IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 8, NO. 3, MAY/JUNE 2002 527

Fiber Parametric Amplifiers for
Wavelength Band Conversion

Mohammed N. Islam and Ozdal Boyrs&tudent Member, IEEE
Invited Paper

Input spectrum

Abstract—By using a loop configuration formed by a polariza- 0 ‘ . i

tion beam splitter, we experimentally demonstrate that the existing
wavelength-division multiplexing (WDM) sources inC-band can
be wavelength converted to theS-band with low polarization sen-
sitivity and low crosstalk. Using a fiber parametric amplifier as a
band converter, we achieve experimentallyx:0.65-dB polarization
sensitivity and >4.7-dB conversion efficiency over 30-nm conver-
sion bandwidth in 315 m of fiber. Compared to the conventional
straight fiber wavelength conversion scheme, a more than 2-dB im-
provement in polarization sensitivity is measured. In addition to
the polarization insensitivity, channel crosstalk is measured to be Output spectrum
<—27 dB in 315 m of high nonlinearity fiber. In a detailed exper- : ' '
imental study, the pattern of crosstalk in longer fiber lengths and -50
the coupling between the polarization sensitivity and crosstalk are
measured. For example, with a 430-m fiber length, we measure the
degradation in polarization sensitivity to be ~4 dB for 12-dB in- -70
creased signal power. The experimental results are also confirmed
by theoretical calculations. Moreover, in a 32 channels systems sim-
ulation, the signal-to-noise ratio (SNR) of the converted signals
after 800-km propagation is calculated to be only 0.8-dB degraded
compared to using laser diodes with the same initial SNR values. :
Furthermore, we calculate the effect of pump noise and show that Converted Sources
the relative intensity noise of the pump is transferred to the con- to S-Band
verted signals with an additional 8-dB/Hz degradation.
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Fig. 1. lllustration ofS-band source generation by wavelength conversion. By
Index Terms—Broad-band amplifiers, crosstalk, nonlinear using a single pump laser to utilize modulation instability, the existing sources
optics, optical fiber amplifiers, optical parametric amplifiers, in C-band can be converted foband. The mirror image of the sources in the
optical fiber communication, optical fiber polarization, optical C-band is generated in thg-band.
propagation in nonlinear media, optical transmitters, parametric

amplifiers, polarization sensitivity, wavelength-division multi- . .
plexing, wavelength conversion. expenses through fewer part numbers, it may be desirable to

only stock a fixed number of WDM transmitters, such as only
in the conventionalC-band. Then, new transmitters in the
. INTRODUCTION surrounding bands—such as the short-waveleristhand or

IBER PARAMETRIC amplifiers can be used to converfong-wavelength/.-band—can be made by using the existing
Fsimultaneously a set of wavelengths to a new set BRnsmitters and band shifting them to either theor L-band.
wavelengths, which are a mirror image of the original. Alowever, aband converter for any of these telecommunications
band converter of this sort can fulfill a number of uniquéPplications must be polarization insensitive with low crosstalk
functions in telecommunications networks. For example, inRgtween WDM channels. _ .
protection switching or restoration mode, the band converterAn attractive method of implementing the band conversion
can take an existing band of wavelengths on a damaged IiPfIOCESS IS based on the modulation instability (M) effect in the
and transfer it to a new band of wavelengths on an already ud&gr- Ml is a four-photon process, where two photons from the
fiber. Alternately, to reduce capital expenses and operatio4MPp laser and one photon from the signal interact and generate

