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Remote Pumping in Point to Multi-point Networks
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Abstract—A remotely pumped Erbium-doped system for
the amplification of an optical signal for long-reach (LR)
next-generation passive optical networks (NG-PONs) is pre-
sented in this paper. The next-generation networks will be
deployed with/over the current point to multi-point technology
with/without backward compatibility. Remote pumping allows
extending the reach of the optical distribution networks and
the magnification of the splitting ratio as well, which is most
important for increasing the number of end users in the PON
network. In our laboratory, we have successfully verified the func-
tionality of the unidirectional and bidirectional remote pumping
system based on an Erbium-doped fiber inserted into the route
and remote pumping from a central office. Our measurement
results prove that it is possible to extend the total reaching point
to the multi-point system without the difficult incidence in the
optical distribution network. Based on the results, the proposed
amplifying passive optical network approach is capable of being
used in passive optical networks in C band for extending the
total reach of system or increasing the split ratio.

Index Terms—Amplifiers, Erbium-doped fiber amplifier, Fiber
optics, Optical fiber communication, Optical fiber networks,
Optical pumping.

I. INTRODUCTION

Over the last several years, the growth of internet traffic
has led to building optical access networks (OANs) in many
countries [1] - [4]. Optical fibers spread from the area of
wide area networks (WANs) to the area of optical access
networks and internet service providers (ISPs) are gradually
replacing existing copper wiring asymmetric digital subscriber
lines (ADSL) and very-high speed digital subscriber lines
(VDSL) because of their physical limitations [5]-[7]. Passive
optical networks seem to be the most appropriate solution
for future access networks due to their advantages. The most
limiting factor of these networks is the insertion loss of an
optical splitter, which limits maximal achievable distance and
a number of end users as well. A remote pumping system can
offer an appropriate solution against using a standard Erbium-
doped fiber amplifier (EDFA) because it maintains the basic

Manuscript received December 8, 2021; revised January 25, 2022. Date of
publication February 25, 2022. Date of current version February 25, 2022.
The associate editor prof. Ivan Rado§ has been coordinating the review of
this manuscript and approved it for publication.

The research described in this paper was financed by a grant from the
Ministry of the Interior of the Czech Republic, Program of Security Research,
V120192022135, for “Deep hardware detection of network traffic of next
generation passive optical network in critical infrastructures”.

Petr Munster, Tomas Horvath, and Petr Dejdar are with the Department of
Telecommunication, Brno University of Technology, Technicka 12, 616 00
Brno, Czech Republic, e-mails: [munster, horvath, dejdar]@vut.cz.

Edvin Skaljo is with the Department of Physics, University of Sarajevo Fac-
ulty of Science, Sarajevo, Bosnia and Herzegovina, e-mail: skaljo@ieee.org.

Digital Object Identifier (DOI): 10.24138/jcomss-2021-0188

Original scientific article

idea of passive optical networks (PONs): a passive distribution
network without any active elements.

Conventional passive optical networks have been used for
many years since 1998, when the passive optical network asyn-
chronous transfer mode passive optical network (APON) was
standardized according to the International Telecommunication
Union (ITU-T) but the first PON was proposed by British
Telecom in 1987 [8]. The development of passive optical
network standards continued with broadband PON (BPON)
[9], gigabit PON (GPON), and next-generation PON (NG-
PON) [10]-[12]. The rival standardization union Institute of
Electrical and Electronics Engineers (IEEE) also developed
a passive optical network in 2004, when the Ethernet PON
(EPON) passive optical network, which was to be a direct
competitor against GPON networks, was standardized [13].
These two types of optical access networks are now the most
widely used. On the other hand, the deployment strongly
depends on country terrain and number of households [14]-
[16]. The newest standard of IEEE is 10GEPON and that
of ITU-T is XG-PON, which allows 10 Gbit/s transmission
and greater splitting ratios (up to 1:128, previously only 1:64)
compared with previous generations [17]. In recent years,
the next generation of passive optical networks began to be
developed.

