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Abstract The effects of the external optical cavity pa-
rameters (external optical cavity length (L.y), amplitude
coupling (C,) and anti-reflection coating (ARC) reflectivity
coefficients) on the noise and modulation spectra of a fiber
grating Fabry—Perot laser are numerically analyzed for
designing a laser that operates in strong feedback regime
(Regime V). Fiber Bragg grating (FBG) is used as a
wavelength selective element to control the properties of
the laser output by controlling the external optical feedback
(OFB) level. The study is performed by modifying a set of
rate equations that are solved by considering the effects of
external OFB and ambient temperature (7)) variations. We
proposed a model to calculate the temperature dependence
(TD) of laser characteristics according to the TD of laser
parameters. An accurate analytical expression for the TD of
threshold carrier density (Ny,r.) has been derived. The TD
of Ny s was calculated according to the TD of laser cavity
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parameters instead of using well-known empirical Pankove
relationship via the use of characteristics temperature (77,)
and current (/,). Results show that the optimum external
fiber length (L) is 3.1 em. Also. it is shown that ARC
with reflectivity value of 1 x 1077 is sufficient for the laser
to operate at low noise, good modulation response, and low
fabrication complexity.
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1 Introduction

Among all types of lasers, semiconductor laser diodes
(SLDs) are predominately used for optical communication
systems. They have been widely used in wavelength-divi-
sion-multiplexing (WDM) systems due to small size, low
power consumption, and their ability to perform direct
modulation at moderate bit rates [1-8]. On the other hand,
the incessant increase in the users of optical communica-
tion systems demands very high speed data transmission
[9—11]. Having the ability of high speed modulation, SLDs
become an excellent option for WDM systems. However, a
major obstacle preventing closer WDM channel spacing is
the drift of emission wavelength with temperature variation
[12-21]. Therefore, with the development of dense WDM
(DWDM) systems, lasers with narrow linewidth, high side-
mode suppressed ratio (SMSR), low chirp, low cost, fast
response, and stable dynamic single-mode operation are
indispensable [1-12].

Thus far, in current WDM systems, distributed feedback
(DFB) laser diodes have been commonly used as the light
sources. However, their lasing wavelengths are affected
with temperature (e.g., 100 pm/K) and injection current



(e.g., 10 pm/mA) [9, 10, 13, 16, 21]. Therefore, accurate
temperature controller and wavelength-locking devices
should be used to avoid optical cross-talks between the
adjacent channels originated from wavelength shift, espe-
cially in DWDM systems. This ultimately leads to a high-
cost light source. The additional cost can be avoided by
capitalizing on the high stability of silica with temperature
(10 pm/K [4-6, 9, 11-24]) in external cavity configurations
using fiber Bragg grating (FBG).

In recent years, fiber grating Fabry—Perot (FGFP) laser
is proposed as an alternative light source for WDM sys-
tems, which can generate output with high wavelength
stability [23-30]. This is because the emission wavelength
of FGFP laser depends only on the Bragg wavelength of
fiber grating (FG), thus, independent of chip temperature
and injection current. Moreover, the lasing wavelength
tuning can be performed accurately because the grating
period of FBG can be controlled with high accuracy of
+0.1 nm [4-6, 9, 11-30]. Therefore, precise adjustment of
the Bragg wavelength in FG is easier in comparison to the
emission wavelength of DFB lasers. The main advantages
of a SLD with external FG resonator are high-speed direct
modulation with low chirping effect, enhanced wavelength
stability, and relatively cost effective [6, 9, 13, 16, 21,
23-301.

On the other hand, transmission experiments have shown
that a DWDM system using a directly modulated FGFP
laser has an order of magnitude better tolerance to trans-
mitter temperature variations as compared to directly or
externally modulated DFB lasers [6, 16, 17, 22, 32, 35, 36].
As a result, in comparison to the DFB laser, FGFP lasers
have higher lasing wavelength stabilities with temperature
and current, and therefore, can be used without high pre-
cision temperature controller [6, 16, 17, 22, 32, 35, 36].

In addition, the dynamic behavior of the external cavity
semiconductor laser (ECSL) under the effect of external
OFB can be divided into five regimes based on the feed-
back intensity level [37]. In regime I, the feedback is quit
small; the laser linewidth is increased or decreased de-
pending on the phase of the delayed light coupled into the
laser diode (LD). With the increase of the feedback the LD
will operate in regime II, where mode hopping among
several external cavity modes can be observed. Further
increase in the feedback level will bring the LD into regime
IIT and IV, where the linewidth of the LD is drastically
broadened and the chaos can be seen in these regimes. In
the new regime V, where there is very high feedback level,
the internal and external cavities behave like a single cavity
and the laser oscillates in a single mode. The linewidth of
the laser in this regime is very narrow [38]. Therefore,
regime V laser source is very important for satisfying the
DWDM systems requirements, and optimizing laser ex-
ternal OFB level is very essential.

