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In this paper we propose and characterize a bi-directional Depressed-Cladding Erbium Doped Fibre Amplifier (DC-EDFA) 
for Continuous Wave (CW) S-band operation. The system uses a Depressed-Cladding Erbium Doped Fibre (DC-EDF) as 
the gain medium and 3-port OCs to facilitate bi-directional transmission. The performances of gain and noise figure are first 
studied for the conventional DC-EDFA setup and are obtained at 20 dB and 4 dB respectively. Subsequently, the bi-
directional DC-EDFA is tested and is found to have a similar gain 20 dB but with a slightly higher noise figure of 8.5 dB. The 
highest gain of 19 dB is obtained for the low input signals of -30 and -20 dBm, while higher input signals of -10 and 0 dB 
show lower gains due to the on-set of saturation effect in the gain medium. A high noise figure of between 8 and 9 dB is 
also seen, and increases to 19 dB nearing the cut-off wavelength. The bi-directional EDFA shows no loss in the gain but 
does show an increase in the noise figure as compared to uni-directional S-band DC-EDFAs. 
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1. Introduction 
 
The Erbium Doped Fiber Amplifier (EDFA) provides 

a very convenient amplification of signals at 1550 nm in 
existing single-mode optical fibre networks. The EDFA is 
based on Er3+ ions which acts as the active component in 
the optical amplification process. The EDFA generally 
features high gain amplification with a low noise figure 
and has successfully been implemented in the 
Conventional Band (C-band) region from 1530 nm – 1565 
nm as well as the Long-wavelength Band (L-band) from 
1565 nm to 1610 nm. The determining factor of these 
optical network system operating wavelength ranges is the 
amplification bandwidth of EDFA, which currently spans 
from 1530 to 1610nm. However, with the steadily 
increasing usage of bandwidth the need to expand the 
existing bandwidth is now a serious issue. In this regard, 
researchers are now focusing on the Short-wavelength 
Band (S-band) region which ranges from 1480 to 1530 
nm, with special attention paid to the development of S-
band optical amplifiers. This includes the doping of Er3+ 
ions in telluride that may be able to extend in amplification 
into the S-band range [1], and also developing an 
amplification bandwidth covering the S-, C- and L-band 
regions so as to accommodate the increasing needs of data 
traffic.  

S-band amplification can be achieved either through 
the use of Thulium doped in Flouride based single-mode 
fibres or Depressed-Cladding Erbium Doped Fibers (DC-
EDFs). Thulium Doped Fibre Amplifiers (TDFAs) employ 
pumping schemes based either on the conventional 
upconversion technique using 1050 nm pump laser [2] or 
using two lasers, one near to 1050 or 1400 nm and the 
other at 1550nm [3, 4]. However, TDFAs are 

disadvantageous due to splicing issue with regard to the 
fluoride based fibre as well as expensive pump lasers. DC-
EDFAs however are not susceptible to these problems, as 
they utilize conventional EDFA components [5, 6] to 
provide optical amplification in the S-band region. The 
normal gain of the DC-EDFA is between 15-16 dB with a 
noise figure of 7-8 dB, and methods such as the double 
pass S-band EDFA [7, 8] provide significant gain 
enhancement albeit with a noise figure penalty. The 
double-pass DC-EDFA is in actuality a uni-directional 
device, with the signal being reflected back into the gain 
medium and as such is not truly a bi-directional optical 
amplifier. 

In this paper, we report for the first time a depressed-
cladding S-band optical amplifier which uses a single core 
optical fibre to transmit signals in opposite directions. 
Although earlier works on bidirectional C-band and L-
band EDFA optical amplifiers have been reported [9, 10], 
there is no detailed reporting of S-band bidirectional 
EDFA. S-band bidirectional optical amplifiers would find 
applications in networks that have exhausted their optical 
fiber pairs. Bidirectional traffic allows the use of a single 
fibre core to carry traffic in both directions and thus 
doubles the carrying capacity of the network or even 
provides a spare core for protection propose [11].  

 
 
2. Experiment setup 
 
In designing the bi-directional S-band DC-EDFA, a 

methodological characterization of the each stage of the 
development of the bi-directional amplifier is done. 
Because the bi-directional amplifier is developed from the 
conventional uni-directional S-band DC-EDFA, a proper 
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understanding of the behavior of the conventional 
amplifier will allow for the smooth development of the bi-
directional DC-EDFA. Fig. 1 (a) shows the setup of the 
conventional S-band EDFA. The setup uses a 15 m DC-
EDF with a fundamental cut-off wavelength of 1525 nm 
(although the cut-off wavelength can be adjusted by 
changing on the spooling radius) and an Er3+ ion 
concentration of 440 ppm. A 980 nm Laser Diode (LD) 
with an output power of 100 mW is used to optically pump 
the Er3+ ions in the DC-EDF, while a Wavelength 
Selective Coupler (WSC) is used to combine the pump and 
signal wavelengths. The spooling diameter of the DC-EDF 
is set to 8 cm, as this is determined to be the optimum 
diameter of the DC-EDF as to maintain a cut-off 
wavelength of 1525 nm. This spooling radius provides the 
required amplification bandwidth in the S-band region 
(1480 – 1520 nm) [12]. 

Figs. 1 (b) and 1 (c) show the effect of the 3-port 
Optical Circulator (OC) in the conventional S-band DC-
EDFA at different positions of the cavity. Due to its bi-
directional the optical circulator is preferred in replacing 

the optical isolator in the S-band DC-EDFA setup, by 
allowing signals in one direction to travel straight through 
and redirecting signals moving in the opposite direction to 
another leg.  In Fig. 1 (b), Port 1 of the OC is connected to 
the end of the 15 m DC-EDF while Port 2 is connected to 
the Optical Spectrum Analyzer (OSA). The optical power 
leak at Port 1 is measured to be 0.5 dB. In this setup, the 
OC acts as an isolator by allowing only forward 
propagating signals (which propagate in the same direction 
as the pump wavelength) to reach the OSA, while 
backward propagating signals (that propagate in the 
opposite direction of the pump wavelength) are redirected 
away by the OC. In Fig. 1 (c), another OC is placed before 
the WSC, with Port 1 connected to the TLS and Port 2 
connected to the WSC to simulate the backward 
propagating configuration. Again, both OCs prevent 
backward propagating signals from travelling within the 
DC-EDFA, and the characterization of the S-band DC-
EDFA is necessary as this design will be used as the basis 
for the bi-directional S-band DC-EDFA. 

�
�
�
 
 
  
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 1. (a) Conventional S-band DC-EDFA with forward pumping configuration, (b) conventional S-band DC-
EDFA with forward pumping configuration with an optical circulator at the output end, (c) conventional S-band 
DC-EDFA with forward pumping configuration with optical circulators at both the input and output ends, (d) Bi-
Directional S-band DC-EDFA with forward signal only (same direction with the pump), (e) Bi-Directional S-band 
DC-EDFA with backward signal only (opposite direction of pump) and (f) Bi-Directional S-band DC-EDFA with 
both  signals  travelling  in  opposite  directions  in  the  optical  amplifier  in  the  same  single  mode   optical  fibre 

 
 

Before the behavior of the bi-directional S-band DC-
EDFA can be examined, it is necessary to understand how 
the S-band DC-EDFA performs in forward or backward 
signal propagation. Fig. 1 (d) shows the setup for the bi-
directional S-band DC-EDFA with forward propagating 
signal only. The S-band DC-EDFA is setup as in Fig. 1 
(c), with port 1 of OC1 connected to the TLS and Port 2 

connected to the WSC. Port 2 of OC 2 is connected to the 
15 m DC-EDF, while Port 3 is connected to the OSA. In 
this manner, a forward propagating signal is simulated 
from a TLS will enter Port 1 and then Port 2 of OC1, 
which then passes the gain medium and reaches Port 2 of 
OC2. The signal then travels from Port 2 to Port 3 and to 
the OSA. Fig. 1 (e) on the other hand shows the bi-
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directional S-band DC-EDFA with a backward 
propagating signal only, whereby the TLS is now 
connected to Port 1 of OC2 and the OSA is connected to 
Port 3 of OC1. Port 2 of OC2 is connected to the gain 
medium, while Port 2 of OC1 is connected to the WSC. 
The simulated backward propagating signal travels from 
the TLS to enter Port 1 through Port 2 of OC2, where it 
then enters the gain medium and subsequently passes Port 
2 through Port 3 of OC1 to reach the OSA. The final 
configuration of Fig. 1 (f), the bi-directional S-band DC-
EDFA is setup for both the forward and backward signals 
to propagate simultaneously by combining the setups of 
Figs. 1 (d) and 1 (e). All fibres joints are made using a 
commercially available fusion splicer with the splicing 
loss controlled to under 0.03dBm. The S-band TLS’ have 
a wavelength range 1460 nm - 1530 nm while the OSAs 
used have a 0.01 nm resolution. A specially designed 
automation software [13] is also used to increase accuracy 
and reduce experiment time.   

 
 

3. Results and discussion  
 
Before characterization on the bi-directional amplifier 

can begin, the conventional uni-directional DC-EDFA is 
first characterized. Fig. 2 shows the amplified spontaneous 
emission (ASE) of the conventional S-band EDFA. At a 
wavelength of 1510 nm the peak ASE power is obtained at 
– 30 dBm. Given that the cut-off wavelength is around 
1525 nm, wavelengths loner than 1514 nm are suppressed, 
allowing for the S-band signals to receive more ASE for 
amplification. The attainable S-band gain is limited 
however due to the high ASE that still exists in the 1530 
nm region, although this ASE depends on the spooling 
diameter of the DC-EDFA and the experimental setup 
(which can include filters to completely remove the 
unwanted ASE). 

 

 
 

Fig. 2. ASE spectrum of conventional S- band DC-EDFA 
(for the setup of Fig. 1 (a)). 

 
 
Fig. 3 shows the gain and noise figure of the 

conventional S-band EDFA against input powers from -40 

dBm to 5 dBm at 1500 nm. The highest gain obtained is 
18.37 dB at the region of the lowest input signal power (– 
40 dBm). The gain at this region is flat and remains high 
until an input power of -20 dBm, after which it begins to 
drop to only 5.25 dB at an input signal of 5 dBm. The drop 
in the gain is due to the saturation of the gain medium 
caused by the high power input signal. The noise figure 
shows a similar trend, remaining flat at approximately 8 
dB through an input signal range of – 40 to 0 dBm and 
increases to 8.86 dB at an input power of 5 dBm. The high 
noise figure is also caused by the saturation of the gain 
medium brought about by the high power of the input 
signal. These results show that the conventional S-band 
EDFA functions well as an amplifier at distances far from 
the source signal (where the power is low, between – 20 
dBm and -40 dBm), but is not particularly effective near 
the source signal (where the high input signal powers of 
above -20 dBm). 

 
 

 
 

Fig. 3. Gain and Noise Figure as a Function of the Input 
Power for the S-band DC-EDFA Setup with a Center 
Wavelength of 1500nm (for the setup of Fig. 1 (a)). 

 
 

Fig. 4 shows the gain and noise figure of the 
conventional S-band EDFA against different wavelengths 
at a set of input power of -30 dBm. The wavelength ranges 
from 1480 nm to 1532 nm in 4 nm increments. As 
observed in the figure, the gain of the conventional S-band 
EDFA is low at the shorter wavelengths. As the input 
signal wavelength moves towards the longer wavelengths, 
the gain also increases until a maximum gain of 23.71 dB 
is achieved at 1508 nm, which corresponds to the peak 
ASE as observed in Fig. 2. After 1508 nm, the gain drops 
drastically to only 3.17 dB at 1512 nm, while no gain is 
observed for wavelengths above 1520 nm due to the cut-
off wavelength. As the wavelength approaches the cut-off 
wavelength, the optical wave is no longer guided by the 
core but instead travels in the cladding, resulting in a 
considerable loss in the signal strength [14] and thus the 
lack of gain. The noise figure of the EDFA remains 
relatively constant between 8.3 dB and 7.5 dB throughout 
the wavelength range. After 1520 nm, the noise figure 
cannot be computed due to the absence of gain in the 
medium.  
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Fig. 4. Gain and Noise Figure as a Function of 
Wavelength for the Basic DC-EDFA Setup with an Input  
     Power of -30dBm (for the setup of Fig. 1 (a)). 

 
 

Fig. 5 on the other hand shows the gain and noise 
figure of the same S-band EDFA against different 
wavelengths at a higher input power of 0 dB. While it can 
be seen from Figure 5 that the gain and noise figure 
spectrum is similar to that of conventional S-band for low 
signals, the overall gain for high input signals is only 9.90 
dB as opposed to the 23.71 dB gain that is obtained by the 
low signal. This drop in the gain is due to the saturation 
induced power effect on the DC-EDF, which also 
contributes to the slightly higher noise figure as seen in 
Fig. 5.  

 
 

 
Fig. 5. Gain and Noise Figure as a Function of 
Wavelength for the Basic DC-EDFA Setup with an Input  
       Power of 0 dBm (for the setup of Fig. 1 (a)). 

 
 

Fig. 6 shows the performance of the gain and noise 
figure against different input signal powers for the S-band 
EDFA setup with no OC, one OC and two OCs (for the 
setups of Figs. 1 (a), 1 (b) and 1 (c)). The effect of the OC 
on the amplifier must be studied, as this configuration will 
form the basis of the bi-directional S-band DC-EDFA. The 
center wavelength of the test signal is fixed at 1500 nm. 
As can be seen in the figure, all three configurations show 
a similar pattern with a relatively flat gain of 18 dB for an 
input signal range of -40 dBm to -15 dBm. At this region 
only a 0.83 difference in the gain is seen between all three 
configurations. After – 15 dBm however the EDFA 
becomes saturated, causing the gain to drop. It can be seen 
that while the placement of the OCs has no effect on the 

gain of the EDFA, it does have an effect on the amplifier’s 
noise figure. The conventional S-band EDFA has the 
lowest noise figure pattern of all three configurations of 7 
dB, while the S-band EDFA with two OCs has the highest 
noise figure of 9 dB. This difference can be attributed to 
the wavelength sensitive insertion loss of the OC (which 
has an operational wavelength of 1550 nm) which reduces 
the signal power and increases the noise figure.    

 
 

 
 

Fig. 6. Gain and Noise Figure as a Function of the input power 
(For the setups of Figures 1 (a), (b) and (c)). 

 
 

Fig. 7 on the other hand shows the gain and noise 
figure performance of the conventional S-band EDFA and 
S-band EDFAs with the OCs at a low input power against 
different wavelengths. As with the case of Figure 6, the 
gain spectrum and noise figure spectrum of all three 
configurations is similar. The gain of the conventional S-
band EDFA is only slightly higher, by about 0.99 dB as 
compared to the other two setups.  However, the noise 
figure for conventional setup and setup with one OC is 
similar while the noise figure for the setup with two OCs 
is higher by about 1 dB due to the wavelength dependence 
of both of OCs. Fig. 8 show that the three configurations 
exhibit the same behavior when exposed to a high input 
power against different wavelengths. 

 
 

 
 

Fig. 7. Gain and noise figure against wavelength for a 
low  input  signal  of  – 30 dBm  (For  the setups of Fig. 1  
                                    (a), (b) and (c)). 
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Fig. 8. Gain and noise figure against wavelength for a 
low input signal of -30 dBm (For the setups of  Fig. 1 (a),  
                                     (b) and (c)). 

 
 

Fig. 9 shows the ASE spectrum of the S-band EDFA 
in both the forward and backward configurations. The 
ASE spectrum of both configurations is observed to be 
similar, with peaks at 1510 nm and 1530 nm and a dip at 
1520 nm. The forward configuration ASE spectrum is 
higher by approximately 10 dB as compared to the 
backward configuration ASE spectrum because of the 
forward pumping configuration of the DC-EDF. In this 
configuration, the forward end of the DC-EDF has a very 
high population inversion due to its proximity to the 
optical pump source as compared to the backward end of 
the DC-EDF. As such, the ASE generated from the 
forward end of the EDF is higher than the ASE generated 
from the back end of the DC-EDF.  

 

 
 

Fig. 9. ASE spectrum of the S-band EDFA in both the 
forward and backward configurations. (For the setups of  
                                   Fig. 1 (d) and (e)). 

 
 

Fig. 10 shows the gain and noise figure for forward 
and backward propagating signals along the DC-EDF 
against a fixed wavelength. Similar to the ASE spectrum, 
the gain of the backward propagating signal is lower than 
that of the forward propagating signal, with a difference at 
a magnitude of 10 dB. This difference in the gain 
corresponds to the difference of power of the ASE signal, 

which is expected as the limit of the ASE will in turn 
determine the limit of gain available. The noise figure of 
the backward signal is lower than that of the forward 
signal, due to lower ASE power available.  

 

 
Fig. 10. Gain and noise figure value against input power 
at center wavelength 1500 nm (For the setups of Figures 

1 (d) and (e)) 
 
 

Figs. 11 and 12 show the gain and noise figure of the 
forward and backward propagating signals against 
different wavelength for the case of low and a high input 
signal powers. In Figure 11, the power of both the forward 
and backward input signal is set to a low signal power 
which is– 30 dBm. As can be seen both the forward and 
backward signals have the same gain spectrum which 
peaks at 1507 nm. However, the gain of the forward signal 
is higher than the gain of the backward signal, again due to 
the difference in the ASE power available. The noise 
figure of the forward and backward signals on the other 
hand is relatively flat, with no significant difference in the 
noise figure. This is not expected as the noise figure is 
predicted to be high due to the difference in the gain. The 
same situation is also seen in Figure 12 for the high input 
signal of 0 dBm. The gain peaks at approximately 1500 
nm, with the gain of the forward propagating signal 
approximately 10 dB higher than that of the backward 
propagating signal.  

 
 

 
 

Fig. 11. Gain and noise figure value against different input 
wavelengths at fixed -30 dBm input signal (For the setups of 

Figs. 1 (d) and (e)). 
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Fig. 12. Gain and noise figure value against different 
input  wavelengths  at  fixed  0 dBm  input signal (For the  
                      setups of Figs. 1 (d) and (e)). 

 

In the characterization of the bi-directional S-band 
EDFA, the setups as in Figures 1 (d), 1 (e) and 1 (f) are 
used. For the purpose of this experiment, the TLS 
generating the forward signal is designated as TLS1 and is 
connected to Port 1 of OC1, while the TLS generating the 
backward signal is designated as TLS2 and is connected to 
Port 1 of OC2. Two OSAs are used to analyze the bi-
directional S-band EDFA, namely OSA1 which connected 
to Port 3 of OC2, and OSA2 which is connected to Port 3 
of OC1. OSA1 s used to analyze the forward propagating 
signal from TLS1, while OSA2 analyzes the backward 
signal from TLS2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14. Simulated location of bi-directional S-band EDFA based on changing input powers 
 

 
For the characterization of the bi-directional S-band 

DC-EDFA, TLS2 set at a constant -30dBm with center 
wavelength 1500 nm while the input wavelength and 
power of TLS1 is changed from -30dB to 0dB is to 
simulate the bi-directional S-band EDFA as an in-line 
amplifier for long-haul transmissions, a pre-amplifier a 
booster amplifier and also as an in-line amplifier for short-
haul networks. Fig. 14 illustrates this point.  

Fig. 15 shows the gain of the bi-directional S-band 
EDFA against different wavelengths for input powers of -
30 dBm, -20 dBm, -10 dBm and 0 dBm. The gain of the 
EDFA is observed to be similar to that of the S-band in a 
forward or backward configuration, with the peak gain 
seen at 1505 nm. Off the four input signals, the input 
signal with the lowest power experiences the highest gain, 
which in this case is the -30 dBm input signal which has a 
gain of almost 20 dB. The gain of the -20 dBm signal is 
also significant and is approximately 19 dB. However, as 
the input signal power increases, the gain experienced by 
the signal reduces, due to the saturation of the DC-EDFA. 
The input signal of -10 dBm shows a lower gain of 15 dB 
as compared to the -30 dBm and -20 dBm signals, while 
the lowest gain is observed for the 0 dBm signal, which is 
only 8 dBm. Due to the fundamental cut-off of the S-band 
DC-EDFA, no gain exist for either signal after 1510 nm, 

as the signals are now travelling in the high loss cladding 
regions.   

 
 

Fig. 15. Gain of bi-directional S-band EDFA against 
wavelength for different input powers (for the setup as in  
                                          Fig. 1 (f)). 

 
 

The noise figure spectrum of the S-band EDFA 
against different signal wavelengths is shown in Figure 16. 
It can be seen that the noise figure for all four input signals 
is relatively flat between 8 and 9 dB at a wavelength range 
of 1480 nm to 1505 nm. The highest noise figure is seen 
by the 0 dBm signal, which is expected as this signal 
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experiences the lowest gain. The noise figure of the other 
three input signals fluctuates but remains close to one 
another. As the wavelength region approaches the cut-off 
wavelength, the noise figure rises due to the loss of gain, 
and after 1510 nm the noise figure cannot be computed.  

 
 

 
 

Fig. 16. Noise figure of bi-directional S-band EDFA 
against  wavelength  for  different  input  powers  (for the  
                           setup as in Fig. 1 (f)). 

 
 

Therefore, the bi-directional S-band EDFA is shown 
to be capable of amplifying bi-directional CW signals with 
no loss in the gain as compared to uni-directional S-band 
EDFAs. However, a noise figure penalty is observed for 
both the forward and backward signals due to the addition 
of the two OCs. This amplifier has many potential 
applications in new S-band networks as well as in 
combination with C- and L-band amplifiers for use in ultra 
wideband systems.  

 
 
4. Conclusion 
 
A bi-directional EDFA for CW S-band amplification 

is proposed and demonstrated. The system consists of a 
DC-EDF to obtain amplification in S-band region and 3 
port OCs to facilitate bi-directional transmission. The 
performances of gain and noise figure are first studied for 
different conventional setup configurations, and the gain 
and noise figure is obtained at 20 dB and 4 dB 
respectively. The bi-directional EDFA on the other hand 
has a similar gain 20 dBm but a higher noise figure of 8.5 
dB. The highest gain of 19 dB is obtained for low input 

signals of -30 and -20 dBm, while higher input signals of -
10 and 0 dB show relatively lower gains due to the 
saturation of the gain medium. A high noise figure of 
between 8 and 9 dB is seen however for all signal powers, 
with the highest noise figure of 11 dB seen near to the cut-
off wavelength. The bi-directional EDFA shows no loss in 
the gain but does show an increase in the noise figure as 
compared to uni-directional EDFAs. 
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1

1 INTRODUCTION

The advent of Dense Wavelength Division Multi!
plexing (DWDM) systems has seen the rise of optical
fibre transmission systems as a method of providing
speedy and high capacity communications [1, 2].
However, with ever increasing demands for band!
width, the capabilities of current transmission systems
is quickly reaching to its limits. This necessitated an
expansion in the operating wavelength ranges of
DWDM systems, from the Conventional (C!) band of
1530 to 1565 nm to the Long Wavelength (L!) band of
1565 to 1625 nm [3–9] previously, and more recently
towards the Short Wavelength (S!) band, which
extends the DWDM operational wavelength from
1480 to 1620 nm [10].

A key enabling factor that has allowed for the
recent extension into the S!band region of optical
communications was the development of optical
amplifiers that could operate in the S!band region.
Initially, S!band amplification could not be accom!
plished by Erbium Doped Fibre Amplifiers (EDFAs),
which traditionally formed the backbone of optical
amplification in C! and L!band systems, thus limiting
its operation to this region only. Instead, S!band
amplification could only be accomplished via amplifi!
cation techniques such as Raman Amplifiers (RAs)
[11–13], Thulium Doped Fiber Amplifiers (TDFAs)
[14], and Semiconductor Optical Amplifiers (SOAs)
[15, 16]. These amplifiers can also act as laser sources
if combined with a proper feedback mechanism. The

1 The article is published in the original.

drawback of these methods is that whilst they are able
to provide impressive performance in terms of their
gain and noise figure in the S!band region, they are
more complicated to use and had significant compati!
bility issues (especially in the case of the TDFA, where
it is extremely difficult to splice to the conventional
silica based optical fibres that are used for transmission
purposes), as well as the cost of these device which is
typically much higher than that of EDFAs. As such,
these amplifiers also lack the performance character!
istics when compared to the EDFA in terms of effi!
ciency, simplicity and reliability [17, 18].

A potential solution to this problem is the use of the
Depressed Cladding Erbium Doped Fiber (DC!EDF)
for amplification in the S!band. A DC!EDF based
optical amplifier (DC!EDFA) is able to provide simi!
lar performance in terms of gain and noise figure in the
S!band region as that compared to TDFAs, RAs, and
SOAs while at the same time providing the added
advantage of cost savings. One of the most significant
advantages of the DC!EDFA is its compatibility with
silica based optical fibres, meaning it can easily be
incorporated into the current optical communications
infrastructure. The ability of the DC!EDFA to operate
in the S!band region is due to its depressed cladding
refractive index profile, which has the ability to atten!
uate the longer wavelengths of the Amplified Sponta!
neous Emission (ASE) output of the EDFA. These
ASE in the longer wavelength region, while able to
provide good gain performance in the C! and L!band
regions, unfortunately suppresses the ASE at the
shorter wavelength region, thus inhibiting gain in the
S!band region. In this regard, suppressing the ASE at
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the longer wavelength region allows the ASE at the
shorter wavelength region of 1480–1520 nm to
become dominant, and therefore facilitate amplifica!
tion in the S!band region. Typically, a DC!EDFA
requires a high pump power or bidirectional pumping
scheme to achieve its gain characteristics. For
instance, Arbore et al. [19] used a pump source of
260 mW in a bidirectional pumping scheme to obtain
a gain of 32 dB at a region of approximately 1500 nm
with an input signal of –25 dBm using a 20 m long of
DC!EDF. A similar approach was taken by Yeh et al.
[20] and Thyagarajan et al. [21], utilizing a similar
approach to obtain the necessary gain value. However,
to save cost and increase system efficiency, double!
pass techniques have been employed [22], where a sin!
gle pump laser at 100 mW is able to achieve gains of
more than 30 dB in a double!pass configuration, as
opposed to a lower gain in the single pass configura!
tion. A low noise figure was also realized with the dou!
ble!pass configuration, where both the single!pass and
double!pass configurations demonstrated a noise fig!
ure value of about 5 to 8 dB for low power input sig!
nals. Further improvements to the double!pass config!
uration can also yield increased performance, such as
the double stage S!band EDFA [23] which shows
improved gains and also gain control to enable a flat
gain profile [24]. Currently, the focus of research is in
the development of an S!band DC!EDFA which is
able to provide a flat output with a gain value of around
25 dB and with an acceptable noise figure.

In this paper we propose an S!band DC!EDFA
which is simple and cost effective. The proposed S!
band DC!EDFA composes of a single conventional
980 nm laser diode with a pump power of 300 mW
together with a Tunable March–Zehnder Filter
(TMZF) as a mechanism to flatten the gain profile of
the DC!EDFA. The bandwidth of the flattened gain
profile is approximately 12 nm in the S!band region,
which can be considered an improvement over current
S!band EDFAs.

EXPERIMENTAL SETUP

The experimental setup of the proposed S!band
DC!EDFA with a TMZF is shown in Fig. 1 below:

The experimental setup comprises of a 30 m long
DC!EDF with an absorption coefficient of 7.6 dB/m
at 980 nm. The DC!EDF is spooled into a ring of 8 cm
diameter to optimize the ASE in the S!band region,
which is manually adjusted to enhance the perfor!
mance of the DC!EDFA in the 1480 to 1520 nm
region. The pump source for the gain medium is a
980 nm laser diode operating at 300 mW spliced to the
980 nm port of the 980/1550 nm Wavelength Division
Multiplexing (WDM) coupler (the 1550 nm port is
spliced to the Tunable Laser Source (TLS) which acts
as the input test signal). An optical isolator is used in
the cavity to prevent back reflections and also to
improve the noise figure. A TMZF is incorporated into
the setup after the isolator to flatten the ASE output
from the DC!EDF by inducing suitable loss in the
C!band region. The TLS used has a tuning range of
1460 to 1620 nm and an Optical Spectrum Analyzer
(OSA) with a resolution of 0.02 nm is used to analyze
the output of the proposed system. The system is auto!
mated to increase the efficiency and speed of the
experiment as well as reducing possible errors that may
arise due to manually obtaining readings [25].

