Office de la Propriete Canadian CA 2384234 A1 2002/12/21

Intellectuelle Intellectual Property
du Canada Office (21) 2 384 234
Un organisme An agency of 12 DEMANDE DE BREVET CANADIEN
d'Industrie Canada Industry Canada
CANADIAN PATENT APPLICATION
(13) A1
(22) Date de depot/Filing Date: 2002/04/29 (51) CL.Int."/Int.CI." HO4B 10/18
(41) Mise a la disp. pub./Open to Public Insp.: 2002/12/21 (71) Demandeur/Applicant:
(30) Priorités/Priorities: 2001/06/21 (60/299 858) US: LUCENT TECHNOLOGIES INC., US
2001/11/21 (09/990,964) US (72) Inventeurs/Inventors:
CHRAPLYVY, ANDREW ROMAN, US;
LIU, XIANG, US;
WEI, XING, US;

XU, CHUNRUI, US
(74) Agent: KIRBY EADES GALE BAKER

(54) Titre : TRANSMISSION LONGUE DISTANCE DANS UN SYSTEME DE COMMUNICATION OPTIQUE A
COMPENSATION DE LA DISPERSION

(54) Title: LONG HAUL TRANSMISSION IN A DISPERSION MANAGED OPTICAL COMMUNICATION SYSTEM

120
101 103 105 | »|o .
DFB PULSE PSK = 130
|ASER CARVE MODULATOR Mﬂﬁiggg'%(
DATA
111~ N
150 162
- 100 _ PMD
RECENER 1% compensaToR
(57) Abrége/Abstract:

Phase shift keying (PSK) or differential phase shift keying (DPSK) used as the coding scheme In a high bit rate, long haul
dispersion-managed optical transmission system, In which the signaling format is RZ. The system can combine multiple
iIndividual channels with different wavelengths in a WDM or dense wavelength division multiplexed (DWDM) arrangement.
Dispersion management can be provided using several techniques, such as by using dispersion managed solitons, quasi-linear
transmission or conventional RZ transmission with pre-compensation and post-compensation.

:':‘;‘:‘-';:;‘:': Bt N,
R A -:::; N7
> \) Q"’...

I*I ] . Prven, B N o
C an ad a http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - atip.://eipo.ge.ca OPIC 48 @igmr -~

| SRR RO S 2 _,\‘.s
OPIC - CIPO 191 5




10

15

CA 02384234 2002-04-29

Chraplyvy 28-3-1-7

Long Haul Transmission in a Dispersion Managed Optical

Communication System

Abstract of the Disclosure

Phase shift keying (PSK) or differential‘ phase shift keying (DPSK) used as the '
coding scheme in a high bit rate, long haul 'disp,ersion-managed optical transmission
system, in which the signaling format is RZ The system can combine mUltiple
individual channels with different wavelengths in a WDM or dense wavelength
division multiplexed O)WDM) arrangement. Dispersion management can be provided
using several techniques, such as by using dispersion managed solitons, quasi-linear
transmission or conventional RZ transmission with pre-compensation and post-

compcnsation.
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Long Haul Transmission in a Dispersion Managed

Optical Communication System .

Cross-Reference to Related Application
This application claims priority of Provisional Application Serial No.

60/299,.858 which was filed June 21, 2001.

Technical Field

The present invention relates to optical communications, and more particularly
to an arrangement for dispersion managed transmission of return to zero (RZ) pulses
using phase shift keying (PSK) or differential phase shift keying (DPSK), that can be
used in a high bit rate (e.g., 10 Gbi_t/é or 40Gbit/s) long haul (or ultra long haul) optical '

communication system, including a wavelength division multiplexed (WDM) system.

Background of the Invention
Development of high bit rate (e.g., 40Gbit/s) optical transmission systems have

been hampered by intra-channel non-linear penalties, such as intra-channel cross phase
modulation (XPM) among adjacent overlapping bits that mostly leads to timing jitter,
as well as by' intra-channel four wave mixing (FWM), that mostly leads to amplitude
fluctuations. Use of high bit rates in conjunction with long haul and ultra-long haul
(ULH) transmission, particularly in the environment in which multiple channels are
combined in a WDM or DWDM ,System, has been additionally difficult, due to both the
worsened nonlihea: impairments and the increased amplifier spontaneous emission
(ASE) noise, which leads to degradation of pulses as they propagate through an optical
fiber path from a transmitter to a receiver, and various undesirable inter-channel
effects, such as inter-channel XPM and FWM.

