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Abstract: High spectral efficiency modulation format based unrepeatered
transmission systems using distributed Raman amplifier (DRA) have
attracted much attention recently. To enhance the reach and optimize
system performance, careful design of DRA is required based on the
analysis of various types of impairments and their balance. In this paper, we
study various pump RIN induced distortions on high spectral efficiency
modulation formats. The vector theory of both 1st and higher-order
stimulated Raman scattering (SRS) effect using Jones-matrix formalism is
presented. The pump RIN will induce three types of distortion on high
spectral efficiency signals: intensity noise stemming from SRS, phase noise
stemming from cross phase modulation (XPM), and polarization crosstalk
stemming from cross polarization modulation (XPolM). An analytical
model for the statistical property of relative phase noise (RPN) in higher
order DRA without dealing with complex vector theory is derived. The
impact of pump RIN induced impairments are analyzed in polarization-
multiplexed (PM)-QPSK and PM-16QAM-based unrepeatered systems
simulations using 1st, 2nd and 3rd-order forward pumped Raman amplifier.
It is shown that at realistic RIN levels, negligible impairments will be
induced to PM-QPSK signals in 1st and 2nd order DRA, while non-
negligible impairments will occur in 3rd order case. PM-16QAM signals
suffer more penalties compared to PM-QPSK with the same on-off gain
where both 2nd and 3rd order DRA will cause non-negligible performance
degradations. We also investigate the performance of digital signal
processing (DSP) algorithms to mitigate such impairments.
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1. Introduction

Distributed Raman amplifier (DRA) is an enabling technology for contemporary coherent
optical communication systems thanks to its large amplification bandwidth and low noise
feature [1-3]. It is well known that with the appropriate gain allocation, bidirectional pumped
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DRA can achieve optimal performance. The design of gain map depends on the balance of
various types of distortions caused by forward and backward pumping. For example, higher
gain from forward pumps will enhance the relative intensity noise (RIN) transfer effect as
well as signal’s nonlinearity, and higher gain from backward pumps will introduce signal-to-
noise ratio (SNR) tilting problem. The double Rayleigh backscattering (DRB) noise should
also be considered in such analysis [4]. The research of DRA has been extensively performed
in traditional intensity-modulation direct-detection (IM/DD) systems [4-11]. However,
extending such analysis to coherent optical communication systems may not be intuitive,
since the phase of multi-level modulation formatted signals was usually not considered.
Recently, we have shown through theory and simulation that, in the case of 1st order DRA,
the Raman pump’s intensity noise will cause not only intensity distortions of signals, but also
phase deterioration [12—15]. Such phase noise, originating from cross-phase modulation
(XPM) effect, is defined as relative phase noise (RPN). It is demonstrated that RPN generated
from forward pumps is much more harmful than that from backward pumps, because the huge
walk-off between signals and backward pumps can effectively average out the noise. Monte
Carlo simulations suggested that for forward pumped DRA based long-haul transmission over
1000 km, the differential-coded QPSK signals can tolerate up to —120 dB/Hz pump RIN
without suffering notable impairments [13].

In addition to multi-span based long-haul systems, DRA is also indispensable in
unrepeatered transmissions, where point-to-point communication over hundreds of kilometers
is achieved without in-line repeaters. Such architecture finds useful applications in the
communication between islands or hostile areas. Longer reach can be obtained by using DRA,
since it provides gain in the fiber itself and helps to improve the noise figure (NF). For
example, T. J. Xia et al has achieved 557 km unrepeatered transmission of 100 Gb/s PM-
QPSK signal with the use of 1st order DRA [16]. To further enhance the reach, higher-order
DRA can be deployed, where the gain is penetrated deeper into the remote section of the
fiber. A number of experimental studies using this technique have been reported. For
example, B. Zhu et al has demonstrated 445 km transmission of 3.2 Tb/s WDM signals with
PDM-QPSK modulation format using 2nd order DRA [17], and H. Bissessur et al has
achieved 601 km unrepeatered transmission of 10 Gb/s RZ-DPSK signal based on 3rd order
DRA [18]. The wide use of higher order DRA raises the question of how to study the
interaction between higher order pumps and multi-level modulated signals. Since our previous
investigation is confined to Ist order DRA, it is necessary to extend our model to higher order
DRA case.

Another confinement of the previous study is that the polarization evolution is not
addressed. Since polarization multiplexing is now a standard technique for multi-level
modulation, it is necessary to take it into account.

