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Frequency Dynamics of Gain-Switched
Injection-Locked Semiconductor Lasers

J. Dellunde, M. C. Torrent, J. M. Sancho, and M. San Miguel

Abstract—The frequency dynamics of gain-switched single- plex than that of a free-running laser, because the relevant
mode semiconductor lasers subject to optical injection is inves- variables intensity, phase, and carrier number are nonlinearly

tigated. The requirements for low time jitter and reduced fre- 4 \h1aq. Instabilities can occur even when the master and slave
guency chirp operation are studied as a function of the frequency

mismatch between the master and slave lasers. Suppression of thefrequen(%Ies are perfECt_ly m_at_Che_d' due to the_depressed carner
power overshoot, typical during gain-switched operation, can be number induced by optical injection. The dc biased slave laser

achieved for selected frequency detunings. exhibits several behaviors depending on the injection level
Index Terms—Chirp modulation, injection-locked oscillators, f';md the frequency m|smatf:h .between the '_[WO lasers, mclgd-
semiconductor lasers, timing jitter. ing steady states [16], periodic self-oscillations [17], chaotic

output [18]-[20], low-frequency fluctuations [21], four-wave
mixing, and frequency conversion [22], among others. The
steady state, in which the slave laser is frequency-locked to
AIN-SWITCHED pulses from single-mode semiconducthe master laser, has received particular attention [16], [23],
tor lasers are used in a variety of applications. In opticf24]. Injection-locking phenomena in semiconductor lasers are
communication systems working at high bit rates, narrow-bawdrrently under active research [25]-[27] due to their potential
spectra under fast current modulation and low time jitter applications.
the detection end are required [1]. Several mechanisms hav®ur aim is to provide a framework where the frequency
been designed to provide such characteristics, including modgnamics of the optically injected laser can be elucidated, in
locking to an external cavity [2], optoelectronic feedback [3the strong dynamical conditions following the laser switch-on.
self-seeding [4], and optical injection [5], [6]. Optical narrowAttention is focused on the ability of the slave laser to lock
band injection, usually from a similar master laser, seemas the master frequency. The paper is organized as follows.
to be the most promising technique for controlled low-jittein Section Il, a transient potential for the field components
single-frequency pulse generation from laser diodes. Whike introduced which is useful to understand the frequency
good performance of the injection-locked lasers at moderatgnamics during the first stages of the light intensity build-
injection levels was early demonstrated [7]—[9], only morap. The relaxation of the slave output to a possible steady
recently the possibility of injecting a considerable amount aftate and the conditions for which the power overshoot and the
light into the active region of the laser structure has allowed feequency chirp can be efficiently suppressed are studied. The
obtain extremely high repetition rates in the pulsed operatidiming information is analyzed in Section Ill, where strong
with narrow spectra and wide eye openings [10]—[13]. links between the turn-on time statistics and the frequency
The frequency dynamics during the turn-on of a solitargynamics appear. Finally, some general conclusions are drawn
semiconductor laser was considered in [14], [15]. In that case, Section V.
the evolution of carrier and photon populations is decoupled
from the phase evolution. The instantaneous frequency follows Il. FREQUENCY DYNAMICS
the carrier dynamics through the linewidth enhancement factor, o
«, responsible for both the linewidth broadening which appe rsUnder optical injection, some amount of the output power

in steady-state operation and the frequency chirp Obse:)anched from a master laser enters the cavity of the slave laser

during current modulation of the laser diode. The dynami@sg the laser facet W'Fh refle_ctlwty%Q. Wh_en a smgle-m_ode
emiconductor laser is considered, the field rate equations for

of an optically injected semiconductor laser is far more conﬁﬁ . . . X .
P yin) the amplitude of the optical field and the carrier number in the
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TABLE | have zero mean and a time correlation giver§yt)¢é; (') =
SEMICONDUCTOR LASER PARAMETERS 25ij5(t _ t/).

