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1.   Introduction

Colorless, directionless, and contentionless recon-
figurable optical add/drop multiplexing (CDC-
ROADM) has been widely deployed in core and 
metro networks due to its high flexibility [1–5]. Due 
to the rapid growth in network traffic at a rate of 30% 
per year, the handling granularity and node through-
put at ROADM nodes have increased by approxi-
mately 10 times over the last decade (Table 1). 
Extrapolating this trend, it is anticipated that in 2035, 
signal handling granularity will reach 10 Tbit/s, and 
node throughput will be required in the order of 8 
Pbit/s. In contrast, the frequency-utilization efficien-
cy is approaching saturation [5]. Instead of increasing 
capacity per band, it is essential to increase the wave-
length bandwidth and number of connected degrees 
of nodes, which is equivalent to the number of con-
nected transmission fibers. For example, on the basis 
of a 16-degree node using the C+L bands currently in 
practical use, a configuration that triples throughput 
by 2030 can be achieved by combining a 1.5-fold 
increase in bandwidth (utilizing the S-band) and a 
doubling of the number of fibers (supporting 32 
degrees). By 2035, a configuration could achieve 
eight times the throughput by doubling the bandwidth 
and quadrupling the number of fibers (supporting 64 
degrees).

Even within such high-throughput nodes, the func-
tionality of CDC to interconnect transponders in any 
direction at any wavelength remains important. To 
fulfil this requirement, transponder aggregators 
(TPAs) supporting increasingly wide wavelength 
bands and an extended number of degrees are neces-
sary. We analyzed the requirements for TPAs in this 
context and their impact on switching characteristics 
and developed multicast switches (MCSs) as suitable 
enablers. We also developed a prototype 64×4 MCS, 
based on a planar lightwave circuit (PLC) platform 
for 64-degree links, and demonstrated its operation 
with less than 8-dB loss from the S- to L-bands and a 
high extinction ratio at a bandwidth of 300 nm.

2.   TPA for future CDC-ROADM nodes

A conceptual diagram of a CDC-ROADM node 
supporting multi-degree and multi-band functionality 
is shown in Fig. 1. It consists of a wavelength cross-
connect [6–8] and transponder aggregation [9–12]. 
The typical configuration consists of a pair of wave-
length-selective switches (WSSs) for each link 
degree and wavelength-path routing. Therefore, the 
expansion of link degrees is accompanied by an 
increase in the number of WSSs. WSSs with multi-
band support can also accommodate signals over a 
wide wavelength band [13, 14]. TPAs, however, offer 
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CDC functionality, namely the capability to connect 
transponders to all link degrees regardless of wave-
length. Thus, two qualitative changes are required: an 
increase in the number of ports on the side connecting 
to the WSSs and support for a wider wavelength 
range.

Two types of switches are currently in practical use 
as TPAs, the characteristics of which are summarized 
in Fig. 2. One type is the contentionless M×N WSS 
with multiple 1×N WSSs and M×1 switches facing 
each other. This type of switch can independently 
switch each wavelength channel, resulting in no 
intrinsic loss and achieving an insertion loss as low as 
7 dB even when accommodating numerous transpon-
ders [10]. However, the integration of multiple WSSs 
into a single module with spatial optics leads to rela-
tively high size and cost. The other type is an MCS 
with 1×N splitters and M×1 switches facing each 
other [11]. This switch can be built using only wave-

guides, reducing size and cost. However, as the num-
ber of channel ports increases with the number of 
transponders to be accommodated, branching losses 
occur at the splitter. For example, the branching 
losses when the number of channel ports is 4 and 8 is 
6 and 9 dB, respectively.

For both types of switches, the figure of merit 
(FoM) of the switching scale is the product of the 
number of degree ports, which are the ports connect-
ed to the WSS in each degree, and the number of 
channel ports [9]. The same FoM can be achieved at 
a similar size and cost on the same platform. To 
accommodate an increase in the number of link 
degrees of nodes, the number of degree ports in the 
TPA is increased, and the number of channel ports is 
reduced accordingly, assuming the same FoM. The 
graph in Fig. 3 shows the relationship between the 
number of channel ports and insertion loss of the TPA 
in relation to the number of link degrees. The FoM is 

Fig. 1.   Schematic of a CDC-ROADM node supporting multi-degree and multi-band functionality.

