q.out= 2g1(D, L, f3-Lin+cosgl{(D, L, £}+Qin

From equation (4), it is clear that dispersion compensation
can be obtained by modifying the fnput I and Q data signals
with an appropriate transfer fanction and then combining the
modified signal, An embodiment of a dispersion correction
circuit that performs these operations is shown in FIG. 9. As
shown, the I inpwt signal is input to a splitter 510, from which
un wpper branch is delivered to amplifier Al and a Jower
branch is delivered 10 an amplifier A2 in order to boost the
signal, The vpper branch is transmitted to a COS1 circuit
which applies the cosine partion of the dispersion comection
funotion cosdl (D,L,f) to the joput data signal as will be
desoribed further below, The Tower branch from the splitter
510is fedto a SINI circuit which applies the complementary
sine portion of the dispersion correction fimction,

The Q data sigral is concurrently input to splitter S11 and
broken up into an wpper branch which is fed through ampli-
flers A3, and a Tower branch which is delivered to inverting
amplifier YA1 which, in addition to boosting the signal, also
shifts the phase of the sigoal by 180 degrees, The upper and
lower branches are thereafter Input to respective COS2 and
SIN2 circuits which perform the same finctions o5 the COS1
and SIN1 circuits, respectively. As shown, the modified signal
from the SIN1 circuit, which is the product I_in timoes sindP1

(D,L,f), is combined with the output from COS2, the product,

Q_in times coadl(D,L.f), at combiner CMB1, Comparison
with equetion (4), shows that the ovtput of combiner CMB1
matches the desired Q_out output for dispersion compensa-
tion, Similarly, the combination at CMBZ, containing the
products I_in fimes cosp (D,L,T) and Q_in times -5ing1(D,
L,f), matches the desired T_out cutput for dispersion compen-
sation, -
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Furtherreore, the TX 1D pilot signal, which, as poted
above, 5 modulated onfe the reference frequency +~10-100
kHz, is received at the polarization controllers PG 1, PC 2 and
converted 1o the RF domain at photodetectors PD3 and PD4,
The TX pilots may be coded by frequency modulation or by
another code modulation technigue, The TX ID identifics the
particvlar trmnsmitter sending the signal, allowing informs-
tion, suchas thelength of optical fiber between the trenemitter
and the receiver (which is the same as the parameter, L, vsed
inthedispersion correction function), to be extracted from the
coded signal, This information is transmitted to the chromatic
dispersion compensetion stage where it is received by achro-
matie dispersion module 250. The chromatic dispersionmod-
ule, i turn, is coupled to the SIN and COS circuits and causes
adjustments to be made fo the respective transfer finetions
applied o the Tand Q inputs in recordance with the inferma.

_tinn extracted from the TX 1D,

According to an embodiment of the present invention, the
SIN and COS circuits af FIG. 9 are implemented as micros-
Trip circuits which use layers or regicns of copper deposited
on a citcnitboard having various widths and lengths, 1o adjust
electromagnetic effects that modify signals sent through the
copper layers or regions. FIG, 10a and FIG. 105 illusteate
implementations of the sind1(D,I,,f) and cosp1({D,L,f) trans-
fer fnctions respectively, As {s known fu the art, various
combinations of linear strips, (dennted as MLIN), 2-junctions
(denoted as MTEE), and capacitive clements (capl, cap2),
apain having various adjusiable lengths and widths are vsed
to fine-tune the electromagnetic wave cffects in the copper
regions fo simulate the desired transfer functions.

in the foregoing description, the method and system of the
invention have been described with reference 1o & number of
examples that are not to be considered limiting, Rather, it isto
beundurstood and expected that variations in the principles of
the methed and apparatus herein disclosed may be made by
onoskilled in the artand it is intended that such modifications,
changes, and/or substitutlons are 1o be included within the
scope of the present invention as set forth in the appended
¢laims. For exemple, although only a 10 Gbp/s digital base-
band is discassed, the imventive principles herein may be
applied to higher or lower dala rates as the case may be.

‘What Is claimed is:
1. A method of optical communication 1n an optical com-
nunieation system, comprising the steps oft

providing a quadrature modulated optical data signal by a
trangmitter, {he optical data signal including two data
bands separated In frequency, each data band having
in-phese and quadiature components;

during transitiona] stales of the quadrature modulated opti-
cal data sigan) in which data symbols change fn value,
Tedueing, by the transmitier, the power to zero such that
transmitted power decrenses to zero al approximately a