Driven by these two motivations, we present a comprehensive study on the pump RIN
induced impairments in the context of unrepeatered transmission systems in this paper. We
first present Jones-matrix formalized vector theory of 1st and higher-order DRA, where
polarization is taken into consideration. The pump RIN induced noise mechanisms on signal’s
amplitude, phase and polarization are pointed out and analyzed. The polarization deterioration
is defined as relative polarization noise (RPoIN), so as to keep the consistency with the
previously defined terminologies. The impact of the distortions is first analyzed in a PM-
QPSK based unrepeatered transmission via simulations. Results of 1st, 2nd and 3rd order
DRA are compared. It is shown that only 3rd order DRA will induce non-negligible penalty
with realistic pump RIN level. Next, the influence on PM-16QAM is studied at the same
system configuration. More penalties are observed as expected. In the end, we investigate the
performance of digital signal processing (DSP) algorithms in mitigating the phase and
polarization degradation.

#234455 - $15.00 USD  Received 11 Feb 2015; revised 16 Apr 2015; accepted 19 Apr 2015; published 27 Apr 2015
© 2015 OSA 4 May 2015 | Vol. 23, No. 9 | DOI:10.1364/0OE.23.011838 | OPTICS EXPRESS 11840



2. Theoretical modeling
2.1 Remarks on notations

In general, we adopt the notation presented in [19]. To distinguish two-dimensional complex
vectors which describe the optical field in Jones space from their three-dimensional brethren

. C . . . T
in Stokes space, in this paper, we will use Dirac’s bra-ket formalism, e.g., |a> = (ax,ay) , to
denote Jones vectors. They are normalized such that <A/)|AP> equals the optical power,

where <AP‘ = (a:,a:) is the conjugate transpose. Stokes vectors are denoted by bold letters,

e.g., S=(S1,S2,S3 )T , and unit vectors in Stokes space, describing a state of polarization

(SOP), are decorated with a hat, as in S. Complex operators or matrices are decorated with a
macron, such as T. For Pauli matrices:

(1 Oj (O IJ (0 -ij
0, = 0, = O3 =| . (1)
0 -1 1 0 i 0

and the Pauli vector o = (0,,0,,0,)" .

Some of the symbols used in the paper are listed below:

— A : electric field. Subscript x and y denote x and y polarizations, and p and s denote
pump and signal respectively.

— P : power of light.

— [ : propagation constant. Subscript 1 denotes inverse group velocity, and 2 denotes

chromatic dispersion.

—0f : walk-off parameter.

— ¢ : fiber attenuation.
—B : residual fiber birefringence.

— 7 : fiber nonlinearity coefficient.

— g, : effective Raman gain efficient.
—D, : PMD parameter.

—c: speed of light.

— A, - fiber effective mode area.

2.2 Vector theory of 1st order SRS

In [6], Jones-matrix formalized vector theory of 1st order SRS was proposed for the first time.
The coupled nonlinear Schrodinger equations describing forward pumped DRA are:
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gl ot e 24 )
+27 {(Hé‘a)(As A)+(146,)] 4.)(4, +(; +5bj|A:><A:|}|Ap> @
_%[&(AS A)+gla)4l+e|4)(4]]]4,)
g el
+2i3yp {(1_‘_5”)<AP|AP>+(1+§}))|AP><AP|+[%+5J|A;><A; } 4,) (3)

Jl4)

where continuous wave (CW) is assumed for both pump and signal and @, / @, approximates

wslafala)rala)a ]+l 44

1. The parameters x, and k, are related to the Kerr and Raman response and usually
K, = k, [6]. The two dimensionless parameters 0, and J, are related to the refractive index
changes caused by Raman response and can be assumed that §, =0 and &, =0 since they
are small compared to SPM and XPM contribution [20]. The Raman-gain parameters g, and
g, account for the contributions from the isotropic and anisotropic nuclear response
respectively, and in general, g, is much smaller than g, for optical fibers. Therefore, we can
assume that g, =2g, and g, =0.

Most of the research work of SRS in IM/DD systems chose to transform the coupled
equations in Stokes space [6—8], because they have simpler forms. The significant flaw of
Stokes-matrix equations is that the phase information is not contained. Therefore, in order to
cover all three dimensions including amplitude, phase and polarization, Jones-matrix
formalized equations are a must. We focus on forward pumping only, because the backward
pumps usually induce negligible impairments due to the huge walk-off.