Strong injection is considered, and the particular injection
level used in this work iy, = (E,,/Rs)? = 0.04 (R2, is
g differential gain 5.6 10* 571 the light intensity of the solitary slave in the on state). The
final state depends on the driving currény,, the master field

Parameter Meaning Value

losses 410" 57! . .
K amplitudeF,,,, and the frequency detuninjw. Steady states
Ye inverse carrier lifetime 5108571 exist inside a locking range given by detunirigsy| < Awy,
No transparency value for the carrier number 6.8 107 where
B spontaneous emission rate 1.1 10%s7! Awp, = % V14 a2, (6)
S
a linewidth enhancement factor 5
In these steady states, the laser oscillates at the same fre-
3 gain compression factor 0.7 107

qguency of the master laser, and the slave laser is said to be
7 cavity roundtrip time 710712 5 locked The steady-state valudg,,u,, and N, are obtained
by setting to zero the corresponding time derivatives. At
low injection currents, only one steady-state solution exists,
Text coupling losses 1 which is identified as theff solution. Three solutions exist in
general, twoon solutions and one off solution. Only one of
the two on states is linearly stable. Small perturbations to the
numerical values assigned to the parameters are listed in Tedileady-state valueR,, N, andu, are considered in order to
I. The random spontaneous emission processes are modéiedstigate the linear stability of the solutions. The stability
by means of a complex Gaussian white noise tét) of matrix for the solitary laser gives three eigenvalues. One of
zero mean and correlatiof¢(¢)&*(¢')y = 26(¢t — ¢'). We them, corresponding to the phase perturbations, is zero, and
allow for a frequency mismatch between the master laséine other two are conjugate complex numbers. For the slave
with angular frequencw,,,, and the solitary slave laser, withlaser, two eigenvalues of the stability matry, = —I', +14€2,
angular frequency;. This frequency mismatch is considereéand X, = —I', — i€,, are conjugate complex numbers.
in the field rate equations through the frequency detunifithe third eigenvalue)s, is a pure real numbel’, is the
Aw = w, — ws. ky 1S the parameter controlling the injectiondamping constant of the relaxation oscillations, with angular
strength. The injected field,, is affected by power lossesfrequency{?,. WhenT', is positive and\s is negative, the
arising from filtering, mode matchings, and other effectsteady state is stable under small perturbations. The ensemble
different to the losses introduced by the laser facet and arefrequency detunings inside the locking range which lead
considered through the coupling losses parametgr which to stable steady states is callstible locking range The
is always lower than one. The injection strength is then inclusion of gain compression effects in the stability conditions
given as reveals that gain saturation contributes to an increase of
the stable locking range, effectively suppressing relaxation
1 7\/1_}22%“ (3) oscillations. Additional damping and, as a consequence, further
o VR stability can be obtained with a careful selection of the
where 7, is the slave cavity round-trip time. Inputs from 6g_‘requency _detu_ning. The crite_ria for detuning selection are
far-above-threshold biased master laser are considered, so fH4iirated in Fig. 1. The locking range extends beyond 60
E,,, can be reasonably taken to be constant. Injected fields wigiiz- Negative detunings beyond35 GHz show negative
a finite linewidth generally lead to reduced efficiencies [20]€@! parts of the three eigenvalues, leading to stable steady
When the phase or amplitude dynamics of the optical field §§&t€s. The eigenvalues of the solitary laser are included as
under study, (1) can be split in two equations. The optical fieRP!id lines. Detunings exceeding40 GHz lead to damping

Ra facet reflectivity 0.32

krn =

is written asE(t) = R(¢) cildet+u(®d] in (1) to give factors significantly higher than those of the solitary laser.

In the present section, the interest is concentrated on the
drR 1 {Q(N - No) }R relaxation to a steady state following a gain-switch. The laser
dt 2| 14 sR? g is initially below threshold with an injection curreit,. The

28N laser is suddenly switched on by means of an increase of
+ kB, cos(u) + /T + VBNER() (D) the driving current ta’,,. In our numerical simulations},,,
du afg(N = No) is 2.1 times above its threshold valu€,;,. Different turn-
a2 {W - } on situations are analyzed based on the previously described
L E VAN det_uning ranges. Th(_e nonlir_1ear equations describing the laser
— Aw — sin(u) + gt (t). (5) switch-on are numerically simulated by means of a first-order

Euler algorithm, with an integration time step of 0.01 ps. The
u(t) is understood as the residual phase during locked opbras current is taken to b€, = 0.9Cy,. The results are
ation, because the frequency componént has been sub- presented in Fig. 2. The intensity, phase, and carrier number
stracted from the field evolution. Amplitude and field noisetime evolutions at detunings ef30 and—60 GHz are included
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2. Time traces of the normalized intensity, normalized carrier number,
field phase after the laser switch-on. (a) Without light injection, (b) with
light injection and a detuning of30 GHz, and (c) with light injection and

a detuning of—60 GHz.

