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Abstract: A simple active mode-locked erbium-doped
fiber (EDF) ring laser is characterized and experimentally
demonstrated. The active mode-locked laser can be tuned
in the C-band wavelength range 1525nm to 1565nm us-
ing a tunable bandpass filter placed in the cavity. An in-
tensity modulator placed inside the laser cavity is driven
using a sinusoidal signal at different repetition rates. The
laser can produce trains of pulses with a width that is
controlled using the mode-locking order. The experiments
demonstrated an active mode-locked laser that can gen-
erate pulse trains with 39 ns width at multiple cavity fun-
damental frequency of 0.67 MHz repetition rate. Numerical
simulations are conducted to investigate the effect of the
tunable filter bandwidth and the power of the EDF 980 nm
pump on the mode-locking process and produced pulses
width.

Keywords: Active model-locked laser, ring laser, fiber
laser, intensity modulator, optical metrology.

Zusammenfassung: Ein einfacher Ringfaser mit akti-
vem modengekoppeltem Erbium-dotiertem Faser (EDF)
wird charakterisiert und experimentell demonstriert.
Der aktive modengekoppelte Laser kann im C-Band-
Wellenldangenbereich von 1525 nm bis 1565 nm unter Ver-
wendung eines abstimmbaren Bandpassfilters, das in dem
Hohlraum angeordnet ist, abgestimmt werden. Ein im
Laserresonator angeordneter Intensititsmodulator wird
unter Verwendung eines sinusférmigen Signals mit unter-
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schiedlichen Wiederholungsraten angesteuert. Der Laser
kann Impulsfolgen mit einer Breite erzeugen, die unter
Verwendung der Modenkopplungsreihenfolge gesteuert
wird. Die Experimente zeigten einen aktiven modengekop-
pelten Laser, der Impulsfolgen mit einer Breite von 39 ns
bei einer Grundfrequenz mit mehreren Hohlrdumen und
einer Wiederholungsrate von 0,67 MHz erzeugen kann.
Numerische Simulationen werden durchgefiihrt, um den
Einfluss der einstellbaren Filterbandbreite und der Leis-
tung der EDF 980 nm-Pumpe auf den Modenkopplungs-
prozess und die erzeugte Impulsbreite zu untersuchen.

Schlagworter: Aktiver modellverriegelter Laser, Ringlaser,
Faserlaser, Intensitdtsmodulator, optische Messtechnik.

1 Introduction

Passive and active mode-locked fiber lasers have been
demonstrated in the past years for many applications
ranging from optical communication, sensing metrology,
and device testing. An actively mode-locking Nd-doped
fiber laser with piezoelectrically induced Raman-Nath
diffraction modulation was proposed by Hofer etal. in
1990 [1]. The laser produced an unwavering pulse of 2.4 ps
at a central wavelength of 1054nm. In 2004, Usechak
etal. demonstrated a ytterbium fiber laser mode-locked
at its 281st harmonic, thereby corresponding to a repeti-
tion rate above 10 GHz [2]. Moreover, the proposed laser
generated linearly polarized 2 ps pulses with an average
output power around 38 mW. Combining dispersive fibers
with Lithium Niobate modulator, Tozburun et al. proposed
a wavelength stepped laser operating at 1550 nm with
200 GHz wavelength-stepping and a sweep rate of 9 MHz
over a 94 nm range [3]. A passively mode-locked erbium-
doped fiber laser utilizing multiple graphene layers was
proposed by Liu et al. in 2015 [4]. The laser is designed to
operate at 1568.1 nm wavelength. The fiber laser produced
pulses width of 58.8 ps. Furthermore, the obtained maxi-
mum average output power and repetition rate were found
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tobe 729 MHz and 1.68 mW. In 2017, Wang et al. experimen-
tally demonstrated a linear chirped fiber Bragg grating
(LC-FBG) wavelength-swept fiber laser centered at 1550 nm
[5]. The results showed that the fiber laser yields a sweep
rate of 5.4 MHz in a wide range of 2.1 nm. In the same year,
Khazaeinezhad et al. achieved a repetition rate of 16.3 MHz
and lasing bandwidth of 62 nm at 1550 nm operating wave-
length [6]. The authors achieved these results utilizing a
four-path delay line at the output. In 2018, Nady et al. [7]
and Chen etal. [8] proposed mode-locked and actively-
locked lasers, respectively. The mode-locked laser was
showcased using vanadium oxide (V205) as the saturable
absorber and was centered at 1559.25 nm wavelength with
arepetition frequency of 1 MHz. While, the actively-locked
laser has a slope efficiency improvement of 2.37 % over
the original 10.24 %. Furthermore, the laser repetition rate
was shifted from 15.65 MHz to 626 MHz for the fundamen-
tal mode to the 40th harmonic mode-locking.

Active mode-locked lasers can be realized by implant-
ing a modulator inside the laser cavity, which is driven us-
ing an external electrical signal. On the other hand, pas-
sive mode-locked lasers do not require an external sig-
nal to create the mode-locking. The input electrical pulses
driving the modulator to cause the mode-locking inside
the laser cavity and the generated laser pulse train would
have much narrower pulses. Mode-locked fiber lasers have
low thermal effects, high efficiency, simple architecture,
high pulse power, and beam quality which makes them
better than semiconductor lasers for many applications
[3]. These applications include but not limited to optical
metrology [8], fiber optic communication [5], sensing [10],
and medical applications [11].

The cavity of mode-locked lasers is typically made
of an active medium to create noise seed, which defines
the operating wavelength of the laser. Different rare-earth-
doped fibers have been used as the gain medium for the
fiber laser such as erbium (Er), ytterbium (Yb), thulium
(Tm), and praseodymium (Pr). A tunable bandpass filter
placed in the cavity allows tuning the laser as it selects a
specific wavelength range of the seed. Other components
are also placed inside the laser cavity to massage the pro-
duced pulses and assist the mode-locking process such as
alternative pieces of fibers with different dispersion pro-
files [12], chirped fiber Bragg grating [9, 13], or nonlinear
polarization rotator [14].

The base repetition rate of the generated pulse train of
the active mode-locked laser depends on the cavity length,
while the width of the pulses depending on the massaging
scheme and the initial electrical pluses width used to drive
the modulator. Higher-order laser pulse repetition rates
are multiples of the base rate, which would produce nar-
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Figure 1: Active mode-locked ring fiber laser block diagram. EDF:
erbium-doped fiber; DSF: dispersion-shifted fiber; PG: pulse gen-
erator; IM: intensity modulator; TOF: tunable optical filter; FC: fiber
coupler.

rower laser pulses. The demonstrated mode-locked lasers’
structures in the literature are either relatively complex or
have a low repetition rate. In this work, we demonstrated
experimentally a simple active mode-locked laser struc-
ture that has a high repetition rate and generates very nar-
row pulses. Numerical simulation using a commercial tool
is used to analyze the laser and study the effect of filter
bandwidth and laser pump power on the mode-locking
and laser pulses. The laser-generated pulse train has a
pulse width of 39 ns at 0.67 MHz repetition rate.

2 Active mode-locked laser
architecture and experimental
verification

The investigated active mode-locked laser block diagram is
shown in Fig. 1. The laser cavity is created using an erbium-
doped fiber amplifier (EDFA) used as an amplified spon-
taneous emission (ASE) source, 250m of polarization-
maintaining dispersion-shifted fiber (PM-DSF), intensity
modulator (IM) and tunable optical filter (TOF). The
PM-DSF is connected using FC/APC adaptors to a non-
polarization maintaining EDFA with no special arrange-
ments. Figure 2 shows the experimental setup used to
demonstrate the laser. The IM is driven using a sinu-
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Figure 2: Active mode-locked laser experimental setup block dia-
gram.
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Figure 3: Active mode-locked laser output pulse train at 0.67 MHz
repetition rate.

soidal electrical signal at different repetition rates. The
PM-DSF fiber parameters at 1550 nm are attenuation of
0.35dB/km, 2.2 ps/(km nm) dispersion and effective area
(Aog) of 26 ym?.