Equations (2) and (3) can be modified if we consider the different group velocity between
pump and signal, signal’s dispersion (up to second order in this paper), and ignore the
nonlinear effect from signal to pump and the SPM of signal. The modified equations can be
rewritten as:

d|4 a ' o4,) i, WA

Ll o), S ol ol ) )
AN4) e, .\ i o|4,) _ip, 9|4,
L T ©

LA ANA N 4l 4) 41 4)

The equations can be further simplified if we average over rapid polarization variations by

adopting a rotating frame through a unitary transformation |Ap>:T|A;> , where the
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- e dT = . ,
transmission matrix satisfies —:—EBP -6T . The averaging process is the same as that

dz
done in [20]. The final coupled equations are:

d|4,) d4,) « 87

azp =-dh, a; _TP|AP>+TP}DP|AP> (6)
o4,) _ aS|A>_ﬂaz|Av>_in 14)
oz 20 2 97 ’

4y, 1 i4y, @
+[ 3S+—gRij|A‘>+( 5+—gRijPp 6|4)

where we have introduced the common retarded reference frame with 7=¢—f, z and drop
the primes for notational simplification. The walk-off parameter J5 =4, -/, , and the
angular frequency shift Q =@, — @, . The relative local birefringence vector b shown in Eq.

(7) is a zero-mean stochastic process in the asymptotically stationary regime (ASR), and its
autocorrelation function (ACF) is [11]:

e R

®)

with T being the second-order unit tensor and L. being the fiber correlation length.

Equations (6) and (7) describe the full field of Raman pump and signal. Each term
corresponds to explicit physical meaning. The equation describing the pump is simple. Only
walk-off, attenuation and SPM are considered, corresponding to the terms represented on the
right side of Eq. (6). The equation describing the signal is more complex. The terms in the
first row on right-hand side of Eq. (7) represent linear process, including attenuation,
chromatic dispersion, and residual birefringence. The terms in the second row represent

4
nonlinear process. The term ﬂP
3 P

1 .
A > represents averaged XPM and 3 g:P, |AV> is the

s

averaged Raman gain. These two effects rely only on the power of pump. The term
4y, -
Ty bee

. 1 5
AA,> is referred to as XPolM and EgRPpPP ‘C

AS> is the polarization dependent

Raman gain. These effects are polarization dependent.
2.3 Vector theory of higher-order SRS

The vector theory shown above can be extended to higher order SRS process. Take 2nd order
SRS as an example. In 2nd order DRA, the power is transferred from 2nd order pump to
signal via 1st order pump. Therefore, three equations are needed in this case. Following the
same procedure and after some algebra, the final coupled equations are given as:

a|;;2> =_5ﬂlp2’s a|;;2> _%|AF2>+ i8}9/p2 P172 |AP2>

4y, 1 47,, 1 v
+( 3p2 _Eglgz’pljppl|Ap2>+[ 9p2 _Egl,;zZ,pleplel .o-|Ap2>
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) o9 4n) ; y,
azpl = a: |4 >_59p2’plb' |4+ 9p1 Faldn) (10)
[14;/;91 1 zZp]j p2| 1>+(l4;/p1 1 pzp]JP sz G|A >
aAS>: a, S>_lﬁiaz fjs)_igpzéb GAS>
0z 2 2 ot
i4y, . 4y, 1 p
J{T —gh* j - S)+( 5 +2g”2 jP Py 0| 4,) (11)

1
2
14'}/s 1 5 l4% 1 s
FESS an s

where the subscript p2 and pl denotes the 2nd order pump and 1st order pump respectively,
anddB’ =B, - B, QY =w —w, and g/, with i, j = p2, pl,s . In deriving the equations,
we have neglected XPM effect from signal to the 2nd order pump and 1st order pump, SPM

effect of signal and assumed a non-depletion regime. The vector theory of 3rd order SRS can
be obtained in the same manner, which are shown below:

8|;4;3>:_5 lﬁ,g@_%LA >+l ypS |A >
(—] (b i)

i47/p3 1 3,pl
4| L g
[ 3 2gR

3|4 A
|az>=—5ﬂ’]“ |T>—% ﬂ) Larp.ga,)+ Z”ZPPQ|A,,2>
”2+—g£3”’2JP,,3|A,,2>+[i4g”+; ”3”2JP Py-o|4,,) (13)

