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UNITED STATES DISTRICT COURT
CENTRAL DISTRICT OF CALIFORNIA
LABYRINTH OPTICAL CASE NUMBER:
TECHNOLOGIES LLC B
Plaintiff, To be Supplied 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 1s 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. §,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 actively,induéed others to infringe Labyrinth’s patents in this
district as alleged in this Complaint (at 2 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),
13%91(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 Califofnia, émd having a principal place of business at
500 Newport Center Drive, 7" Floor, Newport Beach, California 92660.

7. Upon information and belief and after a reasonable opportunity for
further discovery, Alcatel is a corporaﬁon 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 prf;')cess
in the State of California is The Prentice-Hall Corporation System, Inc., 2710
Gateway Oaks Dr., STE 100, Sacramento, CA 95833.

2 COMPLAINT FOR PATENT INFRINGEMENT




Case 8:12-cv-00759-AG-MLG Document 1  Filed 05/10/12 Page 3 of 62 Page ID #:19

WO® o~ oy B W N

oo -3 (=% w B (" b2 — o o o0 -3 [ w o, (9% ] o —t <

THE PATENTS IN SUIT

8.  In optical data commumcatlons systems were upgraded from a 10
Gb/s data transmission rates to a 40 Gb/s transmission rates, Data transmission
rates at the much faster 40 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 Optical Homodyne Detection System With Optimized
Transmission Modulation” was duly and legally i‘ssued on January 24, 2012,

11. The assignee of the '173 patent is Labyrmth

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 transmission 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 0ptlcal data 31gnal 1nto 1n—phase and quadrature
 data signals; |
(¢) applying a corrective function to the in-phase and
quadrature data 51gnals the corrective function modifying the in- |
phase and quadrature data signals in a manner that prec1se1y
counteracts effects of chromatic dlspersmn 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 clalms a_system and method for coherent optical
detection for an optimized transmlssmn modulanon
19." For example, claim 22 of the '627 patent provides:
(22) A method of reducing the transmitted 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 symbois 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 fo 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 eXampié only, Alcatel’s 1830 Photonic Service
Switch, Metro/regional/long-haul WDM Platfdrx_ﬁ falls within the scope of at least
claim 1 of the *173 patént as it meets each limifafion 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 signais, 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 to Zero, Quadrature modulate_g optical data signal, which during all

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

5 COMPLAINT FOR PATENT INFRINGEMENT
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N reduces the power to zero such that fransmitted power decreases to zero at
2] approximately a mid-point of each of the transitional states. Exhibit C, Chongjin
3| Xie et al., Transmission of Mixed 224-Gb/s and 112-Gb/s PDM-QPSK at 50-GHz
4 Chaﬁnel_ Spacing Over 1200-km Dispersion-Managed LEAF® Spans and Three
5f ROADMs, Journal of Lightwave Technology, Vol. 30, No. 4, Pg. 547, February
6 15, 2012. On belief, Alcate]’s 1830 Photonic “Serv'ice Switch, Metro/regional/long-
7] haul WDM Platform may have the limitations of claim 22 also.
8 23, Defendant Alcatel does not have a license or other authorization to
91 practice the claims set forth in the '627 patent.
10 ' COUNT 1
11 Alcatel’s Patent Infringement Under 35 U.S.C. §271 of the '173 Patent
12 24, - Labyrinth incorporates by reference the allegations of paragraphé 1-
13] 23. | '
14 25.  Alcatel has directly or imdirectly infringed the '173 patent at a
150 minimum by making, using, selling and offering for sale a product that falls within
16| the scope of the '173 patent, including, but not limited to, the Alcatel’s 1830
17\ Photonic Service Switch, Metro/regional/long-haul WDM Platform.
18 26, Alcatel has caused and will conﬁnue to cause Labyrinth substantial
19 damage and irreparable injury by virtue.of its continuing infringement.
27.  Labyrinth is-entitled to recover from Alcatel the damages sustained by
21 Labyrinth'as' a result of Alcatel’s wrongful acts in an amount subject to proof at
22| trial and an injunction preventing Alcatel from continuing its wrongful acts.
23 28. Upon information and belief and after an opportunity for further
24| discovery, Alcatel’s infringement of the '173 patent is wﬂiful and deliberate.
25 . COUNTII _
26 Alcatel’s Patent Infringement Under 35 U.S.C, §271 of the '627 Patent
27 |
28 _ 6 COMPLAINT FOR PATENT INFRINGEMENT
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29. Labyrinth incorporates by ‘-“‘referéhce the allegations of paragraphs 1-
28. | .

30. Alcatel has directly or .indirectly infringed the '627 patent at a
minimum by making, using, 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 infringed the 173 and %627 patents under 35 U.S.C.
§271;

B.  Permanently enjoining and restraining Alcafel, 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 fur‘fher‘ acts that infringe the '173 and '627
patents, including but not limited to, making, using, selling, offering to sell,
importing, exporting, advertisiﬁg, or otherwise using, contributing to the use of, or
inducing the use of all infringing produgg_s_ 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
each 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 setting forth in detail the form and manner in which
Alcatel has complied with the Court’s orders as prayed for. .

D.  Awarding Labyrlnth patent 1nfrmgement 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 attorneys 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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JURY DEMAND

Labyrinth requests a jury trial.

Dated: May 10, 2012

Respectfully submitted,
Labyrinth Optical Technologies LLC

By its attorneys,
SIMMONS BROWDER GIANARIS
ANGELIDES & BARNERD LLC

L

Crystal (¢ 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
METHOD AND SYSTEM FOR A
POLARIZATION MODE DISPERSION
TOLERANT OPTICAL HOMODYNE
DETECTION SYSTEM WITH OPTIMIZED
TRANSMISSION MODULATION

CROSS-REFERENCES TO RELATED
APPLICATIONS .

This application is a divisionat of U.S, patent application
Ser. No, 09/871,216 filed on May 31,2001, whichisrelated to
copending and commonly essigned U.S. patent application
Ser No. 09/748,750, filed in the Tnited States Patent and
Trademark officeon Dec. 26, 2000, entitled “Method, System
and Apparatvs for Optically Transferring Information®,
which is expressty incorporated herein in its eatitety by ref-
erence theretos

!
# FIELD OF THE INVENTION

The present invention relates to optical data communica-
tion, and in particular, relates to a method and optical data
communication system that improves signal-to-noise ratio of
optical data signals, connteracls poladzation mode dispersion
and improves robustness to fiker nonlinenrities.

BACKGROUND INFORMATION

Currently, optical dala communication systems are being
upgraded from a 10 GW/s dats tranamission rate up to a 40

" Gh/s transmission rate. However, data fansmission at 40

Gb/s (or higher) presents extensive design challénges because
the effects of polarization reode dispersion (PVD), chxomatic
dispersion and fber non-lincer effects such as cross-phase
pmodulation become more dominant at the higher transmis-
sion rates, In particular, the limit of tolerable polarization
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SUMMARY OF THE INVENTION

The present invention meets the abovs objectives by pro-
viding an opticel homodyne communication system and
methed inwhich a reduced amplitude side carrier is transmit-
ted alonp with data bands in an opticat dala signal, and upon
reeeption, the side carrier is baested, shifted 1o the center of
tire data bands, and its 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 homodyoe
receplion withowt fnenrting the conventionel restrictions and
complications of homodyne reception sach as requiring the
phase of a signal from a Joeat oscillator to be locked to the
phase of the optical signsl.

According fo one smbodiment, the present invention pro-
vides a method of oplical communication that beping with
providing a quadrature modulated optical data including two
data bands separated in frequency, each data band having
in-phase and quadsatare components. The power of the
quadrature modulated optical data sigoal Is limited in order to
limit non-limear effects by redueing the power of the optical
dara signal dering transitional states in which data symbols
transmitted in the optical data signal change in value, and in
particular by reducing the power to zero such that transmitted
power decreases o zero at approximately the mid point of the
transitional states, The optical data signal is combined with a
side carricr at 4 single frequency between the two data bands
of the optical data sigeal and then transmitted across optical
fiber to a receiver.

At the receiver, the side carrier {s separated from the two
data bands of the combined optical dala signat and increased

in amplitude relative to the data. ‘The side carriers are then

mode dispersion, psually défined as 14% of the data bit dura- -

tion, is only 3.5 ps at a 40 Gb/s transmission rate, A 3.5 ps
poterization mode dispersion franslates to an attalnable reach
of several hundred kilometers over single mode fiber which
has a typical fiber PMD of 0.1 psflan',

Current optical commnnications systems, such ag the PMD
compensation arvangement desceribed in U8, Pat. No. 6,130,
766 to Cao, geoerafly etterapt to compensate for PMD by
splitting received optical signals into % and ¥ mode compo-
nents having orthogonal polarization, and then adjusting the
delay on one of the orthogonal componeats o align the
modes, This arrangement requires sipnificant sipnat process-
ing and differential delays to cover the range of frequencies
carrying data,

Nonlinearities induced during optical transmission are also
amplified at higher data rates, While it is necessary for accu-
rate detection thatoptical data signais be at least 20dB above
backgrouad noise, if the data signals are transmitted with too
much power, nenlinearities can play a greater role in distort-
ing the signal, In addition, in coherent systeras typical het-
crodyne optical reception systems suffor an iherent 3 dB
penalty with respect to homodyne systems and introduce
phasc neise through use of & local oscillator, and thereby add
afurther level of complexity and constraints to optical sysiem
desi;

‘What {s therefors needed is a cost-efective method and
system that compensates for PMD, optimizes SNR, perfor-

mance and minimizes phiase noise and nonlinearities associ--

rted with fransmission over fiber at high data transmission
raies,
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shifted to the middle of each of the respective two data bands,

- Since the relationship befween the polasization siate of the

side carriers and the polarizetion state of the data bands does
not sisy constant during transmission over optical fiber, the
polarization state of the shifted side carriers i5 adjusted to
match the polerization state of the data bands at which they
are centered.

The present inveation further provides a method of com-
pensating for the offects of chromatic dispersion during trans-
mission over cptical fiber by separating the in-phase and
quadrature compoenents of the two data bands prior to apto-
electric conversion, and, afler optoelectric conversion, com-
pensaling for chrometic dispersion by applying e comeotiva
functlon to eack of the in-phase and quadrature components
of the data bands, the correciive function precisely counter-
acting the effects of chromatic dispersion o the in-phase and
quedrature components,

The preseat invention also pravides a method of providing
inforination conceming a transmission device by providing
anaptical data signal having data bands and a side carrier with
the slde carrier madulated to carry an identification code, the
identification code including information concerning the
fransmitter, Acoording to 2n embodiment of the present
invention, the information concerning & transmitter embed-
ded In the side carrior inclades parameters used in the comec-
tive function fo precisely comntaract the effects of chromatic
dispersion.

Ax optica] duta signal transtter is provided for generat-
ing the quedrature modulated opticat data signal including at
leastone side cartier, The transmilter includes a Mach-Zender
moculator which generates an opficel carrier signal by medu-

“lating a pair of side carriers onto sn input optical signal, The

optical carrier signal is modulated by at least two phase
modulators which modulate a puir of data signals, in quadra-
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ture, onlo theuptical carrier signal, culpuiting an gptical data
signalincleding at leasttwo databands. By spreading the data
bands oito the pair of side carriers, the amplitode of the
optical data. signal ie reduced to zero during transitions
between data symbols. The transmifter also ineludes a second
Mach-Zender moduldtor which imprints a low-frequency TX
1D (imnsmitter idontification code) side varrier.onto the inpm
optical signal. The T 1D signal side carrier then combined
with the opticval data sigos] for transmission, The transmitted
identification ¢ode includes information conceming the
transmitter, such es its location, from which the distance
between the transinitter and a receiver may be deduged,

The present invention further provides a receiver for imple-
menting homodyne reception. The receiver includes a sido
carrier hoosting module for increasing the amplitude of the
side camrierrefative to the data bands in the optical data sipnal.
The receiver further includes a side carder shifting module
coupled to the side carrler hoosting module which shifis the
side carrier into two shifted carriers. Each of the shifted
carriers is shifted to the center of one of the data bands. In
addition, means for compensating polarization modo disper-
sion that are conpled to the side carrier shifting module match
the polarization states of the shified carriers to the data bands
by adjusting either the polarization state of the shifted carriers
or the polarization state of the data bands, After optoeleciric
conversion of the optical dafa signal, the receiver emplays =
chromatic dispersion correction stage that includes circuits
that apply transfer functions to the in-phase and quadrature
detected data channels

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of'a transmitter according to an
embodiment of the present invention,

FIG. 2a shows the spectrtirmn of an optical carrier signal at
the output of MZ1 of FIG. 1 according to an embodiment of
the present invention.

FIG, 2t shows the spectrum of an opticel data signel al the
output of QMZI of FIG. 1 after deia modulationinquadrature
according to an embodiment of the present invention,

PIG. 20 shows the spectrom of an optical data signal at the
outpat of QMZ2 of FIG. 1 according to an embodiment of the
present invention,

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

FIG, 4a shows the spectrum of an optical data signa] ut the
output of C1 of FIG. 1 scconding fo ar embodiment of the
preseat invention,

FIG, 46 shows the spectrum of an opticel data signal al the

-output of C2 of FIG. 1 according to an embodiment of the

present invention.

FIG. 4¢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 a receiver according 1o an
embodiment of the present invention.

FIG. ¢ iz a block diagrem of a firstembodiment of the side
carricr boosting module accarding to the present invention,

FIG. 7 is 1 block diagram of a second embodiment of the
side carrier boosting modvle according 16 the present inven-
tion which employs the Stimulated Brillowin Sceltering
(SBS) effect,

PIG. 8z shows the spectrum of an optical carrier signal at
the output of the FP4 of FIG. 5 according fo an embodiment

- pf the present invention.
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FiG. 85 shows the spectrum of an optical carrder signal at
the output of the 87 of FIG. § according to an embadiment of
the present invention,

- FIG. 8c shows the specirum of an optical carrler signal at
the cutput of the PBS3 of FIG. & according o an embodiment
of the present invention,

P1G. 8¢ shows the spectrum of an optical carrier signal ot
the oufput of the S81 of FIG. 5 according to an embodiment
of the present Invention,

PIG, 8¢ shows the spectrom of an optical carrer signal at
the owtput of the C5 of FIG. 5 reconding to an embodiment of
the present invention,

FIG. §f shows the specirem of an optical camrier signal at
the owtput of the C6 of FIG. 5 according 10 an embodiment of
{fhe present invention, '

FIG. 9 is a block dlagrom of a chromatic dispersior com-
pensation circuil according to an embodiment of the present
invention.

