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By analyzing the principle of dual-pump parametric amplification and the polarization dependent gain of fiber optical

parametric amplifier (FOPA), a polarization-insensitive FOPA based on polarization-diversity technique with dual parallel

pumps is presented. The performances of polarization-insensitivity, gain and BER are theoretically analyzed and numeri-

cally simulated by comparing the proposed scheme with parallel pump solution and orthogonal pump solution. The pre-

sented solution can reduce the complexity of state of polarization (SoP) of pumps.
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Compared with traditional optical amplifiers, any wavelength
signal can be amplified by fiber optical parametric amplifier
(FOPA) in theory, and FOPA can provide high and flat gain,
wide bandwidth, and low noise!"®!. In recent years, FOPA
has made a great progress and has been proved with excel-
lent performance”'?. However, it is demonstrated that the
gain of signal is closely related to the state of polarization
(SoP) of the signal and the pumps. In practice, SoPs of opti-
cal signals never stop changing, which affects the gain to a
great extent. So it is necessary to further investigate the po-
larization-insensitive FOPA, and many relative studies are
reported!*?°L F. Yaman!'¥ and Colin J. McKinstrie'¥ ex-
plained the theory on polarization-insensitive FOPA with bi-
refringence fiber. Luo T.["* obtained the polarization-insen-
sitive gain by depolarizing the pump with a polarization
controller. K. K. Y. Wong!'! demonstrated experimentally
the single-pump FOPA using polarization diversity technique
which can produce polarization-insensitive gain. In addition,
the dual-pump schemes are also reported”'). In 2006, G.
Kalogerakis??” reported a dual-pump FOPA by using the po-
larization diversity technique.

In this paper, the principle of parametric amplification
with dual pumps based on vector equation is presented and

the performances of the dual-parallel-pump FOPA with po-
larization diversity technique are demonstrated. Simulation
results show that the polarization insensitive gain for any small
optical signal with arbitrary SoP can be achieved.

If the strong pumps at the frequencies , and w, are inci-
dent at the fiber, and the phase-matching condition is satisfied,
the weak signal at , will be amplified while a new wave at
o, is generated simultaneously which is called the idler wave!.
Averaging the vector coupled-mode equations over the fast
SoP rotations, equations as follows can be obtained:
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where y = 8y/9, which stands for the decrease of y due to the
fast SoP rotations.

The evolution of pump SoPs can be described in the
Stokes space as:

dPp
GL=r PP, ©
dP
d;:}/el)lXPZ' (6)

Even though the pump SoP rotates along the fiber, the two
pumps conserve their power. Another concealed condition is
that the sum of the Stokes vectors of the two pumps remains
constant: P;= P+ P, . Since the pump SoPs rotate around
the axis along P, with the Pauli matrices considered, the
equation as below can be noted:

|A) A [+ )| = SR + P, + P+ P05 (T)

which shows an important fact that the right side of the pump
field in Egs.(1) and (2) remains constant along the fiber.

By introducing the unit vectors: p = P, /P, , p,= P,/P,
and p,= (p,+p,) /2 , Eqs.(1)-(4) can be solved for the
signal field and the gains of the two polarization components
G, and G, of it can be obtained:

|By(2))=G,|B,,)+G,|B,,) - ®)

Gx/y = cosh(gx/yz)+ giK sinh(gx/yz) , 9)

xly

where g, =M}, —x* M, =M,l+cos(6,/2)],M, =

yem, the phase-mismatch parameter is kK = Af§ +
v,(P +P,) and 6, is the angle between the Stokes vectors of
the two pumps, which is defined as 6 = cos”(p, * p,). Com-
bining Eqs.(8) and (9), the relationship between the signal
gain and the relative angle between the SoPs of the fields can
be obtained:
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As shown above, when the input pumps have orthogonal
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polarization states in the Jones space, in other words, the
Stokes vectors corresponding to the two pumps make an angle
of m , the signal gain is independent of the signal SoP. If the
two pumps are not orthogonally polarized, when the unit
Stokes vector of signal p, is in the same direction as p,, the
largest gain |G |* can be obtained, and when it is orthogonal
to p,, it experiences the minimum gain |Gy\2 . However, if the
SoP of signal is orthogonal to that of parallel pumps, there is
no signal gain at all.