While various techniques have been attempted to reduce or eliminate the effects
of noise and fiber nonlineaﬁty, these techniques have had varying degrees of success.

Some techniques have proven useful in single wavelength channel systems, but do not



10

15

20

25

CA 02384234 2002-04-29

Chraplyvy 28-3-1-7 2

work‘ well in the context of WDM systems, In which many different wavelengths are
combined in a single optical transmission medium. Other techniques have used various
combinations of dispersion management in the optical communication medium as well
as different coding techniques in the transmitter and receiver. However, until now, no
solution has proved effective in the environment of long (or ultra long) haul '

transmission of multiple WDM channels, on a cost effective basis.

Summary of the Invention
In accordance with the present invention, phase shift keying (PSK) or differential

phase shift keying (DPSK), in contrast to conventional on-off keying (OOK), 1s used as
the coding scheme in a high bit rate, long haul dispersion-managed optical transmission
system, and the signaling format is RZ, in contrast to NRZ. Thus, in terms of light
intensity, there is always one RZ-pulse in every bit slot. The system can combine .
multiple individual channels with different wav elengths in a WDM or dense
wavelength division multiplexed (DWDM) arrangement. Dispersion management can
be provided using several techniques, such as by using dispersion managed solitons,

quasi-linear transmissions or conventional RZ transmissions.

In one embodiment of the invention, at the transmitter, an electrical signal
representing the data is differentially encoded and used to modulate the phase of a
stream of high bit rate (e.g., 40Gbit/s) RZ optical pﬁlses".. Many such data streams are
combined in a wavelength division multiplexer and transmitted to a remote ,receivet via
dispersion-managed fiber spans. At the receiver, the signal is wavelength division .
demultiplexed, and the encoded data in each wavelength channel is recovered by a

DPSK receiver, which usually consists of a delay demodulator and a balanced detector.

In an altemative embodiment, the data is not differentially enc oded, but ratheris
directly used to modulate the phase of a stream of RZ optical pulses.

In either embodiment, the transmission medium and laser poWer may be managed

so that the pulse transmission comprises solitons.



10

15

20

25

CA 02384234 2002-04-29

Chraplyvy 28-3-1-7 ' 3

B'y' ;firtue of the use, in accordance with the present invention, of DPSK (or other
PSK formats), the XPM penalty is mostly eliminated by removing the intensity-pattern

dependence. Compared with OOK, DPSK is more tolerant to ASE noise because of its

“higher receiver sensitivity, especially when a balanced receiver is used, and allows for

transmission with lower opt_ical' power. This also reduces the FWM penalty, for

example, a 3dB reduction in power leads to 6dB reduction in the FWM effects.

Brief Description of the Drawings
The present invention will be more fully appreciated by consideration of the

following detailed description, which should be read in light of the drawing in which:

Fig. 1 is a block diagram of one embodiment of a high.bit rate (e.g., 40Gbit/s)
long haul (or ultra long haul) wavelength division _multiplexed (WDM) optical
communication system arranged in accordance with the principles of the present

invention to use dispersionmanaged transmission of return to zero (RZ) pulses and

phase shift keying (PSK);

Fig. 2 1s an illustration of sample data to be transmitted using the system of Fig.

1, and the signals present at various points in the system;

Fig. 3 1s block diagram of a system similar to the system shown in Fig. 1, but

which uses differential phase s_hift keying in lieu of phase shift keying;

Fig. 4 1s an 1llustration of sample data to be transmitted using the system of Fig.