FIG.10g isablock diagram of & microstripimplementation
of & circuit that applios a COS transfer fonction to an input
signal according to an embediment of the present invention.

FIG. 10bis ablock dingram of 3 microstripimplementation
of g circuit that applies a SIN transfer function to an input
signal socording fo an emabodiment of the presenl inveniion.

DETAILED DESCRIPTION

1. Transmission :

In accordance with the present inventlon, at a transmitter, a
pair of side carriers is modulated onto each side of a mono-
chromatic optical carrier signal, which is theo split into two
channels. Rach optical carrier aignal channel i= modulated
with two 10 Gb/s data signals in an orthogona] phase rela- °
ticnship to one another, The data signals are spread onto the
two side catrfers in cach channel, and in effect, are spread out
by filty percent in the frequency domain, This spreading is
equivalent io multiplication by a sine wave al hoif the data
rato, and results in cach data symbol returning to zero
bétween kransitions, referred to as quedratere-return-to-zero
(QRZ), Usivg QRZ, the power of the optical date signal is
mede independent of the data pattern, The polarization of one
of the uptical data signal channels is then shified, and one of
thechannels is combined with a channet of the origpal mmono-
chromatic carrier that has been modulated with a transmis-
sion identification carrier of legs than 100 kHz.

The two optical data signal bands, which each carry a 20
Gb/s data stream, are combined and either multiplexed with
adjacent channels af similar Jrequency and arthogonal polar-
ization or one of the tevo changels is shifted in poiar}mmmm
mgztch {he other channel, In either case, the optical data sig-
nals are’ multiplexed according to a Dense Wave Division
Mulitplexing (DWDM) scheme and transmitted along long

" hanl fiber to a destination seceiver,
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FIG.1jliustrates anembodiment of a transmivter eccording

to the present invention, which may be implemented on a
Lithivm-Niobate chip, for éxample. An optica) signal genera-
tor SG1, which may be a laser, generates a monochromatic,
polarized optical carrier at 3 reference frequency which for
purposes of tho following discussion is desiguated as the
arigin {0 GHz) in tarms of relative frequency. The optical
signal is thereaflter split into two chaanels, an upper channel
going to Mach-Zender modnlator MZ1 and a Jower channel
hciug transmitted to Mach-Zender modulator MZ4. The divi-
sionoflight intensity between the two channels can be uneven
with the lower chennel receiving, for example, just 10 percent
of the light intensity generated by SG1. At warrow-band
modulatar MZ4, the Jower channe] of the aptical signal is
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modulated with a “Transmitter Identification” (TX 1D) tone
in the frequency range of 10 KHz to 100 KHz above the
reference frequency. At modulator MZ1, twa sets of sids
cardersat +/—20 GHz and +/-30 GHz are modnlated onta the
optical signal, The spectrum for the modulated slgnal,
denoted an opticel carrier signal, is shown in FIG, 24. As,
shown in the figurs, the resulting spectram output from MZ1
shows four peaks, two below the reference frequency at 30
GHz and ~20 GHz relative to the reference frequency, and
two above the reference frequency at +20 GHz and +30 GHz,

The ontput of modulator MZ1 is further split into an upper
channe] which is tmosmitted to quadmture data modylator
(MZ3 and a lower channp] whichis tranemitted to quad.ramm
data sodulator QMZ2, Data modulator QMZ2 i imprints two
individual 10 Cbfs dats stremms in quadrature (in onhogoml
phase relationship) CH.1 and CH. 2 onto each of the pairs of
side carrers above and below the reference frequency, Simi-
larly, data modulator QMZ3 imprinte individeal 10 Gh/s data
strearns CH.3 and CFHL4 onto each of the palrs of side carriers
in the optical cartier signal. Respective bias confrol elec-
trodes VB2 and VB3 assist in keeping the data streams in
quadmture. Spectra of the cutputs from QMZ3 and QMZ2 are
shown in FIG. 25 and FIG, 20 respectively, As can be dis-
cemed in FIG. 26 and FIG. Z¢, the output specira from QMZ3
and QMZ2 chow two data bands, one extending from 40
GHz{o -16 GHz and anctherextending from +10 GHz o +40
GHe relative to the reference frequency.

By imprinting two 10 Gb/s data streams in quadratere, In
effect, 20 G/ of data are modulated onte each pair of side
carriers (~30, ~20 GHz and +20, +30 CHz, respectively) and
each 20 Gbis data band covers 30 GHz in the frequency
domain. By providing two side carriers, with ore side carrier
inthepaira clock rate away from the other (i.e,, 30 GHzbeing,
a clock away from 20 GHz), the data bits in both ! and Q
format are meltiplied in the time dormain by o 5 GHz sinusoid
which crosses zere every 100 ps. Thus, the total data signal
always crosses through zero in between any pair of symbols
(any pair of LQ data), referred 1o as quadmture-retem-io-zero
{QRZ) modulation,

FIG. 3 iltustrates the key propecty of the QRZ format,
showing that the trajectary between two successive symbols
always leads through the I-Q origin. Bach comer ofthe figure
representd a pair of I, Q data symbols (e.g., I=1,Q=-1 or1=~
Q=1). As show, 1o get from adjacent comer points I=1, Q=1
(upper right comer) to I=1, Q=-1 (lower right corner) the
optical data signal must travel through the arigin (0,0), Dur-
ing each trajectory through the origin, the power of the signal,
which is proportion to the square of its amplitude, gaes to
zero,

Retumning to FIG, 1, the output from modulator QMZ3 is
iuput to a polarization tansformer PTI, which shifts the
polarization of the opticat data signal output from QGMZ3 90

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

arbitrarily ifustrated by parallel lines as parallel polarization
as opposed to a perpendicular polarization of the original
optical signal, Furthermore, the output optical dala signal

5

10

oo 0
As canbe discemed, the spechum includes datn channels 1,2,
3 and 4 in both lower and upper data bands, Channels 1 and 2
are in perpendicular polarizetion and channels 3 and 4 are in
parallel polarization, The reference cardjerat approximately 0
GHg from M2Z4 is in perpendicular polarization.

Accordmg to the {lustrated embodiment, the output signal
ftom C2 is ioput to a polarization beam splitter PES1 which
splits the signal into perpendicular and parallel polarized
components, thereby separeting the data channels 1 and 2
from channels 3 and 4, The perpendiculor component (¢con-
teining data channels 1 and 2 as well as the centraf reference
frequency) is transmitted along fower path 102 to a first chan-
nel of a dease wave division multiplexer DWDM, the parallel
componeat (contnining data chamels 3 and 4) is input fo

15 polarfzation transformer PTZ, which roiates the polarization
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from modulator QMZ2 is combined at combiner C1 with the

TX 1D pilot signaf from MZ4: The output from C1 is shown
in F1G. 42, As noted above, the intenslty of the T 1D slgnal
is reduced in comparison with the optical dats sigonl fiom
QMZ2, It is also noted that the polarization of the cutput
signal fror C1 is showa as perpendicular, since the poleriza-
tion of the ouiput from C1 remains unchanged from the ozigi-
nal po]anaauou Thereadter, the output sigae] from PT1 s
combined with the output sigas] from combiner C1atC2, ',[he
specirim of the output signal out of C2 is shown in FIG. 45.

&0
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ofthe paraliel component back into a perpendiouler state, The
output from PT2 is then input fo & second DWDM chennel,
Bach DWDM chaonel acte a5 & band pass filter and passes
only frequencies that fall withina 50 GHz band, Assuming for
illustrative purposes that DWDM channel 1 passes frequen-
cies fiom -50 GHz to 0 GHz relative (o the reference frs-
quency, and DWDM channel 2 passés frequencies from O to
+50 GHz, data channels 1 and 2 are passed only in the data
band from -40 GHz to ~10 Gilz 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 passed bands onto
a long hmul fiber (not shown), The output spectrem from —5¢
GHzto +50 GHzoulput from the DWDM is shown in FIG. de,
The adjacent DWDM channels each pass 20 Gbfs of data,
combining for a tatal of 40 Ghfs,

In an alternative embodiment, npolnnzutwn multiplexing
scheme may be used, making if unnecessary 1o separate deta
channels 12and 2 from data channels 3 and 4. As described in -
related and commonly owned application [Ser No., 09/782,
354] hereby incorporated forrefetence, the pairsofdata chan-
nels can occupy the samedata band iftheir polarization states
remain orthogonal and thus do not iterfere with each other,
Inihisimplementation, the polarization heam splitter PBS1 s
not needed and the output from C2 can be sent direct’y to one
of the DWDM imput channels, ‘

11, Reception

In accordance with the pmsent mvennon, a hemadyne
receptip systern is smployed to recelve the optical dats sig.
nal gencrated as deseribed above, Upon réception, the trans-
mitted side paerier ot the reference frequeacy is boosted to
increase the signel-to-noise ratio (SNR) of the optical datn
signal and to compensata for the ettenvation of fhe side carrier
in the transmitter, The boosting of the side carrier increases
the SNR because of the implementation of homodyne recep~
tion in which overall detected sigom) power is incressed in
proportion to ke powerofthe local vscillator, orintiepresent
case (as will be discussed below), the transmitted side carrier.

Once the smplitude of the side carter power is boosted

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

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

After the shifting of the side carriérs, the twa side carriers
are separated and then modiffed by polarization controllers
which match the fime-varying polarization stete of each the
side earriers ta the different time-varying polarizationstate of
the respective dam bands, fhys overcoming the effects of
polarizaliof mode dispe.mmn by controlling the pﬂ]anza:iun
at only = sitigle frequency,

‘According fo an embodiment of the present mventmn,
chromatic dispersion compensation stage is used to connter
the effects of disporsion during transmission over long hanl
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fber. Since the effects of dispersion cat be modeled a5 a
trensfer function that is spplied to the T and Q data signals, the
chromatic dispersion campeasation stage applies a compen-
sating correction function that effectively cousteracts the
transfer function, rendering the T and Q) data signels into their
original nan-dispersed siate,

FIG. 5 illustrates an embodiment of a homedyne receiver”

according io the present nvention, As opilical dats signal is

- received first by a side carricr boosting module 209 for which

the present invention provides two axemplary erobodiments,

In a first embodimeat of the side carier boosting modnle,

shown in FIG. 6, the optical data signal is first mput to an
optical amphﬁcr BDFA1, which may be, for cxample, an
erbivm-doped fiber ampliﬁer (EDFA). It is noted that all
further optfcal amplifiers used in the Implementations
described below may be implemented as erbium-doped fiber
aoplifiers, The optical amplifier BDFAT amplifies the entire
spectrum of the received signal by, for example, spproxi-
mately 15-184B. The amplified signal vutput from BDFAT is
split at S3 between an upper branch that is coupled to a
Babry-Perot resonator F'] and a Jower branch that is coupled
to an attenvator AT,

The Fabry Pecot resonator FP1 fonctions as a high-Q flter
that neatly completely filtexs ont all frequencies excepts fora
series of frequencies that ere separated by, for example, 100
Ghz which, according to the Intemationa] Telecommunica-
tion Union (TTU) grid, is the amount of bandwidth allocated
for cach channel. The resonator FP1 is adjusted to pass the
side carrier at the reference frequency and filter out the data
bands of the opticn] data signal, It is poted in this repard that
it Is contemplated thet the embodiments of the prasent inven-
tion be used in the context of the ITU grid, and that the
recepfion approach described allows for simultancous pro-
vessing of side carriers for a plurality of ITU grid-spaced
channels, The lower branch passed to ATT1, which contains
both the data bands and the side carrier iy attenuated. The
signals output from FPY and ATTE are combined in combiner
C4 and then passed {o a further optical amplifier EDFAZ
where the combined signal is again amplified by, for example,
epproxireately 15-18 dB. Becauso the side carrier was iso-
lated and boosted in FP1 and the data bands were attenuated
in ATT1, the combined signal conteins a skle carrier boosted
atleast 10 dB in amplitude relative to the data bands, -

A second embodiment of the side camier boosting module,
whichadvantegeously makes wse of theamplitude-enhancing
effect of Stimulated Brillowin Seattering (SBS), is showa in
PIG. 7, The SBS effect causes a first optical signal having
parrow frequency band aroind frequency X 1o be amplified
when collides with a signal of frequency X+~11 GHz travel-
ing in the opposite direction. Referring to FIG. 7, the received
sigoal isinputio optical amplifier EDFA3 which amplkifies the
entire spectrum of the input signal. The signal output from
amplifier BDFA3 is trpsmitted to optical isolator ISL 1,
which permits optical sipnal to travel only in one direction
(the direction indicated by the amow in the figure) and pre-
vents optica] signals being reflected or transmitted back
toward the amplifier EDFA3, Prom the optical Isolafor ISL. 1,
the optical data signal is split into two branches at splliter S4.

- A first upper branch from splitter S4 leads to Fabry Perot
resonator FP2, which passes the side carder (and other modes
in the series of frequencies) in between the data bands, FP
confroller 1 automaticelly ndjusts the resonator FP2 so that it
corrcotly passes the side carrier using input Gom splitter 85
aod filters out the data baxnds, The output from FB2 is deliv-
ered to external modulator XIMOD 1, which afso receives an
11 GHz signal from a 11 GHz oscillator through an 11 GHz
amplifier, Tho extarnal modulator XMOD 1 modulates the 11
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GHz signal onie the side carrer, The spectrum of the ouiput
from the modulalor XMOD 1 thereafter conlains the refer-
enoa frequency and two stdefrequencies located 11 GHz both
above and below the reference frequency. This cutput signal
15 then fransmitied to another resomator FP3, which is
adjusted by FP controller 2 fo center on (and pass) only the
side frequency 11 GHgz above the reference side carrier fre-
quency. The resulting signal, camying substantially a single
frequency atthe reference frequency +11 GHz, is amplified in
optical muplifier BDFA4 and then input to ¢ireulator CIRC 1,
The circulator passes sigaals in a counter-clockwise direc-
tion, More specifically, CIRC 1 passes the oufput from
BDFA4 lefiwards in acounterclockwise rotation towards the
cutput of optical isolator ISL, 2. It1s noted that the side carrier
boosting scheme is also intended be used in conjunetion with
a dense wave division raulfiplexing scheme. Thus, the side
carrier boosting module can simultanecusly process and
beost a plurality of side carriers spaced in frequency aceord-
ing to ITU chance] spacing.