one photon in signal wavelength and one in conjugate, which is
. . . _ , the image of the signal. Fig. 1 shows the basic idea behind the
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supported by DARPA at the University of Michigan. process. Starting with high-power pump laser near low power
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dispersion regime. The conversion bandwidth, however, is ded amplification of signals in optical fibers. One aspect of the
termined by the pump power and the dispersion propertiesresearch focuses on the gain flatness of the amplifiers and gain
the fiber, which determines the phase-matching condition. Bipple [4], [5]. The other aspect of the research focuses on the
choosing high nonlinearity fibers and a pump laser near thagh conversion efficiency and large conversion bandwidth of
zero dispersion wavelength of the fiber while maintaining a rel@arametric amplifiers and wavelength converters [6]-[9]. In
tively low dispersion value at the signal band, the enfirband addition, there has been several papers presented on generation
can be converted to th&-band in low dispersion fibers. How- of new sources by utilizing the parametric process in fibers and
ever, the efficiency of the MI depends on the relative polasemiconductor optical amplifiers [10]. However, the intrinsic
izations of the signal-and-pump lasers. This polarization sgpelarization sensitivity and channel crosstalk problems, as
sitivity may cause amplitude fluctuations at the output due mminted out in these experiments, limit the applications [1],
random changes in the polarizations states of the incoming dity1].
nals. Moreover, as the signal and the pump power increase, norithe early polarization works generally focused on the
degenerate four-wave mixing (FWM) generates additional hamnversion efficiency of FWM for different polarization
monics. If multiple wavelengths are converted, then these netates [11]. In later experiments, there are several approaches
harmonics may cause crosstalk between nearby channels. presented to achieve polarization-insensitive wavelength
By using a loop configuration formed by a polarization beamwonversion both in semiconductor optical amplifiers (SOA)
splitter and a fiber of optimized length, a polarization sens&nd in dispersion-shifted fibers (DSF) with low conversion
tivity of less than 0.65 dB over 30 nm and crosstalk less thafficiencies [12]-[16]. Orthogonally polarized pump sources to
—27 dB can be achieved. The aim is to use two pump beawrshieve polarization diversity pumping is the most commonly
to convert each polarization state separately. By using a polased technique in these experiments to achieve low polarization
ization beam splitter (PBS), two polarization states of the isensitivity [14], [15]. For example, in one of the early experi-
coming signal can be separated and combined with one of thents, Jopsoet al.implemented a wavelength converter with
pump beams. By using the loop configuration, the same fiberl-dB polarization sensitivity in 25-km DSF by using two
is utilized to eliminate differences in gain values. The inteerthogonally polarized pump signals symmetrically located
actions between the orthogonal pump lasers can be minimizadund the zero-dispersion wavelength of DSF [12]. In a later
by counterpropagation around the loop. However, a length ag¢periment, the polarization sensitivity of the similar setup
timization is required to optimize the crosstalk value. Specifis reduced to 0.3 dB at certain wavelengths by using tunable
cally, since the strength of the harmonic is increased with fibpump lasers to optimize pump position in a different 13-km
length, the fiber length should be cut before the harmonics rea®BF [13]. Likewise, single frequency conversion with as low as
a power level that causes a significant crosstalk. Additionall§,5-dB polarization sensitivity has been demonstrated by using
using short fiber lengths for wavelength conversion can mirtwo pump lasers at different wavelengths and orthogonal polar-
mize the coupling between the polarization sensitivity and theations [14]. Recently, there has been field transmission of 40
crosstalk, even though the shorter fiber results in lower convedb/s with midspan inversion is demonstrated by using inline
sion efficiency. orthogonal pumping scheme for midspan spectral inversion
The outline of this paper is as follows. The next section pr¢17], [18]. In addition to orthogonal pumping scheme, there
vides the background of various approaches on wavelength caas been different approach is suggested and presented for
version. Then, band conversion in straight fibers is demonstratgdvelength conversion [19]-[22]. In these experiments, wave-
inthree different fiber lengths with special focus on the crosstalkngth conversion by using cross-phase modulation (XPM)
measurements. The polarization-insensitive wavelength convgith nonlinear loop mirrors are demonstrated [19], [21]. How-
sion in high-nonlinearity dispersion-shifted (HNL-DS) fiber inever, multiple wavelength operation of wavelength converters
a loop configuration will be presented in Section IV. Theory dfased on XPM has not been discussed. In addition to having
wavelength conversion and verifications of the experimental rg-polarization sensitivity, the additional crosstalk components
sults will be given in Section V. The system performance basgde to different frequency pump lasers aggravates the challenge
on 32 channels continuous-wave (CW) propagation through 8 wavelength-division-multiplexing (WDM) systems. Similar
km and the effect of pump noise on converted signals will be digchniques, in addition to polarization diversity technique,
cussed in Section VI. Section VIl will have a brief discussion ofre utilized for SOA and fiber distributed-feedback (DFB)
the experimental results, followed by a summary of the paperigser-based wavelength converters [23]-[26].
Section VIII. Since the early experiments focus mainly on the enhance-
ment of WDM system capacity by providing wavelength
flexibility and wavelength reuse, the polarization insensitivity
is limited to <7 nm and the crosstalk problem is overlooked
There are several experimental and theoretical researcfi#¥, [27]. However, the increasing conversion efficiency
conducted on parametric amplifiers and wavelength convertégads to high crosstalk, which will be the second limitation
to develop new amplifiers and convert existing sources td the wavelength converters when it used for conversion of
improve the wavelength efficiency of WDM networks byhigh channel counts. In one of the previous experiments, the
allowing wavelength reuse [1]-[3]. Specifically, several groupzosstalk values as high aslO dB have been measured [10].
within last decade have investigated the different aspects Sifice the number of channels used in these experiments was
conversion of existing laser sources to different wavelengtless than 7 nm, placement of inline filters has been proposed

Il. BACKGROUND
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Fig. 2. Experimental setup of the straight fiber wavelength converter. Modulation instability in HNL-DS fibers converts the signél-ivethe toS-band by
using 860-mW quasi-CW pump at 1532 nm. Gain profile, polarization sensitivity, and crosstalk are measured by using an optical spectrum analgzéra( OSA
power meter.

to eliminate the crosstalk components [10], [28]. Although the 30— - - ' -

filtering of crosstalk component will improve the system per- o5 ¢ ¢ _L=1000m |

formance, it will not be effective or practical for dense WDM . !

systems with channel spacinrgd0 GHz and for elimination 20 ¢ ;5:430 m -

of inband crosstalk components. Yet, there has not been any ) ¢ . # " ¢

kind of solution proposed to eliminate the crosstalk problem 15} = e ® o " ¢ . |

in dense WDM wavelength converters. The effect of large -% 10l o ¢ L= 315 m ® e # |

channels counts and channel spacing on crosstalk is considered o ¢ o

only for WDM propagation and detection systems [29]. 5f ¢
Thus, the polarization sensitivity and the crosstalk of para- 0

1536 1542 1548 1554 1560
Wavelength (nm)

