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Abstract—We analyze the large (> 10 nm) and abrupt jumps 
in emission wavelength, together with the multimode instabilities 
associated with them, which are observed in monolithically inte
grated master oscillator power amplifiers emitting at 1.5 /xm. The 
physical origin of such phenomena is investigated in the framework 
of a travelling-wave model which phenomenologically incorporates 
thermal effects via self and cross-heating of the different sections 
of the device. The occurrence of the wavelength jumps and the 
instabilities as a function of the injected currents in the two sec
tions is interpreted in terms of a thermally tuned competition be
tween the modes of the master oscillator and the compound cavity 
modes. 

Index Terms—High power semiconductor lasers, master oscilla
tor power amplifier, multimode dynamics, laser theory, compound 
cavity effects, thermal effects. 

I. INTRODUCTION 

M ONOLITHICALLY integrated master oscillator power 
amplifiers (MOPAs) are high-brightness semiconductor 

lasers that have the potential to be modulated at high speed, 
which makes them attractive sources for applications such as 
LIDAR, free space optical communications, and laser projec
tion displays. An integrated MOPA usually consists of two sec
tions: an index guided single lateral mode waveguide section 
acting as master oscillator (MO), and a power amplifier (PA). 
Normally, the MO is either a distributed Bragg reflector (DBR) 

or a distributed feedback (DFB) laser, while the PA is a gain 
guided tapered section with an antireflection (AR) coated output 
facet. Sensible progress in the performance of MOPAs has been 
achieved in last years. For monolithically integrated MOPAs at 
1064 nm, 12 W output power in continuous-wave (CW) regime 
has been demonstrated, and also pulse generation with 42 W 
peak power and 84 ps pulse width [1]. At 1.5 /jm, commercial 
devices delivering 1.6 W under CW injection have been gain 
switched to deliver 100 ps pulses with peak power up to 2.7 W 
at 1 GHz [2]. 

In a MOPA working in ideal conditions, the single-mode gen
erated by the MO is amplified by the PA section keeping its ini
tial beam quality. However, it is known that even when driven in 
the CW regime, a small residual reflectance of the MOPA front 
facet may induce a variety of emission instabilities for specific 
injection conditions [3], [4]. These instabilities manifest for in
stance in the appearance of ripples in the power-current (P-I) 
curves, arising as a consequence of the coupling between the 
modes of the full MOPA cavity and the MO modes [5]. Another 
manifestation is the appearance of self-pulsations in the optical 
power, which have been attributed either to longitudinal mode 
beating [2] or to the undamping of the relaxation oscillations 
(ROs) at a few GHz [3]. These instabilities in the CW regime are 
expected to impact the MOPA operation in direct modulation, 
thus jeopardizing the potential of these devices for applications 
requiring such modulation format. Therefore, a detailed under
standing from both the experimental and the theoretical point 
of view of the physical mechanisms involved in the instabilities 
is of primary interest for the enlightening of the actual potential 
of these devices. 

We have recently reported a systematic experimental study of 
the emission instabilities occurring in 1.5 ¡j,ra integrated MOPAs 
under a wide range of CW injection conditions [4]. The explored 
injection conditions included a continuous variation of the PA 
section current for several fixed values of the MO current. In 
addition to other previously reported instabilities, our study re
vealed a different kind of instability that involves large (> 10 nm) 
and sudden jumps in the emission wavelength of the MOPA [2], 
[4]. The instability occurs for low currents in the MO section, 
i.e., when the MOPA is close to threshold, and it appears and 
disappears in a quasi-periodic way as a function of the CW 
current in the PA section. 

Different simulation models have included coupled cavity ef
fects in the investigation of the dynamics of high power MOPAs 
under CW injection [6]. The experimental results have been 



successfully reproduced when thermal effects were properly ac
counted [5]. It has been demonstrated that the effect of self-
and cross-heating of the two MOPA sections on the refractive 
index thermal changes, and thus on the coupled cavity modal 
dynamics, accounts for the periodic mode hoping and the ripples 
appearing in the P-I characteristics [7]. 