Sironltaneously, the optical signg] in the Jowerbranch from
splitter S4 is transmitted throngh isofetor ISL 2 and then
meets with the optical signal from the upper branch output
{from the circulator CERC I. This collision of the two optical

- signals traveling in opposite directions generstes the SBS

25

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

_smaller cross-section, promotes higher intensity and more
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proponnced non-linear effects such o3 SBS. When the optical
data signal containing the reference side carvier colfides with
the 11 GHzsidefrequency signal from CIRC 1, anarrow hand
inchoding the side carrier inthe optical datn signat iz emplified

selutive to the dats bands due to the SBS effect as explained -

sbove, This modified optical data signal then reaches the
circulator CIRC 1 from which it passes in the counter-clock-

-wise direction to opticel amplifier EDFAS, which amplifies

the entire speotrvin of the modified optical data signal by
15-18 dB. The ovtput from BDFAS is the fina] output of the
second embodiment of the slde carrier boosting module 200,

Retumingto FIG. 5, the optical data signal ontput from the
side carrier boosting module 200 js input 1o cireulater CIRC
2, which in turn transmits the slgoal in a counter-clockwise
direction to Fabry-Perot resonatar FP4, having n free speciral
range (FSR) of 100 GHz and finesse on the order of 1000, The
resonator FP4 is aluo tuned to select the side carvier af (ap-
proximately) the reference frequency (O GHz). FIG. 8a

" shows a spectrum of the signal output from FP4, indicating

2]
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that the deia bands have agein been filtered out. The data
bands that dre filtered out at FP4 are resent back toward
cirnlator CIRC 2, where they are-redivected in & covater-
clockwise direction towards splitter 57, The spectrum of the
output from splitter 7, which includes the two fiitered data
bands at -40 GHz to 10 GHz and +10 GHz to +40 GHz, is
shown in FIG. 8b.

It is noted that 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-varyiog polariza-
tion state varies with frequency, the side carrier is expected fo
havea different time-varying polarization stote than efther of
the data bands because it is separated from the centers of data
bands by 25 GHz, When the output froin resonator FP4 is fed
to the side currier shifling module 210, the side carrier’s
orthoponsl polarizulion states are split in polarization beam
splitier PBS2, and then each of the orthoponal signals are
separately modulated by 25 GHz in XMOD 2 and XMOD 3,
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respectively, and then joined back im PRS3, The aulput fiom
PBS# is illustrated in FIG. 8¢, which shows two slde carriers
at ~25 GHz and +25 GHz from the reference frequency,

respectively. The ontput from PBS2 is prssed on to Fabry- .

Perot filter FPS (FSR=50'GHz, finesse >500) which passes
both the 25 GHz left and right shified side carriers, and,
transmits them to cirenlator CIRC 3. Circulator CIRC 3 deliv-
ers shifted SC's to reflective polarization controllers PC 1, PC
2, through respective adjacent 50 GHz-spaced channels of
WDM demuliiplexer DWDM 2. The polarization coatrollers
PC 1, PC 2 are costructed to provide control of the phase of
the signals reflected from the polarization controllers back io
the demuitiplexer DWDM 2. Such control may be used, for
instance, in order 1o compensate for the effective fiber length
between the polatization controllers PC 1, PC 2 and the
demulfiplexer DWDM 2, In one implementation, the polar-
ization controllers PC 1, PC 2 inclade mirrors and piczoclec-
tric actiatorsto adjust the distancethe reflected signal travels,
which in furri controls the phase of the reflected aptical signal.
Bach polarization controller PC 1, PC 2 is used to trans-
form the time-varying polarizationstate of one ofthe two side

carriers so that the polarization states of each side carrier

ratches the time varying polarization state of the respective
data bands which ate cenlered at the side carrier -25 GHz
and +25 GHz). To accomplish this, each polarization control-
ler PC 1, PC2 obtains feedback from the photodiodes that
receive the data bands, PC 1 receives the feedback via bias-T
couplors BT 1 and BT 3, while PC 2 receives feadback via
bias-T couplers BT 2 and BT 4, As will be described below,
the demulliplexers af thetop of FIG, 5, DWDM 3, DWDM 4,
receive both the data bands and the side canriers, filter them
into sepurate, adjacent frequency channels and then- effec-
tively multiply the side canier and data bands together al
photodiodes PD1, PD2, PD3 and PD4 (and other photodiodes.
of adjacent channels that are not shown) which respdnd to the
intensity of the signal (i.¢., the square of the amplitude). The
product signal ontput from the photodiodes is delivered o ske
respective polarization controllers PC 1, PC 2 via bias-T
couplers BT 1, BT 2, BT 3 and BT 4. The ourputs from BT 1
and BT 3, which contain converied data sigpals 1 and 2,
corresponding fo date chennels 1 and 2, ar¢ combined to
provide feedback to polarization controller PC 1, and the
outputs from BT 2 and BT 4, which contain data mgnals 3and
4, commesponding to data chmmeln 3 and 4, are combined to
pmvide feedback polarization controller PC 2. 1t i noted that
the datz signals 1 and 2 are expected to have a similar polar-
ization state since, Guring transmission, they nceupy the same
frequercy range, Baually, data sigrals 3 and 4, corresponding
0 datn chammels 3 and 4, are expected to have a similar
polatization state, At the polarization controllers PC 1, PC 2,
the time-varying polarization of the combined product sig-
nals are compared 1o the polerization state of the individual
side carrler signals.

By contimzally adjushugthepolanzauon of the side carrier
signal and then comparing the modified poladzation state to
the combined product signals, the polarization controllers PC
1, PC 2 can accurately maich the u'm&varying polarization
slate of each of the side carrlers with the time-varying polar-
ization state of the correspondmg data bands, This fechnigne
tokes advanmge of fact that it is easier to adjust the single
poladzation state of a sisgle side cawier frequency then to
adjust the rnltitude of polarization. states of a band of fre- .
quencies, for example, a 20 GHz dala bund, via wide-band
polarization compensation. However, polarization mede dis-
permon compensation can also be performed here by adjnst-,
ing the average polarization of the data band, which {s treated -

H

10

20

25

40

i

w
e

60

5

10

a3 having a single polerization, und then matching to the
polarization of the side carrier.

Returning once again to FIG. 5, the polardzation controllers
PC 1, PC 2 output polanzation compensated side cander
signals 1o circulator CIRC 3, from which they are forwarded
{o splitter 831. The splitter S51 alsoshifts the phase of one of
the: output branches hy 90 degrees relative to other branch.
The cutput spostrum from, 851 is shown in FIG3, 84, These ¢
depree and 90 degree phase shifted carders arerecombined in
combiners C5 and C6, respectively, with the data bands out-
put from splitter 57, In-phase (0 degree shified) and quadra-
re (90 degree-shified) signal spectrams ount of outpuis of
respective cambinets C5 and C& are shown in FIG. 8¢ and
FIG. 8. As can be discerned, In each specitum, a side carrier
is positioned in the ¢enter of a date band. Each side of the
spectea is equivalent 1o a spectvom gencrated by a conven-
flonal homodyne system-in which the locel oscillator fre-
quency is matched fo the center frequency of the data band,
Furthermore, as in conventional homodyne reception, the
power of the central cander frequency is hoosted relative to
the data partion in order to the inprove signal-to-noise ratio
of the detected signal. The side carrier that has been shifted 0
degrees can be used 1o detect the in-phase (1) 10 Gb/s data
channels from the transmiiter (chunels 1, 3) and the side
carrior$hat has been shifted 90 deprees can be used to detect
the gradratore (90 degree shifled) 10 Gb/s data channels
{channels 2, 4),

The combined signal from C5 s sent dhrough optical
amplifier BDFAS6 and the combined signal from C6 is sent
through optical amplifier EDFA7 to final 50 GHz spaced
demultiplexers DWDM 3 and DWDM 4. Bach of the demnl-
tiplcxcrs DWDM 3, DWDM 4 separate.the data bands and
side carriers madjacmt chasnnels for eJectro-optic conversion
stphotodiodes FD1, PD 2 and PD'3, PD 4 mspectrvely.luﬂns
menner 10 GBJs dita chapnels 1 and 3 are separated in
DWDM 3 and 10 Gb/s channels 2 and 4 ore separated in
DWDM 4, resulting in the output of four separate 10 Gb/s
data sig'nals.

In an implementstion of the receiver according to the
present invention, fow-bandwidih photodiotes can be pluced
at reflective ends of polarization controllers in each leg of
‘WDM demnuitiplexer to provide monitor outputs propostional
to fluctuations in each of carriers, forexample cansed by cross
phase modulation {XPM), Since the respective 10 Gb/s data
channels corresponding to the side cartiers generally fucin-
ate in sympathy, the effect of camier fluctuation can be
removed if the monitor output fuctnations are subtracted
from the outputs of the respective received 10 Gb/s output
channels,

After the converied data siguals arc further processed
throngh trans-impedance amplifiers TIAL, TIA2, TIA 3, TIA
4 and low pass filters LPF1, LPF2, LPP3, LPF4, they are Input
to a chromatic dispersion compensation stage shown sche-
matically in FIG, 9. 1t is noted in this context that the disper-
sion campensation stage can equally be implemented at the
quedrature date modulators on the transmitter side insiead of,
or in addition 1o, implementation at the receiver, The effects
of fiber-induced chromatic dispersion on quadmsture-modu-
Inted sinusoidal data signals can be desoribed by the foliow-
ing matrix equation:

I_puux';',‘:.,ﬁ _[ ol I 1) ﬁwlw.!..nl[r_jn(f) ()
QowD, L, 1] L-sngl(D, L [} cospd(D, L, 1} ]| Qin(f)
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where I_pu{(f) and Q_oul(F) are frequency domain represen-
tations of cutput I and Q signals, which are modified from
frequency domain represcatations of input 1 and Q signals,
I_in(f) and Q_in(f), by the dispersion matrix, for which

0.

G, 1, =D Lo g 10 - @

> denotes the fiber dispersion in mmits of ps/nm*km, I, stands

for fiber Iength in meters and £ stemds for frequency in Hz,
The dispersion rastrix canbe interprefed as atransfer func-

tion which applies a clockwise rotation angle that is propor-

tional to the square of the frequency of the transmitted sinu-

soid. To counterthedispersion effect, it is feasible fo apply an
inverse transfer finction, which can be interpreted as a conn-
terclockwise rotation, also proportions] to (he squars of the
frequency, This counter-dispersion, or correction function
may be descyibed by the following malrix equation:

coslgl(D, L, £)) -ﬂ‘D(ﬁJ(Da-L-le] &

dispeontD, L f)= [iinww. LI costdlid, L )

Therefore to ¢orreet the } and Q data signal for the effects
of chromatic dispersion, the correotion fonction 15 applied to
the 1 and Q input signals (again, either at the transmitter or at
the receiver, a5 is shown), Multiplying the correction function
by the Input signals yields:

L out=cos @ 1{D.Lf}L_in-sin OL(D.LJ)-2.jn

@_out=sla GUDLAL intcor DIDLAQ_In )

From: equation (4), it is clear that dispersion compensation
can be obtained by modifying the input I and Q data signals
with an eppropriate transfer function and then combinlog the
modified signal. An embodiment of & dispersion correction
circuit that performs these operations is shown in FIG, 9. As
shown, the Y inpursignal is input to a splitter $10, from which
an upper branch 5 delivered o amplifier A1 and a lower
branch is deliverad 10 an amplifier A2 in order to hoost the
signal. The wpper branch s transmitied fo a COS] cironit
which applies the cosine portion of the dispersion correction
function cos ©I1(D,X.1) to the input data signal as will be
deseribed further below, The lower branch from the splitter.
810 js fed to a STNT eircnitwhich applies the complementary
sine portion of the dispersion correction fimetion,

“The Q data signal is concurrently jnput fo splitier $11 and
broken up into an upper branch which is fed through ampli-
fiers A3, and a lower branch which is delivered to inverting
amplifier 1A1 which, in addition to baosting the signal, also-
shifts the phese of the signal by 180 degrees, The upper and
Iower branches are theteafter input tv respective COS2 and
SIN2 circnits which perform the sams figctions as the COS1
end SIN' cirvuits, respectively. As shown, the modified signal
from the SENI cironit, which is the prodoct I_in times sin
B1(D,L), is combined with 1he ontpot from COS2, the prod-
uct, Q_intimes cos ©1(D,L.1), at combiner CMB1. Compari-
son with equation (4), shows that the cutput of combiner
ChiB1 matches the desired Q_out cutput for dispersion com-
pensation, Similarly, the combination ot CMB2, containing
the products J_in times cos ®1{D,L,f) and Q_in imes —sin
@1(D,L,5), matches the desired I_out output for dispersion
compensation, )

Purthermore, the TX TD pilot signal, which, es noted
above, is moduleted onto the reference frequeney +/-10-100
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12 .
kHz, is received al the polarization confrollers PC 1, PC 2 and
converted 1o the RP dorain at pholodetectors PD3 and PDA4.
The TX pilots may bo coded by frequency modulation or by
another code modulation technique, The TX ID identifies the
particnlar transmitter sending the signal, allowing informa-
tion, such as thelenpth ofoptical fiberbetween the transmitter
and the recefver (which is the same as the parameter, L, used

in the dispersion correction function), to be extracted fomthe .

coded sigoal, This infopmationis transmitted to the chromatic
dispersion compensation stage where itis received by achro-
matic dispersionmodule 259, The chromatic dispersion mod-
ule, in turn;is coupled to the STN and COS virvuits snd causes
adjustments to be made to the respective transfer fimetions
applied to the Tand Q inputs in sccondance with the infoma-
tion extracted from the TX ID.

According to an embodiment of the present invention, the
SIN and COS circuits of FIG. 9 are implemented ag micros-
frip cireuits which uso layers or regions of copper deposited
onacircuitboard having various widths and lengths, to adjust
eleciromagnetic effects that modify signals sent through the
copper layers or regions, FIG. 104 and FIG, 105 illustrate
impleémemations of the sin ®1(D,L.5) end cos OIDED
transfer furctions respestively, As is known in the art, varlons
combinations of lioear strips, (denoted as MLIN, t-junctlons
(denated ps MTEE), and capacitive clements {capl, capz),
again having various adjustable lengths and widthe are vsed
10 fine-tune the eleckromagnetic wave effects in the copper
regions to simulaie the desired transfer fonctions,

In the foregoing description, the method and system of the
invention have been deseribed with reference to a nnmber of
examples tht are ot to be considered limiting. Rather, itisto
beunderstood and expected that veriations intheprinciples of
the method apd spparatus herein disclosed muy be made by
oneskilled inthe art and it is inteaded that such wodifieations,
changes, and/or substititions are 10 be inciuded within the
scope of the present jnvention as set forth in the appsnded
claime, For example, although only a 10 Gbp/s digital hase.
band is discussed, the inventive principles herein may be
applied to higher or lower data rates as the case may be.