metric amplifiers remain a significant barrier for applications in
WDM telecommunications systems. In the current experiment,
we pay special attention to these two limitations. By identifying
the re_asons behind polarlzatlon sensitvity, CrOS_Stalk' _and IHS 3. The gain profile of the Ml in the HNL-DS fiber. The gain profile of the
coupling between these two problems, aloop configuration wikh is measured in 315 m, 430 m, and 1 km of HNL-DS fiber. The minimum
optimized fiber length is proposed and implemented. Syste‘@pversion efficiency in 315-m fiber is calculated to be more than 4.7 dB.
implications also discussed based on the low polarization sen-
sitivity results. diode. The signal is combined with the pump laser by a 5/95
fiber tap coupler after passing through an isolator. Two polariza-
tion controllers (PC) on the signal and the pump arm are used
to adjust the relative polarizations to measure the worst-case
The experimental setup used for crosstalk and polarizatiarosstalk and polarization sensitivity values. The wavelength
sensitivity measurement in straight fiber is shown in Fig. 2. Theonversion is performed by modulation instability (MI) in the
pump laser is a quasi-CW source generated by a laser diodéldi-DS fiber with A\g = 1530.34 nm and dispersion slope of
1532 nm with 20-mW output powers. Ideally, a CW source withD /9 = 0.026 ps/nnt.km. The pump and the signal powers
high power and a phase modulator should be used. For followiimgthe HNL-DS fiber are 860 mW and //W, respectively. The
two practical challenges in the experiment, the quasi-CW soumeasurements are performed after 315-m, 430-m, and 1-km
is used as a pump source: to suppress the Brillouin scattertiyL-DS fibers to show the length dependence of the crosstalk
and to reach the required peak power levels. To generate #mel polarization sensitivity. A power meter and an optical spec-
quasi-CW, an electrooptic amplitude modulator is driven by RFum analyzer are used as diagnostic devices after filtering the
signal at 4-MHz repetition rate with a 3% duty cycle. The peatonverted signals.
pump power is set to be 860 mW after three stages of ampli-Fig. 3 illustrates the measured gain curves by using 315 m,
fiers with 1.5-mW, 7-mW, and 1-W saturated power levels amtB0 m and 1 km HNL-DS fibers. The conversion bandwidth at
4-, 7-, and 6-dB noise figure values. After the amplifiers, thg-dB point is measured to ke300 nm. This 30-nm conversion
accumulated amplified spontaneous emission (ASE) noiseb@nd shows that all the WDM channels within fheband can
filtered by bandpass filters with 2-nm bandwidth. Instabilitiebe converted to th8-band. By using the minimum gain value of
caused by back reflection are eliminated by a fiber isolator. TiealB obtained in 315-m HNL-DS fiber, the minimum conversion
signal is generated by a free space coupled tunable CW lasfficiency can be calculated agt.7 dB [27]. The gain profile is

lll. STRAIGHT FIBER WAVELENGTH CONVERTEREXPERIMENT
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determined by the MI used for wavelength conversion, and the 25— ' ' ' '
gain uniformity is measured to be+3.5 dB in the 315-m fiber. .
Since the pump laser is located very close to the zero dispersion -30+t
. . . . L =315m
wavelength of the fiber, the fourth-order dispersion plays a sig- o i
nificant role in the gain profile. Smoother decay at the edge of T 351
the gain bandwidth and larger conversion bandwidth is obtained % e
because of the fourth-order dispersion and 1-dB/km loss in the T "
fiber. x *
Channel crosstalk caused by nondegenerate four-wave 45 L . . . .
mixing (FWM) is one of the limitations of MI based wave- 1535 1540 1545 1550 1555
Iength.co.nverters in sy;?em.applications. From the beginning of Wavelength (nm)
the gain fiber, the amplification by Ml effect and nondegenerate
FWM develops simultaneously. Since the harmonic generated @
by the FWM is much smaller than the signal power at the initial U ‘ ' ' . .
stage, negligible crosstalk occurs. However, as the fiber length 6r . .
increase, the increasing harmonic power starts to interfere 2t
with nearby WDM channels and causes crosstalk between two o 18 . .
channels. The crosstalk is calculated by the formula E/ o4l ® " L oo
1] S o o
Xtalk _ Z Pharmonic (1) > 36l ® & & ]
PSigml L =430m
42r ‘ ‘ . . . 1
whereF,.,monic defines the total power of the unwanted signals 1536 1542 1548 1554 1560
generated by nondegenerate FWM. Typically, the strength of Wavelength (nm)
this harmonic is expected to be 25 dB below the signal power (b)

to. minimize the interference and to achiever10bit error rate Fig. 4. Measured crosstalk patterns in short and long fibers. (a) In shorter
with 0.5-dB power penalty. fiber lengths, the nondegenerate FWM define the crosstalk pattern. Because
To measure the crosstalk between channels, the powerobhcreasing phase mismatch decreasing crosstalk pattern is measured away
the harmonic generated by nondegenerate EWM and the sidff4p Pump laser. (b) In longer fibers, the high gain and increasing signal power
. verse the crosstalk pattern.
power at the same wavelength are measured experlmentaﬁy.

Fig. 4(a) displays th Iculated talk at th d of 315 . ) .
'g. 4(a) displays the calculated crosstalk at the end o stronger in longer fibers. Measurements in the 430-m HNL

-m
HNL-DS fiber. Because of the efficient phase matching ne$ _
the zero-dispersion wavelength, the strength of the crosstalk'lﬁser show this increment at wavelengthd550 nm. When the

measured to be-27 dB near the pump wavelength compare Ignals reach the end of 1-km fiber, the harmonics generated by
to the wavelengths near the edge of the conversion band. Si eesignals with h?gh gain region will dominate the ones gener-
the phase mismatch increases at the wavelengths away 3 d by yveal<ter| signals. N firm th tati f
the pump, the strength of the crosstalk decreases. For chan xperimental measurements confirm he€ expectations o

e . .
~10 nm away from the pump wavelength, crosstalk values Iégcreasmg crosstalk with22- and—5-dB crosstalk at 1534

low as —40 dB are measured. At wavelength@0 nm away nm and at 1556 nm, respectively, as shown in Fig. 4(b). In

: . ther words, the strength of the generated crosstalk component
from the\, of the fiber, th Ik val | ha ! _ .
rom the:\, of the fiber, the crosstalk values goes to lower t aeaches 5 dB below the input signal level in 430 m and 10 dB

—40 dB. However, because of the instrument limitation, V\feb the inout si | in 1 km at th lenath
consider—40 dB as the baseline in the experiment. aove the Input signal power in 1 km at the same wavelengins.

