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Abstract. This paper investigates mode dynamics, operatioaracheristics and signal distortions
associated with sinusoidal modulation of semicommludasers. The study is based on intensive
integrations of the multimode rate equation modeke@miconductor lasers over wide ranges of the
modulation frequency and depth. The rate equattake into account both spectral symmetric and
asymmetric suppressions of modal gain. The higlaembnic distortions as well as the half harmonic
distortion associated with the period doubling effere investigated. The study is applied to batbes of
single-mode and multimode oscillations of the nardmiated laser. The obtained results showed tleat th
modulated signal has six distinct waveforms depsndin the modulation conditions; three types have
continuous periodic waveforms and the others haregic pulsing waveforms. The modulated laser is
found to oscillate in a single mode under weak nhtthn where the modulated signal is continuous,
whereas the pulsing signals are associated wittimade oscillation. The higher harmonic distortiaris
single-mode laser are lower than those of two-nlagers, and become serious at modulation frequencie
around the relaxation oscillation frequency. Thekstortions are highest when the laser output is

pulsating and the pulses are superposed by rataxasicillations.



1. Introduction

Semiconductor lasers are key radiation sourcesigitatl and analog optical applications. The latter
include RF fiber links, which are increasingly usied the distribution of radio frequency signals in
mobile communication networks and WLANSs [1]. Lasiéwdes oscillating in single mode are preferable
for these fiber links applications as they achiémeer noise levels, narrower spectral lines andelow
harmonic distortions. In actual fact, single-mogemtion is a matter of approximations. This isduse
even when the side mode suppression ratio (SMSB9 lHigh as 100, competition among the oscillating
modes in the laser cavity may cause unstable dysasich as jittering single mode or multimode
hopping, depending on the operation conditions el as the structure geometry of the cavity [213je
laser may then oscillate simultaneously in morentbae mode which increases the noise level [4] and
enhances the effect of fiber dispersion in the fofrmode partition [5]. The mode competition origfies
from the cross-modal gain suppression, which hasspectral types; namely, symmetric gain supprassio
(SGS) and asymmetric gain suppression (ASGS) [G,/ig former causes symmetric suppression of
modal gain with respect to the central mode ofdhian spectrum. AGS works to increase the gain of
modes on the longer wavelength side of the cemmale while decreasing the gain of the modes on the
shorter side [7]. AGS is a source of mode jumpimgingle mode lasers [3] and multimode hopping in
long-wavelength lasers [8].

Modulation of the laser diode by RF signals in filieks is also a nonlinear effect especially
under large-signal modulation. This modulation bagn shown to induce inconsistence of the time-
domain characteristics of the modulated laser sigith those of the modulating current signal. The
sinusoidally modulated laser signal happens tooméirtuous, but not sinusoidal, or pulsing, and imaye
period doubling [9,10]. These forms have differeaise levels, that may be comparable to the quantum
noise level or may be -40dB/Hz higher [10,11]. @a bther hand, sinusoidal modulation was found in
experiments to convert the single mode oscillattbra laser into multimode oscillation under strong

modulation [12]. Detailed investigations of modengetition and its influence on modal oscillatiorfs o



the both single and multimode lasers are then méddf more understanding the physics of the
semiconductor laser and for controlling its perfanoe under modulation.

Coupled with laser nonlinearities, analog modulatitduces also distortions of the optical signal,
which limits the maximum usable bandwidth of tHeefi link [13], especially when the signal amplitude is
large [L4]. Because of this signal distortion, there is itesly some modulation power at the harmonics
of the modulation frequency and, consequently, aldgfion of the output signal qualityt]] Half-
harmonic distortion may also arise when the moeddlatgnal has period doubling. Nonlinear distoriion
semiconductor lasers has been theoretically andilgirece 1970s1f]. It has been shown that nonlinear
distortion becomes extremely serious at modulati@yuencies around the relaxation oscillation
frequency of the laser [15]. Nonlinear distortidnvarious laser systems under intensity modulatias
experimentally and theoretically confirmed by Y. aand A. Yariv 6. Studying the harmonic
distortions associated with mode competition umdedulation is critical for evaluation of the modtite
performance of semiconductor lasers.

