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Abstract: By using two-section fibre where the first section has no spin and the second one is periodically spun,
we demonstrate reduced polarization dependent gain and polarization mode dispersion (0.3 dB and
0.0072 ps·km−1/2 correspondently) in a distributed fibre Raman amplifier.
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1. Introduction

Strong demand in increasing bandwidth, distance, and bitrate of signal transmission for broadcasting media andmedical applications has renewed the attention to opticalfibres with the PMD reduced by fibre spinning [1, 2]. Ap-plication of broadband fibre Raman amplifiers (FRAs) inoptical telecom links appears as the next natural step toreduce the transmission system cost, increase the amplifi-cation bandwidth, and extend the link span [3]. However,further application of distributed Raman amplification insuch fibres with the most customary periodic spin leads
∗E-mail: sergey.sergeyev@gmail.com

to deteriorated performance of the optical link caused byincreased gain dependence on the pump and signal SOPs,
i.e. polarization dependent gain (PDG) [3–9]. Thus, to en-able high-speed and long-distance transmission of broad-band optical signals, one needs to find a solution thatemploys a Raman amplifier with minimum dependence onthe pump and signal polarizations, while simultaneouslykeeping the suppressed PMD. At a first glance, theseseem as mutually excluding requirements if the realiza-tion is attempted in the same fibre. However, Sergeyev
et al. have recently showed that it is possible to meetthese requirements based on application of two-sectionfibre where the first section has no spin and the secondone is periodically spun [7]. As a result, it has been shownthat PDG and PMD can be suppressed to the 0.13 dB and0.032 ps·km−1/2 correspondently [7]. To suppress PMD
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further down to 0.0072 ps·km−1/2, we report herein an ap-proach to optimize parameters for the first section of fibre,namely the correlation length and PMD.

2. Model of two-section fibre Ra-
man amplifier with reduced polariza-
tion impairments

The recently derived vector model of a fibre amplifier de-scribes the evolution of pump and signal waves in termsof vectors s = (s1, s2, s3) and p = (p1, p2, p3) pointing topositions on the Poincaré sphere [7, 8]. Due to the Ramanprocess, the signal wave is amplified and the pump waveis depleted, while due to the birefringence both of themare rotating around the birefringence axis w [7, 8]. It isknown from experimental measurements that the PDG forbackward pumping is significantly lower than for forwardpumping, while the average gain is higher [4, 6]. Hence,to consider more instructive and practical example, herewe deal with the forward pumping. Next, we choose thereference frame in Stokes space such a way that X-axiscoincides with the birefringence axis at the input of fibre.In view of the results obtained by R. H. Stolen for Ramanamplification in polarization maintaining fibre [3], there ex-ist two pump SOPs for which the PDG take the maximumand minimum value. The first SOP is (1,0,0) and the sec-ond one is any which provide equal sharing of the pumppower between two orthogonal eigenstates, for example(0,0,1). In our previous publications and we have found,both experimentally [6] and theoretically [7, 8], that be-cause SM fibre can be characterized in terms of averagedvalue of birefringence strength, it preserves properties ofPM fibre including two SOPs for the maximum and min-imum PDGs. In Ref. [8] we have demonstrated for fibreswithout spin that the signal and pump SOPs rotate on thePoincaré sphere in the same direction but at different rates
bs and bp around the local birefringence axis (bi=π/Lbiis the birefringence strength, Lbi is the beat length) [8]. Ifthe difference bp − bs is much higher than de-correlationrate L−1

c , then s and p vectors reach mutually parallel andorthogonal orientations and oscillatory behaviour occursfor the averaged projection of signal SOP on the pumpSOP, i.e., for 〈x〉 = 〈s · p〉. As a result, the projectionscorresponding to the max/min Raman gain, i.e., 〈xmax〉 and
〈xmin〉, oscillate in anti-phase along the fibre and mergeat distances of zn=nT/2, where T is the spatial period,and n is integer [8]. As follows from the results of Refs. [7]and [8], the PDG (in units of dB) depends on projections
〈xmax〉 and 〈xmin〉 as follows

PDG = 10 log(s0 max
s0 min

)

= 10 log


1 + gPin2 L∫
0 exp (−αpz) 〈xmax〉dz

1 + gPin2 L∫
0 exp (−αpz) 〈xmin〉dz

 ,
(1)

where L is the fiber length, g is the Raman gain coef-ficient, Pin is the input pump power, and αp describeslosses at the pump wavelength. Thus, if we combine theshort-length fibre (L1 = z1) with the long periodically spunfibre, one can mitigate PDG and PMD simultaneously.For this case, projections 〈xmax〉 and 〈xmin〉 are the sameat the input of the periodically spun fibre, and do notcontribute to the PDG over the length of this fibre for awide range of spinning amplitudes. Therefore, maximumand minimum PDG can be calculated from the followingexpressions which are valid for the fibre without spin [7, 8]
PDGmax = 10ε1 (1 + 2ε23)ln (10) (ε2 (ε2 + 1/2) + ε23) ,PDGmin = 20ε1ε3ln (10) (ε2 (ε2 + 1/2) + ε23) .

