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In this paper, we propose a parametric amplification scheme based on phase-sensitive amplification in an
optical fiber. The proposed system consists of a nonlinear fiber and a dispersive medium in a loop
configuration with a polarization beam splitter, where phase-sensitive amplification occurs

bi-directionally. The dispersive medium shifts the relative phase between signal and pump lights, due
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to which the amplified signal light is always obtained regardless of the signal input phase, i.e., a
phase-diversity operation is achieved, while the output phase is digitized as in conventional
phase-sensitive amplifiers.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Phase-sensitive amplification (PSA) based on a parametric
interaction between pump and signal lights has a unique property
that it amplifies selective phase components while suppressing
others, depending on the relative phase between the pump and
signal lights [1,2]. As a result, the amplified signal has a particular
phase irrespective of its input phase. This unique output property
of PSA can be utilized for the phase stabilization or signal regener-
ation of the phase-modulated signal light. Various studies have
reported PSA-based phase regeneration [3-8].

One issue in the practical implementation of PSA is phase syn-
chronization. Because the signal gain is sensitive to the input phase,
the relative phase between the pump and signal lights must be
adjusted so that the signal light is amplified. Thus, a phase-locking
technique is required for implementing the PSA. In order to be free
from this issue, an orthogonally-pumped fiber parametric amplifier
accompanied by a fiber loop with a polarization beam splitter (PBS)
was recently proposed [9]. This paper suggests another PSA-based
optical amplification system that outputs a phase-digitized signal
light with low input-phase dependency. The proposed system con-
sists of a nonlinear fiber and a dispersive medium in a loop config-
uration with a PBS; PSA occurs bi-directionally in the nonlinear
fiber loop. The dispersive medium shifts the relative phase between
the pump and signal lights in the two directions, and thus, signal
light with an arbitrary input phase is phase-sensitively amplified
in either of the two directions and the amplified signal is always
obtained from the system with a digitized phase.
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2. Configuration and operation mechanism

The basic configuration of the proposed scheme is shown in
Fig. 1; it consists of a nonlinear fiber and a dispersive medium con-
nected to a polarization beam splitter (PBS) in a loop configuration.
Into this fiber loop, a signal and two pump lights are incident on
port A of the PBS via a polarizer whose transmission axis is inclined
at 45° with respect to the PBS principal axes. The polarization
states of the incident lights are adjusted so that these lights pass
through the polarizer. Their frequencies satisfy the condition
fs=(f1 +f2)/2, where f, fi, and f, are the frequencies of the signal
and two pump lights, respectively, as illustrated in the inset in
Fig. 1. The incident lights are decomposed into two orthogonal
linear polarization states at the PBS (hereafter called the x and y
polarization states). The x- and y-polarized lights are coupled out
to ports C and B, respectively. The y-polarized lights travel through
the nonlinear fiber in the clockwise direction, and are incident on
port C of the PBS via the dispersive medium. The x-polarized lights,
on the other hand, pass through the dispersive medium first, travel
through the nonlinear fiber in the counterclockwise direction, and
are incident on port B of the PBS. Here, the polarization state is
assumed to be adjusted so that the polarization state is identical
at ports B and C after propagating through the fiber loop by
use of, for example, a polarization controller or a polarization
maintaining fiber. Then, the x and y signal components are
polarization-multiplexed and coupled out from port D at the PBS.

The behavior of all lights in the above system can be analyzed as
follows. In the nonlinear fiber, a parametric interaction occurs
between the signal and pump lights; this interaction can be
described by the following nonlinear coupled Eq. (1):
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Fig. 1. Configuration of proposed phase-sensitive amplification system. PBS:
polarization beam splitter, POL: polarizer, CIR: optical circulator, and PM nonlinear
fiber: polarization-maintaining nonlinear fiber.
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Here, Es, Eq, and E; are the complex amplitudes of the signal and the
two pump lights, respectively; 7y is the nonlinear coefficient; Ap is
the linear phase mismatch; and z is the propagation direction. For
simplicity, the propagation loss is not taken into account. Under
the small signal condition, |E| < |E;|, |E2|, the above coupled equa-
tions can be analytically solved as [1,10]:

Eq(L) = {E(0) cosh(2yPoL) + ie""" @™ E (0)" sinh(2yPoL) }e™oL
(2)

where E4(0) is the initial signal amplitude; Py is the input power of
each pump light; 0,(0) and 0,(0) are the initial phases of the two
pumps, respectively; Es(L) is the signal amplitude after propagating
through length L; and the nonlinear phase-matching condition,
AB-2yPy =0, is assumed to be satisfied. When the pump power
is sufficiently high so that exp(2yPoL) >> 1, Eq. (2) is approximated
as:
Es(L) = 1/Ps(0)e*™oL cos[05(0) — 0,(0) — 7r/4]eHhO+m/4+4Rolt - (3)
where Py(0) is the initial signal power, 040) is the initial signal
phase, and 0,(0) is the average of the initial pump phases, defined
as 0p(0) = {61(0) + 05(0)}/2.