In this paper, we introduce large-signal analysemode competition of semiconductor lasers
subjected to sinusoidal modulation. The associhiglder and half harmonic distortions of the modedat
signal are investigated over wide ranges of the utatidn frequency and depth. Both cases of nearly
single mode and two mode oscillations of the nomhuhted laser are considered and comparison of the
modulation characteristics of the laser under liatbes is given. The analyses are bases on intensive
numerical integration of multimode rate equatiofghe laser including both SGS and AGS of modal
gain. The obtained results show that the modulkteer waveform is continuous periodic signal (CPS),
continuous periodic signal with relaxation oscibas (CPSRO), continuous periodic signal with perio
doubling (CPSPD), periodic pulse (PP), periodicspulvith relaxation oscillations (PPRO) or periodic
pulse with period doubling (PPPD). The laser isvptbto oscillate in single mode when the signal is
continuous, whereas the pulsing signals are chaiaet by multimode oscillation. This range of the
modulation depth of modulated single-mode oscilatis smaller for the two-mode non-modulated laser

than for the single-mode laser. Modulation of th®-tmode laser is associated with wider operating



ranges of the pulsing types than those of the yneargle-mode laser. The higher harmonic distogioh
nearly single-mode laser are lower than those @Frivode lasers, and become serious at modulation
frequencies around the relaxation oscillation fesgry. These distortions are highest when the laser
output is pulsating and the pulses are superpogeeldxation oscillations.

The paper is organized as follows. In the followisgction, the simulation model of mode
competition dynamics and harmonic distortion isrddticed. Section 3 introduces the calculation
procedures of modulation characteristics of therlaSection 4 presents the simulation results ofleno

competition dynamics and distortion. Conclusionthefpresent work appear in section 5.

2. Theoretical model of analysis
The present analysis of mode dynamics of semicdoduasers under modulation is based on the

following multimode rate equation model of the oigd carrier numbek(t) and modal photon number
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whereG; is the gain of modp whose wavelength i&, G, is defined such that the suppression by mpde

itself and both SGS and AGS by other moggsare taken into account [2,3],
Gp:Ap‘Sp‘qule(q) +H po)] S (3)

A, is the linear gainB is the coefficient of self-suppression, dbgl, andH,, are coefficients of SGS and

AGS, respectively. These coefficients are givefihy]:
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In Eq. (4),ais the differential gairg, is the field confinement factok,..is the wavelength at the peak of
the linear gain spectrurA, whose width ish, and Ny is the electron number at transparency. In the
nonlinear gain equations (5)-(7), is the intraband relaxation timB,, is the dipole momenty;s is an
electron number characteriziBy anda is the linewidth enhancement factor. Remainingpeaters ard:
is the injection currenty, is the refractive index of the laser cavity whestume isV and length it p, e
is the electron charges; is the electron lifetime by spontaneous emissang N is the time-average
value ofN(t). The last term in Eq. (2) represents inclusionthef spontaneous emission into the lasing
mode [2].

The central mode=0 with wavelength\, is assumed to lie at the peak of the gain spectamu
the wavelength of the other modes is defined as:

Ap =g+ pAA = O£ 1213, M (8)

where AA =Ag/nD Lp is the modal wavelength separation. The mode ipds)positive for modes lying

on the long wavelength side of the central moade, A,>/A,, and is negative for modes with shorter
wavelengthsd, < Ao. Equation (7) indicates that the AGS coefficielpg, is inversely proportional td, —

Ao Therefore, AGS of modp works to suppress gain of modgs# p with shorter wavelength but
enhance gain of the modes with longer wavelengths.

