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Longitudinal Mode Competition in Chirped
Grating Distributed Feedback Lasers

Kim A. Winick, Senior Member, IEEE

~ Abstract—Gain competition often inhibits the simultaneous las- ~ DFB lasers have been studied extensively since the first
ing of multiple longitudinal modes in homogeneously broadened sych devices were experimentally demonstrated in 1971 [11],
laser systems. A stability analysis is developed to demonstrate that [12]. In their classic paper, Kogelnik and Shank analyzed the

the two lowest order degenerate longitudinal modes in an index- thresholdbehavi fth devi - teadv-stat led
coupled distributed feedback (DFB) laser will lase simultaneously Iesnoitbenavior o1 these devices LSing Sieady=stale coupied=

when the index grating is chirped asymmetrically along the Mode theory [1]. Their analysis yielded formulas for the
axis of the device. This chirped grating structure is shown lasing thresholds, lasing frequencies, and longitudinal mode
to decrease gain competition by reducing the spatial overlap intensity profiles. Analytic expressions for above-threshold
between the degenerate modes. Stable mode beating betweeg, o ration, however, are difficult to obtain, because envelope
the two lowest order lasing modes results, and this beating . turati Its i i behavior. Hill and Wat
produces high-frequency output self-pulsations which can be gain satura !on FESUIS Innoniinearbenavior. it an Gl
used for millimeter-wave and soliton pulse train generation. abe determined the steady-state performance of DFB lasers
An exact closed-form expression for the output intensity of an operating above threshold by numerically solving the coupled-
antisymmetrically chirped index-coupled DFB laser, as a function mode equations [13]. Single-frequency operation was assumed
of the unsaturated gain, is also derived. The expression is valid and spatial and spectral hole burning were neglected. Haus
for arbitrary levels of gain saturation. . o . . "
_ _ o obtained similar results, but did so using an approximate
Index Terms—Chirped grating, distributed feedback (DFB) analytic technique [14]. Szczepanski later modified Haus'’s
laser, mode competition, waveguide laser. basic approach to improve its accuracy [15], [16]. Solimeno
and Mastrocinque also developed some analytic results for
|. INTRODUCTION gain-coupled DFB lasers operating at low levels of envelope

T IS WELL known that the two lowest order modes o2 sat_uratlon [1?]'.
a uniform index-coupled distributed feedback (DFB) laser Equations describing the above-threshold steady-state oper-
P i ation of DFB lasers in the presence of spatial hole burning,
are degenerate and symmetrically located about the gratng;e . ; . S :
to cavity standing waves, were derived starting in the mid-

stopband [1]. Experimental results indicate that single—mo§%70,S [18]-21]. In [21], Rabinovictet al. combined these
operation of these devices is possible, though multimo | ' '

e . : : )
behavior is often observed. Zhargt al. explained these €quations with Haus's analytic approach to get approximate
observations by numerically solving the time-dependent D

I:céosed—form solutions for the laser’'s output power versus
d . unsaturated gain. Rabinovich also studied the degree to which
laser coupled-mode equations in the presence of envelope . . . .

. ) . oo atial hole burning effects the suppression of higher order
gain saturation and population-dependent refractive index vgn- .~ .
) . T ) : ongitudinal modes. None of these papers, however, addressed
ations [2]. Using a similar approach, Liao and Winful [3

and Wake [4] recently predicted, theoretically, that an antlhe issue of _multlmode_stabnlty n DFB Ia_sers.
symmetrically chirped single-section DFB laser can under Th_e remainder of th_|s paper is organized as follows. In
L ction Il, the properties of the degenerate modes of an

sustained high-frequency self-pulsations of the output be%ﬁqtisymmetrically chirped index-coupled DFB laser operating

intensity. These are not true monomode pulsations [5] but . : - o
. t threshold are described. In Section I, a stability analysis is
rather the beating between two degenerate modes supporte T .
i . X resented to show that stable dual-mode operation is possible
simultaneously by the chirped-grating DFB structure. Fes- : :

X . . or these lasers. In Section IV, the time-dependent coupled
sent also observed, numerically, that multimode behavior can : . L
ode equations for chirped-grating index-coupled DFB lasers

occur in some corrugation-pitch-modulated DFB lasers [6]. .
. - gre solved numerically. The results are shown to support,
Dual-frequency optical sources have a number of potential _— d . . .
antitatively, our previously derived analytic results. Finally,

important applications, including millimeter-wave [7]-[9] an ; . .
: . . : our conclusions are presented in Section V.
soliton pulse train generation [10]. It is the purpose of this

paper to demonstratanalytically, that an antisymmetrically-
chirped DFB laser can operate stably, above threshold, in two I
degenerate modes.

