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Abstract. Theoretical threshold and above-threshold investi-
gations on quarter wave-shifted distributed feedback (QWS-
DFB) lasers with a gaussian-like tapered grating are pre-
sented. It is shown that a wide range of longitudinal coupling
coefficient variations with gaussian profiles may lead to de-
vices with very large gain margins combined with sufficiently
flat intra-cavity fields, so that modal instabilities induced by
spatial hole burning can be avoided. Apart from the bene-
fits of keeping a nearly constant side mode suppression ratio
above threshold, these specific structures may also exhibit an
enlarged output optical power with respect to conventional
QWS-DFB lasers, since the spatially dependent coupling co-
efficient alters the field distribution inside the cavity.

PACS: 42.55.Px; 42.79.Yd; 07.05.Tp

In the past decade, conventional quarter wave-shifted dis-
tributed feedback (QWS-DFB) lasers have been studied, ex-
tensively reported in the literature, technologically realized
and implemented in optical fiber telecommunication systems.
Their main advantage is related to the structural characteris-
tics of the Bragg grating: a built-in phase shift which makes
them oscillating in a single longitudinal mode at threshold,
with a good mode discrimination. However, problems may
occur in the above-threshold regime where spatial hole burn-
ing (SHB) takes place, degrading the side mode suppres-
sion ratio (SMSR), especially for strongly coupled devices
(coupling–length productκL > 1.25). Although it has been
shown that this peculiar value ofκL was optimum in terms
of single-mode stability [1], higherκL products are desirable
because of their lower threshold current, smaller linewidth–
power products and lower reflection sensitivity [2], so that
further optimization is required.

Various solutions have been proposed to overcome the
SMSR degradation in purely index coupled structures, by en-
larging the threshold gain margin and/or by flattening the
intra-cavity field: longitudinally dependent coupling coeffi-
cients in QWS-DFB structures [3–5], multiple discrete phase
shifts located along the cavity [6, 7], use of chirped grat-
ings [8–10] or phase-adjustment regions (PAR) [11, 12], as

well as an adequate combination of a PAR and a stepwise
constant coupling coefficient [13].

Recent works deal with a new concept of biharmonic
Bragg resonator, which is a combination of two superim-
posed sinusoidal gratings of equal height but slightly different
period, resulting in a sinusoidal space-modulated coupling
coefficient [14, 15]. To some extent, the biharmonic structure
may be compared to our specific device and further explana-
tions are given below.

1 Scope of the study

The proposed multisection structure is depicted on the top of
Fig. 1. A tapered grating, leading to continuous changes of the
coupling coefficientκ along the structure, is combined with
a λ/4 phase shift at the center of the cavity. Since we are
here only interested in the theoretical behavior of gaussian-
like tapered grating (GLTG) QWS-DFBs, practical problems
linked to their technological realization are not addressed. So,

Fig. 1. Top: schematic view of a gaussian-like tapered grating (GLTG)
QWS-DFB laser.Bottom(1) and (2): coupling coefficient profiles used for
the numerical simulations and collected in Table 1
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a major simplifying hypothesis is that the longitudinal vari-
ation of κ does not induce any effective index variation or
alternatively, that these index variations can be compensated
for by a longitudinally dependent grating pitch. It means that
the high and low values of the effective index are changed
independently of its average value.κ is assumed to follow
a gaussian spatial dependence and can thus be expressed as

κ(z)= 1√
2πσ

exp
(
− (z− L/2)2

2σ2

)
. (1)

Let us now discuss some basic structural differences be-
tween the GLTG-QWS-DFB and the biharmonic structure
proposed in references [14, 15]: The first fundamental differ-
ence lies in the Bragg structure geometry itself: two superim-
posed sinusoidal gratings of equal height but slightly different
period in the biharmonic device, compared with a single and
amplitude modulated grating, provided with a discontinuity,
in the GLTG-QWS-DFB laser. In the biharmonic device, no
phase shift is required since the lasing mode is found to oscil-
late exactly at the Bragg frequency thanks to the asymmetric
nature of the sinusoidal coupling coefficient. In contrast, the
GLTG-QWS-DFB structure requires aλ/4 phase shift (a dis-
continuity of π in the corrugation) to obtain stable single-
mode operation.

