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1.   Introduction

An optical amplifier is necessary for a long-haul 
space division multiplexing (SDM) transmission sys-
tem that employs a multi-core fiber and/or a few-
mode fiber as a transmission line. SDM optical 
amplifiers utilize an erbium-doped fiber (EDF) as the 
amplification medium in the same way as the optical 
amplifiers used in the current single-core and single-
mode fiber transmission system. An important func-
tion of SDM optical amplifiers is simultaneous 
amplification of spatially multiplexed optical signals. 
Two kinds of optical amplifiers have mainly been 
studied in recent years in order to realize such a func-
tion. One is a multi-core erbium-doped fiber ampli-
fier (MC-EDFA), which employs a multi-core EDF 
that has multiple erbium cores within a single fiber. 
The other is a few-mode erbium-doped fiber ampli-
fier (FM-EDFA), which utilizes a few-mode EDF that 
is a kind of multi-mode fiber. A few-mode EDF sup-
ports several propagation modes used for signal 
transmission and restricts unusable higher-order 
modes. 

2.   MC-EDFA 

Table 1 categorizes MC-EDFAs in terms of pump-
ing schemes and active fibers. There are two kinds of 
pumping schemes, namely core pumping and clad-

ding pumping. 
An MC-EDFA employing core pumping can 

employ optical components that are used for a con-
ventional single-core EDFA. It provides high pump-
ing efficiency and can also support conventional 
high-speed control to suppress the transient power 
caused by a change in the input signal power. The 
challenges to be met include integrating the optical 
components to reduce the total amplifier size, cost, 
and power consumption. Cladding pumping has the 
potential to achieve both low power consumption and 
downsizing by using an uncooled multi-mode pump 
laser diode (LD). Challenges include improving the 
pumping efficiency, developing optical components 
for launching the pump and multiple signal lights 
simultaneously, and devising a technique for adjust-
ing the gain of several cores to achieve a pump power 
with high-speed control. 

Four kinds of active fibers have already been 
reported for multi-core amplification: a bundle of 
reduced-cladding EDFs, a multi-core EDF with a 
single cladding, a multi-core EDF with a double clad-
ding, and a multi-element EDF. The bundle and 
multi-element EDFs can utilize conventional mature 
fiber fabrication techniques, and the lengths of differ-
ent EDFs can be adjusted to achieve a uniform gain. 
A drawback is the necessity of downsizing the cross-
section of the amplification medium. The benefit of 
multi-core EDFs with single and double cladding lies 
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in the reduced cost, which is achieved by manufactur-
ing several cores in one fiber fabrication operation. 
Another benefit of multi-core EDFs is that their clad-
ding diameter is small compared with bundled and 
multi-element EDFs. Finding a way to achieve a uni-
form amplification characteristic for all the cores is a 
challenge for both multi-core and multi-element 
EDFs, and finding a way to suppress crosstalk is a 
common challenge for all active fibers.

2.1   Core-pumped MC-EDFA
A typical configuration of a core-pumped MC-

EDFA is shown in Fig. 1(a). Both the pump and sig-
nal lights are multiplexed with a wavelength division 
multiplexing (WDM) coupler and launched into an 
erbium-doped core through a fan-in (FI), and the 
amplified signals are output through a fan-out (FO). 
In this amplifier configuration, since the FI and FO 
can reverse the propagation direction of the signal 
lights, the propagation of the signal light in each core 
can be set in any direction. Setting the signal lights in 
two adjacent cores to propagate in opposite directions 
reduces the intercore crosstalk [1]. An MC-EDFA 
was constructed for long-haul transmission through 
12-core fiber by employing this method. Its configu-
ration is shown in Fig. 1(b). This MC-EDFA utilizes 
the outer cores of a dual 7-core EDF. As shown in 
Fig. 1(c), a gain of over 11.4 dB and a noise figure of 
less than 6.5 dB were achieved across the entire 

C-band when the signal lights of all the cores propa-
gated in the same direction. The MC-EDFA was 
applied to SDM transmission with a capacity-dis-
tance product of 1 Ebit/s, and the results suggest its 
feasibility [2]. A bundle of reduced-cladding EDFs 
can also be used in this kind of SDM optical ampli-
fier [3]. 

2.2   Cladding-pumped MC-EDFA
The configuration of a cladding-pumped MC-

EDFA is shown in Fig. 2(a). To improve pumping 
efficiency, we employed double-clad multi-core 
erbium/ytterbium-doped fiber (DCMC-EYDF). In 
this fiber, the pump absorption is sensitized by trans-
ferring energy from the ytterbium to erbium ions and 
suppressing the clustering of erbium ions, which results 
in improved pumping efficiency. Twelve erbium/
ytterbium-doped cores were arranged in a hexagon  
as shown in the figure. The core pitch is 37.2 μm, and 
the first and second claddings and the coating diame-
ters are 216, 284, and 356 μm, respectively. The pump 
source was a 976-nm multi-mode LD with a 125-μm- 
diameter multi-mode fiber pigtail. A schematic of  
the pump combiner is also shown in Fig. 2(a). The 
pump combiner consists of a multi-mode fiber with  
a tapered section and the double-clad 12-core fiber, 
whose cross-sectional design was the same as that  
of the DCMC-EYDF. A short section of the double-clad 
12-core fiber was stripped of its low refractive-index 

Table 1.   Categorization of MC-EDFA in terms of pumping scheme and active fiber.

