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Improved Optical Amplification Efficiency by Using Turbo Cladding
Pumping Scheme for Multicore Fiber Optical Networks
Hitoshi TAKESHITA†a) , Senior Member, Keiichi MATSUMOTO† , Member,
Hiroshi HASEGAWA†† , Senior Member, Ken-ichi SATO†† , Fellow,
and Emmanuel Le Taillandier de GABORY† , Senior Member

SUMMARY We realize a multicore erbium-doped fiber amplifier (MCEDFA) with 2 dB optical gain improvement (average) by recycling the residual 0.98 µm pump light from the MC-EDF output. Eight-channel per core
wavelength division multiplexed (WDM) Nyquist PM-16QAM optical signal amplification is demonstrated over a 40-minute period. Furthermore,
we demonstrate the proposed MC-EDFA’s stability by using it to amplify a
Nyquist PM-16QAM signal and evaluating the resulting Q-factor variation.
We found that our scheme contributes to reducing the total power consumption of MC-EDFAs in spatial division multiplexing (SDM)/WDM networks
by up to 33.5%.
key words: multicore-EDFA, cladding pumping, recycle, power consumption

1.

Introduction

Nowadays, high–speed permanent-connection communication services are essential to provide convenient lives for
people. Communication services with ever richer contents,
using high-definition video and audio, are being developed
and expanded all over the world. To meet the demand for
such numerous dynamic and expressive communication services, communication traffic has been increasing steadily and
rapidly [1]. In response, the capacity of optical transmission
systems based on single-core single-mode fiber has been increasing, but its limit is now in sight [2]. To accommodate
the rapidly growing traffic, ever more optical fibers will be
needed per link, as well as optical amplifiers. Since the
power consumption of optical amplification in optical networks will also grow rapidly, power consumption of the optical amplification must be reduced to maintain the scalability
of future optical networks [3]. Spatial division multiplexing
(SDM) with multicore fiber (MCF) has been focused on as a
promising solution to sustain capacity expansion and energy
savings of optical transmission systems in the future [4], [5].
A multicore erbium-doped fiber amplifier (MC-EDFA) was
developed as a key part of MCF-based optical transmission
systems. In particular, MC-EDFA with cladding pumping is
useful to collectively amplify both spatial and wavelength division multiplexed (WDM) optical signals passing through
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the MCFs without using additional devices such as fan-in
fan-out (FIFO) devices [6].
However, some factors need to be considered to realize
high efficiency optical amplification with cladding pumped
MC-EDFA; they include the length of MC-EDF, pump wavelength, and pump direction (forward or backward). The
optimal design in term of efficiency, taking these factors
into account, differs between conventional core pumped and
cladding pumped amplifiers. Notably, the optimal length of
MC-EDF for cladding pumping is significantly shorter than
that for conventional core pumping in the C band [7]. Taking this specificity into account, one solution to improve the
efficiency of cladding pumped amplifiers is to increase the
number of cores of the MC-EDF [8]. With such a design, optical amplification efficiency can be improved by collectively
pumping all the cores of the MC-EDF with a single uncooled
high-efficiency multimode pump laser diode. However, increasing the number of cores of the MC-EDF cannot reduce
the power consumption drastically, with potential reduction
in the range of 10%, under the fixed maximum output power
condition of MC-EDFA [8]. There is a much room for further reducing power consumption by using other approaches.
The feasibility of reducing the power consumption of the
MC-EDFA by using cladding pumping has already been
shown [9], [10], and the potential reduction of power consumption with the MC-EDFA has also been reported for the
pan-European network [3].
In this paper, we applied the turbo cladding pumping
scheme to the MC-EDFA to drastically improve the efficiency of the cladding pumping process and reduce power
consumption [11]. The turbo cladding pumping scheme
recycles the residual optical pump power from the optical