An important design parameter of the ECSL based on
fiber grating is the external optical cavity parameters (ex-
ternal optical cavity length (L.y,), amplitude coupling (C,).
and the value of the ARC reflectivity coefficients), which
should be optimized to emit laser radiation with minimum
intensity noise and stable spectrum. Ahmed and Tucker
[39], have shown that by optimizing the external cavity
length L., the resonance peak spectral splitting (RPSS)
from the modulation response spectra can be suppressed.
Also, they have found the high coupling between active
and passive cavities lead to a lack of the RPSS appearance.
On the other hand, the reflectivity value of the ARC front
facet (R,) of Fabry—Perot (FP) laser is one of the important
parameters in determining the performance of the ECSL.
Furthermore, it has been found that the bistability, multi-
stability, mode hopping-induced instability, and continuous
frequency tuning range are dependent on the reflectivity
value of the ARC of laser diode [40]. In addition, it has
been shown that by reducing the reflectivity value of the
ARC as low as possible, the ECSL performance can be
improved [41].

Although many experimental and theoretical studies have
reported on the ECSL characteristics [4-6,9, 11, 13, 16, 17,
21,22, 29-43], the effects of the external optical cavity pa-
rameters on the ECSL-based FG performance are yet to be
investigated. In this paper, we conducted a numerical ana-
lysis on the effect of the external optical cavity parameters
[external optical cavity length (L), amplitude coupling
(Cy) and ARC reflectivity coefficients] on the FGFP laser
performance. The TD of I, has been empirically described
by the well-known exponential Pankove relationship using
two parameters T, and [, known as the characteristics of both
temperature and current [34, 44]. In this study, the TD of Iy,
has been investigated according to TD of laser cavity pa-
rameters. The obtained results can provide important data for
practical fabrication of the FGFP laser.

The paper is structured as follows: the Fiber Grating
Fabry—Perot (FGFP) laser model is given in the next sec-
tion. Section 3 presents the Rate equations for FGFP laser.
In Sect. 4, we demonstrate the FGFP Laser Performance.
The simulation results are discussed in Sect. 5 followed by
the conclusions.

2 Fiber grating Fabry-Perot laser model

The FGFP model consists of three main sections as shown
in Fig. la. The first section is the Fabry—Perot laser diode
(FP-LD) of length Ly. It is assumed that the reflectivity of
the chip front facet (R,) is very low to suppress FP mode
oscillation and to stabilize the external cavity mode, while
the rear facet has high reflectivity (R,). The second section
is a fiber of length L, and the third is the FBG with
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Fig. 1 a Schematic structure of FGFP laser and b simplified
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reflection coefficient of Rpgg. The temperature dependence
(TD) on the photons round-trip time inside the internal and
the external cavity are t(7) = 2ny(T) Ly/c and t.(-
1) = 2L, n.(T/c, respectively, where ¢ is the velocity of
the light in the vacuum, ny(7) is the TD group refractive
index of the FP laser diode, and n..(T) is the TD fiber
refractive index.

This configuration may be conveniently analyzed as a
simple two-mirror laser structure (Fig. 1b) by replacing the
FP diode laser output facet reflectivity R, by a complex-
valued effective reflection coefficient Ry [24-27, 45-47].

R2 + R + 2R, Ropg cos(wr,)
1+ RIR% 0, + 2R, Ropg cos(mwt,)

Rer = (1)
where @71, 1s the phase of the reflected light that travels
through the external cavity and w is the laser angular fre-
quency. In (1), Roms = C R,y is the amount of optical
feedback reflection coupled to FP laser diode, where C, is
the amplitude coupling coefficient between the FP laser
diode and the grating fiber, and Ry, is the power reflec-
tivity of FG defined as [46, 47]

(kLgg ) sinh?(QLeg )

1 (2 cosh (Qleg) g2 2
tan (Aﬁ sinh (OLrg) )’ if (klec)” > (AfLec)

[ Qcos (2Lgg) 2 2’
tn (m) i (kro) <(Ablrc)
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By considering the phase change introduced by the op-
tical filter in Eq. (1), R,z can be rewritten as

Oret =

R+ RY + 2R Rops cos(wte — Oer)
1+ R2R2 + 2RoRops cos(wte — Orer)

eff (4)