The second discrepancy lies in the longitudinal profile of
the coupling coefficientκ(z). It must be noted that, compared
to references [14, 15], our definition ofκ(z) does not include
the grating phase which is treated separately. So, with re-
spect to these papers,κ(z) in (1) represents the modulus of
the coupling strength, which appears to be symmetric with
respect to the center of the cavityL/2. Now, with the conven-
tions of references [14, 15], an asymmetric and spatially de-
pendent coupling coefficient, with a phase shift atL/2, would
have been defined. So, in the GLTG-QWS-DFB laser, the
modulus ofκ(z) is maximum atL/2 and decreases towards
the ends of the cavity while its phase exhibits a discontinuity
at L/2; in the biharmonic structure,κ(z) is continuous every-

Table 1. Summary of threshold properties of several GLTG-QWS-DFBs

Normalized Average normalized Normalized Normalized Field flatnessF
coupling profile coupling threshold net threshold gain at threshold

κ(z)L coefficientκavL gainαL margin∆αL

(1-a) 0.933 3.353 (1.616)† 2.788 11.63 (u)
(1-b) 1.086 2.594 (1.42)† 2.349 5.495 (u)
(1-c) 1.292 1.918 (1.202)† 1.917 2.884 (u)
(1-d) 1.566 1.353 (0.97)† 1.527 2.006 (c)
(1-e) 1.904 0.921 (0.749)† 1.197 2.747 (o)
(1-f) 2.262 0.632 (0.572)† 0.943 4.021 (o)
(1-g) 2.548 0.473 (0.461)† 0.781 5.584 (o)

(2-a) 0.235 4.309 (3.437)† 0.661 34.53 (u)
(2-b) 0.783 2.449 (1.846)† 1.142 4.701 (u)
(2-c) 1.174 1.801 (1.321)† 1.360 2.498 (u)
(2-d) 1.566 1.353 (0.97)† 1.527 2.006 (c)
(2-e) 1.879 1.083 (0.764)† 1.635 2.718 (o)
(2-f) 2.349 0.778 (0.536)† 1.766 4.414 (o)
(2-g) 3.312 0.445 (0.259)† 1.927 10.145 (o)

(u): undercoupling, (c): critical coupling, (o): overcoupling, (...)†: threshold net gain of the standard QWS-
DFB with equivalent average coupling coefficient

where, minimum atL/2 and its modulus increases towards
the ends of the device.

The studied coupling profiles are shown on the bottom
of Fig. 1. First, the height of the gaussian function is kept
constant but its width is varied ((1-a)→(1-g)). Second, the
ratio between the maximum and minimum values ofκ, re-
spectivelyκmax andκmin, is unchanged but the gaussian curve
is shifted up ((2-a)→(2-g)).

2 Threshold analysis

The threshold analysis is performed by solving the coupled
wave equations (CWE) in the frame of a matrix formal-
ism. For the calculations,κ(z) is segmented into50 discrete
values, which represents a good compromise between accu-
racy and computer time consuming. The transfer matrix of
the whole structure is thus formed and by applying a numer-
ical procedure based on the secant method in the complex
plane, the modes are determined through their locations (δL:
detuning with respect to the Bragg wavelength,αL: net gain
required to reach threshold). As far as a discrete phase shift
equivalent toλ/4 is located inside the cavity, the lasing mode
oscillates exactly at the Bragg wavelengthδL = 0. Like in
standard QWS-DFBs, the net gainαL decreases with the in-
crease of the average coupling coefficientκavL since more
feedback is provided in the structure (Table 1).

What is really essential in designing single-mode sources
is, first, the threshold gain margin∆αL and, second, the
flatnessF of the intra-cavity field defined as the ratio be-
tween the maximum and minimum photon density. Let us
first consider the set of coupling profiles (1-a) to (1-g).∆αL
decreases whenκ(z) flattens, i.e. when the GLTG-QWS-
DFB tends towards the conventional QWS-DFB. On the other
hand, for the set of coupling profiles (2-a) to (2-g) which ex-
hibits more and more discrepancies between the high and low
values ofκ(z), ∆αL increases withκavL. Such a phenomenon
was predicted in multisection DFBs provided with a step-
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wise constant coupling coefficient [13]: A stronger coupling
at the center of the cavity leads to an enlargement of∆αL,
especially when the lasing mode oscillates near the Bragg fre-
quency. In fact, with respect to a uniform coupling, the light is
less confined at the ends of the cavity, the feedback is lower
and each mode requires a higher gain to reach threshold.
However, this shift is not homogeneous because of a complex
mode competition, typical for non-constant-κ devices, which
induces a kind of apparent absorption or gain [16]. Indeed,
from a mathematical point of view, a spatial modulation of
κ has the dimension of absorption, so that an additional term
enters the CWE, each mode being affected differently.

Figure 2 displays the performance of various GLTG-
QWS-DFB laser diodes in the (∆αL, F) plane for several
coupling values. Obviously, the structural optimization re-
quires an as large as possible∆αL combined with anF
parameter approaching unity (perfectly flat field). The two
GLTG-QWS-DFB curves are significantly shifted towards
higher∆αL with respect to conventional QWS-DFBs. The
value ofF is limited by the presence of the phase shift but, in
the region marked by a dashed ellipse,F remains relatively
moderate and a wide range of GLTG-QWS-DFBs are opti-
mal for single-mode operation. Note also that the intra-cavity
fields may be either overcoupled whenκavL is large, or un-
dercoupled in the opposite case. The coupling profile (1-d) is
the better compromise between∆αL andF, and corresponds
to a critical coupling since the field is very flat. It must be
emphasized that, compared to biharmonic structures [14, 15],
GLTG-QWS-DFB cavities are liable to exhibit significantly
larger gain margins but will fail to yield very uniform intra-
cavity fields because of the cusp produced in the internal
photon density by the localized phase shift. Indeed, for that
latter purpose, the sinusoidal coupling profile of biharmonic
devices (weak coupling at the cavity center), associated with
an “accumulated” phase shift along the cavity (no need for
localized phase shift), leads probably to achieve flatter inter-
nal fields. So, both structures exhibit distinct advantages and
potential.