The sinusoidal modulation is included in the ratpations by representing the time-varying

currentl(t) in rate equation (1) afi(t) by the following sinusoidal form



1(t) =1,{1+ mcod27£, t)} 9)
wherely, is the bias currenin is the modulation depth arfidis the modulation frequency
The frequency content of the modulated laser $igmaletermined by the frequency power
spectrum$& of the fast Fourier transform (FFT) of the tempdrajectory of S(t) This FFT power

spectrum is calculated over a finite peribds
N -jor,|?
St =?‘j0 qt)e dr‘ (10)

wheref=0Q/25r is the Fourier frequency. The relative amplitudag of the peaks of this FFT power
spectrumS and their frequency positions are used to evaliltdnarmonic distortions associated with the
signal modulation. Tha" order harmonic distortion (NHD) is evaluated icibels @B) as the ratio of the

amplitudea, of then™ harmonic to that of the first (fundamental) harioda7):
_ an
nHD (dB)=20log; . (11)
il

When the modulated signal has period doubling gftee half harmonic distortion (HHD) is determined

in similar fashion in terms of the amplitudg, of the peak at the half harmonic frequeifeiy,/2.

3. Procedures of Numerical Calculation

The system of rate equations (1) and (2) are satwederically by the fourth order Runge-Kutta
method using an integration step4if10ps. A large number of 15 modé&4<7) are counted in
the calculations to ensure accuracy of analyzirgrttode competition dynamics. The laser is
assumed to be biased above threshold to negletilmdion of the noisy spontaneous emission
to the laser output. 850-nm AlGaAs laser diodesaaseimed for the present calculations. Typical
values of the parameters of this laser are listedble 1. The relaxation frequeniyf the laser

is determined approximately from the small-sigrdraach as [11]



~ 1 fad)|adte(, _ Ib = Ith [ 1o = lth
fr~2ﬂ\/[vﬂ < (b-14)+8 , } G (12)

wherel=eNy/1; is the current at transparency, andisSthe bias component of the total photon

numberS(t)and is evaluated via the equation

_lb—ln
= (13)
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with I being the threshold current. The output spectréitihe laser that determines SMSR and reflects

the modal oscillation is calculated by averagingtdmporal modal photon numb&t) and constructing
a bar plotting of these average vaIuS_§ versus the mode indgx SMSR of the multimode oscillation is

evaluated as the ratio of the average value ofitimeinant mode to that of the strongest side moudthéd
present work, the condition of single mode osédiais defined as SMSR > 50. The FFT power spectrum

S is calculated numerically via Eq. (10) as

¢ =3[ syeiorar’ =\/§|FFT(s(t))| (14)

4. Results and Discussion

4.1. Relaxation oscillations of non-modulated laser

Mode competition happens to induce single modedlason or oscillation in more than one mode of the
semiconductor laser whose geometry support mult@maoskillations, such as lasers with Fapry-Perot
cavities or VCSELs. In such cases, single moddlagon is virtual, and the laser is said to berhea
single mode laser. The dynamics of such lasersriiepe the operating conditions. Figures 1(a) and (b
plot the laser transients of two-distinct operatiostates of the laser; namely, nearly single-mode
oscillation (=3.0) and two-mode oscillationl£2.01y,), respectively. The figures plot the transient
trajectories of photon numbe&(t) of the strongest oscillating modes and the tokaitgn numbeiS(t)

The figures show the phenomenon of relaxation lasicihs of the intensities of both the oscillatmgdes

and the total output that follow the turn-on deédfect. The temporal competition among the osdailtat



modes to attain the highest gain and contain tber lautput is clear up t=6ns before the laser output
attains steady state values. In general, the congpetodes are those lying on the longer wavelesgta
of the central mode=0, because these modes are supported by higheal gaith due to the AGS that
works to increase the gain of modes with longereienwgths while decreasing the gain of modes with
shorter wavelengths. Figure 1(a) shows that mpde2 becomes the dominant mode and the laser
oscillates dominantly in this mode. On the othemdhdigure 1(b) indicates that both mogest1 and +2
dominates the laser oscillations and carry mosh@faser output.

