> S
p a‘:‘ [ A “n, \'
Ry WA

b \3:\ D o S N,
» a, s - - -
. 0w SN

\I

o o
.- (Y -i.

3

5 - . .‘: .:‘S‘ .'c
- . \‘Q:a ‘o_'\
Mot "whe

v
L]
o
l‘\

L

-

L)
"_a

-

OPIC

OFFICE DE LA PROPRIETE

INTELLECTUELLE DU CANADA

(72) Bergano, Neal S., US
(72) Davidson, Carl R., US

(73) TYCO SUBMARINE SYSTEMS LTD., US

> h »

R M >

- 4 LI .‘ -
A A e i \

\.\\ - \'Q .\Q‘A\Q. ‘Iv. \ '?\ LN ~ amN »

A S e
. n 9:0:‘0:'0‘\’ " » x N
Q_'Q'I -

CIPO

(CANADIAN INTELLECTUAL

PROPERTY OFFICE

51) Int.C1.° HO4J 14/02, HO4J 14/06
30) 1994/12/14 (355,788) US
34) MODULATION DE LA POLARISATION A COMMANDE
DYNAMIQUE DANS LES SYSTEMES DE TRANSMISSION A
MULTIPLEXAGE OPTIQUE
34) DYNAMICALLY CONTROLLED POLARIZATION
MODULATION IN WAVELENGTH DIVISION
MULTIPLEXED TRANSMISSION SYSTEMS

101~
rl Ve AL
| Z POLARIZATION
- ORE =T conTRouEw
LM
L
| A _Lpoumzmon
| | SOURCE x|
Ay | LCONTROLER| ™| uTIPLENER
| T X
LRE S

OPTICAL

SOURCE POLARIZATION

(12) (19) (CA) Brevet-Patent

(11) (21) (C) 2,164,355
22y 1995/12/04
43) 1996/06/15
45y 2000/12/19

_______________________________ -
| 190
|
10 1) 119 ‘
- 120 -
(17 ( ki 1 l
Pounmnoul_‘ POLARIZATION ) [POLARIZATION] -
CONTROLLER NODULATOR | ~ | CONTROLLER | | |
m e ——
L 129 175
ADIUSTABLE f | {70 [
SIREFRINGENCE Lo POLARIZATION OPTICAL
CLEWENT CONTROLLER RECEIVER

CONTROLLER

134*'

130— CONTROLLER

|

—~— FIGURE-OF-MERTT [ gr-£RpoR l

RATE DETECTOR
185 \

178

(57) Four-wave mixing between multiplexed channels mm a wavelength division multiplexed optical transmission
system, and the effects of polarization dependent hole burning, are sitmultaneously reduced, 1n accordance with the
invention, by a method and apparatus which provides for modulating a state-of-polarization of an optical signal, where
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DYNAMICALLY CONTROLLED POLARIZATION MODULATION IN
WAVELENGTH DIVISION MULTIPLEXED TRANSMISSION SYSTEMS

Abstract

Four-wave mixing between multiplexed channels in a wavelength division

multiplexed optical transmission system, and the effects of polarization dependent hole
burning, are simultaneously reduced, in accordance with the invention, by a method and
apparatus which provides for modulating a state-of-polarization of an optical signal,
where the optical signal has a plurality optical channels, so that an average value of the
state-of-polarization of the optical signal over each modulation cycle is substantially
equal to zero; and, orienting states-of-polarization of predetermined optical channels of
the optical signal in response to a signal indicative of a predetermined characteristic of
the transmission system while maintaining the substantially zero average value of the
state-of-polarization of the optical signal over each modulation cycle. Advantageously,

this approach provides for a reduction in performance limiting effects under changing
conditions.
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DYNAMICALLY CONTROLLED POLARIZATION MODULATION IN
WAVELENGTH DIVISION MULTIPLEXED TRANSMISSION SYSTEMS

Technical Field
This invention relates to the optical transmission of information. More particularly,
this invention relates to polarization modulation in wavelength division multiplexed

transmission systems.

Background of the Invention

Wavelength-division multiplexing is expected to be increasingly utilized in undersea
and transcontinental terrestrial optical transmission systems due, in part, to the large
bandwidth capacity such multiplexing provides. Unfortunately, wavelength division
multiplexed transmission systems are susceptible to performance limitations due to
polarization dependent effects, such as polarization-dependent hole burning in the erbium-
doped fiber amplifiers that are typically used in such transmission systems, and cross-talk
between the multiplexed channels. Polarization dependent hole burning is related to the
population inversion dynamics of the erbium-doped fiber amplitiers. Cross-talk is primarily
caused by the non-linear index of refraction of optical transmission fibers. Four-wave
mixing is one significant deleterious etfect that produces cross-talk. Compounding the
problems associated with multiplexing is the tendency for some system parameters which
influence the above-described performance limiting effects to vary with time, due to
changes in environmental conditions and other factors. Accordingly, reducing four-wave
mixing while simultaneously reducing polarization-dependent hole burning would be
desirable in wavelength division multiplexed optical transmission systems. Moreover, it

would be particularly desirable to achieve such simultaneous reduction under changing

conditions.

