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Abstract

A 10-GHz fiber-integrated ring laser incorporating a semiconductor optical amplifier and an electroabsorption
modulator was investigated both theoretically and experimentally. The time-domain ABCD law was employed to clarify
the impacts of optical elements on the mode-locked pulses. The obtained analytical results were testified by the ex-
perimental ones. Such a ring laser also showed good performance as an optical pulse source, which generated a stable
pulse train with a pulse width of 10 ps and a tunable wavelength range of 30 nm. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Ultrashort pulse sources with a high repetition
rate are key components in the optical time divi-
sion multiplexing (OTDM) system. They are also
essential for optical signal processing, long dis-
tance soliton transmission, etc. Until now, various
techniques have been demonstrated to generate
optical pulses, such as erbium doped fiber laser
(EDFL), gain-switched laser, and electroabsorp-
tion (EA) modulator. EA modulator is very at-
tractive as the optical pulse source due to its
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compactness, robustness and other merits. How-
ever, it has shown that direct modulation of
EA modulator usually cannot generate the pulses
whose extinction ratio and duty ratio are sufficient
for the OTDM applications [1,2]. To further im-
prove the performance, several methods have been
proposed, such as the use of tandem connected
modulators [4], adiabatic compression of the out-
put pulses [6].

Alternatively, Guy et al. incorporated an EA
modulator in a semiconductor fiber ring laser,
firstly showing that such a simple configuration
could generate optical pulses as short as 3.0 ps [3].
Dong further investigated the short-term stability
of a similar configuration, demonstrating its re-
laxation-free characteristics [5]. In that ring laser
setup, a LINbO; modulator was incorporated in-
stead of EA modulator and the generated pulse
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train is significantly chirped with a relatively wide
pulse width.

However, the influences of semiconductor op-
tical amplifier (SOA) gain dynamics and EA
modulation characteristics on the generated pulses
of such a fiber ring laser were scarcely referred in
literature. In this paper, this topic was investigated
both theoretically and experimentally. We em-
ployed the time-domain ABCD law to analyze the
laser characteristics. The obtained results clarified
the impact of EAM and SOA on the pulse dura-
tion and allowed us to optimize the laser perfor-
mance in experiment. The output pulse train is
stable, nearly transformed with a 10 ps FWHM
and 30 nm wavelength tuning range.

2. Numerical model

The configuration of the fiber ring laser is shown
in Fig. 1. A SOA was used as the gain medium, an
EA modulator driven by 10-GHz RF celectrical
signal functioned as the amplitude modulator in
the ring cavity.

We employed the time-domain ABCD law to
analyze the laser characteristics. The temporal
ABCD matrix formalism has been shown to be a
useful tool to obtain a steady-state solution of out-
put pulses from various mode-locked lasers [8,9].
Compared with other complex numerical models,
it is very convenient for easy derivation of ana-
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Fig. 1. Schematic diagram of laser configuration.

lytical solutions and for understanding pulses
characteristics.

In all cases, the pulse shape was assumed to be
Gaussian, which is defined by

E(f) = \/Pyexp {_2’—;(1 +iC)} (1)

where P is the peak power, 7 is the 1/e pulse
width, C is the linear chirp parameter. Thus the ¢
parameter is defined by

1 1+iC
=—3 2)

q T

When such a pulse passes through an optical ele-
ment characterized by ABCD matrix /é, ZD; , the
q parameter at output will satisfy the following
ABCD law

Aqin +B

Cqm +D (3)

qout =
where ¢o, and ¢;, are the corresponding ¢ pa-
rameter at output and input port.

In the following, the ABCD matrix corre-
sponding to different elements in the ring laser
were derived, and an analytical expression for the
pulse duration was obtained.

As for the EA modulator, its modulation
characteristics can be expressed by

oo (-(2)

where T is transmission function, V' is the modu-
lation voltage, ¥, and o are parameters deter-
mining the modulation efficiency. For most EA
modulators, o is close to 1.0. The ABCD matrix
corresponding to EA modulator can be derived
(see Appendix A):

” 1 0
Tgp = | fm 2 5
AL N

where V;, is the amplitude of modulation voltage, f
is the repetition rate.

To derive the ABCD matrix of SOA, two as-
sumptions were made:
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1. Optical pulses keep their Gaussian shape when
they pass through SOA.

2. The induced chirp in SOA is small, thus its in-
teraction with optical filter do not introduce
any waveform distortions.

Such assumptions are reasonable when the in-
put pulse energy do not deeply saturate the SOA.
The ABCD matrix of SOA is defined by (see Ap-
pendix A)

10
TSOA — _ ehsul (ehse\l _ 1) P 1 (6)
TEf 272 Py
where
hsat - ho =
e,

P is the average power of the pulse input into
SOA. P, is the saturation power, 7 is the recovery
time of carriers, A is the small signal gain.

By using a parabolic approximation, the ABCD
matrix for optical filter is defined by [4]

| 1
Tfilter = B t2 (7)
0 1

where By is related to the 3 dB bandwidth of filter
BFWHM by Bf = 2nBFWHM/2(1n 2)1/2.