RESULT AND DISCUSSIONS

Figure 2 show the gain and noise figure perfor!
mance of the proposed system against different test
signal wavelengths at an input power of –30 dBm.

From Fig. 2 it can be clearly seen that the TMFZ is
able to flatten the gain spectrum of the S!band DC!
EDFA when tuned to the correct region of the ASE
spectrum. A flat gain spectrum is achieved with an
average gain of 24.21 dB over a wavelength region of
1492 to 1504 nm, with only minor gain fluctuations of
approximately 0.83 dB and a gain bandwidth of 12 nm
(a value of 18 nm can be achieved within the 3 dB
bandwidth). However, it is observed that the highest
gain obtained from the system with the TMZF incor!

TLS

Isolator

Pump
LD

WDM 30 m DC!EDF Isolator

TMZF OSA

TLS: Tunable laser source
LD: laser diode
WDM: wavelength division multiplexer
DC!EDF: depressed cladding erblum doped fiber
TMZF: tunable Mach–Zehnder filter
OSA: optical spectrum analyzer

Fig. 1. Experimental Setup of the Proposed S!band DC!EDFA with a TMZF.
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porated is 6.4 dB lower than the highest gain obtained
from the system without the TMZF, although this is
attributed to the loss factor of the TMZF in flattening
the gain spectrum. The noise figure also does not vary
very much for both setups of the proposed system (i.e.,
with and without the TMZF), and is measured at
approximately 7.13 dB and increases to 10.94 dB as
the input signal wavelength increased from 1484 to
1510 nm.

The insertion loss of the TMZF and the gain differ!
ence is shown in Fig. 3 below.

Figure 3 shows the loss spectrum of the proposed
setup, where it can be seen that the gain difference
spectrum closely matches that of the TMZF loss, thus

inferring that the TMZF is responsible for flattening
the gain of the proposed system.

Figure 4 shows the actual testing of the S!band
DC!EDF optical amplifier unit from input signal at !1
(1490 nm), !2 (1495 nm), !3 (1500 nm), and !4
(1505 nm) with in channel spacing of 5 nm.

Figure 4a shows the four channel input of the pro!
posed setup, whilst Fig. 4b shows the amplified signal
riding on top of the ASE. It can be seen from Fig. 4b
that peaks of the signal wavelengths are not flat, and
instead have values of !1 at –10.03 dBm, !2 at
8.97 dBm, !3 at –6.54 dBm, and !4 at 9.89 dBm for
the case without TMZF. In the case of the system with
the TMZF, the amplifier provides a flat response with
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an average peak value of 10.5 dBm with peak variations
of 0.082 dB. In this regards, the proposed design will
provide an efficient optical amplifier in the S!band
region which has a flat response from 1490 nm to
1505 nm.

CONCLUSIONS

The proposed design provides a flat spectrum
response for an S!band optical amplifier based on a
DC!EDF and incorporating a TMZF as a loss mech!
anism. The average gain achievable in this experiment
is 24.21 dB with a peak to peak fluctuation of 0.83 dB.
The noise figure ranges from 7.13 to 10.94 dB when
the input signal is varied from 1484 to 1510 nm. The
flatness of the optical amplification bandwidth is
approximately 12 nm starting from 1492 nm to
1504 nm, but is limited due to the loss response of the
TMZF. By having a properly designed TMZF with a
wider spectral loss, a flat S!band optical amplifier from
1480 to 1520 nm can be realized. The experimental
results of the proposed system are the first of its kind to
the knowledge of the author.
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1 INTRODUCTION

Increasing demands for communication and infor!
mation transmission capabilities has recently seen the
need for optical communications systems to further
expand their transmission windows. Current systems
operate at a wavelength range that covers the conven!
tional (C!) band and long!wavelength (L!) bands of
1530 to 1565 nm and 1565 to 1625 nm, respectively has
reached it maximum capacities. As such, there is a
need to further expand the transmission window so as
to incorporate the short!wavelength (S!) band region
of 1480 to 1520 nm.

This need has initiated new research into the devel!
opment of optical amplifiers operating in the S!band
region, such as those based on thulium doped fibers
(TDFs) [1–3] or co!doping existing erbium doped
fibers (EDFs) with ytterbium [4–6]. Hybrid optical
amplifiers comprising of EDF based amplifiers with a
Raman gain medium [7, 8] have also been explored.
These initial avenues of research have met with suc!
cess, and are able to provide suitable amplification in
the S!band region. Now, the research efforts have
begun to look towards fully utilizing these new devel!
opments by developing a wide!band optical amplifier
that covers the complete range of the S!, C!, and L!
bands in a single amplifier, focusing specially on the
development of a simple, low!cost and highly compat!
ible design (current designs typically involve a number
of different components to be made to function
together, thus increasing the cost and complexity of
the system as well as limiting its compatibility to sys!
tems already in use).

1 The article is published in the original.

In addressing the above issue, semiconductor optical
amplifiers (SOAs) provide a viable solution to the devel!
opment of an ultra!wide bandwidth amplifier capable of
operating in the S!, C!, and L!bands simultaneously [9,
10]. Furthermore, SOAs typically posses a wider band!
width as compared to erbium doped fibre amplifiers
(EDFAs), although its gain profile is generally lower
than that of the EDFA. In this paper, we propose and
demonstrate a double!pass configuration of a compact
high gain S!band amplifier based on a SOA operating
from 1480 to 1520 nm. The gain value of the proposed
setup shows a better performance as compared to other
type of S!band Optical Amplifier [11, 12].

EXPERIMENTAL SETUP

Figure 1a below shows the experimental setup of
the high!gain S!band SOA in a double!pass configura!
tion. It consists of an SOA (Alphion SAS28p) with an
amplified spontaneous emission (ASE) spectrum cov!
ering 1420 to 1600 nm.

The S!band band SOA is driven by an ILX laser
diode controller at a current of 460 mA, while a
Yokogawa AQ2211 tunable laser source (TLS) with a
tunability range of 1440 to 1530 nm and a resolution of
0.001 nm was been used to provide the S!band input
signal. An optical isolator is immediately placed after
the TLS to force the signal to propagate in a unidirec!
tional path and also prevent any back!reflected signals
that can cause damage to the TLS. The S!band signal
generated from the TLS first travels to port 1 of the first
optical circulator (OC1), where it then continues via
port 2 towards the polarization controller and onwards
to the SOA. The use of the polarization controller is to
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provide a means to optimize the gain. The amplified
signal will then exit the SOA and enter another polar!
ization controller, after which it enters the second
optical circulator (OC2) where ports 1 and 3 are con!
nected, acting as a “mirror”. This back!reflected
amplified signal will then be re!amplified by the SOA
and now will be emitted at port 3 of OC1 (entering
OC1 at port 2) and be analyzed by an optical spectrum
analyzer (OSA) (Ando AQ6317C). For the case of the
single pass configuration, there are no optical circula!
tors that act as “mirrors” unlike in the double!pass.
Instead the signal is measured directly after the SOA as
shown in Fig. 1b. The characteristics of the double!
pass SOA are discussed in the next section.

RESULTS AND DISCUSSIONS

Figure 2 below shows the compared ASE spectra of
the SOA in the single! and double!pass configurations.

From Fig. 2, the ASE power level is observed to be
–24 dBm at a wavelength of 1500 nm when the SOA is
driven at a current of 460 mA. At a similar condition
the single!pass configuration only yields an ASE
power of –32 dBm, 8 dB lower than that of the double!
pass configuration. However, the optimum ASE band!
width for the. double pass configuration is observed to
be limited to a wavelength range of 1440 to 1540 nm
whilst the single pass configuration ASE shows wider
bandwidth coverage from 1400 until 1540 nm. As can
be seen in Fig. 2, the ASE of the single!pass and dou!
ble!pass configuration experiences a very distinct
shape difference. The ASE for double pass configura!
tion is observed to be slightly concentrated at the
longer transmission wavelength region that fits well in
the S!band region; whilst the single!pass ASE dis!
perses over a wider transmission wavelength range.
The distinct difference in the ASE shape of the dou!
ble!pass configuration is influenced by the inhomoge!
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Fig. 1. Experimental setup of high gain S!band SOA in (a) the double pass configuration and (b) the single pass configuration.
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neous broadening property of the SOA material gain,
InGaAsP [13–17].

The gain and noise figure (NF) performance for
both configurations against different input wave!
lengths at signal input power –30 dBm is shown in
Fig. 3.

As can be seen from Fig. 3, the initial gain values of
both the single! and double!pass systems are almost
similar, with the difference between the gain achieved
by the two systems amounting to approximately 2 to
3 dB until an input wavelength of 1500 nm. However,
at longer wavelengths the gain of the single!pass sys!
tems drops, whereas the gain of the double!pass sys!
tem continues to increase to a maximum value of
27.06 dB at a wavelength of 1516 nm, and improve!
ment of 6.01 dB over that of the single!pass configura!
tion. This gain performance can be explained from the
ASE spectra of the two systems as given in Fig. 2. The
NF of the single!pass system fares better from
1480 until 1520 nm in comparison to the double!pass
system that has a better NF from 1460 to 1480 nm.
The NF for the single!pass configuration at 1490 nm is
about 11 dB and reduces to 8 dB at around 1520 nm.

Normally, the NF of an SOA is always high, and as
such the values obtained can be considered a good
achievement. The fluctuating NF of the double!pass
system at the longer wavelength region is attributed to
the polarization dependence gain (PDG) effect in the
SOA.

Besides the above, the SOA characteristics of gain
and NF at different signal input power levels from
!40 to –5 dBm (simulating low to high powered input
signals) are also measured at a fixed wavelength, in this
case 1500 nm.

This is shown in Fig. 4 whereby the double!pass
configuration shows a higher gain performance with
respect to the single!pass configuration, having a max!
imum gain of 31.07 dB at an input signal power of
!40 dBm. This is about 6.7 dB higher that the maxi!
mum gain of the single!pass configuration at this con!
dition.

As the signal power level increases, the gain of the
double!pass can be seen to always exceed that of the
single!pass system, but at higher signal powers such as
–5 dB, they tend to merge, which is largely due to sat!
uration. The measured NF at different power levels
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averages out to 10 dB with a similar profile to that of
the single!pass configuration, which has a slightly
lower noise figure of between 8 to 9 dB (a difference of
only 1 to 2 dB). On the whole, this specific SOA can
function as a good alternative for obtaining high gain
amplification in the S!band region. As also observed in
Fig. 4, the gain difference measured at 1500 nm and
taking a particular case of an input power of –30 dBm
does not correspond well with that of Fig. 3, where for
the case of the input signal wavelength of 1500 nm and
input signal power of –30 dBm. This difference is
largely due to the PDG of all types of SOAs. This can
be avoided by the careful adjustment of the polariza!
tion controllers.

The PDG characteristics against the input signal
power are shown in the Fig. 5 by measuring the maxi!
mum and minimum gain of the SOA via the adjust!
ment of the polarization controllers. The maximum
and minimum gain is about 23.41 dB and 20.73 dB,
respectively, whilst the PDG is 2.68 dB, taken at a sig!
nal power of !30 dBm for the case of a single!pass
SOA configuration. This value can be larger for a dou!
ble!pass configuration.

CONCLUSIONS

In conclusion this paper has demonstrated a high
gain amplifier covering the S!band region from
1480 to 1520 nm. Within this range, the gain of the
double!pass configuration obtained is higher than that
of the single!pass configuration, with a gain value of
31.07 dB at an input signal power level of –40 dBm
and a wavelength of 1500 nm. The NF of the double!
pass system also fares better from 1480 until 1520 nm
at 11 to 8 dB in comparison to the single!pass system,
although the single pass system has a better NF at
wavelengths shorter than 1480 nm. This system pro!
vides a good alternative for a high!gain and compact

amplifier in the S!band region, and this is the first of
its demonstration to the knowledge of the authors.
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Tunable single longitudinal mode S-band fiber laser using a 3m length of erbium-doped fiber
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In this paper a tunable single-longitudinal mode (SLM), short-wavelength band (S-band) fiber laser using a
conventional erbium-doped fiber (EDF) with a length of 3m and a step index erbium dopant profile as opposed
to the commonly used depressed cladding erbium-doped fiber (DC-EDF) is proposed and demonstrated. The
proposed SLM fiber laser has a tuning range of 1496 to 1507 nm in a ring configuration using two 0.15m of EDF
which acts as saturable absorbers (SAs). The highest peak power measured is about !0.6 dBm at a wavelength
range of 1502 to 1507 nm. The measured signal-to-noise ratio (SNR) is approximately 74 dB for the same
wavelength range. The line-width of the SLM output is measured to be 140 kHz.

Keywords: single-longitudal mode; ring fiber laser; S-band fiber laser

1. Introduction

Fiber lasers with single longitudinal mode (SLM) are
highly attractive light sources for a multitude of
applications such as spectroscopy, optical sensors,
communication systems employing wavelength divi-
sion multiplexing (WDM) techniques and interferom-
etry works [1–4]. Generally, there has been intense
work generating SLM operation in the C- and L-band
regions covering from 1530 to 1560 nm and 1560 to
1620 nm respectively, which can find applications in
optical communications networks. There has been
interest to further expand this coverage into the
short-wavelength region of the S-band, covering a
region of 1480 to 1520 nm. Several approaches have
been studied for the generation of the SLM output in
fiber lasers, including complex approaches such as the
use of passive multiple-ring cavity configurations or a
compound ring resonator [5,6] to simpler approaches
such as using an un-pumped erbium-doped fiber
(EDF) as a narrow bandwidth auto-tracking filter [7]
or by placing fiber Bragg gratings (FBGs) and etalon
filters in the oscillation cavity of the fiber laser to
ensure SLM operation [8,9].

Of the above methods, the use of saturable
absorbers (SAs) is an interesting and cost-effective
approach in producing compact and reliable SLM
operation in S-band fiber lasers. There have been
earlier reports [9–11] on using SAs for generating SLM
outputs in an S-band fiber laser but their design is

based on the use of the depressed-cladding EDF
(DC-EDF), which is an expensive and highly sensitive
fiber and this will affect the stability and reliability of
the SLM output. Furthermore, this type of fiber is not
always readily available, thus making it unsuitable for
commercial applications.

Some of the earlier designs are also quite complex,
with many ring cavities [9] or using complex device
functions such as a saturable-based autotracking filter
[10], which uses a long length of DC-EDF as the gain
medium. The tuning mechanism is performed using a
fiber based Fabry–Pérot filter, which in turn has a
higher loss and therefore requires a higher pump power
which in this case is about 280mW. As an alternative
approach in producing a viable, stable and inexpensive
tunable SLM S-band fiber laser, a short length of
standard EDF with a step-index erbium dopant profile
is used as the gain medium. Similar fibers are also used
as the SAs in the proposed ring laser together with a
compression based fiber Bragg grating (FBG) as the
tuning element, which requires a lower pumping
power. This is the first time a tunable SLM output is
demonstrated using a conventional EDF as opposed to
the commonly used DC-EDFs for operation in the
S-band region. The tunability of the system spans from
1496 to 1507 nm, and this is not limited as the tuning
range can exceed above 1507 nm. The measured output
power is about !0.6 dBm from a wavelength range of
1502 to 1507 nm. This approach provides a simple and
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120 nm wide band switchable fiber laser
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A novel method of producing switchable tunable output that spans the S-, C- and L-bands is presented. The
achievable tuning range is about 120 nm. The design consists of a wide band SOA, 1!16 AWG and an optical
selectable switch in a ring configuration. The measured average output powers for S-, C- and L-bands for
different output wavelengths are !7.0 dBm, !6 dBm and !6.5 dBm respectively. The SMSR for these
wavelengths is about 72 dB.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently there is a need for Switchable Multiwavelength Fiber
Laser (SMWFL) to support the Dense Wavelength Division Multi-
plexing (DWDM) network as a replacement part for the optical
source. The advantages of the switchable multiwavelength laser are
its ability to select a single channel from amultiwavelength comb [1]
and its generally stable output with narrow linewidth emission
line which is compatible with existing optical network systems.
Besides its application in the telecommunication, the SMWFL can be
a source for spectroscopy and for use in the fiber sensor. This
flexibility spurs intense research in developing a stable switchable
wavelength that can have a wide tuning range. There are various
methods of realizing switchable outputs such as that based on
polarization dependent device in the cavity [2], the use of high-
birefringence fiber loop mirror (HiBi-FLM), cascaded Fiber Bragg
Grating (FBG) cavities and cavities with birefringence FBG or
cascaded Birefringence FBGs [3–6]. The development of the SMWFL
using Sagnac Loop Mirrors (SLM) [7] and compression strain FBG for
tunable wavelength has also been demonstrated [8,9]. This system is
capable of generating a wide range of tunability specification within
the C-band and C- plus L-band. However, the usage of SLMs requires a
fixed length of fiber for a particular wavelength which has to be
manually adjusted.

As a result of this shortcoming in SLMs based system, use of Arrayed
WaveguideGrating (AWG) provides a switchable alternative. The use of
the AWG as a wavelength slicing mechanism has generated new
interests in developing the Multiwavelength Fiber Laser (MWFL,

operating at fixed spacing of 50 GHz, 100 GHz or 200 GHz) that fits
well with the DWDM network. This technique has been demonstrated
using Amplified Spontaneous Emission (ASE) output of a Semiconduc-
tor Optical Amplifier (SOA) or Erbium Doped Fiber Amplifier (EDFA)
into AWG [10–14].

Most of the reported works are concentrated within the C- plus L-
band and it would be interesting to extend this coverage to include
the S-band. Recent migration into the metro-network based or
Coarse Wavelength Division Multiplexing (CWDM) would require a
switchable fiber laser that can be tuned from the S- to L-band. Recent
works to cover all the three bands have been done using thulium
doped fiber together with erbium doped fiber in a hybrid configu-
ration [15]. It consists of two components of 20 m in length thulium
doped fiber connected in parallel with 12 nm of erbium doped fiber
pumped by numerous laser diodes. Although the tunability range is
wide, reaching as large as 145 nm, the complexity and usage of many
laser diodes can be a hindrance to realizing a commercial unit. A
similar approach is also being undertaken by Foroni et al. [16] to
achieve a tuning range of 120 nm using three components of erbium
doped fibers connected in parallel and multiplexed to generate the
tunability range. The tuning for the entire range is not clearly stated
but a tunable C-band filter is used in the C-band. The approach in the
design is based on a double pass technique as reported in an earlier
paper by Harun et al. [17].

As an alternative approach in generating a wide tuning range, a
single semiconductor optical amplifier (SOA) is used in place of the
many pump lasers and it provides a tuning range of 120 nm covering
the S-, C- and L-bands as proposed in this paper. The tunability is
performed using an arrayed waveguide grating (AWG) in conjunction
with optical channel selector (OCS) providing electronically tuned
selectable output. This is illustrated and demonstrated in the
following section.
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2. Experimental setup

The experimental setup, as shown in Fig. 1, consists of an SOA, an
AWG and two OCSs connected in a ring configuration. The SOA is
from Alphion (SAS26P) with output characteristics that cover a
wavelength range from 1400 nm to 1650 nm which acts as the gain
medium. The Amplified Spontaneous Emission(ASE) emitted from it
is connected to the 1!16 AWGwhich slices the ASE output spectrum
into 16 different wavelength outputs which can be referred to 16
different channels. Since the ASE output of the SOA is broad,
which covers the S-, C- and L-bands, each channel will contain
output components from S-, C- and L-bands due to the diffraction
effect of the AWG. Each individual wavelengthwill diffract and focus
at different angles at the AWG output plane according to Eq. (1)
below [18],

θm!
Neff

Nf

ΔL"mλg

da
!1"

where θm is the tilt angle, ΔL is the optical path difference, λg = λ
Neff

,m
is an integer (diffraction order), da is the pitch between the array
waveguide, and Neff and Nf are the effective refractive indices in the
waveguide array and in the free propagation region respectively.
AWG used is optimized for the C-band operation from wavelength
1530.56 nm to 1542.34 nm. However, when a broadband source (S-,
C- and L-bands) is passing through the AWG, each channel will have 3
components, one each for S-, C- and L-bands. This is due to the various
diffraction order which now includes m"1, m and m+1 which
satisfied the condition θm"1=θm=θm+1 for different wavelengths.
θm"1 is for L-band, θm is for C-band, and θm+1 is for S-band. Since
they focus at the same spot, they will be reproduced together in a
single output although the AWG is designed to have single output
for C-band only. These output channels are connected to the
16 outputs of the 1!16 optical switch which is referred to as the
optical channel selector (OCS1). For instance, channel 1 contains
outputs in S-, C- and L-bands at wavelengths that satisfy Eq. (1). (As
an example, channel 1 contains λs=1478.69 nm, λC=1530.56 nm
and λL=1586.26 nm). The optical Switch is a commercial unit (ANDO
AQ3540) with a switching speed of 500 m/s between channels and a
transmission bandwidth that ranges from 1200 nm to 1650 nm. This
bandwidth is large enough to cover the experimental bandwidth of
this work.

The output of channel 1 (similarly for the other channels) is then
connected to a S/C+L bands Wavelength Division Multiplexer
(WDM) that splits the S and C+L bands into different output ports.
The C+L is further split into C and L outputs using a similar type
fusedWDM coupler as shown in Fig. 1. These individual outputs, S, C
and L, are then connected to channels 1, 2 and 3 of the second OCS
(OCS 2). From OCS 2, the individual output, S, C or L, can be chosen as
a means to provide the tunability. For instance, if the S output of

channel 1 from OCS 1 is chosen (λs1=1478.69 nm), then this will be
injected into the ring cavity via channel 1 of OCS 2 to be amplified by
the SOA. Similarly, for channel 2 of the AWG (λs2=1479.41 nm),
channel 3 until channel 16 can be chosen and this provides the
tunability within the S-band region. This similar approach is also
applicable for the C- and L-bands by choosing channel 2 and 3 of OCS
2. The injected light will traverse into the ring cavity in an
anticlockwise direction set upon by the optical isolator. The output
signal is taken from a 90/10 broadband fused biconnical coupler
with the 10% port connected to the optical spectrum analyzer (ANDO
6317 C) with a resolution of 0.02 nm. The tunability spans over the S-,
C- and L-bands providing a very well controlled and simple design that
provides a laser source that can be utilized for WDM, CWDM network
and also for application in optical sensors, optical spectroscopy and
many others.

3. Results and discussion

Fig. 2 shows the ASE output spectrum of wideband SOA with
different driven current. The bandwidth of ASE is increased when the
driven current is increased. The bandwidth of the ASE is about 250 nm
that ranges from 1400 nm to 1650 nm at 390 mA drive current. The
wideband ASE is important in providing a wide tuning range of the
fiber laser.

Fig. 3 shows the spectrum taken by using OSA at channel 1 of OCS1
with three peaks produced at three different bands simultaneously.
However, this is not yet to be considered as a laser source since there is
no cavity and the peaks are produced only by the ASE source which
comes from the SOA. As illustrated in the figure, the measured peak
powers are "9.92 dBm, "6.03 dBm and "7.57 dBm for wavelengths

Fig. 2. ASE spectrum of wideband SOA.

Fig. 3. Spectrum of the output wavelength from channel 1 before it is split into three
different bands by the S/C+L and C/L splitter.Fig. 1. Experimental setup for SMWFL.
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1478.69 nm(S-band), 1530.56 nm (C-band) and 1586.26 nm (L-band),
respectively. The peak powers have power variations within 4 dB and
they can bemade equal by proper cleaning of the connectors andhaving
an AWG with equal response at these wavelengths. For channel 2 and
the rest of the channels the output will be similar, representing the
various bands, but shifted by 0.8 nm (100 GHz) which is the
interchannel spacing of the AWG.

The tuning range of the single wavelength laser is as given in Fig. 4
which shows thewidest tuning range that can be realized for the S-, C-
and L-bands by superimposing the output wavelengths coming from
Channels 1 and 16 of the AWG. The range for S-band is from
1478.35 nm to 1490.09 nm, for C-band it is from 1530.56 nm to
1542.34 and for L band from 1586.26 nm to 1598.42 nm. The
measured linewidths of the outputs in the S-, C- and L-bands are
about 0.05 nm, 0.035 nm and 0.035 nm. A wider tuning range can be
achieved by using an AWG with more channel outputs. In the case of
1!16 AWG with 100 GHz (0.8 nm) interchannel spacing, the
maximum tuning range that can be realized in the C-band is 15
(spacing)!0.8 nm which equals 12 nm. This value corresponds well
with the measured value of 11.78 nm. The situation is similar for the
S- and L-band. For a higher channel count, such as 1!64 AWG, the
tuning spacing range will be about 50.4 nm. This shows that the

experimental approach can be extended to a wider tuning range by
having a larger number of channel outputs.

Fig. 5 shows the narrowest spacing achievable for the various
bands with 0.8 nm of interchannel spacing that can be attained for
AWG with 50 GHz. Fig. 6 shows the stability of the output
wavelength taken over a 2 hour period. This is taken for each single
channel where for S-band it is at 1478.64 nm, C-band at 1530.52 nm
and L-band at 1586.24 nm. Similar stabilities are observed for other
wavelengths in the different bands. As shown in the figure, there are
no power fluctuations for the entire wavelengths, indicating a very
stable and well-controlled output.

Other important characteristics of the optical source are the power
variations at different wavelength outputs and the Side Mode
Suppression Ration (SMSR) as presented in Fig. 7.

Fig. 7(a) shows the output wavelength variations for the S-band
with the lowest value of 69.12 dB for 1485.45 nm and the highest
value of 74.53 dB for 1489.29 nm. The variation is about 5.41 dBwhich
can be improved by optimizing the connection and also having an SOA
with flat ASE output. The SMSR varies by about 69.95 dB for

Fig. 5. Narrowest tuning ranges for (a) S-band (b) C-band and (c) L-band.

Fig. 4. Widest tuning range for (a) S-band (b) C-band (c) L-band.
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wavelengths of between 1478.69 nm (Channel 1) to 1490.09 nm
(Channel 16). On average, the SMSR is about 72 dB. Fig. 7(b) shows a
better result for the C-band with little power variations at different
wavelengths except for wavelength of 1537.62 nm which has a peak
power of !7.37 dBm.

Similarly, for the SMSR, the variation is about 4 dB with an average
value of 72 dB except at wavelength 1537.62 nm (Channel 10) which
has an SMSR of 70.71 dB. This could be due to higher loss at channel 10
as compared with other channels in the AWG. This can also be seen in
Fig. 7(a) which shows a slightly lower output power and a lower
SMSR.

For the L-band region as in Fig. 7(c), the peak power fluctuation is
about 1.5 dB for the 16 wavelengths outputs. The SMSR varies by
about 2.5 dB with an average value of 71.5 dB. Large values of SMSR
are observed for the three bands indicating the output signals are of
high quality.

The entire bandwidth of switchable output that can be switched
from 1478.7 nm to 1598.47 nm is shown in Fig. 8 with a possible
tunable bandwidth of 120 nm. The switching process is very stable
and repeatable providing a wide selection of outputs within the S-, C-
and L-bands. As shown in the figure, the spacing between the last
channel (channel 16) of the S-band and the first channel (channel 1)
of the C-band (similarly between the C- and L-bands) is about 40 nm

with no outputs, which is largely due to the usage of 1!16 AWG. The
usable tuning range in each band is about 12 nm. This can be rectified
by having a higher channel count, giving a continuous tunability that
covers the S-, C- and L-bands. For instance, in a 1!64 channel, the
frequency band for each band would be about 51.2 nm. On the whole,
this proposed design provides a novel way of generating switchable
output that covers a wide tuning range.