In the fiber loop shown in Fig. 1, the initial states of the signal
and the two pump lights in the clockwise direction can be
expressed as:

) (0) = /Prg/2ei0+7/2), (4a)
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and those in the counterclockwise direction can be expressed as:
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where Py and Py are the signal and pump powers incident to the
PBS, respectively; 0so, 010, and 09 are the incident signal and pump
phases, respectively; fs, f1, and f3, are the propagation constants for
the signal and pump lights in the dispersive medium, respectively;

and zq4 is the length of the dispersive medium. Applying the above
initial states to Eq. (3), we obtain the signal light after traveling
through the nonlinear fiber as:

E(L) = /Py /2€"L cos [0 — Opp — T/4)ei o 3W/4+2Pl) - (BQ)
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where 9p0 = (010 + 020)/2.

The signal lights traveling in the clockwise and counterclock-
wise directions are polarization-multiplexed and coupled out from
port D of the PBS, which can be expressed as:
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Here, we assume {fs — (1 + f2)/2}zq = /2, which is not difficult to
satisfy in practice [see the Appendix]. Then, the above equation
can be rewritten as
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The total power of this signal output is
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This equation suggests that amplified signal light is always out-
putted independent of the input phase. In addition, Eq. (8) shows
that the phase of the output signal light does not depend on the
signal input phase. Thus, the phase digitizing property, which is
observed in conventional PSA, is obtained in our system.

Eq. (8) suggests that the cos and sin components, i.e., two
quadrature components, are outputted as the x and y polarization
states, respectively, meaning that the two quadrature compo-
nents are demultiplexed into two cross-polarized lights. This
function of quadrature-demultiplexing is achieved in a vector
PSA system [11]. The present system offers the same function in
a different way.

Eq. (8) also indicates that the output ratio of the two orthogonal
components depends on the signal input phase with a constant
phase difference between them, meaning that the output polariza-
tion state depends on the input phase. In other words, the present
scheme performs phase-to-polarization conversion. This property
is somewhat similar to phase-to-amplitude conversion in conven-
tional PSAs, in a sense that it can be a drawback of degrading the
signal receiver performance. Nevertheless, this drawback may be
mitigated when the system operates under gain-saturated
conditions, as in conventional PSAs. Further studies will be
necessary for quantitative evaluation of the effect of the
phase-to-polarization conversion.



K. Inoue/Optical Fiber Technology 25 (2015) 39-43 41

3. Calculation

We carried out numerical calculations using Eq. (1) to confirm
the above operation. First, the amplification characteristics under
unsaturated conditions were calculated. The results are shown in
Figs. 2 and 3. Considering the misalignment of the polarizer angle
in the actual implementation, several angles of the polarizer with
respect to the PBS principal axes were examined. Fig. 2 shows
the total signal gain as a function of the signal input phase. The sig-
nal gain, which depends on the signal input phase at misaligned
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Fig. 2. Signal gain as a function of signal input phase. Signal input power
is -10dBm. The polarizer angle with respect to the PBS principal axes is 40°
(dotted line), 43° (broken line), and 45° (solid line). The other parameters
are y=12W™'km™; L=200m; Po=05W; and Af is a value that satisfies
the nonlinear phase matching condition for a polarizer angle of 45°, i.e,
AB - 29(Ppof2) = 0.

(a) pol. angle = 40°

(b) pol. angle = 43°

angles, becomes uniform at an angle of 45°, indicating signal
amplification with low input-phase dependency. Fig. 3 shows the
signal output power and phase for each polarization component
under the same conditions in Fig. 2. It is indicated in Figs. 2 and
3 that the signal powers of the two polarization components vary
in a complementary manner and, as a result, the variation in the
total power turns to be small or disappears when the polarization
axis is perfectly aligned. Fig. 3 also shows that the output phases of
each component are quantized, such that they are mostly constant
and periodically jump by 7 at particular input phases; the interval
of these particular input phases is 7. This output phase behavior is
similar to that in conventional PSA. The phase jumping points are
shifted by n/2 between the two polarization components, corre-
sponding to the complementary behavior of the output powers.
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Fig. 5. Signal gain for an input power of 13 dBm. The other conditions are the same
as those in Fig. 2.
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Fig. 3. Signal output power and phase for each polarization component under the conditions shown in Fig. 2. Solid and dashed lines are the gain and phase for x-polarized
component, and chain and dotted lines are those for y-polarized component, respectively. The polarizer angle is 40° (a), 43° (b), and 45° (c).
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Fig. 4. Phase of output signal field in one polarization mode (solid line). Output states for input phases of -0.37 and 0.37 are chosen as the signal polarization mode in (a) and
(b), respectively. The power of the signal polarization mode relative to the total power is also plotted (dashed line). The system conditions are identical to those in Fig. 3(c).
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(a) pol. angle = 40°

(b) pol. angle = 43°

(c) pol. angle = 45°
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Fig. 6. The signal gain as a function of the signal input power. Solid and dashed lines are the maximum and minimum gains, respectively. The polarizer angle is 40° (a), 43°

(b), and 45° (c), and the other conditions are the same as those in Fig. 2.

