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Abstract—\We present an improved theoretical model to ana-  In applications such as power sources for fiber amplifiers in
lyze dynamics and operation of semiconductor lasers under optical optic fiber communications, the semiconductor lasers are used
feedback (OFB). The model is applicable for arbitrary strength of - \yith an external cavity which consists of an optical fiber and a

OFB ranging from weak to very strong. The model has been ap- _. . . . .
plied to investigate the dynamics and operation of lasers over wide fiber Bragg grating (FBG) in order to increase the optical power

ranges of OFB and injection current. An improved set of modi- and to select the lasing wavelength. Since these pumping lasers
fied rate equations of lasers operating under OFB were proposed. are designed to have small reflectivity at the front facet and to be
We introduced a theoretical model to determine the power emitted - subjected to rather larger reflectivity at the FBG, the lasers suffer
from both the laser back facet and external reflector. The results very strong OFB into the laser cavity [21], [22]. However, these
showed that the operation of semiconductor lasers is classified into | h to sh d tic ch f th tout
continuous wave, chaotic, and pulsing operations, depending on asgrs appen to show dramalic ¢ an.ges of the ou pu_ power,
the operating conditions. The light versus current characteristics 1asing spectrum, and the laser dynamics [23], [24], which can
were examined in the operating regions of the classified operations. degrade the device performance. A profound understanding of
Under strong OFB, we predicted for the first time pulsing opera-  dynamics and operation of semiconductor lasers in this regime
tion of lasers at injection currents well above the threshold. We ot sirong OFB are indispensable in order to avoid the instabil-
observed the pulsing operation in experiments in good correspon- ities or to stabilize and control the semiconductor lasers emis-
dence with the simulated results. .
sion.
ullggﬁénTignn?iZgnh daLOcStbrel)z(atggr]sl tci:;\gté/égptlcal feedback (OFB),  1q get reliable analysis of semiconductor lasers under an ar-
P ‘ ' Y- bitrary amount of OFB, including the regime of strong OFB, we
should count the OFB as time delay of the laser light [25]. This
I. INTRODUCTION means that the round trips of the laser light in the external cavity

N MANY applications, such as optical data recording angre rc]outntertlj as time d?'ays B ]Ehf Iase.:jllghtt. at tk;::‘hfr(int facgt.
fiber optic communication systems, semiconductor lase dich atechnique requires caretul consideration ot the fransmis-

operate in the presence of external optical feedback (OFB).‘Q’WH' and reflection-induced phase changes of the lasing field

has been observed that even a small amount of OFB can afFQEPth the round trips in both the laser cavity and the external
%\vity. Moreover, numerical analysis of the time-delayed rate

the laser behavior [1]-[8]. Although the OFB may cause stror¥
vior [1]-{8] ug ycad uations of lasers is required. Rong-Qing and Shang-Ping [26]

instabilities in the | tion in f fch 8], cohef: )
instabilities in the laser operation in forms of chaos [8], cohe d Langleyet al. [27] reported improved models to analyze

ence collapse [3], and bistability [9], [10], it has been used f ) :
linewidth narrowing [11], [12], mode stabilization [13], and relaser operation under strong OFB. Although the treatment in

duction of modulation-induced frequency chirp [14]. Thereforé,%(} isheffective for the §tro?ngFB raor|1ge, the; fli)elld ‘f"m‘:”?de
operation of semiconductor lasers under OFB has been the sub- phase were approximated as random variables In stationary

ject of many theoretical investigations [15]-[18]. The behavi ochastic processes, which is valid if the laser dynamics are sta-

of semiconductor lasers under OFB is theoretically described gzed..Such aptprgjllglmgtlc;tn |str10t gener:;llly true, ?;]ncettﬁe(ljasl,er
the coupled rate equations of the electric field and the inject nam'(,i/? are stal |ze|_ at.er |Tes n;]uc o(r;gler a? 'ted? &y
carrier number. Most previous models dealing with OFB we gne 7. vioreover, application of stch a modet was iimited to

applicable under either weak or moderate OFB and simply jpLationary analysis ofopgratlon under OFB, Wh'Ch is notenough
'gl,‘trace the phenomena in a trustworthy fashion. Although Lan-