. MODE PROPERTIES INASYMMETRICALLY
CHIRPED, INDEX-COUPLED DFB LASERS
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z=0

Fig. 1. Grating with antisymmetric linear chirp.

plane located at the center of the cavity; 3) the spatial overlap> (6L)_y > (6L)_» > (6L)_3. If the grating chirp is
integral between the two modes is less than the self-overlaptisymmetric (see Fig. 1), i.e.,
integral of either mode individually; and 4) the cavilyis the

same for both modes. We start our analysis by considering an ML —2) = ¢(z)
index-coupled DFB laser having a refractive index variatiogr equivalently

n(z) of the following form:

(2.7)

dp(L—2) _ dg(2)

dz dz

and the laser is operating near threshold (i®.,~ net
unsaturated gain), then (2.2), (2.3), and (2.7) can be combined

n(z) =n, +n1(z) cos <2X7r z+ d)(z)) (2.1)

with ny < n,. We will assume that the mode profile trans

verse to the direction of propagation is uniform with a to yield
cross-sectional area df. The time-independent coupled-mode dS*(L — 2) i)™ (L
equations can then be written as [1] 5 Tra—i)SH(L-2)

AR (%) =—ik(z)(—R*(L—2)) (2.8)

o + (—a(z) +i6)R(z) = —ix(2)S(z) (2.2) d(—R'éf —z) (—a— i) (—R*(L — 2))
dfl(z) — (—a(2) +i6)S(z) =ir*(2)R(z)  (2.3) = in*(2)S*(L - 2). (2.9)
Z
= oW T (2.4) Comparing (2.2) and (2.3) with (2.8) and (2.9) and invoking
¢ A the boundary conditions (2.6), we see thai?jf(z) and.Si(z)
r(z) = ud n1(2) exp(—ig(2)) (2.5) correspond to the forward and backward propagating beams of
c 2 laser modek, thenS; (L — =) and —R;} (L — z) correspond to

where R(z) and S(z) are the electric field amplitudes ofthe forward and backward propagating beams of laser mode
the forward(+=) and backward —~) propagating beams of —%: Whereé, = 6_. Thus

frequencyw, respectively (=) is the strength of the spatially R_i(2) =S;(L - 2) (2.10)
varying coupling coefficienty(z) is the phase of the grating S_u() = — RA(L - 2) (2.11)
chirp, A is the nominal period of the gratingy(z) is the net —k\ * ) '
saturated amplitude gain,is the vacuum speed of light, aad b_r =0 (2.12)

is thﬁ l;ievu';\tlon _fromfthe(,-j nominal Brgfqg COﬂdIth_n- In g;nef%or purposes of illustration, the normalized lasing mode fre-
o wiitbe a unct|_0n0zz ue to honunitform pumping an g_amquencies(éL)k and the corresponding threshold amplitude
saturation. In this section, we will assume that the pump'ng(ﬁ\in—length product(aL); were found numerically using

uniform and that gain §aturation is weak. Ther_ef@re/yill be (2.2)~(2.6). DFB lasers with unapodized coupling strengths
taken to be a constant independentofhe laser is assumed to; IxL| = constant independent of) and antisymmetric

be of lengthLZ, with perfectly antireflection-coated end facet: near chirps described by
located atz = 0 and 2 = L. Thus, the boundary conditions

for lasing become 2z

2
e =gc<f —1) . 0<z<1 (213)
R(0) = S(L) =0. (2.6)

were assumed. The chirp parametgris a constant which
The normalized mode frequen¢y§L); and the corresponding determines the amount of chirp present. The results are shown
gain threshold «L);, of the k&th mode can be found numeri-in Fig. 2 for the case$<L| = 2, g. = 0 (i.e., no chirp), and
cally using (2.2)—(2.6). We will number the modes according. | = 2, g. = 2, respectively. Note that in both cases, pairs

