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Abstract

By adding a fiber-pigtailed Fabry–Perot laser diode (FPLD) into a close-loop erbium-doped fiber amplifier (EDFA)

ring cavity, and feedback-injecting the FPLD biased at just below threshold and the EDFA each other via directional

couplers, we demonstrate a low-cost band-pass filtering technique for constructing narrow linewidth erbium-doped

fiber laser (EDFL) with ultrahigh side-mode suppression ratio (SMSR). Under an output coupling ratio of 90%, the

mutually injection-locked EDFL–FPLD link exhibits a maximum output power and SMSR of up to 98.6 mW and 49.6

dB at wavelength 1561.37 nm, respectively. Wavelength tuning of up to 6 nm can be achieved by tuning the temperature

and fine adjusting the below threshold driven current of FPLD. The minimum spectral linewidth at 3dB-decay of as

small as 0.017 nm measuring by commercial optical spectrum analyzer with limited resolution bandwidth of 0.01 nm are

observed. The stabilities in power, SMSR, peak wavelength of �0.01 mW, �0.5 dB, and �0.025 nm, respectively, are
also determined.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Broadband wavelength tunable lasers with

narrow linewidth and high-side-mode suppressing
ratio (SMSR) are the promising optical sources for

fiber-optic communication or diagnostic systems.
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Typically, this requirement can be satisfied via a

set of distributed Bragg reflector (DBR) or dis-

tributed feedback (DFB) laser diode (LD) array.

Generally, the DFBLD exhibits a SMSR of 35–50
dB, an output power of 10s mW, and an ultra-

narrow linewidth of 10s MHz or less. The broad-

band wavelength tuning is achieved by tuning the

temperature of each DFBLD operating at discrete

wavelength [1]. In addition, versatile external

cavity lasers using ultranarrow band-pass optical

filters such as fiber Bragg grating (FBG) [2],
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Fabry–Perot etalon [3], and other diffraction

gratings have also emerged. In particular, it was

reported that a conventional Fabry–Perot laser

diode (FPLD) can also be converted into a single

longitudinal-mode laser source by simply injec-

tion-locking it with a single-mode coherent source
or feedback seeding it with the filtered output [4,5].

Subsequently, the more complicated and less cost-

effective external-feedback or self-seeding tech-

niques [6,7] have been demonstrated with

optimized SMSR of below 35 dB. However, these

make the whole system expansive, bulky and

complicated in alignment. The alternative single-

mode lasing scheme can be achieved by self-injec-
tion seeding a FPLD with a distributed feedback

output from a linearly chirped FBG band-pass

filter and wavelength controller [8], or a Fabry–

Perot semiconductor filter [23]. The consistent

features of these schemes for LDs are their linear-

cavity configurations, lower output powers (due to

coupled cavity design), and relatively large line-

widths.
Recently, the erbium-doped fiber laser (EDFL)

has emerged as a novel optical sources due to its

superior compatibility with fiber-optic networks

and its widely wavelength-tuning characteristics

covering C and L band. These make the EDFL as

a potential source for characterization of passive

fiber-optic WDM or DWDM components, gener-

ation of narrow-linewidth optical carriers for fiber
sensing [9] and spectroscopy, etc. [10]. Versatile

researches toward narrow linewidth EDFL based

upon either linear (a Fabry–Perot scheme by em-

bedding gratings or reflectors in the both ends of

EDFL [11–14]) or ring-cavity designs (composed

of two narrow-band fiber-based Fabry–Perot fil-

ters [15] or high-finesse etalons [3]) have been re-

ported. Linear-cavity single-mode EDFL was
implemented by using an EDF with intracore

distributed Bragg reflectors [11–13], or gratings

[14] to provide both optical feedback and wave-

length selectivity. These are written by directly

UV-exposing the EDF to periodically change its

refractive index at both ends. The linear-cavity

EDFL are compact and spectrally narrow (due to

large free-spectral-range), however, such a scheme
also results in a low-output power of 5 mW or less

owing to the low-slope efficiency (output power/
absorbed pump power) and the short-EDF length.