The pumped EDF provides a broadband noise seed
in the C-band wavelength range that is necessary for the
mode-locking effect. A JDSU TB9 TOF with 3-dB bandwidth
of 0.55nm is used to control the lasing wavelength of the
laser in the C-band wavelength range. Two polarization
controllers are placed in the cavity after the IM and EDFA to
assist in creating the mode-locking. The mode-locked laser
output is monitored by tapping 20 % of the lasing signal
through a fiber coupler (FC). The generated pulse train of
the laser is analyzed using an optical spectrum analyzer,
RF spectrum analyzer, and oscilloscope.
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Figure 4: The generated pulse of the active mode-locked laser has
a pulse width of 39 ns. The simulated pulse (blue) is superimposed
over the generated pulse (yellow).
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Figure 5: The active mode-locked laser block diagram in OptiSystem.

A sinusoidal signal is used to drive the intensity mod-
ulator, while the EDFA is set to maximum output power
equivalent to 17 dBm as an ASE source. Figure 3 illustrates
the generated active mode-locked laser output pulse train.
The laser fundamental pulse repetition rate is 0.67 MHz.
The estimated laser cavity that would produce such a rep-
etition rate is approximately 307 m assuming effective fiber
core refractive index 1.46. The generated pulses have full-
width at half-maximum width of 39 ns as shown in Fig. 4.
The generated pulses have a pedestal, which is due to
a high order nonlinear effect created inside the PM-DSF
fiber.

3 Numerical simulations

Numerical simulations are conducted using OptiSystem
commercial software to comprehensively investigate the
experimentally demonstrated laser. The simulation tool
is used first to reproduce the generated pulse train with
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Figure 6: Generated active mode-locked pulse train.

Table 1: Effect of pump laser power on the laser-generated pulses
width.

Filter BW Pump Power Laser Pulse Repetition
(nm) (mW) Width (ns) Rate (MHz)

0.3 200 39.4 4

0.3 300 40 4

0.3 400 39 4

0.3 500 39.6 4

0.3 600 39 4

the same pulse width and repetition rate, then study the
effect of varying different parameters of the components
in the cavity on the mode-locking process and the gener-
ated laser pulse width. An initial noise seed of -30 dBm is
passed through the EDF and DSF fiber pieces, modulated
by the electrical sinewave in the intensity modulator, then
passed through the tunable optical filter, amplified again
in the EDF and continue the process until mode-locking
occurred in the ring. The IM extinction ratio is 34 dB.
Figure 5 illustrates the active mode-locked laser block
diagram used to simulate in OptiSystem software. The soft-
ware needs to calculate the design for many iterations to
reach mode-locking. It requires about fifty iterations to
achieve mode-locking and produce pulse train at the out-
put of the ring laser as shown in Fig. 6. The generated
pulses have a repetition rate of 4 MHz and a pulse width
of 39 ns. This rate is a 6™ order mode-locking. The simu-
lated pulse is superimposed over the experimentally gen-
erated pulse of the laser as shown in Fig. 4 shown. A per-
fect match is achieved. A 5m erbium-doped fiber piece
with an erbium concentration of 2 x 10** m~ in an Er dop-
ing radius of 2.2 pm is used in the simulations. The same
parameters of PM-DSF are used in the numerical simula-
tion with a nonlinear refractive index of 3.2 x 1072° m?/W.
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Table 2: Effect of tunable optical filter on the laser-generated pulses
width.

Filter BW Pump Power Laser Pulse Repetition
(nm) (mW) Width (ns) Rate (MHz)
0.3 400 39 4
0.6 400 39 4
1 400 39.3 4
Table 3: Order on the laser generated pulses width.
Order Pulse Width Laser Pulse SNR Repetition
(ns) interval(ns) (dB) Rate (MHz)
System 39 1.45 (ps) 4
Practical
performance
15t 11.78 50 46 20
5th 5 10 62 100
10th 2.5 5 60 200
4ot 0.5 1.25 53 800
50t 30 (ps) 1 51 1 (GHz)
200
Efficiency = 41.37 %
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Figure 7: Output power characteristics of a mode-locked laser.

