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COMMUNICATIONS, INC., a
Delaware Corporation,

Defendants.

E“8:12-cv-01872-AG-@P§2 Document 36 Filed 07/15/13 ‘/P?ge 10f31 Page ID #:224

Facsimile: (310) 772-8301 « S
Attorneys for Plaintiff : : 'f
CORE OPTICAL TECHNOLOGIES, LLC L=
UNITED STATES DISTRICT COURT
CENTRAL DISTRICT OF CALIFORNIA
SOUTHERN DIVISION

CORE OPTICAL TECHNOLOGIES, | Case No. SACV 12-1872 AG (MLGx)
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Corporation, FIRST AMENDED COMPLAINT
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Plaintiff Core Optical Technologies, LLC (“Plaintiff” or “Core Optical
Technologies™), by and through its undersigned counsel, files this First Amended
Complaint against Defendants Ciena Corporation and Ciena Communications, Inc.
(collectively “Ciena” or “Defendants”), and alleges as follows:

JURISDICTION AND VENUE
1. This is an action for infringement of U.S. Patent No. 6,782,211, entitled

“Cross Polarization Interface [sic] Canceler,” which was duly issued by the United
States Patent and Trademark Office on August 24, 2004 (“the ‘211 patent”). This
Court has subject matter jurisdiction over this action pursuant to 28 U.S.C. §§1331
and 1338(a) because the claims arise under the patent laws of the United States, 35
U.S.C. §§1, et seq.

2. This Court has personal jurisdiction over Defendants, which conduct
continuous and systematic business in the United States, including, upon information
and belief, in this judicial district. Defendants market, manufacture, use, offer for
sale, sell, import, and/or distribute the infringing products at issue in this case
throughout the United States including, upon information and belief, within this
judicial district. Defendants also use, induce their customers’ use of, and/or contribute
to their customers’ use of the infringing products at issue in this case to perform one
or more patented methods of the ‘211 patent throughout the United States, including
upon information and belief; in this judicial district.

3. Venue is proper within this judicial district under 28 U.S.C. §§1391(b)
and (c) because Defendants transact business within this district, offer for sale in this
district products that infringe the ‘211 patent, and, on information and belief, induce
their customers to commit infringing acts in this district. In addition, venue is proper
because Core Optical Technologies resides in this judicial district and Core Optical
Technologies suffered harm in this district. Moreover, a substantial part of the events
giving rise to this action occurred in this judicial district, including the inventive

activities giving rise to the ‘211 patent.

DOCSLA-102652v3
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THE PARTIES
4. Plaintiff, Core Optical Technologies, LLC, is a limited liability company

organized and existing under the laws of California, and having a principal place of
business at 18792 Via Palatino, Irvine, CA 92603.

5. Defendant Ciena Corporation is a Delaware corporation with its principal
place of business located at 1201 Winterson Road, Linthicum, Maryland 21090, and,
on information and belief, does business in this judicial district and elsewhere
throughout the United States.

6. Defendant Ciena Communications, Inc. is a Delaware corporation with
its principal place of business located at 7035 Ridge Road, Hanover, Maryland 21076,
and, on information and belief, does business in this judicial district and elsewhere
throughout the United States.

7. At all times relevant to this lawsuit, Defendants made, used, offered to
sell, sold, imported, and/or distributed infringing products throughout the United
States, and used, induced their customers’ use of, or contributed to their customers’
use of the infringing products within the United States to perform one or more of the
patented methods set forth in the ‘211 patent.

THE ASSERTED PATENT
8. Mark Core, the sole named inventor of the ‘211 patent, earned his Ph.D

in electrical and computer engineering from the University of California, Irvine, and is
the CEO and president of Plaintiff, Core Optical Technologies. The pioneering
technology set forth in the ‘211 patent greatly increases data transmission rates in
fiber optic networks by enabling two optical signals transmitted in the same frequency
band, but at generally orthogonal polarizations, to be recovered at a receiver. The
patented technology that enables the recovery of these signals includes coherent
optical receivers and related methods that mitigate cross-polarization interference
associated with the transmission of the signals through the fiber optic network. The

patented coherent receivers and methods also mitigate the effects of chromatic

3

DOCSLA-102652v3




2Cas

N = v e N S R N

N NN RN NN = e
A RV R I S - R - N Y O VOO S =N

28

DICKSTEIN
SHAPIRO LLP

Ef 8:12-cv-01872-AG-§P§2 Document 36 Filed 07/15/13 ~Page 4 of 31 Page ID #:227

dispersion, polarization mode dispersion, and polarization dependent loss that limit
the performance of optical networks, thereby greatly increasing the transmission
distance and eliminating or reducing the need for a variety of conventional network
equipment such as amplifiers, regenerators, and compensators. The patented
technology set forth in the ‘211 patent has been adopted by Defendants in at least their
packet-optical transport products and systems described below.

9. On November 5, 1998, Mark Core filed with the United States Patent and
Trademark Office (“USPTO”) Provisional Patent Application No. 60/107,123 (“the
123 application”) directed to his pioneering inventions. On November 4, 1999, Mark
Core filed with the USPTO a non-provisional patent application, U.S. Patent
Application No. 09/434,213 (“the ‘213 application™), claiming priority to the 123
application. On August 24, 2004, the USPTO issued the ‘211 patent from the ‘213
application. The entire right, title and interest in and to the 211 patent, including all
rights to past damages, has been assigned to Plaintiff in an assignment recorded with
the USPTO. A copy of the ‘211 patent is attached as Exhibit 1.

GENERAL ALLEGATIONS

10. Defendants and/or their respective divisions, subsidiaries, and/or agents

are engaged in the business of making, using, distributing, importing, offering for sale,
and/or selling 40G and 100G solutions that embody the patented inventions disclosed
and claimed in the ‘211 patent (“the Infringing Products™). The Infringing Products
include, without limitation, Defendants’ eDC40G line card, eDC100G line card, 6500
Packet-Optical Platform, and 4200 Advanced Service Platform and modules that
include Defendants’ 40G or 100G dual polarization coherent optical receivers, as well
as any of Defendants’ other products that incorporate their dual polarization coherent
optical receivers.

11. Additionally, the only use of certain components of the Infringing
Products, such as the eDC40G and eDC100G line cards, is to perform one or more of

the claimed methods in the ‘211 patent.

DOCSLA-102652v3
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CLAIMS FOR RELIEF

12.  Plaintiff repeats and realleges each and every allegation contained in

paragraphs 1-11, inclusive, of this Complaint with the same force and effect as if set
forth at length herein.

13.  Defendants have been infringing and continue to infringe the ‘211 patent
by making, having made, using, offering for sale, and/or selling directly or through
intermediaries, in this district or elsewhere in the United States, the Infringing
Products, and/or by importing into the United States the Infringing Products.

14. Defendants have indirectly infringed and continue to indirectly infringe
the ‘211 patent under 35 U.S.C. §271(b) by knowingly and actively inducing
infringement of one or more of the claims of the 211 patent. Defendants had
knowledge of the ‘211 patent from a time prior to the filing of this Complaint.
Defendants have actively and knowingly encouraged and induced infringement of one
or more claims of the ‘211 patent, for example, by instructing, aiding, assisting, and
encouraging the use of their Infringing Products in an infringing manner, and by
selling Infringing Products that have no non-infringing uses to customers who in turn
use them to perform one or more of the patented methods disclosed and claimed in the
‘211 patent. The direct infringers of the ‘211 patent that are being induced by
Defendants include their customers that use the Infringing Products.

15. Defendants have also indirectly infringed and continue to indirectly
infringe one or more of the claims of the ‘211 patent under 35 U.S.C. §271(c) through,
among other things, unlawfully selling or offering to sell within the United States, or
importing into the United States, the Infringing Products, which products constitute a
material part of the claimed inventions of the ‘211 patent, which Defendants know to
be especially made or especially adapted for use in infringement of the ‘211 patent,
and which are not staple articles or commodities of commerce suitable for substantial

non-infringing use. The direct infringers for Defendants’

DOCSLA-102652v3
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contributory infringement under 35 U.S.C. §271(c) include, without limitation, their
customers and users of the Infringing Products.

16. Defendants’ infringement of the 211 patent has caused and will continue
to cause significant damage to Plaintiff. As a result, Plaintiff is thereby entitled to an
award of damages adequate to compensate it for the infringement in an amount that is
in no event less than a reasonable royalty pursuant to 35 U.S.C. §284. Plaintiff is also
entitled to recover prejudgment interest, post-judgment interest, costs, and enhanced
damages under 35 U.S.C. §284.

17.  Although Defendants had knowledge of the ‘211 patent before the filing
of this Complaint, on information and belief, Defendants have nevertheless continued
to directly and indirectly infringe the ‘211 patent, despite an objectively high
likelihood that its actions constitute infringement of the ‘211 patent. Accordingly,
Defendants’ infringement has been and continues to be willful.

18.  Asaresult of Defendants’ infringement of the ‘211 patent, Plaintiff has
suffered irreparable harm and impairment of the value of its patent rights, and is now
suffering, and will continue to suffer, the violation of its patent rights unless and until
Defendants are permanently enjoined by this Court from infringing the ‘211 patent
under 35 U.S.C. §283. Plaintiff has no adequate remedy at law and is entitled to a
permanent injunction against Defendants and their Infringing Products.
| 19.  This case is an “exceptional” case within the meaning of 35 U.S.C. §285
and Plaintiff is entitled to an award of attorneys’ fees.

