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SYNCHRONOUS POLARIZATION AND PHASE MODULATION FOR
IMPROVED PERFORMANCE OF OPTICAL TRANSMISSION SYSTEMS

Abstract

A method and apparatus 1s provided for modulating the polarization of
an optical signal. A polarization modulator receives an optical signal onto which data
has been modulated at a predetermined frequency. The polarization modulator
modulates the state of polarization of the optical signal at a frequency phase locked
and equal to the same predetermined frequency at which the data is modulated onto
the optical signal. The polarization modulation is performed so that the average

value of the state of polarization over each modulation cycle is substantially equal to
zero. (FIG. 1)
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SYNCHRONOUS POLARIZATION AND PHASE MODULATION
FOR IMPROVED PERFORMANCE OF OPTICAL TRANSMISSION
SYSTEMS

Field of the Invention

The invention relates to the optical transmission of information
and, more particularly, to improving transmission capabilities over optical
fiber transmission systems.

Background of the Invention
Very long optical fiber transmission paths, such as those

employed in undersea or transcontinental terrestrial lightwave transmission
systems which employ optical amplifier repeaters, are subject to decreased
performance due to a host of impairments that accumulate along the length of
the optical fiber composing the transmission path. Typically, in such long
optical transmission systems, these impairments vary with time and cause a
random fluctuation in the signal-to-noise ratio (""SNR") of the received signal.
This random fluctuation contributes to a phenomenon known as signal fading.
Signal fading can result in an increased bit error rate ("BER") for digital
signals transmitted via the optical fiber path. When the SNR of a digital
signal within such a transmission system becomes unacceptably small
(resulting in an undesirably high BER), a signal fade is said to have occurred.
Experimental evidence has shown that polarization dependent effects, induced
by the optical fiber itself and/or other optical components (e.g., repeaters,
amplifiers, etc.) along the transmission path, contribute to signal fading and
SNR fluctuations. In particular, one of these effects has now been identified
as polarization hole-burning ("PHB"), which is related to the population
inversion dynamics of the optical amplifiers. A discussion of hole-burning 1s
provided by D. W. Hall, R. A. Haas, W. F. Krupke, and M. J. Weber in
"Spectral and Polarization Hole Burning in Neodymium Glass Lasers,” 1EEE
Journal of Quantum Electronics, Vol. QE-19, No. 11, November 1983.
PHB reduces gain of the optical amplifiers within the long haul
transmission system for any signal having a state of polarization ("SOP")
parallel to that of the primary optical signal carried by the transmission
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system. However, the gain provided by these amplifiers for optical signalsa
having an SOP orthogonal to that of the primary signal remains relatively
unaffected. In simplified terms, the primary optical signal produces an
anisotropic saturation of the amplifier that 1s dependent upon the SOP of the
primary optical signal. The anisotropic saturation reduces the population
inversion within the amplifier, and results in a lower gain for optical signals
having the same SOP as the primary optical signal. This effectively causes
the amplifier to preferentially enhance noise having an SOP orthogonal to that
of the primary signal. This enhanced noise lowers the SNR of the
transmission system and causes an increased BER.

Prior methods for reducing signal fading have included the use
of systems that actively adjust the SOP of a signal launched into a given
optical path, as a function of the quality of the signal received at the far end of
the path. In some methods the SOP of the signal is scrambled. For example,
systems are known for scrambling the SOP at frequencies both lower and
higher than the bit rate. However, scrambling at frequencies lower than the
bit rate causes AM modulation on the data signal within the receiver's
bandwidth, thus reducing the potential improvement that can be achieved with
low frequency scrambling. Scrambling at frequencies higher than the bit rate
can reduce the AM modulation but causes an increase in the transmitted
bandwidth, which can also degrade performance.

