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Abstract: This paper proposes a low polarization- or phase-dependent fiber
parametric amplifier system with a clamped output phase, which consists of
an orthogonally pumped nonlinear fiber and a fiber loop with a polarization
beam splitter. Numerical calculations show that the proposed system
exhibits a constant output phase, low insensitive to the signal input phase or
polarization state.
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1. Introduction

Phase-sensitive amplifiers (PSAs) based on a parametric interaction between pump and signal
lights have unique properties such that only phase-synchronized signal is amplified and the
output phase is clamped irrespective of the signal input phase [1]. These properties can be
used to suppress phase noise in phase-modulated signals. Various studies have been reported
on signal phase regeneration using PSAs [2-9]. However, polarization and phase
synchronizations are issues for practical implementation. For obtaining a phase-clamped
signal light, the polarization states of the pump and the signal lights should be aligned, and
the mean signal light phase should be synchronized to the pump light phase.
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With this background, this paper proposes a parametric amplifier system that outputs a
phase-clamped signal light, with low polarization or phase dependency. Two orthogonal
pump lights are launched into a nonlinear fiber, following which the amplified signal light
passes through a fiber loop with a polarization beam splitter (PBS). The operation of the
proposed system is analyzed using nonlinear-coupled equations and is numerically calculated.

2. Configuration and operation

Figure 1 shows the basic setup of the proposed parametric amplifier system. A nonlinear fiber
is used as a parametric medium, into which signal and two pump lights are incident. The
pump light frequencies are adjusted to satisfy f; = (fi + £5)/2 (f;, f1, and f; are the frequencies of
the signal and the two pump lights, respectively), and the polarization states of the two pump
lights are adjusted to be orthogonal with each other. Figure 2 schematically shows these input
conditions (which is not difficult to be satisfied in practice). Hereafter, the two pump
polarization states are denoted as the x and y polarization states, respectively. The output from
the nonlinear fiber is incident on a PBS via a polarization controller (pc) that transfers the
polarization states such that the x-y polarization states are matched to be 45° diagonal with
respect to the principal axes of the PBS. The outputs from the PBS travel through a fiber loop
and are recombined by the same PBS, where the polarization states of the loop-back lights are
adjusted to be identical to those at the loop input. Then, the counter-propagating lights are
polarization-multiplexed at the PBS and outputted from the system.

nonlinear fiber
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pump 1 .
(Ih_+to= /]
pump 2 PBS(45°)

() @
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Fig. 1. Proposed fiber parametric amplifier system. PBS: polarization controller, pc:

polarization controller.
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Fig. 2. Frequencies and polarization states in the proposed system. The incident signal
polarization state is 45° diagonal (a) and matched (b) to one of the pump lights.

First, we intuitively describe the operation of the proposed system. In the orthogonally
pumped fiber with the phase matching condition satisfied, the signal light is amplified and its
phase-conjugated idler light is generated, via parametric interaction, for any signal
polarization state [10]. The signal and idler power levels are nearly equal when the parametric
gain is sufficiently large. This situation is similar to orthogonally pumped polarization-
independent parametric amplifiers [10], except for that the signal and idler frequencies are
identical in the present frequency arrangement. The polarization states of the amplified signal
and the generated idler for two typical signal input polarization states are schematically
shown in Fig. 2.

When the signal polarization state is 45° diagonal with respect to the pump states [Fig.
2(a)], the signal and idler are degenerate and the nonlinear fiber works as a PSA [11]. Thus,
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phase-clamped signal light appears at the fiber output, which has the 45° diagonal
polarization state, and then passes through the PBS loop and is outputted from the system.

On the other hand, when the signal polarization state is matched to one of the pump
polarization states [Fig. 2(b)], a phase-conjugated idler light orthogonal to the signal light is
generated [12]. These lights from the fiber are incident to the PBS whose principal axes is 45°
diagonal against the single and idler polarization states, through which the signal and idler are
projected onto the PBS principal axes and degenerate. The degenerated light is equivalent to a
PSA output light, and thus has a clamped phase. Here, the PBS has the two principal axes,
and the amplitude of the degenerated light on one axis depends on the relative phase between
the projected components, i.e., the output power is phase-sensitive. Note that the degenerated
lights on the two axes are complementary because the relative phases of the projected
components are m-shifted on these two axes. Thus, the power ratio of the two PBS outputs
varies from 1:0 to 0:1 with a constant total power. In order to obtain output light for any case,
the two output lights from the PBS are loop-backed and polarization-multiplexed. Then, the
phase-clamped light is always obtained at the output of the PBS loop.