In this paper, we use a conveniently adapted 1-D travelling-
wave model (TWM) [8] for the theoretical analysis ofthe origin 
and characteristics ofthe instabilities arising as a function ofthe 
PA current, for several fixed values of the MO currents in these 
devices. A full description of the MOPA dynamics requires at 
least a 2-D spatial model [5], [9] in order to address the possible 
filamentation in the PA section which is out of the scope of this 
paper. Our goal is to reproduce the experimental results and gain 
some insight using the simplest model possible. We show that 
2-D effects are irrelevant in the observed dynamics due to its 
longitudinal and thermal character, obtaining a good qualitative 
agreement between the experiments and the 1-D TWM. Our 
analysis indicates that the dominant effect at the root of this 
instability is the drift of the cavity modes over the modulated 
loss spectrum created by the compound cavity effects arising 
from the effective reflectivity of the output facet. Moreover 
than carrier-induced index changes, temperature changes lead 
to modal drifts that change the net modal gain. The thermal self-
and cross-heating in each section shift the modes away from the 
minimum of the losses of the DFB in the MO section. As a 
consequence, the modes around the gain peak of the PA section 
may prevail during some current interval, until the modes close 
to the Bragg wavelength take over again. 

In Section II, the relevant details ofthe device, the experimen
tal setup, and the main experimental results are briefly summa
rized. Section III is devoted to the description of the theoretical 
model and to show the results of performing the threshold analy
sis ofthe MOPA. The numerical results ofthe MOPA dynamics 
above threshold are described in Section IV. Finally, a summary 
of the conclusion is given in Section V. 

II. EXPERIMENTAL CHARACTERIZATION 

A detailed description of the investigated devices and of the 
experimental setup has been reported elsewhere [4] and there
fore only the most important features are repeated here. We 
used commercial MOPAs with emission wavelength close to 
1550 nm (QPC 4715-0000). The lengths ofthe MO and PA sec
tions were around 0.9 and 1.6 mm, respectively. Fig. 1(a) shows 
an schematics of the device geometry. Device characterization 
was performed at 25 °C. It included, as a function of the CW 
MO and PA currents, the total power measured with a thermal 
detector, the optical spectra measured with a 0.05 nm optical 
spectrum analyzer, and the electrical spectra measured with a 
high speed photodiode and a 44 GHz electrical spectrum ana
lyzer. The experimental setup used to record the optical and RF 
spectra ofthe devices is described in Fig. 1(b). 

In [4] we presented with detail the measured emission char
acteristics of this MOPA under different injection conditions. 
Here we remark the most interesting features to be compared 
with the theoretical results. The output power, the optical and 
RF spectra of the MOPA for different values of the current in 
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Fig. 1. (a) Schematics ofthe MOPA device composed by a DFB laser (MO sec
tion) and a gain guided flared amplifier (PA section), (b) Experimental setup for 
acquisition ofthe optical and RF spectra: optical isolator (OI), optical spectrum 
analyzer (OSA), photodetector (PD) and electrical spectrum analyzer (ESA). 
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Fig. 2. Experimental characterization: (a) P-I characteristics for IMO = 
30 mA while varying IPA. (b) Optical and (c) RF spectra of the MOPA in 
the same conditions. 

the PA section when the MO current is fixed at 1M o = 30mA 
are shown in Fig. 2. This MO current corresponds to the DFB 
threshold for low and medium PA current [4]. At IPA higher 
than 750 mA the power increases almost linearly, but soon it 
exhibits ripples and clear signs of thermal rollover. The ripples 
in the light-current characteristics of the MOPA are similar to 
those previously reported in 1060 nm MOPAs [5] and DBR 
tapered lasers [10], and they appear and disappear in a quasi-
periodic way as IPA is increased. In the present case, however, 
they involve wavelength jumps that were not observed in [5], 
[10]: as shown in Fig. 2(b), at the beginning of each ripple the 
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Fig. 3. Experimental characterization: RF spectra of the MOPA while varying 
IPA for different J ^ o values. IMO = 50, 100, 300 and 500 mA. 

emission wavelength of the MOPA jumps from that of the Bragg 
grating in the MO section (^1547 nm) to a much shorter one 
(^1530 nm) that corresponds to the gain peak of the material in 
the PA section. In this regime, the MOPA usually emits in sev
eral longitudinal modes, and the beat node at the mode spacing 
~17 GHz can be clearly observed in the RF spectrum. 

If the current in the MO section is increased, the ripples 
of the V-IpA characteristics become less visible and the large 
wavelength jumps do not occur anymore [4]. However at higher 
values of IMO they are still apparent in the derivatives of the 
P-I curves, thus indicating a residual trend to transitions be
tween different longitudinal modes. Fig. 3 shows the measured 
RF spectra as function of IPA for different values of IMO-
A quasiperiodic behavior with IPA is observed at all the MO 
injection levels. At IMO = 50 mA, we observe the peaks at 
~17 GHz and high order harmonics arising from the beating of 
the complete cavity modes, alternating with peaks at frequen
cies between 5 and 10 GHz and with lower frequency peaks 
around 2-3 GHz. When increasing the MO current to 100 mA, 
the ~17 GHz peaks disappear while the peaks between 5 and 
10 GHz are stronger with high order harmonics. At IMO = 
300 mA, the main RF peaks continue to be those between 5 and 
10 GHz with a frequency which increases with the IPA current. 
And finally, at IMO = 500 mA the intensity of the RF peaks 
is still quasi-periodic but much lower, indicating a more stable 
emission. 