to the convention0 < (6L); < (6L)2 < (6L)3 --- and of degenerate modes are located symmetrically with respect to
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3.0 TABLE |
LASING FREQUENCY, THRESHOLD, AND
MODULATION DEPTH VERSUSCHIRP (|xL| = 2)
C 2.5 [} chirp coefficient modulation depth
o ' ' P (6L)thresh (O-'L)thresh ; P
a dc my
2 : :
£ 0.0 3.37 0.98 100%
g 207 0.5 3.34 1.0 96.9%
g . e 1.0 3.26 1.06 88.3%
s 2.0 2.92 1.31 69.6%
8 9] 3.0 2.39 1.63 52.4%
g x * 4.0 1.73 1.95 56.4%
£ 5.0 1.09 2.25 74%
5 1.0 . .
=
2 L . .
E 0.51 where the plus sign in (2.15) indicates the power emitted from
the laser end facet located at= L, while the minus sign
00 ' . . , . i ' corresponds to that emitted from the end facet at 0. Note

.20 -15 -10 -5 0 5 10 15 20 that the oscillating terms in (2.15) are 86ut of phase at the
two end facets. It also follows from (2.15) that the modulation
i 2 Lasing 1 4 threshold iude g e depthm, of the beat frequency is given by
02 G e anehute gn el = > RSO
[BL (L) + [51(0)[?
Equation (2.16) and Fig. 3 indicate that the modulation depth

Normalized Lasing Frequency L

(2.16)

1.0 . . . - . . . .
for the linearly chirped caséxL| = 2 and g. = 2 is
05 @ 1 approximately 70%. In general, for fixegkL|, numerical
osh calculations show that the beat frequency decreases while the
threshold gain increases as the chitpgets larger. Initially,
= 0T} 1 the modulation depth also decreases. This general trend is
'g ol | illustrated in Table I. _ _
5 ' ® © We now consider the spatial overlap integral between the
& ost two lowest order degenerate modes. Two separate cases will
E be examined, one with spatial hole burning and the other
2 04 1 without. In the absence of spatial hole burning, the cavity
oal beam intensities of the +1 andl modes are proportional to
g1(z) and g_1(z), respectively, given as
0.2}
01(2) = [Ru(=)]? +|51(2) (2.17)
M 0T 02 03 04 05 06 07 08 09 10 g-1(2) =|SH(L — )P +| — R} (L — 2)]?
=g1(L — 2). (2.18)

Cavity Position z/L

Fig. 3. Normalized mode in|tens|ities at threshold. [@@)| = 2, - = 0, Thus, the beam intensities of thel and—1 degenerate modes
6L = £3.37, aL = 0.98. (b) |kL| = 2, gc = 2, 6L = 2.92, aL = 1.31. i ; Anai
© RL| = 2. 9o = 2. 6T = ~2.99. oL = 1.31. are_ mirror images of one_another as seen from the midpoint
z = L/2 of the laser cavity.
) ) ) i Note that forany real valued functiong;(z) andg_1(2)
the stopband . = 0. In Fig. 3, the envelope intensity profiles .
|Ri(2)]* + |Sk(2)|* of the lowest order pair of degenerate , _ _ 2
modes (i.e.k = +1) are plotted for the cases shown in Fig. 2.O ~—Jo (91(2) = 9-1(2))" dz
If the two degenerate-1 and—1 modes lase simultaneously, L ) L ) L
then the beat frequencf = f, — f_ in hertz is found from = /0 91(z) dz +/0 g~ (z)dz — 2/0 91(2)g-1(z) dz.
(2.4) to be (2.19)
_ _I5Lh
Af = <noL>' (2.14) Combining (2.18) and (2.19) now yields

C L I
2 _ 2
Furthermore, the output powét,,; (¢) will be proportional to /0 91 (2) dz = /0 9-1(2) dz

+ i J 2 L
PE () «|Ry (L) exp(fwlt) + R:L(L) eXP(Lw,1t2)| . / (g (2) dz (2.20)
=|Ry (L) exp(iwt) £ S7(0) expliw_11)] ~Jo
=Ry (L) + [51(0)[* + 2| Ry (L) S1(0)] where the second inequality in (2.20) is satisfied with equality
~cos(2rAft + 6) (2.15) if and only if g1(2) = g—1(z). Equation (2.20) implies that
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the spatial overlap between thel and—1 modes is less than Combining (2.10), (2.11), (2.28), (2.30), and (2.31) yields
the self overlap of either of these modes individually. Next

we show that (2.20) remains valid in the presence of spatial R Y1 (2.32)
hole burning. For this case, thel and —1 mode intensities

ing laser operation near threshold and, therefore, small gain
g1(2) =|Ru(z)