PRAYER FOR RELIEF
WHEREFORE, Core Optical Technologies prays for relief as follows:

1. Judgment be entered in favor of Core Optical Technologies against
Defendants;

2. Core Optical Technologies be awarded costs of the suit;

3. Core Optical Technologies be awarded compensatory and special

damages for the infringement of the ‘211 patent in an amount to be determined at trial;

DOCSLA-102652v3
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1 4.  Defendants be preliminary and permanently enjoined from infringing or
2 || inducing others to infringe the ‘211 patent;
3 5. The Court determines that Ciena’s infringement is willful and that Core
4 || Optical Technologies is entitled to collect enhanced damages up to three times the
5 || actual damages found or assessed;
6 6.  The Court declare this an exceptional case under 35 U.S.C. §285 and
7 (| award Core Optical Technologies its attorneys’ fees and costs incurred in connection
8 || with this action;
9 7. The Court otherwise award Core Optical Technologies its attorneys’ fees;
10 || and
11 8. The Court grant such further relief as the Court deems just and proper.
12 JURY DEMAND
13 Plaintiff, Core Optical Technologies, LL.C demands a trial by jury on all issues
14 || so triable.
15
16 || Dated: July 9, 2013 DICKSTEIN SHAPIRO LLP
17
18 .
v By: we s -
20 Lawrence R. LaPorte
21
Attorneys for Plaintiff
22 CORE OPTICAL TECHNOLOGIES, LLC
23 ‘
24
25
26
27
28
SHAPROLLP ,
DOCSLA-102652v3
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7 ABSTRACT

Implemented in both coherent and non-coherent optical
systems, a receiving device including a cross polarization
interference canceler (XPIC) is described. For these
embodiments, the XPIC optimizes bandwidth efficiency of
an optical communication link by enabling the reconstruc-
tion of two optical signals transmitted with generally
orthogonal polarization states and routed over a single fiber
optic transmission medium in the same frequency band.

37 Claims, 7 Drawing Sheets
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1

CROSS POLARIZATION INTERFACE
CANCELER

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 60/107,123 filed Nov. 5, 1998.

BACKGROUND

1. Field

The present invention relates to the field of fiber optics. In
particular, the present invention constitutes a cross-
polarization interference canceler (XPIC) and its corre-
sponding method of operation that optimizes bandwidth
efficiency over an optical fiber transmission- medium and
mitigates dispersion cffects or any loss of optical field
orthogonality incurred during propagation through the opti-
cal fiber.

2. Related Art

Due to increased demand for fast data transmissions,
optical communication networks are being utilized more
frequently. Normally, a fiber optic communication link
includes a set of transceivers coupled together by optical
fiber supporting one or more fiber optic transmission chan-
nels. Each transceiver includes a transmitter and receiver.
The transmitter converts an electrical signal to a single
optical signal, which is applied to a fiber optic transmission
medium. The receiver converts the optical signal back to an
clectrical signal, which may be routed through electrical
wire or processed by a computer for example.

Typically, the electric field of the received optical signal
has time varying polarization, and the optical receiver must
either be insensitive to the field polarization, or track the
optical field polarization to recovery the transmitted infor-
mation.

Referring to FIG. 1, a block diagram of a conventional
coherent fiber optic communication link utilizing a polar-
ization diversity receiver 100 is shown. This type of receiver
is insensitive to the polarization of the reccived optical
signal field. Receiver 100 includes a pair of polarization
beam splitters 110 and 120. A first polarization beam splitter
110 receives an, incoming optical signal from the optical
fiber. This incoming optical signal comprises an electromag-
netic (EM) plane wave with an electric field 130 (referred to
as “e¢(t)") that is amplitude and/or phase modulated with
information bearing in-phase (I(t)) and quadrature (Q(t))
waveforms.

For clarity sake, the horizontal (%) and vertical (§) direc-
tions are defined to coincide with the polarization axes of the
polarization beam splitters at receiver 100. The polarization
states of the transmitted electric field (referred to as “e,{t)”)
and received electric field (e5(t)) 130 are assumed arbitrary
with respect to the % and § directions.

Polarization beam splitter 110 separates received electric
field e4(t) 130 into a horizontal (%) field component and a
vertical (§) field component. These % and § components of
€5(t) 130 are routed into double-balanced optical receivers
(DBORs) 140 and 150. Polarization beam splitter 120
receives an optical signal from a local oscillator (LO) laser,
in particular a non-modulated EM plane wave with an
electric field (g, (1)) 135. A “DBOR” is a device that per-
forms the function of an optical mixer, multipiying the
optical inputs and removing the resulting high frequency
components through the inherent bandlimiting of the pho-
todiodes. This multiplication process is polarization
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sensitive, however, and only the component of g(t) 130 with
the same polarization as €;(t) 135 is detected.

The frequency of the LO laser is adjusted such that the
difference between the optical LO frequency and the carrier
frequency of e4(t) is equal to the desired intermediate carrier
frequency w;z of the DBOR output current. A demodulator
170 then demodulates the IF signal and recovers the base-
band information bearing waveforms I(t) and Q(t).

More specifically, the & component of eg(t) is routed to
DBOR 140 and the § component is routed to DBOR 150.
Each DBOR 140 or 150 includes, for example, a directional
coupler and photodiodes connected in series. The X compo-
nent of ¢, (t) is also routed to DBOR 140 and the §
component is routed to DBOR 150. If the polarization state
of ¢, (t) is adjusted to be linearly polarized at forty-five (45)
degrees with respect to the % axis, then DBOR 140 will
respond with an electrical current (referred to as “i;()”)
having a magnitude that is proportional to the & component
of €4(t) 130, and DBOR 150 will respond with a current
(referred to as “i,(t)”) having a magnitude that is propor-
tional to the § component of e(t) 130 and having the same
phase as i(t).

The output electrical currents of DBORs 140 and 150 are
combined to produce a resultant electrical signal current 160
(referred to as “i;(t)”). Thus, since any polarization state can
be resolved into % and § components, polarization diversity
receiver 100 will respond to a received optical signal field
with arbitrary polarization. Although polarization diversity
receiver 100 is able to detect a received optical signal field
with arbitrary polarization, it fails to take advantage of the
potential to transmit independent optical signals across the
optical medium in the same frequency band, but with
orthogonal polarization states, and thereby increase the link
bandwidth efficiency.

Under ideal conditions, two conventional polarization
tracking receivers (not shown) could reconstruct two
received optical signals having fields with orthogonal polar-
ization states by tracking the polarization of each signal
field. Theoretically, if the polarization of the optical LO in
each receiver is adjusted to match the polarization of the
electric field of one of the optical signals, then the other
optical signal will be rejected. However, in practice, the
orthogonality of the two optical signal fields would be lost
to some extent during propagation through the optical fiber.
Therefore, a system having two conventional polarization
tracking receivers would incur a signal crosstalk penalty,
also known as cross polarization interference (XPI). This
would have adverse effects on the quality and reliability of
the optical signaling.

Besides cross polarization interference, the optical signal
may experience chromatic and/or polarization mode disper-
sion. In general, dispersion is problematic when a light
pulse, normally associated with a particular period of time,
begins to occupy portions of the time period associated with
adjacent light pulses. A solution to overcome dispersion
involves reducing the transmission length of the optical
fiber. One way to reduce the transmission length is to place
regenerative repeaters at selected intervals of the optical
fiber. Regenerators require signal detection, electrical clock
recovery circuitry, and means of generating a new optical
signal from the recovered electrical signal. The use of
repeaters, therefore, significantly increases the construction
costs for an optical communication network.

It would therefore be desirable to develop a cross-
polarization interference canceler (XPIC) and a method that
optimizes bandwidth efficiency over the optical fiber by
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cnabling two optical signals transmitted in the same fre-
quency band but with orthogonal polarization to be recov-
ered at the receiver. This could correct for dispersion effects
or any loss of optical field orthogonality incurred during
propagation through the optical fiber, and optimally recon-
struct the information bearing modulation waveforms at the
receiver.

SUMMARY

As described herein, implemented in both coherent and
non-coherent optical systems, exemplary embodiments of a
receiving device including a cross polarization interference
canceler (XPIC) are shown. For each of these embodiments,
the XPIC optimizes bandwidth cfficiency of an optical link
by enabling the reconstruction of two optical signals trans-
mitted with generally orthogonal polarization states and
routed over a single fiber optic transmission medium in the
same frequency band.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention will
become apparent from the following detailed description of
the present invention in which:

FIG. 1 is a block diagram of a conventional coherent fiber
optic communication link utilizing a polarization diversity
receiver 100.

FIG. 2 is an exemplary embodiment of a transmitting
device capable of being utilized by either non-coherent or
coherent systems.

FIG. 3 is an exemplary embodiment of an intensity
modulation direct detection (IM-DD) fiber optic link having
a receiving device utilizing an optical XPIC 320.

FIG. 4A is an exemplary embodiment of a frequency
dependent, optical XPIC comprised of four complex optical
filters.

FIG. 4B is an exemplary embodiment of a frequency
independent, optical XPIC comprised of four complex ele-
ments.

FIG. 5 is an exemplary implementation of a coherent fiber
optic link having a receiving device utilizing an optical
XPIC.

FIG. 6 is an exemplary implementation of a coherent fiber
optic link having a receiving device utilizing an IF XPIC.

FIG. 7 is a graphical representation of the theoretical
(dashed) and simulated (solid) bit error rate for a fiber optic
link using binary phase shift keying with varying amounts of
loss of orthogonality in accordance with FIG. 6 using a
diagonalizer XPIC.

FIG. 8 is a graphical representation of the theoretical
(dashed) and simulated (solid) bit error rate for a fiber optic
link using binary phase shift keying with varying amounts of
loss of orthogonality in accordance with FIG. 6 using a
MMSE XPIC.

FIG. 9 is an exemplary embodiment of a coherent fiber
optic link having a receiving device utilizing a baseband
XPIC.

FIG. 10A is an exemplary embodiment of a passband
optical or IF filter of FIG. 4A that is appropriate for the
passband XPIC of FIGS. 3, 5, and 6.

FIG. 10B is an exemplary embodiment of a baseband
filter of FIG. 4A that is appropriate for the baseband XPIC
of FIG. 9.

