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In this paper, we experimentally investigate the performance of an efficient high gain L-band erbium-doped fiber (EDF) amplifier structure
utilizing short-length highly-doped erbium rare-earth material with a single pump source. The amplifier gain and noise figure variation for
different amplifier structures have been investigated. A filter is used to reduce the self-saturation effect and suppress the C-band amplified
spontaneous emission (ASE) noise. The amplifier achieves a signal gain of 56.6 dB with a low noise figure of 4.8 dB at —50 dBm input
signal power using only 8 m of EDF length. The amplifier gain shows significant improvement of 6 dB with C/L band coupler and 13 dB
with tunable-band pass filter compared to amplifier structure without ASE suppression.

[DOI: http://dx.doi.org/10.2971/j€0s.2014.14028]

Keywords: Optical amplifiers, EDFA, L-band, optical filters, optical networks

1 INTRODUCTION

Erbium Doped Fiber Amplifiers (EDFAs) are one of the
most efficient optical fiber amplifiers in the present and
future development of all fiber-to-the home (FTTH) op-
tical networks and long-haul dense wavelength division
multiplexed (DWDM) optical communication systems [1].
It operates in a wide band covering C-band (conventional
band) with wavelength range from (1530 — 1565) nm and
L-band (long wavelength band) with wavelength range from
(1570 — 1610) nm [2]—[4]. However, the gain coefficient
in the L-band window is smaller than that in the C-band,
higher pump power and longer length of the doped fiber
are normally used with L-band EDFA [5]. In literature,
various gain enhancement techniques have been proposed to
enhance the gain of L-band EDFA such as using narrow-band
end-reflectors to feed a small fraction of the amplified spon-
taneous emission (ASE), up to a few tenths of a milliwatt,
back into the EDF [6], utilizing unwanted backward ASE
as a secondary pump source for the un-pumped section of
erbium-doped fiber (EDF) [7], placing an optical circulator
between two EDF segments in a two-stage reflective-type
amplifier structure [8], utilizing a bidirectional pumping
structure via inserting a 980 nm pump laser diode in the input
part [9], incorporating a fiber Bragg grating (FBG) to reflect
part of the C-band backward ASE into the EDF [10]—[13] or
tunable band-pass filter in a double-pass configuration [14],
adding a short length of forward pumped EDF in front of a
double-pass amplifier [15], using loop configuration and a
C-band seed signal [16]. Among the other gain enhancement
techniques proposed is the use of a two stage structure with
a bypass isolator [17] or in-line FBG with forward-backward
pumping scheme [18], a three-stage structure of EDF pumped
by 980 nm and 1480 nm laser diodes, which can achieve 35 dB
gain with 5 dB noise figure [19] and the use of residual pump
power in a three-stage configuration [20]—[21]. However,
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for a multistage EDFA configuration, the ASE keeps on in-
creasing at each stage, hence reducing the overall gain of the
system. Thus, the main limitation to the performance of mul-
tistage L-band EDFA is imposed by amplified spontaneous
emission (ASE) noise. These limitations can be overcome by
incorporating optical filter within the amplifier to suppress
the ASE. In a recent work, a flat gain bandwidth of 17 dB in
two-stage L-band EDFA using pump distribution technique
and 25 m of EDF length is demonstrated [22].

Even though these approaches have enhanced the gain of L-
band EDFA, the enhancement is at the expense of more than
one pump source, longer EDF lengths and the high number
of optical components used in the amplifier structure. Also,
the amplifier gain was enhanced using optical filter inside the
amplifier structure to suppress the ASE noise. To date, no pub-
lished work on the effect of optical filter types on the amplifier
gain has been reported. Therefore, it is desirable to design an
efficient L-band EDFA with high gain and low noise figure us-
ing single pump source and short gain medium for simple in-
tegration with passive optical devices as well as the economic
feasibility.

In this paper, we present experimental results that demon-
strate an efficient triple-pass high gain L-band erbium-doped
fiber amplifier. We compare experimentally the gain and noise
figure characteristics of the amplifier at different optical filter.
It is shown that the type of the optical filter play a significant
role in obtaining a high gain optical amplifier. The amplifier
gain of 56.6 dB with noise figure less than 4.8 dB using single
pump source and short EDF length is achieved. To the best
of our knowledge, this is the highest gain obtained in the de-
velopment of L-band EDFA using a single pump source with
only 8 m of EDF length. The high gain obtained is attributed to
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FIG. 1 Experimental setup of triple-pass L-band erbium-doped fiber amplifier with a

single pump source.

the optimization of the pump powers, the input signal power
and wavelengths and to the optical filter which suppress the
amplified spontaneous emission noise.

2 EXPERIMENTAL SETUP AND
OPERATION PRINCIPLE

Figure 1 shows the experimental setup of triple-pass L-band
EDFAs, which consists of input laser source, two optical circu-
lators (C1,C2), pump laser, wavelength division multiplexer
(WDM), two erbium doped fibers (EDF1,EDF2), 3 dB optical
coupler, an optical isolator (ISO), and optical filter. A 980 nm
pump laser is used to pump the gain medium with fifty per-
cent of the pump power is distributed to the first stage while
the remaining portion of pump power is distributed to the sec-
ond stage by using a 3 dB optical coupler as depicted in Fig-
ure 1. The length of the gain medium in the first stage and sec-
ond stages are 5 m and 3 m, respectively. The EDF1 and EDF2
have an absorption coefficient of 41.14 dB/m at 1530 nm, ab-
sorption of 23.9 dB/m at 979 nm, cut-off wavelength around
900 nm and mode field diameter of 5.8 pm.

The first stage of the amplifier is pumped in forward direc-
tion while the second stage is pumped in backward direction
through a WDM which is used to multiplex the 980 nm pump
power and the signal power. The ISO is placed at the output
port to eliminate any back reflection. An optical filter (tun-
able band pass filter or C/L coupler) is inserted after port 3 of
the first circulator (C1) to filter out the C-band backward am-
plified spontaneous emission (ASE) noise from saturating the
gain of the second stage. The first circulator is used to launch
the original input signal to the first stage. The second circu-
lator (C2) is used as a fiber reflector which reflects the am-
plified signal at the end of first stage. The amplified optical
signal is reflected at the fiber reflector and returns to EDF1 for
double-pass amplification. The input signal is then passed to
EDF2 through port 3 of C1 for triple-pass amplification. The
980 nm pump laser is varied from 105 mW to 405 mW in step
of 50 mW while the input signal power is varied from —50
to 0 dBm with different wavelengths. The amplifier gain and
noise figure are taken at the output port of the ISO as shown
in Figure 1 and are measured by an optical spectrum analyzer
(OSA). The performance of the amplifier structure is investi-
gated with and without including the filtering mechanisms.
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FIG. 2 Amplifier gain against 980 nm pump power at different input signal powers for

1570 nm signal wavelength.

3 RESULT AND DISCUSSION

The amplifier gain and noise figure depends on input signal
power, wavelengths, length of the gain medium, pump pow-
ers and amplifier structure. To get high amplifier gain, we
used optical filtering mechanism after the first stage to sup-
press the backward ASE noise from saturating the gain of
the second stage. Figure 2 shows the effect of 980 nm pump
powers on the amplifier gain at different input signal powers
of 0dBm, —10dBm, —20 dBm, —30 dBm and —50 dBm. The
wavelength of the input signal is fixed at 1570 nm.

From this Figure, we can see that the gain of the EDFA in-
creases with the increasing of the 980 nm pump power and
then goes to saturation after a certain level of the pump power.
At the saturation region, the increase in the gain becomes
smaller due to the high power that provides population in-
version for all the erbium ions in the fiber. In this region any
increase on the 980 nm pump power does not contribute much
to the improvement of gain as shown in Figure 2. For in-
put signal power of —50 dBm, the gain increases from 9.4 dB
to 56.6 dB when the pump power increase from 105 mW to
405 mW, respectively. This is because the erbium ion popu-
lation inversion increases with the increment of EDF pump
power. In addition, the amplifier gain is increased with the
decrement of the input signal power.

The effect of the input signal wavelength on the amplifier
gain is also investigated. Figure 3 shows the amplifier gain
against input signal wavelength at different input power of
0 dBm and —50 dBm. The 980 nm pump power is fixed
at 314 mW. Within the tuning range of the tunable band-
pass filter (ITBPF), the input signal wavelength is varied from
1550 nm to 1600 nm in step of 5 nm. At low input signal, the
amplifier gain is a strong function of the signal wavelength
due to the variation of the absorption and emission cross-
sections with wavelength [2]—[5]. For L-band, the signal at
longer wavelengths experiences a lower gain in comparison
to shorter ones. As is seen in Figure 3, the highest gain is
obtained at 1570 nm input signal wavelength with power of
—50 dBm. This is due to the higher absorption and emission
at 1570 nm wavelength. At longer wavelengths, the gain co-
efficient is reduced due to the low absorption and emission
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FIG. 3 Gain against input signal wavelength at 314 mW pump power with different

input signal power.

coefficient. In addition, the amplifier gain is reduced with the
increment of the input signal power.

The performance of the amplifier structure is also investigated
at different input signal powers. Figure 4 shows the amplifier
gain against input signal power at different EDF pump pow-
ers. The input signal wavelength is fixed at 1570 nm. In this
work, four different pump powers are applied and the signal
power is increased from —50 dBm to 0 dBm. From Figure 4,
it is seen that EDFA gain decreases with increasing signal in-
put power. At —50 dBm input signal and 405 mW of 980 nm
pump power a gain of 56.6 dB with noise of 4.8 dB is ob-
tained. The population inversion level is dependent on the in-
put signal power where the inversion is decreased as the input
signal power is increased [7]. In addition, high input signal
stimulates excited erbium-ions very fast and consequently the
erbium-ions population depletes at the beginning of the fiber.
Therefore, the pump power is unable to replenish the inver-
sion of ions to the higher level as fast as the signal depleting
the excited ions [6, 14]. In Figure 4(b), the variation of noise
figure is given as a function of input signal power for a fixed
wavelength of 1570 nm and different EDF pump powers. In
this experiment, the input signal power varies from —50 dBm
to 0 dBm in step of —5 dBm.

The graph shows that the amplifier noise figure increases with
increasing input signal power above —10 dBm. For signal
powers from —40 dBm to —15 dBm, the noise figure is main-
tained. In addition, the noise figure decreases with increasing
EDF pump powers. The noise figure of the amplifier varies in-
versely with the amplifier gain and linearly with ASE power.
The high amplifier gain causes the spontaneous emission to
stay in low levels. Since the backward C-band ASE noise was
suppressed by the TBPF at the input of the the second stage,
the noise figure is significantly reduced. As can be seen in Fig-
ure 4(b) at 1570 nm signal wavelength, the lowest noise figure
of 4.8 dB is obtained at 405 mW pump power and —50 dBm
input signal. These results indicates a better noise figure value
than the 6 dB as reported in [6], 5 dB as reported in [12],9.7 dB
as reported in [16], and 5.5 dB as reported in [18].

The measured output spectrum by an optical spectrum ana-
lyzer (OSA) at the highest gain region is depicted in Figure 5.
The recorded output power is 6.6 dBm at —50 dBm input sig-
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FIG. 4 (a) Amplifier gain and (b) noise figure against input signal power at 1570 nm

wavelength with different pump powers.
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FIG. 5 Spectrum of the input signal and output signal of the amplifier at 405 mW

pump power.

nal with 980 nm pump power of 405 mW. The resolution of
the OSA was set at 0.05 nm with span of 2 nm.

To prove the enhancement of the amplifier gain due to the
use of optical filter, we study the performance of the ampli-
fier with TBPF and C/L coupler and without optical filter. The
main function of the TBPF or C/L coupler is to suppress the
backward C-band ASE noise from interning the second stage
of the amplifier structure. Thus, the gain saturation due the
C-band ASE noise will be eliminated. Figure 6 shows the am-
plifier gain against input signal power with and without fil-
tering teaching at 405 mW of EDF pump power. At low input
signal of —50 dBm, the amplifier gain is improved to about
6 dB with C/L band coupler and to about 13 dB with TBPE
The measured gain shows significant improvement compared
to amplifier structure without C-band ASE suppression for in-
put signal below —25 dBm. The maximum gain obtained from
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FIG. 6 Amplifier gain against input signal power at 1570 nm wavelength with and

without ASE filtering at 405 mW pump power.

the experiment is 56.6 dB with noise figure of about 4.8 dB at
1570 nm wavelength with EDF pump power of 405 mW.

4 CONCLUSION

We have studied the performance of triple-pass L-band EDFA
using short-length highly-doped erbium rare-earth material
with a single pump source for different input signal pow-
ers, signal wavelengths and pump powers. High gain with
low noise figure optical amplifier is achievable using a single
pump source and short gain medium. By including an opti-
cal filter between the amplifier stages, we obtain a high signal
gain of 56.6 dB with noise figure less than 4.8 dB. The use of
TBPF in the correct position shows significant improvement
in the amplifier gain compared to amplifier structure without
TBPE. A gain improvement of 13 dB is achieved at low input
signal of —50 dBm.
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