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Abstract—A detailed model is developed for analyzing fiber leads to stable, single mode operation. Experimentally it was
grating external cavity lasers for both static and small-signal also shown that these lasers are stable over further extraneous
modulation conditions. The chip and package parasitics and gecongary feedback [11]. This led to the increase in research
leakage current induced distortion are included. The composite . .
system is solved analytically in the small-signal regime using a ON Strong feedback external cavity (SFEC) lasers for optical
Volterra functional series expansion method. As an application of Communication systems. Several SFEC frequency selective

the model, a thorough analysis of the appearance of nulls close to schemes have been reported in literature, including:
the harmonics of the cavity resonance frequency in the noise and 1) feedback from a grating [13];

modulation spectra is given. We show that the appearance of these . .
nulls can be explained using the interplay of amplitude and phase ~ 2) feedback from a higi@? narrow-band resonator [14];

coupling between laser diode and external resonant cavity. A 3) the feedback from a fiber Bragg grating (BG) reflector

signal flow graph approach is introduced which identifies methods [15].

of minimizing the nulls. In this paper, a detailed analysis of a BG reflector based
Index Terms—External cavity, fiber Bragg grating, modeling SFEC laser is presented, as BG reflectors offer a natural choice

modulation, noise, seimconductor lasers. for obtaining a strong frequency-selectivity in an external
cavity. However, the generality of our theoretical analysis
I. INTRODUCTION means that it is applicable to any of the configurations given

above.

HE PERFORMANCE of semiconductor laser diodes . . . .

L . . . Due to low coupling loss, simplicity of packaging, thermal
is significantly affected by the existance of intention u W coupiing 'mplictty of p ging

. . : tability and low manufacturing cost, fiber grating external
[11-[3] or unintentional [4], [5] feedback from passive eXtemac:f\vity (FGEC) lasers [15]-[18] have attracted much atten-
reflectors. It has been shown experimentally that opti

feedback has a strong influence on the : “fon as sources in wavelength-division-multiplexed fiber-optic
' communication systems. In 1982, Sullivanal.[16] proposed
1) threshold current [3]; FGEC lasers as a means of improving the performance of
2) thg steady state o.utput power [1]. [2], 6]; solitary FP laser diodes. A detailed experimental investigation
3) spmulated and.n0|se emission spectra [7]. [8]: of the above proposal was carried out by Hammieal. [17].
4) linear and nonlinear dynamics of the laser [8]—[10].

i They demonstrated that FGEC lasers could maintain single

Tkach and Chraplyvy [11] were one of the first groups tgyode operation over a wide range of injection currents and
carry out a detailed experimental study of the effect of eXtemt%'mperatures. However, due to the reduction of the small-
feedback on semiconductor lasers, ranging from weak40  gignal bandwidth in FGEC lasers as a result of the increase
dB) to strong (- —10 dB) feedback levels. Besnaetlal. [12] i photon lifetime in the external cavity, these lasers were

extended this study to include low-frequency self-pulsationge; considered useful as directly modulated laser transmitters.
generation of subharmonics of the modulated injection currefterefore. until recently, FGEC lasers found use only in

and splitting of peaks in the modulated spectrum close 10 the, je_|ocking [19] and tunable source applications. However,
external cavity resonance frequency (ECRF). T_hese EXPqHere is currently a growing amount of research in the direct
ments showed that there are five phenomenologically distingt \ 1 -ion of external cavity lasers for generating high-

Ioperlatm_ic_;hreg?'lmtesf, ranging from wefak to slirotng fe%dba(élfficiency microwave and millimeter-wave modulated light for
Evels. e Tirst four regimes are for weax 1o mo era%ﬁlicaﬁons such as optical feeds and control of phased-array

o ol et peedback i sech 2.2 pertefilrs 2] and nartowband subscrvr mulipleed (SCH)
. 9 ' y . sgstems [21]-[23]. The advantage of external cavity lasers over
ranging from RIN suppression to coherence collapse in

chaotic state has been observed within these feedback Ie\? qgventlonal solitary lasers can be explained by _notlng that,
e to resonance-enhancement [23], external cavity lasers can

[10]. In the fifth regime, strong external feedback is useba“ modulated at frequencies much higher than the intrinsic

to control the lasing medium. These studies showed t Xt . . .
feedback from a highly frequency-selective external cav)i'k/andw'dth of sqlltary laser diodes [24] [2(?]' .
Many theoretical models for quantum noise and modulation
Manuscript received November 18, 1996; revised February 18, 1997. response of lasers with feedback have been described in the
The authors are with The Australian Photonics Cooperative Research Cifarature. However many of these models concentrate only
tre, Photonics Research Laboratory, Department of Electrical and Electronic - .
Engineering, The University of Melbourne, Parkville, VIC 3052, Australia. on weak feedback conditions. Ferreirergal. [8] were the
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Fig. 1. Schematic diagram of FGEC laser. AR: antireflective coating; HR: high-reflective coating.

