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Nonlinearity difference in the two passbands of a
distributed-feedback semiconductor laser amplifier

Rongqing Hui and Adalberto Sapia

Fondazione Ugo Bordoni, Viale Europa 190, 00144 Rome, Italy

Received February 26, 1990; accepted June 13, 1990

The nonlinearity difference in the two passbands of a distributed-feedback semiconductor laser amplifier was
studied experimentally. A theoretical explanation was given by using the transmission matrix approach. The
difference of nonlinearity in the two passbands was found to be enhanced greatly by the mechanism of asymmetric
facet reflection.

Active optical bistability in Febry-Perot (FP) and dis-
tributed-feedback (DFB) semiconductor laser ampli-
fiers has the advantages that the power required for
switching is approximately three orders of magnitude
smaller than that of the passive bistability and, at the
same time, the optical gain of the active bistability can
provide a sufficient optical power to drive the subse-
quent optical gates in the system.1'2 An additional
advantage offered by the DFB laser amplifier bistable
element is that its filter characteristic can dramatical-
ly reduce spontaneous emission3 in comparison with
the FP laser amplifier, and a higher contrast of optical
logical gate can be achieved.4 The two passbands of a
DFB laser amplifier, which are determined by the
Bragg diffraction, also make it possible for it to be
used in systems with two different wavelengths.

In this Letter we extend the average field approxi-
mation reported in Refs. 1 and 2 to give a unified
treatment of optical bistability for FP and DFB laser
amplifiers and for a DFB laser amplifier with finite
facet reflections. This particular structure is impor-
tant in determining the single-longitudinal-mode be-
havior of DFB lasers and the filter characteristic of
DFB laser amplifiers. Here we show, experimentally
and theoretically, that this additional structure in a
DFB laser amplifier will result in a large nonlinearity
difference with respect to its two passbands.

The experimental setup is as follows. Two identical
DFB buried-heterostructure laser diodes were used as
a probe and an amplifier; both of them had one facet
antireflection coated and the other facet cleaved. The
lasing wavelengths were approximately 1554 nm, and
the probe was biased at 2.5 times its threshold current.
Two diffraction-limited lenses with a N.A. of 0.6 were
used for the beam coupling. An optical isolator in-
serted between the probe and the amplifier provided
40 dB of isolation, and a half-wavelength plate was
used to match the polarization of the two lasers. A
monochromator and a FP scanning interferometer
were used for rough and fine measurement of the spec-
trum. Frequency matching and adjusting were ac-
complished by controlling the laser heat-sink tem-
perature, and the change of the coupled optical power
caused by the change of temperature was controlled to
less than 5%. Figure 1 gives the measured output near

the two frequencies corresponding to the lasing band
[Fig. 1(a)] and the nonlasing band [Fig. 1(b)] of the
amplifier biased at 95% of its threshold. The probe
power coupled into the amplifier was approximately
0.9 MW. The short-wavelength band (which would
lase if biased above threshold) shows a bistability loop,
whereas the long-wavelength band shows no bistabili-
ty. When the input optical power was increased to 50
,qW, both bands show bistable output, as can be seen in
Fig. 2. However, the loop widths are obviously differ-
ent for the lasing band [Fig. 2(a)] and the nonlasing
band [Fig. 2(b)]. Figure 3 gives the measured loop
widths of bistability against the input optical power.
Bistability occurs for the lasing band at an input pow-
er as low as 0.2 MW and at approximately 10 ,W for the
nonlasing band.

The nonlinearity difference in the two passbands of
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Fig. 1. Measured output of the amplifier versus frequency
detuning with an input optical power of 0.9 ,uW (a) for the
lasing band and (b) for the nonlasing band. The amplifier
was biased at 0. 95Ith.

0146-9592/90/170956-03$2.00/0 © 1990 Optical Society of America

(b)

5GHz



September 1, 1990 / Vol. 15, No. 17 / OPTICS LETTERS 957

aa~

a~

10 -

(a)

10 3 . -a M 

10 2 0 0 0 0

101 C = 1 M a

10GHz

100 1 I

detuning

-n41

lo2
01

MAO

detuning

Fig. 2. Measured output of the amplifier versus frequency
detuning with an input optical power of 50 uW (a) for the
lasing band and (b) for the nonlasing band. The amplifier
was biased at 0.9 5Ith* (The absolute vertical values are not
calibrated.)

a DFB laser amplifier was first predicted by Adams
and Wyatt2 for a semiconductor laser amplifier with
an ideal DFB structure. However, they obtained a
relatively small nonlinearity difference. Hence, the
theory in Ref. 2 is not able to explain the above-men-
tioned experiment results in which the difference of
the loop widths between the two bands is obvious. We
believe that this nonlinearity difference enhancement
is mainly caused by the laser amplifier's asymmetric
facet reflection.

The starting point of our calculation is the standard
coupled-mode equations for a DFB laser,

U = iKl['y- (g + ib)],

with x = L - z. z = L- indicates the position located
just at the left of z = L inside the cavity, where L is the
cavity length. The parameter u can be interpreted as
the effective reflection of the grating, and the sign of y
is chosen such that Iu(-y)I < 1,5 so that the limit case of
K = 0 corresponds to u = 0. Using the boundary
conditions B(L-) = r2A(L-) and A(L-) = Po1 /2/(l -

r2
2)1 /2, where Po is the output power and r2 is the

amplitude reflectivity of the output facet, we get

(3a)IA(z)12 = POIF1 1 + r2F 12 I2 /(1 -r22)1/2

and

IB(z)12 = POIF21 + r 2F 22 I2 /(1 -r22)1/2.

