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The supercontinuum (SC) generation (SCG) based on the active nonlinear fiber has attracted much attention due to its 

advantages in the energy amplification and spectral broadening of the output pulses. The active step-index single-mode 

fiber is proposed for the SCG. A flat normal-dispersion profile ranging from 1 240 nm to 2 550 nm can be obtained by 

tuning the germanium (Ge) concentration and core size, where the values of the dispersion slope are between 

−0.01 ps/nm2/km and 0.05 ps/nm2/km. Furthermore, the output pulse from the 5 m Er-doped normal-dispersion fiber 

(NDF) with g0=9 m-1 has a peak power of 2.8 kW and a 20 dB spectral bandwidth of 507 nm ranging from 1 262 nm to 

1 769 nm by using the 1 550 nm and 1 ps Gaussian pulse with a peak power of 10 kW as the pumping source. 
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SCG in the normal-dispersion active fiber refers to the 

process of spectral broadening due to the combined ef-

fects of fiber dispersion, gain and nonlinearity, which 

mainly includes self-phase modulation (SPM), four-wave 

mixing (FWM) and stimulate Raman scattering (SRS). 

Since the SC laser sources based on the optical fibers 

have many advantages such as high beam quality, easy 

maintenance and compact structure, they can be em-

ployed in the optical coherence tomography[1], spectros-

copy[2] and biomedical[3], etc. Recently, the supercon-

tinuum generation (SCG) based on the active highly 

nonlinear fiber has attracted much attention due to the 

combined function of energy amplification and spectral 

broadening. The SCG can be obtained by using the ac-

tive-type fibers such as the photonic crystal fibers 

(PCFs)[4,5], ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) fi-

bers[6-8] and double cladding fibers[9,10]. For example, the 

Yb-doped PCF can be used for the SCG, where the spec-

tral bandwidth can reach up to 400 nm[4]. Moreover, the 

output pulse from the Ho-doped ZBLAN exhibits a 

broad spectrum ranging from 2 030 nm to 2 900 nm. 

However, the ZBLAN fiber based on the soft glass can-

not be handled and spliced as straight forward as the sil-

ica fiber[6]. The Yb-doped double-cladding silica fiber 

amplifier can generate the high-power SC light with 

10 dB spectral bandwidth of 1 130 nm, where the SCG 

system is an all-fiber compact structure[9]. 

In this paper, the active normal-dispersion fiber (NDF), 

by which the propagating pulses can be amplified and 

spectrally broadened, is proposed based on the heavily 

Ge-doped silica. Additionally, compared with the PCFs 

and ZBLAN fibers, the step-index NDF has a more sim-

ple structure, which is helpful to the fabrication and fu-

sion splice of the optical fiber. The properties of the ac-

tive NDF the dispersion, nonlinear parameter, loss and 

gain, are discussed. Moreover, the evolution of propa-

gating pules along the fiber are numerically simulated 

and analyzed in the spectral and temporal domains. 

Fig.1 shows the schematic diagram of the SCG con-

figuration, where the initial pulses (blue line) undergo 

the combined effects of dispersion, gain and nonlinearity 

interactions through the active NDF. The fiber core made 

of Ge-doped silica is doped by erbium ion for obtaining 

gain, which is surrounded by the pure-silica cladding. 

The parameters n1 and n2 represent the refractive indices 

of Ge-doped[11] silica and pure silica[12], which can be 

calculated using: 
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where SAi, SIi, GAi, and GIi are the Sellmeier coefficients 

for the Ge-doped silica. X is the Ge concentration in 

mol%[12,13]. Moreover, the profiles of the group velocity 

dispersion (GVD) for the fiber can be tailored by tuning 

the core radius rcore and the Ge concentrate X. 

As shown in Fig.2(a) and (b), the curves of Ge-doped 

silica material dispersion and refractive indices are cal-

culated as functions of the Ge concentrate X, respectively. 
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It can be seen that the material dispersion curve has a red 

shift with an increase of the Ge concentrate. For this 

reason, a flat normal dispersion profile can be obtained 

by tuning the wave-guide dispersion for the heavily 

Ge-doped silica fiber. 
 

 

Fig.1 Schematic illustration of the SCG based on an 
active NDF with the cross section shown on the right 
side, where rcore represents the radius of the core, n1 
and n2 are the refractive indices for the GeO2-doped 
silica and pure silica, respectively 
 

 
Fig.2 The curves of material (a) dispersion and (b) re-
fractive indices of the Ge-doped silica and pure silica 
 

The GVD parameter D(λ) can be written as 
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where nFM is the effective index of the fundamental mode 

(FM) at the operating wavelength λ. The nonlinearity 

parameter γ(λ) can be defined as[14] 

� 	
� 	 � 	

� 	� 	
4

2

2
2

, , d d2π

, d d

n x y F x y x y

F x y x y
� �

�




�





�


� � �
� �

,         (4) 

where n2(x, y) is the nonlinear-index coefficient, and F(x, 
y) is the modal intensity distribution of the fiber mode. 