We can divide NG-PON standards into two groups: NG-
PON1 and next-generation passive optical network stage 2
(NG-PON2). While NG-PONI1 preserves the existing optical
distribution network (ODN), the second group, NG-PON2,
allows changes of ODN. Representative of the first category is
XG-PON, which is specified in ITU-T G.987 [18]. The maxi-
mum bit rate was set to 10 Gbit/s in the downstream direction
and 2.5 Gbit/s in the upstream direction. This technology is
based on time division multiplexing (TDM) [18].

NG-PON?2 is primarily based on hybrid time and wavelength
division multiplexing (TWDM). This standard is specified in
G.989.1 [19]. After selecting a technology, the second most
important step was to select a wavelength. The first idea was
to use free wavelengths of the XG-PON standard. Over time,
assorted utilized wavelengths were within a free range between
1596 to 1603 nm for the downstream direction, and from 1524
to 1544 nm for the upstream direction. On the other hand,
this standard supported a 160 Gbit/s bit rate via 16 pairs of
wavelengths. Only 40 Gbit/s topology without remote pumping
was measured [20], [21] in the laboratory.

The amplification of optical signals is a necessity for trans-
port, metropolitan and, sometimes, access networks. Raman
amplifiers, EDFA or semiconductor optical amplifiers (SOA)
could be used, depending on the network type. All of them

1845-6421/03/2021-0188 © 2022 CCIS



T. HORVATH et al.: REMOTE PUMPING IN POINT TO MULTI-POINT NETWORKS 55

require a power supply to function. The problem occurs if we
need to amplify an optical signal in the remote node without
electricity. The best solution for this specific application is
to deploy remote pumping amplification. A similar situation
could occur in PON, where the loss of optical splitters and
distribution network is the biggest limit.

Optical in-line amplifiers optically powered via the trans-
mission fiber are a promising technology for increasing the
distance between electrically powered equipment in optical
transmission systems. Repeaters are an effective way to in-
crease the span length, but they require electrical power and
associated performance monitoring, which significantly adds
to installation and maintenance costs [22].

Unrepeated systems based on remote amplification, how-
ever, may become less-expensive alternatives to repeated sys-
tems. Remotely pumped amplifiers are particularly attrac-
tive for submarine systems, in which repeaters pose special
challenges and significantly add to the cost. Optical power
levels in the range of 100 mW and above are available from
semiconductor-based pump sources, making remote pumping
a realistic option. Remote pumping is also very useful in PON;
thanks to this, amplification is possible to extend the maximum
split ratio or distance between the optical line terminal (OLT)
and optical network unit (ONU) [23].

The rest of this paper is structured as follows. Section II
addresses our measurement setup. SectionIll discusses our
measurement results. Finally, Section IV concludes our paper.

A. Original Contribution

The main contribution of this paper is to prove that remote
pumping in passive optical networks is possible without active
elements in optical distribution network. Our measurement
setups were divided into unidirectional and bidirectional data
transmission. We also focused on experimental verification of
unidirectional and bidirectional pumping of Er fiber. The paper
mainly focuses on high-speed passive optical networks such
as next-generation passive optical network (stage-2) because
of the used pump wavelength at 1480 nm. Based on well-
known technique (remote pumping) and measurement results,
the total split ratio of the optical distribution network can be
extended without the need to use active elements in the optical
distribution network. Remote pumping systems offer excellent
potential for future applications in passive optical networks.

II. REMOTE PUMPING

There are two main limitations of passive optical networks:
the attenuation of passive optical elements, especially optical
fibers/splitters and total distance between OLT and ONU [23].
The total attenuation of the distribution network is the main
limiting factor for the maximum distance between OLT and
ONUs, as well as for the maximum splitting ratio, which
determines the number of end users. To eliminate this, it is
possible to use, e.g., a Raman amplifier on the OLT side of
the network. The advantage is that there is no special fiber
required, similar to in EDFA. On the other hand, Raman
amplifiers are quite expensive and have lower gain and optical
signal-to-noise ratio (OSNR) in comparison with EDFA [24].

