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Abstract

A novel configuration for automatic gain control of optical amplifiers is presented. It uses a F–P filter with 26.7 nm

free spectral range and two long-period gratings (LPGs) to produce two lasing wavelengths in a single feedback loop.

By bending the LPGs, the cavity losses at different wavelengths can be varied independently to achieve single and two

oscillating lasers control conditions. The experimental result suggested that the simple configuration could be employed

to significantly reduce the surviving channel steady-state and transient power excursion.

� 2003 Elsevier B.V. All rights reserved.

PACS: 42.55.w; 42.81)i; 42.60.Rn

Keywords: EDFA; Inhomogeneity; Optical gain control; Spectral hole burning; Relaxation oscillations
1. Introduction

In dense wavelength-division-multiplexed
(DWDM) optical systems, the number of channels

present in an erbium-doped fiber amplifier

(EDFA) varies due to network reconfiguration or

channel failures. This leads to cross-gain satura-

tion in fiber amplifiers that in turn would induce
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power transients in the surviving channels which

can seriously degrade system performance.

Dynamic gain control of EDFAs becomes an
important issue for WDM optical network

applications. All-optical automatic gain control

(OAGC) techniques can effectively clamp the gain

of an EDFA by the introduction of an out-of-band

lasing which clamps population inversion and gain

profile [1–4]. However, EDFs are not purely ho-

mogeneous and they exhibit a certain degree of

spectral hole burning (SHB). Thus optical gain
control using a single laser shows gain variation.

In addition, relaxation oscillations (ROs) of the
ed.
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Fig. 1. Schematic diagram of experiment setup.
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control laser upon input perturbation lead to se-

vere transient output power excursions [5,6]. The

performance degradation from SHB and ROs se-

verely impacts the applicability of OAGC in

WDM optical networks.

In order to reduce gain variation caused by
SHB, in [5], a saturable absorber was placed in the

OAGC laser cavity to adjust the cavity loss dy-

namically and compensate the gain tilt caused by

the OAGC laser spectral hole burning. While Liu

and Mark [7] reported another OAGC technique

that used two feedback loops lasing at two differ-

ent wavelengths across the signal band to effec-

tively reduce steady-state and transient gain
deviations by automatic reduction of relaxation

oscillations and spectral hole burning at the same

time. However, the configuration of the dual-cav-

ity optically gain controlled EDFA was rather

complex. Most recently, we proposed a compact

and effective configuration for dual-oscillating

OAGC–EDFA by using two pairs of fiber Bragg

gratings (FBGs). But this structure had a disad-
vantage that the clamped-gains can be tunable in a

small range (15–22 dB) limited by overlapping of

two pairs of FBGs. Thus, the flexibility was re-

duced. In this paper, we describe a novel configu-

ration in which two oscillating lasers are formed in

a single feedback loop instead of using two feed-

back loops, to overcome those weaknesses in [7,8].

This novel structure is achieved with a tunable F–P
filter and two tunable long-period gratings (LPGs)

that function as variable optical attenuators. Ex-

perimental result shows that this new simple design

of OAGC–EDFA also dramatically reduced gain

variations caused by SHB and ROs. And the

clamped-gains can be tuned in the range of 31.5–

13.5 dB.
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Fig. 2. Schematic diagram of bending LPG.
2. Experiment configuration

The schematic diagram of the dual-oscillating

laser gain controlled EDFA is shown in Fig. 1. The

EDFA consists of a single EDF coil, and a 980 nm

grating stabilized pump laser that is coupled to the

EDF via a 980/1550 nm wavelength division mul-
tiplexer. The dual-oscillating laser cavity is formed

with a pair of optical circulators (OC), the EDF, a
tunable narrow-band F–P filter with 26.7 nm free

spectral range and two tunable long-period grat-

ings (LPGs). The direction of the lasing light is

opposite to the signal and is determined by the two

optical circulators. Measurements of the output

signal will not be revealed by the control lasers

outputs since the laser propagates counter to the

signal.
The key components of the dual-oscillating la-

ser gain controlled EDFA are the F–P filter and

the LPGs. LPGs are sensitive to bending, so the

grating resonance wavelengths can be tuned by

bending the fiber section that contains the grating.

The transmission loss of the LPGs at the two

lasing wavelengths varies with the shift in the

grating resonance wavelength. Therefore the LPGs
function as a variable wavelength-selected optical

attenuator. Fig. 2 shows the schematic diagram of

bending LPGs. The bending LPG is operated as

follows. One end of LPG is attached to a fixed

structural mount, and the other end to a mover.