3, and the signals present at various points in the system;
Fig. 5 illustrates one arrangement for receiver 150 of Fig. 1;

Fig. 6 1s an 1llustration of the dispersion map and accumulated dispersion ina
system 1n which dispersion management is employed in the optical communication

medium connecting the transmitter to the receiver;

Fig. 7 1s a diagram of dispersion vs. distance for the dispersion managed soliton
transmission system, where residue span dispersion is compensated by self-phase

modulation; and
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Fig. 8 is a diagram illustrating pre-compensation and post-compensation in an

RZ dispersion management transmission environment.

Detailed Description

5 The following acronyms are used in this application:
ASE ~amplifier spontaneous emission
ASK amplitude shift keying
DMS dispersion managed soliton
DPSK differential phase shift keying
10 S WDM wavelength division multiplexing
FWM - four wave mixing
O0OK on-off keying
PMD polarization mode dispersion
PSK  phase shift keying
15 QPSK quadrature phase shift keying
- SPM self-phase modulation
ULH ultra-long haul
XPM - cross phase modulation
20 In considering the following detailed description, the disclosure contained in

co-pending application entitled “Long Haul Optical Communication System” filed
concurrently herewith of behalf of applicants Xiang Liu, Xing Wei and Chris Xu, and
assigned to the same assignee'as the, present invention, which disclosure is hereby
incorporated by reference, should also be considered. '

25 Refemng now to Fig. 1, there is shown a block diagram of one embodlment of
a hlgh bit rate (e.g., 40Gb1t/s) long haul (or ultra long haul) wavelength division
multiplexed (WDM) optical communication system ananged in accordance with the
principles of the present invention to use dispersiOn managed transmission of return to
zero (RZ) pulses and phase shift.keying.(PSK). Fig. 1 should be read in Iight of Fig. 2

30  which is an illustration of sample data to be trarismitted using the system of Fig. 1, and
the signals present at various points in the system.

' InFig. 1, a transmitter.designated gene_rally as 100 includes a continuous wave
(CW) distributed fecdback (DFB) laser 101, the output of which is applied to and '
shaped by a pulse carver 103. Accordingly, the output of pulse carver 103, which 1S

35 shown as wavefonn'- 2(a) in Fig. 2, is a stream of return to zero (RZ) optical pulses of

g -
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uniform 'amplitude, illustratively having a high bit rate (e.g. 10 Gbit/s or 40 Gbit/s).
Note here that the purpose served by pulse carver 103, namely, to process a continuous
wave laser signal to genera-te an RZ pulsed signal, can be provided by alternative o _
elements, such as using a pulsed laser instead of the CW-DFB laser 101. Alternatiﬁely,
the RZ signal can be generated within PSK modulator 105 that i1s described below.

~ The RZ signal output from pulse carver 103 is applied to one input of a PSK
modulator 105, which may, for example, be a LiNbO3 phase modulator or a LiNbO3
Mach-Zehnder modulator biased at its transmission null point. The data to be -
transmitted \from transmitter 100 to a remote receiver desi gnated generally as 150,
which, as an example, may be the series of 0°s and 1°s illustrated in Fig. 2(b),
originates from or is available at a data input 11 1. The data in Fig. 2(b) corresponds to
the electrical signal shown in Fig. 2(c), which is applied to the second input of PSK
modulator 105. As a result, the phase of the output from the PSK modulator 105 is
varied (modulated) in accordanoe with the input data, producing a PSK signal having |
the E-field shown in Fig. 2(d). It should be noted that the characteristics of this E-ﬁeld
are that, for each bit interval, the E—ﬁeld values both starts at and ends at zero. If the
data is a “1”, the E-field value at the approximate mid-point of the corresponding bit
interval is positive, representing a phase of 0; otherwise, if the data is a “Oi’, the E-field
value at the 'approximate mid-point of the corresponding bit interval is negative,
representing a phase of «. ' . ' .

The output of PSK modulator 105 in Fig. 1 may represent one channel in a

WDM system that includes a plurality of other transmitters arranged in a manner
similar to transmitter 100, but which operate at different Wavelengths. In the WDM
environment, the output of PSK moduiator 105 is applied to an input of wavelength
division multiplexer 520, the output of which 1s conpled to a long hanl or ultra long
haul dispersion compensated transmission medium designated generally as 130. The

transmission medium includes amplification mechanisms to compensate for the losses

incurred in the optical fiber as well as in the system components. Various optical

ampliﬁers, which can be discrete or distributed, and can use various technology, such

as EDFA, Raman amplification, coherent amplification such as parametric
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atnpliﬁeation, etc., can achieve the desired level of amplification. A number of
techniques for dispersion compensation can be used, as will be more 'fully described
below.