4y, 1 4y, 1
+[ 3;92 _Eggz’pljppl|Apz>+( 9p2_2gp2pljp Pp1'0'|Ap2>

a|AP1> _ _5ﬂp1,s a|A1’1> _&|API>—éQP3’p1b'G|Ap1>+i8%Ppl|AP1>

[147 s 1 ,,3,;1]}, Ppl-o|Ap3>

N\
N
RS
N | —

oz l a7 2
i 4
+[ ;/p] +%g£3,pljpp3|Am>+(%+; P3P]jp Pp3-0|Ap1> (14)

iy, 1 4y, 1
+[ ;/’“ +5g£2"’ljppz|Apl>+( ;/”1+2g”2’”JP Py -o|4,)
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(15)

iy, 1 4y, 1 ~
+(_§_+Eg£ jP ,ﬁ)+(—§—+5g§ P,Pp-c|4)

idy, 1 . idy, 1 ., ~
+[T+Eg£l’ ijl |A\>+[T+Eg’£l’ ijlel G|A‘>

where the subscript p3 denotes the 3rd order pump.

3. Noise mechanisms induced by pump RIN

It is well known that the intensity fluctuation of Raman pump laser source, which is
characterized by RIN, will directly transfer to the signal’s intensity through SRS effect. The
mathematical model to evaluate such distortions was developed in [5] based on coupled
power equations. The discussion was extended to 2nd order DRA case in [10], and the
polarization dependence of such effect was further discussed in [11]. Since the mechanism of
RIN transfer is clear and the mathematical modeling is complete, we will not discuss it in
detail here.

Later on, it was pointed out in our previous work that pump RIN will deteriorate signal’s
phase through XPM effect [12]. The phase noise was defined as RPN. However, the
discussion was confined in 1st order DRA. In the first part of this section, we will present a
mathematical approach to calculate the statistical property of RPN in higher order DRA
without dealing with the complex vector theory shown above. The proposed method is based
on the numerical integration of coupled power equations. Moreover, we will discuss the pump
RIN caused influence on signal’s polarization in the second part.

3.1 RPN in higher order DRA

Note that both averaged XPM and XPolM will produce phase shift in principle. We here only
deal with the phase noise induced by XPM. The phase noise caused by XPoIM is generally
polarization dependent and thus difficult to be calculated. Also its variance should be nine
times smaller than that by XPM. We therefore can ignore its contribution.

The phase shift of signal caused by averaged XPM in 3rd order DRA is given by the
integral:

o(1)="

;’s [[(P,+P,+P

pl

)-dz (16)

where L is length of the fiber link. If a small amount of modulation at angular frequency Q
is applied to the pumps, their power can be written as:

E((z,t):}_’k(z)-[l+mk (z)-exp(i-Q-t)] (17)

where B, (z) is the average power, m,(z) is the complex modulation indices, with

k = p3, p2, pl. The signal’s phase fluctuation around the average phase shift is given by:

Y (B (2) s ()4 B (2) s (2)+ B, (2)m, (2)] exp(i- Q1)

A0(L,Q) =2
(18)
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and the power spectral density (PSD) function of RPN:
PSD,, (L,Q)=|A0(L,Q)] (19)
and the variance is:

Oy = j PSDy, (L,Q)-dQ (20)

where v, and v, are the lower and upper frequency of the receiver. Note that in order to
obtain the PSD and the variance, only the power information of Raman pumps is needed.
Using the expression P=<A|A>, the Egs. (12)—(14) can be simplified to the following

coupled power equations if we neglect all polarization related terms:

oP oP

a: - _51811’3’5 a; _aﬁ3P/73 _gzle)lpzppzp;ﬁ _gII;}’plelPﬁ (21)
oP oP

a;z - _é‘ﬁlpZ,s a;z B apzppz + g1€3»P2Pp3Pp2 - glgz’plpplpﬂ (22)
aPpl pl,s aPpl p3,pl p2,pl

0z ==% a7 —a, P, + gy " PP, + 8" PP, (23)

Substitute Eq. (17) into Egs. (21)—(23), we could yield a set of six coupled differential
equations for the steady-state power and the complex spatial modulation indexes:

dﬁp} D P3.r2p D p3.plD D
? = _ap3P1’3 ~ &k PPZPP3 — 8k PpIPp3 (24)
dpP _ _ _
?"2 = _apZPpZ + gls}’”zpp}sz —ggz’plelez (25)
dﬁpl D »3.plp D 2.l D D
?:_aplppl"’gR ' Pp3Ppl+gR ’ szppl (26)
dmp3 . p3.s p3.02 D p3.p1 D
7 +i-Q- B myy==gp" P om, — g Pym,, 27)
dmpz . p2.s p3.p2p p2,p1 D
dz +i-Q- O m,, =8 Pp3mp3 —8r Pplmpl (28)
dmpl . pl,s p3.plp p2.pl D
= +i ’Q'5ﬁ1 m, =gk Pp3mp3 + 8z szmpz (29)

Equations (24)—(29) can be solved by 4th order Runge-Kutta numerical integral method.