In all, the total ABCD matrix for the ring laser
is
Tr = TeaThiter Tsoa (8)
Substituting Egs. (5)—(7) into Eq. (8), the ABCD
matrix for the ring laser is derived,

=
Ir = &(27#;2 _fi lf )
2V, 212
where
e el (ehat — 1) ( P >2
nf? Eq

To obtain the steady-state solution, the self-
consistent condition of ¢ parameter should be
satisfied,

q(0) = q(L) (10)

where L is the cavity length.

Introducing Egs. (2), (9) and (10) into Eq. (3),
we can obtain the analytical expression for the
output pulse width,

4
HB; + \/HZBg — % (2nf)*(H - 2)
0

2Vm
|2

(1)

T =

(2nf)* By

As for the output pulse, the chirp parameter is
estimated toughly to the first order at the pulse
center,
oH
C=—— 12
. (12)
Thus for the Gaussian pulse, the time—bandwidth
product is

AzAv=21;‘2\/1 + (13)

The characteristics of the output pulse can be evalu-
ated by Egs. (11) and (13). From those equations,
we can clarify the impacts of optical elements in the
ring.

Fig. 2 shows the relation between the pulse
width and the modulation depth of EA modula-
tor. It can be seen that the output pulse width
decreases as the ratio ¥,/V, increased. For EA
modulators, V; is of small value due to the high

3dB Pulse width (ps)

5 T T T T T T T T T T T
02 05 08 11 14 17 20 23 26 29 32 35 38

Vm/ Vo

Fig. 2. Pulse width versus modulation depth (V;,/%) of EA
modulator and the bandwidth of filter. In the calculation, the
effect of gain saturation is neglected, f = 10 GHz.
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Fig. 3. The effect of gain saturation on (a) pulse width and (b)
time-bandwidth product. In the calculation, hy = 4.5, V1, /Vy =
2.0, f =10 GHz, 7, = 500 ps.

modulation efficiency, therefore the ratio is usually
larger than 2.0. Compared with other linear in-
tensity modulators such as LiNbQOs, it is advan-
tageous to employ EA modulator in the ring
to generate short pulses. For a given modulation
depth, the filter bandwidth determines the mini-
mum pulse width. For example, the filter with a
bandwidth larger than 2.5 nm should be employed
to generate pulses as short as 5 ps.

In Fig. 3(a), gain saturation is shown to be an
important factor resulting in the pulse broadening.
As the ratio of average optical power in the ring
versus the saturation power increased beyond 0.1,
the pulse is broadened drastically. The gain satu-
ration induced chirp also degrades the perfor-
mance of the laser just as Fig. 3(b) shows. In all,
we can conclude that it is necessary to adjust the
parameters to prevent SOA being deeply saturated
to get a high quality pulse train.

3. Experimental results and discussion

As shown in Fig. 1, the laser cavity was com-
posed entirely from fiber-pigtailed devices. The EA
modulator had a 3 dB electrical bandwidth of 10
GHz, and fiber-to-fiber insertion loss of 10 dB. Its
modulation efficiency was measured as 7 dB/V, the
corresponding ¥, parameter is equal to 1 V. Direct
modulation on the EA modulator generated pulses
with a minimum pulse width of 23 ps. The SOA
has a fiber-to-fiber gain of 26 dB at the maximum
current of 200 mA. Two Faraday isolators were
placed either side of SOA to prevent the internal
reflections and enable the unidirectional operation.
The tunable optical filter had a 3 dB bandwidth of
1.5 nm.

In the experiment, both the injection current of
SOA and modulation voltage of EA were finely
adjusted. The RF frequency was also correspond-
ingly tuned around 10 GHz to achieve the har-
monic mode locking. When the small-signal-gain
of SOA was adjusted to exactly compensate the
linear loss in the cavity, and EA modulator was
approximately biased and modulated to achieve
the maximum value of V,/V,, this ring laser
provided the optimum performance. This is in
agreement with the theoretical predictions, which
shows that EA modulator’s nonlinear modulation
characteristics contribute to the pulse compression
mechanism in the ring, while the gain saturation
effect in SOA results in the pulse broadening and
chirping.

Fig. 4 shows the autocorrelation trace, optical
waveform and optical spectrum of the pulse train
obtained at 1547 nm. In Fig. 4(a), the trace is fitted
by the autocorrelation of a Gaussian profile of
9.5 ps pulse width and shows a good fit. The
measured trace is slightly asymmetric due to some
unperfected alignments in the autocorrelator. The
spectral FWHM is 0.42 nm, yielding the time-
bandwidth product of 0.50. The related data were
measured in the experiment, Gy = 15 dB (4, = 4.0),
BFWHM =1.5 nm, Vm/VE) = 25, })in/Psat =0.1. In-
troducing those data into expressions (11) and
(13), the pulse width was calculated as 9.0 ps, and
the time-bandwidth product as 0.48, which are
generally in agreement with the experimental re-
sults. The optical waveform was also measured by
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Fig. 4. (a) Autocorrelation trace, (b) waveform and (c) optical
spectrum of output pulses.

a 20 GHz PIN detector and 45 GHz sampling
oscilloscope (TEK11801C), indicating little inten-
sity noise and timing jitter.
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Fig. 5. The effect of gain saturation on the pulse width. The
insets shows the corresponding autocorrelation trace at differ-
ent gain level. Symbols denote the measurment data. The solid
line is the theorectical curve calculated by Eq. (11).

