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1.   Introduction 

Optical network automation is useful for accommo-
dating increases in mobile and/or datacenter traffic 
and network restoration after serious disasters. In 
mobile and datacenter applications, hot and cold 
spots appear in different areas of networks at different 
times, which results in poor network resource utiliza-
tion. Additional bandwidth or link assignments to hot 
spots will contribute to improving resource utiliza-
tion, leading to a reduction in the capital expenditure 
for additional investment. Rapid network restoration 
after disasters is also required. Optical links should 
be changed from dead paths to live ones as fast as 
possible. Network automation is achieved by soft-
ware-defined networking and reconfigurable optical 
add/drop multiplexing (ROADM) with colorless, 
directionless, and contentionless (CDC) functions. 
Multicast switches (MCSs) are enablers for the CDC-
ROADM system [1–3]. Large-scale MCSs, such as 
those with 16 degree ports and 16 transponder ports, 
are important for handling a large number of signals 
to make the network more flexible.

Silica-based planar lightwave circuits (PLCs) are 

suitable for large-scale optical switches because they 
have many advantages, such as low propagation loss, 
high extinction ratio, and facilitation of density inte-
gration [4–6]. M-degree ports and N-transponder 
ports (M × N) MCSs are composed of M × N switch 
elements. Each switch element consists of Mach-
Zehnder interferometers (MZIs), which are driven by 
a heater on one of its arms through the thermo-optic 
effect [7]. To supply the switching power to heaters 
from a driving circuit on a printed circuit board 
(PCB), the switch elements are equipped with electri-
cal wires and electrical pads. Although we need to 
densely integrate switch elements to fabricate large-
scale MCSs, the large area of the electrical wiring 
limits their number. Thus, we need to reduce the area 
of the electrical wiring to enable high-density integra-
tion of the switch elements. Several compact optical 
switches that overcome this problem have been 
reported. One uses the interposer for electrical inter-
connection [8]. This is suitable for silicon photonics 
but not appropriate for larger silica-based PLCs 
because such PLCs have a larger chip size and the 
difference in the thermal expansion coefficients 
between a PLC and the interposer cannot be ignored. 
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In this article, we propose an electrical interconnec-
tion structure in which electrical connectors are 
directly mounted on a PLC using surface mount tech-
nology (SMT). We fabricated a 16 × 16 MCS with our 
proposed structure. The chip size of the PLC was suc-
cessfully reduced to half that of a conventional chip 
using the bonding wire method. We obtained excel-
lent switching performance.

2.   Proposed structure

Figure 1(a) shows a top-view schematic of our 
proposed structure. The electrical connectors are 
directly mounted on the silica-based PLC chip. The 
lead pins of the electrical connectors are soldered to 
the electrode pads on the PLC surface, as shown in 
Fig. 1(b), which is a cross-sectional view at B-B’ in 
Fig. 1(a). The PLC and PCB are connected to each 
other with electrical cables, such as flexible print 
circuits (FPCs). Figure 2 shows the designs of electrical 

Fig. 1.  (a) Top-view schematic of our proposed structure and (b) cross-sectional schematic of B-B’ in (a).
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Fig. 2.   Conventional (a) and proposed (b) structures of electrical wiring in the PLC chips of an M × N matrix or MCS.
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wiring in the PLC chips of an M × N matrix or MCS, 
which are for a conventional electrical connection 
structure and our proposed structure, respectively. 
Conventionally, as shown in Fig. 2(a), a PLC and 
PCB have been connected electrically using a general 
wire bonding method. Electrode pads are arranged on 
the edge of both the PLC and PCB to bond them with 
gold wire. In this design, long electrical wirings are 
arranged from each heater to each electrode pad on 
the edge of the PLC. Thus, the arrangement of the 
electrical wiring on the PLC becomes complicated 
and its area increases with the number of switch ele-
ments, which limits the miniaturization of the chip. 
On the other hand, the arrangement of electrical wir-
ing with the proposed structure is simple, as shown in 
Fig. 2(b). As the electrode pads can be placed near the 
switch elements, the length of electrical wiring can be 
shortened. Therefore, this structure enables us to 
reduce the area of the electrical wiring and integrate 
the switch elements more densely. The proposed 
structure also offers advantages such as automatic 
fabrication because the electrical connectors can be 
mounted on the PLC using general SMT widely used 
in the assembly of electrical devices. The proposed 
structure also makes it possible to mount the connec-
tors automatically at the wafer level, making it suit-
able for mass production.