DETAILED DESCRIPTION

Certain embodiments of the invention are described to
provide a cross polarization interference canceler that opti-
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mizes bandwidth efficiency of an optical link by enabling the
reconstruction of two optical signals transmitted with gen-
erally orthogonal polarization states and routed over a single
fiber optic transmission medium in the same frequency
band. The cross polarization interference canceler (XPIC)
may also be directed to mitigate the effects of chromatic
and/or polarization mode dispersion that currently limit the
performance of high data rate optical communication net-
works.

Herein, various examples of circuitry and methods of
operation are described. These examples should broadly be
construed as illustrative in nature in order to represent the
spirit of the invention. Also, certain terminology is used to
describe various embodiments of the link. For example, a
“signal” is a detectable physical quantity used to convey
information for operating or controlling a device. There exist
a variety of signal types, including optical, electrical and the
like. A “device” is hardware and/or software operating to
process, transmit and/or receive signals. Examples of a
device include a computer, a router, a bridge, a modem and
the like. A “cross polarization interference canceler” (XPIC)
is circuitry and/or software designed to at least improve
bandwidth efficiency of a fiber optic communication link by
reconstructing two optical signals that are transmitted with
generally orthogonal polarization states.

Because cross polarization interference cancellation is a
form of coherent signal processing, the XPIC must be
implemented optically for direct detection fiber optic sys-
terss. This is because all phase information is lost in the
optical-to-electrical conversion process of direct detection
receivers. Since phase information is retained during
optical-to-electrical conversion in a coherent receiver, XPIC
can be implemented either optically or electrically in coher-
ent systems. In the context of optical communications, the
term “coherent” refers to the use of a receiver with an optical
local oscillator (LO) that translates the received optical
signal from optical frequencies to ecither baseband
(homodyne detection) or to an intermediate frequency
(beterodyne detection).

Herein, four exemplary implementations of optical links
employing a cross polarization interference canceler are
shown. In particular, FIG. 3 illustrates an exemplary imple-
mentation for an intensity modulation direct detection (IM-
DD) fiber optic system using an optical XPIC; FIG. 5
illustrates an exemplary implementation of a coherent
receiving device utilizing an optical XPIC; FIG. 6 illustrates
an exemplary implementation of a coherent receiving device
utilizing an electrical IF XPIC; and FIG. 9 illustrates an
exemplary implementation of a coherent receiving device
utilizing an electrical baseband XPIC.

A. Transmit Signal Generation

Referring now to FIG. 2, an exemplary embodiment of a
transmitting device capable of being utilized by any of the
exemplary embodiments of FIGS. 3, 5, 6 and 9 is shown. In
one embodiment, the transmitting device is configured to
separate the electric field g, {t) of the local oscillator beam
into two orthogonally polarized field components. Each field
component is independently modulated with information
bearing waveforms to produce two modulated optical sig-
nals having electric fields €,,(t) and €;,(t). The two modu-
lated optical signals with orthogonally polarized electric
fields are recombined hefore transmission over the optical
fiber.

As shown, transmitting device 210 includes of a local
oscillator (LO) laser having an electric field denoted by
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€,7(1). In this embodiment, the polarization state of the local
oscillator is adjusted so that the LO power is equally divided
by a polarization beam splitier 215 into orthogonally polar-
ized components. Again, the horizontal (%) and vertical (9)
directions are defined to coincide with the polarization axes
of one or more polarization beam splitters at a receiving
device. For generality, the polarization axes of polarization
beam esplitter 215 are assumed to have an arbitrary orien-
tation with respect to the % and § directions.

The outputs from polarization beam splitter 215 are
individually modulated with independent information bear-
ing waveforms by modulators 220 and 225. In the case of
coherent modulation formats, in-phase (I (t)) and quadrature
(Q1)) waveforms may be used for arbitrary amplitude
and/or phase modulation. In the case of intensity
modulation, however, a single waveform by(t) may be used
by modulators 220 and 225. The resulting modulated optical
signals having fields €,,(f) and e,(t) are recombined using
a polarization combiner 230. Polarization combiner 230
produces a transmit optical signal to be routed over an
optical fiber transmission medium 235.

Suppressing the £ dependence and the radial field
distribution, and neglecting noise, the simplified expression
for the electric field of the transmitted optical signal, namely
€,(t), when applied to optical fiber transmission medium 235
is defined in equation (A.1), where

er=Re{([e5e® vy (N+e el bm‘ﬁ(')]i""[irnei By (f)+

€ P y(Blf)es s},
The term “¢(t)” denotes the phase noise of the LO laser of
transmifting device 210 and “v ()" and “v,(t)” are the

complex envelope representations of the modulating func-
tions

Aan

ViD= (e O=L (O DR=1,2. a2

For intensity modulation, v(t) is real and has the form
Vi(D=be(k=1,2.

The polarization states of the independently modulated,
electric field components may be specified by their respec-
tive Jones vector as set forth in equations (A.4) and (A.5)
below.

a3

N 5Txlej§TXl
er =

(A4)
ery,ejJTyl ]

[grxzei‘rxz ] (A5)
2p= .

SryzejJTyz

From these Jones vectors, a matrix (U) may be created with
columns consistent with the Jones vectors of the two modu-
lated field components as shown in equation (A.6).

(A.6)

o€l e 6T
grylei"ryl gryz,_,iﬁryz

Because the polarization state of the transmit LO laser is
adjusted such that the optical power is equally divided by
polarization beam splitter 215 in this embodiment, and
because splitter 215 divides the local oscillator field into
orthogonally polarized components, the columns of matrix
U are orthogonal, and matrix U is therefore proportional to
a unitary matrix.

The angle between any two polarization states specified
by Jones vectors €, and €, is defined by equation (A.7).
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2
- -1 |3§-115‘>52 |
¥ = cos —t— |,
85185180852

where the terms “€,” and “,” denote Jones vectors and the
superscript “H” denotes the conjugate transpose of that
vector.

(A7)

B. Effect of the Optical Fiber Transmission
Medium

If the optical signal is sufficiently narrowband then the
transfer function of the optical medium will exhibit no
frequency dependence over the bandwidth of the signal.
When this assumption holds, the effect of the fiber optic
medium 235 on the matrix (U) of Jones vectors for the
transmitted optical fields can be represented as

V=TU, 8.9

where “T” is a complex 2x2 fiber transmission matrix that
accouants for the effect of the fiber optic medium 235 on the
transmitted signal polarizations, and “V” is a matrix with
columns corresponding to the Jones vectors of the received
optical fields as shown in equation (B.2).

B2

[ en1€Sl ggePsx2

5, leﬂ’s,l gsyzeﬁ‘sp

When the symbol rate exceeds a few gigahertz (GHz), this
narrowband approximation is no longer valid for standard
single mode fiber, and the optical medium exhibits signifi-
cant distortion in the form of chromatic and polarization
mode dispersion. In this case, the matrix of Jones vectors for
the received optical fields is expressed as

V(@)=T(@)U, (83)

where “T(w)” is a 2x2 frequency dependent complex trans-
mission matrix for the fiber optic medium. Therefore, when
the fiber transmission matrix (T) is frequency dependent, the
Jones vectors of the received optical fields are also fre-
quency dependent, and the matrix V(w) has the following
form:

5 (@)ePsHi®) egp(w)ePs) (B.4)

Viw) = N 3
£g1@)ePH ggo(w)eH?

In the absence of polarization dependent loss, T(w) is a
unitary matrix, but in general the fiber transmission matrix
is not unitary.

C. Optical XPIC for IM-DD Systems

For IM-DD systems implemented with the present
invention, a receiving device would split the received optical
signal having an electric field g(t) into two orthogonally
polarized components g (t) and €5,(t). These components
would be applied as inputs to an optical XPIC, which would
perform complex filtering or weighting and subsequent
recombining of these inputs to mitigate cross polarization
interference (XPI). Namely, each output of the XPIC is an
optical signal with an electric fieid that has significant
intensity modulation from only one of the originally trans-
mitted signals. IM-DD receivers would accept the outputs of
the XPIC and produce corresponding electrical signals.
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Referring to FIG. 3, an illustrative embodiment of a link
having a receiving device 300 utilizing an optical XPIC 320
is shown. If the % and ¥ directions are defined to coincide
with the polarization axes of the polarization beam splitters
in the receiver, then the polarization beam splitter 310 acts
on the received optical signal by separating the optical field
into % and § components. The separated field components
are processed by an optical XPIC 320, and the outputs of the
XPIC are routed to standard intensity modulation direct
detection (IM-DD) fiber optic receivers.

For the special case where the fiber transmission matrix
(T) exhibits no frequency dependence, the outputs of polar-
ization beam splitter 310 include two optical signal compo-
nents with electric fields that can be expressed in matrix
form as shown in equation (C.1)

g5 {[ X0 } 5100 ny (1)
=Re [v[ H
£5, (D 0% $2(1) na(1)

where “s,(t)” and “s,(t)” are the complex representations of
the optical signals

(C.1)

S (O=vi()el > Dp=12 c2
and “n,(t)” and “n,(t)” are independent complex white
Gaussian noise processes resulting from the amplified spon-
taneous emission (ASE) of the optical amplifiers in the fiber
optic medium. The one-sided power spectral density of the
ASE produced by each optical amplifier in each polarization
is given by

Nyse=(G-D)n,hv (€3

where “G” is the amplifier gain, “n,,” is the excess spon-
taneous emission factor related to the amplifier noise figure,
and “hv” is photon energy.