Figure 2 compares mode competition of both catesarly single mode oscillation (figure 1(a))
and two-mode oscillation (figure 1(b)) in termsté spectra of linear gaiy, and suppressed ga) of
the oscillating modes. The figure shows that thedr gaim, is higher when=3.0I, than wher=2.01l,
due to the higher injection level of the laser. Tigere indicates the asymmetric character of {ecta
of suppressed gai@, around the central moge-0 due to AGS. In the vicinity of the central mode&S
works to increase the gain of longer wavelength8enthecreasing the gain of shorter wavelengths. The
degree of asymmetry is higher whes3.0ly, than whenl=3.0ly,. When[=3.0ly, the gain difference
between the strongest mope+2 and next strongest moge+3 is G.,—G.3=0.002%y,, which results in
the single modgy=+2, oscillation seen in figure 1(a). On the otheand, this gain difference is as small as
G.+1—G.,=0.00004%5, which results in the two-mode oscillation of figul(b).

In the following subsections, we present the dyrmanmaind modal oscillation of the laser at these

two distinct operational states when the laseulgested to sinusoidal modulation.

4.2. Types of laser waveforms and modal oscillatioimnder modulation

The present sinusoidal modulation of the semicotmuaser generates six distinct forms of the outpu
signal. In this subsection, we characterize thégeak types in terms of the signal waveforms of the
modes, the total output of mode intensities, th@ ffEquency power spectra and the associated hacmon
distortion. The characterization is presentedgunré 3 for the case of nearly single-mode osdillativhen

=3l The left hand side column plots the temporaktgry of the total photon numbg(t), the next



column plots the transients of the strongest tluggllating modes, the third column plots the otitpu
spectrum of mode intensities, while the right haie column plots the FFT power spectrGnof the
investigated types of the modulated waveform.

Figures 3(a) — (d) characterize the case of CR&hinh S(t) varies continuously and periodically
with the time variation, as shown in figure 3(aheTfigures corresponds fg=f, andm=0.1. This time
variation becomes sinusoidal under very weak mdiungm<0.05). This type of signals was observed in
experiments by Henery et al. [18] and simulatedbyned and El-Lafi [12]. In this case, the laserpuit
is mainly contained in mode=+2 (SMSR=338) as indicated in the output spectofifigure 3(c). Figure
3(b) shows the sever mode competition among mpd@s+2 and +3 resulting in multimode oscillation
up tot=4ns, after which modp=+2 attains the maximum gain and dominates lasgtatson. The FFT
power spectrun in figure 3(d) is characterized by a sharp peak,and a weak peak af,2 The
associated™ harmonic distortion is 2HD=-1.42dB, while thd Barmonic distortion is 3HD=-35.3dB.

With the increase in the modulation depthn the region of low-frequency modulation, thergai
decreases further under the threshold l&yglaround the valleys of the modulating current slig(i.
This effect results in the CPSRO type as givenhie waveform of figure 3(e). The shown signal
corresponds t&,=0.2; with m=0.4, and was observed also in the experimentseofeky et al. [18] and
predicted by Ahmed and El_Lafi in single-mode lagdrl]. In this case also, the laser output is fgain
contained in mode=+2 (SMSR=280) as indicated in the output spectofifigure 3(g). Similar to figure
3(c) of the CPS type, figure 3(f) shows that thedemoompetition is strong among moge®), +2 and +3
resulting in multimode oscillation up tz4ns, after which mode=+2 attains the maximum gain and
dominates laser oscillation. The FFT specti@inm figure 3(h) is also characterized by a shargkpef,,
and a weak peak af;2 Both 2HD and 3HD are -26.4dB and -28.8dB, respelgt