The above mentioned is the system operation for the two typical conditions. We next
present an analytical explanation for general conditions. The parametric interaction in a fiber
with orthogonal pump lights can be described by the following coupled equations [10]:

dE_ 5 iape
St B P 2B P HIE, P EIE, PIE,, +HSPEEE, &, (12
: .

dE, 2 2 2 N
L ip( B P+ B 21 E, P+, PIE, +iTVEEE ™, (1b)

where E, and E|, are the x and y components of the signal amplitude, respectively, £, and E,
are the amplitudes of the two pumps, respectively, y is the nonlinear coefficient, and Ap is the
linear phase mismatch. When {|E,|, | E,|} << {|E\|, |E,|}, |E1(0)| = |E2(0)|, and the nonlinear
phase matching condition is satisfied, the above equations can be solved as

E, (L)=E, (0)cosh(gL)+ie® E. (0)sinh(gL), Q)

where g = 2y|E; (0)|2, Oy = 019 + O30, B10(20) 1s the input phase of pump 1(2), and L is the fiber
length.

The fiber output is incident to the PBS at which the x and y polarization states are 45°
diagonal with respect to the PBS principal axes. The output from the PBS are expressed as

E, ={E.(L)+E,(L)}/\2
CRBE

:T[{ﬁ cos(p+A6,)+ [P, cos(p—Af,)}e (3a)
+i{y[P,, sin(p+AB,)+ [P, sin(p—A8,)}e ],

E ={E(L)-E,(L)}/2
ei(90+ﬂ/2)/2

- T[i{\/a sin(p+A6,) - [P, sin(p—AB)}e (3b)

+{\/P,, cos(p+AB,)— [P, cos(¢—AB,)}e ],
where F, and E. are the signal lights at the two PBS output ports, respectively; the input
signal light is expressed as £, ,(0)= /P, " %0F4%) and ¢ = O — 6y/2 — n/4 is introduced.

The input polarization state is characterized by the ratio of Py and Py, and A6,. These lights
from the PBS counter-propagate through the fiber loop and are polarization-multiplexed by
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the same PBS. The output from the PBS loop is expressed as Eq, = (E, E))", which is the
output from our system.
The signal output power is expressed as

Py A E, ['+|E_['=(Py+P,)cosh(2gL) +2,/P, P, cos(p)sinh(2gL).  (4)

Provided that the pump and signal phases satisfy ¢ = 0, i.e., the phase synchronization is
made, Eq. (4) is written as

Py =Py +[P)e 1 24+([Py = \[Pg)e /2. (5)

This equation shows that the signal output is always obtained irrespective of the polarization
state of the input signal. When the parametric gain is sufficiently large as e* >> 1, Eq. (5) is

rewritten as
P, =( /Pxo+,le0)2e2gL/2. (6)

This equation sows that the output power is at between Pye*¢" and Pye’s* /2 with P, being the
total signal input power, depending on the input polarization state. This property of the output
power is identical to a conventional orthogonally-pumped degenerate parametric amplifier
with no PBS loop [9].

The uniqueness of the present system different from the conventional orthogonally-
pumped amplifier [9] is the output phase property. For a large parametric gain, Eq. (3) is
rewritten as

E, =" 0P cos(p+A8)+ [P, cos(p-A8))} /2, (7a)
E_= e @amd [P sin(p+AG,) [P, sin(p—A6,)} /2. (7b)

These equations show that the phases of each output component E. and E. are constant
irrespective of the signal input phase and polarization state. Thus, the phase clamping effect
with low polarization dependency is obtained in the present system. On the other hand, the
output phase of the conventional orthogonally-pumped amplifier is dependent on the signal
input phase, as indicated in Eq. (2), and no phase clamping effect is accompanied.

