Experimental and Theoretical Analysis of
Self-Pulsation in Distributed Bragg Reflector

Semiconductor Lasers

J. Renaudier*, G.-H. Duan , Senior Member, IEEE, P. Landais!, Member, IEEE,

B. Thedrez, and P. Galliont, Senior Member, IEEE

Abstract

In this article, self-pulsation (SP) in a distributed Bragg reflector semiconductor (DBR)
laser without saturable absorber is experimentally and theoretically investigated. Detailed
presentation of the device structure is given. A complete experimental investigation of the
(SP) has demonstrated phase correlation between the longitudinal modes selected by the
DBR mirror. The origin of the self-pulsation has been investigated theoretically. A model
based on the rate equations of three coupled modes and carrier density has been developed
to study the time evolution of phases and amplitudes of the modes. The carrier density
modulation, resulting from the beating between adjacent longitudinal modes, generates four
wave-mixing. This four-mixing process is responsible for mutual injection locking, leading
to passive mode-locking. The calculated power spectral density of frequency noise derived
from the model is in agreement with experimental results and proves that the phases of the
longitudinal modes are identically correlated through the four-wave-mixing in this type of

self-pulsating laser.
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1 Introduction

In order to improve transmission distance, transparency, capacity and speed of optical networks,
much attention has been paid to investigate practical means for all-optical signal processing,
for example all-optical digital logic functions and 3R (retiming, reshaping and reamplifying)
regenerators [?], [?]. All-optical clock recovery regeneration at 40 Gbit/s and beyond appears to
be a crucial element for future transparent networks. One solution to achieve the regeneration
is an all-optical clock recovery element combined with a Mach-Zehnder interferometer [?]. In
this respect truly all-optical clock recovery is of very high interest as it would supersede the
complicated optoelectronic schemes including: a high speed photo-receiver, a high-Q filter, a
power amplifier and a high speed laser or an integrated laser modulator. Among the different
approaches investigated so far, we can mention in particular the one using self-pulsating (SP)
lasers. Self-pulsation (SP) is a periodic variation of the output power of the laser even though
it is DC biased. For instance, SP has been observed in Fabry-Perot [?], [?], distributed feedback
(DFB) [?]- [?] and distributed Bragg reflector (DBR) [?]- [?] semiconductor lasers. The Fabry-
Perot type SP laser is not convenient for all-optical clock recovery applications, as the wavelength
of the recovered clock is the same as that of the input data. On the contrary, DFB type SP
laser with several configurations has been demonstrated for all-optical clock recovery: phase-
comb [?], [?], active mirror [?], and gain-coupled [?], [?]. Both phase-comb and gain-coupled
DFB SP lasers contain two sub DFB sections and a phase section. Each sub-section has a specific
corrugation step. The self-pulsation originates from the beating between these two longitudinal
modes co-existing in the cavity. However, such type of SP lasers is quite complexe in terms of
fabrication process and behavior.

The other option is the DBR-type laser structure. There are two types of SP DBR lasers:
with [?], [?] and without saturable absorber [?], [?]. In DBR lasers with saturable absorber,

the SP originates from passive Q-switching own to the modulation of absorption. The non-



linearities and characteristic times of semiconductor devices lead to oscillation at frequencies
up to 500 GHz in this type of DBR lasers [?]. In DBR lasers without saturable absorber, the
beating between the longitudinal modes generates a power oscillation under appropriate bias
conditions. All-optical clock recovery at 40 Gbit/s [?] and 160 Gbit/s [?] has been demonstrated
with both types of SP DBR structure. However, nor detailed characteristics of SP DBR without
saturable absorber has been reported so far, neither the origin of SP in such DBR lasers has
yet been clearly identified. The aims of this paper are two-folded: Firstly it is to report on the
design of the SP DBR laser without saturable absorber and its performances as a multimode
laser and a 40 GHz wave generator; and secondly to understand the origin of the self-pulsation
in such a device. This endeavor is carried out experimentally and theoretically.