The strength of the harmonic, which causes crosstalk, is mTQ_ese results cIearIy demqnstrate that for sf[at.)Ie operation,
sured in 430-m and 1-km HNL fiber to show the effect of fibet '© length of the gain medium Shquld b? _optlmlzed for Ipw
length on crosstalk. Fig. 4(b) summarizes the strength of the hgerSSt.alk at the expense of conversion efflc_lency. For the given
monic after normalizing by 7AW input signal power across theexperlmental pgrameters, 31§-m HNL-DS _f|ber can convert the
conversion band. For short fibers, the maximum crosstalk le pole C-band into 5-band with <~27-dB inband crosstalk.
is measured to be less tha27 dB, and it decreases exponen: pwever,>2—dB polarization sensitivity in the given setup is
tially at wavelengths away from the pump source. However, tﬁg" a challenge to be addressed.
pattern of the crosstalk changes drastically with further propaga-
tion in the fiber, as shown in Fig. 4(b). This change of crosstalk
can be explained by the nonuniform increment in MI gain with
further propagation. The effect of nonuniform gain profile on A looped fiber wavelength converter configuration formed
crosstalk pattern will be discussed in detail in Section VI. Béy a PBS with optimized fiber length is used for the polar-
cause of high gain in the midband, the strength of the harmoieation-insensitive wavelength conversion with low crosstalk.
generated by channels with stronger gain is increased drabig. 5 shows the experimental setup used for low polarization
cally as the gain accumulates with propagation. Therefore, thensitivity. Since the polarization sensitivity originates from the
strengths of the harmonics at longer wavelength are expectedadct that relative polarization state of the signal and the pump

IV. POLARIZATION INSENSITIVE LOOPEDFIBER BAND
CONVERTER



ISLAM AND BOYRAZ: FIBER PARAMETRIC AMPLIFIERS FOR WAVELENGTH BAND CONVERSION 531

EO Band Pass

Meodalator

2 K BED mW
Paak Power

Pump ®

A~1532 am
$ 0 > 00

Signal

X ~1530-1565 nm O ﬁ 0
T
HNL Fiber
L =315/430 m

| OSA / Power Meter |

Fig. 5. Loop configuration for low polarization sensitivity wavelength converter. By using a PBS the relative polarization states of the pumplaadixsigl
in the gain fiber. By strictly controlling the pump polarization equal amount of pump powers are sent in each direction of propagation.

change randomly and Ml gain is different at orthogonal polar- S ' ' '
ization sates, an optical component should be used to preserve al L=315m |
the polarization states in the fiber. Using the loop configura-

tion with the PBS prevents random polarization changes be- Q 3t Straight Fiber _
tween the pump and the signal and ensures that there will be : o s ¢ e s,
the same amount of pump power propagating in each direction $2r .
to obtain the same gain. Unlike conventional loop mirrors or 3 ¢

Sagnac interferometers, the output port is defined by the polar- atr . Looped Fiber )
ization states of the converted signals instead of interference at P e % e e e
the couplers. In the experiment, to satisfy the requirement of 0 1536 1542 1548 1554 1560
equal pump power in each arm, the power levels of the pumps Wavelength (nm)

are first equally distributed and fixed to 860 mW in each polar-

ization component by adjusting the polarization controller (PC) @

in the pump arm. The direction of propagation in the config- 6— ’ v
uration is set by the ports of the PBS, and each polarization gl L=Hm v v

state propagates through the same fiber in opposite directions. = M

To maintain the relative polarization states of the pump and the 3 4y y  Straight Fiber |
signal in the converter, the incoming signal is split in two by the =3 "

same PBS. After the wavelength conversion process, the con- & ol

verted signals are coupled out through the same PBS for diag- 3 o
nostics. The PC in the loop is inserted to make sure that all the S e e, oopedfiber
signal and pump beams exit through the output port of the PBS. ‘ , s s .
To measure the polarization sensitivity of the device, the PC in 1536 1542 1548 1554 1560
signal arm is adjusted to measure the maximum and the min- Wavelength (nm)
imum gain values. ()

Fig. 6 illustrates the polarization sensitivity measured in 315- 6 G . o L _

. . . . . 6. omparative polarization sensitivity results. (a) Maximum
and 430-m fibers for both the straight fiber and the looped fibggjarization sensitivity is measured to ke.65 dB in 315 m, which is 2 dB
experiments across the whole conversion bandwidth. The poleetter than the straight fiber results. (b) In 430 m, the maximum polarization
ization sensitivity of the wavelength converter is calculated aft&§"Sitvity is measured to be less than 0.9 dB, which is 4.5 dB better than the

. . . . . straight fiber wavelength converter with the same 430-m fiber lengths.
measuring the maximum and the minimum gain with respect to

.S"gnal polarllz_agor?. The formula used for calculation of pOIal'E_he straight fiber;>2-dB improvement in polarization sensitivity
ization sensitivity is

is measured across the most of the conversion bandwidth. When
Pier (B) = Guax (0B) — Ginin (dB) (2) thefiberlengthisincreased to 430 m, the maximum polarization
sensitivity is measured to be 0.9 dB in the looped fiber, as shown
where Gr,.x and G, represent the maximum and the minin Fig. 6(b). Compare to the straight fiber experiment with the
imum gain measured for different polarization states of the isame fiber length of 430 m, as high as 4.5-dB improvement in
coming signal. The maximum polarization sensitivity is megsolarization sensitivity is measured. The only difficulty arises
sured to be 0.65 dB in 315 m, as shown Fig. 6(a). Compareddoe to the temperature dependent birefringence of the gain fiber
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8 ' : ' : by solving the NLSE equation [17]. Two coupled NLSE
L =430m equations used for wavelength conversion are given by
6 B | . 2 . 3 . v
= dA i 0“A i O0°A i J*A
aQ 100 pW Signal Power 4283 r_lpg ey 2 g 20
3 R . 5. T2 e ¢ as Taaian
c4r @ € ¢ o " - 4
= 2 .
& '/,- * . :m{|Ax|2+ 3 IAy|2}A,;—i—i%A;Ai(z(”(Q”A"/A)Z)
D? 2r 50 pW Signal P;v.ver | (3a)
: : ; : : JA i O0%A i O3A i 9*A
01536 1542 1548 1554 1560 o T3 B T oa

Wavelength (nm)