The present system also has the property of low dependency on the input phase, provided
that the signal input polarization state is almost matched to either one of the pump light
waves, Under this polarization condition, { P, = K, P,, =0 } or { P, =0, P, = [ }, and thus

P, =Pcosh(2gl) in Eq. (5), which indicates that the signal output power is almost

independent on the input phase. The light amplitude under this condition is obtained from Eq.
(3) as

i(6y/2+7/4)

E, = eTJFO [cos(@+ 7/ 4)e*" +isin(p+7/4)e ], (8a)
ei(90/2+7r/4)

E ~~————[Blisin(g+7/4)e® +cos(p+7/4)e . (8b)

2
For a high parametric gain,

i@/ 2 714)
E = —\/FO cos(p+ 7/ 4)e", (9a)

TR
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i(6y/2+37/4)
E =5 [P sin(p+7r/4)e 9b
= VRsinlprnl4) (9b)
These equations show that the property of the constant output phase is still obtained in a high-
gain amplifier system, while the output power is insensitive to the input phase. When % >> 1
is not satisfied, however, E. . simultaneously includes the in-phase and the quadrature phase
components whose ratio is dependent on the input phase, meaning that the output phase
depends on the input phase.

In the last of this section, we mention previous works similar to the present one.
References [6-9] study orthogonally-pumped parametric amplification systems with the
signal and idler frequencies degenerated. However, a PBS is not equipped after the
amplifying fiber in Refs [6-8], and the phase-clamping effect is obtainable only when the
input signal polarization state is 45° diagonal with respect to the pump polarization states.
One work presents an orthogonally-pumped amplifier followed by a polarizer [9], where the
signal phase is clamped at the polarizer output. However, the signal input phase and
polarization state should be adjusted to obtain the signal output.

3. Calculations

In this section, we present numerical calculations using Eq. (1) for quantitatively examining
the characteristics of the proposed parametric amplifier system.

3.1 Output phase

The main concern in this paper is the phase of the output signal light. Our system has two
output components, i.e., E. and £, and their power ratio |E.|*:|E|* varies between 1:0 and 0:1,
depending on the signal input conditions. In such a situation, it may be questionable how to
define the output phase. In this subsection, we discuss the output phase of our system, before
presenting calculation results.

When considering the phase-clamping effect in a PSA, we usually are interested in the
phase of the output signal around gain peak conditions. Similarly, we concern the output
phase for the input phase around a value maximizing the signal gain in the present system. In
order to evaluate such an output phase, we translate the polarization coordinate so that the
output light at a gain peak condition turns to have just one polarization component, and we
regard the phase of this component in the translated coordinate as the output phase of the
system. To be specific, an output state (E., E.)" is transformed as

(0)* (0)*
E_ 1 BB (E, 10
E,) JJEO P+ EOpEY -EP \E.

where (E,, E®)T is the output state at a gain peak condition. With this transformation, the

state transformed from (E,”, E®) becomes (/| E” | +|E® |*, 0)"; that is, the translated

light has only E, component. Then, the phase of E, is regarded as the output phase of our
system, which is calculated in the following.

3.2 Unsaturated condition

First, the unsaturated conditions are evaluated. The results are shown in Fig. 3, where the
signal gain and the output phase as a function of the signal input phase are plotted for various
input polarization states. The signal gain is maximum at input phases of 0.5z, and the
output phase is constant around the gain maximum conditions and jumps at the middle
between the gain peaks. This output phase property is identical to that of conventional PSAs.
Further, Fig. 3 shows a unique property of the proposed system in that signal gain is obtained
for any polarization state at the gain peak conditions, i.e., low polarization dependency
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compared with conventional PSAs. The variation in the peak gain is within 3 dB; this result is
consistent with the result of the analysis presented in the previous section
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Fig. 3. Amplificatiion characteristics under unsaturated conditions. Solid line: signal gain,
broken line: output phase. The assumed parameters are y = 12 /(W-km), fiber length = 400 m,

pump input power = 0.6 W/ch, pump input phase 6, = 0.5x, and signal input power = —10
dBm. Nonlinear phase matching is assumed to be satisfied.