Summary of the Invention

Four-wave mixing between multiplexed channels 1n a wavelength division
multiplexed optical transmission system, and the effects of polarization dependent hole
burning, are simultaneously reduced. In accordance with the invention, by a method and

apparatus which provides for modulating a state-of-polarization of an optical signal,
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where the optical signal has a plurality optical channels, so that an average value of the
state-of-polarization of the optical signal over each modulation cycle is substantially equal
to zero; and, orienting states-of-polarization of predetermined optical channels of the optical
signal 1n response to a signal indicative ot a predetermined characteristic of the transmission
system while maintaining the substantially zero average value of the state-of-polarization of
the optical signal over each modulation cycle. Advantageously, this approach provides for a
reduction in performance limiting effects under changing conditions.

In accordance with one aspect of the present invention there is provided a method
for use with an optical transmission system, comprising the steps of: modulating a state-of-
polarization of a wavelength division multiplexed optical signal, wherein said optical signal
has a plurality optical channels, so that an average value of said state-of-polarization of said
optical signal over each modulation cycle is substantially equal to zero; orienting states-of-
polarization of predetermined optical channels of said optical signal in response to a signal
indicative of a predetermined characteristic of said optical transmission system while
maintaining said substantially zero average value of said state-of-polarization of said optical
signal over each modulation cycle; and modulating data onto at least one channel of said
wavelength division multiplexed optical signal at a predetermined frequency; wherein the
steps of modulating said state-of-polarization includes a step of modulating at a frequency
that is phased locked and substantially equal to said predetermined frequency so that said
state-of-polarization over each modulation cycle 1s substantially equal to zero.

Brief Description of the Drawings

FIG. 1 1s a simplified block diagram of an 1llustrative arrangement of elements
facilitating practice of the invention including an optical transmitter; an optical transmission
path; a telemetry path; an optical receiver; and, a bit-error rate detector, in accordance with
the invention.

FIG. 2 shows the states-of-polarization along a great circle trajectory on the Poincaré
sphere for optical channels 1n the optical transmitter shown in FIG. I, in accordance with the

invention.

FIGs. 3 and 4 schematically show an illustrative example of a dithering technique, in

accordance with the invention.

e w Ca e A AR M S NI TP At b LI bW st e . . R T LT xmmmemummawmuc- 1At A e . .. AL IETE R S ERRY - 1V TER ST T VSRR R X LT B T Y R T NP



10

15

20

25

30

CA 02164355 1999-07-19

3

FIG. 5 is a simplified block diagram of a second illustrative arrangement of elements
facilitating practice of the invention, in accordance with the invention.

FIG. 6 is a simplified block diagram of a third illustrative arrangement of elements
facilitating practice of the invention, in accordance with the invention.
. FIG. 7 is a simplified block diagram of a fourth illustrative arrangement of elements
facilitating practice of the invention, in accordance with the invention.

FIG. 8 is a simplified block diagram of a fifth illustrative arrangement of elements

facilitating practice of the invention, in accordance with the invention.

Detailed Description

FIG. 1 is a simplified block diagram of an illustrative arrangement of elements
facilitating practice of the invention. Shown are optical transmitter 100; optical transmission
path 170; optical receiver 175; bit-rate error detector 178; and telemetry path 185. Optical
transmitter 100 includes a plurality of optical sources 101 for producing a plurality of
optical channels 102; a plurality of polarization controllers 106, 117, 121, and 129; N x 1
multiplexer 115; polarizing filter 112; polarization modulator 119; controller 130; and,
adjustable birefringence element 122. It 1s noted at the onset that the term "channel” as used
herein refers to any optical phenomena that is defined by a unique wavelength. Thus, the
term channel may refer to a component of a wavelength division multiplexed optical signal
having a plurality of components, where each component has a different wavelength.
Moreover, as used herein, the term channel may refer to a monochromatic optical signal.
The elements listed above forming optical transmitter 100 may be coupled using
conventional means including, for example, optical fibers, which could include polarization
maintaining optical fibers where appropriate. Optical transmitter 100 1s coupled, as shown,
to optical transmission path 170 and optical receiver 175 to form optical transmission
system 190. Optical transmission system 190 may be, for example, a unidirectional system,
as shown, or a bidirectional system utilizing additional optical transmitters and receivers
(not shown) to facilitate communications in a reverse direction. Optical transmission paths
and optical receivers are known. Optical receiver 175 1s coupled to bit-error rate detector
178 which detects the rate of bit-errors in the received optical signal. Bit-error rate detectors