performance under strong feedback conditions. However, theiterference effects, which we show to be critical in predicting
treatment underestimated the importance of including retardeebks and nulls. To characterize the leakage current induced
field components to represent the significant external cavitgnlinear effects associated with fabrication architecture, a
delay. They also excluded chip and package parasitics dmmo-junction diode-leakage-current model [30] is used. By
nonlinear distortion effects. Recently, several other groupsnsidering the linear and nonlinear loading effects, the linear
have conducted research on strong feedback induced effgmgasitic model is modeled as a nonlinear Volterra model [31].
such as bistability, self-pulsations and anomalous spectRikvious detailed studies by Nagaragiral. [25], and Ahmed
behavior including subharmonic generation and the appearagtel. [27], have excluded loading effects.
of narrow peaks centered around the harmonics of the cavityThis paper is organized as follows: In Section Il, we present
resonance in noise and modulation spectra [6], [7], [27]. Thetlee detailed theoretical modeling of FGEC lasers, including
studies emphasised the importance of multiple reflectiopgrasitcs and leakage current effects. In Section Ill, we use
under strong feedback conditions. By considering multipiis model to analyze the resonance spectral peak splitting in
reflections and finite-delay effects due to passive, frequenggise and modulation spectra of FGEC lasers. In this section
selective feedback, Ahmeet al. [27] analyzed the spectrala signal flow graph approach is introduced to explain the
splitting of the intensity modulation (IM) response close to theppearance of nulls in the noise spectrum and modulation
ECRF. However, their theoretical study was not self consistg@sponse. Section IV will summarize the results and conclude
as they did not solve the steady-state equations, simultaneodBl paper.
satisfying gain and round-trip phase conditions. Thus, their
theoretical treatment can be taken only as a qualitative guide
for explaining the experimental results. Ahmetdal. [27] also A schematic diagram of the device under consideration is
excluded noise and nonlinear distortion in their theoreticahown in Fig. 1. It consists of a Fabry—Perot (FP) laser diode
work. Extending a laser model developed by Glasser [28}ith high reflectivity (HR) and antireflective (AR) coated
Nagarajanet al. [29] developed a detailed analytical modefacets. The light from the AR coated facet is coupled to
for explaining noise and modulation response under strotige fiber Bragg grating reflector. The output power is taken
signal feedback conditions. They used a simplified perturbatitiwough the grating. The grating reflectivity is kept low (i.e.,
analysis to take nonlinear distortion effects into accourBragg grating normalized coupling strengtil) to ensure a
However, they ignored the effects of residual intermediateasonably high output power. Fig. 2(a) shows the equivalent
facet reflectivity in their analysis. circuit model for this device. The package parasitics and
In this paper, we develop a detailed model which cdeakage current models are considered in cascaded functional
characterize fiber grating external cavity (FGEC) lasers inclufbrm with an intrinsic composite-cavity laser model to ease
ing packaging parasitics, leakage current induced distortitre modeling task. We develop separate Volterra functional
[30], and intrinsic linear and nonlinear effects resulting frormodels [31] for each of these and cascade them to obtain the
carrier—photon interactions [31]. Our approach is based on tiérd-order Volterrra functional model as shown in Fig. 2(b).
rate equations and is an extension of the multiple reflection, o . )
strong feedback model given by Paek al. [32]. Following A- Intrinsic Composite Cavity Laser Model
the treatment of Rong-Qingt al. [33], multiple reflections  Experimental studies with strong-feedback external cavity
are handled compactly using an assumption of stationarigygsers have shown that they can maintain strong, stable-
of the field components. By stationarity, we imply that theingle mode operation, even under high power operation
outcome is independent of the time reference. The validi[g4]. The reason for strong, stable single-mode operation
of this stationarity argument can be justified by noting thag easily justified for external mirrors having bandwidths
our analysis is only restricted to periodic and nonperioditarrower than the external cavity mode spacing. However,
steady state conditions. However, the treatment of Rong-QiDgerr et al. [35] have recently shown that these results hold
et al. [33], failed to recognize the importance of delayedven for lasers with an external mirror having a bandwidth
laser field amplitude and phase components after multigdé a few external cavity modes. They showed that mode
reflections and these were replaced with first order diffebeating between adjacent modes transfers power between the
entials. By retaining the delayed laser field amplitudes amdodes, leading to a central, dominant mode. The dynamical
phases after multiple reflections, we extend our analysis depects of this mode selection under wave mixing effects
comparatively longer cavities and also retain the delay inducied semiconductor amplifiers have also been investigated in

Il. ANALYTICAL MODEL
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Fig. 2. (a) The equivalent circuit model representation of FGEC laser. (b) Circuit representation is modeled as Volterra functional modets Subscrip
under the transfer functions denote the \olterra functional order.

detail [36]. However, we believe that the actual mechanisosed a Lorenzian profile foH (w) and ignored the carrier
responsible for this experimentally observed strong, singliensity dependence of the gain-peak wavelength. The details
mode operation needs to be further studied in detail befa& H(w) can be found in reference [37]. The importance of
any conclusion can be reached. Considering above reasonsthveesincorporation off (w) can be seen by noting that the side-
limit our study to the single mode case, however the multimoaeode suppression ratio in FGEC lasers depends significantly
case will be investigated in future work. on the detuning between the peak wavelength in the gain
Considering the multipass, strong feedback from the gratisgectrum and the Bragg wavelength of the fiber grating [37].
reflector, the following equations can be used to characteri&e these lasers are capable of operating single mode at high
the temporal evolution of the lasing-dynamical system [32]:powers [34], we have introduced the modified gain saturation

dI term of the form+/1+ 2el. Using a quantum mechanical
ar (@VoH(W)(N = No)/V1+2el - ay, density matrix approach, Agrawal [38], [39] showed that this
+ In(Ry Ro)1r) + 2(Re(In(f))/m)] (1) form of gain saturation term is more realistic compared with
d _ the conventional form(1 + €I), although it is clear that
dat = (w = ws) +0.505p(L'aV, H(w)(N — V) these two forms deviate significantly from each other only
—ar, +In(Ry|Reg|)/7r) + Im(In(f))/7 (2) athigh powers. In our model, the external cavity effects were
AN 4 ) 3 modeled using the lumped feedback parameteGonsidering
P q_VJ — (AN +BN" + ON7) multipass reflections in the external caviff/can be given in
— (TaV, (N - Nt)/\/m)l 3) the following form [32], [33]:
whereI is the spatially ayeraged inteqsity of thg lasing fjeld, Flw)=1+ () Brags (1 - Ry) Z I(t —n)
¢ is the phase of the lasing field atd is the carrier density VR, — I(t)
in the active region. Descriptions of the other parameters _(_\/}77) yn=t
used in these equations are given in Table |. Rar&l. [32] 2 Brags).
and Ahmedet al. [27] have used similar set of equations -exp(—jwnt + j(p(t — nT) — ¢(1))) (4)

to describe external cavity lasers, however, we have alahere rg..., iS the field reflectivity of the Bragg grating
incorporated the spectral profile of the gaif(w). We have seen by the external cavity fields,.,, Can be calculated



