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Abstract

The authors present a simple configuration for dual-oscillating lasers gain control erbium-doped fiber amplifier

(EDFA) in which dual-oscillating lasers are formed by two pairs of fiber Bragg gratings (FBGs). Experimental results

show that dual-oscillating lasers dramatically reduce steady and transient gain variations caused by spectral hole

burning and relaxation oscillations, and the dual-oscillating lasers gain controlled EDFAs operate satisfactorily with

channel�s add/drop frequency up to 43 kHz which is significantly larger than that with single-oscillating laser control.

Furthermore, we present detail performance of the gain control EDFAs with different dual-oscillating control lasers.

Experimental results show that the function of different dual-oscillating lasers is similar. Thus dual-oscillating lasers can

be chosen with large spectral space in order not to affect the signals in optical communication window.

� 2003 Published by Elsevier B.V.
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1. Introduction

In wavelength-division-multiplexed (WDM)

optical systems, the number of channels present in
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an erbium-doped fiber amplifier (EDFA) varies

due to network reconfiguration or channel failures.

This leads to cross-gain saturation in fiber ampli-

fiers that in turn would induce power transients in

the surviving channels which can seriously degrade

system performance [1–3]. Gain controlling of

erbium-doped fiber amplifier (EDFA) is widely

applied in WDM systems in order to reduce the
power transient caused by channel add/drop.

Among all gain controlling schemes, all-optical
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Fig. 1. Schematic diagram of experimental setup.
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automatic gain control (OAGC) technique is at-

tractive due to its simplicity and reliability. OAGC

techniques can effectively clamp the gain of an

EDFA by introducing a lasing which clamps the

inversion and gain profile because erbium-doped

fibers (EDFs) are primarily homogenous gain me-
dium [4–9]. However, EDFs are not purely homo-

geneous and exhibit certain degrees of spectral hole

burning (SHB) [10,11]. Thus OAGC using a single

control laser shows gain variation because the

spectral hole depth changes when the power of the

control laser changes [12]. In addition, relaxation

oscillations (ROs) of the control laser upon input

perturbation lead to severe transient output power
excursions [13,14]. Performance degradation of

EDFAs caused by SHB and ROs severely affect the

applicability of OAGC in WDM optical network.

Recently, Liu and Krol [15] reported a OAGC

technique that used two feedback loops lasing at

two different wavelengths across the signal band to

reduce steady-state and transient gain deviations.

However, the configuration of the dual-cavity
OAGC EDFA was rather complex and the prop-

erties of dual-oscillating OAGC EDFA were not

studied in detail. In this paper, we study the dual-

oscillating OAGCEDFA in detail by using a simple

configuration, in which dual-oscillating lasers are

formed by two pairs of fiber Bragg gratings (FBGs).

Experimental results show that dual-oscillating la-

sers dramatically reduce steady and transient gain
variations caused by SHB and ROs. The large

transient amplitudes do not occur until channel�s
add/drop with higher frequency (43 kHz) for the

dual-oscillating OAGC EDFA, which is signifi-

cantly larger than that for single-oscillating OAGC.

Furthermore, we present detail performance of

such OAGC EDFAs with different dual-oscillating

control lasers. Experimental results show that the
function of different dual-oscillating lasers is simi-

lar. Thus dual-oscillating lasers can be chosen with

large spectral space in order not to affect the signals

in optical communication window.
2. Experimental configuration

Fig. 1(a) shows the setup of the dual-oscillating

OAGC EDFA. The EDFA consists of a piece of
EDF (20 m), and a 980 nm pump laser with 80
mW output power that is coupled to the EDF via a

980/1550 nm wavelength division multiplexer. The

laser cavities are formed by two pairs of FBGs,

one pair of FBGs (FBG1 and FBG2) have peak

reflection wavelength at about 1533.5 nm and an-

other pair (FBG3 and FBG4) at about 1555 nm.

The peak reflectivities are about 84% (�8 dB). The

center wavelength of FBG2 and FBG3 can be
slightly adjusted to change their overlapping with

FBG1 and FBG4, respectively. It is well known

that only a single wavelength can lase in the steady

state for a homogeneous gain medium. However,

two lasers at different wavelength can be accom-

plished for inhomogeneous broadening of the gain

medium. For primarily homogeneous EDF, two

lasers can be stable when they have large wave-
length spacing because wavelength competition is

reduced by the inhomogeneous components in the

spectral gain profile of EDFs [16–19]. In our ex-

periments, single-oscillating laser and dual-oscil-

lating lasers operation of our OAGC EDFA can

be achieved by adjusting the overlapping of each

pair FBGs. When wavelengths of both pairs of

FBGs are matched, the dual-oscillating laser op-
eration can be achieved. Furthermore, the almost

equal powers of dual-oscillating lasers are ob-

tained when the cavity losses corresponding to the



Fig. 2. Dual-oscillating control lasers by adjusting overlap of

FBGs (control lasers at 1533.7 and 1555.5 nm).
Fig. 3. Optical gain characteristics for various input power of