‘What is claimed is:

1. Amethod of compensating a quadrature modulated opti-
cal dats sighal for effects of chromatic dispersion ocourring
duing transmission aver aptical fiber, the method comprising
the steps of}

separating in-phage and quodreture components of the

nptlcal deta signal;
oploelectrically converting the in-phase and quadrature
vompenents of the optical data signal into in-phase and
auadrature data siguals; .

applyivg a corrective function to the in-phase and quadra-
ture data sigoals, the corrective fanetion modifying the
in-phase and quadrature data sigpals in & marmer that
precisely counleracts vifects of cluomatic dispersion on
the in-phase and quadrature componeats of the optical
data signal.

2. The method of Glaim 1, wherein the comrective function
is & function of a coefficient of fiber dispersion, = length ofthe
aptical fiber, and frequency of the oplical data signal.

3. A receiver for receiving and processing an optical data
signal, the optical data signal mcluding at least two data bands
and ot lenst anc side cartler, cach nf'the at least two data bands
including a pair of quedrmture modulated data signels, the
receiver comprising:

@ side carrier boosting medule, the side carrier boosting

module for increasing an amplitude of the at lenst one
side carier relative to the at least two data bands;

Page ID #:44
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a side carrier shifting module coupled to the side carvier

boosting module, the side carrder shifting modute for

shifilng the at least one side carzier info at least two

shifled carders, each of the at least two shifted carders

shifted to a center of one of the at least two data bands;
and -
means for compensanng polarization mode dispersion
coupled to theside carrier shifting module, the means for
compensating adjusting a polarization state of one oft

a2} each of the at least two shified carriers to match a
polarization state of one of the at least two data bands;
und

. b) the at least two data bands 1o match a polerization state
of the at least two shifted carriers,

4, The receiverof claim 3, wherein the side canier boosting

module includes;

a splitter far spiitting, tha received optical data signal and
transmitting the optical data signal into an upper branch
aod a lower branch;

& Fabry-Perot resonator coupled to the upper branch for
filtering the at Ieast one side cander from the at least two
data bands in the optical data signal fed to the upper
branch;

an attenuator coupled 1o the Jower branch for attenuating
ihe optical data signal transmitted via the lower branch;

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

3

15

20

signzls transmitted via each of the upper and lower - -

branches; and
‘an optical amplifiercoupledtothe combiner foramplifying
the output of the combiner;

wherein an amplitude of fhe at least one side carder is
increased relative to an amplitnde o the at least two data
bands,

8. Thereceiverofclaim 3, wherein tho side camrier boosting

module includes:

a splitter for splitting the received optical data sigual and
iransmitting the opfical data signal into an upper branch
ad @ Jower branch; and

8 Fabry-Perot resonator conpled to the upper branch for
filtering the atleast one side carrier from the at least two
dats bands in the optical data signal fed to the upper-
branch;

a modulater coupled to the Fabry-Perot resonator for
modvlating en 11 GHz signal anto the at least one side
earrler putput from the Pabry-Permt resonator;

2 farther Pabry-Perot resonator coupled to an output of the
modulator for selecting & frequency 11 GHzabove theat
least one side cartier; and

acirculator coupled to both an output of the further Fabry-
Perot resonator and the lower branch, the circnlator
sending the output of the farther Fabry-Perot resonator
in along the lower branch in a directfon opposite to a
transimission direction of the optical data signal;

wherein the optical data signal cottides with the outpt of
the further Fabry-Perot resonator inducing s Stimulated
Brillouin Scattering effect, the effect enhancing an

amplitnde of the at Jeast one side carrier in the optical -

data sigoal relative to an amplitede of the at Jeast two
datn bands in the optical data signal,
6. Thereceiveroficlaim 5, wherein (heslde carrlerboosting
module includes:
an amplifier for amplifying the output from the further
Fabry-Perot resonator-
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an isolator in lhe lower branch downstream of the splitter,
theisolator blocking the progress of the cutput from the
farther Fsbry-Perot resonator along the Jower branch;
and

dispersion compeasating fiber coupling the circalater with
the isolator along; the Jower branch, the dispersion com-
pensating fiber enhancing Stimulated Brillouin Scatter-
ing events ocourring within the fiber

7, The receiver of claim 3, furtber comprising:

p chromatic dispersion compensation stage, the chromatic
dispersion stage receiving as inpot in-phase and quadra-
ture-phase signals of the quadrature modulated data sig-
nals, the chromatic dispersion comection stage includ.

ing:
a first splitter for eplitting the input in-phase signal into 2
*Orst branch and a second branch;

a first COS eirouil coupled to the first splitter for applying
7 COS transfer function o the in-phase signal in the first
branch;

8 first SIN circuit coupled to the first splitter for applying a
first SIN iransfer finction o the in-phase signel in the
second branch;

a second splivter for spliting the input quadrature-phase
sigual into a first quadrature branch and a second
quadrature branch;

an inverter coupled to the second quadratare branch for
chenging the phase of the quadmture signa! in the sec-
ond brench 180 degrees;

b second COS eircuit conpled to the first splitter for apply-
ing 0 COS tensfer function to the quadrature signal in
the first branch;

a second SIN circuit caupled ta the first splitter for apply-
ing & SIN transfer function to the quadralure signalinthe -
secand branchy

a first combiner for combining output from the first SN
cirouit with ouiput from the second COS circuit into a
corrected quedrature output signal; and

a second combiner for combining cutput fom the first
COS circnitwith cutput from the second SIN ¢iteuit into
a corrected in-phase oufput signsl,

8. Thereceiver of claim 7, wherein the receivedoptical data
signal includes a tramsmitter identification code embedded in
one of the at least one side carrier and the chromatic disper-
sion compensation stage further includes:

8 chromatic dispersion module coupled to oo input for
receiving the tronsmitter idenfification and also coupied
to the first and second COS cireuite and the first and
gecond SIN clrenits;

wherein the chromatic dispersion modnle is operative to
transmit gigrals to the first and second COS circuits and
the first and second SIN cireuits, the signal effectuating
adjustments to the respective transfor functions applied
by the first and second COS circuits and the fitst and
second SIN circuits in accordance with information
extracted from the transmitter identification.

9, The receiver of claim 8, whercin the extracted informa-
tion include information descnbmg the location of a trans-
mitter ftom wlnchthe received opticat data signal originates,

10. The receiver of clalm 8, wherein tho first and second
COS circuits and the first and secand ST circuits include
microstyip elenents, the microstrip efernents having vartable
lengths and widths and medifying input signals according to
the variable lengths axd widths.

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

2 frequeacy filter conpled 1o an output of the side carrier

shifting medule; and
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at least two polerization controllers, the at feast two polar-
ization confrollers coupled ta the frequency filter and to
8 photedetector output, each polarization controiler
receivingong of the two shifted sidecarriers and altering
a polarization state of the received shifled side carrierto

maich g polarization state of the dats band at which the,

shifted side carrier is centered, the polarization state of
.the dafa band being received vie fecdback from the pho-
todetecior output, .

12, The receiver of claim 11, furdher comprising:

aphase shifter coupled to andrecelving oylput side carriers

5

from the st least two polarization controllers, the phase

shifter splitting the received shifted side carrder signals
into a first branch and a second branch, the second
brench signal being shifted 90 degrees with respect to
the first brasch signal;

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

& second corabiner 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-phese channels according to frequency, the
first and second im-phese channels each inchding a data
band and & shifted side carrier;

8 second demultiplexer coupled to the second combiner
and filtering ontput from the second combiner into third
and fourth quadrature-phase channels according to fre-
quency, the third ond fourth quadmiure-phese channels
each including a data band and a shifted stde carrler; and

at first sel of photodelectors coupled to the first denmlti-
plexer for optoelectrically converting the first and sec-
ond in-phase channels; and

a second set of photodetectors coupled to the second
demultiplexer for optoslectrically converting the third
and fourth quadrature-phase channels;

wherein output from the first and second set of photode-
tectors is provided fo the at least two polanization con-
troflers, the polarization controllers match pelarization
states of the first, second, third and fonith cheanels with
the respective side carrier within each of the channels,

13. The receiver of claim 12, wherein the first and second
demultiplexers are dense wave division demmultiplexers,

14. A method of correcting a quadmture modulated optical
data signal for effects of chromatic dispersion comprising the
steps oft '

deriving in-phase and quadrature data signals via a homo-
dyme reception system; and

applying a corrective function to the in-phase and quadra-
ture data signals, the corrective fimetion modifying the

5
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in-phase and quadrature data sigeals in & manner that -

precissly counteracts effects of chromatic dispersion on
the in-phase and quadratare components of the aptical
. data signal. )

55
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15, A method of correcting in-phese and quedrature data
signals for effect of chromatic dispersion prior fo modulation
onto an optical data signal, comprising the steps of}

providing &n in-phase dats signal on a fivst input aed pro-
viding a quadrature data signat on a second fnput; and

applying a comrective function 1o the in-phase and quadia-
ture datn signals, the correstive finction modifying the
in-phase and quadrature data signals in @ manner that
precisely covmteracls effects of chromatic dispersion
oceurring when the in-phase and quadrature dota sigoale
aré moduléted onto the optical data signal and transmit-
ied recross aplical fiber,

14. A receiver for receiving and processing an opticel data
signa), theoptical data eigonl including ul least two databands
and at Jeast one side carrler, each of the at Jeast two data bands
inchuding a peir of quadrature modulated data signale, the
tecelver comprising;

a side 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 to the side carrer -
boosting module, the side carrier shifting module for
shifting the at least one side camier info at least two
shifted carriers, each of the at least two shifted carriers
shifted to a center of one of the at least two data bands;

cand ’

a chromatic dispersion compensation stage, the chromalic
dispersion stage recoiving as Input in-phase and quadra-
tuze-phase signals of the quadratore modulated data sig-
nals, the chromatic dispersion correction stage includ-
ing:

a first splitter forsplitting the input in-phase signal into
g first branch and a second branch;

a first COS cirenit coupled 1o the fiest splitter for apply-
ing a COS transfer function to the in-phase signal in
the first branch;

afirst SIN circuit conpled to the first splitter forapplying
a first SIN vansfor function to the In-phase signal in
the second branch; .

asecond splitter for splitting the input quadratore-phase
signal into a first quadratnre branch and a second
quadrature branch;

#n inverter coupled fo the second quadrature branch for
changing the phase of the quadrature signal in the
second branch 180 degrees;.

a second COS eircuit coupled to the first splitter for
applying a COS transfer fimetlon to the quadratore
signal in the first branch; ’

second SIN circuit coupled to the first eplitter for
applying a SIN transfer function to the quadsature
sigoal in the second brauch;

& first combiner for combining owtput ffom the first SIN
cirenit with output from the second COS virenit into s
gorrected quadrature outpit signal; and

a second combiner for combining ootput from the first
COS circuit with ontput from the second SIN cirenit
into a corrected jo-phase output sigaal,
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1
METHOD AND SYSTEM FOR A
POLARIZATION MODE DISPERSION
FOLERANT OFTICAL HOMODYNE
DETECTION SYSTEM WITH OPTIMIZED
TRANSMISSION MODULATION

CROSS-REFERENCES TO RELATED
APPLICATIONS

s

This application is related to copending and commonly 10

nssigned U.S. potent epplication 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 Informetion™,

FIBLD OF THE INVENTION

The present inveation relates to optical dats communica-
tion, and in particular, relates to 8 method and opticel data
communicstion gystern that improves signal-to-noise ratio of
optical date siguals, counteracts polarization mode dispersion
and improves rebustness to fiber nonlinearities.

BACKGROUND INFORMATION

Currently, optical data communication systems nre being
uppraded from a 10 Gb/s data transimission rate vp to a 40
Gbfs tmosmission rate. However, dais ransmission at 40
Gb/s {or higher) presents extensive design challenges because
theeffccts of polerization mode dispersion (PMD), chromatic
dispersion and fber non-linear effects such as cross-phase
modulation become more dominant at the higher transmis-
sion rales, In particylar, the limit of folerable polarization
moade dispersion, nsually defined as 14% of fhe datz bit dura-
tion, is only 3.5 ps at 2 40 Gb/s ransmission rate. A 3.5 ps
polarization mode dlspersion translates to an attainable reach:
of several hundred kilometers over single mode fiber which
bas a typical fiber PMD of 0.1 pefkem™2,

Current optical communications systeras, such as the PMD
compensation arrangement described inU.S, Pat, No, 6,130,
766 1o Cao, generally attemnpt 1o compensate for PMD by
splitling received optical signals into X and y mode compo-
pents having orthogona) polarization, and then adjusting the
delay on one of the orthogonal components to align the
modes. This arrangvment requires significant signal process-
ing and differential delays to cover (he rangp of frequencies
carrying data,

Nonlinearities induced during optical transmission are glso
amplified at higher data rates, While it is necessary for accu-
rate'detection that optical data signals be atleast 20 dH above
background noise, if the data signals are transmitted with too
mnch power, noplinearities can play a greater role in distort-
ing the signal, In addition, in coherent systems typical het-
erodyne oplical reception systems snffer an inherent 3 ¢B

* penalty with respect 1o homodyne systems and jmtroduce

phase noise through use of 2 local oseillator, und thereby sdd
a firther Jevel of complextity aad constreints to optical system
design, .

‘?;‘]:.at is therefore needed is a cost-effective methad and
sysiern that compensates for PMD, optimizes SNR perfor-
mance and minimizes phase noise and nonlinearilies associ-
aled 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 hemodyne communication system and

20

25

Ft

6!

w

2

methed in which a reduced amplitude side warrier is transtmit-
ted along with data bands in an optical data signal, and wpon
receplion, the side carrier is boosted, shifted o the center of
the data bands, and its polarization siate is matched to the
polarization stale of the respective data bands te compensate
for polarization mode dispersion during transmission, This
scheme achieves the signai-to-noise benefits of homodyne
reception without inenrring, the conventional restrictions and
complicetions of homodyne reception sech as requiring the
phase of a signal from a local oscillator to be tocked to the
phase of the optical signal. .

According to one emhodiment, the present invention pro-

vides p method of optical communication that hegins with
providing 2 quadrature modulated optical data including two
dato bands separated in frequency, each data band having
in-phasa and quadrabare components. The power of the
quadrature modulated optical data signsl 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 redueing the power to zero such that transmitted
powerdecreases to zoro at approximately the mid polnt of the
transitional states, The apfical data signal is combined witha
side carrier af 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 is scparated from the two
data bands of the combined optical data signal and increased
in amplitude relative fo the data, The side carrers are then
shifted to the middle of each of the respective two data bands.
Since the relationship hetween the poladzation state of the
side carriers and the polarization sinte of the data bands does

not slay constant during transmission over optical fiber, the -

polarization state of the shifted side canders Is adjusted to
match the polarization state of the data bands at which they
are ceptered.