ted the OFB by addi time-delayed feedback t
corporatec the y adding a ime-aelayed feedback term eyetal.[27] improved the Lang and Kobayashi model [15] by

a form of linearlized approximation to the standard laser ra ’ ltinle reflecti bet the | front facet and
equations [19], [20]. counting multiple reflections between the laser front facet an

external mirrors, their model is still not applicable for the case
of strong OFB. Moreover, the analysis in [27] was concerned
Manuscript received October 1, 2002; revised August 7, 2003. only with the regime of transitions from moderate OFB-induced
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o4, N1 T2 A, I is, the boundary conditions at the back facet= 0) and front
C - C e :) facet(z = L) become
‘B_ (_B Al(O,t) = TbB1(07t) (4)
1 2
Mg " ", It Bi(L,t) = 1TA:(L, 1) 5)
e Ao(L,t) = t12X Ay (L, t) (6)
— L —¢ Z > ) .
laser cavity grating where the functiori” determines the amount of the feedback
due to time delay in the external cavity and is determined by
Fig. 1. Schematic illustration of a time-delay model of semiconductor lasers )
under OFB. T—14+ ti2t21 pmpme L= jmuwr Ai(L,t —mr)
T1 el ex’2 Al(L7f)
troduce new theoretical analysis to calculate the power emitted ~ — |T|e 3¢ @)

from the laser back facet as well as from the external mirror, o .

which enables detection of laser output from both sides of tR8d the transmission functiok is given by

system. The present model is applied to investigate the influ- — o —jmwr A1(L t —m7)

ence of strong OFB on the dynamics and operation of semicon- X=1+ Z 2 Tex® A(L,t) ®)
ductor lasers. We also demonstrate classification of laser oper- . m=0 o )
ation over wide ranges of the OFB and injection current, whicR€re: the indexx counts the round trips in the external cavity,
presents new detailed characterization of laser operation in fie @nd¢21 are the transmission coefficients at the front facet
strong OFB regime. The analysis indicates that the laser exhi[&T the laser cavity to the external cavity, and from the external
CW, chaos, and pulsing operation, depending on the operatﬁ?g)"ty to the laser cavity, respectively, is the r_eflectlon_c_oef-
conditions. The pulsing operation is theoretically predicted fiFient at the back facet; andr are the reflection coefficients

characterize the strong OFB regime. We also confirm these pfé-the front facet from the sides of the laser cavity and the ex-
dictions in experiments on 980-nm InGaAs lasers. ternal cavity, respectively, andy is the reflection coefficient at

This paper is organized as follows. In the next section, vR€ €xternal mirror. The phaseis defined as delayed phase of
introduce a new unified model of OFB in semiconductor lasef&€ function?’ as in (7), and is very important to determine the
and present new modified time-delay rate equations. We al@ging operation. These transmission and reflection coefficients
present a new technique to calculate the power emitted fr@ff complex values, in general, and are given with power reflec-
both the back facet and the external mirror. In Section 111, Wion coefficients off?y, Iy, andRex and phase changes such as

explain the procedures of numerical simulation. In Section [V, r = +/Rye % (9)
we present the simulated results under wide ranges of the injec- ry = \/Rye~i%2 (10)
tion current and OFB, giving special attention to the regime of b

strong OFB. Experimental setup and observation results under o =V Bpe ' 1)
strong OFB are given in Section V. Conclusions of this paper Tex = \/ Rexe 1% (12)
are given in Section VI. toy = Zrl V1= Rye 7% (13)

T2
Il. TiIME-DELAY MODEL OF OFB to = 22 M- R; Rye 7% (14)

. . . Nr1

A. Boundary Conditions in the Laser Cavity Under OFB with the phase relation of
The present model of semiconductor lasers under OFB is b1+ by — 2, = L (15)

1 2 t = .

schematically illustrated in Fig. 1. By supposifitp be the dis-
tance from the laser front facet to the external mirrgs, to be N
the refractive index of the external cavity, ands the speed of B Threshold and Phase Conditions Under OFB

light in vacuum, the feedback light has a time delay of By substituting the definitions of the forward and backward
21,04 ) components of the field in the laser cavity
T = . )
c A(z,t) = A (0,8)ello=)=/2=3) (16)