OAGC EDFA;j, dual-oscillating OAGC;�, single-oscillating

OAGC (control laser at 1533.7 nm).
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different wavelengths are balanced with the cavity
gains simultaneously. When wavelengths of one

pair of FBGs are tuned far away, single-oscillating

laser operation is obtained. Fig. 2 is the spectrum

of dual-oscillating lasers. We set the control lasing

wavelengths at 1533.7 and 1555.5 nm with the

same powers by carefully adjusting the wavelength

overlapping of FBGs. The gain of the small signal

at wavelength 1551 nm is about 21 dB in this
condition. As input signal power increases, the

gains at both wavelengths of control lasers de-

crease because the EDF is shared by input signal

and control lasers. Thus, powers of two control

lasers will decrease. When the input signal power

increases to )9.0 dBm, two control lasers are be-

low lasing thresholds and do not lase because the

gains obtained from the EDF are less than the
losses in cavities. So the gain is clamped at 21 dB

before input signal powers increase to )9.0 dBm.

In addition, different clamped-gains at 1551 nm

can be achieved in the range of 15–22 dB by

slightly adjusting the overlapping of two pairs of

FBGs in the dual-oscillating lasers case. Of course,

the wavelengths of dual-oscillating lasers are

slightly different for different gains.
3. Results and discussion

3.1. Steady-state properties comparison between

single-oscillating and dual-oscillating OAGC EDFA

Fig. 3 shows the optical gain characteristics
of the EDFA using single-oscillating and dual-
oscillating OAGCs at the same gain-clamped va-

lue. The same gain means that the population

inversion level of EDF is the same in both cases,

but the total powers of control lasers for two

operations may be not the same. The measure-

ments are conducted for the signal at 1551 nm,
and the gain value chosen is around 21 dB (the

small signal gain at 1551 nm for EDFA without

gain control is 29.7 dB). The control laser wave-

length for the single-oscillating laser control op-

eration is 1533.7 nm. Both systems have about 5.5

dB noise figure and dynamic range of the input

signal power up to )9 dBm before the clamping

effect vanishes. Within the model of a homoge-
neously broadened gain medium, a single laser is

sufficient to keep the gain spectrum fixed because

it will lock the population inversion level as long

as the laser is above lasing threshold. However,

optical gain control using a single-oscillating laser

shows gain variation, as shown in Fig. 3. The

signal gains change as much as 1.07 dB with input

power increased up to )9.3 dBm in the single-
oscillating OAGC case. This attributes to SHB as

a result of inhomogeneous broadening. The

change of gain in the dual-oscillating OAGC case,

however, is decreased and becomes about 0.25 dB

because dual-oscillating OAGC reduces SHB by

sharing of power between the two control lasers.

Gain fluctuations associated with signal power

variation are much better controlled through
dual-oscillating control lasers.
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3.2. Transient properties comparison between sin-

gle-oscillating and dual-oscillating OAGC EDFA

To investigate the transient response of the

OAGC EDFA, we add another signal at
kM ¼ 1546 nm ()11.55 dBm) modulated at fM ¼ 1

kHz to simulate the adding and dropping of seven

WDM channels. The input power of the surviving

signal (1551 nm) is fixed at )20 dBm. The gain for

the surviving channel is maintained at 21 dB. At

the EDFA output, the surviving channel is mea-

sured after a narrow-band tunable filter with a fast

photo detector.
As shown in Fig. 4, the dual-oscillating OAGC

case gives the tightest transient control. In case (a),

single-oscillating control laser at k1 ¼ 1533:7 nm,

the OAGC suppresses transients in the surviving

channel, but not completely. The largest power

change is about 8.86%. This failure of the OAGC

arises mainly from SHB. Single-oscillating control

laser at k2 ¼ 1555:5 nm as can be seen from
Fig. 4(b), relaxation oscillation imposed by the
Fig. 4. Output transients of the surviving channel (1551 nm)

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

K is transient change ratio of the surviving channel,

K ¼ ðPt � PaÞ=Pa, where Pt and Pa are transient and average

output power of the surviving channel, respectively. The three

results correspond to three control cases: (a) single-oscillating

control laser at 1533.7 nm; (b) single-oscillating control laser at

1555.5 nm; and (c) dual-oscillating control lasers at 1533.7 and

1555.5 nm.
laser, gives rise to the dominant residual power

excursions in the surviving signal. The residual

power excursions related to SHB resulting from

inhomogeneity becomes less. Using the single k2
control laser, the largest power change in add/drop

condition is about 7.5%. Using dual wavelength
control lasers, we can see a reduction of the ROs

and steady-state deviation to less than 4.65%. Dual

control lasers OAGC reduces SHB effect by shar-

ing of power between two control lasers. Fur-

thermore, an increase in one control laser power

will lead to the reduction of the other since the two

oscillators are coupled via the EDFA. The beating

between the two oscillation processes reduce the
relaxation oscillation in the surviving signal power

since the surviving channel power is affected by

both control lasers.

