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Abstract

A theoretical study of active mode-locking fiber loop laser using semiconductor optical amplifier (SOA) was pre-
sented in this paper. The effects of linewidth broadening factor of SOA on active mode-locking were investigated
originally. The relations between parameters of output pulse series and the critical parameters of SOA and other el-
ements in fiber loop were obtained. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ultra-short pulse sources are key devices for
the future optical communications [1] and other
all-optical data processing applications such as
optical analog-digital (A/D) conversion [2] and
optical logic devices [3]. Mode-locking lasers are
preferable for generating ultra-short pulse series.
Various mode-locked lasers with higher than 10
GHz repetition have been demonstrated [4-7]. A
40 GHz, 850 fs pulse series was obtained by using
a mode-locking fiber loop laser with erbium-
doped fiber as gain medium [4]. Recently semi-
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conductor optical amplifier (SOA) was used as
gain medium and modulator to generate 20 GHz,
4.3 ps pulse series by external optical modulation
[5]. And 10 GHz, 3 ps pulse series was directly
obtained from the actively mode-locked fiber ring
laser with SOA and electro-absorption modulator
(EAM) [6].

Our purpose in this paper is to present a general
analytical model for operation of the actively
mode-locked fiber ring laser with SOA and exter-
nal amplitude modulator. There are some works
investigating mode-locking laser theoretically [5,8—
10,13]. These previous theories are not applicable
to mode-locked lasers using SOA as gain medium.
In [8] passive mode-locking laser using saturable
absorber was analyzed in time-domain. A similar
method was used in [9] to analyze active mode-
locking laser. A method using the ABCD Law was
presented in [10] to mode fiber ring laser using
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EDF. In [8-10] the gain variation in the pulse
duration was not considered. However, the dy-
namic gain has to be considered to estimate the
characteristics of the actively mode-locked fiber
ring laser with a SOA.

In this paper a method was presented to model
actively mode-locked fiber laser using a SOA, the
variation of gain in the pulse duration was in-
cluded and effects of self-phase modulation (SPM)
in the SOA, which is induced by linewidth
broadening factor of the SOA, were considered.
The parameters of other components, which affect
the laser performance, were also investigated. And
some principles of active mode-locking laser de-
signing are concluded.

The rest of this paper was organized as follows.
In Section 2 the basic model was described and the
time-domain method was introduced. The results
were discussed in Section 3. Finally, conclusions
were presented in Section 4.

2. Theoretical models

The configuration of actively mode-locked fiber
ring laser is shown as Fig. 1, in which there is a
SOA as gain medium in the ring and an amplitude
modulator (AM) to modulate the loss in the cav-
ity. The oscillating wavelength is chosen by a filter.
Isolators make sure that light goes in one direction
in the cavity. To obtain stable pulse series in the
cavity, the modulating frequency of the modulator
should be nearly integral times the fundamental
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Fig. 1. Structure of fiber loop laser.

frequency of the cavity, Ly/c (L is the optical path,
¢ is the velocity in vacuum). We assume that, in
stable operation case, every pulse in the cavity has
the same shape. The pulse shape is modified by the
SOA, the filter and the modulator in the cavity;
however, it is restored when the pulse comes back.
The further assumptions are: (a) in the bandpass
of filter, the gain variation in SOA with wave-
length is negligible. (b) Chromatic dispersion in the
cavity is negligible. (This will be dropped in Sec-
tion 3.3.) (c) The bandpass of the filter is consid-
ered as a Gaussian shape near the band of pulses.
In the following, models for components in the
cavity are presented, and self-consistence equation
is derived.