For the general case of a frequency dependent fiber
transmission matrix T(w), the outputs of polarization beam

splitter 310 are given by
(0 0
Es =Re{[x ](F"{V(m)}*[sl(’) ]+["‘(’) ]}
£g, () 0y 52(1) m(

or equivalently

(C4)

si(1) ["1(’)

FYT *u[
]( @)=Y o l* lno

[gsxo] {x 0 } €5)
=Re ] Y
Q_gy(’) [0 y

where F*{-} denotes the inverse Fourier transform and *
indicates the convolution operator.
1. Diagonalizer XPIC Signal Reconstruction

Provided that optical fiber transmission medium 235 is
not perfectly polarizing, the fiber transmission matrix T(w)
is nonsingular and the inverse T~'(w) will exist. The form of
XPIC 320 that will diagonalize the overall link transmission
matrix (e.g., W{w) V(w)) and climinate all cross polarization
interference and dispersion effects has a transfer function
matrix W(w)) proportional to V™'(®) and is therefore rep-
resented by equation (C.6) as follows:
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(C6)

W(w) = EU“r‘(w) =

[ wii () wa(w) ]
Pr

wiz(w) wa(w)

where the superscript “H” denotes the conjugate transpose
of that vector, “P,” is the average transmitted optical power,
and “Py” is the average received optical power

1 <N
Pr= 5(32[,‘/ +eh,; +eha +&5)

1 (C.8)
Ps = '2‘(9§x1 +8%,; + 85z +850).

In general, XPIC 320 is comprised of four independent
optical filters 400, 410, 420, and 430 as shown in FIG. 4A.
These filters have transfer functions that are specified by the
frequency dependent complex elements w;(®), Woy(®),
w1.(w), and w,,(w) of the XPIC matrix W(w). An exem-
plary implementation of a passband filter with complex
frequency response is shown in FIG. 10A where “w, (o) A
refers to the real portion of the frequency response and
“w{w)” refers to the imaginary portion of the frequency
response. Since T(w) is time varying, filters 400, 410, 420,
and 430 are adaptive in order to track this variation. Suitable
implementations of adaptive optical filters 400, 410, 420 and
430 specified by the elements of equation (C.6) have been
demonstrated. One example of a well-known adaptation
procedure for these filters is the method of differential
steepest descent. Other methods from the theory of blind
source separation are also appropriate.

If XPIC 320 is configured according to equation (C.6),
then inputs (g, (t).€5.(1)) 330 and 340 to receivers 350 and
360 are given by

£, () 0 ( [sl(t)
=R P
[Qsz(’)] e{[o 5’] a 52(2)

or equivalently

9
+F"{W(w)}*[nl(t) ]]} €

(1)

s1(D)=Re{(VPgs, ()t (D)2} (€10
Esa=Re{(VPss, (1) ()9} (c1

where ny(t) and n,(f) are Gaussian distributed noise pro-
cesses with power spectral density (psd) specified by Na(w)
and N,(w)

N(0)=wy o (0N o (@)W,

N(@) =)oy (0)PNy+wa(@)PN

(C12)
(C13)

These results show that the electric field at each output of the
optical diagonalizer XPIC 320 consists of a desired signal
with additive noise. The diagonalizer XPIC therefore com-
pletely eliminates cross polarization interference (XPI),
polarization mode dispersion (PMD), and chromatic disper-
sion effects.

The diagonalizer XPIC solution is particularly useful for
analytic purposes since the bit error rate (BER) can be
computed for a receiver with known noise performance.
While in practice, XPIC 320 would normally be converged
according to a minimum mean square error (MMSE)
criterion, the BER performance with XPIC 320 configured
according io the diagonalizer soluiion has been found io
produce a tight upper bound to the BER performance with
the MMSE solution as described in detail with respect to the
intermediate frequency (IF) XPIC implementation.
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Of course, it is contemplated that complex matrix coef-
ficients w,;, W;,, W,; and w,, as shown in FIG. 4B may
represent the XPIC matrix W without frequency depen-
dence. These elements are complex in general, and apply
both amplitude scaling and phase shifting to the input
waveforms.

D. Optical XPIC With Coherent Systems

In general, for coherent systems implemented with an
optical XPIC, a receiving device would split the received
optical signal having an electric field (t) into two orthogo-
nally polarized components €5(t) and g,(t). These compo-
nents would be applied as inputs to an optical XPIC, which
would perform complex filtering or weighting, and recom-
bine the results to mitigate cross polarization interference
(XPY). More specifically, each output of the XPIC is an
optical signal with an electric field that is significantly
amplitude andfor phase modulated by only one of the
originally transmitted signals. These outputs are then
applied to double balanced optical receivers (DBORs). Each
DBOR produces a current i,(t) or i,(t), that has an IF carrier
and contains significant modulation data from only one of
the originally transmitted signals. These currents are
demodulated to reconstruct the transmitted baseband
in-phase and quadrature waveforms.

More specifically, with respect to FIG. 5, optical XPIC
320 of a receiving device 450 operates in the same manner
as discussed for FIG. 3. In this case, however, coherent
heterodyne receivers rather than IM-DD receivers are used,
and the optical XPIC output fields (g5,(t)) 330 and (e5,(1))
340 are routed to double balanced optical receivers
(DBORs) 500 and 510. A first DBOR 500 converts output
€5,(t) 330 into a first output current i,(t) 520, which is routed
to a first demodulator 530. A second DBOR 510 converts
output e,(t) 340 into a second output current i(t) 540,
which is routed to a second demodulator 550. If the axes of
the LO polarization beam splitter are aligned with the £ and
¥ directions, and the polarization state of the optical LO is
adjusted such that the LO power is equally divided by the
polarization beam splitter, then the Jones vector specifying
the LO polarization state is given by

VE

O.1)
- [mem ]

where P, is the average LO power.
1. Diagonalizer XPIC Signal Reconstruction

If the optical XPIC is configured in accordance with
equation (C.6), then the fields at the DBOR inputs will be
given by equation (C.9). The DBOR output currents i,(t) and
i5(t) are then given by

i3()=RVPSP, a, (Dsin(w,-£+4(1)+0, (D) +n5() (D2
i(0)=RVP 5P ax(D)sin (0t +4(0)+02(0)+8, ) +14(0) (D.3)

where “R” is the responsivity of the photodiodes. The
intermediate frequency (IF), denoted “w,.”, is equal to the
difference between the received carrier frequency and the
frequency of the local oscillator (0, z=w¢-w, ). Also, “¢(t)”
is the difference between the phase noise of the incoming
optical signal and the phase noise of optical local oscillator
(=9 s(O—,(1)). The components n4(t) and n,(t) are noise
terms that account for shot and thermal noise, and also ASE
if optical amplifiers are present in the fiber optic
transmission-medium. These results show that the output of
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each DBOR is a desired signal plus additive noise. When
configured according to the diagonalizer solution, the optical
XPIC is therefore able to completely eliminate cross polar-
ization interference (XPI), polarization mode dispersion
(PMD), and chromatic dispersion effects in systems with
coherent optical receivers.

E. IF XPIC With Coherent Systems

In general, when implemented with an IF XPIC, the
receiving device may be configured to split the received
optical signal having an electric field e4(t) into two orthogo-
nally polarized components €;,(f) and gs,(t), which are
polarized in the % and § directions, respectively. The receiv-
ing device also includes a polarization beam splitter that
produces % and § polarized components from an internal
local oscillator. The £ polarized components of the signal
and LO are applied to one DBOR and the § polarized
components are applied to another DBOR. Thus, the
DBORs produce currents i,(t) and i,(t) containing modula-
tion components from both originally transmitted signals.
These currents are applied to an IF XPIC, which operates on
the input currents to produce output currents i;(t) and 1,(t).
Each of these output currents has significant modulation
from only one of the transmitted signals. The quadrature
demodulators remove the carrier and phase-noise effects and
produce the in-phase and quadrature waveforms associated
with both transmitted signals.

Referring now to FIG. 6, ablock diagram of an illustrative
embodiment of receiving device 600 operating in conjunc-
tion with an electrical intermediate frequency (IF) XPIC 670
is shown. IF XPIC 670 has the same form as optical XPIC
320 except that complex filters 400, 410, 420, and 430 of
FIG. 4A are now electrical and operate at microwave fre-
quencies rather than optical frequencies. As shown, receiv-
ing device 600 comprises optical receiver 605 including a
pair of polarization beam splitters 610 and 615 to receive
polarized optical signal fields. In particular, polarization
beam splitter 610 receives an optical signal field 620 over
optical fiber transmission medium 235. This received optical
signal field 620 (e (1)) is formed by the superposition of two
modulated electric fields (identified as “gg,(t)” and “ec(1)”).
The electric fields gg,(f) and €4,(t) are representative of the
first and second polarized signal fields, respectively. The
polarization state of received electric field components ¢, (t)
and €4,(t) and the local oscillator g, (t) are specified by their

respective Jones vector
. B¢y €55:1 E.D)
&s1 = o5 ef‘s,vl]
) egoefse
&52 = o5 prres
Erx
b= oL ]

Though in general the Jones vectors for the received signal
fields are frequency dependent as described by equation
(B.4), for notational simplicity the frequency dependence of
the field parameters will be suppressed in the analysis that
follows. Also, polarization beam splitter 615 receives an
optical control signal 625 from a local oscillator 630
employed within, or in close proximity to receiving device
608. The received optical signal electric field (referred to as
“e(t)”) is defined by equation (E.2) and the electric field of
the local oscillator 625 (referred to as “g;(t)”) is defined in
equation (E.3).

bt
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£(0) = [escsa1 (F)cos(wst + $s(1) + 60, (1) + Oger) + E2)

esc2(1)cos(wst + Ps(1) + 02(1) + O5:2) X +
[esyrar(Dcos(wst + $s() + 01 (1) + 8syp) +

esypay(tcos(ws? + Ps(t) +02(1) + 05,2)19

& (D=le., cos(@, g, (D) RHey, cos(o t+¢,()+6,)) (E.3)
1t is appreciated that the terms “wg” and “o,” denote the
carrier frequency of optical signal 625 and the frequency of
the local oscillator 630; “8,(t)” and “8,(t)” denote the phase
modulation of the independent first and second signals;
“a,(t)” and “ax(t)” denote the amplitude modulation of the
independent first and second signals, and “§(t)” and “¢,(t)”
are Brownian motion or Wiener phase noise processes for
the received optical carrier and the local oscillator respec-
tively.

