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Abstract—A simple multi-wavelength passively Q-switched 

Erbium-doped fiber laser (EDFL) is demonstrated using low cost 
multi-walled carbon nanotubes (MWCNTs) based saturable absorber 
(SA), which is prepared using polyvinyl alcohol (PVA) as a host 
polymer. The multi-wavelength operation is achieved based on 
nonlinear polarization rotation (NPR) effect by incorporating 50 m 
long photonic crystal fiber (PCF) in the ring cavity. The EDFL 
produces a stable multi-wavelength comb spectrum for more than 14 
lines with a fixed spacing of 0.48 nm. The laser also demonstrates a 
stable pulse train with the repetition rate increases from 14.9 kHz to 
25.4 kHz as the pump power increases from the threshold power of 
69.0 mW to the maximum pump power of 133.8 mW. The minimum 
pulse width of 4.4 µs was obtained at the maximum pump power of 
133.8 mW while the highest energy of 0.74 nJ was obtained at pump 
power of 69.0 mW. 
 

Keywords—Multi-wavelength, Q-switched, multi-wall carbon 
nanotube, photonic crystal fiber. 

I. INTRODUCTION 

OTH multi-wavelength and Q-switched EDFLs have 
wide applications in optical communications, sensors and 

instrumentations [1], [2]. There are many different methods 
have been proposed to achieve multi-wavelength lasing at 
room temperature such as cascaded stimulated Brillouin 
scattering [3], incorporating a semiconductor optical amplifier 
or raman amplifier and four-wave mixing (FWM) [4]. 
Recently, NPR [5] which can induce intensity dependent loss 
is also widely used for multi-wavelength laser generation. On 
the other hand, Q-switched EDFLs can be generated using 
either active or passive techniques. Compared with the 
actively Q-switched ones, passively Q-switched EDFLs have 
attracted much attention for their advantages of compactness, 
low cost, flexibility and simplicity of design. Different kinds 
of saturable absorbers, such as the transition metal-doped 
crystals and semiconductor quantum-well structures [6], have 
been applied to realize Q-switched EDFL. However, when 
they are used in the laser cavity, additional alignment devices, 
such as lens, mirrors or U-bench units, have to be applied. 
This may increase the insertion loss and the complexity of the 
laser cavity. 

When Over the last few years, the use of single-walled 
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carbon nanotubes (SWCNT) material as a SA has been widely 
investigated in Q-switched fiber lasers [7]. This is due to their 
inherent advantages, including good compatibility with optical 
fibers, low saturation intensity, fast recovery time, and wide 
operating bandwidth, while the other types of crystal and 
semiconductor based SAs cannot be used for an all fiber laser 
structure due to their relatively big volume. Recently, 
MWCNTs [8] have also attracted considerable interest 
because they possess many advantages such as good thermal 
characteristics and ease in fabrication or growth. Compared 
with SWCNTs, the MWCNTs also have better mechanical 
strength, and higher photon absorption per nanotube due to its 
higher mass density of the multi-walls. These favourable 
features are due to the structure of MWCNTs which takes the 
form of a stack of concentrically rolled graphene sheets. The 
outer walls can protect the inner walls from damage or 
oxidation so that the thermal or laser damage threshold of 
MWCNT is higher than that of the SWCNT. 

In this paper, a Q-switched multi-wavelength EDFL is 
demonstrated using a simple and low cost MWCNT-based 
saturable absorber, which is prepared using polyvinyl alcohol 
as a host polymer. The multi-wavelength operation is achieved 
based on NPR effect by incorporating 50 m long PCF in the 
ring cavity. The SA is integrated in the EDFL ring cavity by 
sandwiching the MWCNTs-PVA SA thin film between two 
fiber connectors to achieve a stable pulse train with 25.4 kHz 
repetition rate and 4.4 µs pulse width at 133.8 mW 1480 nm 
pump power. 