are known. The functions of bit-error rate detector may optionally be incorporated directly
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into optical receiver 175. The bit-error rate 1s used to determine the optical signal-to-noise
ratio, Q-factor, or other known figures-of-merit which provide an indication of overall
performance of transmission system 190, or, performance of one or more selected optical
channels. In this illustrative example, a Q-factor representing average of the N optical
channels is used as the performance indicator. Q-factor 1s described, tor example, by

Neal S. Bergano, F.W. Kerfoot, C.R. Davidson, "Margin Measurements in Optical
Amplifier Systems," IEEE Photonics Technology Letters, Vol.5, No.3, March 1993,
pp.304-306. A signal representing the Q-factor is sent back to controller 130 in optical
transmitter 100 via telemetry path 185. Telemetry path may be a separate path, or be part of
optical transmission path 170 using, for example, overhead bits in data or signal frames
such as a SONET frame traveling in the reverse direction. If a separate path is desired, then
an order-wire channel or separate channel such as a telephone line may be utilized, for
example. The Q-factor received by controller 130 1n optical transmitter 100 is used, 1n
accordance with the invention, to dynamically control adjustable birefringence element 122
and polarization controller 129. This dynamic control scheme 1s discussed below.

In optical transmitter 100, the plurality of optical sources 101-1, 101-2,... 101-N,
which may be, for example, wavelength-tunable semiconductor lasers, are utilized to
generate a plurality of continuous-wave optical signals each having a different wavelength,
A, Ay...Ay N respectively, as shown, thus defining a plurality of N optical channels 102-1,
102-2,... 102-N (where N is a positive integer). Optical sources 101 may be adapted such
that optical

SRR TR L o2 et o e e e . - : : Ve T b PR o : : ’



10

15

20

25

30

35

2164355

channels 102 have substantially identical optical power. One or more of the optical
sources 101 may be adapted so that optical channels 102 carry information supplied by
data sources (not shown) using conventional techniques. The optical channels 102
generated by optical sources 101 pass through polarization controllers 106, and are
received by Nx1 multiplexer 115. Polarization controllers 106 are used to orient the state-
of-polarization ("SOP") of each optical channel 102 so that they all have substantially the
same SOP. Those skilled in the art will recognize that the common SOPs may be
represented as a single point on the Poincarée sphere. The Poincaré sphere is well known,
being described, for example, by William A. Shurcliff, Polarized Light: Production and
Use, Harvard University Press, 1962. Nx1 multiplexer 115 could be, for example, an
directional optical coupler that is known in the art. The output of Nx1 multiplexer 1s a
wavelength division multiplexed optical signal 110 having N channels, where each
channel is defined by a different wavelength A;, A,, ...Ay. For discussion purposes, the
channels may be sequentially numbered 1, 2, ... N, from lowest to highest wavelength. In
this illustrative example of the invention, for reasons that are discussed below, the
channel wavelengths are uniformly spaced, for example, by 1 nm. However, in other
applications of the invention it may be desirable to utilize non-uniform channel
wavelength spacing. For example, it is known that non-uniform channel wavelength
spacing can help reduce the effects of four-wave mixing.

Wavelength division multiplexed optical signal 110 passes from Nx1 multiplexer
115 to polarization modulator 119 after passing through polarization controller 117 and
polarizing filter 112. Polarization modulator 119 operates to continuously modulate the
SOP of wavelength division multiplexed optical signal 110 so that no one polarization
state is preferred during a time interval corresponding to one modulation cycle of
polarization modulator 119. Thus, the polarization-modulated wavelength division
multiplexed optical signal 120 output from polarization modulator 119 is essentially
unpolarized, that is, the average value of its SOP over the modulation time interval 1s
substantially equal to zero. Advantageously, such polarization modulation may
significantly reduce the negative effects of polarization-dependent hole burning. In one
modulation cycle, polarization modulator 119 may modulate the SOP of wavelength
division multiplexed optical signal 110 so that it traces a complete great circle on the
Poincaré sphere. Alternatively, the SOP may reciprocate about the trajectory on the
Poincaré sphere without tracing a complete great circle. Regardless of the particular
trajectory chosen, it is important that the average value of the SOP over the modulation
cycle be substantially equal to zero. Polarization modulators are known, and are often