Pumping
scheme

Core pumping

Multiplexed pump and signal lights launched into core

Cladding pumping

All cores pumped by first cladding propagating pump light

Benefit
High pump efficiency and applicability of components and
high-speed control used in conventional single-core EDFA

Possibility of reducing size, power consumption, and cost
by employing uncooled multi-mode pump laser diode (LD).  

Challenge Reducing size, cost, and power consumption Improving pumping efficiency, developing pump/signal
combiner, and achieving high-speed control 

Fiber Single-core EDF Multi-core EDF Multi-core EDF Single-core EDF

Structure

Bundle Single cladding Double cladding Multi-element

Benefit
Applicability of conventional 
fabrication technology and 
adjustability of EDF length

Size and cost reduced by manufacturing several cores in
one fiber fabrication operation 

Applicability of conventional
fabrication technology 

Challenge
Reducing cladding diameter and suppressing crosstalk

Developing fiber bundling
technique Achieving uniform gain and noise figure between cores
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second cladding and coating, and the stripped section 
was rounded to form an optical contact with the 

tapered multi-mode fiber. The optical contact section 
was recoated with a low index polymer. This pump 

Fig. 1.   Core-pumped MC-EDFA.
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combiner was fusion-spliced to the DCMC-EYDF, 
which enables the pump light to couple to the first 
cladding of the DCMC-EYDF. Twelve-core isolators 
were located at the input and output ends of the 
amplifier to avoid laser oscillation. 

The gain and noise figure of the cladding-pumped 
MC-EDFA are shown in Fig. 2(b), and a photo of the 
device is shown in Fig. 2(c). The input signal was an 
8-channel WDM signal with a power of −14 dBm/ch, 
and the pump power was 3.4 W. The optical amplifier 
exhibited over 10-dB gain and less than an 8.7-dB 
noise figure for all 12 cores at wavelengths longer 
than 1534 nm. In this case, the electrical power con-

sumption was about 10 W, while the sum of that of 12 
conventional EDFAs was estimated to be 20 W at an 
ambient temperature of 65ºC. This suggests that the 
cladding-pumped MC-EDFA successfully reduced 
the power consumption by about half that of the con-
ventional optical amplifier. 

The cladding pumping was also adopted in an SDM 
optical amplifier for a dense SDM (DSDM) transmis-
sion. A 32-core EDFA that employed a DCMC-
EYDF was used in a DSDM transmission experiment 
as an optical amplifier repeater [4]. 

The gain and noise figure of the cladding-pumped 
MC-EDFA with a DCMC-EYDF degraded in the 
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shorter wavelength region because of the strong 
absorption of the erbium ions in the EDF. Further 
study is necessary to improve the uniformity of the 
gain and the noise characteristics if we are to use the 
entire C-band for amplification. 

3.   FM-EDFA 

One issue with FM-EDFAs is the differential modal 
gain (DMG) needed to minimize the differences 
between the signal-to-noise ratios of all the transmit-
ted signals and thus maintain signal quality. To 
reduce the DMG in FM-EDFAs, it is important to 
reduce the difference between two overlap integrals, 
namely that for the excited erbium ion area and the 
intensity distribution of the fundamental mode signal 
and that for the excited erbium ion area and the inten-
sity profile of higher-order signals. For this purpose, 

the doping of erbium ions with a ring profile and the 
use of a reconfigurable pump mode have been report-
ed [5, 6]. Disadvantages of these techniques are that 
the former complicates the EDF fabrication process, 
and the latter introduces an additional loss for the 
pump power. 

Another approach was taken in an NTT study, 
which involves employing a ring-core erbium-doped 
fiber (RC-EDF) with a ring-shaped index profile. As 
shown in Fig. 3(a), the optical signals of LP01 and 
LP11 modes at the RC-EDF have a similar intensity 
distribution, in which the overlap integral for both the 
LP01 and LP11 mode signals have similar values, 
resulting in a reduction of the DMG. Our approach 
has advantages over other approaches in that it main-
tains a simple fabrication process with uniform erbi-
um doping and eliminates the need for lossy addi-
tional pump adjustment. The FM-EDFA with an 
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RC-EDF whose parameters were optimized success-
fully exhibited a small DMG of 1.6 dB, which is 4.5 
dB smaller than that for an FM-EDFA with a conven-
tional circular core (Fig. 3(b)). The FM-EDFA with 
the RC-EDF was also used for a long-haul mode-
division-multiplexing transmission as an optical 
amplifier repeater, which confirmed its feasibility [7]. 

4.   Future work

In upcoming research, we will investigate advanced 
amplification technologies for gain and output con-
trol in SDM optical amplifiers.