Set the parameters as follows: y=17 W-'/km , the zero-
dispersion wavelength A= 1550 nm, B,=0.1ps*/km, f,=
10* ps*/km , A, = 1502.66 nm , A,= 1600.6 nm , P, = P, =
300 mW, and fiber length is 500 m. The relative angle be-
tween the two pumps is set as 0, /16, /8, m/4 and ©/2 re-
spectively (0 stands for the case of parallel pumps and 1/2
stands for the case of orthogonal pumps). The results are
shown in Fig.1.

Gain (dB)
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SoP (")
Fig.1 Signal gain for dual-pump FOPA with different sig-
nal SoPs (relative to p )

The theory of polarization dependency of dual-pump
FOPA represented in this section is demonstrated in Fig.1.
Furthermore, when the pumps are not orthogonally polarized,
the signal gain attenuates as the signal SoP increases from (°
to 90° relative to p, (in the case of 90°-180°, it experiences
the opposite tendency); the maximum gain decreases as the
relative angle between pumps increases, and when the pumps
are orthogonal to each other, the signal gain is independent
of the SoP. But the gain is smaller than the maximum which
can be obtained by the parallel-pump FOPA with the same
parameters, and the SoP is hard to control or adjust in practice.
So it is necessary to develop a scheme with polarization-
insensitive gain which can be obtained more easily, but the
gain can also be kept at a higher level.

For conveniently discussing, fields are decomposed into
two directions x and y. It is demonstrated that the two polar-
ization components evolve independently!®. The principle
of the parallel-pump FOPA based on polarization diversity
technique is shown in Fig.2.
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Fig.2 Theory of parallel-poump FOPA based on polariza-
tion diversity technique

In Fig.2, A and 4, stand for the pumps which are
copolarized, two components of which are indicated by the
subscripts x and y. 4, (k=3 or 4, m stands for x or y) stands
for the component of éignal and idler wave in x or y direction.
When the SoP of signal is copolarized with axis x /y it expe-
riences the maximum gain in x /y direction, while it has no
gain in y/x direction at all. In the parametric amplification
process, the power is mainly transferred from the compo-
nents of the pumps which have the smaller relative angles
with the SoP of signal to the signal, while the other compo-
nents of the pumps act as the compensation, and the total
gain keeps constant, regardless of the input SoP. In other
words, the polarization-insensitive gain is obtained.

Set the simulation system as Fig.3.

Laser 1

PC 1 EDFA 4,

1 BRYS

Fig.3 System of polarization-insensitive FOPA with par-
allel pumps

Take tunable laser sources Laser1/2 as strong pumps, and
the signal is a weak one, which are aligned with polarization
controllers PC1/2/3 respectively. The pumps and signal are
coupled into a polarizing beam splitter (PBS), which decom-
poses the input into x and y polarized directions. With no
signal launched, the power of the pumps in two orthogonal
directions is monitored with OSA and the power of the two
components of each pump is the same by adjusting PC1 and
PC2. It is obvious that the pumps are parallel at this time,
and it is much easier to realize by monitoring the power than
adjusting the PC. The suitable highly nonlinear fiber (HNLF)
and parameters are chosen to satisfy the phase-matching con-
dition so that efficient FWM takes place in x and y polarized
directions and the signal is amplified at a high level. A ring
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configuration is used here. Optical waves in x direction propa-
gate in the fiber clockwise while those in y direction propa-
gate counterclockwise. Since outputs of the PBS are orthogo-
nal to each other, they experience independent parametric
processes and the interactions of them can be neglected. The
output waves are launched into a wavelength division multi-
plexing (WDM) and monitored by OSA2.

Parameters are set as below: frequencies of Laserl and
Laser2 are 193.74 THz and 190.38 THz respectively, pow-
ers of them are 20.46 dBm and 20.32 dBm respectively,
frequency of signal is 192.41 THz, and power of itis —27.85
dBm. Zero-dispersion wavelength of HNLF is 1562.49 nm,
the slope of dispersion is 0.01 ps/nm?<km, length of fiber is 1
km, and y= 17 W'/ km.

