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Numerical Modeling of Intensity and Phase Noise
In Semiconductor Lasers

Moustafa AhmedMember, IEEEMinoru YamadaMember, IEEEand Masayuki Saito

Abstract—A self-consistent numerical approach is demon- the instantaneous fluctuations of the intensity and the phase is
strated to analyze intensity and phase noise in semiconductor missed and, moreover, the accuracy of such an analysis is not
lasers. The approach takes into account the intrinsic fluctua- guaranteed under large fluctuations.

tions of the photon number, carrier number, and phase. A new Direct ical int fi f th ¢ fi has b
systematic technique is proposed to generate the Langevin noise irect numerical integration of the rate equations has been

sources that derive the laser rate equations keeping their cross- applied to overcome the limitations of the small-signal analysis
correlations satisfied. The simulation is applied to AlGaAs lasers [13]-[23]. Looking into the dynamic behavior of the photon and
operating in a single mode. The time-varying profiles of the carrier numbers as well as the phase is a merit of applying the
fluctuating photon and carrier numbers and the instantaneous ,merical analysis [13]. The Langevin noise sources affecting
shift of the oscillating frequency are presented. Statistical analysis the phot b . b d the oh h
of the intensity and phase fluctuations is given. The frequency € photon num Qr, carrner number, an € phase ave. mu-
spectra of intensity and phase noise are calculated with help of tual cross-correlations among them. However, most previous
the fast Fourier transform. The importance of taking into account  calculations generally ignored the noise source associated with
the carrier number noise source and its cross-correlation with the the carrier number [16], [17], [20], [23], or assumed artificial
\r/]vci)tlr??hsoc:g%e 22;3§nggﬁzfr:]se§1’;%r2'”ed by comparing our results ¢yoss_correlations without reporting a solid basis for that as-
y ' sumption [14], [15], [18], [19], [21], [22]. An exception is the
Index Terms—Fourier transform, noise, numerical modeling, calculations of D. Marcuse, who reported a model of inten-
se_mlconductor lasers, spontaneous emission, time-domain anal-sity fluctuations in which the Langevin noise sources on the
ysis. photon and carrier numbers are generated with defined auto- and
cross-correlations [24]. However, neither the generation of the
I. INTRODUCTION phase noise source and its cross-correlations to the other sources

I NTENSITY and phase noise on the output of laser diodé@lr at[;pllcanons to calcul;ate n?]lse wter.e trdeated. ical model t
limit their reliability when applied as light sources in optical N NIS paper, we report a sefl-contained numerical modet to

communication systems, optical discs, optical measuring, € _alyze the intensity and phase noise and. broade.nmg of the
The quantum noise corresponds to intrinsic fluctuations in tHQe shape. We demon:;trate anew systematic technique to gen-
photon number, carrier number, and phase that are generft@a&e the Langevin noise SOurces on the photon number, car-
during the quantum interaction processes of the lasing fidl§" number, gnd phagg while keep_mg their auto- anq mu.tual
with the injected charge carriers [1], [2]. Excess noise oss-correlations satisfied. The main idea of the technique is to

generated when other effects, such as the re-injection of li fpresent each of the noise sources in a 3-D space of noncorre-

by optical feedback, amplify the intrinsic fluctuations. Analysi ted sources in analogy to the conventional vector-representa-

of the laser noise-types is necessary for further improvementt@’n' Our technique could be understood as a generalization of

device performance. Theoretically, this is achieved by mathge Method by Marcuse [24]. The time variations of the fluc-

matical solution of the laser rate equations including Langev‘Hat'ng photon number, carrier number and phase are analyzed

noise sources that account for generation of the fluctuatior?sp.d their stati;tics as well. Frequgncy spectra of both intensi.ty
Linearization of the rate equations following the small-signzﬂnd phase noise are calculated with the help of the fast Fourier

approximation brings about the analytical treatment of i ansform (FFT). The noise results are compared with those pre-

problem [3], [4], which was applied in most of the previous ca dicted by the small-signal analysis. Moreover, we pay attention
il 0 examining the importance of including the noise source on the

culations of noise [5]-[12]. However, information concerniné : . ; )
arrier number in the rate equations, as well as its cross-correla-
tion with the noise source on the phase. We do this examination

Manuscript received December 27, 2000; revised August 27, 2001. This we; Comparing our data with those resulting from the approxi-
was supported in part by the Japan Society for the Promotion of Science (JSP.

