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Performance of Dynamic Optical Path 
Networks with Large-scale WBSS-based 

Optical Cross-connects
Le Hai Chau*, Le Anh Ngoc, Pham Thi Viet Huong and Dao Thanh Hai

Abstract—In this paper, we have proposed a generalized large-scale optical cross-connect (OXC) architecture utilizing 
waveband selective switches (WBSS) for realizing future cost-effective, bandwidth-abundant and flexible optical networks. The 
developed architecture implements multiple WBSSs for each incoming fiber and small size wavelength selective switches 
(WSSs) for dropping optical paths while simply deploying 1x2 WSSs or 1 X 2 optical couplers for realizing the adding 
function. Thanks to the use of WBSSs, which are more cost-effective and simpler devices, the developed architecture enables 
a significant hardware scale reduction. The WBSS-based oxc, however, suffers from a limited routing capability, which relies 
on the inner node parameter (i.e., the WBSS number per input fiber) and the waveband granularity of WBSSs. We, therefore, 
evaluate the hardware scale requirement of our developed architecture in comparison with that of conventional WSS-based 
oxc. It is verified that a substantial hardware scale reduction can be achieved by using the proposed architecture, especially 
for high port count OXCs or when applying coarser granular WBSSs. Moreover, we also assess the performance of dynamic 
optical networks based on the proposed oxc. Numerical simulations show that the network offers a substantial necessary 
hardware scale reduction at the cost of a small performance offset comparing to that of the network using conventional 
WSS-based oxc.

Index Terms—optical network, optical cross-connect, wavelength selective switch, network control algorithm.

1. Introduction

INTERNET traffic is growing at incredible rates due to 
the demands of high-performance applications such 
as video-oriented services as well as cloud and grid 

computing [1] [2] [3]. New applications and services 
require even more ubiquity, higher mobility/flexibility, 
and heterogeneous bandwidths [4] [5]. This traffic 
growth places the requirements for optical networks to 
support an extremely large data capacity. Therefore, the 
need for cost-effective and bandwidth-abundant flexible 
optical networks has become more and more critical [6] 
[7] [8]. In addition, the development of cost-effective 
and large-scale reconfigurable optical add/drop mul­
tiplexers (ROADMs) or optical cross-connects (OXCs) 
also becomes a crucial issue [9] [10] [11] [12] [13] 
[14] [15],