Summary of the Invention
In accordance with the present invention, a method and

apparatus is provided for modulating the polarization of an optical signal. A
polarization modulator receives an optical signal onto which data has been
modulated at a predetermined frequency. The polarization modulator
modulates the state of polarization of the optical signal at a frequency phase
locked and equal to the same predetermined frequency at which the data is
modulated onto the optical signal. The polarization modulation is performed
so that the average value of the state of polarization over each modulation
cycle is substantially equal to zero. In one embodiment of the invention, the
phase of the polarization modulation imparted to the optical signal 1s

selectively varied by an electrical delay line such as a phase shifter, tor
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example. In addition, the optical signal may be selectively phase modulated
by an optical phase modulator while imparting substantially no polarization

modulation to the optical signal.

Brief Description of the Drawing
FIG. 1 shows a simplified block diagram of one embodiment

of a phase-controlled polarization modulated transmitter in accordance with
the present invention.

FIGS. 2 and 3 show simplified block diagrams of alternative
embodiments of the phase-controlled polarization modulated transmitter in
accordance with the present invention.

FIG. 4 shows the resulting Q-factor versus phase for an
arrangement employing the transmitter shown in FIG. 3.

. FIG. 5 shows an embodiment of a transmission system
architecture including a transmitter, phase-controlled polarization modulator,
receiver, transmission path, and telemetry path, in accordance with the present

1nvention.

Detailed Description
FI1G. 1 shows a simplified block diagram of an exemplary

arrangement facilitating the practice of the invention. As shown, the
invention includes a laser 100 for producing a continuous wave (CW) optical
signal 101. The optical signal 101 is transmitted to a data modulator 102 that
modulates the signal to impart information thereto in a well known fashion,
producing a modulated optical information signal 103. The data modulator
102 receives the data to be imparted to the optical signal 101 from a data
source 104 and modulates the optical signal 101 at a frequency determined by
a clock 106. The optical information signal 103 is transmitted from the data
modulator 102 to a polarization modulator 108 which modulates the SOP of
the optical information signal 103. Polarization modulator 108 operates to
change the SOP of the optical information signal in such a way that it has no
preferred SOP averaged over the modulation period. Accordingly, the output
signal 105 has a degree of polarization that is substantially zero and is said to
be polarization scrambled. In one example of the operation of the
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polarization modulator 108, the SOP of optical information signal 103 traces
a complete great circle on the Poincaré sphere. Alternatively, the SOP of the
optical signal may reciprocate along the Poincaré sphere. In either case, the
average value of the SOP over each modulation cycle is substantially equal to
zero. One example of a polarization modulator 108 that may be employed in
the present invention is disclosed in U.S. Patent No. 5,327,511, particularly in
figure 3 of that reference.

In accordance with the present invention, the polarization
modulator 108 1s driven by the clock 106 so that the SOP of the optical
information signal 103 is modulated at a rate equal to the rate at which data is

imparted to the optical signal 101. In other words, the clock 106 causes the
rate of polarization modulation to be frequency and phase locked to the rate
of data modulation. The manner in which the clock 106 drives the
polarization modulator 108 may be described by examining the electric field
components of the optical signal on which the polarization modulator acts. In
X-y coordinates these components-may be expressed as follows:

E.)=A @ """ (1)
E,0O=A0e """ (2)

where w 1s the optical carrier frequency, ¢y(t) and Gy (1) are the
phase angles of the optical signal 103 and A, (t) and Ay(t) are assumed to be
real field amplitudes and include the intensity modulation. In principle, every

possible SOP of an optical signal having these electric field components can
be obtained by varying the ratio Ay/Ay while maintaining the value of (A2 +
Ayz) constant and varying the relative phase difference Ox-y between 0 and
21t. However, the polarization modulator 108 serves to modulate the SOP of
the optical signal by varying only the phases ¢, and Py, which is sufficient to
provide a SOP whose average value over a modulation cycle is zero.

