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Abstract. This paper shows that a suitable design of a corrugation-pitch-modulated (CPM) distributed-
coupling-coefficient (DCC) distributed feedback (DFB) laser structure can strongly improve the mode
selectivity (&) and the flatness (§) of DFB laser structures in order to ensure the required criteria for
single longitudinal mode operation (& > 0.25 and § < 0.05), through an extended range of current
injection. It is shown that a symmetric structure should be used in order to accomplish the requirements
imposed by the modern optical communication systems. Photon and carrier rate equations have been
used in order to evaluate the performance of the proposed laser structure in the above threshold regime.
The variations of &, §, the lasing wavelength, the emitted power (P) and the side-mode-suppression-ratio
(SMSR) with the current injection (I) have been evaluated. For I = 5 I;;,, where Iy, is the laser threshold
current, substantial improvements in & (3.8 times better), in § (2 times better), in P (15% higher) and
in the SMSR (about 3.4 dB higher) are achieved in the proposed CPM-DCC-DFB laser when compared to
an optimised CPM-DCC-DFB laser referred elsewhere. The improvements are even better when compared
to the standard QWS-DFB laser.

PACS. 42.55.Px Semiconductor lasers; laser diodes — 85.60.-q Optoelectronic devices —42.82.-m Integrated

optics — 75.40.-Mg Numerical simulations studies

1 Introduction

Non-conventional distributed feedback (DFB) laser diodes
have been successively proposed to be used in optical com-
munication systems (OCS) as improved alternatives to
the quarterly wavelength-shifted (QWS)-DFB laser diode.
These lasers aim to avoid the degradation of single lon-
gitudinal mode (SLM) operation with the current injec-
tion, by reducing the spatial hole-burning (SHB) effect
[1, p. 159], [2, p. 249], [3, p. 123]. This reduction can
be achieved by optimising the coupling coefficient profile
[3, pp. 136-141] and/or modulating the corrugation pitch
[4] along the cavity length. While the first option aims
mainly at enlarging the laser selectivity (&), the second
one tends to flatten the intra-cavity field, usually quanti-
fied by a flatness parameter (F).

The inclusion of inhomogeneous coupling strengths
along standard QWS-DFB structures can be especially
attractive in the increase of &, if the coupling coefficient
is made larger in the central zone of the laser corruga-
tion [3, pp. 136-145], [5], [6]. This structure is designa-

ted by distributed-coupling-coefficient (DCC)-DFB laser
structure and it has been commonly referred in litera-
ture [3, pp. 136-145], [4] in the OCS context. Further im-
provements on & may be accomplished when the coupling
coefficient profile is smoothed, that is, when some inter-
mediate coupling coefficient sections are inserted between
the central and side zones of the cavity [7].

The inclusion of multiple phase-shifts (MPS) along the
corrugation flattens the electric field distribution along the
cavity, though at the expense of a decrease in the laser
mode selectivity [3, pp. 124-135], [8]. Nevertheless, the
reduction in the mode discrimination is not so drastic if
we consider a distributed phase-shift rather than locali-
zed MPS discontinuities. This is accomplished using diffe-
rent grating periods along the laser cavity, which corres-
ponds to the corrugation-pitch-modulated (CPM)-DFB
laser structure [4], [9].

The aim of this paper is to propose a suitable and
judicious design of a DFB laser that combines the advan-
tages of using laser structures with both smooth inhomo-
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geneous coupling coefficient profile and variable grating
periods along the cavity [4].

This paper is organised as follows. In section 2, an
improved version of the transfer-matrix-method (TMM)
is fully described. In section 3, the laser structure un-
der optimisation is presented, optimised and analysed. In
section 4, the main conclusions are summarised.

2 The Transfer-Matrix-Method

In order to ensure a quick convergence in the simula-
tion of DFB laser characteristics at threshold and above-
threshold regimes, an improved version of the TMM is
presented and fully described in this section.

2.1 Threshold Analysis

To perform the TMM-based model analysis for laser thre-
shold, the laser cavity with length L is divided into M con-
catenated sections, which are identified by the constancy
of its structural parameters. For the m-th section with
length L,,, those structural parameters are: the corruga-
tion period A,,, the amount of feedback per unit length
%m and the phase of the section grating with respect to
the left side of the cavity (2,,.

Each section is described by two counter propagating
electrical field waves described by their complex ampli-
tudes E () and E(z), which allow the internal electrical
field intensity E(¢, z), to be determined according to

E(t, z) 8?{ {FR(Z) —l—ES(z)} - exp (jwt)} , (1)

where t is the time, z is the z —axis coordinate, R {-} is
the real part operator, 3 = v/—1 and w is the field angu-
lar frequency. Equation (1) assumes that the longitudinal
laser axis coincides with the z—axis. In the TMM the co-
lumn matrices related to E(z) and E,(z) components
are considered for the same spatial position (see Fig. 1).