output of the MC-EDF and injects it back into the pumped
MC-EDF. Our proposed turbo cladding pumping scheme
can increase pump power injected into the MC-EDF without increasing power consumption to drive the pump laser
diode. The advantage of our method compared with a reported pump recycling method [12] is that our scheme needs
a single device to split the residual pump power from the MCEDF output and enables the remaining pump to be recycled
into a single-core multimode fiber. Moreover, considering
practical use, we have found that our method improves gain
and achieves stable optical transmission.
We improved optical gain an average 2 dB by using
the turbo cladding pumping scheme with a 7-core cladding
pumped MC-EDFA. The 2 dB improvement of optical gain
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enabled power consumption of the single 7-core MC-EDFA
to be reduced by 32% in our demonstration. Next, we successfully demonstrate the stability of the optical link whose
power consumption was reduced by 19% by using the 7-core
MC-EDFA with the turbo cladding pumping. We investigated the stability of the high-speed optical signal amplified by 7-core MC-EDFA with the turbo cladding pumping scheme in real time. An 8-wavelength division multiplexed (WDM) 200 Gbps polarization multiplexed (PM) - 16
quadrature amplitude modulation (QAM) signal was transmitted over 110 km of a 7-core fiber, and this was repeated by
using the 7-core MC-EDFA with the turbo cladding pumping scheme. Only less than ±0.1 dB of Q-factor fluctuation
was observed during the 40-minute period.
However, just because we estimate the power consumption reduction when the turbo cladding pumping scheme
is applied to the MC-EDFA that operates as a single unit
does not mean we estimate the power consumption reduction
when the turbo cladding pumping scheme is applied to optical networks. Depending on the traffic demand distribution
or network topology, the number of wavelength multiplexed
optical carriers that passes through the MC-EDFA changes
per optical link. This causes variation of the pumping conditions of the MC-EDF for each optical link in the optical networks. We need to know the realistic pumping condition of
the individual MC-EDFs in optical networks when we evaluate the power consumption reduction by applying the turbo
cladding pumping scheme to the optical networks. Therefore, here, we show that the turbo cladding pumping reduces
power consumption by up to 33.5%, which is related to the
optical signal amplification in SDM/WDM optical networks.
In SDM/WDM networks, many MC-EDFAs will be placed
in optical links to compensate for the transmission loss of
the optical fiber. The power consumption of the MC-EDFA
is increased as more wavelength multiplexed optical carriers
pass through the MC-EDFA when the optical power of every optical carrier is identical. The number of wavelength
multiplexed optical carriers passing through the MC-EDFA
in SDM/WDM optical networks depends on the traffic distribution, network topology, and so on. We assumed a random traffic distribution and calculated the reduction of power
consumption, which is related to the optical amplification of
several major optical network topologies [13]–[20], by using
the evaluation results of the power consumption reduction
with the turbo cladding pumping scheme.
The organization of this paper is as follows. Section 2
explains the principle of the proposed turbo cladding pumping method. Section 3 compares the fundamental optical
gain characteristics of the MC-EDFA with and without the
turbo cladding pumping scheme. Section 4 demonstrates
the stability of the turbo cladding pumping scheme. Further
study confirmed the stability of the scheme even when the
pump condition of the 7-core MC-EDFA was changed. In
Sect. 5, a realistic pumping condition of the turbo cladding
pumping scheme is simulated in accordance with several
major optical network topologies. Finally, we conclude this
paper in Sect. 6. Parts of the preliminary versions of this

study were presented at international conferences [11], [21].
Here, we further report additional details of the evaluation
of the turbo cladding pumping scheme and study its effects
in terms of reducing power consumption from an optical
network perspective.
2.