Assuming a sinusoidal driving signal, this phase modulation may be written
as:
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:
O ()= +g,cos(Qr+¥) (3)
O (D=7 +qg,cos(Qr+¥) )

The phase modulation imparted by the polarization modulator
108 provides a signal having x and y components with different fixed phases 7y
x and Yy, which accounts for device birefringence. The phase modulation
also introduces a sinusoidal variation that oscillates at a modulation frequency
{2 with phase ¥ that is the same for both electric field components. However,
the sinusoidal vanation has different modulation indices a, and ay for the
field components Ey and Ey, respectively. The magnitudes of the modulation
indices ay and ay determine the extent of the reciprocating trajectory that the
SOP traverses on the Poincaré sphere. As one of ordinary skill in the art will
recognize, while phase modulation of the form described by equations (3) and
(4) does not produce every possible SOP, by properly adjusting the
parameters 1t 1s possible to generate a signal that reciprocates along a
trajectory on the Poincaré sphere whose average polarization is zero over a
single modulation cycle. For example, if the amplitudes A, and Ay are
chosen to be equal, then by setting ay, - ay = 0.765m, the average degree of
polarization will be equal to zero. In this case the modulated optical signal
105 launched from the polarization modulator 108 will only trace 76% of a
full great circle on the Poincaré sphere, but the modulated optical signal 105
will, on average, be completely depolarized.

In the arrangement shown in FIG. 1, the polarization
modulator 108 is driven at a modulation frequency 2, which is equal to the
frequency of the clock 106. As further shown in FIG. 1, it typically will be
advantageous to provide an electrical variable-delay line such as phase shifter
110 which couples the clock 106 to the polarization modulator 108. The

phase shifter 110 is used to selectively adjust the phase W of the polarization

modulation relative to the phase of the data modulation. The phase is
adjusted so that the signal-to-noise ratio of the received signal is maximized
and may be determined empirically. The experimental results presented
below 1n connection with FIG. 3 show the system performance as measured in
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terms of the SNR of the received signal versus the phase W. These results
indicate that there 1s a definite value for the phase W that provides good SNR
performance. Once properly optimized, the apparatus shown in FIG. 1
provides a near optimal balance between low speed modulation and high
speed modulation, minimizing the deleterious effects of residual AM
modulation caused by low speed modulation and increased bandwidth caused
by high speed modulation.

In addition to the polarization modulation imparted to signal
103 by the polarization modulator 108, there is also a net or excess phase
modulation given by the average value of the phase angles ¢, and Py In the
embodiment of the invention shown in FIG. 1 it is assumed that this average
phase modulation is zero. However, as discussed below, the embodiments of
the invention shown in FIGS. 2 and 3 allow for non-zero excess phase
modulation.

There are two categories of phenomena that can convert the
polarization and/or the phase modulation to AM modulation, namely, those
that are polarization dependent, and those that are polarization independent.
An example of a polarization dependent phenomena is mediated by
polarization dependent loss (PDL) in the transmission medium, and as such,
can fluctuate in time, causing additional signal fading. An example of a
polarization independent phenomena is mediated by chromatic dispersion
and/or a nonlinear index of refraction in the transmission fiber and as such
does not fluctuate in time. As explained in what follows, the AM generated
by modulating the polarization at the bit rate does not significantly contribute
to signal fading,

When a polarization scrambled signal encounters an element
having (PDL), AM modulation can occur at the modulation frequency Q and
harmonics thereof (i.e., 2Q, 3Q, ...). The amount of AM, and the phase
relationship of the AM with respect to the phase of the polarization
modulation depends in general on the orientation of the loss axis of the PDL
element with respect to the polarization modulation axis. The amount of AM
that occurs will wander in time since the state-of-polarization of the optical
signal wanders in time. As is known to those of ordinary skill in the art, a
typical fiber optic receiver has an electrical bandwidth of about 60% of the
data rate. Thus, some of the AM modulation occurring at the bit rate can pass
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through the receiver to the decision circuit and effect the BER. However, the
BER i1s unattected by AM that occurs at harmonics of the bit rate having a
frequency of 202 or higher since these harmonics are blocked by the receiver.
From an analysis of the formation of AM caused by the interaction between
the reciprocating SOP of the optical signal and the PDL elements, it can be
shown that the majority of the AM modulation occurs at harmonics of the
modulation frequency (i.e., 2Q2 and higher) and not at the fundamental
modulation frequency Q2. Thus, as noted above, the AM generated by
modulating the polarization at the bit rate does not significantly contribute to
signal fading, assuming a properly designed optical receiver is employed.
The AM generated by the conversion of polarization and/or phase modulation
as a result of the chromatic dispersion and/or the nonlinear index of refraction
of the optical fiber can be beneficial if the polarization modulation is
pertormed at the bit rate.

