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Relaxation Oscillations and Pulse Stability
in Harmonically Mode-Locked
Semiconductor Lasers

Farhan Rana and Paul George

Abstract—1In this paper, we discuss pulse dynamics in harmoni-
cally mode-locked semiconductor lasers and present the conditions
necessary for stability. In a laser mode-locked at the Nth har-
monic, the pulse energy fluctuations have (IV 4 1) different modes
of relaxation oscillations. Different modes correspond to different
patterns for the energy fluctuations in the IN different pulses inside
the laser cavity. In the higher order relaxation oscillation modes,
the energy fluctuations are negatively correlated in different pulses
inside the laser cavity, and these modes can cause instability. Gain
saturation on time scales of the order of the pulse width (dynamic
gain saturation) stabilizes pulse energy fluctuations with respect to
relaxation oscillations. The precise limits on the stable operating
regime depend on the gain dynamics at both slow and fast time
scales. We also discuss harmonic mode-locking in the presence of
a slow saturable absorber. Dynamic loss saturation in a saturable
absorber can work against dynamic gain saturation and limit the
stability range for harmonic mode-locking.

Index Terms—Laser stability, optical pulses, semiconductor
lasers.

I. INTRODUCTION

ARMONICALLY mode-locked lasers are attractive as
Hsources of high-repetition-rate optical pulses that can be
used in electrooptic sampling, optical analog-to-digital conver-
sion, optical telecommunication systems, and ultrafast optical
measurements [1]-[5]. Stability of the pulses in harmonically
mode-locked lasers is important for most of these applications.
A laser mode-locked at the /NVth harmonic has N optical pulses
propagating inside the laser cavity. The requirements for pulse
stability in fiber lasers were analyzed in [6] and [7]. It was
shown that pulse stability results from the combination of Kerr
nonlinearity and optical filtering. For soliton pulses, the pulse
width is inversely proportional to the pulse energy. If the pulse
energy increases, the pulse width decreases and the pulse expe-
riences less loss from the active modulator. On the other hand,
since the pulse bandwidth also increases with decrease in the
pulse width, the pulse experiences more loss from the optical
filter. The pulse energy fluctuations are damped if the increase
in loss from the optical filter is more than the increase in gain
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from the active modulator. This condition was used to obtain
a minimum value for the pulse energy for stable operation.
The stability of soliton pulses in fiber lasers was also analyzed
numerically in [8], and the stability requirements predicted in
[6] and [7] were verified. It was also shown in [8] that, when
the pulse power is smaller than the minimum value required for
stable operation, instabilities can lead to pulse dropouts. In the
case of harmonically mode-locked semiconductor lasers, the
following questions arise: 1) what stabilizes the pulses and 2)
what are the limits on the stable operating regime. In this paper,
we present a theoretical model to answer these questions.

In the analytical treatments of [6] and [7], it was assumed
that every pulse in the laser cavity is the same. This assumption
makes it impossible to study the slow gain dynamics and find
the precise limits on the stable operating regime. In harmon-
ically mode-locked semiconductor lasers, the gain relaxation
times can be much longer than the pulse repetition times. Pulse
energy fluctuations that are negatively correlated in different
pulses inside the laser cavity do not change the average power
much and are therefore almost invisible to the gain medium
on slow time scales. These negatively correlated pulse energy
fluctuations can grow, causing instability and pulse dropouts.
The energy fluctuations in all of the pulses in the laser cavity
as well as the gain dynamics need to be taken into account
to find the precise limits on the stable operating regime. Har-
monically mode-locked semiconductor lasers can have more
than 100 different pulses propagating inside the laser cavity [3],
[9]-[11], and it seems like a daunting task to numerically model
the fluctuations in all of the pulses. The theoretical technique
presented in this paper takes into account the energy fluctua-
tions in all of the pulses in the laser cavity as well as the gain
dynamics via nonlinear finite-difference equations, which are
then linearized to obtain finite-difference equations for the pulse
photon-number fluctuations. A similar method was used by the
authors earlier to characterize the pulse timing fluctuations in
harmonically mode-locked lasers [12].

Pulse stability in fundamentally and harmonically
mode-locked semiconductor lasers can be affected by a
number of different processes. For example, in [13], it was
shown that, in actively mode-locked lasers, dynamic gain
saturation in the gain medium causes the pulse to move off
the gain maximum (in time) of the modulator, and the excess
gain just behind the pulse results in instabilities that limit the
maximum pulse energy. In lasers, the oscillatory dynamics of
small perturbations in laser gain and photon number around an
operating point are called relaxation oscillations. The operating
point is considered stable if the perturbations are damped
in time. The operating point is unstable if small fluctuations
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Fig. 1. Dynamic gain saturation in semiconductor gain medium.

grow with time and drive the laser system away from the
operating point. In this paper, we focus only on the instabilities
that could arise in harmonically mode-locked semiconductor
lasers as a result of the dynamics of the nonlinear interaction
among the pulses via the gain medium and on the conditions
for stability with respect to relaxation oscillations. We show
that gain saturation on time scales of the order of the pulse
width (dynamic gain saturation) stabilizes pulse energy fluc-
tuations in harmonically mode-locked semiconductor lasers
with respect to relaxation oscillations (see Fig. 1). Therefore,
Kerr nonlinearity and soliton effects are not necessary for
stability in harmonically mode-locked semiconductor lasers.
The precise limits on the stable operating regime depend on
the gain dynamics at both slow and fast time scales. We show
that, in a laser mode-locked at the Nth harmonic, the pulse
energy fluctuations have (IV + 1) different modes of relaxation
oscillations. Different modes correspond to different patterns
for the energy fluctuations in the N different pulses inside the
laser cavity. The lowest two of these modes correspond to the
two quadratures of damped relaxation oscillations in which
the energies of all of the pulses in the laser cavity fluctuate
in phase. In the higher order relaxation oscillation modes, the
energy fluctuations are negatively correlated in different pulses
inside the laser cavity, and these modes can cause instability.
We also discuss harmonic mode-locking in the presence of a
slow saturable absorber. Dynamic loss saturation in a saturable
absorber can work against dynamic gain saturation and limit
the stability range for harmonic mode-locking.