The present invention further pravides a method of com-
pensating for the effects of chromatie dispersion during trans-
mission over optical fiber by separating the in-phase and
quadrature components of the two data bands priot o oplo-
electric conversion, and, afier optosleciric conversion, com-
pensating for cheomatic dispersion by applying a corrective
fimction to each of the in-phase and quadrature componenty
of the data bands, the corrective function precisely counter-
acting the effects of chromotic dispersion on the in-phase and
quedrature components,

‘Tha present invention also provides a method of providing
information concerning a transmission device by providing

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

w

the side carrier modulated to camry an identificstion code, the
identification code including information concerning the

transmitter, According to an embodiment of the present .

invention, the informafion concerring a transmitter embed-
ded in the side carrier includes pammeters used in the correc-
tive function to precisely counteract he effects of chromatic
dispesrsion.

An vptical data signal frapsmitter is provided for generat-
ing the quadrature modulated optical data signal including at
{east one sids carrier, The transmitter includes a Mach-Zender
modulator which generates an optical carier signal by modu-
lating & pair of side carriers onto ap input optical signal. The

- optical carrier signal is modulated by at lenst two phase

mudulators which modulete a peir of deie signals, in quadr-
fure, onlo the optical earder signal, ontputiing an oplical data
signalinchuding at Tenst two data bands. By spreading the data
bands onfo the pair of sida carriers, the emplitude of the
optical data signal is reduced to zero dwing transitions
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between data symbols. The transmitteralzo includes a second
Mach-Zender medulator which imprints & Jow-frequency TX
1D {transmitter identification code) side carrier onto the input
optical signal. The TX 1D signal side carrier then combined
with the optical data signal for transmission. The ransmitted
identification code. includes information conceming the
tansmitter, such as its Jocation, from which the distance”
between the transmitter and a receiver may be deduced.

The present invention further provides a recelver for imple-
menting homodyne reception, The receiver includes & side
carrier boosting module for incressing the amplitude of the
side carierrelative tothe data bands in the optical data signal,
The receiver furiher inchudes a side carrier shifting modnle
coupled to the side cander boosting module which shifis the
side carrier into two shifted cariers. Each of the shifled
carriers is shifted 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 camiers to the data bands
by adjustingeither the polarization state of the shifted carrlers
or the polarization state of the data bands. After optoelectric
conversion of the optical dats signal, the receiver emaploys a
chramatic dispersion correction stage that includes cirenits
that apply transfer funciions fo the in-phase and quadmture
detected data channels

BRIER DESCRIPTION OF THE DRAWINGS

FIG. 1 is a hlock disgram af 3 transmitier according toan
embodiment of the present invention.

FIG. Za shows the spectrum of an optical carrier signal at
the output of MZ1 of FIG. L aocordmg 1o an embodiment of
the present invention,

FI1G. 2b shows the spectrum of an opfical data signel at the
ouiput of QMZ3 of FIG. 1 aﬂerdammodulanonmquadmhlre
according to an embodiment of the present invention,

output of QMZ2 of FIG. 1 according to an embodiment of the
presont invention,

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

FIG. 44 shows the specirum of'an opiicel data signal at the
output of CI of FIG, 1 accoxding fo an embediment of the
present invention,

PIG, 4b shows the spectrum of an aptical data signal at the
output of C2 of FIG. 1 according to an embodiment of the
preseht invention.

FIG. 4¢ shows the spectrom of an aptical data signal ot the
ouiput of the DWDM of FIG. 1 aceording to an embediment
of the present invention,

FIG. § is & block diagram of a receiver according fo an
embodiment of the present invention.

FIG. 6 is a block diagram of a first emboediment of the side
carrier boosting module according 10 the present jnvention,

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

F1G, 84 shows the spectrom of an optical carrier signal at
the output of the FP4 of FIG. 5 according to an embodiment
of the present invontion.

PIG. 86 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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FIG. 8z shows the spectrom of an optice] carrier signal at
the cufput of the PBS3 of F1G. 5 according o an cmbodiment
of the present invention.

PIG. 84 shows the spectrum of an optical carrier signel at
the output of the S31 of FIG. 5 according 1o an embodiment
of the present invention.

BIG. 8e shows the specirum of an optical carrier signal at
the output of the C5 of FIG, 5 according to an embodiment of
the present Invention.

FIG. 8f shows the spectrim of an aptica! convier signal st
the output of the C6 of F1G. 5 nccnrdmg to an embodiment of
the present invention.

F1G. 9 is a block diagtam of e chromatic dispersion com-
pensation eirenit aocordmg to an cmbodiment of the presant
invention.

FIG. 104 is 2 block diagrem of a microstrip inaplementation
of o cireuit that applies a COS transfer function to an input
signal aecording to an embodiment of the present invention,

PIG, 106 isablock dingram of a microsiip implementation
of a circvit that applies 8 SIN transfer function to an input

signal according to an embodiment of the present javention.

DBTAILED DESCRIPTION

1, Transmission

In accordance with the present invention, at a transmitter, a
pair of side candces is modulated onto esch side of a mono-
chromatic optical carvier signal, whioh is then split into two
channels, Bach optical carrier signel channel ¥s modulated
with two 10 Gb/s data signals in an orthogonal phase rela-
tionship to one arnather. The data algna]s arg spread onto the
‘two sidgcamiers in éach channel, and in eifect, are spread out
by ﬁ:ﬂy ‘percient in the frequency domein. This spreading is
equivalent fo multiplication by a sine wave ot helf the data
mate, and resulis in oach date symbol retuming to zero .

"¢ between tmmsitions, referred to as quadmiure-return-to-zero
F1G, 2o shows the specirum of an optical data signal ot the

(QRZ). Usmg QRZ, the'power of the optical data signal is
made independent of'the data pattern: The polarization cfone
of the optival data signel channels is thea shifted, and one of
thechannels is combined with a channe] of the on'ginal mono-
chromatio carrier that has been modulated with 2 transmis-
sion idenfitication cartier of less than 100 kHz,

The two oplical data signa! baeds, which each carry a 20
Gb/s data stream, are combined and either multiplexed with
adj ecent channels at similar Jrequency and orthogonal polar-
ization or one of the two channels i¢ shifted in polanzahun to
mateh the other ¢hannel. In cither case, the optical data sig-
nals are multiplexed according 10 a Dense Wave Division
Mulitplexing (DWDM) scheme and transmitted along long
havl fiber to a destination receiver, |

FIG. 1 illustrates an embodiment of a transmitter sccording
1o the present invention, which may be implemented on a
Lithjum-Nlobate chip, forexample, An optics] signal genera-
or 3G1, which may be a Jasex, genterates a monachromatie,
polarized aptical carrier at a reference ﬁ'equency which for
purposes of the fol!owmg discussion is designated as the
origie (0 GHz) in terms of relative frequency. The optical
sigaal Is thoreafter split into two channels, an upper channel
going to Mach-Zender modulator MZ1 and a lower channel
being transmitted to Mach-Zender modalator MZ4. The divi-
sionof light intensity between thetwo chaonels can be mneven
with fhie lower channe] recelving, forexample, just 10 percent
of the light intensily generated by SG1. At narrow-band
modulafor MZ4, the lower channe] of the optical signal is
modulated ‘with a “Transmitter Identification” (TX ID) tone
in the frequancy range of 10 Kz to 100 KHz above the
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reference frequency. At modulator MZ1, two sels of side
cartiers st +/-20 GHz end +/~30 GHz are modulated onto the
oplical signal, The spectram for the modulated signal,
denoted an optical -carrier signal, is shown jn FIG. 2a. As

shown in the figure, the resulting spectrum ouwiput from MZ{ 5

shows four peaks, two below the reference frequency at ~30
GHz and ~20 GHz refative to the reference frequency, and”
two above the reference frequency at 420 GHz and +30 GHz,

The output of modulator MZ1 is further split inte an Bpper

channel which is transmitted to quadrature data modulator 10

QMZ3 and a lower channef which is transmitted to quadrature
data modulator QMZ2. Data modolatar QMZ2 imprints two
individoal 10 Gbfs data streams in qradmture (in orthogonal
phase relationship) CH.1 and CH.2 onto each of the pairs of

side carriers above and below the reference frequency. Simi- 15

larly, data modulator QY23 imprints individuat 10 Gb/s data
streams CH.3 end CH.4 onto esch of the pairs of side carriers
in tho optical carder signal. Respective bias control elec-
trodes VB2 ahd VB3 assist in kesping the data streams in

quadrature, Spectra of the outpats from QMZ3 and QMZ2 are 20

shown in FIG. 25 and FIG. 2c respectively. As can be dis-

, cerned in FIG, Zband FIG. 24, the output spectra from QMZ3

and QMZ2 show two date bands, one extending from ~40
GHz to -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 date are modulated onto each pair of side
carriers (-30,~20 GHz and +20, +30 GHz, respectively) and
cach 20 (b/s data band covers 30 GHz in the frequency

2

L4

domain. By praviding twe side caniers, with one side carrfer 30

in the paira clock raleaway from theother (i.e., 30GHzbeing
a clock away from 20 GI—Iz), the data bits in both 1 and Q
format ere multiplied in the time domain by a 5 GHz sinusoid
which crosses zero every 100 ps, Thus, the tolal data sigml

always crosses through zero in between any pair of symbols 35

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

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

always leads throvgh the I-Q origin, Bach comer of the figure 40

represents a pair of I, Q data symbols (s.g, I=1,0=-1 or
I=-1,Q=1). As shown, to et from adjacentcorner points I=1,
Q1 {upper right comer) to =1, Q=1 (lower right corner}
the optical data signal must travel through the origin (0,0).

6

parallelpolarization. The reference carrerat approximately 0
GHz from MZ4 is in perpendicular polarization.

According to the il lustrated embodiment, the outpnt signal
from C2 is input to a polarization beam splitter PEST which
splits the signal into perpendicular and parallel polarized
components, thereby seperating the data ohennels 1 and 2
from channels 3 and 4. The perpendicular component {con-
1aining data channels 1 and 2 as well as the central reference
frequency) is transmitted along lower path 102 to a first chan-
¢l of adense wave division multiplexer DWDM, the parallel
component (containing data channels 3 and 4) is input to a
polarization transformer PT2, which rotates the polarization
of the paralle] component back into a perpendicular state, The
cutput from PT2 is then input to a second DWDM channel.

Each DWDM channe! acts as a band pass filter and passes -

only frequencies that fall within a 50 GHzband. Assuming for
ilInstyative purposes that DWDM channet 1 passes frequen-
cles from -50 GHz to 0 GHz relative fo the reference fre-
quency, and DWDM channel 2 passes frequencies fram 0o
+50 GHz, dnta channels 1 and 2 are passed only in the data
band from —~40 GHz to -10 GHz and while data channels 3
and 4 ace passed only in fhe data band from 410 GHz {o +40
GHz. The DWDM rmultiplexes each of the passed bands anto
a long hanl fiber (not shown), The output spectrum from -50
GHzto+50 GHzouiput from the DWDM is shown in FIG. 4¢.
The adjacent. DWDM channels each pass 20 Gb/s of dala,
combining fora total of 40 Gb/s.

In an alternative embodiment, a polarization multlplexmg
scheme may beused, making it imnecessary to separate data
channcls 1 and 2 from data chaneels 3 and 4.

Ag destribed in related and commonly owned application
Ser. No. 09/782,354 hereby incorporated for reference, the
pairs of data chaznels can ocoupy the same data band if their
polarization states remgin orthogonal and thus do not inter-
fere with cach ofher, Tn this implementation, the polacization

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

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

signal, which s proportionto the square of its amplitude, goes
to Zero.

Returning to FIG. 1, the cutput from modulator QMZ‘5 Is
input to a po]anmon fransformer PT1, which shifis the

polarization of the optical data sigual ontput from (MZ3 90 5o

degrees, The polariztion of the signal output from PT1 is
arbitrarily itlustrated by paratic] lines as parallel polarization
as opposed t0 a perpendicular polarization of the original
optical signal. Furthermore, the outpnt optical data signal

from modulator QMZ2 is combincd at combiner C1 withthe 53

‘TX 1D pilot signal from MZ4, The ontput from C1. is shown
in ¥IG, 4a, As noted above, the intensity of the TX ID sipgnal
ia reduced in cormparison with the optical data signal from

QMZ2, It is also noted thet the polarization of the output -

signal from C1 is shown as pespendicular, since the polariza- 60

tion of the output from C1 remains unchenged from the origi-
nal polarization Thereafier, the output signel from PT1 is
combined with the oufpul siguel from combiner C1at C2. The
spectum of the output signal out of C2 is shown in FIG. 45,

As can be discerned, the spectrom includes data channels 1, 2, 65

3 and 4 inboth lower and upper data bands, Chaonels 1 and 2
are in pezpendicolar polarization and channels 3 and 4 aroin

be sent directly to one of the DWDM input channels,

11, Reception

In accordance with the present invention, a homodyne
reception system is employed to receive the optical date sig-
nal genemted ag described above, Upon reception, the trans-
mitted side carrier at the reference frequency is boosted to
increase the signal-to-noise ratio (SNR) of the optica} data
mignal and {o compensate forthe sttermation of the side carrier
in the transmitter, The boosting of the side carrier mcreases
the SNR because of the implementatioz of homodyne recap-

tion in which oversll detected signal power Is increased In -

proportion to the power ofthieJocal oscillator, orin the present
case [as will be discussed below), thie ransmitted side carrer.

Onee the amplitude of the side carrder power is boosted
relative to the transmitted dala bands, the side carter is
shifted by +/-25 GHz into two side carriers that are each
shifted to the center of one of the two data bands to further
itploment hommodyne reception.

After the shifting of the side carriers, the two side carriers
are separated and then modified by polarization controllers
which match the time-varying polarization state of each the
gide carders to the different time-varyiog polarization state of
the respective data bands, fhus overcoming the effects of
polarization mode dispersion by controlling the polarization
at only a single frequency.

According to an embodiment of the present invertion, a
chromatic dispersion compensation stage is used 1o counter
the effects of dispersion during transmission over Iong haul
fiber, Since the effects of dispersion can be modeled as a
tremsfer function that is applied to the I and Q data signals, the
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chromatic dispersion compensation stage applies a compen-
sating correction function that effectively counteracts the
transfer function, rendering the I and G data sigeals into their
original non-dispersed state.