4. Conclusion

A design of a wide band switchable fiber laser with a tunability
span of 120 nm is successfully demonstrated. It consists of an SOA that
provides the ASE output which is then sliced into individual outputs
using a 1!16 AWG. This is then amplified by the SOA to generate a
stable switchable output that covers the S-, C- and L-bands. The
switchable output of the S-band can be tuned from 1478.35 nm to
1490.09 nm, for C-band from 1530.56 nm to 1542.34 nm, and for L-
band from 1586.26 nm to 1598.42 nm. The average output powers for
each of the S-, C- and L-bands are !7 dBm, !6 dBm and !6.5 dBm,
respectively. The SMSR for the various bands is about 72 dB indicating
a good signal-to-noise ratio. The output wavelengths are stable over
time and have been tested for 2 h with negligible power change.
Although the usable tuning range is about 12 nm, this range can be

Fig. 6. Stability of Channel 1 for the (a) S-band, (b) C-band and (c) L-band.
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improved by having a higher number of output channels in the AWG
such as 1!64. Nevertheless, this work demonstrates an important

technique in realizing a tunable switchable output that can span the
entire S-, C- and L-bands.
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Abstract: A simple design of multi-wavelength generation in
the S-band region of the optical network transmission is pro-
posed. The design consists of broad-band fiber Bragg grating
(BB-FBG), which acts as a filter to enhance operation in the
S-band region. A Sagnac loop mirror (SLM) is used to gen-
erate multiple wavelength oscillations in the ring cavity. The
output consists of 60 lasing wavelengths oscillating simultane-
ously between 1464 nm and 1521 nm with a spacing of 0.92 nm
and an output linewidth of 0.66 nm.
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1. Introduction
Multi-wavelength fiber lasers (MFL) have made tremen-
dous advances in the last 10 years. The advantages of fiber
lasers are primarily due to their simple structure, ease of
operation, low cost and minimal insertion loss. The in-
terest in multi-wavelength fiber laser is in its application
as a laser source in a dense wavelength division multi-
plexing network (DWDM), a source for optical fiber sen-
sors, optical instrument testing, spectroscopy and others
[1–4]. In the DWDM network, as a result of increased traf-
fic, there is a need to extend the transmission bands from
C- to L-bands and lately towards the S-band. There have
been earlier reports of multi-wavelength investigation in

erbium doped fiber (EDF) [5]. Due to the homogeneous
gain in EDF, multi-wavelength operation can be difficult to
achieve. Many techniques have been put forward to over-
come this problem, including as cooling of the fiber, using
a phase modulator and an in-line comb filter, frequency
shifted feedback, photonics crystal fiber and by control-
ling the cavity loss [6–18].

As an alternative to EDF, semiconductor optical am-
plifier (SOA) provides an interesting alternative approach
whereby due to its inhomogeneous gain profile, multiple
oscillating wavelengths can be generated. Earlier works
on SOA focused on the generation of multi-wavelength
in the C- and L-bands using Fabry-Perot filter in the cav-
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Figure 1 The experimental setup for flat output S band multi-
wavelength fiber laser

ity as the comb generator [18–20]. Another approach is to
use a Lyot filter to generate multiple outputs in a standing
wave cavity [21] and in-fiber Mach-Zehnder interferome-
ter incorporated into the ring cavity serving as wavelength-
selective filter [22]. The problem with these devises is the
peak to peak output variation which can be very large, ex-
ceeding 3 dB. A recent work in this area [23–27] uses a
fiber based Sagnac loop mirror (SLM) to generate about 17
lasing lines with interchannel spacing of 100 GHz (0.8 nm)
in 1550 nm band (C-band). The peak amplitude has a peak
power variation of about 3 dB. As it stands, there are no re-
ports of multiple wavelength output in the S-band region,
which will be useful for current and future needs.

In this paper, a simple design based on two ring cavi-
ties is proposed and the multiple wavelength generation is
based on SLM. The gain medium used is a wide band SOA
that covers an amplification bandwidth that stretches from
1400 nm to 1600 nm. The emitted multiple wavelength
output covers the S-band region of 1480 nm to 1520 nm.

2. Experimental setup

The experimental setup for generating multi-wavelengths
output in the S-band region is shown in Fig. 1. It consists
of two ring cavities joined together with a 2!2 fused cou-
pler. The main cavity consists of SOA from Alphion, a
polarization controller 1 (PC1), a broadband fiber Bragg
grating (BB-FBG), an isolator, a 3 port optical circulator
and a variable 2!2 fused coupler. The first ring, ring 1,
is closed by connecting the 2!2 fused coupler using the
two input legs. Ring 2 consists of another polarization con-
troller (PC2), a short length of 5 m of polarization main-
taining fiber (PMF) and the ring is closed by connecting
the output legs (3 and 4) of the 2!2 fused coupler having
a wideband transmission from 1450 nm to 1600 nm. The
SOA in ring 1, which is driven at 450 mA provides the gain
medium, which also emits an amplified spontaneous emis-
sion (ASE) that ranges from 1400 nm to 1600 nm. The
output is fed into port 1 of the optical circulator which is
then emitted at port 2 and travels to the BB-FBG which has
90%, reflectivity, for wavelengths ranging from 1530 nm
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Figure 2 (online color at www.lphys.org) The ASE spectrum of
wideband SOA

to 1560 nm (C-band). This reflected light in the C-band
region will then be emitted at port 3 of the optical circu-
lator which is removed from oscillating in the ring cavity.
The transmitted signal, which will be largely in the S-band
region will then travel to port 1 of 2!2 fused coupler into
ring 2, which splits into two equal portions traveling in op-
posite directions. One of the ports is connected to the 5 m
PMF and another one is connected to the PC2. The bire-
fringence of the PMF generates a wavelength-dependent
phase difference between the fast and slow components of
the light waves propagating in the fiber loop. This condi-
tion is achieved by adjusting the PC2 in the loop so that the
two counter-propagating light waves travel along different
axes of the PM fiber. The other port of PC2 is connected
back to the 2!2 coupler to complete the circle of SLM.

The two will recombine at the fused coupler and will
travel back into ring 1 towards the 2!2 variable coupler
with one of the output legs connected to an optical spec-
trum analyzer (OSA) (Yokogawa AQ6370B) with a reso-
lution of 0.02 nm. The other leg is connected to the optical
isolator to force the signal to propagate in the clockwise
direction. The SOA provides the necessary amplification
for the multi-wavelengths output generated by the SLM.
A variable coupler provides the necessary coupling ratio
for optimum operation.

3. Results and discussion

The output ASE spectrum of the SOA is shown in Fig. 2,
which has an ultra-wide gain bandwidth that is based on
quantum dot technology. The output spans from 1400 nm
to 1650 nm, taking the case for emission output power
above – 60 dBm. In fact the output spectrum covers the
S-, C-, and L-bands region of an optical network. It will
be of interest to generate multi-wavelength output in the
S-band, since the C- and L-bands are already well studied.

c! 2010 by Astro Ltd.
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Figure 4 (online color at www.lphys.org) The spectrum for S-
band multi-wavelength fiber laser with BB-FBG

In Fig. 3, the multi-wavelength output spectrum of the
ring fiber laser without the BB-FBG is shown. It ranges
from 1450 nm to 1600 nm with a peak occurring in the
region of 1540 nm. Strong lasing action in this region de-
prives the available energy for amplification of signal out-
put of the S-band. The measured output power is about
– 20 dBm for output in the region of 1540 nm to 1550 nm.
From experiment, the output spectrum is unstable and fluc-
tuates from peak to peak.

By having the BB-FBG in ring cavity 1, the output
spectrum is more stable with dominant output in the S-
band as in Fig. 4. From the figure, the peak to peak varia-
tions are minimal and show a certain flatness in the output.
The BB-FBG filters out the oscillations in the C-band pro-
viding the necessary gain in the S-band region. The aver-
age peak to peak power is about – 48 dBm, which is 20 dB
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Figure 5 (online color at www.lphys.org) The flat output spec-
trum of 60 wavelength channels

higher than that without the BB-FBG. The output spectrum
is stable and provides repeatable output over long operat-
ing hours. The peak power flatness and the optical signal to
noise ratio (OSNR) improve considerably for wavelength
regions stretching from 1450 nm to 1520 nm. The OSNR
increases from about 10 dB and 20 dB for the case without
and with BB-FBG, respectively. Although there are still
some oscillations within the C-band as a result of the BB-
FBG reflectivity of only 90%, this portion can be readily
removed using a S/C demux fused coupler.

As a point to note, the coupling ratio of the variable
coupler plays a crucial role in obtaining the best result
for the multi-wavelength laser output. By optimizing the
coupling ratio to 90/10 with 10% on the useful output,
the output power can be maximized to generate a stable
and flat output as shown in Fig. 5. The figure shows about
60 different lasing wavelengths that can be achieved from
1464 nm to 1521 nm with a spacing of 0.92 nm between
them. The measured spacing is similar to the calculated
spacing using the equation

!" =
"2

BL
,

where " is the operation wavelength, B is the modal bire-
fringence of PMF fiber, which is 4.9!10!4, and L is the
length of the PMF fiber. The measured peak-to-peak vari-
ation, which is from the maximum peak to the minimum
peak, is less than 3 dB.

Fig. 6 shows the spectrum on an expanded scan provid-
ing a measured linewidth of 0.66 nm at full width and half-
maximum (FWHM). The stability and performance behav-
ior tests of the output spectrum are performed over a period
of 1 hour as shown in Fig. 7 to indicate long term stability
with 10 minutes interval time. A stable operation is ob-
served over long periods when the system is left to operate
for 24 hours. This measurement provides the important in-
dication that the proposed design is very stable over long
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Figure 7 (online color at www.lphys.org) Stability performance
of the MFL during 1-hour duration test

periods which is an important criterion for laser source in
the dense wavelength division multiplexing (DWDM) op-
tical system.

4. Conclusion

The proposed design provides a stable MFL output in the
S-band region for application in a DWDM network sys-
tem. The wavelength ranges from 1450 nm to 1520 nm.
The output is flat with peak power variation of less than
3 dB. The laser operates better with stable output power by
having a BB-FBG in the ring cavity. The OSNR increases
from about 10 dB to 20 dB by having the BB-FBG, and
the outputs are stable over many hours of operation with
an average peak power of about – 48 dBm. In the pro-
posed design, about 60 different lasing wavelengths can
be achieved from 1464 nm to 1521 nm with a spacing of
0.92 nm between them and linewidth of 0.66 nm.
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In this paper we propose and demonstrate an S-band Brillouin–Raman Fiber Laser (BRFL). The S-band BRFL
utilizes a Dispersion Compensating Fiber (DCF) as the non-linear gain medium in a linear cavity configuration
and amplified by two 1425 nm, 380 mWpumped Raman Fiber Amplifiers (RFAs). A Brillouin Pump (BP) signal
of 1515 nm at 12 dBm in power is injected into the setup to generate Stokes lines via the Stimulated Brillouin
Scattering (SBS) process. The S-band BRFL is able of generating a Brillouin comb with 32 Stokes lines with a
flat peak output power of !18 dBm. The best BP to Stokes power ratio of the system is determined to be
50:50, while a ratio of 70:30 is observed to generate Stokes with a higher peak power, but at the expense of
the number of wavelengths. The S-band BRFL has many potential applications as multiwavelength sources for
communications and sensors.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Multiwavelength fiber based sources provide an effective alterna-
tive for generatingmultiwavelength output for a significant number of
applications. It serves many applications which require a multiple
wavelength input with an accurate wavelength difference between
the channels such as in sensors [1], microwave signal processing [2],
optical spectroscopy measurement [3] and high capacity communica-
tion networks [4]. Optical fiber based multiwavelength sources enjoy
an added advantage over other types of multiwavelength sources
(such as free-space lasers, etc.) due to their compatibility with optical
fiber communications infrastructure; this makes them highly cost
effective and easy to integrate into existing Dense Wavelength
Division Multiplexing (DWDM) networks.

Optical fiber based multiwavelength sources can be produced via a
number of means. The most common method for producing a
multiwavelength output is by the slicing of the Amplified Spontaneous
Emission (ASE) from a gainmedium; techniques such as these include
the use of Fiber Bragg Gratings (FBGs) [5], the Fabry–Perot technique
[6], and Sagnac Loop Mirrors (SLMs) [7]. However, these techniques
have their limitations. The use of FBGs, although initially simple, will
requiremany FBGs in complex arrangements to generatemany output
wavelengths, while the output wavelengths generated by the Fabry–
Perot technique do not have consistent wavelength spacings. The SLM
technique on the other hand is able to generate a stable multi-
wavelength output with consistent wavelength spacing, although at
the expense of a wide wavelength linewidth.

In addressing these problems, it has been seen that certain non-
linear phenomenon in optical fibers such as Stimulated Brillouin
Scattering (SBS) [8] is able to generate multiwavelength output
spectra with a narrow linewidth and consistent channel spacing. SBS
occurs due to the scattering of the optical signal traveling in an optical
fiber by the acoustic wave via the electrostriction process [9],
producing a Stokes wave that has down-shifted frequency with
respect to the frequency of input signal. The intensity of Stokes
wavelength generated is itself dependent on the intensity of the signal
wavelength (also known as the Brillouin Pump or BP). The primary
advantage of multiwavelength sources generated utilizing the SBS
over other types of sources is that a highly accurate and consistent
channel spacing can be generated using only a conventional single
mode fiber [10] as well as having a narrow linewidth, consistent
average peak power and broad wavelength tunability [11].

Currently, most fiber lasers generated using SBS are focused
towards the Conventional-band (C-band) and Long-Wavelength
band (L-band) regions [12,13]. However, increasing demands for
transmission capacities has necessitated the expansion of the current
transmission windows from the C-band and L-band into a new
window, the Short-Wavelength Band (S-band) [14] which operates
from 1490 nm to 1530 nm. As the operation range of the SBS based
multiwavelength source depends on the amplifier bandwidth avail-
ability, there was minimum interest initially for developing SBS based
multiwavelength sources for the S-band region (as amplification for
the S-band region was not adequate at the time). However, with the
advances in S-band region amplification, such as the use Depressed-
Cladding Erbium Doped Fibers (DC-EDFs) [15] and also Raman Fiber
Amplifier (RFAs), S-band multiwavelength sources can now be
developed utilizing SBS. RFAs are of a particular advantage for use in
the development of the SBS based S-band multiwavelength source, as
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RFAs have the ability to produce gain at any region (depending on its
Raman Pump wavelength) and also utilizes the existing fiber, making
it compact and cost effective.

In this paper, we propose and demonstrate a S-band multi-
wavelength Brillouin Raman Fiber Laser (BRFL). The proposed BRFL
utilizes a linear cavity instead of a ring cavity so as to produce a higher
power output [16], and the effect of the S-band RFA in generating an
SBS output is also studied. As to the knowledge of the authors, there is
no demonstration yet of the SBS-based multiwavelength source for
the S-band region utilizing an RFA as a hybrid gain medium.

2. Experimental setup

Fig. 1 below shows the experimental setup of the proposed BRFL.
The proposed S-band BRFL consists of a Dispersion Compensated Fiber
(DCF) with an effective core area of 55 μm2 and length of 7.7 km
acting as the non-linear media for the generation of the multi-
wavelength output via SBS. The BP is generated using a Tunable Laser
Source (TLS) with a maximum optical power of 12.0 dBm and a
linewidth of 40 MHz at a wavelength of 1515 nm. Two laser diodes at
wavelengths of 1425 nm and output powers of 190 mW each are used
as pump sources for the S-band RFA (Raman Fiber Amplifier) and are
designated as RP1 and RP2 (Raman Pump 1 and Raman Pump 2) in
Fig. 1 in a bi-directional pumping configuration for the DCF. The linear
cavity is created by placing Optical Circulators (OCs) acting as mirrors
at each end of the cavity.

The operation of the proposed BRFL is as follows: the DCF is
activated into an amplifyingmedium via pumping by RP1 and RP2 and
a BP of 12.0 dBm in power is injected into the cavity through coupler
C1 which is connected to Port 1 of OC1, and being emitted at Port 2.
This BP then travels towards the DCF through a Wavelength Division
Multiplexer, 1500/1420 nm (WDM1) to generate the 1st Stokes due
to the Brillouin effect in the fiber. This 1st Stokes (which is generated
when the BP exceeds the Brillouin threshold) that is amplified by the
RFA, travels in the opposite direction of the BP, towards OC1 via Port 2
to Port 3. Then this 1st Stokes is ‘reflected back’ into the DCF fiber and
generates the 2nd Stokes, which also amplified by the RFA. This 2nd
Stokes then travels towards OC1 and is reflected back into the cavity
to further generate the higher order Stokes. This process continues
until the gain from the RFA can no longer support the generation of
Stokes wavelengths. The BP that travels in the DCF will continue
onwards into Port 2 of OC2 and be emitted at Port 3, which is
connected to Port 1 via a 90:10 fused coupler (C2). The 10% port of the
coupler is connected to an Optical Spectrum Analyser (OSA with a

resolution of 0.02 nm). This OC2 acts as the second mirror of this
linear cavity.

In this setup, the splitting ratio of C1 is being varied for coupling
ratios of 50:50, 70:30 and 95:5 whereby the port of the highest
percentage is connected to the TLS. The optical circulators, OC1 and
OC2 act as feedback mechanisms for the linear cavity to facilitate the
recirculation of the Stokes waves generated in the linear cavity. The
experimental results are discussed in the following section.

3. Results and discussions

In this experiment the gain of the S-band RFA is shown in Fig. 2
that indicates a gain bandwidth spectrum of 30 nm with a maximum
gain of 12.64 dB at 1520 nm.

Fig. 3 shows the generated Stokes due to the Brillouin effect for
three different coupling ratios. Fig. 3 (a) shows the generated Stokes
from a coupling ratio of 50:50 (C1). The number of Stokes generated
within the range of 1515 nm to 1518 nm is approximately 37 Stokes
lines, although there are also a few Stokes lines that are smaller in
amplitude. Of interest will be the number of Stokes within the 3 dB
band, which is about 32 Stokes being generated in this experiment.
This is the most number of Stokes generated in the S-band region. The
first line of the figure is the BP at 1515 nm and the average output
power of the 32 Stokes line generated is about !18 dBm. There is a
slight peak before the BP, which is the anti-Stokes that is generated as
a result of the Four-Wave-Mixing (FWM) effect, which will be
explained later in the text.

The next figure, Fig. 3 (b) shows the Stokes generated using a 70:30
coupler ratio with the 70% port connected to the TLS as in Fig. 1. The
number of Stokes produced within the 3 dB band is about 18 St lines,
although there are other Stokes at a lesser power. The average power
of the 18 Stokes generated is approximately !14 dBm with the BP at
1515 nm. The earlier peaks (before the BP) are anti-Stokes lines, which
are generated as a result of the FWM effect. This condition is probably
due to the high output peak power of the multiwavelength BRFL that
stimulates the FWM effect and creates idlers which results as anti-
Stokes [17]. The enlargement of these anti-Stokes is shown in Fig. 4.
The interaction between the BP and the Stokes wavelengths is such
that the BP and the 1st Stokes interact to create the 1st anti-Stokes, the
2nd Stokes interacts with the BP to create the 2nd anti-Stokes and so
forth, until the Stokes power is insufficient to overcome the FWM
threshold (and thus stops generating anti-Stokes).

Fig. 3 (c) shows the experimental setup for a fused coupler ratio of
95:5, with the 95% port connected to the TLS as shown in Fig. 1. In this
setup, 28 Stokes lines are produced within the 3 dB band from a BP of
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DCF

1 2
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2 3
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50% / 30% / 5%
C1 C2
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DCF: Dispersion Compensated Fiber
TLS: Tunable Laser Source 
RP: Raman Pump 1425nm
WDM1: Wavelength Division Multiplexing

C1: Variable Coupler
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OC: Optical Circulator
OSA: Optical Spectrum Analyzer
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(BP) 

Fig. 1. Experimental setup for S-band Brillouin Raman Fiber Laser.
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1515 nm, with an average output power of approximately !21 dBm.
Stokes lines are also generated with peak powers that fall below the
limit of the 3 dB band. As with the case of the setups using the fused
coupler ratios of 50:50 and 70:30, anti-Stokes wavelengths are also
generated.

Fig. 4 shows the enlarged scale of the anti-Stokes generated by the
S-band BRFL with a fused coupler ratio of 70:30.
When using a coupling ratio of 50:50 for C1, the BP power injected
into the setup is small, but is still able to exceed the Brillouin threshold

after being amplified by the RFA and therefore able to create the first
Stokes. The high ‘reflectivity’ of the ‘mirror’ formed by OC1 (50% of the
signal reflected) feeds-back the Stokes generated by the linear cavity
with a significant proportion of their power, and thus allows them to
exceed the Brillouin threshold and generate the subsequent Stokes. As
the coupler ratio is increased to 70:30, the more BP power is allowed
to enter the linear cavity; therefore the BP is able to exceed the
Brillouin threshold and generated the subsequent Stokes lines.
However, the lower ‘reflectivity’ of the ‘mirror’ (30%) created by
OC1 means that the Stokes from the linear cavity are ‘reflected’ back
with less power as compared that of the 50:50 ratio. For the final
coupling ratio of 95:5, the BP power allowed to enter the cavity is the
highest, and well exceeds the Brillouin threshold. Therefore, when
further amplified by the RFA, the BP power reaches to a maximum
value, thus, allowing for the most generation of Stokes lines. The
power of the BP compensates for the low ‘reflectivity’ of 5%, and thus
generates more lines than the system with the coupler ratio of 70:30.
It is observed that the channel spacing in all three cases is the same at
0.08 nm or 10.63 GHz.

Fig. 5 shows the number of flat Stokes obtained at different BP
wavelengths between 1500 nm and 1520 nm.
It can be seen from Fig. 5 that the system with the coupler ratio of
50:50 yields the highest number of flat Stokes lines at most BP
wavelengths, only being outperformed by the system with the ratio
coupler of 95:5 between 1510 nm and 1513 nm. The system with the
coupler ratio of 70:30 provides the lowest performance of the three
proposed systems at all wavelengths. From Fig. 5, it can also be
discerned that the highest number of flat Stokes obtained is at
1515 nm for all three coupler ratios; this is the optimum wavelength
for the BP of this system based on the gain spectrum of the RFA as
shown in Fig. 2 [18].

Fig. 6 shows the effect of the RP power in the generation of the
Stokes lines by the BRFL.
As can be seen in Fig. 6, at the lowest RP power of 100 mW, no Stokes
lines are generated, indicating that the BP has not yet been amplified
enough to overcome the Brillouin threshold. Subsequently, increasing
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Fig. 4. Enlarged scale on anti Stokes of S-band BRFL at coupling ratio of C1 70:30.
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the RP power to 150 mW sees the generation of a few Stokes lines;
however, the number of Stokes lines generated begins to drop in
power after the 7th Stokes, indicating that the BP has not been
amplified significantly enough to sustain the generation of large
numbers of Stokes lines. Increasing the RP to 190 mW shows the best
performance, with 32 Stokes lines generated before the Brillouin
threshold is approached and the power of the Stokes begins to drop.
At a RP power of 190 mW anti-Stokes lines are also observed, as
compared to the RP powers of 100 and 150 mW. It is of importance to
note that the BP sufficiently amplified by the RFA is able of generating
a significant number of lasing wavelengths with a relatively flat peak
power spectrum, and this is of great significance in developing the
BRFL for various applications [10]. It is also imperative to note that the
RFA only influences the number of Stokes generated and not the
channel spacing, peak power and linewidth.

As such, this is the first demonstration of getting Stokes lines based
on the Brillouin effect in the S-band region. These generated lines,which
are based on a linear laser cavity, produce multiwavelength output in
the S-band region and can have potential applications such as laser
sources for WDM networks and also sources for optical sensors.

4. Conclusion

An S-band BRFL is demonstrated using an S-band RFA to amplify the
SBS effect in the S-band region. The S-band BRFL is designed around a
linear cavitywith aDCF that is bi-directionally pumped at 1425 nmwith
a total power of 380 mW. The effect of different coupling ratios and the
number of Stokes lines generated at different BP wavelengths is also
studied. From this measurement, the best BP signal is determined to be
at 1515 nmwith a 12 dBm output power together with a coupling ratio
of 50:50. The S-band BRFL is capable of generating a Brillouin combwith
32 Stokes lines and a nearly flat peak output power of!18 dBm at this
configuration. At a coupler ratio of 70:30 the Stokes generated has the
highest output power, but at the expense of the number of Stokes lines.
The S-band BRFL has many potential applications as multiwavelength
sources for communications and sensors.
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We propose and demonstrate a tunable S-band multiwavelength Brillouin—Raman fiber laser (MBRFL)
with a tuning range of between 1490 to 1530 nm. The proposedMBRFL is designed around a 7.7 km long
dispersion compensating fiber in a simple ring configuration, acting as a nonlinear medium for the
generation of multiple wavelengths from stimulated Brillouin scattering (SBS) and also as a nonlinear
gain medium for stimulated Raman scattering (SRS) amplification. A laser source with a maximum
power of 12 dBm acts as the Brillouin pump (BP), while two 1420 nm laser diodes with a total power
of 26 dBm act as the Raman pumps (RPs). The MBRFL can generate a multiwavelength comb consisting
of even and odd Stokes at an average power of !12 dBm and !14 dBm respectively, and by separating the
even and odd Stokes outputs, a 20 GHz channel spacing is obtained between two consecutive
wavelengths. Due to the four-wave mixing (FWM) effect, anti-Stokes lines are also observed. The multi-
wavelength comb generated is not dependent on the BP, thus providing high stability and repeatability
and making it a highly potential source for many real-world applications. This is the first time, to the
knowledge of the authors, that a tunable MBRFL has been developed using SRS to obtain gain in the
S-band region. © 2012 Optical Society of America
OCIS codes: 290.5900, 290.5910.

1. Introduction

The generation of multiwavelength fiber lasers
(MWFLs) is a significant focus of research efforts
due to its potential for a multitude of applications
such as precise spectroscopy [1], optical sensing
[2], optical component characterization [3], micro-
wave photonics [4] and even high-capacity wave-
length division multiplexing (WDM) optical
communication [5]. Many different approaches have
been explored in the development of MWFLs, and
while most techniques are successful in generating
multiwavelength output, significant limitations pre-
vent the development of a practical MWFL. Simple
approaches, such as the optical slicing of broadband
spectra using arrayed waveguide gratings (AWGs)

[6,7], have low complexity and high stability, but
do not allow for the generation of large numbers of
lasing wavelengths or wavelengths with close, nar-
row channel spacings. More complex approaches,
such as frequency-shifted feedback [8], four-wave
mixing (FWM) [9], and nonlinear polarization rota-
tion (NPR) [10], are able to provide multiwavelength
outputs with a high number of lasing wavelengths
and narrow channel spacing, but with the drawbacks
of increased system complexity, higher cost, and low-
er stability and repeatability.

Simulated Raman scattering (SRS) and stimu-
lated Brillouin scattering (SBS) have been seen as
viable approaches toward developing low-cost multi-
wavelength fiber lasers with very narrow channel
spacings. Multiwavelength Brillouin/erbium fiber la-
sers (MBEFLs) are capable of generating a multiwa-
velength comb with a constant spacing of 0.08 nm or
10 GHz (in silica fibers) [11,12]. The generation of the
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multiple Stokes lines is realized by the cascaded Bril-
louin effect, whereby lower order Stokes lines, gener-
ated by the SBS effect, are amplified by a linear gain
medium. These Stokes lines will propagate in the
cavity and upon interaction with the fiber medium
will initiate higher-order Stokes lines, generating a
multiple wavelength output comb. However, the
use of MBEFLs has yet to be reported in real-world
applications, due to the difficulty in de-multiplexing
signals from the narrowly spaced channels.