… …

S-Rx C-Rx L-Rx

WDM In
WDM In

WDM In

WDM In

WDM In
WDM In

WDM In

WDM In

S-Tx C-Tx L-Tx

Rx: transmitter antenna
Tx: receiver antenna
WDM: wavelength division multiplexing

Multi-band TPA Multi-band TPA

Multi-
band-
WSS

…

Multi-
band-
WSS

Table 1.   Configuration of CDC-ROADM nodes and various requirements.

Year 2013 2019 2024 2030 2035

Handling granularity 100 Gbit/s 400 Gbit/s 800 Gbit/s 3.2 Tbit/s ~10 Tbit/s

Node throughput 77 Tbit/s 200 Tbit/s 820 Tbit/s 2.5 Pbit/s ~8 Pbit/s

Capacity/Band 9.6 Tbit/s 25.6 Tbit/s 25.6 Tbit/s 25.6 Tbit/s 25.6 Tbit/s

Node degree 8 8 16 > 32 > 64

Band Single (C/L) Single (C/L) Dual (C+L) Dual plus extra waveband 
(S-L)

More waveband
(S-U)
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Fig. 3.   Varied numbers of channel ports of a TPA switch with number of node degrees.
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Fig. 2.   Types and characteristics of TPAs.
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assumed to be 16 × 26 = 416 for the M×N WSS [14] 
and 16 × 16 = 256 for the MCS [15]. Note that the 
insertion loss of the MCS decreases with the number 
of channel ports, and the number of link degrees of 
the nodes increases. The loss of the M×N WSS 
remains constant at around 8 dB regardless of the 
number of node degrees, while the loss of the MCS 
decreases to the same level as the number of node 
degrees increases to 64. The number of channel ports 
corresponding to 64 degrees is 6 for the M×N WSS 
and 4 for the MCS, which is not a significant differ-
ence. This indicates that in a CDC-ROADM node in 
2035, when the number of node degrees will increase 
to 64, the disadvantages in terms of optical character-
istics of the MCS caused by losses due to branching 
are almost eliminated, and the size and cost advan-
tages become more prominent. The number of tran-
sponders that can be connected to the TPA is reduced 
to 6 or 4, which is inconsistent with expanding node 
capacity, but considering the trend of increasing han-
dling granularity, parallelization can solve the mis-
match.

  
3.   64×4 MCS based on PLC

A prototype 64×4 MCS with a silica-based PLC 
was demonstrated to verify low-loss operation across 
multiple bands and support for high-order links. The 
PLC uses a 2%-Δ core and was fabricated through a 
combination of flame hydrolysis deposition and reac-
tive ion etching [16]. The circuit configuration com-
prises a combination of a 16-in-1 4×4 MCS and 4-in-
1 1×16 switch circuits. The chip size is 85 × 50 mm, 
and the Mach–Zehnder interferometer switch and 

splitter/coupler are designed for the wide wavelength 
bandwidth, as previously reported [17].

The evaluation results of the optical properties 
from the S- to L-bands on the prototype are as fol-
lows. The average insertion losses in the S-band 
(1500 nm), C-band (1568 nm), and L-band (1612 nm) 
were 7.49, 7.37, and 7.40 dB, respectively. Figure 4(a) 
shows histograms of the insertion loss in each band 
for all connection paths, including the connection 
losses at the single-mode-fiber-waveguide interface 
at two locations. All connection paths and wave-
length bands exhibit insertion losses below 8 dB, 
which is almost equivalent to the M×N WSS over a 
wider wavelength band. Figure 4(b) shows the 
extinction ratio in each band for all connection paths, 
demonstrating a robust extinction ratio of over 40 dB 
under all conditions.

The transmission spectra are shown next. Figure 5(a) 
shows the extinction-ratio spectrum for the connec-
tion between a single degree port (Deg #22) and all 
channel ports (Ch #1, #2, #3, #4). Similarly, Figure 5(b) 
shows the extinction-ratio spectrum for the connec-
tion between a single channel port (Ch #1) and four 
degree ports (Deg #1, 22, 43, 64). In both cases, the 
extinction ratio remains above 40 dB across the wide 
range of 1400–1700 nm, equivalent to more than a 
four-band wavelength range from the S- to U-bands. 
These results indicate that PLC-based MCSs support-
ing 64-degree links can operate with low losses and 
high extinction ratios over a wide bandwidth of 300 
nm and beyond. As the number of links increases in 
future CDC-ROADM nodes, the size and cost advan-
tages of PLC-MCS will become more prominent, 
rendering this type of switch a suitable TPA.