On the basis of the coupled wave equations [10], the
transfer matrix for the m-th section of the one-dimensional
DFB laser structure indicated in Fig. 1 is given by
3, p. 105], [4]

£ 47y
T(2mt1/2m) = m) ,m) ) (2)
t21 t22
ER (Z7n) ER (Z’"L+1)
> A —_—t>
- U E— H—mﬂ <=
Es(zm) Om } _ } Es(zm+1)
Km
| =
Zm Zm+1

Fig. 1 — A simplified schematic diagram for a one-dimensional
DFB laser structure section, placed between z = 2z, and
Z = Zm—+1-

and it links the column matrices related to the complex
electric fields of the wave solutions at z,, and z,,41

ER (Zm+1 )

Es (Zm+1)

= T(Zerl/Zm)' lgR(zm)] ’ (3)

m)

where tﬁ), tg), t2m1) and t,, are given, respectively, by

Prm <§m - f;zl) e 7 m

tm) _ §m—ﬁ3n g;bl tm) _ _
Y- e (1=7%) Gm
(4)
= -1 Q2m, _ -
t’”):pm(gm*gm)e] ) _ P S &)
B (=7 ' 77 (=)

with &,, = e¥m (#m+1=2m) and ¢, = eI Pm (#mt1=2m) The
propagation constant, (3,,, and the complex propagation
constant, 7,,,, are given, respectively, by

=" i Au=la—sE)4E L 6)

where p,,, and d,, are given by

5, = JEm
" afj(sm‘i’im

1 1
; 5m=5+7T(A—1—E) , (6)

with a and ¢ being, respectively, the gain and detuning
for the propagation modes taking the left section as a re-
ference. §2,,, is given by [4]

m—1
’/T
Q=01+ 2. — L C2<m<M .

Equations (4)—(7) are a generalisation of the TMM
presented in Ref. [3, p. 151] in order to include laser structu-
res with variations in the grating period, as it is the case
of CPM-DFB lasers, the analysis of which is the aim of
this paper. Indeed, the TMM described in Ref. [3, p. 151]
does not include CPM-DFB laser diodes, since the grating
period is always made constant along the laser cavity.

The fields at both ends of the cavity are connected by
the elementary matrix product

ER (L) Tota. ER (0)
A0 I lﬁ <O>] | Y
where
Total _ H T(Zm+1/zm) . (9)
m=M

The formulation of the transfer matrices for other mo-
dified DFB laser structures is straightforward, as far as
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the changes are correctly translated to the matricial for-
malism. Namely, the inclusion of the PS discontinuity ¢,
is given by the following matrix [3, p. 106]

el 0
0 e J¢¥ ’

assuming that the field discontinuity is usually small along
the plane of the PS. In this case the matrix (10) should
be included in the matrix product TT%! indicated in the
equation (9), at the correspondent z position. In modi-
fied DFB structures with axial variations of the coupling
coefficient K(z), the minimum number of sections to be
considered in the TMM should be compatible with the
assumption of a constant value for the coupling coefficient
in each section.

The oscillation condition corresponds to the vanishing
of the incoming waves and it is determined by the follo-
wing requirement

(10)

t2T2Otal (av 5) =0 , (11)
where 19 is the fourth element of the matrix TTotal
given by (9). The solutions are the mode gain, «, and the
detuning, §, and are related to the modes that are allowed
to propagate inside the cavity. For the main mode their
values are, respectively, the threshold gain, oy, and the
threshold detuning, &;,. For a grating with a first-order
Bragg diffraction, the mode gain and the detuning can be
expressed, respectively, as [3, p. 151]

loss (12)

(13)

where I" is the optical confinement factor, ¢, is the total
loss, n is the effective index, Ap is the Bragg wavelength,
A is the lasing mode wavelength, ny is the group effective
index and ¢ is the material gain, given by [3, p. 151]

9(2) = Ao~ (N(2) = No) —

. [)\— (Mo — 43 (N(z) - NO))r. a4

In (14), N is the carrier concentration, Ay is the differen-
tial gain, Ny is the carrier concentration at transparency
(g = 0), Ao is the peak wavelength at transparency and A
and A, are parameters used in the parabolic model assu-
med for the material gain. Using the first-order approxi-
mation for the effective index n, one obtains [3, p. 151]

n(z)=nog+ 1T % N(z) (15)

where ng is the effective index at zero carrier injection and
On/ON is the differential index. The photon concentration

(S) and N are coupled together through the steady-state
carrier rate equation [3, p. 152]

I

= AN(2)+ BN?(z) + CN3(2)+
anct

(16)

Ugg(Z) S(2)
1+eS(2)

where [ is the injection current, ¢ is the modulus of the
electron charge, Vg is the volume of the active layer, A is
the spontaneous emission rate, B is the radiative sponta-
neous emission coefficient, C' is the Auger recombination
coefficient, ¢ is a non-linear coefficient to take into account
saturation effects and v, = ¢/ng is the group velocity, with
c being the free space velocity.