Fig. 1. Eigenvalues of the stability matrix. (a) Imaginary and (b) real partghd
The solid lines correspond to the eigenvalues of the solitary laser.

and compared to the same evolutions without optical injection.

Intensity and carrier number are normalized according to thghere N, = Ny + /g and G(t) = Gi(t) + iGa(t).
steady-state values of the free-running slave laser. The solit@yiyring the transient and before reaching a significant output
laser exhibits large overshoots following the switch-on, withower, light saturation is not operative and then one can take
a peak power five times above the steady-state output powee= 0 in the field rate equations. The nonlinear terms in the
The field phase is rather erratic and displays a fast dynamiggrier evolution equation can be neglected as well. Under
up to the final steady state. The injected laser with a frequengy¢se reasonable assumptions, the carrier dynamics can be
detuning of—30 GHz shows periodic oscillations because th@dependently solved to give

chosen detuning lies just outside the stable locking range. The c 1

reader will observe, however, that the laser is initially locked N(t)= ==+ —(Cy — Cop)e ", (8)
before the switch-on time. The off solution is stable for low Te o e

injection currents. The laser gets unlocked as time goes ®Ren the time evolution of the field componertts(¢) and

because the I|ght intenSity grows up, and the IOCking ran%(t) can be expressed in terms of the potentiaj
is reduced accordingly [see (6)]. With a detuning 660

GHz, the final state is stable and with a strong damping of (G1, G2, t) = —%g(N(t) — Ny )(G3 + G3)
any small fluctuation. Strong damping during gain-switched + km Ep (G cos[®(1)] + Gosin[@(1)])  (9)
operation is evident as well in Fig. 2(c), where the power .
overshoot is almost completely suppressed. The frequentjh & = Aw — ¢ and the time evolutions of the field
dynamics are rather simple in this case. Both initial and f.ngpmponents turn out to be
states have well-defined locked phaa@sdifferent in general _ dG; OV (G, Ga, 1)
to each other. The phase dynamics undergo a smooth transient E - aa
between the two states, pointing to the fact that the laser is ¢
effectively locked. Only a residual instantaneous frequengyherei = 1,2. Let's closely examine this last expression.
shift remains as a result of the smooth transient. We stress WW#hout optical injection, the extremal values of the potential
fact that a careful examination of the steady states, availasrespond to a state with a vanishing intensity. Below thresh-
by means of standard analytical calculations, is able to preditd there is a potential minimum, showing that the laser is
the more complicated nonlinear dynamics of the laser afthbly turned off because of a negative net gain. The stability
the suppression of relaxation oscillations, which involve th& lost as time goes on and the carrier number approaches
numerical simulation of modified stochastic rate equation&s threshold value, as identified with an increasingly small
The possible suppression of the relaxation oscillations is algetential curvature. The transition occurs at the threshold
shown. time, when a maximum in the potential appears and the zero-
The locking process during the laser turn-on can be uiftensity state becomes unstable. At this stage, any fluctuation
derstood by means of a potential for the components of tiethe photon population originated from spontaneous emission
optical field, valid during the transient. This potential requirds able to trigger the laser switch-on. In this caggt) is
the change to a new reference fraiét) = G(t)ew(t) nothing else but the instantaneous emission frequency of the
solitary laser [30]. It is evident from (7) that the linewidth
enhancement factar linearly couples the frequency to the
carrier number.

(10)

b= S9N () = Nu) ()
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The previously presented picture completely changes in the
presence of optical injection. Stable states with a nonvanishing
intensity can appear even below the threshold of the solitary
laser. The time at which the instability occurs is shifted with
respect to the threshold time of the solitary laser. The most
remarkable result is, however, the rotation with time of the
potential extrema in the comple{G;,G-) plane, with an
angular frequency given b = Aw — ¢ [see (9)]. The
injected field is able to compensate thedriven frequency
shift appreciated in the solitary laser and lock the slave
laser emission to the master frequency. In this way, efficient 8000 =0 0 50 100
frequency locking even under strong dynamic conditions is detuning (GHz)
predicted. Nevertheless, we point to the fact that noise a'rg,d Mean f . q ; h el
phase matchings to the steady states can suppress this pe{,fﬁgi'm ofeﬁﬂe frrzgﬂi?% gifgﬁ?nsn mean frequency chirp {circles) as a
locking in some extent.