The average field intensity inside the active cavity is
defined by Eav2 = (1/L) f0A(z)exp(-iflz) + B(z)
exp(i3z)I2dz, where fi is the propagation constant.
Here the cavity is considered to be much longer than
the wavelength, so that when the cross terms of A(z)
and B(z) are averaged to be zero, we obtain

Ea Ii - _O ( + lu [ - exp(-2'yL)]
_ U21 11 - r2

21 ( 2,yrL

x |1 + r2u 2 -[1-exp(2,yL)]lu + r21}- 2
YrL

X Re[u(u + r2)(1 + u*r 2*)sin(2'YiL)]), (4)

where yr = Re(y) and ay = Im('y). In this expression,
the reflectivity of the input facet r1 does not appear,
because r, is already involved in the relationship be-
tween Po and the input signal. The nonlinear proper-
ties are characterized by the mean field intensity-de-
pendent detuning 6 and modal gain g as1

=gOav/ls;3 i= 50+ g = + I__ _ - °'a5 1 + Iav/I,
(5)

(3b)

d = (g + ib)A + iKB,
dz

dB = _(g + ib)B - iKA,
dz

(la) where a is the linewidth enhancement factor that rep-
resents the gain-induced index variation, I, is the satu-
ration intensity of the material, go and 60 are the small-

(lb)

where K is the grating coupling coefficient, g is the
modal gain per unit length, 6 is the detuning, and A(z)
and B(z) are the complex amplitudes of the forward
and backward propagating waves, respectively. In
the mean field approximation, the solution of Eqs. (1)
can be written in the transmission matrix form as

E A(z)= [FF F12j [A(L-)1
WB(z) LF21 F22 LB(L-) 

where

F11 = [exp(--yx) -_u
2 exp(yx)]/(1 -u2),

F22 = [exp(-yx) - u2 exp(--yx)]/(1 -U2),

F21 = -F1 2 = u[exp(-yx) - exp(yx)]/(1 -U2),

' = [K2 + (g + i)2I1/2,
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Fig. 3. Measured bistability loop width versus input opti-
cal power. The amplifier was biased at 0. 95Ith.
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Fig. 4. Calculated transmission of a DFB laser amplifier versus detuning with respect to the Bragg wavelength. (a) With one
facet antireflection coated and the other facet cleaved; r, = 0, r2 = 0.56. (b) With both of the facets antireflection coated; r, = 0,
r2 = 0.

signal gain and detuning, respectively, and ao is the
cavity loss.

To relate both the output and input signals with the
average field intensity, the reflections of both facets
should be considered. The transmission matrix for-
mulation leads to

[Ei: 1 - I I-r21 [Eu F12

(Ir (- U2) tlt2 L- r 1 L1~ F222

[ 1 r2l A(L+)
X r2 1 (L+) (6)

where Ei and Er are the incident and reflected field
amplitudes, respectively. The transmission and re-
flection characteristics of DFB laser amplifiers can
then be obtained:

difference, the widths of the bistability loops of the
two passbands are always similar, as shown in Fig.
4(b).

In conclusion, we have measured the difference of
the bistability loops in the two passbands of a DFB
semiconductor laser amplifier. A calculation was car-
ried out for the bistability of a DFB semiconductor
laser amplifier with a finite facet reflection. The re-
sults demonstrated that the difference of the bistable
loop widths in the two passbands is enhanced greatly
by the asymmetric facet reflection. The analysis is
easily extended to study the nonlinear properties of a
multisegment DFB laser amplifier.

The authors thank P. Spano and A. Mecozzi for
helpful discussions. This research was carried out in
the framework of the agreement between the Fonda-

T = IPo I= 1-u 2 12 I(1-r 1
2)(1-r 2 )I

E 2 lexp(--yL)[1 + u(r1 + r2) + r1r2 u] - exp(-yL)[u2 + u(r1 + r2) + r1r212

R = |E =
11 - u 212 (1 - r1

2)(1 -r22)1

lexp(-yL)[(1 + url)(u + r2 )] - exp(--yL)[(u + rl)(1 + ur2)] 12

When the facets' reflections ri and r2 are set to zero,
Eqs. (4), (7), and (8) are reduced to Eqs. (5), (6), and
(7) of Ref. 2. If, on the other hand, the coupling
coefficient K is set to zero, with y = g + ib and u = 0,
Eqs. (4) and (8) are the same as Eqs. (2) and (1) of Ref.
1, where the FP laser amplifier was considered.

However, it is the trade-off of DFB and facet reflec-
tions that enhances the nonlinearity difference in the
two passbands. The results of a calculation including
the facet reflection give a large gain difference for the
two passbands, as shown in Fig. 4(a), which was plot-
ted by using Eq. (7) with the parameters K = 2.4, go =
0.95gth, Pi = 0.0041Is, r, = 0, r2 = 0.56, and a = 8.2,
where gth is the threshold gain and Pi is the input
optical power. This gives the explanation of the
above experiment results. Note that in the absence of
facet reflection, although there is some nonlinearity
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