2.1. Semiconductor optical amplifier

The transfer function in time-domain of SOA is
modeled as follows:

TSOA(t) _ eG(t)(Hioc)/z’ (1)

where o is the linewidth broadening factor of the
SOA [12] and G(¢) is the total power gain of SOA.
It is given by

G(1) = / gz 1) dz, 2)

where g(z,7) is local power gain at z and / is the
length of SOA. The variation of G(¢) with time can
be described by rate equation [14]

dG(1) G = G(t)  cnapd|En(r)]’

= G _1

where G is the small signal gain of SOA, 7 is the
carriers’ recovery time, A4 is the cross-section area
of SOA, and J, is the saturation energy of SOA.
And we define

50 =" [ B0 ar. 4)

o0

We neglect the recovery of carriers in pulse dura-
tion. So the solution of (3) is

J(t)

1= = (1 —e e 7. ®)

In which Gj, is the gain before the pulse coming in.
Gain variation in pulse duration G(¢), which is
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described accurately by (5), can be approximated
by a linear function as

Gin + Gout Gout - Gin
G(t) =
(®) 2 T JRAT

The accuracy of this approximation is affected by
the Gy, and input pulse energy Jiow1, but when Gy, is
below 4.6 (about 20 dB) and input pulse energy is
below 0.01Jy,, which are satisfied in common
cases, the error of this approximation is below 3%
in the range of 2AT near the pulse center. The Gy
is the gain when the pulse goes out. And the re-
lation between Gy, and G, is

1 — g Gouw — (1 _ e—Gm)e—Uo, (7)

where Uy = Jiota/Jsar- And AT is determined by
the shape of pulse, in Gaussian shape, it is
the Gaussian pulsewidth. Out of the pulse du-
ration, the gain recovery according to Eq. (3)
without the second term on the right. In the
stable state, the relation between the gain before
the pulse coming in (Gj,) and that after the pulse
out (Goy) is

Gin = (Gout - Gss)e_Tb/T + Gssa (8)

where Ty, is the recovery time between two pulses.

. (6)

2.2. Amplitude modulator

The modulation characteristic of the AM is
assumed as follows:
Tinod = €XP _£_5_m(1 —coswt) |, 9)
)
where L is the total static loss in the cavity at the
central frequency of the filter, J,, is the intensity of
modulation, and w is modulation frequency.
With the assumption that the pulsewidth of
stable operation case is small compared with the
modulation period, the cosine function can be
expanded to the second term

.« B L onm ,,
Tmoa(t) = exp {—2—2wt}. (10)
If the pulse passes through the modulator not at
the peak of the transfer function, but shifted by a
phase angle 6, the transfer function of modulator
can be approximated by [9]

. L
Toa(t) = exp {— 5~ 57"1(1 — cos(wt — 0))}
L
o~ _—__M=
exp[ ) (I —cosb)
Om . Om
+ s1n0wt—7 cos sztz]. (11)

When 0 is positive, the pulse precedes to the peak
of modulating signal, vice versa.

2.3. Filter

It is assumed that the filter has a Gaussian
shape spectrum. So the frequency-domain transfer
function is given by [9]

(0 — dw)’

h | (12)

Tﬁlter(w) = C&Xp [_

where Aw, has a relation with the full width at half
maximum (FWHM) of the transfer spectrum of
the filter as follows:

1
—Aw . 13
ino FWHM (13)

It is assumed that there is a frequency shift as
much as dw between the central frequency of pulse
and that of the filter. dw is not zero due to SPM in
SOA.

Aw, =

2.4. Pulse shape

In this model, the pulse is assumed to be
Gaussian pulse instead of sech pulse in [5,8]. The
electric field is presented by

UJS, 1/2 _(+ip2
Bt = () S (14)

where AT = ATFWHM/(2\/§), and f is the linear
chirp. Then substituting (14) into (4), it is obtained
that

. P
J(t) neepd [ e adl
Jsat B 2 Jsat ’

o Jtotal o nCSOAATﬁ 1
B Jsat B 2 Jsat.

Us (15)
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2.5. Self-consistence equation

With the models of the components in the
loop laser presented above, the self-consistence
equation of stable mode-locked pulse can be
obtained. In the following, ¢ is the retard frame
time.

E () = Thier (@) Eo(). (16)
After Fourier transformation
UOJsat 12 & —(t=Ta1)?
E (t) = N+ o—y(t=Tar) 17
0= () emenr, (1)
where
1 2AT* 2 dw Im(y)
— =t — =—— . 18
7 1+if Aw; a Aw? Re(y) (18)
After pulse goes through the SOA,
Ez(t) = TSOA(t — Td])El (l)
UsJsat v m+icr o=7(1-Te)’
= —== el 19
(Ve ) e 19)

With the same manner, the pulse out from mod-
ulator is

E5(t) = Toa(t — Tin)Ex(2). (20)

Including detuning between the modulating fre-
quency and harmonic frequency of the cavity,
there is

Lo _ 1, —or, (1)
C

where L, is length of optical path of the cavity, Tp,
is the modulating period, and # is a integral. Then
in stable operation case, there is

Eo(t — 0T) e = Ex(1), (22)

where ¢ is a constant phase delay. This is the self-
consistence equation.