The mathematical treatment shown above can be used for any order DRA situation. Also it
should be pointed out that such strategy can be generalized to take pump depletion into
account. In depletion regime, Egs. (21)—(23) should be modified by adding associated
depletion terms. And an extra power equation describing signal is needed.
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Fig. 1. ACF of RPN for (a) 1st order, (b) 2nd order, and (c) 3rd order DRA, where the RIN of
Ist order pump in 1st order DRA, 2nd order pump in 2nd order DRA and 3rd order pump in
3rd order DRA is at —110 dB/Hz, and the RIN of the intermediate pumps in higher order DRA
is at —140 dB/Hz.

The proposed approach can be operated much more easily than dealing with the vector
theory based on coupled nonlinear Schrodinger equations, which is generally time-
consuming. To test its validity, we compare the results obtained by the two methods. To solve
the nonlinear Schrodinger equations, standard symmetric split-step Fourier method (SSFM) is
used. Figure 1 illustrates the auto-correlation function (ACF) of RPN in Ist, 2nd and 3rd order
DRA with PM-QPSK modulation format signal. The ACF is the Fourier transformation of
PSD function. Statistical property of RPN can be obtained from its ACF. For example, the
noise power, i.c., the variance, is the ACF at zero delay. In the simulations, the RIN of the
primary pumps is at —110 dB/Hz, and the RIN of intermediate pumps is at —140 dB/Hz. More
detailed descriptions of the simulation set-up can be found in the next section. According to
Fig. 1, the calculations using the simplified approach agree well with the simulations based on
vector theory, in both 1st and higher order DRA. It indicates that we can use this approach to
predict the phase noise property in a simple manner.

3.2 RPoIN

As is well known, XPolM effect will cause not only phase noise but also polarization
crosstalk between two orthogonal polarized tributaries of a signal. During propagation
through the fiber, the Stokes vector of signal will be precessed around the Stokes vector of
pump at a rate determined by pump’s power [6]. As long as both the pump’s SOP and its
power does not fluctuate at any time period, XPoIM induced polarization crosstalk can be
recovered by polarization demultiplexing algorithm embedded in DSP unit. However, neither
of these conditions is satisfied in real case. The SOP of pump is altered by fiber birefringence
in a random fashion, and meanwhile the pump has RIN. Therefore, the signal will suffer from
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residual polarization crosstalk. We here name this type of noise the Relative Polarization
Noise (RPoIN) in order to keep the consistency with the previously defined terminologies
(i.e., RIN and RPN). Since the interplay between random fiber birefringence and XPolM
significantly complicates the process, we here will adopt numerical simulations to study the
property of RPolN instead of looking for analytical treatment.

The residual polarization crosstalk can be evaluated by removing the transmitted x and y
polarization tributary symbol from the carrier phase recovered signal. After the compensation
of CD, PMD, laser frequency offset and carrier phase estimation, the output signal r are

assumed as:
7 1 — Wf Wr ’ Ky
|: x:| — Y Xy . X (30)
T w 1-w? Sy

where s is the transmitted signal, w represents RPoIN. If such polarization crosstalk is
small, i.e., w, <land w, <1, they can be estimated as:

w. =X = . w. = Y (31)
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Fig. 2. ACF of RPoIN for (a) Ist order, (b) 2nd order, and (c) 3rd order DRA, where the RIN of
Ist order pump in 1st order DRA, 2nd order pump in 2nd order DRA and 3rd order pump in
3rd order DRA is at —110 dB/Hz, and the RIN of the intermediate pumps in higher order DRA
is at =140 dB/Hz.

Figure 2 illustrates the ACF of RPoIN in Ist, 2nd and 3rd order DRA. The simulation
environment is the same as in Fig. 1. We can find that the ACF of RPoIN has a half-
magnitude width of less than 1 ns, which is over 15 times less than that of RIN and RPN. The
cut-off frequency of RIN and RPN is typically several megahertz [5, 13], which depends on
fiber parameters. The cut-off frequency of RPolN is dozens of megahertz. Hence, it cannot be
tracked by traditional DSP polarization demultiplexing algorithm. The reason why RPolIN is
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faster can be understood as follows. The fiber random birefringence is usually rapidly varying
(the fiber beat length is ~10 m). Therefore it can change the SOP of pump before the pump
and signal walk off from each other. Such process will reduce the effectiveness of smooth-out
effect offered by walk-off and thus increase the cut-off frequency of polarization crosstalk
noise.