In what follows, a more systematic study of the locked ) ]
operation during the whole transient is presented, followid§Ccking range were reported in previous works [12] for current

the method in [14] in order to get a statistical descriptioWOdUIatEd laser diodes. Some results are presented in Fig. 3.

of the frequency dynamics. In single-mode lasers, in spiféeduency locking is identified as a straight line in the mean
of their single-frequency behavior, a broader spectrum {Ffauency versus detuning curve. In the chirp versus detuning
comparison with the steady-state operation can be measufétive: @ plateau is observed, with a chirp as low as 10 GHz
This broadening is caused by the carrier-induced frequen@be solitary laser chlrp value is around 40 GHz). In the present
shift through the linewidth enhancement factorin the gain- €Xample, the dynamical locking range goes approximately
switching process, the definition of the field spectrum requir@M —70 t0 30 GHz. As in steady-state operation, this locking
a given time window. The interest is focused on the transief@19€ iS asymmetric and favorable to negative detunings. The
build-up of intensity, so that the final steady state should QW carrier population, induced by a high intensity level, leads

avoided when evaluating the spectrum. As a compromisetoaa preferred emission at reduced frequencies. The reader will
time ¢, after the first optical pulse of the solitary laser i@ppreciate that the dynamical locking range is broader than the

considered for the time window of the FFT. The transienB!@ble locking range (about 25 GHz). This remarkable fact is
averaged field spectrum is then defined as a result of the whole turn-on process, which include stages of

low intensity and thus allows wide locking regimes [see (6)].

GHz

I ;
Sw:—/ E()E*(0)e™*" dt 11
(w) Cs Jo (EDHEO) > ) [ll. JITTER AND DYNAMICAL LOCKING
where C; is a normalization constant giving In this section, the turn-on time statistics is analyzed in terms
oo of the results obtained in Section Il on the frequency dynamics.
/ |S(w)|? dw = 1. (12) In the solitary laser, the turn-on is triggered by spontaneous
—o0 emission random events, which lead to an important dispersion

of turn-on times and to a broadening of the corresponding
probability density function (PDF). The variance in the PDF

of turn-on times can be considerably reduced when the turn-
) = /+°° w on process is triggered by a deterministic seed instead of the

The normalized field spectrurfi(w) allows the calculations
of relevant parameters, as the mean frequency

S [S(w)? dw (13)

oo 27 random noise. This reduction of jitter in the presence of a
. weak optical field was analytically studied in [5]. The results
and the mean spectrum width were reported as a function of the frequency detuning between
oo 2 the master and the slave lasers. For large detunings, both the
(Av)? = / (% - <V>) 1S(w)]* duw. (14) mean turn-on time and the time jitter turned out to be the same

as for the solitary laser, while small values of the detuning
(Av) is the dynamic equivalent of the linewidth in steadyparameter led to reduced values of that quantities. The lower
state operation. It is usually calladean frequency chirpr values corresponded to a master laser completely tuned to the
simply chirp. In our numerical simulations, the time windowslave emission frequency, and symmetrical detunings around
of the FFT is set tot; = 280 ps and the averages arghe zero value gave the same results for the PDF of turn-on
taken over 16 turn-on events. We say that the laser iimes. Experimental verification of this behavior as a function
dynamically locked when the slave mean frequency is tld the frequency detuning has been reported in agreement
same as the master frequency and the chirp is significantijth the theoretical results [31], [32]. Additional experimental
lower than the solitary laser chirp. Both criteria have tobservations were a linear increase in the SMSR and pulse
be met to elucidate the transient frequency locking. TH®oadening, specially noticeable at high injection levels.
range of detunings giving rise to transient locking define the Under strong injection conditions the analytical approxi-
dynamical locking rangeSimilar definitions of the dynamical mations in [5] lose their validity. An alternative method was
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Fig. 4. (a) Time trace of the normalized intensity after the gain-switching
using a detuning of-70 GHz, outside the locking range. (b) PDF of turn-on
times for the solitary laser (long dashed line), and optically injected lasers detuning (GHz)
with detunings of—60 GHz (short dashed line) and70 GHz (solid line).