On the other hand, the ring-cavity single-mode

EDFL is typically constructed with two high-fi-

nesse fiber Fabry–Perot filters (FFPFs) to guar-

antee the single-mode lasing with ultranarrow

spectral linewidth from several kHz to MHz and
SMSR 35 dB or higher [3,15]. The mode-linewidth

of the ring-cavity EDFL system can be far smaller

than that of an EDFL with linear cavity. However,

the use of such FFPFs not only makes the whole

system complex and expansive, but also reduces

the EDFL output power to below 10 mW (due to

high-insertion loss of FFPF). Furthermore, the

present narrow linewidth and wavelength tunable
EDFL approaches are relatively expansive as

compared to the commercially available wave-

length-tunable source based on DFBLD array. On

the other hand, the free-running EDFL still suffers

from difficulty in long-term stabilizing its lasing

frequency as compared to the DFBLD. The highly

sensitive nature of EDFL ring cavity with respect

to environmental perturbations inevitably leads to
a hopping between its longitudinal modes with

small free-spectral ranges. Without self-seeding or

feedback-injection control, the free-running EDFL

usually exhibits a time-dependent multi-mode

output with fluctuated power at peak wavelength

and a relatively poor SMSR, which originates

from the statistical contribution of randomly

coupled spontaneous emission to each lasing mode
[16]. Unless the narrow-linewidth and high-SMSR

lasing properties truly achieved, the EDFL source

can rarely be employed for aforementioned appli-

cations even with a spectrum-slicing and band-

pass filtering technique, or with a self-feedback

injecting (or so-called regenerating) scheme using

the amplified spontaneous emission of the close-

loop EDFA itself. More recently, a multi-loop
EDFL with two piezoceramic stretchers has been

developed to achieve narrow-linewidth output

with higher SMSR (>40 dB) [17].
Nonetheless, the simplified approaches for

narrow linewidth EDFLs with high-SMSR using

easily obtainable and cost-effective components

were less addressed. Among the numerous studies,

it is found a distinguished approach in which the
single-mode pulses can be generated by self-seed-

ing FPLD with low-level (about 0.2–6%) feedback
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power [18]. Moreover, a mutually injection-locked

DFBLD-EDFL link lasing at the single longitu-

dinal mode of DFBLD with a reduced linewidth

and greatly improved side-mode suppressing ratio

(SMSR) as compared to that of the DFBLD or

EDFL operated in free-running condition was
implemented [19]. The EDFL is forced to syn-

chronize with the DFBLD operating at slightly

above threshold condition with injection power of

29 lW. By taking the self-seeding and mutual

injection-locking concepts of these works, we

demonstrate a narrow-linewidth and wavelength-

tunable EDFL source with ultrahigh SMSR. This

is implemented by combining a close-loop EDFA
with an intra-cavity feedback-injected fiber-pig-

tailed FPLD via commercial optical couplers, the

performances of such a novel EDFL source in

linewidth, wavelength-tuning range, SMSR, aver-

age power, output stability, and relative-intensity

noise (RIN) are discussed. The comparisons of the

proposed EDFL with the free-running FPLD, the

free-running EDFL, the EDFL with commercial
optical band-pass filter (OBPF), and the DFBLD

are reported.
2. Experimental section

The concept of a FPLD filtered EDFL system

using a mutually injection-locked EDFL–FPLD
link is illustrated in Fig. 1. The configuration

originates from the mutually injection-locked

DFBLD–EDFL link studied previously, in which

the slave laser (EDFL) is forced to synchronously

oscillate with the single-mode master laser

(DFBLD) [19]. However, the lasing linewidth of

master laser can be further shrank due to the

precise tuning of the mutually feedback injection
from the slave laser [20]. In our case, the master

and slave lasers have been changed as the FPLD
Fig. 1. The concept of a FPLD filtered EDFL based on a

mutual injection locking of the EDFL and the FPLD.
and the EDFL, respectively. The configuration of