The figures also show that the gain dependence on the input phase becomes low as the
input polarization state approaches to one of the pump polarization states, and is completely
flat when the polarization state is perfectly matched [Fig. 3(g)]. The difference between the
maximum and minimum gains is consistent with the result of the analysis presented in the
previous section. This is another unique property of the proposed parametric amplifier
system, i.e., low phase dependency.
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3.3 Gain-saturated condition

When a high-power signal is incident to an amplifier, the signal gain is saturated and the
signal output power is clamped. Under such gain-saturated conditions, the gain variation
observed in Fig. 3 is expected to be reduced. In order to confirm the gain saturation effect, the
amplification characteristics for a large signal input were calculated.

First, the signal gain was calculated as a function of the input power for different
polarization states at the gain peak condition, i.e., at an input phase of 0.5n. The results are
shown in Fig. 4. The gain difference at a small input power decreases with an increase in the
input power, and the signal gain for different polarization states becomes identical at a large
input level of 16 dBm. This result suggests that the polarization dependence of the signal gain
is completely suppressed.

20
e Pxo:Pyoi= 1:1
= 15 7"”“:‘9 -
=] Y
= 1:99 =N\
on > \
< \
£ 0
@ N
23
5

-5 0 5 10 15 20
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Fig. 4. Signal gain as a function of signal input power. The input phase is 0.57 givng the
maximum gain. The other conditions are the same as those in Fig. 3.

Next, the signal gain and the output phase were calculated as a function of the input phase
under a gain-saturated condition. The results are shown in Fig. 5, where the input power is 16
dBm. The gain variation shown in these figures is less than that shown in Fig. 3 while
preserving the phase-clamping properties.
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Fig. 5. Amplification characteristics under gain-saturated condition. The input phase is 0.57
givng the maximum gain in (a). Solid and broken lines denote the gain and the output phase,
respectively, and the signal input power is 16 dBm. The other conditions are the same as those
in Fig. 3.

In the above calculations, the output phase is defined based on the output state at a gain
peak condition. However, when the input phase dependency is low, as shown in Fig. 5(c),
amplification properties around an input phase other than that condition may be interest as
well. Calculations employing another definition of the output phase were carried out in order
to observe the amplification characteristics for such cases. The results of these calculations
are shown in Fig. 6, where the output states at input phases of —0.4x and 0.17 are chosen for
defining the output phase in (a) and (b), respectively. The center of the clamped phase region
is positioned at the chosen input phase. This result suggests that the proposed system is
applicable to BPSK signals even when the system operates insensitive to the input phase.
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Fig. 6. Amplification characteristics under gain-saturated condition. Solid line: signal gain,
broken line: output phase. The other conditions are the same as those in Fig. 5(c).

3.4 Optical limiting property

The gain saturation in parametric amplifiers can be utilized to suppress amplitude fluctuations
[2,3,13]. In order to confirm whether the present system operates as such an optical limiter,
the output power as a function of the input power was calculated. The results are shown in
Fig. 7. A limiting property is observed for any polarization state [Fig. 7(a)] or any input phase
[Fig. 7(b)].

0,=0.5m
0.6
3 3
B 5
: :
2 5
H H
3 3
0
0 2 4 6 8 10 0 2 4 6 8 10
input power (10-2W) input power (10-2W)
(a) Phase-synchronized condition. (b) Polarization-aligned condition.

Fig. 7. Output power as a function of input power. (a) The input phase is fixed at a gain peak
condition of 0.5 and the polarization state is assumed to be different. (b) The polarization
state is aligned as P.o:P,o = 1:99 and the input phase is at a gain maximum condition (fy =
0.5m) or a gain minimum condition (65 = 0).

4. Summary

A polarization or phase insensitive parametric amplifier system with a clamped output phase
was proposed, which consists of a nonlinear fiber with orthogonal pump lights and a fiber
loop with a polarization beam splitter. An analysis and numerical calculations based on
nonlinear coupled equations demonstrate that the proposed system exhibits a constant output
phase insensitive to the signal input phase or polarization state.
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