In an purely index-coupled DFB laser cavity, which
happens to be the case considered along this paper, the
mutual interaction between the coupled waves E ,(z) and
E,(2) can be neglected in the rate of total power change
[3, p. 59], [11]. Therefore, the local photon density inside
the cavity can be expressed as [3, p. 152]

2e,n(z)ng A — 2 = 2

S(z) m 2 G [Ba o) + B2 (17)
where ¢, is the free space permittivity, h is the Planck’s
constant and ¢y a dimensionless coefficient that allows the
determination of the total electric field at the above thre-
shold regime, taking into account that the normalization

— 2 = 2

|EL0) +|Es0)] =1 (18)
has been imposed. The equation (18) and the boundary
conditions imposed at the left facet allow the calculation
of the two counter running waves, E,(z) and E,(z), at
z = 0. The use of the TMM allows the calculation of the
longitudinal electric field profile. The output power at the

right facet can be determined as [3, p. 152]

he
A

_dw
- r

P Vg S(L) (19)
where d and w are the thickness and width of the active
layer, respectively.

From the solutions of the oscillation condition (11),
oy, and dy, are determined. Using equations (12)- (15),
the carrier concentration at threshold (Nyy,), the effective
index at threshold (n,,), the threshold wavelength (M)
and Ao are successively evaluated. Threshold current ()
is obtained from (16), assuming that S is negligible at
threshold. Within this assumption, the z dependence des-
cribed in eqs. (12), (14) and (15) is also neglected. The
same assumption is valid for eq. (13), except for CPM
structures where a z dependence is included in A(z).

2.2 Above-Threshold Analysis

In the above-threshold regime, S(z) is high enough to in-
duce important non-uniformities in N(z) and n(z). Des-
pite the SHB effect can be minimised by an adequate de-
sign of the DFB structure, the interdependence of S(z),
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N (z) and n(z) induces strong longitudinal inhomogeneities
that forces the division of each section into several sub-
sections, in order to ensure a correct evaluation of the
above-threshold characteristics. According to
Ref. [3, p. 153], for a cavity with L = 500 um, at least
a total of M = 5000 subsections are needed.

In this paper, the numerical procedure for the above-
threshold calculations follows closely the method develo-
ped in Refs. [3, p. 149], [4]. However, in order to ensure
a quick convergence in the evaluations of the laser cha-
racteristics, an adequate strategy is now proposed, which
is fully described below.

2.2.1 Lasing mode analysis

For each bias current I, the numerical above-threshold
calculations concerning the lasing mode are summarised
as follows:

(i) Successive (G x G) grids are created in the (co, A)
plane. The i-th grid is centred at (Co ,)\Z)) and it is

enclosed in the region defined by the limits cé)m_ 9

in? Omax’

)\fr)lin and )\;L-I)ua‘x- For the initial gI‘ld (Z = 1) 1

he (I —Iy)
céz _ 2q Vact vg .1, € My nz Aih an)
\/ B0+ |E,0)]

Cong = G0, = Acg) el =) + Acp) (22)
M = A = AN 5 AL =D AN (23)
where ACO = )/10 and AND 2 0.1nm seem ade-

quate for most of the DFB structures when G = 10.

However, a readjustment of Aco and AXY may, occa-
sionally, be necessary in order to prevent an eventual
convergence towards a local minimum. This is a criti-
cal aspect of the proposed analysis, since an inadequate
choice would prevent the numerical convergence;

(ii) For each one of the G? pairs of the i-th grid (cé)k , )\é))

with k; 1 =1 ... G, the equations (14)—(17) are self-
consistently solved, in order to determine the material
gain, carrier density, photon density and effective in-
dex for each one of the j sub-section, respectively, g;,
Nj, Sj and n;j, with 1 S] S M,

(iii) The equations (12) and (13) are solved in order to
determine the lasing mode gain and detuning for the

! Notice that, according to (18), Co is numerically equal to
\/hC I'—1Iin) [/ (2q Vact Vg 9y, €0 My, Mg Ath)-

j-th sub-section, respectively, o; and ¢;. The trans-
fer matrix of the j-th sub-section, T (2;41/2;), is then
calculated;

(iv) Using the TMM, the two counter-running waves at
the output of the j-th sub-section, F r, and E,

obtained. For the M-th sub-section, the dlscrepancy
found between those values and the laser right facet

boundary condition is represented by 5?1- This value
is evaluated and stored for each pair (cg)k , A?) of the

i-th grid. The error associated to the i-th grid is given
by €9 = min (zsz);

(v) Whenever ¢ = =1, the central pair remains
the same (cofl) = Cocv )\ZH) = )\?), but new limits are
required for the next grid. ¢y and A discretizations
should be reduced, for instance: AcHl) Ac / 10 and
AN = A)\’)/10. Whenever ¢9) < ¢~V the pair as-
sociated with the min (5%) is chosen as next central

pair ( i+1) )\Hl)), while ¢ and A discretisations re-

mains unchangeable. For i = 1, ¢~ is taken as the

error associated with the central pair (C(l)z, A?).