III. THEORETICAL MODELLING 

In order to theoretically analyze the instability described in 
the previous section, we use the 1-D TWM developed in [8], 
[11] suitably modified in order to phenomenologically include 
the thermal drift of the material properties in each section. This 
TWM has been used in the past for studying similar wave
length jumps that occur in passively mode-locked semiconduc
tor lasers [12], and it naturally includes multilongitudinal mode 
competition and coupled-cavity effects. We briefly summarize 
the model, and refer the reader to [11], [13], [14] for the details. 

We consider a two-section device. Within each section j , 
an optical field with optical carrier frequency UJQ and effective 

propagation constant go is decomposed into a forward and a 
backward component which slowly-varying amplitudes, E^, 
propagate according to 

± dzEf + \dtEf = [iS3(T3) - a)]Ef + irfEj + iPf, 
vj 

(1) 
where the field amplitudes and material variables have been 
suitably scaled [15], a*- is the (amplitude) absorption coefficient 
and vg- is the group velocity, that for the sake of simplicity 
are taken equal in both sections, i.e. a¡ = a MO a PA and 
vg = VMO = VPA- Ki is m e coupling coefficient of the Bragg 
grating in section j , if any. Sj(Tj) is the thermally induced 
change of the effective index that induces an effective detuning 
with respect to ÜÜQ as a reference point. The detuning depends 
on the temperature of the section as 

SÁTj) 
Sng AT} 

(2) 

where -^- is the coefficient of thermal change in the effective 
group index. 

Similarly, the total carrier density N3 is decomposed as 
Nj(z,t) = N$(z,t) + A/"/ e2u^z + K -p-2iq0z , where N¿ is 
the quasi-homogeneous component, N^ (with Nj = (N^)*) 
are the spatial grating components arising from spatial-hole 
burning (SHB) due to the standing-wave effects in the section. 
These obey 

d+N? Rj(Nf)-i(E+*P+ +Ej*P7-c.c.) (3) 

and 

dtNf = -[RfjiNf) + ±V3ql}Nf - i{PpEj* - EfPj*), 
(4) 

where I3 is the current injected into the section (in A), s3 is a 
scale factor take into account the volume of the different sec
tions, Rj(N) = A3N + BjN2 + CjN3 is the carrier recom
bination rate in this section (which includes non-radiative, ra
diative and Auger recombination terms), R'3 (N) = d^Rj (N), 
4Pj^Q is m e decay rate of the grating terms due to carrier 
diffusion, and the remaining terms describe stimulated recom
bination. 

The polarization densities P ¿ , which describe the gain and 
carrier-induced refractive index, are given by 

?t Xo dtf{x3[tf,N*(tf,r)]Ef(z,r) 

+NHz,r) 
dxA^N^r)} 

dNi 
Ej(z,r)}+riHf(z,t), (5) 

where r = t — t'. The convolution kernel %(£, N) describes the 
optical response of the material in time domain under the intra-
band quasi-equilibrium approximation, which is valid on time 
scales of 1 ps and longer. We also add spontaneous emission of 
amplitude r\ by including a Gaussian white noise term ̂  (z, t) of 
zero mean and correlation (^(z,t)£^(z,i)) = S(t — i)S(z — 
z). Although numerical approximations for %(£, iV) at finite 



temperature have been developed [16], for computational sim
plicity here we shall use the analytical approximation developed 
for low-temperatures, which nevertheless provides a reasonable 
description of the material response at finite temperature [11]. 
In this approximation, the material response is expressed as 

MO Section 

Xj(tf,NJ) = e-^+l{n^-u;o)]t 
2e-i

ryNJt' _i_e-i(ttT -üGj)t' 

t' 
(6) 

where 7 is the decay rate of the material polarization, and QQJ 
and QT are the lowest and highest photon frequencies for the 
optical transitions. 

In the simulations, each section provides its own gain and 
carrier-induced refractive index spectra as given by Eq. (6) de
pending on its bias point and temperature. As discussed below, 
the temperature dependence is included by considering that the 
band gap energy in each section varies linearly with temper
ature, and therefore the gain and index spectra for the whole 
device is the superposition of the detuned contribution for each 
section taking into account band-filling and thermal shift. 