At the remote termination of tran'smi.ssion medium 130, if multiple wavelengths
are present, they are separated in a WDM demultiplexer 140, which applies each

individual Wavelength to a separate PSK receiver, illustratively receiver 150, so as to

- recover the original data. If desired, a tunable dispersion compensator and a

polarization mode dispersion (PMD) compensator may be interposed between

demultiplexer 140 and receiver 150, in order to reduce the effects of non-uniform

residue dispersion among different Wavelength channeis and PMD, _reSpectively. ~

Referring now to Fig. 3, there is shown a block diagram of a system simila,r_to,
the system shown in Fig. 1, but which uses differential phase shift keying in lieu of
phase shift keying. The same sample data is to be transmitted using the system of Fig.
3, as shown in Fig. 4(a), and its electrical representation shown in Fig. 4(b) is also the
same. However, in this arrangement, the data is first applied to a differential encoder
390 in transmitter 300, which is arranged to produce the output shown in Fig. 4(c).

Fig. 4(0) shoWs the differentially encoded data in which each transition (either from
“0” to “1” or from “1” to“O”) corresponds to a digital “0” in the original data stream
and each non-transition (a bit remains the same as the previous bit) corresponds to a
digital “1” in the original data stream. The differentially encoded s_ignal is then used to
modulate the phase of the light pulses. Such phase modulation can be achieved either
with a LINbO3 phase modulator or a LINbO3 Mach-Zehnder modulator biased at its
transmission null point. The elect'ricalﬂ waveform in Fig. 4(c), corresponding to the '
output from differential encoder 390 of Fig. 3, is applied to PSK modulator 105, whose
output E-field is shown in Fig. 4(e). Note again that this waveform output from
modulator 105 is an RZ waveform, returning to zero at the beginning of every bit
interval. Differential data is encoded only with respect to the phaSe of the optical '
signal, and the intensity profile of the signal s unchanged, i.e., it is still an RZ signal.
As with the arrangement ef Fig. 1, the output of transmitter 300 can be applied to a
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WDM mcltiplexer before being transmitted to a remote receiver via dispersion
compensated medium 130. '
Receiver 150 may, as shown in Fig. 5, include a delay demodulator 501 having

two arms 503, 505 with a path length difference corresponding to one bit period.. The

PSK signal is applied to both arms, so that when the delayed and non-delayed signals

are combined, the output represents the data or inverted data depending on the type of
interference. The output of demodulator 501 is then sent to a balanced detector 504,
which may comprise a pair of diodes 555 and a differential amplifier 556, and the
output of detector 504 is made available at data output 508.

In accordance with the prcsent invention dispersion compensation in the
optlcal transmission medium can be achleved In a variety of ways, such as by using a
dispersion managed soliton (DMS) system designed to reduce nonlinear impairments
by compensating self-phase modulation (SPM) with dispersion, and by eliminating
intra-channel pulse interaction through the control of ‘pulse-breathmg” ThlS can be
implemented by the use of multlpl.e fiber spans between transmitter and receiver, where
each span comprises contiguoi.ls regions having negative and positive dispersion ﬁbers
As shown in Fig. 6, such atrancmission arrangement may comprise a series of spans
610-1, 610-2, 610-3, etc. of cqual length, wherein each Span includes a first regionaof
length L; with a positive dispersion D, and a contiguous second region of length L,
with a negative dispersion D,. - ' .

