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ABSTRACT

Optical injection locking of semiconductor lasers has attracted significant attention due to its applications in
laser analysis, modulation characteristic enhancement, and nonlinear dynamics. In many cases, the analysis of
the optically injected laser is done by simulation, requiring an accurate laser model and, therefore, an adequate
modeling of the gain compression at high photon densities. We use the Kobayashi-Lang rate equations to
numerically compare the stable locking range considering four different gain models. Results reveal that at low
bias currents, gain compression is significant only under weak injection regime. In contrast, for higher bias
current, gain compression must be considered both in weak and strong injection regimes.
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1. INTRODUCTION

Optical gain compression was a matter of research since the early days of the development of semiconductor
lasers.' 3 In multimode lasers, gain compression results in intermodal gain, explaining the spectral asymmetry
observed experimentally. In single mode lasers, such as distributed feedback (DFB) lasers, gain saturation at high
photon densities must be considered in order to explain several phenomena. On the one hand, gain compression
is the major factor contributing to the damping of the resonance frequency* and, on the other hand, it is required
to correctly model the adiabatic chirp.® It is commonly accepted that the main physical mechanism responsible
for this gain compression is the finite intraband relaxation time induced by hole burning.*%7 In contrast to gas
and solid state lasers, where gain compression was addressed theoretically using the density matrix formalism,
in semiconductor lasers, gain compression has been usually included in a phenomenological approach.® In this
way, different gain models has been proposed to match experimental results:” the simplest nonlinear gain model
includes a power dependent gain-suppresion, being the optical gain modeled as G = Gy (N — Ny,.) — Gg S, where
Gy is the differential gain, N is the carrier density, Ny, is the transparency carrier density, and Gg and S are the
derivative of the gain with respect to the photon density and the photon density, respectively.? This model is valid
for low photon densities but at higher photon densities, it does not accurately model the laser dynamics. A more
realistic model for optical gain includes a multiplicative gain compression term, G = (1 — €4S) " 'Gn(N — Ny,.),
with €4 the gain compression parameter. This approximation model a two-level laser but it is not correct for
semiconductor lasers where transitions occur between energy bands. Agrawal proposed a new gain model derived
using density matrix formalism, yielding to G = (1 — epS) /2Gn(N — Ny,.), being ep the gain compression
parameter of the model.”® In this work, we will compare the resulting stability range for the four gain models:

e Linear gain: Ginear = Gn (N — Ny,)
e Nonlinear gain model 1: Gy = Gy (N — Ny.) — GgS
e Nonlinear gain model 2: Gnra = (14 €45) 'Gn (N — Ny,.)

e Nonlinear gain model 3: Gyps = (1 + 635)‘1/26’]\7 (N — Ny)



Reference Year Gain model Injection regime

Lang!? 1982 Glinear Strong
Mogensen et al.™ 1985 Glinear Strong
Lidoyne et al.” 1990 GNI1 Weak

Lidoyne et al.'* 1991 GNL1 Weak

Hui et al.1® 1991 GNr1 Weak

Hui et al.'6 1991 GnNI1 Weak

Mohrdiek et al.'? 1994 GNL2 Strong
Yabre et al.l” 1996 GNr1 Medium
Yabre et al.l® 1997 GNL1 Medium
Wieczorek et al.10 2005 Glinear Strong
Lau'? 2006 Glinear Strong
Lau et al.?0 2009 Glinear Strong
Stolz et al.! 2010 Glinear Strong
Parekh?? 2012 Glinear Strong

Table 1. Gain models used in literature.

Gain compression in weakly injected lasers has been studied in,'! demonstrating that gain compression is
required to obtain a locking map consistent with experimental observations. However, at strong injection regime,
gain compression is generally neglected adducing that linear gain model is accurate enough.'® Nevertheless, even
at high injection ratios, gain compression damps the resonance frequency and, in consequence, it affects the
stability of the injected laser, resulting in a locking map. Table 1 lists some of the previous analytical works,
indicating the employed gain model and the injection regime. For weak (and medium) injection regime, Lidoyne
et al.'' compared the obtained locking map using Giineqr and Gyr1, showing that it is necessary to include
gain compression at weak injection ratios. The present work considers both weak and strong injection regimes,
to study the impact of the gain model not only under weak injection but also at stronger injection ratios, where,
with the exception of,'2 Gjineqr has been the only employed gain model.

The objective of this paper is to compare the different gain models (the linear model and the three nonlinear
gain models) in order to clarify whether it is necessary to consider gain compression. In addition, we analyze
whether more complicated gain compression model adds a significant difference compared to the simplest gain
compression model. The paper is divided as follows: in Section 2 the relation among the different gain compression
parameters are derived. In Section 3 the small signal analysis is presented, which requires the linearization of
the Kobayashi-Lang rate equations for the different gain models. Numerical results are presented in Section 4
and, finally, Section 5 concludes the paper.