Furthermore, the disadvantage of Raman amplifiers is also that
the entire network must be made without optical connectors,
since each connector would cause optical reflections that
would increase the optical noise and decrease the signal-to-
noise ratio in the network. EDFAs are the most widely used
optical amplifiers, but due to the necessity of bidirectional
amplification in the route, and hence power supply use, they
are not suitable for PONs [23]. Selecting a suitable signal
amplification principle is very important and can influence
signal Q-factor or bit error rate (BER) [25]. Erbium-doped
fiber amplifiers are mostly used in telecommunication because
of their amplifying properties. Moreover, in general there
are only two most important elements — laser pump diode
and Erbium-doped fiber, which reduce cost and complexity
of the system. Many experiments using EDFAs in passive
optical networks where published. Mainly are focused on
the measurement of signal amplification parameters. These
works, however, do not consider remote amplification and need
active power supply in ODN hence these types of networks
are not fully passive yet [26] [28]. There are also some
experiments describing the specific application of Erbium-
doped fiber (EDF) and laser pump diodes. For example, in
[29] authors describe unidirectional signal transmission with
an active EDFA. They used the Raman pump for pumping
EDF through the optical coupler. In this experiment, the
influence of EDF length on signal amplification was evaluated.
Subsequently, the possibility of using EDFA at the beginning
of the passive optical network PON is discussed. Another
experiment describing remote pumping by adding EDF before
the distribution fiber can also be find in [30]. Special systems
for amplification the signal in C- and L-band for use in a
bidirectional system using two Erbium-doped fibers, circula-
tors, and a pump reflector are described in [31], [32]. Another
research focus on use of active bidirectional EDFAs within
a passive optical networks [33]. Although all papers above
describe signal amplification in PONs, mostly it is not fully
passive infrastructure because of need to active element in the
ODN.

Remote pumping is the solution for the optical signal
amplification with respect to the main idea of maintaining
a completely passive optical network. The principle is that
the pump laser diode source is a part of the OLT unit in the
central office, and the pump signal transmission uses the same
optical fiber as the data signal to reach the place where the
Erbium-doped fiber is situated. The ideal solution may be an
amplifying passive optical splitter (APOS) using an EDF as
a part of the optical splitter. Figure 1 shows the scheme of
a simple APOS. The extended version of APOS should also
include a WDM filter, which would filter out the remaining
1490 nm signal power, in order to avoid possible degradation
of the OSNR of useful signal on the photodetector of the
ONU unit. However, due to relatively high insertion loss of
passive optical splitter (especially for higher splitting ratios),
the pump signal is sufficiently attenuated and the WDM filter
does not need to be used. To ensure sufficient power required
to pump the Erbium-doped fiber, it is preferable to use a pump
diode with a wavelength of 1480-1490 nm. Although 980 nm
wavelength pumps are more common in today EDFA because
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of lower noise and higher gain, the attenuation of the signal at
980nm is more than 1.5dB/km, which causes approx 15dB
signal attenuation in a 10km long single-mode optical fiber
and hence higher pump power would be needed for remote

pumping.
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Fig. 1. Scheme of proposed amplifying passive optical splitter (APOS).

In [23], some basic systems of remote pumping were
proposed. The RP for signal amplification in many types of
passive optical networks is used there. For example, in [34],
a remotely pumped hybrid TDM/WDM PON network with
256-splitting ratio and 80 Gbit/s bit rate was proposed. The
authors used a reconfigurable semiconductor optical amplifier
(RSOA) for direct modulation to achieve high-speed bit rate.
In [35], the authors described a remotely reconfigurable remote
node for hybrid ring-tree passive optical networks where the
carrier signal was amplified by remote pumping. A remotely
dual-pumped system for long-reach PONs and flexible deploy-
ment was proposed by Schrenk et al. in [36]. The authors
described flexible wavelength division multiplexing and time
division multiplexing network architecture for a converged
metro-access environment using remote pumping.

Our system was proposed with respect to low-price devel-
opment. We have proposed a bidirectional system for remote
amplification of an optical signal in the range of wavelengths
from 1530 to 1560 nm using a pump laser diode with central
wavelength of 1490nm and 4m of an Erbium-doped fiber
situated in the ODN. This system is fully transparent to any
technology employing the wavelength range.

A. Remote Pumping Measurement Setup

We have performed experimental measurement for remote
pumping verification in three setups, which are shown in
Figure 2, 4, and 5. The first measurement is a simple setup
based on unidirectional remote pumping for unidirectional
signal transmission. The advantage of this setup is its simple
configuration a fully control amplification thanks to unidirec-
tional signal transmission of useful signal. The second setup is
for bidirectional useful signal transmission using WDM tech-
nology. In this setup both direction (downstream, upstream)

are amplified simultaneously. The third measurement is almost
the same as the second setup, but without the 20 km of fiber
optic route.

B. Unidirectional Transmission Measurement Setup

This measurement setup was created for the demonstration
of the remote pumping principle for the unidirectional trans-
mission systems. This system could be used, for example, in
PON networks, where the ONU units typically have smaller
output power in comparison with the OLT unit. This unidi-
rectional amplification could thus be extended to the maximal
reach of the optical distribution network. The scheme is shown
in Figure 2 and photo of the real setup in Figure 3.

Optical
splitter

G.652.D
20 km

1555nm Isolator Coupler 1 Coupler 2

Isolator

Fig. 2. Experimental setup for unidirectional transmission.

A useful optical signal from the tunable distributed feed-
back (DFB) laser (integrable tunable laser assembly, tuned
to ~1555nm) goes through an optical isolator to the first
coupler (2:2), which is used for the power level measurement,
and then goes through the second coupler to the optical fiber
spool with 20km of G.652.D optical fiber. Behind this spool,
4 meters of Erbium-doped fiber is connected. The splitter is
connected at the end of the optical distribution network. The
splitting ratio was set to 1:4, 1:16 and 1:256 for comparison
of measurement results. The optical signal from the 1490 nm
pump laser goes through the second optical isolator to the
second coupler, where it is mixed with the useful optical signal
from the integrable tunable laser assembly (ITLA) laser. At the
end of the distribution network (before the splitter), the useful
signal is amplified due to the Erbium fiber, which is connected
there for the effect of remote pumping. The optical spectral
analyzer (OSA) was used for power level monitoring at the
first, respective second measurement point.

C. Bidirectional Transmission Measurement Setup

The remote pumping system for bidirectional amplification
of the optical link was realized in this part. Bidirectional
amplification is necessary in most types of passive optical
networks if extending the maximum length of the ODN
or splitting ratio is desired. Remote pumping could be a
very useful type of optical amplification without any active
elements in the distribution network. The scheme of this setup
is shown in Figure 4.

The basic principle is similar to the unidirectional setup.
The main difference lies in the number of lasers. In this
setup, we have used two DFB lasers and one pump laser. This
measurement was only acquired with the 1:256 splitter. The
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Fig. 4. Experimental setup for bidirectional transmission.

split ratio of 1:256 is the maximum value considered for NG-
PON?2 standards.

The useful optical signal from the tunable DFB laser
(ITLA laser, tuned to ~1555nm) goes through the optical
isolator to the first coupler (2:2), which is used for power
level measurement, and then goes through coupler 2 (2:2) to
the optical fiber spool with 20km of G.652.D optical fiber.
Behind this spool, the splitter with splitting ratio of 1:256 is
connected. Remote amplification is quite complicated in this
setup. Amplification in downstream (A — B) and upstream
(B — A) directions is realized by one pump laser. In the
downstream direction, the signal from the pump laser goes
through the optical isolator and second coupler to the 20 km
fiber spool and 4 m of Erbium-doped fiber. This is the point
where the useful optical signal is remotely amplified in the
downstream direction. Additionally, in the upstream direction,
the useful optical signal is also amplified at this point of the
optical link. This signal from the second DFB laser, Koheras
Adjustik (ADJ laser, tuned to 1540nm), goes through the
optical isolator and bandpass filter to coupler to optical splitter
1:256. Measurement point 1 and 2 in the scheme are used for
monitoring of the power levels by OSA.

D. Bidirectional Transmission with Bidirectional Pumping
Measurement without Fiber Optic Spool

This setup is very similar to a previous scheme, as shown in
Figure 5. The main difference is that the Erbium-doped fiber is
situated directly within the optical distribution network. This
measurement was performed for purposes of studying system
behavior.

EDF4m

Optical
filter

1555nm Isolator Coupler 1 Coupler 2 Isolator 1540nm

Fig. 5. Experimental setup for bidirectional transmission without fiber optic
route.

The useful optical signal from the tunable DFB laser (ITLA
laser, tuned to /1555 nm) goes through the optical isolator to
the first coupler (2:2), and then goes through coupler 2 (2:2)
to the Erbium-doped fiber, coupler 3 (2:2) and a splitter with
splitting ratio of 1:256. Remote amplification is realized by
one pump laser as well but signal is coupled to Erbium-doped
fiber from both sides. In the downstream direction, the signal
from the pump laser goes through the optical isolator and
coupler 4 (2:2) to coupler 2 and 4 m of an Erbium-doped fiber.
This is the point where the useful optical signal is remotely
amplified in the downstream direction. Additionally, in the
upstream direction, the useful optical signal is amplified at
this point of the optical link. This signal from the second DFB
laser, Koheras Adjustik (ADJ laser, tuned to 1540 nm), goes
through the optical isolator and bandpass filter to the ODN.
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System of remote pumping could be used for WDM-PON
networks due to the wavelengths of useful signals and the
pump. This system works in the C band. System was proposed
in consideration of low-price development. We proposed the
bidirectional system for remote amplification of an optical
signal within the range of wavelengths between 1530 and
1560nm using the pump laser diode with wavelength of
1490nm and an Erbium-doped fiber situated in the ODN.
Moreover, system is transparent for any technologies using
these wavelengths.

III. MEASUREMENT RESULTS AND ANALYSIS

Power levels for all measurement setups were measured by
an optical spectral analyzer, and the results were compared for
measuring with or without the Er-fiber for bidirectional setups
in both directions: upstream and downstream. The power of the
pump laser diode was set to the maximum value of 160 mW.
The output power of DFB lasers was set to the optional value
to reach the saturation mode of EDFA amplification.

A. Unidirectional Transmission Measurement Results

The results of this measurement are shown in TableI. The
results for different splitting ratios may be observed there: 1:4
(see Figure 6), 1:16, and 1:256 (see Figure 7). For all splitting
ratios, we can clearly compare values of the output power
level with and without the applied Er-fiber. These values were
measured at the output ports of the splitters.

TABLE I
MEASUREMENTS WITH VARIOUS SPLITTER TYPES.
Splitter | Laser | Direction | Erbium Power
type fiber level [dBm]

1:4 ITLA DW NO —28.34
1:4 ITLA DW YES —15.84
1:16 ITLA DW NO —28.47
1:16 ITLA DwW YES -22.61
1:256 ITLA DW NO -36.71
1:256 ITLA DW YES —27.41

For the 1:4 splitter, the output power was only —28.34 dBm
(see Tablel) without remote amplification. This value is at the
sensitivity limit for most ONUs, and problems with BER could
occur [37]. When we have applied remote pumping, the output
power increases to —15.84 dBm. The gain was 12.5dB. The
spectral characteristic is shown in Figure 6. The black line is
adequate for measurements without Er-fiber. As we can see
there, the pump diode was still switched on. In comparison
with the red line, which is adequate for measurement with
the Er-fiber, we can see that the energy of the pump diode
migrates to a useful signal after Er-fiber application and that
OSNR remained approximately the same as before.

For the split ratio of 1:256, the situation was very similar
(see Figure7): after Er-fiber application, the power level
increases from —28.47dBm to —22.61 dBm, and so the gain
was 5.86dB.

For the 1:256 splitter (the maximum splitting ratio for NG-
PON2 [37]), the output power was —36.71 dBm without Er-
fiber and —27.41dBm with the fiber. The gain of remote
amplification was thus 9.3 dB (see TableI).

—20 |- N
e
@/ —40 | .
]
3 —60| — |
5 LWMW
=
£ 80| |
100 | —— Without Er-fiber
B —  With Er-fiber

| | |
1460 1480 1500 1520 1540 1560 1580
Wavelength (nm)

Fig. 6. Optical spectrum for unidirectional transmission with 1:4 splitting
ratio, measured at point 2 in Figure 2.
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Fig. 7. Optical spectrum for unidirectional signal transmission with 1:256
splitting ratio, measured at point 2 in Figure 2.

B. Bidirectional Transmission Measurement Results

This measurement was performed only for the 1:256 splitter.
Attenuation of the optical distribution network was high due to
the 20 km optical fiber and the splitter with a high splitting ra-
tio. As was mentioned before, two DFB lasers were used. The
results are shown in Table II. For the downstream direction, a
tunable laser (ITLA) was used. We can compare the difference
between power level values: without Er-fiber, the power was
only —36.8dBm; with Er-fiber, the power was —23.41 dBm.
The total gain was 13.39 dB. Spectral characteristics are shown
in Figure 8. After amplification, OSNR increases again (red
line). The optical signal was measured at the splitter’s output
port.

For the upstream direction, the second DFB laser (ADIJ)
was used. The power level without remote amplification was
—35.93 dBm, and it was —32.9 dBm with remote amplification.
The gain in this case was only 3dB. OSNR was also very
low, as exhibited by the pattern in Figure9. In this graphical
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Fig. 8. Optical spectrum for bidirectional transmission measurement: down-
stream, measured at point 2 in Figure 4.

TABLE 11
BIDIRECTIONAL TRANSMISSION MEASUREMENT FOR 1:256 SPLIT RATIO
WITH DISTRIBUTION NETWORK.

Splitter | Laser | Direction | Erbium Power
type fiber level [dBm]
1:256 ITLA DW NO -36.8
1:256 ITLA DW YES -23.41
1:256 ADJ UP NO -35.93
1:256 ADJ UP YES -32.9

output of OSA, we can see 2 peaks: the left peak is attributed
to the ADJ laser (upstream) and the right peak is attributed
to the ITLA laser (downstream). These signals were measured
at coupler 1 (see Figure4). Very low OSNR was caused due
to amplifier spontaneous emission (ASE). The reason for ASE
generation is a very low-power input signal [38]. Although the
OSNR is high and the gain is only 3 dB, the results are still
better than those without remote amplification.

_30 [ ]
_40 [ _
E /L\
S 50| / :
2 60| .
(5]
z N AW
~ 70 i
—— Without Er-fiber
—80 | | With Er-fiber
1530 1540 1550 1560

Wavelength (nm)

Fig. 9. Optical spectrum for bidirectional transmission measurement: up-
stream, measured at point 1 in Figure 4.

C. Results of Bidirectional Transmission with Bidirectional
Pumping Measurement without Fiber Optic Route

The measurement was very similar to the previous one:
the main difference is that no fiber optic spool was used in
that case. The reason for this is the low power of the pump
laser for this setup. This is the reason why we performed this
measurement without optical fibers for demonstration of this
principle.

TABLE III
BIDIRECTIONAL TRANSMISSION WITH BIDIRECTIONAL PUMPING
MEASUREMENT ON 1:256 SPLIT RATIO WITHOUT OPTICAL SPOOL.

Splitter | Laser | Direction | Erbium Power
type fiber level [dBm]

1:256 ITLA DW NO -42.87

1:256 ITLA DW YES -21.87

1:256 ADJ UP NO —42.56

1:256 ADJ UP YES -31.4

In the downstream direction (ITLA laser), the power on the
splitter output was only —42.87 dB (see Table III). If we applied
the Er-fiber to the ODN (see Figure 5), the power increases to
—21.87dB and the gain was 20.93 dB. In the graphical output
of this measurement (shown in Figure 10), we can see that
OSNR was also very high: more than 40dB. It is a fact that
with this system it is possible to amplify very low-power input
signals, and then to use a common PIN photodiode instead of
an expensive avalanche photodiode (APD) for detection. We
have achieved the best results with this measurement setup.
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Fig. 10. Optical spectrum for bidirectional transmission with bidirectional
pumping with a 1:256 optical splitter, measured at point 3 in Figure 5.

In the upstream direction (ADJ laser), the power measured
on coupler 1 (see Figure5) was only —42.56 dBm. After we
applied Er-fiber, the power level increased to —31.4dB. This
result is shown in Figure 11. We can see there that OSNR is
over 10dB, and the gain is 11.16dB.

In the case of PON connections in the unidirectional mode
(only downstream), it has been proven that remote pumping
can increase the total reach or split ratio in PON. Specifically,
this is an increase of at least 5.86 dB for a 1:16 splitter, as
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Fig. 11. Optical spectrum showing upstream and downstream signals for

bidirectional transmission with bidirectional pumping with a 1:256 optical
splitter.

seen in Table I. For the bidirectional PON connection with
a fiber spool downstream, the performance values with an
Er fiber are 13.39 dB higher than those without an Er fiber,
and the power upstream is 3.03 dB higher. The authors [23]
obtained better results with double Er-fibers in ODN and
double pumping. Note that our measurements relied on single
Er-fiber with a length of 4m in comparison with 15m in
[23]. The article [28] presented a simulation scheme for a
WDM-PON 70km length optical path and a 1:32 split ratio.
The simulation scheme allows us to extend the total reach
up to 100 km (30 km improvement), which represents 6 dB of
attenuation. Note that that distance is not very common in NG-
PON?2 due to the limitation of timing between OLT and ONU.
The article [31] presented that the average gains are 10.55dB
for the C-band EDFA and 10.17dB for the L-band EDFA.
The work [39] demonstrated Raman amplification in a 10G
Ethernet-based PON. The total reach between the OLT and
ONU was obtained as 40km. The authors [40] reached 768
customers on a single strand within the WDM Super-PON. The
system combines GPON lambda and 8 point-to-point dedicated
connections, each with a 10 Gbit/s bandwidth. Notably, the
Super-PON defines up to 50 km between OLT and ONU [41].
The Er-fiber can be inserted in a splitter box and/or on an input
port in the downstream direction. The Internet service provider
administered the central office, which means that there is no
additional cost for amplifier installation. These results show an
increase in the performance of the PON without the need to
intervene in the structures of already implemented PONs. This
can be achieved by combining the remote pumping technique
with PON. This article, therefore, offers an opportunity to in-
crease the range of PON using remote pumping, as evidenced
by many measurements. Remote pumping is a well-known
technique in long-haul networks, and we adapted the technique
into a passive optical network to extend the reach or increase
the split ratio. Based on the results, the increasing split ratio
is the main purpose because a synchronization issue can arise
between OLT and ONU units with increasing fiber length.

IV. CONCLUSION

A contemporary trend is to use existing installed transmis-
sion media with maximum bandwidth. The same situation
exists with optical fibers, especially with optical distribution
networks in metropolitan area network (MAN) or local area
network (LAN) networks. Rather than active optical networks,
the passive optical networks are used for data connectivity
as the best method of optical access networks. The limiting
factor for PONs is the total attenuation caused due to fiber
attenuation, and especially the very high attenuation of the
passive splitters. If we want to use the existing distribution
network and increase the number of end users or extend the
length of the optical route, remote pumping is the best solution
because it completely preserves the passive character of the
distribution network.

In this paper, we verified the principle of remote pumping
technology using Erbium-doped fiber and a laser pump diode
for the 1490 nm wavelength. We have designed 3 measurement
setups: unidirectional, bidirectional and bidirectional without
optical route. From the results described, it is evident that
the best results were achieved in bidirectional measurement
without the optical route for the downstream direction. The
gain was almost 21dB, the OSNR was over 40dB and the
optical signal was amplified from —42.87dB to -21.87dB. If
we compare all results, it is obvious that gain and OSNR are
higher in the downstream direction. This was caused by the
Er-fiber position in topology and by the power levels of both
lasers. The best results were achieved if the parameters were
optimally set and EDFA was approaching the saturation effect.

We have proposed a bidirectional remote pumping sys-
tem for passive optical networks, especially for WDM-PON
networks, which can function in the C band. We have also
designed an amplifying passive optical splitter: the splitter and
the pump diode represent the main components of the remote
pumping system. Remote pumping systems offer excellent
potential for future applications in passive optical networks.

The future work will be a measurement in our next-
generation passive optical network with BER/frame error rate
(FER) parameters evaluation. Furthermore, an increasing split
ratio with the proposed APOS will be tested.
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