(2)

Here ε1=gPinLc/2, ε2=αsLc , ε3=π D(1)
p c(2Lc)1/2(1/λp-

1/λs), λp and λs are the pump and signal wavelengths,
D(1)
p is the PMD parameter of the first section of fibre,

Lc is the correlation length, αs is the signal losses. Theminimum length of the short-length fibre L1 can be foundas follows [7, 8]
L1 = 2πLc/√4ε23 − 1/4. (3)

It is well known that spin induced reduction factor (SIRF)for the periodic spin profile A = A0 sin(f0z) (A0 and f0are spin amplitude and frequency) can reach the minimumvalue of less than 0.01 for the phase-matching condition
A0 ≈ 1.2 [1, 2]. Therefore for this case, the differentialgroup delay (DGD) for a long-length periodically spunfibre is much less than DGD for a short section of fibrewithout spin. Thus, SIRF for PMD in the case of two-section fibre can found as [7]
SIRF

∣∣∣
A0→1.2 ≈

√[(Lc/L) (exp (−L1/Lc)− 1) + L1/L]. (4)
We find that the minimum PMD value in the two-sectionfibre Dp,min and parameters Lc, L1, D(1)

p for the first section
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can be found from Eqs. (3) and (4) based on the followingexpressions:
Dp,min = √4π − 14πc√L (1/λp − 1/λs) ,√
LcD(1)

p = 14πc (1/λp − 1/λs) ,
L1 ≈ 4πLc.

(5)

To justify the method of parameter optimization of the firstsection of fibre to reach the minimum PMD and PDGvalues, we have used the model of PMD in spun fibresreported in Ref. [2]
dSIRF 2
dz′ = ε4 〈Ω̂1〉 ,
d
〈Ω̂1〉
dz′ = −〈Ω̂1〉+ 2α(z)Lc 〈Ω̂2〉+ 1,

d
〈Ω̂2〉
dz′ = −2α(z)Lc 〈Ω̂1〉− 〈Ω̂2〉− ε5 〈Ω̂3〉 ,

d
〈Ω̂3〉
dz′ = ε5 〈Ω̂2〉 ,

(6)

and equations for the PDG accounting for the fibre spinprofile, PMD value, and pump SOP reported in Ref. [7]
d 〈s0〉
dz′ =ε1 exp (−ε2z′) 〈x〉 ,
d 〈x〉
dz′ =ε1 exp (−ε2z′) 〈s0〉 − ε3 〈y〉 ,
d 〈y〉
dz′ =ε3 [〈x〉 − p̃1 (0) s̃1 (0) exp (−z′)]

− 2α(z)Lc 〈u〉 − 〈y〉2 ,

d 〈u〉
dz′ =2α(z)Lc 〈y〉 − 〈u〉2 .

(7)

Here 〈. . .〉 means averaging over the birefringence fluc-tuations along the fibre, s = s0s, ŝ and p̂ are the unitStokes components for the signal and pump waves (s0=
|s| is the length of s), 〈x〉 = 〈p̃1s̃1 + p̃2s̃2 + p̃3s̃3〉 is theprojection of the signal SOP onto the pump SOP, 〈y〉 =
〈p̃3s̃2 − p̃2s̃3〉, 〈u〉 = 〈p̃3s̃1 − p̃1s̃3〉, α(z) = ∂A(z)/∂z isthe spin rate, 〈Ω̂i

〉 (i =1,2,3) are averaged and nor-malized components of the PMD vector, ε4 = L/Lc , and
ε5=2π/Lb,s. The length of the PMD vector is equal to theDGD, i.e., |Ω| ≡ √Ω21 + Ω22 + Ω23 = ∆τ. The PDG and

PMD for the distributed Raman amplifier can be foundfrom Eqs. (6) and (7) as follows [1, 2, 7, 8]:
PDG = 10 log[ 〈smax0 (L)〉〈

smin0 (L)〉
]
, Dp = D(un)

p SIRF, (8)
Dp, D(un)

p are the PMD parameter for the fibre with andwithout spin correspondently, and L is the fibre length [1,2].In this paper, we neglected both pump depletion and thesignal-induced XPM which is valid when the pump poweris much larger than the signal power. Additionally, thepump induced cross-phase modulation (XPM), i.e. term
εspP×S has been eliminated by transformation shown inRef. [9]. As follows from Eq. (7), polarization dependentgain is a function of the length of the signal Stokes vectorwhich is invariant under transformations like mentioned.Thus, NPR caused by pump induced XPM has no affecton polarization dependent gain [9].
3. Results and discussion
Calculations of the minimum PMD value and maxi-mum/minimum PDG for two-section fibre have been donefirst using Eqs. (2), (5) for the following parameters: L =10 km, αs = 0.2 dB/km, λp = 1460 nm, λs = 1550 nm,
g = 1.8 W−1km−1, P = 1 W. As a result we have ob-tained optimal parameters for the first section of fibre as
D(1)
p = 0.1 ps·km−1/2, Lc = 5 m, L1 ≈ 62.8 m and, finally,