PREMARATNE et al. MODELING NOISE AND MODULATION PERFORMANCE OF FIBER GRATING EXTERNAL CAVITY LASERS 293

using coupled mode theory [40]. It is important to not¢he modulation frequency. It has been shown experimen-
that (1)-(4) do not diverge aB, tends to zero, though thetally that chirp improves the stability of the steady state

individual definitions seem to diverge. This can be undeoscillating mode, for certain chirp-orientations [34]. However

stood by observing that in (1), the terta(R,R,)/rr + the qualitative aspects of the modulation response is not
2 Re(In(f))/7r reduces toln(R;|R.g|)/7 and in (2) the expected to change significantly relative to uniform gratings
termIm(1n(f))/7, reduces tdm(ln(r.g))/7r. The parameter with similar bandwidths for high speed modulation. This

ret = Rem exp(j arg(reg)) = VRa2f is the effective reflec- can be understood by considering that due to small signal
tivity of the external cavity seen from the laser diode. Assumeodulation, the operating point on the grating is not going to
that the longitudinal, effective—refractive index variation of thee changed significantly for a grating having a bandwidth of
Bragg grating is given as [41], the order of 0.1 nm. However this result is expected to change
) for long-chirped gratings~10 cm) as the bandwidth will

27
ng(z) =npo + Anpg cos <A_ z+9p (5) become significantly small. The issues of dynamic modulation

B

where ngo is the unperturbed effective index of the fiberstablllty become important for long gratings. Therefore the

small signal analysis given here is not adequate for the analysis

Ar”ﬁnls th(ar:nde?—pertur_bznogéiampltlaude oft_theﬂEArB IS ?f of these gratings. Work is in progress to modify the current
grating corrugation period anés IS the grating pnase at= .,y 1o analyze these lasers with long-chirped gratings.

0. Due to this periodic corrugation, the forward-propagating To analyze the above set of equations in the small signal

laser field £+ is coupled to the back-propagating laser ﬁelgegime, we carry out a perturbation analysis around a steady

ﬁ; moqg? Bragglldlffra::t![(.)n. UbsTg ;)Tl;lpleg ;_Ode tEeorgtate oscillation mode. Steady-state solutions can be found
[40], the inter-coupling relations betwe an can be by solving the above equations self-consistently, considering

written as n gain and round-trip phase conditions. However, due to the
aE - (O‘_B +j5) Et — jre P E~ (6) large parametric space associated with these equations, pertur-
dz_ 2 bation expansion around the steady-state solution introduces

dE _ (a_B +j6)E‘ + jre BT @) unwieldy and complex expressions for further manipulation.

dz 2 Therefore, to simplify the task, we introduce the notation given

where« is the loss coefficient for power in Bragg gratingin Table Il. Using these axiomatic operators, and expanding
% is the coupling strength and is the detuning of the (1)—(8) around an oscillating mode, and retaining up to third-
incident wave frequency from Bragg condition, given byrder terms, we obtain the following set of equations:
6 = (wnpo/c— m/Ap).

This set of equations can be solved analytically to obtain
the reflectivity of the Bragg grating seen from the externg|yy — Z { o(1] )+ o(1] |1a>}

cavity; Notingrgrage = (E1/E™)z=0, We get (8), found at the 5 Lelal pllal

bottom of the page [41], wher8s = 7/Ap,v% = (ap/2+ o(1] o(1]

j6)* + k2 and 73 is the reflectivity of the grating to fiber + Z { [002] |a82>+m|1a82>}
coupling interface as shown in Fig. 1. Noting thaf.,.. is a a=1,3 \F &

complex quantity, it can be written in a polar forms;ag; = Z (1] 0r )+ (1] 192)

|7Brage | €XP(J L7 Brage ). The magnituders,.q«| gives the fre- . plOral T 0] 02]

guency dependent reflectivity, while the phase, .., induces = ) )

different delays (i.e., delay= (9/0w)(£rprags)) to the re- + (1] 10-2)+ o(1] 1113)+|L1) (9)
flected field, depending on the incident frequency. This leads to p0-2] p[113]

the change of effective cavity length with frequency and hencg,,, ©(2] ©(2]

the cavity resonance frequency. We have taken this effecti\?ﬁl2> o a—zl:—?: Pl |a>+a;2 o Oral [0-c)

length variation of the external cavity and the carrier density 9 9 9
dependent variation of the solitary laser effective laser length + p(2] 192) + o(2] 1392) + p(2] 111)

into account in our analysis for the accurate interpretation of P La(%] w[302] p[11]
results. w(2

Although our analysis is limited to uniform gratings, it is +§)|_1<>-,—1J 10 1)+|L2) (10)
interesting to consider chirped gratings as well. Chirping will ©(3] ©(3] ©(3]
lead to the modification of amplitude and phase response = w Z {KJLOéJ |+ olaal |acr)
the Bragg grating’s reflectivity. However, for typical gratings a=13
with around 0.1-nm bandwidth, this modification can only be (3] |aa3>}+ (3] 113)+|L

X ) 3)

expected to affect the steady state operating point because p|aad| p|13]
the grating’s frequency selectivity is low compared with (12)

_ roexp(—j(28sLp +VB))(v cosh(ypLp) — (ap/2 + j6)sinh(ypLp)) — jrsinh(ypLp)

) ray - . . . . 8
"'Bragg vpcosh(ygLp) + ((ap/2+ j6) + jrroexp(—j(28p5Lp + ¥5))) sinh(vp Lp) (8)
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TABLE |