For each one of the G2 pairs (cétl), )\fﬂ)), the steps

(i-v) are repeated until e < e, where epmin 1S a preset
error  value (less than 1071% as indicated in
Ref. [3, p. 156)).

Since the gain a; and the detuning §; are z-dependent,
the lasing characteristics for each biasing current are as-
sociated with their mean values along the cavity, given
by

1 & 1 &
D=7 205D 5 danll)= 373 0() . (24)

Notice that the sequential analysis (i)-(v) assumes a
one-mode propagation laser behaviour. This approach is
itself a good assumption, since the present analysis fo-
cuses on DFB structures that must ensure SLM operation.
Otherwise, different strategies must be adopted.

When studying the I influence on the laser characteris-
tics, a considerable CPU time reduction can be achieved
if, for each subsequent current, instead of using (20), A
is taken as the solution found in the previous bias current.

2.2.2 Side mode analysis

S(z), N(z) and n(z) profiles are settled for each I by the
lasing mode profiles obtained in sub-section 2.2.1. At thre-
shold, these distributions are nearly uniform along the ca-
vity, assuming average values, respectively, 0, N¢, and n,, .
The gain mode and detuning associated with the side-
mode, at threshold, respectively, a,,. and i, are settled.
In the one-mode approximation the use of the eq. (13)
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leads to
2mA
AR (81) = TAB (nth + ng) 7 (25)
7T >\B
S1Ap+2mng + ——
Aav
where A,, is the average grating period given by
M
Z Lm ) Am
Aay _ m=1 7 (26)

This assumption means that Ag (61) would be the thre-
shold wavelength if ; would correspond to the lasing
mode. On the other hand, regarding the side-mode gain,
eq. (12) imposes that

2a,,,=1g, —« (27)

side loss ?

where g, is obtained from (14), making N(z) = Ny, and
A = A1 (a,.). This would be the wavelength in the one-
mode approach if a,,, would correspond to the threshold
gain. It will be designated by the side-mode effective wave-
length. Similarly, for the lasing mode, it is obtained

2aep=1g,, — (28)

loss ?

where g¢,, Ap (Nth - NO). Then, from equations
(27) and (28), it can be shown that

X1 (aside) =AntJAz (aside) ) (29)

where

2 (a = ath)

A ) = g ATside TR 30

£ (0,) — (30)
A (G x G) grid is created in the plane (Az, Az ) in a si-

milar way as done for the plane (g, A), in sub-section 2.2.1.

The initial grid is centered in ()\2, )\20), where )\2 and
)‘;Q)c are given, respectively, by (30) and (25). The limits of
the initial grid are defined by )\2 + A)\? and )\;2)6 + A)\;z).
G = 10, A)\? ~ 0.0l nm and A)\;z) ~ 0.1nm seem rea-

sonable for most of the DFB structures but, as before, a
readjustment may once in a while be necessary to avoid

the mode hopping. Usually A)\? is one order of magni-

tude lower than A)\;z) because the difference between the
gains associated with different modes is about one order
of magnitude lower than the difference between their de-
tunings. Successive (G x G) grids are defined in the wave-

length plane, centering the i-th grid in (A%,A%C) and
enclosing it in the region defined by the limits )\;)c + A)\;)
and Ay £ AN,

Then, for each pair (k,I) of the i-th grid, i.e.
()\%,)\%L), the mode gain and detuning for each one of
the j (j=1, ..., M) sub-sections of the cavity are ob-

tained for a given current I as, respectively,

i )\2 AT
0D, (D =05+ (3,) 5=
J

(31)

i 2
0se,, (1) = =5~ n;(I)-
T (32)
. 2-’/Tn9 . (}\% _ )\B) _ 1
)\;%l AB ! Aj

In egs. (31) and (32), a;(I) and n;(I) are, respectively,
the lasing mode gain and the refractive index associated
with the j-th sub-section for a biasing current I, achieved
in subsection 2.2.1. Besides, A; is the corrugation period
of the j-th sub-section.

Similarly as in sub-section 2.2.1, steps (iii)—(v) are then
sequentially followed. The side-mode analysis is quicker
than the lasing mode analysis since the step (ii) described
in sub-section 2.2.1 is not necessary.