We describe phenomenologically the thermally induced red-
shift of the material gain peak considering 

a Gj n% •AT- (J) 
this amounts to consider that the dominant temperature effect in 
both sections is to rigidly shift the optical response of the active 
material to longer wavelengths without changing its magnitude, 
which is acceptable if the temperature changes are not large. 

The temperature in each section is phenomenologically de
scribed via self- and cross-heating coefficients [5] 

(8) 

where PMO.PA is the power dissipated within each section, 
Pj = pf**- P°pt with Pfect = Vjlj, where V¡ = R3I3. In 
practice, the output power is a function of the band-gap detuning 
that is a function of the temperature. The temperature is in turn a 
function of the difference between the injected electrical power 
but also the optical output of the device and it also evolves on a 
very slow time scale which renders the analysis very time con
suming, see for instance [13]. However, we can simplify this 
complex feedback loop by noting that 1.5/xm devices have a 
low output efficiency, i.e., the optical power in each section is 
negligible as compared to the electrical power P°pt <C Pfect. 
In addition, because even during the wavelength jumps the op
tical output power does not change appreciably, one can write 
P°pt = a(P3

elect — Pjh) meaning that apart from a irrelevant 
shift P?pt = aPjh that can be absorbed into a redefinition of 
the equilibrium temperature, the dissipated power remains pro
portional to Pjlect. In Eq. (8) the diagonal matrix elements 
Ojj are the self-heating coefficients, and the non-diagonal ones 
describe cross-heating. 

Finally, the TWM is closed by specifying the boundary con
ditions for the fields at the output facets (z = 0, z2) and at the 
interface of the MO and the PA sections (z = zi), as sketched 

Fig. 4. Boundary conditions for the electrical fields EMO and EpA corre
sponding to each section of MOPA. 7*0, r\, r[, r^ and t\, t[ are the reflec
tivity and transmission coefficients for the fields amplitudes. z\ = LMO and 
Z2 = LMO + LPA-

in Fig. 4, 

(EMO(0,t)=r0EMO(0,t) 

EM0^1) =rlEMo(Z^t)+tlEPAÍZ^t) 

EPA (Z l > l) = rl EPA (Z l > *) + *1 EMO (Z l >l) 

[EpA(z2jt) = r2E+A(z2jt) 

(9) 

where z\ = LMO and z2 = LMO + LPA- For a typical MOPA 
device, r2 <C 1 as appropriate for an AR-coated facet. More
over, n and r[ should also be small, and t\ ^ 1 while t[ < 1 
describe the weak coupling of the field from the PA section 
into the MO section and vice-versa due to the free-diffraction 
of the field in the PA section. Unless otherwise indicated, the 
parameters used are shown in Table I. We take the optical carrier 
wavelength as that corresponding to the Bragg wavelength in the 
MO section, i.e., Xpragg = A.0. In order to simplify the analysis, 
we take QGMO — &G (i-e-' CMO = 0 ) because the redshift of 
the material peak at the MO section is small compared to that 
of the PA section as a consequence that in this paper we restrict 
ourselves to situations where 1M o is constant. 

In summary, our TWM considers two separate sections with 
different temperatures and biasing points. Compound-cavity ef
fects arise from the optical coupling of the MO and PA sections. 
Within each section, the local carrier density determines the gain 
and carrier-induced index spectra; the temperature of the section 
determines the local band gap energy and the effective index of 
the section. These two effects lead to changes in wavelength and 
net gain of the cavity modes when the bias currents are varied 
through self- and cross-heating. 

A. Threshold Analysis 

In order to get a more physical insight into the possible modal 
competition of our compound cavity device we perform the 
threshold analysis of Eqs. (1) and (3)-(5) in a similar way as we 
did previously [14] and detailed in Appendix A. The threshold 
analysis lead us to the following eigenvalue equation, 

^LP A 1 (l-r0rm)e-ALMO [(1 - nrp)e
ELp 

= (rp-r0)e
ALMO [(rm - n)eELpA -

where 

p= titf
1rpr2-\-r[r2(l-rirp), 

pe 

qe 
,-ZLf (10) 

(11) 