II. THEORETICAL MODEL

We consider the external-cavity ring laser topology of [3], [9],
and [10] and shown in Fig. 2. The laser structure consists of a
gain section [a semiconductor optical amplifier (SOA)], a mod-
ulator section, and a bandwidth-limiting optical filter. The laser
is loss-modulated and the peak loss in the modulator section is
zero. The laser is assumed to be mode-locked at the Nth har-
monic, and therefore there are N optical pulses in the cavity.
The cavity round-trip time is 7',, and the pulse repetition time
isT,, where T,, = T, /N. The cavity round-trip frequency €2,,
and the pulse repetition frequency €2, are defined as 27 /T, and
2 /T,, , respectively. Below, we derive nonlinear discrete-time
finite-difference equations to model the dynamics in harmoni-
cally mode-locked lasers. These equations are then linearized
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Fig. 2. Harmonically mode-locked semiconductor laser with a ring-shaped
cavity.

to obtain finite-difference equations for the carrier and photon
number fluctuations.

We assume that a pulse traveling inside the gain section is de-
scribed by the complex amplitude A(z,t), which is normalized
suchthat [~ _|A(z,t)|? dt equals the number of photons n,, (z)
in the pulse at location z in the gain section. In the gain section,
the equation for the complex amplitude A(z,t) (or the slowly
varying envelope) of the pulse in the moving frame of reference
is as follows [15]:

OA(w,t) D OPA,t) _ glw,t)

o = 5y + L2 (1 ja) Ala,)

ey

where D is the modal dispersion (in s?>-cm™1), g(z,t) is the
modal gain per unit length (incm '), and « is the semiconductor
linewidth enhancement factor that describes the changes in the
material refractive index that accompany changes in the material
gain [16]. Effects due to finite gain bandwidth are ignored in
(1) since it is assumed that the pulse bandwidth is limited by
the optical filter in the cavity. The gain is assumed to depend
linearly on the carrier density in the gain section
g(z,t) = kn(z,t) 2)
where n(z,t) is the carrier density (in cm~1!) above the trans-
parency carrier density 7,[16], and & is the ratio of the differ-
ential gain of the material (in cm?) and the effective area of the
optical mode in the gain section [16]. The saturation pulse en-
ergy Fg,y for the gain medium equals Aw, /, where fiw, is the
photon energy. In the presence of an optical pulse the carrier
density satisfies the equation
dn(z,t) I, 4 9
e DI G
where I, is the current pumped into the active region, ¢ is the
electric charge, [, is the length of the gain section, and 7, is the
carrier recombination lifetime. We define a quantity n_ that is
given by the relation

lg
n::/ den(z,t;). “)
0

Here, ¢ is the time just before the pulse reaches the location
x inside the gains section. n is therefore the total integrated
carrier number in the gain section just before the pulse. Using
the above differential equations that describe pulse propagation
and amplification inside the gain section, one can derive the fol-
lowing exact relation for the pulse photon number before (n,,)
and after (n;; ) the gain section (see Appendix A):

n;',' _ %log{exp (,gnc_) [exp (ﬁn;) — 1] + 1}. %)
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Fig.3. Amplifier gain n /n , » normalized to the unsaturated gain (assumed to
be 10 dB) is plotted as a function of the normalized input pulse energy E,, / Esa .

The effect of dynamic gain saturation is shown in Fig. 3, which
plots the gain n;' /m,, of the amplifier, normalized to the unsat-
urated gain, as a function of the normalized input pulse energy
E,/Esa;. Pulses with larger energy see less gain than pulses
with smaller energy. One can also define the total carrier number
n} just after the pulse in the gain section by the relation

l.q
nt :/ dz n(z,t}) (6)
0

where ¢ is the time just after the pulse at location . Assuming
the pulse width to be short enough so that there is no significant
carrier recombination taking place within the duration of the
pulse, the increase in the pulse photon number must equal the
decrease in the carrier number. Therefore

nc_—nj:n;‘—n;. )
Using (5) and (7), we can write finite-difference equations for
the pulse photon number and the carrier number. Assuming that
the net photon loss in the modulator section, the filter section,
and from the output coupler can all be expressed by the mul-
tiplicative factor e~ (see Appendix C), one can write the fol-
lowing equation relating the photon number n,[n + N] of the
(n + N)th pulse just before entering the gain section to that of
the nth pulse:

np[n + NJ
= % log [exp (kneln]) fexp (kny[n]) — 1] —|—1} exp(—=L). (8)

Here, n.[n] is the carrier number before the nth pulse. Note that
ny[n 4+ N] appears on the left-hand side of the above equation
and not n,, [n+1]. This is because there are N pulses in the cavity
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and the nth pulse after one complete round trip becomes the
(n 4+ N)th pulse. Equation (8) represents N separate finite-dif-
ference equations for the NV different pulses in the laser cavity.
The carrier number n.[n + 1] before the (n + 1)th pulse can be
obtained from n.[n] by using (3) and (7) to yield

nefn+ 1]

= {nc[n] - %log [exp (kne[n]) [exp (kny[n]) — 1] + 1]

+np [n]} exp (‘ZN )
| CC

Equations (8) and (9) constitute a system of (/N + 1) nonlinear
coupled finite-difference equations for the carrier number in the
gain section and the number of photons in the N different pulses.
These equations assume no coupling between the pulse photon
number fluctuations and other pulse fluctuations. For example,
in [13], it was shown that the pulse photon number fluctuations
can couple to the pulse timing fluctuations in the presence of
dynamic gain saturation. In this paper, we ignore such couplings
for the sake of simplicity and because their inclusion have been
found to not affect the main results presented in this paper in
any significant way. These nonlinear equations can give more
than one steady-state solution. The most desirable steady-state
solution is the one in which all of the pulses are identical and
there are no pulse dropouts. We assume a solution in which all of
the pulses in the cavity have n,,, number of photons just before
entering the gain section, and the carrier number in the gain
section just before each pulse is n.,. These steady-state values
satisfy

knpoexp(L) = log [exp (K neo) [exp (kK npo) — 1] + 1} (10)

and (11), shown at the bottom of the page. The stability of
the assumed solution can be studied by linearizing the non-
linear equations in (9) and (8) around the steady state to obtain
the following finite-difference equations for the pulse photon
number and carrier number fluctuations, An,[n] and An.[n],
respectively:

Anc[n + 1]—Anc[n] = — Ancn] vee — Any[n] vep
Any[n + N]=Anp[n]= = Anp[n] vpp + Ancln] vpe

12)
(13)

where .. describes the decay of the carrier number fluctu-
ation due to carrier recombination and stimulated emission,
Yep describes the carrier number fluctuations induced by the
photon number fluctuations, -, describes the decay of the
photon number fluctuations due to dynamic gain saturation, and

=T
Neo [1 — exp ( N
Tr

)] om0 e (72 ) = 27 ] [ e (Z22)].

Y
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Ypc describes the photon number fluctuations induced by the
fluctuations in the carrier number. Equations (12) and (13) are
a system of (N + 1) linear coupled finite-difference equations
for the carrier and photon number fluctuations. Expressions for
Yees Vep» Vpp» and Ype in (12) and (13) are given as follows:

exp (é)
exp (K neo) [exp (kmpo) — 1] +1
[exp (Kmeo) — 1] exp (%)
Ter™ exp (K neo) [exp (knpo) — 1] +1
_T co o
’yppzl—exp< N) exp (K Neo) €xp (K Npo)
7 ) exp(knco)[exp (knpo)—1] +1
exp (K Neo) €xp (K Mpo) (17)
exp (ko) [exp (Knpo) — 1] +1°

(14)

Yec= 1-

5)

(16)

Ype = €XP (_L)

The values of the parameters e, Ypp, Yep, and 7, given above
are for the specific model assumed here. The finite-difference
equations in (12) and (13) are more general and can be used for
most harmonically mode-locked lasers provided that the values
of Yee, Ypp» Yep> and 7y, are available. In Section III, we deter-
mine the conditions necessary for the stability of this system.

III. RELAXATION OSCILLATION MODES AND CONDITIONS
FOR STABILITY

The system of finite-difference equations for the fluctuations
in (12) and (13) can be solved by assuming a solution of the
form

Ang[n] =n.(z) 2" (18)
Any[n] =n,(z) 2". (19)
Substituting (19) into (12) and (13), we find
— e
ne(z) = o %cnp(z) (20)

and the allowed values of z are the complex roots of an (N +1)th
order polynomial
N+ _ N

Z L—7ee) = 2 (1 = pp)

(1 = Yee)(X = Ypp) + Yep Ype = 0. (21)
The polynomial above has in (N + 1) complex roots z,, (m =
1,2,...(N + 1)) which correspond to (N + 1) relaxation os-
cillation modes. The assumed steady-state solution is stable if
and only if the magnitudes of all the roots are less than unity.
The roots z,, determine the pattern of the photon number (or
the energy) fluctuations in pulses inside the laser cavity corre-
sponding to each relaxation oscillation mode. Since the poly-
nomial in (21) has real coefficients, the complex roots come
in complex conjugate pairs. The first conjugate pair of roots
correspond to relaxation oscillation modes in which the photon
number (or the energy) of different pulses inside the laser cavity
fluctuate in phase. The higher order roots correspond to relax-
ation oscillation modes in which the photon number fluctuations
of different pulses inside the laser cavity are increasingly out of
phase. The general trends are best illustrated by an example.
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TABLE I
LASER PARAMETER VALUES USED IN SIMULATIONS
(UNLESS STATED OTHERWISE)

Laser differential gain dg/dn 10715 cm?
Effective mode area A.j ¢ 10~8 cm?

K (=dg/dn/Acsy) 1077
Fundamental roundtrip time T'r 0.2 ns

Cavity loss e~ L 0.25

Carrier lifetime 7, 0.8 ns
Transparency carrier density n¢ | 1.6 x 1018 cm™—3

m=1,2 relaxation oscillation modes

0.8

0.6H
0.4} ;
0.2H E
) hh, ,

|

30 40 50 60
Pulse Number [n]

0 10 20 70

Fig. 4. Time evolution of the photon number fluctuations for the first and
second (m = 1, 2) relaxation oscillation modes for an N = 6 harmonically
mode-locked laser.

The roots z,, can easily be obtained by numerically solving the
equation in (21). For simulations, unless stated otherwise, we
use the laser parameter values listed in Table I. Fig. 4 shows the
time evolution of the pulse photon number fluctuations (normal-
ized units) for the first two relaxation oscillation modes (m = 1
and m = 2) as a function of the pulse number fora N = 6
harmonically mode-locked laser. It should be noted that every
(N + 1)th pulse is the same pulse after a cavity round trip. The
pulse energy is 0.1 E,¢. The photon number fluctuations in all
of the pulses inside the laser cavity are seen to be in phase.

Fig. 5 shows the time evolution of the photon number fluc-
tuations for the third and fourth relaxation oscillation modes
(m = 3 and m = 4). Fig. 6 shows the photon number fluc-
tuations corresponding to the fifth and sixth relaxation oscilla-
tion modes (m = 5 and m = 6). It can be seen that the photon
number fluctuations among the pulses in the cavity are increas-
ingly out of phase for higher order relaxation oscillation modes.
Fig. 7 shows the photon number fluctuations for the highest
(m = 7) relaxation oscillation mode. For the highest mode, the
energy fluctuations in the neighboring pulses inside the laser
cavity are completely out of phase. Also, Figs. 4-7 show that
the higher order relaxation oscillation modes are less damped
than the lower order modes. In Section III-A, we analytically
determine the conditions necessary for the stability of the relax-
ation oscillation modes.
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Fig. 5. Time evolution of the photon number fluctuations for the third and
fourth (m = 3, 4) relaxation oscillation modes for a N = 6 harmonically
mode-locked laser.

