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ABSTRACT, The paper reporls on analysis of the dynamics and operation
stabilily of pumping sciniconduclor lasers of optical fiber amplifiers in optical
eommunication systems. The parameters of the amplifier system that correspond
lo stable operalion and low intensity noisc are explored. The smdy 1s based on a
time-delay model of the rale cqualions of the pholon number, optical phase and
the injecled clectron numher. The analyses are performed in terms of the
inslantaneous fluctuations of the laser intensity, the eorresponding bifurcation
diagram and phase poruaits, and the relative intensity noise. The frequency
spectra of the intensity noise under strong fecdhack are characterized. The results
mdicate thal the laser stability improves when the length of the cxternal cavity
formed belween the laser and a fiber grating decreascs where the laser operatcs
almost in either pulsaiion or continuous wave. The operation hecomes almost
chaotic interrupted by narrow regions of continuous wave in the extreme of long
exlernal cavities, which degrades the laser stahility.

1. Introduction

Optical fiber amplifiers havc been recently utilized o compensatc weakness of the
transmitted signal down optical fibers and hence to increase the transmission distance in
oplical fiber communication systems (Agrawal, 2003). In such systems, semiconductors
lasers consisting with external fiber cavitics terminated with tiber gratings (FGs), as shown
in Fig. 1, have bcen popularly used as exeiting sources for fiber amplifiers (rare-earth-
element doped fibers), The external fiber cavity is introdueed to increase the lasing power
over both the internal (the solitary laser) and the external fiber eavitics, The FG is
introduced to lock the lasing frequency lo a single frequency of the external cavity
resonanees or to a limited range of frcquencies. The pumping semiconductor lasers are
designed with an antireflection-coated front facet. Therefore, these lasers suffer from very
strong external optical fecdback (OFB) duc to reflection of the laser light by the FG and re-
injection into the laser cavity (Mokal & Olsuka, 1985). Recent investigations of the
operation characteristics of such lasers have indicated that the device may operate in
continuous wave (CW) or pulsation (pcriodic or quasi-periodic} depending on the lasing
conditions and the system configuration (Abdulthmann er af., 2003). One drawback of the
optical fiber amplifier is that it ainplifics both thc signal and the noise induced upon
propagation of the lightwave down the fibers. Stabilizing the opcration of the pumping
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laser and suppressing the corresponding intensity noise to its lowest quantum level are
necessary o improve the performance of the optical amplifier systems. Therefore,
characterization of the intensity noise is prerequisite in this regard.
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Fig. (1). Scheme of a pumping laser diode in an optical fiber amplificr system,

Recently, a new model of OFB in semiconductor laser diodes has been reported
which 1s exceptionally applicable 10 an arbitrary strength of the OFB (Abdulrhmann er al,,
2003). In this paper, we apply such a mode! to analyze the dynamics, intensity noise, and
operation stability of pumping lasers in fiber amplifier systems. We are aimed at exploring
the OFB paramcters that correspond to stable operation and low noise, namely, the
reflectivity of the FG and its distance to the pumping lascr. The analyses are made in terms
of the instantaneous fluctuations of the light intensity, the corresponding bifurcation
diagram and phase portrait, and the spectrum of the relative intensity noise (RIN).

The paper 1s structured as follows. The theoretical model of laser dynamics and noise
is given in the nexl section, Section 3 prescnts the procedurcs of applying the proposed
model in numerical calculations. In section 4, we demonsiratc the simulation results of
laser dynamics and noise under OFB. The conclusions are given in section S.

2. Theoretical Model

The proposcd model of laser operation under OFB in a fiber amplificr system 1s
schematically illustrated in Fig. 2. The light emifred from the laser {ront facet at a time ¢
travels for a time of T = 2w Lg /¢ in the external cavity formed between the laser front facet
of reflectivity Ry and the FG of reflectivity R, , with Ly and »y- as the length and refractive
index of the external cavity, and ¢ as the specd of light in vacuum. The light then travels
back to the cavity and re-injects into the laser cavity through the front facet. That is, at a
time ¢ and at thc front facet, the photon number S¢7) inside the cavity S¢¢) is influenced by
the time-delayed value St7- 1/ in the external cavity. Such phenomenon is described by the
following rate equations of the photon number S¢#), optical phase 8¢#) and injected clectron
number M(#) (Abdulrhmann ef ¢f., 2003):
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Fig. (2). Scheme of a laser diode under OFB in an optical communication system.

where 4 and B are linear and nonlinear cocfficients of optical gain Gp, respectively. They
are determined in terms of the number of injected elcctrons N as (Ahmed & Yamada,
1698),