24+ |S1(2)]* + 2Re(R1(2) S5 (%)) (2.21) saturation. It has been observed elsewhere, however, that the

g-1(2) =|SH(L —2)? +| - Rj(L — 2)]? iﬁngitfhdinar: IlEOdel profiles dto r:ot chan.ge' apprecizlbly l‘r.c()jmd
_ oNaH(T eir threshold values as output power is increased provide
2REB(L = 2)S1(L = 2)). (2.22) |«L| > 0.2 [15]. In semiconductor lasers, the refractive

The third terms on the right-hand sides of (2.21) and (2.2#dex and, hence, the effective grating period depends on the

are quasi-periodic with a period much less thanThus, population inversion. Thus, in the presence of gain saturation,
where the population inversion depends on the longitudinal

position along the cavity length, the grating phase prafile)

will depend on both the pitch of the index corrugation and

e mode intensities. If the chirp of the corrugation pitch is

. . _ . ufficiently large, however, we expect that the mode intensity
E_quat|on (2.20) wil be_used in Section IIl to show that th%ependency will be a second-order effect. Finally, we note that
simultaneous stable lasing of thel and—1 degenerate Iaserspatial hole burning effects are only significant in solid-state

modes is possible for any antisymmetrically chirped 'nde)fésers, since in semiconductor lasers carrier diffusion tends to

coupled DFB laser. : L smear out rapid spatial variations in gain.
The photon decay rate in a laser cavity is inversely

proportional to they of the cavity and depends on the cavity
losses and the stored cavity energy. In particular, [ll. STABILITY ANALYSIS

In this section, we will demonstrate that the two lowest
order degenerate modes of any antisymmetrically chirped DFB
laser can lase simultaneously. Our results will be obtained
by modifying the stability analysis first proposed by Lamb
to study gain competition in Doppler broadened lasers [22],
;;%g’] We will make a number of simplifying assumptions
in our analysis in order to make the problem tractable. We

/0 (IR + 151(2)]2)Re(Ru(2)S5 () dz ~ 0. (2.23)

t
Combining (2.19) and (2.21)—(2.23) once again yields (2.2

"y =
(output power} (power lost through parasitic effects)
stored cavity energy '

(2.24)

The three terms appearing on the right-hand side of (2.24)

iven b . ) : ;
g y will assume that: 1) the laser is a solid-state device; 2) the
A 9 2 mode profile is uniform in a plane transverse to the direction
output power= 27 “Rk(LN +19:(0)] ] (2.25) of propagation; 3) the emission corresponds to a four-level

L ) ) purely homogeneously broadened transition; 4) the unsaturated
/0 [|Rk(z)| + [Sk(2)] ]dz (2.26) population inversion is uniform along the length of the cavity;
Ae L 5) the population inversion is only weakly to moderately
stored energy= ?/ [|Rk(z)|2 + |Sk(z)|2] dz (2.27) saturated; and 6) the beat frequency is sufficiently high that
0 the population inversion is unresponsive to it. In practice, this
where 2a;, = is the power loss propagation coefficiest, last assumption is almost always satisfied.
is the characteristic impedance of the laser materia$, the ~ The rate equation for the cavity photon density (photons/unit
permittivity of the laser material, and is the cross-sectional volume) pi(z, t) corresponding to théth mode (k = =+1)
area of the mode. We will define the functigih(z) to be can be written as
a normalized unit-less quantity, which is proportional to the 4
. L . dpi(z, t)
mode intensity in the cavity. Thus, T

. AO{L
parasitic loss=

= o VpkPr(2, )N (2, t) —mpr(z, 1) (3.1)

2 2
fk(z)L“ | Bi(2)|” + |5k (2)] (2.28)  \yhere vpr IS the phase velocity:/n,, o is the emission
_ Cross sectiony, is the cavity decay rate, anli(z, ¢) is the
/0 Jilz) dz/L = 1. (2.29) population inversion per unit volume. R, (¢) denotes the total
number of cavity photons in mode and A the cross-section
area of the mode, then we can write

pele ) = 20 g2 (3.2)