Table 1 — Summary of laser parameters

Laser parameter Value
Material parameters
Spontaneous emission rate, A 2.5 x 108571

Bimolecular recombination

~16 3 1
coefficient, B 1.0x 107" m?’ s

3.0x 107" mb.s7!
2.70 x 10729 m?
1.50 x 10" m~3
2.70 x 10732 m*

Auger recombination coefficient, C

Differential gain, Ao

Gain curvature, A;

Differential peak wavelength, A2

Internal loss, o, 4.0 x 10° m™!
Effective index at zero injection, ng  3.41351524
Carrier density at transparency, No  1.23 x 10**m~3
Differential index, dn/d N ~1.8 x 107 m?
Group velocity, vg 833x10"m-s7!
Nonlinear gain coefficient, 1.5 x 107 m?
Structural parameters

Active layer width, w 1.5 um

Active layer thickness, d 0.12 pm

Cavity length, L 500 pm

Optical confinement factor, I" 0.35

3 The CPM-DCC-DFB Laser

3.1 Structure Description and Parameters Definition

The laser structure under analysis is a CPM-DCC-DFB
(see Fig. 2). This is a multi-section anti-reflection
(AR)-coated with two grating periods Ay and A., and
three coupling coefficients ES, ks and k.. Their section
boundary positions, normalised by L, are defined by kp, ,,
kpy,, kp,,, kp,,, Ap, and Ap,. A purely index-coupled
laser structure, which assures that the coupling coeffi-
cients are real [3, pp. 56-57], is assumed, with L = 500 um,
Ag = 227.039nm and £2; = Orad. This kind of structures
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AR-coated

Fig. 2 — A simplified schematic diagram for the CPM-DCC-DFB laser structure.

are generally associated with technological processes that
are easier to implement than the gain-coupled structu-
res [1, p. 173], [11], [12]. A symmetric structure is assumed,

which means that
kp,, =1=kp,, ; szb = 1—k‘p1b ; Ap, =1—Ap, . (33)

The DCC structure is defined by the positions of the dis-
continuities in the coupling coefficient, kp,,, kp,,, kp,, and
kp,,, the value k4. and the coupling ratio, described by

Kratio =

|z

, (34)

whereas the CPM profile is described by the positions of
the discontinuities in the corrugation period, Ap, and Ap,,
and the relative variation in the corrugation period

A — A,

AA
A

(35)

In order to allow a straightforward comparison with
conventional DFB structures (those with constant cou-
pling coefficient), a parameter known as the averaged cou-

pling coeflicient, Kay, is introduced in the CPM-DCC-DFB
structure such that

Ray = 2. |:Es . (kpla) + Esc : (kPlb - kPm)
_ (36)
+ Fer (05— kp,) |

The normalised mode selectivity and the flatness of the
electric field are given, respectively, by [3, p. 84 and p. 131]

& = (L)~ (a,L) ; §=

i

i 2
/ {I(z)ff} dz (37)
0

where (o, L) is the normalised dominant mode gain and
(a, L) is the normalised gain of the main side mode. Be-
sides, Z(z) is the normalised electric field intensity at an
arbitrary position, z, given by?

B + B 2)

I(z) = =2
|E(0)]

(38)

+
S
0

©

2 Notice that, according to (18), Z(z) is numerically equal to
— 2 = 2
|Er(2)| +[Es(2)]".

and 7 is its average value along the cavity. The laser struc-
tural and material parameters used along the paper are
summarised in Table 1 [3, p. 157].

3.2 Structure Optimisation at Threshold

The objective of the CPM-DCC-DFB laser structure opti-
misation is, simultaneously, maximize & and minimize
§, at threshold, by varying simultaneously and indepen-
dently the following set of variables (decision variables):
Rratios Rav L, kpy,, kp,,, Ap, and AA. It should be empha-
sized that & is calculated according to the first expression
of (37), where o, L and «a, L are evaluated at threshold. In
this situation, o, L is designated by aup L.

The optimisation process is divided into two stages and
fully described in the following step-by-step procedure.
The first stage, which corresponds to Steps 1-3, is per-
formed assuming that kp,, = kp,, and hence kp,, = kp,,.
In the second stage, which corresponds to Steps 5-6,
kp,, # kp,, is assumed and hence kp,, # kp,,.

Initially & > 0.25 (Smin = 0.25) and § < 0.05
(Smax = 0.050) is required, since these limits have been
generally accepted as good boundaries in order to reach
a stable SLM operation [3, p. 128 and p. 131]. After each
step, the selection criteria are adjusted by fixing tighter
limits, i.e., higher G and smaller Fmax. Initially,
AA =1073, Fratio = 5 and RayL = 2 are assumed.