The paper is organized as follows: Part 7?7 describes the details on the laser structure and its SP
behavior; Part 77 is devoted to experimental characterisation of the phase correlation between
the longitudinal modes; Part 7?7 develops the model, taking into account the evolution of the
amplitude and the phase of the complex electric field of each longitudinal mode. From this
model, the phase correlation of these modes is calculated. A conclusion is finally given at the

end of the paper.

2 Laser description and characterisation

Typical DBR lasers designed to self-pulsate consist of three sections: active, phase and Bragg
sections. The particularity of SP DBR lasers, compared to those designed for other applications
such as tunable lasers, is the need to operate in multimode regime. Thus, the DBR laser
under study, shown in Fig.??, has a short Bragg section of 150 um allowing to have mainly 3
longitudinal modes. The corrugation step of the Bragg reflector is XXnm resulting
to a Bragg wavelength of YY Ynnm. The active section is 900-um-long and consists of six
quantum wells and five barriers of thickness of 8 nm and 10 nm respectively, surrounded by
two separated confinement heterostructure guiding layers of total thickness of 200 nm. The 1.5
pm width of the waveguide was chosen to ensure a single transverse mode of the electric field.

The phase section is 100-um long, with a waveguide width expanding linearly up to the 1.8-um



width in the Bragg section. This section was designed to adapt the optical modes between the
active and the passive optical waveguides. It is kept unbiased for all experiments reported in this
article since it is only used for a fine tuning of the emitted wavelength. The different sections
are electrically isolated (~ 1 MQ) by ion implantation. The injected currents in active and
Bragg sections are labelled I, and Ip respectively. Under large injection currents, such
a DBR laser features a multimode longitudinal spectrum. The beating between these modes
generates SP at frequency given by the mode-spacing frequency :

c
1% =
" 2(ngLa +npLy +npLeyy)

where c is the velocity of light, L,, L, and L.ss are the active, phase and effective lengths [?]
respectively, ng, n, and np being the gain, phase and Bragg group indices respectively.

To characterize SP from DBR lasers, the output light is lunched into a single
mode fiber, passes through an isolator (> 70 dB) to avoid feedback disturbance,
and is then analyzed with a slow response power meter, a 0.07 nm resolution band-
width optical spectrum analyzer and a 50 GHz bandpass photodiode plugged onto
a 300 kHz bandwidth electrical spectrum analyzer (ESA). Fig. 77 shows an example
of multimode optical spectrum for driving DC bias currents of I, = 230 mA and Ip = 120 mA.
The phase section is set to 0 mA. This optical spectrum clearly reveals that the laser operates
with three dominant longitudinal modes separated by about 0.33 nm, corresponding to SP
frequency of 39 GHz approximately. Fig. 7?7 shows the electrical spectrum of photocurrent
observed under the same bias condition than that of Fig. 2. The electrical spectrum is charac-
terized by Lorentzian lineshape centered on a frequency close to 39 GHz, with a full width at
half-maximum of 1.5 MHz approximately.

Fig. 77 shows the wavelength and power of the main optical mode coupled to a single mode
fiber as a function of the active current, with unbiased Bragg section. The threshold current is
estimated at 15 mA, and power saturation due to thermal effects occurs around 225 mA. The
main mode wavelength is red-shifted as the current increases. This is due to the refractive index
temperature dependence. The mode hoppings to a longer wavelength observed at 50 and 170

mA suggest a faster increase of the Bragg wavelength compared to that of the cavity modes, due
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to again thermal effects produced by the active current on the laser cavity.

The evolution of the SP frequency versus the active current above 100 mA is shown in Fig.
?7?7. Values of the SP frequency increase as I, increases. This is still due to the increase
of the detuning between the Bragg wavelength and the central wavelength of the
two dominant modes. The frequency difference of the two main modes is thus the
SP frequency observed. With the increase of the injection current to the active
section, the detuning between the Bragg wavelength and that of the middle of
the two main modes decreases, leading to a shorter effective length, and thus to a
larger frequency spacing between the two dominant modes. Figs. 77 and 7?7 display the
wavelength evolution of the main optical mode as a function of the Bragg current, with an active
current of 200 mA. We can see on these figures the typical phenomenon of mode hopping in DBR
lasers, where the magnitude of each mode jump corresponds to the mode-spacing. In Fig. 77, as
the Bragg current is relatively low, the thermal effects can be neglected. The increase of carrier
density in the Bragg section reduces the effective refractive index of this section, resulting in a
blue-shift of the lasing mode and mode-hopping to shorter wavelengths. In Fig. 77, as the Bragg
current exceeds 50 mA, the main mode now hopes to a longer wavelength. This is attributed
to the red shift of the Bragg wavelength due to the increase of Bragg effective index by thermal
heating.