Under high modulation frequencies, the continuougyying laser intensity exhibits period
doubling, where the modal gain goes far bel®y Therefore, the effect of the turn-on delay is
pronounced in the time variation @&(t) in the form of two unequal peaks. This CPSPD type

characterized in figures 3(i) — (), which corresgdof,=1.4f, andm=1.3. Figure 3(i) shows that the total



photon numbe6(t) has two peaks of different peaks in every two essive periods. The separation of
each two successive similar peaks is equaTig=f./2. In this type, the laser still oscillates in gl
mode, p=+2, but with lower value of SMSR=56.4. This isudtrated in the output and gain spectra of
figure 3(Kk). In this case, figure 3(j) shows thia¢ transient competition among the oscillating nsqefe
2,+2 and +3 continues for longer times than thesa$ CPS and CPSRO and the oscillation amplitdide o
the dominant modp=+2 is much larger. The irregularity of the CPSRDnidicated in the FFT frequency
spectrum figure 3(l) in terms of the pronouncedkgeatf, andf,/2 as well as the higher harmonics.
Therefore this type has half harmonic distortiorH® of 1.37dB, which is much higher than 2HD=-
21.5dB and 3HD=-35dB.

Under rather strong modulation, the continuous ate of the laser Intensity converts to
pulsation due to stronger drop of gain un@grduring the valleys dfft). The uniform time variation is in
the form of PPs, which is characterized in figuten3— (p). In this casd,=f, andm=1.2. Figure 3(m)
shows thatS(t) exhibits uniform PPs. In this case, the drop dhgader threshold is smaller than the
value of the CPSPD type. When the pulse is tootshiois type corresponds to the spike generation
predicted by Lee et al. [19]. Contrary to the caskBgontinuous variation o§(t) the laser output is
contained in several modpsO0, +2 and +3, as shown in figure 3(n), which iatés comparable values of
the oscillation amplitudes of the strongest moddss multimode oscillation is indicated also in the
multimode spectrum of figure 3(0) with SMSR=5.6gulHie 3(p) plots the FFT spectru® which has
peaks af;, and the higher harmonics. In this case 2HD=-0.8dB8 3HD=-8.4dB which are much higher
than those of the CPS type.

Under low-modulation frequencies where the modaokatperiod Ty, is long enough for the
relaxation oscillations to appear, the periodicsptibn is superposed by relaxation oscillations rwhe
strong modulation enhances the turn-on effect. feéi@{q) plots the time characteristics of this CBSR
type whenf,=0.1f and m=1.2. In this case the laser output and the modah gpectrum are
homogeneously distributed among the oscillating @spdand the output spectrum is of a typical

multimode type, as shown in figure 3(s). Figure B{dicates that the strongest oscillating modes, p1
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and +2 have almost equal values during the pulsatad the modes. The FFT frequency spectrum of
figure 3(t) indicates a pronounced peak.a&nd smaller peaks af,, and3f,. The corresponding harmonic
distortions are 2HD=-6.74dB and 3HD=-13.7dB, whéech higher than those of the CPSRO type.

The periodic pulsation happens also to exhibitqeedoubling under strong modulation with high
modulation frequencies. This PPPD type is charaeteéiin figure 3(u) — (x) whem=1.3 and,=f,. Figure
3(u) shows that the pulses $ft) have a pulse every two successive periods, thtégpeak separation is
2T~ f/2. Contrary to the CPSPD type, this type is charametd by spectral homogenous distribution of
modal gain and typical multimode output as showifigare 3(w). The period doubling dynamics were
observed in experiments by Chusseau et al. [9]Hewkery et al. [18] and predicted in theory [11,21].
Similar to figure 3(r) of the CPSRO type, figuresB{ndicates almost comparable values of the steinge
oscillating mode=0, +1 and +2. Figure 3(x) reflects the harmongtattions associated with this type of

the modulated signal. The values of HHD, 2HD an®3tfe -1.56dB, -11.6dB and -11.4dB, respectively.

4.3. fn versusf,,) diagram of modulation dynamics and modal oscillabn
In this subsection, we explore the modulation comd$ that correspond to both uniform laser outpitiy
low harmonic distortions, and non-uniform outpubitder to avoid the associated high signal disiosti
The laser dynamics are simulated over wide randeth® modulation depthm = 0.01-1.5, and
modulation frequency,, = 0.05; — fags, Wherefsge=1.6f [22] is the modulation bandwidth frequency. The
modulation type corresponding to each modulatiomd@mn (m, f,) is then decided as discussed above.
The modulation parameters) andf,, corresponding to each of the investigated mouulatypes are
mapped in thend versusf,) diagram of figure 4. Therefore, each domain ie tliagram encloses
modulation points i versusf,) that reveal the modulated laser output of deseghdype. Figure 4
includes also a contour plotting of SMSR as a fiamcof m andf,, which points out the modal oscillation
of the laser over the entire ranges of modulatmmddions.

