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On the Distinctive Features of Gain Coupled DFB
Lasers and DFB Lasers with
Second-Order Grating
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Abstract—First, the two types of DFB lasers with gain cou-
pling, true gain coupled lasers (with either a gain or loss grat-
ing) and second-order index coupled lasers are shown to be
equivalent, mathematically and to some extent also physically.
The operation of these DFB lasers, partly based on the overlap
of the standing wave pattern in the optical power density with
the periodic gain/loss variation, is addressed. It is further
shown in detail how this special feature also leads to important
modifications in the expressions for the modal loss or threshold
gain, the threshold gain difference, the efficiency and the line-
width.

I. INTRODUCTION

T has already been shown experimentally that gain cou-

pled DFB lasers have several advantages in comparison
with conventional index coupled DFB lasers [1]-[3]. One
of the typical features of gain coupling, the large influ-
ence of the overlap between the standing wave patterns in
both the optical power density and the gain or the loss [4],
leads to a better mode discrimination and in some cases
to a lower threshold gain. The better mode discrimination
results, for as-cleaved gain coupled lasers, in a single-
mode yield that is considerably higher than that of index
coupled lasers and that makes AR-coatings no longer nec-
essary. The higher yield has been demonstrated both the-
oretically [5] and experimentally [2]. Experimental sin-
gle-mode yields as high as 95% have been reported. This
figure has to be compared with the corresponding figure
for index coupled lasers, which is below 50%. Other ad-
vantages of the introduction of gain coupling are the re-
duced reflection sensitivity and the reduced spatial hole
burning [6].

The high yield is of great importance for advanced op-
tical communication systems, which require stable single-
mode lasers. In addition, the reduced spatial hole burning
may result in a lower linewidth, a more uniform FM re-
sponse (as a function of frequency and bias level and from
one device to another) and a smaller harmonic distortion.

However, the influence of the standing wave patterns
in power density and gain complicates the theoretical
analysis of gain coupled lasers considerably. Although it
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has not yet been pointed out, several quantities such as
the modal loss, the efficiency, and the linewidth are mod-
ified by the overlap of both standing wave patterns. The
exploration of these modifications for gain coupled lasers
is the subject of this paper.

Since gain coupled lasers show some similarity with
second-order index coupled lasers (they are both de-
scribed by a complex coupling coefficient), we start by
pointing out the exact relations between both types of DFB
lasers. It is shown that a second-order index coupled laser
is mathematically and to some extent also physically
equivalent with a loss coupled laser and therefore its com-
plex coupling also leads to a larger mode discrimination
as in gain coupled lasers. A second paragraph discusses
the extra losses that have to be introduced to obtain sig-
nificant gain coupling. Both gain and loss gratings are
considered and in both cases the duty cycle of the grating
can be identified as an important design parameter. The
third paragraph then finally shows how to calculate
threshold gain, threshold gain difference, efficiency, and
linewidth. Thereby the influence of the standing wave
pattern on these quantities can be seen. Some differences
between lasers with gain grating and lasers with loss grat-
ing are pointed out here. In lasers with a gain grating, the
grating causes a correlation between forward and back-
ward propagating spontaneous emissions and gives rise to
a modified stimulated emission rate in the carrier rate
equation. This is not in the case in lasers with a loss grat-

ing.

II. RELATION BETWEEN GAIN COUPLED AND SECOND-
OrRDER DFB LASERS WITH RADIATION LOSSES

Two types of DFB lasers described by a ‘‘complex”’
coupling coefficient are known: gain coupled DFB lasers
with a periodically varying gain or absorption coefficient
and index coupled DFB lasers with a second-order grating
where the excitation of radiation modes results in losses
that can also be described by a periodically varying ab-
sorption or rather loss coefficient a4 While the similar-
ity between both laser types with complex coupling can
already be understood from the above, simple picture, the
more subtle differences between the different laser types
require more attention.
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The basic properties of second-order DFB lasers have
been established in the literature [7], [8]. The coupling
coefficients are given by [7]:

Krg = Kpr = Kindex + jKrud (1)

with k;,4.x being a measure for the second-order index
coupling. An expression for .4 can be found in the lit-
erature [7], [8]. jknq satisfies the mathematical relation
characteristic for a pure gain grating (kgr = —«/) and the
second-order index coupled DFB laser seems mathemat-
ically equivalent to the partly gain coupled laser.

The constant term in (1) implies that the average inter-
nal loss ¢, increases and as such the second-order index
coupled laser becomes closely related to the partly gain
coupled laser with a loss grating [2]. Such a grating is
obtained by periodically increasing the absorption and thus
also implies an increase of the average loss.

One difference between a second-order laser and a loss
coupled laser lies in the relation between coupling coef-
ficient and threshold gain. For the case of radiation losses
one easily finds a loss increase given by 2«,,,. The modal
gain 2« is then given by:

200 = Fgu - Qi — ZKmd (2)

with g, is the material gain, T is the confinement factor
of the active layer, and «;,, is the internal loss of the un-
perturbed waveguide. The relation 2a = Ty gpa — Qi 18
the well-known relation for an index coupled DFB laser.
The extra term in (1), that is—2k,4, describes the losses
due to radiation. The extra loss associated with a loss
grating is again proportional with the imaginary part of
the coupling coefficient k,,;,, but the ratio between both
depends on the specific form of the grating. This extra
loss is discussed in more detail in the next section. An-
other difference can be found in the value of the coupling
coefficients. The value of k.4 is typically limited to 5-10
cm ™', while loss gratings allow gain coupling coefficients
as high as 50 cm™".

III. ExTrRA Losses oF Loss AND GAIN GRATINGS

Before looking closer at the details of gain and loss
gratings, we first want to emphasize that the detailed be-
havior of first (second-) order DFB lasers in general only
depends on the zeroth and first order (and second order
for second-order lasers) harmonics of the grating shape,
irrespective of the coupling mechanism. Further details of
the grating shape have therefore no influence whatsoever.

True gain gratings are not accompanied by extra losses.
Though, we want to remind the reader that the gain cou-
pling is usually proportional with the threshoid gain,
which decreases with increasing gain coupling. Strong
gain coupling can therefore only be achieved by increas-
ing the threshold gain via an increase of the internal loss
or absorption. Furthermore, in the case of gain coupling
we will use the notation I'g, for the average gain over the
periodic variation. With:
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Fig. 1. Extra losses o of GC DFB lasers with a loss grating function
of the grating duty cycles.
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Fig. 2. Efficiency of PGC DFB lasers with a loss grating vs. «,/«; for dif-
ferent values of kL (L = 400 pm, a;, o = 40cm™').
one has:
1 A
Fgo = (Fg)mitx + X SO A(Fg) dz (4)

e.g., for a rectangular grating with duty cycle A/A:

A
Fga = (Fg)min + XI {(Fg)max - (Fg)min}
AI 27l'
= (CQ)min + ~ o Kgin- 5
( g)mm A ) 1rA, Kg ( )
nl—
S1 A

We remind the reader that in the case of a corrugated ac-
tive layer, gain coupling results from the periodic vari-
ation of the confinement factor. Periodic variations of the
carrier density and the gain are washed out by the carrier
diffusion (with a diffusion length that is typically one or-
der of magnitude larger than the corrugation period).