The values of n2 of Ge-doped silica and pure silica are 

(2.16+0.033X)[15,16] and 2.2[16] with the unit of 10-20 m2/W, 

respectively. 

For the active NDF with the normalized frequency 

V<2.404 8, the nonlinear parameters and GVD in the 

wavelength range from 1 000 nm to 3 000 nm are shown 

in Fig.3 with different values of X and rcore. When the 

values of X increase from 20 mol% to 100 mol%, the 

ZDWs for the active NDFs shift toward longer wave-

length sides. It can be seen that the fiber has the rela-

tively flat normal-dispersion profile near the wavelength 

of 1 550 nm (−12.46 ps/(nm·km)) when X=40 mol% and 

rcore=1.4 m. Furthermore, the corresponding dispersion 

slope varies from −0.01 ps/nm2/km to 0.05 ps/nm2/km in 

the wavelength range of 1 240—2 550 nm (blue curve) 

shown in Fig.3(b). Fig.3(c) shows that the nonlinear pa-

rameters increase with increasing the X due to a decrease 

of the effective mode areas Aeff. For example, the 

nonlinearity parameters increase from 0.008 W−1/m to 

0.036 W−1/m at the wavelength of 1 550 nm when in-

creasing X from 20 mol% to 100 mol%. 
 

 

 

  
Fig.3 The curves of (a) GVD, (b) the dispersion slope, 
and (c) the nonlinear parameter γ(λ) (left) with effective 
mode area Aeff (right) for different values of X and rcore 

 

The total loss L of the optical mode includes both con-

finement loss LC and the absorption loss LA in the fiber, 

which can be expressed by[14] 

C eff

20 2π
( ) Im( )

ln(10)
L n�

�
� ,                    (5) 

2 2

core cladding

A GeO SiO
( ) ( )L � � � � � �� � � � ,          (6) 

where Im(neff) represents the imaginary part of the effective 
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index of the modes. The parameters Гcore(λ) and Гcladding(λ) 

are the fractions of the mode intensity in the core and 

cladding. The absorption losses in the Ge-doped silica 

and pure silica are αGeO2 and αSiO2, respectively. 

In addition, the gain characteristic is closely related to 

the absorption spectrum αA(λ) and gain spectrum g(λ) 

for the Er-doped fibers, which are given by[17] 
core
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where σa(λ) and σe(λ) are the absorption and emission 

cross sections at wavelength λ, respectively. Nt refers to 

the erbium concentration at the doping region. 
 

 
Fig.4 (a) The total loss L; (b) The absorption αA as a 
function of Nt with σa=1.879×10-25 m2[18] and Γcore=0.9 
in the wavelength of 980 nm; (c) The gain spectra g(λ) 
for different values of Nt; (d) The absorption spectra 
αA(λ) & gain spectra g(λ) with Nt=5×1019 cm-3 as func-
tion of wavelength, where X=40 mol% and rcore=1.4 m 
 

As shown in Fig.4(a), the total losses L are much less 

than 1 dB/m at most wavelengths ranging from 1 000 nm 

to 2 500 nm. For the Er-doped NDF, the pumping source 

is the 980 nm single-mode laser diodes. As a result, the 

absorption of the pump αA (λ= 980 nm) increases linearly 

with the doping concentration show in Fig. 4(b), which 

can reach to 36.72 dB/m when Nt=5×1019 cm-3. The values 

of gain increase with an increase of Nt, especially for the 

gain peak near the wavelength of 1 530 nm in Fig.4(c). 

Furthermore, the values of gain g(λ) near the wavelength 

of 1 550 nm are more than 60 dB/m when Nt=5×1019 cm-3, 

as shown in Fig.4(d). These results indicate that the active 

NDF can provide high enough gain in the 1 550 nm win-

dow when the fiber is heavily doped with erbium irons.  

The generalized nonlinear Schrödinger equation 

(GNLSE) is used to describe the evolutions of the 

propagating pulses along the active NDF, which can be 

written by[20] 
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where A(z, T) represents the slowly varying pulse enve-

lope function of the optical radiation field in time domain. 