2.6. Solution of self-consistence equation

Substituting equations into (22), and after some
tedious derivation, a set of nonlinear equations is
obtained

1

Om > B
Re(y) —&-Twm cos 0 AT

0, (23.1)

i
tm(3) - 57 = 0. 2
Gin - Gout 6(0
Tin — Jout ) 5 99 Re(y) = 23.
2/7AT * T T Aa? e =0, 233
ow Gout — Gin 5m 2
Z—Awé Im(y) — W T OmCos 0Ta
O . oT
— 5 @n s1n0+ﬁ— 0, (23.4)
WJF n — 5_‘“(1 — cos 0) —%wm sin 074,
5m 5 5 Gout - Gin
— 4 ¥ COS 0Ty, — WTM
L &T?
“2tap =" =

with Egs. (7) and (8) where T;, = 2n/w — /TAT/2,
there are seven equations and seven unknowns,
AT, B, Gin, Gow, Uy, 0 and 0. These equations can
be solved by using the tools in matlab, which is
based on least squares algorithm.

With (23.2) and (18), it can be derived that the
linear chirp at the pulse center, f, is zero. From
(23.1) and with an assumption that the spectrum
width of the pulse is much smaller than the pass
bandwidth of the filter, it can be obtained

2
4
AT = \/ Aw2?, 6 cos 0 (24)

It is noteworthy that because of the linewidth
broadening factor o of SOAs, there is Eq. (23.3),
which was not included in previous publications.
The leaded frequency shift dw affects the loss in the
cavity and then affects the pulse power and
pulsewidth. It is included implicitly in #; in (23.5).
From (23.3), the frequency shift from the center
frequency of the filter can be obtained

(Gin - Gout ) Awé

00 = JiATRe(y)

(25)
Because o is positive, ow is also positive. The
center frequency of the pulse shifts to lower fre-
quency (long wavelength) from the center fre-
quency of the filter, this can be shown in the
spectrum in [6].

From (23.1)-(23.5), let Uy = 0, the minimum
G 1s obtained
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10 |2 om
G, (dB) = L(dB) + 1o | ,A—wg' (26)

Below this threshold the power of the pulse in
stable operation case is zero.

3. Results and discussion

In this section, the performances of fiber ring
laser with SOA were investigated. The effects of
some critical parameters on the performance were
estimated.

3.1. Pulsewidth and peak power

The pulsewidth in stable operation case can be
expressed as (24). It shows that the pulsewidth is
determined by filter bandwidth, Aw,, modulation
intensity, J,,, the phase shift between pulse train
and modulating signal, 0, and the modulating
frequency wy. In the following discussion oy, is
assumed to be 10 GHz. And the saturated energy
of the SOA is assumed to be 5 pl.

Fig. 2 shows the effect of modulation intensity
on the pulsewidth and peak power of the stable
output pulses. Larger modulation intensity leads
to shorter pulsewidth and larger peak power.
When 6,,, varies from 1 to 5, the pulsewidth re-
duces more than 3.5 ps and the peak power dou-
bles. The effect of bandwidth of filter is depicted in

L:6dB Pulsewidth
Sma_ll sgna_l gain: 24dB Peak power (at E,)
Carrier lifetime: 400ps - 0.009
10.5 a5
10.04 40.008
_ 9.5 s
[7]
£ 9.0 0.007 %
£ =
T 854 [
2 H0.006 £
o 804 e
K] X
4 4 [}
g 75 0.005 8
7.0
651 - 0.004

Modulation intensity §

Fig. 2. Effects of modulation intensity on the pulsewidth and
peak power of the output pulses.