(a) pol. angle = 40°

(b) pol. angle = 43°

(c) pol. angle = 45°

— x-comp. S ~ 2 20 i { N (R o
5 P50 £ 2 =
5 S8l 2 B 5 04 2 5
2 = % 04 N[ Voo -g‘ ‘13’ 777777 =
Q 2% 8 1) 2
= & = i 2 & &
2 T B 02 = 8% B
5] e 2 'E g he
S} a 0 - ;% g . a

= \ ~ 0 4 &

-0 05 0 05 1.0 -1.0 05 0 05 1.0 -0 05 0 05 10

input phase (rad/m) input phase (rad/r) input phase (rad/m)

Fig. 7. Signal output power and phase for each polarization component under the conditions shown in Fig. 4. Solid and dashed lines are the gain and phase for x-polarized
component, and chain and dotted lines are those for y-polarized component, respectively. The polarizer angle is 40° (a), 43° (b), and 45° (c).

It is noted that, at an input phase at which the phase of one com-
ponent jumps, the corresponding output power is approximately
zero and the other component is dominant with a constant phase,
suggesting that the phase of the output signal is roughly indepen-
dent of the input phase.

In the above, the output phases of the two orthogonal polariza-
tion components are respectively calculated. Next, we regard the
output signal state as one polarization mode. This can be made
by introducing the following unitary transformation in terms of
the polarization coordinates.

(10)

(Ep>_ 1 (E; E;><EX>
B/ JEE+IBR\E B\

where (E,, E,)T the output light expressed in the polarization coor-
dinate matched to the PBS principle axes, and E, and E, are the
mean values of the x and y components, respectively. In the trans-
formed polarization coordinate, E, is dominant while E; = 0 on aver-
age. Then, we can regard E, as the output signal field.

Fig. 4 plots the phase of the signal field defined as above as a
function of the input phase under the system conditions in
Fig. 3(c). The output states for input phases of —0.37 and 0.37
are chosen as the signal polarization mode in Fig. 4(a) and (b),
respectively. The signal phase is shown to be digitized as in con-
ventional PSAs. The power of the signal polarization mode relative
to the total power, |Ey|*/(|E,|> + |E4|?), is also plotted in the figure,
showing that the signal mode is dominant in the phase constant
regions.

The above calculations were made for unsaturated conditions.
We also examined the gain-saturated conditions. Fig. 5 shows
the signal gain as a function of the input phase. The gain undula-
tion observed for misaligned polarizer angles is reduced under
gain-saturated conditions. Instead, however, some gain undulation

appears for a polarizer angle of 45°, an angle at which uniform gain
is obtained under unsaturated conditions. The dependence of the
gain undulation on the saturation condition is shown in Fig. 6,
where the maximum and minimum gains are plotted as a function
of the signal input power. The gain difference becomes small as the
saturation proceeds for a misaligned polarizer angle, whereas it
becomes large for an ideally aligned angle. Fig. 7 shows the output
power and the phase of each polarization component as functions
of the signal input power under the conditions in Fig. 5. It is noted
in Fig. 7(c) that peak levels of one polarization component are
depressed and, as a result, the high output power levels of one
component do not fully compensate for the low levels of the other
one. This property causes the gain undulation in Fig. 5 for a polar-
izer angle of 45°. Nevertheless, the output phase properties
observed under unsaturated conditions are also obtained under
gain-saturated conditions.

4. Summary

This paper proposed a parametric amplification scheme based
on PSA in an optical fiber. The proposed system is composed of a
nonlinear fiber loop with a dispersive medium, in which PSA
occurs bi-directionally. Because of the phase shift between signal
and pump lights induced in the dispersive medium, the signal light
is amplified in either of the two directions and is always outputted
from the system with a digitized output phase for any given input
phase. Calculations using nonlinear coupled-equations confirmed
the operation of the scheme.

Appendix.

The dispersive medium used in the proposed system is assumed
to satisfy {Bs — (81 + B2)/2}zq4 = m/2. This condition can be met by,
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for example, a length of normal dispersion fiber as follows. First,
we expand the propagation constants at frequencies f; and f,
around f; as

1d°

B = B(F.) +j—fi<fl S TR

2a
2, 1 ’De oy 5,0
== A g G TP, (A1a)
2 1 7’Dc
b= Bt A g e A (ATb)

where Af=(fs — fi)=(f> — fs); vg is the group velocity at f; 4 is the
signal wavelength; c is the light velocity; and D, is the dispersion
parameter of the fiber. Using these expressions, the condition

required for the dispersive medium can be rewritten as:
/%D,
c

{Bs — (B1 + B2)/2}24 =

Using the parameters of i=1.5pum, D.=17 ps/km-nm, and
Af=1THz, this condition is satisfied for a length of z4 =4 m.

(Af'za =5 (A2)
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