The time derivative term on the right-hand side models 

the dispersion of the nonlinearity, which is associated 

with the effects of self-steepening and optical shock for-

mation, characterized by a time scale τshock=1/ω0. In this 

paper, the initial pulse is set to be a Gaussian pulse, i.e., 

0
(0, )A T P�  exp(−T2/2T0

2), where 

0 FWHM
/ 2 ln 2T T� ; TFWHM is the full width at 

half-maximum pulse duration, and peak power P0 can be 

obtained by P0=0.94E0/TFWHM, where E0 is the pulse en-

ergy. α is the loss, βn is the dispersion coefficients, and γ 

is the nonlinear parameter. The gain g is given by[20,21] 
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where g0 is small-signal gain at the center wavelength of 

1 550 nm related to the doping concentration, Epulse, Esat 

and Δωg are the instantaneous pulse energy, saturation 

energy, and gain bandwidth, respectively. The nonlinear 

response function R(T)=(1−fR)δ(T)+fRhR(T) includes both 

instantaneous and delayed Raman contributions. fR is the 

fractional contribution of the delayed Raman response to 

nonlinear polarization, which is given by 0.22. The Ra-

man response term is given by[19] 
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where τ1 and τ2 is related to the frequency of the “pho-

non” and the attenuation of the network of vibrating at-

oms, respectively. For silica-based fiber, the value of τ1 

and τ2 is 12.2 fs and 32 fs, respectively. 

The dispersion length and the nonlinear length are 

LD=TFWHM
2/| b2| and LNL=1/γ/P0, respectively. b2 is the 

second-order dispersion. Depending on the relative mag-

nitudes of LD, LNL, and the fiber length L, either disper-

sion or nonlinear effects may dominate along the fiber. In 

this case, LNL=0.007 m with P0 = 10 kW. When TFWHM = 

0.1 ps and β2 = 0.015 9 ps2/m, the dispersion length LD is 

0.62 m. Since the value of L (1~5m) is much longer than 

LD and LNL, the spectral broadening of the propagating 

pulse results from the combined effects of the GVD and 

SPM. For the case of TFWHM are 0.5 ps and 1 ps, the LD 

are 15.72 m and 62.89 m. As a result, the SPM effect 

dominates the process of the pulse evolution because L is 

much shorter than LD.  

As shown in Fig.5, the output pulses show broader 

spectra and higher peak powers when the fiber has a flat 

normal dispersion profile with relatively low absolute 

value of the GVD at 1 550 nm. For example, the absolute 

values of GVD at 1 550 nm are 12.46 ps/(nm·km), 

68.16 ps/(nm·km) and 45.07 ps/(nm·km) when 

X=40 mol%, 60 mol% and 80 mol%, and the spectral 

bandwidth (at the 20 dB level) can reach 489 nm, 

243 nm and 366 nm with the peak powers of 2.05 kW, 

0.76 kW and 0.89 kW when z=5 m, respectively. Conse-

quently, the values of X and rcore are taken to be 40 mol% 

and 1.4 μm in the following discussions. The parameters 

used in the simulation can be seen in Tab.1. 
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(a)                    (b) 

Fig.5 The output pulses from the active NDFs with z=0 m, 
1 m, 2 m, 3 m, 4 m and 5 m for different values of X and 
rcore in (a) spectral and (b) temporal domains (For the ini-
tial Gaussian pulse, TFWHM= 1 ps, g0 = 6 m-1 and P0 = 10 kW) 
 

Tab.1 The parameters used in the simulation 
 

Fiber parameters Value Input pulse parameters Value 

X (mol%) 40 TFWHM (ps) 0.1—1 

rcore (μm) 1.4 P0 (kW) 10 

γ (W-1·m-1) 0.015 z (m) 0—5 

GVD (ps/(nm·km)) −12.46 g0 (m
-1) 0—9 

Loss (dB·m-1) <1 λ0 (nm) 1550 

 

In Fig.6, it can be seen that increasing the value of g0 
can lead to spectral broadening of the output pulses. When 

the values of g0 are 0 m-1, 3 m-1, 6 m-1 and 9 m-1, the spec-

tral widths of the output pulses at 20 dB level are 455 nm, 

472 nm, 489 nm and 507 nm, and the corresponding pulse 

energies of the output pulses are 10.1 nJ, 19.5 nJ, 29.2 nJ 

and 39.5 nJ, respectively. Consequently, the active NDF 

offers a degree of freedom for broadening the spectral 

bandwidth and increasing the temporal intensity of the 

output pulses by tuning the parameter of g0.  