The relationships of gain and SoP in three schemes are
compared in Fig.4.
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Fig.4 Signal gains of different SoPs in three schemes for
dual-pump FOPA (PBSCo, Co and Or stand for the paral-
lel-pump FOPA based on polarization diversity technique,
the parallel-pump FOPA and the orthogonal-pump FOPA
respectively.)

Fig.4 shows obviously that in the same conditions, gain
of parallel-pump FOPA attenuates as the relative angle be-
tween signal SoP and the pumps increases; gains of orthogo-
nal-pump FOPA and parallel-pump FOPA based on polar-
ization diversity technique are polarization-insensitive; the
maximum gain of parallel-pump FOPA (G, ) can be obtained
when the signal is copolarized with the pumps, which is higher
than that of the orthogonal-pump FOPA (G ); gain of paral-
lel-pump FOPA based on polarization diversity technique
(Gppse,) 18 smaller that G, but higher than G . It shows in
Fig.4 that the differences between G and G, , G,pe, and
G, are about 3 dB. Calculated from the data, the polariza-
tion sensitivity of orthogonal-pump FOPA is about 0.38 dB,
while that of the parallel-pump FOPA based on polarization
diversity technique is about 0.004 dB, which shows better
performance of the latter scheme. Results of Kenneth K. Y.
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Wong!"® and G. Kalogerakis®” confirm the analyses and re-
sults in this paper.

Fig.5 shows the output signal power for different input
power. The input power is -39.56 dBm, -29.56 dBm, -19.56
dBm, -9.56 dBm, 0.44 dBm and 2.48 dBm respectively. For
the polarization-insensitive FOPA studied in this paper, when
the input signal power is lower than -9.22 dBm, the output
power is linear with the input, which is independent of the
SoP. However, if the input signal power is higher than 0.44
dBm, the output almost remains constant which has little gain
and is polarization-sensitive, that is to say, the FOPA reaches
its saturation threshold.
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Fig.5 Output signal power for different inputs

In order to get the value of the saturation threshold, gain
as a function of input power with SoP of the signal to be 45°
and 90°is monitored by the system, which is shown in Fig.6.
It shows that the gain can keep constant only when the power
of the input signal is below -10.8 dBm, which means that the
value of the saturation threshold is -10.8 dBm. What’s more,
in the saturated area, the signal gain is somehow related to
the SoP. So the system has to work in its linear area to guar-
antee the polarization-insensitive performance.
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Fig.6 Gain as a function of input power for different SoPs

Assuming the SoP of input signal is 0°, the on-off keying
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(OOK) data of 10 Gb/s is modulated to the input optical
signal. The electrical signal is obtained by optical-electrical
conversion. After demodulation, the original data can be
recovered.

Fig.7 compares the BERs of parallel-pump FOPA based
on polarization diversity technique, parallel-pump FOPA and
orthogonal-pump FOPA.

0 . w
= PBSCo .
0.01 * Co
1E3 4 Or .
1E-4 .
1E5 .
1E5 .
&4 1E-7 4
= 1ES -
= 1E8-4
1E-10 o L]
1E-11 . N
1E-12 - . &
1E-13 o - - L [
1E-14 4t
1E-15 a B
5] A 4o * u
1E-18 L]
1E-19 4 "
T T T T T 1
0 20 40 60 80 100

SoP (")

Fig.7 BER comparison of three schemes for dual-pump
FOPA

Fig.7 shows that the minimum BERs of the three schemes
are 1.0"°, 1.0"7and 1.0 respectively. The BER performance
of parallel-pump FOPA based on polarization diversity tech-
nique is the best among the three schemes.