Further investigation of the impact of SOA gain
dynamics on the laser performance was also made.
Fig. 5 shows the relation between the output pulse
width versus the SOA’s small signal gain. Both the
experimental and theoretical results are shown in
the diagram. In a certain range, the pulse width
increased with the small signal gain level impro-
ving, just as Eq. (11) predicts. However, the pulse
width decreased when the gain level was beyond 23
dB. The autocorrelation traces shown in Fig. 5
also indicate that the pulse shape deviated far from
the Gaussian profile under this high gain level.
These cannot be predicted by the proposed ABCD
model. It is due to the fact that the SPM-induced
chirp dominated and contributed to the pulse
shaping, which is neglected in the proposed model.
In this high gain regime, the output pulse train is
highly chirped (spectral FWHM increased from
0.4 to 0.7 nm), which is not preferred for system
applications.

Therefore, we expect to improve the pulse
duration of laser output through the use of EA
modulators with higher modulation efficiency and
lower insertion loss, optical filter with broader
bandwidth, and the SOA with higher saturation
energy.

In the experiment, this laser also showed its
good stability. Firstly, the total cavity can be con-
siderably shortened by adopting SOA as the gain
medium. Therefore it can be more insensitive to
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Fig. 6. RF spectrum of optical pulses.

the environmental perturbations. Without any
active control, this kept stable for time scales of
an hour. Furthermore, the laser also has a good
short-term stability due to SOA’s fast recovery
time [5,12]. As Fig. 6 shows, the supermode noise
in the laser have been suppressed below —50 dB.
While in harmonically mode-locked EDFL, com-
plex control and configuration have to be applied
to reduce the supermode noise [10,11].

The wavelength tuning range of the laser was
investigated by adjustment of the tunable filter.
Due to the broad optical bandwidth of SOA and
EA modulator, the tuning range was mainly de-
termined by the filter. In this case, 10-12 ps pulses
were generated over the range of 1530-1560 nm.

4. Conclusion

The fiber ring laser incorporating an EA modu-
lator and SOA was investigated both theoreti-
cally and experimentally. The influences of SOA
gain dynamics and EA modulator characteris-
tics on the laser performance were clarified. Such
a fiber ring also manifested much merit in the
experiment, such as its robustness to generate
short pulses, good short-term stability, broadband
wavelength tunability, which make it a promising
component for the high bit rate system.
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Appendix A. Derivation of ABCD matrix for EA
modulator and SOA

In this appendix, we will derive ABCD matrix
for EA modulator and SOA. The optical field is
defined by

ut):\/ﬁ)exp[—%} (A.1)

The EA modulator is sinusoidally driven by the
RF electrical voltage,

V(t) = Vo + Vin cos(2mft) (A.2)

where V4, is the bias voltage, V;, is the amplitude of
modulation voltage. At the pulse center (¢ = 0), the
following approximation can be applied,
cos(2nft) = 1 —L2nf)*F (A.3)
Introducing Egs. (A.1)-(A.3) into Eq. (3), the
output optical field can be expressed by

uga(£) = u(t) exp ( ht ;Oos(ant)>

|4 £
Poexp< Vb>e p( 2q

~ o Cnp) ) (A4)

Thus the ¢ parameter at output of EA is
1 1

o =5+2—%(2nf) (A.5)
the ABCD matrix for EA can be derived,
1 0
Tea = ﬁ(znf)z 11 (A.6)
o

As for the SOA, the amplified optical field will be
changed as follows:

uSOA(t) = u(t) exp (@) (A7)

where A() is time-dependent power gain coefficient
of SOA, it satisfy the following equation [7],

dh _h—hy |u(2)|?
—1)— A.
dr 1, T )})satTr (A-8)

h(¢) can be expanded into second-order Taylor se-
ries at the t = 0,

h(t) = h(t =0) + K (t = 0)t + 1" (t = 0)F
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thus the ¢ parameter at output of SOA is
L1 He=0)
Gout q 2

In practice, the optical pulse is short that SOA has
no time to recover during its duration, the first
term of right-hand side of Eq. (A.8) can be ne-
glected, the second order of 4(#) can be derived,

d’h hyoh P(t) ?
E_e (e a 1)(PSatTr)

Thus at the pulse center (¢ = 0),

2
H'(t =0) = e (e — 1) <&>

Esat

(A.9)

(A.10)

where hg = ho/(1 + (P/Paw)), P is average power
of the pulse train. For the Gaussian profiled pul-
ses, the relation between the peak power and the
average power is as followed:
p

Py=—— A.ll

0 \/;T-ff ( )
Substituting Eqgs. (A.10) and (A.11) we obtain the
ABCD matrix for SOA:

1 ., 0
ehsat(ehsm_l)< P > i (A.12)

nf'Z ‘Cz PS&tTS

Tsoa =
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