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Feedback Sensitivity of Distributed-Feedback
Laser Diodes in Terms of Longitudinal
Field Integrals
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Abstract—Using an alternative rate-equation description, ana- Laser External cavity
lytical expressions are derived for the change of threshold gain,
oscillation frequency and linewidth due to weak external optical . : . :
feedback in distributed feedback laser diodes. 2 o

Index Terms—External feedback, optical communication, semi- —>

conducior lasers. Fig. 1. Schematic structure of a laser diode with an external cévity=

Lexi/vg).
. INTRODUCTION

T HE INFLUENCE of external optical feedback on thgynereq,,, is the mirror loss,L is the diode length, ané.
behavior of laser diodes has_been ext_enswely st_ud|ed SiR8he longitudinal Petermann factor [4], r are the extrac-
1980, when Lang and Kobayashi [1] published the first expega, efficiencies for the left- and right-hand-side facets, and
imental and theoretical analysis. The Lang-Kobayashi (LK) ‘ig the round-trip time in the laser cavity. Nilsson and Buus
rate equations have, e.g., b_een usedto derl_ve EXPressions fobﬁ&%d the relations (2) only for the influence of the feedback
change of the thresh_old g.a‘mG““ of the oscillation frequency on the laser linewidth. Moreover, in the meantime, it has been
Aw, andofthelaser linewidth.- due toweak external feedback g, that the linewidth depends on an effective linewidth en-

AGy =201, R| |Text| cos (wr + arg [CL, r]) hancement factoe.¢ and not ona. To date, it has not been
clarified whether one also has to usg; to derive the influ-
— e — - _ . / 2 ey
Awr Twr T e = (O, & |7ext] Tl l+a ence of feedback on the change of the oscillation frequency or
-sin (wr +arg [Or, r] +tg™ ) (1)  whether the values fof';, x given in (2) can be used in all of
the relations (1).
— . 2
Av = Ay [1 0L, gl [rext| TV1+a In this paper, we derive exact expressionsAe?,;,, Aw, and
-sin (wr + arg[Cr, &] _i_tg—la)]*Q Av based on an alternative rate-equation description for dis-

, o o tributed feedback (DFB) lasers. The rate-equation description
where~ is the round-trip time in the external cavity, is the a5 nblished several years ago and has already been shown to
linewidth-enhancement factor, ady, r Is the feedback sensi- lead to exact analytical expressions for the chirp and the har-

:!le/ fo)r th? f?ﬁeﬁc.o? dthillefifhani ;nd rlgiht-halmdf?dtes, reSP&fionic distortion in DFB lasers [5]. Recently, we also used this
IVELY. Text IS the Tild TE e_c lon o e. X erng refiector. rate-equation description to derive the influence of amplified
However, the LK equations are strictly valid only for Fabryspontaneous emission (ASE) on linewidth and relative intensity

Perot laser diodes, in which case analytical (real) expressigfiise (RIN) of a laser diode integrated with a semiconductor op-
are readily written down fo€’, . In general, the relations (1) 4jcq) amplifier (SOA) [6].

are assumed to be valid also for DFB lasers, whereby the feedr, geaction II, we will derive the general, complex rate equa-
back sensitivities”;, r are now defined by these relations [2]

. o tion for a laser diode with weak external feedback. We take the
C'r, r are then usually calculated numerically by derivihg:,

. : . facet facing the external feedback as the right-hand-side facet
and Aw from numerical laser simulations.

A L and th ical h has b d( tz = L). We then use this rate-equation description to derive
. more general an eoretical approach has egn USedeM et expressions fak Gy, Aw, andAr, and show that for a
Nilsson and Buus [3], who showed that for all laser diodes

DFB laser, they can be expressed in term&ofand the longi-

IO+ |Cr| = Ti Qena /K- tudinal confinement factor.
int
ICLl _ ne 5
1Cal ~ @) Il. RATE EQUATIONS FOR ALASER WITH EXTERNAL

OPTICAL FEEDBACK
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the forward- and backward-propagating fields and the complex [ll. SOLUTIONS OF RATE EQUATION (5)

Bragg deviationAf(z, ) are expanded as To simplify the derivation further, we further assume tfig

RE(z,t) = RE(2) + 6RE (2, t) small (weak optical feedback, weak noise source) and linearize
AB(z, t) = ABo+ 6 (AB(z, 1) (3) (6). We also consider only the low-frequency dynamics and take

whereRy andAfj, are the field amplitudes and Bragg deV|at|onhe real and imaginary part of (6) as follows:

under static operation and in the absence of external feedback. o
The new rate equation can then be obtained after manipulation, =% @ [6No + 6Ny (x" — )] + — 6N X"
of the coupled wave equations (cf. [5]). Due to the external op- 2 2

tical feedback (field reflectiom.;), one has to take into ac- [RE (L)]Q‘ _
count modified boundary conditions at the right-hand-side facet + Re {vgFo} + T P sin(wr + ¢.)
(z = L) as follows: ‘2fo dzRg Ry ‘
— o 2§80 L /
SR™(L, t) = roe LR (L, ) - % [6No + 6Ny (x' — 1 — ax")]
+t2re RT(L, t)e™ 2P0 Le=iem (4) o
where g, is the Bragg wavelength ang andt, are the field =Im {v,F.} — Vg [RO (L)] ‘ cos(w + ¢.)

reflection and transmission, respectively, for the right-hand-side

| spectiv 2y =Ry Ry
facet. Assuming that the spatial profiles @&+ and§R~ are

) ) L . ) )
identical to those of the static fields, we can further write P 27 et [R(—)I-(L)] L |t§| |R(—)|-(L)|
SR=(z, 1) = R () {1+ T () - 1} 2 [ dzRY Ry Uy deRERg|
and , Lo Tt s |2
55(2. 1) = So(2) (1), O 107 R S L I
Here, S(z) is the photon density in the laser cavity. Combi- fO" dz [ —ﬂ ‘2 for‘ dzRang‘
nation of the time-dependent coupled-wave equationsfor
and §R~ with the static coupled-wave equations and integra- _ Fout, r \/K_ ©)
tion from z = 0 (left-hand-side laser facet) to = L, (right- P L B
hand-side laser facet) yields the following equation:
" 2 It can be shown [5] that, in the low-frequency regime,
jLM + v b, — ng[R—(L)] 6Ny = 6N such that the change in the (longitudinally
ot 2 [ dzR$ Ry averaged) threshold gaihGy;, = G'8 Ny is found to be
tr T ferieremtin o,
Vg |Text, 011t1
= It/ {AW‘H I G 5 Ng 8N (x 1)1}. 6  ACGw=—rr o pL VK esler ) (10)

@ is the differential gain ana,F, is a Langevin force repre-
senting spontaneous emission.

For the sake of simplicity, we have neglected the nonlinear
gain, and the carrier density has been expandel @st) =

while substitution of the values @fVy = 6NV in the equation
for Aw gives

No(t) + Ni(D)[(So(2) — Suy)/Sav], WhereS,, is the spatial [R(}L(L)f‘
average of5y. The second-order momentaf#. is given by Aw = 7
K. ‘2 I dzRS’Rg‘
(v F.()FX (tvy) = Gnegp——"— SV o(t—1t) (7) "
act

. ax’ +
. . . . {sm(wr + pe) — _/X X//- cos(wt + (/)c)}
whereV,. is the active layer volum&7 is the modal gain (per X —ax

s), andnsy, is the inversion factor of the lasey.is a complex

factor that describes the influence of spatial hole burning and is =g |7eﬂ| Fousr \/ =\ 1+ a2,
a function of the field distributions in the laser cavity only [5] - sin (WT + (/)c tig l(aeﬂ))

: So(2)

gl — dz T.(z X .
X=X+ X /0 Sav (2) =" sin (wT + ¢ + tg_l(Oéeff)) . (11)

with 4

+ —

I.(2) = LRO (2) 1 (2) (8) The last equality defineX . Finally, for the linewidth one finds
Jo BE(2)Rg (2)d= after some calculations

wherel.(z) is the longitudinal confinement factor. y
The rate equation (6) has to be combined with the carrier deR;, — Rop K. (1 + “eﬂ)
sity rate equations for the derivation of laser characteristics. We 47 Sav Vact
will not provide the derivation of the rate equations fé; and ) 1 (12)

N; here and refer to [5]. [14 X sin (w7 4 ¢e 4+ tg~ 1 (cer))]
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From (10)—(12), one can conclude that similar, but neverthghown that the feedback sensitivity of DFB lasers can be ex-
less slightly different equations such as (1), are still valid fgressed in terms of longitudinal field averages, such as those

DFB lasers. That is needed to calculate the effective linewidth-enhancement factor.
Although we have only addressed the case of weak external
AGy, = ZM cos(wT + ¢.) fee_dback, it can be expgc_ted f_rom the derivation that the _above
X —ox defined feedback sensitivity will also determine the behavior of
B B 5 DFB lasers under stronger feedback, and particularly feedback
Awr =wr —wor = —|CL, R[T\/1+ alg from reflectors at longer distances. Our derived complex field
-sin (wr + de + tg7" (venr)) rate equation (6) can furthermore also be used to investigate the

influence of feedback on the RIN.

Av =Auyg [1 +|CL, r| T4/ 1+ 24
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