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HIGHLIGHTS ABSTRACT

o The performance parameters for both S—and
P-HFOA were simulated and compared at
OPP via OptiSystem software.

e The S-HFOA has a high average gain and an
appropriate NF, but the gain bandwidth is
limited.

e The P-HFOA has a wide 3-dB gain
bandwidth and high saturation power as
compared to the S-HFOA.

. In this work, two different configurations of hybrid fiber optic amplifiers are
investigated and simulated via OptiSystem 7.0 software, namely, serial and
parallel hybrid fiber optical amplifiers (S— and P-HFOAs). The investigation
involves performance comparison for the S— and P-HFOA under optimum pump
conditions to demonstrate the advantages and disadvantages of each configuration.
The simulation results show that the serial configuration has a high average gain
level of 19.2 dB, an appropriate noise figure about 4.3 dB, but low saturation
power, and limited gain bandwidth of approximately 40 nm, which is considered
a primary issue in S-HOFA design, in addition to the pump conversion efficiency
still insufficient in the Raman amplifier stage. While in P-HFOA design, a wide
3—dB gain bandwidth of more than 60 nm is maintained, along with an average
ARTICLE INFO gain level of 13.5 dB, high average noise figure about 8.3 dB and high saturation
power due to the absent of cascading effect in parallel configuration.
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1. Introduction

The optical amplifier is an important component for compensating the transmission losses in the optical communication
system [1]-[3] One essential type of fiber optic amplifier employed by many researchers is an erbium-doped fiber amplifier
(EDFA), which is emerged firstly in the first generation for covering the conventional communication band (C—band) with
wavelengths ranging from 1530 nm —to— 1565 nm [4], [5]. The other type is the Raman fiber amplifier (RFA), which can provide
gain at any wavelength within the transparency window of optical fiber by simply changing the pump wavelength [6]. Therefore,
a fiber amplifier is upgraded to a hybrid fiber amplifier as a solution to the problem of consuming most of the applicable
communication band (C—band), as the aim of HFOA is to expand the gain bandwidth by combining two or more amplifiers with
different operating bands. In addition, to the other performance enhancing of the optical fiber amplifier, such as: increasing pump
efficiency in terms of using a single pump unit with low pump power, and extending repeater distance.

In general, hybrid fiber optical amplifiers (HFOA) are classified according to the signal path. Clearly, when the amplification
stages share the same signal path they will be configured as a serial hybrid fiber optic amplifier (S-HFOA). In contrast, if the
signal is separated into two individual paths, it is configured as a parallel hybrid fiber optic amplifier (P-HFOA). Due to this
different tracing of the signal, each configuration has its advantages and disadvantages. In the context, serial design is
characterized by a high average gain level (Gav) and an appropriate noise figure (NF), but there is a limitation in gain bandwidth
(GB), which considered a primary issue in such configuration, furthermore the power conversion efficiency (PCE) is still
insufficient in the RFA stage [7]-[10]

While, in parallel design the flatness gain bandwidth can be controlled by setting the signal ratio[11], [12]. In addition, to
enhance the gain bandwidth of P-HFOA several approaches have been proposed utilizing the gain control [12], [13] and to solve
the dispersion problem in the EDFA branch utilizing the combination between the serial and parallel hybrid fiber amplifiers
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[14]-[16] in this combination, a second DCF is added to work as a gain medium for the RFA and to compensate the dispersion
in the EDFA branch.

To the best of our knowledge, the performance parameters for both S— and P-HFOA were simulated and compared at
optimum pump conditions via OptiSystem?7.0 software for the first time. The optimum pump power is determined based on the
literature, in which a higher average gain level, a wide gain spectrum, and the appropriate noise figure can be achieved. The
research emphasized the critical role of comparison for different configurations of hybrid fiber amplifiers, which can be useful
to designers when selecting the optimum amplifier structure for their work as it gives detailed performance parameters under
optimum pump conditions.

2. Simulation Model

The schematic designs of both S— and P-HFOA are shown in Figure 1(a) and (b), respectively. These configurations consist
of two stages. The first stage of these hybrid amplifiers is an EDFA amplifier, while the second stage is an RFA amplifier. Both
architectures use backward-propagating pumping. The signal is provided by a continuous wave laser (CW) with a maximum
power of 10 dBm, wavelength ranging from 1530 nm —to— 1600 nm, C+L band, and the line-width is 150 KHz. The length of
EDFA is approximately 3 m. The doping radius is about 1.65 um, the core area of 1.65 um? and the doping concentration is
about 1.4x10%° m3. It is pumped at the wavelength’s of 1480 nm with pump powers of 100 mW (residual Raman pump power).
The second stage of the HFOA is composed of the Raman amplifier using a 7 km DCF with an effective area of 20 um? and an
attenuation coefficient of 0.5 dB/km, at 1550 nm, dispersion coefficient of —110ps/(nm. km). A wavelength selective coupler
(WSC) is utilized to isolate the residual Raman pump from the reflected Rayleigh scattering signal. To record the overall system
gain, an optical spectrum analyzer (OSA) is utilized. Finally, the output signal from the two branches is collected using an optical
fiber coupler (OFC).
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Figure 1: Schematic diagram for the proposed HFOA: (a) S-HFOA and (b) P-HFOA

3. Results and Discussion

This paper aims to compare the performance parameters of both S— and P-HFOA at the same design parameters except for
pumping power that should be settled at its optimum conditions (OPP). The comparison covered several parameters such as;
gain bandwidth (GB), average gain (Gav), average noise figure (NFav), saturation power (Psat), and pump conversion efficiency
(PCE). The hybrid gain profile for both configurations at various signal regions is illustrated in Figure 2 (a) and (b). The input
signal wavelength (Ain) was swept from (1530 nm to 1600 nm), with 5 nm in steps, to achieve a gain spectrum at different input
signal power values of =25 dBm and -10 dBm under optimum pump power and wavelength (600 mW for S-HFOA and 800 mW
for P-HFOA at 1480 nm). Under a small signal region of —25 dBm, S—-HFOA exhibits higher average gain and limited
amplification bandwidth than P-HFOA. However, the overall average gain is about 19 dB and 13.5 dB, within 40 nm and 60 nm
of amplification gain bandwidth, for S— and P-HFOA, respectively.

When Pin increased to —10 dBm, the bandwidth expanded to 45 nm and 65 nm, while the average gain level decreased to 16 dB
and 11 dB for S— and P-HFOA, respectively. As shown in Figure 2 below, it is clear that the P-HFOA shows a gain bandwidth
about 20 nm higher than the gain bandwidth of S—-HFOA, which is attributed to the absence of a cascading effect between the
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amplification stages in P-HFOA. The noise figure (NF) values of two different hybrid configurations versus the input
wavelength at the input signal powers of —25 dBm and —10 dBm are depicted in Figure 3 (a) and (b). The NF of S-HFOA mainly
depends on the first amplifier [7]. Definitely, low values of noise figure less than 5 dB are observed at small input signal power
-25dBm within the gain bandwidth. That is because the noise figure is more affected by the first amplifier stage, which is an
EDFA in the S-HFOA configuration, in addition to the fact that no saturation could occur in EDFA. While, in P-HFOA, high
noise figure values are observed at large input signal power —10 within the gain bandwidth because both amplifier stages, Er-
DFA and RFA, suffered from saturation due to large input signal power, which reduced the gain and raised the noise level at
the amplified signal. Under both input Power signals the proposed HFOA within the flat gain bandwidth shows an average NF
of about 4.6 dB and 8.3 dB for S— and P-HFOA, respectively.

To complete this comparison, the saturation power of both hybrid amplifiers was investigated under two different input
signal wavelengths, namely, 1530 nm and 1580 nm, to give an idea of the gain saturation effect on the gain spectra. The signal
power varied from —25 dBm to 10 dBm with a step of 1 dBm. The Psat is determined when the gain level is dropped 3—dB from
its constant or maximum value.
At 1530 nm, the gain was saturated at approximately—12 dBm for S-HFOA and —9 dBm for P-HFOA.. For the reason that this
wavelength, 1530 nm, falls within the conventional band region where the Er-DFA gain is more effective in comparison to the
RFA gain, since the peak gain of the Raman amplifier is quite far from 1530 nm. Because of that, the gain saturation Gsat. of an
erbium amplifier has a significant impact on the overall gain saturation of the hybrid amplifier. Meanwhile, at 1580 nm, a broader
gain dynamic range was observed, and the appearance of saturated power was delayed until -3 dBm for S-HFOA and to 1 dBm
for P-HFOA. The results show that at various signal wavelengths, as illustrated in figure 4, the saturation in gain level occurs
faster in S-HFOA than in P-HFOA due to the cascaded amplifier stage in S-HFOA. The analyzed data from Figures 2, 3 and 4
Summaries the performance parameters for both S-HFOA and P-HFOA under optimum pump conditions as depicted in Table
1.
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Figure 2: Hybrid gain profile of S—and P-HFOA at (a) small signal power -25dBm and (b) large signal
power -10 dBm
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Figure 3: Hybrid NF versus input signal wavelengths of S— and P-HFOA at (a) small signal power -
25dBm and (b) large signal power -10 dBm.
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Figure 4: Hybrid Gain level against the input signal power for S-HFOA and P-HFOA under two
different region of wavelengths: (a) 1530 nm, C-band and (b) 1580 nm, L-band.

Table 1: Summaries the performance parameters for both S-HFOA and P-HFOA under optimum pump conditions

Structure GB Gav NFav PCE % Psat
(dB) (dB) (dB) (dB/mW) (dBm)
1530nm 1580nm
S-HFOA 40 19.2 4.6 3.057 -12 -3
P-HFOA 60 13.5 8.3 1.802 -9 1

4. Conclusion

The performance parameters for both SSHFOA and P-HFOA were investigated and compared under the same design
parameters except the pump power selected to be at optimum pump conditions. According to the results, the S-HFOA has a high
overall average gain level and an appropriate NF, but an issue in gain flatness still exists. In an RFA stage, pump conversion
efficiency (PCE) remains insufficient. In contrast, P-HFOA has the highest saturation power and wide 3—dB gain bandwidth.
This can be attributed to the effect of cascading amplification stage in S—-HFOA and both amplifiers, shearing the same signal
path in S-HFOA. Finally, this comparison can be useful to the designers when selecting the optimum amplifier structure for their
work as it gives detailed performance parameters under optimum pump conditions.
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