Fig. 3. Tt seems that large bandwidth filter is
preferable. The broader the filter is, the shorter the
output pulses and the higher the peak power.
From (24), it can be learned that the pulsewidth is
also influenced by 6. This variant is relevant to
many parameters of the ring laser. So other pa-
rameters also have effects on the output pulsewidth
and the peak power.

Fig. 4 reports the effects of small signal gain.
Large small signal gain will broaden the pulse-
width, but this effect is not remarkable. However
small signal gain has important influence on the
peak power of the pulses. At first, large small
signal gain leads to nonuniformity of pulse power

L:6dB ) Pulsewidth
Small signal gain: 24dB _____ Peak power (at E)
10+ Carrier lifetime: 400ps - 0.0076
o b
40.0074
9
40.0072
7 s
8 )
= 81 40.0070 x
£ =
2 ]
s 40.0068 =
o 74 g.
']
e -0.0066 x
[+
a ]
6 - 0.0064 8-
- 0.0062
5 T T T T T
0.4 0.6 0.8 1.0 12 1.4 16

bandwidth A, (nm)

Fig. 3. Effects of the bandwidth of the filter on the pulsewidth
and peak power of the output pulses.
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Fig. 4. Effects of small signal gain on the pulsewidth and peak
power of the output pulses.
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L: 6dB Pulsewidth
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Fig. 5. Effects of linewidth broadening factor on the pulsewidth
and peak power of the output pulses.

in cavity. Fig. 4 shows peak powers at two differ-
ent positions, at £y and E; referred to Fig. 1. The
output peak power at E, increases as the small
signal gain increases, but the peak power at E; (or
input port of SOA) decreases when small signal
gain is too large. This is because large small signal
gain leads to large gain variation during the pulse,
which leads to large frequency shift from the
transmission peak of the filter, then the loss in the
filter increases, and the input pulses of the SOA
become weak.

The linewidth broadening factor of SOA, «,
also has effects on the pulsewidth and peak
power. It is depicted in Fig. 5. The variation of
pulsewidth is not very remarkable, however, the
peak power decreases rapidly. It means that SOA

Peak power (x 5W)

o
=]
=]
o

@ Gss(dB)-L(dB)

Pulsewidth
L: 6dB Pu ske d -
" . - Peal ower (al
Small signal gain: 24dB p (atE)
--—-- Peak power (at E.)
7.701 Henry factor: 5 20.012
T . H0.011
7.68 J0.010
5 +0.009 E
L 664 +0.008 %
£ Jo.007 @
3 e
2 764 70006 8
k) +0.005§
& Jooos&
7.62- :
+0.003
+0.002
7.60 v " r T T
0 200 400 600 800 1000

Carrier liftime (ps)

Fig. 6. Effects of carrier lifetime on the pulsewidth and peak
power of the output pulses.

with small o is helpful to achieve large output
power.

The effects of carrier lifetime of SOA are re-
ported in Fig. 6. Pulses will become shorter when
lifetime increases, the peak power of pulses de-
creases as well. And from the difference between
the peak power before and after SOA, it can be
found that the shorter the carrier lifetime, the
larger the average gain of SOA during the pulse
passing by.

Another parameter of the ring laser, which has
effects on the peak power, is the static loss in
cavity. It can be obtained that less static loss in
cavity leads to higher peak power in Fig. 7. Fig.
7(a) shows the relation between the peak power at
the input port of SOA (at E;) and difference

7.624
-
]
O 7.604
'
L
£
5
S
@ 7.589
8
=5
o
7.56 - T T T T T T 1
b) 0 2 4 6 8 10 12 14
( Gss (dB)-L (dB)

Fig. 7. Effects of static cavity loss on the pulsewidth and peak power of the output pulses.
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between small signal gain and static cavity loss.
From Fig. 7(b), we find that the curves of pulse-
width versus difference between small signal gain
and static cavity loss overlap for different static
cavity loss. So the pulsewidth is irrelevant to
static cavity loss, but the difference between small
signal gain and cavity loss has effects on the
pulsewidth.