the proposed FPLD filtered EDFL system (illus-

trated in Fig. 2) consists of a dual-pumped com-

mercial EDFA with maximum power-gain of 21

dBm, a commercial fiber-pigtailed FPLD with

central wavelength of 1561 nm at temperature of
35 �C, an in-line polarization controller (PC), and
four optical couplers (OCs) with various power-

splitting ratios. Such a design excludes the use of

other expansive components such as optical cir-

culators, fiber Bragg gratings, DBR or DFBLDs,

and narrow band-pass filters. The combined

EDFL–FPLD cavity length is about 50 m, which

corresponds to a longitudinal mode spacing of
about 4 MHz. In experiments, the OC1 (with

splitting ratio 90/10) and OC2 (with splitting ratio

50/50) couple the output of fiber-pigtailed FPLD

into EDFL, whereas part of EDFL output is

feedback into the FPLD via the use of OC1 and

OC4 (with splitting ratio 90/10). The 90% output

of EDFL is coupled from OC3 to preserve the

saturation of intra-cavity power in EDFL ring
cavity. The in-line PC is mandatory for fine-ad-

justing the polarization and power of the feed-

back-injecting light to match the eigenstates of

FPLD. This arrangement not only guarantees the

single-mode oscillation but also suppresses the

side-mode induced noise of both the FPLD and
Fig. 2. The experimental setup of single-mode EDFL with in-

tra-cavity feedback-injection FPLD. PC, polarization control-

ler; OC1, 90/10 optical coupler; OC2, 50/50 optical coupler;

OC3, 90/10 optical coupler; OC4, 90/10 optical coupler; PD,

photodetector; TEC, temperature controller; ISO, optical iso-

lator; OSA, optical spectrum analyzer.
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the EDFL at free-running scheme. Under a con-

trolled temperature stability (DT=T ) of <1� 10�3,

the threshold current and longitudinal mode

spacing of the free-running FPLD temperature-

controlled at 35 �C is about 13.7 mA and 1.02 nm,

respectively. The lasing power and spectrum of
EDFL with FPLD tuning at different currents and

temperatures were measured by using optical

spectrum analyzer with resolution bandwidth of

0.01 nm (Advantest, Q8384) and optical power

meter (ILX Lightwave, OMM-6810B). The sta-

bility of lasing wavelength was further determined

by use of a wavelength meter with resolution of

0.001 nm (Advantest TQ8325). The self-hetero-
dyne mode-beating noise and the overall RIN

spectra of the FPLD filtered EDFL output ranging

from 0 Hz to 2500 MHz (with resolution band-

width of 1 Hz) are monitored by use of a high-

speed photodetector without trans-impedance

amplifier (New Focus, 1014) in connection with a

Bias-Tee (f3 dB ¼ 18 GHz) and a RF spectrum

analyzer (Rhode & Schwartz, f3 dB ¼ 40 GHz).
Fig. 3. Upper: the power–current curve of free-running FPLD

(dashed line), free-running EDFL (dotted line), and FPLD fil-

tered EDFL (solid line). Lower: the lasing linewidth and SMSR

of the FPLD-filtered plotted as a function of FPLD driven

current (under the FPLD feedback-injecting power of 12.4 lW).
3. Results and discussion

It is worthy noting that the mutual injection-

locking behavior in the proposed FPLD–EDFL

link is slightly different from that of the DFBLD–

EDFL link ever reported. Both of the lasers are
lasing in the DFBLD–EDFL link and the line-

width reduction is dominated by the feedback

power injecting into the DFBLD. In contrast, the

lasing modes of the EDFL–FPLD link changes

abruptly at different driven currents of FPLD due

to the exchange of the master and slave roles of

these two lasers. As the driven current adjusted far

below threshold region, such link is lasing at
multiple EDFL longitudinal modes condition. As

the driven current tuned close to threshold value

within 10% deviation, the EDFL–FPLD link is

lasing at a cavity-selected FPLD longitudinal

mode (with about 100 EDFL longitudinal modes

lasing under the envelope of such a FPLD longi-

tudinal mode). As the driven current becomes

larger than threshold, the FPLD mode profile
turns to dominate the lasing spectrum of the