When the screw is tuned and the mover is axially

moved, the LPG is bended, causing a shift in the

grating resonance wavelength. Fig. 3 shows the
transmission spectra of the two LPGs at different

degrees of bending. So the total roundtrip loss can

be tuned by adjusting the LPGs bending degrees.

Two pass-bands of the F–P filter are tuned

to 1530.5 and 1557.2 nm (wavelength spacing



 

 

Fig. 3. Transmission spectra of the two cascaded LPGs in

different bending degrees.
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26.7 nm), which just are in the gain window of the
EDFA and the attenuation windows of the LPGs.

Single lasing and dual-lasing operation (at differ-

ent intensity) of our OAGC–EDFA can be ac-

complished by carefully adjusting the roundtrip

loss of each wavelength such that the loss com-

pensates the amplifier gain at each lasing wave-

length. So we can set three cases, the control lasing

wavelength at 1530.5 or 1557.2 nm for two cases of
the single-oscillating OAGC–EDFA, and the

control lasing wavelengths at 1530.5 and 1557.2

nm for the dual-oscillating OAGC–EDFA. Fig. 4

shows two control lasers for the case of the dual-

oscillating OAGC–EDFA. The two control lasers

are very stable even though they share the same
Fig. 4. Dual control lasers by adjusting LPGs.
piece of the EDF, because the inhomogeneous

broadening, such as SHB effect in the gain medium

– EDF effectively reduces the competitions be-

tween two control lasers, especially when two la-

sers have a large wavelength space. The stable two

control lasers insure the stability of the operation
of the dual-oscillating OAGC–EDFA.
3. Results and discussion

Fig. 5 shows the signal gain and noise figure as

functions of input signal power in dual-oscillating

gain control EDFA. The measurements are con-
ducted for signal wavelength at 1552.6 nm with its

input power varying from )35 up to +2 dBm. The

small signal gain for EDFA without gain control is

34.8 dB and noise figure is about 4.5 dB as shown,

as the diamond curve in Fig. 5. In the operation of

dual-oscillating OAGC–EDFA, the gain of the

small signal is about 31.5 dB in the total roundtrip

loss 40 dB (triangle curve). As input signal power
increases, powers of two control lasers will de-

crease because the EDF is shared by input signal

and control lasers. Thus the inversion of Er3þ ion

is clamped at the same lever, and the gain of the

signal almost keeps 31.5 dB. When the input signal

power increases to �17.2 dBm, two control lasers

are below lasing thresholds because the gains ob-

tained from the EDF are less than the losses in
cavities. The gains of the OAGC–EDFA can be

controlled by adjusting the total roundtrip loss.

Adding the LPGs bending degrees, the roundtrip

loss of each wavelength becomes smaller. The two

control lasers become larger, then the gains of the

input signal keep a lower lever. Gains and noise

figures of the input signal at three different

roundtrip losses are observed as shown in Fig. 5.
The curves of triangle, circle and square are for

gains at 31.5, 21 and 13.5 dB, related to the cavity

loss 40, 20 and 3 dB, respectively. Any value of the

clamped-gains can be obtained between 31.5 and

13.5 nm. At the same time, the roundtrip losses

decide the maximum input signal lever that can be

used before two control lasers are extinguished

and clamping is lost. The maximum input signal
levers are �17.2, �5.0 and �0.1 dB for gains 31.5,

21 and 13.5 dB, respectively. The noise figure of



Fig. 5. Gain and noise figure (NF) characteristics with different cavity loss in dual-oscillating lasers EDFA. r, Without gain control;

N, cavity loss equal to 40 dB; d, cavity loss equal to 20 dB; j, cavity loss equal to 3 dB.
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the dual-oscillating lasers gain controlled EDFA is

larger than that of normal EDFA without optical

gain controlling.
The value of the gain and the gain distribution in

a wavelength range are important in WDM appli-

cation. In our dual-oscillating laser gain controlled

EDFA, the 21dBgain value of input signal at 1552.6

nm wavelength is chosen by adjusting two LPGs

bending degree. Fixing LPGs bending degree and

tuning input signal wavelength, we get the EDFA

gain distribution from 1520 to 1570 nm for
dual-oscillating control lasers as shown in Fig. 6.

Obviously, the gain-control lasers affect the gain

distribution of EDFA strongly.