In this aspect, research into MBEFLs has now fo-
cused on expanding the channel spacing between the
generated Stokes lines. Early works have reported a
tunable comb fiber laser with a channel spacing of 10
and 20 GHz [13], with oscillations from the odd and
even Stokes coming from two different cavities and
then amplified by erbium-doped fiber amplifiers
(EDFAs). These two cavities are connected to an-
other cavity that acts as a Sagnac reflector for the
generation of odd and even Stokes. There are also
other recent reports on multiwavelength generation
based on the two-cavity Brillouin fiber laser (BFL)
[14] and the Brillouin-erbium fiber laser (BEFL) de-
signs [15,16]. On top of this, there are reports of using
photonic crystal fibers (PCFs) to generate multiple
Stokes lines with spacings of 0.16 nm (20 GHz)
[17], but the designs are generally complicated and
require two cavities to separate the odd and even
Stokes.

In this regard, there is a need for a simple and ro-
bust design to generate multiple wavelength outputs
based on SBS with Stokes lines spacing of 20 GHz.
This paper reports the results of an experiment that
used a single ring cavity and a dispersion compensat-
ing fiber (DCF) acting as both the nonlinear and Ra-
man gain medium. The resulting multiwavelength
signal generated in this setup has a Stokes line spa-
cing of 20 GHz and operates in the S-band region of
1480 nm to 1510 nm. Although there have beenmany
reports in the C- and L-band regions, to the best
knowledge of the author, this is the first report of
an S-band MBFL.

2. Experimental Setup

The experimental setup of the 20 GHz channels spa-
cing of simple ring cavity S-band MBRFL with inde-
pendent pump powers is shown in Fig. 1. It consists
of a Brillouin Pump (BP) from a tunable laser source
(TLS) that is capable of giving a maximum output
power of 12 dBm. It is then connected to port 1 of
the 2 ! 1 3 dB coupler, C1. The output of C1, port
3, is then connected to port 2 of the first WDM,
WDM1 (1400–1430 nm, port 1, port 2 with transmis-
sion at 1480–1520 nm and port 3 is common). Port 3
is then connected to a 7.7 km long dispersion
compensating fiber (DCF) which acts as a linear
and nonlinear gain medium. The DCF has a disper-
sion of !584 ps∕nm and an insertion loss of 6.66!
103 dBm. It is bi-directionally pumped by the usage
of the second WDM, WDM2. The two Raman pumps
(RPs) used in this setup are operated at wavelengths

of 1425 nm with combined powers that are adjusted
from a total power of 156 mW to 371 mW.

The output port, port 2 of WDM 2, is then con-
nected to a polarization controller (PC) and the out-
put of this is then connected to port 3 of the 2 ! 2 3 dB
coupler, C2. Ports 1 and 4 of C2 are the output ports
to detect the BP as well as the even Stokes and odd
Stokes, respectively. Port 2 of C2 is connected to Port
2 of C1 to close the ring cavity. The PC is used to con-
trol the polarization state of the signals oscillating in
the cavity to enhance the interaction.

When the DCF is being pumped to provide the ne-
cessary gain, the BP signal that travels in the clock-
wise direction will generate the first Brillouin Stokes
that will oscillate in the counterclockwise direction.
The first Brillouin Stokes will then travel in the
counterclockwise direction into the DCF, which then
generates the second Stokes that travels in the oppo-
site direction. Then this second Stokes will travel
back into the DCF and generate the third Stokes.
This third Stokes will travel in a similar direction
as the first Stokes into the DCF to generate the
fourth Stokes. This repeats until there is no more
gain available for further Stokes generation. Besides
providing the nonlinear gain for the Brillouin effect,
the DCF also acts as a linear gain medium, thus re-
ducing the Brillouin threshold for Stokes generation.
The odd Stokes is measured and observed at output
port 4 of coupler C2, and the BP and even Stokes are
measured from output port 1 using the same optical
spectrum analyzer (OSA) with a resolution of
0.02 nm (Ando AQ-6317C). The DCF provides the
nonlinear medium for generating the Stokes based
on the Brillouin effect, and also acts as a Raman gain
medium with an average net gain of 2 dB. It has a
much higher gain based on the on-off gain mea-
surement.

Fig. 1. Experimental setup.
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3. Results and Discussion

The Raman amplifier gain bandwidth plays an im-
portant role in obtaining the Brillouin generated
Stokes at a lower threshold. The DCF fiber acts as
the Raman gain medium as well as the nonlinear
medium for Brillouin Stokes generation. The Raman
gain spectrum is shown in Fig. 2. The DCF gain med-
ium is pumped with a total power of 371 mW, with
each of the laser diodes (LDs) giving an output power
of 185.5 mWat each end of the DCF. It has a flat gain
profile from approximately 1500 nm to 1525 nm, with
a gain of about 5 dB for an input signal at 0 dBm. It
has a slope profile from 1490 nm to 1500 nm with
gain ranging from !35 dB to about 3 dB.

The generated Stokes spectrum is taken at output
ends 1 and 4 and are super-imposed as shown in
Fig. 3. It consists of the BP and the even Stokes
shown in bold lines and the odd Stokes shown in
the broken lines. The peaks for the even Stokes aver-
age about !12 dBm and the odd Stokes average out
at a slightly lower power of !14 dBm. The spacing
between two even Stokes is approximately 0.16 nm
(20 GHz), similarly for the odd Stokes. The first peak,
which is labeled as the BP, is used as the reference
point, and the number of even Stokes peaks gener-
ated between !12.6 dBm to !25.7 dBm are about
19 lines, which span from 1515.3 nm to 1518.1 nm.
In the case of odd Stokes, there are also about
19 lines generated between the output power
levels of !14.3 dBm to !35.5 dBm, spanning from
1515.2 nm to 1518.0 nm. There are a few more lines
below this power level, but the shape of the line be-
comes undistinguishable.

On the left side of the BP, the observed peaks are
the even and odd anti-Stokes, which are due to four-
wave mixing (FWM). For instance, the first anti-
Stokes for the even case, just before the BP, is due
to the interaction between the BP and the first even
Stokes. The second even anti-Stokes is due to the
first and the second even Stokes. For the odd anti-
Stokes, a similar argument can be made. These gen-
erated anti-Stokes cover a range of 1513.6 nm to
1515.1 nm.

Figure 4 shows the Brillouin output of even Stokes
at port 1 at different RP powers for the simple ring
cavity S-band MBRFL. The RP powers are the com-
bined total power taken from the two LDs, which are
operated at nearly equal output powers. As the RP
power is set at 105 mW with a BP power of
12 dBm at 1515 nm, there are 2 Stokes peaks ob-
served (first and second) which are indicated in
the figure. Port 1 is the output port for the BP and
even Stokes, but in the figure the first Stokes has
a higher output power compared to the second
Stokes. This is because at this RP power, the gain
at the DCF is not enough to generate a second Stokes
with significant power. The first Stokes will be gen-
erated first, as it has a lower threshold power com-
pared to the higher-order Stokes. This output should
only comprise the BP and even Stokes, but due to the
low isolation and return loss performance, the odd
Stokes are reflected at the joints of the 2 ! 2 fused
coupler and appear at the output port 1.

As the RP power increases to 156 mW, a similar
behavior is observed with the first, second, and third
Stokes generated, although the first and third Stokes
are due to the reflections at the fused coupler. At this
RP power, the first anti-Stokes starts to appear with
an output power of !70.3 dBm. Further increasing
the RP power to 205 mW yields a similar pattern
with Stokes at higher output powers. At a higher
RP power of 255 mW, the even Stokes becomes

Fig. 2. (Color online) Raman gain spectrum of the DCF when
pumped at 1425 nm with a combined power of 371 mW (with equal
power output of 185.5 mW from each laser diode).

Fig. 3. Super-imposed traces of output 1 (BP and even Stokes)
and output 4 (odd Stokes).

Fig. 4. (Color online) Spectrum of Stokes and anti-Stokes from
output port 1 with varying total RP power and with fixed BP
power.
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dominant in comparison to that of the odd Stokes.
This is a transition and this happens at a RP power
of about 240 mW. At a RP power of 371 mW, the pat-
tern of the even Stokes is more pronounced and dis-
tinctive, having sharp and high-powered peaks that
range from !13.2 dBm to !19.4 dBm. The first
through the eighth even Stokes have relatively simi-
lar peak powers between !12.1 to !13.5 dBm. This
is followed by the ninth to the fifteenth even Stokes,
which also have similar peak powers between !15.4
to !15.6 dBm, while the power of subsequent peaks
drops as the wavelength increases.

The effect of different BP powers on the Stokes
generation at a fixed RP power taken at output port
1 is measured and shown in Fig. 5.

It is observed that at different BP powers, the peak
powers of the generated Stokes are similar, thus it

Fig. 5. (Color online) The dependence of Stokes output power at
different BP powers, fixing the RP at 371 mW, taken at output
port 1.

Fig. 6. (Color online) (a) Tuning range of the Stokes generated at different BP wavelengths, starting from 1490 to 1530 nm. (b) Expanded
trace at BP of 1490 nm, 1495 nm, 1525 nm, and 1530 nm (clockwise from top left; taken at output port 1).
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can be inferred that there is no power dependence of
the Stokes output powers against the BP. This is not
the case for Brillouin-Erbium [18], which has a de-
pendence on the BP power. There are about 15 Stokes
lines generated within the 3 dB region with power
variations from !13.3 to !16.3 dBm for a wavelength
range of 1515.3 to 1519.5 nm. All the above measure-
ments are taken at a BP of 1515 nm. A similar obser-
vation can be made at other BP wavelengths.

Figure 6(a) shows the operating range of the gen-
erated Stokes obtained with different BP wave-
lengths, starting at a BP of 1490 nm to 1530 nm
at 5 nm intervals and taken at output port 1. From
the figure, and as shown in Fig. 6(b), it can be in-
ferred that the generated Stokes for a BP of
1490 nm is limited to a range of 1490.1 to
1490.4 nm, giving only the first, second, third, fourth,
and fifth Stokes. This limited range is largely due to
the gain profile of the Raman amplifier with the DCF
as a gainmedium as shown in Fig. 2. A BP of 1495 nm
generates more Stokes lines, giving a total of 7 even
Stokes and 7 odd Stokes. On top of this, there are also
5 anti-Stokes generated at this BP wavelength. As
the BP wavelength increases, the number of Stokes
and anti-Stokes wavelengths also increases, as dis-
cussed earlier in the case of a BP at 1515 nm. As
the BP approaches the end of the S-band range,
which is in this case taken at 1530 nm (the beginning
of the C-band range), the number of Stokes and anti-
Stokes lines is reduced as shown in Fig. 6(b).

Conclusion

A tunable MBRFL for operation in the S-band region
is proposed and demonstrated. The proposed
MBRFL has a simple ring cavity configuration and
uses a DCF as both the SBS generation mechanism
and also as a Raman amplifier. TheMBRFL is able to
generate a multiwavelength comb consisting of even
and odd Stokes at an average power of !12 dBm and
!14 dBm, respectively. By separating the even and
odd Stokes outputs, a 20 GHz channel spacing is ob-
tained between two consecutive wavelengths, with a
maximum of 19 lasing channels obtained for the even
and odd Stokes output combs. Anti-Stokes lines are
also observed due to the FWM effect. The multiwa-
velength comb generated has a tuning range of
1490 nm to 1530 nm and is not dependent on the
BP, thus providing high stability and repeatability.
The proposed MBRFL can find applications in
DWDM networks communications systems and also
as sources for sensor applications.
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1 INTRODUCTION

The advent of Dense Multi!wavelength Division
Multiplexing (DWDM) has allowed for the deploy!
ment of high!capacity optical fiber systems which
form the backbone of modern telecommunications
networks. This is because DWDM systems allow for
multiple channels to travel over a single fiber, thus pro!
viding significant cost benefits in terms of the infra!
structure. However, the advantage of the DWDM in
transporting multiple signals, there is a cost implica!
tion in terms of the many optical sources required.
Currently for a 16 channels network would required 16
independent laser source which can be rather expen!
sive in term of implementation. Another concern is
the maintaining of spare and interest has been toward
the development of tunable laser source as a spared
that can be tuned to the particular wavelength.

A viable solution to the use of individual LDs is the
usage of Multi!Wavelength Fiber Lasers (MWFLs).
MWFLs are highly sought after to generate many
closely!spaced laser wavelengths while at the same
time maintaining a simple and inexpensive design,
thus ensuring a good cost!per!wavelength ratio (espe!
cially as the number of channels increases). MWFLs
can be generated by slicing the Amplified Spontane!
ous Emission (ASE) spectra of a linear gain medium
such as Erbium Doped Fibers (EDFs) [1] or Semicon!
ductor Optical Amplifiers (SOAs) using Polarization
Maintaining Fiber (PMF) based Sagnac Loop Mirrors
(SLMs) [2–4]. Non!linear effects in fibers such as
Four!Wave Mixing (FWM), Stimulated Brillouin

1 The article is published in the original.

Scattering (SBS) and Stimulated Raman Scattering
(SRS) [5–8] can also be employed to generate
MWFLs. Brillouin–Erbium Fiber Lasers (BEFLs) are
SBS based MWFLS that have a very good potential for
application in DWDM systems due to its ability to
generate a multi!wavelength output spectrum with a
narrow spacing with a spacing of 10 GHz that is vital
for increasing the capacity of current optical commu!
nication networks.

Current BEFL systems are focused on the Conven!
tional Band (C!Band) and Long!Wavelength Band
(L!Band), but as the demand for capacity continues to
increase the development of Short!Wavelength Band
(S!band) BEFLs must now be undertaken. However,
the development of BEFLs using conventional EDFs
is made difficult due to the limitations of the EDF in
the S!band region. Subsequently, other methods to
develop narrow channel MWFLs in the S!band region
such as Thulium Doped Fibers (TDFs) or Raman
amplification have also been explored, but these sys!
tems also present their own challenges such as incom!
patibility with conventional silica based transmission
fibers and also the need for high pump powers, making
them commercially unviable. Recently, the introduc!
tion of Depressed Cladding Erbium Doped Fibers
(DC!EDFs) has reinvigorated the development of
EDF!based BEFLs capable of operating in the S!band
region. The significant advantage of the DC!EDF is
that it can be spliced easily with conventional silica
transmission fibers and requires only a low pump
power, making it a very attractive option for commer!
cial networks.
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In this paper, we demonstrate a DC!EDF based
BEFL operating in the S!band region with a high
number of stable lasing channels. Typically, the DC!
EDF experiences gain saturation when exposed to a
high power signal such as the BP, in turn limiting the
further amplification of the BP and subsequently the
number of Stokes that could be generated. As a result,
most S!band BEFLs generate only 11 channels [9].
The proposed BEFL however is capable of generating
17 lasing channels and operating stably for a consider!
able period of time, which is to our knowledge the first
of its kind.

EXPERIMENTAL SETUP

The setup of the proposed DC!EDFA based
S!band BEFL is shown in Fig. 1.

The proposed BEFL consists of a Brillouin Pump
(BP), a 7.7 km Dispersion Compensating Fibre
(DCF) which acts as a non!linear gain medium and a
30 m long DC!EDF which acts as a linear gain
medium. Two Optical Circulators (OCs) are placed at
either end of the setup to act as mirrors, thus forming
a linear cavity. The BP is provided by a narrow line!
width Tunable Light Source (TLS) and enters the lin!
ear cavity via the 20% leg of an 80:20 fused coupler.
This BP signal will generate the multi!wavelength
spectrum via SBS in the 7.7 km DCF, which is also
injected with a 1420 nm Raman Pump (RP) signal at
300 mW via a Wavelength Selective Coupler (WSC).
The RP provides Raman amplification to the BP, thus
reducing the BP loss and provides higher powered
Stokes wavelengths (which will in turn help to gener!
ate more subsequent Stokes). The amplification of the
generated Stokes wavelengths is accomplished by the
use of the DC!EDF based amplifier. The 30 m long
DC!EDF has an absorption ratio of 7.6 dB/m at
980 nm and is bi!directionally pumped with two
980 nm LDs at a total pump power of 215 mW. This is

to provide a high enough population inversion for sig!
nificant amplification in the S!band region.

In order to obtain a multi!wavelength laser output,
the generated Stokes is allowed to oscillate in a linear
cavity with two OCs placed at each end to act as reflec!
tor for optical feedback. For both the first and second
OCs, designated as OC1 and OC2 in Fig. 1, Ports 1
and 3 of the OC are connected together, while Port 2 is
connected to the setup. In this manner, any signal
entering the OC from Port 2 will be routed to Port 3
and onward to Port 1 where it will be re!emitted Port 2
in the opposite direction, thus providing the optical
feed back. A 90:10 fused tap coupler is also added to
the setup between Ports 1 and 3 of OC2 to extract a
portion (10%) of the signal for analysis using an Opti!
cal Spectrum Analyzer (OSA) with a 0.02 nm resolu!
tion.

The operation of the proposed setup is as follows;
the BP signal (generated by the TLS) enters the linear
cavity via the 20% leg of the 80:20 fused coupler, and
passes through the coupler’s common leg to the leg of
the WSC and onward to the DCF. Within the DCF, the
BP will interact with the non!linear gain medium to
form the 1st Brillouin Stokes. At this juncture, the BP
will continue travelling in the linear cavity through the
DC!EDF amplifier and to OC2. The 1st Stokes on the
other hand will travel in the opposite direction towards
OC1, passing through the WSC and the 80% leg of the
80:20 fused coupler, where it will encounter OC1 and
be reflected back towards the DCF where it will then
interact with and form the 2nd Stokes. This process
continues to repeat itself as long as the Stokes wave!
lengths are above the threshold power for SBS. The
many Stokes wavelengths generated now form the
desired multi!wavelength spectrum and are amplified
as it makes multiple passes through the DC!EDF gain
medium until it forms the multi!wavelength lasing
output. A portion of the obtained laser spectrum is
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Fig. 1. Experimental setup for the proposed DC!EDF based S!band BEFL.
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extracted by the 90:10 coupler placed within the loop
created by OC2.

RESULT AND DISCUSSION

The free running spectrum generated by the pro!
posed setup is shown in Fig. 2.

The free running spectra is obtained when there is
no BP signal in the proposed setup; thus only the ASE
generated from the DC!EDF is allowed to travel along
the BEFL cavity. As can be seen in Fig. 2, the free run!
ning spectra for the proposed BEFL is observed to be
between 1499 to 1502 nm, and this free running spec!
tra will be used to determine where the optimum
Stokes wavelengths can be generated.

To obtain the range for generating the optimum
number of Stokes wavelengths and also to obtain the
tuning range of the proposed BEFL, BP signals at dif!
ferent wavelengths are injected into the BEFL cavity.
Figure 3 shows the tuning range of the proposed
S!band BEFL.

As shown in Fig. 3 the tuning range of the proposed
BEFL is approximately 3 nm from 1499 to 1502 nm.
Therefore, the most number of Stokes wavelengths is
obtained when the BP is set to fall within the tuning
range of the BEFL and at a fixed BP power of 5 dBm.
Should the BP signal’s wavelength fall outside of the
tuning range, much fewer Stokes wavelengths are
observed. This is also shown in Fig. 3 whereby after a
wavelength of 1502 nm (at approximately 1503.1 nm)
the injected BP only generates 5 Stokes wavelengths.
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Fig. 2. Free running spectrum of proposed setup.
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Fig. 3. Tuning range of linear cavity S!band MBEFL.
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On the other hand, the most number of Stokes are
observed at a BP signal of 1499 nm, which can be seen
to generate up to 17 Stokes wavelengths. The spectrum
of the BEFL at a BP wavelength of 1499 is shown in
Fig. 4.

As can be seen in the figure, the peak power of the
wavelengths generated is at a power of between –20 to
–15 dBm and at a constant channel spacing of
0.08 nm (10 GHz). The generation of the 17 Stokes
occurs when the RP injected into the 7.7 km DCF is

set to provide a maximum power of 300 mW. This is
because the RP act as a gain medium to overcome the
high losses in the DCF, allowing the BP and Stokes
wavelengths that are now oscillating within the BEFL
cavity encounters minimal loss and stays mostly above
the Brillouin gain threshold level. The effect of the dif!
ferent RP powers can be seen in Fig. 5 below.

From Fig. 5, it can be seen that when the RP power
increases, the number of generated Stokes wave!
lengths also increases. Furthermore, the increase in

BP wavelength of 1499 nm

1498.5 1499.0 1499.5 1500.0 1500.5 1501.0
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Fig. 4. The maximum number of Stokes wavelengths is observed at a BP wavelength of 1499 nm.
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Fig. 5. Stokes wavelengths generated with different RP powers at a constant BP wavelength of 1499 nm.
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the RP also provides the added benefit of a flatter out!
put spectrum, i.e. the Stokes generated vary little in
their peak power initially. This effect can be seen more
clearly in Fig. 6 which shows the peak power of the
Stokes wavelengths when the maximum RP of
300 mW is injected into the DCF.

Therefore, it can be seen from the figure that at the
maximum RP power, 17 Stokes wavelengths are gener!
ated with variations in the peak power of less than
2 dB. The proposed setup is also tested to determine
the stability of the system. Figure 7 shows the output
spectrum of the BEFL taken at 10 min intervals over a
period of one hour of operation at room temperature.

As can be seen in Fig. 7 the BEFL is highly stable
and exhibits only minimal fluctuations in the peak
power of the Stokes wavelengths even after an hour of

operation. In addition the channel spacing of the
BEFL does not alter over time, thus showing that the
proposed BEFL is not affected by variations in the
external conditions.

CONCLUSIONS

In this paper, we propose and demonstrate a stable
BEFL operating in the S!band region and capable of
generating up to 17 lasing wavelengths, which to our
knowledge is the first of its kind. The BEFL consists of
a 7.7 km DCF acting as the non!linear gain medium
while a 30 m DC!EDF amplifier provides S!band
amplification. The proposed BEFL has a 3 nm tuning
range of 1499 to 1502 nm which provides the optimum
number of Stokes wavelengths when injected with a

RP 300 mW

RP 253 mW

RP 128 mW

RP 47 mW

Without RP
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!40
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Fig. 6. Stokes wavelengths observed at different RP powers.
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Fig. 7. Output of the S!band BEFL over 1 h of operation (at 10 min intervals).
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BP of 5 dBm that falls within the tuning range. The
output of the BEFL is also enhanced by the addition of
a RP signal at 300 mW to overcome the losses in the
DCF. The obtained output has a power of –20 to
!15 dBm with a constant channel spacing of 0.08 nm.
The BEFL is also seen to be stable and exhibits mini!
mal variations in the power and channel spacing.
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1

1 1. INTRODUCTION

The advent of Dense Multiwavelength Division
Multiplexing (DWDM) technologies has allowed for
the deployment of high capacity optical fiber systems
that form the backbone of modern telecommunica!
tions networks. DWDM systems allows for the trans!
mission of multiple channels over a single fiber, thus
increasing capacity, transporting high!bit rates over
the same fiber. However, as the need for capacity
increases due to new applications such as Cable TV,
Video!on!Demand and many others that require sub!
stantial data transfers, the present systems are quickly
reaching their limits. Currently, the C!band region has
been expanded towards the L!band region to accom!
modate this additional need for data transfer; in fact,
there have been indications of the telecommunica!
tions windows now expanding towards the S!band
region. The other important factor is the spacing of the
channels in DWDM systems; from 200 GHz moving
towards 100 GHz and finally towards 50 GHz. Of late
however, needs for increased traffic have seen
increased interest in the development of systems with
channels spacings of 25.0 and 12.5 GHz.

One of the most important components in develop!
ing these systems are multiwavelength laser sources,
which can also find applications in many other areas
such as sensor systems [1], microwave signal process!
ing [2], optical spectroscopy measurement [3] and
high capacity communication networks [4].There are

1 The article is published in the original.

many approaches towards generating multiwavelength
laser sources, such as multiple semiconductor laser
arrays. Alternatively, fiber based lasers can also be used
to generate multiwavelength output combs at a frac!
tion of the cost. The most common approach is the use
of Erbium Doped Fibers (EDFs) with various methods
of overcoming mode!competition due to homogenous
line broadening as reported [5–10]. Another approach
would be the use of the Semiconductor Optical Ampli!
fier (SOA) to generate a multiwavelength comb output
[11–13]. Recently, Brillouin effects in fibers have been
explored as means to provide an inexpensive approach
of generating a multiwavelength output with a very
narrow channel spacing in the region of 10 GHz.
There have been many reports of Brillouin based fiber
lasers in the C!band [14–17] and also in the L!band
region [18–20]. However, there are only limited
reports in the S!band region [21–26] which is of a
great challenge to generate a stable output with a rea!
sonable power level.

In this paper, we propose and demonstrate a novel
method of generating a multiwavelength output in the
S!band region which is stable with power levels in the
region of –15 dBm. The output power can be further
amplified by having a second stage amplifier as to pro!
vide a multiwavelength source in the S!band region.
The proposed approach uses an SOA in conjunction
with a Depressed!Cladding Erbium Doped Fiber
(DC!EDF) to generate more than 25 Stokes lines with
a spacing of 10 GHz. Further optimization of the sys!
tem with the right components will allow this system
to become a multiwavelength source with a flat!top
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output that can provide a viable alternative source for
Very Dense Wavelength Division Multiplexing
(VDWDM) systems.

2. EXPERIMENTAL SETUP

In this experimental setup, the Brillouin Stokes are
generated by a 7.7 km Dispersion Compensating Fiber
(DCF) together with a Depressed!Cladding Erbium
Doped Fiber (DC!EDF) which acts as an S!band
amplifier. The SOA is incorporated in the setup to pro!
vide additional gain as to enhance the Brillouin Stokes
generation and to obtain a very stable multiple!output
comb with a flat!top characteristic in a linear cavity.
The experimental setup as given in Fig. 1 is centered
around the 7.7 km DCF, with an effective core area of
55 µm2 and an insertion loss of 6.66 ! 103 dB/m which
is pumped with Tunable Laser Source (AQ2200!136)
at wavelength tuning range from 1440 nm to 1640 nm
acting as a Brillouin Pump (BP). An optical isolator is
placed after the BP that is then connected one of the
input ports of the 50 : 50 (3 dB) fused biconical cou!
pler. The other input port is connected to Port 2 of an
Optical Circulator (designated as OC1 in Fig. 1). OC1
is configured to act as one of the mirrors (the back mir!
ror of the linear cavity) by connecting Ports 1 and 3
together. The output port of the 3 dB coupler is con!
nected then connected to the 7.7 km DCF, with the
other end of the DCF connected to a Polarization
Controller (designated as PC1). PC1 is then con!
nected to the 1550 nm port of a Wavelength Division
Multiplexer (WDM), whilst the 980 nm port of the
WDM is connected to a 980 nm Laser Diode (LD)

with an output power of 300 mW. Both the signals from
the DCF and the LD are combined by the WDM and
emitted through the common port which is connected
to the input of a 30 m long Depressed!Cladding
Erbium Doped Fiber (DC!EDF). The DC!EDF has
an absorption ratio of 7.6 dB/m at 980 nm. The output
of the DC!EDF is connected to Port 2 of the second
Optical Circulator (OC2), and reflected back by the
second mirror (the front mirror) of the linear cavity,
which is formed by connecting Ports 1 and 3 of OC2
together. A 90 : 10 coupler is placed in the second mir!
ror to tap a portion of the signal generated for analysis
using an Optical Spectrum Analyser.