> (N =N, ), 4
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The parameters in the above equations are defined as follows. « is a tangential coefficient
of A, & is the field confincment factor in the active region, ¥, Lp, and ny, are the volume,
length and spatially-averaged rcfractive index of the active region, respectively, N, is the
electron number at transparency, N is an electron numbcr characterizing the nonlinear gain
coefficient, N is a time-averaged value of N, X is the cmission wavelength, |{Rev| is the
squared absolute value of the dipole moment, G, 18 the threshold gain in the solitary laser,
a is the lincwidth enhancement factor, [ is the injection current, t, is the lifctime of
electrons duc to spontaneous emission, T;, is the intraband relaxation time, and e is the
elcctron charge. The term «fN/V in Eq. (1) indicates the rate of inclusion of the
spontaneous emisston into the lasing mode.

(N -N,). (5)

The OFB is counted in terms of the function U/ aud its argument ¢ which are defined
in terms of the delay round-trip time t as (Abdulrhmaun ef al., 2003):

S(-r)

U=1-K, exp{—jw| S0)

exp{/ (6 —1)-6())} (6)

=[t] exp{-/o}

w represents the phase difference between the delayced injected field and the reflected field
to the laser cavity at the front facet,

Y=ot ot oy, (7)
wherc g, and ¢, arc the phase changes of the field at the front facet and the fiber grating,
respectively, and ez is the phase delay during each round trip in the cxternal cavity. The
fecdback coefficient K. measures the strength of OFB and is determincd by the ratio of the
external reflectivity R, 1o the front-facet reflectivity R, as,

R
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where # is the coupling ratio of the externally reflccted light into the laser cavity. The
argument @ of the feedback function U/ is abviously given by:

) Am[U]
¢ =—tan {Re[U]}ijm (9

where m is an integer. Determining the value of @ in the two-dimensional space (Re[U]-
Im[L/]) depends on both thq,ﬁsigns and magnitudes of Re[L/] and Im[U].

The terms Fi(t), Fo(t) and Fy(1) are Langevin noise sources of a Gaussian type with
zero means, and satisfy the following cross-correlations (Ahmed et al., 2001):

Ef(r) Fb(‘(') = I/ub (s(-" - '(') . (10}

where a and b stand for any of S, N or #. These random terms are added to the rate
equations to account for the quantum noises associated with inclusion of the spontaneous
emission and rccombination processes of charge carriers (Ahmed et «l, 2001). The
variances V., are determined from the stcady-state solutions S and N of Egs. (1)-(3).

The noise content of the output fluctuations is determined in terms of the RIN. The
RIN is calculated from the fluctuations 85 (£)=S5(t)—S of S(f) via the equation (Ahmed e/
al. 2001):

J”dr . (1)

where Q is the Fourier frequency and S is the lime-average valuc of S(/).

3. Numnerical Calculations and Results

3.1. Procedures of Calculations

In the present calculations, typical values of the paramcters of both 980 nm InGaAs
laser diodcs and the geometry of fiber amplifier systems are ecmployed. These values are
listed in Table 1. The ratc equations (1)-(3) are solved numeneally by means of the fourth-
order Runge-Kutta method. The time step of integration is set as short as Af = 5ps to
guarantee fine resolution of the OFB-induced dynamics. This small time step Af
corresponds to a cut-off frequency much higher than the external-cavity mode-separation
frequency /.. = 1/t. The opcration state is examined in the period f = 8~10 ps durning whieh
the operation state is fixed. The integration is first made without OFB (case of the solitary
laser) from time /=0 until the round trip time 7. The ealculated values of S(#:0 — 1) and
#(+:0 — T) are then stored for usc as time delayed values S(f — 1) and &( — 1) for further
integration of the rate equations including OFB terms. The phase differcnee y is arbitrary
and is set as zcro in the present calculations. The spectrum of the RIN 1s computed directly

from the obtained instantancous values of 85(¢,)=S5(t,}-S by applying the fast Fouricr
transform (FFT) to integrate the discrete version of Eq. (11) as (Ahmed, 2003):

RIN —SLA—{FFT s (12)
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Table (1). Typical Values of Parameters of Algaas Lascrs and Geeomerry ol Optical-Fiber Amplilier