Principle of Turbo Cladding Pumping Scheme for
MC-EDFA

The fundamental set-up of our proposed turbo cladding
pumping scheme is shown in Fig. 1. A 0.98 µm pump light is
injected into the MC-EDF through the pump combiner. The
pump combiner is a fiber-based side coupling pump combiner. An MC-EDF with the side coupling technique was
demonstrated by Takeshima et al. [22]. The insertion loss
for the 1.5 µm signal wavelength is less than 0.5 dB and is
0.17 dB for the 0.98 µm pump wavelength. The length of
MC-EDF is 8 m and is optimized when pump light is not
recycled. The optimization of the MC-EDF length should
be further researched in the future. A pump splitting device
is placed at the cladding pumped MC-EDFA output to separate the 0.98 µm pump light from the 1.5 µm signal (ASE).
The 1.5 µm signal light with ASE is output from the pump
splitter thorough the MCF. The separated light that contains
amplified spontaneous emission residual 0.98 µm pump light
is output from the pump splitter and is re-injected into the
MC-EDF through the recycle port of the pump combiner as
shown in Fig. 1. The residual 0.98 µm pump light is separated from the output of the cladding pumped MC-EDFA.
Then, the residual 0.98 µm pump light is injected into the
pump combiner after passing through the recycle loop consisting of a single-core multi-mode fiber (SC-MMF). Finally,
the recycled pump light is injected into the cladding of the
MC-EDF, combined with the pump light sourced from the
pump LD and with the signal light by using the pump coupler. The coupling process of signal light and the pump light
is the side-coupling, which has already been demonstrated
by Abedin et al. [23]. In this way, the residual pump light
is recycled, as the remaining pump light is re-injected and
used as pump light again. Notably, the combiner used in
our cladding pumped MC-EDFA has two input ports, which
enable multiplexing in the space domain of the multimode

Fig. 1 Principle of cladding pumped MC-EDFA with turbo cladding
pumping scheme.
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Fig. 4
Fig. 2

Temporal variation of pump splitter’s case temperature.

Pump splitter prototype using free-space optical system.

Fig. 3

Schematic diagram of pump splitter prototype.

pump laser output [7] and multiplexing of the multimode
recycled residual pump light from the recycle port of the
pump splitter. If the residual pump light is recycled by
single-mode couplers, multiple amplifiers will be required
[24]. However, this will negate the economic benefit of recycling the pump light using a single amplifier. Our proposed
turbo cladding pumping scheme can increase pump power
by recycling the residual pump outputted from the MC-EDF
without increasing pump power outputted from the pump
laser diode. When the amplified optical power outputted
from the cladding pumped MC-EDFA is constant, the power
consumption of the cladding pumped MC-EDFA is reduced.
The base 7-core EDF, onto which we applied the turbo
cladding pumping scheme, has already been reported [7].
To realize the high separation of the residual 0.98 µm pump
light in the cladding area of the 7-core MC-EDF without
significantly attenuating the 1.5 µm signal light, we created
a pump splitting device (Figs. 2 and 3) on the basis of a freespace optical system. The residual pump and signal light
are separated by using a dichroic mirror. The pump splitter,
shown in detail in Fig. 3, is a key component of the turbo
cladding pumping scheme and has been newly developed
to fit the scheme. The end face of both the MCF and the
single-core multimode fiber (SC-MMF) of the pump splitter
is anti-reflective coated. The 0.98 µm multimode pump and
the 1.5 µm single-mode signal light are collimated as standard Gaussian beams. The 1.5 µm single-mode signal passes
through the dichroic mirror and is inputted into the MCF. The
0.98 µm multimode pump is reflected by the dichroic mirror
and inputted into the SC-MMF. If the 0.98 µm pump light
that has a standard Gaussian beam profile is separated from

the 1.5 µm signal light with ASE, the optical loss is less
than 0.8 dB. The loss of the dichroic mirror is 0.05 dB at
1.5 µm. Even if very high optical pump power of 18 W is
input to the pump splitter, the temperature of the pump splitter increases to just 62◦ C, 35◦ C above room temperature,
as shown in Fig. 4. Therefore, our pump splitter using the
free-space optical system can be operated safely even if a
0.98 µm pump light of a few ten watt class is inputted. The
1.5 µm signal light with ASE are recoupled to the 7-core
MCF output after passing through the dichroic mirror. As
there is no optical gain around wavelength band of 0.98 µm
even with multiple reflections of the recycled pump light, no
isolator or attenuator is required in the recycling loop using
a SC-MMF. The length and the loss of the SC-MMF is 1 m
and 0.01 dB, respectively. The numerical aperture (NA) is
0.22, and the core diameter is 105 µm in this research. In
addition to the equipment shown in Fig. 1, we used FIFOs at
both the input and output of the cladding pumped MC-EDFA
for the experiments. In the future, MC-EDF shall be directly
spliced to the MCF used for transmission [25]. The pump
power at the pump port of the pump splitter corresponding
to the recycled pump power is measured as an average 12%
of the pump laser output independent to the amount of the
pump laser output. The pump power recycled by the pump
splitter is too small considering the loss of 0.98 µm light of
the pump splitter. The reasons for this have not been sufficiently determined yet. One possible reason is that part of
the pump light was converted into heat in the pump splitter.
Before being injected into the MC-EDF, the pump passes
through the SC-MMF and pump combiner. Since the loss
of the pump combiner for the 0.98 µm wavelength is 0.17 dB
and the loss of the SC-MMF is 0.01 dB, almost all the pump
power output from the recycle port of the pump splitter is
re-injected into the MC-EDF.
3.