The dispersion map and piot of dispersion vs. distance in a dispersion managed
tran-smissicn medium arranged for thé_ transmission of solitons, is shown in Figs. 6(a)
and 6(b), respectively. As shown in Fig. 6(b), as distance along the fiber increases
within span 610-1 from the beginning of the span toward the transition between the
first and second regions, the accumulated dispersion increases linearly; however,
within the second region, the dlspersmn is reversed, and the accumulated dlspersmn
decreases linearly and dramatlcally, to return almost to the zero level. The dlspersmn

compensation is repeated for the remaining spans 610-2, 610-3, etc., in the same

fashion.
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‘The use of dispersion managed solitons in connection with the present

invention is advantageous, because while collisions between solitons in different WDM

channels still occur in Opﬁcal-communication medium 130, each WDM channel has

identical, uniform intensity pattern, and the collisions are thus the same for all solitons.
The net effect of the COllision_s 1s a uniform sh1ft in soliton amval Thus, no timing
jitter 1s introduced.

Fig. 7 is a diagram 1llustrating _the .degree of dispersion experienced across a
dispersion compensated optical transmission medium when SOIitons, on the one ha_hd,
and other fonns of RZ dispersion management, on the other hand, are used. In the case
of dispersion managedsolitons, the effective net dispersion, as shown by curve 701, is
approximately constant across the entire length of the medium (x axis), because SPM
compensates the residue span dispersion. In the case of other forms of RZ dispersionm
management, the accumulated linear dispersion change's gradually, as shown in curve
702 and is compensated by the post?-dispersion compensation 802. | '

In order to OptimiZe thé syStern . performance when an RZ dispersion
management technique is used, distance-dependent pre-compensation and post-
compensation may be employed. Thus, as shown in Fig. 8, a pre-compensator located
at the beginning portion of an optical transmission medium or segment may be
arranged to introduce a first compensating distortion 801, while a post-compensator
located at the end portion of an optical transmission medium or segment may be
arranged to introduce a second compensating distortion 802. As a result, the distortion
introduced over the span or segment is essentially 'removed.

Another technique known as -pseudo-'linear transmission (sometimes referred to
as quasi-linear transmission) can also be used for the purpose of dispersion

management in conjunction with the present invention. (See, for example, U.S. Patent

Application Serial Number 09/372486 filed on August 12, 1999 on behalf of R.-J.

Essiambre, B. Mikkelsen, and G. Raybon, and entitled'*Modulation format with low
sensitivity to fiber nonlinearity", which application is assigned to the same assignee as
the present application, and which is incorporated herein by reference.) This technique

uses very short (compared to the bit period) pulses that disperse very quickly as they
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propég&cé along a fiber. The same effect can also be achieved by using large pre- |
dispersion compensation. This is advantageous because such pulses have reduced path-
averaged peak power and are thus more immune to optical nonlinearities than aré.
conventional pulses - \ \ '
Some 'details of an experimental system embodying the present invention will be
useful. A WDM DMS DPSK system, for example, has many spans, with each span
consisting of 100 km of TWRS or LEAF fiber (D=4 ps/km/nm) and a dispersion
compensating module made of DCF (D=-104 ps/km/nm). The length of the DCF is
chosen to giVe the designed pathéaveraged dispersion (Davg). The soliton pulse trains
had a 33% duty cycle. The channel spacing is 50 GHz. A 40 GHz FWHM 4th order
-Gaussian filter was used to demultipléx the channels, and the detection scheme for the

DPSK DMS was a one-bit delayed differehtial" direct detection. A Sth-order Bessel

 filter with FWHM of 0.7 bit-rate is used post-detection.

Based upon our simulations, we have verified that dispersion of the system,
especially at high bit rates of 40 Gbit/s and beyond, which were previously thought to
destroy the constant intensity profile of a WDM channel, will not noticeably reduce the

benefit of DPSK-RZ. We found that intra-channel XPM effects are much reduced with

DPSK-RZ and the inter-channel XPM and FWM effects were small to begin with in
these systems. Thus, DPSK-RZ remains effective even in the presence of dispersion.
Indeed, our numerical simulations show significant improvement in system reach and

performance at 40 Gbit/s over COnvenftiona-l_ RZ systems.