called polarization "scramblers." In this illustrative example, it 1s intended that
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polarization modulator 119 be of a type that is disclosed in United States Patent 5,327,511
(see, particularly figure 3 of that patent). Those skilled 1n the art will appreciate that
polarization modulator 119 in this illustrative example 1s a polarization-dependent device,
as are other known polarization modulators. Therefore, it may be desirable in some
applications of the invention to utilize a strongly polarized input signal to polarization
modulator 115. Accordingly, FIG. 1 shows polarizing fiiter 112 disposed at the input to
polarization modulator 115. Polarizing filters are known. Polarization controller 117 is
utilized to orient the SOP of the wavelength division multiplexed signal 110 to maximize
the signal power transmitted to polarizing filter 112. It should be noted that polarizing
filter 112 and polarization controller 117 are not required to facilitate the practice of the
invention and, thus, should be considered optional. Alternatively, the functions of polarizing
filter 112 may be incorporated directly into polarization modulator 119.

The polarization modulated wavelength division multiplexed optical signal 120
output from polarization modulator 119 is passed to adjustable birefringence element 122
via polarization controller 121. Polarization controllers and adjustable birefringence
elements are known. Polarization controller 121 may be, for example, the Lefevre-type
polarization controller described by H.C. Lefevre in IEEE Electronics Letters, Vol.16,
p. 778, 1980. Adjustable birefringence device 122 1s selected to have an adjustable
propagation delay difference between it fast and slow axes thereby allowing a variable
amount of birefringence to be selected. Adjustable birefringence elements are known.
Adjustable birefringence element 122 could be, for example, a Babinet-Soleil compensator.
Polarization controller 121 is utilized to place the great circle polarization modulation
trajectory of the polarization-modulated wavelength multiplexed optical signal 120 into a
plane which is perpendicular to a line on the Poincaré sphere which joins the fast and slows
axes of adjustable birefringence element 122. Adjustable birefringence element 122, in
accordance with the invention, advantageousy allows the SOPs of the optical channels in
the polarization modulated wavelength division multiplexed optical signal 120 to be varied
relative to each other according to the amount of birefringence selected. FIG. 2 shows the
manner in which SOPs for the optical channels in the polarization modulated wavelength
division multiplexed optical signal 123 emerging from adjustable birefringence element are
separated along a great circle trajectory on the Poincaré sphere. For purposes of clarity in
exposition but not as a limitation on the invention, only SOPs for four exemplary optical
channels are illustrated, that i1s N=4 in FIG. 2. The separation of SOPs of the optical
channels in the polarization modulated wavelength division multiplexed optical signal 120

1s conveniently described
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by a separation angle a; ;, where the i and j subscripts identify optical channels having
neighboring wavelengths. Adjustable birefringence element 122 dynamically adjusts the
total birefringence, and hence the separation angles a,; ;, in response to control signal 132
from controller 130. Those skilled in the art will recognize that separation angles o, ; In
this illustrative example are uniform, that is, o; , = a0, 3= &ty_; y, due to the above-
described uniform channel wavelength spacing. It may be desirable in some applications
to select separation angles o; ; to be, for example, approximately 180°, so that odd and
even-numbered optical signals have initial SOPs that are substantially orthogonal at the
launch state. Alternatively, separation angles a; ; may be non-uniform if non-uniform
optical channel wavelength spacing is utilized. It may also be desirable to utilize a
combination of uniform and non-uniform separation angles «; ; in some applications of
the invention. In this illustrative example, regardless of the values selected, 1t 1s
emphasized that the average separation angle o, ;1s dynamically adjusted to maximize the
Q-factor as measured at optical receiver 175 for the plurality of N different optical
channels. Accordingly, the actual separation angles a.; ; at a given instant in time may
vary from the initially selected values. Those skilled in the art will recognize that
four-wave mixing products that can be generated in optical transmission system 190 are
advantageously reduced by the above-described dynamic control of separation angles a,; ;.
Referring back to FIG. 1, the polarization modulated wavelength division multiplexed
optical signal 123 emerging from adjustable birefringence element 122 is received by
polarization controller 129 which operates to set the launch orientation of the SOP of
polarization modulated wavelength division multiplexed optical signal 123 into optical
transmission path 170. Polarization controller 129 dynamically adjusts the launch SOP n
response to control signal 134 from controller 130 to further maximize the Q-factor at
optical receiver 175 as measured by bit-error rate detector 178. In accordance with the
principles of the invention, in addition to the advantageous dynamically control of SOP
separation and launch orientation, all the optical channels are simultaneously moving
about a great circle polarization trajectory, as discussed above, such that the substantially
zero average value of the SOP of the wavelength division multiplexed optical signal 123
is maintained. Thus, in accordance with the principles of the invention, the effects of
polarization-dependent hole burning and four-wave mixing are simultaneously and
significantly reduced in optical transmission systems. Advantageously, this performance
improvement is realized even as changing environmental conditions and other factors

affect polarization-dependent hole burning and four-wave mixing in optical transmission

system 190.