Optical Gain Improvement and Power Consumption
Reduction

We studied the fundamental and most important optical gain
characteristics of the cladding pumped MC-EDFA when our
proposed turbo cladding pumping scheme is applied to the
cladding pumped MC-EDFA. The spectrums observed at
the MCF output of Fig. 1 are shown in Fig. 5 when the optical pump power was increased from 2 to 18 W. The ASE
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Fig. 5

Spectrums at pump splitter’s MCF output port.

Fig. 7 Measured relationship between pump laser output power and optical gain of 7-core MC-EDFA without turbo cladding pumping scheme.

Fig. 6 Measured optical gain and NF of center core of 7-core MC-EDFA
with and without turbo cladding pumping scheme.

component appeared at around 1.5 µm when the MC-EDF
is pumped, and the residual 0.98 µm pump light is less than
30 dB below the average ASE level. Therefore, the residual
0.98 µm pump light is sufficiently separated and recycled by
the pump splitter.
The optical gain and noise figure (NF) of our 7core MC-EDFA were measured by using a tunable wavelength signal light source. The measured wavelengths
were 1536.39 nm, 1537.82 nm, 1541.70 nm, 1550.92 nm,
1552.72 nm, 1544.80 nm, and 1556.56 nm. The input signal
optical power was fixed at −15 dBm, and the pump power
was fixed at 18.8 W. The measured results of the optical
gain and NF for the center core of the 7-core MC-EDFA
with and without the turbo cladding pumping scheme are
shown in Fig. 6. Figure 7 shows the measured relationship between pump laser output power and optical gain of
our prototype 7-core MC-EDFA [9], [10] without the turbo
cladding pumping scheme. A 1550.92 nm CW light source
was used as a signal for the measurements. Figure 8 shows
the relationship between the pump laser output power and
the measured optical gain improvement (∆Gain) by applying
the turbo cladding pumping scheme. When the maximum
optical pump power was 18 W and the optical input power
was −15 dBm, the average optical gain was improved 2 dB
by applying the turbo cladding pumping scheme. In this
case, the NF without the turbo cladding pumping scheme

Fig. 8 Measured relationship between pump laser output power and improvement of optical gain of 7-core MC-EDFA by using turbo cladding
pumping scheme.

was 5.7 dB. Even if the turbo cladding pumping scheme was
applied, no difference was observed in the NF. We used
a two-input-port multimode pump combiner based on sidecoupling [23] instead of a single-mode coupler [24] for cases
with and without turbo cladding pumping. The loss of the
pump combiner is 0.17 dB for the pump light and 0.5 dB for
the signal light [22]. Therefore, we assume that the loss of
signal light is the same whether or not the turbo cladding
pumping scheme is applied. When the input signal power
of the 7-core MC-EDFA is constant at −15 dBm, ∆Gain becomes larger at lower pump power. The maximum 2.4 dB
of ∆Gain is obtained when the pump power is below 6.1 W.
This feature corresponds to the optical gain saturation feature of the conventional single-core EDFA (SC-EDFA). If
the optical gain is constant, this translates into a reduction
of the required pump power and therefore into a reduction
of power consumption of the cladding pumped MC-EDFA.
Figure 9 shows the calculated relationship between the optical gain and the reduction ratio of the power consumption.
The reduction ratio of the power consumption is the ratio
of the power consumption when the turbo cladding pump-
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Fig. 10 Experimental setup to investigate stability of cladding pumped
7-core MC-EDFA with turbo cladding pumping scheme.