These distinct behaviors are still observed on Figs. 7?7 and 77, showing the SP frequency as
a function of the Bragg current. One can observe that the SP frequency jumps accordingly to
mode jumps, and between two jumps, the SP frequency decreases on Fig. 7?7 and increases on
Fig. ?77. Again the SP frequency variation is attributed to the detuning variation between the

center of the two main modes and the Bragg wavelength.



3 Experimental demonstration of phase correlation between lon-

gitudinal modes

As demonstrated in the previous section, there is an interplay between the optical spectrum and
the value of optical self-pulsation frequency.

To understand the observed SP phenomenon, each longitudinal mode is individually selected
by a 0.1 nm bandpass filter and its spectral linewidth is measured using a self-heterodyne tech-
nique based on a Mach-Zehnder interferometer. These linewidths are then compared to that
of the SP signal measured on the ESA. Fig. 7?7 shows the spectral linewidths of longitudinal
modes and SP signal as a function of the Bragg current with an active current fixed to 200
mA. This measurement was performed between two mode jumps, see Figure 6(a). It is observed
that the spectral linewidths of the longitudinal modes decrease with increasing current. Such
a decrease was attributed to the decrease of the effective phase-amplitude coupling factor [?].
Since SP is generated by the beating between these modes, the linewidth of the RF signal is
also affected by the increase of Bragg current and follows the decrease of the linewidths of the
longitudinal modes. Furthermore, we can easily see that the linewidth of the RF signal from
SP is always largely narrower than that of the sum of the longitudinal modes as in FP semi-
conductor lasers [?]. The results demonstrates the phase of each longitudinal mode fluctuates
upon spontaneous emission, with a linewidth of the order of several tens of MHz. However, the
reduced linewidth of the SP signal, of the order of MHz, shows that these fluctuations are largely
synchronized. This proves that the self-pulsations observed does not results from a beating at

the level of the photodiode, but it is an intra-cavity phenomenon.

In the following experiment, the active region is biased at 200 mA, the Bragg and phase
sections are unbiased. Using the same experimental setup than that of Part 7?7, the radio-
frequency (RF) spectrum of the photocurrent is measured and it is displayed in Fig. ??7. The
photocurrent features a Lorentzian shape centered at 39 GHz with a full width at half-maximun

of 700 kHz, approximately. The corresponding optical spectrum is shown in the insert. The



laser operates in a three mode regime: the strongest is labelled number 2, and the next modes
respectively on the right and on the left are labelled number 1 and number 3. The other modes,
at least 10 dB lower in power than the third one.

The optical signal is launched into a monochromator acting like a tunable optical bandpass
filter. Setting the bandwidth to 0.5 nm, the monochromator enables to select two pairs of modes,
ie. 1 & 2 or 2 & 3. optical modes. The filtered optical signal is directly led to the photodiode
followed by the ESA to characterize the two-modes beating. Fig. 77 displays the RF spectrum
of the photocurrent representing the beating between modes 1 & 2 that are represented in the
insert. We observe that this spectrum also appears as a Lorenztian shaped signal,
with a maximum peak power largely reduced compared with the one of Fig. 77.
This 25 dB reduction corresponds to the insertion losses due to the monochromator. The mea-
sured full width at half maximum is about 710 kHz, which is close to the spectral linewidth
of the entire SP signal. Similarly, the RF spectrum from the beating component of modes 2
& 3 is shown in Fig. ??7. The insert shows the corresponding filtered optical spectrum. The
full width at half-maximun is about 730 kHz. The Lorentzian shapes generated by the beatings
between modes 1 & 2 and between modes 2 & 3 have the same spectral linewidths. This ex-
periment demonstrates that whole SP of Fig. 9 is composed of at least two beatings with the
same value for RF linewidths. More fundamentally, it demonstrates that phases of modes 1 and
3 are identically correlated to the phase of the mode 2. Since phase noise is at the origin of
spectral linewidth, such measurements proves that the relative phases between adjacent modes
present the same phase noise characteristics, suggesting that the modes are partly correlated

under passive mode-locking (PML) operation.