Step 1: The G} (Apl,kpla)
5 (Apl,k:pm) is performed by varying simultaneously
and independently Ap, and kp,, in their entire ranges
0 < Ap, < 0.5 and 0 < kp,, < 0.5. The conditions
S (Apyskpy,) > Gmin and § (Ap,, kpy,) < Fmax are used
as selection criteria. This step leads to the definition of
a region in the plane (Ap,, kp,,), from which a solution
is chosen and new boundaries (Smin, §max) are settled;

Step 2: Assuming Ap, and kp,, achieved in Step 1, the
optimisation of & (A/l, Eratio) and § (A/l, Eratio) is per-
formed by varying simultaneously and independently
AA and Fratio in the ranges 2 x 1074 < AA < 15x 1074
and 4 < Rratio < 14. The conditions & (AA,Eratio) >
Gmin and § (AA,Eratio) < Fmax are used as selection
criteria, where (Sin, Smax) are the boundaries settled
in Step 1. New boundaries (Smin, §max) are now defined;

Step 3 Assuming the laser structure defined at the end of

Step 2, the optimisation of & (Eav L) and § (Eav L) is

optimisation  of and
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performed by varying K., L in the range 0.5 < R,y L <
3.5. The conditions & (Eav L) > Gmin and § (Eav L) <
Fmax are used as selection criteria, where (Gpmin, Fmax)
are the boundaries settled in Step 2. New boundaries
(S min, Fmax) are now defined;

Step 4: Steps 1-2-3 are repeated until no improvements
on G and § are achieved.

Step 5: It is assumed that kp,, and kp,, are no longer
the same, so that extra intermediate cavity subsections
with coupling coefficient k. and grating period A, (see
Fig. 2) are introduced. It is imposed that

koo = ks - v/ Eratio, considering the %, settled in Step 2.

The other structural parameters are those settled at the
end of Step 4;

Step 6: The  optimisation of & (kp,,,kp,,)
3 (kp.,,kp,,) is performed assuming the structure de-
fined in Step 5, by varying simultaneously and indepen-
dently kp,, and kp,,. The conditions & (kpla,kplb) >
Gmnin and § (kpla,kiplb) < Fmax are used as selection
criteria, where (Smin, §max) are the boundaries settled
in Step 4. This step leads to the definition of a region in
the plane (kp,,, kp,,), from which a solution is chosen.

and

At the final of Step 6, the optimised symmetric
CPM-DCC-DFB  laser structure is defined by
{Rratios (Rav L) , kpy,, kpy,, Ap,and AA}, corresponding to
the optima values for G and §.

Fig. 3 shows the contour maps for & (Apl,kpla) and
S(Apl,kpla), assuming K.y L = 1.7, Rratio = 8.5 and
AA = 9.5000 x 10~*. This figure corresponds to an in-
termediate iteration of Step 1 for the structure optimisa-
tion. Solid lines enclose all combinations Ap, and kp,, that
ensure & (Ap,,kp,,) = Gmin and F (Ap,, kp,) < Fmaxs
where G,in = 1.6 and Fmax = 0.03 have been settled in
the previous iteration. The chosen solution for the next
iteration is Ap, = 0.3986 and kp,, = 0.1986 (marked x),
which corresponds to & = 2.11 and § = 0.018.

At the end of the structure optimisation process, the

final solution has been found and it is summarised in Ta-
ble 2.

Table 2 — Laser
CPM-DCC-DFB.

structure parameters for the optimised

Parameter Symmetric CPM-DCC
Rratio 10.0
Rav L 1.7
kp,, 0.1578
kp,, 0.2362
Ap, 0.4014
AA 9.8571 x 10~*

According to expressions (34)—(36), this solution
corresponds to a CPM-DCC-DFB structure (see Fig. 2)
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Fig. 3 — (a) 6(Ap,,kp,,) and (b) §(Ap,,kp,,), assuming
Rav L = 1.7, Rratio = 8.5 and AA = 9.5000 x 10~%. Values
for & > Gmin and § < Fmax are represented by a solid line.
Gmin = 1.6 and Fmax = 0.03 are considered.

(x solution: Ap, = 0.3986 and kp,, = 0.1986, which corres-
ponds to & = 2.11 and § = 0.018)

where: k,L = 0.28, koL = 0.88, k.L = 2.79 and
Ao = 227.263nm. This structure has & = 2.54,
§ = 0019 and oy, L = 1.48, corresponding to
Iy, = 25.766 mA.

Table 3 summarises the results for &, § and oy L
achieved for three different laser structures: the
QWS-DFB, the CPM-DCC-DFB from [4], indicated as a
possible optimum design for CPM-DCC-DFB laser structu-
res, and the optimised CPM-DCC-DFB proposed in this
paper.

It is worth noticing that the optimised
CPM-DCC-DFB laser structure proposed in this paper
is clearly advantageous. In fact, it is the structure with
the highest &, which is 2.5 times greater than the one
related to the CPM-DCC-DFB laser structure proposed
in Ref. [4], revealing outstanding performance. Moreover,
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Table 3 - &, § and oy, L for several laser structures. K L = 2.0
is assumed for the 1st structure. & L = 2.06 is assumed for the
2nd structure. K L = 1.7 is assumed for the 3rd structure.

Laser structure S g agp L
QWS-DFB 0.73 0.301 0.70
CPM-DCC-DFB from [4] 0.99 0.019 1.28
Opt. CPM-DCC-DFB 2.54 0.019 1.48

its § is roughly fifteen times better than the one reported
for the QWS-DFB. This improvement is achieved at the
expense of an increase in the threshold gain which can
be overcome by a suitable design of the transversal laser
structure [1], [2].