M. Ahmed is with the Electrical and Electronic Engineering Departmen‘f,n%‘te calculation of ignoring such random processes.

Faculty of Engineering, Kanazawa University, Kanazawa 920-8667, Japan,In the next section, the proposed theoretical model of the nu-
on leave from the Physics Department, Minia University, Egypt (e-maifnerical simulation is presented, which includes formulation of
ahmed@popto5.ec.t.kanazawa-u.ac.jp). . - .

M. Yamada is with the Electrical and Electronic Engineering Departmer{:g,qe laser rate equations and dewsmg a technlque to generate the
Faculty of Engineering, Kanazawa 920-8667, Japan (e-mail: myamada@rrelated Langevin noise sources. In Section Ill, the numerical
tkanazawa-u.ac.jp). L . __ _simulation is given for AlGaAs lasers, and the simulated data

M. Saito is with Kamakura Works, Mitsubishi Electric, Kamakura-shi 247- . . .
8520, Japan (e-mail: Masayuki.Saito@kama.melco.co.jp). are compared with those resulting from other methods. Finally,

Publisher Item Identifier S 0018-9197(01)10047-3. we conclude our work in Section IV.

0018-9197/01$10.00 © 2001 IEEE



AHMED et al: NUMERICAL MODELING OF INTENSITY AND PHASE NOISE IN SEMICONDUCTOR LASERS 1601

[l. THEORETICAL MODEL Equations (8) and (9) show how both the carrier number fluc-
tuations and the random process of spontaneous emission in-

) o o duce the frequency fluctuations. The former effect induces vari-
The electric component of the lasing field oscillating at fretions in the refractive index of the active region which, in turn,

A. Laser Rate Equations

quencyw is expressed by changes the oscillating frequeney
Equations (7) and (8) can be given in terms of the photon
E(r, t) = E()¢(r)e’?™ +c.c. (1) numberS(t) by using the relation [26]
whereE(t) is a slowly time-varying amplitude of the field, and 2e ‘E‘Q = { S+1, for opt?cal emissio_n (10)
¢(r) is its spatial distribution function. Both intensity and phase hw 5 for optical absorption

fluctuations are described by the time variation of the field am-
plitude [10] wheree is the dielectric constant of the active region. In expres-

sion (3) for the gain coefficient, the first tera§ N/V indicates
optical emission, while the second teniN,/V corresponds

= (A-Gu+ jDE+ Ut 2) to optical absorption. Thus, an ecome
% (4-Gu+mE+UM  (2) toopical absorption. Thus, (7) and (8) b
- . ds alN
where A and ¥ are coefficients of the gain and phase change i (A—Gu)S + + Fs(t) (1D
induced by the stimulated emissiofi;, is the threshold gain
level. The terml/(#) is a_compllex function describing the_ rate do _ aal (N =)+ Fy(t) (12)
of change ofF'(¢) due to inclusion of the spontaneous emission . 2V
in the stimulated emission. Mathematically,and A represent
the real and the imaginary parts of the laser susceptibility, aldere
vary with the injected carrier numbé¥ as follows [10], [25]: 4
Fs(t) = i E‘ Re {U(t)e—j@@} (13)
A= (NN, @ and
c‘x/aﬁ Folt) = —Tm {U(t)e‘je(t)} . (14)
v="7(N-N) (4) E

whereN, is the carrier number at transparency, whVigs the  The functions’s(¢) and £ (t) are Langevin noise sources. The
time-averaged carrier number. The parametés the so called mean values of these sources are zero, because the mean value

“linewidth enhancement factor,” and is given by [8], [10] of U(t) is zero as follows:

_ OU/ON
“T 94N

(Fs(t)) = (Fe(t)) = 0. (15)

()

The autocorrelation functions of the noise sources are
By writing the complex field amplitude in terms of the optical

phased(?) (Fs(OFs(t)
8 8 , 22 . o
B — ‘E(t) 0 (6) _ <;_Z> ‘E‘ <Re{U(t)e—je(t)}Re{U(t/)e—gG(t )}>
we obtain the rate equations for the absolute value of the ampli- = Vssé(t—t') (16)
tude and phase as (Fo(t) Fa(t))
- = % <Iln{U(t)e Ja(t)}Im{U(t’)cfje(t,)}>
d ‘E‘ 1 r —j6(t) ‘E
=2 (A= G) |B + Re {0} (@)
” ; = Vaeb(t — t') 17
aa — 1 .
ottt} _ — —36(t)
=Sr(N-N) + Im{U(t)e } )

\E

whereVss andVg are the variances of autocorrelations, and
is Dirac’s delta function.