10

15

20

235

30

35

2164359

In this illustrative example, controller 130 dynamically controls two parameters --
the average separation angle @, ; and launch SOP -- in order to maximize the Q-factor at
optical receiver 175 as measured by bit-error rate detector 178. It is emphasized,
however, that dynamic control of just one or the other parameter is intended to fall within
the spirit and scope of the present invention. The control technique used by controller 130
may be, for example, a simple cause and effect scheme which sequentially adjusts
separation angles o; ; and launch SOP in small steps until a measured Q-factor maxima is
obtained. Alternatively, a dithering technique may be employed where these parameters
are varied in positive and negative amounts around a starting point, and the resulting Q-
factor is measured by bit-error rate detector 178. The final position for the parameter 1s
the one which maximizes the measured Q-factor. Those skilled in the art will appreciate
that such a dithering technique must take into account two degrees ot freedom since the
SOP of a signal is a vector quantity. FIGs. 3 and 4 schematically show an example of a
dithering technique using the Poincaré sphere. In FIG. 3, the starting SOP is represented
by vector 302. The dither trajectory 303 1s drawn around the starting SOP as a circle on
the Poincaré sphere, with the endpoint of vector 302 as its center. Polarization controller
129 is adjusted such that the SOP precesses about the circular dither trajectory. At a
predetermined number of equidistant points from dither trajectory 303, the Q-factor of the
received signal is measured. The initial condition vector 302 1s then replaced with vector
404, as shown in FIG. 4, which represents the SOP on the dither trajectory 303 resulting
in the best Q-factor. A new circular dither trajectory 405 1s then drawn using the endpoint
of vector 404 as its center, and the process above is repeated.

FIG. 5 shows a simplified block diagram of a second illustrative arrangement of
elements, in accordance with the invention. Shown are optical transmitter 500; optical
transmission path 570; optical receiver 575; bit-error rate detector 578; and telemetry
path 585. Optical transmission path 570, optical receiver 575, bit-error rate detector 578,
and telemetry path 585 are similar in form and operation to those corresponding elements
shown in FIG. 1. Optical transmitter 500 includes a plurality of optical sources 501 for
producing a plurality of continuous-wave optical channels 502; a plurality of polarization
modulators 510; a plurality of polarization controllers 514 and 540; Nx1 multiplexer 515;
and, polarization modulation controller 520. These elements may be coupled using
conventional means including, for example, optical fibers, which could include
polarization maintaining optical fibers where appropriate. Optical transmitter 500 1s
coupled, as shown, to optical transmission path 570 and optical receiver 575 to form
optical transmission system 590. In this illustrative example, as with the previous

illustrative example, polarization modulation controller 520 dynamically controls the
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polarization modulation of optical channels 502 1n response to a signal representing the
Q-factor, as with the previous illustrative example, from bit-error rate detector 578 on
telemetry path 585. Polarization modulation controller may also optionally dynamically
control polarization modulator 540, as shown.

The plurality of optical sources 501-1, 502-2, ... 501-N generate a plurality of
optical signals each having a different wavelength, A, A,, ...Ay;, respectively, as shown,
thus defining a plurality of N optical channels 502-1, 502-2, ... 502-N. Optical sources
501 may be adapted such that optical channels 502 have substantially identical optical
power. In this illustrative example, each optical channel 502 passes through individual
polarization modulators 510 and individual polarization controllers 514. Polarization
modulators 510-1, 510-2, ... 510-N modulate the SOPs of optical channels 502-1, 502-2,
... 502-N, respectively, in response to polarization modulation control signals B, B3, ...
B, respectively, generated by polarization modulation controller 520. The polarization

modulation control signals B, B, ... By may be, for example, sinusoidal signals described
by:

o, +0,

B.(t)=Ae i=12,...N (1)
where o is the polarization modulation frequency and & is the relative phase. In this
illustrative example, o is constant, that is ® ;=0,=0y\=0, while 6 and 4 may be variable.
For example, the amplitude 4 may be adjusted such that the average values of SOPs of
the optical channels are substantially equal to zero.. In a similar manner as in FIG. 1,
polarization modulators 510 operate to continuously modulate the SOP optical channels
502 so that no one polarization state is preferred during a time interval corresponding to
one modulation cycle of polarization modulators 510. Thus, each of the optical channels
502 output from polarization modulators 510 is essentially unpolarized, that is, the
average value of the SOPs over the modulation time interval is substantially equal to
zero. Moreover, this results in the wavelength division multiplexed optical signal 523
emerging from Nx1 multiplexer 515 having an SOP with a substantially zero average
value as well. In one modulation cycle, each polarization modulator 510 may modulate
the SOP of an optical channel 502 so that it traces a complete great circle on the Poincaré
sphere. Alternatively, the SOP may reciprocate about the trajectory on the Poincare
sphere without tracing a complete great circle. Again, regardless of the particular
trajectory chosen, it is important that the average value of the SOP of optical channels

502 over the modulation cycle be substantially equal to zero. The polarization modulated
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optical channels 511 emerging from polarization modulators 510 are received by Nx1

multiplexer 515 where they are combined into a single wavelength division multiplexed
optical signal 523.

The polarization modulation described above results in the average value of the
SOP of each optical channel 502 being substantially equal to zero over each modulation
cycle. Therefore, the average value of the SOP of wavelength division multiplexed
optical signal 523 is also substantially equal to zero over each modulation cycle. By
selectively varying the relative phase, 8,, of the modulation frequency drive signals f3; in
equation (1) under the control of polarization modulation controller 520, and by adjusting
polarization controllers 514, all of the SOPs of the polarization-modulated optical
channels 511 are separated along some particular great circle trajectory on the Poincaré
sphere in a similar arrangement as shown in FIG. 2. In some applications of the
invention, it may be desirable to select the particular great circle to be the same great
circle as utilized by polarization modulators 510. Alternatively, the SOPs may be
independent, that is they do not share the same great circle on the Poincare sphere. Those
skilled in the art will recognize that polarizatioﬁ controllers 514 are utilized in this
illustrative example of the invention to orient the SOPs of optical channels 511 emerging
from polarization modulators 510 into the same great circle trajectory. As with the
previous illustrative example, the separation between SOPs of optical signals having
neighboring wavelengths, is conveniently described by separation angle o; ; on the
Poincaré sphere as shown in FIG. 2. In accordance with the principles of the invention,
polarization modulators 510 dynamically adjust the relative phase of the modulation
frequency drive signals, 8,,, and hence the separation angles «; ;, In response to the
modulation frequency drive signals B; from polarization modulation controller 520. The
initial separation angles a; ; may be, for example, approximately 180°, such that SOPs of
odd-numbered channels are substantially orthogonal to even-numbered channels. Again,
it is emphasized that regardless of the initial values selected, the separation angles a; ; are
dynamically adjusted to maximize the Q-factor as measured at optical receiver 575.
Accordingly, the actual separation angles a; ; at a given instant in time will likely vary
from the initially selected values. As with the previous illustrative example, in addition to
the above-described separation of SOPs of the optical channels, all the optical channels
are simultaneously moving a great circle polarization modulation trajectory, as discussed
above, such that substantially zero average value of the SOPs the wavelength division
multiplexed optical signal 523 is maintained. Polarization controller 540 1s utilized at the
output of Nx1 multiplexer 515 to set the launch orientation of the SOP of the wavelength

division multiplexed output signal into optical transmission path 585. It 1s noted that
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polarization controller 540 is optional as it merely provides additional flexibility in
polarization control. This is so because it 1s evident that the launch orientation of the
wavelength division multiplexed output signal may also be set using polarization controllers
514 by themselves. Polarization controller 540 may set the launch SOP orientation in
response to control signal 534 from polarization modulation controller 520. Polarization
modulation controller 520 may control the separation angles a.; and launch SOP using the
sequential cause and effect scheme or the dithering technique described above when
referring to FIGs. 3 and 4.