FGEC LASER PARAMETERS
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Parameter  Description Valug Units
c speed of light in vacuum 30x10° ms™!
q electron charge 1602x 107 C
h Plank’s constant 6626x 107 st
k Boltzmann constant 1381x10™ K*
L solitary laser diode length 3000 Hm
w solitary laser diode width 20 Hm
D solitary laser diode depth 02 um
\4 volume of the solitary laser=( LWD) 12x107" m’
L external cavity length 4
L, fibre Bragg grating length 80 mm
A, Bragg grating period 51633 nm
«l, normalised coupling strength of grating 10
N, cffective index of the fibre 15
n, effective index 34
n, group index 3.4
(o] feedback coupling efficiency 1.0
v, group velocity of light in laser medium 8824 %107 ms™!
a,, linewidth enhancement factor ##
o, scattering loss 3000.0 m!
oy grating power-loss coefficient 0.0 m!
r field confinement factor 020

gain cross scction 25x10°7% m’

L gain pcak wavelength 1549.0 nm
AZ, gain spectral width 30.0 nm
A mono-molecular recombination coeff, LOx 10 m’s’
B bi-molecular recombination coeff. 80x 1077 w’s*
Cc Auger recombination coeff. 75%10™ m’s?
R, reflectivity of HR coated facct 05025
R, reflectivity of the intermediate facet ##

r grating-fibre interface reflectivity 0.0

Rep population inversion parameter 22

€ gain saturation factor Lox10™ ?
N, transparcncy carrier density 12x10™ m?
. injection current ## A

C, bond-wire capacitance 023 pF
L, bond-wire inductance 025 nH
R, bond-wire resistance 2.5 Q

C shunt capacitance 150 pF
R serics chip resistance 100 Q
R, homo-junction diode,series resistance 1.0 Q

R, lascr diode resistance in leakage model 0.2 Q

n homo-junction diode inhibiting factor 20

Vs saturated, terminal voltage of the laser 0954

T laser operating temperature 2980 K
I, reverse saturation current of h-j. diode #* A
4% 6.0 mA
T, diffusion time constant 1x10™ s

T external cavity round-trip time i H* s

T, solitary laser round-trip time #it, #* s

o laser operating angular frequency (without feedback) #* rad/s
4] instantaneous angular frequency(with feedback) #* rad/s
key:

## these quantities arc varied in calculations and given in text and in figure captions.
#* these quantities are calculated using details given in text and in appendix.

##, #* combination of above two: depend on the context.

TABLE 1l

Suppose Al{f), Ap(r) and AN(f) represent small fluctuations of average photon density, optical

field phase and average carrier density from an unperturbed statc. We introduce following
. Jations to

actual mode statistics:

11y =[1{r)}y =vaI(e), [2)=2(0)) = Ap(e), [3) = [He)) = TVAN (1)

and postulate the following relations:

1=|0}

|o) =leB), Va.B

0 la) = |0,a) =la(t-7)), V&
dla)=|0a) = %‘:), Ya

(al=le")=la), va

and replace the coefficients associated terms of the form |a---ﬁ) in first order difterential
relations of the form {Bly) =-—+coeff - |a---B)+~--} with more descriptive, differential like form:

ply

p]ﬂﬁj = coeff

Circular-Sum is defined for generally, non-commutable functional arguments of the form

H(ll.---a,)--H(u‘,---a,), with (1 ) circularly arranged arguments as:

(5)
< yon...oq )1 {,...05) =

(.5}

Z[ function value at((al‘___as) = circularly permured(l,...s)))}

(ab.c)
eg: (.,f,,)f (@0)g(B.y) = f{a)gb,0) + f (b)g(e.a) + f(c)gla.b)

where Langevian force§|L,):a« € (1 — 3)} represent the
random fluctuations of intensity, phase and carrier density,
respectively [42]. The associated, quantum-mechanically cal-
culated auto- and cross-correlation relations for these forces
can be written as [42]:

(L)Lt — ) = R, + 1)5(0)

(LB La(t — ) = (La(B)|La(t — ) = 0 (12)
(La(®)| Lot — O))) = § 5(0)

(La(®)|Ls(t — ) = (Ls(B)|Lalt — ) = 0 (13)
(La(®)|La(t — O))) = R6(O)

(L] Ls(t = O)) = (La(®)| L1t - O))) = —R(C)  (14)

where R is the spontaneous emission rate into the cavity and
6(¢) is the Dirac delta function. The detailed expressions of
the perturbation expansion coefficients are given in Appendix
Al. Using the harmonic-probing method [43], the \olterra
functional representation for (9)—(11) has been calculated and
is given in Appendix A2.

1) Intensity Noise:The resonance of the external cavity
also enhances the relative intensity noise (RIN) around the
desired modulation frequency, leading to reduction of the
sensitivity in the optical receiver [29]. A qualitative and
guantitative understanding of RIN performance is therefore
vital. The RIN is defined as the ratio of the mean square
intensity fluctuation to the mean intensity squared of the laser
output [29]. Using the first kernel of the Volterra functional
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expansion, the spectral density of the RIN can be written afor the IMD response relative to the carrier;

R IMD(Q) _ 207 9
= [det(ST) T2 (215]STheSThsl” + 915,85 c laaa R (Linj = Lun)
1

A(0.75T5(2 — AQ,Q — AQ, —Q)
~ St 4 903l + 3 21(512) FI5T5(Q —AQ, Q, -0 — AQ))/T1(€)

17)

where matrix%? = {35 o, B € {1,2,3}} represents the whereT,,; is the average injection currert, is the threshold
value of matrix3;(w), evaluated at angular frequengy(see cyrrent, andm is the modulation index.
Appendix A). The behavior of this expression is studied later

for the detailed characterization of the resonance-peak spectral m
splitting phenomena. '

RIN(Q2)

RESONANCEPEAK SPECTRAL SPLITTING (RPSS)

As an application of the developed model, we investigate
the appearance of narrow nulls close to harmonics of the
cavity resonance frequency in noise and modulation spectra of

Intermodulation distortion (IMD) in semiconductor laser$GEC lasers. This “Resonance-peak spectral splitting (RPSS)”
has long been recognized as a significant performance limitisgaracteristic has been reported by many researchers in the
factor in subcarrier multiplexed systems [44] and is mainlyast [12], [27], [47], [48]. Satcet al. [47] and Besnardet
due to two effects [29]: al. [12] suggested that the excitation of multimodes to be the