FIG. 5 illusteates an embodiment of a homodyne receiver
according to the present invention, An optical data signdl is _
recelved first by a side carrier boosting module 200 far which™
the present invention provides two exemplary embodiments,
In a first embodiment of the side cander boosting module,

shown in FIG. 6, the optical data sigpal is first inpul to an 1o

optical amplifier EDPA1L, which may be, for exampls, an
erbium-doped fibor amplifior (EDFA), Tt is noted that alf
further optical emplifiers used in the implementations
described below may be implemented as erbivm-doped fiber
amplifiers, The aptical amplifier BEDEA1 amplifies the entire
spectmrn of the received signal by, for example, approxi-
mately 13-18 dB. The snplified signal oulput from EDFA1 is
split 'at S3 between sn upper brauch that is coupled 1o a
Fabry-Perot résonator FP1 and a lower branchthat is conpled
to en attenvetor ATTL, -

The Pabry Perot resonator FPI functions as a high-Q filter
that nearly completely filters out all frequencies oxcepts forn
series of frequencies that are separated by, for example, 100
Ghz which, according to the Intemationa] Telecommunica-
tion Unjon {ITU) grid, js the amount of bandwidth allocated
for each channel, The resonator FP1 is adjusted to pass the
stde carrier at the reference frequency and filter our the data
bands of the optice] data signal, It iz noted in this regard that
it{s contemplated that the emhodiments of the present inven-
tion he uted In the context of the I1TU grid, and that the

‘reception approsch deseribed allows for simultaneous pro-

cessing of side carriers for a phwality of TTU grid-speced
channels. The lower branch passed to ATT1, which contains

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

signals output from FP1 and ATTI are combined in combiner
C4 and then passed to a forther optical amplifier BDRAZ
wherethe combined signul iz again amplified by, forexample,
approximately 15-18 dB. Beceause the side carrier was ise-
lated and boosted in FP1 and the data bands were sttenvated
in ATTI, the combined signal contains a side carrer baosted
at least 10 dB in amplitude relative to he data bands.
Asecond embodiment of the side carnder boosting moduls,
which advantageonsly makes use of the amplitude-enbancing
effect of Stimulated Brillonin Scatteting (SBS), is shown in
FIG. 7. The SBS effect causes a first optical signal having
nerrow frequency band around froquency X to be amplified
when collides with a signal of frequency X++~]1 GHz travel-
ing inthe opposite direction. Referring to FIG, 7, the recejved
signalis inputto optical amplifier BDFA3 which amplifies the
entire spectrum of the input signal, The sigaal owiput fom
amplifier BDFA3 is transmitied to optical isolator ISL 1,
which permits optical signal to travel anly in one direction
(the direction indicated by the arrow in the Sgure) and pre-
vents optical signals being reflected or transmitted back
toward the amplifier EDFAJ, From the optical isolator 1ST. 1,
the optical data signal is split into two branches at splitler 84,
A first upper branch from splitter 54 leads to Fabry Perot
resonator FP2, which passes the side carrier (and other modes
in the saries of frecuencies) in betweon the data bands, F2
confrolicr 1 antomatically adjusts the resonator FP2 so that it
cortectly passes the side carrier using input from splitier 85
and filters out the dat hands, The outpnt from FP2 is deliv-
ered to external modulator XMOD 1, which also receives an
11 GHz signal from & 11 GHz oscillator through an 11 GHez
amplifier. The external modulator {MCD 1 modulates the 11
GHz signal onte the side carrier. The spectrum of the ontput
from the modulator XMOD 1. thereafter contains the refer-
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encefrequency and two side lrequencies locuted 11 GHzboth
above and below the reference frequency. This output signal
is thea trapsmitted fo ‘another resonator FI'3, which is
adjusied by P controller 2 to center on {and pass) only the
side frequency 11 GHz above the reference side carrier fre-
queacy, The resulting signal, camrying substantiaily a single
frequency atthe reference frequency +11 GHz, is amplified in
optical amplifier EDFA4 and then input to circulator CIRC 1.
The circulator passes signals in a counter-clockwise direc-
tlon, More specifleally, CIRC 1 passes the owtput from
EDFA4 leftwards ina counter-clockwiserotation towards the
outputof opticalisolator ISL 2. It i noted that the side carrier
boosting scheme i also intended bsused in conjonction with
o dense wave division nultiplexing scheme, Thus, the side
carpier boosting module cen simmltrnecusly process and
baost a plumlity of side carriers spaced in frequency accord-
ing 10 ITU channei spacing, .

S:mu]!aneonﬂy, theoptical signalin the lowerbranch from
splifter 84 is transmitted throvgh isolator ISL 2 and then
meels with the optical signal from the upper branch outpur
from the circulator CIRC 1. This collision of the two optical
signals traveling In opposite directions generates the SBS
non-linear effect, According to one implermentation, the fiber
connecling isofator ISE, 2 and circolator CIRC 1 can be dis-
persion compenssting fiber which, due to its relatively
smaller cross-gection, promotes higher intensity and more
proncunced pon-linear effects such as SBS. Whea the aptical
data slgnal contalntng the referonce sida carrder collides with
the 11 GHzside frequency signal from CTRC1, a nammow rhand
including ibe side carrierin the optical data sxgml ig amplified
relative to the datn hands due to the SBS effect as explained
above. This modified optical data signal then reaches the
circulator CIRC 1 from which it passes in (he counter-clock-
wise direction to oplical amplifier EDFAS, which amplifies
the entire spectrm of the modified optical data signsl by
15-18 dB. The output from BEDYFAS [s the final output of the
second embodiment of the side carrier boosting module 200,

Returning to FIG. 5, the optical data signal ouiput fram the
side carrier boosting module 200 5 input to cirealator CIRC
2, which in twm transmits the sigpal in a counter-clockwise
direction to Fabry-Perot resonator FP4, having a free speciral
rmnge (FSR)of 100 GHzand finesse onthe order of 1000, The
resonator FP4 is also tuned fo select the side carrier at (ap-
proximately) the reference frequency (O GHz). FIG. &
shows a spectrum of the signal cutput from FP4, indicating
that the data bands have again been filtered out. The data
bands that are filtered out at FP4 are resent back fowand
cirenlator CIRC 2, where they are redirected in 8 connter-
clockwise direction towards splitter 87, The spectrum of the
output from splitter S7, which includes the fwo filtered data
brands at 40 OHz to 10 GHz and +10 GHz t0 440 Gz, is
shown in FIG, 84

1t is noted that when the optical data signal is transmitted
over long, haul fiber between the tramsmitter and the receiver,
the polarization state of the ransmitted signal is scrambled,
with the result that the received signal has an unknown time-~
varylng polarization state. Since the time-varying polariza-
tion state varies with frequency, the side carrier is expected to
have a different time-varying polarization state than either of
the data bands because it iy separated from the conters of data
bands by 25 GHz. When the output from resonator FP4 is fed
to the sile carrier shifting module 219, the side corrier's
orthogonul polarization stales are split in polarization heam
splitter PRS2, and then each of the orthogensl signals are
separately modulated by 25 GHz in XMOD 2 and XMOD 3,
respectively, and then joined back in PBS3, The cutpot from
PBS3 is illustrated in FIG. 8¢, which shows fwo side carrfers
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at -25 GHz and +25 GHz [fom the reference frequency,
respectively. The cutpnt from PBS2 is passed on to Fabry-
Perot filter FP5 (FSR=50 GHz, finesse=500) which passes
both the 25 GHz left aod =might shifted side carriers, and
trapsmits them to citculator CIRC 3. Circutator CIRC 3 deliv-

ersshified SC’s to reflective polarizativncontrollers PC1, PC .

2, throngh respective adjacent 50 GHz-spaced chanriels of
WDM demultiplexer DWDM 2, The polarization controllers
PC 1, PC 2 are constructed to provide control of the phase of
the signals reflected from the polarization controllers back to
the demultiplexer DWDM 2. Such control may be used, for
instance, In orderto compensate for the effective fiber Jenpihy
between the polarizetion controllers PC 1, PC 2 and the
demnultiplexer DWDM 2, In one implementation, the polar-
{zation comirollets PC 1, PC 2 include mirrors and piezoelec-
tric actuators fo adjust the distance the reflected signal travels,
which in tnm controls the phase of the reflected optical signal,

3

10

Bach polarizatioa controller PC 1, PC 2 15 used to trans- -

_ form the time-varying polarization state of ane of the two side

cartiers so that the polarization states of each side cander
matches the time varying polarization state of the respective
data bands which ave centered at the side carrier (=25 GHz
and +25 GHe). To accomplish this, cach polarization control-
ler PC 1, PC2 obtains feedback from the photodiodes that
receive the data bands. PC 1 receives the feeback via biss-T
couplers BT 1 and 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 side carrers, filter them
into separate, adjacent frequency channels and then effec-
tively multiply the side carrier and data bands logether at
rhotodiodes PD1, PD2, PD3 and PD4 (and other photodindes
of adjacent channels that are not shown) whichrespond to the
intensity of the signal {i.e., the square of the amplifude), The
product signal output frem the phetodiodes is delivered o the
respective polarization controllers PC 1, PC 2 via bjas-T
couplers BT 1, BT 2, BT 3 and BT 4. The outpnts from BT 1
and BT 3, which contain converted data signals 1 and 2,
corresponding 10 data channels 1 and 2, are combined to
provide feedback to polarization conttdlier PC 1, and the
cutputs from BT 2 and BT 4, which contain data signals 3 and
4, comresponding to data channels 3 and 4, are combined to
provide feedback polarization confroller PC 2, Tt is noted thnt
the date a:gnals 1 and 2 are expested to have a similar polas-
ization state since, during transmission, they occupy the same
frequency range. Bqually, data signals 3 and 4, corresponding
to dntn channels 3 and 4, are expected to have a similar
polarization state. A( the polarizetion coplrollers PC 1, PC 2,
{he time-varyiog poladzation of the combined prodnct sig-
nals are compared to the polarization state of the individnal
side carrier signals.

By continvally adjusting the polarization of the side canrier
signal and then comparing the modified polarization state to
the combined product signals, the polarization controllers PC
1, PC 2 can accurately maich the time-varying polarization
state of each of the side carrders with the time-varying polar-
izatlon state of the corresponding data bands. This fechnique
takes advantage of fact that it is easier o adjust the singla
palarization state of a single side camier frequency than to
adjust the multitude of polarization states of a band of fre-
quencies, for exemple, a 20 GHz data band, via wide-band
pelarization compensation. However, polanization mode dis-
persion compensation can alse be performed heve by adjust-
ing the average pelarization of the data band, which is treated
as having a single polarization, and then metching to the
polarization of the side carer.

20

25

35

10
Returning onceagain to FIG, 5, thepolarization controllers
PC 1, PC 2 output polarization compensated side carder
signals to circulator CIRC 3, from which they are forwarded
fo splitter 381, The splitter 881 also shifts thophase of one of
the output branches by 90 degrees relative 1o other branch.
The output specimm from 551 is shown in FIG, 84, These 0

* degres and 90 depree phase shifted camiers are recombined in

combiners C5 and C6, respectively, with the data bands out-
put from splitter 87. In-phase (0 degree shified) and quadra-
ture (90 degree-shifled) signal spectrums out of outputs of
respective combiners C5 and Cé are shown in FIG. 8¢ and
FIG. 8f. As can be discerned, in each spectrum, a side carrier
is positioned in the centfer of a data band. Each side of the
spectra is equivalent to a spectrum generated by a conven-
tional homodyne system in which the locel oscillator fre-
quency is matched to the center frequency of the daia band.

ermpre, 85 i conventional homodyne reception, ihe
power of the central carrier frequency is boosted relative 10
the data portion in order to the improve signal-to-noise ratio
of the defected signal. The side carrior that has been shifled 0
degrees can be used to detect the in-phase (I) 10 Gb/s data
channels from the transmitter (channals 1, 3} and the side
carrler that kas been shifted 90 deprees can be used to detect
the quadratmre (90 degres shxﬂcr]) 10 Gh/s data channels
(channels 2, 4).

The combined signal from C5 is sent through optical
amplifier BDFA6 and the combined signal from C6 is sent
through cptical amplifier EDFAT to final 50 GHz spaced
demultiplexers DWDM 3 and DWDM d, Bach of the demul-
tiplexers DWDM 3, DWDM 4 separate the date bands and
side carriers in adjacent channels for electro-opticconversion
atphotodicdes PR #, PD 2and PD 3, PD 4 respectively. In this
manner 10 GB/s dats chanmels 1 aod 3 are separated in
DWDM 3 and 10 Gb/s chamnels 2 and 4 are separated in
DWDM 4, resulting in the output of four separate 10 Gb/s
data signals.

In an implementaticn of the regeiver aceording fo the
present mvention, low-bandwidth photodiodes can be placed
at reflective ends of polarization controllers in each leg of
WDM demiiltiplexer to provide monitor outputs proporiianal
to fluctuationsin each of carriers, for example caused by cross
phase modulation (XPM), Since Lherespectwe 10 Gb/s data
channels corresponding to the side carriers generaily fiuctu-
ate in sympathy, the effect of carrier Auctuation can be
removed if the monitor output fuctwoations are subtracted.
from the outputs of the respective received 10 Gb/s ouiput

- channels.

55

S0

After the converfed data signals are fimther processed
through trens-impedance amplifiers TIA1, TIAZ, TIA 3, TiA
4andlow pass filters LPF1, LPF2, LPF3, LPF4, theyare input
to & clromatic dispersion compensation stage shown sche-
metically in FIG. 9. It is noted in this context that the disper-
sion compensation stege can equally be implemented at the
guadrature duta moduletors on the transmitter side instead of,
ot in addition to, implementation at the receiver. The effects
of fiber-induced chromatic dispersion on quadrsttre.modu-
luted sinusoidal data signals can be described by the fllow-
ing mairix equation:

LoutfD, L, ) ] - [ cospi(D, L, f)  sing)(D, L, f)][ ]
QoD L 3] {—singl(D, L £ cosgl{D, £, 13 ]| Qin(p)

whera I_out(f) and Q_out(f) are frequency domain represen-
tations of output 1 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

BUD, 2, 1= Dot 221078, @

D denotes the fiber dispersion in umits of ps/nm*km, L stands
Tor fiber length in meters and f stands for frequency in Ha

Thedispersion matrix can be interpreted as s transfer finc-
tion which applies a clockwise mtetion angle that is propor-
tionsl 1o the square of the frequency of the transmilted sinu-
soid. To counter the dispersion effect, it is feasible to spply en
nverse transfer function, whichcan be interpreted as & coun-
terglpekwise rotation, also properticnal to the square of the
frequency. This covnter-dispersion, or comrection function
may be desc.ril_bad by the following matrix equation;

<osPUD, L, f)) ~sin{ (D, L, f))] <)

disp_cou(t, £, £) = [sin( $UD L ) costl(D, Z, )

- Therefore to corvect the I and Q data signal for the effects
of chromatic dispersion, the correction fanction is applied to
the Tand Q input signals (again, either at the transmitter or at
therecejver, asis shown), Multiplyiog the correction fiunction
by the input sipnals yields;

L°m=cvs¢!tD.Lb-Ljn-rh¢1w, L f)-Qin *
Qont=sinpl(D, L, f)-Lin+cosdl(D, L, f)+Quin

Frote equation (4), itis clear that dispersion compensation
can be obtained by medifying the input I and Q data signals
with an eppropriate ransfer fanction and then combining the
modified signsl, An embodiment of a dispersion correction
circuit that performs thesc operations is shown in FIG. 9. As
shown, the I inpwt signal is input to a splitter 510, from which
un upper branch is delivered to amplifier A1 and a lower
branch js delivered 10 an amplifier A2 in onder to boost the
signal. The uppet branch {5 trassmitted to a COS1 cireuit
which applies the cosine portion of the dispersion correction
funotion cosgl (D,L,f) to the iopat 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 function,

The (@ dats signal is conourrently input to splitter S11 and
broken up into an wpper branch which is fed through ampli-
fiers A3, and a lower branch which is delivered to inverting
amplifier 1AL which, in addition to boosting the signal, also
shifts the phase of the signal by 180 degrees, ‘The upper and
lower branches are thereafier Input to respestive COS2 and
SIN2 circuits which parform the same functions as the COS1
and SIN1 circuits, respectively.As shown, the modified signal
from the SIN1 circuit, which is the product I_in times sinP1

(D,L,), Is combined with the cutput from COS2, the produet,.

Q_in times coadd (D,L.f), at combiner CMB1, Comparisen
with equation (4), shows that the qutput of combiner CMB1
malches the desired _out output for dispersion compensa-
tion. Similarly, the combination at CMB2, conteining the
products I_in fimes cospl(D,L,T) and Q_in times -5ing1(D,
L.1), matches the desired T out output for dispersion compen-
sation. .
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Furthermore, the TX 1D pilot signal, which, as poled
above, is modulated onto the reference frequency +-10-100
kHz, isreeeived atthe polarizatian controllers PC 1, PC 2 and
converted to the RF domain at photodetectors PD3 and PD4,
The TX pilots may be coded by frequency medulation or by
another code modulation iechnigue, The TX ID identifies the
particolar transmitter sending the signal, allowing informa-
tion, suchasthelength of optical fiber between the transmitter
and the receiver (which is the same as the perameter, L, nsed
inthedispersion correction function), to be extracted fiom the
coded signal, This information is transmitted to the chromatic
dispersion compensation stage where it is received by achro-
matic digpersion module 250. The chromatic dispersion mod-
ule, in turn, iz coupled+to the STN and COS cireuits and causes
adjustments to be mede to the respective transfer functions
applied 1o the Tand Q inputs in recardance with the informa-

lion extracted from the TX 1D,

According to an embodiment of the present invention, the
SIN and COS cireuits of FIG. 9 are implemented as micros-
trip circuits which use layers or regions of copper deposited
ona circnitboard having various widths and jengths, 1o adjust
electromagnetic effects that modify signals semt through the
copper layers or regions. FIG, 10s and FIG. 105 illystrate
implementations of the sind1(D,I,,f) and cosp1({D,L,f) trans-
fer functions respectively. As is known iu the art, varous
combinations of linear strips, (denoted as MLIN), 1-junciions
(denoted as MTEE), ard capacitive elements (capl, cip2),
apain having various adjustable lengths and widths are vsed
to fine-tune the electromapnetic wave cffects in the copper
reglons to 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 thet are not to be considered limiting, Rather, jtisto -
beunderstood and expected that veriations i the principles of'
the methed and apparatus herein disclosed may be made by
oneskilled in the artand it is interded that such madifications,
changes, and/or substitutlons are 1o be included within the
scope of the present invention as set forth in the sppended
¢lnims, For example, although only a 10 Gbp/s digital base-
bond is disenssed, the inventive principles herein may be
applied to higher or lower data rates as the case may be,

What i5 claimed is:
1. A mefhod of optical communication In an optical com-
munieation system, comprising the steps oft

providing a quadratire modulated optical data signdl by a
teangmitter, the optical data signal including two data
bands separated I frequency, each data band having
in-phase and quadrsture components;

during transitiona] stales of the quadratnre modnlated opti-
cal data signal in which data symbols change In value,
redueing, by the transmitter, the power to 2o such that
transmitted power decreases to 2ero al approximately a

. mid point of the transitions] states;

combining the optical data signal with a side carrier at a
single frequency botween the two data bands of the
optical data sigoal;

transmifting, by the transmitter, the combined optical data

" signal;

receiving, by a receiver, the combined optical data signal;

separating, atthe 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 ito lwo shifled side carriers,
ong of the two shifted vazriers being shifted in frequency
to the middle of each of the respective two data bands;
and .



Case 8:12-cv-00759-AG-MLG Document 1 Filed 05/10/12 Page 50 of 62 Page ID #:66

US 7,599,627 B2

4 13

correvting, at the veceiver, for polarization mode dispersion
on the combined signal by adjusting a polarization state
of each of toe two shifted side carrlers to mateh apolar-
ization sfate ofthe one of the two data bands at which the
respective shified side carrier is centersd, 5

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

separating the in-phase ami quadrature components of the'
two data bands afler optostectric conversion; and

efter optoelectric conversion, compensating for chromatic
dispersion by applying a corrective function to each of 10
the in-phase and quadratire componenis of the data
bands, the comeetive function preciscly counterscling
the effects of chromatic dispersion on the in-phase and .
quadrature components,

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

before tronsmission, separsling signals in quadniture in
each of the two data bands ofihe combined opticel data
signal info separate first and second signals; and

inpuiting the first end sepand signaly inte respoctive first
and second channels of a dense wave division muiti- 20
plexer

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

during modulation, imprinting a first data signal in-phase
and a second data signal in quadrature phase onto two
data chennels on data bands of e first quadrature modu- 25
lated optical data signal;

during modnlation, imprinting a third dats signal in-phase
and a fourth data signal 1o quadratare-phase onto each of
two data chaxmels on data bands of o second quedrature
madulated optical data signal; 30

encoding the first modulated optical date signal with a fret

*  palarizafion state; and

encoding the second modulated optical dafa signal with &

second polatization state,

8, The method of claim 4, further comprising the stepsof: 35

combining the first and second quadreture modulated opti-

val data signals;

separating the first and second quadrature modulated opti-

cal data signals according fo polarization state, the first
aod secand data channels in the data bands having a fitst 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 elaim 1, further comprising the gtep of: 45

before transmission, reducmg aa amplitude of the side

CarTier.

7. The method of claim 1, wherein the step of corapensat-
ing for polarization mode dispersion oa the combined signal
includes the steps of: 50

mixing the optical data signal with one of tha two shifted

side camiers, the shified side camier having & second
polerization state;

adjusting the-second polarization state of the shifted side

carrier; 35
detenmining, through feedback from the mixing step,
whether the adjustment 1o The second polarization state
ofthe cartier signal has brought the sccond polarization
state in alignment with the first polarization state; and

repeating the previous steps until the second polarization 60

state Is in alignment with the first polarization state.

8. The methoed of ¢laim 1, wherein the step of compensat-
ing for polarization made dispersion on the combined signal
includes the sleps of:

mixing the opticel data signal with one of the two data 65

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

14

udjusting the firs! polarization state of the one of the two
data bands;

determining, throngh feedback from the mixing step,
whether the adjustment to the first polerization state of
the one of the two datn bands has brovght the first polar-
Ization 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 is separated frora the two data bands of the combined

‘opticel data signal by filterlng the combined optical signal

vsing a Fabry-Perot resonator.

19. The method of claim 1, farther comprising the step of:

prior to transmission, modulating the side carrier with an
identification codo, the identification code including
information conceming a iransmitter performing the
step of fransmitting the combined optical data signal.

11, The method of claim 10, farther comprising the stepa
ofi

separating the in-phase and quadsature components of the
two data bands after optoclectric conversion; and

eompensating for chromatic dispersion by applying a cor-
rective function fo eack of the in-phase and quadrature
components of the data bands, the correcfive finetion
precisely counteracting effects of chvomatic dispersion
on the in-phase and quadrature coraponents;

wherein the mformation concerning & transmitter inclndes
porametess used in the corrective function to precisely
counteract the effests of chromatic dispersion.

12. A method of reducing the transmitted power of o
qFadmturB modulated optical data signal, comprises thesteps
o
providing 8 quadriure modulated optical data sigoal by a

trapsmitter;
during all transitional states of the quadratwre modulated

optical data signal in which data symbols can change in
value, reducing, by the transmitier, the power to zero
snch that transmitted power decreases o zero at approxi-
mately a mid point of each of the ransitional states;
combining the quadratnre madnlated optical data signal
a'flde carrier; and
transmitting the side camierwiththe quadrature modulated
optical data signal,
13, The method of claim 12, wherein the transmitied power
i5 independent of a data pattern of the goadroture modulate
optical data signal.

14. An optical data signal transmitter comprising:

a Mech-Zender modulator, the Mach-Zender modnlator
receiving an inputoptical signal and madulating a pairaf
sids carriers onto the input optical signal, cutputling an
optical carrier signal; and

et Jeast two phase modulafors, the at least two phase modu-
Iators recelving the optical carrier signal and each gen-
erating an optical data signa! by modulating 2 pair of
data signale onto at least two deta baads;

wherein the data bands are spread in frequency when
modnlated onto the optical carrier signal, the spreading
causing an amplitude of the optical data signal to be
reduced 10 zero during all transitional state between any
pair of dafa symhbo}, in which the data symbols can
change in value,

15, An optical data signal transmitter cormprising:

a Mach-Zender modulator, the Mach-Zender modulaior
receiving an input optical signal and modulating a pairof
eide carriers onto the input opticsl signal, outputting an
optical crier sipnal;
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at least two phase modulutors, the at least two phese modo-
Intors receiving the optical carrier signal and each gea-
erating an optical data signal by modulating a pair of
data signals onto at least two datn bands;

a second Mach-Zender modulafor, the second Mach-Ze-
nder modrlator imprinting the input optical signal with _
an identification code to generate 2 T 1D, the dentifi-™
cation code including lnfbrmation eoncerning the trans-
mitter; and

a eombmer the combinerattaching the TX IDto the optical 10

data signaf;

wherein the datz bands are spread in frequency when
modulated onto the optical ecamier signal, the spreading
causing en amplitude of the optical dato signel to te

reduced to zero dwring tansitions between data sym- 15

bols,
16. The transmitter of claim 15, firther comprising:
a polarization transformer;
wherein thé af least two phase moduldtors generate a first

optical data signalincluding data bands imprinted witha 20

first pair of data channels, the first optical data signal
having a first polarization state, and a second optical data
signal incfuding data bands imprinted with a second pair
of data channels, the second optical data signa) heving &

first polarization state, the polacization transformer 25

alteriog apoletization state of the firstoptical data signal
from the first polatization stete to a second polerization
state,

17. The trensmitter of clalm 16, farther comprising

a dense wave division multiplexing unit; and &

mesns fursepamhngthe first pairofdata channels from the
second pair of data channels based upon differing polar-
ization states of the first and second optical data signals;

" wherein the first and second pairs of data channels are input
o separate channels of the dense wave division mlfi- 39

plexing unit.

18. An optical data sigaal comprising;

a Mach-Zender modulator, the Muck-Zender modulator
receiving aninputoptical signal and modulating apairof
side carriers onto the input optical signal, owiputiing an
optical carrier signal; and

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

16

wherein fhe data bands are spread in ftequency when
modulated onto the optical cartier signal, the spreading
causing 2n amplitude of the optical dats signat to be
reduced to zero during trensitfions between data sym-
bols; and

wherein the pair of side carmriers is modulated onto the input

optical signal at both above and below a reference fre-
quency of the input optical signal. -

19, The transmitter of ¢laim 18, wherein a first side carrler
of the pairof ¢ide carrers is modulated onto the input optical
signal at 30 Ghz above and below the reference frequency,
and a second side carrier of the pair of side carriers is modu-
Iated onto the input optica) sipnal at 20 Ghz above and below
the reference frequency.

20. A method of reducing the tronsmiited power of a
quadrmfure modulated optical data sipnal, comprising the
slups:

providing u quadrghure modulated optml data signal by a

transmitter;
during all transitional states of the quadrainre modulated
optical data signal in which data symbols can change in
value, reducing, by the transmitter, the power 10 zero
guch that transmitted power decreases 1o zero at approxi-
mately a mid point of each of the transitional gtates; and

spreading orthogonel datn signals ooto two side carrers of
an optical signal to obiain the quadranre modulated
optical data signal. .