The all-optical method is sensitive to the chan-

nel add/drop frequency due to the RO effect in the

OAGC EDFA [20]. Fig. 5 shows the maximum

amplitude of the transient at different add/drop

modulation frequency. As we increase the modu-
lation frequency, the transient becomes large at

some frequency points. The maximum amplitude

of the transient increases to 11.7% at �23.9 kHz,

and after that, it decreases and then arises and
Fig. 5. Output max transient amplitude of the surviving

channel (1551 nm) vs the add/drop frequency. Km is max

transient change ratio of the surviving channel, Km ¼
ðPmax � PminÞ=Pa, where Pmax, Pmin and Pa are maximum, mini-

mum, and average output power of the surviving channel,

respectively. The three results correspond to three control cases:

(a) single-oscillating control laser at 1533.7 nm; (b) single-

oscillating control laser at 1555.5 nm; and (c) dual-oscillating

control lasers at 1533.7 and 1555.5 nm.



Fig. 6. Optical gain and noise figure (NF) characteristics for

various input power of dual-oscillating OAGC EDFA with

different dual control lasers (kc): M, N: gain and NF of the signal

at 1545.8 nm, kc ¼ 1530:1þ 1555:8 nm;¤, }: gain and NF of

the signal at 1545.8 nm, kc ¼ 1524:7þ 1557:2 nm; �, d: gain

and NF of the signal at 1554.3 nm, kc ¼ 1530:1þ 1555:8 nm;

j, �: gain and NF of the signal at 1554.3 nm,

kc ¼ 1524:7þ 1557:2 nm.
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peaks at �35 and �65 kHz in the case of single

oscillating 1533.7 nm OAGC EDFA. In the case of

single oscillating 1555.5 nm OAGC EDFA, the

peaks appear at 15.9, 24, and 43 kHz. In the case

of dual-oscillating OAGC EDFA, the maximum

transient amplitude is the smallest among all cases
and it remains flat up to about 43.1 kHz. These

results show that the dual-oscillating OAGC

EDFA performs better in terms of smaller tran-

sient as well as allowing channel to add/drop with

frequency much higher than the single laser con-

trolled case. The result can be explained by the

relaxation oscillation frequency of the laser. The

oscillation frequency is related to the laser system
characteristic parameters such as power levers,

lasing wavelength, and cavity length and losses

[21]. Thus the oscillation frequencies are different

for the k1 and k2 control lasers. Therefore, the

beating between the two oscillation processes re-

duce the relaxation oscillation in the surviving

signal power. This effect prevents large transient

amplitudes to occur until higher add/drop fre-
quencies for dual-oscillating OAGC case. The

single oscillating 1533.7 nm (1555.5 nm) laser gain

controlled EDFA is only suitable for the cases of

add/drop frequency lower than 20 kHz (12 kHz),

limited by the ROs. On the other hand, the dual-

oscillating OAGC EDFA can work well even

though add/drop frequency is high as 43 kHz.

3.3. Performance of OAGC EDFA with different

dual-control lasers

In order to observe the performance of OAGC

EDFA with different dual-oscillating control la-

sers, two pairs of tunable FBGs are used. The

setup is similar to Fig. 1(a) as shown in Fig. 1(b).

The peak reflection wavelength of FBGs are
1527.7 nm (FBG1), 1527.9 nm (FBG2), 1556.2 nm

(FBG3), and 1554.5 nm (FBG4), respectively.

Peak reflectivities of FBG1 and FBG2 are �50%

(�3 dB). Peak reflectivities of FBG3 and FBG4

are �84% (�8 dB). The tuning ranges of FBG1,

FBG2, and FBG3 are about �5 nm. The tuning

range of FBG4 is about �3 nm. Homogeneous

and inhomogeneous components exist together in
the spectral gain profile of EDFs. Thus, on one

hand, the gains of the input signals are clamped
through control lasers sharing ions on up-energy-

level of EDFs with the input signals; on the other

hand, the inhomogeneous broadening of EDFs

reduces wavelength competitions of dual-oscillat-

ing lasers. Different sets of the dual-oscillating la-

sers of our OAGC EDFA can be accomplished by
carefully adjusting the four tunable FBGs. In

experiments, One set of the dual-oscillating lasers

is chosen at 1524.7 and 1557.2 nm. Another set

of the dual-oscillating lasers is at 1530.1 and

1555.8 nm.