"m=5,6 relaxation oscillation modes
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Pulse Number [n]

Fig. 6. Time evolution of the photon number fluctuations for the fifth and sixth
(m = 5, 6) relaxation oscillation modes for a N = 6 harmonically mode-
locked laser.

m=7 relaxation oscillation mode

A
AT

Pulse Number [n]

Fig. 7. Time evolution of the photon number fluctuations for the seventh (1m =
7) relaxation oscillation mode for a N = 6 harmonically mode-locked laser.
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A. Stability of Fundamentally Mode-Locked Operation

For fundamentally mode-locked operation (/N = 1), the two
roots of the second-order polynomial in (21) are complex con-
jugates of each other and have magnitude given by

|Zl| = |Z2| = \/1 - (70@ + Ypp — Yee Vpp — Vep 'Vpc)- (22)

Therefore, fundamentally mode-locked operation will be stable
if (and only if) the following condition is satisfied:

Yee + Ypp > Yee Vpp + Yep Vpe- (23)
For 7ec, Ypps Vep> and 7yp. given in (14)—(17), and using the
relation in (10), it can be shown that (23) is satisfied for all
pulse energies. Fundamentally mode-locked operation is there-
fore stable with respect to relaxation oscillations.

B. Stability of Harmonically Mode-Locked Operation

A complete analytical analysis of the stability of harmoni-
cally mode-locked operation is complicated. It can be shown
that a necessary (but not sufficient) condition for all of the roots
of the polynomial in (21) to have magnitude less than unity is
(see Appendix B)

2%p > Yee Ypp + Yep Vpe- 24
The above relation is the most important result of this paper,
and it sets the limits for stable harmonic mode-locking in
semiconductor lasers. The condition in (24) shows that har-
monic mode-locking is not stable if -y,, = 0. This result can
be understood in a simple way. The slow response of the gain
medium is tied to the total energy in all of the pulses in the laser
cavity. Pulse energy fluctuations that are positively correlated
in different pulses are damped by the slow negative feedback
from the gain medium. These positively correlated pulse energy
fluctuations correspond to the lower order relaxation oscillation
modes. Pulse energy fluctuations that are negatively correlated
in different pulses are not damped by the slow response of
the gain medium. These negatively correlated pulse energy
fluctuations correspond to the higher order relaxation oscilla-
tion modes. Therefore, dynamic gain saturation that results in
a nonzero positive value for v,, helps to stabilize harmonic
mode-locking in semiconductor lasers with respect to relax-
ation oscillations.

In [6] and [7] the stability of harmonically mode-locked fiber
lasers was attributed to the soliton effect, and the stability con-
dition derived there is equivalent to 7,, > 0 in the language
used in this paper (although v, in [6] and [7] was entirely due
to the soliton effect and not due to dynamic gain saturation).
Slow gain dynamics were ignored in [6] and [7] since they were
expected to play a minor role in fiber lasers. The condition in
(24) sets a more stringent condition for stability since slow gain
dynamics tend to destabilize harmonic mode-locking in semi-
conductor lasers.

The condition necessary for stability given in (24) can also be
derived in a simple way by estimating the largest (in magnitude)
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root z,, ., of the equation in (21). When N is even, z ., is real
and is assumed to be given by the approximate expression

Zyy, R €xXp (—'yN+1 —i—jﬂ'). (25)
The assumed form in (25) is such that the pulse energy fluctua-
tions in the (IV +1)th relaxation oscillation mode are completely

negatively correlated in the neighboring pulses. We substitute
(25) into (21) and expand to first order in v, , to obtain

~ ~ 29pp — Yeec Ypp — Yep Ype
v N (2 = Yee) + Ypp

(26)

The methods used to obtain (26) are justified as long as the mag-
nitude of the resulting value of v, is much less than unity.
The pulse energy fluctuations are stable if v, ,, > 0. Equation
(26) shows that ., > 0 provided the condition for stability
given earlier in (24) is satisfied. Numerical simulations confirm
that the approximate form for z,,, assumed in (25) is accu-
rate as long as |v,,,| < 1, which is almost always the case
in semiconductor mode-locked lasers. For N odd, the solution
in (25) is not a good approximation. (z, )" * must have the
same sign as z, . This is because the (N + 1)th pulse is the
same pulse after one complete round trip. The noise in a pulse
evolves slowly and is not expected to change sign in one round
trip. Numerical simulations show that, for IV odd, the largest (in
magnitude) roots z, ., and z, of (21) are complex conjugates
of each other and are given to a very good approximation by

1
exp |:_’YN+1 +j’/T <1 - N>:|
. 1
N R exp [—’YN - <1 - N)]

The solution above represents the maximum possible negative
correlation between the neighboring pulses when NV is odd. The
approximate value of vy, is found as before as

X

ZNt1

w
X

27)

~ pp (exp (_]{rw) + 1) — (Vee Ypp + Vep ’ch)

7N+1 - N (exp (%) +1- ’ch) + “Ypp €XP (%)

(28)

where v, is just the complex conjugate of v,_,. For N odd,
vn+1 and vy are in general complex, and pulse energy fluctua-
tions are stable if Re (7, ) = Re (7, ) > 0, which is the case
if the condition for stability given in (24) is satisfied.