Comparison between single-oscillating laser

control operation and dual-oscillating laser con-

trol operation is made with the same gain-clamped

value. The gain value chosen is around 21 dB at

1552.6 nm wavelength. The noise figure for the
Fig. 6. Gain and noise figure distributions for various input

signal wavelength in dual-oscillating lasers EDFA. j, Gain; �,

noise figure (NF).
two systems is about 5.5 dB. The clamping effect

can be sustained for input signal power up to �5

dBm. As shown in Fig. 7, the signal gains change
by as much as 0.8 dB with input power increased

up to �8 dBm in the single-oscillating laser OAGC

case. EDFs are not purely homogeneous and ex-

hibit certain degrees of SHB. The use of an OAGC

laser results in a spectral hole at the OGC laser

wavelength. When the power of the OGC laser

changes, the spectral hole depth changes accor-

dingto cause the gain error. The change in gain,
however, is smaller (less than 0.3 dB) in the dual-

oscillating laser OAGC case because the dual-

oscillating laser OAGC reduces SHB by sharing

power between the two control lasers.

To investigate the transient response of the

OAGC–EDFA, we add another signal at

kM ¼ 1546 nm (�7.4 dBm) modulated at fM ¼ 1

kHz to simulate the adding and dropping of 15
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Fig. 7. Optical gain characteristics for various input power of

OAGC–EDFA. j, Dual control lasers OAGC; d, single con-
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WDM channels. The input power of the surviving

signal (1552.6 nm) is fixed at �19.1 dBm. The gain

for the surviving channel is maintained at 21 dB by

adjusting the power of the two oscillating lasers in

the feedback loop. At the EDFA output, the sur-

viving channel is measured through a narrow-band
tunable filter and a fast photodetector. Fig. 8

shows the output transient of the surviving chan-

nel upon add/drop in three cases: a single control

laser at k1 ¼ 1530:5 nm (Fig. 8(a)), a single control

laser at k2 ¼ 1557:2 nm (Fig. 8(b)), and dual con-

trol lasers at both k1 and k2. Clearly, the dual

control laser OAGC case gives the tightest tran-

sient control (Fig. 8(c)).
At kl ¼ 1530:5 nm, the laser OAGC suppresses

transients in the surviving channel, but not com-

pletely. The steady-state value of the surviving

signal with and without the 1546 nm signal present

differs by as much as 8.7% as shown in Fig. 8(a);

this failure of the laser OAGC arises from spectral

hole burning. The spikes due to relaxation oscil-

lation in the laser are not very large. The largest
power change in this case is about 10.9%. When
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Fig. 8. Output transients of the surviving channel (1552.6 nm)

in the presence of 1546 nm channel add/drop modulation. (a)

Single control laser at 1530.5 nm; (b) single control laser at

1557.2 nm; (c) dual control lasers at 1530.5 and 1557.2 nm.
dropping channels, the power of the OAGC laser

is increased, and the spectral hole at the laser

wavelength gets deeper. The inversion of the EDF

has to increase so that the optical gain at the

bottom of the spectral hole equals to the optical

loss because of the cavity loss is fixed. Thus the
gain of the surviving channel increases to cause

gain error. At k2 ¼ 1557:2 nm as shown in

Fig. 8(b), the residual power excursions related to

spectral hole burning resulting from inhomogene-

ity is quite small. The relaxation oscillation im-

posed by the laser gives rise to the dominant

residual power excursions in the surviving signal.

The residual power excursions related to SHB re-
sulting from inhomogeneity, become less signifi-

cant as the lasing wavelength approached the

signal wavelength [4]. And the dynamic power

excursions (arising from relaxation oscillations in

the laser) experienced by the surviving channel

grow larger. The oscillation frequency is directly

related to the laser system characteristic parame-

ters such as power levers (laser and signal), lasing
wavelength, Er3þ doping concentration, and cavity

length and losses. Using the single k2 control laser,
the largest power change under add/drop condi-

tion is more than 9.3%. Using dual wavelength

control lasers, we observed a reduction of the re-

laxation oscillation and steady state deviation to

less than 5.7%. Dual control lasers OAGC reduces

SHB effect by sharing of power between the two
control lasers. Furthermore, the oscillation fre-

quencies are different for the k1 and k2 control

lasers due to the different cavity losses at the two

lasing wavelengths. An increase in the power of

one control laser power will lead to the reduction

of that of the other since the two oscillators are

coupled via the EDFA. Therefore the beating be-

tween the two oscillation processes reduces the
relaxation oscillation in the surviving signal power.
4. Conclusion

We have presented a novel dual control lasers

optical automatic gain control EDFA that uses a

F–P filter and two LPGs as variable optical at-
tenuators leading to lasing at one or two oscillat-

ing wavelengths in a single feedback loop. This
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simple structure also significantly reduces steady-

state and transient gain deviations, compared with

single control laser EDFA, the output power

change of the surviving signal reduces to 5.7%

when 1546 nm signal are add/dropped at 1 kHz (to

simulate adding and dropping of 15 of 16 WDM
channels). Meanwhile, the configuration is flexible

and the clamped-gains can be tuned in the range of

31.5–13.5 dB.
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