From Fig. 7(a) the threshold small signal gain
also can be seen. And when the small signal gain
approaches the threshold, the pulsewidth ap-
proaches the lower limitation of pulsewidth which
is set by modulation intensity, bandwidth of filter
and modulating frequency

2
ATewam,, = 2VIn 2\4/ Ao (27)
g m m

It also shows that there is an optimistic small sig-
nal gain to obtain largest peak power at the input
port of SOA and to get smallest noise figure [11].
This optimistic G is larger than static cavity loss
by about 6 dB.

3.2. Frequency shift and phase leading of the pulses

In this section, the frequency shift of the pulses
due to SPM in SOA and the phase leading of the
pulses to the modulating signal are presented.

When pulses go through the SOA, the index of
this device varies in time as well as the gain due to
the depletion of carriers. Near the center of the
pulse, the variation of the phase is approximately
linear and with negative slope in time, so there
should be a red shift when pulses pass through the
SOA. In the stable operation case, the pulse field
should be restored after a round trip, and then the
red shift of frequency induced by SPM in SOA is
compensated partly in the filter. Therefore the
center of pulses spectrum must be at the positive
slope side (in frequency domain) of the spectrum
of the filter, the positive slope side can compensate
the red shift by reducing the low frequency com-
ponent in pulses. So there is a frequency shift be-
tween the center frequency of pulses and the filter.
Maybe it is related to the stability in the fiber ring
laser with SOA, because the high power pulse will
get large red shift and then suffer large loss in the

filter. The fluctuation in the pulse train is therefore
suppressed.

Due to the variation of gain in the pulse dura-
tion, the pulse shape is modified and the location
of pulse peak changes in time. To restore these
changes, pulses cannot pass the modulator at the
peak of modulating signal, but have some phase
leading.

Fig. 8 shows the effects of linewidth broadening
factor on the frequency shift and phase leading.
The red shift of pulse frequency from the center
frequency of the filter increases as the linewidth
broadening factor increases. But the increasing
rate decreases because of the reduction of pulse
power. From (24), it can be seen that the phase
leading 0 is relevant to the pulsewidth. Increasing
phase leading leads to decrease of cos 6, and then
increase of the pulsewidth. Fig. 8 shows that cos 6
increases with the increase of o, and the pulsewidth
decreases, which is consistent to the result in Sec-
tion 3.1.

The effects of small signal gain on the frequency
shift and phase leading are depicted in Fig. 9.
Large small signal gain will lead to large red shift
in frequency, because the larger the small signal
gain is, the larger the variation of the gain and the
index of the SOA. We can see cos 0 decrease when
small signal gain becomes large from Fig. 9. Then
the pulsewidth is broadened when small signal
gain increase. This also verifies that reported by
Fig. 4.

L: 6dB Frequency shift
Small signal gain: 24dB - COS(0)

0.02- Carrier lifetime: 400ps +1.00
0.00-
-0.02
-0.04
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-0.14
-0.16
-0.18

-0.20 T T T T T T 0.80
0 2 4 6 8 10

linewidth broadening factor o

Frequency shift (THz)

Fig. 8. Effects of linewidth broadening factor on the frequency
shift and phase leading of pulses.
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L: 6dB Frequency shift
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Fig. 9. Effects of small signal gain on the frequency shift and
phase leading of pulses.

Carrier lifetime also has effects on the frequency
shift and phase leading. Long carrier lifetime will
lead to small difference between G;, and Gy, then
the variation of carrier density in pulse duration is
small. So the red shift is small when carrier lifetime
is long as shown in Fig. 10. Small variation of gain
in pulse duration also leads to small phase leading
of pulses to modulating signal. The variation of
cos 0 with that of carrier lifetime is also reported in
Fig. 1, and the pulsewidth variation leaded by that
is consistent to the result obtained in Section 3.1.

That the frequency red shift decreases with the
increase of the modulation intensity is shown in

L: 6dB
Small signal gain: 24dB

Frequency shift
—-— Preceding

0404 %5 4 1.00
0111
-0.12
-0.13
-0.14
-0.151
-0.161
0171
-0.181

Frequency shift (THz)

-0.19

0 260 460 660 860 1(;00
Carrier lifetime (ps)

Fig. 10. Effects of carrier lifetime on the frequency shift and
phase leading of pulses.

Modulation intensity 5

Fig. 11. Effects of modulation intensity on the frequency shift
and phase leading of pulses.