3.3 Above-Threshold Performance

2.5 4
20 4 —>~ Opt. CPM-DCC-DFB
—O— CPM-DCC-DFB of Ref [4]
0 1.5 4 -~ QWS-DFB

1.0
0.5 1

0

1 15 2 25 35 4 45 5

3
I/Iin
Fig. 5 — Selectivity vs normalised current injection for the
optimised CPM-DCC-DFB laser, the CPM-DCC-DFB laser of
Ref [4] and the standard QWS laser with L = 500 pm.

the best option given that it has the highest & values.

A threshold analysis for the the optimised CPM-DCC-DFB This figure also shows that & presents a significant reduc-
structure has been presented. Nevertheless, even if a structuretion with increasing biasing current, for the QWS-DFB

presents an adequate performance at threshold, an above-
threshold analysis is essential in order to assess the rate
at which the SHB deteriorates the laser features with the
increasing current.

The S(z) distribution in the optimised symmetric
CPM-DCC-DFB laser cavity can be observed in Fig. 4,
as well as the N(z) distribution, both for I/I;, = 4. This
figure clearly illustrates the SHB effect: an high value of
S(z) is achieved at the expense of a reduction of N(z) and
vice-versa.

0 0.2 0.4

z/L

Fig. 4 — Longitudinal distribution of the S(z) (solid) and N(z)
(dashed) in the CPM-DCC-DFB laser for I/I;; = 4.

0.6 0.8 1

A comparative analysis between the standard
QWS-DFB laser, the CPM-DCC-DFB laser from Ref. [4]
and the optimised CPM-DCC-DFB laser presented in this
paper is available in Figs. 5-10.

Fig. 5 shows the laser mode selectivity vs normalised
current injection. Concerning the mode gain discrimina-

tion, the optimised CPM-DCC-DFB laser is, undoubtedly,

laser and the CPM-DCC-DFB laser of Ref [4], showing
that these lasers are strongly affected by the SHB effect.
On the contrary, the optimised CPM-DCC-DFB laser pro-
posed in this paper shows a general increase of G with the
current injection.

0.30 o7

0.24 4 —— Opt. CPM-DCC-DFB
—O— CPM-DCC-DFB of Ref [4]

0.18 - —1+ QWS-DFB

25 3

I/Iin
Fig. 6 — Flatness vs normalised current injection for the op-
timised CPM-DCC-DFB laser, the CPM-DCC-DFB laser of
Ref [4] and the standard QWS laser with L = 500 pm.

35 4 45 5

Fig. 6 focuses on the evolution of the flatness with the
current injection. This figure demonstrates that the opti-
mised CPM-DCC-DFB proposed in this paper is the only
one that fulfils the selection criteria commonly referred
for lasers with 500 pm cavity length (F < 0.05) [3, p. 131],
throughout the entire biasing current range. The associ-
ated § has a very low and nearly constant value of about
0.019 under the current range under analysis.

The gathering of results from Figs. 5 and 6 undou-
btedly demonstrates the high immunity of the optimised
CPM-DCC-DFB laser proposed in this paper to the SHB
effect. These results show that an adequate profile design
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for this laser revealed crucial for the improvement of laser
performance in the high power regime.

1547.0
1546.9
1546.8

- 1546.7 -
= 1546.6 -
! 1546.5 1 \

= 1546.4
1546.3
1546.2

1546.1 T T T T T
1 15 2 25 3 35 4
I/Iin
Fig. 7 — Lasing wavelength ws current injection for the op-
timised CPM-DCC-DFB laser, the CPM-DCC-DFB laser of
Ref [4] and the standard QWS laser with L = 500 pm.

—— Opt. CPM-DCC-DFB
—O— CPM-DCC-DFB of Ref [4]
-0~ QWS-DFB

45 5

Fig. 7 summarises the results obtained for the lasing
wavelength vs the normalised current injection for the op-
timised CPM-DCC-DFB laser, the CPM-DCC-DFB laser
of Ref [4] and the standard QWS laser. The three lasers
are associated with stable outputs, foreseeing their po-
tential use as optical carriers as far as lasing wavelength
stability is concerned. However, these results show than
in the range 1 < I/I;;, < 5 the optimised CPM-DCC-
DFB laser presented in this paper outperforms the other
two lasers under analysis. In fact, it shows a lasing wave-
length relative variation AN/ Ay, = 1.9 x 1075 %, which is
lower than the values achieved for the CPM-DCC-DFB
laser from Ref. [4] and the QWS-DFB laser, of respecti-
vely, 3.6 x 107°% and 5.5 x 107° %.