Fig. 4.   Histograms of (a) insertion loss and (b) extinction ratio experimental values for the 64×4 MCS prototype.
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4.   Summary

In contrast to the CDC-ROADM node configura-
tion of 16 degrees using the C+L bands, which is 
currently being implemented, in 2035, a configura-
tion with 8 times the throughput can be envisaged by 
supporting 4 bands and 64 degrees, corresponding to 
double the bandwidth and 4 times the number of 
fibers. To provide CDC functionality in such a node, 
a TPA corresponding to the increased bandwidth and 
number of degrees is required. In this context, we 
developed an MCS as a suitable enabler. We also 
developed a prototype 64×4 PLC-MCS supporting 
64 degrees and demonstrated its operation with less 
than 8-dB loss from the S- to L-bands, alongside a 
high extinction ratio at a bandwidth of 300 nm.

  

References

[1]	 P. N. Ji and Y. Aono, “Colorless and directionless multi-degree 
reconfigurable optical add/drop multiplexers,” Proc. of the 19th 
Annual Wireless and Optical Communications Conference (WOCC 
2010), Shanghai, China, pp. 1–5, 2010. https://doi.org/10.1109/
WOCC.2010.5510664

[2]	 S. Yamamoto, H. Taniguchi, Y. Kisaka, S. Camatel, Y. Ma, D. Ogawa, 
K. Hadama, M. Fukutoku, T. Goh, and K. Suzuki, “First demonstration 
of a C + L band CDC-ROADM with a simple node configuration 
using multiband switching devices,” Opt. Express, Vol. 29, No. 22, 
pp. 36353–36365, 2021. https://doi.org/10.1364/OE.433383

[3]	 K. Suzuki, O. Moriwaki, K. Hadama, K. Yamaguchi, H. Taniguchi, Y. 
Kisaka, D. Ogawa, M. Takeshita, S. Camatel, Y. Ma, and M. 
Fukutoku, “A Transponder Aggregator With Efficient Use of Filtering 
Function for Transponder Noise Suppression,” J. Lightw. Technol., 
Vol. 41, No. 10, pp. 3074–3083, 2023. https://doi.org/10.1109/
JLT.2023.3240252

[4]	 Y. Ma, K. Suzuki, I. Clarke, A. Yanagihara, P. Wong, T. Saida, and S. 

Camatel, “Novel CDC ROADM Architecture Utilizing Low Loss 
WSS and MCS without Necessity of Inline Amplifier and Filter,” 
Proc. of the 42nd Optical Fiber Communication Conference (OFC 
2019), M1A.3, San Diego, CA, USA, 2019. https://doi.org/10.1364/
OFC.2019.M1A.3

[5]	 K. Suzuki, M. Ota, Y. Morimoto, K. Yamaguchi, F. Hamaoka, S. 
Sugawara, T. Sasai, T. Kobayashi, M. Nakamura, S. Katayose, T. 
Umeki, D. Ogawa, Y. Ma, S. Camatel, M. Fukutoku, Y. Miyamoto, 
and O. Moriwaki, “Double-decker CDC-ROADM node for multi-
band network with wavelength band granularity,” Proc. of the 47th 
Optical Fiber Communication Conference (OFC 2024), Th1I.2, San 
Diego, CA, USA, 2024. https://doi.org/10.1364/OFC.2024.Th1I.2

[6]	 K. Yamaguchi, Y. Ikuma, M. Nakajima, K. Suzuki, M. Itoh, and T. 
Hashimoto, “M×N Wavelength Selective Switches Using Beam 
Splitting By Space Light Modulators,” IEEE Photon. J., Vol. 8, No. 2, 
0600809, 2016. https://doi.org/10.1109/JPHOT.2016.2527705

[7]	 R. Hashimoto, S. Yamaoka, Y. Mori, H. Hasegawa, K. Sato, K. 
Yamaguchi, K. Seno, and K. Suzuki, “First Demonstration of 
Subsystem-Modular Optical Cross-Connect Using Single-Module 
6×6 Wavelength-Selective Switch,” J. Lightw. Technol., Vol. 36, No. 
7, pp. 1435–1442, 2018. https://doi.org/10.1109/JLT.2018.2800082

[8]	 N. Nemoto, Y. Ikuma, K. Suzuki, O. Moriwaki, T. Watanabe, M. Itoh, 
and T. Takahashi, “8×8 Wavelength Cross Connect with Add/Drop 
Ports Integrated in Spatial and Planar Optical Circuit,” Proc. of the 
41st European Conference on Optical Communication (ECOC 2015), 
Tu.3.5.1, Valencia, Spain, 2015. https://doi.org/10.1109/
ECOC.2015.7341950