FIG. 2 shows an alternative embodiment of the invention in
which an optical phase modulator 214 couples the data modulator 202 to the
polarization modulator 208. The clock 206 drives the polarization modulator
208 as 1n FIG. 1 as well as the optical phase modulator 214 via electrical
variable-delay lines 210 and 212, respectively. As in the embodiment of the
invention shown in FIG. 1, the invention contemplates the use of any
appropriate type of variable-delay lines, such as phase shifters, for example.
In this embodiment of the invention the polarization modulation imparted to
the optical signal 203 includes two separate and independent phases: a phase
W) associated with polarization modulator 208 and a phase W1 associated
with the optical phase modulator 214. Thus, the phase angles ¢, and ¢y of
the optical signal 205 launched from the polarization modulator 208 become:

O (=" +q, cos(Qt+¥,)+bcos(Qt +¥,) (5)

(I)y(t) = 'yy +q,c0s(Qt +¥,) +bcos(Qt + W) (6)

As equations (5) and (6) indicate, the optical phase modulator
214 imparts the same phase modulation to both the x and y components of the
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optical signal 203. Accordingly, the optical phase modulator 214 modulates
the optical phase of signal 203 without modulating the polarization of the
optical signal. The reason the optical phase modulator 214 does not modulate
the polarization is because the polarization modulation of the optical signal is
proportional to the difference between the phases ¢, and ¢y and this
difference is unaffected by the optical phase modulator 214 since it modulates
both ¢y and ¢y by equal amounts. However, by introducing the phase W9 as
an additional selectively adjustable parameter, various amplitude errors that
adversely effect performance when using a non-return to zero (NRZ)
modulation format can be reduced. These amplitude errors may be caused by
a variety of factors including amplifier noise, chromatic dispersion and fiber
nonlinearities. As mentioned above, the AM generated from the conversion
of polarization and phase modulation, which is caused by an interaction
between the signal and the chromatic dispersion and nonlinear index of
refraction of the fiber, can be beneficial if the phase of the AM is properly
adjusted with respect to the data. A graphical method for evaluating the
impact of impairments to a signal other than noise is known to those of
ordinary skill in the art as an eye diagram. The AM that is generated can
“open” the eye of the received data and compensate for eye closure caused by
amplitude types of errors. By properly adjusting the phase ¥», the eye
opening can be improved. In operation, the phase W+ is adjusted via the
phase shifter 212 until the SNR of the received is optimized.

In FIG. 3 the functions of the phase modulator 214 and the
polarization modulator 208 shown in FIG. 2 are both incorporated into a
single unit 308. In this case a single phase shifter 310 is used to vary both the
polarization modulation and the optical phase modulation. In this case the
polarization modulation is given by the difference in the angles ¢,-¢, and is
adjusted for a low degree of polarization. The excess phase modulation is
given by the average of the two angles (¢,+¢,)/2. The operation of this
embodiment of the invention is similar to that shown in FIG. 2 with W= W¥».

FIG. 4 shows the results of an experiment performed using the
arrangement shown in FIG. 3. The transmission path, which used circulating
loop techniques, extended 6300 kms and employed a bit rate of 2.5 Gbits/sec
with an average launch power of 2.5 dBm. The figure shows the resulting Q-
factor (i.e., the electrical SNR) versus the phase W. The data indicates that
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good SNR performance can be achieved by selecting an appropriate value for
the phase W.