The next part addresses a theoretical model developed to demonstrate that four-wave-mixing

is largely responsible for phase synchronization under PML in DBR semiconductor lasers.



4 Theoretical model

In order to understand the observed SP, and in particular, to identify the origin of SP in such a
multimode laser, a model has been developed based on the time evolution of multiple optical fields
generated inside the DBR laser. In this model, we consider that the cavity waveguide supports
only the fundamental TE mode with the transverse distribution U(z,y). The monochromatic

wave representing the optical field of the k** mode is expressed as follows:

ex(z,y, 2, t) = Ep(t) exp (—wyt) - Uz, y) - Zi(2), (1)

with the complex amplitude Ej defined as:

Ei(t) = Ag(t) exp (—19x(t)), (2)

where Ay is the slowly time varying amplitude, Z; the longitudinal dependence, wy, the locked
angular frequency and ¢ the instantaneous phase fluctuation. In the case of a laser with M

longitudinal modes, the total electric intensity is given by:

M
ler(z,y,2,t) 7 = Y| Ex() Pl Uz, y) [*] Ze(2) |°
kZIM M
DD (EREf |U(z,y) I Zu(2) 2] (2) exp(iQuit) + c.c.),  (3)
k=1 1>k

where c.c denotes the complex conjugate of the proceeding term, and €, = w; — wg. For
a laser with two uncorrelated modes, a RF signal at the frequency /27 can be observed
by a photodiode, with a spectral linewidth corresponding to the sum of the modes’ spectral
linewidths. In the SP regime, all modes generated inside the laser cavity are passively locked
such that all mode-spacing angular frequencies are fixed to the so-called SP angular frequency

Qgp. By setting Qi = (I —k)Qsp = m&p in Eq. (77), the total light intensity can be written as:

| GT(.TJ,y,Z,t) |2 = €T0($,y,27t) ‘2

M-1/ M
+ ( Z EvE; . |U(z,y) |2 Zk(z)Z,’;m(z)> exp(—wm8spt) + c.c.,

m=1 \k=m++1
(4)

with | e7o(z,y, z,t) |* being the time average photon density, corresponding to the first term of

Eq. (??7). This equation shows that the total light intensity contains the beating terms with



several harmonics.

4.1 Carrier density modulation

The beating between the different modes creates a gain and index modulation through five non-
linear effects in an active semiconductor medium: the carrier density modulation (CDM), the
carrier heating, the spectral hole burning, the two-photon absorption and the Kerr effect [?]. In
the present paper, only CDM will be taken into account, as it is the dominant effect compared
to other four effects for mode spacing of the order of 40 GHz [?]. However, the model presented
here can be easily generalized to take into account other four effects. The origin of CDM in
multimode semiconductor lasers is the interaction between linear gain and the total electric

field, as described by the carrier density rate equation below:

dN(z,y,1) N(z,y,t)

DD o = T (N () — N - ler (.0, (5)

where the electrical field e (x,y,t) is scaled such that |er(x,y,t)|? represents the photon density
of the k¥ mode inside the laser cavity, V is the volume of the active layer, e is the electron
charge, 7. is the carrier lifetime, v, is the group velocity, gq is the differential gain and N, is
the carrier density at transparency.