Fig. 5. Mean turn-on time (above) and time jitter (below) at two reference

. . . . intensities(Ir, = 0.001). The percentages refer to the steady-state intensity
developed in [33] for lasers with a simpler dynamics (clasgs e solitary laser. Separate points at zero detuning correspond to the values

A), but the more complex dynamics present in semiconductdrthe solitary slave laser.
lasers prevents its direct implementation. Nonlinear effects

arise in the twrm-on of the optically injected slave laser thj ht intensity during the laser turn-on. Peaks in the time jitter

large frequency detunings are forced. A typical example 4 pear at selected detunings. In these turn-on events, the light

depicted in Fig. 4(), where. a rela_t|vely h|gh-peak—pow<? tensity crosses its reference value with an almost vanishing
prepulse appears before the final optical pulse has developﬁa e slope, leading to a higher dispersion of turn-on times

A det_unlng of —70 GHz_ has been used just c_JutS|de thqnven by noise-induced fluctuations.
negative side of the locking range, and the nonlinear effects
are enhanced accordingly. As we mentioned in Section I, if
a detuning value inside the stable locking range is selected, a V. CONCLUSION

smooth transient occurs and prepulses are avoided. The f d . ¢ optically iniected sindl q
The formation of these prepulses can be a source of Iag\?e € frequency dynamics ot oplically Injected single-mode

variances in the PDF of turn-on times if the reference intensi miconductor lasers has been studied during the laser turn-

is chosen to lie near the prepulse intensity peak. This eﬁec%f. A transient potential for the components of the optical field

illustrated in Fig. 4(b), where the PDF is shown to be doubl as _been introduced \_NhiCh qualitatively_describe '_che transient
peaked. On the contrary, choices of the frequency detuni gklng process._A simple Ilnea_r stability ana_IyS|s prowdgs
inside the stable locking range give rise to a lower time jitt gvant information to characterize the_relaxatlon of the gan-
than for the solitary laser. The long tail in the PDF of turn-oﬁW'tChed laser to a steady-state. Transient-locked operation is

times typical of semiconductor lasers without optical injectioﬁ",pprecIatecl inside a dynamical locking range .Of detunings
the consequence of a turn-on triggered by noise, complet ere the mean frequency of the slaye laser is that of the
disappear when a master laser is used to seed the slave. St §t§r laser. '!'he mean .frequency chlrp can be as low as a
optical injection forces the laser to reach the reference intensffy Its numenpal value n the free-running slave laser. T.h's
before the carrier number has crossed its threshold value, gamlcal Ioc.k'lng range 15 broader'than. the stable locking
that the performance of the slave laser is similar to that of'@nge. In addl'tlon, relaxation oscillations in the laser turn-on
semiconductor optical amplifier. can be se_lectlve_ly_ suppressed. . .
Nonlinear effects can also be appreciated at lower values of! he optically |nject§d Iqser operates as a low time jitter
the injection level(I;, = 0.001). The results concerning the SOUrCe. A 80.% reduction in the numerical value of jitter can
mean turn-on time and time jitter are in Fig. 5 as a functiotﬁe achieved if carefully selected values of freque_ncy detuning
of the frequency detuning, at different reference intensitie%nd reference level are used. In order to obtain the above-

The modified rate equations have been numerically solved Sntloned_ performance,_ the master laser must be biased above
averaged over T0turn-on events. The frequency detuning th U qperat|on. . .
gives a minimum in the mean turn-on time curve is general) .Tht-ase conclusions - are  of prac.tlcal mportanc_e whgn
shifted to negative detunings. Considerable reductions in ﬁéecnon-locked Iasgrs are used as light Sources in mtens[ty—
time jitter values, up to 80% those of the solitary laser, can Bréodylated communlg_atlon systems, where the direct detection
achieved by selecting positive detunings. requires a low time jitter.

The choice of several reference intensities gives signifi-
cantly different turn-on time PDF'’s. This is a known effect REFERENCES
also present in class-A lasers subject to strong light injectiof; g p. agrawal,Fiber-Optic Communication SystemsNew York: Wi-
[33] and is a consequence of the nonexponential growth of the ley, 1992.
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