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Numerical simulation of the heavily Ge-doped polariza-
tion-maintaining fiber with normal dispersion’
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The heavily germanium (Ge)-doped silica fiber assisted by two air holes in the cladding exhibits high nonlinearity and

birefringence, low loss and normal group velocity dispersion (GVD) for two fundamental modes (FMs). When the

1920 nm and 0.1 ps pump pulse with 100 kW peak power is coupled into the 0.5-m-long fiber and polarized along one

of two principle axes, the generated spectra can cover the wavelength range around 1 000—2 500 nm at —20 dB. Fur-

thermore, the output pulse has an excellent coherence in the whole wavelength range.
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Supercontinuum (SC) generation (SCG) refers to the proc-
ess of spectral broadening under the effects of fiber disper-
sion and nonlinearity, which has been attracting great re-
search interest because of its extensive applications in
optical coherence tomography'!, biomedicine”, bio-
photonic®!, and spectroscopy!®. The all-normal dispersion
(AND:I) optical fibers have recently emerged as attractive
platforms to improve the noise and coherence performance
of SC generation compared to anomalous SC generation.
The ANDI property can be obtained by using the photonic

crystal fibers (PCFs) based on the soft-glass™, silica'®,

chalcogenide-glass” and tellurite-glass™®, hollow-core
fibers filled with highly nonlinear liquid® and heavily
germanium (Ge)-doped silica fiber!"”).

Furthermore, compared to the SCG based on the non-
polarization-maintaining (PM) fibers, the SCG with a
higher degree of polarization can be obtained by using
the PM fibers because that the polarization instabilities
caused by the nonlinear coupling among the randomly
polarized modes in the fibers can be suppressed'!. Con-
sequently, the linearly polarized SC with high coherence
can be obtained by using the air-silica PM PCFs!''"*!
soft-glass PM PCF with stress-inducing elements!"*),
As;gSegr-glass PM PCF"¥, silica-based highly nonlinear
PCF with 50 mol% GeO,-doped core', and single-

polarization CS,-core silica fiber assisted by two gold

Since the Ge-doped silica fiber is more compatible
with fusion splicing to the other silica fiber compared
with the soft-glass-based fibers, it is interesting to inves-
tigate the properties of the silica-based PM fiber. In this
paper, the heavily Ge-doped PM fiber is proposed to
obtain both high nonlinearity and high birefringence.

Compared with the PM PCF!"''®! the proposed PM fiber
has more simple structure and flat group velocity disper-
sion (GVD) profiles in the wavelength range of 1 400—
2 600 nm. The fiber structure and theoretical model are
presented, and the fiber properties, including dispersion,
nonlinear parameter, birefringence and loss are discussed
in the wavelength range from 1 000 nm to 3 000 nm. The
SCG based on the Ge-doped PM fiber is investigated by
numerical simulation.

As shown in Fig.1(a), the zero dispersion wavelength
(ZDW) of the Ge-doped silica shifts toward longer wave-
length side with an increase of the Ge concentration X.
When X=100 mol% (red curve), the corresponding ZDW
is 1 730 nm, which is located 470 nm away from the
ZDW of the pure silica (black curve). Additionally, it can
be seen in Fig.1(b) that the refractive index difference
between the Ge-doped silica and pure silica can reach up
to 0.14 in the wavelength range from 1000 nm to
3 000 nm. Fig.2 shows the cross section of the proposed
PM fiber, where two air holes lie symmetrically in the
cladding for the purpose of introducing the birefringence.
The horizontal and vertical directions are defined as the
x- and y-axes, respectively. The GVD profiles of the fiber
can be designed by changing values of 4, r, , and X.

In Fig.2, the parameter nc representing the refractive
index of air, is set to 1. The parameters n, and ng repre-
sent the refractive indices of GeO,-doped silica and pure
silica"™, which are given by

2 2 [SA + X(GA - SA)A
A-1= ‘ %
Mo (A) Zl:;f_[SJiJrX(GI,—Sl,-)]2 ’ W

where S4;, SI;,, GA; and GI; (i = 1, 2, 3) are the Sellmeier
coefficients for pure silica and GeO,-doped silica glass. 1
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is the wavelength in the vacuum, and X is the mole frac-
tion of GeO, in mol%. When X=0, the refractive index in
Eq.(1) is ng. The GVD D(4) can be written as

A d’ng ()

D(2) A 2
where c is the speed of light in vacuum, n.g(1) is the ef-
fective index of the fundamental mode (FM) at the oper-
ating wavelength A, which can be obtained by solving the
wave equation with the commercial software Comsol.
The nonlinearity parameter (1) can be defined as!'”