The generation of the multi!wavelength comb is a
complex process and involves multiple interactions of
the BP and generated Stokes lines with the DCF. The
BP first interacts with the DCF to generate the first
Stokes signal travelling in the opposite direction
towards the back mirror of the cavity. Then this first
Stokes, which is reflected by the back mirror (OC1)
will then travel back to the 7.7 km DCF, generating the
second Stokes which also travels in the opposite direc!
tion into the back mirror. This process is repeated as to
generate multiple Stokes lines. In the same manner,
the transmitted BP will travel towards the DC!EDF
optical amplifier that is amplified and is then reflected
back by the front mirror. The reflected light then
undergoes another round of amplification and then
travels towards the 7.7 km DCF to generate the first
Stokes, travelling towards the right direction. This first
Stokes will recombine with the first Stokes generated
on the left part of the setup. The combined Stokes will

1
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OSA: optical spectrum analyzer
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Fig. 1. Experimental setup.
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travel towards the right and be reflected again to gen!
erate the second Stokes and so on.

As a step to enhance the Stokes generation and to
produce a very uniform multiple Stokes output, a
Semiconductor Optical Amplifier (SOA) is added into
the system together with another PC as shown in
Fig. 1. By having the SOA, the Stokes generation has
been improved considerably and a well!formed anti!
Stokes spectrum is also observed. This will be
explained in detail in the next section.

3. EXPERIMENTAL RESULTS

The experimental results are shown in Fig. 2, with
the broken trace being the Stokes and anti!Stokes gen!
erated with the DC!EDF optical amplifier. The BP is
at 1500 nm, with a set output power of 12 dBm. From
the trace, the measured power of the BP at the 10%
output port after travelling into the linear cavity is
about –18.8 dBm. The generated 1st Stokes is at

1500.08 nm, with the spacing between the BP and the
1st Stokes being 0.08 nm. The 1st Stokes has a peak
power of –11.47 dBm. The second Stokes is at
1500.16 nm, with a peak power of –16.1 dBm, whilst
the 3rd, 4th, 5th, and 6th Stokes is as shown in Fig. 2.
There are 15 Stokes lines observed within the power
level of –53 to –11 dBm. Anti!Stokes lines are also
generated, with 5 lines observed within the same power
range. It can also be seen from the graph that the first
5 Stokes lines has a higher peak power than the BP
because of the super positioning between the Stokes
generated from the left and right “mirrors” of the cav!
ity as explained earlier.

The number of Stokes lines generated can be
enhanced by adding the SOA in the linear cavity as
shown in Fig. 1. The SOA provides the additional gain
to enhance the production of Stokes and anti!Stokes
lines as in Fig. 2b. Maintaining the BP at the same
wavelength of 1500 nm with an output power of
12 dBm, the new configuration is able to generate
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Fig. 2. (a) Stokes and anti!Stokes generation in a linear cavity having a DC!EDF as the gain medium, and (b) improvement of
Stokes generation by incorporating an SOA into the cavity to create a hybrid gain medium.
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29 Stokes lines and 13 anti!Stokes lines. This is clearly
indicates that the SOA enhances and produces multi!
ple line generation with a nearly flat top output within
a wavelength range of 1500.08 to 1500.86 nm, with an
average output power of approximately –15.4 dBm.
Furthermore, with the addition of the SOA, the anti!
Stokes lines generated are very pronounced with clar!
ity. The anti!Stokes is created due to the Four!Wave!
Mixing (FWM) effect, whereby the first anti!Stokes is
primarily due to the interaction of the BP with 1st
Stokes. The 2nd anti!Stokes is created primarily by the
interaction of the BP and 2nd Stokes lines. Other
Stokes lines with the right channel spacing will also
contribute in to the generation of the anti!Stokes
lines, giving a complex interaction where the contri!
bution to the lines can come from various compo!
nents. A similar argument can be said for the other
anti!Stokes lines.

In the case of Fig. 2a, with only the DC!EDF as the
gain medium, there are about 5 Stokes lines produced
within the 3!dB band. By adding the SOA, the number
of Stokes lines in the 3 dB band increases to 14 lines,
which is almost 3 times more. The measured gain of
the SOA is about 20 dB for low input signal levels. By
having a higher output power of the SOA, more lines
can be generated, giving a useful output as a multi!
wavelength laser source.

Figure 3 shows the Stokes generation having the
SOA in the linear cavity at different BP wavelengths. It
can be seen that the most lines are generated when the
BP within the region of 1499 to 1500 nm. Fewer lines
are observed at BPs of 1497 and 1501 nm. The number
of Stokes lines produced at the different BP wave!
lengths is shown in Fig. 4.

In the case of the system with the DC!EDF only,
the number of Stokes generated at a BP of 1485.1 nm,
only 1 Stokes line is generated. At a longer BP wave!
length of 1490.1 nm, the Stokes generated increases to
3, and the most Stokes observed are at a BP wavelength
of 1495.1 nm with 18 Stokes lines. However, as the BP
wavelength is increased further, the number of Stokes
lines generated reduces. On the other hand, the system
with the hybrid SOA DC!EDF as the gain medium
shows significantly more Stokes line generated within
the same BP wavelength region. At a shorter BP wave!
length of 1490.0 nm, only 1 Stokes lines is observed, as
was the case with the system using only the DC!EDF
as the gain medium. However, unlike the other config!
uration, the system using the hybrid gain medium
continues to generate Stokes lines as the BP wave!
length is increases, with the most number of Stokes
observed at BP wavelengths of 1499.2 and 1500.0 nm
(28 Stokes lines observed). This is effectively a shift in
the peak region of Stokes generation from 1495.0 to
1500.0 nm as the SOA is added. It can be inferred that
the SOA provides significant advantage to enhance the
Stokes lines generated.
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Fig. 5. Stokes lines generated with the hybrid gain!medium at different SOA drive currents and different 980 nm pumping powers
for the DC!EDF.
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Fig. 6. Stokes and anti!Stokes lines generated at different SOA drive currents and fixed 980 nm pump power of 280 mW.

It is also of interest to see the Stokes lines generated
in the system with the hybrid case at different SOA
drive currents and DC!EDF pumped at different
980 nm pumping powers. The obtained results are
show in Fig. 5. It can be inferred in the first case, when
the DC!EDF is pumped at a 980 pump power of
58 mW and the SOA is driven at a current of 180 mA,
only two Stokes lines are generated, and one anti!
Stokes. As the 980 nm pump power is increased to
176 mW, 18 Stokes lines can now be observed, as well
as 9 anti!Stokes lines. At the highest 980 nm pump
power of 280 mW and SOA drive current of 380 mA,
the number of Stokes lines generated increases signif!
icantly and the output is more uniform, giving a more
than 25 Stokes lines. In addition, more than 13 anti!

Stokes lines are also generated, which are more pro!
nounced in their form as compared to those generated
at lower pump powers and drive currents.

Figure 6 shows the Stokes and anti!Stokes lines
generated by the system for different SOA drive cur!
rents and fixing the 980 pump power at 280 mW. It can
be seen that Stokes lines increases dramatically form
only 2 Stokes lines at a low drive current of 180 mA to
more than 25 Stokes lines at the highest possible drive
current of 580 mA. In the same manner, the number of
anti!Stokes also increases as the SOA drive current is
increased.

Figure 7 shows the stability of the Stokes lines gen!
erated against time which is taken at 10 min intervals
for a period of more than 1 h.
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From the figure, it can be seen that the multi!wave!
length comb generated by the Stokes and anti!Stokes
lines are very stable over time, showing only minimal
fluctuations (if any) in power and no drifting of the
wavelengths. There is also no deterioration of the opti!
cal output over time. This clearly shows having the
SOA as an additional gain medium significantly
improves the performance of the Stokes lines gener!
ated based on Brillouin Scattering effect in the DCF.

4. CONCLUSIONS

In this paper, a first!time report of the generation of
Stokes and anti!Stokes lines in the S!band region
using a hybrid amplifier system that comprises of a
DC!EDF amplifier and an SOA operating in the
S!band region is given. The Brillouin Stoke are gener!
ated by a 7.7 km long DCF, and amplified using the
980 nm pumped 30 m long DC!EDF and an SOA in a
linear cavity configuration. The generation of Stokes is
compared for the case of the system having the
DC!EDF only as the gain medium, and having the
DC!EDF together with the SOA in a hybrid configu!
ration. The incorporation of the SOA provides addi!
tional gain, enhancing the Brillouin Stokes generation
to obtain a very stable multi!wavelength output comb
with a flat!top characteristic. At a BP wavelength of
1500.0 nm and output power of 12 dBm, the configu!
ration with the SOA in the system is capable of gener!
ating 29 Stokes lines and 13 anti!Stokes lines. In a
similar condition but using only the DC!EDF as the
gain medium, only 15 Stokes and 5 anti!Stokes lines
are observed. Furthermore, the case with the SOA in
the system generates a highly stable output, and within
14 Stokes lines falling within the 3!dB band, almost
3 times more lines as compared to the case without the
SOA. A consistent Stokes line output is observed at dif!
ferent BP wavelengths, indicating the SOA has played

a very important role in the Stokes lines generation
and also boosts the stability over time.
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Abstract: In this paper, a design of a quad-wavelength fiber
laser (QWFL) operating in two different regions namely the
O-band covering from 1302 nm to1317.4 nm and C-band
from 1530.5 nm to 1548.0 nm is presented. Two different
ASE sources from semiconductor optical amplifiers (SOAs) are
used, one at 1310 nm and the other at1550 nm. By using a 1!24
channels arrayed waveguide grating (AWG) with 100 GHz in-
terchannel spacing, the system is capable of generating 24 dif-
ferent wavelengths in more than 24 ways of quad-wavelength
fiber laser with 0.6 nm and 0.8 nm of interval channel for O-
band and C-band regions, respectively. O
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1. Introduction

Single-wavelength laser has found many applications as a
possible source in an optical network and also as a source
for calibrating optical components. There is an immediate
need for the tunability of this single wavelength fiber laser
that can provide new opportunities as a tunable source for
replacement parts in dense wavelength division multiplex-
ing (DWDM) network systems. There are many methods
of tuning or switching the output of a fiber laser. Notable
methods include using fiber Bragg grating together with

acousto-optic super lattice modulator [1], few mode FBGs
[2,3], using AWG and broadband FBG [4], optical injec-
tion technique [5], using highly non-linear fiber and po-
larization controller [6–8], and using bismuth doped fiber
[9].

Of late, there is also interest in dual wavelength output
from a fiber laser for application in the areas of fiber optics
sensors, optical spectroscopy and microwaves photonics
systems. Dual wavelength output with reasonable output
powers can also be a source for generating terahertz radia-
tion. There are many approaches for dual wavelength out-

" Corresponding author: e-mail: harith@um.edu.my, harithba@gmail.com
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3 dB
coupler

PC PC

SOA
1310 nm

SOA
1550 nm

AWG

1

12

13

24

OSA

Isolator

Figure 1 Experimental setup. AWG – arrayed waveguide grat-
ing, PC – polarization controller, OSA – optical spectrum ana-
lyzer, and SOA – semiconductor optical amplifier

put such as that based on bending dependent loss and cav-
ity loss [10–12], by optimizing the pump power and length
of erbium doped fiber (EDF) [13], using highly non linear
fiber [14], by interaction of soliton in fiber laser [15], by
tuning the FBG [16,17], by self-injected Fabry-Perot laser
diode (FP-LD) [18], using the optical loop mirror [19],
using SOA and dual AWGs, and using AWG with chan-
nel selector [20,21]. Most of these techniques are used to
overcome problems associated with generating a balanced
dual wavelength output using erbium doped fiber as the
gain medium. This is primarily due to the homogeneous
broadening in the erbium doped fiber.

Semiconductor optical amplifiers provide an interest-
ing alternative to generating dual wavelength output due
to its inhomogeneous broadening as observed in the gain
medium. Recently there is interest in generating DWFL
that covers the S-, C-, and L-bands region for application
in dense wavelength division multiplexing (DWDM) net-
work systems. In this paper, we report for the first time the
generating of quad-wavelength output fiber laser (QWFL)
that covers the O- and C-bands. These four wavelengths
that produce dual wavelengths output each in the O- and
C-bands can find application in the area of four wave mix-
ing (FWM) and also as a redundant source for access and
long haul networks.

2. Experimental setup

Fig. 1 shows the experimental setup for a quad-wavelength
fiber laser (QWFL) that covers the O- and C-band regions.
The O-band consists of an SOA operating at 1310 nm and
the C-band is also another SOA operating at 1550 nm. The
O-band SOA is driven by a drive current of 340 mA and
produces amplified spontaneous emission (ASE), which is
forwarded to the O and C multiplexer, which is then con-
nected to the polarization controller (PC). The output end
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of the PC is connected to the arrayed waveguide grating
(AWG). Similarly, the C-band SOA, with its ASE out-
put, is connected to the O and C coupler (C2) and then to
the AWG. The combined ASE will then be generated into
multi outputs at the output end of the AWG, which will
cover the entire spectrum of the O- and C- bands. The out-
put from the 24 channels of the AWG is as shown in Fig. 1.
For the quad-wavelengths operation, two channels are se-
lected and fed back into the system through a 3-dB cou-
pler. The combined output of the 3-dB coupler is then con-
nected to a polarization controller as to optimize the peaks.
The output is then joined to an optical isolator with wide-

c! 2010 by Astro Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co. KGaA www.lphys.org
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Figure 4 (online color at www.lphys.org) The formation of QWFL in (a) O-band region (b) C-band region

band characteristics, which is then demultiplexed back into
the O-band and the C-band at coupler C1 for amplifica-
tion purposes. For convenience in illustrating the results,
one input is taken from one of the 1–12 channels, and an-
other input from one of the 13–24 channels. This will give
a clear distinct separation between them. One of the out-
put legs from the 3-dB coupler is connected to an optical
spectrum analyzer (OSA). The function of optical isolator
in this setup is to create a unidirectional flow of the sig-
nals. In this setup two sets of dual wavelength outputs are
simultaneously generated in the O- and C-bands using a
single system.

3. Results and discussion

The AWG that is used is a commercialized 1!24 chan-
nels AWG that have been optimized for the use in C-
band region with 100 GHz frequency that equal to 0.8 nm

bandwidth for each channel. It is characterized by using a
white light source to show the different output wavelengths
emitted from the respective channels and this is shown in
Fig. 2. Each channel consists of multiple peaks outputs that
span from 900 nm to 1600 nm as the case in channels 1 and
24. Similar observation can be made at other channels but
the peaks will be slightly shifted from that of channel 1.
The AWG used in this setup is designed for operation in
1550 nm with 100 GHz spacing (0.8 nm). This indicates
that at a particular channel, multiple outputs can be ob-
tained and, similarly, if it is a combined source from the
O- and C- bands, the output will contain peaks of O-band
and C-band.

Fig. 3 shows the quad-wavelength outputs taken from
channels 12 and 13 of the AWG with two peaks at the O-
band and another two peaks at the C-band. The figure also
shows the overlapping ASE of the two bands, which are
taken separately and superimposed with the laser output

www.lphys.org
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wavelengths. The ASE spectrum is a good indication of
the gain spectrum specifically in the O- and C-band re-
gions. Although there are possible peaks in between them,
they will not be amplified. The utilization of the SOAs is
an added advantage because of its inhomogeneous broad-
ening that makes dual-wavelength outputs in a particu-
lar band achievable. The polarization controller provides
a mean to control the peak amplitude of the output.

Fig. 4a and Fig. 4b show the output portions of the
quad-wavelengths fiber laser. Fig. 4a shows the spacing
adjustment of the two wavelengths outputs in the O-band
region obtained by changing the channel numbers. The
topmost trace shows a spacing of 0.6 nm for channels 12
and 13, which increases to 2 nm for channels 11 and 14 and
becomes 15.5 nm for channels 1 and 24. Similarly for the
C-band, the spacing can be adjusted or tuned by changing
the channels as shown in Fig. 4b. From the figure, it in-
fers that maximum spacing for the C-band, which is about
18 nm, is larger than that of the O-band, which is only
about 15.5 nm. This difference in spacing is primarily due
to the AWG used, which is optimized for 1550 nm opera-
tion. For wavelengths shorter than 1550 nm, the maximum
spacing, which is also the maximum tunability, is smaller.

Fig. 5 shows the output powers of each of the 24 chan-
nels of AWG with each channel taken in pairs starting from
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Figure 6 (online color at www.lphys.org) SMSR for (a) O-band
and (b) C-band regions

channels 1 and 24, channels 2 and 23, channels 3 and 22,
and subsequently, channels 12 and 13, for O-band and C-
band regions. The output powers for all channels are quite
flat with each pair having almost the same output power
since only one pair of the DWFL is taken at a time. By
adjusting the PCs to a certain state of polarization, the de-
sired balanced output peak power can be adjusted. This
is the reason for each pair having almost the same output
power from channels 12 and 13, channels 11 and 14, chan-
nels 10 and 15, until the last pair, which is channels 1 and
24. It can be seen that with the same span of 20 nm, the
peak powers for O-band, as in Fig. 5a, seem to be close to
each other with 0.6 nm spacing for each interval channel.
In the case of the C-band region, as depicted in Fig. 5b,
the points have a spacing of 0.8 nm that leads to the wider
spread of each point. In this experiment we are only con-
sidering 12 ways of selecting the channels from the AWG
from the widest (channels 1 and 24) to the narrowest spac-
ing (channels 12 and 13). However, they are many other
ways of selecting the two channels (by selecting any of the
desired two) with 0.6 nm and 0.8 nm of minimal spacing.
With an average output power of – 13.5 dBm in the O-band
and – 12.9 dBm in the C-band, the output power of each
DWFL is quite stable with only 8.6 dB of maximum dif-
ference for the earlier and 10 dB of maximum difference
for the latter.
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Figure 7 (online color at www.lphys.org) Stability performance of DWFL at O- and C-band with (a) the widest spacing and (b) the
narrowest spacing

Fig. 6 shows the SMSR for each DWFL for O-band
and C-band region. The value is taken with 20 nm span
with spacing from each interval point for O-band narrower
compared to C-band for the same reason discussed before
with SMSR maximum difference of 10 dB for O-band and
13 dB for C-band region. This indicates that the stability is
better for the O-band compared to the C-band with an av-
erage SMSR of 52 dB and 56 dB, respectively. The SMSR
for the QWFL follows the peak powers as in Fig. 5.

Fig. 7 shows the stability performance of QWFL in O-
and C-band regions at 5 minutes interval time over more
than half an hour of measurement time. As depicted in the
3D graph, the DWFL is quite stable with fluctuations of
less than 3 dB. Fig. 7a shows the QWFLs with the widest
spacings of 15.5 nm and 18.1 nm for O- and C-bands, re-
spectively. Fig. 7b shows the QWFLs with the narrowest
spacings of 0.6 nm and 0.8 nm for the O- and C-band re-
gions, respectively.

4. Conclusion

As a conclusion we have proposed and demonstrated a
compact design of QWFL in C- and O-band regions si-
multaneously with the narrowest spacings of 0.6 nm and

0.8 nm and the widest spacings of 15.5 nm and 18 nm.
By having 24 different channels provided by the AWG
this design is capable of more than 24 ways of tuning the
wavelength spacings with stable output powers with aver-
age values of – 13.5 dBm and – 12.9 dBm. The SMSRs are
52 dB and 56 dB for O- and C-band regions, respectively.
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1 INTRODUCTION

Multiwavelength fiber lasers have attracted numer!
ous interests especially for possible application as
alternative laser sources for wavelength division!mul!
tiplexing (network), for terahertz generation and also
in high resolution spectroscopy. Generally, these lasers
are operated with erbium doped fiber (EDF) as an
active gain medium. Interest in the erbium doped fiber
is primarily due to its compatibility, compact size and
simplicity. There is an issue in generating multiwave!
length outputs from EDF which is largely due to the
homogeneous broadening exhibited by this material.
This inhibits operation of more than one wavelength
due to the gain competition. To overcome this, many
methods have been used such as cooling the EDF in
liquid nitrogen [1, 2], using hybrid gain medium and
sagnac loop mirror [3–7], elliptical EDF [8, 9], cavity
loss controlled [10, 11] and self!injected laser diode
[12, 13] among others [14–17]. These methods are
commonly applied to ring resonators, but due to the
long length of the cavity they lead to many longitudi!
nal modes oscillating around the central oscillating
mode. Many techniques have been utilized to limit
these possible large number of modes by incorporating
ultra!narrow band fiber Bragg grating (FBG) filter or
unpumped erbium doped fiber based saturable
absorber [18–22]. As opposed to ring configuration
[23–25], a linear cavity will be an attractive approach
due to its short length which can limit the number of
longitudinal modes [26]. As an example, using an all!
polarization maintaining linear cavity which com!
prises of polarization maintaining fiber Bragg grating

1 The article is published in the original.

and polarization maintaining linearly chirped fiber
Bragg grating is able to generate a dual!wavelength
output which can be tuned from 0.22 to 0.05 nm [27].
Another approach is to use FBG based Fabry–Perot
filter in a ring configuration which is then connected
linearly to a section of unpumped erbium doped fiber
which is terminated by a narrow band FBG. Wave!
length selection and switching are achieved by tuning
the FBG to provide a variable spacing between the two
wavelengths from 0.20 to 0.54 nm [28, 29]. These two
methods have limited tuning range and the system
designs are complex and involved.

In this paper, a simple method in generating dual!
wavelength output from a linear cavity by using an
AWG as a wavelength selector, a broadband FBG and
loop back optical as cavity reflectors, is proposed. This
design is capable of generating 14 different wave!
lengths to provide seven ways of dual!wavelength out!
put that can have spacings between them from 0.8 nm
to 10.3 nm, which is largely set upon by 100 GHz
interchannel spacing of the AWG.

EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1 which
comprises a short length of 5 m erbium doped fiber
with a dopant concentration of 900 ppm (absorption
11.9 dB/m at 979 nm) as a gain medium. This erbium
doped fiber is pumped by a 980 nm laser diode operat!
ing at 110 mW through a 980/1550 nm Wavelength
Division Multiplexer (WDM) fused biconical coupler.
The front reflector is a composition of a 3!port optical
circulator (OC) at 1550 nm with port 1 connected to a
90/10 fused coupler and the other end looping back to
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the optical circulator. The 10% port of the fused cou!
pler is connected to an ANDO AQ6317C optical spec!
trum analyzer with a resolution of 0.02 nm which also
acts as the output coupler. Port 2 of the OC is con!
nected to the input port of the WDM coupler. The
back reflector consists of a 1 ! 24 AWG at 100 GHz
interchannel spacing with its output port at two differ!
ent channels connected to a C!band broadband fiber
Bragg grating (B!BFBG). The Amplified Spontane!
ous Emission (ASE) from the gain medium will be
emitted at both ends of the erbium doped fiber (EDF).
The portion of ASE that travels to the 1 ! 24 AWG will
be sliced into 24 different outputs with interchannel
spacings of 0.8 nm (100 GHz) which ranges from

1530.4 to 1548.6 nm. For generating the dual wave!
length outputs, two output channels of the AWG are
connected to a broadband FBG reflector which will
reflect back into the gain medium and travel towards
the optical circulator. For instance, if we choose chan!
nel 11 and 24 of the AWG, the two wavelengths that
will be reflected into the gain medium will be 1538.3
and 1548.6 nm.

These two wavelengths will then be amplified by the
EDF gain medium and again will be reflected back by
the optical circulator. The dual wavelength outputs are
taken out at the 10% port of the fused coupler. This
process repeats and the spacing between the two wave!
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Fig. 1. Experimental setup of DWFL in a linear cavity configuration.
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lengths can be adjusted by taking outputs at different
channels. This can be automated by using an optical
switch selector to provide a switchable dual wave!
length output.

As a result of the homogeneous broadening in the
EDF, a stable operation of dual!wavelengths can be a
daunting task; therefore an optical attenuator is placed
at the output end of the high numbered channels. This
is largely due to the longer wavelength. The energy
required to support oscillation will be smaller as com!
pared to those at shorter wavelength. At channels 13 to
24, the output wavelengths are shorter as compared to
channels 1 to 12. In the case of channels 11 and 24,
(!11 = 1538.3 nm and !24 = 1548.6 nm) the attenuator
is placed directly at the output end of channel 24. The
attenuator will provide the balance of power for the
longer wavelengths such that the generation of dual!
wavelength can be made possible by using this cavity

loss method, similar demonstrations can be done for
other paired channels and the results are shown in
Fig. 2.

RESULTS AND DISCUSSION

Figure 2 shows the different channel combinations
such as 12 and 23, 13 and 22 until towards channel 17
and 18 giving the narrowest tunable spacing of about
0.8 nm (channels 17 and 18) to the widest spacing of
10.3 nm (channels 11 and 24). Since this design is spe!
cifically for C!band region, lasing can only be
observed from channels 11 to 24, that is at wavelengths
1538.3 to 1548.6 nm. By operating the gain medium at
longer and higher pump power, a wider tuning range
can be achieved. From the same figure, small “bumps”
or small peaks can be observed at the baseline which is
due to the 4% Fresnel reflection of glass air interface at
the end of the AWG ports. This can be avoided by
applying a thin layer of index matching gel at the end
of the ports.

The measurements on the output power of the
dual!wavelength fiber lasers and its SMSR is shown in
Fig. 3. They are taken in pairs, such as channels 11 and
24, channels 12 and 23, channels 13 and 22 and subse!
quently channels 17 and 18. The average output power
is about –5.66 dBm and has a power variation among
the channels of less than 4 dB. This can be further
improved by fine tuning the optical attenuator and a
nearly equal amplitude of dual!wavelengths peaks can
be achieved. On the other hand, the average value of
the SMSR is about 53.1 dB and this gives an indication
that the signals are of good optical quality. Although
the SMSR has a large variation of 13.5 dB between the
channel peaks, this is due to the large variation
between channels 18 and 19. The rest has peak to peak
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variations of less than 4 dB. This high value at channels
18 and 19 could be due to the higher loss (insertion
loss) at these ports, which is between the connectors
and the adaptors. This is a quality issue of the AWG
connectors.

Figure 4 shows the linewidth measurement of the
various output channels of the dual!wavelengths fiber
laser with an average value of 0.024 nm at full width
half maximum (FWHM). Channels 11, 20, and 22
have a slightly higher value of 0.037, 0.033, and
0.028 nm, respectively. These higher values are due to
the transmission characteristics of the AWG which
may have a higher linewidth behavior of these chan!
nels. The rest of the channels have a linewidth hover!
ing around 0.02 nm which is actually the resolution of
the optical spectrum analyzer. Due to limited facility,
accurate measurements on linewidth cannot be per!
formed presently.

The stability measurements on the dual!wave!
lengths output of this laser were performed over a long
period exceeding 24 h. Figure 5 shows the stability
performance of the DWFL with 5 min time interval
taken for half an hour on superimposed traces. As
depicted in the 3D graph, the DWFL is reasonably sta!
ble with fluctuations of less than 3 dB. Figures 5a and
5b show the case for widest spacing of 10.3 nm and
narrowest spacing of 0.8 nm.

On the whole, the proposed design provides a sim!
ple configuration in achieving a dual!wavelengths out!
put with a minimum of components used in the cavity.

CONCLUSIONS

As a conclusion, this work demonstrates a simple
design in generating a dual!wavelengths output from a
homogeneous gain medium such as erbium doped
fiber. The design is compact and only minimum num!
ber of components are used to generate the dual wave!

lengths output. The generated DWFL can be tuned
from a narrowest spacing of 0.8 nm to the widest spac!
ing of 10.3 nm. This is due to the AWG that is available
in the laboratory which has an interchannel spacing of
100 GHz (0.08 nm). Smaller spacing is achievable
having an AWG of interchannel spacing of 25 GHz
(0.2 nm). The output power measured has an average
value of –5.66 dBm and SMSR of 51.3 dB. The mea!
sured linewidth is about 0.02 nm, limited by resolving
power of the optical spectrum analyzer. The long term
operation of the DWFL is stable with minimum power
fluctuations.
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a b s t r a c t

A dual-wavelength ytterbium doped fiber laser with a narrowest spacing of 0.53 nm and widest spacing
of 12.2 nm at 1064 nm is presented in this paper. An arrayed waveguide grating (AWG) together with
an optical channel selector (OCS) have also been incorporated in the proposed setup that works as a
switchable mechanism giving 23 different wavelength tunings. Producing an average output power of
!8 dB m and side mode suppression ratio (SMSR) of 59.65 dB, this dual-wavelength fiber laser is quite
stable with an output power variance as low as 0.47 dB giving it an advantage due to its switching
ability and stable dual-wavelength output powers.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fiber lasers have become a huge research area of interest
especially as an alternative to solid state and semiconductor
lasers due to their high beam quality, narrow bandwidth, good
thermal management and their high reliability. This attention has
led to the development of multiwavelength fiber lasers that have
a variety of applications in optical sensing, precise spectroscopy,
characterization of photonics components, and as sources for
dense wavelength division multiplexing systems [1,2]. However,
recently there has been an increased focus on the development of
dual wavelength fiber laser (DWFL) sources. The demand for
DWFL is increasing due to the needs of specific applications that
can only be provided by the DWFL. Applications in the areas of
high-bit-rate soliton pulses [3], differential absorption measure-
ments of trace gases [4], photonic generation of microwave
carriers [5] and also the realization of microwave photonic filters
[6] are becoming important with the development of DWFL.

Current developments of DWFLs are focused towards the
1550 nm wavelength region using gain mediums such as
semiconductor optical amplifier (SOA) [7], bismuth–erbium
doped fiber (Bi-EDF) amplifiers [8], Raman fiber amplifiers [9]
and erbium doped fiber amplifiers (EDFAs) [10]. However, the
semiconductor optical amplifiers (SOAs) are the most preferred
medium due to its inhomogeneous nature that provides the
necessary platform for dual-wavelength operations but comes

with the disadvantage of output instability and associated gain
dependence on the polarization state of the input beam. The
erbium doped fiber provides a very well studied gain medium for
dual-wavelength generation but the homogeneous nature of the
gain medium restricts the well controlled generation of dual-
wavelength fiber laser. Various techniques such as careful gain or
loss equalization [11,12], introducing a filter [13,14], use of an
elliptical core EDF [15], multimode fiber Bragg grating [16] and
other methods are available in the literature. Using these
techniques a well controlled output of multiwavelengths dual-
wavelength can be generated for application as mentioned earlier.

With the advent of terahertz technology and applications,
various approaches of generating terahertz output are explored.
One approach of interest will be to have a dual output at 1064 nm
and applying the techniques of different frequency generation in
nonlinear crystal output in the range of 0.5–1 THz [17].

In this paper, we report the generation of dual-wavelength
output at 1060 nm region using ytterbium doped fiber (YDF) as a
gain medium. The advantage of YDF is the high absorption
coefficient that results in a very short length of fiber for
amplification. In ytterbium doped fiber the spectral output is
homogeneous having the same characteristic as in the erbium
doped fiber. Techniques such as polarization hole burning (PHB)
are used to generate dual wavelength output in ytterbium doped
fiber [18]. In this reference, the authors use the few-mode fiber
gratings (FMFGs) to provide the switchable dual-wavelength
output from the ytterbium doped fibers with a separation of
0.9 nm. There are no results providing the tunability of the two
wavelengths. In this paper, we also report a novel method of
producing switchable dual wavelength output using an arrayed
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waveguide gratings (AWG) together with a 2!16 optical switch.
The spacing of the dual-wavelength output at 1060 nm can be
varied from 0.53 to 12.2 nm. The interest in dual-wavelength
generation at 1060 nm is due to the possible application in
generating tunable terahertz wave provided a high power
amplifier is being used to generate the required output power
of the DWFL.

2. Experimental setup

Fig. 1 shows the proposed setup that has been used to generate
a dual-wavelength fiber laser at 1060 nm.

It consists of a 30 cm ytterbium doped fiber (YDF), a 980 nm
laser diode, a 980/1050 WDM, a 24 channels AWG, an optical
channel selector (OCS), an optical variable coupler with an in-
built optical isolator (OVC), a 3 dB coupler and an optical
spectrum analyzer (OSA). The YDF is an active gain medium used
in this setup with a length of 30 cm and an absorption rate of
1200 dB/m at 975 nm. It is pumped by a 980 nm laser diode with
a pump power of 110 mW through the 980/1050 WDM and the
amplified spontaneous emission (ASE) from the YDF acts as a light
source that is connected to the input of the AWG. The AWG has a
wide band free propagation zone (FPZ); therefore, it is suitable to
be used as a device to slice the ASE output. This AWG has 24
channels which contribute to 24 different outputs that have been
optimized for use in C-band region with 8 dB insertion loss in this
region. However, due to the 1060 nm region of operation used in
this setup, the insertion loss amounted to 18 dB, which is higher
compared to that at 1550 nm.

The first output port of the AWG (hereby denoted as channel 1)
with a center wavelength of 1026.4 nm is connected to one of the
OVC inputs that had been taken as a reference point or fixed
channel throughout the experiment. Meanwhile, the 2nd until the
24th leg (denoted as channel 2–24) are connected to the OCS. The
center wavelength of the second, third and forth channels are
1026.9, 1027.43 and 1027.96 nm, respectively, with a channel
spacing of 0.53 nm from each other (that approximately equals to
70 GHz spacing) continuously until 1038.6 nm at the 24th

channel. The OCS that is used in the experiment is a motor driven
type that has a switching time of 500 ms (maximum) between
channels with 10 dB of insertion loss that encompasses 800–
1200 nm wavelength. In this setup, it functions as a channel
selector that picks out one of the 23 channels from the output
ports of the AWG which is then connected to the OVC input. The
output of the OVC is then connected to the 10 dB coupler with the
10% port connected to the OSA and the 90% portion is looped back
to the input of the 1050 nm WDM. To note, the minimum
insertion loss of the OVC and the coupler at 1060 nm are 5 and
0.46 dB, respectively. The use of the 10 dB coupler is to minimize
the cavity loss and to obtain higher amplification for maximum
performance. This is then amplified by the YDF optical amplifier
that oscillates in the ring cavity only in a clockwise direction
following the route of the build in isolator of the OVC.

The generation of the flat switchable dual-wavelength output
fiber laser can be accomplished by selecting one wavelength from
the 23 channels output of the AWG and another wavelength from
the fixed output wavelength source that comes from channel 1.
This dual-wavelength output is then combined by the optical
variable coupler (OVC) that works as a controller to manage the
flat dual wavelength output laser source by adjusting the input
coupling ratio between those two wavelengths to prevent one of
the wavelengths from dominating the other to obtain a balanced
dual-wavelength output power.

3. Results and discussion

In Fig. 2, the ASE spectrum of the YDF amplifier is shown at
different pump powers, which in this case is indicated by the
different pump power of the 980 nm laser diode.

Measurements are taken using an optical spectrum analyzer
with a spectral resolution of 0.07 nm and with a 6 dB fixed
attenuator inserted between the output and the input of the OSA.
This is to avoid high power input into the OSA that can damage
the photodetector. The ASE output can be quite high at high drive
current reaching 8 dBm. From the figure, it can be seen that by
increasing the pump power, the output of the ASE will increase

Fig. 1. Experimental setup for dual wavelength output at 1060 nm.
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while maintaining the same spectral shape. The only difference is
the start point of the spectral curve, which for high current the
start point moves towards shorter wavelengths. For this experi-
ment, the measured maximum pump power that can be used is
about 110 mW. By using the AWG, lasing operation at 1060 nm
can be generated. Dual-wavelength generation can be achieved by
controlling the variable optical coupler in the cavity as to provide
a means of stabilizing the output.

In the first part of the experiment, the 3 dB coupler is used in
place of the OVC to illustrate the power variation between the two
wavelengths in the cavity as a result of the homogeneous
broadening in the ytterbium doped fiber. The measured result is
shown in Fig. 3(a) whereby channel 1 is from the fixed point in the
AWG, and channel 4 is selected from the OCS and AWG. The two
peaks are not equal with output powers of !14.19 and !49.05
dBm for 1026.35 and 1027.98 nm, respectively. The difference
between the dual-wavelength output powers is about 35 dB
which is relatively high for applications that require an equal
output power. Utilizing the optical variable coupler (OVC), the
coupling ratio can be adjusted to produce equal output power as
shown in Fig. 3(b). The output power for channel 1 and 4 are

!13.6 and !14.05 dBm, respectively, with a power difference of
only 0.45 dB.

Fig. 4 shows the tunability of the output from a dual-
wavelength fiber laser at 1060 nm with spacing as narrow as
0.53 to 12.2 nm between channels 1 and 2, and channels 1 and 24,
respectively. The switching mechanism is realized by changing
the channel selection of the OCS that can be selected from channel
2 to channel 24 (channel 1 is fixed at 1026.40 nm).

By changing the channel of the OCS subsequently from
channels 2–24, the channel spacing will be increased on multiples
of 0.53 nm due to the 70 GHz channel spacing of the AWG used.
This is shown in Fig. 4 whereby the selection of two wavelengths
at 1060 nm can be obtained by selecting the appropriate channels
of the OCS. The spacing between channels can be further
narrowed by using an AWG with smaller interchannel spacing
such as in the region of 25 GHz or so.

Fig. 5 shows the side mode suppression ratio (SMSR) and peak
power of the dual-wavelength fiber laser for all channels starting
from channel 1 until 24 with the points inside the dotted square
representing the output power for each wavelength coming from
the OCS with all of them lasing simultaneously with channel 1 at
1026.4 nm that has been taken from the OSA at different times.
Two points outside the dotted square represents the average
value of the SMSR and peak output power for channel 1 (for a total
of 23 times sweeping from channels 2–24). The output power
variance of this dual-wavelength fiber laser is 0.47 dB with an
average output power of !8 dBm while the variance and average
value for the SMSR is about 1.2 and 59.65 dB, respectively. The
maximum SMSR and output power difference is 5.54 and 2.1 dB,
respectively. The output power of this dual-wavelength is low due
to the various components used, such as the AWG, OVC and OCS,
which are optimized for 1550 nm and not for 1060 nm. The
overall estimated cavity loss due to these components amounted
to about 35.46 dB.

Although this DWFL setup is limited by its high total cavity
loss, it actually provides an alternative way to generate the
switchable DWFL signal in 1060 nm region with various tuning
range. To provide a high output power for the DWFL, a booster
amplifier should be placed after the oscillator as to meet theFig. 2. ASE spectrum of YDF with different pump powers.

Fig. 3. Comparison between using (a) 3 dB coupler and (b) optical variable coupler (OVC) that have been optimized to get a balanced dual-wavelength output laser source.
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power requirement for Terahertz generation and also for non-
linear studies.

Fig. 6 shows two of the 23 different channel spacings of the
dual-wavelength output power stability performance of (a)
channels 1 and 12 at 1026.4 and 1032.15 nm of operation
wavelength and (b) channels 1 and 24 at 1026.4 and
1038.63 nm of operation wavelength that is taken versus time,
at intervals of 5 min that corresponds to an hour and 20 min of
laser operation. By looking at the output power fluctuation of this
laser source, it can be seen that this dual-wavelength fiber laser is
stable since it has low output power fluctuations.

From the measurements, the spacing performance is better
than that reported by Ref. [18] of 0.9 nm and the channel selection
can be conveniently adjusted by changing the channel selector of
the OCS. An AWG provides a better alternative to fiber Bragg
grating due to its stability and wide wavelength selection.

This dual-wavelength fiber laser at 1064 nm will find im-
portant applications in the area of spectroscopy notably for
generating terahertz radiation. As reported in Ref. [17], the dual-
wavelength output should have slightly different wavelength
output separation of 0–10 nm corresponding to terahertz fre-
quency. The technique is based on different frequency generation
in nonlinear crystals. From the above observation, the wavelength
separation can be varied from 0.53 to 12.2 nm. The generated
terahertz radiation could have a wider tuning range exceeding the
value of 0.2 nm to 1.5 THz as quoted by the authors.

4. Conclusion

To summarize, we have proposed and successfully demon-
strated a flat and compact switchable dual-wavelength fiber laser
as it uses a short length of YDF (30 cm) as an active gain medium
that has a high saturation power that leads to a high output gain
even by tapping only 10% of its portion by a 10 dB coupler to be
analyzed by the OSA. This is the first demonstration, to the best of
our knowledge, which uses an AWG and OCS to generate a dual-
wavelength fiber laser in the 1060 nm region with controllable
channel spacing as short as 0.53 nm that can be switched to a
maximum spacing of 12.2 nm. Thus, what we have is a system

Fig. 4. The dual-wavelength tunability performance by changing the channels used with (a) channels 1 and 2, (b) channels 1 and 3, (c) channels 1 and 4 and (d) channels 1
and 24.

Fig. 5. SMSR and peak output power for every wavelength channel.
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with a tunability of 0.53 nm from each subsequent channel that
leads to 23 ways of switching with each of them having different
channel spacing from one to another. The mode competition that
occurs due to the ytterbium ions is also significantly compressed
by adjusting the coupling ratio of the OVC until a balanced dual-
wavelength output power has been accomplished. With an
average output power of !8 dBm and SMSR of 59.65 dB this
dual-wavelength fiber laser is quite stable with an output power
variance as low as 0.47 dB.
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a b s t r a c t

The switchable multiwavelength fiber laser (SMWLSs) using AWG and broadband FBG with tuning range
11.7 nm and 0.75 nm spacing are demonstrated. The switchable lasers for every channel shows flatness
output power with variation 3.7 dBm and peak power around !6.1 dBm. The side mode suppression ratio
(SMSR) of the laser is significantly improved for every channel when using broadband FBG. The
improvement is about 27.7 dBm. The laser for every channel also shows the good stability within the
2 h operation.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

Switchable multiwavelength lasers (SMWLs) are transmission
sources with very good potentials to be applied in optical Dense
Wavelength Division Multiplexing (DWDM) network systems.
This potential arises due to their ability to select a single channel
from a multiwavelength comb [1], and as a result of this signifi-
cant research has been put forward in the development of SMWLs.
Initially, the development of SMWLs involved the use of spectral
polarization-dependent loss element cavities [2], High-Birefrin-
gence Fiber Loop Mirrors (HiBi-FLMs) [3], cascaded fiber Bragg
grating (FBG) cavities [4] and cavities with a birefringence FBG
or cascaded birefringence FBGs [5,6]. More recently, the develop-
ment of SMWFLs using Sagnac Loop Mirrors (SLMs) [7], and com-
pression strain FBG for obtaining tunable wavelengths [8,9] have
also been reported. These systems are capable of generating a
wide range of switchable wavelengths, especially those based on
the SLM, but practical use of SMWLs based on the SLM are pre-
vented by certain limitations. These limitations comes in the form
of the SLM optimum cavity length; because of the fiber based nat-
ure of the SLM, the optimum SLM cavity length for each SMWL
must be acquired manually. As a result, a new wavelength slicing
mechanism had to be found for the SMWL, and the Arrayed Wave-
guide Grating (AWG) is the most suitable candidate.

The use of the AWG as a wavelength slicing mechanism has re-
newed interest in the development of multiwavelength fiber lasers
(MWFLs) operating at 50 GHz, 100 GHz and 200 GHz channel spac-
ings which comply to current DWDM networks. Therefore, an AWG
can be used in conjunction with an ASE source such as an Erbium
Doped Fiber Amplifier (EDFA) or a Semiconductor Optical Amplifier
(SOA) to obtain a sliced ASE multiwavelength spectrum, which is

then rerouted onto itself to form the MWFL [10,11]. Tunable Fiber
Lasers using AWGs have also been explored whereby special input/
output mechanisms or integrated Planar Lightwave Circuit (PLC)
switches [12,13] are used to obtain switchable wavelengths,
although these systems can prove to be very complex to develop.
In this letter, we propose a new SMWL design based on the AWG
used in conjunction with a broadband FBG. The proposed design
uses the AWG to slice the EDFA generated ASE spectrum while
the FBG acts as a broadband reflector to provide a flat laser spec-
trum. An Optical Channel Selector (OCS) is used as a selective
wavelength device to provide tunability.

2. Experiment setup

The configuration of the proposed SMWFL is shown in Fig. 1.
The setup consists of a 980/1550 Wavelength Selective Coupler
(WSC) and a 5 m long highly doped Erbium Doped Fiber (EDF)
pumped by a 980 nm laser diode. The EDF is used both to provide
the initial ASE spectrum as well as act as the gain medium for the
proposed laser. The EDF has a nominal Er3+ ion concentration of
1000 ppm and is pumped at 80 mW in a forward pumping scheme.
The WSC is used to combine the pump signal with the lasing signal
that will be generated from the EDF and AWG. An OCS provides
tunability while a 1 " 16 AWG is used together with a broadband
FBG as the spectrum slicing mechanism of the proposed SMWL.

The operation of the SMWL is as follows; the ASE generated
from the EDFA travels through Port 1 to Port 2 of the OC. Subse-
quently, the ASE spectrum will enter the OCS where it directed
to one of the 16 output channels that are connected with the cor-
responding channel on the 1 " 16 AWG (i.e. output Channel 1 of
the OCS is connected to Channel 1 of the AWG, output Channel 2
of the OCS is connected to Channel 2 of the AWG and so on for
all 16 channels). The ASE will then travel along the selected chan-
nel of the AWG and onward to the single output of the AWGwhere
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it meets the broadband FBG and is reflected. Here, the ASE
spectrum will encounter again the AWG; only in this case the
AWG spectrumwill now be sliced by the AWG to create 16 individ-
ual wavelengths. The output wavelength linked to the selected
channel on the OCS will now travel to Port 2 of the OC through
to Port 3 and back into the ring fiber laser configuration. This wave-
length will then oscillate in the setup until exceeds its threshold
value and begins to lase. A 50/50 coupler is used to extract a por-
tion of the lasing wavelength for analysis. The selected lasing
wavelength can be changed using different OCS outputs that corre-
spond with the different AWG channels, therefore allowing the
proposed fiber laser to be tuned.

The OCS used in this experiment is a 2 ! 16 motor driven opti-
cal switch with a maximum switching time of 500 ms between
each subsequent channel. However, for the purpose of this exper-
iment, only one input channel is used, thus in effect making the
OCS a 1 ! 16 switch. The OCS has a wavelength range of
1200 nm–1650 nm, giving it a bandwidth of 450 nm. This makes
the OCS suitable for this experiment, as the bandwidth of the
AWG used falls well within the bandwidth of the OCS. The loss
per channel is on the average of 4.5 dB maximum, while all chan-
nels have a minimum return loss of approximately 40 dB and a
cross-talk of "65 dB maximum.

Another important component of the SMWL is the broadband
FBG. For this work, a broadband FBG with a reflectivity of approx-
imately 99% and a bandwidth of 40 nmwith a center wavelength of
1545 nm is used as a broadband spectrum reflector in the proposed
setup. The broadband FBG serves to reflect the initial ASE spectrum
back into the AWG for slicing as well as reflecting the subsequent
lasing signals back into the ring cavity for lasing. The broadband
FBG used in this experiment is a chirped type with a reflection
spectrum as shown in Fig. 2.

3. Result and discussion

Fig. 3 shows the combined spectrum of the individual lasing
wavelengths obtained from the slicing of the ASE spectrum by

the AWG channels without the use of the broadband FBG at the
end of the AWG. As can be seen in Fig. 3, 16 lasing wavelengths
are obtained are designated as 1–16, corresponding to Channels
1–16 of the AWG

In this configuration, the absence of the broadband FBG means
that the end of the AWG is exposed to air, thus creating a glass–air
interface. Based on the principle of Fresnel reflection, this glass–air
interface will create reflective surface with a reflectivity of 4% and
no gain-flattening capabilities. As a result, the obtained lasing
wavelengths will follow the general spectral curve of the EDFA
generated ASE, and this is clearly shown in Fig. 3 where the high
powered lasing wavelengths are observed from Channels 1 to 6
(except for Channel 4 no sign of lasing, although this is attributed
to the random ASE level at the time in which the spectrum for
Channel 4 was obtained) and correspond to the typical peak region
of the EDFA generated ASE spectrum. The remaining channels,
Channels 7 through 16 all show lower powers as a result of being
in the lower power region of the ASE spectrum.

Fig. 4 shows the combined laser spectrum of the SMWLwith the
broadband FBG in place. It can clearly be seen that now a flat spec-
trum is obtained with all channels having a peak power of approx-
imately "6.18 dBm with only minor fluctuations of up to 1.85 dB
between the peak powers of the channels. This high power and flat
lasing spectrum is attributed to two factors, namely the increased
reflectivity of the SMWL due to the addition of the broadband FBG
as well as the saturation effect of the EDFA. With the addition of
the broadband FBG, the reflectivity at the end of the AWG now in-
creases from approximately 4% to more than 99%. This increased
reflectivity results in most of the ASE power being reflected back
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into the SMWL cavity for lasing, as opposed to previously where
only a small portion of the ASE power is reflected back into the cav-
ity. Thus only 1% of the ASE power is lost to leakage from the cavity
when the broadband FBG is used instead of the more than 95%
leakage encountered when the cavity is setup without the FBG,
thus allowing each wavelength is able to exceed their lasing
threshold powers and lase. The loss spectrum of the AWG at differ-
ent wavelength channels are uniform, and the flat spectrum is a re-
sult of the EDFA saturation level due to the higher lasing
wavelength powers in the cavity (and not a result of altering the
powers of the individual wavelengths such as by attenuating each
channel individually).

Fig. 5 compares the peak powers of the lasing wavelengths for
the configurations of the SMWFL with and without the broadband
FBG. As can be seen in the figure, the peak power of the lasing
wavelengths obtained when using broadband FBG is relatively flat
at approximately !6 dBm, with only a minor fluctuation in the
peak power observed at the longer wavelength regions of between
1538 and 1540 nm. This is again attributed to the higher reflectiv-
ity obtained when using the broadband FBG. Furthermore, the
broadband FBG provides an added benefit, which is the almost flat
spectrum that is obtained in Fig. 4.

Figs. 6 and 7 respectively show the stability performance and
the tuning range of the SMWFL. In Fig. 6, the output of a single
channel (in this case Channel 1) is monitored over a 2 h period.
As can be seen in the figure the lasing channels shows no fluctua-
tion in terms of power or wavelength over the 2 h test period, thus
showing the stability of the system. Fig. 7 on the other hand pro-
vides the tuning range of the SMWL. As can be seen in the figure,
the 16 channels have a spacing of 0.75 nm between each lasing
wavelength and an overall wavelength tuning range of 11.7 nm.
As these values comply with the requirements of the ITU grid stan-
dards, thus the developed SMWL can be readily applied to current
telecommunication applications.

Finally, Fig. 8 shows compares the Side Mode Suppression Ratio
(SMSR) of SMWL laser spectrum for the configurations of with the
broadband FBG and without the broadband FBG. From the figure, it
can be seen that the SMSR for the SMWL configuration using the
broadband FBG follows well the ASE spectrum of the EDFA, in
which the higher SMSR is observed in the 1530 nm–1534 nm re-
gion while the region of 1534 nm–1542 nm shows a relatively flat
SMSR spectrum. On the other hand, the SMSR of the SMWLwithout
the broadband FBG fluctuates heavily in the shorter wavelength re-
gions of between 1530 and 1534 nm, and subsequently drops to
between 0 and 5 dB for the remaining wavelength region of
1534 nm–1542 nm. The difference in SMSR between the SMWL
configurations of with and without the broadband FBG is approxi-
mately 27.65 dB. The higher SMSR in the shorter wavelength re-
gions is a result of the high intensity in the cavity caused by the
laser generation in that region.

4. Conclusion

The SMWLs in-coopered AWG and broadband FBG have been
demonstrated. The laser for every channels have been switch with
flatness output power in every wavelength for the tuning range
11.7 nm and spacing about 0.75 nm. The laser for every channel
also shows the stability within two hours duration. We also dem-
onstrated improvement of 27.65 dB SMSR by using the broadband
FBG.
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Abstract: A novel tunable fibre laser (TFL) operating in the or-
dinary band (O-band) of 1310 nm is proposed and demonstrated.
The proposed TFL is developed using a 1!16 arrayed waveguide
grating (AWG) as a slicing mechanism for the broadband ampli-
fied spontaneous emission (ASE) source and an optical channel
selector (OCS) to provide the tunability. A semiconductor opti-
cal amplifier (SOA) with a centre wavelength of 1310 nm serves
as the compact gain medium for the TFL and also as a broad-
band ASE source. The TFL has a tuning range of 1301.26 nm to
1311.18 nm with 9.92 nm span and a channel spacing of 0.7 nm.
The measured output power is about –4 and –8 dBm and with a
side node suppression ratio (SMSR) of 29 to 33 dB.
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1. Introduction

Course wavelength division multiplexing (CWDM) sys-
tems in passive optical networks (PONs) gives network
providers a very cost-effective method to deploy wave-
length division multiplexing (WDM) together with time-
division multiplexing (TDM) technologies for access net-
works [1]. Although implementing CWDM in PON sys-
tems saves significant cost in terms of the transmission
lines and other in-line components, the system still suffers
a drawback from the extensive use of laser diodes required
as signal sources for transmission. This already costly re-
quirement is typically made more expensive due to the
need for cooled laser diodes with stabilized outputs to en-
sure uninterrupted signal generation. As a result of this,
the cost-effectiveness of the CWDM system is negated by
the need to deploy many cooled laser diode, which is es-
pecially not-effective in low-density bit data transfers.

A viable alternative to the use of both cooled and
uncooled laser diodes is the use of fiber laser sources.
Fiber lasers have very good potential to act as transmission
sources for application in optical CWDM network systems
due to their ability to select a single channel from a mul-
tiwavelength comb [2]. This makes the fiber laser a very
versatile component which provides a high degree of flex-
ibility to the CWDM system, whereby the fiber lasers can
be manufactured from the same template en-mass and then
tuned to the required frequency (as opposed to laser diodes
which must be manufactured to the desired frequency).
This provides significant cost savings using existing ex-
stock components, which are readily available to the sys-
tem.

Furthermore, fiber lasers have many advantages over
conventional laser diodes such as lower noise output,
higher power output and high side mode suppression ra-
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OCS AWG

3 dB
coupler Isolator

OSA

SOA

Figure 1 Experimental setup of the proposed scheme for multi-
ple and tunabilty of 1310 nm (O-band). AWG – array waveguide
grating, OCS – optical channel selector, SOA – semiconductor
optical amplifier, OSA – optical spectrum analizer

tion (SMSR). In this regard, significant research has been
put forward in the development of fiber laser sources [3–
8], but currently most of the research work has focused on
the 1550 nm telecommunications region.

In this paper, we propose a novel design for a tunable
fiber laser (TFL) in the O-band (1310 nm) region that has
multiple applications in access networks as well as in sen-
sor applications. The proposed TFL uses a 1!16 arrayed
waveguide grating (AWG) and an optical channel selector
(OCS) to provide the tunability and a semiconductor opti-
cal amplifier (SOA) with a centre wavelength of 1310 nm
as a compact gain medium for the TFL. The TFL has a
tuning range of 1301.26 nm to 1311.18 nm with 9.92 nm
spans and channel spacing of 0.7 nm.

2. Experimental setup

The proposed experiment setup is illustrated as shown in
Fig. 1. The proposed O-band ring fiber laser setup consists
of SOA acting as both the gain medium and also as an am-
plified spontaneous emission (ASE) source. The SOA is
driven by a current of 300 mA at a temperature of 27!C
to provide a wideband ASE spectrum from 1270 nm to
1355 nm. A 1!16 AWG with a wide band free propaga-
tion zone (FSZ) is used as a slicing mechanism and is able
to generate up to 16 channels with 100 GHz spacing. To
provide tunability/switching a 2!16 OCS is also used in
this setup. The 16 channels of the OCS are connected to
the 16 output channels of the AWG, where channel 1 of
the AWG is connected to the channel 1 of OCS and sim-
ilarly until channel 16. The OCS (model Ando AQ3540)
is a 2!16 motor driven optical switch with a maximum
switching time of 500 ms between each channel that is cur-
rently available in the laboratory. Furthermore, the chosen
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Figure 2 (online color at www.lphys.org) The tunability of O-
band fiber laser using an AWG

OCS has a wavelength range of 1200 nm to 1650 nm (giv-
ing it a bandwidth of 450 nm), making it suitable for use as
the bandwidth coincides with that of the AWG used falls
well within the bandwidth of the OCS. An optical isolator
is also used in the setup to ensure unidirectional travel of
the lasing signal. The output spectrum is analyzed using
a 3 dB fused optical coupler is connected to the output of
OCS and tapped to an optical spectrum analyzer (OSA)
(model Yokogawa AQ6370B) with 0.05 nm resolution for
optical spectrum analysis. Most of these components are
commercially available. The components and equipment
are connected using single mode fiber (SMF-28).

3. Result and discussion

The tunabilty performance is show in Fig. 2. As shown in
the figure the tuning range is approximately 9.92 nm and
ranges from Channel 1 at 1301.26 nm to Channel 16 at
1311.18 nm. The wavelength spacing between each chan-
nel is approximately 0.7 nm. This spacing can be tuned
by selecting different channels on the AWG, which can
provide a tuning range of a maximum of 9.92 nm as seen
earlier. This variable spacing can be very useful in optical
networks that utilize the 1310 nm band of the access net-
work. The measured linewidth is approximately 0.1 nm for
channels 1 to 8 but increases to a slightly wider linewidth
of 0.3 nm at channel from channel 9 to 16. This could be
attributed to the AWG that was used as it was optimized
for signals in the 1550 nm region.

Fig. 3 shows the wavelength tunability for all chan-
nels from 1301.26 nm to 1311.18 nm, while Fig. 4 shows
the stability of channel 15 at a selected wavelength of
1310.46 nm at 5 minute intervals for a period of an hour.
As can be seen in Fig. 3, the different AWG channels all
generate wavelengths with a uniform power. An exception
to this is Channel 14, which is observed to have a slightly
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Figure 4 (online color at www.lphys.org) The stability of Chan-
nel 15 with 1310.46 nm

lower output, although this can be attributed to possible
connector losses and also the optical path loss in the AWG
for that particular channel.

Fig. 4 shows that the laser is highly stable and do not
experience any observable power fluctuations during the
entire period of testing; this thus demonstrates the stabil-
ity of the system developed and also proves that it can be
used as a multiple wavelength source for 1310 nm access
networks. This is a beneficial characteristic of the laser,
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power performance for every wavelength

as it provides the same stability as the expensive cooled
laser diodes while at the same time retaining a lower cost.
Furthermore, the ability of the laser to be tuned makes it
a multiple wavelength source with much potential appli-
cation, especially as transmission sources for Fibre-to-the-
Home networks.

Fig. 5 shows the performance of side mode suppres-
sion ration (SMSR) and peak power for all wavelength
channels. As can be seen in the figure, the SMSR is rela-
tively flat with only minimal fluctuations of approximately
4 dB. The lowest SMSR observed is 29 dB at 1306 nm
whilst the highest SMSR was 33 dB at 1303.33 nm. This
is an important characteristic of the fibre laser as it indi-
cates that the TFL has good stability. The peak power for
every channel is also show in Fig. 5, and it is observed that
the peak power has minor fluctuations of approximately
4 dB its output power varies from –4 dBm to –8 dBm. By
fine tuning and optimizing the setup, these fluctuations can
be further reduced.

From the above, we have demonstrated a very impor-
tant and novel technique in producing a multiple wave-
length output at the O-band region, which is currently very
important with the implementation of Fibre-to-the-Home
systems. This multiple wavelength laser can be integrated
with different equipments which can be multiplexed and
propagated in a single mode fiber. This will serve to re-
duce the usage of fibres and also become a platform for
DWDM networks at the access point.

4. Conclusion

In this paper a novel TFL system operating in the O-band
(1310 nm) region is demonstrated. The proposed TFL uses
a 1!16 AWG and an OCS to achieve tunability as well as
a SOA with a centre wavelength of 1310 nm as a compact
gain medium for the TFL. The TFL has a tuning range of
1301.26 nm to 1311.18 nm with 9.92 nm spans and chan-
nel spacing of 0.7 nm. Furthermore, the TFL has an output
power between –4 and –8 dBm and an SMSR between 29
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and 33 dB. This variation can be further reduced by fine
tuning some of the optical components.
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In this paper we provide a detailed account of an ultra-wideband wavelength converter that shifts from 1310 to
1550 nm using a 1310 nm semiconductor optical amplifier as the nonlinear medium. The experimental approach
uses an arrayed waveguide grating (AWG) as a method to slice the broadband output ASE of the 1310 nm SOA
into multiple outputs at this O-band. A four-wave mixing technique is used to generate the wavelength
conversion, whereby two wavelengths at 1310 nm are used and interact with the 1550 nm continuous wave output
from a bismuth-based erbium-doped optical amplifier. In this demonstration, the interacting wavelengths are
1316.75, 1317.47 and 1542.21 nm. The downward conversion wavelengths are 1542.93 and 1541.49 nm, with a
converted wavelength spacing of 224 nm.

Keywords: semiconductor optical amplifier; arrayed waveguide grating; four-wave mixing effect; bismuth-based
erbium-doped optical amplifier

1. Introduction

Wavelength conversion is a key requirement in realiz-
ing an all-optical system. It also ensures future
seamless network evolution that can provide switching
of wavelengths from long haul systems to access
networks without the need to convert them electrically.
The current approach for wavelength conversion is by
detecting the signal, converting it into the electrical
domain and then retransmitting at different wave-
lengths. An interesting feature of an all-optical wave-
length converter is the bit rate transparency and its
independence on the bit formatting. There are a
number of techniques for wavelength conversions.
Examples include the optically triggered multi-elec-
trode distributed feedback (DFB) laser [1], gain satu-
ration in a semiconductor optical amplifier (SOA)
[2,3], and four-wave mixing (FWM) in a semiconduc-
tor optical amplifier [4,5]. Other methods such as
optical grating and interferometric wavelength con-
verters can be found in an article by Elimirghani and
Mouftah [6] which provides some background on an
all-optical wavelength converter.

Among these approaches, the FWM provides an
interesting option in providing wavelength conversion
from 1310 to 1550 nm (down conversion) and 1550 to
1310 nm (up conversion). Generally, wave-mixing in a
nonlinear medium involves an interaction of more than
one wave that results in a wave with an intensity

proportional to the product of the interacting waves’
intensities with magnitude, frequency and phase infor-
mation being preserved. This is an advantage giving
rise to data format independence.

The generation of FWM in SOA is a result of two
input signals that caused beating in the SOA, causing
carrier density modulation that follows the optical
intensity envelope [7]. As a result, new frequencies are
formed on each side of the input waves spaced by the
beat frequency. Earlier investigations only show the
wavelength within the 1550 nm of the C-band. There
are few reports on ultra-wideband wavelength conver-
sion and recently a paper by Lu et al. [8] demonstrated
a wideband up-conversion from 1550 to 1310 nm based
on FWM in a dispersion flattened high nonlinear
photonics optical fiber. The experimental setup pro-
vides a tunability of over 340 nm. Matsuura et al. [9]
provide an approach based on cross-gain modulation
and cross-phase modulation to generate a 300 nm
wide ultra-wideband wavelength conversion based on
triple stage SOA. The nonlinear polarization rotation
(NPR) technique also allows ultra-wideband wave-
length conversion in a single SOA, which leads to
easier integration in achieving wavelength switching
[10]. However, the disadvantages of this technique is
that it has to be properly adjusted and is difficult to
manage.

The primary motivation is to investigate the pos-
sibility of using this method for application in the
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access network, whereby the signal at 1310 nm can be
converted to 1550 nm for effective implementation of
an all-optical network. In this paper, we report a novel
method to generate the FWM effect from 1310 to
1550 nm by using only a single SOA as the nonlinear
gain medium for the wavelength conversion applica-
tion. Even though, the NPR techniques also use a
single SOA but with a four-wave mixing technique, it is
much easier to handle. This is the advantage of using
the FWM effect and it can become a potential
wavelength converter for optical communication
networks.

2. Experimental setup

The proposed experimental setup for generating the
FWM effect from 1310 nm (O-band) to 1550 nm
(C-band) is shown in Figure 1. The setup comprises
of two parts labeled as parts A and B. Part A consists
of the tunable laser (TLS) that can be tuned from 1460
to 1580 nm with a linewidth of 0.015 nm. For this
experiment the TLS is set at 1542 nm with an output
power of 10.0 dBm, which is then connected to a
bidirectional pump bismuth-based erbium-doped fiber
(Bi:EDF) optical amplifier. The Bi:EDF is pumped by
two 1480 nm pump lasers operating at an output power
of 130 mW. The total pumped power from both ends is
240 mW. The length of the Bi:EDF is 48.2 cm with a
dopant concentration of 6300 ppm. The amplified
spontaneous emission level of this fiber-based optical
amplifier is about !29.49 dBm at 1542 nm. The input
signal from the tunable laser is injected into the
Bi:EDF through a 1310/1550 nm fused optical coupler.
After the optical amplifier, the output signal is at
13 dBm by using optical power meter measurement

and is further amplified using a 1550 nm SOA to
16 dBm.

In FWM, at least two wavelengths are required,
namely the pump and probe (input signal) which are
then coupled into the nonlinear medium which in this
case is the 1310 nm SOA. In our experimental setup,
three wavelengths are used to generate the FWM so as
to convert the signal from 1310 to 1550 nm, which has
a wavelength spacing of about 250 nm in a nonlinear
medium.

The three waves comprise of the 1550 nm probe
beam for the first part of the experimental setup and two
beams of closely spaced wavelengths for the second part
(part B). The two closely spaced wavelengths at 1310 nm
are generated using a 1310 SOA as an ASE source as
well as the gain medium. The ASE output of the SOA
travels to the 1"24 arrayed waveguide (AWG) which
slices the source signal into multiple individual output
wavelengths at the O-band. The sliced wavelengths
range from 1301.956 to 1316.124 nm with an inter-
channel spacing of 120GHz. The measured spacing
may not equal the channel spacing of the AWG at 100
GHz. This difference is due to the fact that the AWG
used in this experiment is optimized at 1550 nm. At the
other end of the AWG is the output of the 24 channels
which are then connected point to point to the two
optical channel selectors (OCS) (1"16) as illustrated in
Figure 1.

The odd-numbered channels are connected to
OCS1 and the even-numbered channels are connected
to OCS2. Different sets of two closely spaced wave-
lengths can be selected from the output of the two OCS
which are denoted by !1 (channel 23 of OCS1) and !2
(channel 24 of OCS2). The output of !1 is then
connected to an optical attenuator to provide the
correct adjustment of the optical power for usage

Figure 1. Experimental setup.
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in the mixing of this wave in the nonlinear medium.
For wavelength conversion application, the MZM
modulator is connected into one of the legs to provide
the data signal. By inserting the MZM modulator, the
performance of the output of FWM seems to be the
same. This output is then connected to a 1310/1550 nm
WDM coupler (C1) at the input end. The other leg is
connected to the input signal at 1550 nm from part A.
These two wavelengths will then combine at the output
end of the coupler which is then connected to one of the
input legs of a 3 dB coupler, C2. The other wavelength
from the OCS2, !2, is connected to the optical attenu-
ator and then to the other input leg of C2. In the case of
C2, a 2!2 coupler is used whereby one of the output legs
is connected to an OSA for signal viewing and the other
leg to the input of a 1310 nm SOA. This SOA will
provide the amplification and also the nonlinear
medium for the FWM. The output end of the SOA is
then connected to a 90/10 coupler, C3, with the 10% leg
connected to another OSA. The 90% leg completes the
loop which is connected to the AWG. The experimental
results of the above measurements are provided and
discussed below.

3. Results and discussion

The results of the above setup are presented in this
section. The AWG used in this experiment is an AWG
optimized for 1550 nm since AWG for 1310 nm are not
available in the market. The output spectrum of the
AWG at different wavelengths other than 1550 nm is
investigated and this is done for 1310 nm transmission.
Figure 2 shows the characterization of one of the

24 channels of the AWGwith input light having a broad
spectrum spanning from 1250 to 1600 nm (from a white
light source). From the figure, multiple wavelength
outputs are observed at the particular channel under
test. It consists of output wavelengths of 1271.35,
1309.15, 1349.75, 1392.8, 1438.3, 1487.3, 1539.45 and
1595.8 nm with an average peak power of "72 dBm.
As shown within the 1300 nm span, there are about
three peaks emitted from the same channel of the AWG.
Different channels will have a similar behavior of
producing three peaks at different wavelengths.

Figure 3 shows the output spectrum that has been
taken from channels 23 and 24 of the AWG which are
from OCS1 and OCS2. The top spectrum is from the
output of channel 23 and the bottom is from channel 24.
Channel 23 has three peaks at 1278.5, 1316.74 and
1357.2 nm, respectively. The middle 1316.74 nm peak
has the highest peak power of "20 dBm with the two
‘side lobes’ having a peak power of "55 dBm. Channel
24 also displays the same type of spectrum with a center
peak wavelength of 1317.44 nm with a peak power of
"20 dBm and the two side peaks at 1279.2 and
1357.9 nm with peak powers of "55 and "60 dBm,
respectively.

From the two spectrums the peak output power of
both channels are found to be similar. When these two
channels are combined as discussed in the experimental
setup, the spectrum would consist of six peaks from
both the 1310 nm and the 1550 nm, as in Figures 4 and
5(a), respectively. Figure 4 shows the two spectra of
channels 23 and 24 with a peak difference of 0.7 nm.
The spacing between these peaks is the same as is also
observed in other paired channels.
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Figure 2. Characterization of AWG by using a white light source, with outputs at a particular channel.
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Figure 5(a) shows the entire spectrum for the 1310
and 1550 nm, that is from the O-band to the C-band,
which is taken from OSA before the 1310 nm SOA.
From the spectrum, the 1550 nm output (at
1542.21 nm) is slightly higher by a power difference
of 13.627 dB compared to the 1310 nm output (1316.74
and 1317.44 nm). The ‘side-peaks’ are of small ampli-
tudes with a peak power of less than !60 dBm when
compared to the main peak. These smaller peaks come
about from the repetition of outputs at the channels of
the AWG as explained earlier. However, these peaks
are not amplified by the 1310 nm SOA and are
eliminated as indicated in Figure 5(b). The use of the
1310 nm SOA as a nonlinear medium has an advantage
of allowing signals from 1550 nm to pass through with
certain attenuation together with the 1310 nm output.
As a point to note, if a 1550 nm is used instead of

1310 nm SOA, the signal at 1310 nm will be completely
attenuated.

An enlarged trace at 1316.74 and 1317.44 nm at peak
powers of !21.47 and !21.48 dBm, respectively,
is depicted in Figure 6(a) for the case before

Figure 3. Output spectrum of channels 23 and 24 of the AWG after the ASE output from the 1310 nm SOA.
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Figure 4. The spectrum of dual-wavelength fiber laser with
two dual-wavelength side bands together with the 1550 nm
signal.
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1310 nm SOA. Figure 6(b) shows the trace after
traveling into the nonlinear medium at peak powers of
!17.57 and!16.48 dBm, respectively. In Figure 6(b) the
observed two side peaks at 1316.03 and 1318.19 nmwith
peak powers of !72.08 and !72.13 dBm, respectively,
are due to the four-wave mixing between the interacting
waves at 1316.75 nm (!1) and 1317.47 nm (!2). The
generated output due to four-wave mixing can be
explained using Equation (1) [7],

!C1 " !1 ! #!2 ! !1$,
!C2 " !2 % #!2 ! !1$, #1$

whereby !C1 " 1316:74 nm and !C2 " 1317:44 nm. The
generation of !C1 and !C2 depends on the wavelength
spacing between !1 and !2 which is 0.72 nm.

The peaks are denoted by !C1 and !C2 with the
converted wavelengths caused by the two interacting
wavelengths !1 and !2. Similarly this effect is observed
at the 1550 nm part of the spectrum as shown in Figure
7(a) and (b). Figure 7(b) shows the 1550 nm signal after
the 1310 nm SOA with the peaks at 1541.49nm (!C3)
and 1542.93 nm (!C4) with peak powers at !80.91 and
!80 dBm, respectively, due to the converted wave-
lengths. This is due to the FWM of the three signals
namely !1, !2 and !P2 as shown in the above figures.

The generated FWM of Figure 7(b) can be explained
from the equation below based on [7]:

!C2 " !P2 ! #!2 ! !1$: #2$

As depicted in Figures 6(b) and 7(b) the values of
!P2, !2 and !1 are 1542.21, 1317.47 and 1316.75 nm,
respectively. Inserting these values into Equation (2)
yields !C3 " 1541:49 nm and this is observed in
Figure 7(b). For !C4, the expression is as given below

!C4 " !P2 % #!2 ! !1$: #3$

Using the same above values would yield
!C4 " 1542.93 nm as observed. The wavelength of the
two conjugates namely !C3 and !C4 will depend on the
wavelength spacing of the 1310 nm dual wavelength
fiber laser.

The converted signal is determined by the wave-
length signal at the 1310 nm region. For instance, if the
signal wavelength is 1316.75 nm (!1), the converted
signal, which has a dependence on the wavelength
spacing (!2 ! !1 " D!), and the pump spacing
(!P2 ! !2 " DP), which in this case are 0.72 and
224.74 nm, respectively, will be 1542.93 nm (!C4). This
is verified by the calculation below using Equation (4)

!1 % #DP% 2#D!$$ " !C4: #4$

Figure 6. The O-band spectrum: (a) before SOA;
(b) after SOA.

–70

–60

–50

–40

–30

–20

–10

0

10

Wavelength (nm)

O
ut

pu
t p

ow
er

 (d
B

m
) 1542.114nm, 3.397dBm

(a)

–100

–90

–80

–70

–60

–50

–40

–30

–20

1534 1536 1538 1540 1542 1544 1546 1548 1550

1530 1535 1540 1545 1550 1555

Wavelength (nm)

O
ut

pu
t p

ow
er

 (d
B

m
)

1542.21nm,   –30.13dBm

1541.49nm, –80.9dBm 1542.93nm,  –80dBm

lC4lC3

lp2

(b)

Figure 7. The C-band spectrum: (a) before SOA;
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However, when the signal wavelength is 1317.47 nm
(!2), the wavelength converter will be 1541.49 nm (!C3)
as calculated from the equation below

!2 ! "DP! 2"D!## $ !C3: "5#

The calculated value corresponds well to the measured
value as indicated in Figure 8. From these measure-
ments, we have demonstrated a generating FWM effect
from 1310 to 1550 nm with spacing of 224 nm for
wavelength conversion application. This is the first
demonstration of a large spacing down-conversion
using an SOA as a nonlinear medium.

There are two other important characteristics of a
wavelength converter namely the conversion efficiency,
", and signal-to-background ratio (SBR). The conver-
sion efficiency from the experimental result can be
calculated by using Equation (6)

" $ P! C3% P!1, "6#

and the value is %64.42 dB. This is a proof in the
theoretical estimation as proposed by Diez et al. [5],
which gives %63.3 dB of theoretical conversion effi-
ciency. Meanwhile, the SBR that has been obtained is
only 3.5 dB. This is due to the SBR of the probe lights
which are in the C-band region which has higher loss
degradation that is largely due to the high absorption
loss in 1310 nm SOA.

4. Conclusions

In this paper we present the first demonstration of
generating the FWM effect for downward wavelength
conversion from 1310 to 1550 nm with an SOA acting
as the nonlinear medium. The experimental setup uses
an AWG as a mechanism to generate multiple outputs
at 1310 nm, and the required wavelengths can be
selected using optical switch selectors. The two outputs
at 1310 nm then combine with the interacting CW
wavelength at 1550 nm to generate the downward
conversion. In this experiment we have demonstrated
the wavelength conversion from 1316.75 to 1542.93 nm
and from 1317.47 to 1541.49 nm. Other wavelength
values can be shifted accordingly with the same
amount of wavelength spacing. The signal wavelength
can be selected using the combination of an AWG and
an optical switch system. This is the first demonstra-
tion of wavelength conversion with a large spacing of
224 nm using a semiconductor optical amplifier at
1310 nm as the nonlinear optical medium.
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Synchronous tunable wavelength spacing dual-wavelength SOA fiber ring laser using
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A Dual-Wavelength Semiconductor Optical Amplifier (DW-SOA) based fiber ring laser with synchronous
wavelength tunability is proposed and experimentally demonstrated. The SOA gain medium strongly sup-
presses mode competition, thus allowing stable dual-wavelength laser oscillation. The wavelength spacing
of the two lasers can be tuned synchronously using a modified hybrid-tuning package incorporating a pair
of Fiber Bragg Gratings (FBGs). The DW-SOA demonstrates a laser output with a wavelength spacing of be-
tween 0.10 and 8.30 nm (wavelength shift inequality of 0.08 to 0.75 nm). The relationship between the ap-
plied strain and wavelength shift of the two tuning modes is also analyzed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the first tunable Fiber Bragg Grating (FBG) using mechanical
stress was demonstrated [1], the tunability of FBG has seen a tremen-
dous amount of applications in various fields, including potential ap-
plications in tunable fiber laser sources, fiber sensors, and
Wavelength Division Multiplexing (WDM) optical communication
systems [2–4]. Recently, Single-Longitudinal Mode (SLM) fiber lasers
capable of generating dual wavelength outputs with tunable wave-
length spacing have attracted considerable interest in research and
development, especially for the photonics generation of microwave
signals [5]. Numerous efforts in developing tunable dual-
wavelength fiber lasers have been proposed and demonstrated
[5–11], and these systems are able to generate a dual-wavelength
output with channel spacings of as narrow as 27 pm [9] to as wide
as 15 nm [10]. The use of separate FBGs to generate a dual-
wavelength SLM output from a fiber laser has also been demonstrated
[11], with the output having tunable wavelength spacing between 0.1
and 1.3 nm.

While the progress into dual-wavelength fiber lasers is substan-
tial, issues on the stability and power of the dual-wavelength output
still arise. Typically, most fiber lasers utilize Erbium Doped Fibers
(EDFs) as the gain medium; primarily because it is a well-known
technology that is highly compatible with current fiber optic systems
and also inexpensive. However, EDFs suffer from homogeneous line
broadening and cross-gain saturation that in turn leads to mode com-
petition and subsequently prevents the generation of the dual-
wavelength output. In this regard, efforts have now focused on Semi-
conductor Optical Amplifiers (SOAs) as the gain medium due to its

inhomogeneous broadening effect that eliminates the problem of
mode competition [5,8]. Consequently, it is a more desirable candi-
date than the EDF for the generation of stable dual-wavelength out-
put from fiber lasers.

In this paper, we propose and demonstrate a dual-wavelength
SOA based fiber laser with the capability to conduct synchronous tun-
ing of the channel spacing. The proposed system utilizes an SOA as
the gain medium and a pair of FBGs to provide tunability in the chan-
nel spacing. The wavelength spacing can be tuned synchronously
from 0.10 nm to 8.30 nm (with a wavelength shift inequality of 0.08
to 0.75 nm) and produces a stable dual-wavelength output. This sys-
tem has a significant potential in the photonic generation of micro-
wave signals in the 13 GHz to 1 THz frequency range.

2. Theory

The tuning of the channel spacing in this work is accomplished via
the application of strain to the FBGs based on a lateral bending beam
technique utilizing a hybrid material substrate [12]. The wavelength
shift due to the axial strain applied on the FBGs is given as [12]:

Δ! ! 1!ρe" #εz !B "1#

where ρe=0.22 is the photo-elastic coefficient, εz is the applied strain
in the z-direction and !B is the Bragg resonance wavelength. The two
FBGs are mounted on both sides of the hybrid material so that one ex-
periences compressive strain while the other experiences tensile
strain when mechanical bending is applied to the material (note
that the strains are experienced simultaneously, thus giving the syn-
chronous tuning capabilities). Fig. 1 shows illustration of the synchro-
nous FBG pair tuning setup.
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The induced strain !z,experienced by FBGs is estimated by the
strain–displacement equation [12], whereby:

!z R! " # $ d
R

!2"

where R denotes the bending radius of the substrate. The measure-
ment of R is shown in Fig. 2(a). A reference point, A is chosen on
the neutral surface of the beam when it is in the idle position, and
the distance of A to a constant point, S is obtained. When stress is ap-
plied to the beam, the beam bends and A shifts to a new position A!.
The distance of A! to S is R, with !" being the sector angle. The positive
sign and negative sign indicate the tensile and compressive modes re-
spectively. The d factor of the hybrid substrate can be approximated
as [12]:

d # tl %
Eht

2
h!Elt

2
l

2 Ehth % Eltl! "
!3"

where El and Eh are the Young's modulus of the Perspex and spring
steel respectively. In this case, El=3.2 GPa, Eh=200GPa,
tl=3 mm and th=1 mm. The relationship between the wave-
length shift of FBG and the bending radius of the hybrid material is
calculated from Eqs. (1) and (2). With the value of d defined in
Eq. (3), the relation produces the result as shown in Fig. 2(b).

Using the proposed configuration, the dual-wavelength output of
the SOA-based fiber laser can be tuned in such a way that both chan-
nels experience equal shift in the wavelengths in opposite directions,
therefore increasing or decreasing the channel spacing as needed.

3. Experimental setup

Fig. 3 shows the experimental setup of the proposed SOA based
fiber laser. The proposed laser utilizes an SOA as the gain medium

and two Apodized Fiber Bragg Gratings (AFBGs), designated AFBG1
and AFBG2 in Fig. 3 to provide the synchronous tuning capability.
The 3-dB bandwidth, reflectivity and center wavelength of AFBG1
and AFBG2 are 0.158 nm, 60%, 1550.920 nm and 0.154 nm, 55%,
1550.950 nm respectively. The two AFBGs are mounted on both
sides of the hybrid material using an adhesive glue which is UV
cured for 10 min followed by heat treatment in an oven for 12 h at
50 °C to ensure that the glue sets and properly secures the AFBGs to
the hybrid material.

The SOA is driven at a current of 350 mA to achieve maximum sig-
nal amplification. An Optical Isolator (ISO) is placed before the SOA to
ensure unidirectional propagation of light in the ring configuration,
while a Polarization Controller (PC) is used to align the polarization
state of the light after passing through the SOA. The output power is
extracted using a 90:10 Optical Coupler (OC), with 10% being taken
as the output power for further analysis. The laser output is analyzed
using an Optical Spectrum Analyzer (OSA) with a resolution of
0.02 nm. A circulator is also used to route the reflected signals from

Fig. 1. Schematic of the (a) hybrid material with both sides mounted by FBG and (b) FBGs under mechanical bending.

Fig. 2. (a) Measurement of R, and (b) the theoretical analysis of wavelength shift against bending radius for single-material (solid line) and hybrid material (dotted-line). The pos-
itive wavelength shift accounts for the tensile mode while the negative value accounts for the compression mode.