The electric components of the optical fields in the laser cavity, _ {(9=r)(L—2)/2—jp1 (L—=)}
i.e., in the solitary laser, and the external cavity along:ti- Bu(z,t) = Bl t)e an
rection are assumed as with ¢, k, and3; as the gain coefficient, the internal loss, and

» the propagation constant in the laser cavity, respectively, the o0s-
)= 2, 1)]e?“ +e.c., <z< o e

Er(z,t)=[A1(z, )+ Bz, D)le™ +e.c., 1or0<2<L(2) - yaiion condition of the lasers under the OFB becomes
Es(z,t) =[Aa(2,t)+Ba(z,1)]e?“" +c.c.

for L<z<L+/ 3) 1= /Ry Ry|T|exp{(g — r)L}

x exp{—j[261L + ¢1 + ¢p + 18
where A; and A, are the forward traveling components of the p{ J_[ A ) b1+ do + o1} ( ) _
fields, while B; andB, are the backward traveling components"i‘nd is separated to the following gain and phase conditions:
respectively. is the length of the laser cavity. In the present G =G ¢ 1 19
model, the OFB is counted as the time delay of the laser light th eho + P T (19)
at the front facet due to round trips in the external cavity. That 201 L+ ¢p + 1 + ¢ = 257 (20)



ABDULRHMANN et al: IMPROVED ANALYSIS OF SEMICONDUCTOR LASER DYNAMICS UNDER STRONG OPTICAL FEEDBACK 1267

wheres is an integerG.yg is threshold gain in the solitary laser Equation (27) is applicable for an arbitrary amount of OFB.

and is defined by The so-called Lang and Kobayashi model [15] is obtained from
c 1 1 (27) by supposing weak OFB witR.; < R; and a constant
Gino = -~ {fﬂ +57 I RfRJ - (21) phase due to the round trip of time delaysuch that we get
Rex _. E(t -7)
o ; InT~—-(1-R 1/—6 W 2| for Rex < Ry.
C. Modified Rate Equations ( f) R; 0) f

In this subsection, we follow the proce_dures given in [Z%e proceed with our analysis in this paper based on (27).
and [29] to show how the rate equations in a solitary laser arerpq dynamic (23) can be transformed to a couple of equations
modified when the laser is subjected to the OFB. The eIectﬂgr the photon numbes(¢) and the phasé(t) by writing the

field E(r, ¢) inthe solitary laser is expressed in terms of a Slow'é(omplex field amplitudes (t) with the phase terr() as
time-varying amplitude?(t), and the oscillating frequenacyas

: ot E(t) = [E(t)|e” (31)
E(r,t) = E(t)®(r)e’“" + c.c. (22) o X )
) o oo ] and transformingF (¢)| to S(t) using the relation [32]
where®(r) is the spatial field distribution of the field whose 9 S § tical emissi
value is normalized in the solitary laser. The frequendy de- —E|E|2 = { e +1h for opt!cal egussui.n (32)
fined for the operation without OFB. By substituting this ex- hw ’ or optical absorption.

pression in Maxwell's equations, the following equation of th&herefore, the following rate equations are obtained:

amplitudeE(t) is obtained: ds
plitude () _:{ﬁ(N_Ng)—BS—Gthw ¢ 1n|T|}s+ﬁN
O _ 1 Guo+ iU+ TV B (23) o v ik 4
ot = 9 tho T J + TLT1L n . » (33)
Here,GG is the optical gain and is defined to include the nonlinear- = a—af(N - N) - c (p—@). (34)
gain suppression effect as [30], [31] _ . .
o 2 The last term in (33) represents inclusion of the spontaneous
G—A— B%U@F (24) emission. The function® andX are then given in terms of
hw by
where LR, &
— —af Tn/2
af T=1- (RyRex)
A= 7(N - Ny) (25) Ry 7nz::1
is the linear gain coefficient wittv as the number of injected —jmap S(t —mr) ed?(t=mm)
. . ! X e - (35)
electronsg andN,, are material constants, agds the field con- S(t) et (t)
finement factor in the active region of volunmé B is the non- )
linear gain coefficient. The coefficient determines the phase X=1+ Z (RexRp)™/?
change due to the simulated emission and is defined in the soli- m=0

tary laser by [29] ime [S(t = m7) pd0(t—m7)
aag _ X e S(t) IOHR (36)
UV=—=(N-N) (26) €

v . o . .
. L _  Thevariablep is atime-averaged value of The nonlinear gain
wherea is the so-called linewidth enhancement factor, &hd . ticient is given by [30], [32]

is the time-averaged value &f without feedback. The function )
T and X defined in (7) and (8) are rewritten with substitutions 5 _ 97“"2 (Tl_n)2 (é) ol Re2(N = N.) (37)
of (9)—(15) as de,nzy \ R 1%

