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FM-AM Conversion Induced by Polarization Mode Dispersion in Fiber Systems *
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The conversion of the frequency modulated pulse induced from frequency modulation (FM) to amplitude modu-
lation (AM) by the polarization mode dispersion (PMD) is theoretically and experimentally investigated. When
there is no polarizer at the output end of a fiber system, the amplitude modulation depth is stable by 8%. Random
amplitude modulation is observed when a polarizer is placed at the output end of the fiber system. The observed

minimum and maximum modulation depths in our experiment are 5% and 80%, respectively. Simulation results
show that the amplitude modulation is stable by 4% induced mainly by group velocity dispersion (GVD) when
there is no polarizer, and the amplitude modulation depth displays the random variation character induced by
the GVD and PMD. Lastly, a new fiber system scheme is proposed and little amplitude modulation is observed

at the top of the output pulse.

PACS: 42.81. GS, 05.40. —a

Frequency modulated laser was widely used in
most front end systems of the high power laser facility
for two main purposes.:? First, it could suppress the
buildup of stimulated Brioullin scattering (SBS) in the
large aperture laser optics. Second, it was required for
smoothing the illuminated speckle pattern of the tar-
get by spectral dispersion method (SSD). A large num-
ber of effects could bring the FM-AM conversion.[?~#!
All these effects belong to non-uniform spectral trans-
mission. So far, most works contributed to FM-AM
conversion were focused on the characters of these ef-
fects. Especially in the fiber front end system, the ef-
fects of group velocity dispersion (GVD), the connec-
tion of polarization-maintaining fibers, and the gain
narrowing were theoretically and experimentally in-
vestigated, but little work was mentioned about the
polarization mode dispersion (PMD) in the single
mode fiber (SMF). It is well known that the polar-
ization of the pulse could change randomly due to the
PMD, which has been widely studied in the commu-
nication field.~'4 Because the frequency modulated
pulse is very sensitive to the polarization perturba-
tion, then FM-AM conversion would occur when the
frequency modulated pulse passed the polarizer.

In this Letter, we theoretically and experimentally
investigate the PMD effect of the single mode fiber.
The results indicate that random polarization mode
coupling occurs due to the PMD effect, and weak FM-
AM conversion induced by GVD can be obtained when
the frequency modulated pulse transmits through a
long single mode fiber. However, strong FM-AM con-
version occurs when the pulse passes through the po-
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larizer successively, and this amplitude modulation is
random, which is detrimental to the fiber system.

Polarization mode dispersion was widely studied
for its limitation to the optical fiber communication
systems, and many models were used to describe the
PMD effect of single mode fibers.['>=17] In this study,
we choose the nonlinear Schrédinger equation because
of its several effects in the fibers, such as PMD, GVD,
and nonlinearity. Taking all these effects into account,
we have
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Equation (1) is suitable for a single mode fiber with
randomly varying birefringence orientation. Here A =
(A1, A3)! is a column vector with elements, A; and As
are the complex envelopes of the two polarization com-
ponents. The vector B is defined as (A} A3, A2A3)Y,
where the asterisks designate the complex conjuga-
tion. The z-coordinate measures the distance along
the fiber axis, while the t-coordinate represents the
retarded time-the time relative to the moving center
of the signal. The matrix > = o3 cos(2a)+07 sin(2a),
and o071, 02, 03 are Pauli’s matrices defined as
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It is assumed that the orientation of the axes of bire-
fringence is only a weak function of the frequency by
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using the matrix Y in the second and third terms of
Eq. (1), no is the nonlinear Kerr coefficient and kg rep-
resents the Wave -number in the vacuum, it is assumed
that 8] ~ B4 = B”. The birefringence b = (81 —[2)/2,
81, B2 are the propagation constant for A; and As;
b = db/dw = (8] — B5)/2 represents the group delay
per length.

We numerically solve Eq. (1) by the split-step op-
erator technique. The linear parts of Eq. (1) can be
expressed as
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The nonlinear parts are

’L%A + nokg |:|A| A+ 6(A+0'3A)O'3A + ;B =0.