FIG. 5 1s an example of a transmission system including a
transmitter, receiver, transmission path, and telemetry path in accordance with
the present invention. Shown are transmitter 400, phase controlled
polarization modulator 402 embodying the characteristics of the arrangement
shown 1n FIGS. 2 or 3, transmission medium 404, and telemetry path 406
which connects receiver 408 to transmitter 400 to feedback a characteristic of
the received signal such as the SNR or the Q-factor. Transmission medium
404, for purposes of this example, but not as a limitation on the invention, is a
chain of optical amplifiers and single-mode optical fibers. These elements are
well known 1n the art.

Transmitter 400 produces an optical information signal whose
polarization 1s modulated by the phase controlled polarization modulator 402
as described above. The resulting polarization modulated signal passes
through transmission medium 404 and then into receiver 408. At the receiver,
the Q-factor 1s measured as an indication of transmission performance. The
Q-factor value 1s sent back to the polarization modulator 402 via telemetry
path 406. It will be appreciated by those skilled in the art that it may be
desirable, in some applications, for telemetry path 406 to be part of the same
transmission system, such as overhead bits in a SONET frame, or an order-
wire channel, or be transmitted on a different channel, such as a separate
phone line. The Q-factor value is received and processed by a logic element
that may be located, for example, within the polarization modulator 402. The
logic element controls the phase modulation imparted to the signal by the
polarization modulator 402 in accordance with equations (5) and (6) described
above to maximize the received Q-factor. In particular, the logic element
may control the values of ay, ay, W1, ¥ and/or b, for example.
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Claims:

1. An apparatus for transmitting an optical signal comprising;:

an optical signal source for generating an optical signal onto which data
1s modulated at a predetermined frequency;

a polarization modulator coupled to the optical signal source for
modulating the state of polarization of the optical signal by tracing the polarization
of said optical signal along at least a portion of a Poincaré sphere such that an
average value of the state of polarization over a modulation cycle is substantially
equal to zero; and

a clock coupled to the polarization modulator having a frequency that
determines the frequency of the modulation cycle, said frequency of the clock being

phase locked and equal to said predetermined frequency.

2. The apparatus of claim 1 wherein the optical signal source includes a

continuous-wave optical signal generator and a data source, said clock being

coupled to the data source for establishing the predetermined frequency at which

data 1s modulated onto the optical signal.

3. The apparatus of claim 1 wherein the polarization modulator
modulates the state of polarization of the optical signal at said predetermined
frequency with a prescribed phase, and further comprising an electrical variable-

delay line coupling said clock to said polarization modulator for selectively varying

the prescribed phase.

4. The apparatus of claim 3 wherein said electrical variable-delay line

1S a phase shifter.

5. The apparatus of claim 3 further comprising an optical phase
modulator coupling the optical signal source to the polarization modulator, said

optical phase modulator providing optical phase modulation to the optical signal

while 1mparting substantially no polarization modulation to the optical signal.
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6. The apparatus of claim 5 wherein said clock is coupled to said
optical phase modulator so that said optical phase modulator provides optical phase

modulation at a frequency that is phase locked and equal to said predetermined

frequency.

7. The apparatus of claim 6 further comprising a second electrical
variable-delay line coupling said clock to said optical phase modulator for

selectively varying the phase of said optical phase modulation provided by the

optical phase modulator.

8. The apparatus of claim 5 wherein said electrical variable-delay line
couples said clock to said optical phase modulator such that the phase of said
optical phase modulation provided by the optical phase modulator is substantially

equal to the prescribed phase.

9. The apparatus of claim 7 wherein said electrical variable-delay line

1s a phase shifter.

10. The apparatus of claim 8 wherein said electrical variable-delay line

1s a phase shifter.