_ mid point of the transitional states;

combining the optical data signal with a slde carrier at a
single frequency between the two data bands of the
optical data signal;

transmitting, by the transmitier, the combined optical data

" signaly

receiving, by a recelver, ths combined optical data signal;

seperatiog, at the receiver, e side carrier from the two data
bands of the combined optical data signal;

increasing an ampfitude of the side carrier;

modulating the side carrier into lwo shifled side carrien,
one of the two shifted vatriers being shifted in frequency
fo the middle of each of the respective two data bands;
and -
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corrosfing, at the veceiver, for polarization mode dispersion
: on the combined signal by adjusting a polarization state
! of each of the two shifted side carriers to mateh a polar-

ization state of the one of the two data bands at which the
respective shifted side carrier is centered, 5

2. The method of claim 1, further comprising the sieps of:

separating the in-phase and guadrature components of the
two data bands afler optoetectric conversion; and

after optotlectric conversion, campensating for chromatic
dispersion by applying a corrective function to each of 10
the insphase and guadreture components of the data
bands, the comective function preciscly coubteracting
the effects of chromatic dispersion on 1he in-phase end .
quadrature components.

3, The method of claim 1, further comprising the steps oft 15

before transmission, separuting signaly in quadrature in
each of the two data bands ofthe comirined opticel data
signal info separate first and second signals; and

{nputting the first and second sigoals into respective first
and second channels of a dense wave division roulti- 20
plexer

4. The method of claim 3, further comprising the steps of!

duzing mecdulation, ineprinting a first data signal in-phase
and a second data signal in quadrature phase onto fwo
data chonnels on data bands of & first quadraiure modus 25
lated optical data signal;

during modulation, imprinting a third dats signal in-phese
end a fonrth data sigeal in quadratare-phase anto each of
twa data channels on data bands of a second quedrature
madulated optical data signal; 30

encoding the Arst modulated optical data signal with a first

* polarization state; end

encoding the second modulated oplical data sigoal with 8
second polarization state, -

8, The method of elaim 4, further comprising the sfeps of: 35

combining the first and second quadrature modulated opti-
cal data signals;

separating the Smst and second quadtature modulated opti-
cal data signals according to polarization state, the first
and secand data channels in the data bands having a fisst 40
polarization state, the third and fourth data channels in
the data bands having a second palarization state;

before transmission, filtering the separated signals accord-
ing to frequency.

6. The method of ¢laim 1, firther comprising the step of: 45 '

before tronsmission, reducing aa amplitude of the yide

carrier.

7. The methad'of claim 1, wherein the step of compensat-
ing for polarization mode dispersion oa the combined signal
includes the steps oft ) 50

mixing the optical data sipnal with one of the two shifted

side carriers, the shified side camier having a second
polerization siats;

sdjusting the-second polarization state of the shifted side

carrier; . 55
determiniog, through feedback from the mixing step,

whether the adjnstment 1o the second polarization state

o the carrier signal has brought the second polarization

state in afignment with the first polarization state; and

repenting the previous steps until the second polarization 6o

state Js in alignment with the first polarization state.

8. The methed of claim 1, wherein the step of compensat-
ing for polarization mode dispersion on the combined signal
includes the sleps of:

mixing the opfive] data signal with one of the two dala 65

bands of the optical data signal, the one of the two duta
bands having a first polarization state;
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adjesting the first polarizalion state of the one of the two
data bands;

determining, throngh feedback from the mixing step,
whether the adjustment to the first polarization state of
the one of the two data bands has brought the first polar-
Jeation state in alignment with the second polarization

state; and

repeating the previous step until the first polarization state
is in alignment with the second polarization state,

9, The method of claim 1, wherein after reception, the side
carrier ie seperated from the iwo data bands of the combined
‘optics] data signal by filtering the combined optical signal
using & Fabry-Perot resonator.

1¢. The method of ¢laim 1, firther comprising the step of:

prior to tansmission, modulating the side carrier with an
identification code, tht identification code including
information concerning a lrasmitter performing the
step of transmiiting the combined optics] data signal.

11, The method of ¢laim 10, farther comprising the steps
ofi

separating the in-phase and quadeature components of the
two dala bandz afler optoclectric conversion; and

compensating for chromatic dispersion by applying a cor-
rective function fo eack of the in-phase and guadratare
components of the datx bands, the corective finclion
precisely counteracting effects of chromatic dispersion
on the in-phase and guadrature components;

wherein the mformation concerning & transmitter ivcludes
parameters used in the corrective fanction to presisely
counteract the effects of chromatic dispersion.

12. A wiethed of reducing the transmitted power of a
qjl.}adxature modulated optical data sipnal, comprises thosteps
of:

providing a quadralure modulated optical data sigml by a
transmitter;

during alf transitionsl states of the quadrature modulated
optical data stgnal in which data symbols can change in
value, reducing, by the trensmitier, the power to zero
such that transmitted powerdecreases to zero atapproxi-
mately a mid polnt of each of the ransitional states;

combining the quadrature modnlated optical data signal

ith 8 Wde carriet; and ’
transmitting the side carrier with the quadratore modulated
optical data signal,

13, The method of claim 12, wherein the transmitied power
iz independent of a dats paifern of the quadrature modunlate
optieal data signal.