(4)
Equation (3) can be numerically solved by using the
Jones matrices, and Eq. (4) can be solved by split-step
Fourier transform. The frequency modulated pulse is
linearly polarized and can be expressed as

t\2m
Ap = exp [ - <%) +im sin(27rfmt)] . (5)
Thus the input linearly polarized optical field vector
can be described as A = (A;,0)", where t is the pulse
width, m is the modulation depth of the frequency
modulator, f,, is the modulation frequency of the fre-
quency modulator.

The PMD effect in the single mode fiber and the
FM-AM conversion are numerically simulated. In our
fiber system, the pulse width #( is 3 ns, the modulation
frequency of the frequency modulator f,, is 2 GHz,
and the bandwidth of the pulse is 0.3 nm, the GVD
coefficient 5" is 15 ps? /km, the nonlinear Kerr coeffi-
cient ny ~ 2.6 x 1072°m? /W, the PMD parameters
D, = 2ps/km!/2, the beat length and fiber correlation
length are 50 m and 100 m, respectively.l'” Figure 1
shows the relative pulse intensities of A; and As after
the frequency modulated pulse transmitting 150 m in
a single mode fiber. We can find two independently
simulation results under the same boundary condition
and parameters. Figures 1(a) and 1(c) show the out-
put optical fields with the polarization as the same as
A;. Figures 1(b) and 1(d) shows the optical fields at
the polarization of As. It is apparent that the am-
plitude modulation and the power proportion of the
two orthogonal fileds are different, and their differ-
ence is inevitable if there are more simulation results.
Here we just list the arbitrary two simulation results
to show the random character of the PMD in the single
mode fiber. When there is no polarizer at the output
of the single mode fiber, the combination optical field
is shown in Fig.2, in which the calculation times are
also 50, and the parameters are the same as Fig. 1. It

is shown that the amplitude modulation depth of the
output pulse is stable, which is about 4%.
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Fig.1. Random polarization coupling and amplitude

modulation of the two orthogonal optical field at the out-
put of 150 m single mode fiber. (a) and (c) Input linear
polarized pulse A; (black line) and the output pulse (red
line) withthe same polarization as A;. (b) and (d) Output
pulse withthe same polarization as Az (red line) and input
As = 0.
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Fig. 2. Combination of A; and Ag for independent simu-
lation of 50 times.

The modulation depth is much larger than that
under the only effect of GVD (about 1.4%), and the
amplitude modulation at the top of the pulse displays
random distortion, as shown in Fig. 2. This is because
the transfer-function for the single mode fiber can be
expressed as!'!

T(w) = e *LeFWL N (), (6)

where M (w) = R™!(w)D(w)R(w), which is the com-
bination of PMD matrices D(w) and rotation matri-
ces R(w); B(w) represents the dispersion, and « is the
fiber loss. The matrices for M (w) can be expressed as

ww=(50 we) o

up(w) = cos(A¢/2)+isin(A¢p/2) cos(26) cos(2e), (8)
uz(w) = sin(A¢/2)[sin(2e) + isin(20) cos(2¢)], (9)
where A¢(w) = A¢ + Adrw + A¢2%2 + -+ is the

different phase delay (DGD) of the fiber induced by
PMD, and A¢,, = L Gebu),

o The parameters 6 and
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¢ represent the random ellipticity angle and elliptical
azimuth angle of the principle states of polarization
(PSP), respectively, which are also the function of w.
Thus the output optical field can be described as

Aout =T - Aiy. (10)

Thus, for linearly polarized pulse £ = 0, using Eq. (5)
and Egs. (6)—(10), the output optical field becomes

(nle]) = (mmmtee = Bomae)

A A
a, = \/cos2 7(;5 + sin? 7¢ cos? 20,

A A
ag = sin 7¢ sin26, ¢ = arctan (tan T(b cos 29),

where A;(w) is the Fourier transformation of Eq. (5).
Equation (11) shows that the two orthogonal optical
fields contain the effect of GVD, the random ampli-
tude and the phase related to the DGD and the ran-
dom rotation of PSP.
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Fig. 3. The initial experimental scheme.
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Fig. 4. Experimental results: (a) output pulse from the
frequency modulator, (b) output pulse from the fiber sys-
tem.