1) intrinsic nonlinearity in the carrier-photon interactions;origin of these results. By carrying out detailed theoretical

2) leakage currents and nonlinear loading of parasitics. and experimental investigations, Pet al. [48] argued that

We modeled leakage current effects by incorporating a heemplex relaxation phenomena lead to the observed splitting.
mojunction diode in parallel with the intrinsic laser model. LifRecently, Ahmedet al. [27] conducted extensive theoretical
et al.[30] have given a thorough account on the validity of thighd experimental studies to characterize RPSS in directly
model. Considering the frequency dependency of the nonlindg@dulated grating-coupled external cavity lasers. They related
leakage current model, Volterra functional representations hd{ resonance-peak splitting in IM response to the resonance-
been calculated and are given in Appendix B. Appendi€ak splitting in RIN, and explained the RIN spectral splitting
C gives a \olterra functional representation of the parasit®® being due to two processes:
circuit [see Fig. 2(a)] [45]. Although a linear model has been 1) the translation of low-frequency RIN to high-frequency
considered for the parasitics, the appearance of second and RIN through beating with the high-frequency modula-
third order Volterra kernels can be explained by noting the  tion signal;
nonlinear loading of the intrinsic laser and homojunction diode 2) the resonant enhancement of the relaxation oscillation
models. magnitude.

Our analysis of RIN, however, shows that such beating

C. Small-Signal IM and IMD Response of the Combined Modeg¢tween low-frequency RIN and high-frequency modulation
j;;es not need to be present for the appearance of RPSS.

B. Modeling of Parasitics and Leakage Current

The carrier density, photon density and optical fiel : ; . : ;
phase exhibit complex dynamics governed by the r n this section, we give conclusive evidence to show that

: " SS in noise and modulation spectra result from the complex

equations (9)—(11) and parasitic and leakage current model ™~ o . .
I . .__amplitude-phase coupling interplay between active and passive

responses. Periodical modulation leads to the synchronlzatlr(()ar%onant cavities
of these dynamics. Fig. 2(b) shows the equivalent Volterra '
transfer-function representation of the combined mode]. M and RIN S
Using Volterrra transfer-function cascading theorems [46'?‘,' an pectra
we reduce this system to an equivalent effective transfer-We use the data given in Table | for our simulations. The
function form with first, second and third-order Volterresteady-state light versus curredi~«) characteristic is given
kernels: 71 (w), To(w1,w2) and Tz(wi,ws,ws), respectively. in Fig. 3. This has been calculated by simultaneously solving
Assuming that the photon density to power conversion facttk)—(3) to satisfy gain and round-trip phase conditions for

through the fiber grating i&, the IM (Intensity Modulation) the combined cavity. Because we obtain multiple solutions

response of the combined system can be given as corresponding to possible lasing modes, an optimization algo-
rithm is used to select the mode with the lowest threshold
IM(2) = RT1(2) (16) gain (i.e., the lasing mode). Fig. 3 shows a predominantly

linear L—I characteristic with some irregularity resulting from
where() represents the modulation angular-frequency. Undire mode-hopping between external cavity modes. The mode
resonant modulation schemes, the dominant distortion to thepping can be easily seen in the numerical solution of
IM results from third order intermodulation products falling1)—(3). The oscillation frequency is a smooth function of
within the transmission band. Quantitative measures of th&as current due to the change in the refractive index of
magnitude of this distortion can be obtained by calculating thiee active section. However, if this change in frequency is
IMD relative to the carrier(C. Adopting the criteria used by sufficiently large, the mode frequency is pulled to the next
Nagarajaret al. [29], we can obtain the following expressioncavity mode, which causes mode hopping. Morten al.
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Fig. 6. IM response against frequency offset around cavity resonance har-

[19] have reported experimental results showing similagy ™Monics. Label is harmonic number.

characteristics. Fig. 4 shows the variation of RPSS position

in the IM response for the fundamental resonance of the 4- ) .
GHz cavity considered above. It shows that by varying tffgom the above parameters, the linewidth enhancement factor

injection level, the null can be positioned anywhere on tH&)» @nd external cavity lengtfi..) have a significant effect.
resonance peak, and the null moves from one side of thl§): 7 shows the change of the form of the spectral splitting
peak to the other in the vicinity of the mode hopping regioﬁ?r external cavity lengths 3.75, 4.75, and 7.5 cm. It clearly
Similar behavior has also been observed experimentally [48f1ows that cavity length has a direct effect on the spectral
Fig. 5 shows the IM response around the 4th harmonic 8ilitting shape and depth. Later we will show that this can
the cavity resonance frequency versus bias current. The Rl attributed to the dependence of amplitude-phase coupling
is on the high-frequency side of the peak both above agfiength on the cavity length.
below the mode-hopping region. Similar trends have beenStudies by Ahmecet al. [27] have also shown that it is
detected experimentally in external cavity lasers subject fgcessary to have relatively large intermediate facet reflectivity
strong feedback [49]. Fig. 6 compares the spectra around fdurthe external cavity semiconductor laser (see Fig. 1: AR
harmonics of the cavity resonance. The null moves to lowepated facet intermediate facet) for the appearance of split-
frequencies at higher harmonics and creates a dominant lowiag in the external cavity resonance peaks. Our studies show
frequency peak. that more than 20% intermediate facet reflectivity relative to
Detailed analyzes by Ahmedt al. [27] show that large the external cavity grating mirror peak reflectivity leads to
intermediate-facet reflectivity, poor coupling between activeoticeable RPSS, under normal operating conditions. As a rule
and passive cavities, and a low gain suppression factor, lezdthumb, we classify intermediate facet reflectivity greater
to the enhancement of RPSS. Our simulations show that, aghen 20% of external reflectivity peak as severe-splitting-
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cavity).