11. An apparatus for modulating the polarization of an optical signal
comprising:

a polarization modulator receiving an optical signal onto which data has
been modulated at a predetermined frequency, said polarization modulator tracing
the polarization of said optical signal along at least a portion of a Poincaré sphere;
and

a clock, coupled to the polarization modulator, having a frequency that
determines the frequency of the modulation cycle, said frequency of the clock being

phase locked and equal to said predetermined frequency.
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12. The apparatus of claim 11 wherein the polarization modulator
modulates the state of polarization of the optical signal at said predetermined
frequency with a prescribed phase, and further comprising an electrical variable-

delay hne coupling said clock to said polarization modulator for selectively varying

the prescribed phase.

I5. The apparatus of claim 12 wherein said electrical variable-delay

line 1s a phase shifter.

14. The apparatus of claim 12 further comprising an optical phase
modulator coupling the optical signal source to the polarization modulator, said
optical phase modulator providing optical phase modulation to the optical signal

while imparting substantially no polarization modulation to the optical signal.

15. The apparatus of claim 14 wherein said clock is coupled to said

optical phase modulator so that said optical phase modulator provides optical phase
modulation at a frequency that is phase locked and equal to said predetermined

frequency.

16. The apparatus of claim 15 further comprising a second electrical

variable-delay line coupling said clock to said optical phase modulator for

selectively varying the phase of said optical phase modulation provided by the

optical phase modulator.

7. The apparatus of claim 14 wherein said electrical variable-delay
line couples said clock to said optical phase modulator such that the phase of said
optical phase modulation provided by the optical phase modulator is substantially

equal to the prescribed phase.

18. The apparatus of claim 16 wherein said electrical variable-delay

line 1s a phase shifter.
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19. The apparatus of claim 17 wherein said electrical variable-delay

line 1s a phase shifter.

20. A method for transmitting an optical signal comprising the steps of:

generating an optical signal onto which data is modulated at a
predetermined frequency; and

modulating the state of polarization of the optical signal at a frequency
phase locked and equal to said predetermined frequency by tracing the polarization
ot said optical signal along at least a portion of a Poincaré sphere such that an

average value of the state of polarization over each modulation cycle is

substantially equal to zero.

21. The method of claim 20 further comprising the step of selectively

varying the phase of the polarization modulation imparted to the optical signal.

22. The method of claim 20 further comprising the step of selectively

phase modulating the optical signal while imparting substantially no polarization

modulation to the optical signal.

23. The method of claim 22 wherein the step of selectively phase
modulating the optical signal comprises the step of selectively phase modulating the

optical signal at a frequency equal to said predetermined frequency at which data is

modulated.

24. A method for modulating the polarization of an optical signal

comprising the steps of:

receiving an optical signal onto which data has been modulated at a
predetermined frequency; and

modulating the state of polarization of the optical signal at a frequency
phase locked and equal to said predetermined frequency by tracing the polarization
of said optical signal along at least a portion of a Poincaré sphere such that an

average value of the state of polarization over each modulation cycle is

substantially equal to zero.
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25. The method of claim 24 further comprising the step of selectively

varying the phase of the polarization modulation imparted to the optical signal.

26. The method of claim 24 further comprising the step of selectively
phase modulating the optical signal while imparting substantially no polarization

modulation to the optical signal.

27. The method of claim 26 wherein the step of selectively phase
modulating the optical signal comprises the step of selectively phase modulating the

optical signal at a frequency equal to said predetermined frequency at which data is

modulated.

28. A transmission system comprising:

an optical signal source for generating an optical signal onto which data
1s modulated at a predetermined frequency;

a polarization modulator coupled to the optical signal source for
modulating the state of polarization of the optical signal by tracing the polarization
of said optical signal along at least a portion of a Poincaré sphere such that an
average value of the state of polarization over a modulation cycle is substantially
equal to zero;

a clock, coupled to the polarization modulator, having a frequency that
determines the frequency of the modulation cycle, said frequency of the clock being
phase locked and equal to said predetermined frequency;

an optical transmission path coupled to the polarization modulator; and

a receiver coupled to the optical transmission path.