C. Damping of the Relaxation Oscillation Modes

In general, the difference 1 — |z,,| is proportional to the
damping of the mth relaxation oscillation mode. A nega-
tive value of 1 — |z,,| would imply instability. Since the
highest order relaxation oscillation mode is the least damped,
1 — |zn41| determines the stability of the laser (note that
Re (vy,,) & 1 — |zn41|). The larger the value of 1 — |2x41],
the stronger the damping of the highest relaxation oscillation
mode, and the more stable will be the laser against noise and
pulse dropouts. In case of the model presented in this paper, the
value of 1 — |z 41| depends on the ratio of the pulse energy
E, to the saturation pulse energy F,; of the gain medium
defined earlier, the ratio of the pulse repetition time 7}y to the
carrier recombination time 7,., and the cavity round-trip loss
e~ L. Fig. 8 shows the value of 1 — |zx 1] as a function of the
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Fig. 8. 1 — |zx41] is plotted as a function of E,, / Es.; for different values of
the cavity round-trip loss e~ for a N = 20 harmonically mode-locked laser
with a cavity round-trip time T’r equal to 2 ns.
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Fig.9. 1 — |zn41]is plotted as a function of E,, / Eq.; for different values of
N. The assumed values of ¢ =L and Tk are 0.4 and 2 ns, respectively.

ratio £,/ Eq,; for a N = 20 harmonically mode-locked laser
with a cavity round-trip time Tk equal to 2 ns. The different
curves correspond to different values of the cavity round-trip
loss e~%. All other laser parameters are as in Table I. A larger
pulse energy causes more dynamic gain saturation, resulting in
increased damping and better pulse stability for harmonically
mode-locked operation. Fig. 8 shows that dynamic gain sat-
uration ensures that harmonic mode-locking is stable against
relaxation oscillations even for very small pulse energies. It
needs to be pointed out here that, at very small pulse energies,
the damping of the relaxation oscillations can become weak,
and the noise-induced pulse fluctuations can become large,
such that the linearized analysis presented in this paper may
no longer be valid. Fig. 9 shows the value of 1 — |zny41] as a
function of the ratio E,/E.. for different values of N. The
assumed values of e~ and T are 0.4 and 2 ns, respectively.
A smaller value of N implies a longer pulse repetition interval,
larger damping of the carrier number fluctuations from pulse to
pulse, and therefore better stability for harmonic mode-locking
against gain dynamics at slow time scales.
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Fig. 10. Harmonically mode-locked semiconductor laser with a saturable ab-
sorber section.

IV. EFFECT OF SATURABLE ABSORBER ON HARMONIC
MODE-LOCKING IN SEMICONDUCTOR LASERS

So far, we have considered a mode-locked laser without a
saturable absorber section. A saturable absorber helps generate
shorter pulses. In many practical cases, saturable absorption is
present in a semiconductor amplifier even when a separate sec-
tion is not explicitly included due to light absorption at defect
sites or in unpumped regions of the optical waveguide. A sat-
urable absorber can destabilize harmonic mode-locking since it
offers less loss to larger energy pulses compared with smaller
energy pulses, and this can make the higher order relaxation os-
cillation modes unstable. We consider the laser cavity shown in
Fig. 10, in which a saturable absorber is added after the gain
section.

We assume that the saturable absorber is slow (i.e., the loss re-
covers on a time scale much longer than the pulse width) but the
loss recovers on a time scale much shorter than the pulse repeti-
tion interval (so that slow loss dynamics can be neglected). The
total unsaturated loss of the absorber is given by the multiplica-
tive factor e ~L«. The saturation pulse energy for the absorber is
given by the expression

hw,

Esatfa = (29)

a

where k, is the ratio of the differential loss of the material (in
cm?) and the effective area of the optical mode in the absorber
section [16]. For pulse shaping with a slow saturable absorber,
one must have the saturation energy E,; of the gain section
larger than E, ¢, [17]. We assume in this paper that Fg,;_, =
Eat /2. One can derive the following nonlinear finite-difference
equation for the pulse photon numbers and the carrier number
in the gain section using the methods described earlier:

Npaln] = %log [exp(m n.[n])[ exp (kny[n])—1]+ 1:| (30)

gl + N) = 1o [ exp (~La) [exp (6 mpalnl) = 1] + 1

x exp (—L) 31

neln +1] = {neln] = nyaln] +nyfn]} exp <—T )

] [ (5
+ — Ny | |1 —exp
q Tr

J

Here, n,,[n| is an extra variable that stands for the photon
number of the nth pulse just before entering the saturable
absorber section. The above equations include gain dynamics
on both fast and slow time scales and loss dynamics on just
the fast time scales. Therefore, dynamic loss saturation, which
tends to destabilize harmonic mode-locking, is included in the
model. Assuming a steady state in which the energies of all
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with saturable absorber -

without saturable absorber

Fig. 11. 1 —|zn41] is plotted as a function of E, / E.,; for different values of
N for a harmonically mode-locked laser both with (solid) and without (dashed)
a saturable absorber. The assumed values of e~ %, e~ La and Tg are 0.4, 0.6,
and 2 ns, respectively. Harmonic mode-locking becomes unstable for pulse en-
ergies much smaller than E, in the presence of a saturable absorber.

pulses in the cavity are the same, the above equations can be
linearized to obtain finite-difference equations for the pulse
photon number fluctuations and the carrier number fluctuations.
These linearized equations are identical in form to the equa-
tions given earlier in (12) and (13) except that the expressions
for the parameters -, and -,. are different and are given in
Appendix D.

The stability of harmonic mode-locking with respect to relax-
ation oscillations in the presence of the saturable absorber can be
studied by looking the at value of the damping factor 1 — |z 1|
corresponding to the highest relaxation oscillation mode. Recall
that stability demands 1 — |z 41| > 0. Fig. 11 plots 1 — |2y 41]
as a function of the ratio £,/ E,; for different values of N for
a harmonically mode-locked laser both with and without a sat-
urable absorber. The assumed values of e~ %, e~ L« and T are
0.4, 0.6, and 2 ns, respectively, and Esat o = Esat/2. The ver-
tical slopes of the curves for the saturable absorber case corre-
spond to the values of 1 — |zy+1| becoming negative below cer-
tain minimum pulse energies and indicate the range of stability
with respect to relaxation oscillations. For pulse energies much
smaller than the gain saturation energy Fj,., dynamic gain satu-
ration is not able to stabilize harmonic mode-locking in the pres-
ence of dynamic loss saturation. For large pulse energies, both
the gain and the loss are saturated, and harmonic mode-locking
is stable.