14. An aptical data signal transmitter comprising:

a MechZender modulator, the Mach-Zender modulator
receiving eninputoptical sipoal and modulating apairaf
sids carriers onto the fuput eptical signal, outputting an
opiical carrier signal; and

et least two phase modulators, the at least two phase modu-
lators receiving the optical carrier sigpal and each gen-
erating an optical date sigoal by madulating a pair of
data signals onto at least two data bands;

whereln the data bands are spread In frequency when
modnfated onto the optical carrier signal, the spreading
causing an amplitude of the optical data signal to be
reduced fo zero during all transitional state between any
pair of dafa symbol, in which the dala symbols can
change in value, '

15, An optical data signal transmitter comprising:

a Mach-Zender modulator, the Mach-Zender modulsior
receiving an input optical signal and modulating a pairof
sjfle carriers onto the input aptice] signal, outpulting an
optical cartier signal;
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atleast two phase madulutors, the at least two phase modu-
Intors receiving the optical carrier signal and each gen-
erating an optical dafa signal by madulating a pair of
tlata signals onte at lenst two deta bands;

& second Mach-Zender modulator, the second Mach-Ze- 5
nder moednlater imprinting the inpuit optical signal with
an identification code to generate g TX ID, the identifi-"
cation code inciuding information concerning the trans-
mitter; and

16

wherein fhe data bands are spread in froquency when
modulated onto the optical carder signal, the spreading
causing an amphltude of the optical date signal to be
reduced to zero during tramsitions between data sym-
bols; and

wherein the pairofside cariers is modulated onto the input
optieal sigmel at both above and below a reference fre-
quency uf the input optical signal, -

1%, The transmitter of ¢laim 18, wherein a first side camier

acombiner, thecombinerattaching the TX IDto the optical 10 ofthe pair of side carders is modulated onto the lnput optical

data signal;

wherein the data bands are spread in frequency when
modulated onto the optical carrier signal, the spreading
causing an amplitide of the optical data signal to be

reduced to zero during transifions between data sym- 15

bols,
16, The trapsmitter of claim 15, fiwther comprising:
a polarization transformer;
wherein the af least two phase modulators generate a first

optica! data signal including data bands imprinted witha 20

first pair of dafa channels, the first optical data signal
having o first polarization state, and a second optical data
signal incfuding data bands imprinted with a second pair
of data channels, the secand optical data sigha) having &

first polarization state, the polarization transformer 25

alterlog a polarization state of the firstaptical data signal
from the first polerization state to a second polerization
state,

17, The transmiiter of claim 16, furfher comprising

a dense wave division multiplexing unit; and 30

meang forseparahngthe first pairofdata channels from the
second pair of data charnels based upon differing polar-
ization states of the Arst and second optical data s:gnals'

" wherein the first and second pairs of data channels are input
o separate chennels of the dense wave division multi- 3%

plexing umit.

18. An optical data signal comprising:

a Mach-Zender modulator, the Meach-Zender modulator
receivinganinputoptical signal and modulating a pair of
side carriers onto the input opticsl sigral, oulputting an
opticel carricr signal; and

af Jeast two phase modulators, the af least two phase modu-
lators receiving the optical carrier signal and euch gen-
erating an optical data signal by modulating a pair of
data sigoals onto at least two data bands;

40

signal ot 30 Ghz sbove and below the refezence frequency,
god a second side carrier of the pair of side cartlers is modu-
Jated onto the input optica) sipnal at 20 Ghz above and below
the reference frequency.

20. A methad of reducing the transmitted power of a
quadrefure modulated optical data signal, comprising the
slops:

providing a quadrature moculated optical data signal by 2

transmitter;
during all transitional states of the quadrature modulaied
optical data signal in which data symbols cen change in
value, reducing, by the transmitier; the power 1o zero
such that transmitted power decreasesto zero atapproxi-
mately a mid point of each of the teansitionaf states; and

spreading orthogonal data signals onto two side eartiers of
an optical signal to obtain the quadrapwe modulated
optical data signal, .