. 2 . (2 .
— iy QA+ S AP | Ay + i L AT AZ(E22RAR/0)2)
Fig. 7. Effect of signal power on polarization sensitivity. Because of coupling 3 3

between the polarization sensitivity and crosstalk, the pattern of polarization (3b)
sensitivity changes in longer fiber lengths. The figure shows the polarization
sensitivity in 430-m HNL-DS fiber for 50- and 10@W signal powers. The terms3, and, represent the second-order and the fourth-

order dispersion parameters, which mainly determine the phase-

or mechanical vibrations, which causes amplitude fluctuatiof&tching condition and the amount of gain for MI. Although
at the output port because of polarization changes in the gHi§ third-order dispersiofi; does not contribute to the Ml gain,

fiber. As long as the gain fiber is fixed and temperature stath-Significantly changes the efficiency of the harmonic gener-
ation and the crosstalk. The nonlinear parameters on the right

lized, <0.6-dB low polarization sensitivity is maintained. To", : . .
eliminate the thermal or other effects on the gain fiber, a p ide are the self-phase modulation, which determines the wave-
o P e ' h conversion among the signal with the same polarization
larization-maintaining fiber can be used within the loop as ﬁngt X
9 P and power dependent phase mismatch, and the XPM terms. The

alternative approach. . . : .
The reasoflpbehind the0.25 dB change in polarization Sen_coupllng between the orthogonal axis components is defined by

o . . ) . the XPM term. The final terms on the right side shows the ef-
sitivity by increasing the fiber length from 315 to 430 mis als?ect of the background birefringence. The parametean /A
investigated experimentally. In this part of the experiment, it

IS the phase mismatch caused by the background birefringence

shown that the gain and signal power level are critical param;, \vhereAn is measured to be’5 x 10~ in the fiber used

eters for po_lariza_lti_on-insensitive Waveleng'Fh conversion. In the experiment. Since the beat lengtf80 cm, caused by this
results of Fig. 6, itis measured that fop&¥ signal power level irafringence is much smaller than the total fiber length and the
the polgnzauon sensitivity is degraded py 0.25 dB as the flb%'ngth of the random axis change the effectof averages to
length is changed from 315 to 430 m. This change indicates thako, To simulate the effect of random axis changes, we used
there is a coupling between the amount of energy transferredpsegments in the simulations, where the birefringence axis is
the hal’monic, i.e., crosstalk and the pOlal’ization SensitiVity. Changed random|y between the SegmentS. The other parameters
To check the power dependency of the polarization sengised in the simulations arg = 0.053 p2/km, 35 = 0.041
tivity, the polarization sensitivity at the end of 430-m loope@si/km, 3, = 7 pst/km, andy = 9.9 W—L. km~. The fiber
fiber is measured for 50- and 100/ signal power levels. The |oss is 0.8 dB/km. Additionally, the pump is defined as a per-
results of the power dependent polarization sensitivity measufeet CW source. The simulation bandwidth starts from 1485
ments are shown in Fig. 7. The results show that as the sigt@ll585 nm. 0.5-GHz frequency resolution, which corresponds
power is amplified, the increasing crosstalk causes degradatins time window, with 32 768 numbers of points is used in the
in polarization sensitivity as large as 4 dB. Therefore, to gesimnulations. To measure the polarization sensitivity, the signal
erate environmentally stable WDM signals by converting the egelarization states are changed relative to pump. However, sig-
isting sources in th€-band, the fiber length and signal powenals are aligned parallel to calculate the worst case of crosstalk.
level should also be optimized. Based on the experimental fidie split step Fourier method is used to solve the NLSE [30].
sults, fiber lengths-315 m with signal power levels as low as The calculation of the crosstalk between the channels is the
7 W can be used for stable operation with the given expefitst part of the simulations. The signal level is chosen to be 7
mental parameters. #W and fiber lengths are setto be 315 m, 430 m, and 1 kmin the
simulations to match the experimental parameters. As a pump
power, we use the same power level (860 mW) used in the ex-
periment. Fig. 8(a) shows the estimated crosstalk at the end of
The experimental results for polarization sensitivity an815-m HNL-DS fiber. Less than 3-dB differences in crosstalk
crosstalk are also verified with simulations. In the simularalues are calculated at wavelengths near zero dispersion wave-
tions, the nonlinear Schrédinger equation (NLSE) is used length () compare to the experimental measurements. This
calculate the wavelength conversion, taking into account dlifference can be explained by high level of amplified sponta-
of the interactions between different frequency componemsous emission (ASE) noise near the pump wavelength. When
instead of dealing with each frequency component separatelg move away from the of the fiber, the difference between
In particular, the accumulated MI gain, crosstalk, polarizatioralculations and the measurements drops@db dB by the ef-
sensitivity, and the coupling between the crosstalk and tfext of filters used to eliminate ASE. For the wavelengths be-
polarization sensitivity across the gain bandwidth are estimatgohd 1550 nm, the instrument sensitivity sets the boundary of

V. THEORETICAL RESULTS
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Fig. 8. Experimental results of crosstalk are verified by theoretical results.
(a) In 315-m HNL-DS fiber,<3-dB deviation from experimental results are
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obtained due to high ASE power near the pump laser. (b) The change in crosstalk @ 180
pattern in theoretical results also verifies the effect of increased signal power on =
crosstalk. é 151
2 12t
. £ ool i
the measurements at—45 dB. However, in general the calcu- g .
lated crosstalk pattern agrees well with the measured crosstalk c_‘ot‘: 06r sasg o g g g P .|
pattern. S 03t ]
The strength of the crosstalk at the end of 430-m and 1-km O'Oo 6 12 18 24 30 36
HNL-DS fiber is calculated to verify the length dependence of - |
the crosstalk. Fig. 8(b) shows the estimated crosstalk values. P
The results of the long fiber crosstalk simulations also confirm ©