It was pointed out earlier that lower order relaxation modes
are more stable and/or more strongly damped than higher order
modes. Fig. 12 plots 1 — |z,,| as a function of the ratio E,, / Eqat
for different values of m for a N = 10 harmonically mode-
locked laser. The assumed values of e~L, ¢=La, and Tg are
0.4, 0.6, and 2 ns, respectively, and Eg.t—n = Fgat/2. It can
be seen that modes 1-4 are stable even for small pulse energies
while modes 5-11 become unstable for small pulse energies.
The higher stability of lower order relaxation oscillation modes
is evident from the figure.

The range of stability depends on the strength of the sat-
urable absorber (measured in terms of the total unsaturated loss).
Fig. 13 plots the value of 1 — |zx41]| as a function of the ratio
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N=10

E

sat-a

sa /2

1-lz_|

Fig. 12. 1 —|z,,] is plotted as a function of E, / E.,. for different values of m
for an NV = 10 harmonically mode-locked laser with a saturable absorber. The
assumed values of e=L, e~ La and T are 0.4, 0.6, and 2 ns, respectively, and
Eeat—a = Esat/2. Modes 1-4 are stable even for small pulse energies while
modes 5-11 become unstable for small pulse energies.

10 T T
N=10
Esat—a = Esa/2
107" -ia 5
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Fig. 13. 1 —|zn41]| is plotted as a function of E,, / Ex.; for different values of
the unsaturated loss e~ L in the absorber for an N = 10 harmonically mode-
locked laser with a saturable absorber. The assumed values of e~ % and T'r are
0.4 and 2 ns, respectively, and Es.;_» = FEsat/2. Harmonic mode-locking is
stable for smaller pulse energies when the saturable absorber is weak.

E, | Esay for different values of the unsaturated loss e~ La in the
absorber fora N = 10 harmonically mode-locked laser. The as-
sumed values of e~ T and Tg are 0.4 and 2 ns, respectively, and
Esat— o = FEsat /2. Harmonic mode-locking is stable for smaller
pulse energies when the saturable absorber is weaker.

A fast saturable absorber, instead of a slow saturable absorber,
would change the analysis presented above, but the final form of
the linearized equations would still come out to be the same as
the equations given in (12) and (13). The values of vy, and 7.
would be different than the values given in Appendix D, but the
basic features and trends in the results presented above for the
slow saturable absorber case are expected to remain unchanged.
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Fig. 14. Time-dependent photon numbers (normalized to the initial photon
number) of the two pulses in a N = 2 harmonically mode-locked laser (with
a saturable absorber) are plotted as a function of time. The assumed values of
e~ L, ele and Tg are 0.4, 0.6, and 2 ns, respectively, and E.o—o = Eeoat/2.
Harmonic mode-locking is unstable for the small initial pulse energies and leads
to one pulse dropping out.

V. PULSE DROPOUTS

Any initial noise-induced perturbation can always be ex-
panded in terms of the relaxation oscillation modes, and the
most general solution for An.[n] and Any[n] can be written as

N+1

Angln] = Z ne(zm) 2,

m=1

N+1

Angn] = np(zm) 21,

m=1

(33)

(34)

where z,, represents the roots of the polynomial in (21). If an
unstable relaxation oscillation mode is excited, then the ener-
gies of certain pulses will grow with time, while the energies of
other pulses will decrease with time, depending on the pattern
of the photon number fluctuations corresponding to that mode.
This can lead to pulse dropouts. As an example, we consider
an N = 2 harmonically mode-locked laser with a saturable
absorber. The assumed values of e L, ¢ L« and Tg are 0.4,
0.6, and 2 ns, respectively, and Eg.t—n = FEgat/2. We start by
assuming an operating point that is a solution of the time-in-
dependent version of the nonlinear finite-difference equations
given in (30)—(32). The initial energies of both the pulses inside
the cavity were the same and equal to ~ 0.15 Fg,;. For these
pulse energies, the linearized analysis discussed above gives
z3 = —1.0072. The magnitude of z3 is greater than unity, and
therefore the assumed operating point is unstable with respect to
fluctuations that are negatively correlated in the two pulses in-
side the cavity. The magnitudes of z; and z, are less than unity.
The results obtained by simulating the nonlinear finite-differ-
ence equations given in (30)—(32) in time are shown in Fig. 14,
which plots the photon number of both the pulses inside the laser
cavity as a function of time. During the simulation, numerical
errors produced a perturbation in which photon number fluctu-
ations were negatively correlated in the two pulses. The fluctu-
ations grew in time until one pulse completely dropped out and,
in steady state, only one pulse existed in the cavity. It is favor-
able for one pulse to become more energetic at the expense of
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the other pulse and thereby reduce losses in the saturable ab-
sorber. This simulation shows that instabilities observed in the
linearized analysis can lead to pulse dropouts.

VI. CONCLUSION

In this paper, we have presented conditions necessary for
the stability of harmonically mode-locked semiconductor lasers
with respect to relaxation oscillations. Relaxation oscillation
modes in harmonically mode-locked lasers can have pulse en-
ergy fluctuations that are negatively correlated among different
pulses inside the laser cavity, and these modes can cause insta-
bility. We have shown that dynamic gain saturation can stabilize
harmonic mode-locking. In the presence of a saturable absorber,
stable operation is obtained only for pulse energies above a min-
imum value. The model presented in this paper has ignored non-
linear effects, such as Kerr nonlinearity and two-photon absorp-
tion, that could become important for high-intensity pulses and
affect pulse stability in harmonically mode-locked lasers.

The predictions in this paper can be verified experimentally.
For example, in [12], it was shown that the spectral weights
of the supermode noise peaks in the experimentally measured
pulse noise spectral density functions can be related to the cor-
relations in the noise of different pulses inside the laser cavity.
Negatively correlated pulse energy fluctuations correspond to
increased spectral weight in the supermode noise peaks located
near the odd integral multiples of one-half the pulse repetition
frequency. Therefore, relaxation oscillation induced instability
should manifest itself in the experimentally measured spectral
weights of the supermode noise peaks.