4. Pump RIN induced impairments in unrepeatered system

4.1 Simulation set-up

.
28 Gbaud PM-QPSK Transmission fiber ‘ Front-End Correction ‘ Polarization Demultiplexing
32 Gbaud PM-16QAM v L2
C'_\ ‘ Resampling ‘ Frequency offset estimation
N
X v v
white ‘ CD compensation ‘ Carrier phase estimation
Gaus.slan : v
Noise
‘ Timing recovery ‘ Decision ‘
1%, 2™, 3" order
(a) (b)

Fig. 3. (a) simulation set-up, and (b) DSP algorithm block diagram.

Table 1. Fiber parameters

Parameter Value Parameter Value

Fiber length 150 km Aurat 193.1 THz 140 um®
attenuation at 193.1 THz 0.178 dB/km dispersion at 193.1 THz 17 ps/nm/km
attenuation at 206.25 THz 0.223 dB/km Dispersion slope 0.08 ps/nm?*/km
attenuation at 219.4 THz 0.352 dB/km PMD parameter 0.1 ps/sqrt(km)
attenuation at 232.55 THz 0.450 dB/km Correlation length 100 m

Figure 3(a) illustrates the MATLAB simulation set-up. The transmitter generates multi-level
modulation format signal with zero linewidth. Two types of modulation formats with 32768
symbols are simulated: 28 Gbaud PM-QPSK and 32 Gbaud PM-16QAM. Single channel is
used here to avoid XPM effect between signals. The input power is limited to —20 dBm to
minimize SPM effect. Forward Raman pumps, which are polarization multiplexed to
minimize the polarization dependent gain, amplify the signal as they propagate along the
transmission fiber. The fiber parameters are given in the Table 1. Although in practical
unrepeatered systems, usually more than one section of fiber span and more than one
amplifier are used, we simplify the system to only one section of fiber containing only
forward pumped DRA. This is because what we try to focus is the forward Raman pump RIN
induced impairments. The power of pump decays hugely after hundreds of kilometers
propagation, and thereby causing negligible influence on the signal for the rest of the span. In
this paper, we use 150-km-long fiber to do the simulation, which is long enough for the
interaction between pump and signal, and can save simulation time. Also as shown in the
unrepeatered transmission experiment using forward pumped DRA [16], the fiber length from
the transmitter side to the first remote optically pumped amplifier (ROPA) is 133.7 km, which
again demonstrates this point. The propagation of lights inside the fiber is governed by the
vector theory based on coupled nonlinear Schrodinger equations. Standard symmetric SSFM
with adaptive step size is used to solve the equations and yield converged results. The additive
white Gaussian noise (AWGN) is added at the output of the fiber to determine the desired
signal-to-noise ratio (SNR) level at given bit error ratio (BER). We assume an ideal coherent
receiver, i.e., the local oscillator (LO) has zero linewidth and zero frequency offset with
respect to the signal. Therefore, the only noisy source in our simulation is the Raman pump’s
intensity fluctuation. The pump RIN is modeled by a flat electrical noise spectrum. Although
this is unrealistic as RIN follows the intrinsic frequency response of the laser with peaks due
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to the electron-photon resonance (caused by the interaction of the electron and photon
populations), it can represent worst case RIN. The noise bandwidth is set to be 1 GHz.

Figure 3(b) illustrates the block diagram of DSP algorithms. Since we assumed an ideal
receiver, front-end correction and frequency offset estimation are skipped. Frequency domain
equalization is used to compensate CD. The Gardner algorithm is used to do timing recovery.
Single stage CMA algorithm with 13 taps is used to demultiplex polarizations of PM-QPSK
signal, and dual stages consisting of CMA and RD-CMA with both 13 taps are used to
demultiplex PM-16QAM signal. At carrier phase estimation (CPE) section, sliding window
Viterbi-and-Viterbi algorithm with 31 blocksize and QPSK partitioning algorithm with 101
blocksize are used to recover the carrier phase of PM-QPSK and PM-16QAM signal
respectively.