the experimental results with less than 2-dB difference Bity. 9. The polarization sensitivity results are verified by simulations. (A) In
Wave|engths near the pump laser. These simulation res@ﬁ§-m HNL-DS fibers,_ low polarizatio_n sensitjvity ef0.5 dBIS estimatec_i for
show that thee are twio mechanisms that define the strenlffe€ c25e> 2542 merouenerts n poaatio sensiniy e eeimated
of the crosstalk. The first mechanism is the FWM conversiafzo-m fibers. (c) Theoretical results show that similar polarization sensitivity is
efficiency, which is set by the phase mismatch. Theoreticalkxpected at the converted band as the conversion efficiency exceeds 3 dB. For
the FWM conversion efficiency is higher near the zero di .7-dB conversion efficiency, the difference in polarization sensitivitiesdsl
persion wavelength. The second mechanism is the strength of
the signal. Since the strength of the harmonic is proportional
to signal power, nonuniform gain patterns alter the crosstatdNL-DS fibers, the polarization sensitivity 6¢3 and 5.5 dB
pattern. Therefore, the crosstalk pattern in short fiber lengtisscalculated, respectively. In 315-m HNL fiber, using the loop
is mainly set by the FWM conversion efficiency. On the otharonfiguration reduces theoretically the polarization sensitivity
hand, increasing fiber length creates stronger signals away frtm®.5 dB. The experimental results match the theoretical results
Ao of the fiber, which creates stronger harmonics toward thth <0.5-dB deviation in straight fiber configuration, as shown
edge of the conversion bandwidth. Based on these simulatiam&ig. 9(a). The deviation happens mainly near the pump wave-
and the experimental results, we conclude that shorter fidength, where the ASE is strongest. The deviation near the gain
lengths are required for band conversion with 25-dB inband peak can be explained by the 2-dB difference in calculated and
crosstalk, which means a compromise in conversion efficienoyeasured gain values. For the looped fiber case, the deviation
for WDM applications. is <0.1 dB, and the measurements follow the theoretical results
The theoretical results also verify the improvement as higtiosely. Fig. 9(b) illustrates the polarization sensitivity results
as 2.5 dB in the polarization sensitivity by using the loop corfer 430-m HNL fiber. Similar to 315-m results;0.2 deviation
figuration. Similar to the experimental procedure, the polariza: theoretical and experimental results are obtained. To show the
tion sensitivity in the straight fiber and the looped fiber are cagffect of larger signal power, the polarization sensitivity is cal-
culated, and the results are compared. Based on the modetintated with 50- and 500\ signal power levels. The results
of the straight fiber experimental setup with 315- and 430-show that the increased crosstalk alters the polarization sensi-
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tivity as much as 4 dB in 400-m long fibers for 30 channel 32
power. These results also show that the increasing crosstalk cou- 30,
ples the polarization sensitivity and the crosstalk. Therefore, 28l %
along with the length optimization, signal power levels should B ) % g '
be adjusted for stable operation. = %,  [Leserdiode
To show that the same trend of the polarization sensitivity % 240 \*&
is followed in idler side, we simulate the polarization sensi- B 22¢ el
tivity of the converted band [Fig. 9(c)]. The results show that 20} Comverted signal -]
the similar polarization sensitivity0.6 dB for the worst case, 18 e ‘
will be obtained in the converted band. The deviation at the 0 2 4 6 8 10
longer wavelengths arise from the fact that the conversion effi- Number of Amplifier Span

ciency at wavelength separatior20 nm decreases and it leads
to more polarization sensitivity. This similarity in polarizatiorFig. 10. OSNR degradation of laser diodes and the converted signals.

PO ; oretically, 32-channel converted signals without gain equalization and
sensitivity is expected because of the fact that the Ml is a thr‘r%%ese filtering propagated through 800-km SMF with 80-km amplifier span.

photon§ processes, i.e., the same amount of photon will be g&Bmpare to laser diodes, 3.6 dB higher OSNR degradation is estimated at the
erated in the signal band and in the converted band. Therefae] of ten amplifier span.

any fluctuation in the amount of photon generation in signal

polarization sensitivity will be obtained. More specifically, thejjodes, OSNR degradation is calculated by assuming no non-
amount of photon generated in both signal and idler band Gghear interactions occur during the propagation. To calculate the

be expressed by the conversion efficiency equation OSNR degradation, the accumulated ASE power in each ampli-
b= Py sinhQ(goL). @ fier is calculated by the equation
(g0L)? Pisg = (G —1).NFhu.B, (6)

Similarly, the gain in the signal band is defined by
, sinh?(go L)
(90L)?

where(G is the amplifier gain/NV F' is the noise figure of the am-
plifier, and B, is the optical bandwidth of the filter [31]. The pa-
rametern defines the operation frequency alds the Planck’s
constant. Since cascaded amplification is used in the simulation,
wheregy = Ak+2vP = \/=AB((AB/4) + vFy), andAk = e final value of the OSNR at the end should be calculated. If
ks +ke—2k,. TheASin equation represent the phase mismatcfle 555 me identical amplifiers with uniform insertion loss in

caused by group velocity dispersion. The difference in polarizm-e fiber, then the OSNR value at the endeiamplifier span,
tion sensitivity in idler and signal band will be created by th NRy, can be calculated as

term “+1” on the rightmost side of the gain equation [ (5)]. As

G = (vRl) +1 (5)

long as conversion efficiency is3-dB polarization sensitivities NRy = SNR;. P, %
will be similar. The difference 0£-0.1 dB reflects the effect of " P, +(1+SNR)G—-1).N.NF.hv.B,
the term “1” in the equation for the conversion efficiency of 4.7

where SNR s the OSNR value before the propagation system.
The total loss in each section is assumed to be equal to the gain
of the amplifier.