3.   Experiment

3.1   Fabrication 
Figure 3 shows a photograph of the 16 × 16 MCS 

chip with the proposed structure. The chip was fabri-
cated using the conventional silica-based PLC fabri-
cation process. The 256 switch elements, consisting 
of MZIs and heaters, are regularly arranged in the 

PLC, and each heater is connected to the electrode 
pad with electrical wires. The electrical wires are 
shorter than those in a conventional PLC switch with 
wire bonding because the electrode pads are placed 
near the switch elements. Therefore, the area of the 
electrical wiring in the chip is greatly reduced. The 
chip size is 23.5 × 72 mm. We estimated that it is two 
times smaller than a conventional 16 × 16 MCS with 
wire bonding. After PLC fabrication, five electrical 
connectors are mounted on the PLC chip with solder 
using SMT at the 6-inch wafer level. After AgSnCu 
(Ag: silver, Sn: tin, Cu: copper) solder paste has been 
patterned on the electrode pads by screen printing, 
the electrical connectors are mounted and soldered by 
the standard reflow process. As there are 256 heaters 
in the 16 × 16 MCS chip, we mount five electrical 
connectors on it. Since general electrical connectors 
have approximately 50 to 80 pins, we can construct a 
large-scale MCS by increasing the number of mount-
ing electrical connectors. Therefore, our structure is 
scalable for constructing much larger MCSs. 

3.2   Electrical characteristics
We measured the resistance of the 256 switch ele-

ments by connecting the PLC and PCB with an FPC, 
as shown in Fig. 1(a). Figure 4 shows the variation in 
the average resistance of the 256 heaters. This varia-
tion includes the variation in the heaters, electrical 
wires on the PLC, soldered connection parts between 
the electrode pads in the PLC and PCB and the lead 
pins of the electrical connectors, and the contacts 
between the FPC and electrical connectors. The 
variation in the average resistance was less than ±5 Ω 
and 3σ (σ: standard deviation) was 6.8 Ω. In our 
switch module, the variation needs to be less than ±6 

Fig. 3.   Photograph of fabricated 16 × 16 MCS.
Fig. 4.   Variation in measured resistance.
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Ω to satisfy the need to keep the variation in insertion 
loss of all switch elements within ±0.1 dB. Thus, this 
result indicates that satisfactory connections were 
obtained for all soldered parts. We estimate that this 
variation in the resistance resulted in the variation in 
the length of the electrical wires. Thus, this variation 
in switch resistances can be reduced by changing the 
width or length of the electrical wires. 

3.3   Optical characteristics
We evaluated the switching characteristics of all 

256 connections from 16 degree ports to 16 transpon-
der ports at the wavelength of 1550 nm. By measur-
ing transmission changes with electric power applied 
to the heater, we obtained clear switching character-
istics for all 256 paths. Figure 5(a) shows the mea-
sured on- and off-state transmittance for all 256 
paths. The average switching power per switch ele-
ment was 0.24 mW. It was clearly observed that all 
the paths operated correctly, proving that our pro-
posed structure works well. Figures 5(b) and (c) 
show a histogram of the insertion loss and extinction 
ratios for all 256 paths. The average insertion loss and 
standard variation were 15.2 and 1.0 dB, respectively. 
The insertion loss includes intrinsic loss of 12 dB. 
Thus, the excess loss is as small as 3.0 dB on average. 
The average and variation in the extinction ratio were 
53 and ±5 dB, respectively. As described above, all 
the paths operated correctly, proving that the pro-
posed structure works well.

4.   Conclusion 

We demonstrated a compact 16 × 16 MCS using 
our new electrical interconnection structure based on 
SMT. Five connectors are soldered directly to the 
PLC by the standard reflow process used for electric 
devices. We successfully reduced the chip size to 23.5 
× 72 mm, which is two times smaller than a conven-
tional chip with wire bonding. We obtained satisfac-
tory solder contacts and excellent switching proper-
ties. These results indicate that our proposed structure 
is suitable for large-scale MCSs and this new electri-
cal interconnection method with SMT can be applied 
to other silica-based PLC devices.
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Fig. 5.   (a) On-state and off-state transmittance for all 256 paths, and histograms of (b) insertion loss and (c) extinction ratios.