TABLE I 

M O D E L PARAMETERS 

Symbol 

Xc 

ng 

vg 

I'M C 

Ip A 
2a, 

re 

r\ 

h 
r'l 

t'l 

rs 

K 

N, 

V 

A 

B 

C 

2xc 
7 
il% 

nT 
n 

5ng/6T 

CMC 

CP A 

8ll 

022 

012 

021 

RM C 

RPA 

SMC 

SPA 

Value 

1546.S 

3.57 

0 .84 x 10 8 

900 

1600 

10 

V 0 . 9 

V 1 0 - 6 

V 0 . 9 9 

Vw-1 

v/o.i 
VlO-4 

11 .1 

Units Meaning 

Waveguide Parameters 

nm 

-
m s _ 1 

(¿m 

Lim 

c m - 1 

-
-
-
-
-
-

c m - 1 

Optical carrier wavelength 

Effective group index 

Group velocity 

Length M O section 

Length PA section 

Internal losses 

Reflection coeff. at z = 0 

Reflection coeff. at z = z\ 

Transmission coeff. at z = z\ 

Reflection coeff. at z = z\ 

Transmission coeff. at z = z\ 

Reflection coeff. at z = z^ 

Bragg coupling M O section 

Active Material Parameters 

2.2 x 1 0 1 8 

12 

0 

1 0 - 1 0 

7 x 1 0 ~ 2 g 

208 

39.2 

0 

392 

1 x 10~E 

cm 3 

cm2 s"1 

s - 1 

cm3 s _ 1 

cm6 s _ 1 

c m - 1 

THz 

GHz 

THz 

-

Transparency carrier density 

Ambipolar diffusion coeff. 

Non radiative recombination 

Spontaneous recombination 

Auger recombination 

Maximum modal gain 

Polarization decay rate 

Band-gap freq. at T = 0 K 

Top of the band frequency 

Spontaneous emission 

Thermal and Electrical Parameters 

I O - 4 

0 

17 

10 

l O - 5 

1 

10~E 

3 

3 

4.6 x 1 0 " 1 1 

8.1 x 1 0 - 1 C 

K" 1 

THz K" 1 

THz K" 1 

K W " 1 

K W " 1 

K W " 1 

K W " 1 

Q 

Q 

A 

A 

Temp, change ng 

Band-gap redshift coeff. MO 

Band-gap redshift coeff. PA 

Self-heating coeff. MO 

Self-heating coeff. PA 

Cross-heating coeff. PA —> MO 

Cross-heating coeff. M O —> PA 

Electrical resistance MO 

Electrical resistance PA 

Current scale factor MO 

Current scale factor PA 

q = í i í i r 2 +r[r2{rm -

A2 = (k/vg +o.i + idM0 

E = k/vg + 04 + ÍSPA -

~ 'Í-XMO) 

• ¿XPA• 

(12) 

(13) 

(14) 

which has to be solved for eigenvalue k = iilm, being ilm the 
modal frequencies. In addition it depends on two parameters: the 
uniform carrier densities in each section, N^¡0 and NPA, deter
mined through Ij = SjR(Nj). We first determine the threshold 
of the MO section considering the full structure with a carrier 
density in the PA section fixed to zero. 

Fig. 5(a) displays the modal thresholds for nLM0 = 0.5, 1 
and 2; with the carrier density in the PA section, NPA = 0. 
We can see that the threshold properties of the device depend 
noticeably on K and the carrier density in the PA section. For a 
moderate value of nLM o = 1 (i.e., K = 11.1 cirr1) and NPA = 
0, the threshold of the device occurs close to the Bragg frequency 
at moderate values of the N°M0 = 1 . 3 (IJ/'Q = 49 mA). We 
can see the effect of the stop-band of the Bragg grating in 
Fig. 5(b) where the frequency difference between contiguous 
modes A / is shown. For nLMo = 2 we see a maximum A / = 
87 GHz, and A / = 65 and 63 GHz for nLM0 = 1 and 0.5 
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respectively. We notice that as expected the effect of the Bragg 
grating modifies the free spectral range (FSR) of the MO section 
( FSRMO ~ 47 GHz) nearby the Bragg frequency. In these 
conditions, however, the unpumped PA absorbs the light emitted 
by the MO and no useful output is obtained. 

The PA section must then be pumped, but this may induce 
a strong change in the threshold properties of the device. On 
one side, the effective reflectivity experienced by the MO will 
change due to the double passage of light in the PA section. 
On the other, the gain peak of the PA section will not in gen
eral occur close to the Bragg frequency due to the blue shift 
induced by band filling and to the red shift induced by heating 
of the material. As shown in Fig. 5(c), when the PA section is 
pumped such that NPA = 1.5, the gain peak of the PA section 
is located around k = 1535 nm, i.e., strongly blue-detuned with 
respect to the Bragg wavelength, while the gain peak of the 
MO section is close to kBragg • As a consequence, the threshold 
of the MO now occurs around 1535 nm for a carrier density 
in the MO section which is N°M0 = 1 . 3 (IJ/Q - 50 mA). In 
addition, close to threshold the device will display a rather dif
ferent modal structure in the two cases. In the former case, i.e., 
no amplification in the PA, the frequency spacing of the modes 
corresponds to that of the FSRMO , and it is not regular due to 
the dispersion of the Bragg mirror. In the latter, instead, more 
modes arise as a consequence of compound cavity effects with 
additional modulations that are quite regularly spaced with a 