21, The method of claim 20, wherein the two side carriers

. areseparated from one another by s clock rate,

22, A method of reducing the transmitted power of a
guadrature modulated opfical datg-signal, comprising the
steps:
providing a quadrature modulated optical datz sigmal by a
Iremsmitter;

during all transitional states of the guadmiure modulated
optical data signal in which data symbols can changs in
value, reducing, by the transmitter, the power to zero
such that transmitted power decreases to zexo atapproxis
moately a mid point of each of the transitional states,
where data siguals are in effect spread out by approxi-
mately fifiy percent in the frequency domaln eqnivalent
to a multiplication by a sine wave at lislf the data rate,
and results in each symbol refiming to zero at approxi-
mately a mid-poin of the transitiona] states,

L I A
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Transmission of Mixed 224-Gb/s and 112-Gb/s

PDM-QPSK at 50-GHz Channel Spacing Over

1200~km Dispersion-Managed LEAF® Spans
and Threé ROADMs

Chongjin Xie, Senior Member, IEEE, Gregory Raybon, Member, IEEE, and Peter J, Winzer, Fellow, IEEE

Abstract—By using asymmetric interleavers, carrier-suppressed
polarization-division-multiplexed gquadrature-phase-shift-keying
(CSRZ-PDM-QPSK), and coberent defection, we successfully
transmii a mix of 224-Gb/s and 112-Gb/s PDM-QPSK channels
at a 50-GHz channel spacing and 3-b/s/Hz spectral efficiency over
1200-km dispersion-ntanaged LEA¥® spans with three ROADMs
and over 2000 km withont ROADMa.

Inilex Yermg-—Coherent detection, fiber nonlincarities, filtering,
modulation formats, optical communications, ROAPM,

1, INTRGDUCTION

HE demand for high capacity communicetion services

has spurred intense research on high spectral efficiency
{SE) and high data rate fiber-optic networks. Tn research ex-
periments, high SE with a channel spacing close to the symbol
rate has been demonstrated by uging cither orthogonal fre-
quency division ‘multiplexing (OFDM) or complicated digital
signal processing (DSP) techniques, achieving SEs close to
4 bis/Hz over long-haul distances, and up to 11 b/s/Hz at
shorter reaches [1]-{4]. In confrast, the highest-SE commercial

system available today supports 100-Gb/s polarization-divi--

sion-multiplexed quadrature-phase-shift keying (PDM-QPSK)
on a 50-GHz wavelenpth-division-multiplexing (WDM) grid
and at a SE of 2 b/s/EHz. One way to increase the SE of current
commercial systems is to use higher-order modulation formats
such as 16-ary quadrature-smplitude modulation (16-QAM),
but higher-order modulation formats reguire higher optical
signai-to-noise ratios (OSNRs) and has lower folerances fo
fiber nonlinearities, which makes them less suiteble for long
haul systems over legacy fiber infrastructure. Another approach
is to reduce the channel spacing of current PDM-QPSK systems
[5). By using Nyquist spectral shaping techniques, a long-haul
100-Gb/s PDM-QPSK system with a channel spacing of 1.1
the symbol rate has been achieved without using complicated
DSP at the_receiver [6]. One issue of this approach voiced by
carriers is that the channels do not fall on the WDM ITU grid
andfor the channel bit rates are not compatible with current
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standards. Here, we investigate a third approach and demon-
strate a record SE of 3 b/s/Hz on a commereial all-Raman
optica] transport platform [7)-[10), using a widely deployed.
optical fiber type and dispersion map, without the need to resort
to dispersion-compensation-free green field depleyments often
discussed in the context of high-SE systems. To increase the
SE from 2 b/s/Hz to 3 b/s/Hz and at the same time follow the
50-GHz WDM ITU grid and standard bit rates, we alternate
50-GHz spaced 224-Gb/s and 112-Gb/s PDM-QPSK channels
using asymmetric interleavers that are an integral part of this
gystem [7]. Carrier-suppressed return-to-zero (CSRZ) pulse
shaping is used to reduce the penalty caused by narrow band-
width filtering, By using coherent detection, we successfully
trensmit the mix of 224-Gb/s and 112-Gb/s PDM-QPSK signals
over 1200-km dispersion-managed LEAF® spans with three
reconfigurable optical add/drop multiplexers (ROADM:S), and
over 2000 km without ROADME, respectively. '

1. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1, Ten L-band
channels on a8 50-CGHz channel spacing ranging from 190.50
to 190.95 THz (1570.01 fo 157371 nm) were separated into
two groups of five channels, Nine channels were from dis.
tributed feedback (IUFB) lasers and the channel under test was
from a tunable external cavity laser (ECL) with a linewidih
of ~ 100 kBz. To combine & mix of 224-Gb/s and 112-Gb/s
PDM-QPSK channels at 50-GHz channel spacing on the WDM
JTU grid, an asymmetric mterleaver, which was part of the
emulated commercial system [7}, was used. The passband
characteristios of the asymmetri interleaver are shown in
Fig. 2, with a wide bandwith (3-dB bandwidth of 62.1-GHz)
for even chennels and a narrow bandwidth (3.dB band-
width of 37.1-GHz) for odd channels [7]-T107]. The five even
and five odd channels were modulated by & 56-Gbaud and a
28-Gbaud nested Mach—Zehnder modulator (MZM) to generate
112-Gb/s and 56-Gb/s QPSK signals, respectively, Bach of the
inphase/quadrature (I'Q) drive signals was formed by electron-
ically mulitiplexing four delay-decorrelated copies of a 14-Gbfs
and 7-Gb/s 21® — 1 psendo-rendom bit-sequence (PRBS) for
the 112-Gb/s and 56-0b/s modulators. The multiplexing delays
for the four 14-Gb/s tributaries to gencrate the 56-Gb/s drive
signals were 19,0, 15, and 32 bits for the T branch and 15, 12,90,
and 32 bits for Q branch. The multiplexing delays for the four

“7-Gb/s tributaries to generate the 28-Gb/s drive signals were 5,

0, 16, and 27 bits for the I branch and 14, 0, 18, and 8 bits forthe

0733-8724/§26.00 © 2011 IEER



Case 8:12-cv-00759-AG-MLG Document 1 Filed 05/10/12 Page 55 of 62 Page ID #:71

548

JOURNAL OF LICHTWAVE TECHNOLOGY, VOL, 30, NO. 4, FEBRUARY 15,2012

Fig. 1. The experimental setup. ITL; interleaver, PC: polarization controiler, TDL: hmable delay line, PBC; polarization bearn combiner, DGEF; dynamic gein
equalizer filter, LO: local oscillator, Ramen is Raman pump. The insets are the cye-disgrams of the 56-Gbfs and 112-Gbys NRZ-QPSK and C5RZ-QPSK signals

befere the interleavers. .

Q branch. The 112-Gb/s and 56-Gbfs QPSK signals were then
pulse-carved with MZMs biased at the transmission minimum
and sinysoidally driven at 28-GHz and 14-GHz, respectively,
to generate CSRZ-QPSK, The insets in Fig. 1 show eye-dia-
grams of 56-Gb/s and 112-Gb/s NRZ-QPSK and CSRZ-QPSK
signals before the lnterleavers, As expected, the eye-diagrams
of 112-Gb/s QPSK are not as clear as those of 56-Gb/s QPSK
due to hardware limitations, To reduce crossfalk, the sven
and odd channels were pre-fiftered and combined with two
cascaded asymmetric interleavers, One common polarization
multiplexer with 10.357-ns delay (290 symbols for 28-Gband
signals) between two polarization fributaries wes used for all
channels, and atunable delay line was inserted in one polariza-
tion fributary to adjust the relative time delay since it has been
shown that time interleaving two polarizations of return-to-zero
(RZ) PDM-QPSK by half a symbal perlod can significanily
reduce inter-channel nonlinearities in a dispersion:managed
systemn [11], [12]. As one polarization multiplexer cannot
time intesleave 112-Gb/s and 224-Gb/s PDM-QPSK sigrals
simultaneously, and as inter-channe! nonlinearitics from higher
symbol rate channels arc in general smaller than those from
lower symbol rate channels, we adjusted the tunable delay line
to time interleave the two polarizations by half 2 symbol at
112-Gbfs PDM-QPSK in this cxperiment, Therefore, the fwo
polarization tributaries of the 224-Gb/s PDM-QPSK. signal
were aligned in time. .

Transmission was conducted In a recirculating loop, which
consisted of four 100-km dispersion-managed LEAF® spans
with sil-Ramen amplification, to- emulate a commereial
all-Raman amplified opiical transport system [7], {8]. The
dispersion of each span was compensated with dispersion
compensating fiber {DCF), with a residual dispersion per
span of about 30 ps/nm. The LEAF® spans have a CD co-
sfficient of about 7 ps/(nm.km) at a wavelength of 1570 nm,
a loss coefficient of about 0,21 dB/km, and an effective arca
of about 72 pm?, The DCF has a CD coefiiclent of about
—100 psAnm.km} at a wavelength of 1570 nm, a loss coef-
ficient of about 1.0 dB/km, and an effective area of about
15 pm?, The system also included —300-psinm dispersion

Transmission (dB)
ra
[+]

i
Frequency

fo
'

Fig. 2. Optical passband of the asymmetrical mterfeaver with 50-GHz charme]
5pacing.

pre-compensation, as is typical for installed systems of this
kind [7]. The LEAFP® spans were bi-directionally pumped with
approximately 4.5-dB and 15,0-dB on/off gain from forward
Raman pumping and backward Raman pumping, respectively,
and the DCFs were backward pumped. The launch power (o
the DCFs was about 2-dB lower than that to the spans, After
each loop, the signal was sent to a ROADM, which consisted
of a palr of the asymmetrlc interleavers, as shovmn in Fig. i,
with a 3-dB bandwidth of 56,5-GHz and 31.6-GHz for even
and odd channels, respectively, The signal spectram was then
flattened by & dynamic gain equalizing filter (DGEF), An
erbium-doped-fiber amplifier (EDFA) after the ROADM and
a Raman amplifier before fhe spans were used fo compensate
for the losses induced by the DGEF, thé ROADM, the loop
switch and the coupler, An additional lumped Raman amplifier
(cf. Fig. 1) was composed of a 5-km Raman fiber and a 5-km
standard single-mode fiber (SSMF) to compensate for the CD
in the Raman fiber, and was backward pumped,

In the receiver, the signal was first filtered by an amplified
spontaneous emission (ASE) noise filter and amplified by an
EDFA, then mixed with a free-running BCL local oscillator
(LO) in a polarization diversity 90-degree hybrid, followed by
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Fig. 3. Perfrmance in back-to-back configuration without (so]id) and with
{dashed end open) 2 ROADMs for 112-Gb/s (8) and 224-Gb/s (b)) NRZ- and
CSRZ-PDM-QPSK.

four balanced detectors with bandwidths of ~ 40 GHz. The four.,

signal components were capiured by two 2-channel 80-GSam-
plesfs real-time oscilloscopes with 30-GHz bandwidths and an
effective number of bits (ENoB} luiger than 4,5 [13]. For the
112-Gbfe PDM-QPSK, the oscilloscope bandwidth was reduced
0 20-GHz. The captured signal was processed offline, The sam-
pling skew was first corrected and the signal was syachronously
re-sampled to 2 samples per symbol. After dispersion compen-
sation, a butterfly cqualizer with 19 taps, adapted via the con-
stant modulus algorithm (CMAJ}, was used for polarization de-

muliiplexing [14], [15], residual dispersion compensation and-

inter-symbol interference (IST) mitigation, We found that 19
taps were sufficient to mitigate al{ the'ISI caused by residual
CD, PMD, nonlinearity and filtering effects in our experiments,
A phase increment frequency estimation algorithm was used for
frequency estimation [16), and carrier phase estimation was pex-
formed using a decision-directed algorithm [17],

I, RESULTS AND DISCUSSION

We first measured the tolerance fowards narrow band-
width filtering of non-retum-to-zero NRZ) QPSK and
C8RZ-QPSK. PFig. 3 shows the back-to-back performance
without any ROADMs and with two ROADMs (i.e., 4 asym-
metric interleavers) between the transmitter and the receiver,
The [12-Gb/s and 224-Gbl/s PDM-QPSK signals were set
at an odd channel and an even channel, respectively. The

figure shows that the performance of 112-Gb/s and 224-Gb/s'

PDM-QPSK is slightly different with two ROADMs, Due

to hardware limitations, the 224-Gb/s PDM-QPSK. requires
5-dB higher optical signal-to-noise-ratio (OSNR) than the
112-Gb/s PDM-QPSK. when there is no ROADM, This re-
flects 'a 2-dB higher implementation penalty at 56 Gbaund
compared to 28 Gbaud. In the back-to-back case without
ROADMs, CSRZ-PDM-QPSK requires. about 1-dB higher
OSNR then NRZ-PDM-QPSK gt bit-errorratic {(BER) of
16~3 for both the 112-Gb/s and 224-Gb/fs signals. This is-

' because that CSRZ-PDM-QPSK has a wider bandwidth than

NRZ-PDM-QPSK and that the receiver with its limited band-
width cannot capiure the entive signal spectrum, After the two
ROADM, the performance of NRZ-POM-QPSK is degraded,
but the performance of CSRZ-PDM-QPSK is improved, The
improvement for 224-Gb/s CSRZ-PDM-QPSK is much larger
than that for 112-Gb/s CSRZ-PDM-QPSK. For 224-Gbfs
CSRZ-PDM-QPSK, the required OSNR at a BER of 1073
is reduced by about 2.5 dB after two ROADMs compared
to that without ROADMSs and is about 2.5 dB less than that
for 224-Gb/s NRZ-PDM-QPSK after two ROADMSs. We also
note that 224-Gb/s NRZ-PDM-QPSK has a higher error floor
than 224-Gb/s CSRZ-PDM-QPSK., In contrast, for 112-Gbfs
CSRZ-PDM-QPSK, the required OSNR at a BER of 10~% ig
reduced only by about 0.5 dB afier two ROADMs compared
to that without ROADMSs and is close to that for 112-Gb/s
NRZ-PDM-QPSK after two ROADMs, We further found
that the best performance can be achieved for 112-Gb/s and
224-Gb/s CSRZ-PDM-QPSK afier four and three ROADMSs,
respectively, but for NRZ-PDM-QPSK, & higher penalty is
induced when there are more ROADMSs (not shown here),
Note that’the optimum number of ROADMSs depends on the
signal spectrum, the ROADM characteristics, and the receiver
response, Fig, 3 clearly indicates that CSRZ-QPSK can tolerate
much narrower filtering than NRZ-QPSK.

The resalts in Fig. 3 can be explained by the spectra of the
signals, which are given in Fig. 4, The ROADM passbands
of the odd and even channels are also shown in the figure for
reference, The normalized bandwidth of 224-Gb/s NRZ-PDM-
QPSK is narrower than that of 112-Gb/s NRZ-PDM-QPSK,
Due to the bandwidth Emitation of the 224-Gb/s data modu-
fator, efler the pulse carver, the spectrum of 224-Gb/s C8RZ-
PDM-QPSK spectrum has a dip in the middle. This is similar to
transmit-side equalization and helps to make the overall spec-
trum flat after filtering at both fransmitter and receiver, which
is beneficial for narrow bandwidth filtering [5]. The spectra in
the figure also explain why we used CSRZ modulation here, A
CSRZ pulse carver generates two tanes if higher harmonics are
neglected, so the spectrum of a CSRZ modulation is the con-
volution of the data spectrum from the data modulator and the
two tones from the CSRZ pulse carver, Therefore, the shape of
the overall specirum can be easily controfled by chenging the
bandwidth of the data spectrum to make it flat-top or V-shaped,
as shown by the speotra of the 112-Gb/s and 224-Gb/s CSRZ-
PDM-QPSK, which has a significant impact on the signal’s tol-
erance to filtering, :

The negative penalty of the 224-Gbfs CSRZ-PDM-QPSK
cotnes partly: from the excessive bandwidth of the original
CSRZ signal and partly from the shape of the ROADM pass-
band, For, 112-Gb/s CSRZ-PDM-QPSK, as the normalized
bandwidth of the data modulator is wider, there is no dip inthe
middle of the spectrum, but it has a much flatter top than that
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Fig, 4. Spectra of 112-Gbfs {3} and 224-Gb/s (b} NRZ- end CSRZ-PDM-
QPSK. The dash-dotted Tines are the ROADM passband of odd and even
channels in (a) and (b) respectively. )

of 112-Gbfs NRZ-PDM-QPSK, In the following transmission
experiments, we use CSRZ for both the 224-Gb/s and the
112-Gb/s PDM-QPSK channels. Figs. 3 and 4 also indicate
that the systern performance can be optimized by optimizing
spectrum shapes of signals at transmitters and by teking into
account filtering effects in systems,

The signal spectrum at the input of the loop is depicted
in Fig. 5. As the odd and even channels were not combined
with any WDM multiplexer, there is some crosstalk among
neighboring 224-Gb/s CSRZ-PIDM-QPSK channels. As shown
in Fig. 5, the crosstalk is lower than ~20 dB. In a real system
that uses WDM multiplexers, the crosstalk can be effectively
eliminated by multiplexer filters,

Fig. 6 shows the recovered x- and y-polarization constella-
tions of the 224-Gb/s and 112-Gb/s CSRZ-PDM-QPSK signals
at the input of the loop. The signal constellation clouds of the
224-Gbfs signal are much bigger than those of the 112-Gb/s
signal, which is caused by the following fow factors: 1) lim-
ited bandwidth of the transmitter (as shown by the eye-diagrams
in Fig. 1 and signal specira in Fig. 2); 2) limited bandwidth of
the receiver (30-GHz for the 224-Gb/s signal and 20-GHz for
the 112-Gb/s signal); 3) reduced sampling speed at the receiver
(1.43 samples/symbol for the 224-Gb/s signal and 2.86 sam.
plesfsymbol for the 112-Gb/s signal).

The output spectra after 1600-km transmission with and
without ROADMSs are depicted in Fig. 7. The ROADM fil-
tering effect is olearly seen in the spectrum,
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Rig. 8 shows the Q%-factor (obtained from measured
BER atter offline processing) for a central 224-Gb/s chennel
{190.70 THz) in WDM transmission after 1200 km with three
ROADMSs and 1600 km without any ROADMS as a function of
{he Iaunch power per 224-Gb/s channel, The launch power of



S

[ S

Case 8:12-cv-00759-AG-MLG Document 1  Filed 05/10/12 Page 58 of 62 Page ID #:74

XIE ef pl: TRANSMISSION OF MIXEY 224-GB/S AND 112-GB/S FDM-QPSK OVER 1200-X) DISPERSION-MANACQED LEAF® SFANS AND THREE ROADMS $51