Fig. 6 shows the optical gain characteristics of

the EDFA using different dual-oscillating OAGC

at the same gain-controlled value. The measure-
ments are conducted for signals at 1554.3 and

1545.8 nm, respectively. The gain value of signal

1554.3 nm chosen is around 18 dB. The gain value

of signal at 1545.8 nm is around 15.4 dB in the

same condition as signal 1554.3 nm. Both systems

have about 6.5 dB noise figure and dynamic range

of the input signal power up to )6.8 dBm before

the clamping effect vanishes. As shown in Fig. 6,
the gain changes of 1554.3 nm signal in the dual-

oscillating OAGC cases, are less than 0.4 dB with

input power increased up to )8.5 dBm. The dif-

ference is small between two dual-oscillating

OAGC cases. The gain changes of signals at

1554.3 and 1545.8 nm in 1524.7 + 1557.2 nm dual-

oscillating laser OAGC EDFA are 0.37 and 0.342
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dB with input power increased up to )8.5 dBm,

respectively. While the gain changes are 0.36 and

0.35 dB in 1530.1 + 1555.8 nm dual-oscillating

laser OAGC case.

To compare the transient response of the dual-

oscillating OAGC EDFA with different dual
control lasers, we add one modulated signal to

simulate the adding and dropping of seven WDM

channels. The input power of the modulated signal

is )11.55 dBm. The input power of the surviving

signal is fixed at )20 dBm. The gain for the sur-

viving channel at 1554.3 nm is maintained at 18

dB. Fig. 7 shows the maximum transient ampli-

tude of the surviving signal at different add/drop
modulation frequency in four cases.

In all the four cases, the maximum transient

amplitudes are �4.5% and flat up to about 50 kHz.

For the surviving signal 1554.3 nm, the peaks of

the maximum transient amplitude are at �52.6

kHz in case (a) and at �57.6 kHz in case (c). For

the surviving signal 1545.8 nm, the peaks of the

maximum transient amplitude are at �55.2 kHz in
case (b) and at �51.4 kHz in case (d). These results

show that dual-oscillating OAGCs with different

dual control lasers have similar function. The re-

sults here can be explained by two mechanisms as

explained in Section 3.2. First, dual-oscillating

OAGC reduces SHB effect by sharing of power

between two control lasers. Second, the beating

between the two oscillation processes exist in the
Fig. 7. Output max transient amplitude of the surviving

channel vs the add/drop frequency. Km is the same as in Fig. 4.

ks, the surviving signal; km, the modulated signal; kc, dual

control lasers. The four cases as following: (a) ks ¼ 1554:3 nm,

km ¼ 1545:8 nm, kc ¼ 1530:1þ 1555:8 nm; (b) ks ¼ 1545:8 nm,

km ¼ 1555:8 nm, kc ¼ 1530:1þ 1555:8 nm; (c) ks ¼ 1554:3

nm, km ¼ 1545:8 nm, kc ¼ 1524:7þ 1557:2 nm; (d) ks ¼ 1545:8

nm, km ¼ 1554:3 nm, kc ¼ 1524:7þ 1557:2 nm.
gain medium. Relaxation oscillation in the sur-

viving signal power is destructed. Thus dual-os-

cillating OAGCs work well when dual-oscillating

lasers can effectively reduce of ROs and SHB. So

steady-state and transient power excursions are

reduced significantly in dual-oscillating OAGC
EDFAs with different dual-oscillating lasers.

Therefore, dual-oscillating control lasers outside

C-band can be chosen not to affect channels in C-

band, because those dual-oscillating lasers also can

effectively reduce of ROs and SHB.
4. Conclusions

We have presented a novel dual-oscillating

lasers optical automatic gain control EDFA by

using two pairs of FBGs to form laser cavities.

Experimental results show that properties of dual-

oscillating OAGC EDFA is better than that single-

oscillating OAGC EDFA in steady and transient

state. The dual-oscillating OAGC EDFA operates
satisfactorily with channel�s add/drop frequency

up to 43 kHz, which is significantly larger than

that with single-oscillating laser control. In par-

ticular, we focus on the effect of different dual

control lasers on the steady-state gain deviations

of the signal and transient response of the surviv-

ing channel. Experimental results show that the

function of different dual-control lasers is similar.
Thus dual-oscillating control lasers that lase out-

side C-band can be chosen.
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