Combining (2.24)—(2.29) yields

Vok
M = 2apkupn + 1 (folL) + f1(0)) (2:30)
wherew, is the phase velocity in the laser material. Since the

frequency spacing between thel and—1 degenerate modesWhere fi(z) is proportional to the longitudinal dependence
is relatively small, we will assume that of the intensity of thekth mode and is given by (2.28) and

(2.29). Since the frequency spacing between-tieand —1
ar Rap—y  and v, & vy (2.31) degenerate modes is relatively small, we will assume that the
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emission cross sections and phase velocities do not dependvbiere we have neglected the saturation tefig/F.,. and

k. Thus, we will write

g1 ROo_1~0T

Upl R Up(-1) = Vp-

P?3 / P.,, Which to first order are assumed to be small. Under
the same assumption, (3.11) can be written as

PSS PSS
Nss(z) ~ N, <1 — fl(z) Pl : _ f_l(z) P_t> (314)

Integrating both sides of (3.1) with respect toand using Combining (3.5), (3.7)(3.9), and (3.14) yields

(3.2) yields
dPl N, 00 Up
) (" )= [ e g ey
c’gt( ) = / ovppr(z, t)N(z, t) dzA — yPy(t) '
0 PSS AN(z, t
L fk(z) |: fl( ) f— ( ) N(—)}dz
= / ovpPi(t) N(z, t)dz —vPi(t). (3.5) Beat °
0 L V(P +e1(t)) (3.15)
For an ideal four-level system, the population mversmdP— / Noovp (P + e 1 ())f1(2)
N(z, t) is described by the following rate equation: ! ' B
) k] AN(z t)}
ON(z, t () + /"~ \|d»
ONCD — Ry~ otyloa(e, )+ 2l NG, ) [ p A -+ 25
_ N(z, 1) - ’V(Pfsl +e-1(t)). (3.16)
Tf At steady state, the right-hand sides of (3.15) and (3.16) are
=R, - ) (PL@®)f1(2) + P_1() f_1(2))N(z, t) zero as are the terms(¢), ¢ 1(t), and AN(z, t). Thus, we
N ALt obtain the following two simultaneous equations @t and
_ N 1) 36 P
-
! Fa . re ..
where R, is the pump rate into the upper lasing level and P Pro 4+ P PR +(y-1)=0 (3.17)
is the fluorescence lifetime of this level. The number of cavity v . Ta __.
photons in each mode and the population inversion will be 7o L : P4+ (y-1)=0 (3.18)
written as - -
where
Pi(t) =P7° +e1(t) (3.7) L
Pi(t) =P +e_1(¢) (3.8) a=§/ fi(z) dz/L
N(z,t) =N*(2)+ AN(z, t) (3.9
b= / fi(z z)dz/L (3.19)
where e1(¢), € _1(t), and AN(z, t) denote deviations from
the steady- state valueB;?, P23, and N°?(z). Combining I'=Nooup. (3.20)

(3.6)—(3.9) yields

OAN(z, t) Ppe
T T <Psat fi(2) +

From (2.20), we conclude that

)+ 1)AN@J) b<a (3.21)

sat

for any antisymmetrically chirped index-coupled DFB laser.

e1(t) (t)
<ant S1(2) P J1(2) JN*(2) =0 (3.10)  Note that lasing requires that the unsaturated gain exceeds the
h h cavity losses, and thus

and
N I'=Nyovp > 7. (3.22)
N*(z) = Ppefi(z) + P fo1(2) (3.11) It follows from (3.17) and (3.18) that the steady-state number
1+ Pt of cavity photons in each of the two degeneraté and —1
modes, denotedH*, P*%), can assume only one of three
where possible pairs of values as shown in Fig. 4:
AL
Pai = — (3.12) }g(l_l)
oUpTs pr=—" 1/ gnd p=0  (3.23)
and N, is the unsaturated population inversion. Taking the P (1 fy)
1 sat I
Laplace transform of (3.10) yields P = r and P =0 (3.24)
a
1 e_1(s
ANG, ) = = (20 B+ 0 T, Pu(1-2)
f sat sat PrP=pP=—2z (3.25)

(3.13) a+b
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Eq. (3.17)
a.l(l"Y/r)Psat
(a+b) L(1-y/T)Pgyy , (a+) 1 (1-Y/T)Pgyat