II. EXPERIMENT ARRANGEMENT 

In this work, the key part of Q-switching generation is the 
fabrication of saturable absorber incorporating dispersed 
MWCNTs. To match the EDFL operating at 1550 nm, the 
choosing of MWCNTs with suitable mean diameter and 
distributed diameter range is a critical step. In this work, we 
used SWCNTs with the purity of 99%, distributed diameter of 
10-20 nm and length of 1-2 µm. The host material was PVA, 
which is a water-soluble synthetic polymer with monomer 
formula C2H4O. It has excellent film forming, emulsifying, 
and adhesive properties. It also has high tensile strength, 
flexibility, high oxygen and aroma barrier, although these 
properties are dependent on humidity. Firstly, the MWCNTs 
material is functionalized so that it can be dissolved in water. 
The functionalizer solution was prepared by dissolving 4 g of 
sodium dodecyl sulphate (SDS) in 400 ml deionized water. 
250 mg MWCNT was added to the solution and the 

Multi-Wavelength Q-Switched Erbium-Doped Fiber 
Laser with Photonic Crystal Fiber and Multi-Walled 

Carbon Nanotubes 
Zian Cheak Tiu, Harith Ahmad, Sulaiman Wadi Harun 

B 



International Journal of Engineering, Mathematical and Physical Sciences

ISSN: 2517-9934

Vol:8, No:10, 2014

1289

 

ho
m
so
pa
su

di
ra
in
w
an
on
vi
M
w
ro
sp
to
th
fe
ba
pr
pr
ex
w
w
str
B 
ob

in
ED
(W
co
Th
co
of
ea
fib
fib

omogenous di
mixed solution
olution was th
articles of u
uspension that

MWCNTs-P
ispersed MWC
atio. We prepa
n 400 ml disti

with the prepa
nd the mixture
ne hour. Thi
iscosity so th

MWCNTs-PVA
were spread th
oom temperatu
pectroscopy w
o confirm the p
he Raman spe
eature of the 
ands at 1580 c
rominent D b
resence of so
xpected, the p

which indicate
walled type, wh

ructure. In ad
band (2920 c

bserved as dep
 

Fig. 1 Raman 
 
The experim

n Fig. 2, whic
DF as the ga

WDM), polar
ontroller (PC)
he EDF used 
ore diameter o
f 0.24. The S
arlier prepared
ber connector
ber ends. It is 

ispersion of M
n was sonicate
hen centrifug
undispersed 
t is stable for w

PVA composi
CNTs suspen
ared a PVA s
illed water. T

ared MWCNT
e was stirred 
s step helped
hat it could 
A film. Finall
hinly on the g
ure to form th

was then perfo
presence of th
ectrum, where
MWCNTs su

cm-1 and 2705
band at around
ome disorder
prominent D 
es that the ca
hich has mult

ddition, others
cm-1), a small 
picted in Fig. 

spectrum obtai

mental set-up o
ch the ring re
ain medium, 
rization-depen
, PCF, MWC
has an Erbium

of 4 µm, mod
SA is fabricate
d film and san
rs, after depos
placed into th

MWCNTs wa
ed for 60 mi
ed at 1000 rp
MWCNTs to
weeks. 
ite was prepa
nsion into a P
olution by dis

Then we mixe
Ts solution to
using ultrason
d us get pre
be easily u

ly, suitable am
glass substrate
he saturable ab
ormed on the M
he carbon nan
e obviously i
uch as a wel
5 cm-1, respect
d 1350 cm-1, 
r to the grap
band is also 

arbon nanotub
ti-layer config
s distinguishab
peak at 854 c
1. 