The fluctuation of the lasing frequenayr(t) is described by Sincel/(?) is a random complex function, we can assume

the variation of the optical phase as

(Re{U(t)e=#® L Re {Ur(t)e=7# )
1 df

Ay = = 2. ) = (m{v@e O m{v@)e®O) . a8
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Using this relation with (10), (16), and (17), we find that The output powe(¢) from the front facet of semiconductor
lasers is given by
Voo — /55 (19) hve  In(1/(R;R))(1 - R;)
4(S+1)? P(t) = . L s(t) (30)

2n.L (1 — \/R;Ry)(1+ /R;/R,)

The cross-correlation betweéfy () andF(¢) should be zero, \yhere

becaus&®e{lU/(t)e 79"} andlm{U/(¢)e7¢®)} are orthogonal, . speed of light in vacuum;
e n., L refractive index and the length of the active region,
(Fs(t)Fp(t)) = 0. (20) respectively;

hv photon energy of the emitted light;
On the other hand, the rate equation of the carrier number £is, £ power reflectivities of the front and back facets, re-

is spectively.
aN — _AS — N + L + Fn(t) (21) B. Constructing Langevin Noise Sources
dt Tso Obtaining explicit forms for the functionBs(t), Fy(t), and
where In(t) is necessary to perform numerical integration of (11),
T, carrier lifetime; (12) and (21). Unless these noise sources are cross-correlated,
I  injection current; we could numerically simulate them with three independent
e electron charge. random generations using their auto-variances in (19), (27), and
The functionFy(¢) is the Langevin noise source on the carrief28). Here, we demonstrate a general technigue to simultane-
number, and is characterized mathematically by ously generate the cross-correlated noise sourgés, Fn (t),
and Fy(t).
(Fx(t)) =0 (22 Equations (11), (12), and (21) are transformed into a new set

of three equations of the photon numbémhase, and a vari-

AN oy
(Fn(OFN () = Vivwo(t — ). (23)  able defined a$S + mé + N (wherek andm are two real
numbers)
The sourceFy (t) is cross-correlated with the photon number
noise sourcé’s(t), as well as with the phase noise soukgét), as _ (A—Gum)S + agN +Fs(t) (11)
which was not considered by previous calculations except the dt Vv
work of Abdulla and Saleh [14] df _ aaf
i (N—N) + Fo(t) (12)
Fs(t)Fn(t)) =Vsné(t -t/ 24 d{kS 6+ N N
(Fs(OFw(#)) =Van8(t =) (24)  dikS +m8+ }:kﬁA—Gmw+“5}
(FN®Fe(t)) =Vyeb(t —1t). (25) dt |
| o tm {"‘—“5 (v — N)}
The relation betweelsy andVyg is estimated by (13), (14), 2V
and (18) with (10) to be { N I}
AS — —+ "
VSN +{]€Fs( )+mFg +FN(t)}
Ve = ———. (26)
2(5 4+ 1) (31)

Generating fluctuations on a quantum number forms \@hen the parametefsandm are defined as
Poisson probability distribution, where the variance is equal

to the mean value. Therefore, the variandés;, Van and k :_VSN (32)
Vs are obtained from the rate equations (2), (11), and (21) as “//SS
[31-[5]. [9] m=——% = 2k(S +1) (33)
Voo
Vss = as (N+N,)+Gul| S+ atN (27) thenoise functiong’s(t), Fo(t), andk Fs(t) +mEe(t) +Fn (1)
4 4 become mutually orthogonal without cross-correlations among
aé N I them so that we can define them independently. The auto-cor-
Vin =37 (N4 NS+ =+ 7 (28)  relation of the new random function is
Voy =—% [(N + N,)S + N]. (29) ({kFs(t) +mFo(t) + Fn(t)}
ARFs(t)) + mEy(t')) + Fn(t)})
The other variances of the generating fluctuation funcipft) = {kVsn + mVyo + Van}6(t — ')