This study was undertaken as part of a collaborative 
project with Fujikura Ltd., Osaka Prefecture Univer-
sity, Shimane University, and Chitose Institute of 
Science and Technology. 

References

[1] H. Ono, M. Yamada, K. Takenaga, S. Matsuo, Y. Abe, K. Shikama, 
and T. Takahashi, “Amplification Method for Crosstalk Reduction in 
a Multi-core Fibre Amplifer,” Electron. Lett., Vol. 49, No. 2, pp. 
138–140, 2013.

[2] T. Kobayashi, H. Takara, A. Sano, T. Mizuno, H. Kawakami, Y. Miya-
moto, K. Hiraga, Y. Abe, H. Ono, M. Wada, Y. Sasaki, I. Ishida, K. 
Takenaga, S. Matsuo, K. Saitoh, M. Yamada, H. Masuda, and T. 

Morioka, “2 × 344 Tb/s Propagation-direction Interleaved Transmis-
sion over 1500-km MCF Enhanced by Multicarrier Full Electric-field 
Digital Back-propagation,” Proc. of ECOC 2013 (the 39th European 
Conference and Exhibition on Optical Communication), Postdeadline 
paper, PD3.E.4, London, UK, Sept. 2013.

[3] K. Tsujikawa, L. Ma, K. Ichii, S. Matsuo, M. Yamada, N. Hanzawa, 
and H. Ono, “Optical Fiber Amplifier Employing a Bundle of 
Reduced Cladding Erbium-doped Fibers for Multi-core Fiber Trans-
mission,” Proc. of 2012 IEEE Photonics Society Summer Topical 
Meeting Series, WC3.2, Seattle, WA, USA, July 2012.

[4] S. Jain, T. Mizuno, Y. Jung, Q. Kang, J. R. Hayes, M. N. Petrovich, G. 
Bai, H. Ono, K. Shibahara, A. Sano, A. Isoda, Y. Miyamoto, Y. Sasaki, 
Y. Amma, K. Takenaga, K. Aikawa, C. Castro, K. Pulver, Md Nooruz-
zaman, T. Morioka, S. U. Alam, and D. J. Richardson, “32-core Inline 
Multicore Fiber Amplifier for Dense Space Division Multiplexed 
Transmission Systems,” Proc. of ECOC 2016 (the 42nd European 
Conference and Exhibition on Optical Communication), Postdeadline 
paper, Th.3.A.1, Düsseldorf, Germany, Sept. 2016.

[5] E. Ip, M.-J. Li, K. Bennett, A. Korolev, K. Koreshkov, W. Wood, C. 
Montero, and J. Liñares, “Experimental Characterization of a Ring-
profile Few-mode Erbium-doped Fiber Amplifier Enabling Gain 
Equalization,” Optical Fiber Communication Conference (OFC) 
2013, JTh2A.18, Anaheim, CA, USA, Mar. 2013.

[6] N. Bai, E. Ip, T. Wang, and G. Li, “Multimode Fiber Amplifier with 
Tunable Modal Gain Using a Reconfigurable Multimode Pump,” Opt. 
Express, Vol. 19, No. 17, pp. 16601–16611, 2011.

[7] K. Shibahara, T. Mizuno, H. Takara, A. Sano, H. Kawakami, D. Lee, 
Y. Miyamoto, H. Ono, M. Oguma, Y. Abe, T. Kobayashi, T. Matsui, R. 
Fukumoto, Y. Anma, T. Hosokawa, S. Matsuo, K. Saito, H. Nasu, and 
T. Morioka, “Dense SDM (12-core  3-mode) Transmission over 527 
km with 33.2-ns Mode-dispersion Employing Low-complexity Paral-
lel MIMO Frequency-domain Equalization,” Proc. of OFC 2015, 
Postdeadline paper, PD.Th5C.3, Los Angeles, CA, USA, Mar. 2015.

Hirotaka Ono
Senior Research Engineer, Photonics-Elec-

tronics Convergence Laboratory, NTT Device 
Technology Laboratories. 

He received a B.S., M.S., and Ph.D. in applied 
physics from Tohoku University, Miyagi, in 
1993, 1995, and 2004. He joined NTT in 1995. 
He was also a Visiting Research Fellow with the 
Optoelectronics Research Centre (ORC), Uni-
versity of Southampton, UK, from 2005 to 2006. 
He has been engaged in research on optical fiber 
amplifiers, including L- and S-band erbium-
doped fiber amplifiers. He has also undertaken 
research on highly nonlinear fiber devices, pho-
tonic crystal fibers, and wavelength-division-
multiplexing transmission systems. He is now 
working on research of multi-core and few-mode 
fiber and waveguide devices, including optical 
amplifiers, and space-division-multiplexing sys-
tems. He received the OECC’97 Best Paper 
Award, Electronics Letters Premium in 1997, and 
Young Engineers Award from the Institute of 
Electronic, Information and Communication 
Engineers (IEICE) in 2003. He is a senior mem-
ber of the Institute of Electrical and Electronics 
Engineers (IEEE), The Optical Society (OSA) 
and IEICE, and a member of the Japan Society of 
Applied Physics (JSAP).