Loss gratings are different because they cannot be fab-
ricated unless if extra losses are introduced. The extra
losses can be calculated in a similar way. Denoting by oy
the minimum internal loss along the grating, which now
also corresponds with the loss in the absence of the grat-
ing, one finds:

A

1
Qextra = X SO Aa(z) dz ©)

where Aq is the loss felt by the waveguide mode (=
L grar & 0tgr), Which depends on the confinement factor of
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Fig. 3. Linewidth at I mW output power of PGC DFB lasers with a loss
grating vs. &, /«, for different values of k,L (L = 400 um, o o, = 40 cm 1),

relative to the linewidth of the index coupled laser with identical «,L.

the grating and on the variation of the material loss. (Figs.
1 and 2) For a rectangular grating one finds again:

A[ 27(' 7
@ = X T 7 A\ Kpain-
extra A . <7I'A[> Ky ( )
sm{ ——
A

The extra losses are shown in Fig. 3 as a function of the
duty cycle. The minimum value oty = 2Kg,in can only
be obtained with rectangular or triangular gratings with
very small duty cycle. A grating with a sine form, e.g.,
gives an extra loss equal to 4«y,;,. Remarkable is that the
radiation at a second-order grating also seems to induce a
loss grating with small duty cycle, independent of the
shape of the second-order grating.

IV. THE STANDING WAVE PATTERN AND ITS INFLUENCE
ON THRESHOLD GAIN, THRESHOLD GAIN DIFFERENCE,
EFFICIENCY, AND LINEWIDTH

In the following, we consider a general DFB laser with
complex coupling coefficients and with both index and
gain coupling. The gain coupling can have its origin in a
gain or loss grating or in radiation loss for second-order
lasers. The general form of the coupled-mode equations
is:

aR" . N _

P + (jd — R" = (Kguin + Kingex) R 8
oR™

9z - (.15 - (X)R_ = (—Kgain + Ki":nde)()RJr (9)

with kg, and iy« complex numbers of which the phase
depends on the phase of the grating. For simplicity, we
will assume ky,in = K, and jpge, = jk; With &, and «; both
real numbers. This corresponds with the case where the
gain and index coupling are provided by only one grating
(or more generally with a phase difference of 0 or 7 be-
tween the gain and the index grating) which has a phase
0 or 7 at z = 0. From (8) and (9), one can easily derive
equations for the amplitudes of R* and R~ (see the Ap-
pendix) and from the last equations one can derive the
equation for the number of photons / inside the cavity:

1 L
|, 0P+ 1B a0

hov,
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One finds
20l + &, ful = 2004l
with
1 . bl
2aendl = h_ {(‘R+|2 - |R |‘):=L

Wy,

+ (|RT]* = [R* )._o}
and

L
S Re QRTR *) dz
4]

I : the standing wave factor.
S (R[> + [R[") dz
0

(n

The threshold gain is thus determined by the following
condition:

20 = Fg() = Ot = 2acnd - 2Kgf\'/ (lz)

with a, possibly including extra losses (as for a loss grat-
ing and radiation or intentionally introduced to make
strong gain coupling possible). «, and f;, can both be pos-
itive or negative. The sign of «, can be either positive or
negative. A positive (negative) sign corresponds with gain
(loss) at z = 0. Lasing however will occur in the mode
for which the threshold gain is minimum and for which
K, fy is positive and maximum.

It is shown in the Appendix how, for AR-coated DFB
lasers with complex coupling coefficient, f,, can be ex-
pressed analytically in terms of 6 and «;:

Ki

S (13)

The derivation of this relation also be generalized to la-
sers with reflecting facets and one would obtain an extra
dependence on o,y and on the amplitudes and phases of
the facet reflectivities. It must be emphasized however that
(13) provides an exact expression for the standing wave
factor of AR-coated partly gain coupled lasers.
Expression (13), when inserted in (12) explains the ex-
tra mode discrimination that exists in partly gain coupled
and second-order lasers. If, for simplicity, we assume that
the two main modes are located on either side of the Bragg
wavelength with 6 = +«; (an approximation valid for
small k,), we readily find the following threshold gain dif-
ference:
Ak i

240l = = 4x,L

Ki

(14)

This equation implies that a threshold gain difference
2A«lL of 0.2, which normally ensures stable single mode
behavior, is, for a typical laser length of 400 um, already
obtained for a value of k, = 1.25 cm™', a value that is
achieved even with second-order gratings. The formula
(14) was found earlier by Makino and Glinksi [7] via a
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perturbation approach. Here we have used an alternative
approximation and (13) allows to derive an exact formula
if the 6 of both main and side mode can be found. The
influence of the 2«, f,-factor is also the reason for the
suppression of the Fabry-Perot resonances on one side of
the Bragg-wavelength in the spectrum of lasers with com-
plex coupling.