[9]	 Y. Ikuma, K. Suzuki, N. Nemoto, E. Hashimoto, O. Moriwaki, and T. 
Takahashi, “Low-Loss Transponder Aggregator Using Spatial and 
Planar Optical Circuit,” J. Lightw. Technol., Vol. 34, No. 1, pp. 67–72, 
2016. https://doi.org/10.1109/JLT.2015.2464673

[10]	 P. D. Colbourne, S. McLaughlin, C. Murley, S. Gaudet, and D. Burke, 
“Contentionless Twin 8×24 WSS with Low Insertion Loss,” Proc. of 
the 41st Optical Fiber Communication Conference (OFC 2018), 
Th4A.1, San Diego, CA, USA, 2018. https://doi.org/10.1364/
OFC.2018.Th4A.1

[11]	 T. Watanabe, K. Suzuki, and T. Takahashi, “Silica-based PLC 
Transponder Aggregators for Colorless, Directionless, and 
Contentionless ROADM,” Proc. of the 35th Optical Fiber 
Communication Conference and Exposition and National Fiber Optic 
Engineers Conference (OFC/NFOEC 2012), Los Angeles, CA, USA, 
OTh3D.1, 2012. https://doi.org/10.1364/OFC.2012.OTh3D.1

[12]	 Press release issued by Lumentum, “Lumentum Recognized in Three 
Optical Communications Product Categories at 2024 Lightwave 

Fig. 5.   �Extinction-ratio spectra between (a) a single degree port and all channel ports and (b) a single channel port and four 
degree ports.

0

1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Deg #1, 22, 43, 64�Ch #1

−80

−70

−60

−50

−40

−30

−20

−10

0

1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Deg #22�Ch #1, 2, 3, 4

(a) (b)

N
or

m
al

iz
ed

 tr
an

sm
itt

an
ce

 in
 O

F
F

st
at

e 
(d

B
)

N
or

m
al

iz
ed

 tr
an

sm
itt

an
ce

 in
 O

F
F

st
at

e 
(d

B
)

−80

−70

−60

−50

−40

−30

−20

−10

https://doi.org/10.1109/WOCC.2010.5510664
https://doi.org/10.1109/WOCC.2010.5510664
https://doi.org/10.1364/OE.433383
https://doi.org/10.1109/JLT.2023.3240252
https://doi.org/10.1109/JLT.2023.3240252
https://doi.org/10.1364/OFC.2019.M1A.3
https://doi.org/10.1364/OFC.2019.M1A.3
https://doi.org/10.1364/OFC.2024.Th1I.2
https://doi.org/10.1109/JPHOT.2016.2527705
https://doi.org/10.1109/JLT.2018.2800082
https://doi.org/10.1109/ECOC.2015.7341950
https://doi.org/10.1109/ECOC.2015.7341950
https://doi.org/10.1109/JLT.2015.2464673
https://doi.org/10.1364/OFC.2018.Th4A.1
https://doi.org/10.1364/OFC.2018.Th4A.1
https://doi.org/10.1364/OFC.2012.OTh3D.1


Regular Articles

65NTT Technical Review Vol. 22 No. 10 Oct. 2024

Innovation Reviews,” Feb. 22, 2024. https://www.lumentum.co.jp/ja/
media-room/news-releases/lumentum-recognized-three-optical-
communications-product-categories-2024

[13]	 K. Seno, K. Yamaguchi, K. Suzuki, and T. Hashimoto, “Wide-
Passband C+L-band Wavelength Selective Switch by Alternating 
Wave-Band Arrangement on LCOS,” Proc. of the 44th European 
Conference on Optical Communication (ECOC 2018), We1C.6, 
Rome, Italy, 2018. https://doi.org/10.1109/ECOC.2018.8535452

[14]	 GlobeNewswire, “Finisar Australia Releases World’s First C+L-band 
Wavelength Selective Switch,” Aug. 2020. https://www.
globenewswire.com/news-release/2020/08/31/2086099/0/en/Finisar-
Australia-Releases-World-s-First-C-L-band-Wavelength-Selective-
Switch.html