ined from the M

of the proposed
esonator consi

wavelength 
ndent isolator 
NTs-PVA SA
m ion concent
de field diame
ed by cutting
ndwiching it 
siting index-m
he laser cavity

as achieved a
inutes at 50 W
pm to remov
o obtain di

ared by addi
PVA solution 
ssolving 1 g o
ed the PVA s
o form the pr
nic cleaner fo

ecursor with 
sed in formi
mounts of pr
e, and let dry
bsorber film. 
MWCNTs-PV

notubes. Fig. 1
indicates the 
ll-defined G 
tively. We als
which indica

phene structu
observed in 

bes are of a
guration and d
ble features li
cm-1 and Si we

MWCNTs-PVA

d EDFL is illu
ists of a 4.5 
division mult
(PDI), polar

A and 10 dB c
tration of 200

eter of 6 µm a
g a small part
between two 

matching gel o
y to achieve sa

 

fter the 
W. The 
ve large 
spersed 

ing the 
by 3:2 

of PVA 
solution 
recursor 
or about 
enough 
ing the 
recursor 
y in the 
Raman 

VA film 
1 shows 
distinct 
and G' 

so see a 
ates the 
ure. As 
Fig. 1, 

a multi-
disorder 
ike G + 
ere also 

 

A film 

ustrated 
m long 
tiplexer 
rization 
coupler. 
00 ppm, 
and NA 
t of the 
FC/PC 

onto the 
aturable 

ab
14
A 
un
a p
via
cav
Yo
Q-
wh
use
op
Th

Fi

wh
sel
po
wa
3 (
wh
pu
20
pu
aro
cav
op
wi
wa
the
Fig
spe
res
4 (
spe
len
wa
ind
eff
PD

sorption that 
480 nm laser d

PDI and PC 
nidirectional p
polarizer. The
a a 10 dB cou
vity to oscil
okogawa, AQ
-switched ED
hereas the os
ed to observ

peration via 
horlab PDA50
 

ig. 2 Schematic

Firstly, the p
hen a 50 m lo
lf-started Q-s

ower is increa
avelength lasin
(a). The repet
hich indicates 
ulse. As shown
0.8 µs, which
ump power of 
ound 5 µs. A
vity, a stabl

peration was o
ith a proper 
avelength and
e PCF and M
gs. 4 (a) an
ectrum and 
spectively, un
(a), the Q-swi
ectral range (
ngth and the e
avelength gen
duced by NPR
fect as well as
DI. At the th

is required f
diode is used 
are incorpora
ropagation of

e output of the
upler which re
llate. The op

Q6370B) is use
DFL with a 
scilloscope (O
ve the output
a 460 kHz 

0B-EC). 

 configuration o
switch

III. RESULTS

performance o
ong PCF is e
witching of t
ased up to 5
ng is observe
tition rate is 
that the gene

n in Fig. 3 (b)
h corresponds 
f 100.2 mW. T
As a 50 m lo
le multi-wave
obtained at pu
tuning of PC

d Q-switched o
MWCNTs-PV
nd (b) show 

typical Q-sw
nder pump pow
itched laser pr
(FSR) of 0.48
effective grou
neration is du
R. The role of
s to constitute

hreshold pump

for the Q-swi
to pump the 

ated in the la
f the oscillatin
e laser is colle
etains 90% of 
ptical spectru
ed for the spe
spectral reso

OSC, Tektron
t pulse train 
bandwidth p

of the proposed
hed EDFL 

S AND DISCUS

of the ring l
xcluded from
the laser occu
50 mW but t
d from the OS
observed to b

erated laser pr
), the pulse tra

to repetition
The correspon
ng PCF is in
elength laser
ump power th

C. This confir
operations are

VA film base
the measure

witched pulse 
wer of 69 mW
roduces at lea
 nm, which i

up indices of t
e to the inten
f PCF is to in
e an inline per
p power of 6

itching operat
EDF via the W
ser cavity to 

ng laser and to
ected from the
f the light in th
um analyser 
ectral analysis
olution of 0.0
nix,TDS 305
of the Q-sw

photo-detector

d multi-wavelen

SION 

laser is inves
m the laser cav

urs when the
there are no 
SA as shown 
be pump depe
roduces Q-sw
ain has the pe
n rate of 48 k
nding pulse w
ncorporated in
r with Q-sw
hreshold of 6
rms that the 
e mainly indu
d SA, respec
d multi-wave

train of the
W. As shown 
ast 14 lines wi
s determined 
the PCF. The 
nsity depende
ncrease the non
riodic filter w
69 mW, the 

tion. A 
WDM. 
ensure 

o act as 
e cavity 
he ring 
(OSA, 

s of the 
02 nm 
2C) is 

witched 
r (PD, 

 

ngth Q-

tigated 
vity. A 
 pump 
multi-
in Fig. 