mode spacing that corresponds to the full length of the cavity, 
FSRMOPA ~ 17 GHz (see Fig. 5(d)). Remark, however, that 
for frequencies close to 0 (i.e., close to the Bragg wavelength), 
the modal structure is quite irregular, with mode spacings that 
do not correspond to any clear section. The reason is that in 
these conditions, the effective reflectivity of the output facet can 
be quite substantial. The induced strong coupled-cavity effects 
lead to a strong modulation of the intermode spacing, that can 
be as low as a few GHz. Such a small intermode spacing might 
couple with the ROs in the carrier density, leading to instabilities 
in the dynamical behavior of the device. As shown in Fig. 5(e) 
and (f), similar results (at higher threshold currents) are found 
when fixing N^ 0 = 1 and solving Eq. (10) for Qm and NPA 

(IPA)- Stronger values of K, mitigate such a behavior, because 
a larger carrier density in the PA section is needed to make the 
threshold jump from the Bragg wavelength to that of the gain 
peak in the PA section. However, the instabilities can always 
occur for high-enough currents in the PA section, because the 
threshold of the MO saturates as K, increases. 

IV. ABOVE THRESHOLD CHARACTERISTICS 

The former discussion about the threshold properties of the 
device indicates that the wavelength jumps may occur when the 
gain peak of the PA is high enough, but the analysis lacks non
linear effects hence it is not appropriate to describe the behavior 
of the device above threshold, where the carrier density may 
develop a non-uniform profile due to the interaction with the 
optical field. In addition, the thermal drift of the material prop
erties as the currents are increased may also change the stability 
properties of the optical solutions. For these reasons, assessing 
the properties of the device above threshold requires the numer
ical integration of the full TWM. In our case this is performed 
via the numerical algorithm developed in [17], that has already 
been successfully applied to the study of several semiconduc
tor laser systems [8], [12]—[14] and which allows us to explore 
the impact that the different device parameters have on the dy
namics. The numerical algorithm used to solve the full TWM 
can be found in [15]. We have used a spatial discretization of 
NMO =1491 points and NPA =2651 points for each section 
(corresponding to a time step At = 7.2 fs) with a decimation 
factor D = 10 and the convolution kernels are computed using 
M = 22 points in the past. Using a standard PC (Intel Core i7 
4790K at 4.4 GHz with 32 Gb RAM) a simulation of 10 ns par
allelized in 4 cores takes 220 s to be completed. The following 
results have been obtained by performing 300 simulations, the 
previous system state has been used as the starting point of the 
next one while increasing IpA. 

Fig. 6 displays the power-current characteristics, and the op
tical and RF spectra of the MOPA for the parameters given 
in Table I in the case of a moderate value of KLMO = 1 (i-e., 
ft = 11.1 cm - 1) when IPA is scanned and the current in the MO 
section is kept constant, IMO = 54 mA. The MOPA threshold 
occurs for IpA ~ 1 A, and the lasing wavelength corresponds to 
that of the Bragg grating in the MO section. As the current in the 
PA section is increased, the optical power emitted by the device 
increases almost linearly, and the emission wavelength exhibits 
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Fig. 6. Theoretical results: (a) P-I characteristics for IMO = 54 mA while 
varying Ip A . (b) Optical and (c) RF spectra of the MOPA in the same conditions. 

a small redshift due to the thermal drift of the Bragg wavelength 
as the refractive indexes increase due to cross-heating. However, 
increasing the current in the PA section soon leads to a ripple 
in the power-current characteristics similar to those observed in 
Fig. 2(a) at low currents of the PA section (at IPA = 1.2 and 
1.8 A). Nevertheless, the ripples in the numerical simulations 
always occur downwards, while in the experiment the ripples 
at high PA current are upwards. We note that the sense of the 
ripples is determined by the net gain spectrum, which depends 
on the total losses at the operation wavelength. In the numerical 
simulations, several parameters (TQ , v\, r[, t\, t[, r<2, K, etc.) de
termine the loss spectrum in the complete cavity, and the chosen 
values may not perfectly match those in the experiment. 