The mode beating leads to the carrier density modulation of the form:

M-1
N(z,y,t) = No(x,y,t) + Z (N exp(—1mQpt) + c.c.) (6)

m=1
By introducing Eqgs. (??) and (??) in Eq. (?7?), the following expression of the first order for

Ny, is found [?]:

M *
Zk:m—H Ek’Ek—m/PS

N, =| U 2 AN, ANp, = —=(No — Nyiy) -
m | (:n,y)! ms m ( 0 tT) 1+Pt/PS_ZmQSPT'3’

(7)

whith the photon saturation density Ps = 1/(I'vggq7e), and the local photon density P, =
Zkle | U(z,y) |?| Ex |?. Since Qg7 > 1, the term (1 + P;/Ps) can be neglected compared to

1mQspTe. The spatial average carrier density Ny sastisfies the following rate equation:



where the overbar denotes averaging in spatial dimensions. P; is the average photon density,

the linear gain is G = I'vggq(No — Ny), and T is the confinement factor defined as:
d/2  rw/2 2
fd/2fw/2|Uﬂfy |* dxdy

I'=
f f | U(z,y) |? dedy

with w and d being respectively the width and the thickness of the active waveguide.

4.2 Coupled rate equations

CDM leads to a nonlinear gain and refractive index modulation, affecting both the amplitude and
the phase of the lasing modes. Corresponding to our experiments and for the sake of simplicity
and clarity, only three longitudinal modes (M = 3) propagating in the SP DBR are considered in
our approach. We start from rate equations of the k" passively locked mode for semiconductor

lasers including the small-signal expression of carrier density in Eq. (??) [?]:

dEk 1 %
P~ 20— 1)@~ ) —1lof — )
) M—1
—1—5(1 — 10 )vggal'C' ¥ ( Z (AN, Ej—p + AN;Eker)); (10)
m=1

where oy represents the phase-amplitude coupling factor, v, the cavity losses for the k** mode.
The linear gain, G, is assumed constant over the spectral range of the three modes. The occur-
rence of the term (wy, — w,@) accounts for the detuning of the locked angular frequency wy of the

kt" lasing mode from its cavity resonance one w,i. C is the overlap factor, given by:

d w
_ f_Z;Qf u/jQ y) [* difdy 1
T pd/2 w/2 2 ded ( )

It was first introduced by Bogatov [?] and Agrawal [?], and takes into account the influence of
the transverse contribution to non-linear gain.

Eq. (??) is similar to those already developed by Sargent [?] and Shore [?] to describe mode-
locking and coupling in multi-mode lasers. However, in our model, we concentrate on the effect
of carrier density modulation resulting from the beating of longitudinal modes selected by the
DBR mirror to determine the origin of SP. By separating real and imaginary parts of Eq. (?7),

six rate equations are obtained, describing the time evolution of both the amplitude and the
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phase of the three modes:

A, G ag A3 2 5 A3 Az "
. 2<1+19cdm<2PS+OéHPS+ 1+O<HEA—ls1n(w—|—arctanaH) Al—EAl
(12)
dd, _ G A7 A3 72
a9 <1 — VedmH <Ps - E A — EAQ
(13)
dAs G ap A3 A3 A3 Ay V3
a 2<1—19cdm(2p +o Pj —i-\/l—i-oaHFA—Ssm(w—i-arctanaH) A3—5A3
(14)
d¢1 _ i G 1A2 A2 A2 A Y1
ar (Wl_w1)+2(04H—19cdm<2P+P+mp&cos(w+arctana,q) 5
(15)
d ; G A2 A2 ~
% = (W2w2)+2(aH+19cdm<P,iP;3>)22
(16)
dgs .G 142 A2 S AZ A, o
- (w3—w3)+2(06H+19cdm<2P +F+ 1+aHFSA—Scos(¢+arctanaH) -5

(17)

where J.4,, quantifies the effect of carrier density modulation, and v is the relative phase

mismatch, defined respectively as:

C

QpTe

; Y = (2 — ¢1) — (¢3 — ¢2). (18)

ﬁcdm =

Amplitude and phase rate equations do not depend on individual phases but on the relative
phase mismatch 1 and an additional non-linear terms, expressing either energy or phase transfers
between modes. The nonlinear phase-independent terms yield to the gain enhancement of the
mode 1 and gain reduction of the mode 3. The nonlinear phase sensitive terms depends on the
relative phase mismatch . It is worth noticing that, considering three longitudinal modes in
the laser, only beatings at the fundamental pulsation may induce phase transfers. This is the

reason why no term of phase transfer appears in the rate equation of the center field Fs.