endent, 
itching 
riod of 
kHz at 

width is 
nto the 
itching 

69 mW 
multi-

uced by 
ctively. 
elength 
e laser 
in Fig. 
ith free 
by the 
multi-

nt loss 
nlinear 

with the 
multi-



International Journal of Engineering, Mathematical and Physical Sciences

ISSN: 2517-9934

Vol:8, No:10, 2014

1290

 

w
re
in

ty

Th
di
PC
or
ro
pa
on
in
in
in
A
in
ca
po
m
sp
po
pe
w
po
ch

wavelength las
epetition rate o
n Fig. 4 (b). 

 

Fig. 3 Q-switch
cavity exclude

ypical Q-switch
 

Fig. 4 (a) Opti
proposed mult

 
The multi-w

he light is spli
ifferent nonlin
CF owing t
rientation of t
otation is cor
asses through 
n the rotation
ntensity. The c
ntensity equal
nhomogeneous

As a result, th
nduced by NP
an lead to a
olarization sta

multiwavelengt
pectrum of th
ower. As sho
eak power in

wavelength spa
owers. Note t
hanging the le

ser produces 
of 14.9 kHz an

hing performan
ed the 50 m long
hed pulse train 

ical spectrum an
ti-wavelength Q

fixed at th

wavelength ge
it into two ort
near phase sh
to the Kerr 
the light rotat
rrelative with
the PDI, whi

n of the pol
combination o
lizer, which p
s loss and thu
he balance b
R and the mo
a stable mul
ate is selecte
th laser can be
he multi-wav
wn in the fig

ncreases with 
acing is main
that the wave
ength of PCF.

a Q-switche
nd pulse widt

nce of the ring E
g PCF, (a) Opti
when the pump

nd (b) Q-switch
Q-switched EDF
hreshold power

eneration is d
thogonal mod
hift as they p

effect. The
tes in the PC

h the light in
ich the transm
arization or 
of the PCF an
produces an 
s elleviates th

between the i
ode competitio
ltiwavelength 

ed properly b
e easily obtain
velength laser
gure, the num

the pump p
ntained at 0.4
elength spacin
 The Q-switch

ed pulse trai
th of 7.1 μs as

EDFL when the
ical spectrum an
p is fixed at 100

hed pulse train o
FL when the pu
r 

described as f
es, which exp
ropogates ins
en the polar

CF with the a
ntensity. The
mittivity is de
the oscillatin
nd PDI funct
intensity dep

he mode-comp
inhomogeneou
on effect of th

oscillation. 
y adjusting t
ned. Fig. 5 sho
r against the

mber of lines 
ower. Howev
48 nm for all
ng can be tu
hing characte

 

in with 
s shown 

 

e laser 
nd (b) 
0.2 mW 

 

of the 
ump is 

follows. 
perience 
side the 
rization 

angle of 
 signal 

epended 
ng light 
tions an 
pendent 
petition. 
us loss 
he EDF 

If the 
the PC, 
ows the 
e pump 

and its 
ver, the 
l pump 

uned by 
ristic is 

ob
sw
po
pu
sw
op
in 
tha
un
of 
aro
25

Fi

Fig

to 
rat
po
wi
sw
rep
fro
69
red
fro
dro
the
du
ED
of 

btained due to
witched pulse 
ower. As sho
ulses reduces 
witching opera
peration is stab

each Q-switc
at the self-m

nobservable an
f 133.8, the sp
ound 39.3 µs
.4 kHz. 
 