and F(t) are determined via (19) and (26). ={Vnn +2kVsny}o(t — t'). (34)
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Fig. 1. Schematic representation of the mutual correlations among
functions Fs(t), Fo(t), Fn(t), andkFs(t) + mFe(t) + Fn(t). A vector

represents each function. The vedtds(t) + mFy(t) + Fx(t) is orthogonal
to both Fs(¢) and F(t) using appropriate settings dfandm.

TABLE |
VALUES OF THE PARAMETERS USED IN THE PRESENTCOMPUTER SIMULATION
OF A BURIED HETEROSTRUCTUREAIGaAs LASER

Symbol Parameter Value Unit
a Slope coefficient of the gain 2.75x1012  ms?
& Optical field confinement factor 0.2 -

Ny Carrier number at transparency 1.89x10% -
G, Threshold gain level 5.01x101 st
a Linewidth enhancement factor 2 --
A Electron lifetime 2.79x10° 5
n, Refractive index of the active region 3.59 -

Active region volume 75 pm3

L Active region length 300 pm
Ry Power reflectivity of the front facet 0.2 -
Ry Power reflectivity of the back facet 0.7 -

1603

@

Photon number S
Output power P (mW)

10°

2.612x10° | (b}

Carrier number N

2.608x10° ]
2.604x10° |

the 2.600x10"°

12 14 16 18 20

Injection current 1/1

10

Fig. 2. Dependence of the dc values of: (a) the photon nuidiband (b) the
carrier numberV on the injection current. Correspondind.—/ characteristics
are also given in (a) with the right-hand vertical axis.

at the preceding timeé; _; by supposing a quasisteady state
(dS/dt ~ dN/dt ~ 0) during the time intervalA¢, as in the
following equations:

Vas(te) =2 = Nt 2[5 1) +1] @)
Vn(t) =2 |1+ “f;s S(ti_1) M (38)
Van(ts) = =52 [V (- 1)+ Np)S(ts 1)+ N(ti 1)) (39

Vinlt) = sy (40)
V(i) = o) (41)

20501+ 1)

In analogy with the vector notation, the orthogonal functionsy supposingys, gs, andg, to be independent random numbers

Fs(t), Fy(t) andkFs(t) + mFy(t) + Fn(t) can form a 3-D

forming Gaussian probability distribution functions with zero

functional space in which the functidiy (¢) can be represented mean values ofgs) = {ge) = (gn) = 0, and unity variances

as the linear combination

FN(t) = {sz(t) + mFg(t) + FN(t)} - sz(t) - mFg(t)
(39)

which satisfies relations (23)—(25). The idea of orthogonaliza-

tion of the functions is illustrated in Fig. 1.

The delta functions appearing in the auto- and cross-correla-
tion functions are treated in the numerical calculation such that

1
At
0,

(F () Fy(t;)) = Vao(t:), for |t — ¢ < At 36)

for [t —t;| > At

(%) = {g3) = {(g%) = 1 for ensembles of time, the noise
sourcesFs(t;), Fo(t;), andkFs(t;) + mFy(t;) + Fy(t;) are
expressed as

Fs(t) = 509 o, (@2
Pt = sy Ve (43)
k(t) Fs(t:) +m(t) Lo (t;) + Fn(t:)

_ \/Vl\’l\’(tv‘,) + 2A/€t(t7‘,)VSN(t7‘,) . (44)

whereAt = t;4; — t; is the time interval between samplingFinally, we generate the noise sourEg (¢;) by substituting
times oft;_; andt;. SinceS, N, and@ vary with time, the (42)—(44) into (35).

variancesV,; (with « andb standing for any ofS, N or 6)

Thus, we can integrate (11), (12), and (21) using the generated

in (19), and (26)—(29) also vary with time. These variances fatrms of F's(¢;), Fs(¢;), andL'n (¢;), or equivalently the system
sampling timet; are evaluated from the corresponding valuesf equations (19, (12), and (31) with forms (42)—(44).
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Fig. 3. Time-variations of the photon numhbg¢t), the carrier numbelN (¢), and the instantaneous frequency fluctuatidns(t): (a) during transients and
(b) after termination of transients. Characteristics without the noise solkde$, Fy(t), andF'y (t) (dashed lines) are included for comparison. These quantities
fluctuate around their dc values even after the termination of transients.