4 zz_njjinz ()c,y)|F(x,y)|4 dxdy

2

A (IJ:|F(x,y)|z dxdy)

where n,(x, y) is the nonlinearity refractive index (NRI),
and F(x, y) is the modal intensity distribution of the
fiber mode. The NRI 7, of GeO,-doped silica and pure
silica are given by (2.16+0.033X) with the unit of
102 m*»W". The birefringence parameter B is defined as

B= , 4)
where n'. and ' are the effective refractive indices of
the FMs polarized along x- and y-axes, respectively. The

total loss L of the optical mode is the sum of the con-
finement loss Lc and the absorption loss L,, which can

3

X Y
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be calculated by
20 2n
L.(A)=———Im(n 5
c(d) n(10) 7 (1), (%)

L, =T (W) xag, + T"™ () xag,, (6)
where Im(n.g) is the imaginary part of neg 7°°°(1) and
r4ding )y represent the ratios of modal intensities in the
regions of core and cladding, respectively. ageor and
asiox are the absorption losses of Ge-doped silica and
pure silica, respectively®”.

As shown in Fig.3(a), the proposed PM fiber exhibits
more flat normal GVD profiles over the wavelength
range of 1500—2 500 nm than that of the Ge-doped
fiber without air holes in the cladding. The GVD values
are —8 ps/nm-km and —14 ps/nm-km near 1 920 nm for
the x- and y-polarized FMs. Additionally, as shown in
Fig.3(b), the group velocity (GV) for the y-polarized FM
is relatively higher than that for the x-polarized FM.
Consequently, the polarization directions along x- and y-
axes correspond to slow and fast axes, respectively. It
can be seen in Fig.3(c) that the birefringence of the PM
fiber increases with wavelength, where the birefringence
is more than 1x10 at 1 920 nm.

First, as shown in Fig.4, the birefringence B decreases
with an increase of 4. As a result, the GVD profiles of
two FMs are downshifted and close to those of non-PM
fiber. When 4 is < 3.4 um, GVD values in the region
beyond 2 500 nm decrease due to the large waveguide
dispersion. However, GVD profiles become narrow at
A=3.0 um, and have two ZDMs for the FM with the po-
larization along x-axis. When A decreases from 3.8 pm to
3.0 um, the birefringence at 1920 nm increases from

GeO2
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0.5x10™ to 3x10™, while GVD values of FMs with the
polarization directions along x- and y-axes at 1 920 nm
increase from —18 ps/nm-km and —22 ps/nm-km to
4 ps/nm-km and —4 ps/nm-km, respectively, and the dis-
persion slope values near 1 900 nm are in the range of
—0.015—0.005 ps/nm*-km.
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Fig.1 The curves of (a) material dispersions and (b)
refractive indices for pure silica and GeO;-doped sil-
ica with different Ge concentrations
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Fig.2 Structure of the proposed PM fiber, where the
cladding material is pure silica, the core with the ra-
dius r1 is made of Ge-doped silica, two air holes with
the radius r; lie on opposite sides of the core symmet-
rically along the x-axis, and A is the core-to-air-hole
spacing
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Fig.3 The fiber properties for the x- and y-polarized
FMs including (a) GVD, (b) GV and (c) birefringence,
where r1=1.2 pm, r.=1.0 ym, A=3.4 pm and X=60 mol%