ig. 5 Output spe
Q-

 

g. 6 Q-switched
Q-

 
Fig. 7 shows 
the pump po

te can be see
ower, while th
ith the pump 

witching theor
petition rate o
om 14.9 kHz 
9.0mW to 133
duces from 7
om 69.0mW t
op further by 
e damage thr

uration could a
DF and furthe
f the laser cav

o the SA. Fi
of the mult

own in the fi
with the pu

ation. It is als
ble without an
ched envelop

mode locking
nd insignifican
pacing betwee
, which can b

ectrum evolutio
-switched EDFL

d pulse evoluati
-switched EDFL

how repetitio
ower. The dep
en to increase
he pulse widt
power. This 
ry with the 
of the Q-switc
to 25.4 kHz b
3.8 mW. On 
.1 μs to 4.4 
to 133.8 mW
further increa
eshold of the
also be reduc

er shortening t
ity. Since hig

g. 6 shows e
ti-wavelength
igure, the sp
ump power, w
so observed th
ny distinct am
 of the spect

g effect on t
nt. At the max
en two pulses
be translated 

on of the propo
L against pump

ion of the propo
L against pump

on rate and pul
pendence of 
e almost linea
th decreases a
agrees well w
saturable ab

ched EDFL c
by varying th
the other han
μs as the pum

W. The pulse w
asing the pum
e SA is not e
ed by using s
the fiber betw
gher pump pow

evolution of 
h against the 
acing betwee
which indica
hat the Q-sw

mplitude modu
trum. This in
the Q-switch
ximum pump 
s is measured
to repetition 

sed multi-wave
p power 

osed multi-wav
p power 

lse width are 
the pulse rep
arly with the
also almost l
with the pass
bsorber. The 
can be widely
e pump powe
nd, the pulse
mp power inc
width is expec

mp power, as l
exceeded. The
shorter highly 

ween the comp
wer will destr

the Q-
pump 

en two 
ates Q-
itching 
ulation 
dicates 

hing is 
power 

d to be 
rate of 

 

elength 

 

velength 

related 
petition 
 pump 
inearly 

sive Q-
pulse 

y tuned 
er from 
e width 
creases 
cted to 
long as 
e pulse 

doped 
ponents 
roy the 



International Journal of Engineering, Mathematical and Physical Sciences

ISSN: 2517-9934

Vol:8, No:10, 2014

1291

 

M
M
13

en
w
po
th
th
sa
M
ab
hi
w
un
op
se
in
w
in

MWCNT-PVA
MWCNT, the 
33.8 mW. 

 

Fig. 7 Repet
waveleng

 
Fig. 8 show

nergy of the m
with the pump 
ower almost l
he pump powe
he pulse energ
ame pump p

MWCNTs-PVA
bsorber to ach
ighly nonlinea

wavelength. T
nstable mult
peration when
et-up as show
ncorporation o

wavelength lasi
nduced the fou

Fig. 8 Outpu
waveleng

 

A SA due to 
applied pum

tition rate and p
gth Q-switched E

ws how the a
multi-wavelen
power. As sh
inearly increa
er increases fr
gy fluctutating
power range.
A SA function
hieve the Q-s
arity of PCF h

This is prove
ti-wavelength 
n the MWCN
wn in Fig. 
of SA impro
ing due to the

ur wave mixin

ut power and pu
gth Q-switched E

the thermal 
mp power wa

pulse width of th
EDFL against t

average outpu
ngth Q-switch
hown in the fi
ased from 11.0
from 69.0mW 
g within 0.54 
. These resu
ns very well a
switching. On
had induced N
ed since we 

laser with
NTs-PVA SA 

9. It is also
oves the stab
 nonlinearity 

ng (FWM). 
 