It is contemplated, but not required, that the first and
second signals forming optical signal 620 modulate the same
carrier. Also, it is desirable that the polarization of the signal
components from local oscillator 630 be maintained such
that €156,

Polarization beam splitters 610 and 615 are used to
separate the incoming optical field 620 and optical local
oscillator field 625 into % and § (polarized) field compo-
nents. Each of these field components is routed to different
directional coupler; namely, the & components are routed to
a directional coupler 640 of a first double balanced optical
receiver (DBOR1) 635 and the § component is routed to a
directional coupler 655 of a second double balanced optical
receiver (DBOR2) 650. As shown, each directional coupler
640 or 655 is a four port device that independently performs
the following transformation on the & and § components

N

where “o” is the power coupling coefficient ranging from 0
to 1. Thus, the outputs of directional coupler 640 that
receives the & components of the signal and LO electric
fields are defined as follows:

] Vite Voot E4)

ae”i Vi-e

5,0 = [VI=a Esaa@eosis + 450 + @ +5s)+ B
£52a2(Dcos(wsT + Ps(7) + 02(1) + O5:2)) —
Vo epsin(er + gL@)]E
(E6)

£,0) = [~V (esa) (sin(wst + ¢s(t) + 01 0) + Is) +
Esc2@()sin(wst + s (1) + 62 (1) +85:2)) +

V1 —a gccos(pt + ¢,_(1))]$c

As further shown in FIG. 6, each of the photodetector
diodes 645 and 660 respond with a current proportional to
the incident instantaneous optical power |Je()*. High fre-
quency components are ueglcaeu when outside the band-
width of diodes 645 and 660. Expressions for the optical
power at the two photodiodes 645 and 660 are set forth in

equations (E.7, E.8).
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1- 1 E.7
lg; o = (—2—‘—1]%111?(1) + (T) F2ab(D) + ( )82 ®&n
(1 ~ a)esxresczar (az (1cos@(r) — 02(1) + Ssar — Osx2) +
V(I - @)a sscrepa (Osin(wiet + ¢(0) + 01(1) + Gser) +
V(1 - e ssoeraOsinfwipt + 0 + 02(0) + Is2)
ES)

Sk
(@)esussx2a1 (1)az(0)cosdy (1) — O2(2) + Ssxs — 6x2) ~
V(1 - a)a e ea (Osin(wer + 1) + 01(D) + 65) -
V(1 ~ a)e s528pa(Dsin(wrt + $1) +62(1) +05x2)

lesF = ()bt + (5 )ehach + (5

The intermediate frequency (IF) is denoted as “w,;” and is
the difference between the received carrer frequency and
the frequency of the local oscillator (0w, =ws-w,). Also,
“$(1)” is the difference between the phase noise of incoming
optical signal 620 and the phase noise of optical local

oscillator 625 (¢(D)=ds(H-¢,(1)).

For DBOR1 6335, the output current (i, (t)) is computed in
accordance to equation (E.9).

H(O~R(leyOP-le Oyt () (E9)

The term “R” is equal to the responsivity of photodiodes 645
and 660. The component “n,(t)” accounts for the shot and
thermal noise and is a white Gaussian noise process with
power spectral density (psd) specified by

4kTF
Ny = eRe,_x 4 ——
Ry

(B.10)

where “e” is the electronic charge (1.602x107*° C), “k” is
the Boltzmann constant (1.38x107>* J/° K.), “T” is the
absolute temperature (° K.), “F” is the noise factor of the
amplifier following the photodiodes of DBOR1 635, and
“R,” is the equivalent load resistance seen by DBOR1 635.
For example, using a sclected power coupling coefficient
(c.g., a=Y3), the output of DBOR1 635 is the following:

iy (D=Rl€s 1€, 3, ()sin(0,6030 W(+0,(H+85. )+

€sx2€0xB2(0810 (0t P(0)40,()+5. ) F+ (O EID
Similarly, the output (i(t)) of DBOR2 650 that receives the
¢ polarized signal and LO components is computed as

iz(’)=R[€5y1€L>ﬂ1(’)Sin("’lﬁ"*q’(t)*'el(t)*'ﬁsn“ ), )+

€s_y2ELyaz(’)Si“(“)lle(’)‘*’ez(t)'*as,vz“ ) () (E12)
where the power spectral density of the noise current for this
channel is given by

4kTF

Ry

.13
Ny = eR&iy + E13

It optical ampliﬁers are present in the fiber optic transmis-
sion medium, {hen an appropriaie ASE component should be
added to equations (E.10) and (E.13). Thus, the outputs
(i,(t), i,(t)) of DBORs 635 and 650 can be expressed in

matrix form.
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[’1(’) ] esarere®si D) ggoe 052 E149
=Ke
() esyrer, @ -o-5) egpery 2oL 3
[51(1) ] . [m(l)J}
s [m@ 1)
which has the form
[ix(l)] { [31(1)] [lll(t) } ®15)
i(n) 0] Ln()
where
S1()=ry (IFI0 (E.16)
is the complex form of the first IF signal,
s f)y=v(f)ehr® (B.17)

is the complex form of the second IF signal, and

V(a1 4040 (B18)

is the complex envelope representation of the information
bearing signal component.

The 2x2 complex matrix X in equation (E.15) represents
the cross polarization interference (XPY) of the two received
signals as set forth in equation (E.19).

n . n
[SSX 1600507 pgne P52
= R

Aosy151-5)

l (E.19)

SPs2-51-5)

E5yIELy€ E5y281Ly

When the polarization states of the received optical fields are
frequency dependent due to the effects of the fiber optic
transmission medium, then the form of the frequency depen-
dent XPI matrix X(w) is

(E.20)

oy bk of n
st @er P13 pa(wesePs2trs)

X(w) = R[

(5,160 ~5 {Sgalwho, -5
251 (@), @S ooy, M2 L 2)

with the frequency response of the optical signal field
polarization parameters now translated to the IF range by the
downconversion process of DBORs 635 and 650. The form
of equation (E.15) in this case is

[ﬁ(’) Sl(f)]+["1(f) }
(1) $2(2) (1)
Thus, the output from XPIC 670 can be expressed in matrix
form as follows:
s1(1) ] [ ny{1) ]}
+ ,
s2(1) na(1)

where “W(w)” represents the frequency dependent 2x2
complex XPIC matrix and ny(t) and n,(t) are Gaussian
processes with one-sided power spectral densities as defined

w2

llU 1‘(

2.2
=Ra{F1{X(w)} *[ (E21)

[ 10) (E22)

S o= Re{F‘{W(m){X(m)}*[
is()

UNT 93

by “Nj
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The input noise power spectral densities “N,” and “N,” are
specified by equations (E.10) and (E.13) and “w, ,m,(m)”
(m=1,2; n=1,2) are the corresponding elements of the com-
plex XPIC matrix W(w). Equations (E.23) and (E.24) are
easily verified by anyone with knowledge of linear system
theory.

In order to completely cancel cross polanzatlon interfer-
ence (XPI) and fiber dispersion effects, it is contemplated
that the XPIC transfer function matrix W(w) should be
configured in order to force the cross polarization interfer-
ence to zero.

1. Diagonalizer XPIC Signal Reconstruction

Referring back to FIG. 6, one method of achieving
interference cancellation is to determine the form of the
XPIC matrix W(w) that forces the cross polarization inter-
ference to' zero, which is equivalent to diagonalizing the
overall link transmission matrix W(w)X(w) (referred to as
“zero-forcing cancellation”). Provided that the XPI matrix
X(w) is invertible then the form of the diagonalizer XPIC
matrix is

W()geg = (E.25)
2520 jsgowra) _ 52 s
-1 €Ly
Xy = K(w)
_El@) sy parey)  Esi(0) o
o1 S
where the complex scaler K(w) is given by
‘o o5 (E.26)
() =
Rlssa(@)sg,s (w)e s whisy2ror)

S5 (@5, (w)e’ (Escawhdsys (MH’“))

Equations (E.25) and (E.26) are casily verified by anyone
with knowledge of linear algebra. If XPIC 670 is configured
according to the matrix W(®);,,, then the desired signals
will be identically reconstructed and the input to demodu-
lators 675 and 680 will be the following:

() si)]  [ns) (E2D
[i4(r) ] {[ 52(1) ] [m(r) ]}
or equivalently
ia(=ay(F)cos(@pt+4(0)+0,(1)+m3() (E28)
L()=ax(D)cos(,t+()+0,(0)+1,(1) (E29)

where “n,(t)” and “n,(t)” are Gaussian noise processes with
psd specified by equations (E.23) and (E.24) respectively.

From equations (E.28) and (E.29), it is evident that the
transmitted signals can be recovered at the receiving device
provided that the XPI matrix of equation (E.25) is invertible.
This requirement will be met unless the optical fiber traps-
mission medium is perfectly polarizing and the received
signals therefore have identical polarization states or states
that differ only in magnitude. That is, if

252(0) ettt _ 1) oty i) €30

E52(w) Esys (w)

=|u, 2 2 65
Ry@=bru(f b0 Nz ®2) 7 hen the XPI matrix is singular and the zero-forcing solution
Ny(@)=|wy ()2 Ny +|win (@) PN . (B24) does not exist. Fortunately it has been shown theoretically
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and experimentally that when optical signals with orthogo-
nal polarizations are launched into a long fiber, orthogonal-
ity is substantially preserved. Measurements made for 150
kilometers of standard, single mode optical fiber indicate a
loss in orthogonality of less than 6 degrees.