FIG. 6 is a simplified block diagram of a third illustrative arrangement of elements,
in accordance with the invention. Shown are optical transmitter 600; optical transmission
path 670; optical receiver 675; bit-error rate detector 678; and telemetry path 685. Optical
transmission path 670, optical receiver 675, bit-error rate detector 678, and telemetry
path 685 are similar in form and operation as those corresponding elements shown in
FIG. 1. Optical transmitter 600 is coupled, as shown, to an optical transmission path 670
and optical receiver 675 to form an optical transmission system 690. Optical transmitter 600
includes a plurality of data sources 680, a plurality of data modulators 685; a plurality of
optical sources 601 for producing a plurality of optical channels 602; a plurality of
polarization controllers 606, 617, 621, and 629; N x | multiplexer 615; polarizing filter 612;
polarization modulator 619; clock 676; phase shifter 620; controller 630; and, adjustable
birefringence element 622. It is noted that the elements forming optical transmitter 600 are
similar in form, arrangement, and operation to those shown 1n FIG. 1, with the additions of
data sources 680, data modulators 685, phase shifter 620 and clock 676. These additional
elements are utilized to synchronize data and polarization modulation, as discussed below,
which may be advantageous in certain applications of the invention.

Data modulators 685 receive data to be imparted to the optical channels 602 from
data sources 680 and modulate the optical channels 602 at a frequency determined by
clock 676. In accordance with the principles of the invention, clock 676 also drives
polarization modulator 619 via a variable delay line, for example, phase shifter 620 as
shown, so that the SOP of the wavelength division optical signal 616 emerging from N x |
multiplexer 615 is polarization modulated at a rate equal to the rate at which data is
imparted to the optical channels 602. Thus, clock 676 causes the rate of polarization
modulation to be frequency and phase locked to the rate ot data modulation. While phase
shifter 620 1s shown in FIG. 6, it contemplated that any vanable-delay line may be used.
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Those skilled 1n the art will recognize that phase shifter 620 is utilized to adjust the
relative timing between the polarization and data modulation. Alternatively, this relative
timing adjustment may also be implemented using a plurality of variable delay lines,
where one delay line 1s disposed between each data modulator 685 and Nx1 multiplexer
615 either upstream or downstream of polarization controllers 606. A plurality of variable
delay lines may also be utilized between clock 676 and data modulators 685, either
upstream or downstream of data sources 680. As the above alteratives show, the relative
timing adjustment between polarization and phase modulation may be effectuated, in
accordance with the invention, by introducing delay on the plurality of optical channels,
or by introducing delay on the wavelength division multiplexed optical signal, or by
utilizing combinations thereof. It 1s noted that the scope of the invention is intended to
include the performance of synchronous data and polarization modulation on all optical
channels, or selected optical channels. Such synchronous polarization and data
modulation advantageously provides for a wavelength division multiplexed transmitter
having a near optimal balance between low speed and high speed polarization modulation
which minimizes the deleterious effects of AM modulation caused by low speed
modulation and increased bandwidth caused by high speed modulation.

FIG. 7 1s a simplified block diagram of a fourth illustrative arrangement of
elements, 1n accordance with the invention. Shown are optical transmitter 700; optical
transmission path 770; optical receiver 775; bit-error rate detector 778; and telemetry path
785. Optical transmitter 700 includes a plurality of data sources 780, a plurality of data
modulators 785; a plurality of optical sources 701 for producing a plurality of optical
channels 702; a plurality of polarization controllers 706, 717, 721, and 729; Nx1
multiplexer 715; polarizing filter 712; polarization modulator 719; clock 776; phase
shifters 720 and 786; optical phase modulator 784; controller 730; and, adjustable
birefringence element 722, which are coupled as shown. Optical transmitter 1s coupled to
optical transmission path 770 and optical receiver 775 to form optical transmission
system 790. Bit-error rate detector 778 1s coupled to optical receiver 775 and transmits a
signal representative of a figure-of-merit, such as Q-factor, to controller 730 in optical
transmitter 700 via telemetry path 785. It is noted that the elements shown in FIG. 7 are
similar 1n form and operation to those corresponding elements shown in FIG. 6, with the
additions of optical phase modulator 784 and a variable delay line, which could be, for
example, phase shifter 786 as shown.

In this illustrative example, clock 776 simultaneously drives both polarization
modulator 719 and phase modulator 784 via phase shifters 720 and 786, respectively.
Optical phase modulator 784 modulates the optical phase of wavelength division
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multiplexed optical signal 716 without modulating the polarization of the signal. Those
skilled in the art will recognize that optical phase modulator 784 can be adapted to impart a
fixed amount of phase shift to the wavelength division multiplexed optical signal 716
emerging from N x 1 multiplexer 715. In such a case, phase shifter 786 may be deleted.

5 However, it is preferable in many applications of the invention to selectively vary the
amount of phase of the optical modulation using phase shifter 786, as shown. In accordance
with the invention, by introducing excess phase modulation, various amplitude errors that
adversely effect performance of wavelength division multiplexed transmission systems
when using a non-return to zero modulation format can advantageously be reduced. Itis

10 noted that the functions of phase modulator 784 may be incorporated directly into
polarization modulator 719, which may be desirable in some applications of the invention,
in which case phase modulator 784 may be deleted.