0 32 64 96 128 160 192 224 256

T
ra

ns
m

itt
an

ce
 (

dB
)

Path number

ON
OFF

(a)

0

−20

−40

−60

−80

−100
13.6 14.4 15.2 16.0 16.8 

N
um

be
r 

of
 p

at
hs

Loss (dB)

(b)

80

60

40

20

0

Avg.: 15.2 dB
3�: 1.4 dB
N: 256

50 52 54 56 58 60 62 64

N
um

be
r 

of
 p

at
hs

Extinction ratio (dB)

(c)

80

60

40

20

0

Avg.: 57.6 dB
3�: 4.5 dB
N: 256



Regular Articles

NTT Technical Review 60Vol. 18 No. 4 Apr. 2020

Ai Yanagihara 
Engineer, NTT Device Innovation Center.
She received a B.E. and M.E. in electrical 

engineering from Sophia University, Tokyo, in 
2013 and 2015. She joined NTT in 2015. She is a 
member of the Institute of Electronics, Informa-
tion and Communication Engineers (IEICE).

Takashi Goh 
Senior Research Engineer, NTT Device Inno-

vation Center.
He received a B.S. and M.S. in electronics and 

communication engineering from Waseda Uni-
versity, Tokyo, in 1991 and 1993. In 1993, he 
joined NTT Opto-electronics Laboratories, 
where he was involved in research on silica-
based PLCs. From 2002 to 2004, he was engaged 
in the development of optical communication 
systems in NTT Innovation Laboratories. From 
2004 to 2017, he was with NTT Photonics Labo-
ratories and Device Technology Laboratories, 
where he was involved in the research and devel-
opment of integrated optical devices based on 
PLC technology for optical transmission and 
optical signal processing. He is currently with 
NTT Device Innovation Center. He received the 
Young Engineer Award from IEICE in 2000. He 
is a member of IEICE, the IEEE Photonics Soci-
ety, the Japan Society of Applied Physics, and the 
Physical Society of Japan.

Keita Yamaguchi 
Research Engineer, NTT Device Innovation 

Center.
He received a B.S. and M.S. in physics from 

University of Tsukuba, Ibaraki, in 2009 and 
2011, and a Dr. Eng. in computational science 
and engineering from Nagoya University in 
2019. In 2011, he joined NTT. His research inter-
ests include silica-based waveguides. Dr. Yama-
guchi is a member of IEICE.

Kenya Suzuki 
Project Leader, Senior Research Engineer, 

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

neering and a Dr. Eng. in electronics engineering 
from the University of Tokyo, in 1995, 1997, and 
2000. He joined NTT in 2000. From September 
2004 to September 2005, he was a visiting scien-
tist at the Research Laboratory of Electronics, 
Massachusetts Institute of Technology, USA. 
From 2008 to 2010, he was with NTT Electronics 
Corporation, where he was involved in the devel-
opment and commercialization of silica-based 
waveguide devices. Since 2014, he has been a 
guest chair professor at the Tokyo Institute of 
Technology. From 2018 to 2019, he lectured a 
course of electric material at Meisei University, 
Tokyo. He is also a chief director of photonic & 
electronic hybrid switching system research and 
development division of Photonics Electronics 
Technology and Research Association (PETRA). 
His research interests include optical circuit 
design, fabrication, integration, and signal pro-
cessing. He received the Young Engineer Award 
from IEICE in 2003. He is a member of IEICE, 
the IEEE Photonics Society, and the Physical 
Society of Japan.

2006), Paper OThV4, Cannes, France, Sept. 2006.
[6] M. Takahashi, S. Yamasaki, Y. Uchida, and J. Hasegawa, “Compact 

and Low-loss ZrO2-SiO2 PLC-based 8 × 8 Multicast Switch for CDC-
ROADM Application,” IEEE J. Lightw. Technol., Vol. 34, No. 8, pp. 
1712–1716, 2016.

[7] T. Goh, A. Himeno, M. Okuno, H. Takahashi, and K. Hattori, “High-
extinction Ratio and Low-loss Silica-based 8×8 Thermooptic Matrix 

Switch,” IEEE Photon. Technol. Lett., Vol. 10, No. 3, pp. 358–360, 
1998. 

[8] K. Tanizawa, K. Suzuki, M. Toyama, M. Ohtsuka, N. Yokoyama, K. 
Matsumaro, M. Seki, K. Koshino, T. Sugaya, S. Suda, G. Cong, T. 
Kimura, K. Ikeda, S. Namiki, and H. Kawashima, “Ultra-compact 32 
× 32 Strictly-non-blocking Si Wire Optical Switch with Fan-out LGA 
Interposer,” Opt. Exp., Vol. 23, No. 13, pp. 17599–17606, 2015.