The laser output is coupled using a 20 % terminal of a fiber
coupler and passed through another optical filter to mini-
mize the optical noise level in the generated pulse train.
A pin detector is then used to convert the optical signal
to an electrical signal to allow using an RF spectrum an-
alyzer. An electrical bandpass filter with a bandwidth of
0.1 MHz is used after the pin detector to clean the noise
generated by the laser and detector. The noise sources as-
sumed in the pin detector are signal-ASE beat noise, ASE-
ASE beat noise, thermal, and shot noises.

The power level of the 980 nm laser pump to the EDF
is varied in the simulation. It is found that the pump power
does not affect the produced pulse width as shown in Ta-
ble 1. Also, the effect of the bandwidth of the TOF on the
laser-generated pulses width is summarized in Table 2.
There is no effect of filter bandwidth on the laser-generated
pulses width. Thus, the mode-locking is independent of
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Figure 8: 40™ order mode-locked laser (a) output pulse train (b) relative RF spectrum.
Table 4: Performance comparison with previous works.
reference mode-locked type Fiber type repetition rates (Hz) bandwidth Center Wavelength (nm)
[1] Active Nd>* Doped / 2.4nm 1054
[2] Active Ytterbium 10G 2nm 1053
[4] Passive Erbium-Doped 7.29M 58.8nm 1568.1
[5] Active Erbium-Doped 16.3M 62nm 1550
[6] Passive Erbium-Doped M 3.14nm 1559.25
[6] Active Dispersive IM 94 nm 1550
[7] Active Two-Mode Fiber Bragg Tuneable from 6nm 1546 to 1552
Grating 15.65 MHz to 626 MHz
[8] Active Linear Chirped Fiber 5.4M 2.1nm 1550
Bragg Grating
This work Active Erbium-Doped Tuneable from 30nm 1525t0 1565

0.67 MHz to 1 GHz

both the 980 nm laser pump power and the tunable filter
bandwidth.

Generating higher-order mode-locking for the laser
is possible by increasing the electrical sinewave repeti-
tion rate used to drive the modulator. The simulated ac-
tive mode-locked fiber has a very high efficiency of about
41% as illustrated in Fig. 7 even for higher-order 10™, 40,
and 50 mode-locking. The slope efficiency is calculated
by measuring the generated pulse train power by vary-
ing the 980 nm pump laser power. The output of the ac-
tive mode-locked laser pulse train at higher-order mode-
locking is also simulated for 15 m cavity length as shown
in Fig. 8. The cavity is made of 10 m DSF and 5m EDF.
A 20 MHz sinusoidal signal is used to drive the IM. Over

50 dB signal to noise ratio (SNR) is measured for the laser
train of pulses using an RF spectrum analyzer and a pulse
width of 30 ps is achieved for 1 GHz pulse repetition rate.
Table 4 shows performance comparison with previously
published works. It is clear that this demonstrated mode-
locked laser design can be used in optical communication
and metrology applications similar to already published
work described in references 5 and 8, respectively.

4 Conclusions

A simple active mode-locked laser is experimentally
demonstrated in the C-band wavelength range. Numerical



6 —— S.R.Tahhan etal., Characterization and experimental verification

simulations are conducted to further characterize the laser
mode-locking process and the effect of the power level of
the 980 nm laser pump power and tunable optical filter
bandwidth on the generated laser pulses width. The laser
cavity is created using EDFA used as ASE noise source,
250 m of PM-DSF, tunable optical filter, and an intensity
modulator driven with an electrical sinusoidal signal at
different repetition rates. The laser cavity fundamental
rate is 0.67 MHz. The simulation was done at 4 MHz, which
is the 6™ order harmonic mode-locking, while the experi-
ments were done using a 5.36 MHz modulator, which gives
the 8™ harmonic order mode-locking. The frequency of the
intensity modulator was adjusted in the experiments to
give the most clear and stable output, which happens to
be the eight orders.