Eq. (3.18)

S

> P
al(1-yMPsar  b1(1-y/MPsat 1

Fig. 4. Steady-state solutions)(

1407

poles moves closer to thev axis. Thus, the system becomes
less stable as the spatial overlap betweentth@nd—1 modes
increases. Similarly, we can analyze the stability of single-
mode operation. Substituting (3.7)—(3.9) and (3.23) into (3.15)
and (3.16) and taking the Laplace transform yields

7r8? + (s + 1 —y)er(s) + g (T' —v)e_1(s) =0 (3.34)
se_1(s)+ <§ - 1) (I' =y)e_1(s) =0. (3.35)

It is clear that this system will be stable whéh— ~ > 0
if and only if b > a. Thus, single-mode operation of any
antisymmetrically chirped index-coupled DFB laser is not
stable. An ideal uniform (i.e., unchirped) index-coupled DFB
laser will havea = 0. Therefore, neither single- nor dual-
mode operation will be strictly stable for this type of device.
In this section, we developed results for any antisymmetrically
chirped index-coupled DFB laser. The analysis technique
presented, however, is valid for any four-level laser system
having a pair of degenerate modes.

We can also use our results to derive exactexpression
for the total average output powdr,, of the laser as a

Equations (3.23) and (3.24) represent single-mode or bistafi@ction of the unsaturated amplitude gaiQu.: = o N, /2.

operation, whereas (3.25) represents dual-mode lasing.

B symmetry,

will now determine whether single-mode and/or dual-mode

operation is stable under perturbations [23]. We consider first
the dual-mode case and substitute (3.7)—(3.9) and (3.25) i

Pre =Py (3.36)

(3.15) and (3.16). Taking the Laplace transform of the two us,

resulting equations and using (3.13) yields

Tps%e1(s) + (s + A)e1(s) + Be_1(s) =0 (3.26)
7ps%e_1(s) + (s + A)e_1(s) + Bei(s) =0 (3.27)

where
A:(r_q)aib (3.28)
B:(F—'y)aib. (3.29)

The rootss;, s2, s3, andsy of the characteristic equation

(1p5°+s+A)?*-B*=0 (3.30)
associated with (3.26) and (3.27) are given by
—-1+/1—-4(A+B
5= ( o (3.31)
27‘f
Thus,
4
ei(t) = Z Cme®™? (3.32)
m=1
4
ec1(t) =Y dme™ (3.33)

m=1

where thec,,’'s andd,,,’s are constants. Sinca > B for any

Pout = 2P0 [£1(0) + f1(L)]uphvs /L (3.37)

wherevr, is the nominal lasing frequency. In steady state, the
derivative in (3.5) is zero, and thus this equation reduces to

L
e / FU(Z)N(2) dz = 7. (3.38)
0
Combining (3.11) and (3.38) yields
70pNo /L Li(%) dz=r. (3.39)
PSS ~ N *
bl 2o @+ - )
sat
From (3.37) and (3.12), we have
Plss Pout 1
il B . 3.40
Psat A% 2[f1(0) +f1(L)] ( )
O’Tf

dz

1+

Combining (3.39), (3.40), and (2.30) yields our final result
Ah’i 2[f1(0) + f1(L)]

1 I fl(z)
(57%) ]
oTf

Pout fl(z) +f1(L_ Z)
= arl+ S [A0)+ A(D)] (3.41)

antisymmetrically chirped grating by (3.21), (3.22), (3.28), anthis expression gives the unsaturated amplitude gaip.. =

(3.29), the poles, s2, s3, ands, lie strictly in the left half
plane. Thusg(t) ande_;(t) must decay to zero as— oo;
therefore, simultaneous stable operation of the and —1
modes is possible. As the value @fapproache$, a pair of

oN,/2 as a function of the output powdr,,; of the laser.
Note that (3.41) is valid for arbitrarily high levels of gain
saturation. Evaluation of (3.41) requires knowledge of the
mode intensity profilefi(z). This profile, however, is not
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a strong function of the unsaturated gain, and thus it cdie population inversiotV(z, t) in the absence of spatial hole
be approximated by the mode intensity profile at thresholdurning is described by the following rate equation:
Equation (3.14) is an extension to two-mode operation of a

result first reported by Haus [13]. ON(zt) _p 21 |Er(z ) +1Ep(z,)F  N(z1)
8t r hw 2Z Tf
IV. TIME-DEPENDENT COUPLED-MODE EQUATIONS (4.9)