As indicated in Table 1, the net threshold gainαL is an-
other important parameter of high-power laser diodes because

Fig. 2. Threshold chart (intra-cavity field flatnessF versus gain margin
∆αL) of the GLTG-QWS-DFB lasers summarized in Table 1. Note that
∆αL may be much higher than that of conventional QWS-DFBs, shown
as a comparison (theκL step in this latter case is0.5 with an extra point,
the one provided with the lowestF, at κL = 1.25). Good modal stability is
expected in the region approximately bounded by thedashed ellipse

it conditions the required bias current above threshold. From
this particular point of view, GLTG-QWS-DFBs are not ad-
vantageous with respect to conventional QWS-DFBs since
the losses (and thusαL) become higher. As an example, with
typical structural and material parameters [13], the threshold
current obtained for case (1-d) is21.97 mAwhile for its stan-
dard counterpart (sameαL), it is only 18.85 mA. However,
even if GLTG-QWS-DFBs exhibit higher threshold currents
than their conventional counterparts, the benefits of keeping
a better single-mode behavior dominate in telecommunica-
tions systems, as has been emphasized throughout this paper.
So, as far as the spectral stability of the structure (which
is what we are interested in) depends on the value of the
coupling constant, which itself determines both the field dis-
tribution and the gain margin, notαL but reallyκL (or κavL)
constitutes the critical parameter in our analysis.

3 Above-threshold analysis

An above-threshold analysis has been performed in order to
evaluate the output characteristics as well as the modal sta-
bility (with respect to the onset of a side mode) of the op-
timized structure (1-d). Typically500–1000subsections are
used by the simulator which solves the CWE and the car-
rier rate equation in a self-consistent way. Figure 3 displays
the photon density profile of both GLTG and standard QWS-
DFBs identically coupled (κL = 1.566) for several values of
the normalized current density (JTH is the threshold current
density). It is clear that, due to the phase shift, the two curves
are almost identical at the center of the cavity but depart from
each other at its ends as a result of thez-dependentκ. Con-
sequently, the GLTG-QWS structure exhibits a larger output
optical power, which obviously constitutes the first advantage
of the gaussian-like coupled structure.

As a result of a high∆αL and a flat field, structure (1-d)
is very stable and the emission spectrum remains single-mode
with nearly no distortion, even at high bias current (Fig. 4a).
A SMSR of more than50 dB is maintained over the whole
range of bias currents (top curve of Fig. 4d). The shift in the
emission wavelength betweenJ = 1.2JTH and J = 6JTH is
0.22 nm. It must be mentioned that temperature effects, which

Fig. 3. Photon density longitudinal profile for several values of the bias cur-
rent. The GLTG-QWS-DFB laser exhibits an enlargement of the photon
density near the facets with respect to the standard QWS-DFB laser, leading
to an larger output optical power
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Fig. 4. (a–c) Emission spectra above threshold
(J = 1.2JTH and 6JTH) of GLTG-QWS-DFBs (1-
d), (1-g) and (2-f) as they appear in Table 1.d:
Corresponding SMSR versus normalized current
density

are liable to affect this wavelength shift, are not included in
our calculations.

HigherκL products being desirable, structures (1-g) and
(2-f) have been simulated (κL around2.5). In the first case
(Fig. 4b), the spectrum becomes rapidly bimodal due to the
poor threshold performance (see Table 1). In fact, this par-
ticular coupling configuration is very close to the strongly
coupled standard QWS-DFB which is known to be very sen-
stive to SHB above threshold. The resulting SMSR tends
towards zero. On the other hand, structure (2-f) is less sensi-
tive to SHB because of its very high gain margin. A side mode
grows up but remains negligible and the SMSR decreases
very slightly. This shows that strongly coupled GLTG devices
may remain single-mode provided thatκ exhibits a gaussian
shape which departs from the uniformly coupled QWS-DFB
configuration.

4 Conclusion

QWS-DFB lasers with a coupling coefficient following
a gaussian-like longitudinal profile have been theoretically
studied. Such an approach can prove of interest in the design
of DFB devices provided with very large gain margins and
sufficiently flat intra-cavity fields, and consequently insen-
sitive to spatial hole burning. These specific structures may
also exhibit an enlarged output optical power with respect
to conventional QWS-DFB lasers and could help to achieve
single-mode high-power operation.
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