1—R, & E(t—mr whereR,., is the dipole moments,, is the intraband relaxation
Ir=1-— ! Z (RexRy)™ e ]m”’% time, N, is an injection level characterizing the saturation co-
} Fom=1 efficient, ¢y is the dielectric constant in free space, d@nig the
= [Tle™"% (27) reduced Plank’s constant.

> o i B(t —mT) The rate equations (33) and (34) 8ft) andd(t), with the
X=1+ Z (RexRy) [2eime —E(t) (28) following equation for the number of injected electraMs de-
m=0 scribe the dynamics of semiconductor lasers subjected to OFB:

where
ﬂ:—a—g(N—Ng)S—E+£ (38)
)= G2+ Pex +wT (29) .V T €
wherel is the injection currents;, is the electron lifetime by the
represents the phase difference between the delayed injegiggntaneous emission, ands the electron charge.
field and the reflected field in the laser cavity at the front facet.

The phase in the functionT is obviously given by D. Emitted Power From the Back Facetb and
ST the External Mirror
v =—tan RT + i (30) By going back to the propagating field expressions in (2) and

wheref is an integer. (3), we should determine equations for output powers from the
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back facetP, and the external mirroP.,.. The electric field
components are related with the componén(L) at the front

facet as

A,(0) = Al( Yo (9=R)L/2 (39)
B1(0) = Ay(L)e~(9=F)L/2 (40)
Bi(L) = \/Rye 3% T A (L) (41)
(L) = nrl(l = Ry)e™ 7 X Ay(L) (42)
Ay(L+ 1) = Z;? (1— Ry)e 3% Xe %04 (L) (43)

By(L) = Z:i (1= Ry)e™79: X ilAt0alt
X \/7ge_¢gA1(L) (49)

By(L+1) = Z:? (1— Ry)e~i% Xeilet

x \/Rge %9 Ay(L) 45)

where the function§” and X are defined in this description as
given in (35) and (36), and, is the propagation constant in the .

external cavity.
The number of photons contained in the laser cagitgnd
the external cavitys., are given withA4; (L) as

_ 2L 1+ [1/VRy — VR/RY|T| ~ TRy

Sox =

2
~ e (1/2)In(1/RsRy) + In(1/|T7) <)
(46)
T2 14
-~ Z(l + ch)(l - Rf)
1/2In1/RsRy, +In1/|T| IX[25. (47)

The power emitted from the back fac&, and the external

1+ [1/VRs - VRI/EST| - |TPR;

mirror P, are then given by

P, =

Pex:

The present model is applied to simulate the dynamics and =
identify the operation of semiconductor lasers under OFB.

B (1/2)In(1/RsRy) + In(1/|T))
e (VT — V)BT~ (1R,
X |T|ZZ‘:’1‘3L5 (48)

hwe M) )1 - Ry)

2nT2Ln’I‘1
(1/2)In(1/RsRy) + In(1/|T))
1+[1/\/_ VRy\/Rs|T| = |T|*Ry

| X|2S. (49)

I1l. PROCEDURES OFNUMERICAL SIMULATIONS

TABLE |
VALUES OF PARMETERS OF980-nm InGaAs WSERS AND SYSTEM
CONFIGURATIONS USED IN THE PRESENTCOMPUTER SIMULATION

Symbol Parameter Value Unit
a Tangential parameter of linear gain 221x10% m’s?
Ng Electron number at transparency 4.08x10° -

R} Square value of the dipole moment 2.8x10%7 Cm?
N; Value of the electron number 1.53x10° -

characterizing the nonlinear gain

Tin Intraband relaxation time 0.1 ps
T Electron lifetime 2.79 ns
a Linewidth enhancement factor 2 --
Ny Refractive index of active region 3.5