At each ripple, the optical spectrum of the device changes 
dramatically, passing from narrow emission at the Bragg wave
length to broadband emission at a much shorter wavelength 
that corresponds to that of the material gain peak in the 
PA section. In this regime, the RF spectrum displays strong 
peaks at / = 17 GHz and 34 GHz, which corresponds to the 
FSRMOPA- Additional peaks at lower frequencies (between 
/ = 1.6-3 GHz) can also be observed (see Fig. 5(c)), possibly 
enhanced by their coupling through the ROs. Further increas
ing the PA current additional peaks at low frequencies appear. 
The evolution of these low frequency peaks as IPA increases 
follows the quasi-periodic jumps, in that regions the peaks in
crease their frequency (and produce high order harmonics for 
high IPA)', while in the regions where the Bragg wavelength 
dominates, their frequency diminishes. The phenomena is also 
observed in the experiments, see Fig. 2(c). 



Fig. 7. Theoretical results: RF spectra of the MOPA while varying IPA for 
different IMO values. J M O = 59, 64, 79 and 109 mA. 

The large wavelength jumps described above occur in a quasi-
periodic way upon increasing the PA current provided that IMO 
is low. As IMO is increased, the ripples in the P-IpA curve 
become less visible (not shown) and changes in the RF spectra 
are obtained, see Fig. 7. For IMO = 59 mA traces of the modes 
of the full MOPA cavity are still visible at intermediate values 
oí I PA, together with peaks at lower frequencies. These low 
frequency peaks dominate the RF spectrum for higher values 
of IPA, their frequency increasing with IPA in this regime. 
For higher IMO currents, the modes of the full MOPA cavity 
disappear and only these peaks at low frequency behave in a 
quasi-periodic way upon increasing IPA (see Fig. 7, IMO = 64 
and 79 mA). For IMO = 109 mA the RF peaks are less visible 
indicating that stable emission has been achieved. These results 
are in agreement with those obtained from the experiments, 
see Fig. 3. We interpret these peaks at low frequency as an 
undamping of the carrier density ROs. When the gain peak at 
the PA section is not sufficiently high to lase itself and it may 
enhances the coupling to the carrier density ROs of additional 
modes appearing close to 'kpragg arising as a consequence of 
the compound cavity effects and the Bragg grating (in similar 
way as shown in Fig. 5(d)). 

The main physical mechanism at the root of these behaviors 
is the drift of the cavity modes over the modulated loss spectrum 
created by the compound cavity effects arising from the effective 
reflectivity of the output facet, i.e., including amplification and 
back-coupling. The amplitude of the modulation of the cavity 
losses depends on several parameters (ro, n , r[, t\, t[, r<i, 
K, etc.); in particular, t[ and r2 determine the back-coupling 
of the light from the PA to the MO. On the other hand, the 
precise wavelength of the cavity modes depends on the effective 
and carrier-induced index change in each section. Temperature 
changes arising from self- and cross-heating will lead to modal 
drifts that change the net modal gain. Therefore, even though 
the bias of the MO section is kept constant, variations of the net 
gain close to the Bragg wavelength occur when the PA bias is 
changed. When the MO section is biased close to its threshold, 
the net modal gain at Bragg wavelength is small, see Fig. 5(c), 
and a small drift of the modes close to the Xpragg might promote 

the emission at wavelengths close to the gain peak of the PA 
section. Conversely when the mode close to 'kpragg approaches 
the local minimum of losses, emission at Xpragg is recovered. 
Instead, when the MO section is biased above its threshold, the 
emission at the Bragg wavelength is preferred and the modal 
changes do not promote the emission at the gain peak of the PA 
section but disturb the dynamics by enhancing low frequency 
peaks observed in the RF spectrum that may be attributed to a 
coupling with the ROs. The above explanation is confirmed by 
the numerical observation that if the cross-coupling coefficient 
is reduced to 012 = 0.1 K W~\ the MOPA emits stably at the 
Bragg wavelength for all the range of IPA scanned at all current 
values of the MO section. The P-I curve shows no ripples, and the 
optical spectrum displays stable emission at Xpragg without any 
trace of jumps. Besides, our simulations show that the tendency 
to jump in wavelength is reduced by increasing the net gain close 
to kpragg •> which can be accomplished by increasing either K or 

The quasi-periodic occurrence of these jumps is a conse
quence of the 27r-periodic nature of the cavity modes. If the 
mechanisms of modal drift were all known, the currents where 
wavelength jumps occur could be determined similarly to [5]. In 
our case, however, the complex interplay of thermal and carrier-
induced mechanisms of modal drift make this task highly com
plicated, and a linear stability analysis of the full TWM [14] is 
required in order to address this question. 