C. Noise and Spectral Linewidth

Most of the previous calculations of noise were based on
small-signal analysis, which was developed by McCumber RIN =
[3] and applied to semiconductor lasers by Haug [4]. In such

and are calculated over a long time peribrom the equations

P2

an analysis, the time-fluctuating components are transformed
into Fourier frequency components from which the noise

and linewidth are calculated. The small-signal analysis of the

proposed model is shown in the Appendix.

In the present numerical approach, the relative intensity noise FN
(RIN) and the frequency, or phase, noig&N) are evaluated

from the fluctuationss P(¢)(=P(t) — P) and Aw(t), respec-
tively, that result from time integration of (11), (12), and (21)
and using (9) and (30). The spectra of thEN andF'N are orig-
inally defined as the Fourier transform of the auto-correlation

functions

1 e :
RIN = = / SP(t)6P(t 4+ 7)™ dr
7/,

FN = / Av(t)Av(t + T)cj‘” dr
0

(45)

(46)

wherew is the Fourier angular frequency.

1

|-

1 1
T

1
2\ T

T .
/ Av(r)e ™7 dr
0

T ' 2
/ SP(m)e " dr
0

2

/OT [/OOO SP)SP(t + 7)™ dv} dt}

(47)

T o)
_1 / {/ Av(t)Av(t +7)ed“T d’r} dt
T Jo Lo

(48)

The laser linewidth, the full-width at half-maximum (FWHM)
of the single-mode spectrum, is determined from the low-
frequency component of tHéN as [12]

Af = 47TFN|w=0.

(49)
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L 1 1 A

I1l. NUMERICAL SIMULATION AND DISCUSSION

Numerical calculation of the photon numbg(t), carrier 10" - I=151, i
number N (¢), instantaneous frequency shiftv(¢), and the — Small-signal approach
corresponding noise terms are presented in this section. Typical ] |-~ Present numerical approach i

values of AlGaAs laser parameters that appeared in the system
of (11), (12), and (21) are listed in Table I. The corresponding
(L-I) characteristics are plotted in Fig. 2(a) through the
application of (30). The corresponding dc-values of the photon
numberS and the carrier numbeY are also plotted in Fig. 2(a)
and (b), respectively. Applying the fourth-order Runge—Kutta
method using a short time interval aéf¢ = 10 ps was the
means for carrying out the numerical integrations. This small
value of At results in noise sources that approximately describe

RIN (Hz")

a white noise spectrum up to a frequency of 100 GHz(A¢), 10° T T T T

which is much higher than the relaxation frequency [15]. The 100k 1M oM 100M 16 106
integration has been extended to a time period as long as40 Frequency (Hz)

which requires more than 4 million integration steps. (@)

Each of the independent Gaussian random variablgs
ge and gy are generated with the aid of the computer. The
technique for generating the Gaussian random variables is
as follows [27]. Two uniformly distributed random numbers
u; andus ranging between-1 and 1 are obtained from the
computer random number generator. Then, following the
Box—Muller transformation [28], we calculate each of the

. . . N
Gaussian random variables as one of the deviates =
2
(19
v —2logu; cos(2musz)
Jo = or , a=25,N,or6 (50)
v —2loguy sin(27us)
in an alternative way. The generated Gaussian random variables 10°
vary between-5 and 5. 100k 1M 10M 100M 1G  10G

Frequency (Hz)

A. Fluctuations of the Photon and Carrier Numbers and the ®)

Oscillating Frequency

. The time-varying profiles of the photon nu_mlﬁrt)’ the car- Fig. 4. Frequency spectra of: (a) quant®iN and (b) quantun¥N at
rier numberN (¢), and the frequency fluctuatiodsi/(t), calcu- injection currenty = 1.51,,,. The spectra peak around the resonance frequency

lated at an injection currertt of 1.5 times the threshold valuef- and are almost flat in the low-frequency regime. The characteristics are a
. . . ood fit with those calculated by the small-signal analysis.