Ny Refractive index of external region 1.5

L Length of the active region 800 pm

Length of the external cavity 1 m
14 Volume of the active region 400 pm®
¢ Field confinement factor 0.1 -
Ry Reflectivity at front facet 0.02 -
Ry Reflectivity at back facet 0.98 --

Fourier transform of the laser signal is much higher than both
the relaxation frequency, and the external cavity frequency
fex. The integration was carried out over a period oful) for
which time of the operation reaches steady state. Investigations
of laser operation and dynamics were done over wide ranges
of the OFB, ranging fromR../R; = 10~°-50 and injection
current from/ /I, = 1-10, wherelyy, is the threshold current

of the solitary laser. The integration was first made without
OFB, i.e., puttingR.x = 0 andy = 0 in (36) and (37), from
timet = 0 until the round trip timer. The dc valuesS and N

of the photon numbef(¢) and the electron numbé¥ (¢) are
determined from the steady-state solutions of the solitary rate
equations as

S = 50

eGino (50)

_ Nth + (Y_ﬁBS _ (51)
S+1

The simulation was performed by numerical integration dfhe calculated values &f andf were then stored for use as
the rate equations (33), (34), and (38) with the fourth-ordéme-delayed valueS(¢—) andé(t—7) for the further integra-
Runge—Kutta method. The laser system of InGaAs emittinign of the rate equations (33), (34), and (38), including the feed-
in a wavelength of 980 nm was counted in the simulatioback terms. However, the simulation results of the time-varying
Typical numerical values of this laser are listed in Table I. Theutput power were found to be insensitive to the variatiog of
external cavity was assumed to consist of an optical fiber wfthe present case of long external cavity. The choicg ofay
refractive indexn,.. = 1.5. The length of the external cavity be critical to decide the optimum operating conditions for stable
was fixed at 1.0 m. The time step of integration was set aperation of lasers in the cases of short external cavities [5]. The

At =5

ps, which is so small that the cutoff frequency of thehasep of the feedback light was determined with (30), where
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regime of moderate OFB wheR.../R; = 9.88 x 10~*. (a) Time variation

of the photon number. (b) Frequency spectrum of the FT. (c) Phase portrait.
Pulsation in the relaxation frequengy is seen and is enveloped by pulsation

in the external frequency...

]

1.0x10° a _
1.3x10’ } CW operation = 1'2-( ) Tr_1/fr
& RJR=6x10" z
§ 1040 ST ¥ | @ |
B b Yool 38.0x10 E S 1.0
2 6.7x10° = @ !
e 2 =1/f |
g g ex
£ 3.3x10° ] e O " "
o 6.0x10 9.50 9.51 9.52
0'01 2 3 ) Time t (us)
Time t
®) (b) o f
r r
Fig. 2. Simulation result of CW operation of lasers whepn. /R = 6 x = 10°} f
10=*, andI = 61I,: time variation of the photon numbéi(¢) and carrier 2 ex
numberN(t). Both .S and NV attain constant values. o
y E s
10%}
1.1 L ) )
(a) =1 10M  100M  1G 10G
Frequency (Hz)
| »
e
& 1.0
|
—
. =
9.500 9.501 9.502 L]
Time t (us)
1(b) f 0.990 0996 1.002 1.008
10} —
= N /N
g r
- ) Fig. 4. Example of simulation results of beating pulsation of lasers in the
u 107

10M 100M 1G 10G
Frequency (Hz)

IV. THEORETICAL RESULTS AND DISCUSSIONS

1.08;(C) A. Variation of the Laser Operation With OFB

Various operating states are shown in Figs. 2—7. The injec-
tion current level and the OFB phase difference were set as
I = 6.0I;;, andy = wr for all cases. The corresponding
0.96} threshold current levels were determined from the light versus
current (L-1) characteristics as will be shown in Fig. 8 [where