Systems.
symbol Parameter Value Unit
L, Distance of lascr diode to optical disc Varics Cm
"y Refractive index of the [iber 1.3 --
a Tangential parameter of lincar gain 2.21x10% m's’!
Ny, Flectron number at transparency 4.08){1({}’1 --
R, Square value of the dipole moment 2.8x107 C'm”
N, Value ol the electron number 1.53x10° --
Characterizing the nonlinear gain
T, [niraband relaxation time 0.1 ps
T, Eleetron lifelime 2.79 ns
a Linewidih enhancement factor 2 --
ny Refracuve index of active region 3.5 --
Ly Length of the active region 8O0 LLm
¥ Volumc of Lhe active region 400 pm’
£ Field confinement factor 0.1 --
R Reflectivity at front facel 0.02 --
Ry, Reflectivity at back facet 0.9% -

In order to pertform the above calculalions, discrete generations of the noise sources
at each instant are necessary. Theses processes require enough care in order to satisfy the
cross-correlations of the noise source Fa(r,) with #¢r;) and Fi{r) at cach time 7, which
originate in the cross-correlation between S and N during the lasing action. In this paper,
we follow the self-consistent techniquc proposed by Ahmed et al. (Ahmed ef al., 2001) to
adopt such generation processes. The obtained forms of the noise sources are:
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In the above equations, gs, g9, and gy arc three independent Gaussian random numbers
with means of zero and variances of unity. They are obtained at each integration step by
applying the Box-Muellcr approximation (Press ef al., 1992) to a set of threc uniformly
distributed independent random numbers generated by the computer.
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4. Results and Discussion

4.1. Time variation of laser intensity and spectrum of RIN

Examples of the simulation results of laser output and noise in the strong OFB
regime are given in Fig. 3 when the inyection current is well above the threshold, /=57,
with o as the threshold current in the solitary laser. Figures 3(a)-(¢) plot the tcmporal
trajectories of the photon number S(#) when K.,=1.1, 3.9 and 4.4, respectively. Figures
3(d)-(f) plot the corresponding phase portraits [S(7) versus N(¢)], and Figs. 3(g)-(1) plot the
corresponding specira of the RIN. Figure 3(a) shows that the cmitted photon number S(#)
fluctuates around its average value S . The amplitudc of the fluctuations is comparable to
that of the solitary lascr. That is, the laser operates in CW. Figure 3(d) indicates almost a
point attractor of the phase portrait. The corresponding RIN spectrum shown in Fig. 3(g)
exhibits low-frequency components little higher than the components of the RIN of the
solitary lascr. The spectrum has peaks around the sub-harmonic 1/2 of the compound-
cavity mode-separation frequency f.=c¢/2(nplp+ned.) = 4GHz and its higher harmonics.
This indicates that the fluctuations of S(#) have a periodic component with £/2. The peak of
the RIN of the solitary laser corresponds to the well-known rclaxation oscillation of
trequency £ =4 GHz.
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Fig. (3). The simulated data of (a)-{e) lime variation of the pboton number S(1), (d)(F) phasc portrails, and
(g)-(1} RIN spectra when K..=1.1, 3.9 and 4.4, respeclively.

Figure 3(b) indicates that the laser emits regular pulscs when K,,=3.9, although the
device is injected with a DC current. The phase portrait 3(c) indicates an attractor of a
single orbit, which charactcrizes the rcgular pulsation. However such attractor deviates
from the perfect case of the linit cycle attractor because the pulscs are broadencd and have
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tails in their lower side. The RIN spectrum in Fig. 3(h) exhibits very high and sharp peak
around f;, and the low-frequeney part of the RIN is almost flat (white noise) but 1s 2.5
orders of magnitude higher than the eorresponding level of the solitary laser. This increase
of RIN 1s beeause of the deviation of the limit attractor from the circular type.

Figure 3(c) shows another type of pulsation induced by the strong OFB (K. =4.4):
the pulsation is period doubling, where the pulses have two distingnished peaks; the
frequency of each pulsation is the sub-harmonie f/2, while the fine freqnency is f, itself.
The phase portrait in Fig. 3(f) reflects this result with the double-orbit attraetor. The RIN
spectrum in Fig. 3(i) exhibits very high and sharp peaks around the sub-harmonic £/2 and
its higher harmonics. Although the low frequency part is as high as the case of K..=3.9, it
behaves as a {/fdependency.