Fig. 9 Relationship between optical gain and reduction ratio of power
consumption of 7-core MC-EDFA by using turbo cladding pumping scheme.

ing scheme is applied to the power consumption when the
scheme is not applied. The calculation parameter is the
optical signal power inputted into each core of the 7-core
MC-EDFA. Figure 9 shows that the turbo cladding pumping scheme offers a power consumption reduction ratio of
32% when the optical gain for our 7-core MC-EDFA is the
maximum value of 18.8 dB and the input optical power is
−15 dBm.
4.

Fig. 11 Spectrum measured at input of 7-core MC-EDFA with turbo
cladding pumping scheme.

Stability of Amplified High-Speed Optical Signal

Next, we studied the stability of the cladding pumped MCEDFA with the turbo cladding pumping scheme. Like in
the evaluation of the optical gain characteristics, we used a
7-core MC-EDFA. As the turbo cladding pumping scheme
relies on re-injecting the pump remainder into a 7-core MCEDF, something like unexpected multiple reflection may occur in the recycling loop shown in Fig. 1 and may degrade
the amplified optical signal quality. Therefore, the stability
of the scheme needs to be evaluated. For this purpose, we
evaluated in real time the stability of the 200 Gbps optical
signal quality while the optical signal was amplified with our
turbo cladding pumping scheme.
Figure 10 shows the experimental set-up. For simplicity, we multiplexed the channel under test (1550.92 nm) with
6 loading wavelength channels (1536.39 nm, 1537.82 nm,
1541.70 nm, 1552.72 nm, 1544.80 nm, and 1556.56 nm).
Therefore, a 7-WDM optical signal was used to evaluate
the stability of the amplified optical signal. The signal was
34 GBd PM-16QAM with Nyquist filtering for a payload of
200 Gbps with forward error-correction (FEC) overhead. As
offline processing can only capture bursts of received data,
we chose to use real-time signal processing to evaluate the
stability of the optical signal amplification with the turbo
cladding pumping scheme as close to the actual condition
as possible. To evaluate the signal quality in real time, we
used a 200 Gbps PM-16QAM transceiver prototype. For the
transmission line, we used two cores of the 55-km long 7core MCF for one pass through the 7-core MC-EDFA for
a total length of 110 km with FIFO to input the WDM sig-

Fig. 12 Spectrum measured at output of 7-core MC-EDFA with turbo
cladding pumping scheme.

nal and connect the SDM components. The transmission
loss of the 7-core MCF was 0.23 dB/km, and the insertion
loss of FIFO was 0.7 dB. Our 7-core MC-EDFA was not
equipped with gain filtering; therefore, we limited the transmission length and focused on the evaluation of stability
over a short distance. Spatial and wavelength demultiplexing were performed with fan-out and an optical bandpass
filter, respectively. During the transmission experiment, the
7-core MC-EDFA with a turbo cladding pumping scheme
was operated under the fixed condition. Figures 11 and 12
represent the spectra measured at the input of the 7-core
MC-EDFA and at the output with the turbo cladding pumping scheme, respectively. The optical gain was 13 dB and the
input optical power was −15 dBm per wavelength channel,
so a pump laser output power of 6.1 W was needed. Unless the turbo cladding pumping scheme was applied to the
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Fig. 13 Temporal variation of Q-factor of received 200 Gbps PM16QAM optical signal after 110-km 7-core fiber transmission by using
7-core MC-EDFA with turbo cladding pumping scheme.