The threshold gain of the lasing mode can be approxi-
mated from:

I'go — (15)

The interpretation of the standing wave overlap «, f;, is
important in the calculation of the efficiency. A simple
expression for the efficiency is found if one makes a clear
distinction between true gain gratings and loss or second-
order gratings. In the first case, one can define the effi-
ciency as the ratio of the facet loss to the total loss. The
grating is not affecting the loss and one obtains:

2acnd
M

2acnd + Ay

Oy = 20eng — 2k, fl = 20teng — 2lk,l.

2aend >
= . (16)
Fgo + 2Kg f;.,

In the case of loss gratings or second-order gratings, the
alternative definition of the efficiency as the ratio of the
facet loss rate to the stimulated emission rate is more ap-

propriate. Now, the stimulated emission rate is not af-
fected by the grating and one finds:

2 n 2 en
N = Aend — Xeng > ) (17)
FgO 2aend + Qe — 2Kgfsl

At this point one might wonder about the difference be-
tween gain and loss gratings. After all, can a loss grating
not be considered as a gain grating shifted over half a
period and why then is there no general formula for the
efficiency? The answer lies in the carrier rate equation
which must also be included when calculating the exter-
nal, measurable efficiency. This rate equation contains the
stimulated emission rate, which for gain gratings (but not
for loss gratings) includes a contribution from the overlap
of the fields’ standing wave pattern with the periodic gain
variation. In conclusion, for true gain gratings one must
modify the stimulated emission rate in the carrier rate
equation to:

Rxlim = Ug(AgO + 2Kgf;'!)l

or, formulated alternatively, one should make a distinc-
tion between carrier dependent gain/loss variations and
carrier independent gain/loss variations, rather than be-
tween gain and loss gratings.

The influence of the extra loss on the efficiency of a
loss grating is, for a grating with small duty cycle, largely
compensated by an opposite influence of the overlap term
2k, fy,- This influence is illustrated in Fig. 2 for partly gain
coupled AR-coated lasers with different values of «,L and
L. An extra loss ag.., = 2k, has been assumed for the
calculations. Also the influence of «, on .,y has been
taken into account and one sees that this influence remains
limited. It can thus be concluded that the efficiency of

(18)
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partly gain coupled lasers with both gain and loss gratings
is only a little smaller than the efficiency of the corre-
sponding index coupled lasers.

In analogy to Fabry-Perot laser diodes, the linewidth
Av of DFB lasers can be expressed approximately as (i.e.,
when spatial hole burning effects and other nonlinearities
are neglected) [11]:

Ry,
Av = =2 (1 + oy

4xl (19)

where R,, is the spontaneous emission rate and aq is the
effective linewidth enhancement factor [12]. Following
the approach in [11] we can write (19) as:

2
v hvn

AVPO = 87

L T'g0 20ty eng (1 + ctegy) (20)
where P, is the output power per facet, I'g, is the con-
finement factor of the active layer times the intensity ma-
terial gain, v, is the group velocity of light, v is the pho-
ton energy, and n,, is the spontaneous emission factor.