 

 
Fig.6 The output pulses from the active NDFs for dif-
ferent g0 in (a) spectral and (b) temporal domains 
when z=5 m (For the initial Gaussian pulse, TFWHM=1 
ps and P0=10 kW (10.6 nJ pulse energy)) 

 
Furthermore, Figs.7 and 8 show that the evolution of 

the propagating pulses in the spectral and temporal do-

mains in the cases of g0=9 m-1 (active fiber case) and 

0 m-1 (passive fiber case) with a 1-ps input pulse. As 

shown in Fig.7(c) and (d), Fig.8(c) and (d), during the 

initial stage of pulse evolution, new frequency compo-

nents can be created in the vicinity of the wavelength 

1 550 nm due to the self-phase modulation (SPM). With 

a further propagation, the spectra exhibit significant 

broadening on the short wavelength sides due to the on-

set of optical wave breaking (WB) in the nor-

mal-dispersion regimes. The spectral energy is trans-

ferred from the pump wavelength regime into spectral 

wings via the effects of four wave mixing (FWM) in-

duced by WB[12]. In both cases, as shown in Fig.7(a) and 

Fig.8(a), the spectral bandwidths of the propagating 

pulses show nearly linear increases with z at the early 

stage of pulse evolution, and then becomes saturated 

when z>2.5 m because of the decreases of the peak pow-

ers of the pulses. In addition, Fig.7(e) and Fig.8(e) shown 

the output spectra in the cases of g0=9 m-1 and g0=0 m-1 

can be broadened to 507 nm (1 262—1 769 nm) and 

455 nm (1 287—1 742 nm) at 20 dB level, respectively. 

In Fig.7(b) and Fig.8(b), it is worth noting that the pulses 

at the end of the fiber remain a nearly linear chirp in 

temporal domain in both cases. Furthermore, as shown in 

Fig.7(f), the peak power of the pulse at the output end is 

2.8 kW, which is more than 4 times higher than that of 

the passive fiber case in Fig.8(f). Consequently, the gain 

provided by the active fiber can compensate the losses so 

that when the propagating pulses exhibit spectral broad-

ening due to the nonlinearity, and the pulse energies can 

also be increased at the same time.  
 

 
Fig.7 (a) The spectral intensities with different 
propagation distance z; (b) The temporal intensities 
with frequency-chirp profiles of the output pulses 
when z=5 m; The evolution of propagating pulses 
along the fiber in (c) spectral and (d) temporal do-
mains when g0=9 m-1; (e) The 20 dB bandwidths and (f) 
the pulse widths TFWHM (left) and peak power (right) of 
the propagating pulses as functions of z (For the ini-
tial Gaussian pulse, TFWHM=1 ps and P0=10 kW)
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Fig.8 (a) The spectral intensities with different 
propagation distance z; (b) The temporal intensities 
with frequency-chirp profiles of the output pulses 
when z=5 m; The evolution of propagating pulses 
along the fiber in (c) spectral and (d) temporal do-
mains when g0=0 m-1; (e) The 20 dB bandwidths and (f) 
the pulse widths TFWHM (left) and peak power (right) of 
the propagating pulses as functions of z (For the ini-
tial Gaussian pulse, TFWHM=1 ps and P0=10 kW) 

 
Furthermore, the 20 dB bandwidths and pulse energies 

of the propagating pulses are shown in Fig.9. It can be 

seen that the 20 dB bandwidths with z=5 m can reach 

420 nm, 481 nm and 489 nm with pulse energies of 

13.8 nJ, 21.2 nJ and 29.3 nJ, when TFWHM = 0.1, 0.5 and 

1 ps, respectively. When the initial TFWHM is 0.1 ps, the 

spectral bandwidths decrease from 474 nm with z=0.2 m 

to 420 nm with z=5 m. The reason is that, as shown in 

Fig.10, the intensities of the frequency components in the 

gain spectrum are relatively higher than those of the fre-

quency components on the blue and red sides because of 

the effect of optical amplification. 
 

 
Fig.9 The 20 dB bandwidth (left) and the pulse energy 
(right) of the output pulses as the functions of the 
propagation distance z with g0=6 m-1 for different TFWHM 

 
Fig.10 (a) The spectral evolution and (b) the intensity 
profiles in the temporal domain of the pulse along the 
active NDF with g0=6 m-1 along the propagation dis-
tance z when initial pulse widths TFWHM=0.1 ps, 0.5 ps 
and 1ps, where the other simulation parameters can 
be seen in Tab.1 
 

In conclusion, the active fiber with a flat nor-

mal-dispersion profile in the spectral range of 

1 240—2 550 nm is obtained by appropriate choice of 

the parameters. The corresponding values of the disper-

sion slope are between −0.01 ps/nm2/km and 

0.05 ps/nm2/km. Furthermore, the numerical results show 

that the flat-top SC spectrum ranging from 1 262 nm to 

1 769 nm can be realized by launching the pump pulse 

with the central wavelength of 1 550 nm in the fiber, 

where X=40 mol% and rcore=1.4 μm. At the same time, 

the propagating pulses along the active NDF can be am-

plified and preserve single-pulse state due to the effect of 

the normal dispersion. 
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