In the first step, the converted signals without gain equal-
ization are propagated through 800-km transmission line. The

The usefulness of the wavelength converter in a real systenpawer level at 1526 nm is set to be 1 mW without changing the
the main question that should be answered before comparingdfaén profile. The initial OSNR of the converted signal at 1526
current experimental results to the results of the previous expem is calculated to be 30.4 dB after wavelength converter. For
iments. To answer this question, a 32-channel WDM transmisfair comparison, the OSNR of the laser diode is also set to
sion system is modeled with 1-mW/Ch power level at the begibe 30.4 dB. Fig. 10 illustrates the OSNR degradation of both
ning of the transmission fiber and 100-GHz channel spacingtime converted signal and the laser diode. The final OSNR value
the C-band and in thes-band. In the simulations, the polarizadis calculated due to the polarization sensitivity and the crosstalk
tion states of the signals are changed relative to polarization stggmerated during the band conversion. Ignoring the nonlinear ef-
of the pump laser to estimate the system performance. Howeyects during the transmission, an ITU grid laser diode results in
the polarization states of the signals kept the same to estimateOSNR value of 23.2 dB at the end of ten-span transmission
the worst case of crosstalk. To compare the performance of tlistance. However, because of the nonuniform signal powers,
WDM signals generated by laser diodes and the WDM signals—33-dB inband crosstalk and 0.45-dB polarization sensitivity
generated by the polarization-insensitive band converter, the @igig. 9(c)], where polarization sensitivity introduces amplitude
tical signal-to-noise ratio (OSNR) degradation is calculated metodulation on the signal, the OSNR value of the converted
the end of the transmission line. The noise calculation is peignal is estimated to be 3.6 dB lower than the laser diode,
formed within+£50-GHz filter bandwidth. A 5-dB noise figure as shown in Fig. 10. In other words, for the receiver sensitivity
of the amplifier in each span is also included. The length of tlset to be 24-dB OSNR value, the difference in maximum prop-
transmission line is set to be 800 km with standard communicagation length is estimated to be 240 km, i.e., three amplifiers
tion fiber and amplifier span of 80 km. span.

dB.

VI. SYSTEM PERFORMANCE OFCONVERTED SIGNALS AND
EFFeECT OFPUMP NOISE
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34l ' ' ' ' ] where P, is the average pump power apg is the modified
3 \ | phase mismatch factor, which is given by
o~ h8 ApB
B, | g0 = Ak +29P = [-AB (—/ +’YP0>7
- L ’\\ Laser diode | 4
e Ak = kg + ke — 2k (9
pd \\o\ = Ks e — .
»n 26+ Q#\\\\ 4 + P ( )
© o4l Converted signal \:‘igi,,\*_ To calculate the RIN degradation, the pump laser is modulated
at 1526 nm ] by a single tone noise source at frequency
22 : : : :
0 2 4 6 8 10 E, = E (14 mCos (wt)) (10)

Number of Amplifier Span wherem defines the modulation index of the pump laser. The

Fig. 11. By using gain equalization after the wavelength conversion arl%lN of the pump laser accordlng to this definition can be for-

setting the spacing between the first channel and the pump as three times'tHélated as [34]
channel spacing, the OSNR degradation is reduced to 0.7 dB at the end of ten P .
amplifier spans. RIN, = 10xlog <ﬂ> =~ 10 * log(2m?). (11)

signal

After adding the small perturbation caused by the modula-

The system performance of the converted signals can B&, 1, the gain formula in nonpump depleted regime, the noise

further improved by adjusting the design parameters. The fi wer at frequency can be calculated. The estimated RIN
change in the simulations is introducing gain equalization. lue of the signal is given by

the second part of the simulations, the intensities of the WDM )

channels are set to be 1 mW. In addition, to reduce inbang,\ _ 1 <4+2 ApyFy 0 Slnh(2goL)> +RIN
crosstalk, the spacing between the first WDM channel and the ° ~ 4 93 sinh?(goL) P

pump is adjusted. By choosing the spacing as odd multiples of (12)

the channel spacing, the inband crosstalk can be minimized. i ) ) .
Since most of the crosstalk components will be accumulatedThe first term in the numerator defines t.he RIN degradation
in the middle of two channels, further reduction in crosstal‘fiue to power dependence of the phaS(_e mismatch term, and the
values can be achieved by introducing periodic grating filters gFcond term defines the RIN degradation due to power depen-
solid etalons. In the simulations, the spacing between the fi$”Ce of the parametric gain. An additional weak RIN degra-

channel and the pump is set to be three channels spacing, @Fi,on oceurs due to amplitude variation by noise, Wh.iCh is in-_
300 GHz. Additionally, by using a solid etalon with finesse Of,luded in the last term in the numerator. The phase mismatch is

ten, an additionak-6-dB reduction in out-of-band crosstalk isnc/uded in paramete®, and it is formulated as

introduced. Fig. 11 shows the OSNR degradation instHeand —AB
and in theC-band along the transmission fiber for a channel ©=L . op (13)
located at 1526 nm and the image of the channel irttand. 4 T
Ignoring the nonlinear effects during the propagation, OSNRFig. 12 shows the estimated RIN degradation in 315-m,
drops by~10 dB from 33.5-dB initial OSNR value at the end#30-m, and 1-km HNL-DS fiber. The analytical calculations
of ten amplifier span. Compare to commercial lasers, having ahow that RIN of the pump laser is also a limiting factor for
additional 0.7-dB OSNR degradation shows less than one sggastem applications. The derivation indicates that the RIN of the
penalty for the receiver sensitivity of 24 dB. pump laser completely transfers to the converted signals, with
The effect of the pump noise on converted signals will ban additional RIN degradation factor caused by pump square
another determining factor for the system performance of tAgpendence of the gain and power dependent phase mismatch
band converter. Previously, the noise figure of parametric amghctor. It is also shown that the fiber length of the wavelength
fiers has been calculated for different fiber types and optimug@nverter affects the RIN degradation. For the optimized fiber
fiber length has been proposed for dispersion shifted fibers [3#gngth of 315 m, the maximum RIN degradation is estimated
[33]. To enumerate the performance degradation, relative intdé@-be <12 dB/Hz. As the wavelength separation increases, the
sity noise (RIN) degradation along the conversion band durif}N degradation increases because of increasing gain values.
the wavelength conversion process is calculated analytically.fiar fiber lengths of 1 km, the additional RIN degradation
the calculations, we focus on the transfer of the pump ampiaches as high as 20 dB/Hz. When the wavelength separation
tude noise to the converted signal. Since the experiments wegaches thejy = 0 point, the additional RIN degradation
conducted in nonpump depletion regime, the calculations igndgsluces to 6 dB/Hz because of the perfect phase match and
the pump depletion. Also, because the primary focus is on tparabolic gain. For wavelengths very close to pump wave-
amount of RIN degradation on converted signals due to purtgngth, an additional length independes® dB/Hz additional
RIN, the noise coming from the signals are ignored. StartifyN degradation is estimated. The 6-dB/Hz RIN degradation
with the three wave interactions, the conversion efficiency at théar pump wavelength comes from the fact that the gain is