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

. e separated from one another by a clock rate,

22, A method of reducing the transmitted power of a
quadrature modulated optical dats-signal, comprising the
steps:

providing a quadrature modulated optical data sigmal by a

frensmiteer;

during all 1ransitional states of the quadmiure modulated

optical data signa) in which data symbols can changs in
value, reduclog, by the transmitter, the power 1o zero
such that transmitted power decreases to zero at approxi-
mately a mid polat of each of the transifional stefes,
where date signals are in effect spread out by approxi-
mately fifty percent in the frequency domaln eqoivalent
to a muliiplication by & sine wave ar Lalf the dalg rate,
and results in each symbol refuming to zero at approxi-
metely a mid-point of the transitions] states,
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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 quadrature-phase-shifé-keying
(CSRZ-PDM- QI‘SK), and coberent defection, we soccessfully
trausmii a mix of 224-Gb/s and 112-Gb/s PDM-QPSK chanaels
at A 50-GHz channel spacing and 3-b/s/Hz speciral efficiency over
1280-km dispersion-nianaged LEAR® spans with threc ROADMs
and over 2000 km without ROADMs.,

Index Terms—Coherent deiection, Rber nonlinearities, iltering,
modulation formats, optical communications, ROADM,

1. INTRGDUCTION

HE demand for high capacity communication services

has spumred intense research on high spectral efficiency
(SE) and high deta rate fiber-optic networks, In research ex-
periments, high SE with a channe! spacing close to the symbol
rate has been demonstrated by using either orthogonal fre-
quency division multiplexing (OFDM) or complicated digital
signal processing (DSP) techniques, achieving SEs close to
4 bfsHz over long-haul distances, and up to 11 b/s/Hz at
shorter reaches [11-{4]. In contrast, the highest-SE commercial

system available today supports 100-Gbfs polarization-divi--

sion-multiplexed quadrature-phase-shift keying (PDM-QPSK)
on a 50-GHz wavelength-division-multiplexing (WDM) grid
and at a SE of 2 b/s/flz. One way to increase the SE of current
commercial systems is to use higher-order modulation formats
such as 16-ary quadrature-amplitude modulation (16-QAM),
but higher-order modulation formats regnire higher optical
signal-to-nojse ratios (OSNRa) and has lower tolerances to
fiber nonlinearities, which makes them less suitable for long
haul systems over legacy fiber infrastructure. Another approach
is to reduce the channel spacing of current PDM-QPSE systems
[5]. By using Nyquist spectral shaping techniques, a long-haul
100-Gb/s PFDM-QPSK system with a channel spacing of 1.1
the symbo! rate has been achisved without using complicatad
DSP at the_receiver [6]. One issue of this approach voiced by
carriets is that the chennels do not full on the WDM ITU grid
and/or the channel bit rates are not compatible with current
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standards. Here, we investigate a third approach and demon-
strate a recard SE of 3 bfe/fz on & commeroial all-Raman
optical transport platform [7]-[10], using a widely deployed.
optical fiber type and dispersion map, without the need to resort
1o dispersion-compensation-free green field deployments 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 stendard bit rates, we alternate
50-GHz spaced 224-Gb/s and 112-Gb/s PDM-QPSK chanmels
using asymumetric irterleavers that are an integral part of this
system [7]. Carrier-suppressed return-to-zero (CSRZ) pulse
shaping is used to reduce the penalty cansed by narrow band-
width filtering. By using coherent detection, we successfully
transmit the mix of 224-Gb/s and 112-Gb/s FDM-QPSK signals
over 1200-km dispersion-managed LEAF® spans with three
reconfigurable optical add/drop multiplexers (ROADMs), and
over 2000 knt without ROADM, respectively.

II. EXrERIMENTAL SETUP

The experimental setup is shown in Fig. 1, Ten L-band
channels on a 50-GHz channel spacing ranging from 190.50
to 190.95 THz (1570.01 fo 1573.71 nm) were separated into
two groups of five chaneels. Nine channels were from dig.
tributed feedback (CFB) lasers and the channel under test was
from a tunable external cavity laser (ECL) with a linewidih
of ~ 100 kHz. To combine a mix of 224-Gb/s and 112-Gb/s
PDM-QPSK channels at 50-GHz channel spacing on the WDM
ITU grid, an asymmetric interleaver, which was part of the
emulated commercial system [7], was used. The passband
characteristics of the asymmetri interleaver are shown in
Fig, 2, with a wide bandwith (3-dB bandwidth of 62.1-GHz)
for even channcls and a narrow bandwidth (3-dB band-
width of 37.1-GHz) for odd channels [7]-[10]. The five even
and five odd channels were modulated by a 56-CGband and a
28-Gbaud nested Mach-Zehnder modulator (MZM) to gensrate
112-Gb/s and 56-Gb/s QPSK signals, respectively. Bach of the
inphase/quadrature (I'Q) drive signals was formed by electron-
ically multiplexing four delay-desomelated copies of a 14-Gbfs
and 7-Gb/s 2% — I psendo-random bit-sequence (PRBS) for
the 112-Gb/s and 56-Gb/s modulators, The multiplexing delays
for the four 14-Gb/s tributaries to generate the 56-Gb/s drive
sighals were 19, 0, 15, and 32 bits for the I branch and 13, 12, 0,
and 32 bits for Q branch. The multiplexing defays for the four

‘7-Gb/s tributaries to generate the 28-Gb/s difve signals were 5,

0,16, and 27 bits for the I branch and 14, , 18, and § bits fortha

0'?33 8724!326 00 © 2011 [BEE
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Fig. 1. The experimental setup. 1TL; intesleaver, PC: polarization contraller, TDL: hmable detay line, PBC; polarization beam combiner, DGEF; dynamic gein
equalizer filter, LO: local pscillator, Raman is Raman pump, The inscts ace the eye-diagrams of the 56-Gbfs and §12-Gb/s NRZ-QPSK and CBRZ-QPSK signals

before 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 sinusoidally 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 interleavers, As expected, the cye-diaprams
of 112-Gb/s QPSK are not as clear as those of 56-Gb/s QPSK
due to hardware limitations, To reduce crosstalk, the sven
and odd channels were pre-filtered and combined with two
cascaded asymmetric interleavers, One common polarization
witiplexer with 10.357-ns delay (290 symbols for 28-Gbaud
signals) between two polarization fributaries was used for all
channels, and a tunable defay line was inserted in one polariza-
tion fributary to adjust the relative time delay since it has been
shown that {ime interleaving two polarizations of return-to-zero
(RZ) FDM-QPSK by half a symbal perlod can significantly
reduce inter-channel nonlinearitfes in a dispersionsmanaged
system [11], [12]. As one polarization multiplexer cannot
time intesleave 112-Gb/s and 224-Gb/s PDM-QPSK signals
simultaneously, and 4s inter-channel nonlinearitics from higher
symbol rate channels are in general smaller than those from
lower symbol rate channels, we adjusted the tunable delay line
to time interleave the two polarizations by half a symbol at
112-Gbfs PDM-QPSK in this experiment, 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 all-Raman amplification, to- emulate a commereial
all-Raman amplified optical transport system [7], [8]. The
dispersion of each span was compensated with dispersion
compensating fiber (DCF), with a residual dispersion per
span of about 3¢ ps/mm. The LEAF® spans have a CD co-
efficient of about 7 ps/(am.km) at a wavelength of 1570 nm,
a loss coefficient of about 0,21 dB/m, and an effective area
of about 72 pm?, The DCF has & CD coefficient of about
—100 ps/f{am.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-ps/nm dispersion

Transmission (dB)
A2
o

]

fo
'

Frequency

Fig. 2. Optical passband of the asymmetrical interfeaver with 50-GHz chame]
5pacing.

pre-compensation, as is typical for installed systems of this
kind [7}. The LEAF® 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 to
the DCFs was about 2-dB lower than that to the spans, After
cach loop, the signal was seat to a ROADM, which consisted
of a pair of the asymmetric interleavers, as shown in Fig. 1,
with a 3-dB bandwidth of 56,5-GHz and 31.6-GHz for even
and odd channels, respectively, The signal spectrum vas then
flattencd by & dynamic gain equalizing filter {DGEF), An
erbium-doped-fiber amplifier (EDFA) after the ROADM and
a Raman amplifier before the spans were used to compensate
for the losses induced by the DGEF, thé ROADM, the loop
switch and the conpler, An additional lumped Raman amplifier
(cf, Fig., 1) was composed of a 5-km Raman fiber and 2 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 wag first filtered by an amplified
spontaneous emission (ASE) noise filter and smplified 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. Performance in back-to-back configuration without (solid) and with
(dushed and epen) 2 ROADMs for 112-G/s (8) and 224-Gb/s {b) NRZ- and
CSRE-PDM-QPSK.

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

signal components were capfured by two 2-channel 80-GSam-
ples/s real-time oscilloscopes with 30-GFHz bandwidths and an
effective number of bits (ENoB) larger than 4.5 [13]. For the
112-Gb/s PDM-QPSK,, the oscilloscope bandwidth was reduced
o 20-GHz. The captured signal was processed offling, 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 (CMA), was used for polarization de-

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

inter-symbo] interference (IST) mbiigation, We found that 19
taps were sufficient to mitigate all the'IST caused by residual
CD, PMD, nonlincarity 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].

IIJ, RESULTS AND DISCUSSION

We first measured the tolerance towards nasrow band-
width filteting of non-retnm-to-zero (NRZ) QPSK amd
CSRZ-QPSK. Fig. 3 shows the back-to-back performance
without any ROADMSs and with two ROADMS (i.c., 4 asym-
metric interleavers) between the transmitter and the recoiver,
The I112-Gb/s snd 224-Gb/s PDM-QPSK signals were set
at art odd channel and an even channel, respectively. The

fipure shows that the performance of 112-Gb/s and 224-Gb/s:

FDM-QPSK is slightly different with two ROADMSs, Due

to hardware limitations, the 224-Gb/s PDM-QPSK. requires
5-dB higher optical signal-o-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 Ghaud
compared to 28 Gbaud. In the back-to-back case without
ROADMs, CBRZ-PDM-QPSK requires. about 1-dB higher
OSNR than NRZ-PDM-QPSK at bit-errorratio (BER) of
10-3 for both the 112-Gb/s and 224-Gbfs 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 capfure the entire signal spectrum. After the two
ROADME, the performance of NRZ-PDM-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-Gbfy
CSRZ-PDM-QPSK, the required OSNR at a BER of 163
is reduced by about 2.5 dB afier two ROADMs compared
to that without ROADMSs and is about 2.5 dB Jess than that
for 224-Gbfs NRZ-FDM-QPSK after two ROADMSs. We also
note that 224-Gb/s NRZ-PDM-QPSK has a higher error floor
than 224-Gb/s CSRZ-FDM-QPSK., In conirast, for 112-Gb/s
CSRZ-PDM-QPSK, the required OSNR at a BER of 10~% is
reduced only by about 0.5 dB after two ROADMSs 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. after four and three ROADMS,
respectively, but for NRZ-PDM-QPSK, a 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 filiering than NRZ-QPSK,

The results in Fig. 3 can be explained by the spectra of the
signals, which are given in Fig. 4. The ROADM passhands
of the odd and even channels are also shown in the figure for
reference, The normalized bandwidth of 224-Gb/s NRZ-FDM-
QPSK is narrower than that of 112-Gb/s NRZ-PDM-QPSK,
Due fo the bandwidth limitation of the 224-Gb/s data modu-
lator, efter the pulse carver, the spectrum of 224-Gbfs CSRZ-
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 transmitter and receiver, which
is beneficial for narrow bandwidth filtering [5]. The specira in
the figure also explain why we used CSRZ medulation 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 spectrum can be easily controlled by changing the
bandwidth of the data spectrum to make it flat-top or V-shaped,
as shown by the spectra 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-Gb/s CSRZ-PDM-QPSK
comes :partly. from the excessive bandwidth of the original
CSRZ signal and pertly from the shape of the ROADM pass-
band, For, 112-Gb/s CSRZ-PDM-QPSK, as the normalized
bandwidth of the data modulator s wider, there is no dip in the
middle of the spcetrum, but it has a much flatter top then that
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Fig. 4. Specira of 112-Gbfs (a) and 224-GWs (b) NRZ- and CSRZ-PDM-
QPSK. The dash-dofted lines are the ROADM passband of odd and even
channels in (1) and (b) respectively. )

of 112-Gb/s 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, Rigs, 3 and 4 also indicate
that the system performance can be optimized by optimizing
spectrum shapes of signals at fransmitters and by taking 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-PDDM-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 multipiexer filters, -

Fig, 6 shows the recovered x- and y-polarization constella-
tions of the 224-Gbh/s and 112-Gb/s CSRZ-PDM-QPSK signals
at the input of the Icop. The signal constellation ¢louds of the
224-Ghbis signal are mauch bigger than those of the 112-Gb/s
signal, which is caused by the following few factors: 1) lim-
ifed bandwidth of the transmitter (as shown by the eye-diagrams
in Fig. 1 and signal spectra in Fig. 2); 2) limited bandwidth of
the receiver (30-GBz 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 ROADMs= are depicled in Fig. 7. The ROADM fil-
tering effect is clearly seen in the spectrum,
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Fig. 7. Signal spestan afier 1600-km transmission with and without
ROADMSs.

Pig. 8 shows the Q%-factor (obtained from measured
BER after offline processing) for a central 224-Gb/s channel
(190.70 THz) in WDM transmission after 1200 krn with three
ROAD0MSs and 1600 km without any ROADMs as a function of
the [aunch power per 224-Gb/s channel, The launch power of
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Fig. 9. Q=-factor versus distance for 224-Gb/s and 112-Gb/s channels for the
system with and without ROADMS,

the 112-Gb/s channels was chosen about 2 dB lower than that of
the 224-Gb/s ohannel, motivated by the fact thet the 112-Gb/s
chamnels require Iower 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-channe! nonlinear-
ities from the 112-Gb/s channels onto the 224-Gb/s channels.
The optimum launch powers for the 224-Gb/s channels in both
cases shown in Fig. & are the same, —6 dBm per channel,
We hence used —G-dBm and —8-dBm as the per chennel
launch powers for the 224-Gb/s and the 112-Gb/s channels,
respeciively, Fig, 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
ROADME: inn the loop. As expected, the 112-Gb/s channel
performs better than the 224-Gb/s chamnel. Assuming a for-
ward-error-correction (FEC) BER threshold of 3.8 x 103 (a
Q? value of 8.53 dB), the system can transmit 1200 km with
three ROADMs and 2000 km without ROADM: on this legacy,
dispeision-managed fiber infrastructure. Fig. 9 also shows
that the performance difference between the system with and
without ROADMS for the 224-Gb/s chanae! is larger than that
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" Fig. 10. Q?-factor of all the 10 channels at 1200 ki 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 akove. ‘

Fig. 9 shows that the system with ROADMSs performs worse
in the transmission than thet without ROADMSs, which is dif-
ferent from the back to back performance of CSRZ-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, respectively in the back to back
operation, and after those, the performance starts to be degraded
with more ROADMSs. Note that the interleavers at the trans-
mitter are effectively one ROADM. The second reason is fiber
nonlinear effects. ROADMs reduce the signal bandwidth and at
the same time increase the peak to average power rafio of the
signal, and the increased peak to average power ratio enhances
fiber nonlinear effects. As shown in Fig. 8, the performance
with ROADMS is reduced at high power due to fiber nonlinear
effects,

The Q2-factor of all 10 channels after WDM transmission
at 1200 km with three ROADMs and at 2000 km without
ROADMs is given in Fig. 10, The per-channel launch powers
for the 224-Gb/s and 112-Gb/s channels arc —8 dBm and
—8 dBm, respectively. The figure shows that zl! the channels
achieve performance above the FEC limit and that the 112-Gby/s
channels can achieve 1 to 2 dB higher Q2-factor than the
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Fig. 11. Signal constellations of 224-Gbls CSRZ-PDM-QPSK, signals after
1200 kun with thres ROADMS and 2000 km without ROADM transmission,

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 ROADMs and over 2000-km without
ROADMSs 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-haul transmission 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
asymmetric ROADMSs and over 2000 km without ROADMSs.
This is the highest spectral efficiency reported on & commetcial
all-Raman optical transport platform using a widely deployed,
dispersion-compensated fiber infrastructure.
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