I, are plotted in Fig. 3(a) and (b) during and after the tef: y 9 y

mination of transients, respectively. For comparison, the corre-

;ponding time variations whe_n ignoring the fluctuation f_uncénd (b). Around the relaxation frequengy, both theRIN and

t':)':js gg(t)£hFe]c(_t), and iN(t% n (1_1)’”512]2_’ and (Zt;) arf(? mt- EN show the pronounced peak that was detected in experiments

gu € tlrr: et |gurest._ S f) Ox]m ILn € igures, the efiect cHBO]—[SZ].AtIowfrequencies,thEN is flatter thanRIN. These
riving the rate equations by the Langevin NOISe Sources s tIg?aracteristics are in good agreement with those determined by

fluctuate these physical quantities around their dc values. T, € small-signal approximation described by (A5) and (A6) in
fluctuations continue with time, even after the transient phff:*ﬁe Appendix

nhomena die away. Tlhe r(gﬁ-mian-slqélug:; o%cheély%t_uatmns OV€hs given in (49), the laser linewidth f is determined by ex-
the Integration time lengtivis about 14.5% of?, whic IS com- tending the calculation dfN to very low frequencietw = 0).
parable to the range observed by Gonda and Mukai [29]. Although this is very difficult when using the short integration
) ) ) ) ) stepAt = 10 ps from the computational point of view, the flat-
B. Intensity Noise, Frequency Noise, and Linewidth ness of thé'N at the low-frequency side enabled us to approxi-
The quantunRIN andFN are calculated via (47) and (48),mately calculate f at frequencies as low as 100 kHz. The cal-
respectively, using the FFT. The effect of transients on calculaulated value at the injection level= 1.51;, isAf = 11 MHz
tions is avoided by counting the fluctuations aftee 35 ns. whichis comparable tothe value 11.9 MHz obtained from (A11)
The simulated spectra of tidN andFN are shown in Fig. 4(a) in the Appendix, based on the small-signal approximation.
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4G+

1=1.051
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100 105 110 115 120 4G ! !

=151,

Output power P(t) (mW)
[3,]

Frequency fluctuations Av(t) (Hz)

=201,

Time (ns)

100 102 104 106 108 110
Time (ns)

(@) (b)

Fig. 5. Instantaneous fluctuations of: (a) the output pair) and (b) the oscillating frequency shiftx/(t) far from the relaxation regime at different injection
currents. The fluctuations are suppressed while their repetition becomes fastef mcesases.

C. Dependence on Injection Current actually suppressed as proved by the higher and narrower prob-

The output powerP(t) and the frequency shift\u(t) at ability distributions at higher currents as shown in Fig. 6(a). The
different injection currentd are shown in Fig. 5(a) and (b). standard deviation of the fluctuations was found to decrease
The plotted fluctuations are far from the relaxation regime. KoM 0.68P near threshold’ = 1.057,, to 0.067P far from
common feature of both variations is that the repetition of tereshold/ = 2.01,;,. Similarly, the fluctuations of the oscil-
fluctuations becomes faster with increasihgvhich indicates 1ating frequencyhi(t) are suppressed and become regular with
an increase of the relaxation frequengy. The dependence increasing current, as shown in Fig. 5(b). This result is also
of the fluctuations on/ is further illuminated by collecting confirmed by the results of the corresponding probability dis-
statistics for bothP(t) and Ar(t). Fig. 6(a) and (b) plot the tributions given in Fig. 6(b). The distribution becomes narrower
probability distributions of P(¢), normalized to the corre- and higherwith increasing Suppression of both power and fre-
sponding dc-power”, and Av(t), respectively, at different quency fluctuations occurs because when the current is far from
injection levels. In these calculations, bdtt) andAw(¢) are threshold, the contribution of the random spontaneous transi-
counted over a long time interval (1s). The probability of tions to the emitted light can be neglected when compared to
P(t) is calculated for powers in the rang¥t): 0 — 2P, while the stimulated transitions and, hence, the emitted light becomes
that of A (¢) is done over the interval ahr(¢): —1 GHz—  more coherent.