4.2 Transmission Penalties for PM-QPSK systems

Most of today’s unrepeatered transmission experiments have used PM-QPSK modulation
format to deliver 100 G interface speed [16, 17, 22]. We first analyze the pump RIN induced
impairments in this situation.
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Fig. 4. Power evolution for (a) 1st order DRA, (b) 2nd order DRA and (c) 3rd order DRA, (d)
the calculated variance of RPN in Ist, 2nd and 3rd order DRA.

The power evolution is shown in Fig. 4 (a)—(c) for 1st, 2nd and 3rd order DRA where the
on-off gain of signal is all 25.5 dB. The frequency shift between adjacent light is 13.15 THz,
where is the peak of Raman gain efficiency. The input power of each light is also shown. Note
that in all cases, the power of light has been decreased to below 0 dBm after 150-km
propagation. The interaction between lights can be ignored at further region. The calculated
variance of RPN for three cases is shown in Fig. 4(d). We can find that the variance is the
largest in 3rd order DRA because the input power is the highest. Although the input power of
2nd order DRA (1700 mW in total) is higher than that of 1st order (1350 mW in total), the
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variance is slightly smaller. This can be explained by the walk-off effect. The walk-off
between two lights is associated with their group velocities ¥ =c¢/n , where c is the speed of
light in vacuum, and # is the group refractive index of fiber core and can be computed by the
Sellmeier function [10], i.e., n=n,+(S,/8)-(2—4; /A’ )-c, where n,and S,are the group
refractive index (1.47 in our simulation) and the dispersion slope at the zero dispersion
wavelength A, , respectively. The computed walk-off between 1st, 2nd, 3rd order pump and
the signal is 1.0922, 1.5406 and 1.4592 ps/m, respectively. Therefore, the walk-off between
Ist order pump and signal is less than that between 2nd order pump and signal. The noise

transfer process is then more efficient. Although we have only shown the variance of phase
noise, we can expect the similar trend of penalty curve.
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Fig. 5. The SNR penalty for PM-QPSK at BER = 10~ for Ist, 2nd, and 3rd order DRA.

The SNR penalty is evaluated for three different order DRA and is shown in Fig. 5. The
target BER is 107, In the simulations, the RIN of intermediate pumps is fixed at —140 dB/Hz,
which is a typical RIN level for laser diode. Similar curve compared to Fig. 4(d) can be found,
where 3rd order DRA has the largest penalty and 1st order DRA has larger penalty compared
to 2nd order case. It is a reasonable result since 3rd order DRA has the highest variance of
noise while 2nd order DRA has the lowest one. The required RIN at 1 dB SNR penalty is
around —106, —99.5 and —111.5 dB/Hz for 1st, 2nd and 3rd order DRA.

Since in real systems, semiconductor laser diode (LD) is usually served as pumping source
for 1st order amplifier, whose RIN can be as low as —140 dB/Hz. Almost no penalty can be
observed at such RIN level. Even if one uses fiber laser as the pump, whose typical RIN is
—105 dB/Hz, the penalty is around 0.6 dB and can be tolerated. For 2nd order DRA, the
required RIN is also higher than —105 dB/Hz. These two findings suggest that the penalty
induced by Ist and 2nd order Raman pump RIN can be ignored for PM-QPSK based
unrepeatered system. Recent experimental studies presented in [16, 17, 22] using 1st and 2nd
order Raman amplifier have all successfully achieved error-free PM-QPSK unrepeatered
transmissions. However, upgrading the amplifier to 3rd order may introduce non-negligible
penalty. Pump RIN suppression technique is needed to avoid such penalty.

4.3 Transmission Penalties for PM-16QAM systems

To further increase the capacity of unrepeatered system, higher-order modulation format is
necessary. PM-16QAM is suggested to be a good candidate for the next generation system.
There are a few experimental studies using PM-16QAM [23, 24]. It will be interesting to
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study pump RIN induced impairments on PM-16QAM based unrepeatered system. The
system set-up and parameters are the same as those used in PM-QPSK. The result is shown in
Fig. 6.

=B 1st order DRA
=0—2nd order DRA
—A—3rd order DRA

=103

SNR penalty (dB) at BER:

-?25 -120 -115 -110 -105 -100
pump RIN (dB/Hz)

Fig. 6. SNR penalties for PM-16QAM at BER = 107 for 1st, 2nd, and 3rd order DRA.