For the case of gain coupling (i.e., a corrugated active
layer), one should also take into account the dependence
of the coupling coefficient on the carrier density, resulting
in fluctuations of the coupling coefficient as a result of
spontaneous emission. The inclusion of this dependency
in a rate equation analysis is straightforward, but we will
not discuss it here. This influence can, for traveling wave
models such as CLADISS [12], be taken into account by
assuming the proper carrier density dependence of the
coupling coefficient. In addition, the moments of the Lan-
gevin functions appearing in the traveling wave equa-
tions:

+ +
R + iaR + (jé — )R = (kg + jk)R™
a9z v, Of
+ F (1 (P2))]
oR™ 1 6R™ . _ . +
——— + —— + (jo — )R = (x, + jx)R
oz T v ar J a) (kg + JjKi)
+ F (2,0 (22)

must be modified. The Langevin functions F* and F~ be-
come correlated for a corrugated active layer (i.e., for-
ward and backward propagating spontaneous emissions
become correlated) and in this case (and only in this case):

(F (@ nF™ (@, 1)) = (F @, OF *@, ')

= halgon,6(z — 2)6(@ — 1) (23)
(F*(z, DF *(2', t")y = (F (2, DF"™*(', 1))
= 2hwngr,8(z — 2)8(t — 1) (24)

The expressions (23) are of course identical to the expres-
sions that hold for index or loss coupling. These expres-
sions can be derived from the Helmholtz equation for the
electric field by integration over one cavity roundtrip time
and over one grating period (and under the assumption
that the normalization of the waveguide mode is such that
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the optical power is given by R*R™* + R™R™*) (A rig-
orous derivation of (23) and (24) is given in [13].) A grat-
ing with zero phase at z = 0 has been assumed in the
derivation of (24).

Coming back to the linewidth we can write (20) for
partly loss coupled lasers as:

Av = Av'Av om (25)
where A»’ is given by
2
Av' = ;Oz:';w (1 + oy 26)
and the normalized linewidth Ay, is given by
Avporm = TgoL20gL = 20engL (i, + 20teng
- 2k, f)L
= 20teng L0ty + 200005 — 2l 0)L. 27

For the laser parameters in (23) and (24) we take typical
values for InGaAsP /InP DFB lasers as given in [6]:

v,=c/433 hr=08eV n,=27
a,=45/cm g =54 L = 300 ym

where ¢ is the speed of light. This gives for Ay’ at an
output power of P, of 3 mW:

Ay’ = 7.4 MHz. (28)

Notice that the normalized linewidth Ay, for DFB la-
sers with a pure loss grating [(27)] differs from the cor-
responding expression for first-order index coupled lasers
by the presence of | k, f;, | (= | x, | for ar-coated lasers) and
by the possible presence of extra losses (included in «;,,).
The expression for Ay’ on the other hand is identical for
index coupled lasers and lasers with complex coupling.
Since weak or moderate gain coupling requires no extra
loss, (27) implies that a linewidth reduction can be ob-
tained by introducing small or moderate gain coupling.
Since also the extra loss, needed to obtain loss coupling
or strong gain coupling can be limited to about 2 |«, |
(e.g., by using a rectangular grating with small duty
cycle), it can be argued that even in that case similar val-
ues for the linewidth as with index coupled lasers can be
achieved. Because of the large threshold gain difference
of GC DFB lasers, combined with low spatial hole burn-
ing very strong lasers should be possible. Hence GC DFB
laser with loss grating have a potential advantage over IC
DFB lasers. Indeed, experimentally a linewidth as low as
1.6 MHz for GC DFB lasers with loss grating has been
shown [4].

V. CONCLUSIONS

First we have shown that a second-order index coupled
DFB laser is equivalent, both mathematically and physi-
cally with a partly gain coupled DFB laser with a loss
grating. This equivalence is a result of the periodically
varying loss coefficient with the radiation loss, the period
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of this loss coefficient being half the period of the second-
order grating. As in lasers with a real loss grating, the
radiation loss also implies additional constant losses which
are proportional with the imaginary part of the coupling
coefficient. The proportionality factor depends on the
grating shape for real loss gratings, but it is always equal
to 2 for second-order gratings because they lead to a per-
fect cosine variation of the loss coeflicient.