1 GHz. The corresponding spectra of tRéN andF N are plotted in

Although Fig. 5(a) indicates an increase in the amplitude &fg. 7(a) and (b), respectively. The variations of noise character-
the power fluctuations with increasing the fluctuations are istics shown are in correspondence with those of the fluctuations
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Fig. 7. Variation of the spectra of: (a) the intensity ndit&N and (b) the fre-
quency nois& N with current!. Increasing causes shift of the peak frequency
Fig. 6. The probability distributions of: (a) the output powe(t) and (b) the and decrease of the noise level.
frequency fluctuationa\v(t) at different injection levels. High and narrow dis-
tributions are shown at high current values.

carrier number shows the highest contribution, while the noise
of P(t) andAr(¢) in Fig. 5. That is, the increase of the repetidue to the cross-correlation 6k () andF;(t) is several orders
tion of the fluctuations with increasingcorresponds to a shift of magnitude lower, and can be neglected in the present model
of the peak frequency of both theIN andF'N spectra toward of intrinsic phase fluctuations. Nevertheless, the latter source
the higher frequency side. On the other hand, the suppressioffifiht be enhanced or suppressed, especially near threshold,
the fluctuations leads to a decrease in the level of RifR and \hen operating with multi-modes or under optical feedback.
FN with I, as shown in Fig. 7. The dependence of the linewidthf on the injection current

Fig. 8 plots the corresponding results of the linewidtlf. s then typically described by the modified Schawlow—Townes
The figure proves the rapid narrowing off with increasing relation [12]

I near threshold [12]. The decreasedf with I matches the
corresponding decrease of th&N shown in Fig. 6(b). Fig. 8 9 9
. - - eG (1 + o)
also plots the corresponding variation of the contributions to Af = Fi IL TN T (51)
the frequency noise and linewidth: namely the carrier number 2m(l = Iy/Ten)(I = Ion)
fluctuations, spontaneous emission, and the correlation of the
Langevin noise sourcey () and Fy(t). The noise due to the wherel, = ¢V N, /7, is the current at transparency.
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\‘/ Af by the small-signal analysis

Af by the present numerical approach e 1=2.0 Im 5

10724 —— Simulation without F,(t)
N B Simulation including F,(t)

Contribution of carrier number ﬂucfuat%on
S

S "
| Pontaneous eMmission cantribution
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30!
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a
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Fig. 8. Variation of the linewidth\ f with current! at a frequency as low
as 100 kHz. The corresponding variations of the mechanisms contributing to . =100 kHz -
broadening of\ f are also shown. The figure shows the rapid narrowind ¢f - — -
o N T B T B Simulation including F_(t) R
with increasingl near threshold. 10 Simulation without FN(Nt)
D. Effect of Ignoring the Carrier Number Noise Source =y o
107 1
=
Henry assumed that the carrier number noise sofkcg) 4

has a negligible contribution to the phase fluctuations [7], [8].
Other authors followed the assumption by Henry, even when 10"
calculating the intensity noise [17], [20], [23]. In this subsection,

we examine this assumption by comparing our results with other

results with the assumption tha, (¢) = 0. 1071 — T T . .

Fig. 9(a) plots the calculateldIN data for both the cases of 0 12 14 16 18 20
Fn(t) = 0andFy(t) # 0atl = 2.01,;,. As found in the figure, Currentl/l,
the characteristics in the high-frequency regime (including the (b)

peak position) are unaffected, while tRéN values are overes- _. o . . .
. . .. Fig. 9. Effect of ignoring the carrier noise sourEe () on the: (a) spectrum
timated at low frequencies when the soufce(t) is ignored. of RIN at7 = 2.01,,, and (b)RIN values at the low frequency of 100 kHz.