APPENDIX A
NONLINEAR EQUATION FOR THE PULSE PHOTON NUMBER

We start from (3) that

=2 " _ 22 k()] Az, )] (35)

Within the duration of the pulse, and assuming the duration of
the pulse to be much shorter than the carrier relaxation time 7.),
the above equation becomes

dn(x,t)
dt

= —rn(z,t) Az, 1) (36)
Integrating the above equation, we obtain the time-dependent
gain g(z,t) seen by the pulse

t
g(z,t) = kn(z,t,) exp (—n/ dt’ |A($,t')|2> 37)
-

x

where ¢ is a time just before the pulse reaches the location x
in the gain section. The equation for the pulse photon number is
obtained by substituting (37) into (1), multiplying both sides by
A*(x,t), integrating over the time variable ¢, and keeping the
real part of the resulting equation. This yields
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ony(x -

% =n(z,t;) [l —exp(—rny(z))]. (38)
Equation (38) can be integrated to give a relation between the
pulse photon numbers n,; and n} at the input and output of the

P P
gain section, respectively, as

n;‘:%log{exp (Iinc_) [exp(nn;) —1] +1} (39
where n_ is defined by

Ay
n, :/ dzn(x,t,). (40)
0

APPENDIX B
NECESSARY CONDITION FOR THE STABILITY OF
HARMONICALLY MODE-LOCKED OPERATION

Stability of harmonic mode-locking requires that the magni-
tude of all the roots of the following equation are less than unity:

N+ _ N

z = 2(1 = vpp) + (1 = vee) (1 = 7pp)

+'7(-,p Ype = 0.

1 _7cc)
41)

We use a bilinear transformation from the complex z-plane into
the s-plane that maps the region inside the unit circle (i.e., |z| <
1) into the left half plane (i.e., Re(s) < 0) to yield

z—1
z4+1

_1+s
T 1l-3s

z

(42)

s =

The roots z; will have magnitude less than unity if all solutions
of the equation below are in the left half plane (i.e., have negative
real parts) as

GJ_Fz)NH - GJ_ri)N (1= Yee) = Gfi) (1= 7,p)

+(1 = Yee) (1 = Ypp) + Yep Ype = 0. (43)

N+

After multiplying by (1 — s)™ ™' in (43), we obtain an equation

of the form

N+1

E ak sF=0.
k=0

The coefficients aj, can be obtained from (43). The necessary
(but not sufficient) conditions for the roots of (44) to have neg-
ative real parts are as follows.
1) All of the (N +2) coefficients a; must have the same sign.
2) All a;, must be nonzero, unless ay, for all even & or all odd
k are zero.
The above two conditions give the necessary condition for the
stability of harmonic mode-locking given in (24). Forthe N =1
fundamentally mode-locked case, the above conditions are also
sufficient. For N > 1, the well-known Routh—Hurwitz criteria

(44)
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can be used to analyze the necessary as well as sufficient condi-
tions for the roots of (44) to have negative real parts [18].

APPENDIX C
MODELING MODULATOR, FILTER, AND OUTPUT
COUPLING LOSSES

Modulator Section Loss: Pulse propagation in the modu-
lator section is described by the equation [15]

M:%m {COS [QN <t+ i)] - 1} Alz,t) (45

or Vg

~ — O‘T’" 0% 12 A, t) (46)
where «,, is the loss per unit length (in cm™') and vy is the
group velocity of the pulse. The approximation in (46) is valid
if the pulse transit time through the modulator is much smaller
than the pulse width. The above equation can be integrated to
obtain a relation between the number of photons in the pulse at
the input and output of the modulator

np(out) = n,(in) (1 — L) = np(in) exp (—Ly,)  (47)
where the modulator loss L,,, is
b < dyy?| Az, yr)|?
Lm:a2 2NTzf_ooyyl( y7)| 48)

S dy | Az, yr)|?

Here, [,,, is the length of the modulator section, and 7 is the pulse
width. The variable y in A(x,y7) indicates the pulse shape at
the location of the modulator.

Optical Filter Loss: We assume that the transmitivity T'(w)
through the optical filter near the frequency w, of peak transmis-
sion is given by the equation

(w —wa)z

T(w)=1- (49)

2
Wy

where w,, is the bandwidth of the filter. w, is also assumed to
be equal to the pulse center frequency. The photon loss in the
optical filter is then given by the relation [15]

np(out) = n,(in) (1 — Ly) = ny(in) exp (=Lf)  (50)
where the filter loss Ly is
2
e8] OA(z,yT
|y |2
Ly (€2))

S w2 dy A, yT)2

The variable y in A(z,y7) indicates the pulse shape at the lo-
cation of the filter.

Output Coupling Loss: The photon loss in the cavity from
the output coupler and from the insertion losses associated
with various components is given by the exponential function
exp (—L.). For example, if the reflectivity of the output cou-
pler is R, then the contribution of the output coupler to L. is

log (1/R).
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Total Loss: If the total round-trip loss is described by the
multiplicative factor e~ then L equals

L=L.+Ln+L; (52)

where the expressions for L., L,, and Ly were given in the
previous sections. In most cases, L. > L,,, L.

APPENDIX D
EXPRESSIONS FOR 7Y¢c, Yeps Vpps AND Yy IN THE PRESENCE OF
THE SATURABLE ABSORBER

The expressions are as follows:

exp (—T_N )
exp (K neo) [exp (knyo) — 1] +1
[exp (KMeo) — 1] exp (—i—”)
exp (K neo) [exp (kmpo) — 1] +1
exp (—La) exp (Ko Npao)
exp (—L,) [exp (Ka Mpao) — 1] +1
T, exp (K Neo) €xXp (KMpo)
exp[— =%
Tr ) exp (Kneo) [exp (Knpo)— 1] +1
exp (—L,) exp (Ko Npao)
 exp (—=L,) [exp (Ka Npao) — 1] +1
exp (K Neo) €xXp (K npo)

exp (Kneo) [exp (Knpo) — 1] + 1

Yee = 1- (53)

Yep = (54)

Ypp

(55)

-exp (—L)

(56)

ACKNOWLEDGMENT

The authors would like to thank Dr. F. Bartoli for support
through the National Science Foundation Faculty CAREER
Award.