The figure shows that at each valuef,gfthe CPS type dominates the range of low values. of

The range o in the region of the CPS type increases with tieeease irf,, At a given value ofn
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within this CPS region, the signal amplitude insesawith the increase fp revealing a peak around the
relaxation frequencf and then decreases with further increadg, iffhis behavior fits the famous small-
signal modulation response [23]. Upftg0.4f,, the increase im converts the CPS type into the CPSRO
type and then to the PPRO type. Within the opegatagion of the PPRO type, the degree of this non-
uniformity increases with the increase nm At rather high values of 0.4#f,<1, strengthening the
modulation converts the CPS type directly into ttiscontinuous PP type, which agrees with the
predictions of Kao and Lin [24]. Therefore, it caa decided that this range fgfcorresponds to uniform
and periodic laser output; it is either CPS or egardless of the relevant rangemofAt a given value of

fr» the pulse width decreases with the increase. iAt higher values of,, whenm increases beyond 1.2,
the period doubling effect appears; it starts wlith CPSPD type and then converts into the PPPD type
Other forms of the PPPD include one pulse (withatau little unequal peaks) every two successive
periods. The degree of this non-uniformity incresaséh the increase im.

The contour plot of SMSR in figure 4 shows tha thser almost operates in single maue2,
when the signal exhibits continuous variation witihne, whether the signal has the CPS, CPSRO or
CPSPD type. However, near the boundaries betweendhtinuous variation and pulsation, the value of
SMSR decreases and the operation converts to nmgdémWithin the operating regions of pulsing
outputs, SMSR decreases remarkably with the inergas), which is associated with an increase in the
width of the spectrum. These results are in goodagent with the experimental observations by ltau e
al. [12] that under strong modulation, the singled lasing spectrum breaks into multimode osailfati
and the envelope width of the spectrum increagedlyawith the increase in the modulation depth.

It is interesting to compare the investigated nlaiilon dynamics with those obtained when
I,=2.01ly, at which the non-modulated laser oscillate in mades as given in figure 1(b). Figure 5 plots
the (mvs.f,) diagram at this bias level. The figure indicaadmost similar modulation characteristics in
figure 4 of the nearly single-mode oscillation bétnon-modulated laser whéyF3.0ly. By comparing
this diagram and the overlying plot contour of SM&ith those of figure 4, we can indicate the foliogy

results of comparison results on the modulatiorrazttaristics between the single and two-mode lasers
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The sinusoidal modulation converts the two-modellasion into oscillation in single mode over thaa
ranges ofm (weak modulation). This range ofi of modulated single-mode oscillation, however, is
smaller than that of figure 4 whey=3.0ly. For example whefy=f;, the single mode oscillation continues
up tom=0.2 for1,=2.01ly, whereas it is up ton=0.6 for [,=3.0ly,. The modulation at,=2.01ly, is also
associated with enlargement of the operating ran§esof the pulsing types at expense of the operating
ranges ofm of the continuously varying signals. The reduci®significant in the operating ranges of the
CPS type. The CPSRO type is seen to extend ovhaehigodulation frequencies, upftg0.6f,, whereas

this upper modulation frequencyfis=0.6f, whenl,=3.0l,.