To serve as an example of the expected XPIC link
performance, the bit-error rate (BER) of the diagonalizer
XPIC receiver for binary phase shift keying (BPSK) and
quadrature phase shift keying (QPSK) modulation and an
XPI matrix with no frequency dependence will be evaluated.
The well-known expression for the probability of bit error or
bit error rate for BPSK with ideal carrier phase recovery and
detection is

P = %EIfC[ ’ % ]

where E; and N, are the symbol energy and AWGN one-
sided psd at the demodulator input, respectively. In order to
characterize the XPIC receiver this relation must be modi-
fied to account for the effect of the XPIC network on the
signals and AWGN. Since the diagonalizer XPIC identically
reconstructs the transmitted signals at the demodulator
inputs, the expression for E_ is given by

Eg = E{%j;nlv(t)ﬁ dl}

(E31)

(E.32)

where E{-} represents the expectation operator. If the aver-
age symbol energy E, for polarization channel k is defined
as the total average energy per symbol at the both XPIC
inputs due to signal s,(t)

1 (% .33
Eyy = (P + b P)E( 5 fo m@P dr) ©39

1 (Ts (E.34)
By = Gral + binPE( [ a0l )

then the expression for the bit error rate for the first
polarization channel of an XPIC receiver is

) (E35)

N3

1
Pg = ierfc[al

where N, is the psd at the XPIC output specified by equation
(E.23) and the parameter a, is given by

1 (E.36)

v xn P+ ey

a =

Each BPSK symbol carries one bit of information and the
symbol energy E. is therefore equal the bit energy E,. It
should be noted that for the diagonalizer XPIC system using
QPSK with ideal quadrature demodulation there is no inter-
action between the in-phase and quadrature components and
by simply replacing the symbol energy E,, with bit energy
E,, equation (E.35) specifies the bit error rate for both BPSK
and QPSK. In addition, if ¢, =€, , then from equaiions (E.10)
and (E.13) N,=N,,. Substituting E, for E_; and using equa-
tion (E.23) with a single noise psd parameter N, for both N,
and N, equation (E.35) becomes
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(E.37)

1 ' E,
e Ee'fi{_-—fl——- ﬁb‘ ]
v I l? + Iwial? 0

Equation (E.37) is plotted in FIG. 7 for varying amounts of
loss of orthogonality (dashed) along with monte-carlo simu-
lation results (solid). Curves are shown for received optical
signals having 0, 10, 20, 30, and 40 degrees loss of orthogo-
nality. The plots show that the BER performance with the
diagonalizer XPIC is equal to that of the optimum receiver
when the received signals are orthogonally polarized and the
degradation from ideal performance is negligible when the
loss of orthogonality is less than ten degrees. The XPIC
receiver is therefore able to double the link bandwidth
efficiency with almost no degradation in BER performance
relative the conventional optimum receiver.

2. MMSE XPIC Signal Reconstruction

The diagonalizer solution completely eliminates XPI, but
at the expense of a degraded signal-to-noise ratio (SNR)
when the components forming the received optical electric
field 620 of FIG. 6 are non-orthogonal. Another solution that
would produce a compromise between interference cancel-
lation and SNR reduction is the minimum mean square error
(MMSE) XPIC solution. The analysis of the MMSE XPIC
solution is complicated by the fact that it is dependent on
implementation issues such as the demodulator architecture
and IF carrier frequencies and symbol rates of the two
received signals.

To facilitate analysis of the MMSE XPIC solution, a
number of conditions are assumed. First, the XPI matrix X
is assumed to have no frequency dependence over the IE
bandwidth of interest. Second, receiving device 600 uses
ideal quadrature demodulators that are able to track the
phase noise of the desired signal in each chanpel. Third, the
received signals are assumed to be mean zero and indepen-
dent with stationary distribution, and the noise of each
channel is assumed to be independent stationary additive
white Gaussian poise (AWGN). Finally, the IF carrier fre-
quencies and symbol rates are identical for both channels
and the symbols are time aligned. The last assumption
corresponds to a worst case XPI scenario and results in an
upper bound to the system bit error rate (BER) performance.
Under these conditions the MMSE solution can be deter-
mined.

In the most general system where separate lasers are used
for the orthogonal components at either transmitting device
210 or receiving device 600, the phase noise on each channel
will be different. In this case, ideal carrier phase recovery
removes the phase fluctuations from the desired signals in
each channel and creates additional phase noise in the
interference signal. The mean square error caused by the
interference signal in a quadrature demodulator depends
only on the magnitude of the interference and is independent
of the phase. Consequently, the optimum MMSE XPIC
solution for a receiving device with ideal carrier phase
recover is independent of phase noise, and the system model
used to derive the form of the network need not include
phase noise or phase recovery effects.

For ihe purpose of deriving ihe MMSE XPIC solution, the
complex decision variable vector representing the outputs of
two ideal quadrature demodulators and detectors at sample
time nT, can therefore be represented as
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1 Ts (E.38)
z(n) = if . u(t — (n— DTOW (X p(D) + a(n] dr
-1y

where “u(t)” is the signal pulse shape, “X” is the XPI matrix
of equation (E.19), “W” is the XPIC matrix, “v(t)” is a
vector representing the signal complex envelopes v,(t) and
v,(t), and “n(t)” is an AWGN noise vector with components
n,(t) and n,(t). That is, the IF carrier frequency is removed
in the ideal quadrature demodulation process and the result-
ing baseband in-phase and quadrature signals are processed
with ideal correlation detection. Any residual phase noise
following the ideal quadrature demodulation process can be
neglected for the reasons previously stated. The power
spectral densities of n,(t) and n,(t) are given by equations
(E.10) and (E.13) respectively. For notational simplicity,
equation (E.38) will be written as

2(m)=W<X y(t)+n(6)> (E.39)
where “< >” represents the ideal demodulation and detection
operator as previously described. The MMSE value for the
XPIC matrix W, is equal to [R™*P]?, where “R” is the
correlation matrix of the decision variables without XPIC
(sce equation E.40) and “P” is the cross correlation between
the decision variable vector without XPIC and the desired
decision variable vector d (sce equation E.41) as described
below.

R=E{<Xv(D)+n(D><Xu(f)+n(D)>"} (E.40)

P=E{<Xv(0+n(0)>d"}. (E41)

‘If the noise is mean zero and independent of the signals,
then the correlation matrix R and the cross correlation
matrix P can be expressed as the following:

R=XR X"+R, (E42)

P=XP,, (E43)
where “R.” and “R,” are the correlation matrices of the
signal and AWGN components of the decision variables
respectively and P, is the cross correlation between the
signal components of the decision variable and the desired
decision variables

R=E{<y(0)><()>"} (E.44)
R=E{<n()><n(t)>""} (B.45)
P ~E{<y(®)d">}. (E46)

The desired decision variable vector d=<y(1)> is simply the
response of the ideal detector to the signals without XPI or
XPIC. That is, the response of the ideal receiver to the
transmitted signals without distortion or polarization mis-
alignment effects.

For wide-sense stationary, mean zero, independent signal
and noise components the correlation and cross correlation
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-continued
(E.48)

R = oy 0 ‘
0 op

where “o?” and “o,,>” are the variances of the decision
variable component due to the desired signal and AWGN
respectively without XPI or XPIC. For ideal quadrature
demodulation and detection of linear modulation formats
such as PSK with non-return to zero (NRZ) pulse shape and

QAM these variances are given by

T B4
2 =85{%f0 lvk(t)lzdt}k= 1,2 E49)

g2, =eNy k=1,2 (E.50)

where “vi(t)” is the complex envelope of the information-
bearing signal component, N, are the AWGN power spectral
densities given by equations (E.10) and (E.13), and “€” is the
energy of the spectrum shaping pulse given by

—1fT:2tdr
8——20 u(r)dr.

(E.51)

Using equations (E.40-E.43), and the fact that P,=R, the
MMSE XPIC matrix is specified by
Wi = [[X + [R;XRT (E52)

Using equations (E.47) and (E.48), the signal and noise
dependent term is

2
Y 52 E53)
X1 A
- nl nl
R,,IXRS =l 5 2
Ot 52
0-_2—121 X
n2

If the average symbol energy “E..” is defined as the total
average energy per symbol at both inputs to the XPIC 670
due to signal s,(t)

1 {7
B =P+ b E( [ o) €39

1 (7
B = Qo+ b5 [ ol ar) (€55

then from equation (E.49) the variances of the decision
variable component due to the signals are the following:

: eE .56
matrices are ' e + el 9
2 (EAT) By ES5D
Ro=Py= ) 65 27 (ol + leal?
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Substituting (E.50), (E.56), and (E.57) into equation (E.53)
Ey Xy Eo X12 (E.58)
RIXR, = NP+l N fxgP + |x2l?
Eqy X Ep X1z

Nyl + P No [xpP + ol

This result along with equation (E.52) shows the explicit
dependence of the MMSE XPIC solution on the XPI matrix
X and the SNR at input of XPIC 670 of FIG. 6. Equation
(E.52) reduces the diagonalizer solution in the limit of large
SNR in agreement with intuition. For orthogonally polarized
and equal power received signals, and for LO power equally
divided between the % and ¥ polarized field components, the
MMSE XPIC is also a diagonalizer at any SNR.