0.996 1.000 1.004 L here means the time-averaged value of the photon number
N(t) IN S(t)]. The photon number is normalized by its timely aver-

aged valuesS. Fig. 2 is the case with very weak OFB corre-

Fig. 3. An example of simulation results of uniform pulsation of lasers in th%pondlng to eXtema! reflectivity dge)_i/Rf :_6~_0 x 10~* with

moderate OFB regime wheR.. /R, = 9.8 x 10—*. (a) Time variation ofthe Ith = 45.1 MA. The figure plots the time variation of the photon

photon number. (b) Frequency spectrum of the FT. (c) Phase portrait. The lasgimberS(¢) and the carrier numbeN (¢), and indicates that

operates in uniform pulsation in the refaxation frequeficy bothS(t) andN (t) attain constant values, which represents CW
operation.

the integerf was chosen to vary continuously for time evolu-  Fig. 3 represents the case of external reflectivity of

tion, because the solution of arc tangent is limited in the rang&./R; = 9.8 x 10~% with I;;, = 45.09 mA, while in Fig. 4,

of —7/2 to /2 in the computer work. The averaged valyes R../R; = 9.88 x 10~ with I;, = 45.089 mA. In Fig. 5,

is set to zero in the present calculations. Rex/Ry = 1.0 x 1073 with Iy;, = 45.087 mA. In these figures,

1.02¢+

Sit)/S




1270

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9, NO. 5, SEPTEMBER/OCTOBER 2003

3@ @)
=14 1.001 T
ex
o 5 | @
e & 1.000}
1
R T 9.99 10.00 0.9 56 9.98 10.00
Time t (us) Time t (us)
- f M -
) : o)
— k=)
: N
7 @ 10
‘s o
- T
(18 102
"
10M 100M 1G 10G 10M 100M 1G 10G
Frequency (Hz) Frequency (Hz)
3 1.002[
© ©
ln 2} «» 1.001}
2 =
1} 9 1.000}
. . . . . 0.999 :
0062 006 1.00 1.04 1.8 0.9996 1.0000
Nty N N@t)/ N

Fig. 5. Example of simulation results of the laser output in the regirfgd- 6. Example of simulation results of uniform pulsation of lasers in the
of moderate OFB whetR../R; = 1 x 10-3. (a) Time variation of the strong OFB regime whef.../R; = 0.25. (a) Time variation of the photon

photon number. (b) Frequency spectrum of the FT. (c) Phase portrait. Randwt,’er- (b) Frquenpy spectrum of the FT. (c) Phase portrait. The laser operates
variation of the photon number is seen in (a) with broadened peaks at tRdiniform pulsation in the external frequengy.
external frequencyf.x and the relaxation frequency. in (b). The phase

ortrait indicates a chaotic attractor. . .
P laser cavity, and the other corresponds to the external cavity,

which randomize the time variations of both the optical phase

part (a) shows the time variation of the photon numbeét), 6(¢) and the electron numbeé¥(¢), and consequently, enhance
(b) shows the frequency spectrum of the photon nunfii¢y laser linewidth. The chaotic operation is characterized by a
due to Fourier transform (FT) calculation, and (c) shows tlehaotic attractor in the phase diagram, as shown in Fig. 5(c).
attractor trace between the photon numiSét) and carrier  Fig. 6 represents an example of pulsing operation in the strong
numberN (t). As found in Fig. 3, the laser shows a weak an@FB region, which corresponds fo.. /Ry = 0.25 with I}, =
uniform pulsation with the relaxation frequenfy= 4.44 GHz  41.75 mA. The pulsing frequency in this casefis. = 1/7, as
when the OFB increases a little bit beyond the CW operationshown in Fig. 6(a), which plots the time variation of the photon