Second, as shown in Fig.5, for the proposed PM fibers
with 7, values of 1.0 um, 1.2 ym or 1.4 um, both x- and
y-polarized FMs exhibit the normal GVD profiles in the
wavelength range of 1 000 nm to 3 000 nm. However,
the SC generation under the condition of 7=1.0 pm is
desired due to its flat GVD profiles and high birefrin-
gence. For this reason, we assume 7,=1.0 um in the fol-
lowing discussion. Furthermore, Fig.6 shows the fiber
GVD and birefringence with different values of 7. The
GVD profiles exhibit much larger variations compared to
those in Figs.4 and 5. The result indicates that the pa-
rameter 7, should be carefully tuned for obtaining a de-
sired GVD property. When r| increases from 0.8 pm to
1.4 um, GVD values at 1920 nm for FMs polarized
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along x- and y-axes increase from —115 ps/nm-km and
—118 ps/nm-km to 21 ps/nm-km and 16 ps/nm-km, re-
spectively. Moreover, in all cases the birefringence val-
ues at 1920 nm are more than 1x10™*, which indicates
the proposed PM fiber has the high birefringence.
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Fig.4 The profiles of (a) GVD, (b) dispersion slope and
(c) birefringence for two FMs in the proposed PM fi-
ber, where A values are 3.0 ym, 3.2 ym, 3.4 pym,
3.6 ym and 3.8 ym, where r1=1.2 ym, r.=1.0 ym and
X=60 mol%

Finally, the influences of the concentration X on the
GVD and birefringence are shown in Fig.7. It can be
seen that the PM fiber with X=60 mol% exhibits a wide
and flat normal GVD profile. When X=20 mol%, the
birefringence reaches its maximum value at 1 850 nm.
However, when X=60 mol%, the birefringence at
1920 nm is as high as 1.6x10™. As a result, we assume
r=1.2 pum, ,=1.0 um, 4=3.4 pm and X=60 mol% in the
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following discussion due to its wide and flatted GVD
curves combined with the relatively high birefringence.

As shown in Fig.8(a), the total losses of the PM fiber
are much lower than 0.01 dB/cm in the whole wave-
length range from 1 000 nm to 2 500 nm. Moreover, as
shown in Fig.8(b), the nonlinear parameters and effective
mode areas over the wavelength range of 1 000—3 000
nm are almost identical for two FMs, while y can reach
0.01 W'/mat 1 920 nm.
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Fig.5 The curves of (a) GVD, (b) dispersion slope and
(c) birefringence for FMs polarized along x- and y-
axes in the proposed PM fibers with r; values of
0.6 ym, 0.8 pm, 1.0 ym, 1.2 ym and 1.4 pm, where
r=1.2 pm, A=3.4 ym and X=60 mol%

When the coupling effect between the x- and y-
polarized modes is considered, the pulse varying enve-
lopes in each polarization direction of the PM fiber sat-
isfy the coupled generalized nonlinear Schrédinger equa-
tions (GNLSEs) as?*"!
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where 4,(z, Q) and A}(z, Q) represent the slowly varying
pulse amplitudes in the frequency domain, which are the
Fourier transform of A.(z, T) and 4,(z, T), where x and y
represent the polarization directions along x- and y-axes,
respectively. a"(w) and a”(w) are the total losses of x-

and y-polarized axes, respectively. A" (w) and

B (w) are the dispersion coefficients in the polarization

directions along x- and y-axes, respectively. p(w) is the
nonlinear parameter and w, is the center frequency.
AB=(2n/A)B=2n/Lg, where Lg represents the beat length.
Here, we assume the input pulse is a Gaussian pulse, i.c.,

A(0, T)=\/FO exp(—T*/2Ty%), where P, is the peak power,

and T, 0=TFWHM/\/2ln2 ; Trwam represents the full width at
half-maximum pulse duration. The difference of group
velocities between two polarization components can pre-
vent their nonlinear coupling due to a large enough time
delay. This feature can be characterized by the walk-off
term i (wo)Pilwy) with the walk-off length
Lyw=Ty/|B1,(@0)—f1.{w0)|. A(w) is the Raman response func-
tion, whose corresponding time domain  is
W Ty=(1—fr)o(T)tfrhr(T), including both instantaneous and
delayed Raman contributions. The fractional contribution
of the delayed Raman response to nonlinear polarization fg
is 0.18. The Raman response term is given by*?