29. The transmission system of claim 28 further comprising:

means for measuring a predetermined characteristic of an optical signal

received by the receiver;

means for transmitting the predetermined characteristic to the

polarization modulator; and
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means for selectively varying the phase of the polarization modulation

imparted to the optical signal to optimize the value of the predetermined

characteristic.

30. The transmission system of claim 29 further comprising:
an optical phase modulator coupling the optical signal source to the
polarization modulator, said optical phase modulator providing optical phase

modulation to the optical signal while imparting substantially no polarization

modulation to the optical signal.

31. The transmission system of claim 30 further comprising:

means for selectively varying the phase of said optical phase modulation
provided by the optical phase modulator to further optimize the value of the

predetermined characteristic.

32. The transmission system of claim 29 wherein said predetermined
characteristic is the signal-to-noise ratio of the optical signal received by the

recelver.

33. The transmission system of claim 31 wherein said predetermined
characteristic 1s the signal-to-noise ratio of the optical signal received by the

recelver.

34. The transmission system of claim 28 wherein said predetermined

characteristic 1s the Q-factor of the optical signal received by the receiver.

35. The transmission system of claim 31 wherein said predetermined

characteristic 1s the Q-factor of the optical signal received by the receiver.
36. An apparatus for transmitting an optical signal comprising:

an optical signal source for generating an optical signal onto which data

1s modulated at a predetermined frequency;
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a polanization modulator coupled to the optical signal source for

modulating the state of polarization of the optical signal such that an average value

of the state of polarization over a modulation cycle is substantially equal to zero,

wherein the polarization modulator modulates the state of polarization of the optical

signal’ at said predetermined frequency with a prescribed phase;

a clock coupled to the polarization modulator having a frequency that

determines the frequency of the modulation cycle, said frequency of the clock being

phase locked and equal to said predetermined frequency;

an electrical variable-delay line coupling said clock to said polarization
modulator for selectively varying the prescribed phase;

an optical phase modulator coupling the optical signal source to the
polarization modulator, said optical phase modulator providing optical phase
modulation to the optical signal while imparting substantially no polarization

modulation to the optical signal.

37. The apparatus of claim 36 wherein said clock is coupled to said
optical phase modulator so that said optical phase modulator provides optical phase

modulation at a frequency that is phase locked and equal to said predetermined

frequency.

38. The apparatus of claim 37 further comprising a second electrical
variable-delay line coupling said clock to said optical phase modulator for

selectively varying the phase of said optical phase modulation provided by the

optical phase modulator.

39. The apparatus of claim 36 wherein said electrical variable-delay
line couples said clock to said optical phase modulator such that the phase of said

optical phase modulation provided by the optical phase modulator is substantially

equal to the prescribed phase.

40. The apparatus of claim 38 wherein said electrical variable-delay

line 1s a phase shifter.
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41. The apparatus of claim 39 wherein said electrical variable-delay

line 1s a phase shifter.

42. An apparatus for modulating the polarization of an optical signal
comprising:

a polarization modulator receiving an optical signal onto which data has
been modulated at a predetermined frequency, wherein the polarization modulator
modulates the state of polarization of the optical signal at said predetermined
frequency with a prescribed phase; and

a clock, coupled to the polarization modulator, having a frequency that
determines the frequency of the modulation cycle, said frequency of the clock being
phase locked and equal to said predetermined frequency;

an electrical variable-delay line coupling said clock to said polarization
modulator for selectively varying the prescribed phase;

an optical phase modulator coupling the optical signal source to the
polarization modulator, said optical phase modulator providing optical phase
modulation to the optical signal while imparting substantially no polarization

modulation to the optical signal.

43. The apparatus of claim 42 wherein said clock 1s coupled to said
optical phase modulator so that said optical phase modulator provides optical phase

modulation at a frequency that is phase locked and equal to said predetermined

frequency.

44. The apparatus of claim 43 further comprising a second electrical
variable-delay line coupling said clock to said optical phase modulator for

selectively varying the phase of said optical phase modulation provided by the

optical phase modulator.