References

1. Hofer M, Townsend JE, Fermann ME, Haberl F. Active mode
locking of a neodymium-doped fiber laser using intracavity
pulse compression. Opt Lett. 1990.

2. Usechak NG, Agrawal GP, Zuegel JD. Tunable,
high-repetition-rate, harmonically mode-locked ytterbium fiber
laser. Opt Lett. 2004.

3. Tozburun S, Siddiqui M, Vakoc BJ. A rapid, dispersion-based
wavelength-stepped and wavelength-swept laser for optical
coherence tomography. Opt Express. 2014.

4. Liu GX, Feng DJ, Zhang MS, Jiang SZ, Zhang C. Mode-locked
erbium-doped all fiber laser using few-layer graphene as a
saturable absorber. Opt Laser Technol. 2015.

5. WangL,Wan M, Shen Z, Wang X, CaoY, Feng X, et al.
Wavelength-swept fiber laser based on bidirectional used linear
chirped fiber Bragg grating. Photonics Res. 2017.

6. Khazaeinezhad R, Siddiqui M, Vakoc B). 16 MHz
wavelength-swept and wavelength-stepped laser architectures
based on stretched-pulse active mode locking with a single
continuously chirped fiber Bragg grating. Opt Lett. 2017.

7. NadyA, Baharom MF, Latiff AA, Harun SW. Mode-Locked
Erbium-Doped Fiber Laser Using Vanadium Oxide as Saturable
Absorber. Chinese Phys Lett. 2018.

8. ChenRS, Sun FL, Yao JN, Wang JH, Ming H, Wang AT, et
al.Mode-locked all-fiber laser generating optical vortex pulses
with tunable repetition rate. Appl Phys Lett. 2018.

9. Gavioli G, Torrengo E, Bosco G, Carena A, Savory S, Forghieri
F, et al.Ultra-narrow-spacing 10-channel 1.12 Th/s D-WDM
long-haul transmission over uncompensated SMF and NZDSF.
IEEE Photonics Technol Lett. 2010.

10. Ryu CY, Hong CS. Development of fiber Bragg grating sensor
system using wavelength-swept fiber laser. Smart Mater Struct.
2002.

11. Klein T, Wieser W, Reznicek L, Neubauer A, Kampik A, Huber R.
Multi-MHz retinal OCT. Biomed Opt Express. 2013.

12. TakuboY, Yamashita S. High-speed dispersion-tuned
wavelength-swept fiber laser using a reflective SOA and a
chirped FBG. Opt Express. 2013.

DE GRUYTER OLDENBOURG

13. Tahhan SR, Ali MH, Al-Ogaidi MAZ, Abass AK. Impact of
apodization profile on performance of fiber bragg grating
strain—temperature sensor. ] Commun. 2019;14(2).

14. LianY, Ren G, Zhu B, GaoY, Jian W, Ren W, et al.Switchable
multiwavelength fiber laser using erbium-doped twin-core fiber
and nonlinear polarization rotation. Laser Phys Lett. 2017.

Bionotes

Shaymaa Riyadh Tahhan

Laser and Optoelectronic Engineering
Department, College of Engineering,
Al-Nahrain University, Baghdad, Iraq
Shaymaa.Riyadh@gmail.com

Shaymaa R. Tahhan was born in Babylon, Iraq, in 1982. She received
the B. Sc. degree and her M. Sc. degree in Laser and optoelectronics
engineering from Al-Nahrain University, Baghdad, Iraq, in 2003 and
2008, respectively. She received the Ph. D. in electronics and com-
munication engineering/ laser applications from University of Bagh-
dad (theoretical) and Pittsburgh University (research), Baghdad,
Iraq and Pennsylvania, USA respectively, in 2014. Her employment
experience includes working in optical fiber, spectroscopy and laser
systems laboratories. Her special fields of interest include optical
fiber systems specially fabrication of fiber Bragg grating FBG and
employing it in sensors and as dispersion compensation in com-
munication systems. Since 2016, she has been a staff member in
the Laser and Optoelectronics Engineering Department, Al-Nahrain
University, Iraq.