4.3 Mutual injection locking and locking bandwidth

The beating process among longitudinal modes modulates the carrier density at multiples of

the frequency mode spacing. This mode spacing varies from one couple of modes to the other
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in the DBR laser because of the dispersion of the effective length in the Bragg grating. The
self-induced carrier density pulsation leads to cross-saturation and FWM through the creation
of dynamic index and gain gratings and generates modulation side-bands that act as optical
injection signals for modes, as shown in Fig. ?7. This effect appears to be a mutual injection
locking phenomenon that reaches equilibrium when all mode-spacing frequencies are locked to

the same value €2, with appropriate power distribution among modes.

To provide more insight into the mechanism of mutual injection locking, the injection optical

fields Ejnj1 and Ejy,j3 can be introduced explicitly expressed by:

Einj1 = pinj1 - €xXp(@ing,1), Einj3 = pinj3 - €Xp(Ping3), (19)
with the injection rate p;y; and the phase ¢;y; 1, defined respectively as:

A% Ay A% Asg
Ping,1 = Gﬁcdm \/ I+ Q%FSIB’ Ping,3 = G'ﬂcdm 1+ a? P, A717 (20)
and
Ginj1 = 2¢2 — ¢1 + arctan ay, Ginj3 = 2¢2 — ¢3 + arctan ay. (21)

2
These terms describe the injection of optical fields of amplitude %Ak (k={1,3}) balanced by
magnitude of non-linear effects G¥cgm/1 + a%{. Introducing injection rate terms in the coupled

rate equations (?7)-(??), we achieve for the amplitudes and the phases the following equations:

dAy . G afg A% A% Pinj,3 . 71
- = 3 (1 + Veam <2Ps + QHE A+ 5 sin(inj,3 — ¢1)A1 — EAI

(22)
4, G A7 A3 72
7T (1 — Vedman (R - Fs As — ?Az

(23)
dAs G ag A2 A3 Pinj,1 . V3
W = 5 (1 — Pedm <2Ps + QHE Az — T Sln(¢zng,1 - ¢3)A3 - ?A3

(24)
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doy i G 1A A3 Pinj,3 7
w (w1 —wy) + Bl (OéH — Vedm (213:’ + Fj - TJ cos(Pinj,3 — ¢1) — 5

(25)
dps i, G A7 A3 V2
. (wz—w2)+2(OéH+19cdm<Ps—Ps D)

(26)
dd)g i G ]. A2 A2 Pm i1 Y3
W = (QJ3 — W3) + 5 (OéH + ﬁcdm <2f’i + Fj —+ 2J COS(¢inj,1 — (153) — ?

(27)

The rate equations for side modes 1 and 3, (??), (??) and (??7), (??) are similar to those
describing an externally injection-locked laser [?]. The only difference with external injection
locking phenomenon is that the injection optical fields are self-generated inside the laser cavity.
These equations really demonstrate that modulation side-bands created by FWM act as internal
injection signal. Fig. 77 shows schematically the mutual injection locking process. For the sake
of simplicity, ws is considered equal to w} in this schematic description. The effect of modulation
side-bands depends on relative power between modes involved (1 and 3 here) through injection
rate terms. Indeed, the stronger is a modulation side-band, the larger is the frequency shift of
the injected mode. This is the reason why the SP frequency is approximately the mode-spacing
frequency between the two main modes. Since this phenomenon of mutual injection locking
enables the shift of modes’ angular frequency from cavity resonance to match the condition
of modes passively locked (w3 — wy = wp —wy = (1), our modelling of passive mode-locking
including CDM is self-consistent.