To serve as an example of the expected link performance
with an MMSE XPIC, the bit error rate for BPSK modula-
tion and an XPI matrix with no frequency dependence will
be evaluated. It was previously pointed out that the MMSE
solution for the XPIC is independent of phase noise and
phase recovery effects. This is not the case in general for the
bit error rate, and phase noise effects must be accounted for
in the analysis. The expression for the decision variables
including ideal phase recovery is

nTg
u(t — (n~ DT )DW[Xs(0) +a(®)dr (E.59)
s

1
W=z ,
(n-1)

where the vector “s(t)” is the IF signal vector with compo-
nents specified by equations (E.16) and (E.17) and “D” is a
matrix representing the ideal demodulation process
e S wiprrn 0 B.60)

D= [ 0 e HwIpT ]

This form of the demodulation matrix assumes that single
lasers are split to generate the orthogonal optical carriers in
the transmiiter and the optical LO components in the
receiver. In this case the IF phase noise on each channel will
be identical and is removed in the demodulation process.
Assuming a rectangular pulse shape u(t), the component of
the decision variable vector corresponding to channel 1 at
sample time n=1 is given by
zy=Cy €Ty +Q ey €T+ O)+N (E.61)
where “I+jQ,” are the data symbols of signal “s,(t)” during
the first symbol interval and where “c,; and c,,” are
elements of the overall link fransmission matrix specified by

C=WX. (E.62)

The component N is a complex Gaussian distributed random
variable with variance

Oy=eN, (E.63)

where “N,” is the psd at XPIC output specified by equation
(E.23). For BPSK Q,(n)=Q,(n)=0 and the demodulator
extracts the real component of the complex decision vari-
able. When the XPIC is configured according to the MMSE
solution the diagonal elements of the link transmission
matrix C are real but the off-diagonal elements can be
complex. The real portion of equation (E.61) can therefore
be expressed as the sum of two independent random vari-
ables
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Re{z, Jesxty (E.64)

where “x” accounts for the desired signal and the AWGN

x=cq el +Re{N} (E.65)
and “y” accounts for the effects of the XPI
y=el,Re{cy5}. (E.66)

The probability density function of the decision variable
component specified by equation (E.65) is

E67)

_Lex-py2
L ()
N

G

Sulx) =

where “u” is the decision variable component due to the
desired signal. For 1, in the ‘mark’ state the value of u is

enVeky (E.68)

v a2 + ey 2

where “E,,” is the total symbol energy at the XPIC network
input in both channels due to signal s, (t). The pdf of the XPI
decision variable component specified by equation (E.66)
assuming equi-probable symbols is

1 E.69
Fr) = 5000 =10) +80y + 0] €&
where “8(:)” represents the Dirac delta function and the

parameter “n,” is given by

. Re{ci2}VeE (E.70)
(=

V lxnl? + e

From equation (E.64) the pdf of the real component of the
decision variable z, is the convolution of £(x) and f(y)

o E.7
fu@ = f fxz=yfy(y)dy E7D

and the probability of symbol error or bit error rate for I, in
the “mark’ state is given by

Pg = f) f(@dz
Evaluating equation (E.72), the probability of error is
1 [E /E
Pg = Z[erfc[alcu —N—SI +aRefci2} Fj ]-}-
Eq R Eg
efdancu \f 3= — a2 elerd [ 57

where “N,” is given by equation (E.23), the parameter “a,”
is given by equation (E.36), and parameter “a,” is

(E72)

E.73)
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1 ] E.74)

Ixpaf? + o

a; =

Although this result was derived for a transmitted ‘mark’
state it is also valid for a ‘space’ state due to the symmetry
of the BPSK constellation. Equation (E.73) reduces to the
expression obtained for the BER of the diagonalizer XPIC
when C=I. Substituting E, for E;; and E_, and using
equation (E.23) with a single noise psd parameter N, for
both N, and N,, equation (E.73) becomes

1 ajcyy + azRefcin} [ Ep
—me " +
[wia[? + wi2l? ¢
[alcu‘l"azRe{Clz} ’Eb
erfol ———" A
ol + w2 ¥ 0

FIG. 8 shows plots of equation (E.75) with varying amounts
of loss of orthogonality (dashed) along with monte-carlo
simulation results (solid). The simulations were performed
using a 128 length pseudo-random number (PN) sequence
with a four symbol offset between the dual polarized bit
streams. A Weiner process phase noise model was used and
the resulting full width at half maximum (FWHM) line
width was 2 percent of the symbol frequency. Curves are
shown for received optical signals having 0, 10, 20, 30, and
40 degrees loss of orthogonality. The plots show that, like
the diagonalizer XPIC, the BER performance with the
MMSE XPIC is equal to that of the optimum receiver when
the received signals are orthogonally polarized and the
degradation from ideal performance is negligible when the
loss of orthogonality is less than ten degrees. The MMSE
XPIC receiver is therefore able to double the link bandwidth
efficiency with almost no degradation in BER performance
relative the conventional optimum receiver. Comparing the
BER performance of the diagonalizer XPIC receiver shown
in FIG. 7 to that of the MMSE XPIC receiver shown in FIG.
8 demonstrates that their performance is very similar, but the
MMSE solution is slightly superior to the diagonalizer
solution in general.

As described above, it is contemplated that frequency
independent diagonalizer and MMSE XPIC solutions
require that IF XPIC 670 consists of four (4) complex
elements. These solutions are not unique since any practical
demodulator is insensitive to a fixed or slowly varying
carrier phase angle. The operations of XPIC 670 can be
simplified and a unique solution obtained by factoring out
the phase angle terms of the diagonal elements such that the
XPIC network consists of two real elements and two com-
plex elements. For example, referring to equation (E.25)
through (E.27), if the XPIC matrix W is configured accord-
ing to

E.75)

Wil (E.76)

wipe V2
wy e 1

Pzl

then the input to demodulators 675 and 680 specified by
equation (E.27) becomes
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R ¥ 0 (Irsin] [
A o evn Hsz(r)Hm(r)]

where §, and P, are the angles of Wy; . ,.0, respectively.
These phase terms have no effect on the noise statistics and
can be considered constant as long as the signal polarization
variation and consequently the XPIC variation is slow
relative to the demodulator phase tracking capability. This
requirement is easily met in practice and the implementation
using purely real diagonal clements therefore has identical
performance to the XPIC with four complex ¢lements.

[is(f) ~ &7D

G

F. Baseband XPIC Receiver Analysis

When implemented with a baseband XPIC, the receiving
device may function to split the received optical signal
having an electric field £4(t) into components €s(t) and
€6,(t), which are polarized in the % and § directions, respec-
tively. The receiving device also includes a polarization
beam splitter that produces & and § polarized components
from an internal local oscillator. The & and § polarized
components are applied to different DBORs. Thus, the
DBORs produce currents containing components from both
originally transmitted signals. After removing the IF carrier
and phase noise, the quadrature demodulators produce
in-phase and quadrature waveforms that contain compo-
nents from the in-phase and quadrature waveforms of both
transmitted signals. The XPIC reconstructs the in-phase and
quadrature components of the transmitted signals by com-
plex filtering or weighting of the demodulated waveforms,
and then recombining the results.

More specifically, referring now to FIG. 9, a block dia-
gram of an exemplary implementation using a coherent
receiving device and a baseband XPIC 950 is shown. The
structure of receiving device 900 is identical to receiving
device 600 of FIG. 6 up to the outputs of DBORs 910 and
920, and the expressions for i,(t) and i,(t) are therefore given
by equations (E.15) when the XPI is frequency independent
and equations (E.21) when the XPI is frequency dependent.
These IF signal currents i, (t) and i,(t) are then input to ideal
quadrature demodulators 930 and 940. Demodulators 930
and 940 function to multiply the complex argument of
equation (E.15) by a demodulation matrix D of the form

e~ Jwiprtd! ) 0 (F.1)

D= . o
0 e-iptd’ ()

where ¢'(t) is the received phase noise taking into account
the effect of the fiber transmission medium on the transmit-
ted phase noise ¢(t). This removes the carrier and phase
noise dependence from the signal waveforms, and the real
portion of the resulting baseband waveforms are outputs
I',(t) and I')(t), while the imaginary portions are outputs
Q',(t) and Q'y(t). Performing this procedure, the complex
outputs from demodulators 930 and 940 are specified by

{ 21(0) F2)

' ]=F‘1[X(a))}*[vl(t)]+[nl(t)
(D

va) 1 L)

where z'(1)=2'()+JQ'(t) and the frequency response of
X(w) is now translated from IF to baseband by the frequency
downconversion process of the demodulators. The statistics
of the noise processes n,(t) and n,(f) are unchanged by the
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down conversion operation. The outputs from complex
baseband XPIC 950 are now specified by
[ () (F3)

v () ["3 ®
200

= .
]'r ()X (@) [Vz(f) a0

where n,(t) and n(t) have power spectral densities specified
by equations (E.23) and (E.24) respectively.
1. Diagonalizer XPIC Signal Reconstruction

If XPIC 950 is configured according to the diagonalizer
solution of equation (E.25), then XPIC 950 outputs are
determined by

[Zl(’)]_[vl(l) +["3(f)]
20 o] luo

The four (4) outputs of XPIC 950 are the real and imaginary
componenis of equation (F.4) and are given by

(F4)

Re{[ 2() } _ [11 ® ] +Re{ n3(1) } (F.5)

220) L) (D)

Im{{ () } - [Qx(f) N Im{['ls(l) ]} (F6)
210)] Q20 na(n)

The outputs of baseband XPIC 950 are therefore the desired
information bearing waveforms and additive noise. Base-
band XPIC 950 is, in fact, functionally equivalent to IF
XPIC 670 of FIG. 6. For baseband XPIC systems, the form
of the frequency dependent and frequency independent
XPIC networks are the same as for the optical and IF XPIC
systems and are shown in FIGS. 4A and 4B respectively.
Unlike the optical and IF XPIC systems, however, for the
baseband XPIC system each of the four complex filters of
FIG. 4A has the form shown graphically in FIG. 10B.

For the receiver as shown in FIG. 9, the recovered
baseband waveforms I(f) and Q(f) would be applied to
matched filters or correlation detectors, the resulting wave-
forms would be sampled, and the decisions based on the
resulting samples would serve as optimal estimates of the
transmitted symbols. It is appreciated that sampling and
analog-to-digital (A/D) conversion could precede baseband
XPIC 950, and the XPIC function could be implemented by
digitally processing the sampled decision variable data.