The temperature dependence (TD) of threshold current
Iy, . (T) of FGFP laser under the effect of external OFB can
be written as [33, 34]

Inge(T) = qVNai(T) (A + BNaso(T) + C(TIN (). (5)

where g is the electron charge, V is the FP active region
volume, A, describes the non-radiative recombination rate
due to traps or surface states, C(T) is the TD Auger process,
B is the radiative recombination coefficient, and Ny, r(T) is
the TD carrier density at the threshold condition. The
Ny ro(T) can be represented by modifying the well-known
expression in [33] as
1

N(h.fc(T} = N(T) + W. (6)

where N(T), a(T), and 7p ¢(T) are the TD parameters that
are known as transparency carrier density, gain constant,
and photon life time (with the external OFB effect), re-
spectively. I' denotes the confinement factor, and v,(-
T) = e¢lny(T)is the TD group velocity. The temperature-
dependent parameters are assumed to vary with the tem-
perature according to [16]:

oxX
X(T) =X, + ﬁ (T - Ta): (7)
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where Lgg is the grating length, Aff is the wavelength de-
tuning, k is the coupling strength, Q = \/k? —
Q=i0=/AB*— k2. The phase coefficient for reflection
light O, is derived from the differential equations in ref.
[46] and is given by

where X, is the initial value found at the reference tem-

perature (T,), which is considered at the room temperature

(25 °C). Since the external OFB only affects on the photon

lifetime in Eq. (6), 7, (7) can be modeled as
1

vg(T) teonze(T)

p.fe

TpselT) =

(8)



where o, r(Tis the TD total cavity loss that is defined as
[24-30].

oz (T) = (1) + 51~ Ld (R];E"), 9)

where o,,(7) is the TD internal cavity loss, and the term (1/
2Ly In (1/R R is the mirror loss. Finally, the Ny, g can
be expressed as

1
N(T)+—— Ta (T) [ (1) +E{IH(R|)+
In (1 + 2R, Ropg cos(wTe — Os) + RZRY )}] '
R’ + 2R,Rors LOQ(U)’[C - rgf) +ROFB
(10)

Equation (10) gives general expression for threshold
carrier density that is used to calculate the net rate of
stimulated emission in the active region.

Nlh.fe(T)

3 Rate equations for FGFP laser

The delayed feedback system is infinity degree of freedom
system [48, 49] and in the case of grating optical feedback
from the fiber Bragg grating, multiple reflections must be
taken into account, especially if the model works in
Regime IV [38]; however, by optimizing the laser, we
pushed it to work in Regime V. In this case, the rate
equations approximation can be used without considering
multiple reflections. By considering the effect of tem-
perature and external OFB described in the previous sec-
tion, the noise characteristics of FGFP laser can be derived
from the well-known coupled rate equations [34], after
taking into account the effect of external OFB and tem-
perature variation. In this case, different noise sources,
Fi(t), including the carrier number, N(r), photon number,
P(t), and the optical phase, ¢(r), can be described as

dN(f) I(f) N N(t)—N
g wam DT ampm @ NG
(11a)
= 8 T a0 = oy R (1) + o)
(11b)
d 1 . arg(Rex
O SO - W)+ 2T 0, (1)

where (1) is the injection current, T¢ (7)) = gVNu TV
I', 5(T)is the TD carrier lifetime, g(T) is the TD gain slope
constant coefficient, &(T) is the TD nonlinear gain com-
pression factor, # is the linewidth enhancement factor, N is
the time-average carrier number and where Gn(T) = vy
(DIa(T)/V is the gain derivative, and Fy(r), Fp(t), and

Fy(t) are the Langevin noise sources due to the carriers,
photons, and phase, respectively. In Eq. (11), Rsp,ﬁ.(T)
represents the TD of the modified spontaneous emission
rate coupled to the lasing mode. which is defined as [34]

RQP—fﬁ (T) = ﬁepnsp,fe:(T) (Allf + BN fe (T)
+ C(T)Njy o (T))N e (T), (12)

where ,Bsp is the spontaneous emission factor and 7y,
(T) is the TD spontaneous quantum efficiency.

To obtain the noise characteristics, the fluctuations of the
variablesin Eq. (11) are assumed to remain small at all times
in comparison with the respective steady-state average val-
ues (small-signal approximation). Under this assumption,
the rate equations can easily be solved numerically in the
frequency domain using the Fourier transforms.