Another major part of this paper has been concentrated
on important quantities such as threshold gain, threshold
gain difference, efficiency, and linewidth, and the influ-
ence of the standing wave pattern on these quantities for
lasers with complex coupling coefficients. The expres-
sions found for all these quantities have been obtained
from first principles, i.e., the derivation of a rate equation
for the photon number from the coupled mode equations.
Threshold gain and threshold gain difference depend on
the overlap of the fields’ standing wave pattern with the
periodic gain/loss variation. We have shown for the first
time how the overlap integral can easily be calculated an-
alytically for AR-coated lasers.

The calculation of the efficiency requires more atten-
tion and it is different for gain and loss gratings. In the
case of a gain grating, the overlap of the fields’ standing
wave pattern with the periodic gain forms an essential part
of the stimulated emission rate and it must be included in
the carrier rate equation, while this overlap must be in-
cluded in the total loss in the case of a loss grating.

Finally, the linewidth follows easily from the previous
quantities. It has been argued that the linewidth of a loss
coupled laser can be as small as for the index coupled
DFB laser (e.g., for a sufficiently small duty cycle in the
case of a rectangular loss grating). The linewidth of real
gain coupled lasers is also depending on the carrier den-
sity dependence of the coupling coefficient and on a cross
correlation between forward and backward propagating
spontaneous emissions, which makes the evaluation in this
case far more complex. Further work is needed here.

For both gratings, the presented basic ideas are of sig-
nificant interest for the design of optimized gain coupled
DFB lasers.

APPENDIX

With the notations R* = |R*| exp (je*), one finds
from (8) and (9):

%:r—l—cﬂRﬂ =k, |R™ | cos (o™ — o) — K| R |
“sin(e” — ") (A1)
a—gz;'+a|R‘| = —kg|R" | cos (¢~ — oY) — k| R"|
-sin(e” — ") (A2)
T ST
~cos(p” — @)} (A.3)
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d~ IR
9z |[R™|
cos(p” — )} (A4

Multiplication of (A.1) with 2| R™ |, of (A.2) with 2 |R™ |
and subtraction of both equations gives:

{kesin(e™ —¢") —x;

- -
2a(R" P+ |RT]) + % (R >+ 1R

= —4k, |R*||R | cos (¢~ — ¢7). (A.5)

Integration of this equation from z = 0 to z = L then
gives:

L L
2o SO (R*|® + |R™|P) dz + 4, g |R*[|R™|
0
-cos (¢ — @) dz
= (R P = [R" Pz0 = (RP = [R" ).,
(A.6)

which finally results in (11).
Multiplication of (A.1) with | R™ |, of (A.2) with |R" |
and summation of the two resulting equation gives:
I(R"[[R"D - ,
HRLRD —  cos (o7~ oM R = R
2
— Kkisin(e” = ¢")(R™| + |RT|).
(A.7)
An equation for [R™||R¥ | cos (¢~ — ¢*) can be derived
as follows. Equation (A.4) minus (A.3) gives:

A — ")
% 26
IR P =R .,
= —Kk T sin(p” — ¢
* TRTIR| )
— K M os (¢~ ) (A.8
i 1R+||R_| Cos (¢ ¢) (A.8)
and multiplication of (A.7) with sin (¢~ — ¢T), of (A.8)
with |R*||R™| cos (¢~ — ¢*) and summation of both

equations gives:
2R 1R sin 07 - )
0z
— 20|RT||R | cos (¢~ — ¢¥)
= —k([R™ | + |R"[). (A.9)

After integrating from z = 0 to z = L one finds for AR-
coated lasers:

L
26 S [R*||R™ | cos (¢~ — @) dz
0

L
= S (R >+ |R*" P dz
0
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or

fi= (A.10)

&
5"
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