Of course, other embodiments may be employed without
departing from the spirit and scope of the present invention.
Although the analysis presented concentrated on PSK
modulation, XPIC is equally applicable to other coherent
modulation formats such as ASK, FSK, and QAM. XPIC
can also be used in conjunction with frequency division
multiplexing (FDM), wavelength division multiplexing
(WDM), or coherent subcarrier multiplexing (SCM). The
invention should, therefore, be measured in terms of the
claims which follows.

What is claimed is:

1. A system comprising:

a transmitting device to modulate orthogonally polarized
optical carriers with independent information bearing
waveforms; and

a receiving device including (i) a cross polarization inter-
ference canceler that comprises a plurality of optical
elements each supporting a transfer function to collec-
tively mitigate cross polarization interference and to
reconstruct the information bearing waveforms recov-
ered from the orthogonally polarized- optical carriers

10

15

20

25

30

35

40

45

50

55

60

65

24

and (ii) a plurality of receivers each to receive an
optical signal from the cross polarization interference
canceler.

2. The system of claim 1 further comprising an optical
fiber transmission medium coupling the transmitting device
and the receiving device.

3. The system of claim 2, wherein the transmitting device
includes

a polarization beam splitter to separate a beam from a

local oscillator into the orthogonally polarized optical
carriers; and

a plurality of modulators to independently modulate the

orthogonally polarized optical carriers with the infor-
mation bearing waveforms.

4. The system of claim 3, wherein the transmitting device
further includes a polarization combiner to produce a trans-
mit optical signal for transmission over the optical fiber
transmission medium.

5. The system of claim 2, wherein the orthogonally
polarized optical carriers modulated with independent infor-
mation bearing waveforms and propagated through the
optical fiber transmission medium constitute an incoming
optical signal to the plurality of receivers.

6. The system of claim 1, wherein the receiving device
further comprises a first polarization beam splitter preceding
the cross polarization interference canceler, the first polar-
ization beam splitter to separate a received optical signal
field into orthogonally polarized field components.

7. The system of claim 6, wherein each of the plurality of
optical elements associated with the cross polarization inter-
ference canceler of the receiving device is a complex optical
elements to mitigate the non-ideal effects of the transmitter
and optical fiber transmission medium on the received
optical signal.

8. The system of claim 7, wherein the complex optical
elements include optical filters.

9. The system of claim 6, wherein the receiving device
includes a second polarization beam splitter to separate a
beam from a local oscillator into a plurality of orthogonally
polarized field componeats, a first polarized field component
being routed to a first set of one or more receivers and a
second polarized field component substantially orthogonal
to the first polarized field component being routed to a
second set of one or more receivers.

10. The system of claim 9, wherein the plurality of
coherent optical receivers of the receiving device produce a
plurality of electrical signals for demodulation, each of the
plurality of electrical signals include significant modulation
data from only one of the transmitted orthogonally polarized
field components.

11. The system of claim 1, wherein each of the plurality
of receivers of the receiving device is an intensity modula-
tion direct detection receiver that receives one of the optical
signals from the cross polarization interference canceler.

12. The system of claim 11, wherein the plurality of
intensity modulation direct detection receivers of the receiv-
ing device are used to detect wavelength division multi-
plexed (WDM) signals.

13. The system of claim 1, wherein each of the plurality
of receivers of the receiving device is a coherent optical
receiver.

14. The system of claim 13, wherein at least one of the
plurality of coherent optical receivers includes a double
balanced optical receiver.

15. Implemented to receive an incoming optical signal, a
receiving device comprising:

a first polarization beam splitter to separate a received

optical signal field of the incoming optical signal into
orthogonally polarized components; and
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a cross polarization interference canceler following the
first polarization beam splitter, the cross polarization
interference canceler comprises a plurality of outputs
and a plurality of elements each supporting a transfer

26

30. A method comprising:

receiving an optical signal over a single fiber optic
transmission medium, the optical signal being one or
more polarized field components independently modu-

function, each output of the plurality of outputs being 5 lated with independent information bearing wave-
the sum of at least two element outputs. forms; and

16. The receiving device of claim 15, wherein the first processing the optical signal by (i) separating the optical
polarization beam splitter is in communication with one or field of the optical‘.51gna1'mto orthogonally polarized
more receivers being double balanced optical receivers. field components, (ii) routing each of the orthogonally

17. The receiving device of claim 16 further comprising '° polarized field components to a coherent optical
one or more demodulators each coupled to one of the double receiver to produce a first output and a second output,
balanced optical receivers. and (iii) transmitting thfc first and se;:lond )(()Btl(ijs to a

18. The receiving device of claim 16 further comprising 3 lcr;ﬁs pol:lélz;mcfm Ilqter ;(;enclf]: capcet:her (XPI )i .

a second polarization beam splitter coupled to the one or ;5 . " ¢ method of claim 50, Whereln Ihe cross polarza-
p tion interference canceller is an intermediate frequency (IF)
more receivers. <PIC : ;

19. The receiving device of claim 15, wherein the cross 32 .The method of claim 30, wherein the first and second
polarization interference canceller (XPIC) is an optical outputis are demodulated prior to transmission to the XPIC.
XPIC. .. . . .. 33. A method comprising:

20. The receiving device of claim 19, further comprising 9 .. . . . .

. : . . . receiving an optical signal over a single fiber optic
one or more intensity modulation direct detection (IM-DD) .. . . . .
. . . oo - transmission medium, the optical signal being at least
fiber optic receivers in communication with the XPIC. larized ficld ind dentl P

21. Th wine devi £ claim 19 furth . s two polarized field components independently modu-
. The receiving device of claim rther comprising P . . .

. . ; S lated with independent information bearing wave-
one or more coherent optical receivers in communications forms: and
with the XPIC. 25 G larization interf iated with

22. The receiver of claim 15 further comprising: mitigating cross polarization interference associated wi
local oscillator: the at least two modulated polarized field components

a local oscillator; o o 1o reconstruct the jnformation bearing waveforms using

a second polarization beam splitter in communication a plurality of matrix coefficients being complex values
with the local oscillator, the second polarization beam to apply both amplitude scaling and phase shifting to
splitter to reccive an optical signal from the local % the at least two modulated polarized field components.
oscillator; and 34. The method of claim 33, wherein the mitigating of the

one or more demodulators in communication with the cross polarization interference comprises:
cross polarization interference canceler. separating an optical field of the optical signal into

23. The receiver of claim 15, wherein the cross polariza- orthogonally polarized field components; and
tion interference canceler includes a plurality of generally 35 processing the orthogonally polarized field components
complex eleme.nl:c,. . . . by an optical cross polarization interference canceller.

24. The receiving device of claim 15 further comprising 35. A method comprising:
at least two optical receivers and at least two demodulators receiving at least two optical signals with independent
interposed between the at least two optical receivers and the information bearing waveforms over a single fiber optic
cross polarization inferference canceler, the at least two 0 transmission medium, the at least two optical signals
demodulators to translate intermediate frequency (IF) sig- having been transmitted with generally orthogonal
nals into baseband signals. polarization states; and

25', Th.e recewving device of claim 15, whe.n?m the cross mitigating cross polarization interference associated with
polarization interference canceller further mitigates polar- 45 the at least two optical signals to reconstruct the
IZ:;UC_’D mlodc dispersion associated with the incoming opti- information bearing waveforms, mitigation of the cross
ca ZZIg,:a S device impl d . . polarization interference is accomplished through a
. .rclc e}vm% evice 1mp cgm?tc fo recetve an meom- matrix multiplication using a cross polarization inter-
Ing optica 81g'.13 ,.a receving .BVICC COmPpTISINg: ) ference canceler that produces the recovered signals

a first polarization beam splitter to separate a received with the minimum mean square error (MMSE) relative
optical signal field of the incoming optical signal into to the desired transmitted signals.
orthogonally polarized components; and 36. A method comprising:

a cross polarization interference canceller (XPIC) in com- receiving an optical signal over a single fiber optic
munication with the first polarization beam splitter, the transmission medium, the optical signal being one or
XPIC being an electrical intermediate frequency (IF) 55 more polarized field components independently modu-
XPIC. lated with independent information bearing wave-

27. The receiving device of claim 26 further comprising forms; and
a second polarization beam splitter that, along with the first processing the optical signal by (i) separating the optical
polarization beam splitter, are in communication with at field of the optical signal into orthogonally polarized
least two oPtlcal rcc.eivers, the at least two optical [eCEIVers gy field components, (ii) processing the orthogonally
to produce intermediate frequency (IF) signals transmiited to polarized field components by an optical cross polar-
the IF XPIC. o . . . ization interference canceller (XPIC), (iii) routing out-

28. T%le receiving device ?f claim 27_, Whel'elfl the at least puts of the optical XPIC to coherent optical receivers
iwo optical receivers are coherent optical receivers. that convert the outputs into corresponding current

29. The method of claim 26 further comprising: 65 outputs, and (iv) demodulating the current outputs fo

mitigating polarization mode dispersion associated with reconstruct baseband waveforms associated with the
the incoming optical signals. received optical signal.
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37. A method comprising: nformation bearing waveforms, the elimination of the
cross polarization interference is accomplished through
matrix multiplication using a diagonalizer cross polar-
ization interference cancellation network being a gen-
eral inverse of a transmission matrix associated with
the transmitter and the single fiber optic transmission

receiving at least two optical signals with independent
information bearing waveforms over a single fiber optic
transmission medium, the at least two optical signals ¢
having been fransmitted with generally orthogonal
polarization states; and

medium.
eliminating cross polarization interference associated
with the at least two optical signals to reconstruct the i P T
EXHIBIT 1

PAGE 31