10 v T

0 1600 ¥mw/o ROADM
w1200 kmw/ ROADM

a.5F

-7

O fastor (dB)
<

8%

% B K] 3 5 %

Lavnch power of 224-Gbls chlamuln (dBmichy

) -2

Fig, 8. QF-factor versus Ininch power of 224.Gb/s channcls et 1200 km with

ROADMS,

14 . - -
~—o—wio ROADM
=0~ ROADM

18 F
12r
1

w0}

@ factor (OB}

8f FEC fmit e

0 500 7000 1600 7060 7500
Transsmission distance (km)

Fig. 9. QZ-factor versus distence for 224-Gb/s and 112-Gbfs channels for the
system with end without ROADMS,

the 112-Gb/s channels was chosen about 2 dB Jower than that of
the 224-Gb/s channel, motivated by the fact that the 112-Gb/s
channels require lower OSNR. than the 224-Gb/s channels,
which allows for a reduction In launch power fo obtain a similar
transmission reach while reducing the inter-channel nonfinear-
ities from the 112-Gb/fs channels onto the 224-Gb/fs channels.
The optimum launch powers for the 224-Gb/fs channels in botk
cases shown in Fig. 8 are the same, —G dBm per channel,
We hence used ~G-dBm and —8-dBm as the per cheanel
lawnch powers for the 224-Gb/fs and the 112-Gb/s channels,
respectively, Pig, 9 glves the Q%-factor versus fransmission
distance for both the 224-Gb/s (190.70 THz) and 112-Gb/fs
(190.75 THz) channels in WDM transmission with and without
ROADM: in the loop. As expected, the 112-Gb/s channel
performs better than the 224-Gb/fs channel. Assuming a for-
ward-error-correction (FEC) BER threshold of 3.8 x 10~ (a
Q? value of 8.53 dB), the system can transmit 1200 km with
three ROADMS and 2000 kin without ROADM S on this legacy,
dispersion~meanaged fiber infrastructure. Fig. 9 also shows
that the performance difference between the system with and
without ROADMS for the 224-Gb/s channel is larger than that
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" Fig. 10, Q?-factor of all the 10 chunnels at 1200 km with three ROADMs and

2000 km without ROADMSs,

for the 112-Gb/s channel. This is because the ROADM band-
width normalized by the symbol rate is smaller for the 224-Gb/s
channel than that for the 112-Gb/s channel, as discussed in the
context of Figs, 3 and 4 above. '

Fig. 9 shows that the system with ROADMSs performs worse
in the transmission than that without ROADMS, which is dif-
ferentfrom the back to back performance ofCSRZ-PDM-QPSK.
shown in Fig. 3, This is because of two reasons, One is that
the optimum ROADM numbers are 4 and 3 for 112-Gb/s and
224-Gb/s CSRZ-PDM-QPSK, respectlvely in the back to back
operation, and after those, the performance starts to be degraded
with more ROADMSs, Note that the interfeavers at the irans-
mitter are effectively cne ROADM. The second reason is fiber
nonlinear effects. ROADMSs reduce the signal bendwidth and at
the same time increase the peak to average power ratic of the
signal, and the increased peak to average power ratio enhances
fiber nonlinear effects. As shown in Fig, 8, the performance
with ROADM:S is reduced at high power due to fiber nonlinear
effects.

The Q2-facter of all 10 channels after WDM transmission
at 1200 km with three ROADMSs and at 2000 km without
ROADMS is given in Fig, 10, The per-channe] launch powers
for the 224-Gb/s and 112-Gb/s channels are —6 dBm and
—8 dBm, respectively. The figure shows that 21| the channels
achieve performance above the FEC limit and that the 112-Gb/s
channels can achieve 1 to 2 dB higher Q2-factor than the
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Fig. 11, Signal constellntions of 224-Gb/s CSRZ-PDM-QPSK 31gnals after
1200 km with thres ROADMSs and 2000 km without ROADM tensmissiop,

224-Gb/s channels, s expected. The signal constellations of
the 224-Gb/s PDM-QPSK (channel 6) after transmission over
1200-km with three ROADMSs and over 2000-km without
ROADMS; are shown in Fig. 11.

IV, CONCLUSION

By using asymmeitrical interleavers, CSRZ-FDM-QPSK
and coherent detection, we have successfully transmitted, on a
legacy long-hanl fransmissjon system, a mix of 224-Gb/s and
112-Gb/s signals at 50-GHz channel spacing over 1200-km dis-
persion-managed LEAF® spans with three bandwidth-managed
asymmefric ROADMs and over 2000 km without ROADMs.
This is the highest spectral efficiency reported on a commercial
all-Ramen optical transport platform using a widely deployed,
dispersion-compensated fiber infrastructure.
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