Fig. 11. This is because large modulation intensity
leads to small average gain during pulse due to
large pulse power, and then small variation of gain
during pulse, which finally leads to small frequency
red shift. Fig. 11 also shows that cos 0 increases
with the increase of modulation intensity, and the
variation of the pulsewidth is just as reported in
Fig. 2.

The modulation frequency w,, and filter band-
width @, have effects on the pulsewidth as shown
in (27). But numerical analysis shows that they
have no significant effect on phase leading 6.

In all factors that affect 0, the modulation in-
tensity is easy to vary and its effects is more sig-
nificant, so it affects the value of 6 most.

3.3. Dispersion and chirp

From (23.1)-(23.5) we can find that when the
dispersion in the cavity is zero, the chirp parameter
p is zero too. But when there is nonzero total
group velocity dispersion (GVD), D (ps?), the
output pulses will have chirp. The transfer func-
tion of dispersion is

Tyisp = €Xp (;Dwz). (28)

Add this term into the self-consistent equation,
and we will get a more complicated set of equa-
tions than (23.1)—(23.5). The effects of total GVD
D on the pulse chirp parameter f and pulsewidth
are depicted in Fig. 12.
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—— Chirp
- — = Pulsewidth
116

Small signal gain: 24dB
Total loss: 6dB

104 Carrier lifetime: 400ps
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Fig. 12. Effects of dispersion on chirp parameter and pulse-
width.

Large total GVD will lead large chirp and large
pulsewidth. It is noteworthy that we use ¢ system
in this paper, so positive f stands for negative
chirp. In the SOA ring laser the cavity length is
about 20 m and it is composed of single mode fiber
(SMF), so the total GVD is about 0.4 ps. For the
short cavity length, pulse chirp is negligible for the
SOA ring laser.

Numerical analysis also shows that the line-
width broadening factor « has little effect on the
chirp parameter f3, but it leads the frequency shift
of the pulse central frequency from the transmis-
sion peak of filter as shown in Section 3.2.

3.4. Stability range

Because there is ASE noise in SOA, the net gain
in the cavity before the pulse comes in and that
after the pulse goes out should be negative to
suppress noise at both edges [13]. Then there is

Gin —L—5m0050—57mﬁwsin0AT

— %na)z cos OAT? < 0,
) 9
Gowt — L — 8y cos 9 — 7m V7w sin OAT
Om _ 5 2
— ?nw cos OAT < 0.

Equations (29) together with (26) specify a stabil-
ity range of small signal gain of the SOA to get

stable operation of the ring laser. Numeric solu-
tion of the equations shows that the lower limita-
tion of the stability range is the threshold specified
by (26), the range between the upper limitation
and the lower limitation is determined by linewidth
broadening factor, carrier lifetime, bandwidth of
filter and modulation intensity but irrelevant to the
cavity loss.

Fig. 13 shows the effects of carrier lifetime on
the size of stability range. The size of stability
range increases almost linearly with the increase of
carrier lifetime.

The linewidth broadening factor also has ef-
fects on the size of stability range. It is shown in
Fig. 14. The size of stability range is small under
large linewidth broadening factor. It is reason-

o: 5
Ay 2reltrad/s
5.3

284

26|
24

224

Gss,, (dB)-Loss(dB)

0 100 200 300 400 500 600 700 800 900
Carrier lifetime (ps)

Fig. 13. The effects of carrier lifetime on the size on the stability
range.
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m 35 9
% 5:3
(2} 4
o 30
=
A
M 254
o
N
3
o 20
o
O
15 T T T T T T T T T T T

0 2 4 6 8 10
Linewidth broadening factor o

Fig. 14. The effects of linewidth broadening factor of stability
range.
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able. Because large o leads to large red shift in
frequency of pulses, the pulses suffer large loss in
the filter, while the loss that noise suffers
does not increase, for its broad spectrum. Then
the conditions of stability are tended to be
broken.