The advantageous use of PSK or DPSK encoding in the present invention is
contrary to conventional approaches currently available to persons skill_ed in the art.
For example, an early study [see J. P. Gordon and L. F. Mollenauer, Optiés Letters,
Vol. 15 , p. 1351, (1990)] about ph_ase noise cause'd by ASE and SPM in a single
channe] PSK system placed severe restrictions on PSK in a LH and ULH optical
transmission system, and dlscouraged application of this coding method as a viable
alternative. Further theoretical study and numencal simulation for conven’uonal '
solitons showed excessive phase noise at lo_ng n'ansmlsswn distances and the need for

“in-line” filters to control phase noise [see M. Hanna, et al., Optics Letters; Vol. 24,
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p732, (1999)]. In a recent experimental investigation [see M. Hanna et al., Electronics
Letter, Vol. 37, p644, (2001)], conventional DPSK solitons achieved an error-free
transmission distance of ~ 1000 km, sigﬁiﬁcantly less than OOK soliton systems.
However, in view of the present need for long reach and high bit rate WDM systems,
we have recognized, for the first time, the Value\ and feasibility of RZ-DPSK for loflg
reach hlgh bit rate WDM systems. Although DPSK has been proposed before for
WDM systems [see M. Rohde, et al., Electronics Letters, Vol. 36, 1483-1484 (2000)],
the desire to have constant intensity in every WDM channel in order to reduce
nonlinear penalties has inevitably lead to NRZ-DPSK, rather than RZ-DPSK. It was
not until recently did we realize that cons'ta'n\t intensity is not necessa\.ry\ and that RZ-
DPSK has significant advantages ovcr NRZ-DPSK in LH and ULH transmission, such
as reduced nonlinear pcnalties,_ higher tolerance to first-order PMD, and smaller inter-

symbol interference.

While in the previous description, the present invention was applied in the context
of a high bit rate system, it is to be understood that a RZ-DPSK technique as described

above can also be used with systems with a variety of different bit-rates, as well as with

many different fiber types and dispersion maps. For example, satisfactory performance

can also be obtained with standard single mode fiber.

Although the present invention has been described in accordance with the
embodiments shown, one of ordinary skill in the art will readily recognize that there
could be variations to the embodiments and those variations would be within the spirit
and scope of the present' invention. Accordingly, many modifications may be made by
one of ordinary skill in the art without departing from the spirit and scope of the

appended claims.
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Claims:

1. An optical communication system arranged to transmit input data from a

transmitter to a remote receiver, said system comprising

means for encoding said input data by modulating the phase of a RZ carrier in

accordance with said input data, and

means for transmitting said phase modulated RZ carrier from said transmitter to

said receiver via a dispersion managed optical transmission medium.

2. An arrangement for transmitting digital data from an originating location to a

remote destination, comprising

a modulator for modulating the phase of an RZ carrier in accordance with said
digital data; and '

means for transmitting the output of said modulator from said originating

location to said remote destination via a dispersion managed optical transmission

medium.

3. The invention defined in claim 2 wherein said modulator is a DPSK
modulator. '

4. The invention deﬁped in claim 2 wherein said dispersion managed optical

transmission medium is arranged to use quasi-linear transmission with very short
(compared to the bit period) pulses that disperse very quickly as they propagate along

said transmission medium.

S. The invention defined in claim 2 wherein said RZ carrier has a first
wavelength, and wherein said arrangement further includes a wavelength division
multipleker arranged to combine the output of said modulator with other phase

modulated signals having RZ carriers with different wavelengths.

6. The invention defined in claim 2 wherein said modulator is a LiNbO3 phase

modulator.
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7. The invention defined in claim 2 wherein said remote location includes a

balanced receiver for recovering said input data from said phase modulated signal.

8. The invention defined in claim 2 wherein said arrangement includes means
for amplifying the optical signal output from said transmission means to compensate

for losses occurring in said optical transmission medium.

9. An optical communication method for transmitting input data from a

transmitter to a remote receiver, comprising the steps of

encoding said input data by modulating the phase of a RZ carrier in accordance
with said input data, and '

transmitting said phase modulated RZ carrier from said transmitter to said

receiver via a dispersion managed optical transmission medium.
10. A optical communication method comprising the steps of
- generating an RZ carrier signal,

- modulating the phase of said RZ carrier signal in accordance with an input data

stream, and

applying the phase modulated signal generated in said modulating step to a

dispersion managed optical transmission link.
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