favoring (SSF) condition. To investigate the origin of spectral
splitting, we analyzed the RPSS versus under severe-splittigplitude. However, negative feedback due to stimulated
conditions. Fig. 8 shows that whem = 0, RPSS does not €mission modulating the carrier density tends to suppress
occur, although the laser is under severe-splitting-favori@gnplitude fluctuations, especially at frequencies lower than
conditions. Similar results were observed for<0a< 1. the inverse of the carrier lifetime. The equilibrium position of
However whenx is sufficiently high, RPSS begins to appearthese forcing and suppression actions in solitary semiconductor
This is clearly shown in Fig. 9 forv = 2.5. Fig. 10 shows lasers leads to the appearance of the relaxation oscillations.
the gradual appearance of RPSSnaiicreases for a constantFig. 11(a) also shows that fluctuations in field amplitude and
intermediate facet reflectivity of 0.16. carrier density lead to fluctuations in phase or the appearance
To show that the spectral splitting is due to interactior®f chirp in these lasers, as is well known. However, it is
between the field amplitudes and phases in the laser dntgresting to note that in solitary lasers, phase fluctuations
the external cavity, we developed the signal flow diagranase not coupled back to amplitude or carrier fluctuations.
given in Fig. 11 (see [50] for details on signal flow graphs). Now consider the introduction of strong feedback through
Fig. 11(a) shows the inter-relationship between small-sigrah external resonator to this solitary semiconductor laser diode.
field amplitude,AE, field phase fluctuationAe, and small- Fig. 11(b) shows that this coupling of an external resonator to
signal carrier density chang& N, for a semiconductor laser, the solitary laser modifies the previously uncoupled amplitude-
without any external feedback. It shows that small fluctuatiopdhase path. It shows that the external cavity introduces both
in the carrier density leads to small fluctuations in fieldelf- and cross-coupling between amplitude and phase of
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branches of these loops and shows that the cross and self
coupling termsC¢ and S depend explicitly onR,, and
implicitly on « through the steady state oscillation frequency.
They also show that branch gains are weakly dependent on
parameters such as the nonlinear gain saturation facaod
external cavity length... Numerical results show that a low
value of « and low value ofR, leads to the reduction of
gains in the signal flow patAN — Ag — AE}. This

can be clearly seen in Fig. 11(c), which is a simplified, but
equivalent form of Fig. 11(b). It shows that if we eliminate
the path{ AN — Ay — AFE} by making path gain negligible
(i.e., by reducinge and R,) then resonance enhancement
is introduced through the frequency dependence of the path
{AN — Ae — AN}, but the nulls disappear (see Figs. 8-10
and path gains in Appendix D). Therefore, we can clearly
identify that the path{AN — Ay — AF — AN} is
responsible for the null and hence the splitting. By considering
(b) the numerator and denominator dynamics of the above path,
we obtained the following approximate expressions for the
low-side-band (LSB) peaK fisg) [27] and the null(fx)
frequency positions in the IM response of the laser:

inj

C B, 1
v = 7 - CU -
=g |m A, A,
1+,/1-3 B_E
v € {LSB, Null} (18a)
Fig. 11. Signal flow graphs relating carrier density fluctuatiddyv, field
amplitude fluctuationAE and field phase fluctuatiotny. (a) Signal flow .
graph for solitary laser (i.e., without feedback). Note the one-way coupling with
Ay. (b) Signal flow graph with strong external feedback. Note the two-way
cross coupling betweeA £ and Ap; and self-coupling ilAE and Agp. (c) 9
Equivalent form to (b). Ay =2mr + x5, (18b)
B, =2mmy, + m?r? (18c)
L
. . . . . v =1 - Sc 6 v
the lasing field. This amplitude-phase coupling through the X + <n€,L ) LSB,
external cavity introduce three feedback paths for any carrier L.
fluctuation namely{ AN — AE — AN}, {AN — AE — + <n€,L (Se +aCey/1+ 26]5)) onw  (18d)
Ap — AE — AN} and {AN — Ay — AF — 3 3
AN}. The equilibrium state of the fluctuations in these C, = <ﬁ)6LSB,'u + <W)6N,'u (18e)

feedback loops represents the appearance of splitting in the
resonance peaks of th? noise and. mgdulatmn SPeCtra' Tv%serem (m < 6) is the harmonic number of the external
argument clearly establishes that significant amplitude-phase - .

. .. cavity resonance peak, awg, is the Kronecker Delta func-
coupling is necessary for the appearance of spectral splitti ;

ng. . . : .
. . . 1. Expressions folC« and S are given in Appendix D.
This ‘analysis also shows that both amplitagshase and The other parameters are given in Table I. Fig. 12 shows the

phase-amplitude conversions need to be sustained for th.’:k%alytical and simulated results for null frequency versus bias

to occur [see Fig. 11(a) and (b)]. Because the solitary Iasercﬁrrent, while similar results for the LSB peak are given in

predominantly an amplitudephase coupling device, strongry 13 Good agreement between simulated and analytical
phase—>am_phtgde coupling provided Fhrough th(_a PasSIVe EXasyits were observed in both cases. Equations (18a)—(18e) also
ternal cavity is necessary to sustain a significant level gi,yige an qualitative picture of the dependence of splitting

RPSS. on «, Ry, ¢, and L..
We also show that nonzero values of baethand R, are

required for the amplitude-phase coupling leading to splitting

in resonance peaks. Careful observation of Fig. 11(a) aRd IMD Spectra

Fig. 11(b) show that in the small signal regime, the effect In this section, we show that, IMD spectra relative to carrier
of external feedback is to introduce two additional signal flow (i.e.,IMD/C) exhibit complex splitting characteristics under
loops {AN — AE — Ap — AF — AN} and {AN — direct small-signal modulation. The criteria used to calculate
Ap — AFE — AN} to the solitary lasing configuration. IMD/C is similar to the definition by Nagarajaet al. [29]
Appendix D gives the signal flow gains for the constitutivevhich was described in Section II-C in the context of a
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Fig. 12. Null position in resonance-peak splitting of IM response (at funda- Modulation Frequency (GHz)

mental resonance harmonic). This figure shows the accuracy of the (14a)—(

. ) HS) 14. IMDI/C response of FGEC laser with 4-GHz external cavity at
with simulated results.