ulse energy of th
EDFL against t

characteristic 
as controlled 

he proposed mu
the pump powe

ut power and
ed EDFL are 
igure, average
0 µW to 13.9
 to 133.8 mW
nJ to 0.74 nJ

ults show th
as a typical sa
n the other ha
NPR to achieve

only observ
h continuous 
is removed fr

o observed th
bility of the 
of MWCNT t

he proposed mu
the pump powe

 

of the 
below 

 

ulti-
r 

d pulse 
related 

e output 
 µW as 

W while 
J at the 
hat the 
aturable 
and, the 
e multi-
ved an 

wave 
rom the 
hat the 

multi-
that had 

 

ulti-
r 

an
PV
wi
pu
po
rep
wh
ma
of 

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

 
 

 

Fig. 9 Output

A simple mu
nd demonstrat
VA SA. The E
ith spacing of 
ump power as
ower from thr
petition rates 
hereas the pu
aximum pulse

f 69.0 mW. 

S. Xiao, et a
switching,” Ph
D. R. Chen, 
wavelength 
interferometer
2008. 
S. Shahi, et a
EDF and Bril
Laser Technol
R. Parvizi, et 
laser based on
& Laser Techn
N. S. Shahab
nonlinear pola
photonic cryst
F. Banhart, “I
Progress in Ph
S. Yamashita, 
directly synth
mode-locked f
K. N Chen, Y
nanotube base
erbium-doped 

t spectrum of th
excluded fr

IV. CO

ulti-wavelengt
ed based on 

EDFL generate
f 0.48 nm and 
s small as 6
reshold powe
can be increa
lse width red
e energy of 0.

REFE

al, “Realization o
hotonics Technolo
et al, “Wavelen
SOA-fiber rin

r,” Optics & La

al, “Multi-wavel
llouin effect in a
logy, vol. 41, pp. 
al, “Multi-wavel

n four-wave-mixin
nology, vol. 42, p
buddin, et al, “
arization rotation
tal fiber,” Laser P
Irradiation effect
hysics, vol. 62, pp
et al, “Saturable 
esized onto subs
fiber lasers,” Opti
Y. H. Lin, G. R. 
ed saturable abs
fiber laser,” Lase

he proposed rin
rom laser cavity

ONCLUSION 

th Q-switched
50 m long P
es a stable mu

d Q-switching 
9.0 mW. By

er to maximu
ased from 14.
duces from 7.
.74 nJ is obtai

ERENCES 
of multiwavelen
ogy Letters, vol. 

ngth-spacing con
ng laser base
aser Technology,

ength generation
a linear cavity c
198–201, 2009. 

length bismuth0b
ng effect in photo
pp. 1250–1252, 20
“Multi-wavelengt
n in semiconduct
Physics, vol. 22, p
ts in carbon nan
p. 1181, 1999 
absorbers incorp

strates and fiber 
ics Letters, vol. 2
Lin, “Single- an

sorbers for passi
er Physics, vol. 2

g EDFL when 
y 

d EDFL is pro
PCF and MW
ulti-wavelengt

pulse at a thr
y varying the 
um 133.8mW,
.9 kHz to 25.4
1 μs to 4.4 μ
ined at pump 

ngth label optica
15, pp. 605–607, 

ntinuously tunabl
ed on Mach-
, vol. 40, pp. 2

n using a bismu
configuration,” O

based erbium-dop
onic crystal fiber,
010. 
th fiber laser b
tor optical ampli
pp. 1257–1259, 2
nostructures,” Rep

porating carbon na
and their applic

29, pp. 1581–1583
nd double-walled
ive mode-lockin

23, pp. 045105, 20

 

SA 

oposed 
WCNTs-

th laser 
reshold 

pump 
, pulse 
4 kHz, 
μs. The 

power 

al packet 
2003. 

le multi-
-Zehnder 
278–281, 

uth-based 
Optics & 

ped fiber 
,” Optics 

based on 
ifier and 

2012. 
ports on 

anotubes 
cation to 
3, 2004. 
d carbon 

ng of an 
013. 


