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Coupled-power theory of nonlinear distributed-feedback lasers, yielding
reduced longitudinal spatial hole burning

Jing-Yi Wang, Michael Cada,® and Toshihiko Makino®
Department of Electrical and Computer Engineering, Dalhousie University Polytechnic, Halifax, N.S.,
B3J 2X4, Canada

(Received 2 February 1998; accepted for publication 18 April 1998

An analysis of the nonlinear distributed-feedbdDiEB) laser action is presented. A set of nonlinear
coupled-power equations is derived. A general condition for a nonlinear DFB laser with reduced
spatial hole burningSHB) is obtained. It is shown that the elimination of SHB in DFB lasers can
be achieved by introducing properly-chosen variations of the coupling strength along the
longitudinal direction; a novel complex-coupling AR-coated DFB laser diode is proposed as a
result. It is also shown that the optical nonlinearity must be considered for the design of high-power
laser structures with reduced SHB. ®98 American Institute of Physics.
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Optical communication systems require single-mode laused.n,(1) is the optical nonlinear coefficient as a function
sers with a narrow linewidth. Quantum-well distributed- of intensity, which is usually dependent on the carrier den-
feedback QW DFB) lasers are favorite candidates. There aresity, the material gain and the light intensity due to the satu-
two possible ways to reduce the linewidth of DFB lasers: theation of both the nonlinearity and the absorption. More de-
use of a larger coupling coefficient and the introduction of atailed discussions about optical nonlinear coefficient and its
longer cavity. However, lasers with a larger coupling coeffi-expression can be found in Refs. 12 and 14. In the following
cient and/or a long cavity often become multimddéhis  discussions, the amplitudes of the forward and backward
deterioration is due to longitudinal spatial hole burningpropagating waves are denoted B$(z) and E~(z); the
(SHB), i.e., a nonuniform carrier density distribution result- index and gain coupling coefficients are denotedkasind
ing from a nonuniform optical power density distribution. «4; « denotes the net mode gain per unit lengih( 5~ 8
Special laser structures with reduced SHB have been and areB,) represents the Bragg deviation. We assume in-phase
still being intensely investigated? especially for high- or antiphase relation between the index and gain coupling
power laser$:’ coefficients. This corresponds to practical cases. We intro-

Since the pioneering work of Kogelnik and Shdttka  duce the power density variablek(z)=E"(z)E"*(2)
great deal of attention has been devoted to the properties gfE~(2)E *(2), I14(2)=E"(2)E™*(2)—E (2)E *(2),

DFB lasersi~ 2 All the work originated from the coupled- and |.(z2)=2E *(2)E"(2)=1¢(2) +jl (2), where 1,(2)
wave equations. In this letter, the coupled-power theory indescribes the total photon power density along the cavity,
stead is employed to study nonlinear DFB lasers. First, a sét(z) is the net photon power density flux along the cavity,
of coupled-power equations for nonlinear DFB lasers is deand 1.(z) is the power density of the mutual interaction
rived. Second, a general condition for reduced SHB is obalong the cavity between the forward and backward waves
tained. This allows one to design novel DFB structures withdue to coupling.1.(z) describes the mutual interaction
the SHB even completely eliminated. The physical mechastrength and phase relations between the forward and back-
nism behind the properties of such new laser structures iward waves. Using the above new power density variables,
also discussed. the nonlinear DFB structure can be described by the follow-

We start with the scalar wave equation for the electricing set of coupled-power equations:
field describing DFB lasersFor nonlinear active media such

as GaAs, InGaAsP, gtc.,_the inten§ity variation _of the Iight dlq(2) =2(al)1(2) = 2(xkgL)l (2, 2)
field causes a refractive index variation, and this refractive dz
index variation induces, in turn, a light intensity) (varia-
tiop. Since the nonlinear refractiye index!) may thus be dl(2) =2(al)l4(2)—2(kiL)14(2), 3
written asn+n,(l), the propagation constaktcan be de- dz
termined from dl.(2)
2 ny(l) —4, = 200Dl F 2(kgL)14(2), (4)
kzz?e 1+2 N )—jw,uo', (1)
dlei(2)
where the same notation for parameters as in Refs. 8 and 9 is # =—2(8L)1c(2) = 2(xiL)14(2). (5)

a N Here all power densities are normalized with respectgto
Electronic mail: mcada@tuns.ca L .. . . . . .
®Nortel Technology Inc., P.O. Box 3511, Staton C, Ottawa, Whlch is a r_lormah_zmg quantity. The cavity longitudinal axis
Ontario K1Y 4H7, Canada. Z is normalized with respect to the cavity lendthand
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_ (BoL)na(1y) |

(6L)=(dL)+(OL), (OL)= 270 s- (6

The upper and lower signs in the above equations represent
in-phase and antiphase coupling, respectively. Equations
(2)—(5) represent general coupled-power equations for DFB
lasers and are a set of nonlinear equations due to the exis-
tence of optical nonlinearity. These equations describe the
power exchange between the forward and backward waves
along the cavity due to coupling. Equati¢®) [similar re-
sults as in Eq(2) were obtained by Kapoet al1°] describes

the rate of the net power density flux change for each mode
resulting from(a) the total power density change experi-
enced by each mode due to the gain/loss along the cavity and
(b) the real part of the power density change of the mutual
interaction between the forward and backward waves due to
gain coupling(in general, due to gain and index coupling
for the cases of in-phase and antiphase coupling. Equation
(3) describes the rate of the total power density change for
each mode resulting fronfa) the net power density flux
change experienced by each mode due to the gain/loss and
(b) the imaginary part of the power density change of the
mutual interaction between the forward and backward waves
due to index coupling. Equatiori4) and(5) describe the rate

of the power density change of the mutual interaction result-
ing from detuning, coupling, and optical nonlinearity.