Large modulation intensity leads to large sta-
bility range is shown in Fig. 15. And the size of
stability range decreases while the bandwidth of
the filter increases, but it is not very significant. It
also should be noted that under different modu-
lation intensity and bandwidth, the threshold of
small signal is different, but fortunately the differ-
ence is negligible.
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Fig. 15. The effects of modulation intensity on the size of sta-
bility range.
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3.5. Effects of detuning

This subsection considers there is a detuning
between the fundamental frequency and the
modulating frequency. That is to say 07 in (21) is
not zero. 6T can be in (-50, 50] ps when the
modulating frequency is 10 GHz. The following
picture shows the effects of detuning on the per-
formance of the laser (see Fig. 16).

As is expected, the pulsewidth broadens rapidly
and the peak power drops down dramatically
when the detuning grows up. The shift of pulse
central frequency from the central frequency of the
filter reduces at first and then increase rapidly
when detuning grows up. The preceding or delay
of the pulse to the modulating signal increases as
the detuning increases. It approaches 25 ps or n/2
in phase when detuning approaches half funda-
mental frequency.

When the detuning is too big and the pulse-
width is too large to assume that the carriers do
not recover in pulse duration, the accuracy of this
model decreases.

4. Conclusion

A self-consistence method was modified to
model an active mode-locked fiber ring laser that
uses a SOA as the gain material. The self-phase
modulation of stable mode-locked pulses was
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Fig. 16. (a) Effects of detuning on the pulsewidth and the pulse peak power. (b) Effects of detuning on frequency shift of the pulse and

phase leading of the pulse to the modulating signal.
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included. The effects of parameters of the SOA and
other elements were investigated thoroughly.

As a gain material, SOAs have a characteristic
— the variation of the reflectivity index with that of
the gain caused by the linewidth broadening fac-
tor, which is different from some other gain ma-
terials, for example, erbium-doped fiber (EDF).
These effects had been included originally, which
were never considered in active mode-locking la-
sers before as we known. Positive linewidth
broadening factor will not lead to linear chirp in
the central of mode-locking pulse if the chromatic
dispersion is negligible, but lead to the shift of
central frequency of mode-locking pulse from that
of the filter. This is because the gain variation
during the pulse is approximately linear to time,
but not parabolic. Linear gain variation integrated
with linewidth broadening factor leads to fre-
quency shift, but no chirp. Of course linewidth
broadening factor causes chirp at both edges of
the pulse, this cannot be investigated by this
mode. The linewidth broadening factor also has
effects on the pulsewidth and the peak power. A
large linewidth broadening factor leads to small
pulsewidths and small peak power at the same
time. In addition large linewidth broadening fac-
tor narrows the stability range of small signal
gain.

There is a threshold of the small signal gain of
the SOA to get mode-locked pulses. And the net
gain before and after a pulse should be negative in
order to suppress noise, so there are extra
boundaries of small signal gain. Calculations show
that puts an upper limitation on the small signal
gain. Between the threshold and the upper limita-
tion is the stability range of small signal gain.

Large small signal gain will lead to broad mode-
locked pulses in stability state and big noise, but
too low small signal gain will lead to low peak
power of the pulse. Then there is tradeoff to choose
a proper small signal gain.

The total dispersion in the cavity leads the chirp
in pulses and broadens the pulsewidth. Abnormal
dispersion leads to positive chirp, and vice versa.
Unlike the direct modulation of the SOA, line-
width broadening factor has little effect on the
pulse chirp. And fortunately, the SOA ring is short
(about 20 m), and the total dispersion is negligible.

So the chirp and pulse broadening is not signifi-
cant.

Long carrier lifetime of the SOA is preferable to
get short pulse and larger stability range of small
signal gain, but it also suppresses the power of the
pulse in stable operation case.

The less the cavity loss, the larger the power at
certain small signal gain. So the loss of the cavity
should be reduced as much as possible. Of cause,
the small signal gain of the SOA should be reduced
to a proper value as well.

The modulation intensity and the bandwidth of
the filter set the lower limitation of the pulsewidth.
Large modulation intensity and large bandwidth
filter lead to decrease of the pulsewidth limitation.
But the modulation intensity is limited by the
modulator’s parameters. And large bandwidth
filter will brings up the noise and narrows stability
range of small signal gain.

The parameters just as pulsewidth, peak power,
frequency shift and so on are also investigated
when there is a detuning between modulating fre-
quency and the fundamental frequency of the
cavity.
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