Ahmad Atieh

Optiwave Systems Inc, Ottawa, Ontario,
Canada

School of Electrical Engineering and
Computer Science, University of Ottawa,
Ottawa, Ontario, Canada
ahmad.atieh@optiwave.com

Ahmad Atieh is a VP at Optiwave Systems Inc. Canada. He received
his B. Sc. degree in Electrical Engineering from Yarmouk University
Jordan, M.Sc. degree in Electrical Engineering from Jordan University
of Science and Technology and Ph. D. degree in Electrical Engineer-
ing from University of Ottawa Canada. He has contributed more than
100 technical papers in different refereed journals and conferences.
He holds over 25 issued patent and patent pending. His current
research interests are in the fields of optical fiber communication
systems including optical fiber characterization, optical amplifiers,
nonlinear fiber optics, and optical communication transmission
systems.



DE GRUYTER OLDENBOURG

Mehedi Hasan

School of Electrical Engineering and
Computer Science, University of Ottawa,
Ottawa, Ontario, Canada
mehedi.hasan.sumon@gmail.com

Mehedi Hasan completed bachelor’s in Electrical, Electronic and
Communication Engineering from Military Institute of Science and
Technology, Bangladesh 2009. Then he completed M. A. Sc. in Elec-
trical and Computer Engineering from University of Ottawa, Canada
in 2015. In the same year, he started a Ph.D. at the Center for Re-
search in Photonics, University of Ottawa under the supervision

of Professor Trevor Hall. He was awarded SPIE education scholar-
ship in 2016 for his potential contribution in the field of optics. Mr
Hasan has been awarded the prestigious “Vanier CANADA Graduate
Scholarship” in 2017 and the “uOttawa Excellence Scholarship for

3 years” by University of Ottawa in recognition of his Vanier award.
Mr Hasan was awarded Endeavor Short term Research Fellow by the
government of Australia in 2019. Mr Hasan’s research currently fo-
cuses on the modeling and design of photonic integrated circuits for
energy efficient and sustainable next generation networks. He has
published more than 30 papers in the peer-reviewed journals and
conferences and 2 U.S patents. Mr Hasan serves as a reviewer of top
optics journals.

S.R. Tahhan et al., Characterization and experimental verification = 7

Trevor Hall

School of Electrical Engineering and
Computer Science, University of Ottawa,
Ottawa, Ontario, Canada
Trevor.Hall@uottawa.ca

Dr. Trevor J. Hall studied general engineering, specialising in elec-
trical sciences, at Christ’s College, Cambridge University, UK 1977
and a MAin engineering in 1981. He was awarded a PhD degree in
electronic engineering in 1980. He has been a member of the IEEE
since 2002. He has pioneered systems implementations of pho-
tonic device technologies; he has published ~450 scientific papers;
and he has initiated 11 patents. Research validation includes the
co-founding of OneChip Photonics Inc. in 2005 and Millview Pho-
tonics Inc in 2018. He was appointed an International Fellow of
Institut Mines Télécom, France, in 2013 following a sabbatical at
Télécom Bretagne France where he held the SISCom International
Chair 2010/11 supported by the Université Européenne de Bretagne.
He was also honoured in 2010/2011 as a Distinguished Scholar of
the Erasmus Mundus Master in Photonics co-ordinated by Ghent
University. He is a Chartered Scientist (C.Sci), Chartered Physicist
(C.Phys), and a Chartered Engineer (C.Eng); a Fellow of the Institute
of Physics (FInstP); a Fellow of the Institution of Engineering and
Technology (FIET); and is licensed as a Professional Engineer (P.Eng)
in Ontario. He is also member of the Optical Society of America, as
well as an Emeritus Professor of Optoelectronics, King’s College
London, University of London, UK.



	Characterization and experimental verification of actively mode-locked erbium doped fiber laser utilizing ring cavity
	1 Introduction
	2 Active mode-locked laser architecture and experimental verification
	3 Numerical simulations
	4 Conclusions
	References