The reason behind this effect can be traced to the small-sigh&\ is overestimated whefiy (t) = 0 in the low-frequency regime atinjection
analysis discussed in the Appendix. TREN at low frequencies '€V&'S far from threshold.
in this case is given by

IV. CONCLUSION

1 af—~ 1 2 ) Numerical simulations of intensity and phase noise in semi-
RIN|Fy (t)=0 = Y <7 S+ T_) (F5.) (52) " conductor lasers are demonstrated. A new technique is devised
’ to generate the correlated Langevin noise sources on the photon
and carrier numbers, as well as on the phase of the lasing field.
which does not depend on the cross-correlat{éia.. Fv..}). Simulations of line-shape broadening and its dependence on the
Since (Fs., Fn.) has negative values and then contributes fnjection current are analyzed. The results are in agreement with
reduce theRIN as given in (24) and (29), the assumption athose obtained by small-signal analysis. Contributions of the
Fn(t) = 0 brings theRIN to a larger value. The dependence ofarrier-number noise source and its cross-correlation with the
such a discrepancy in tHRIN on the current in the low-fre- phase noise source to intensity and phase noise are examined
quency regime is illustrated in Fig. 9(b). The overestimatioi@r the first time. Our proposed model will be applied to ana-
of RIN is larger at higher injection levels. Then, inclusion ofyze complicated phenomena under optical feedback with suit-
the noise sourcéy(t) in the rate equations is necessary fogble extensions of the model.
accurate analysis of the noise.

Regarding the frequency noise, we did not find a big differ-
ence between the calculated data. The fluctuation sduce)
may affect the intensity fluctuations more than the frequency Here, we show the application of the small-signal analysis
fluctuations. to calculate the spectral dependence of bothRh¥ and FN.

APPENDIX
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The frequency components of the fluctuation functiéngt), where the noise on the photon number and the carrier number,
Ly(t), andF (t) are defined through the Fourier transform  as well as the noise due to correlation of the fluctuations on the
carrier number and the phase are given, respectively, by
/ Fo.e®tdw (A1) 1 ¢
oo 2y = =] |2 a_
(s2) W{ v +< n

<F5w>

where the symbok stands for each aof, 4, and N. Both the N a_g (§+ 1) <F2 >

photon numbess(¢) and the carrier numbe¥ (¢) are assumed v New

to have fluctuations as , o a£ e
S(t)=5+65(t) =S5+ / S.etdw  (A2a) (A7a)

o2 =t { (o (%) B Jor
(%) )
_2<“V5) S(N N)(FSme}

N{#t)=N+6N(t) =N + / N, dw  (A2b)

and the frequency fluctuations are transformed as

Av(t) = / Av,*t dw (A2c) (A7b)
e - 1 . CL£ N <FSwFNw>
with S, N, andAv,, being the corresponding fluctuating com-
ponents in the frequency domain. The termY” in the denominator is given b
By substituting the above equations in (11), (12) and (21), I ! 'S gV y
and assuming that the fluctuatiofis and.V,, are so small that 1 N
S > S5, andN > N, the equations are linearized for both Y =w?—w? +jw [_ + a_§ S+ ﬁ :} (A8)
the dc components and the fluctuating components so as to the sV Vs

following two system of equations: ) _ o
wherew, is the angular relaxation frequency, and is given by

[“75 (N—N,) - Gth} SHEN=0  (A%) wl=(2rf)?
— aé (N alts — alts —
— —e=(1+—==S5 S+1)(N—-Ng)p.
“—VS(N—NQ)SJFE:{ (A3b) TSV{5< Ty >+ o (S+1( 9)}
7T c
~ ’ (A9)
<Jw + “55) Su— “—VS (5+1)N,=Fs., (Ada)
Vs _ Therefore, the noise is determined by the correlations
as (N = N,) S+ <jw + ags + i) N, =Fy., (Adb) (FauFiw), with e andb standing for eithers, 6, or N, in the
7 Vv Ts frequency domain. These correlations are the frequency compo-
1 (aéa nents of the corresponding correlation functidig (¢) F3,(¢'))
Ar, = o < 2V No+ Fe“) ' (A4c) in the time domain and are determined as the time averages of

their variances

We calculate the dc-value$ and N by solving (A3a) and
(A3b), and then solve the system of equations (A4) for the fluc-
tuation components$,, and N,_,. Both RIN andI'N are then These time-averaged variances are calculated via (19) and
determined with the ensemble averages of the square value§6)—(29) using the dc valuesandN.

<Fa,wau:> = m (Alo)

the fluctuations
2
RIN = < s)
FN = <A1/z,>

= { (5 vz 02) 0 e, Fm}
(AB)

(A5)

Finally, the spectral full-linewidth is determined from the
low-frequency component of tHeN as [9]

Af =4n <A1/g> . (A11)
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