2. NONLINEAR GAIN MODELS

Gain compression in Gy is usually introduced as a subtraction, but it can be alternatively represented as a
multiplicative term:
Gni1l =GN(N — Nip) —GsS = (1 — €S)GN(N — Nyy) (1)
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with Gg = eGN(N — Ny,.), being € the new compression parameter. For low photon densities, e4S < 1, Gnr2
can be approximated by:

GN(N — Ny)

: ~ G (N = Nip) — eAGN(N — Nip)S = (1 — e4)Gn (N — Niy). (2)
+eqS

GNr2 =
By inspection we get that e4 = €, which is further related to Gg though Eq. 1. Operating in the same way for
GnN L3 we get an approximated expression:

o _ GN(N = Ny)
T T+ esS

and, consequently, €4 = tep. Table 2 summarizes the relations among Gg, €4, and €g.

1
~ GN(N — Ntr) — §EBGN(N — NtT)S (3)

2
Parameter Gs €A €B
Gs - €eAGN(N — Nir)  epGN(N — Ny,)/2
€A Gs/(GNn(N — Ny,.)) - €p/2
€EB QGs/(GN(N — Ntr)) 2€A -

Table 2. Relation between the gain compression parameters of the different models.

The different gain models are compared in Fig. 1. In Fig. 1(a) the gain multiplicative term is represented in
terms of the photon density, S. At low S densities, the different gain models converge, in accordance to,” but
for higher values of S, G 1 reduces excessively the gain and therefore, it overestimates the damping factor.
Figure 1(b) shows the derivative of the gain with respect to S. It is obvious that for Gr1 the derivatives is
constant in contrast to G2 and G 3 whose derivatives depend on S. It is important to note that the main
difference appears between G 11 and the other two nonlinear models, whereas there is not a significant difference
between G 1o and Gyprs.
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Figure 1. Comparison of the different gain models for €4 = 107?*m?® as a function of the photon density, S: (a) gain

multiplicative term and (b) differential gain with respect to S.

3. STABILITY ANALYSIS

In optically injected lasers, stability analysis is a critical point. Stability analysis is performed using the well-
known small-signal analysis, where first the steady state solution is found and, afterwards, a small sinusoidal
signal is applied. The system is stable if, after the perturbation, it returns to the steady state. Given the
small-signal nature of the applied signal, the system can be linearized around the steady state solution and



Glinear GnI1 GNL2 GNL3

/ / _ _yp—22 _ 7P‘2zl(1+%5350) !
mss z z' + 2GSy VP~ (heaszr — 2 P (Ten5o/? z
mse 2S02" 25q2" 2S02" 2502"
G G
msN —GnNSo —GnSo — TS0 ~ (Fen 8gy172 50
Z// Z’l Z// Z//
Mes 25, 25, 25, 25,
Mg z Z 2z 2
menN —%GN —%GN —%GN —%GN
’ / Yp—2z vp—22'(1+ % €epSo)
mns TP — 2z vp — 22" = 2G5Sy (1+PeASO)2 (1_,_53502)3/2
my 0 0 0 0
¢
GN S GN S
myn YN+ GNSo N + GnSo YN+ s N+ GFepsa)i®

Table 3. Linearized terms for the different gain models.

stability can be assessed using Routh-Kurwitz criterion, which estates that in order to be stable all the zeros of
the characteristic determinant must be located in the negative half of the s-plane.'*

The rate equations governing the optically injected laser are known as Lang-Kobayashi equations.'® 14 This
set of coupled rate equations are the conventional laser rate equations for photon density, .S, phase, ¢, and carrier
density, N, modified to include the injected field:

L8(0) =[GV, S) ~ 7p1S(0) + 5y Sins S(0)c0s(61) (4a)

%gﬁ)()* a|[GN(N — Ny) —vp] + & gz(zj)sm or) (4b)
DN =T N () - G (10)

where G(N, S) is the optical gain that depends on both N and S, yp stands for the internal optical losses, & is
the injection efficiency, Siy; is the injected photon density, and ¢y, is the phase difference between the emitted
field and the injected field. « is the linewidth enhancement factor accounting for the coupling between the
imaginary and real parts of the refractive index in the active region . J is the injected carrier density and vy
is the equivalent carrier decay rate. Gain compression does not appear in Eq. 4b because the gain saturation
induced by hole burning is symmetrical around the emission frequency.'!