We have derived the coupled-power equations used for
modeling of nonlinear DFB lasers in terms of four real
power density variables. These equations show that the cou-
pling coefficient plays an important role in describing the
amount of the power transfer between the two contradirec-
tional waves. The existence of gdior indexX coupling may
change the net photon power density fliox the total power
density along the cavity via the power density of the mutual
interaction between the forward and backward waves. Equa-
tions(2)—(5) also show that the optical nonlinearity plays the
same role as the Bragg deviation: it may affect the mutual
interaction between the contradirectional waves and then
change the net power density flux and the total power density
of each mode.

Generally, the boundary conditions for nonlinear DFB
lasers could befl) a monochromatic wave near the Bragg
frequency incident on one end of the amplifying medium or
(2) perfect AR coating of the facets. As an example of ap-
plying the coupled-power equations, a general condition for
reducing the longitudinal SHB in nonlinear DFB lasers is
proposed in the next section.

We note that a direct result of E(®) is that the SHB can
be completely eliminated if the following condition is satis-
fied:

(aL)l4(2)=(xiL)li(2). (7
This is a general condition eliminating the SHB irrespective
of the boundary conditions. One can apply it to design laser

structures with a uniform power distribution along the cavity.
Let us demonstrate how to design a coupling profile for a
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reduced SHB in a laser with a perfect AR coating of theF'C- 1. (8 The dependence af,L, I4(2) andl(2) onz for the case atb)

facets, and show the corresponding relations among th
power aensities.

the dependence of;L, 14(z) andl.(z) on z for the case b; andc) the
r?ependence ok L k., 14(2) and 1. (2) on z for the case ¢, where

|!C(Z)|: \/Icr(z)+lci(z)'
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Case a. Gain coupling«tL=0). Equation(7) means Another property of an AR-coated DFB laser with re-
that the threshold gainall)y,=0. Therefore one can easily duced SHB is that the phase difference between the forward
obtain the following result for power densities and the gain-and backward waves is locked along the cavity. The phase

coupling profile: difference is zerosr/2 and arcsig(«L )y, for the above cases
__ a, b, and c, respectively.
l4(2)=—cog2(n+1)mz], Finally, we should point out that the result for the case b
sif2(n+1)7z] has been reported in Refs. 4 and 5; however, the present
ler(2)= T o li(2)=Cl¢(2), analysis is simpler, provides more insight, and the physical
mechanism behind the reduced SHB is easier to understand.
2n+1 ® The results for the cases a and c are reported here for the first
(kgl)=— m1+C?, time. They propose a gain-coupled or a complex-coupled
AR-coated nonlinear DFB laser diode with reduced SHB,
2n+1 cog2(n+1)wz] respectively. We also note that the result of E).reduces
(SL)+(OL)=———C sif2(n+1)mz]’ to that found in Refs. 4 and 5 if the optical nonlinearity is

negligible.

A set of coupled-power equations for nonlinear DFB la-
ser diodes operating near the Bragg frequency has been de-
rived. It is shown that these equations lead in a straightfor-
ward way to a general condition for nonlinear DFB lasers
with eliminated SHB. For perfectly AR-coated facets, a de-
sign of coupling structures has been demonstrated based on
this general condition. It is shown that the elimination of

wheren=0,1,2,..., andC is an arbitrary constant which de-
notes the ratio of ;;(z) to I.,(2).

Case b. Index couplinggL =0) with ®L=0. For this
case, one can easily obtalg(z)=2z—-1 and (@L)=1
from Eq.(2). Then the power density of the mutual interac-
tion and the index-coupling profile can be found by using
Egs.(7), and(5) as follows:

l(2)=0, I(2)=2Vyz(1-2), SHB in DFB lasers could be achieved by introducing certain
(9)  variations of the coupling strength along the cavity. Some

(k)= — 1-2z coupling grating structures have been proposed for gain, in-
: 2Vz(1-2) dex and complex coupling, respectively. For a DFB laser

with these structures, it is shown that a uniform power dis-
tribution results from the power exchange between the net
photon power density flux and the power density of the mu-
tual interaction of the forward and backward waves.

Case c. Complex coupling«gL #0 and «;L#0) with
®L=0. For this case, one can find that onlyljf(z) =2z
—1 and O<(al)y=1, the results for power densities and
the complex-coupling profiles follow:
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