[15]	 A. Yanagihara, K. Yamaguchi, T. Goh, and K. Suzuki, “Surface 
Mount Technology for Silica-Based Planar Lightwave Circuit and Its 
Application to Compact 16×16 Multicast Switch,” IEICE Trans. 
Electron., Vol. E103-C, No. 11, pp. 679–684, 2020. https://doi.
org/10.1587/transele.2019OCP0008

[16]	 K. Okamoto, “Recent progress in high-silica planar lightwave 
circuits,” Proc. of Integrated Photonics Research, ThE1, Monterey, 
CA, USA, 1991. https://doi.org/10.1364/IPR.1991.ThE1

[17]	 T. Goh, K. Yamaguchi, and A. Yanagihara, “Multiband Optical Switch 
Technology,” Proc. of the 45th Optical Fiber Communication 
Conference (OFC 2022), W4B.1, San Diego, CA, USA, 2022. https://
doi.org/10.1364/OFC.2022.W4B.1

Keita Yamaguchi
Senior Manager, Signal Processing Device 

Project, NTT Device Innovation Center.
He received a B.S. and M.S. in physics from 

Tsukuba University, Ibaraki, and Dr. Eng. in 
computational science and engineering from 
Nagoya University, Aichi, in 2009, 2011, and 
2019. In 2011, he joined NTT. He is currently 
with NTT Device Innovation Center. His 
research interests include silica-based wave-
guides. He has been a member of the subcommit-
tee of Passive Components of the Optical Fiber 
Communication Conference (OFC) since 2024. 
He is a member of the Institute of Electronics, 
Information and Communication Engineers 
(IEICE) and Optica.

Osamu Moriwaki
Director, Signal Processing Device Project, 

NTT Device Innovation Center.
He received a B.E. and M.E. in electrical engi-

neering from the University of Tokyo in 1998 
and 2000. In 2000, he joined NTT. He is an 
expert committee member of the Technical Com-
mittee on Photonic Network of IEICE. His 
research interests include optical switching 
devices and wavelength division multiplexed 
network systems. He is a member of IEEE and 
IEICE.

Kenya Suzuki
Distinguished Researcher, Signal Processing 

Device Project, NTT Device Innovation Center.
He received a B.E. and M.E. in electrical engi-

neering and Dr. Eng. in electronics engineering 
from the University of Tokyo in 1995, 1997, and 
2000. In 2000, he joined NTT. From September 
2004 to September 2005, he was a visiting scien-
tist with the Research Laboratory of Electronics 
at the Massachusetts Institute of Technology, 
Cambridge, MA, USA. From 2008 to 2010, he 
was with NTT Electronics Corporation, where he 
was involved in the development and commer-
cialization of silica-based waveguide devices. In 
2014, he was a guest chair professor at the Tokyo 
Institute of Technology. He served as the secre-
tary of the Optoelectronics Research Technical 
Committee of IEICE from 2014 to 2016. He was 
a member of the subcommittee of Passive Opti-
cal Devices for Switching and Filtering of the 
OFC from 2019 to 2021 and served as the chair 
of the subcommittee in 2022. He is currently a 
distinguished researcher at NTT Device Innova-
tion Center. His research interests include optical 
functional devices, optical signal processing and 
automation of device design, and fabrication and 
evaluation of optical devices. He was the recipi-
ent of the Young Engineer Award and Electronics 
Society Activity Testimonial from IEICE in 2003 
and 2016. He is a member of the Institute of 
Electrical and Electronics Engineers (IEEE), 
Optica, IEICE, and the Physical Society of Japan 
(JPS).

https://www.lumentum.co.jp/ja/media-room/news-releases/lumentum-recognized-three-optical-communications-product-categories-2024
https://www.lumentum.co.jp/ja/media-room/news-releases/lumentum-recognized-three-optical-communications-product-categories-2024
https://doi.org/10.1109/ECOC.2018.8535452
https://www.globenewswire.com/news-release/2020/08/31/2086099/0/en/Finisar-Australia-Releases-World-s-First-C-L-band-Wavelength-Selective-Switch.html
https://www.globenewswire.com/news-release/2020/08/31/2086099/0/en/Finisar-Australia-Releases-World-s-First-C-L-band-Wavelength-Selective-Switch.html
https://doi.org/10.1587/transele.2019OCP0008
https://doi.org/10.1587/transele.2019OCP0008
https://doi.org/10.1364/IPR.1991.ThE1
https://doi.org/10.1364/OFC.2022.W4B.1
https://doi.org/10.1364/OFC.2022.W4B.1