45. The apparatus of claim 42 wherein said electrical variable-delay
line couples said clock to said optical phase modulator such that the phase of said

optical phase modulation provided by the optical phase modulator 1s substantially

equal to the prescribed phase.
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46. The apparatus of claim 43 wherein said electrical variable-delay

line is a phase shifter.

47. 'The apparatus of claim 45 wherein said electrical variable-delay

line 1s a phase shifter.

48. A method for transmitting an optical signal comprising the steps of:

generating an optical signal onto which data 1s modulated at a
predetermined frequency; and

modulating the state of polarization of the optical signal at a frequency
phase locked and equal to said predetermined frequency such that an average value
of the state of polarization over each modulation cycle is substantially equal to

Zero;

selectively phase modulating the optical signal while imparting

substantially no polarization modulation to the optical signal.

49. The method of claim 48 wherein the step of selectively phase

modulating the optical signal comprises the step of selectively phase modulating the

optical signal at a frequency equal to said predetermined frequency at which data is

modulated.

50. A method for modulating the polarization of an optical signal

comprising the steps of:

recelving an optical signal onto which data has been modulated at a
predetermined frequency; and

modulating the state of polarization of the optical signal at a frequency
phase locked and equal to said predetermined frequency such that an average value
of the state of polarization over each modulation cycle is substantially equal to
ZEr0;

selectively phase modulating the optical signal while imparting

substantially no polarization modulation to the optical signal.
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51. The method ot claim 50 wherein the step of selectively phase
modulating the optical signal comprises the step of selectively phase modulating the

optical signal at a frequency equal to said predetermined frequency at which data is

modulated.

52. A transmission system comprising:

an optical signal source for generating an optical signal onto which data
1s modulated at a predetermined frequency;

a polarization modulator coupled to the optical signal source for
modulating the state of polarization of the optical signal such that an average value
of the state of polarization over a modulation cycle is substantially equal to zero;

a clock, coupled to the polarization modulator, having a frequency that
determines the frequency of the modulation cycle, said frequency of the clock being
phased locked and equal to said predetermined frequency;

an optical transmission path coupled to the polarization modulator; and

a recetver coupled to the optical transmission path;

means for measuring a predetermined characteristic of an optical signal
received by the recetver;

means for transmitting the predetermined characteristic to the
polarization modulator; and

means for selectively varying the phase of the polarization modulation
imparted to the optical signal to optimize the value of the predetermined
characteristic;

an optical phase modulator coupling the optical signal source to the
polarization modulator, said optical phase modulator providing optical phase
modulation to the optical signal while imparting substantially no polarization

modulation to the optical signal.

53. The transmission system of claim 52 further comprising:

means for selectively varying the phase of said optical phase modulation
provided by the optical phase modulator to further optimize the value of the

predetermined characteristic.
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54. 'The transmission system of claim 53 wherein said predetermined

characteristic is the signal-to-noise ratio of the optical signal received by the

recelver.

55. A transmission system comprising:

an optical signal source for generating an optical signal onto which data
1s modulated at a predetermined frequency;

a polarization modulator coupled to the optical signal source for
modulating the state of polarization of the optical signal such that an average value
of the state of polarization over a modulation cycle is substantially equal to zero;

a clock, coupled to the polarization modulator, having a frequency that
determines the frequency of the modulation cycle, said frequency of the clock being
phase locked and equal to said predetermined frequency;

an optical transmission path coupled to the polarization modulator; and

a recelver coupled to the optical transmission path;

means for measuring a predetermined characteristic of an optical signal

received by the receiver;

means for transmitting the predetermined characteristic to the
polarization modulator; and

means for selectively varying the phase of the polarization modulation
imparted to the optical signal to optimize the value of the predetermined
characteristic,

wherein said predetermined characteristic is the Q-factor of the optical

signal received by the receiver.

56. The transmission system of claim 53 wherein said predetermined

characteristic is the Q-factor of the optical signal received by the receiver.
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