" exp(—T /7 )sin(T/2)O(T). (9

where 7, and 7, are taken to be 12.2 fs and 83 fs, respec-

tively. @(T) is Heaviside step function.
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Fig.6 The curves of (a) GVD and (b) birefringence for
FMs polarized along x- and y-axes in the proposed
PM fiber when ry are 0.8 ym, 1.0 ym, 1.2 ym and 1.4
um, where r;=1.0 pm, A=3.4 ym and X=60 mol%
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Fig.7 The curves of (a) GVD and (b) birefringence for
FMs polarized along x- and y-axes in the proposed
PM fiber with X values of 20 mol%, 40 mol%, 60 mol%,
80 mol% and 100 mol%, where r1=1.2 ym, r;=1.0 pm
and A=3.4 ym

When the linearly polarized pulse is coupled into the
PM fiber, we can define the angle of the polarization
direction from x-axis as 8. When the input polarization is
along two principal axes (6=0° or 90°), only one of the
orthogonally polarized modes is excited. In this case,
Fig.9 shows the output pulses temporally and spectrally
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for different propagation lengths by solving the GNLSEs
with the split-step Fourier method (SSFM)*'*!. The
pulses with both two polarization axes have a large spec-
tral broadening at the propagation distance of 0.1 m,
covering at the wavelengths ranging from 1 000 nm to
2500 nm at —20 dB. When the pulses have a further
propagation along the PM fiber, the spectral profiles
nearly keep unchanged, while the temporal shapes con-
tinue to be broadened due to the GVD effect. For this
reason, the propagation length is set to 0.5 m in the fol-
lowing discussion.
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Fig.8 The curves of (a) total loss Liotai and (b) the
nonlinear parameter y(A) (left) and effective mode
area Acs (right) of the FMs in the proposed PM fiber,
where r1=1.2 ym, r.=1.0 ym, A=3.4 ym and X=60 mol%

As shown in Fig.10, when the 0.1 ps 1 920 nm pump
pulses with different values of P, are coupled in the PM
fiber along the principal axes, the output pulses show the
smooth profiles temporally and spectrally. However, the
input pulses polarized along the slow axis undergo rela-
tively weaker GVD-induced pulse broadening, resulting
in the broader output spectra compared with those of the
pump pulse polarized along the fast axis. According to
the report in Ref.[24], a tunable pulse with a peak power
of 230 kW and a pulse width of 108 fs is generated near
2 um. Thus, the peak power of pump pulse is adjusted
from 50 kW to 150 kW in the numerical simulation. For
example, when the 0.1 ps input pulse with 150 kW peak
power is polarized along slow and fast axes, the spectral
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bandwidths at =20 dB of the output pulses are 1 700 nm
(850—2 550 nm) and 1550 nm (900—2 450 nm), re-
spectively.

Furthermore, as shown in Fig.11, when the 100 kW
pulses with different Tgyy values are coupled into the
PM fiber, the input pulse with Trwym =5 ps has a
narrower spectrum compared with the 0.1 ps input pulse,
which results in a relatively weaker GVD-induced pulse
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broadening in the temporal domain. For this reason, the
output pulse in the former case has a peak power of
76 kW, which is much higher than that in the latter case.
Moveover, in the case of Trwuv=5 ps, the output pulses
along both two principal axes temporally develop the
oscillatory structures on the trailing edges mainly due to
the new frequency components on the short wavelength
side generated by the FWM effect.
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As shown in Fig.12, the complex degree of first-order
coherence |g1,'"|(1) can be obtained from an ensemble of
60 independently spectra®!, where the random quantum
noise is added into the input pulse with one photon per
mode. In the case with the input Tgwuy of 0.1 ps, the
output pulses polarized along both two principal axes
exhibit excellent coherence properties in the wavelength
range of around 1 000-2 500 nm. However, the output
pulses with input Tgwiy of 5 ps show a degradation of the
coherence on the short wavelength side due to the new
frequency components devoloped by the random quantum
noise.
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Fig.12 The degree of coherence |g1.\"| of the pulse
polarized along the slow and fast axes at the 0.5-m-
long PM fiber end when (a)(b) Trwam=0.1 ps and (c)(d)
Trwnm=5 ps

The highly birefringent fiber in the 1900 nm
wavelength window can be demonstrated numerically by
the PM fiber with heavily Ge-doped core and two side
air holes in the cladding The proposed PM fiber with an
proper choice of parameters has flatted normal GVD
profile, high nonlinearity, low loss in the wavelength
range from 1 000 nm to 3 000 nm. Furthermore, when
the input polarization direction is along x or y axis of the
PM fiber, the linearly polarized SC spectrum covering
over one octave can be obtained in the wavelength range
around 1 000—2 500 nm by using the 1920 nm pump
pulse with 0.1 ps duration and 100 kW peak power.
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