A detailed method to find the steady state solutions is presented in.'® The method requires to set the locking
phase, ¢, and the power injection ratio, p. After some algebra, a cubic equation is yield for the static field
amplitude, Ag, which is related to the static photon density, Sy through Sy = A

2K 2K
A}~ <Ainjc0s(¢L)) Az — A Ao — LNG Aipjcos(or) =0, (5)
Tp TPGN

where A;,; is the amplitude of the injected field given by A;,; = \/Sin;-
The power injection ratio, p, and the normalized injection ratio, z, are defined as:
Sinj

p= S and z = K S;Zj.

For the sake of simplicity in future calculations, it is useful to define:

2 =2z-cos(¢r) and 2" = 2z - sin(¢yr) (7)



Laser parameter Symbol Value Units

Emission wavelength Ao 1550 nm
Differential gain Gn 5667 g1
Threshold carrier density Nip 2.21 - 108 m—3
Photon decay rate Yp 0.33-10712 7!
Electron decay rate YN 107° s 1
Coupling efficiency K 183 - 107? s
Linewidth enhancement factor « 3

Threshold current Iip, 10 mA
Gain compression parameter € 10723 m?>

Table 4. Laser parameters for numerical stability analysis.

The frequency detuning between the injected and the free-running laser field, Aw, can be calculated in terms
of z and the locking phase ¢, through the expression:

Av = —%z\/ 1+ a?sin (¢, + atan(«)) (8)

Once the steady state solutions are found, the rate equations are linearized around the static operation point.
At this point gain compression comes into play, since the linearized terms are dependent on the gain model. The
linearized system is usually expressed in matrix form as:

mss+s Mgy msN 08 Fs
mes Mep + S MeN | do | = F¢ (9)
MNS MN MmyNN + S ON Fy

where Fg, Fy, and F)y are the Langevin forces for the photon density, field phase, and carrier density, respectively,
and mxx are the linearized elements shown in Table 2. 45, d¢, and §N are the perturbations and s is the
complex frequency variable. As can be seen in Table 2, mgg, msy, mys, and myy depend on the gain model
and therefore, they affect the system stability.

4. NUMERICAL RESULTS

Table 4 presents the laser parameters employed in the numerical analysis, which are typical for a multi quantum
well DFB laser.2? In?° gain compression is not considered so we used the gain compression reported in.°

Figures 2 and 3 show the locking map for bias currents corresponding to 5 and 10 times the threshold current
(1), respectively. For each case, the locking map is presented in (a) the phase plane and (b) in the p vs. Av
plane. In Fig. 2(a), it can be seen that the difference between the dynamic boundaries obtained with and without
considering gain compression, is only significant at low p values. Furthermore, all the three gain compression
models result in indistinguishable dynamic boundaries. This is translated to a p vs. Av locking map, Fig. 2(b),
where the difference between gain models (linear and nonlinear models) is only appreciable at weak injection
regime, inset in Fig. 2(a), in accordance with experimental results presented in.!* For higher bias currents, 101,
numerical results reveal a slightly different behavior. First of all, when linear gain is considered, the resulting
dynamic boundary is significantly underestimated compared to gain models where gain compression is taken into
account, Fig. 3(a). Furthermore, in Fig. 3(a), a slight difference between G 1 and the other two nonlinear gain
models can be seen for low p values. This difference is clearer in the inset of Fig. 3(b). Hence, Gy slightly
overestimates the stable locking range when compared with Gy and G 3, which are indistinguishable. This
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Figure 2. Locking diagrams for I = 513 in (a) the phase plane and (b) the p vs. Av plane, the inset shows the locking
map for low power injection ratios.
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Figure 3. Locking diagrams for I = 10l in (a) the phase plane and (b) the p vs. Av plane, the inset shows the locking
map for low power injection ratios.

is consistent with Fig. 1(a): at low bias currents, i.e. low photon densities, the different gain models converge,
whereas at higher bias currents, i.e. higher photon densities, Gy, diverges from G2 and G 3, which remain
relatively close. For stronger p levels, the difference among G 1, Gnre2, and Gy is not significant anymore
but, in contrast to what occurred for lower bias current, there is still a difference between the dynamic boundaries
corresponding to linear and nonlinear gain models.

5. CONCLUSIONS

In this paper, the stability of DFB lasers subject to injection has been numerically studied for different gain
models. The relations among the gain compression parameters of the different gain models have been derived
and the Kobayashi-Lang equations have been linearized considering the different gain models. Numerical results
show that at low bias currents gain compression is only significant at weak injection regime, but at higher bias
currents, gain compression should be considered both in weak and strong injection. In regards with the gain
model accuracy, although from a theoretical point of view G 3 is more realistic than Gp1 and Gnre2, GNL3
results in similar dynamic boundary to Gnrs and Gp1 even for high bias currents. In consequence, G 1
shows a good tradeoff between simplicity and accuracy.
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