The fiber most used in our fiber front end systems
is a single mode fiber, so we have experimentally stud-
ied the FM-AM conversion induced by PMD. The ex-
perimental scheme is shown in Fig. 3. The continuous
laser with single frequency was frequency-modulated
by a 2 GHz wave guide frequency modulator, then the
frequency modulated laser transitted into an ampli-
tude modulator. The output pulse was modulated as

a pulse train and the single pulse width is 3ns with
repetition of 1 KHz. The pulse train was amplified by
the amplifier chain, and transmitted by a 50-m-long
single mode fiber before entering. The peak intensity
of the output pulse train is 1 W, and the total fiber
length in the system is about 150 m. The nonlinear co-
efficient for the single mode fiber is v ~ 2 W~ 'km~!,
and the nonlinear length Lyy, = 1/ P. Thus the non-
linear length is far larger than the total fiber length in
our system, and the nonlinear effect can be ignored.

The output pulse from the amplitude modulator
is shown in Fig.4(a). We can find that no amplitude
modulation appears. The gain bandwidth of the fiber
amplifier in the amplifier chain is about 20nm, and
the total gain in the system is about 60dB, so the
amplitude modulation induced by the gain narrowing
is less than 1%.1 The pulse output from the fiber sys-
tem is shown in Fig.4(b). When there is no polarizer
at the output end of the fiber system, the amplitude
modulation on the pulse is stable by 8% for long-time
observation, which is about 30 min. The little differ-
ences between the experimental results and simulation
may be induced by the acousto-optic switch in the am-
plifier chain for suppressing ASE.
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Fig.5. Output pulse from the fiber system with a po-
larizer placed at the output end: (a) random amplitude
modulation induced by PMD, (b) strong amplitude mod-
ulation induced by fiber distortion.

When a polarizer is placed at the output end of
the fiber system, the pulse is displayed with random
amplitude modulation, as shown in Fig.5. The mod-
ulation depth randomly varies between 5% and 20%,
as shown in Fig.5(a). However, when there is fiber
distortion at the output end of the fiber system, the
modulation depth is enhanced to 80%, as shown in
Fig.5(b).

As mentioned above, the frequency modulated
pulse could not transmit in the single mode fiber for
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a long length, and the random PMD can induce the
random FM-AM conversion. Thus we improve our
fiber system as shown in Fig.6. The frequency mod-
ulator is placed later, which is behind the amplifier
chain, and the output of the frequency modulator is
connected with polarization-maintaining fiber (PMF).
One PMF of about 3m is used as the transmitting
fiber to avoid the PMD in the single mode fiber, then
the polarizer is placed at the output end of the PMF
with the same polarization orientation. There is lit-
tle amplitude modulation at the top of the output
pulse (< 1%), which may be induced by the imper-
fect matching between the polarization orientation of
the PMF and the polarizer, as shown in Fig. 7.
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Fig. 6. The improved fiber system scheme.

Normalized intensity (arb. units)
e e -

4y

i

>
Fig. 7. The output pulse from the fiber system shown in
Fig. 6.

We theoretically and experimentally study the
character of frequency modulated pulse transmitting
in the single mode fiber. When there is no polarizer

placed at the output end of the fiber system, stable
amplitude modulation depth is observed at the top
of the pulse. However, when a polarizer is placed at
the output of the fiber system, the amplitude modu-
lation presents a random fluctuation as a result of the
PMD in the single mode fiber. To our knowledge, it is
the first time to investigate the effect of PMD on the
frequency modulated pulse. The random amplitude
modulation could induce the power imbalance among
the beams irradiating on the target in high power laser
facility. Lastly, we propose a new fiber system scheme
to avoid the frequency modulated pulse transmitting
in the single mode fiber, and the output pulse after
the polarizer from the fiber system has little ampli-
tude modulation (<1%).
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