EDFL–FPLD link. The narrowest linewidth of
such a link can be observed when driving the

FPLD at just below threshold condition. This is

achieved via the precise control on feedback in-

jecting power from the EDFL to the FPLD, which

helps selecting one of the longitudinal modes in the

FPLD cavity. Afterwards, the FPLD feedback-
injects the EDFL and forces it to oscillate syn-

chronously. Such an operation finally gives rise to

a mutually injection-locking between the EDFL

and FPLD. It is worth noting that the single

FPLD longitudinal mode lasing with linewidth

reduction of the EDFL–FPLD link can only be

observed by setting the FPLD driven at below

threshold condition, which is unavailable to make
a free-running FPLD lasing. This is also the most

different feature of the EDFL–FPLD link as

compared to the EDFL–DFBLD reported previ-

ously. Furthermore, the fine tune of the feedback

injecting power into the FPLD is also a key pro-

cedure in experiment to maintain and stabilize the

single FPLD longitudinal mode lasing perfor-

mance of the EDFL–FPLD link.
Fig. 3 illustrates the power–current character-

istics of a free-running FPLD (dashed line) oper-

ated at temperature of 35 �C and the EDFL (solid

line) feedback-injected by the FPLD that functions

as an intra-cavity OBPF. It is seen that the EDFL

has already been lasing even though FPLD is un-



Fig. 4. The lasing spectra of free-running FPLD (dashed line),

the EDFL filtered with an intra-cavity commercial OBPF

(dotted line), and FPLD filtered EDFL (solid line) with the

feedback-injected FPLD biasing at just below threshold.
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biased, however, the output spectrum of the free-

running EDFL is relatively broadened no matter

the FPLD is turning off, biasing at well-below

threshold condition, or lasing at well-above

threshold condition. The former two cases clearly

interpret that the filtering ability of FPLD to
EDFL is less decisive when operated at such con-

ditions, the EDFL is thus multi-mode lasing at

self-seeding mode in these cases. On the contrary,

the EDFL acts rather like a close-loop regenera-

tive amplifier (or slave laser) for the FPLD in the

latter case. The situation significantly changes as

the FPLD biased at nearly threshold current, the

linewidth of the EDFL–FPLD link dramatically
decreases. One of the amplified longitudinal modes

within the correlated gain profile of EDFL and

FPLD eventually overcomes the loss of the intra-

cavity FPLD operated at just below threshold

condition, which turns to dominate the lasing

wavelength of the FPLD as well as the EDFL. As

a result, the SMSR of the FPLD filtered EDFL

system greatly increases to nearly 50 dB associated
with its linewidth decreasing to 0.017 nm. This is

achieved by driving the FPLD at just below

threshold condition under a sufficiently low-feed-

back injecting power of 12.4 lW, which although
helps the single-mode and high-SMSR operation,

however, endues some suppression in gain of

EDFL. The output power of the EDFL–FPLD

link is up to 98.6 mW. Such a narrow-linewidth
FPLD filtering procedure only costs 20% (or 1 dB)

loss of the EDFL operated at free-running mode

(�125 mW). The measured power variation of the
EDFL is within �0.01 mW for 30 min.

The lasing spectra of the free-running FPLD,

the EDFL with commercial OBPF, and the FPLD

filtered EDFL are illustrated in Fig. 4. Obviously,

the free-running FPLD exhibits a relatively wide
lasing spectrum with poor signal-to-noise ratio

(SNR) of about 20 dB. The 3 dB linewidth and

SMSR of the free-running FPLD spectrum are at

least 2.2 nm and <2 dB, respectively. The line-
width of a single longitudinal mode in the free-

running FPLD are 0.07 nm. On the other hand,

the EDFL with an intra-cavity OBPF exhibits 3

dB lasing linewidth and SNR of 0.36 nm and >40
dB. In comparison, the measured spectral line-

widths of the FPLD filtered EDFL are 0.017 nm
(corresponding to 2.37 GHz) and 0.042 nm at

3- and 10-dB decay, respectively. The optimized

SMSR and SNR of the FPLD filtered are up to 50
and 54 dB, respectively. The short-term fluctuation

of SMSR is less than �0:5 dB at measuring du-

ration of 10 min. It is seen that the linewidth of the

lasing spectrum from the EDFL–FPLD link

(Dk3 dB < 0:017 nm) is far smaller than those of

free-running EDFL or EDFL with commercial

OBPF, and is even smaller than that of a longi-

tudinal mode in free-running FPLD. This is
mainly attributed to the mutual injection-locking

mechanism in such link. These results clearly il-

lustrate that the proposed EDFL–FPLD system

could probably exhibit a narrow-linewidth or even

a single-mode spectrum which has already beyond

the systematic resolution. To confirm, the self-

heterodyne mode-beating spectrum of the EDFL–

FPLD link with FPLD biasing at just below and
above threshold currents have been measured, as

shown in Fig. 5. The beating mode spacing of

about 4 MHz corroborates the longitudinal mode

spacing evaluated previously. It is observed that

the EDFL–FPLD link did not generate a single

EDFL longitudinal mode lasing in the combined

cavity even at just below threshold condition. The

beating spectral bandwidth at 10- and 20-dB decay
of the EDFL–FPLD link are about 60 and >100
MHz, respectively. The corresponding linewidths

are estimated as 0.5 and 0.8 pm. The beating



Fig. 5. The comparison on the self-heterodyne mode-beating

spectra of the FPLD filtered EDFL with the FPLD operating at

just below and above threshold conditions.
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spectrum of the EDFL–FPLD link further extends

to 1.5 GHz as the driven current of the FPLD

increases to above threshold. The degradation in

mode-beating spectrum results from the grown-up

of other FPLD side-modes in the FPLD filtered
EDFL. Furthermore, the RIN spectrum of the

FPLD filtered EDFL is also characterized and

compared with that of a DFBLD (see Fig. 6). The

overall RIN of the DFBLD (thermal and shot

noises of the measurement included) rapidly de-

cays to )145 dBm/Hz background at frequency

beyond 50 MHz. The RIN of EDFL–FPLD link

linearly decreases from )80 dBm/Hz to back-
ground within 300 MHz bandwidth.
Fig. 6. The comparison on the RIN spectra of the DFBLD and

the FPLD filtered EDFL.
By fine-tuning the driven current of FPLD at a

specified temperature, the output wavelength of

the FPLD filtered EDFL can be adjusted from

1557.5 to 1563.5 nm as the temperature of FPLD

adjusts from 10 to 50 �C, as shown in Fig. 7. This
is demonstrated by using another FPLD with
central wavelength of 1558.7 nm at free-running

mode. The variance in output power and lasing

wavelength are �0.01 mW and �0.025 nm, re-

spectively. Experimental results also reveal that

either the increasing in dc bias (or decreasing in

operating temperature) may not only lead to

broadening of spectral linewidth, but also causes a

red shift in the lasing wavelength of EDFL. For
example, Fig. 8 illustrates the output optical

spectra of the EDFL with intra-cavity FPLD dri-

ven at different current conditions (below, near,

and above threshold current) and operated tem-

perature at 35 �C. The degradation in the spectral
linewidth of EDFL is inevitable since the threshold

current of the FPLD at different temperatures is

also varied. However, the shift in spectral range of
the feedback-injected FPLD caused by both the

change in density and energy distribution of car-

riers is slightly larger than that of a free-running

FPLD. In addition, the broadened output spectra

with multiple side-modes and worse SMSR due to

the lasing of the unexpected longitudinal modes in

the commercial FPLD driven at same biased cur-

rent but different temperatures can also be ob-
tained (see Fig. 9). This again corroborates the

effect of FPLD on the side-mode suppression of
Fig. 7. The wavelength tunability and the long-term stabilities

in output power and lasing wavelength of FPLD filtered EDFL.



Fig. 8. The measured spectra of the FPLD filtered EDFL with

the feedback-injected FPLD (at constant temperature of 35 �C)
biased at different current condition.

Table 1

The comparison in output characteristics of different FPLD-based or

SMSR (SNR) Output pow

FPLD free-running <2 dB (�20 dB) 10s

FPLD–EDFA <2 dB (�20 dB) 140

EDFL free-running – (30–35 dB) 125

EDFL with OBPF – (>40 dB) 75

EDFL–FPLD link �50 dB (54 dB) 99

Fig. 9. The degraded lasing spectra of the FPLD filtered EDFL

(biased at constant current of just below threshold at 40 �C) at
different operating temperatures of FPLD.
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the EDFL since that the same bias current may

already exceed the threshold of the FPLD oper-

ated at lower temperatures. However, the peak

wavelength of the EDFL is still predominated by

one of the overlapped modes in the convoluted

gain profile of the EDFL and FPLD [21]. This is
another striking feature of the proposed system,

that is, the tuning resolution of the lasing wave-

length can be much smaller than the longitudinal

mode spacing of the FPLD due to the long-cavity

of the EDFL. Therefore, it is realized that even the

free-running FPLD is operated at nearly lasing

region, the broadband spontaneous emission

spectrum of the FPLD reveals that there is still a
competition between cavity modes results from

spontaneous emissions. At this stage, even a small

intra-cavity feedback power can efficiently lead to

the survival of one mode in cavity, which eventu-

ally suppresses the lasing of other modes in both

the FPLD and EDFL [22]. The narrow-linewidth

operation and mode-selection of the EDFL is

therefore achieved by fine-tuning the power
(�0.01% from the EDFL output at TE mode in

optimized case) and polarization of the feedback-

injected light into FPLD. The performances of the

proposed FPLD filtered EDFL in comparison

with free-running FPLD, free-running EDFL,

EDFA-amplified FPLD, and EDFL with OBPF

are summarized in Table 1. To date, we take the

advantages of mutual injection locking technique
to demonstrate a novel approach of narrow-line-

width and wavelength tunable EDFL source. In-

stead of using a FPLD as an actively tunable and

high-finesse band-pass filter, no other spectral-

confined and wavelength-selective components

such as FBG or high-finesse FFPF are employed.

Such a configuration has shown to be relatively

stable under precise control of the FPLD temper-
ature. The simple and low-cost design has made
EDFL-based laser schemes

er (mW) Spectral (mode) linewidth Loss

2.2 nm (0.07 nm) –

2.2 nm (0.07 nm) –

1.35 nm (–) –

0.36 nm (–) 2–2.5 dB

0.017 nm (–) 0.9–1 dB
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the proposed EDFL very promising for versatile

applications in the near future.
4. Conclusions

In conclusion, we demonstrate a novel ap-

proach for obtaining narrow linewidth EDFL with

ultrahigh SMSR by adding a FPLD into the

EDFL ring cavity (connecting by commercial op-

tical couplers) and feedback-injection the FPLD

with part of the EDFL output via polarization

controller. To help selecting the strongest mode

from the gain-spectrum of FPLD for lasing in the
EDFL ring cavity, the FPLD biased at just below

threshold condition with operating temperature of

35 �C is employed as an active OBPF. The lasing

wavelength of EDFL is controlled by both the

gain profiles of EDFA and FPLD, however, the

effect of FPLD longitudinal mode is found to be

more pronounced at its driven current close to

threshold. With this technique, the spectral widths
at 3- and 10-dB decay are as small as 0.017 and

0.042 nm, respectively. Ultrahigh SMSR and SNR

of up to 50 and 54 dB are observed, respectively.

The variations in output power, SMSR, and lasing

wavelength are �0.01 mW, �0.5 dB, and �0.025
nm, respectively. The narrow linewidth EDFL still

provides average power of up to 99 mW at a dis-

sipation of 1 dB. Such a scheme successfully
combines the high-power characteristic of EDFL

and the mode-selecting and tuning capability of

the FPLD via the mutual injection-locking tech-

nique. The use of intra-cavity FPLD based filter

further benefits from advantages such as low-cost,

stable, simple design, and compact size as com-

pared to the conventional approaches.
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