30
A~ Opt. CPM-DCC-DFB
25 1 —O— CPM-DCC-DFB of Ref [4]
20 —— QWS-DFB
g
| 15 1
A0 -
5 -
0 T ‘;-’ T T T T T T T
0 05 1 15 2 b5 3 b 4 b5 5
Iip,

Fig. 8 — Emitted power vs current injection for the optimised
CPM-DCC-DFB laser, the CPM-DCC-DFB laser of Ref [4]
and the standard QWS laser with L = 500 pm.

Fig. 8 shows the light-current stationary characteristic
for the three lasers under analysis. For similar normalised

current injections, the optimised CPM-DCC-DFB laser
proposed in this paper shows larger values for the opti-
cal power output (measured at the right facet). Moreover,
it has been checked that the optimised CPM-DCC-DFB
laser proposed in this paper has the highest external diffe-
rential efficiency.

10
1545

Normalized spontaneous emission power

1545.5 1546 1546.5 1547 1547.5 1548
A — nm

Fig. 9 — Above-threshold normalised spontaneous emission

spectra under two different biasing currents for the optimised

CPM-DCC-DFB.

The measurement of the laser spectral characteristics
is a way of checking its single mode stability. Fig. 9 shows
the normalised spontaneous emission power for
I =1.51; and I = 51, for the optimised CPM-DCC-
DFB laser. High values of SMSR are achieved, for both
bias currents. Besides, it is worth noticing that the ”blue-
shift” in wavelength is negligible, which was already noted
in Fig. 7, with an almost steady emission wavelength.

Another relevant aspect lies with the fact that, near
1546.5 nm, the spectral amplitude of the dominant mode
remains at a high value with the current injection, show-
ing no severe mode competition in the high power regime.
This is pin-pointed in Fig. 10, where the SMSR. of the op-
timised DFB laser is maintained throughout the range of
biasing current under analysis, above 48 dB, which fulfils
the usually required criterium SMSR > 45 dB for the use
of DFB lasers in the OCS context [13, p. 215], contrarily
to the other two lasers under analysis.

Finally, it should be stressed that in the optimisation
process a symmetric structure has been imposed by the
conditions expressed in the egs. (33). In fact, without this
constraint, many other structure solutions might be possi-
ble, ensuring high values of & and low values of §. How-
ever, asymmetric DCC structures with high values of R;ati0
present a kink in the light-current and wavelength-current
characteristics [14, p. 164] due to the hopping between two
possible lasing modes, which impairs its use in the OCS
context. This would be the case if the structure optimi-
sation process performed in subsection 3.1 had not taken
into account the restrictions (33). Fig. 11 shows the emit-
ted power and lasing wavelength vs normalised current in-
jection for an asymmetric CPM-DCC-DFB laser structure
resulting from an optimisation which ignored the restric-
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51

43

39 4
—/— Opt. CPM-DCC-DFB

L
35 4 —O— CPM-DCC-DFB of Ref [4]

SMSR — dB

—— QWS-DFB

31 A

27 1

23

1 15 2 25 35 4 45 5

3
I/Iin
Fig. 10 — Side-mode suppression ration vs current injection for
the optimised CPM-DCC-DFB laser, the the CPM-DCC-DFB
laser of Ref [4] and the QWS-DFB laser with L = 500 pm.

tions (33), which clearly shows the kinks previously re-
ferred.

30 1546.7
25 - 1546.6
% 20 5 - 1546.5
|
;15 1 | 115464
\ - 5
& 10 4 s - 1546.3
V/
5 - 1546.2
0 — ———— ——— 1546.1
1 15 2 25 3 35 4 45 5
I/

Fig. 11 — Emitted power (solid line) and lasing wavelength
(dashed line) vs normalised current injection for an asymmetric
CPM-DCC-DFB laser structure resulting from an optimisation
which ignored the restrictions (33).

4 Conclusions

A symmetric CPM-DCC-DFB laser structure, specially
designed to provide SLM operation, has been proposed.
An in-depth optimisation of the cavity profile, at thre-
shold, lead to a suitable structure with a three-step cou-
pling coefficient profile and a distributed phase-shift, which
ensures the best mode gain margin with flattened intra-
cavity field intensity profile, at threshold.

An above-threshold regime analysis of this CPM-DCC-
DFB laser has been carried out, using the TMM and
carrier rate equations. In order to accomplish this task,
new adequate strategies for efficient TMM convergence
above threshold, both for the lasing and the side-modes,
have been proposed and fully described along the text. A
comparative analysis between the optimised CPM-DCC-
DFB laser, the standard QWS-DFB laser and an opti-
mised CPM-DCC-DFB laser referred in Ref. [4] has been

performed. This analysis outstands the performance of the
proposed structure in the high-power regime. For I = 5 Iy,
substantial improvements in & (3.8 times better), in F (2
times better), in P (15 % higher) and in the SMSR (about
3.4 dB higher) are achieved when compared with the laser
structure reported in Ref. [4]. This is especially signifi-
cant in the high bit-rate OCS context, where high bias-
ing currents are demanded in order to ensure high laser
bandwidths without a strong degradation due to the SHB
effect.
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