4.4. Harmonic distortion
Harmonic distortion is one of the sinusoidal motiolaproperties that limit application of semicotir
lasers in radio fiber links3]. In this subsection we investigate dependencéhefhigher harmonic
distortions, 2HD and 3HD, as well as the half-hanioalistortion HHD, on the modulation conditiofgs
andm. Obviously HHD is enhanced when the modulatedaigrhibits period doubling. Figures 6(a) —
(c) plot dependencies of these harmonic distortfonshe case of nearly single-mode oscillationtlos
modulation depthm at three values of the modulation frequerfgy0.1f;, f. and 1.4, respectively. The
figures show that 2HD is higher than 3HD in genenadr the relevant ranges of andf,. Figure 5(a)
shows that in the region of low-modulation frequesgc 2HD increases with the increasenof 3HD
increase also with the increasenirup tom=0.8, above which 3HD decreases little. These distts are
highest within the operating range of the PPRO ,typeer within the range of the CPSRO type and
lowest within the operating range of the CPS tylge increase of 2HD in the regime of the PPRO tgpe
manifestation of an increase in the degree of nafeumity of the PPRO signals.

Figure 6(b) shows that whég=f,,, 2HD and 3HD increase little with the increasenokithin the
operating ranges of the CPS and PP types. In teeatipg range of the PPPD type, 2HD and 3HD
decrease with the increaserof while the half-harmonic distortion HHD increageslarge values. The

figure indicates also that the ranges of 2HD and 3Hl this case are higher than those of the low-
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frequency modulationf,=0.1f,, of figure 6(a). In the region of higher modulatirequency/f.=1.4f,
figure 6(c) shows that 2HD and 3HD increase with iticrease o except within the operating range of
the CPSPD region. The values of 2HD characteriiegCPS type are smaller than those whefi but

are larger than the casefgf0.1f.. The enhancement of harmonic distortions wheth, was reported in
[16,17]. Within the operating ranges of the perdmlbling effect, CPSPD and PPPD, HHD increases
remarkably with the increase of, it reaches levels much higher than those of both 2HD and 3HD. It is
clear also that HHD is higher for the PPPD typentfta the CPSPD type.

The corresponding variations of harmonic distodianth m andf,, when the non-modulated laser
oscillates in two modes € 2.01ly) are given in figure 7. The figures show also D is higher than
3HD over the relevant rangesrafandf,,,. Figure 6(a) of,=0.1f; indicates similar results to the case of the
nearly single-mode oscillation of figure 6(a). Whigaf,, figure 7(b) indicates that 2HD attains values
smaller than those whdig=3l;,, however it varies withm in similar fashion. On the other hand, 3HD
changes within the same range of the cask=d#ly, and in the same fashion except within the range
0.3>m>0.65, where 3HD drops to -37dB wher0.5 and then increases. The half harmonic disiorti
HHD has the same dependencenoas the case of nearly single-mode oscillatiorthénregion of higher
modulation frequencyf,=1.4f, figure 7(c) shows that the higher harmonics 2Hid 8HD and the half
harmonic HHD have values little larger than thokthe case of single-mode oscillation of figure)6fut

they vary withmin similar fashion.

5. Conclusions
We introduced intensive large-signal simulationsnmafde competition dynamics and signal distortions
associated with sinusoidal modulation of semicotmiul@sers. Both higher and half harmonic distorgio
were investigated for both cases of nearly singbelenoscillation and two-mode oscillations. Basimg o
the obtained results, the following conclusionsteaeed.

1. The modulated laser waveform is classified inteeéhtypes of continuous variation with time;

namely CPS, CPSRO and CPSPD, and three pulsing;tyaenely, PP, PPRO and PPPD. The
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classification is independent of the modal osédlatof the laser. The CPS type dominates the
range of low values oim. Whenf,, is low, the increase im converts the CPS type into the
CPSRO type and then to the PPRO type. Whas aroundf,, the laser output is uniform, either
the CPS type or PP type. Whigff, is large withm>1.2, the CPS and PPPD types dominates.

2. Both single and two mode lasers oscillate in simgtele when the signal is continuous, whereas
the pulsing signals are characterized by multimagtgllation. This range of the modulation depth
of modulated single-mode oscillation is smaller floe two-mode non-modulated laser than for
the nearly single-mode laser. Modulation of the-twade laser is associated with wider operating
ranges of the pulsing types than those of the singlde laser.