By increasing the OFB, the laser shows a weak but beatingmberS(t). This result is confirmed by the FT of the photon
pulsation with the relaxation frequencf. and the external number in Fig. 6(b). This may mean that the laser is locked at
cavity frequencyfx, as shown in Fig. 4. When the OFB reachethe external cavity frequencg.
Rex/Rs = 1.0 x 1073, operation of the laser becomes more In Fig. 7(a), we summarized the laser operation in terms of
complicated, and could be called chaotic operation [33]-[38]ifurcation analysis of the temporal peak value of the photon
Fig. 5(a) plots an example of the time variation of the photamumbersS,,..<(t) versus the ratidR../Ry. As the reflectivity
numberS(t) in this chaos region. Although the figure showsatio R../ Ry increases, the laser shows CW operation for suf-
periodic components of5(¢) in both frequenciesf., and ficiently small R.x/R;, starts to show small pulsation with re-
f-,S(t) exhibits an irregular pattern. The random variatiofaxation frequency.., followed by a beating vibration with re-
of S(¢) is seen in Fig. 5(b) as a broadening of those peaKkaxation frequencyf,. and external cavity frequencj., and
as well as appearance of peaks with different values at higlleen reaches chaotic operation. By increasiig/R; more
harmonics off.. and f,.. This means that the laser operatethan 0.4, the laser changes to CW operation again and reaches
unstably under two threshold conditions; one corresponds to #table pulsing operation with the external cavity frequefigy
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Fig. 8. L-I characteristics of a semiconductor laser under three amounts of

Fig. 7. Summarized diagram for a single-mode semiconductor laser und &B. (Q)Rex/Rf =5 X 1074, (b) Rex/ Ry = 0.'2' © Re"./Rf = 3.5.
wide range of OFB from weak to strong OFB At= 61,,,¢ = 1 m, and utput is smooth and linear under CW and pulsing operation, but has strong

1 = wr interms of the bifurcation diagram calculated via (a) the present mod%q)nlinearities under the chaotic operation.
at single round trigm = 1), (b) the present model at multiples round trips

(m = 10), and (c) Lang and Kobayashi model. Laser mainly operates in CW We, moreover, are interested in comparing the results in

under very weak OFB, chaos under moderate OFB, anq pulsation |n_the strﬁ% 7(a) with those predicted by the Lang and Kobayashi model

regime of OFB. Under strong OFB Lang and Kobayashi model predicts muthY-

irregular pattern of(¢) deviating strongly from those obtained via our model[15], which is commonly applied to analyze dynamics under
OFB. The obtained results are plotted in Fig. 7(c). As shown,
the Lang and Kobayashi model predicts similar characteristics

However, the laser enters an instability regime (chaotic opesp toR./R; = 10~3. Above this feedback level, such a model

ation) as the feedback is further increasedRlq/R; = 2. leads to results strongly deviating from the present results. For

WhenR../R; more than 20, the laser shows CW operation arekample, the regions of CW and pulsation operations shown

pulsing operation witlf, again. In such calculations, the roundn Fig. 7(a) over0.4 < Rex/R; < 2.0 and20 < Re./Rj

trips between the front facet and external mirror were limited wompletely disappear in Fig. 7(c), and the model indicates

a single round trigm = 1), which is effective for the case chaotic dynamics at stronger OFB. That is, the accuracy of

of small reflectivity at the front facet (e.g., AR-coated face@pplying the Lang and Kobayashi model deteriorates in the

[26], [27]. Nevertheless, we compare the results in Fig. 7(a) witBnge of strong OFB in this case of long cavity.

those obtained by counting ten round tripps = 10), which are .

plotted in Fig. 7(b). Results in both figures are in good coir?- LI Characteristics

cidence. Therefore, the multiple round trips time delay can beThe operation of the laser also changes with the injection

ignored in the present calculations. currentlevel. Fig. 8 plots the calculated L-I characteristics under
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Fig. 10. Experimental set up and illustration of the InGaAs laser, which is
connected to a fiber having two FBGs.

(a)

|=4.3lm, RQX/R'=3.5, Y=t

A
et
@

0.978

Fig. 9. Classification of operation of semiconductor lasers in terms o
Rex/Ry (from weak to strong OFB) and the injection current. Four possible
operations for semiconductor lasers are found: CW, uniform pulsation wit
frequency f,., chaos, and pulsation in the external cavity frequerfcy.
Pulsing operation occupies the regime of strong OFB over the entire range
the current.

Output power from
external mirror P _(¢) (mW)

three values of the external reflectivifit /Ry = 5.0 x 10~*
corresponding to weak OFBi../ Ry = 0.2 corresponding to
moderate OFB, andk../Ry 3.5 corresponding to strong
OFB. Under weak OFB, the CW operation is identified with
straight L-I characteristics in the entire range of the injectiol
currentl without kinks or nonlinearities, as shown in Fig. 8(a).
On the contrary, the L-I characteristics shown in Fig. 8(b) exhibi
strong instabilities or nonlinearities in the intermediate an
high ranges of the injection current, which corresponds wit
chaotic operations. The smooth variation of the output powe
with the current corresponds with stable CW operations. Und:
strong OFB, the operationis pulsing, whichis characterized wit
almost smooth linear L-I characteristics, as shown in Fig. 8(c]

FT of the output power P_(?)