In the previous section, we demonstrated that an anti- . . .
symmetrically chirped index-coupled DFB laser can su orthere [, is the pump rate into the upper lasing level and
Y y P P PPOTL is the fluorescence lifetime of this level. The coupled-

the simultaneous stable lasing of two degenerate modesk,
We derived an expression for the resulting beat frequenc ode equations (4.3), (4.4), and (4.9) can be easily solved

Umerically using the methods of characteristics [23]. B
(2.14), and modulation depth, (2.16), of the beat. In prmc'plreﬂakmg thg foIIov%mg change of variables: [23] By

the results of our analysis could be verified by numerical

simulations [3], [24]. If population dynamics are to be included ¢

. . . - 24+ —1

in the simulation, however, the computational load becomes . T (4.10)
very high. This is especially true for solid-state lasers, because =L '
upper level lifetimes may be long, and, thus, long time L,

histories must be simulated before steady-state conditions are 7 = o (4.11)
reached. Spatial hole burning effects can also be included 2L

in the simulations, if desired, using the technique describ mixed derivative coupled-mode equations become the
by Rabinovich [21]. In this section, we will neglect spati ? lowing ordinary differential equations:

hole burning effects due to cavity standing waves and wil

assume relatively short upper state lifetimes in order to makegEx(n, )

the simulations less time-consuming. The simulation results™ 5, ~ —(rwpr(2)L)Er(n, 7)

will be shown to support our earlier analytic results. + ((N(n, )L — (L)) Ep(n, ) (4.12)
Consider an index-coupled DFB laser with refractive index En(n, 7)

variation n(z) given by (2.1). We express the total time- 3 = —i(rpp(z)L)Er(n, 1)

dependent electric fiel&(z, ¢) in the laser as " + (a(N(n, 7))L —i(6L))Eg(n, 7). (4.13)

E(z,t) = Ep(z, t) exp(—i(f,2 — wt))
. Note that the net saturated amplitude gairis a function of
E t (3,7 t 4.1 L . ; L .
+Ep(z t) expl(i(Boz +wt))] (A1) the population inversiodv, and this dependence is included in

where (4.12) and (4.13) by the term(/N). We have solved the three
g _ T 4.9 coupled equations (4.9), (4.12), and (4.13) numerically for a
Po = A 4-2) linearly chirped antisymmetric grating described by (2.13). A

In (4.1),w = 27w, is the nominal laser oscillation frequencyUniform coupling coefficienty 5 L| = 2, was assumed along
Ep is the electric field of the forwar¢+z) propagating beam with three different values of chirg. = 0 (i.e., no chirp),

in the cavity, andE; is the electric field of the backwarg-z) 9 = 1 and g. = 2. Parasitic losses were set to zero, i.e.,
propagating beam. In the absence of spatial hole burning, fke = 0- The time it takes to make one transit of the cavity
time-dependent coupled-mode equations for a chirped- gratﬁtig'S given by

index-coupled DFB laser can be written as [25] nolL
o 8Ep(z, t) n aEF(Z, t) te= c (4.14)
c at dz

T . Thus, it follows from Table | and (2.14) that the beat frequency
= —irprEp(z 1) + (a2, 1) —i0)Er(z 1) (4.3) is approximately equal ta/¢, for |kgppL| = 2. Our analysis

in this paper is predicated on the assumption that changes of
the population inversion occur too slowly to follow the rapid
time variations of the cavity intensity caused by mode beating.
Thus, in our simulations, we must choosg/t. > 1 in order

no OEp(z,t) OEp(% t)
c ot 0z
= —ikrp(2)Er(z, t) + (a2, t) —i6)Ep(z, t) (4.4)

where to satisfy this constraint. Larger values of /t., however,

w ny . require longer simulation runs before steady-state conditions
rpp(z) = 5 exp(—ig(2)) (4.5) are reached. Thus, as a compromise, we have chosen the
krp(2) =Kgp(z (4.6) Vvalue of;/t. to be 1. This choice allows the saturation of