40.0-mA bias current.

3.9 . . . . in subsidiary peaks tends to decrease. Similar trends were
o + simulated result previously demonstrated for IM and RIN spectra.
3.95% o analytical estimate |

IV. CONCLUSION
3.95

A detailed model for fiber grating external cavity semi-
3.94% 1 conductor lasers has been developed. Leakage current and
parasitic effects are included in this model. To the best

Null Frequency (GHz)

394 of our knowledge, this model represents the first unified
3.93% : study of semiconductor lasers subject to strong feedback for
& 8 ° o o o steady-state and periodically modulated (small-signal) condi-
39% o tions which includes noise and distortion effects. The compos-
3.924 ite system, consisting of external fiber grating cavity, solitary
laser diode, chip and package parasitics, and leakage current
3.95; 0 35 20 e 50 induced nonlinearity was solved analytically in the small-

signal regime using a \olterra functional series expansion
method. We used this model to analyze the appearance of
Fig. 13. LSB peak position in resonance-peak splitting of IM responggarrow peaks close to the harmonics of the cavity resonance
(at fundament_al resonance harmonic). This figure shows the accuracyfroequenCy in the noise and modulated spectra. We showed that
(14a)—(14e) with simulated results.

experimentally observed characteristics such as a variation of

null position with dc-bias current. Our simulations showed
Volterra function formalism. Fig. 14 shows the IMD responsgat the form of the modulation spectrum is dependent on
for a 4-GHz FGEC laser, for the data given in Table I. It showghich harmonic is being used. Detailed simulations of IMD
the appearance of splitting close to 4 GHz, and a trend for t§gowed that IMD spectra experience more complex splitting
enhancement of low frequency pseudopeaks as the frequepgiterns than the IM and RIN spectra. However as with the
increases to the second cavity resonance harmonic (i.e.M8and RIN spectra, these complex splitting characteristics
GHz). It also shows the subsidiary peaks spaced between §heMD spectra reduce around higher harmonics. A detailed
cavity resonances. These subsidiary peaks have no importaggglanation using signal flow graphs was given showing that
to practical resonance transmission schemes because thet@e&ppearance of narrow peaks and nulls close to the external
limited to narrow-band transmission around cavity resonanggvity resonance harmonics in the noise and modulation spec-
peaks. Nagarajaet al. [29] have explained the appearance ofra results from complex amplitude-phase coupling between
the subsidiary peaks in greater detail. Fig. 14 also shows agtive and passive resonant cavities. We identified that both
enlarged view of IMD response close to 4 GHz. It shows thgie linewidth enhancement factor and residual facet reflectivity
RPSS appears as double nulls for the fundamental resonamegd to be minimized in order to reduce these spectral splitting
At higher frequencies, it is clear that the lower frequengyhenomena, and have presented analytical formulae to quantify
peaks around the fundamental resonance are enhanced, whidér effect.

the high frequency peak is suppressed (see enlarged view

around 8 GHz). This same trend was previously observed in APPENDIX A

the IM and RIN spectra (see Figs. 5 and 6). Fig. 14 also showdn this appendix, we outline the procedure for obtaining
that as the harmonic number increases, the spectral splittWgterra kernels for composite, intrinsic laser rate equations.

Bias Cumrent |, (mA)
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1. Perturbation Expansion Coefficients +Tav, dféf)ws) (Ns — Nt)/ (17 2¢l3)
S
1 dH (w
&
= -I H Ng — NI
o) < caVyH (ws)(Ns = Ne)ls / o2 _ . dH(ws) / oy
(14 2¢L6)¥2 + [ LU (s)) p(302) T dws
els w( ) (1] Ly Re< dln(f(ws)>/TL
(1] _,p (A (ws)Y /- p(10+2) dwsT
©(2) dwsT ~ P2 dIn(f(ws) 272
J T
gJEgg = anH(ws)Is/\/ 1+ 2elg ga(l] s
KJ =—ccaV,H(ws)/ V(1 + 2¢l5)*/?
o(2] :_Re<d1n(f(ws))> /QTLVIS p(113)
KJ<1> dCUST @(3] :GGCL‘/Q/VQ(]. +26]S)3/2
p _ (d(fws)Y /. »(113)
©(2) dwsT t (3] __ ¢
o(2] ©(333) vz
= agspaVyH (ws)/2V
o(3) . g(lg2> =—TeaV, dl;(ws ) (Ns — Ny) / V(14 2¢ls)%/?
9
06l _ (44 2BNs +3CN2) - aV,Is/\/1+ 2¢ls . .
©(3) (]l (ws) 3/2
. 1302) =—eaV, 7o Is / V(1 +2els)
9
KJ( ] = (’}/GCLVQ(NS — Nt)Is/(]. + 26_[5)3/2 ¥ s
p{1) +aV, M/v\/u T2,
—TaV,(Ns — N,)//1+ 2¢ls) dws
gzél2]> =TaV, dlz(wf’) (N = N)VIs/\/1+ 2¢ls 2. Volterra Kernels for Intrinsic, Composite Laser Model
i 5 wzH Assuming Ny (w1 ), No(wi,ws), and Ng(wi,ws,w3) repre-
o2 = agsplaV dH(ws) (N, — Nt)/g sent the first-, second-, and third-order Volterra kernels for
0{02) dews carrier density under modulation, we calculate the Volterra
(1] — Im dIn(f(ws) ., kernels, using perturbation expansion coefficients as follows:
©(0-1) dwsT B 1.
] e 1BU) ) Sefa = iBe  ae{lnd o (A2D)
= -5 . _ S L
P{(0+2) dwsT whereZ,,, o € {1,2,3} represent the first, second and third
©(2] :Re< d hl(f(wS))/’rLVIs order Volterra kernels for the composite system as
@<<z;]1> ddffj; o) 21 =), ¢1(w), Nu(@)) (A2.2)
o —_
KJ§<> 2 I—IIH<T7_S>/TL Ey = [I2(w1, w2), pa(wr, wa), Na(w, wa)]* (A2.3)
gJ(Tl] s E3 = [I3(w1, w2, w3), 3(w, w2, ws), Na(wy, wz, ws)]”
o) = —TeaV,H(ws)(Ns — Ny)/V(1 + 2¢Is)%/? (A2.4)
o(1] _9n dIn(f(ws) where 7" denotes the matrix transpose operation. The linear-
o12) ~ T\ T dwgr 7L system identication matrice3,,, « € {1,2,3} can be written
(1] 82 as follows:
J13) =—caVyH(ws)(Ns — Ni)Is/V (1 + 2¢ls) If the frequency dependency &f; can be represented as
f 31,= S1(w), then the higher linear, system identification
+ aVyH(ws)(Ns — No)/V /(1 + 2€ls) matrices can be given as
©(2] _ dIn(f(ws) 272
o(11) _Re< dwsT 2Vl Sz =S1(wi +w2) and Sz = Sy(wr +wz +ws),
(3]
o(11) =LeaVy(Ns — N,)/V (1 +2¢l5)*? where the coefficients of
3
S LoV 2015 by v TS %1 = (e, f € {1,2.3})
(3] are given below:
T3 = (B +3CNs)/TV
p(1] dH (ws) 3/2 e (] :
=—-TeaV, Ng — Ny)I 1+ 2el, I = — 9 — _.
paz) ~ LoV =g, s = Nols [(1+2¢ls) S =gt Oy = o, 1 SR
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The driving term<,: « € {1, 2, 3}, can be expressed using