end of a fiber lengtiL in the nonpump depletion regime can barabolic in that region. These results indicate that in addition
formulated as to polarization sensitivity and crosstalk of the band converter,

the RIN of the pump laser will limit the system performance.
9 sinhQ(goL) 8 If the requirement for converted signal is RIN values-140
(goL)? ) dB/Hz, then a pump laser witki—155 dB/Hz must be used.

n=(hL)
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into theS-band is demonstrated by using a tunable signal source
with tuning range>40 nm. More than 30-nm conversion band-
width with greater than 4.7-dB conversion efficiency is mea-
sured in 315 m of high-nonlinearity dispersion-shifted fiber by
using 860-mW pump power at1532 nm. The polarization
sensitivity and the channel crosstalk are determined to be the
main obstacles for system applications, where the polarization
- sensitivity results from the random evolution of the incoming
5F e L=315m signal polarization. A loop configuration with PBS and opti-
——1=430m mized fiber length is implemented to solve the both problems
——L=1000m simultaneously. By using the PBS, the relative polarizations of
0 5 1lo 1‘5 2'0 2'5 the pump and the signal are fixed in the gain fiber. Addition-
I -] (nm) ally, us.ing.the same fiber fo.r both pglarization statgs eliminates
P the gain difference due to different fiber lengths. With this tech-
Fig. 12. RIN degradation due to pump noise. The RIN degradation OIniqge, the pola.\rization.sens_itiviFy is reduced to less than 0.65
to émpiitude fluctuations on the pump laser is estimated analytically. T@ In 3.15'm'h'gh nonlinearity fiber. CQmpafe to the conven-
results show< 12-dB/Hz RIN degradation in 315-m optimized fiber lengthtional, fiber-based wavelength conversion scheme, about 2-dB
and degradation get worse for longer fiber lengths. As high as 20-dB/Hz Rithprovement in polarization sensitivity is measured. In 430-m
degradation occurs at the and of 1 km in nonpump depleted regime. fiber, the maximum polarization sensitivity is measured to be
<0.9 dB with 4.5-dB improvement compared to the conven-
tional wavelength conversion scheme.

The focus in our experiments has been on the system perin addition, the maximum channel crosstalk is measured to
formance of the wavelength converter rather than the convée<—27 dB in 315-m fiber. In a detailed study of the crosstalk,
sion efficiency. The experimental results show that broad-baritie pattern of the crosstalk in short fiber lengths and long fiber
>30 nm, wavelength conversion with low polarization sensiengths are measured. In short fiber lengths, the exponential
tivity, <0.65 dB, low crosstalks<—27 dB, high conversion ef- decay in harmonic power shows that nondegenerate FWM de-
ficiency, >4.7 dB, can be achieved simultaneously. Althougtermines the amount of the crosstalk. As the fiber length in-
the wavelength conversion schemes demonstrated before regfiglases, the high signal power reverses the crosstalk pattern.
in low polarization sensitivity €1.2 dB), the low polarization Harmonic power 10 dB higher than the input signal power is
sensitivity is confined withink7 nm bandwidth. In the current measured at 1556 nm in 1 km of high nonlinearity dispersion-
experiments, the polarization sensitivity is improved .5 shifted fiber. The results also show that increasing the fiber
dB over>30-nm conversion bandwidth by using the loop corlength and channel power will couple the polarization sensitivity
figuration with HNL-DS fiber. Moreover, the high conversiorand the crosstalk, thereby degrading the polarization sensitivity
efficiency and low crosstalk requirements are satisfied sim@s much as 4 dB in 430-m fibers.
taneously. Compared to the low polarization sensitivity results, The simulation results are in good agreement with the ex-
the conversion efficiency is improved by20 dB while main- perimental measurements as well. The results indicate that by
taining the crosstalk —27 dB, which corresponds15-dB im- using length optimized loop configuration, the whdleband
provement across the whate80 conversion bandwidth, by op-can be converted t§-band, evern’.-band, with appropriate se-
timizing the fiber length and signal power according to systet@ction of the fiber and the pump. Using the loop configura-
requirements. tion with optimized length will generate multiple wavelength

Although higher conversion efficiency; 30 dB, is used as sources with<0.65-dB polarization sensitivity, low crosstalk,

a figure-of-merit in some experiments, the experimental resu#g8d high conversion efficiency. The system performance mod-
show that the higher crosstalk accompanied by higher conveling of the band converter shows that the converted 32-channel
sion efficiency will limit the applicability of the wavelength con-WDM signals give as good performance as laser diodes. The
verter. Based on the experimental and theoretical results, itQSNR degradation compared to laser diodes is calculated to
reasonable to conclude that new communication bands sourged).7 dB after 800-km SMF fiber with 80-km amplifier span.
can be made by using the existing sources inGheand with However, due to pump fluctuations coupling and becoming ac-
an optimized wavelength converter. The estimatiort0f8-dB  centuated in the nonlinear wavelength conversion process, the
OSNR degradation in 800-km standard communication fiber iRigh powered pump must have a RKN-155 dB/Hz.

dicates that stable WDM sources can be generated ifi-thend

or L-band by using the wavelength converter with optimized
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