It can be found from the figure that PM-16QAM suffers larger penalty compared to PM-
QPSK. The required pump RIN at 1 dB SNR penalty is around —112, —109 and —120 dB/Hz
for Ist, 2nd and 3rd order DRA respectively. The results indicate that for PM-16QAM based
unrepeatered systems, LD can be used as 1st order pumping source with negligible
degradation, however, fiber lasers with a typical —105 dB/Hz RIN cannot satisfy performance
requirement. Either pump RIN suppression or reducing on-off gain provided by forward
pumps is indispensable.

5. Discussions

RIN, RPN and RPoIN are the noises imprinted on three different dimensions. RIN causes
amplitude fluctuation, RPN causes phase fluctuation, while RPoIN affects both dimensions by
means of crosstalk. To provide an intuitive picture how these effects distort the signal, we can
solve the coupled equations by separating the nonlinear effects.

2 : : : 2

1 'G;/“\Zf"'""ﬁ

2 A 0 1 2 2 -1 0 1 2 22 1 0 1 2
| | |

(a) (b) (c)

Fig. 7. The constellation diagram of x-polarization QPSK signal with (a) RIN only, (b) RIN
and RPN, (c¢) RIN, RPN and RPoIN. The 2nd order forward pump with —105 dB/Hz is used.

Figure 7 plots the constellation diagrams (before CPE stage) of x-polarization QPSK
signal at different conditions. XPM and XPolM effects were turned off at first to give an
image of RIN distortions and the result is shown in Fig. 7(a). Fluctuation at radial direction
can be seen due to RIN. Next, only XPolM was turned off. The resulting constellation is
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shown in Fig. 7(b), where the signal is distorted by both RIN and RPN. Deviation on the
angular distribution clearly shows the impact of RPN. At the final step, all the effects were
taken into consideration. The constellation is shown in Fig. 7(c). Compared to Fig. 7(b), each
trace was thicker as a result of crosstalk induced by RPoIN.
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Fig. 8. SNR penalty for PM-16QAM in (a) 1st order, (b) 2nd order, and (c) *™ order DRA.

We can also illustrate the corresponding SNR penalty curve at these conditions. The result
is shown in Fig. 8 for PM-16QAM. It can be found that RPN and RPoIN will cause about the
same extra penalty in 1st, 2nd and 3rd order DRA. The simulation of QPSK signal can also be
done. However, cycle slips would occur at high RPN region. Detection and correction of
cycle slip is beyond the scope of this paper, and thus we will not discuss it further.

Another interesting aspect to discuss is the performance of DSP algorithms in mitigating
these impairments. We have discussed in [13] the mitigation of RPN using modified CPE
algorithm. It can be achieved by optimization of averaging weights according to minimum
mean-square error (MMSE) criterion. And it was proposed in [26] an efficient polarization
crosstalk mitigation algorithm called nonlinear polarization crosstalk canceller (NPCC).
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Fig. 9. The SNR penalty with and without using mitigation algorithms for (a) PM-QPSK and
(b) PM-16QAM.

Figure 9 shows the simulation results for PM-QPSK and PM-16QAM systems. The NPCC
with optimal filter length is inserted after CPE. Details of both mitigation algorithms can be
found in [13] and [26]. According to Fig. 9, the DSP algorithms can indeed reduce the SNR
penalty, thereby increasing the required pump RIN level. However, the improvement is
limited. RIN tolerance has less than 3 dB increase for both modulation formats.

6. Conclusions

In this paper, we presented the vector theory of 1st and higher order DRA utilizing Jones-
matrix formalism. It was shown that in addition to RIN and RPN, pump RIN will also induce
polarization crosstalk to multi-level modulation format signals through XPolM effect.
Simplified mathematical approach without dealing with complex vector theory was obtained
to predict the stochastic property of RPN generated in higher order DRA. Simulations
suggested that PM-QPSK can tolerate up to —106, —99.5 and —111.5 dB/Hz pump RIN in 1st,
2nd and 3rd order forward pumped unrepeatered systems, while the corresponding RIN
tolerance for PM-16QAM is —112, —109 and —120 dB/Hz, respectively. Further studies
showed that RPN and RPoIN have about the same impact on performance. And if using an
optimized CPE and NPCC algorithms, the RIN tolerance can be increased by less than 3 dB.
The model presented in this paper is helpful for the design of multi-level modulation format
signal based unrepeatered transmission systems using DRA. The conclusions made in here
can be served as a guideline on the selection and screening of Raman pumping source in
future’s unrepeatered transmission experiments. Further investigation of more powerful
algorithms for impairment mitigation in DRA systems will be conducted in future.
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