V. CONCLUSION 

We have theoretically analyzed the large wavelength jumps 
that are observed in the emission wavelength of some mono-
lithically integrated master oscillator power amplifiers emitting 
at 1.5 fim as the current in the PA section is increased. The 
1-D TWM used successfully reproduces the observed behav
ior, and it confirms that the instabilities observed occur through 
longitudinal mode competition, with beam filamentation play
ing no relevant role. The TWM allows to trace the origin of 
these instabilities back to the drift of the cavity modes over the 
compound-cavity losses due to cross-heating of the MO section 
as the current in the PA section is varied. The anomalous peaks 
that appear in the RF spectrum in both the experiment and the 
numerical simulations can be explained by the threshold anal
ysis of the MOPA as arising from the undamping of the ROs 
caused by the coupling of the compound cavity modes. More
over, our numerical simulations indicate that minimizing the 
cross-heating from the PA to MO section leads to a more sta
ble emission. Alternatively, increasing the value of K, or ro can 
also mitigate these instabilities. However, a detailed and deeper 
analysis of the different mechanisms involved is still required 
and will be the subject of further investigation. 

APPENDIX A 

THRESHOLD ANALYSIS 

The TWM described in Eqs. (1) and (3)-(5) admits a triv
ial solution Ef = Pf = Nf1 = 0 and I3 = SjR(N*J) where 
no optical power is emitted. The threshold of the MOPA corre
sponds to the lowest operation point that renders this off-solution 



unstable, hence for currents above it, any fluctuation in the op
tical field will be amplified and the system will start lasing. 

The threshold of the MOPA can be thus determined by per
forming the linear stability analysis of this off-solution. By con
sidering small perturbations to the off-solution, 

¡Ef(z,t) = af(z,t) 
Pf(z,t)=pf(z,t) 
N](z,t) = N¿>+n<¡(z,t) 

{N±(z,t)=nf(z,t) 

the linearized TWM equations read 

1 

(15) 

±dzaf = q 
dtaj - al

jaj + ipj - inj aj (16) 

0J dt'Xj(t',N^)af(z,t-t') (17) 

and 

dn° -R\Nf)n] (18) 

dtnf-- -[R'(N»)+4Vq¡]nf. (19) 

The equations for the perturbations in the carrier density decou
ple from those for the field, and they are both unconditionally 
stable. It is therefore enough to consider the field equations in 
order to determine the stability of the off-solution. The temporal 
dependence can be removed by considering 

af(z,t) = af(z)ex (20) 

Solutions with Re(Xj) > 0 corresponds to unstable solutions 
and vice-versa, and the crossing point determines the modal 
threshold and frequency. Then, the field equations within each 
section read 

dza+ 

dzaj {X/v9j + a) - ijc^aj + iKjtf 

where 

Xj Xj Xj(t\N¡)e-xt dt> 

(21) 

(22) 

In the MO section, K ¿ 0 = K, KMO 

tion for Eq. (21) can be written as 

a .(*) "MO\^I - a i e +rphe 

\aMo(z) = rmaieKz + b2t 

where we have defined 

X 

-kz 

K*, and then the solu-

for 0 < z < zx, (23) 

AA = a MO + iS_ MO - I-XMO 
MO 

A - r A-e 

(24) 

(25) 

For the PA section, n± = 0, the system Eq. (21) is not coupled 
and the solution can be written as 

a+A(z) = cie-
s(-z-z^ 

apA(z) = c 2 e H ^ - ^ ) 
, for 2i < z < Z2, (26) 

where 

+ aPA + iSpA - i\PA • (27) 
JPA 

Imposing the boundary conditions to the solutions leads to 
the eigenvalue equation (Eq. (10) in the main text.) 

(1 -r0rmy-KLuo [ ( 1 - r i r p ) e H L p A -pe-
SLpA] 

(rp - r 0 ) e A L « ° [(rm -n)eSLpA -qe-
SLpA] (28) 

where 

p= t i t ' irpr2 +r[r2(l -nrp). 

q= í i í i r 2 + r ^ r 2 ( r m - r i ) . 

(29) 

(30) 

and we have used that z\ = LMo and z2 = LMo + L P A - The 
eigenvalue equation is equivalent to that found in simpler de
vice configurations. Indeed, if one sets r2 = 0, the well-known 
eigenvalue equation for a DFB, is recovered as expected: if the 
output facet reflectivity is strictly zero, the device threshold is 
that of the MO section regardless of the state of the PA section, 
which only provides gain. In addition, setting t[ = 0 (the MO 
is decoupled from the PA) factorizes the eigenvalue equation 
where the first factor provides the eigenvalues of the MO and 
the second one those of the PA Fabry-Pérot structure. The las
ing threshold then corresponds to the lowest threshold of either 
device. 
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