7-core MC-EDFA, a pump laser output power of 7.2 W was
needed to obtain the same 13 dB optical gain (Figs. 7 and
8). This 19% power consumption reduction is successfully
brought about by the turbo cladding pumping scheme. In
fact, the power consumption reduction caused by the turbo
cladding pumping scheme depends on the operation conditions of the MC-EDFA, such as the optical gain and the input
optical power, as shown in Fig. 8. Although the maximum
reduction of the power consumption was 32% for the 7-core
MC-EDFA operation conditions of 18.8 dB optical gain and
−15 dBm input optical power, the operation conditions were
set to be suitable for the 110-km length 7-core MCF optical transmission line. Fig. 13 shows the measured temporal variation of the real-time pre-FEC Q-factor (∆Q-factor)
during the 40-minute period at the wavelength channel of
1550.92 nm. The optical signal-to-noise ratio (OSNR) was
above 19 dB at the real-time coherent receiver input. The
∆Q-factor was within ±0.1 dB. These variations are comparable to those of the transceiver’s output optical signal without passing through the 7-core MC-EDFA with the turbo
cladding pumping scheme. Therefore, ±0.1 dB variation of
∆Q-factor is attributed to the stability of the control of the
prototype 200 Gbps PM-16QAM transmitter. Moreover, no
FEC error was detected during the 40-minute measurement
time. These results indicate that the turbo cladding pumping scheme induces no additional signal degradation and is
stable enough to be used in SDM/WDM optical signal transmission, enabling power consumption reduction related to
optical amplification.
5.

Reduction of Power Consumption in SDM/WDM
Optical Networks

Finally, we compared the contribution of power consumption
reduction of the MC-EDFA with the turbo cladding pumping
scheme to the energy savings of MCF-based SDM/WDM optical networks. As shown in Fig. 9, the power consumption
reduction depends on the input optical power passing into
the MC-EDFA. In single-core WDM optical networks, the
number of wavelength multiplexed optical carriers passing
through the single-core optical link depends on the network

topology model, traffic demand distribution model, optical
path model, and route and spectrum allocation (RSA) algorithm for optical path design [26], [27]. The number of
wavelength multiplexed optical carriers may differ depending on single-core optical links. Therefore, the inputted total
optical power passing into the SC-EDFA differs depending
on single-core optical links. Here, if all the SC-EDFAs are
assumed to be operated under the fixed optical gain mode, the
power consumption of the SC-EDFA depends on single-core
optical links since the pumping condition of the SC-EDFA
depends on single-core optical links. The cladding pumped
MC-EDFA amplifies all the cores collectively. Therefore,
when the MCF is used in place of single-core fiber in
SDM/WDM optical networks, the power consumption of
the cladding pumped MC-EDFA depends on the maximum
value of the number of carriers wavelength multiplexed in the
core of the MCF link. The power consumption reductions of
all the MC-EDFAs in SDM/WDM optical networks are not
always constant. Therefore, it is challenging to estimate the
total power consumption reduction of the cladding pumped
MC-EDFA in SDM/WDM networks. Here, we have studied
the power consumption of the stand-alone MC-EDFA with
and without the turbo cladding pumping scheme in accordance with the optically pumped condition in Sects. 3 and
4. By considering the optically pumped condition of each
MC-EDFA in SDM/WDM optical networks, the total power
consumption reduction of SDM/WDM networks by applying the turbo cladding pumping scheme to each MC-EDFA
can be estimated. We estimated the power consumption of
SDM/WDM optical networks related to optical amplification
as the sum of the power consumption of each MC-EDFA used
in optically amplified links. By comparing the power consumption of SDM/WDM optical networks related to optical
amplification with and without the turbo cladding pumping
scheme, the impact of the scheme on the SDM/WDM optical
networks can be determined. We used the previous experimental results to consider the power consumption of each
MC-EDFA in the SDM/WDM optical networks. For simplicity, we assumed that the optical power of the wavelength
multiplexed optical carriers were identical and the optical
gain tilt of the MC-EDFA did not depend on the input condition of the optical signal.
Figure 14 shows the measured relationship between the
total input power of the wavelength multiplexed optical carrier passing into a core and power consumption of our prototype 7-core MC-EDFA with and without the turbo cladding
pumping scheme. The optical gain was fixed at 13 dB, which
was the same as the optical gain with the experimental conditions of Sect. 3. Since we assumed that all the MC-EDFAs
were operated under the automatic gain control (AGC) mode,
the power consumption of the MC-EDFAs increases as the
number of wavelength multiplexed optical carriers in a core
increases when all the optical powers of the wavelength multiplexed optical carriers are identical. Fig. 15 shows the
measured relationship between the number of wavelength
multiplexed optical carriers and the total input power passing into a core when the optical gain of the 7-core MC-EDFA
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Table 1

Parameters for power consumption evaluation.