The fluctuation of the lasing frequency Av(r) is de-
scribed by the variation of the optical phase as [33, 35]

-0

(13)

The random Langevin noise sources in Eq. (11) are
assumed to be Gaussian random variables due to the car-
riers, photons, and phase, respectively. Considering the
Markovian assumption, the general relationship between
the noise sources can be defined as [34]

{Fi(1)) =0 (14)
(Fi(r) - Fi(r)) = 2Dgéd(r — ), (15)
where angic brackets denote ensemble average, 4 is the
Dirac’s delta function, and Dy are diffusion coefficients

associated with the corresponding noise source of i and j,
which is defined as [34]

Ry oraN (1)S(7)

Dgs = om (16)
N

D = M0 1+ Ry o S(1)] (17)
Tc,OFB
Rs .omN(f)

Dy =222 0 18

b 4‘Ec__()mS(F) ( )

—Rg, opsN(1)S(1

Dsx :7“"2'3“3( S() (19)

Dy = Dyg =0 (20)

The output power P,,(f) from the front facet of FGFP
laser is given by [46]

Pow(t) = x. %'ii]"(m;?df) VE(r) (1)
o (-vEa)R 2

(1= VRar) VR + (1= R VR

where h is the Plank’s constant.



4 FGFP laser performance
4.1 Noise characteristics

Numerical simulations of relative intensity noise (RIN) and
frequency, or phase noise (FN) of FGFP laser are evaluated
from the fluctuations dP(r)andAv(r), respectively, that re-
sult from time integration of Eq. (11) and using Eqs. (12),
(13), (14), (15), (16), (17), (18), (19) and (20). The RIN and
FN spectra of FGFP laser are originally defined as the
Fourier transform of the auto-correlation functions [24, 27]

No— L ] 3Pt (1)3Pou(t + 1) dt (23)
{Poul>u
0
FN = / Av(t)Av(t + 1) dt. (24)

0

Then, RIN and FN are calculated over a time period
T from the equations

T o
1 1 .
RIN = 54 = f ] OPout(1)0Pou(t + 1) dt | dt
{Pou[>- T
o Lo
1 1 r :
=——14 = | | Poult)e ™ dr 25
<mrTf ) >
0
1 T oo
FN:F f ]Av(f)Av{r+t)e’“'rdt dt
o Lo
1 r 2
=7 fAv(r)e_f‘“dt (25)
0

4.2 Modulation characteristics

The FGFP laser modulation characteristics can be devel-
oped from the modified well-known expression of single-
mode coupled rate equations given in Eq. (11), after re-
moving the Langevin noise sources due to the carriers,
photons, and phase, Fx(r), Fp(?), and Fy(1), respectively.
For a small-signal modulation regime, the laser current
is given by [34]
I(t) =1, + L(r), (27)

where [, is the DC value of the current injected into the
active region, while /,(t) is the amplitude of the AC current
component. For a small modulation, the state variables can
be written as their steady-state values (N, Po. ¢b,) plus
modulation terms (N(1), Py(1), (¢d.(1)) as [34]

N(t) = Ny + Ns(1), |No(2)| < N, (28a)
P(t) = Py + Py(1), |Ps(t)| < P, (28b)
h(1) = ¢, + (1), [ds(1)] < ¢, (28¢c)

By substituting Eq. (27) and Eq. (28) in Eq. (11), we

obtain
1 I'vgaoPo
- — [} —TIveg(1—TeP,) 0
AN(1) (fc.re) ( v ) g1~ [ePo)
dpy(r) | = ]V(FL’EPG+2ﬁSPBNo) (%;“’)_ Mevgg 0
dey(r) 1
W[rl’gao) 0 0
Ns(1) I(t)/q
x | P(t)|+| 0
b (f) 0
(29)

Equation (29) shows that the modulation current chan-
ges the carrier and photon populations inside the active
region, which in tum affects the optical phase. However,
because of intrinsic laser resonance, the modulation re-
sponse is frequency depended. Modulation of the current
leads to power modulation in addition to optical frequency
affects. This is seen clearly in Eqs. (11a) and (11c¢). The
lasing frequency is shifted during modulation by an amount
of [34]

Av() :;—n [d‘ffg’) . (30)

Performing Fourier transform to Eq. (11), the TD fre-
quency modulation (FM) response becomes

FM(w, T) = %E;')
. ( w? + szc(T;) )1«2
(0 = QL(T) = ¥2(T)) + Ca¥ee(T))?

(31)

where (io(T) = (R e TVP,) + Toe(TWvy(TP,, Que(T) s
the TD angular frequency of relaxation oscillations given
as [34]

1+ (}N(T) VNO’CI)R{T)
1
[A|1r + BN[IL_fe{T) +C l?[,__fe {T)] Tp.fe(T)

() )

and P(T) is the TD decay rate of the relaxation oscillation
defined as [34]

Q(T) =
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