3. The 2HD values of the nearly single-mode non-maddldaser are smaller than those of the two-
mode laser. HHD is enhanced when the modulatedakigxhibits period doubling, increasing
with the increase of the modulation depth. The éigmarmonics are enhanced when the laser is
modulated around the resonance frequency. The higirenonic distortions are highest when the

laser output is pulsating and the pulses are sopetpbby relaxation oscillations.
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Figure Captions

Figure 1. Simulation characteristics of the non-mlated laser diode: (a) and (b) time variatiorggf) of
the strongest modes, (c) and (d) modal gain arhgity spectrum, (d) and (e) RIN spectra of
the total output and strongest modes, wheh76 and3.0ly, respectively.

Figure 2. The spectra of the linear gajnand suppressed gai) of the oscillating modes when =211
(single mode oscillation) and 340(single mode oscillation). The figure shows thegnametric
character of the suppressed gain

Figure 3. Characteristics of the waveform typeshef modulated signal: (a) — (d) CPS type, (e) — (h)
CPSRO type, (i) — (I) CPSPD type, (m) — (p) PP iy — (t) PPRO type, and (u) — (xX) PPPD
type. The left hand side column plots the temptegectory ofS(t), the next column plots the
transients of the strongest three oscillating mpttesthird column plots the output spectrum of
mode intensities, while the right hand side colututs the FFT power spectrug

Figure 4. (n versusf./f;) diagram of the types of the modulated laser digrreen 1,=31y, (single-mode
laser). A contour plot of SMSR is included.

Figure 5. (n versusf,/f;) diagram of the types of the modulated laser $igieen1,=2.01l, (two-mode
laser). A contour plot of SMSR is included.

Figure 6. Variations of harmonic distortions of thedulated signal when (&F0.1f,, (b)f,~f,, and (c)
f.=1.4f,, for 1,=3.0ly (nearly single-mode oscillation). The types of thedulated signal are
written within the corresponding operating rangesio

Figure 7. Variations of harmonic distortions of thedulated signal when (&)=0.1f,, (b) f..=f,, and (c)
f=21.41, for 1,=2.01lk, (two-mode oscillation). The types of the modulasiéghal are written

within the corresponding operating rangesnof

Table Caption
Table 1. Definitions and values of the parametérnhe AlGaAs laser and fiber link used in the prase

calculations.
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Table 1

Symbol Meaning Value Unit
Laser parameters
A Emission wavelength 850 nm
a Tangential gain coefficient 2.75x1  m’s?
g Field confinement factor in the active layer 0.2 - -
b dispersion parameter of the linear gain ~ 3x10" m°A 2
spectrum
a Linewidth enhancement factor 2.6 -
\Y; Volume of the active region 150x1d m’
Ng Electron number at transparency 2.1%10
oA half-width of spontaneous emission 23 nm
Ts Spontaneous emission lifetime 2.79¥10 s
[Rw?  Squared absolute value of the dipole moment  2.8%10 C?m?
T electron intraband relaxation time 0.1 ps
Ns Electron number characterizing gain 1.7x10
suppression
Lp Length of the active region 300 pm
No Refractive index of the active region 3.6 _
R Reflectivity of front facet 0.3 --
Ry Reflectivity of back facet 0.6 -
G Threshold gain level 3.22x10 st
It Threshold current 15.4 mA
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Figure 1
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Figure 2
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Figure 3
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Figure 4

B SMSR<10 [ll20>SMSR>10 [l 50>SMSR>20 [ ]SMSR>50

T
N e

1.0
0.8

Modulation depth m

04 06 08 1.0 12

Modulation frequency f /f

14

1.6

22



Figure 5

Modulation depth

B SMSR<10 [l20>SMSR>10 B 50>SMSR>20| |SMSR>50

02 04 06 08 10 12 14 16
Modulation frequency f /f

23



Figure 6

Harmonic distortion HD (dB)
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Figure 7

Harmonic distortion HD (dB)
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