4.2. Effects of OF B and the external cavity length on the laser output

Influence of the OFB on the laser output is discussed in terms of the bifureation
diagram shown in Fig. 4, which is a convenient mcthod for showing the type of route to
chaos of the laser (Mork et af., 1992). The diagram is calculated numerically at a constant
current of 57,0, and is eonstrueted by picking up the peak(s) Spea(?) of the time-varying
photon number S(#) normalized by the corresponding lime-average value S at each
strength K., of OFB. Figure 4(a) plots the obtained diagram when L/~=5 cm. For small
values of K.,, the laser still operates stably in CW; the figure plots points that represent
weak fluetuations of S(#) around S . At a ccrtain value of K,=0.03, the laser output
becomes periodic as the relaxation oscillations become undamplcd. The result is then a
single point in the bifurcation diagram (or several adjacent poinis tbat represents
tluctuation components on the pulses due to inclusion of the Langevin noise sources). At
another critical value of K..=0.07, the laser begins a period-doubling route to chaos. Such
chaotic operation induces strong instabilitics in the laser operation and enhances the lascr
noise (Ahmed et al., 2004). The chaos disappears abruptly when K,,~0.11, giving a way to
a region of CW-operation followed by a region of frequency locking in which the output is
once again stable and periodic. At X.,=0.31 and 2.8, the laser enters also other two regions
of pulsing operation intermupted by a window of CW operation. The rangc of OFB over
which the regular pulsation cxtends decreases and the pulses becomc almost period-
doubling with the increase of K,,. It is inleresting to note that the locking frequency of each
pulsing cycle increases with the increase of K., starting with the laser relaxation frequency
/. in the first cycle, passing through the compound-cavily mode-frequency separation f,
and ending with the cxternal-cavity mode-frequency separation f,..

We also analyze the effcct of the length of the cxternal cavity Ly on the laser cavity.
Figures 4(b)-(d) plot the diagrams for longer cavities L..=10, 30 and 100 cm, respectivcly.
When L/~=10 cm, the figure shows two chaos cyclcs scparated by a CW region. The laser
still exhibits a region of frcquency locking in the strong OFB regime but at X, values
larger than the case of Lg,=5 cm. In the case of L=30 cm, Fig. 4(c) shows that the chaos
cycles become wider. The route-tochaos of the first cycle is still periodic, whereas it is
quasi-periodic in the second cycle. Morcover, the pulses in the frequency locking regime
of strong OFB bccomes period doubling or tripling, which degrades the lascr stability and
promotes the RIN level. Figure 4(d) indicates much wider two chaos cycles (i.e., more
unstable operation) with both cycles having quasi-period routes-tochaos. The pulses in the
strong OFB regime become more irregular.
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Fig. (4). Bifurcation diagrams of the laser photon number S(¢) under external cavity of length (a) 2,=5 cm,
(b) L~10 em. (c) £;=30 ¢m, and (d) L,—100 cm. The operation is almost pulsing or CW under
shorter cavity, The instabililies increase and the operation becomes more chaotie with the inerease
of LF.

4.3. Effect of OFB on the output power

The power emitted from the fiber grating P, i.e., the pumping power of the fiber
amplifier, is an important parameter of the optieal fiber amplifier system. The power P, is
calculated based on a traveling wave model of the lasing field in the laser and extemal
cavities (Abdulrhmann et «f., 2003),
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(1/DIn(t/R, R, }+In(1/[U|)
1R, IR, [, 01T &,

where X is another OFB function describing transmission of the lasing field in the external
cavity, and is given by.

£y=2E (1R )(1-R, )

xXI’s 20
# 2n_,L n, ‘ ‘ @) 20

9(1 ﬂﬁu ry-9)]
X =1+ R ,R, 21
J e Y(f) (21)

Figurc 5 plots variation of the time-averaged power 13h with the variation of the feedback

strength K. when L/=5 c¢m and /=5/4,. The figure shows that E increases monotonically
with K, until K.~1, then it increase rapidly. This result explains the reason why AR-
coating and high-reflectivity gratings (i.e., very weak Ry very strong R,, and very large
K.,) are desirable in the design of pumping lasers and optical fiber grating systcms,
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Fig. (5). Variation of the power emnitled from the FG wilh the strength K., of the OFB. The power in¢reascs
slowly under low OFB hut rapidly under strong OF .

5, Conclusion

We characterized the influence of OFB on thc operation stability and noise of
semiconductor lasers in optical fibcr communication systems. The study is based on an
improved time-dclay model. The following conclusions can be drawn.

1- The operation is almost periodic with frequency locking at the compound-cavity
modeseparation frequency or the external-cavity mode-separation frequency under
strong external optical feedback.

2- When the external cavity is short, the operation is almost stable and is cither
pulsing or continuous wave. The low-frequency part of the relative intensity noise
is lowest under continuous wave. The low-frcqucney notse is flat when the
pulsation is uniform, but decreases as 1/f when the pulsation is period doubling or
tripling.
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3- The instabilities increase and the noise level increases with the inerease of the
length of the external cavity. The operation is almost chaotie separated by narrow
regions of continuouswave operation.
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