Fig. 14 Measured relationship between total input power and power consumption of prototype 7-core MC-EDFA.

Fig. 15 Measured relationship between number of wavelength multiplexed carriers passing into core of 7-core fiber and total input optical
power passing into core of prototype 7-core MC-EDFA.

Fig. 16 Calculated relationship between number of wavelength multiplexed carriers passing into core of 7-core fiber and power consumption of
prototype 7-core MC-EDFA.

was fixed at 13 dB. By using the measured relationships of
both Figs. 14 and 15, we can obtain the relationship between
the number of wavelength multiplexed optical carriers and
power consumption of our prototype 7-core MC-EDFA, as
shown in Fig. 16.
The power consumption of each MC-EDFAs in the
SDM/WDM optical network can be obtained by simulating the number of wavelength multiplexed optical carriers
transmitted in each MCF links in the SDM/WDM optical
networks at the fixed optical gain condition as shown in
Fig. 15. Indeed, the power consumption of the cladding
pumped MC-EDFA is independent of the number of spatially multiplexed optical carriers. There are numerous cal-

culation parameters to determine the number of wavelength
multiplexed optical carriers inputted into the MC-EDFA,
and the number of wavelength multiplexed optical carriers
is different in each optical link. Therefore, for simplicity,
we calculated the total power consumption reduction of the
SDM/WDM optical networks, focusing on the difference as
to whether to apply the turbo cladding pumping scheme to
each MC-EDFA in the SDM/WDM optical networks. The
total power consumption related to optical signal amplification is the sum of the power consumption of all MC-EDFAs
in the SDM/WDM networks. Comparing the simulation results of the total power consumption with and without using
the turbo cladding pumping scheme, the reduction ratio of
the power consumption when the turbo cladding pumping
scheme is used can be estimated. We simulated the number
of wavelength multiplexed optical carriers inputted into each
MC-EDFA in the SDM/WDM optical network for the fixed
optical path computation model. By using the approximated
function for the relationship between the number of wavelength multiplexed optical carriers and power consumption
obtained from Fig. 16, the total MC-EDFA power consumption in SDM/WDM optical networks was calculated. Table 1
shows a summary of the calculation parameters to calculate
the power consumption reduction ratio of the SDM/WDM
optical networks by applying the turbo cladding pumping
scheme to the cladding pumped MC-EDFA. The network
topologies that we used were obtained from previous studies
[13]–[20] and are summarized in Table 2. Accordingly, we
also assumed 8-core MC-EDFA by using the evaluation results of our 7-core MC-EDFA for the calculation. By setting
the number of cores to 8 and allocating carriers of 100 Gbps
per core, it is easy to realize traffic demand capacity in accordance with existing standards [28]. We extrapolated the
results above 7 cores and a pure SDM model with MCF
only [8]. We used a full mesh traffic distribution model.
Source and destination distribution optical nodes were randomly selected, and communication traffic of 800 Gbps for
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lation.

Optical network topologies used for power consumption calcu-

Fig. 17 Average number of accommodated optical paths in SDM/WDM
optical networks.

Fig. 18 Average number of 8-core MC-EDFAs per optical link in
SDM/WDM optical networks.

each pair of source and destination optical node were created. The optical paths were designed to accommodate the
created traffic. Since one 8-core MCF was used as an optical
simplex link, all the Nyquist PM-QPSK modulated 37.5 GHz
bandwidth optical carriers of the 8-optical-carrier spatial superchannel passed through each core of the 8-core MCF.
The MC-EDFA was used as an optical repeater that can collectively amplify each optical carrier of the 8-optical-carrier
spatial superchannel when the 8-optical-carrier spatial superchannel was transmitted between the source and destination
of the traffic demand. Therefore, a wavelength bandwidth
of at least 37.5 GHz/core was needed to accommodate one
optical path. We heuristically solved Dijkstra’s algorithm
on the basis of the shortest path first algorithm to find the