In order to determine the validity limit of this system of differential equations (??)-(?7?),
the amplitude and phase time-rate derivations are set to zero. Time variables of amplitude
and phase are substituted by their static values written Ag et ¢7. Stationary equations yields
to a relation between relative phase mismatch 1° and initial angular frequency mismatch Aw?
defined as (wh — w!) — (W — wd). Under the SP condition (w2 — w1 = w3 — ws), we obtain the
following expression of initial angular frequency mismatch:

VAR 3 AQAY
Aw' = “———— (pinj1 — Pinj,3) ( 5oL —cos(y?) | - (28)

e
2 2A8
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This expression shows the relationship between the initial angular frequency mismatch Aw’ and
the relative phase mismatch 1°. A limit value of the initial angular frequency mismatch for

passive mode-locking can then be found:

, )
| Aw' |< Vit afy | ping1 — pinj3 | - (29)

If the initial angular frequency mismatch Aw’ exceeds this limit value, passive mode-locking
cannot be achieved. The limit is similar to the locking bandwidth, defined for external optical
injection, and is fixed by the injection rate terms [?]. The phase-amplitude coupling factor may
induce an enhancement of the maximal detuning between initial frequencies. Besides, when one
of the side-modes is stronger than the other, the locking strength increases to induce a larger
frequency shift of the last one, as shown in Fig. ??7. This figure also shows that, by increasing the
photon density inside the cavity (expressed by the ratio A3/Ps), the locking bandwidth quickly
becomes larger than one GHz for any injection power rate. Considering a free spectral range
in the order of 40 GHz for our DBR lasers, such values of locking bandwidth explains why SP

appears as soon as the output power reaches 1 mW in our DBR laser.

4.4 Calculations of frequency noise spectral densities

The instantaneous fluctuations of electric fields due to spontaneous emission induce amplitude
and phase fluctuations around their static values. The study of phase noise characteristic, which
is essential to investigate phase correlation, requires to take such fluctuations into account in
our rate equations using Langevin noise sources Fy,, Fy, and Fy, for amplitude, phase and
carrier density respectively. These Langevin sources are characterized by their spectral densities

as follows [?], [?]:

< Fa (@) Fy (@) > = R;f’ 52— ), (30)
T Tk / RSp !

< Fy(Q) - Fp (V) > = e 5(Q—), (31)

< Fn(Q) - FH(Q)> = % L5(Q - ), (32)

where Ry, is the spontaneous emission rate, d is the Dirac distribution and X denotes the Fourier

Transform of the variable X. After linearization and Fourier transformation of Eqs. (??), (?77?)-
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(?7), including Langevin noise sources, the following equation is achieved for the angular analysis

frequency §2:

5A; Fyu,
5 A, Fy,
6 A3 Fy,
QI =M)- | 66, | = | Fy, (33)
32 Fy,
663 Fy,
5No Fy

where M is 7 X 7 matrix and I the unity matrix. For any values of 2 satisfying the condition that
the determinant of (721 — M) is not equal to zero, the phase fluctuations of the three modes as

a function of the Langevin terms can be written as:

Q= (G -M)"" = <qij> ; (34)

{i.5}el1,6]

the phase fluctuations are given directly by:
~ 7 o~
Sor(Q) = qraziFi(), (35)
i=1

where k varies from 1 to 3, g are the elements of matrix ) and E is equal to F ', fori=1,2,3,
Em for ¢ = 4,5,6 and Fy fori="T. Using the Eq (?7) and the properties of the Langevin
sources, the power spectral density (PSD) of the phase noise of the k" mode can be written as

follows:

Se(Q) = < 30k(Q) - 33(Q) >

7
= gl < B(Q) - F Q) > (36)
i=1

The PSD of frequency modulation (FM) noise can then be obtained using the following relation:

S, () = Q*5,,(Q) (37)

In our numerical calculations, the steady operating points are first obtained by Runge-Kutta

method. The values of parameters used for these calculations are listed in Table ??7. Fig. 7?7
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shows the PSD of FM noise of the three individual modes as a function of analysis frequency
f = Q/2x for an injected active current of 130 mA, which is roughly equal to ten times the
threshold current. The FM noise spectrum the three modes features a peak at the relaxation
frequency measured at 9 GHz. Assuming a Lorentzian shape for longitudinal modes, the spectral
linewidth is given by S b (0)/2m, yielding to spectral linewidths of tens of MHz for each modes.