FIG. 8 is a simplified block diagram of an fifth illustrative arrangement of elements,
in accordance with the invention. Shown are optical transmitter 800; optical transmission

15 path 870; optical receiver 875; bit-error rate detector 878; and telemetry path 885. Optical
transmitter 800 includes a plurality of data sources 880, a plurality of data modulators 885, a
plurality of optical sources 801 for producing a plurality of optical channels 802; a plurality
of polarization modulators 810; a plurality of polarization controllers 806 and 840; N x |
multiplexer 815; polarization modulation controller 820; and, clock 876 which are coupled

20 as shown. Optical transmitter 800 is coupled to optical transmission path 870 optical
receiver 875 to form optical transmission system 890. Bit-error rate detector 878 1s coupled
to optical receiver 875 and transmits a signal representative of a figure-of-merit (Q-factor in
this illustrative example) to polarization modulation controller 820 1n optical transmitter
800 via telemetry path 885. It is noted that the elements shown in FIG. 8 are similar in form,

25 arrangement, and operation to those shown in FIG. 5 with the addition of data sources 880,
data modulators 885, and clock 876 which are utilized to synchronize data and polarization
modulation as discussed above when referring to FIG. 6.

Data modulators 885 receive data to be imparted to the optical signals 802 from data
sources 880 and modulate the optical channels 802 at a frequency determined by clock 876.

30 In accordance with the principles of the invention, clock 876 also drives polarization
modulators 810 so that the SOP of optical channels 802 are polarization modulated at a rate
equal to the rate at which data is imparted to the optical channels 802.

b A AR e e P T Cren e A8 e AR EVCHIERNCRIELIR ALY A WL 14\ NN AR (ST e AL A MO A A s A S 434 et T T
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This synchronous data and polarization modulation is performed in a similar manner as
that described when referring to FIG. 6. It will be appreciated by those skilled in the art
that the variable delay line, such as a phase shifter, utilized in the previous 1llustrative
example of synchronous data and polarization modulation, 1s not required 1n this
illustrative example of the invention because phase delay is readily performed by
polarization modulators 810 under the control of polarization modulation controller 820.
Moreover, the excess phase modulation technique described when referring to FI1G. 7
may also be performed by polarization modulators 810 under the control of polarization
modulation controller 820, because the relative phase between optical channels 802 may
be readily varied as described above when referring to FIG. 6. Alternatively, variably
delay lines may also be utilized to introduce a phase adjustment between the data and
phase modulation, as in FIG. 6. In such a case, a variable delay line, such as a phase
shifter, is disposed between each data modulator 885 and polarization modulator 810, and
is coupled to clock 876.

[t will be understood that the particular techniques described above are only
illustrative of the principles of the present invention, and that various modifications could
be made by those skilled in the art without departing from the scope and spirit of the
present invention, which is limited only by the claims that follow. For example, the
wavelengths output by the optical sources, or the amplitude of the output signals, may be

controlled.
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Claims:

1. A method for use with an optical transmission system, comprising the steps of:

modulating a state-of-polarization ot a wavelength division multiplexed optical
signal, wherein said optical signal has a plurality optical channels, so that an average value
of said state-ot-polarization of said optical signal over each modulation cycle is
substantially equal to zero;

orienting states-of-polarization of predetermined optical channels of said optical
signal in response to a signal indicative of a predetermined characteristic of said optical
transmission system while maintaining said substantially zero average value of said state-of-
polarization of said optical signal over each modulation cycle; and

modulating data onto at least one channel of said wavelength division multiplexed
optical signal at a predetermined frequency;

wherein the steps of modulating said state-of-polarization includes a step of
modulating at a frequency that 1s phased locked and substantially equal to said

predetermined frequency so that said state-ot-polarization over each modulation cycle is

substantially equal to zero.

2. The method as claimed in claim 1 further including a step of selectively varying the -

phase of the polarization modulation imparted to said optical signal.

3. The method as claimed in claim 1 further including a step of selectively phase

modulating said optical signal while imparting substantially no polarization modulation to

said optical signal.

4. The method as claimed 1n claim 3 wherein said step of selectively phase modulating
includes the step of selectively phase modulating said optical signal at a frequency equal to

said predetermined frequency at which data 1s modulated.

5. The method as claimed in claim 3 wherein said step of selectively phase modulating
includes the step of selectively phase modulating said optical signal at a frequency equal to

sald predetermined frequency at which data 1s modulated.
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