NoWw the population inversion to vary rapidly, but not fast enough

= Bo. (4.7) o follow the beat frequency. Finally, a constant complex

number, whose real and imaginary parts are Gaussian and
independently distributed with mean zero and variance*10
_ oN(z 1) is added to the right-hand sides of both (4.12) and (4.13) for
alz, t) = ———— — ay. (4.8) ! . L ; . :
the first ten or so cavity transits time. This noise process is

The net saturated amplitude gain coefficiafit, ¢) is given by

2
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gec = 2, (("'L)unsat = 14)

1.5 T v T T T T T T
0.16 T T T T

0.14 +

0.12 -

0.10 +

0.08 -

0.06

Normalized Output Intensity (Front Facet)

Normalized Output Intensity (Front Facet)

0.041 R

0.0

0.02 :
188 190

2 . L
192 194 196 198 200

Elaspsed Time in Units of Cavity Transits tte
Elaspsed Time in Units of Cavity Transits t/t;

Fig. 8. Normalized output beam intensity from front fadg¢¢L| = 2,

Fig. 6. Normalized output beam intensity from front fadgcL| = 2, "= 2, (@L)unsat = 2.0).

ge = 2, ((YL)unsat = 14)

asay L at thez = 0 end facet. Note the presence of a slight

used to “seed” the fields and allow lasing action to build UPinging, which we have observed disappears when the value
much as spontaneous emission noise does in an actual |a~°&‘ffrf/tc is increased. Simulation results are shown in Fig. 8

In Figs. 5 and 6, the output beam intensity at the= ynder identical conditions, but with an unsaturated gain—length
0 end facet is plotted as a function of time, measured ftoduct that is considerably above threshold. Note that similar
units of cavity transits. The plotted intensity is normalized tgesults are obtained for this case, even though our analysis,
the saturation intensityyv, /(o7¢). An unsaturated amplitude which was developed for the weakly to moderately saturated
gain-length produci,s.; L of 1.4 was assumed together withcase, does not strictly apply. Fig. 9 shows simulation results
|krpl| = 2 and a chirp factor. = 2. Note that the unsat- for a grating with a very weak chirp, i.eg. = 0.5. Mode
urated gain-length product is only slightly above thresholfeating commences after approximately 20 cavity transit times.
as indicated in Table I. We observe that after approximatefjhe modulation depth is initially small and increases slowly.
100 cavity transits stable oscillations are observed with|@a steady state, our theory predicts that a modulation depth
modulation depth of approximately 68%. A spectral analysif close to 1 will result. The slow increase in the modulation
of the field amplitude indicates the presence of two frequendgpth is consistent with our theory, since for this case the
components located &L = £2.92 in agreement with theory mode overlap between thel and —1 modes is large. This
(see Table I). The observed modulation depth is also in clog®es rise to poles in our stability analysis which lie close to
agreement with theory as Table | indicates. Fig. 7 shows ttiee jw axis and, hence, indicates a slow response time. Finally,
time evolution of the saturated amplitude gain—length produ€ig. 10 show simulation results for an ideal unchirped grating,
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modes overlap. A large chirp factor yields a smaller spatial
overlap and a correspondingly higher degree of stability. A
large chirp factor, however, also tends to reduce the modu-
lation depth of the high-frequency oscillations. For an ideal
uniform index-coupled DFB laser, neither single-mode nor
dual-mode operation are stable operating regimes. A numerical
simulation, based on a pair of time-dependent coupled-mode
equations, quantitatively verified our analytic predictions. Fi-
nally, an exact closed-form expression for the output intensity
of an antisymmetrically chirped index-coupled DFB laser, as a
function of the unsaturated gain, was derived. This expression
is valid for arbitrary levels of gain saturation. Work is currently
underway to fabricate antisymmetrically chirped DFB lasers
in rare earth-doped glass using the bent waveguide technique
developed by Hillmer [26]. It follows from (2.14) and Table |
that a 2-cm-long device with, = 2 and|xL| = 2 should yield

a beat frequency of approximately 20 GHz. If the nominal
grating period is chosen to support lasing in the vicinity of
1.5 um, then a grating chirp parameter f = 2 corresponds

to a variation of the grating period of about 1:2 10~%%
measured from the front to the rear facet. Much higher beat
frequencies, on the order of hundreds of gigahertz, should be
achievable using semiconductor chirped-grating DFB lasers,
which have much shorter cavity lengths [3].
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