The PSD of relative phases ¢o1 and ¢35 can be calculated by using the relation:

85, () = 9254, () (39)

Fig. 7?7 shows the FM noise PSD of the relative phases, and the sum of FM noise PSD for
longitudinal modes, for the same biasing conditions as in Fig. ?7. The solid curves describe the
FM noise spectra related to modes 1 & 2, and the dashed ones describe the FM noise spectra
related to modes 2 & 3. A dramatic reduction of PSD of the relative phases from that of the
sum of FM noise PSD of longitudinal modes for low analysis frequencies can be observed. The
calculated values of spectral linewidths are of the same order as those observed experimentally,
shown in Fig. 8. Even more, these theoretical values are identical for ¢2; and ¢32 in a range of
several tens of MHz around analysis frequency, which shows that the correlation level between
phases of modes 1 & 2 is the same than that between phases of modes 2 & 3. This completely
agrees with experimental results in Figs. 77 and 77 proving that modes are identically correlated

in phase by a FWM process.

5 Conclusions

In this paper, self-pulsation in DBR lasers was experimentally and theoretically analyzed. A
detailed characterization of the component was presented. The origin of the self-pulsation in
such components has been clearly identified: the carrier modulation resulting from the beating
of adjacent longitudinal modes selected by the DBR mirror. The theoretical work based on the
rate equations of three modes has been developed to study the time evolution of phases and
amplitudes of the modes passively locked. It is established that four wave-mixing is responsible

for mutual injection locking between lasing modes. It also demonstrates, experimentally and

16



theoretically, that the phases of the longitudinal modes are identically correlated through the
four-wave-mixing in this type of self-pulsating laser. Our analysis can satisfactorily explain the
experimental results obtained from these lasers, and provide guidelines to design high perfor-
mance SP DBRs for all-clock recovery application.
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Table 1: Parameters used for calculations.

Parameters & Unit Symbols | Values
Width [m)] w 1.5 x 1076
Thickness [m] d 0.3 x 1076
Total length [m] L 1.15 x 1073
Linewidth enhancement factor oy 4

Optical confinement factor 0.06
Overlap factor C 0.8

Gain group index Ng 4

Phase and Bragg group indices Ny, NB 3.3
Carrier lifetime [s] Te 1.7 x 107°
Carrier density at transparency [m=3] | Ny, 1 x 10*
Differential gain [m?] a 9 x 10729
Total material losses [em™!] Vint/Vg 15
Spontaneous emission rate [s!] R, 5 x 1012
Self-pulsation frequency [GHz| Qgp/2m | 42
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Figure 1: Schematic of the SP DBR laser.
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Figure 2: Optical spectrum measured for I,= 230 mA and I = 120 mA.
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Figure 3: Electrical spectrum of photocurrent observed in the same experimental condition

than that of Fig. 2
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Figure 4: Wavelength and power evolutions of the main optical mode as a function of the active

region current, with unbiased Bragg section.
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Figure 5: Evolution of the SP frequency versus the active current, with unbiased Bragg section.
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Figure 6: Wavelength evolution of the main optical mode as a function of the Bragg current,

with an active current of 200 mA: (a) from 0 to 50 mA and (b) from 50 to 150 mA.
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Figure 7: Evolution of the SP frequency versus the Bragg current, with an active current of 200

mA: (a) from 0 to 50 mA and (b) from 50 to 150 mA.
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Figure 8: Evolution of the spectral linewidths of longitudinal modes and self-pulsation as a

function of the Bragg current between two mode jumps.
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Figure 9: Radio frequency spectrum of the DBR laser with [, = and Ip = .
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Figure 10: Radio frequency spectrum of: (a) the beating component between modes 1 & 2 and
(b) the beating component between modes 2 & 3. The inserts are the corresponding optical

spectra. The bias conditions are identical than that of Fig.9
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Figure 11: Scheme of mutual injection regime through modulation side-bands from FWM, lead-

ing to passively modes locked at (1.
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Figure 12: Evolution of the maximum initial frequency mismatch Aw?/27 versus the injection

power rate, for different values of the ratio A3/P;.
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Figure 13: Numerical calculations of FM noise spectra for longitudinal modes.
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Figure 14: Numerical calculations of FM noise PSD for the relative phases ¢21 and ¢33, compared

to the sum of those of longitudinal modes.
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