Dp,min = 0.0072 ps·km−1/2, PDG(max/min) = 0.18 dB/0.1 dBfor the parameters of the first section fibre correspondingto the minimum PMD value (Figs. 1-3).The results of calculations of PMD parameter and PDGwith Eqs. (6)-(8) for two-section fibre (without spin-ning/periodically spun) and one-section periodically spunfibre with the spinning frequency f0 = 0.37 m−1 are shownin Figs. 2 and 3. As follows from Fig. 2, the simplified ap-proach considered in previous section (Eqs. (2) and (5))and advanced model lead to quite close values for PDGin the wide range of spin amplitudes A0 and for PMD at
A0 ≈ 1.2. Thus, both approaches demonstrate opportunityto reduce the PDG and PMD to the low values acceptablefor high-speed optical communication, namely PDG =0.3 dB and Dp,min = 0.0072 ps·km−1/2. Unlike this, in one-section periodically spun fibre with the spinning frequency
f0 = 0.37 m−1 it is possible to reach only PDG = 10 dBfor the same PMD of Dp = 0.0072 ps·km−1/2 (Fig. 3). Asfollows from Ref. [9], polarization dependent gain PDGdfor the case of depolarized pump with any degree of po-larization DOP can be written as PDGd = DOP PDG0
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Figure 1. PMD parameter Dp as a function of the correlation length
Lc in the two-section fibre according to Eqs. (3), (4).
D(1)
p =0.05 ps·km−1/2 (solid line), D(1)

p =0.1 ps·km−1/2 (dot-
ted line), D(1)

p =0.2 ps·km−1/2 (dashed line), minimum of
PMD for two-section of fibre (dash-dotted line).

Figure 2. PMD parameter Dp (circles and dots), max/min
(solid/dashed line) PDG as a function of the spinning am-
plitude A0for two-section fibre. Approximate values for
PMD from Eq. (4) (dotted line), for maximum and mini-
mum PDG from Eq. (2) (thin solid and dashed lines). Re-
sults of modelling for two-section fibre: PMD (circles),
maximum/minimum PDG (thick solid/dashed line). Pa-
rameters: L = 10 km, αs = 0.2 dB/km, λp = 1460 nm,
λs = 1550 nm, g = 1.8 W−1km−1, P = 1 W, f0 = 0.37 m−1,
D(1)
p = 0.1 ps·km−1/2, Lc = 5 m, f0 = 0.37 m−1.

(PDG0 is polarization dependent gain for FRA withoutpump depolarizer). Temperature fluctuations can lead toincreased DOP for the input pump wave of 10-15% [10]. Inview of this, it can result in increased PDG value above1 dB. Thus, the suggested cost-effective approach to si-multaneous mitigation of PMD and PDG based on two-section (without spin/periodically spun) fibre shows better

Figure 3. PMD parameter Dp (circles and dots), max/min
(solid/dashed line) PDG as a function of the spinning
amplitude A0for one-section periodically spun fibre. Ap-
proximate values for PMD from Eq. (4) (dotted line),
for maximum and minimum PDG from Eq. (2) (thin
solid and dashed lines). Results of modelling for two-
section fibre: PMD (circles), maximum/minimum PDG
(thick solid/dashed line). Parameters: L = 10 km,
αs = 0.2 dB/km, λp = 1460 nm, λs = 1550 nm,
g = 1.8 W−1km−1, P = 1 W, f0 = 0.37 m−1, D(1)

p =0.1 ps·km−1/2, f0 = 0.37 m−1,, Lc = 5 m.

Figure 4. Evolution of the signal to pump SOP 〈x〉 for the case of two-
section fibre. Minimum PDG: solid line; maximum PDG:
dots. Projection for the maximum gain: thick solid line,
thick dotted line; for the minimum gain: thin solid line, thin
dotted line.

results as compared to the results of application of pumpdepolarizer.As follows from Fig. 2, the role of min and max PDG ex-changes for two-section fibre. The Eq. (3) for a charac-teristic length of the first section of fibre without spin isan approximate and depends on the pump SOP (Fig. 4).It can lead to the swapping the pump SOPs correspond-
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ing to the max/min PDG with the increased spin rate. Inaddition, it results in PDG dependence on spin amplitude(Fig. 4).
4. Conclusions
In conclusion, we report a technique for simultaneous sup-pression of PMD and PDG in distributed fibre Ramanamplifier based on application of two-section fibre. Wehave developed a procedure for evaluation of the correla-tion length and PMD value for the fist section to reachminimum PMD and PDG in two-section fibre. As a result,we obtained PDG = 0.3 dB and Dp = 0.0072 ps·km−1/2which are much better than the data for PMD reported inRef. [7], namely Dp = 0.032 ps·km−1/2.
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