lower order Volterra kernels as follows:
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APPENDIX B

In this appendix, we give calculated expressions for Volterra
kernels of homo-junction laser model shown in Fig. 2. The
variable definitions can be found in Table I. Defining the
following auxiliary variables:yo(w
tan~!(wrp) and calculatinguo from the following |mpI|C|t
equation:vg = (exp(vrls — vplso(vo — 1)); we use this
guantity to define following frequency dependent quantities:

= Y1+wir},0(w)

vl(w) =10 <ULIS + UHIS()’}/()((U)(]. — Uo)

- exp < @))/Is(l + vpvolso)

(w1,w2)

valwnywn) = (<v1<wa>vl<w,a>/2v3>

(e, 8)

- <’yo(wa)vl(wﬂ)exp <j @>>
_UH]SO/Lq)/(UiO —H/HIso)

wherevy = qRr/nkT,vag = ¢(Rr+ R )/nkT. The value of
¢Iso is given in Table | with¢ given as¢ = exp(qVs/nkT).
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= Gela(s + €Gr) + (aCsv/1+ 2els + Cc)(1 — exp(—s7)) /1)
2 (s(s+ €Gr) + Cs(2s + eGr)(1 — exp(—s7))/71 + ((C% + C%)/73)(1 — exp(—sT))?)

Using these expressions, we can write the following expres-

sions for Volterra kernels in leakage model (see Fig. 2):

1
Li(w) =1 +70(w)(1 = vo) 7=
S
0
+ €Xp <j _(;d)) - Isovl(w) (Bl)

(wi,w2) Iso
L =— -
st ) == 2 (snlenlon (o) 3

exp <j 9(;”“)) +Isoz;2(wa,w,8)> /2

(B2)
(wl7w27w3) I
Lo(wor, w2, 05) = — (otwodvatunn) 2
(a,8,7) IS
- exp <J @))/3 (B3)
APPENDIX C

In this appendix, we give detailed expressions of Volterra
kernels for parasitic network: Variable definitions are given in

Table | (for details of model, see Fig. 2 )

Pi(w) =1/(jwCp(R + RpLi(w))
+ (1 + jwCp(Rp + jwLp))
(14 jwCs(Rs + RLi(w))))
Py(wi,w) = —j(w1 +w2)(Cp + Cs
(14 j(wy +ws)
. C’p(j(wl + CUQ)LP + Rp)))
X RpPi(w1)Pr(we)
Pr(wy +wa)Lo(wy,w2)/2
P3(wi,wo,w3) = —j(w1 + w2 +w3)
(Cp+Cs(1+j
(w1 + w2 +ws)
-Cp(jlwr + w2 +ws)
Lr+ Rp)))
X RpPi(w1 + ws + w3)L3(wy, w2, ws)
- (2P (w1) Py(w2,ws)
+ Pr(w1)Pr(w2)Pr(w3))/6.

(C1)

(C2)

(C3)

APPENDIX D

This appendix gives the detailed expressions for branch
gains of signal flow graphs in Fig. 11. Using the variabled®

defined in Table I, and using (1)—(4), we define:

Ge :FCLVQ/Q\/ 1+ 2els
Gr =TaVy(Ns — Ni)/2(1 + 2¢ls)%/?
Tnet =((A +2BNs +3CN2)™! 4+ (2GcIs/T)71) L

Cp = —Re<d In(f(ws)) )

dwsT

05 =-tm( 17122},

dwsT

and

Using the above expressions we can obtain the following
expressions for the Laplace Transform of branch gains
the transform domain variable):

aso =1/(s+1/7net), 13 = G /(s + eGF)
Q3] = —2GF15(1 + 6]5)/F(8 + 1/7’Neﬂ)

a3 =aGe/1+2els/s, fPz0 =z, P13 =ai3
Bar =31, Pz =3, o2 =11

Pr1 =—Cs(1 — exp(—s7))/7L(s + ¢GF)
Pa1 = Cc (1 — exp(—s7))/TL8
Pr2 =—=Cc(l — exp(—s7))/7L(s + ¢GF)
Y30 = 30, Y31 = (31
s =G /(s + eGp + Cs(1 — exp(s7)) /71)
Y32 = —Cc(1 — exp(—s7))/

(STL + eGrTr, + 05(1 - eXp(—ST)))

and the equation found at the top of the page.
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