The polarization dependency of dual-pump FOPA is ana-
lyzed in the paper, which confirms that the signal gain of
dual-pump FOPA is related to the SoPs of the fields. In order
to solve the problem, this paper presents the scheme of par-
allel-pump FOPA based on polarization diversity technique
to obtain the polarization-insensitive gain and investigates
the system in some important aspects. Parallel-pump FOPA
based on polarization diversity technique achieves the best
performance of polarization insensitivity compared with par-
allel-pump or orthogonal-pump FOPA at the cost of sacrific-
ing some gain. Gain of parallel-pump FOPA based on polar-
ization diversity technique is smaller than the maximum gain
of parallel-pump FOPA but higher than that of orthogonal-
pump FOPA. This system has a saturation threshold when
the input power reaches some level, and the polarization-
insensitive gain can be only obtained when it works in the
linear area. Parallel-pump FOPA based on polarization di-
versity technique has the best BER performance among the
three schemes mentioned in the paper. In summary, the par-
allel-pump FOPA based on polarization diversity technique
is an advanced scheme to obtain polarization-insensitive gain.
Furthermore, the SoPs of the pumps are controlled by moni-
toring the power of them, which makes the scheme much
easier to realize.



YIN et al.

References

[10]

[11]

Roger H. Stolen and John E. Bjorkholm, IEEE Journal of
Quantum Electronics QE-18, 1062 (1982).

Ma Yanxing, Si Lei, Wang Xiaolin, Zhou Pu and Xu Xiaojun,
Optoelectronics Letters 5, 18 (2009).

Provino L., Maillotte H., Lantz E., Sylvestre T. and Dudley J. M.,
Lasers and Electro-Optics Europe, Conference Digest, 1 (2000).
Govind P. Agrawal, Nonlinear Fiber Optics (The 3rd Edition),
World Publishing Corporation, 389 (2001).

Bingxin Li and Rongjin Yu, Optoelectronics Letters 5, 364
(2009).

Kylemark P., Karlsson M., Torounidis T. and Andrekson P.
A., Journal of Lightwave Technology 25, 612 (2007).
Jonas Hansryd and Peter A. Andrekson, IEEE Journal of
Selected Topics in Quantum Electronics 8, 506 (2002).
Thomas Torounidis, Peter A. Andrekson and Bengt-Erik
Olsson, IEEE Photonics Technology Letters 18, 1194 (2006).
A. Vedadi, M. Jamshidifar and M. E. Marhic, IEEE/LEOS
Winter Topicals Meeting Series, 231 (2009).

S. Radic, C. J. McKinstrie, R. M. Jopson and J. C. Centanni,
Optical Fiber Communication Conference, TuC4 (2004).
R. Tang, P. Devgan, V. S. Grigoryan and P. Kumar, Electron-

[12]

[13]

[14]

[15]

[20]

Optoelectron. Lett. Vol.7 No.4 + 0245

ics Letters 41, 1072 (2005).

Oo-Kaw Lim, Grigoryan V., Shin M. and Kumar P., IEEE/
LEOS Winter Topical Meeting Series, 43 (2008).

F. Yaman, Q. Lin and Govind P. Agrawal, IEEE Photonics
Technology Letters 18, 2335 (2006).

Colin J. McKinstrie, Manalapan and Chongjin Xie, United
States Patent Application Publication, US 2010/0103505 A1,
2010.

Luo T, Yu C,, Yan L. S., Pan Z., Wang Y., Song Y. and
Willner A. E., Optical Fiber Communication Conference 1,
TuCl (2004).

K. K. Y. Wong, M. E. Marhic, K. Uesaka and L. G. Kazovsky,
Optoelectronic and Communications Conference, 609 (2001).
K. K. Y. Wong, M. E. Marhic, K. Uesaka and L. G. Kazovsky,
the Conference on Lasers and Electro -Optics, 431 (2002).
K. K. Y. Wong, Michel E. Marhic, Katsumi Uesaka and L. G.
Kazovsky, IEEE Photonics Technology Letters 4, 911 (2004).
K. K. Y. Wong, Michel E. Marhic, Katsumi Uesaka and L.
G. Kazovsky, Optical Fiber Communication Conference and
Exhibit, 129 (2002).

G. Kalogerakis, M. E. Marhic and L. G. Kazovsky, Optical
Fiber Communication Conference and the National Fiber

Optic Engineers Conference, 3 (2006).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e0020000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d00280063002900200032003000300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
    /CHS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice




