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Editorial
In this fourth issue and second volume of the Journal, an attempt is made to introduce the thematic issue of photonics. The 

term describes the ‘combination of light technologies and electronics in telecommunication’ which now can be defined ‘as 
the field in science, medicine and technology investigating and using laser light’. 

ASM Science Journal is mainly a multi-disciplinary one but periodically, adhering to the aims and objectives, a collection 
of articles devoted to a single subject area is deemed fit to be published. This is to address current impending issues and 
the demands cum needs of the scientific community and society pertaining to a specific area of a scientific discipline. The 
next thematic issue will be on Antarctic research.

The Editorial Board is grateful to the guest editor, Prof Harith Ahmad of University of Malaya and his committee comprising 
experts in the area of photonics who selected, reviewed and approved nine research articles (pp. 107–168), covering a 

myriad of topics on tuning range characteristics, multiwavelength fiber laser, design of variable gain-flattened EDFA, 
wideband double-pass Raman fiber amplifier, chromatic dispersion measurement technique,  the effect of fiber length on 
SNR in laser linewidth measurement, fabrication tolerance, loss analysis, grating waveguide, polarisation splitter, resonant 
tunnelling,  Er-Yb co-doped phosphate DFB laser, optical code generating device and erbium/ytterbium co-doped fiber 
amplifier, etc. 

To complement the R&D articles on photonics, a topic on science forum (pp. 169–182) which describes laser research at 
the University of Technology  Malaysia, addressing the broad field of spectrum from laser materials, electronic devices 
and laser application was also included.

Prof  Md. Ikram Mohd Said
Editor-in-Chief/Chairman, Editorial Board  ASM Sc. J.

Cover:
Background is a portion of a map extracted from a figure 
(p. 173) showing numerical modeling of the computed 

tsunami amplitudes around the  globe after the 26 December 
2004 Indian Ocean Tsunami; in the centre of the concentric 
circle is the Deep Ocean Alerting and Reporting of Tsunami 
(DART) buoy’s main component and pressure transducer 
(p. 174); the section of the map in the lower sector of the figure 
shows the Sunda arc (p. 171), the area responsible for 80% of 

the tsunamis recorded in the Indian Ocean (Source: National 
Oceanic and Atmospheric Administration, US Department of 
Commerce)—all from the review article on Tsunami Warning 

Systems (pp. 169–177).

The rest of the gadgets shown are the laser head and flashlamp 
drive—the first laser developed solid state Nd:YAG at University 
Technology Malaysia (p. 180), and the Q-switched Nd:YAG laser 
system (p. 179)—from the article on Laser Research at the University 

of Technology Malaysia (pp. 179–182).
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The Academy of Sciences 
Malaysia (ASM)

The Academy of Sciences Malaysia (ASM) was established, 
under the Academy of Sciences Act 1994 which came into force 
on 1 February 1995, with the ultimate aim to pursue excellence 
in science. Thus the mission enshrined is to pursue, encourage 
and enhance excellence in the field of science, engineering and 
technology for the development of the nation and the benefit of 
mankind.

The functions of the Academy are as follows:

• To promote and foster the development of science, engineering 
and technology

• To provide a forum for the interchange of ideas among 
scientists, engineers and technologists

• To promote national awareness, understanding and appreciation 
of the role of science, engineering and technology in human 
progress

• To promote creativity among scientists, engineers and 
technologists

• To promote national self-reliance in the field of science, 
engineering and technology

• To act as a forum for maintaining awareness on the part of 
the Government of the significance of the role of science, 
engineering and technology in the development process of 
the nation and for bringing national development needs to 
the attention of the scientists, engineers and technologists

• To analyse particular national problems and identify where 
science, engineering and technology can contribute to their 
solution and accordingly to make recommendations to the 
Government

• To keep in touch with developments in science, engineering 
and technology and identify those developments which are 
relevant to national needs to bring such developments to 
the attention of the Government

• To prepare reports, papers or other documents relating to the 
national science, engineering and technology policy and 
make the necessary recommendations to the Government

• To initiate and sponsor multi-disciplinary studies related to 
and necessary for the better understanding of the social 
and economic implications of science, engineering and 
technology

• To encourage research and development and education and 
training of the appropriate scientific, engineering and 
technical man power

• To establish and maintain relations between the Academy and 
overseas bodies having the same or almost similar objectives 
in science, engineering and technology as the Academy

• To advise on matters related to science, engineering and 
technology as may be requested by the Government from time 
to time; and

• To carry out such other actions that are consistent with the 
1994 Academy of Sciences Act as may be required in order 
to facilitate the advancement of science, engineering and 
technology in Malaysia, and the well being and status of the 
Academy.

The Academy is governed by a Council. Various Working Committees 
and Task Forces are charged with developing strategies, plans and 
programmes in line with the Academy’s objectives and functions.

The functions of the Council are:

• To formulate policy relating to the functions of the Academy
• To administer the affairs of the Academy
• To appoint such officers or servants of the Academy as are 

necessary for the due administration of the Academy
• To supervise and control its officers and servants
• To administer the Fund; and
• To convene general meetings of the Academy to decide on 

matters which under this Act are required to be decided by the 
Academy.

The Academy has Fellows and Honorary Fellows. The Fellows 
comprise Foundation Fellows and Elected Fellows. The Academy 
Fellows are selected from the ranks of eminent Malaysian scientists, 
engineers and technocrats in the fields of medical sciences, 
engineering sciences, biological sciences, mathematical and physical 
sciences, chemical sciences, information technology and science and 
technology development and industry.

The Future

Creativity and innovation are recognised the world over as the key 
measure of the competitiveness of a nation. Within the context of 
K-Economy and the framework of National Innovation System (NIS), 
ASM will continue to spearhead efforts that will take innovation and 
creativity to new heights in the fields of sciences, engineering and 
technology and work towards making Malaysia an intellectual force 
to be reckoned with.

© Academy of Sciences Malaysia

All rights reserved. No part of this publication may be reproduced in any form or by any 
means without permission in writing from the Academy of Sciences Malaysia

The Editorial Board, in accepting contributions for publications, accepts no responsibility 
for the views expressed by authors

Published by the Academy of Sciences Malaysia
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Multiwavelength fibre laser sources operating on long-
wavelength band (L-band) have been viewed as a 
natural extension of the conventional band (C-band) 
multiwavelength fibre laser sources for increasing 
the overall capacity of the dense wavelength division 
multiplexing (DWDM) system. Several techniques have 
been reported to realize multi-wavelength oscillation on 
L-band (1570  nm – 1610 nm) (Kim et al. 2001; Mao & Lit 
2002). Up to seven channels with 3.2 nm spacing have been 
obtained on a ring cavity erbium doped fibre laser (EDFL) 
(Kim et al. 2001). A tunable Fabry-Perot etalon was used 
as the intracavity comb filter to achieve multiwavelength 
operation in L-band erbium-doped fibre (EDF) ring laser 
(Mao & Lit 2002). A maximum of six stable lines with a 
spacing of 1.3 nm in the wavelength range of 1590 nm 
were produced at room temperature. 

Recently fibre non-linearities have been proposed as 
one of the various techniques to realize multi-wavelength 
oscillation on L-band Brillouin-erbium fibre lasers 
(BEFLs) utilizing the non-linear Brillouin gain and linear 
EDF gain in a ring cavity (Harun et al. 2002a; Harun & 
Ahmad 2002; Harun et al. 2002b), and in a linear cavity 
BEFLs (Haddud et al. 2005). Threshold power for the first 
Stokes is about 33 mW and a laser comb of up to 20 lines 
including the anti-Stokes has been obtained with a 10 GHz 
line spacing (Harun et al. 2002a). A dual cavity BEFL that 
consists of two Erbium-doped ring cavity lasers that share 
a length of single-mode fibre (SMF) has been reported 

with 10 nm tuning range and the generation of 10 lines 
including the anti-Stokes line (Harun & Ahmad 2002b). 
Up to five BEFL lines have been obtained by recycling 
backward the C-band amplified spontaneous emission as 
the secondary pump source for the unpumped EDF (Harun  
et al. 2002b). A Fabry Pérot laser cavity that used a 50 m 
long EDF formed by fiber loop mirrors has been reported 
with 24 lines of Brillouin Stokes (Haddud et al. 2005). 
Using a high threshold power of 60 mW to get the first 
Stokes,  two 980 nm pump lasers were used to pump the 
EDF through two wavelength selective couplers (WSCs). 
That resulted an increase in the cost and maintenance of the 
laser source. L-band amplification in Erbium-doped fibre is 
conventionally lower compared to its conventional C-band 
amplification. Thus, the main challenge of generating 
cascaded Brillouin Stokes in the L-band using the nature 
of erbium amplification principles is to design an efficient 
laser resonator.

In this paper, we report a tuning range characterization 
of a linear cavity L-band multiwavelength BEFL source. 
The efficiency of generating multiple lines is attributed 
to the double-pass Stokes amplification in the EDF and 
bidirectional Stokes generation in the single mode fibre. 
The architecture uses a single EDF pump laser, short EDF 
length which exhibits a low threshold operation, a wide 
tuning range of about 11 nm and is able to produce up to 
28 stable output channels with an equal channel spacing of 
10.5 GHz. 

Tuning Range Characteristics of Linear  

Cavity L-band Multiwavelength  

Brillouin-erbium Fibre Laser

M.H. Al-Mansoori
1*, M. A. Mahdi

2
, S.J. Iqbal

2
 and M. K. Abdullah

2

In this paper, the tuning range characteristics of a multiwavelength L-band Brillouin-erbium fibre laser utilizing 
a linear cavity is described. The dependency of the Stokes signal tuning range on the laser’s pumping power 
and single mode fibre length is elaborated. The proposed laser configuration exhibited a wide tuning range of 
11 nm from 1599 nm to 1610 nm. The maximum number of 28 output channels with a spacing of 10.5 GHz 
was achieved by setting the Brillouin pump wavelength and power at 1603.1 nm and 1.1 mW, respectively. 
The wider tuning range and higher number of Brillouin Stokes contributed to the higher efficiency of double-
pass amplification in the erbium gain medium and also to the bidirectional generation of Brillouin Stokes in 
the single-mode fibre. 
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EXPERIMENTAL

The experimental set-up of the L-band multiwavelength 
Brillouin-erbium comb fibre laser is shown in Figure 1. In 
the scheme, the linear resonator consisted of two mirrors 
(M1 and M2) at both ends of the cavity, a 1480 nm-pump 
laser, a wavelength selective coupler (WSC) to multiplex 
the pump and signal lights, 12 m length of EDF and 6.7 
km of SMF-28 fibre placed between a 3-dB coupler and 
M1 to act as the Brillouin gain medium. The EDF was 
characterized by 900 p.p.m. of Er3+-ion concentration, an 
absorption coefficient of 19 dB/m at 1530 nm and a cut-off 
wavelength of around 1420 nm. The Brillouin pump (BP) 
was provided by an external-cavity tuneable laser source 
with a maximum power of 3.5 mW and a 100 nm tuning 
range from 1520 nm to 1620 nm.

The linear cavity operated as a bidirectional EDFL with 
oscillating modes at the EDF peak gain without BP injection. 
In order to create Brillouin Stokes, BP was injected through 
the 3-dB coupler into the SMF-28 fibre, which was down-
shifted by 0.088 nm from the BP wavelength. The first-
order Brillouin Stokes propagated in the opposite direction 
of the BP, passed into the EDF and was reinjected into the 
long SMF for double-pass amplification in each round trip. 
If the total gain generated was equal to the cavity loss, a 
laser oscillation formed between M1 and M2. The higher-
order Brillouin Stokes signals could be generated in both 
directions by the lower-order Brillouin Stokes signals that 
travelled along SMF-28 fibre two times in a round. This 
cascading of Brillouin Stokes generation continued until 
the total gain in the laser cavity was less than the cavity 
loss. The output of the system was taken at the output port 
of the 3-dB coupler as shown in Figure 1.

RESULTS AND DISCUSSIONS 

The intensity of the free-running cavity modes in the 
operation of Erbium-doped fiber laser is proportional to 
the increment of pump power into the EDF1480 nm pump 
laser. Figure 2 shows the free-running cavity modes at  
50 mW and 100 mW of 1480 nm pump power with no 
injected BP power. Increasing the EDF pump power 
would increase the oscillating intensity of the EDFL cavity 
modes. The Erbium gain could be shared to have both  
free-running cavity modes and Brillouin Stokes co-existing 
at the same time. However, the free-running cavity modes 
could be suppressed by increasing the BP power.
 

BEFL tuning range is defined as the generation of 
Brillouin Stokes in the absence of free-running EDFL 
cavity modes. Figure 3 shows the tuning characteristic of 
the Brillouin Stokes signals without any free-running EDFL 
cavity modes at 3.5 mW and 50 mW of BP power and 1480 
nm pump power, respectively. A tunable range of up to 11 
nm with a uniform generation of up to 11-Brillouin Stokes 
was obtained. By tuning the BP wavelength from 1599 to 
1610 nm, the Brillouin Stokes shifted simultaneously with 
respect to its BP wavelength.

The trend of the tuning range and the average number 
of output channels generated within the tuning range with 
1480 nm pump power is shown in Figure 4. At a fixed BP 
power of 3.5 mW, the tuning range decreased as the 1480 
nm pump power increased. The result obtained was very 
much within expectations since at a lower 1480 nm pump 
power, the mode competition between the EDFL cavity 
modes and Stokes signals could be reduced. Therefore, the 
system could be tuned wider if the 1480 nm pump power was 

-SMF 28
M1

ISO

3dB-
coupler

EDF
M2

Brillouin
pump

Output

ISO

1480 nm

Pump laser

WSC

Figure 1.  Experimental setup of L-band multiwavelength Brillouin-erbium comb fibre laser.
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Figure 3.  Tuning range characteristic of the Brillouin Stokes signals without any free-running EDFL cavity modes at 3.5 mW BP 
power and 1480 nm pump power set at 50 mW.
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maintained low enough to reduce this mode competition. 
On the other hand, the average number of output channels 
increased as the 1480 nm pump power increased at the 
expense of reduction on the tuning range. As can be seen in 
Figure 4, at a higher 1480 nm pump power of 150 mW, an 
average number of 24-channel output was generated over 
only a 5 nm tuning range.

The wide tuning range was achieved at the expense of 
reduction in the number of the Stokes signals generated. 
This reduction in the number of Stokes signals was due to 
the fact that the EDF gain was not high enough to produce 
cascaded Stokes signals at a low 1480 nm pump power. 
The Erbium gain thus enabled producing a higher number 
of Stokes signals at the expense of the tuning range. A 
study on the effect of SMF length on the tuning range 
and the average number of output channels generated 
within the tuning range was also carried out for the seven 
different lengths of SMF. Figure 5 shows the effects of 
SMF length on the BEFL tuning range and the average 
number of output channels. The result was again obtained 
at 3.5 mW and 50 mW of BP and 1480 nm pump powers, 
respectively. As depicted in Figure 5, the tuning range and 
the average number of output channels increased as the 
SMF length increased. The higher Brillouin gain provided 
by longer lengths of SMF allowed the SBS to take place at 
a wider spectral range. In addition, shorter lengths of SMF 
produced smaller Brillouin gain which in turn resulted in 

smaller spectral range for the Stokes signal as depicted in 
Figure 5.

In order to optimize the operation of BEFL in producing 
a maximum number of Brillouin Stokes, three parameters 
must be adjusted: BP power; BP wavelength and a  
1480 nm pump power. From previous works, the number  
of Brillouin Stokes can be increased by increasing the  
primary pump into the EDF (Harun et al. 2002a; Harun 
& Ahmad 2002; Harun et al. 2002b; Haddud et al. 2005). 
This was only true if the BEFL operation was within the  
tuning range whereby the free-running cavity modes were 
totally suppressed. Figure 6 elaborates the impact of the  
1480 nm pump power on the number of output channels 
generated at different BP wavelengths. A low threshold  
power of 22 mW from a 1480 nm pump laser was  
required to get the first Stokes at 1.5 mW BP power. As 
shown in Figure 6, at a fixed value of BP power of 1.5 
mW, an increase in the 1480 nm pump power above 
100 mW resulted in reduction of the number of output 
channels generated. This was due to the presence of 
free-running cavity modes that pulled the available  
energy in the laser cavity into their wavelengths since  
their gain was higher than the BP region. In the  
experiment, at 100 mW of the 1480 nm pump laser, a 
higher number of output channels was found when the  
BP wavelength and power were tuned to 1603.1 nm and  
1.1 mW, respectively.
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Under this condition, the competition between free-
running cavity modes and Brillouin Stokes was very high 
around the peak of EDF gain. Therefore, the BP power 
was carefully set to suppress the competition from the 
free-running cavity modes. At the same time, the output 
spectrum was observed from OSA with a resolution 
bandwidth of 0.015 nm. In the experiment, the optimization 
of the BP wavelength and power managed to produce 
up to 28 output channels with equal channel spacing of  
10.5 GHz as depicted in Figure 7. Referring to Figure 7, the 
first channel represents the BP which was also circulating in 
the laser cavity. The total output power from this setting was 
5.7 mW. The proposed linear-cavity BEFL configuration 
was able to produce a better result in terms of number of 
Brillouin Stokes as compared to the ring-cavity BEFL. 
Based on the findings, the efficiency of generating multiple 
Brillouin Stokes in the proposed linear-cavity was due to 
low cavity loss, double-pass amplification in Erbium-doped 
fibre and bidirectional generation of Brillouin Stokes in the 
single-mode fibre.

CONCLUSION 

The tuning range of a multiwavelength L-band Brillouin-
erbium comb fibre laser operating in the long-wavelength 
band utilizing a linear-cavity resonator was successfully 
demonstrated. The efficiency of the linear-cavity fibre 

laser was attributed to the double-pass amplification in the 
erbium gain medium and bidirectional Brillouin Stokes 
generation in the single-mode fibre. Therefore, a larger 
tuning range was obtained compared to the traditional ring-
cavity laser configuration due to higher hybrid gain in the 
proposed linear-cavity. In the experiment, a tuning range of 
11 nm from 1599 nm to 1610 nm with a uniform generation 
of up to 11 channels was measured without any free-
running cavity modes. With regard to the single mode fibre 
lengths, it was found that at longer SMF-fibres the Stokes 
signal peak power was low and a wider tuning range could 
be achieved. Short lengths of SMF required higher laser 
power for a sufficient acoustic wave to be set up in the fibre 
to induce scattering. The maximum number of Brillouin 
Stokes was obtained through optimizing the operation of 
BEFL. A total of 28 output channels with equal channel 
spacing of 10.5 GHz was achieved at 1.1 mW BP power 
and the 1480 nm pump power was driven at 100 mW.

Date of submission: April 2008
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Optical fibres, one of several kinds of transport media for 
telecommunication, can carry an enormous amount of 
information for broadband applications between widely 
separated transmitters and receivers. Although low 
transmission loss is the main advantage of optical fibres 
over other transport media, regeneration is still needed 
to compensate for transmission losses in long haul point-
to-point transmission systems and for splitting losses in 
networking systems. The discovery of erbium-doped fibre 
amplifiers (EDFAs) in 1987 cultivated a new dimension 
of signal amplification in optical fibres. In addition to this 
discovery, the breakthrough research of multiple wavelength 
transportation riding on EDFA nurtured the most powerful 
technology in the history of optical fibre communications, 
renowned as wavelength-division multiplexed (WDM) 
systems.

Wideband optical amplifiers have been investigated 
thoroughly in order to cope with the broad bandwidth 
available for optical communications in the range between  
1480 nm to 1620 nm. A gain equalizing filter (GEF) was 
used to flatten the gain ripple (flatness) of EDFA in the 
C-band from 1528 nm to 1563 nm (Wysocki et al. 1997). 
A gain flatness of less than 1dB was obtained using this 
approach. On the other hand, most published technologies  
used different fibre hosts of erbium-doped fibre together  
with GEF to obtain wide bandwidth of more than 40 nm 
such as tellurite-host fibre (Yamada et al. 1998); bismuth-
host fibre (Sugimoto et al. 2002); phosphorous/aluminum 
co-doped silica-host fibre (Tanaka et al. 2002) and multi-

component silica-host fibre (Ellison et al. 2001). These 
new materials are not ready for field deployment because 
of reliability. Therefore, most of the optical transmission 
systems were developed based on EDFA related 
technologies.

Besides amplification of the attenuated signals, the 
effect of fibre dispersion accumulated by the signals is also 
important. Therefore, dispersion compensation is essential 
for long-haul communication. One of the attractive 
approaches is to use a coil of dispersion compensating 
module (DCM). However, the DCM incurs additional 
losses in the transmission span. In order to reduce these 
losses, the DCM is utilized as a discrete Raman amplifier 
(Islam 2002). Nevertheless the requirement of high pump 
powers delays the deployment of discrete Raman amplifiers 
in transmission systems. In the end, the DCM must be 
integrated with the EDFA. This study demonstrates the 
design of a variable gain-flattened EDFA that has gain 
bandwidth of 35 nm. Its dynamic property on the input 
powers and operating gains creates a room of flexibility to 
resolve unpredictable transmission span losses. Its dynamic 
gain ranges from 15 dB to 30 dB with a gain flatness of less 
than 1.5 dB.

AMPLIFIER DESIGN CONCEPT

The specifications of the variable gain-flattened EDFA are 
shown in Table 1. The gain bandwidth was 35 nm from 
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1529 nm to 1564 nm. For a 100 GHz (0.8 nm) spacing, 

this bandwidth could accommodate up to 44 channels. 

However, we set 40 channels as our typical channel loading 

in transmission systems. This assumption was very useful 

in order to limit the maximum power into the mid-stage 

which comprised of a dispersion compensating module 

(DCM). A gain flatness of 1.5 dB was expected from this 
research work. The input power ranged from –26 dBm to 
8 dBm with the maximum output power of 23 dBm. The 
operating gain was adjustable to between 15 dB and 30 
dB. The noise figure of this variable gain-flattened EDFA 
was inversely proportional to the operating gain value. The 

expected noise figure value was divided into four bands as 
shown in Table 1. The minimum noise figure of 5.2 dB was 
set at the maximum gain of 30 dB. 

The design of variable gain-flattened EDFA is depicted 
in Figure 1. There were four stages of optical amplifier and 
the loss element was placed in between the amplifier stages. 
The dispersion compensating module (DCM) which had a 

maximum loss of 10 dB was placed in between EDFA #1 and 
EDFA #2. Since the DCM consisted of a small core of fibre, 
the power of the amplified signal was set to 0 dBm/channel 
(40 channels, 100 GHz spacing). Therefore, the total 

composite output power from the first stage EDFA was set to 
16 dBm. This requirement was needed to minimize the non-
linear effects in the DCM that could degrade the performance 

of the EDFA. The second loss element deployed in the EDFA 
architecture was the variable optical attenuator (VOA). 

The VOA was utilized to change the operating gain value 

of the EDFA. Since the EDFA was designed to vary 
from 15 dB to 30 dB gain, the maximum attenuation 
value of 15 dB was required to achieve the design 
objective. The third loss element of gain equalizing filter 
(GEF) was placed in between EDFA #3 and EDFA #4. 
The GEF was designed based on the total loss of passive 
components used in the amplifier architecture as well as the 
maximum targeted gain of 30 dB. In our design estimation, 
the maximum loss of GEF was around 10 dB which was 
spectrally dependent.

Table 1. Design specification of the variable gain-flattened EDFA.

Parameter Specification limit Unit

Wavelength 1529 ~ 1564 nm

Input power dynamic range –26 ~ 8 dBm
Power output 23 dBm
Gain adjustable range 15 ~ 30 dB
NF for gain = 15 dB 13.5 ~ 14.0 dB
NF for gain = 20 dB 8.5 ~ 9.0 dB
NF for gain = 25 dB 6.2 ~ 6.5 dB
NF for gain = 30 dB 5.2 ~ 5.5 dB
Overall gain flatness 1.5 dB
Power into mid-stage 16 dBm

DCM
EDFA

#1
GEFEDFA

#2

EDFA

#3

EDFA

#4
VOA

Maximum power

16 dBm

G
1
, F
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2
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Figure 1. Block diagram of the four-stage erbium-doped fibre amplifier.

paper 2.indd   116 6/21/2009   8:30:50 PM



M.A. Mahdi, et al.: Variable-gain Erbium-doped Fibre Amplifier for Loss Variation Studies in a Transmission Span

117

FIBRE AMPLIFIER ARCHITECTURE

The detailed architecture of the variable gain-flattened 
EDFA is depicted in Figure 2. In terms of pumping structure, 
the only limitation of the EDFA design was the number 
of pump lasers that could be supported by the electronic 

board. In our case, the number of pump lasers was limited 
to four units only. Thus the design of the EDFA had to 
take this limitation into consideration. Since the EDFA #1 
had a limitation on the maximum output power, some of 

its pumping power could be shared with the subsequent 
amplifier stage. In addition, for any multi-stage amplifier 
design, the initial stages needed to have the characteristics 

of low noise and high gain. In order to achieve this, 980 
nm laser diodes (LDs) were used to produce this low noise 
characteristic. Based on this design understanding, the 980 
nm pump lasers were used to provide the energy for optical 

amplification from EDFA #1 to EDFA #3. In addition to 
this, the forward-pumped scheme was also used for all 

these three amplifier stages. The first 980 nm LD of 200 
mW maximum powers were divided by a 3-dB coupler and 
injected into the EDFA #1 and the EDFA #3. The EDFA #2 
was solely pumped by another 200 mW power of 980 nm 

LD to ensure that the signal gain was as high as possible, 
to minimize the loss introduced by the DCM. Finally the 

EDFA #4 was pumped bi-directionally by two 1480 nm 
LDs with 200 mW maximum output power.

In order to determine the approximate length of EDF 
used for the EDFA design, we performed a simulation using 
the VPIcomponent MakerTM Fibre Amplifier simulation 
software. In this simulation, we used the absorption and 
emission coefficient values obtained directly from the 
manufacturer. Based on the simulation results of the 

amplifier design, the total length of erbium-doped fibre 
(EDF) was found to be around 42 m. The distribution 
of the EDF length for each amplifier stage is shown in 
Table 2. The EDF had an absorption coefficient of 5.9 dB/m 
at 1530 nm, a cutoff wavelength of 910 nm and a numerical 
aperture of 0.22.

Lastly, the GEF characteristic is shown in Figure 3. 
The targeted GEF-shape was obtained from the simulation 
results, while the measured GEF-shape was obtained from 
the experimental results. We used a long-period fibre 
Bragg grating as the GEF. The fabricated GEF had good 
agreement with the desired GEF and the error was close 
to 1 dB at 1534 nm and 1539 nm. The GEF curve was not 
smooth in between 1552 nm and 1561 nm.

RESULTS AND DISCUSSIONS

The measurements of gain and noise figures were performed 
using the optical spectrum analyzer. In order to measure 
the gain flatness of the developed EDFA, 40 channels were 
deployed simultaneously from 1530.33 nm to 1561.42 nm. 
The input signal powers were set at –7 dBm, –2 dBm, 3 
dBm and 8 dBm for gains of 30 dB, 25 dB, 20 dB and 15 
dB, respectively. The total output power was fixed at 23 
dBm for all signal powers. The pump powers of 980 nm 
and 1480 nm LDs were varied accordingly to achieve the 
desired output power of 23 dBm. The experimental results 
are shown in Figure 4(a). For an operating gain of 30 dB, 
the VOA was set at 0 dB. For other gain values, the VOA 
was set accordingly in order to maintain gain flatness. For 
example, the VOA was set at 10 dB for an operating gain 
of 20 dB.

10/90

Coupler

980/1550

WSC

1480/1550

WSC

Photodiode 980 nm

LD

1480 nm

LD

Mid-stage

Loss

Connector VOA EDF Isolator GEF

EDFA #1 EDFA #2 EDFA #3 EDFA #4

Figure 2. Architecture of a variable gain-flattened EDFA that consists of four stages of optical amplification, 
the mid-stage is used to insert a DCM to compensate the accumulated dispersion by the signals.
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Based on the findings, the total pump powers for the 
EDFA #4 were adequate to achieve the 23-dBm output 
power. The available pump power for the EDFA #4 was 
400 mW from two 1480 nm LDs. The output spectrum of 
the variable gain-flattened EDFA is depicted in Figure 4(b). 
The operating gain was 30 dB and the input power was set 
at –7 dBm. The floor spectrum was flat until 1566 nm to 
indicate that the developed EDFA could cover up to 37 nm, 
2 nm more than the design target of 35 nm. 

In order to measure gain flatness, all the gain values 
were normalized as illustrated in Figure 4(c). The best gain 

flatness of about 1.2 dB was obtained for the operating 
gain of 30 dB. As the operating gain reduced (signal power 
increased), the gain flatness degraded from 1.2 dB to 1.7 
dB. Our target specification showed that this value was less 
than 1.5 dB. The reason that the gain flatness could not be 
maintained was due to the effect of spectral hole burning 

(SHB) (Desurvire et al.1990; Bolshtyansky 2003). Thus 
the short wavelengths around 1530 nm at high signal power 
had higher powers. To overcome this problem, the GEF 
was modified to balance up the impact of SHB in low and 
high signal powers. Based on the normalized gain curve, 

the GEF curve was modified by increasing the loss for the 
short wavelengths. Then the new GEF shape was used in 
the same experiment again. 

The measured results for the operating gains of 15 

dB and 30 dB are shown in Figure 5(a) and Figure 5(b), 
respectively. Based on the findings, the gain flatness was 
improved from 1.7 dB to 0.9 dB for an operating gain of 15 
dB. It could be seen that the gain shape for the operating 
gain of 30 dB was inverted from its original shape. 

This was due to the fact that more losses were 

introduced in this wavelength range. The gain flatness 
performance degraded from 0.6 dB to 0.7 dB. However, 
the new gain flatness was still lower than the target value 
of 1.5 dB. The gain flatness degradation was expected for 
the large operating gains in order to compensate the poor 

gain flatness at small operating gains. The noise figure was 
also measured at different gain levels as shown in Figure 

6. The maximum noise figures were 5.8 dB, 7.2 dB, 10 
dB and 15.4 dB for the 30-dB, 25-dB, 20-dB and 15-dB 
operating gains, respectively. In this work, all the noise 
figure values were larger than the specifications limit. 

Table 2. EDF length distribution of the variable gain-flattened EDFA.

EDFA #1 EDFA #2 EDFA #3 EDFA #4 Unit

Length 7 9 7 19 m
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Figure 3. GEF transmission spectrum of the developed four-stage EDFA.

paper 2.indd   118 6/21/2009   8:30:52 PM



13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

1529 1533 1537 1541 1545 1549 1553 1557 1561

Wavelength (nm)

Wavelength (nm)

(a)

(b)

(c)

G
a
in

 (
d

B
)

Input power = –7 dBm

Input power = –2 dBm

Input power = 3 dBm
Input power = 8 dBm

–0.9

–0.7

–0.5

–0.3

–0.1

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1529 1533 1537 1541 1545 1549 1553 1557 1561

Wavelength (nm)

N
o

rm
a
liz

e
d

 g
a
in

 (
d

B
)

Pin = –7 dBm; G = 30dB Pin = –2 dBm; G = 25 dB

Pin = 3 dBm; G = 20 dB Pin = 8 dBm; G = 15 dB

Figure 4. Experimental results of the variable gain-flattened EDFA: (a) various operating gains;  
(b) output spectrum of the 30-dB operating gain and (c) the normalized gain at different operating gains.

paper 2.indd   119 6/21/2009   8:30:53 PM



14.8

15.0

15.2

15.4

15.6

15.8

16.0

16.2

16.4

16.6

1529 1533 1537 1541 1545 1549 1553 1557 1561

Wavelength (nm)

(a)

(b)

G
a
in

 (
d

B
)

Original GEF

Modified GEF

27.2

27.4

27.6

27.8

28.0

28.2

28.4

28.6

1529 1533 1537 1541 1545 1549 1553 1557 1561

Wavelength (nm)

G
a
in

 (
d

B
)

Original GEF

Modified GEF

Figure 5. Comparison of gain flatness between original GEF and the modified GEF  
at the operating gain of (a) 15 dB and (b) 30 dB.

paper 2.indd   120 6/21/2009   8:30:53 PM



M.A. Mahdi, et al.: Variable-gain Erbium-doped Fibre Amplifier for Loss Variation Studies in a Transmission Span

121

Several factors have been identified as contributors to the 
higher noise figures. These are (a) the first stage design was 
not completely optimized and gain at longer wavelengths 
could be increased to reduce the noise figures; (b) the input 
isolator was a double-stage type that had higher insertion 
loss compared to a single-stage type isolator. However, this 
component was critical to minimize the effect of backward 
amplified spontaneous emission when it propagated back 
into the system at the input port; (c) the third stage amplifier 
was inefficient due to large signal powers at the input point 
that could cause saturation. Therefore, higher pump power 
was required to increase gain and thus minimize noise 
figures. It was also possible to interchange the pumping 
scheme between EDFA #2 and EDFA #3; and (d) the use 
of couplers for each input and output port of the amplifier 
introduced losses in the amplifier systems. However, this 
condition was important to monitor the condition between 
amplifier stages for automatic detection in the future.

The most important criteria to obtain a low noise figure 
was to control the insertion loss of each component used 
in the amplifier architecture. Another approach to solve 
this problem was to use integrated components that could 
package multiple components in a single enclosure. It was 
expected that insertion loss could be reduced with this 
technology advancement.

CONCLUSION

The variable gain-flattened EDFA with 35 nm bandwidth was 
successfully demonstrated. The design of EDFA consisted 
of four amplifier stages. The first three stages were pumped 
by 980 nm pump lasers in forward-pumping configuration to 
get low noise figures. The final amplifier stage was pumped 
bi-directionally by two 1480 nm pump lasers to achieve 
high output power of 23 dBm. The EDFA was designed to 
incorporate a DCM for long-haul applications. The gain-
flatness of less than 1.5 dB was maintained over a 15 dB 
dynamic gain range. The gain ranged from 15 dB to 30 dB 
when the input power varied from –26 to 8 dBm. The effect 
of SHB was minimized by adjusting the shape of the GEF 
to increase attenuation in short wavelengths, around 1529 
nm. The measured noise figure was slightly higher than the 
desired ones due to high insertion losses from the passive 
components. The wide range of input powers and operating 
gains provided a flexibility of operators for deployment in 
transmission systems in which most of the requirements 
were unique. The study showed that the amplifier could be 
designed as the universal subsystem in order to increase 
manufacturing capability.
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Optical fibre amplifiers have transformed telecommuni-
cation systems especially in the long-haul communication 
arena. The advent of Erbium-doped fibre amplifiers in 
1989 has stimulated research activities in this area with a 
transformation from single channel amplification to that 
of multiple channel amplification. The technical challenge  
of multiple channel amplification is to have a wide  
bandwidth amplifier. The amplification bandwidth of 
Erbium-doped fibre amplifiers can be extended from  
35 nm (Wysocki et. al. 1997) to 80 nm (Sun et. al. 1997) 
by combining the C-band and L-band in the amplifier 
structure. However, the amplification bandwidth of the 
Erbium-doped fibre amplifier is limited by the Erbium’s 
energy transition.

On the other hand, an alternative technique of optical 
amplification relies on the non-linear effect in optical fibre 
known as stimulated Raman scattering. Raman amplifi-
cation occurs due to the transition between vibrational 
modes in the transmission fibre medium (Agrawal 2006). 
Since the process of Raman amplification does not 
depend on the energy transitions of the active materials, 
the amplification can take place at any wavelength. This 
feature is very attractive as the amplification bandwidth can 
be easily tailored by the proper arrangement of the pump 
wavelength. A bandwidth of 100 nm has been reported 
using standard single-mode fibres (Emori & Namiki 1999). 
Despite this significant advantage, Raman amplification 
has a low power of conversion efficiency. Therefore 
Raman fibre amplifiers must be designed to incorporate 
higher gain efficiency to be able to compete with the 
Erbium-doped fibre amplifier. Double-pass discrete Raman 

amplifier (DRA) has been reported recently to rectify the 
problem (Tang & Shum 2003). The double-pass DRA 
structure is designed by placing a broadband reflector at 
the other end of the dispersion compensating fibre (DCF). 
Besides reflecting the signals, the broadband reflector is 
also utilized to reflect the pump light which improves the 
Raman gain as well (Nicholson 2003). Gain improvement is 
recorded for this double-pass DRA structure. Nevertheless 
the amplifier structure suffers poor noise figure for large 
signals due to multi-path interference (Tang et. al. 2004). 
In order to mitigate this problem, a gain-clamped technique 
is proposed which limits the amplification to a lower value 
(Tang et. al. 2004). However, this approach is unfavorable 
because the double-pass DRA is pushed to operate at its 
lower capability.

We have investigated the issue of poor noise figures 
for large signals and discovered that the noise figure 
degradation was caused by stimulated Brillouin scattering 
rather than multi-path interference (Md. Ali et. al. 2006).  
This issue was only applicable if the signal power used for  
the amplification was too large. In practice, the DRA 
was utilized to amplify multiple signals simultaneously, 
therefore the intensity of the signal was greatly reduced.  
Thus, the generation of stimulated Brillouin scattering 
was almost eliminated under the environment of multiple 
channels. 

   

In this paper, we demonstrate optical amplification of 16 
channels using a double-pass Raman fibre amplifier (RFA). 
The proposed double-pass discrete RFA was constructed 
together with a mirror as the pump reflector.
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In this paper a study on the wideband double-pass Raman fibre amplifier with mirror as the pump reflector is 
reported. The pump lights at 1435 nm and 1455 nm were launched in a co-directional manner with respect to the 
input signal. The double-pass direction of the signal was achieved through a fibre loop mirror constructed using 
an optical circulator. It was shown that multiple signal amplification was achieved without any disturbance of 
stimulated Brillouin scattering.   
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CHARACTERIZATION OF DOUBLE-PASS 
DISCRETE RAMAN AMPLIFIER

The proposed configuration of the double-pass DRA is 
depicted in Figure 1 (in dashed-box). The Raman gain 
was provided by the 3-km DCF forward-pumped by high-
power grating stabilized Raman pump unit (RPU) at 1435 
nm. The DCF loss of 2.9 dB was measured at 1530 nm. 
The total dispersion compensation value was –360 ps/nm 
designed to compensate accumulated dispersion for 80 km 
TrueWave® transmission fibre. The input signal of 1530 
nm was obtained from the tunable laser source (TLS). The 
level of the signal was varied by changing the value of the 
variable optical attenuator (VOA).

In order to enhance the Raman gain efficiency, a FBG 
with > 99% reflectivity at 1435 nm was inserted at the fibre 
end of the wavelength selective coupler-2 (WSC2). The 
residual pump power, after travelling in the gain medium of 
DCF was reflected by high reflectivity FBG and travelled 
back into the DCF. In the continuous mode, the signal 
would experience bi-directional pumping in the 3-km 
DCF, without using an additional pump. The double-pass 
amplification was established by using a fibre loop mirror 
constructed by looping back the second optical circulator 
(OC2). The output signal was taken at port 3 of the first 
optical circulator (OC1) and measured using the optical 
spectrum analyzer (OSA). The proposed double-pass DRA 
architecture could be easily transformed to a single-pass 
DRA by disconnecting point A as shown in Figure 1.

The gain performance of double pass DRA in comparison 
with a typical single pass system was studied. In Figure 2, 
Raman net gains for single-pass and double-pass DRAs 
were plotted with the same 3-km DCF. The input signal 
was maintained at –25 dBm at 1530 nm, 10 Gbps NRZ-
modulated source. More than 20 dB gain was achieved with 
these designs at a small signal condition when the injected 

pump powers were 740 mW and 410 mW for single-pass 
and double-pass DRAs, respectively. This showed that only 
55% pump power was required for the double-pass DRA to 
achieve the same gain value of the single-pass DRA. The 
maximum gain of 21 dB was obtained at 422 mW pump 
power for the double-pass DRA. We also defined gain slope 
efficiency as the increment of gain over the increment of 
pump power. In this experiment, the gain slope efficiency 
values for single-pass and double-pass DRAs were 0.033 
dB/mW and 0.069 dB/mW, respectively. These values were 
higher than those values obtained from the previous report 
in which the pump laser was launched co-propagating with 
the signal (Tang et al. 2004). The counter-propagating 
pump scheme exhibited a better performance due to a better 
pump distribution along the DCF.

The noise figure (NF) performance as a function of 
injected pump power for single-pass and double-pass 
DRAs is depicted in Figure 3. In this experiment, the input 
signal power was fixed at –25 dBm and wavelength at  
1530 nm. When both DRA designs were unpumped, the 
total NF was equal to the total loss experienced by the 
signal. In this case, it was clearly shown that the double-pass 
DRA produced higher NF because the signal propagated 
twice in the design and accumulated more losses compared 
to the single-pass DRA. However, the NF was improved 
as the pump power was increased for the double-pass 
DRA. Towards the end, the NF for double-pass DRA was 
maintained at less than 5 dB. Even though the total gain 
was higher than the single-pass DRA for pump power 
greater than 83 mW, as shown in Figure 2, the total NF was 
still higher than the single-pass DRA. In order to populate 
pump light along the DCF in the double-pass configuration, 
higher pump powers were required due to the bidirectional 
amplification of the signal. This condition created high 
amplification rate at the end of the DCF (close to WSC2) 
and pump depletion was expected to occur in this region. 
Therefore, the input section of the DCF (close to WSC1) 

RPU

WSC 1

TLS  VOA

OSA

DCF
OC 1

OC 2  

Pump 

Reflector

WSC 2 A

Figure 1. Configuration of double-pass discrete Raman amplifier with pump reflector and fibre loop mirror.
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Figure 3. Experimental NF versus input pumping power for single-pass and double-pass DRAs at input  
signal power and wavelength of –25 dBm and 1530 nm, respectively.
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became lossy in the under-pumped condition whereby the 
signal experienced a net loss instead of gain. The impact 
of Rayleigh backscattering is quite small due to the short 
length of fibre and low signal power (Tang et al. 2004). We 
observed that the measurement of NF was not impacted by 
multi-path interference (MPI) noise for low signal powers. 
Therefore, the proposed double-pass DRA architecture 
was suitable to be deployed as a pre-amplifier whereby the 
noise accumulation at the signal was not influenced by the 
MPI noise.

Another important factor that needs to be taken into 
account is the noise attributed by the pump-signal relative 
intensity noise (RIN) transfer. Since the FBG was used 
as the pump reflector, the residual pump travelled in the 
same direction as the input signal, thus this factor should 
be investigated (Wysocki et al. 1997). In order to verify the 
influence of the pump-signal RIN transfer, we studied the 
performance comparison between double-pass DRA with 
and without FBG, as depicted in Figure 4.

WIDEBAND DOUBLE-PASS DICRETE RAMAN 
AMPLIFIER

From the previous section, it is clearly shown that the 
double-pass DRA was efficient in terms of amplifying 
signal. The same gain value was achieved at a lower pump 
power in which the gain efficiency was increased. Since the 
configuration of the double-pass DRA utilized single-pump 
wavelength, the amplification bandwidth was limited at the 
peak wavelength of around 1530 nm and it was difficult 
to achieve a flat gain. In order to cover the whole C-band 
for a wider bandwidth, the double-pass DRA could be re-
designed by deploying another set of Raman pump unit 
(RPU) at 1455 nm as depicted in Figure 4.

Since two pump wavelengths were used in the amplifier, 
the pump reflector was formed by replacing the FBG with 
a broadband reflector. Two pump wavelengths at 1435 nm 
and 1455 nm were multiplexed via a pump combiner (PC). 
For this experiment, the maximum pump power for the 
1455 nm was only 340 mW.

To study further on the effect of multi-channel  
on double-pass DRA, experimental investigation was 
performed using a 16-channel input. The 16-channel  
input was selected within 1544.7 nm to 1561.3 nm 
with 100 GHz spacing between each adjacent channel.  
All the channels were multiplexed using a fused- 
coupler-based multiplexer. In this experiment, the pump 
power was set at 420 mW and 340 mW for 1435 nm  
and 1455 nm, respectively. The latter was set at a lower 
value due to the restriction of output power from the  
laser diode. The optical spectrum was measured using  
0.2 nm OSA resolution. The input of each channel was  
fixed at –12 dBm, thus the total output of all channels 
equaled 0 dBm. The input and output spectra are depicted 
in Figure 5.

From the experiment, the output spectrum was flat 
from 1545.7 nm to 1561.3 nm. The measured gain value 
was maintained at 9.7 dB with variation of less than 0.5 
dB for all channels. The presence of stimulated Brillouin 
scattering was not observed in this experiment. Thus, we 
have demonstrated experimentally that the double-pass 
DRA could amplify multiple channels simultaneously 
with an almost negligible effect of stimulated Brillouin 
scattering. This experiment showed that the double-pass 
DRA was a potential candidate for wavelength division 
multiplexed systems. The advantage of utilizing DCF as 
the amplifying medium could benefit as it concurrently 
compensated the effect of fibre dispersion.

WSC1  
DCF  

OC1  

OC2

WSC2

PC

Mirror

Input

Output

1435 nm1455 nm

Figure 4. Configuration of wideband double-pass DRA with a mirror as the pump reflector.
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CONCLUSION

A wideband double-pass discrete Raman amplifier has 
been successfully demonstrated. Dual pump wavelengths 
at 1435 nm and 1455 nm were utilized to provide wideband 
amplification. The amplifier structure consisted of a pump 
reflector formed by a mirror to reflect the remaining pump 
wavelengths at the end of the dispersion compensating fibre. 
The double-pass amplification of the signal was achieved 
by looping back the signal into the amplifying medium 
via a fibre loop mirror. Sixteen channels were successfully 
amplified from 1545.7 nm to 1561.3 nm without any 
presence of stimulated Brillouin scattering. The proposed 
double-pass amplifier has great potential to complement 
the Erbium-doped fibre amplifier in WDM systems.
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Chromatic dispersion (CD) is based on the fact that 

different spectral components of an optical signal travels 

down the fibre at different speeds. In high-speed optical 
communication systems, the small tolerance to CD is one 

of the most crucial considerations. Network operators 
would like to have tunable, drop-in CD compensators that 
depend on reliable CD measurement technique. Other CD 
measurement techniques include measuring the phase 

delay between the upper sideband and the lower sideband 

of an out-of-band subcarrier tone (Petersen et al. 2002), 
measuring the magnitude of amplitude modulation (AM) 

component converted from phase modulated pilot tones 

(Park et al. 2000) and employing non-linear optical 
detection (Wielandy et al. 2003). These techniques either 
suffer from high complexity or being limited to single 

wavelength channel.

This paper proposed a chromatic dispersion measure-
ment using the relative power of two beating frequencies 

(Al-Qdah et al. 2005). The measurement was made by 
launching two optical signals pump and probe with a radial 

frequency separation of ω1 into a spool of fibre through a 
phase conjugator. The semi-conductor optical amplifier 
(SOA) which was used as an optical phase conjugator, 
produced another two phase conjugated signals as a result 

of four-wave mixing (FWM). The relative power between 
the beating signals at frequencies ω1 and 2ω1, the main 

beating and FWM beating were used to determine the 
accumulated CD in the fibre.

The CD measurement technique using two beating 
frequencies was then optimized for the sensitivity and 

measurement range against wavelength separation. It was 
found that the sensitivity of the technique increased with 

wavelength separation. However, this increase in sensitivity 
was traded off with a shorter measurement range. Based on 
the measurements made, the CD measurement technique 

could be optimized at 5.0 GHz wavelength separation 
with a sensitivity of 0.009 (dB/ps/nm) and measurement 
range of 2500 (ps/nm). The next section deliberates on  
the numerical model of the CD measurement technique 

and the optimization of the sensitivity and measurement 

range. The numerical model results were also presented 
and analyzed.

NUMERICAL MODEL

The proposed CD measurement technique is shown in 
Figure 1. The optical phase conjugation was achieved 
using an SOA. The phase conjugator inverted the phase 
of the probe signal Eprobe(z,t) and translated it to the FWM 
conjugated signal EFWM(z,t). The same translation and phase 
conjugation happens to the pair Epump(z,t) and EFWM2(z,t). 
The photodetector converted the combined electric field   
Etotal(z,t) into photocurrent I(t). 

In Equation 1, the attenuation factor was ignored since 
it was a common factor for all the terms and the terms 

Theoretical Analysis and Optimization of Chromatic 

Dispersion Measurement Using the Technique of 

Relative Power of Two Beating Frequencies

H.A. Abdul-Rashid
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The operating principle and the performance of chromatic dispersion (CD) measurement technique are discussed 
through developed numerical models. The performance of the CD measurement technique was studied in terms 
of the measurement range and sensitivity as the wavelength separation was varied. Based on the numerical 
model, the technique sensitivity increased with wavelength separation. However, this increase in sensitivity 
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corresponding to the sum of the angular optical frequencies 

which were filtered out. Based on the property of the  
FWM effect and since probe – pump = 1, the first three 
terms in Equation 1 had the same centre frequency 1  

and the last two terms had center frequencies at 21. 
The first three terms in Equation 1 centred at 1 were 

denoted as the main beating term, Imain-beating. The last two 

terms centred at 21 were denoted as FWM beating term,  
IFWM-beating. 

The phase differences in the main beating term were 
random processes and were uncorrelated to each other. 
Therefore, the total average power of the main beating 
term Pmain-beating was constant although the accumulated 
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where:
 Po, PFWM 1 and PFWM 2 are the average optical power for the pump or the probe and the two FWM phase conjugated 

signals, respectively;

 pump, probe, FWM 1 and FWM 2 are the angular optical frequency for the pump, probe and the two FWM phase conjugated 
signals, respectively;

 pump, probe, FWM 1 and FWM 2 are the propagation constants for the pump, probe and the two FWM phase conjugated 
signals, respectively;

 chirp(t) is the phase associated with chirp of the SOA

(1)
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Figure 1. Setup of CD measurement technique using the two beating frequency technique.
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CD values changed. Since the average optical power of 
the pump and probe were equal, we could assume PFWM 1 = 

PFWM 2. By taking the PSD of Imain-beating (t), the Pmain-beating can 

be written as in Equation 2:

Pmain-beating =
 Po

2 
+ PoPFWM 1

 

            2 (2)
 

PFWM-beating could be found the same way. Since the terms 
in IFWM-beating(t) were a result of the beating between two 

correlated optical signals and their frequency separation 

were the same, we could assume that FWM 1z – probe z – 

FWM 2z – pump z. By taking the PSD of IFWM-beating(t), the 

PFWM-beating could be written as:

PFWM-beating
 
=

 PoPFWM 1 [ cos
 ( zo

2 
D21

2 + chirp(t))]                 2          4c (3)
 

In order to measure the accumulated CD in the  
transmission fibre, the total average power in Equation 3  
was observed as shown in Equation 2. The total average  
power in Equation 3 is dependent on accumulated CD, 
the linewidth enhancement factor of the SOA (chirp) 
and wavelength separation. For a known SOA linewidth 
enhancement factor and at a fixed frequency separation, 
the total average power was only proportional to the 

accumulated CD value.

Using the expressions in Equation 2 and 3, the relative 
main to FWM beating power Prelative was given as in 

Equation 4:

 
Prelative

 
=

                   Po
2
 + 2PoPFWM 1 

         PoPFWM 1[ cos
 ( zc

2 
D21

2 + chirp(t))]
2

                              4c (4)

Optimization Parameters

Performance of the CD measurement technique could be 
measured by the sensitivity and measurement range. The 
more sensitive and the wider the measurement range of the 

measurement, the better the technique. The focus in this 
numerical model was to study the change in the sensitivity 

and measurement range with respect to wavelength 

separation.

The sensitivity of the CD measurement technique could 
be defined as the rate of change of Prelative with respect to the 

accumulated CD. The sensitivity of the CD measurement 
technique was higher when the rate of change of Prelative 

was faster. The sensitivity of the CD measurement CD was 

found to be proportional to 

 
CD (o

2 1
2).tan

 (zD o
2 1

2 

+ chirp(t))        2c                 2c (5)

The measurement range could be defined as the range 
between two minimum points of the expression described 

in Equation 5. The measurement range was wider when 
these two points were further apart. The measurement was 
effective only between these two minimum points since 

the sensitivity was minimized beyond these two points. 
The measurement range of the CD measurement CD could 

be quantified by solving Equation 5 for accumulated CD, 
resulting in:

CD =
  2c2

  o
21

2 (6)

NUMERICAL MODEL RESULTS

The numerical model setup is shown in Figure 1, where 
the pump and probe laser wavelength and output power 

were 1550 nm and 1550.04 nm, both at 5.0 dBm. Both 
the optical sources were provided by two different tunable 

laser sources which allowed changes in the wavelength 

separation. The SOA used as the phase conjugator had a 
linewidth enhancement factor of 3.0. Different lengths of 
fiber spools provided the means to increase the accumulated 
CD. In each set of measurements in the numerical model, 
the wavelength separation was changed to study the 

changes in the sensitivity and measurement range of the 

CD measurement technique by observing the relative 

power Prelative. The sensitivity of the CD measurement 
technique reduced with closer wavelength spacing, where 

the slope of the relative power Prelative was less steep as 

the accumulated CD changed. This observation could be 
explained by Equation 5 which indicated that the sensitivity 
of the CD measurement technique CD increased with 

wavelength separation 1. However, one can also observe 
a wider measurement range at closer wavelength spacing 

as contained in Equation 6. 

Based on the numerical model, the sensitivity and 
measurement range of the CD measurement technique 

were derived and plotted in Figure 2 as the wavelength 
separation was changed. Practically, the sensitivity of  
the technique for a particular wavelength separation 

could be represented by the ratio of maximum difference 

of Prelative over the measurement range. The measurement 
range was taken from Equation 6. Figure 2 illustrates  
that the CD measurement technique was optimized when 

the wavelength separation was 5.0 GHz with sensitivity 
of 0.009 (dB/ps/nm) and measurement range of 2500  
(ps/nm).

CONCLUSION

This paper reports the optimization of the CD measurement 
technique using relative power of two beating frequencies. 
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The study focused on the measurement range and  
sensitivity as the wavelength separation between the  

pump and probe laser was varied. Based on the numerical 
model results the CD measurement technique sensitivity 

increased with wavelength spacing. However, this  
increase in sensitivity was traded off by the reduction in 

measurement range. The CD measurement technique was 
optimized when the wavelength separation was 5.0 GHz 
with sensitivity of 0.009 (dB/ps/nm) and measurement 
range of 2500 (ps/nm). With the optimization, a more 
accurate measurement of the accumulated CD in the  

fibre could be made while having a wider measurement 
range.
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Lasers with ultra-long coherent length or exceptionally 

low phase noise have become a strong interest in optical 

communication. Measuring the linewidth of such lasers is 

then very important, nonetheless very challenging. Several 

methods of measuring the laser linewidth have been 

researched extensively, namely self-homodyne, heterodyne 

(Chen 2006) and self-heterodyne techniques (Nezu et al. 

1989). The self-heterodyne detection technique provides 

more accurate results compared to other methods and its 

simplicity and high resolution makes it an obvious choice 

to measure laser line width. However, for this system to 

measure the line width accurately, the two interfering 

waves should be mutually independent which requires 

the fibre length which provide the delay to be at least 6 
times the coherence length of the source as suggested by 

Richter (1986). This requirement for accuracy becomes 

dominant when the system is applied to measure very 

narrow line width lasers as the fibre length requirement 
will be very long. Incorporating excessively long optical 

fibres is associated with degradation factors such as fibre 
non-linearity (Mercer, 1991) and attenuation. Under 

such situations, the output SNR is degraded and affect 

the accuracy of linewidth measurement as extracting 

the linewidth using 20 dB measurement may no longer 

be possible. This paper studies the effect of fibre length 
on SNR in laser linewidth measurement using the self-

heterodyne detection technique. The authors propose 

SNR improvements by using an external phase modulator 

which provides the frequency shift and if optimized could 

be used to improve the SNR of the spectrum. Compared 

with conventional self-heterodyne detection technique, 

the results when an external phase modulator was used 

in a self-heterodyne detection technique showed an SNR 

improvement of approximately 10 dB when measuring 

10 kHz linewidth laser using 39 km length of fibre. This 
improvement of 10 dB translates into saving 50 km of fibre 
length. 

In this study the self-heterodyne detection technique is 

described and its dependency on fibre length in order to 
obtain accurate linewidth measurement is demonstrated. 

The proposed improvement in the self-heterodyne detection 

technique using an external phase modulator was also 

discussed.

SELF-HETERODYNE DETECTION TECHNIQUE
 

The self-heterodyne detection method is one of the most 

commonly used methods to measure linewidth due to its 

simplicity and accuracy. In this method, the laser beam is 

split to travel along two diferent path lengths so that one is 

delayed and the other is frequency shifted compared to the 

other as shown in Figure 1. The linewidth measurement is 

performed by analyzing the radio frequency (RF) beating 

spectrum between the laser under study and its time delayed 

version. In the limit of large delay time, the spectrum 

becomes exactly Lorentzian with a width equal to twice the 

laser optical spectral width. The length of the fibre necessary 
to provide the sufficient delay becomes very long when this 
method is applied to measure very narrow linewidths. It 

has been established that the fiber length should be at least 
6 times the coherent length. The linewidth ∆v, group index 

of refraction of the propagation medium ng , are related to 

the coherence length lc by Lally 2006 as:

lc =
     c

      ngvΔv (1)

SNR Improvements in Self-heterodyne Detection 

Technique for Laser Linewidth Measurements
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This paper proposes a signal-to-noise-ratio (SNR) improvement by using an external phase modulator that 

allowed flexible control of the spectrum amplitude by varying the modulation index for linewidth measurements. 
Compared with the conventional self-heterodyne detection technique, the results obtained in this study showed 

an SNR improvement as high as 10 dB. This 10 dB improvement in SNR could help to reduce the usage of a 

particular length of a single mode fibre (normally about 50 Km) when measuring a linewidth in the region of 
10 kHz.    
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where c is the speed of light in vacuum. For example, to 

measure a laser with linewidth of 100 Hz, the fibre length 
required is 3900 km since the coherent length is 650 km. 

However, excessively long optical fibres are associated 
with degradation factors such as fibre non-linearity and 
attenuation.

The laser linewidth can be inferred from the self-

heterodyne spectrum by measuring the linewidth at –3 dB, 

–10 dB, or –20 dB levels. Earlier reports show that –20 dB 

measurements provides accurate results since the broadening 

effect of the 1/f noise is more pronounced at the center of the 

spectral lineshape as shown by Mercer (1991). If we need 

to make a –20 dB measurement, the signal and noise levels 

should permit a difference of at least 20 dB. As the length 

of the fibre used in the measurement is increased, the signal 
level decreases thus degrading the SNR. The reduction in 

signal level and increase in noise level are due to fibre 
loss and fibre non-linearity, respectively. Therefore, 
in order to improve the accuracy in laser linewidth 

measurement using self-heterodyne detection technique, 

the SNR needs to be improved. The 1/f noise occurs in 

a surprising variety of physical systems but the physical 

processes which give rise to such a spectrum are not 

generally known. The origin of 1/f noise in lasers has been 

discussed by several authors and a number of possible 

mechanisms have been proposed. Included in these are 

mode partition noise, event driven temperature fluctuations 
and fluctuations in local current density, optical absorption 
coefficient or free carrier concentration (Kitching et al.

1980).

One way to improve the SNR is to decrease the fibre 
length used in the self-heterodyne detection technique, 

which will reduce the losses considerably. However, in 

order to obtain accurate laser linewidth measurement, the 

fiber length should be at least equal to the coherent length 
of the source so that the two interfering waves are mutually 

independent and as if coming from two independent 

sources. Figure 2 shows linewidth measurement results 

obtained from a 10 kHz linewidth laser using the 

self-heterodyne detection technique. The simulation 

results here showed that the accuracy of the linewidth 

improved when the fiber length used was about 6 times the 
coherent length of the laser source. When the fiber length 
was less than the coherent length of the laser source, the two 

optical signals that produced the beating signal were not 

mutually incoherent and as a result, the linewidth measured 

by the system was smaller than the actual linewidth.

SELF-HETERODYNE DETECTION TECHNIQUE 
USING EXTERNAL PHASE MODULATION

In order for the self-heterodyne detection to measure 

accurately, the spectral distribution of the beating signal 

should be shifted away from DC. This can be achieved by 

a number of devices such as intensity modulators (Mercer 

1991), phase modulators (Nguyen 1998) and acousto-

optic modulators (Dougherty et al. 1980). Besides using 

phase modulators to shift the beating signal spectrum from 

DC, it also provides additional flexibility in controlling 
the amplitude of the spectrum by varying the modulation 

index. An improvement in the spectrum amplitude would 

thus improve the SNR of the beating signal. The setup of 

a self-heterodyne detection with external phase modulator 

to provide the phase shift and improve the SNR is shown 

in Figure 3.

Laser source Coupler

Frequency
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SM fibre

Photo

detector

Electrical
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analyser

Figure 1. Laser Linewidth measurement setup using self-heterodyne detection technique.
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The photo detector current is given by (Nguyen 1998)

  

I(t) = 2E0
2 {1 + Σ Jm(δ)cos[(t) – 0τ – (t + τ) 

    + mΩt]} (2)

where,

Eo and  is the amplitude and phase of the laser output, 

respectively, 

 τ is the propagation delay time, 
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Figure 2. Measured linewidth variation when different fibre length is used in the self-heterodyne detection technique.

Figure 3. Self-heterodyne detection technique with external phase modulator for frequency shift.



m= –
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Jm(δ) is the Bessel function, 
δ is the modulation index and Ω is the frequency shift 

provided by the phase modulator. 

Taking the Fourier Transform of Equation 2 showed that 

the electrical spectral density of the current consisted of a 

DC term and Lorentzian linewidth distribution centered at 

mΩ. The strength of the Lorentzian linewidth distribution 
centered at mΩ would be determined by the modulus of 
Bessel function coefficient Jm(δ). Equation (2) shows that 
the photo diode current was dependent on the strength of the 

Bessel coefficient as shown in Figure 4 below. The strength 
of the Bessel coefficient depended on the modulation index 
as indicated by the Equation 2. Hence the magnitude of 

the photo diode current and therefore the output spectrum 

power depended on the modulation index.

RESULTS AND DISCUSSION

A computer simulation of the proposed self-heterodyne 

detection technique to measure laser linewidth was carried 

out. The simulation setup is as shown in Figure 3. The laser 

under study was a DFB laser with 10 kHz linewidth. The 

phase modulator input was a signal with frequency 10 GHz 

and the single mode fiber length was varied to provide the 

required delay. The PIN photodiode was used to detect the 

self-heterodyne signal and the Electrical Spectrum Analyzer 

with resolution of 500 points between 9.9 GHz and 10.2 

GHz measured the spectrum of the self-heterodyne signal.

The signal peak power variation with different optical 

modulation index was plotted for different fibre lengths 
in Figure 4. It could be seen that the SNR is maximum 

when the modulation index was approximately 64%. 

Figure 5 showed the improvement in SNR using an 

external phase modulator compared to frequency shifter 

using an accousto-optic modulator. An improvement of 

about 10 dB was observed using an optimized external 

phase modulator with optical modulation index of 64%. 

Although signal peak power improvement could be seen 

for modulation index from 48% to 68%, spectrum peak was 

maximum at the modulation index of 64%. Since we were 

concerned with the maximizing the SNR, this modulation 

index of 64% could be taken as the optimum value. The 

improvement in SNR would allow self-heterodyne systems 

using long fibers to measure the laser linewidth at the 
20 dB level and improve measurement accuracy. Besides 

the SNR improvement, the use of an external phase 

modulator allowed an advantage of approximately 

50 km before the SNR reached the minimum 20 dB level, 

as shown in Figure 5.
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CONCLUSION

This paper studied the various factors influencing the SNR 
in the self-heterodyne linewidth measurement technique 

when it was used to measure ultra-narrow linewidth 

lasers. It was shown that when the spectrum SNR was 

considerably higher then 20 dB, source linewidth could 

be measured more accurately. However, when long fibres 
were used to provide the necessary propagation delay, the 

minimum 20 dB SNR was compromised. Use of an external 

phase modulator for frequency shift to improve SNR was 

considered. It was shown that optical modulation index 

of 64% would improve SNR the most. Compared with 

conventional self-heterodyne detection techniques, the 

results when an external phase modulator was used showed 

an SNR improvement as high as 10 dB and an additional 50 

km advantage when measuring 10 kHz linewidth laser.
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A polarisation splitter is an important component in optical 

communication and sensor applications. Polarisation 

splitters based on different principles such as metal clad 

directional coupler (Rajarajan et al. 1997), Y-branched 

waveguide (Ridder et al. 1993) and four port Mach-

Zehnder interferometer (Soldano et al. 1994) have been 

demonstrated. These devices utilized material with 

high refractive indices thus realizing short and compact 

devices. 

In this paper, we report the fabrication tolerance and 

loss analysis of a short and compact grating waveguide 

polarisation splitter (Yusoff et al. 2007) based on resonant 

tunnelling (Thyagarajan & Pilevar 1992) using material 

with a low refractive index of 1.458 on silica substrate with 

a refractive index of 1.444. Previously designed single-

mode polarisation splitters based on resonant tunnelling 

mechanism (Thyagarajan & Pilevar 1992; Huang et al. 

2005) used three channel waveguides; however, it was 

necessary to use different optical material for the resonator 

waveguide. Fabrication tolerance was very strict and the 

accuracy needed for high index central layer thickness was 

very high (Thyagarajan & Pilevar 1992). A fabrication 

tolerant polarisation splitter (Augustin et al. 2007) 

reportedly used a multimode resonator waveguide and its 

coupling length was in the order of about 3 mm.  In the 

grating waveguide polarisation splitter design using low 

refractive index material (Yusoff et al. 2007), the coupling 

length achieved is in sub-millimetre length scale, however 

fabrication tolerance was rather stringent in the grating 

waveguide structure. At a splitting ratio of 13 dB, the 

fabrication tolerance in the grating structure was of a few 

nanometres. 

DESIGN PRINCIPLE

The polarisation splitter consisted of a symmetrical three 

channel directional coupler with a narrow conventional 

waveguide or resonator (WG2) at the centre and two grating 

waveguides (WG1 and WG3) on the outside (Figure 1).

The local fundamental quasi tranverse magnetic (TM) 

and tranverse electric (TE) modes were computed at a 

wavelength of 1.55 µm using the polarisation dependent 

effective index method (EIM) (Bienstman 2007;  

FIMMWAVE 2008). The effective indices for fundamental 

quasi-TM and quasi-TE modes were computed for 

waveguides WG1 (WG3) at a slab height of 8.4 µm, width 

of 0.5 µm and an air gap size of 0.1 µm. Each slab was over-

etched 2 µm into the substrate. In Figure 2, each point (circle) 

computed for the grating waveguide denotes increasing 

number of slabs, beginning with 2 slabs from the left of the 

figure to 21 slabs at the far right. The effective width for the 
grating waveguide was taken to include the total width of 

the number of slabs including the air gaps. The resonator 

WG2's effective indices (diamond) were analyzed for slab 

height of 8.4 µm and width ranging from 0.4 µm to 8 µm. 

The computed effective index for TM polarized light in  

the grating waveguide WG1 (WG3) at a total effective 

width of 6.5 µm (corresponding to 11 slabs) was  

matched to the effective index of the resonator WG2  
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of width 1.25 µm, and they were in resonance. However for 

TE polarisations, due to different polarisation birefringence 

of the resonator compared to the grating waveguides, the 

TE polarized light was not in resonance. Based on these 

results, the coupling of light in the two grating waveguides 

which were having an effective width of 6.5 µm with the 

resonator at a width of 1.25 µm, would allow the TM 

polarized light to tunnel through the resonator, while at the 

same time prevent the TE polarized light from tunnelling 

through.

The operation of the polarisation splitter was based on 

a three channel directional coupler; therefore its operation 

may be explained in terms of supermodes of the coupled 

waveguides. However, if the three channel waveguides were 

end-coupled to an input from a single mode waveguide as 

shown in Figure 3, this would excite multiple guided modes 

and also radiation modes in the three channel waveguides.

At the junction discontinuity (z = 0) between the input 

section and coupled section as shown in Figure 3, Maxwell’s 

equations impose continuity conditions for the field, i.e. the 
tangential magnetic fields as given in Equation 1, must be 
equal on each side of the interface. 

H x    (x,y,0) = Σ Σ ci j H x (x,y) + 

    ∫∫ H x       (x,y)x y (1)

where,

cij =
 ∫∫฀H x      (x,y,0)H x (x,y) x y

               √∫∫฀H x (x,y)2 x y

Based on 3-D analysis of the power excitation coefficient 
or overlap between the input field and the excited modal 
field in the coupled waveguide section, we found that about 
99.2% of the input power was transferred to the first three 
guided modes, H11

x, H21
x and  H31

x, in the coupled section. 

These modes are the first order vertical modes and two of 
these modes are symmetrical with one anti-symmetric mode 

for each of the polarization states were as shown in Figure 4. 

The analysis also revealed that only about 0.3% of the input 

power was transferred to H12
x,  H22

x, and  H32
x, and 0.006% 

was transferred to H13
x,  H23

x, and  H33
x, thus allowing the 

design and optimization process to be simplified by using 
quasi 2-D EIM based on the first order vertical modes.

In order to obtain an efficient transfer of power from 
one outside waveguide to another, the effective indices of 

the first three propagating modes must satisfy the following 
conditions (Donnelly et al. 1987):

        

(n1 – n2)TM ≈ (n2 – n3)TM (2)

        

(n1 – n2)TE 〉〉 (n2 – n3)TE (3)

By fulfilling these conditions, it meant that TM 
polarized light launched into WG1 would couple to WG3 

(via tunnelling through WG2) and exit WG3, while the 

TE polarized light launched into WG1 would mainly 

exit through WG1. The crosstalk and splitting efficiency 
in three waveguides couplers, due to the uneven spacing 

of the effective indices of the three eigenmodes in the 

coupling region were quantified in terms of the extinction 
and splitting ratios, ERTE and SRTE for TE polarisation, and 

ERTM and SRTM for TM polarisation (Equations 4 and 5):

Core (PMMA or 

GeO2 -doped silica)  

Substrate  
(Pure silica)  

WG1  WG2  WG3

y  

x

Figure 1. The resonant tunnelling polarisation splitter configuration based on low index grating waveguide.
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Figure 2. The grating waveguide WG1 (WG3) effective indices (circles) shown for (a) TM and (b) TE polarisation were computed for 
the grating waveguide slab width of 0.5 µm, with an air gap size of 0.1 µm. The conventional slab waveguide effective index (solid 

line – diamonds) was computed for waveguide width from 0.4 µm to 8 µm.
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RESULTS AND DISCUSSION

The polarisation splitter design comprised of three 

sections: the input, output and coupled sections, as shown 

in Figure 5. The coupled section would split the TE and 

TM polarized light. The initial design parameters obtained 

from the previous section were optimized using quasi 

2-D effective index - eigenmode expansion (EIM-EME) 

method (FIMMWAVE, FIMMPROP 2008) and global 

search algorithm (KALLISTOS 2008) with the objective 

of minimizing the difference in effective index spacing as 

stated in Equation 2. By satisfying Equation 2, the power 

transfer for TM polarisation, propagating from Port 1 to Port 

3 would be maximized. The optimization was conducted 

by varying the resonator’s width and the air gaps between 

resonator and grating waveguides. The grating waveguide’s 

parameters, width of 0.5 µm and air gap of 0.1 µm, with 

11 arrays of dielectric slabs were maintained constant 

throughout this process. The optimum design obtained 

with the stated objective consisted of a resonator width of  

1.212 µm and an air gap of 0.308 µm. The field intensity  
for the TM and TE modes at 1.55 µm is shown in Figure 6.

In the 2-D transmission analysis based on EIM-

EME method (FIMMWAVE, FIMMPROP 2008), we 

used 100 modes in the modal expansion of the coupled 

waveguides in the coupling section, consisting of guided 

and radiation modes. The transmission efficiencies for TM 

Input section

Input mode

H xinput

Coupled section

z = 0

z

(a) (b) (c)

Figure 3. The input singlemode waveguide is end-coupled to the three channel waveguide directional coupler. 

Figure 4. Supermodes in the coupling section of the grating waveguide polarisation splitter.  
The modes in Figures 4(a), 4(b) and 4(c) are having effective indices n1, n2 and n3, respectively.
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and TE polarized light are as shown in Figure 7(a). The 

transmission maximum for TM output was about 350 µm. 

In order to increase the splitting ratio [Figure 7(b)] in the 

TE polarized light to about 15 dB, we chose a length of 340 

µm for the coupled section.  The transmission efficiencies 
of the device at this length were 99% and 96% for TM and 

TE polarisation, respectively. However these transmission 

efficiencies were based on 2-D propagation analysis in 
the x-z directions, they did not include leakage loss in the 

y-direction. The leakage losses shown in Figure 8, for the 

grating waveguide and the resonator were estimated with 

three-component H-field computation using quadratic 
vector finite elements implemented with perfectly matched 
layer (COMSOL 2008). In the grating waveguide, at an 

operating wavelength of 1.55 µm, the TM and TE mode 

losses for waveguide width of 6.5 µm were 1.85 dB/mm and 

1.93 dB/mm, respectively. The corresponding mode loss in 

the resonator at a slab width of 1.212 µm for TM mode was 

1.2 dB/mm. Considering the 2-D transmission efficiencies 
and the leakage loss of local modes in the y-direction, the 

overall transmission efficiencies were estimated to be about 
88% and 83% for TM and TE polarisation, respectively.

The splitting ratios were 36 dB and 15 dB for SRTM and 

SRTE, respectively. In terms of splitting efficiency they were 
99.97% and 96.84%, respectively. We further conducted 

fabrication tolerance analysis on parameters related to 

the design and varied the grating waveguide, resonator’s 

TM  

TE  

TM  

TE  

Input 

section  

Coupling 

section  

Output 

section  
Port 2  

Port 3  

Port 1  

y  

x  
z  

Port 1

(a)

(b)

Port 2

Port 3

Port 1 Port 2

Port 3

Figure 5. Polarisation splitter designed with two grating waveguides and an 
intermediate conventional waveguide (resonator).

Figure 6. Field intensity of (a) TE polarized light launched into Port 1 exiting Port 2, 
and (b) TM polarized light launched into Port 1 exiting Port 3, computed using quasi 2-D EIM-EME method.
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Figure 7.  (a) The transfer coefficient of the TE and TM polarized light launched into Port 1. The solid (dash-dotted)  
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Figure 8. Loss analysis were based on full vectorial H-field computation using finite elements with perfectly matched layer 
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paper 6.indd   145 6/21/2009   8:33:55 PM



ASM Science Journal, Volume 2(2), 2008

146

slab width and air gap size, and we found that the critical 

parameter in this design was the grating waveguide air gap 

size. In order to attain an SR of greater than 13 dB or 95% 

needed for a practical polarisation diverse scheme (Hanfoug 

et al. 2003), the required tolerance in the size of the grating 

waveguide air gap (gs) was ±1.7 nm from the optimum gap 

of 0.1 µm, as was limited by the device splitting ratio for 

TM polarisation. The tolerance for the resonator width (w), 

resonator’s air gap (g) and grating waveguide slab width 

(ws) were less stringent, values ranged from ±13 nm, ±14 

nm and ±7 nm, respectively. Figure 9 shows the parameters 

that were varied in the fabrication tolerance analysis, and 

as shown in Figure 10 were their respective SRs obtained 

in the analysis.

CONCLUSION

In conclusion we have proposed an efficient and compact 
polarisation splitter based on low refractive index grating 

waveguide. The simulated SRTM and SRTE were 36 dB and 

15 dB for a device length of 340 µm, respectively.  However 

the fabrication tolerance was rather strict, especially for the 

grating waveguide air gap size.

w

g

gs

ws

Figure 9. Parameters in the polarisation splitter design which were varied in the fabrication tolerance analysis.
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The high-performance, single frequency, grating-based 

fiber laser has gained a tremendous interest for many 
applications (Mackechnie et al. 1993; Pask et al. 1995). 

A relatively simple fabrication involving only the writing 

of a grating structure with ultraviolet (UV) light on to an 

appropriate fibre together with it's stable performance, 
compared to single frequency semiconductor lasers, make 

this device attractive. In addition, single-mode pump light 

can be sent into the fibre core that contains the active ions 
inside the laser cavity, leading to an alignment free resonator 

with optimum overlap of pump and signal light. To ensure 

robust single-frequency operation without mode hopping, 

the fibre laser cavity needs to be short, a few centimeters in 
length, at the most. Phosphate fibre is an excellent choice for 
the design of compact fibre amplifiers and lasers because it 
exhibits a high solubility for rare-earth ions.  This allows a 
high concentration of those active-ions into a small volume 

of the phosphate glass. The high number density of active-

ions results in small sized optical devices such as Er-Yb 

co-doped phosphate fibre laser (Li et al. 2005). 

However, it has been difficult to fabricate volume 
gratings in the phosphate fibre with the standard UV-writing 
techniques used to produce Bragg gratings in silica fibres. 
Recently, a photosensitivity study in different phosphate 

glass has been reported which allows high-quality Bragg 

gratings to be constructed in both phosphate fibres and  
planar glass waveguides (Honkanen 2008). The 

photosensitivity of Er-Yb-co-doped phosphate glasses 

opens possibilities for the fabrication of Distributed 

Feedback (DFB) lasers. In this work, an Er-Yb co-doped 

phosphate DFB laser was demonstrated using a single-

mode diode laser as the pump source. The laser resonator 

was formed by an asymmetric grating structure that 

provided distributed feedback for a 1540 nm signal light 

propagating from the single-mode core of an active Er-Yb 

co-doped phosphate fibre. 

The configuration of the phosphate DFB laser is shown 
in Figure 1; it consists of a 980/1550 nm wavelength 

division multiplexer (WDM) coupler and a section of high 
concentration Er-Yb co-doped phosphate fibre (EYDPF) 
with an asymmetric grating structure. The grating was 

the wavelength selective output coupler of the laser while 

the Er-Yb co-doped fibre provided the gain required for 
laser operation. The pump sources were two laser diodes 

(P1 and P2) with a centre wavelength of 976 nm, which 

had maximum output power of 600 mW and 250 mW, 
respectively. Through the 980/1050 nm WDM, the pump 
light was coupled into the EYDPF. The output of the DFB 

laser was tapped from the 1550 nm port of WDM coupler 
and characterized by an optical spectrum analyzer (OSA) 

with a resolution of 0.015 nm. The EYDPF is 45 mm long 

with erbium and ytterbium ion doping of 1.1 × 1026 ions/m3 

and 8.6 × 1026 ions/m3, respectively. It had a core diameter 

of 9 micrometer, 125 micrometer cladding diameter, and a 

numerical aperture of 0.12.

The DFB grating structure was written directly on to the 

doped single-mode fibre by exposure to 193 nm UV light 
through a phase mask. The grating consisted of a 20 mm 

and 15 mm long section at C1 and C2 sides, respectively 

that were separated by a 0.05 mm wide gap that created 

the defect state inside the grating’s reflection band. The 
period of grating was estimated to be approximately 500 
nm. The overall ~35 mm long grating structure was located 

approximately at the center of the active fibre piece, and the 
asymmetric DFB grating design resulted in unidirectional 

DFB laser emission. This laser could only be controlled 

externally by the amount of pump power that was injected 
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and the temperature applied on the grating part by a heater. 

The heater consisted of a peltier and thermistor on a piece 

of metal which was controlled by ILX TEC controller. A 
transmittance spectrum of the gratings in the phosphate 

fibre is shown in Figure 2 which was measured using an 
erbium ASE source. The spectrum showed a transmission 

dip of 9.6 dB which translated to 89% reflectivity. The 
central wavelength of the grating was around 1539.55 nm 

at room temperature.

Lasing could be achieved by the pump power of at 
least 200 mW of P1 and 50 mW of P2 with a very precise 
temperature adjustment of the grating. The emission 
spectrum of the laser was measured by the optical spectrum 

analyzer as shown in Figure 3. The DFB laser emited a 

narrow laser line located at the grating structure design 

wavelength of 1540 nm. The bandwidth of line was 

measured to be approximately 0.02 nm, limited by the 
resolution of the OSA and the true emission line-width 

was expected to be much narrower. As shown in Figure 
3, the side-mode suppression ratio (SMSR) was better 

than 50 dB, indicating stable single longitudinal mode 

operation of the DFB laser. The DFB laser only achieved 

the maximum power of 1.2 mW after precise adjustment 
of both pump powers and temperature on the grating. This 

low power might be due to the constructed grating which 

was not perfectly asymmetrical and the change of the 

grating spectrum by the pump power and temperature. The 

high splicing loss between phosphate glass and SMF also 

affected the attainable output power of the laser.
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Figure 1. Experimental set-up. Splicing loss (C1 C2) = 5 dB and (C2 C1) 12 dB.  
Maximum pump power: P1 = 600 mW (@1200 mA) and P2 = 250 mW (@600 mA).

Figure 2. Transmission spectrum for the DFB grating (Maximum reflectivity = 89%).
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Figure 4. Laser output spectrum scanned every 10 minutes.
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In order to study the lasing wavelength's stability at a 
fixed temperature, 14 successive scans of the system output 
were carried out for every 10 min and the results recorded 

in Figure 4. The variation in output power and emission 

wavelength were below 2% and 0.05 nm, respectively. 

Even though the achieved power level was relatively low 

for a fibre laser, the improvements in grating fabrication as 
well as temperature control set-up were expected to give a 
reasonably higher output power, indicating the potential of 

our laser scheme for the development of high-power DFB 

fibre lasers.

CONCLUSION

We have demonstrated a stable and compact DFB fibre 
laser scheme based on the Er-Yb co-doped phosphate fibre, 
despite the large amount of splicing loss at both ends of 

the doped fibre, and our relatively crude level of thermal 
management. A stable and narrow line-width laser was 

obtained at 1540 nm with SMSR of more than 50 dB by 

adjusting the amount of pump power that was injected and 
the temperature adjustment of the grating. The achieved 
device performance made our DFB laser a promising 

candidate for the fabrication of single-frequency fibre 
lasers that could be optimized for high-powered simple 

structures, compact and with low noise.
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Plastics optical fibre (POF) waveguide devices are a new 
genre of devices which have high potential usage in data 
communications and optical sensors. However, research 
was limited due to the fact that highly multimode devices 
have a smaller market demand due to the high attenuation 
of POF compared to that of glass fibre (Loch 2004). The 
attenuation of POF fibre at 650 nm wavelength is close 
to 200 dB/km whereas for single mode glass fibre, the 
attenuation is only 0.2 dB/km at 1550 nm (Daum et al. 
2002). 

Multimode-based components such as POF fibres have 
been employed for short-distance data communication and 
has established wide applications in multimode intensity-
based sensors (Kalymious 2005). In sensor applications, 
POF sensors are normally used for physical or linear 
displacement sensors. Other application examples of the 
intensity-based POF sensors are detection of variation in 
liquid level, detection of liquid nitrogen levels, temperature 
sensing (Kalymious 2005), crack monitoring (Olivero 
2007), monitoring dynamic response of fibre composite 
beam (Kuang & Cantwell 2003), automobile sensor 
(Polishuk 2006) and long-term environmental monitoring 
(Wong 2003). Nevertheless, the use of POF devices 
for physical access to restricted facilities have not been 
ventured on yet. 

The applications of optical components in security-
access system are known and several international patents 

have been issued using a variety of optical technologies 
but none has utilized the concept of a unique series of 
light-intensity from POF waveguide  couplers for code 
generation. The application of a POF waveguide coupler 
design for generating a unique series of light-intensity for 
code generation in an access-card system is a new concept 
and has not been reported in any publication.

MATERIALS AND METHOD

The design of an optical code generating device utilizing 
large core POF waveguide coupler device for a simple 
access-card system is presented. The access-card would 
employ simple coding-decoding of a light signal transmitted 
from a LED or laser. The light signal was 'coded' using 
the 1 × M POF waveguide coupler and M was the number 
of output ports. The decoding of the coded signals was 
done at the receiving section which employed a simple 
receiver circuit. The 1 × M POF waveguide coupler could 
have a M-number of output ports and only one input port.  
When the light source or LED was activated, a light 
ray would travel from the LED into the input port of 
the device. The device would split the original optical 
power into M distinct optical power values. The output 
power would depend on the design of the device itself. A 
unique unbreakable optical code could be produced by a 
simple arrangement of the output power of the waveguide 
coupler. Figure 1 shows the concept of code generation 
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using a generic 1 × 4 waveguide coupler in simple optical 
access-card system. Two examples of the optical code are 
given in Figure 1, which are Code 1 and Code 2. Each 
of the numbers in the code series represented the output 
power (percentages) of the generic 1 × 4 POF waveguide 
coupler.

One of the important features of the POF waveguide 
coupler was the size of the core region. A suitable core size 
which allowed the coupling of the waveguide to a standard 
size POF fibre was chosen. The standard size of the POF 
fibre had a core size of 1 mm. Instead of using polymeric 
material for the waveguide core, a metallic hollow-type 
structure had been proposed for waveguiding. Light 
propagated along the waveguide solely by reflection on 
the metallic inner-surface. The hollow waveguide structure 
allowed more flexibility in guiding light rays without the 
constraint of the material’s refractive index. Application of 
hollow waveguides structures are well know in laser light 
delivery system for medical applications (Hongo 2004 & 
Verdaasdonk; Swol 1997) where the radiation wavelengths 
used are greater than 2 um (Verdaasdonk & Swol 1997). 
The temperature insensitivity requirement was another 

reason why this structure is also being used for photonics 
integrated circuits (Miura et al. 2001 and Miura et al. 

2002). 

The device design was focused on three main 
components, namely (i) linear taper  (ii) asymmetric 
Y-junction splitter and (iii) hollow waveguide. The use 
of linear taper was critical in this project as it permited 
the use of large core POF fibre to be coupled to the  
POF waveguide coupler. Figure 2 illustrates a linear  
taper design. The theory behind the linear taper was  
given by D. Israel et al. (1997), they showed that the  
power transmission of a uniform ray distribution in a 
linear taper, working from B to A is given by Equation 1 
as follows:

T =
 w1

       w0 (1)

However, reversing the direction of propagation from 
A to B gave no losses (Israel et al. 1997). This allowed 
the linear taper to be used precisely in the proposed device 
structure.
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Figure 1. (a) Functional diagram of optical access-card system components with a  
generic 1 × 4 waveguide coupler as the code generating device 

(b) Examples of optical codes generated.

paper 8.indd   154 6/21/2009   8:35:06 PM



A.A. Ehsan, et al.: Design of a Plastic Optical Fibre Waveguide Coupler for a Portable Optical Access Card System

155

In addition to the linear taper design, another additional 
feature of the POF waveguide coupler was the tap-off ratio 
(TOFR) for an asymmetric Y-junction splitter device. The 
concept of TOFR was demonstrated by Henry and Love 
(1997)  where a simple power tap can be achieved in 
multimode devices. This design is wavelength independent 
and is an ideal device for use as a low loss, low power tap 
in a linear taper structure.

The asymmetric Y-Junction splitter with TOFR and 
linear taper is shown in Figure 3. An input beam ray entered 
the device at Port 1 where at the tap-off region or tap line, 
a portion of this beam was tapped-off and the remaining 
portion stayed in the bus line. The TOFR or the ratio of the 
power exiting through Port 2 to the total power incident 
in the bus Port 1 is given by Equation 2 below (Henry & 
Love 1997):

TOFR =    Y

              Y + X (2)

Now, at the end of the tap-off region, there was a 
linear taper which expanded the size of the channel, from 
Y mm to X mm, where the core size increased back to X 

mm which was the size of the bus line. The reason behind  
this was that the waveguide could be coupled to the  
same POF fibre (for example, a 1 mm core size POF  
fibre) at all the input and output ports. Using this  
concept, a simple 1 × 2 waveguide coupler had been 
designed which included an asymmetric Y-junction  
splitter and a linear taper. In this design, the main bus  
line’s width would be fixed at 1 mm while the tap  
line’s width varied depending on the TOFR requirements. 
Figure 4 illustrates our simple 1 × 2 POF waveguide 
coupler.
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Figure 2. Linear taper where the waveguide width is reduced from wo to w1 (Israel et al. 1997).

Figure 3. Asymmetric multimode Y-junction splitter with bus and tap lines.
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We could generate several types of asymmetric 
waveguide coupler with any combination of splitting ratio 
by applying the concept structure as in Figure 4. This paper 
will illustrate some of the waveguide coupler designs for  
1 × 2 and 1 × 4 couplers.

1 × 2 POF Waveguide Coupler

 

The simplest coupler design would be a 1 × 2 POF 
waveguide coupler. We set one branch to be the main bus 
line which had a core size of 1 mm. Another branch would 
be the tap line whereby changing the tap line core width, 
any combination of output power at the two branches 
could be obtained. Figure 5 shows examples of the 1 × 2 
asymmetric waveguide design with different tap line sizes. 
Three different tap line sizes are shown, which are 50%, 
41% and 32% TOFR. These correspond to tap width (y) of 
1 mm, 0.7 mm and 0.55 mm, respectively.

1 × 4 POF Waveguide Coupler

The construction of a 1 × 4 POF waveguide coupler was 
easily done by utilizing the preceding 1 × 2 POF waveguide 
coupler design. A simple 1 × 2 Y-junction splitter was 
cascaded with two 1 × 2 POF waveguide couplers. The 
concept of cascading the designs is shown in Figure 6.

Waveguiding in the POF waveguide coupler design was 
achieved by using a hollow waveguide structure. Here, 
instead of using polymeric material for the waveguide core, 
the core of the waveguide would be hollow (air). Light 
propagated along the waveguide solely by reflection on 
the metallic inner-surface. The hollow waveguide structure 
allowed more flexibility in guiding light rays without the 
constraint of the material’s refractive index.

The modeling block for the hollow waveguide structure 
was designed by building a rectangular block and inserting 
a 3D waveguide coupler design into it. The inserted 3D 
object was then subtracted from the main rectangular block. 

Figure 7 illustrates how a 1 × 2 hollow POF waveguide 
coupler is constructed from a 2D waveguide design by 
subtracting the 3D structure from a rectangular block. 
Similarly, a 1 × 4 hollow POF waveguide coupler was 
constructed from its 2D waveguide design by subtracting 
its 3D structure from a rectangular block.

The fabrication process of the waveguide coupler would 
utilize the micro-engraving technique which was a simple 
and low-cost fabrication process. In this process, a rigid 
mould insert was designed and fabricated using a micro-
engraving tool. The limits of this mechanical technique 
was currently up to about 100 μm, i.e. conventional CNC 
micro-milling (Albers & Marz 2005). Once the mould insert 
had been fabricated, another metallic block was stamped 
onto and both were welded together. Hence, multimode 
devices, especially POF devices, could be fabricated easily 
using the micro-milling technique. This technique was a 
maskless process and mould inserts could be easily and 
quickly produced.

RESULTS AND DISCUSSION

The modeling and simulation of the POF waveguide 
coupler was done using non-sequential ray tracing in 
Zemax. Ray tracing allowed the optical performance and 
code combination generation of the waveguide design to be 
forecasted. The non-sequential ray tracing was done using 
the 3D design of the hollow waveguides in Figures 7 and 8. 
In order to make the hollow waveguide to reflect light rays 
all the way from the input port to the output ports, the inner 
surface of the waveguide was defined as reflective and the 
coating was written as metal coating. The wavelength used 
in this simulation was 650 nm, with an input power of 1.0 
mW. Another feature of this waveguide structure was that 
it is operated unidirectionally only.

The ray tracing diagram of the waveguide coupler 
is shown in Figure 9 for a 1× 2 POF waveguide coupler 



 

Bus line  

Tap line  

Linear taper  

x  mm  

y mm  

Figure 4. 1 × 2 POF waveguide coupler design with different tap line (y) and bus line (x).
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Figure 5. 1 × 2 POF asymmetric waveguide coupler: (a) 50% TOFR; (b) 41% TOFR and (c) 32% TOFR.

Figure 6. Higher-level waveguide design: (a) 1 × 2 Y-junction splitter before joining with two 1 × 2 POF waveguide couplers and  
(b) 1 × 4 POF waveguide couplers with asymmetric branches.

Figure 7. 1 × 2 hollow POF waveguide coupler: (a) 2D layout; (b) 3D layout and (c) 3D hollow structure.
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The demand for a compact and efficient optical amplifier 
with a short fibre gain medium led to the development 
of the erbium/ytterbium co-doped fiber (EYDF) (Sudo  
et al. 1997, Grubb et al. 1992). An EYDF utilizes ytterbium 
ions as a co-dopant to provide an intermediate medium 
for the transfer of pump energy to the erbium ions.  
As the intermediate medium, the ytterbium ions are  
first pumped at the absorption wavelength of 800 nm –  
1100 nm to the 2F5/2 state (Gapontsev 1992). The energy 
of the ytterbium ions is then transferred to the erbium ions 
which are in turn excited to the 4I11/2 state. The excited erbium 
ions subsequently undergo a non-radiative transition to the 
metastable state, 4I13/2 and form a population inversion with 
the ground state, 4I15/2. Once the population inversion has 
been achieved, any incident optical signal traveling through 
the fibre is amplified via stimulated emission between these 
two states. 

The EYDF is capable of overcoming the erbium ion 
concentration limit of conventional erbium-doped fibres 
(EDFs). In a typical EDF, the erbium ions will cluster 
together once a dopant threshold is met. When subjected 
to lasing, these clustered ions will undergo an undesirable 
effect known as pair-induced quenching (PIQ), reducing 
the amount of stimulated emission in the fibre. As such, PIQ 
imposes a concentration limit that restricts the amount of 
lasing ions available for amplification, which is a significant 
drawback for conventional EDF amplifier systems. In an 
EYDF however, highly doped ytterbium ions act as ionic 
buffers that effectively surround the erbium ions due to 

their similar atomic radius. This reduces the clustering 
and subsequently the PIQ effect between erbium ions and 
allows for ion doping concentrations of up to 1000 p.p.m. 
(Park et al. 1996). The energy transfer efficiency from the 
pump to the erbium ions further increases with the right 
ratios of ytterbium ions (Layne et al. 1977). In comparison 
to an EDF amplifier, an EYDF amplifier can achieve the 
same signal amplification with higher pump efficiency by 
using a shorter length of doped fibre. An EYDFA also has 
the benefit of a wide pump absorption band, which enables 
extended range of pump laser wavelengths. 

Besides compactness, the EYDFA also provides high 
levels of small signal gain for application in pre-amplifiers 
and inline amplifiers in order to amplify weak signals before 
photo-detection at the receiver or before the next span in a 
fibre link. In our previous report, a significant improvement 
of the gain and noise figure was demonstrated in EYDFA 
by employing a dual-stage structure (Harun et al. 2007). 
However, the dual-stage structure had a low gain efficiency 
that uses two pump sources to provide pumping for each 
of the stages (due to high ytterbium absorption of 64 dB/m 
at 1057 nm). An efficient EYDFA with high small signal 
gain was later demonstrated using a double-pass structure. 
(Harun et al. 2007). This double-pass structure was able 
to improve the EYDFA gain efficiency, at the expense of a 
higher noise figure. In this paper, a new EYDFA architecture 
which combined both architectures was proposed to further 
improve the amplifier performance. The proposed amplifier 
used a single pump source with a partial double-pass 

Er3+/Yb3+ Co-doped Fibre Amplifier Demonstrates 

Significant Gain Enhancement with  

Improved Noise Figure
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An efficient erbium/ytterbium co-doped fibre amplifier was demonstrated by using a dual-stage partial double-
pass structure with a band-pass filter (BPF). The amplifier achieved the maximum small signal gain of 56 dB 
and the corresponding noise figure of 4.66 dB at 1536 nm with an input signal power and total pump power of 
–50 dBm and 140 mW, respectively. Compared with a conventional single-stage amplifier, the maximum gain 
enhancement of 16.99 dB was obtained at 1544 nm with the corresponding noise figure was improved by 2 dB. 
The proposed amplifier structure only used a single pump source with a partial double pass scheme to provide 
a high gain and dual-stage structure to provide the low noise figure.
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