REFERENCES

[11 T. G. Ulmer, M. C. Gross, K. M. Patel, J. T. Simmons, and P. W.
Juodawlkis, “160-Gb/s optically time-division multiplexed link with
all-optical demultiplexing,” J. Lightw. Technol., vol. 18, no. 12, pp.
1964-1977, Dec. 2000.

[2] P. W. Juodawlkis, J. C. Twichell, G. E. Betts, J. J. Hargreaves, R.

D. Younger, J. L. Wasserman, F. J. O’Donnell, K. G. Ray, and R.

C. Williamson, “Optically sampled analog-to-digital converters,” I[EEE

Trans. Microw. Theory Tech., vol. 49, no. 10, pt. 2, pp. 1840-1853, Oct.

2001.

C. M. DePriest, A. Braun, J. H. Abeles, E. Park, and P. Delfyett Jr.,

“10-GHz ultralow-noise optical sampling stream from a semiconductor

diode ring laser,” IEEE Photon. Technol. Lett., vol. 13, no. 11, pp.

1109-1111, Nov. 2001.

M. Horowitz, C. R. Menyuk, T. F. Carruthers, and I. N. Duling, “Theo-

retical and experimental study of harmonically modelocked fiber lasers

for optical communication systems,” J. Lightw. Technol., vol. 18, no.

11, pp. 1565-1574, Nov. 2000.

M. Nakazawa, E. Yoshida, and Y. Kimura, “Ultrastable harmonically

and regeneratively modelocked polarisation-maintaining erbium fibre

ring laser,” Electron. Lett., vol. 30, pp. 1603—1605, 1994.

[6] H. A. Haus, “Long term storage of a bit stream of solitons,” Opt. Lett.,
vol. 17, pp. 1500-1502, 1992.

[7]1 M. Horowitz and C. R. Menyuk, “Analysis of pulse dropout in harmon-
ically modelocked fiber lasers by use of the Lyapunov method,” Opt.
Lett., vol. 40, pp. 4042, 2000.

[8] M. Horowitz, C. R. Menyuk, T. F. Carruthers, and I. N. Duling,
III, “Pulse dropout in harmonically modelocked fiber lasers,” IEEE
Photon. Technol. Lett., vol. 12, no. 3, pp. 266-268, Mar. 2000.

(3]

(4]

(31



RANA AND GEORGE: RELAXATION OSCILLATIONS AND PULSE STABILITY IN HARMONICALLY MODE-LOCKED SEMICONDUCTOR LASERS

(91

(10]

[11]

(12]

[13]

[14]
[15]
[16]

[17]

T. Yilmaz, C. M. DePriest, and P. Delfyett Jr., “Complete noise charac-
terisation of external cavity semiconductor laser hybridly modelocked
at 10 GHz,” Electron. Lett., vol. 37, pp. 1338-1339, 2001.

C. M. DePriest, P. Delfyett Jr., J. H. Abeles, and A. Braun, “Ultra-
high-stability photonic sampling streams from an actively-modelocked
semiconductor diode ring laser,” in Proc. Conf. Lasers Electro-Optics,
Washington, DC, 2001, pp. 89-90.

J.J. Hargreaves, P. W. Juodawlkis, J. J. Plant, J. P. Donnelly, and J. C.
Twichell, “Residual phase-noise measurements of actively modelocked
fiber and semiconductor lasers,” in Proc. Annu. Meet. IEEE Lasers and
Electro-Optics Soc., 2001, pp. 115-116.

F. Rana, H. L. T. Lee, R. J. Ram, E. P. Ippen, and H. A. Haus, “Char-
acterization of the noise and correlations in harmonically mode-locked
lasers,” J. Opt. Soc. Amer. B, vol. 19, pp. 2609-2621, 2002.

F. Rana and R. J. Ram, “Noise and timing jitter in active and hybrid
modelocked semiconductor lasers,” in Proc. Conf. Lasers Electro-Op-
tics, Washington, DC, 2001, pp. 6-7.

D. Von Der Linde, “Characterization of the noise in continuously oper-
ating modelocked lasers,” J. Appl. Phys. B, vol. 39, pp. 201-217, 1986.
H. A. Haus and A. Mecozzi, “Noise of mode-locked lasers,” IEEE J.
Quantum Electron., vol. 29, no. 3, p. 983, Mar. 1993.

L. A. Coldren and S. Corzine, Diode Lasers and Photonic Integrated
Circuits. New York: Wiley, 1995.

H. A. Haus, “Theory of mode-locking with a slow saturable absorber,”
IEEE J. Quantum Electron., vol. 11, no. 8, pt. 1, pp. 73646, Aug. 1975.

1119

[18] G.F. Franklin, J. D. Powell, and A. Emami-Naeini, Feedback Control
of Dynamic Systems, 4th ed. Upper Saddle River, NJ: Prentice-Hall,
2002.

Farhan Rana received the B.S., M.S., and Ph.D. degrees from the Massachu-
setts Institute of Technology (MIT), Cambridge, all in electrical engineering.

He was involved with a variety of different topics related to semiconductor
optoelectronics, quantum optics, and mesoscopic physics during his doctoral re-
search. Before starting his doctoral work, he was with IBM’s T. J. Watson Re-
search Center, where he was involved with silicon nanocrystal and quantum-dot
memory devices. He joined the faculty of the School of Electrical and Computer
Engineering, Cornell University, Ithaca, NY, in 2003. His current research fo-
cuses on semiconductor optoelctronics and terahertz devices.

Dr. Rana was the recipient of the National Science Foundation Faculty CA-
REER Award in 2004.

Paul A. George received the B.S. and M.Eng. degrees in electrical and computer
engineering from Cornell University, Ithaca, NY, where he is currently working
toward the Ph.D. degree in electrical and computer engineering. His master’s
thesis focused on semiconductor mode-locked lasers.

His current research is focused on ultrafast terahertz photonics and devices.