Fig. 3. Schematic of the proposed dual-wavelength SOA fiber ring laser with synchro-
nous wavelength tuning capabilities.
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the AFBGs back into the ring lasing. At port 2 of the optical circulator,
the optical signal is equally split by a 3-dB optical coupler and
reflected by the two AFBGs. When mechanical stress is applied to
the hybrid material, AFBG1 experiences compressive strain while
AFBG2 experiences tensile strain which lead to the blue (shorter
wavelength) and red (longer wavelength) shifts of the Bragg wave-
length respectively. A Variable Attenuator (VA) is inserted between
the 3-dB optical coupler and AFBG1 to compensate for the difference
in reflectivity between the two AFBGs. All free terminations of
the system are immersed in index-matching gel to minimize back
reflections.

4. Experimental results and discussion

Fig. 4 shows the synchronous tuning of the dual-wavelength out-
put in the proposed fiber laser when a bending moment is applied
at both ends of the material. By applying displacement to the z-axis
of the hybrid material via a gear mechanism, various channel spacings
are realized from the dual-wavelength fiber ring laser as the
Bragg wavelengths of both AFBGs are observed to shift in opposite
directions (depending on whether a tensile or compression strain is
applied), thus increasing or decreasing the wavelength spacing
between them.

Fig. 4. Synchronous wavelength tuning of dual-wavelength SOA based fiber laser with wavelength spacing of (a) 0.10 nm (b) 1.92 nm (c) 2.90 nm (d) 3.66 nm and (e) 8.30 nm.
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From Fig. 4(b) to (e), it can be seen that the shift of the wave-
lengths in both directions agrees as described by the theory, however
this shift is not at a magnitude as predicted by the theoretical analy-
sis. This is attributed to the difference in the extension and compres-
sion strength that the silica glass is capable of sustaining. The
wavelength shift of the two AFBGs in opposite directions is not the
same. For instance, as shown in Fig. 4(c), the shift toward the left is
1.50 nm whereas the shift toward the right is only 1.40 nm. This
gives a ‘wavelength shift inequality’ of about 0.10 nm. In the case of
Fig. 4(a), the shift is similar for AFBGs, having a value of about
0.05 nm in opposite directions with an applied strain of ±0.004%.
There is a possibility that this shift may not be symmetrical as can
be inferred from Fig. 4(b) to (e). It may look similar which could be
due to the limited resolution of the OSA.

Fig. 5 shows the relationship between wavelength shift inequality
against applied strain when the modified hybrid tuning package
which consist of two FBGs is subjected to applied force. One of the
FBGs will experience tensile stress, and the other compression stress.

Fig. 5 shows a linear relationship between the wavelength shift in-
equality and the applied strain, with a gradient of 2.3 obtained when
a trend line is fitted to the graph. This indicates that the wavelength
shift inequality approximately doubles as the applied strain is in-
creased. However, above an applied strain of about 0.29%, the FBG be-
comes deformed, and thus the relationship is no longer linear and
instead begins to plateau off. The uncertainty of the coefficient for
the linear fit of the curve is about 0.45 nm/%.

Fig. 6(a) presents a 3-D scan of the dual-wavelength SOA based
fiber ring laser with a wavelength separation of 0.10 nm over a period
of 30 min, which indicates its stability with time.

It can be seen that there is a slight fluctuation as observed in both
of the laser peaks. The maximum peak power fluctuations are about
1.00 db for both of the lasing peaks. Fig. 6(b) provides a better

representation of the peak power fluctuations over time. One of the
ways to increase the stability of the dual-wavelength output is to iso-
late the setup from external vibrations and to operate in a constant
temperature environment. Another approach is to have fine adjust-
ments of the PC. The measurement of other dual-wavelength outputs
with wider separations also shows a better stability, which is normal-
ly the case.

Fig. 7 shows the variation of the 10 dB spectral bandwidth for dif-
ferent wavelength spacings against the wavelength shift inequality.

As can be seen from the figure, the measured 10 dB linewidth of
the two lasers outputs remains less than 0.05 nm for a wavelength
shift inequality range from 0.08 until about 0.75 nm, which corre-
sponds to the spacing of the two wavelengths from 0.10 to 8.30 nm.
The term ‘wavelength shift inequality’ has been explained earlier.

5. Conclusion

In this work, we propose and demonstrate a dual-wavelength
fiber laser utilizing an SOA as a gain medium and with the ability to
adjust the channel spacing by the synchronous tuning of the two
laser wavelengths. The proposed fiber laser has a tuning range of
0.10–8.30 nm (wavelength shift inequality from 0.08 to 0.75 nm)
and the SOA gain medium suppresses the high mode competitions
to provide a stable dual-wavelength laser output. A pair of FBGs is in-
corporated onto a modified tuning mechanism to perform synchro-
nous wavelength spacing tuning, where wavelength shifts in
opposite direction are carried out simultaneously. The relationship
between the applied strain and difference in wavelength shift is
formalized.

Fig. 5. Wavelength shift inequality (nm) against applied strain (%).

Fig. 6. (a) 3-D scan of dual-wavelength output from the proposed fiber ring laser with wavelength spacing of 0.1 nm and (b) Power variations of two lasing peaks over a period of
30 min.

Fig. 7. Variations of 10-dB bandwidth of the dual-wavelength SOA based fiber ring laser
against the wavelength spacing. Left lasing peak (dotted-line), right lasing peak (solid-
line).
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a b s t r a c t

In this paper, we propose and demonstrated a dual wavelength fiber laser (DWFL) based on the use of an
erbium doped fiber (EDF) gain medium as well as an 1 ! 24 Arrayed Waveguide Grating (AWG) together
with two optical channel selectors (OCS) to provide channel spacing tunability. The output power of the
two wavelengths is equalized by controlling the cavity loss in the DWFL using two Programmable Optical
Attenuators (POAs). The widest spacing obtained from the DWFL is 18.13 nm while the narrowest spacing
is 0.8 nm. The DWFL has good stability with only minor power fluctuations of less than 1.5 dB and a Side
Mode Suppression Ratio (SMSR) of approximately 69.1 dB with peak fluctuations of less than 2.3 dB.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

Multi-Wavelength Fiber Lasers (MWFLs) and Switchable Wave-
length Fibre Lasers (SWFLs) are fast becoming widely popular
choices for replacing conventional single wavelength laser diodes
in a multitude of applications. As a result of their compact size
and their good cost-per-wavelength ratio, MWFLs and SWFLs have
many potential applications in Dense Wavelength Division
Multiplexing (DWDM) [1,2], optical sensing [3] and also optical
spectroscopy [4]. Recently however, there has been increased focus
on the development of dual wavelength laser sources (DWFLs),
especially DWFLs with tunable channel spacing. DWFLs are essen-
tially modified SWFL systems with a high potential for generating
Terahertz radiation from the reaction of the dual wavelength
output with an external crystal. Terahertz radiation has a wide
number of applications, most notable in new industrial process
quality controls and for security monitoring applications [5].

A key concern in the development of DWFLs, and for that matter
MWFLs would be the issue of homogenous broadening in the gain
medium. Most MWFL configurations employ the Erbium Doped
Fibre (EDF) as a linear gain medium. However, the EDF suffers from
a homogeneous broadening effect at room temperature, leading
strong mode competition and wavelength suppression as well as
a loss of stability in the output power level. Many techniques have
been put forward to overcome this problem, including cooling the
EDF in liquid nitrogen [6] or using specialized twin-core EDFs [7],
or even by utilising spatial mode-beating techniques in multimode

fibers [8]. However, these methods are complex and not suitable
for practical applications. On the other hand, a gain medium with
an inhomogeneous broadening characteristic can be employed,
such as the Semiconductor Optical Amplifier (SOA) [9].

Currently, the challenge in developing DWFL systems is in pro-
viding tunability characteristics to the DWFL. In this sense, the
channel spacing between the two lasing wavelengths can be con-
trolled, as well as the wavelengths themselves. Various methods
have been put forward to realize tunabilty such as using FBGs
[9], polarization dependent loss elements [10] and other similar
methods. The FBG is typically the preferred choice for enabling
wavelength tunability, but because it is sensitive to temperature
changes it has the tendency to be affected by perturbations by
the external temperature, thus affecting the wavelength stability
of FBG. Therefore, an alternative method should be found to
provide easy channel spacing tunability while at the same time is
more stable and not affected by variations in the external
temperature.

In this paper we propose and demonstrate a very stable DWFL
using a 1 ! 24 (1 input channel to 24 output channels) Arrayed
Waveguide Grating (AWG) located in an Erbium Doped Fibre Laser
(EDFL) in a ring cavity. The system uses two optical channel selec-
tor (OCS) to provide the tuning capabilities of the DWFL, and the
DWFL output wavelengths can be tuned between a spacing range
of 18.1 nm (widest) to 0.8 nm (narrowest) with the output power
in the region of 0 dB m. One of the issues that arise in the genera-
tion of dual wavelengths in an erbium gain medium is the suppres-
sion of one of the wavelengths as a result of the homogeneous
broadening in the gain medium. In our system, we are able to
generate a stable dual wavelength output by controlling the
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attenuation of the cavity as to provide a preferred condition for
generating a dual wavelength output and also to provide tunability
through the adjustment of the spacing between the two wave-
lengths in order to act as a possible source for the applications as
stated earlier.

2. Experimental setup

The proposed experiment setup is shown in Fig. 1 below:
The proposed setup consists of two ring cavities labeled as Cav-

ity A (upper cavity) and Cavity B (lower cavity). These two cavities
share the same gain medium, which is the 14 m long EDF as shown
in Fig. 1. The 14 m long EDF has an absorption rate of approxi-
mately 4.5 dB/m at 980 nm and is pumped with a 980 nm laser
diode at 80 mW via a 980/1550 Wavelength Selective Coupler
(WSC). The output end of the EDF is them connected to the single
input of the 1 ! 24 AWG. The output of the AWG is divided into

Fig. 1. The experimental setup for tunable dual wavelength fiber laser.

Fig. 2. The performance of dual wavelength fiber laser with different POAB attenuations value: (a) 0 dB, (b) 3.2 dB, (c) 3.5 dB and (d) 4.05 dB.
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two cavities; Cavity A, which consist of the AWG output channels
1–12 are connected to the input of the first optical channel selector
(OCS), designated as OCSA in Fig. 1. The second cavity, B, consists of
the AWG output channels 13–24 and is connected to the input of
the second OCS, designated OCSB in Fig. 1. The OCS used in this

setup is a 2 ! 16 motor driven optical switch with maximum
switching time of 500 ms between each subsequent channel.
However there are market available switches that are inexpensive
and with faster switching times that can be used instead. The
outputs of both OCS units are connected to Programmable Optical

Fig. 4. The tuning spectrum for all the tuning spacing from the widest (18.13 nm) to the narrowest spacing (0.8 nm).

Fig. 5. The stability of dual wavelength fiber laser: (a) widest spacing and (b) narrowest spacing.
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Attenuators (POAs), with the output of OCSA connected to the POA
designated POAA in Fig. 1 and the output of OCSB connected to the
POA designated as POAB in Fig. 1. The POAs serve a crucial func-
tion, which is to adjust the loss factor in each cavity so as to equal-
ize the peak outputs generated. The output end of the POAA and
POAB are connected to a 2 ! 2 3 dB coupler as shown in Fig. 1.
Leg 3 of the 3 dB coupler is connected to an optical isolator to force
unidirectional propagation of the wavelengths in both cavities. Leg
4 on the other hand is connected to an Optical Spectrum Analyzer
(OSA) for analysis of the output.

The process of generating the dual wavelengths output using
the proposed DWFL is as follows: the first peak is selected by
selecting the desired channel on OCSA (e.g. channel 1, correspond-
ing to a wavelength of 1530.48 nm for this setup) to allow the se-
lected wavelength to propagate in the Cavity A. This wavelength is
then amplified by the shared EDFA in the setup. A similar process is
repeated in Cavity B by selecting the desired channel on OCSB (e.g.
channel 24, corresponding to a wavelength of 1548.61 nm in this
setup). These two wavelengths will recombine at the 2 ! 2 3 dB
coupler, with half of the output power returned to the laser cavity
to continue the oscillation and lasing process while the remaining
half output power directed to the OSA for measurement and anal-
ysis. The 1 ! 24 AWG used in this experiment has a 100 GHz chan-
nel spacing with a channel wavelength range from 1530.4 to
1548.61 nm with heater attached to control the temperature, while
the OSA resolution is set to 0.05 nm for clarity in the analysis.

3. Result and discussion

Fig. 2 shows the performance of the dual wavelength ring fiber
laser with output wavelength selected by the OCS A and OCS B.

As explained in the previous sections, when both the attenua-
tion of POA A and POA B are at zero value, the output spectrum
of the fiber laser is shown in Fig. 2a. The output wavelength A at
1530.48 nm has an output power of "60.44 dB m while wave-
length B at 1548.61 nm has an output power of 0.91 dB m which
can be selected from channel 1 through channel 24 of the AWG.
The difference in the output power is due to the insertion loss of
the AWG which varies with the different channels and also the gain
spectrum of the erbium doped fiber (EDF). The higher peak power

observed at 1548.61 nm is due largely to the suppression of the
output wavelength A which results from the homogenous broad-
ening effect in the EDF (in this situation output wavelength B hap-
pen to be the more dominant wavelength). The oscillation at
1548.61 nm will extract more energy from the population inver-
sion of the EDF, thus depriving the energy for the output at
1530.48 nm. As the attenuation of POA B is increased to 3.2 dB,
the peak power of output wavelength A increases to "50.9 dB m,
while the power of output wavelength B decreases slightly to
"0.66 dB m. Further increases in the attenuation to 4.05 dB will re-
sult in a situation whereby the output power of both wavelengths
are at approximately the same power level, i.e. "2.69 dBm for out-
put wavelength A and "3.26 dBm for output wavelength B.
Although there is a slight difference in the two outputs of less than
1 dB, this can be eliminated by refined adjustments of POA B.

The tunability and spacing between the two wavelengths can be
adjusted by changing the channels of OCSA and OCSB. Fig. 3 shows
the channel spacing of the proposed DWFL by selecting the differ-
ent channels of OCSA and OCSB. It can be seen that the widest and
narrowest channel spacing obtained is approximately 18.13 and
0.8 nm as shown in Fig. 3a and f. Other channel spacings can be
tuned from the DWFL and this shown in Fig. 3b–e with spacing
of 14.97, 11.81, 8.68 and 5.52 nm peak. The measured output peak
power of the dual wavelengths output is about 0 dBm as in the
figure.

Fig. 4 shows the various obtainable spacing for the DWFL in a
3-D presentation for further clarity. It can be seen again that the
output spectrum has stable power even as the channel spacing is
changed.

Fig. 5a and b shows the output stability of the DWFL against
time. Fig. 5a shows the output power and wavelength stability for
the widest spacing of 18.13 nm (taken from channel 1 at
1530.48 nm to channel 24 at 1548.61 nm) at 5 min intervals over
a total period of more than 1 h. Fig. 5b shows a similar measure-
ment for the narrowest spacing of 0.8 nm between (taken from
channel 11 at 1539.11 nm to channel 12 at 1539.91 nm). It can be
seen from both Fig. 5a and b that the channels power does not vary
significantly, thus providing a stable output from the DWFL.

The stability of the DWFL is also analyzed by interpreting its
Side Mode Suppression Ratio (SMSR) and output peak power.
Fig. 6 shows the SMSR for all 24 channels of the AWG that was ob-
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tained from the DWFL setup. The SMSR for all of the wavelengths
show only small fluctuations, with fluctuations of less than
2.3 dB while the output peak power also shows a similar degree
of fluctuation, at approximately 1.5 dBm.

It can be observed that the SMSR trend follows that of the same
shape as that of the output peak power trend. This is important as
the SMSR is dependent on the peak power of the DWFL, and from
Fig. 6 the similar trends show that the DWFL is stable and thus can
be used for applications that require a stable dual wavelengths.

4. Conclusion

We propose and demonstrate a DWFL using an EDF as a linear
gain medium and an AWG in combination with two OCSs to pro-
vide channel spacing tunability. The output power of the DWFL
is equalized by controlling the cavity loss in the DWFL with two
POAs. The widest spacing obtained from the DWFL is 18.13 nm
from channel 1 at 1530.48 nm to channel 24 at 1548.61 nm while
the narrowest spacing was obtained at approximately 0.8 nm from
channel 11 at 1539.11 nm to channel 12 at 1539.91 nm. The DWFL
shows good stability and repeatability after more than an hour of

operation with only minor power fluctuations of less than 1.5 dB
for all channels. The SMSR of the DWFL is approximately 69.1 dB
with fluctuations of less than 2.3 dB, indicating good stability for
numerous applications. The advantage of this system is its ability
to generate a equal powered and stable dual wavelength output
from a homogenously broadened gain medium by carefully con-
trolling the cavity losses in the setup.
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1 INTRODUCTION

High power fiber lasers have attracted much atten!
tion due to their applications in Dense Wavelength
Division Multiplexing System (DWDM), cutting,
drilling and welding [1, 2] for material processing,
gravitational wave detection [3, 4] and also marking.
Even though applications in the communication sys!
tems involve high power fiber lasers, they are however,
not as high powered and are just enough for signal
transfers of less than several watts. Several different
methods have been used to generate high power fiber
lasers such as by using a cladding pumping in Ytter!
bium, but even though they produced a few hundred
until thousands of miliwatts of output power which are
quite high, the amplification range is only in the
1060 nm region [5–7]. To shift this gain region to a
higher wavelength of about 1550 nm region, which is
the region that is gaining a lot of interests due to the
infrared eye!safe wavelength laser source with high
manipulation for use in the communication systems,
co!doped fibers called Ytterbium–Erbium doped
fibers are used [8–11] with Ytterbium as a pump
absorber that transfers energy non!radiatively to
Erbium ion. Here the amplification in 1550 nm range
is improved by having higher inversion in this region
[12]. Due to problems faced in normal silica!based
Erbium!doped fibers, high output power fiber lasers
cannot be realized. However, there has been a remark!
able growth in the use of optical fiber for communica!
tion systems especially in providing more efficient
laser diode pumps for use in Erbium!doped Fiber
Amplifier (EDFA). There are also more devices to
provide higher efficiency in amplification including
high pump power laser diodes [13, 14] (more specifi!
cally for 980 and 1480 nm laser diode pumps) and effi!

1 The article is published in the original.

ciently coupled pump combiner of certain particular
wavelength. Due to this significant improvement, the
use of a normal EDF for high power application can
now be realized.

A switchable high power fiber laser also has an
added advantage due to the selectable wavelength
choices. Even though there have been a lot of
researches done in tunable fiber lasers [15–20], most
of them operate within a low power regime with just a
few providing high power switchable fiber lasers [21].
In this paper, we propose a new design of a high power
switchable fiber laser using a seeding signal and
booster amplifier to provide 20–21 dBm output power
by using an AWG and Optical Switch (OS) as a selec!
tive element.

EXPERIMENTAL SETUP

Figure 1 illustrates the experimental setup of the
high power tunable fiber laser (HP!TFL). It consists of
two sections, Sections 1 and 2. Section 1 acts as the
seeding signal which serves as an input power for fur!
ther amplification at booster amplifier in Section 2.
The seeding signal uses a 5 m Metrogain Erbium!
doped Fiber (EDF) with absorption coefficients of
11.9 dB/m at 979 nm and 16.4 dB/m at 1531 nm as a
gain medium. A 980 nm laser diode with 110 mW
pump power is connected to the EDF via a 1550/980
wavelength division multiplexer (WDM) coupler. The
propagation of 980 nm pump light through WDM
coupler to the EDF creates an Amplified Spontaneous
Emission (ASE) which then circulates inside the cav!
ity in a clockwise direction. This ASE is then filtered
when it enters an Arrayed Waveguide Grating (AWG)
which works as a multiplexer that slices the ASE
source into 16 different channels in the C!band
region. The AWG has been optimized for use in the C!
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band region with 100 GHz narrow band transmission
that equals 0.8 nm of interval spacing (from two adja!
cent channels). There are 16 lasing wavelengths that
begin from channel 1 (1536.7 nm) and end at channel
16 (1548.6 nm). The 16 ports of the AWG are con!
nected to the 2 ! 16 OS which is used to select only one
wavelength at a time. This optical switch is a commer!
cial unit for switching in the 1550 nm region with
500 ms switching time between two adjacent channels.
As such, the AWG and the OS work together as a wave!
length selector inside the cavity. The output of the OS
is then connected to the 10 dB coupler with 10% being
connected to the output port and 90% of its port works
to provide feedback for the laser by connecting it to the
1550 nm input port of the WDM coupler. An isolator
is inserted between the 10 dB coupler and the WDM
coupler to ensure a unidirectional propagation of the
laser inside the cavity and also to enhance the Side
Mode Suppression Ratio (SMSR) by compressing the
backward ASE for full optimization of the seeding sig!
nal output power.

Section 2 of the setup acts as a booster amplifier
and it comprises of the 980/1550 WDM couplers, an
EDF and an isolator. In this section, the 980 nm laser
diode is combined by using a pump combiner with a
total pump power of 430 mW. This pump is connected
to the second EDF via the WDM coupler. 11 m
Metrogain EDF is connected to the isolator to opti!
mize the amplification. At the end of this section,
980/1550 nm WDM coupler is inserted to ensure only
C!band light source comes out from the output before
being connected to the analyzer without the excess
pump from the 980 nm source.

RESULTS AND DISCUSSION

Figure 2 shows the ASE of the booster amplifier
with 430 mW of pump power that is pumped longitu!
dinally to 11 m of EDF through the WDM when the
seeding signal is unconnected from it. As seen in pre!
vious studies carried out during the year 2000 [22, 23],
the longer the length of EDF used, the peak power of
the ASE shifts towards longer wavelength. Based on
this fact and the ASE spectrum result that we have, the
most suitable high power fiber laser is in the 1560 nm
region. And also, due to the high ASE level when using
OSA measurement that is higher than –20 dBm at
1560 nm and –35 dBm at 1530 nm, this amplifier is
capable of generating an output power fiber laser also
in the 1550 nm region. The 3 dB bandwidth of this
amplifier is about 11.4 nm which is quite broad. How!
ever, due to the AWG used in this setup which is fabri!
cated to be used for the C!band region, that is from
1536.7 to 1548.6 nm, only 16 different wavelengths
can be produced with 12 nm of tuning range as
depicted in Fig. 3a. Conversely, if a wide tuning range
of AWG, such as a 1 ! 40 channels is used, a broader
tuning range that includes the C and L regions can be
realized, provided the seeding signal also has to pro!
duce the output fiber lasers at this particular wave!
length.

To observe the output spectrum, measurement is
first taken using an optical spectrum analyzer (OSA)
and the result is as depicted in Fig. 3a. 16 different
wavelengths are obtained by using the proposed setup
with an almost flat output power from 1536.7 to
1548.6 nm (12 nm of tuning range). There is 0.8 nm of
equal space difference of the AWG that equals
100 GHz tuning step with no distortion on the spec!

5 m (metrogain)
EDF

980/1550 nm
WDM

980 nm laser
diode Isolator

1 ! 16
AWG Optical
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Fig. 1. Experimental setup.
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trum. As can be seen in the figure, the ASE level is low
compared to the output, and this is due to the high
compression in the seeding signal. However, the ASE
still appears because this type of emission still present
in a booster optical amplifier (Section 2) and this can
be seen from the measurement using an OSA. As 11 m
of EDF is used with a high pump power the results are
expected to have the ASE centered at the 1560 nm
region. Due to this, it can be seen that the shorter the
wavelength the higher the ASE level that is created.
This contributes to a smaller difference between the
peak power and the noise level.

Figure 3b shows measurements taken using an
optical power meter (OPM). The average output
power is 20.74 dBm with 0.64 dB maximum differ!
ence. The output power increases slightly with an
increase in wavelengths and this is due to the power
variation which is inherent in wavelength!dependence
gain of the EDF. As can be seen, the output power
measured by using an OPM is slightly different com!
pared to the one measured by using an OSA due to the
different measurement methods of these two devices
and it is well accepted that the value given by the OPM
is more precise since measurement using OSA is influ!
enced by its resolution and span at the moment the
measurement is taken. This fact is confirmed by the
measurement taken with the same input power of the
OSA that is 5.5 dBm from a small laser source with dif!
ferent wavelengths of 10, 30, and 100 nm. As in the
graph, the lower the span range the more accurate is
the data obtained as results show a drop of about
2.5 dB for measurements with 30 and 100 nm com!
pared to 10 nm of span as in Fig. 3c.

Figure 4 shows the SMSR measurements taken of
the 16 wavelengths with an average value of 59.25 dB.
The maximum difference is 2.82 dB, with the highest

value obtained at channel 15 with 60.78 dB of SMSR
and the smallest comes from channel 6 with 57.96 dB
of SMSR. As is shown in the graph, the laser is stable
in terms of SMSR due to the large difference between
the output peak power and the ASE level of the laser
with the SMSR being higher than 55 dB for each of the
laser outputs. By moving towards longer wavelengths,
the SMSR gets higher due to the output power gain
dependence which is higher at longer wavelengths. As
a matter of fact, longer lengths of EDF will shift the
ASE towards longer wavelengths. The output power in
L!band region can also be produced by using an AWG
that is fabricated to select the wavelengths in this band.

Figure 5 shows the gain of the booster amplifier
with the average input signal power of –3.65 dBm. The
average gain of the booster amplifier is 25 dBm. The
gain variance is ±0.6 dB with large decrement comes
from channel 8 (1542.3 nm) with 23.75 dB gain, which
is 1.25 dB drops from the average value. This lower
gain is due to a higher connection loss at this channel
port compares to the others. High value of SMSR as
depicted in Fig. 4 is due to a high compression of ASE
from the booster amplifier with 24.9 dB gain.

Figure 6 shows the stability performance of two
wavelengths taken of the shortest and the longest
wavelengths from channel 1 and channel 16 respec!
tively, over 60 min operation time. As can be seen, the
output powers for these two wavelengths are stable
with 20.19 and 20.83 dBm average output powers at
channel 1 and channel 16, respectively. The maximum
differences of these two channels are 0.18 dB for chan!
nel 1 and 0.12 dB for channel 16. The graph also shows
that the output power of channel 16 is a little bit higher
than that of channel 1 which is due to the wavelength!
dependence gain coming from the booster amplifier
which has a higher gain spectrum at a longer wave!
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Fig. 2. ASE output power from booster amplifier (Section 2).
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length. The maximum differences of the output pow!
ers are 0.18 and 0.12 dB for channels 1 and 16, respec!
tively. The output power variances are ±0.09 dB (chan!
nel 1) and ±0.06 dB (channel 16) which are less than

0.1 dB. The proposed setup thus provides a stable and
a reliable mechanism that is capable of producing sta!
ble output power with very small variation over the one
hour period.
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Figure 7 shows the value of the Full Width at Half
Maximum (FWHM) of each output laser with an aver!
age value of 0.026 nm. The variance FWHM is
±0.01 nm indicating that the FWHM is quite constant
and stable. The FWHM of this output laser is also very
small, suitable for use in the 0.8 nm interchannel spac!
ing of DWDM systems. With efficient and consistent
value of FWHM locked by the 0.8 nm bandwidth of
AWG, and with sufficient pump power, the system is
capable of producing a stable and a constant HP!TFL.

CONCLUSIONS

A tunable high output power fiber laser is demon!
strated with an average output power of 20.74 dBm.
The selectable output wavelength element consists of
AWG and OS with 16 different wavelength choices
starting from 1536.7 to 1548.6 nm with 12 nm of wave!
length tuning which qualified the ITU grid standard.
This tunable high power fiber laser is achievable due to
its high stability over an hour of operation time with
output power variances of ±0.06 dB taken from chan!

nel 16 and ±0.09 dB taken from channel 1. The SMSR
versus wavelengths curve also shows good quality
results with an average value of 59.25 dB with all of
them having SMSR values higher than 56 dB which is
the required value for a stable output power fiber laser.
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