optical path. Traffic creation was stopped when we could
not find the optical path to accommodate the created traffic
demand anymore due to the lack of wavelength bandwidth in
the C-band. Therefore, all the created traffic demand was accommodated in the SDM/WDM optical networks. Figure 17
shows the calculated total number of optical paths for some
actual optical network topologies, as shown in Table 2. We
selected them as the major optical network topologies. The
results of 10 simulations of random traffic demand creation
are averaged. Depending on the network topology, the total
number of optical paths that can be accommodated in the
network changes when no optical path is blocked due to the
lack of wavelength bandwidth. Then, we calculated the total
power consumption related to the optical amplification for 8core MCF based network topologies as the sum of the power
consumption of all the 8-core MC-EDFAs in all the optical
links. Figure 18 shows the calculation results of the average
number of 8-core MC-EDFAs per optical link, and Fig. 19
shows the calculation results of the average number of optical carriers per optical link in the optical networks. Now
that both the number of wavelength multiplexed optical carriers per optical link and the number of 8-core MC-EDFAs
per optical link in the SDM/WDM networks are known,
the total power consumption of the 8-core MC-EDFA in
SDM/WDM networks can be obtained by using the approximation function of Fig. 16. Figure 20 shows the calculated
total 8-core MC-EDFA power consumption with and without the turbo cladding pumping scheme under the condition
of Table 1. We can see that the reduction ratio of the 8-core
MC-EDFA power consumption is successfully improved by
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Fig. 19 Averaged number of accommodated carriers per optical link in
SDM/WDM optical networks.

Fig. 20 Total 8-core EDFA power consumption with and without turbo
cladding pumping scheme in case of actual optical network topologies.

perimental results demonstrate that optical gain is improved
by more than 2 dB when our prototype 7-core MC-EDFA is
used. When the optical gain of the MC-EDFA is controlled
to be constant, power consumption was reduced by up to
32%. In fact, very stable operation of the turbo cladding
pumping scheme was verified through SDM/wavelength division multiplexed (WDM) optical signal transmission with
a length of 110 km and reception in real time for about 40
minutes. However, even if the power consumption reduction
of the stand-alone MC-EDFA with the turbo cladding pumping scheme is known, the total power consumption reduction
of the SDM/WDM networks that use many MC-EDFAs with
the turbo cladding pumping scheme cannot be easily determined because the power consumption reduction due to the
turbo cladding pumping scheme depends on the condition of
the inputted optical signal passing into the MC-EDFA. Moreover, the condition changes in accordance with the various
network parameters. The impact of the turbo cladding pumping scheme was investigated when the scheme was applied to
several major optical network topologies. This paper found
that power consumption could be reduced by up to 33.5% in
the entire network.
Acknowledgments

31% on average by applying the turbo cladding pumping
scheme. If 7-core MCF based network models are used,
the calculated power consumption reduction decreases to
27%, because the power consumption of 7-core MC-EDFA
is 0.875 (= 7/8) times that of 8-core MC-EDFA, supporting
constant cladding area diameter and pump power density [8].
Even if the network topology is changed, our proposed turbo
cladding pumping scheme can reduce the power consumption of the 8-core MC-EDFA by 29% to 33.5% and is the
best in the case of the ITA14 network topology because the
ITA14 network topology can accommodate the most optical
paths, as shown in Fig. 17. The NSF16 network topology
has the largest power consumption (Fig. 20) because it has
the largest average number of 8-core MC-EDFAs per optical
link (Fig. 18).
6.

Conclusion

Improvements in spectral efficiency are yielding optical networks with greater capacity, but the capacity limit of singlecore single-mode fiber is now in sight. Spatial division multiplexing (SDM) technology is being actively researched to
overcome the problem caused by this limit, notably by using
multicore fiber (MCF). In addition to expanding the capacity,
SDM technology offers the possibility of reducing the power
consumption of an optically amplified MCF transmission
line by introducing a cladding pumped multicore erbiumdoped fiber amplifier (MC-EDFA). We have developed an
MC-EDFA with improved optical amplification efficiency
by using a turbo cladding pumping scheme. We fabricated
a pump splitter and evaluated its temperature characteristics
when recycling very high power residual optical pumping
lights to realize the turbo cladding pumping safely. The ex-

Part of this research was contained within “Research and Development of Space-Division Multiplexing Photonic Node”,
which is a commissioned research of the National Institute of
Information and Communication Technology (NICT), Japan.
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