C. Classification of Laser Operation in Terms of the OFB and

436"\

43.4

0.972

40.966

8.03 8.04 8.05

400 600 800 1000

Output power from

back facet P,(1) (mW)

FT of the output power P,(?)

Injection Current

. A
The range of operation of InGaAs lasers was classified |n4;'§

diagram between the injection current rafipl;;, and the ex-
ternal reflectivity ratioR.. /Ry, as shown in Fig. 9. As shown

in the figure, the laser operates in CW at very weak OFB over

the entire range of the injection curreht Two other regions

Frequency (MHz)

Simulation results under very strong OFB Ry, /Ry = 3.5, 1 =

Iin, ¢ = 1 m,andy = wo7. () Temporal variation of the power emitted
from the external mirroP,. () and the back face®, (#). (b) Frequency spectra

of the corresponding FTs. Simulated pulsing operation of the laser is similar to
the experimental observations. Laser is stimulated to operate in pulsation.

ig. 11.

of CW operation are found at relatively strong OFB over mo# Fig. 10. An InGaAs laser was connected to afiber having two
ranges off. The operating region of chaos occupies the regidrBGs of central reflectivity?e, /Ry = 3.5 and Rexz/ Ry = 1,
of moderate OFB, while another region is found on a narro@nd at distances df= 1.0 m from the laser facet and = 0.2

range of strong OFBR../R; = 25-30. The pulsing operation
occupies the region of strong OFB,../R; > 3, with a narrow

m from the first fiber grating, wher&; = 0.02 and Ry is the
power reflectivity of the second fiber grating. The end of the op-

region of chaotic operation. A detailed characterization of lasé¢al fiber was cut with a tilted angle to avoid additional reflec-
dynamics and operation of lasers operating under strong ORN from the end of the fiber. The output power was obtained
which is presented in Fig. 9, is important to understanding tfi@m this angle edge. The spectral characteristics of the pulsa-

operation of pumping lasers in fiber amplifiers.

V. EXPERIMENTAL OBSERVATIONS
A. Experimental Setup

tion were examined by using a spectrum analyzer. The charac-
teristics of the time variations of the photon and the carrier were
examined by using a sampling oscilloscope. The variations of
the photon number were examined through the output current
of an avalanche photodiode (APD). We examined the variation

We also investigated the operation characteristics of lasersiithe output voltage of the laser and assumed it to correspond
the region of strong OFB. The experimental setup is illustratéo the variation of the carrier density.
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0.002 @ - VI. CONCLUSION
1=4.31,, T=257C, 2,980 nm We proposed an improved model of analysis of OFB in semi-
conductor lasers. The model is versatile and is applicable under
0.000 - an arbitrary amount of OFB. The model was applied to newly in-
vestigate the operation characteristics of 980 nm InGaAs lasers,
which have been recently used as pumping sources for fiber am-
-0.002 plifiers, under strong OFB. The operation characteristics were
also analyzed over wide ranges of OFB and injection current.

The following conclusions can be traced from the obtained re-

sults.
-0.004 L 1 . .
0 2 4 6 8 10 1) The laser operates in CW under very weak OFB.

Time t (ns) 2) Under weak to intermediate feedback, the laser exhibits

(b) chaotic operation.

3) Under relatively strong feedback, the laser operates in ei-
ther CW or chaos, depending on the magnitude of the in-
jection current.

4) Under strong feedback, the laser output is pulsing in the
oscillating frequency of the external cavity, which may be
a type of frequency locking.

5) The L-I characteristics are smooth and linear when the
laser operates in CW, but have strong nonlinearities under
chaotic operation. In the pulsing region, the L-I character-
istics are almost smooth and linear, but have small non-

200 400 600 800 1000 linearities at high injection currents 8f,—101;y,.

Frequency (MHz)

Pulse Intensity (a.u.)

F T of the output power
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