Recent researches on optical transmission and net­
working technologies are oriented forward more effi­
cient, flexible, and scalable optical network solutions 
[4] [6] [7] [8] [9] [10]. One of the most attractive 
approaches to improve optical switch's capacity cost- 
effectively and scalably is the use of coarse granular 
optical path switching [4] [11] that can be realizable with
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optical selective switching technologies [18] [19] [20] 
[21] [22]. Optical selective switches are available with 
multiple granularities including wavelength and wave­
band levels. Wavelength selective switch (WSS) can deal 
with wavelength individually while waveband selective 
switch (WBSS) can only switch waveband, which is a 
group of wavelength paths, where all wavelengths of 
a waveband are simultaneously routed as one entity [4] 
[19]. At present, most existing optical switching systems 
such as ROADMs and OXCs are implemented with 
WSSs. For constructing large scale ROADMs/OXCs, 
multiple WSSs can be cascaded to create the larger 
port count WSSs due to the limitation of commercially 
available wss port count, which is currently 20+ and 
unlikely, can be substantially enhanced cost-effectively 
in the near future. WSS-based ROADM/OXC systems 
can switch optical paths at wavelength level. However, 
wavelength selective switches are now still costly and 
complicated devices. A notable alternative switching 
technology, waveband selective switch, is more cost- 
effective and simpler. Unlike conventional WSSs, WBSSs 
can selectively switch wavelength groups only. Op­
tical cross-connect systems which use WBSSs instead 
of WSSs in conventional architectures are capable of 
reducing the total hardware scale with a slight perfor­
mance penalty due to a coarse granular routing limita­
tion [4]. Previous studies proposed an ROADM/OXC 
architecture that is based on WBSSs by simply replacing 
WSSs with WBSSs in conventional architecture [20] [21] 
[22] [23]. The effectiveness of the developed architecture 
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is also verified [20] [21]. However, this architecture 
suffers from a limited routing flexibility, which can 
only be improved by applying finer granular (i.e., a 
smaller number of wavelengths per waveband) WB- 
SSs. Depending on the waveband granularity applied, 
a notable hardware reduction can be attained at the 
cost of small link resource increment. Unfortunately, 
this routing limitation may severely affect the network 
performance, especially in the case of dynamic wave­
length path provision, and therefore, it is desirable to 
enhance the node routing flexibility while still keeping 
the hardware reduction as large as possible. A sim­
ple approach is to lessen the number of wavelength 
paths per waveband, i.e., to apply a finer waveband 
granularity. However, this may cause an explosion of 
total necessary hardware scale [24] and consequently 
limits the advantage of the WBSS-based architecture. 
Hence, in order to fully exploit WBSS technology for 
building cost-effective large-scale OXCs, a new oxc 
architecture is necessary. Based on that, in this paper, 
we have developed a generalized optical cross-connect 
architecture to realize cost-effective, scalable high-port 
count OXCs for building bandwidth-abundant flexible 
optical transport networks. The proposed architecture 
deploys multiple WBSSs and small size WSSs to drop 
optical paths for each input fiber and uses simple 1x2 
WSSs or 1 X 2 optical couplers for adding optical paths. 
Although the proposed architecture exploiting WBSS 
technology is able to reduce the necessary hardware 
scale significantly, its routing flexibility is restricted by 
inner node parameter, i.e., the WBSS number per input 
fiber, and waveband granularity. In order to verify the 
efficiency of the proposed node architecture, we evalu­
ate and compare the total switch scale and the dynamic 
network performance obtained by the developed oxc 
architecture to those of appropriate conventional WSS- 
based OXCs. Numerical evaluations show that the de­
veloped architecture can provide a substantial hardware 
scale decrease at the cost of a slight performance offset.

2. Proposed generalized Optical Cross-connect Ar­
chitecture with WBSSs
In order to further exploit coarse granular optical 

path routing and the use of WBSSs while relaxing 
the coarse granular routing restriction, we propose 
a generalized optical cross-connect architecture that 
employs multiple WBSSs for each incoming fiber. 
The difference between our proposed architecture 
and the conventional WSS-based oxc are shown in 
Figure 1). Both architectures use small scale WSSs 
for dropping wavelength paths (adding wavelength 
paths can be done by 1 X 2 WSSs or simply by 1 X 2 
optical couplers). However, the proposed architecture 
deploys k WBSSs (k > 1), in replacement of only one 
wss (or WBSS) as in conventional OXCs (or grouped 
routing OXCs), to serve each incoming fiber. Here, the 
number of WBSSs equipped per fiber, k, is an inner 
node parameter and it is pre-determined. Obviously, 
this parameter should be as small as possible to 

minimize the switch scale. Figure 2) illustrates the 
routing principle of the considered oxc architecture. 
Wavelength paths of a waveband can be flexibly 
added/dropped at any intermediate node along the 
waveband path. Unlike the flexible wavelength path 
routing of conventional WSS-based OXCs, wavelength 
paths within a waveband from an incoming fiber of 
the architecture can be separated individually and 
routed to no-more-than k different output fibers due 
to the coarse granular routing restriction of WBSSs. As 
multiple WBSSs is used in combination with a small 
size wss for each incoming fiber, routing process of the 
developed oxc architecture is composed of two stages; 
the first stage using WSSs, is to divide a waveband into 
different wavebands and send to the corresponding 
WBSSs and then, at the second stage, these wavebands 
will be directed to the appropriate output fibers. It 
means that the node routing flexibility relies on the 
routing flexibility of WBSSs at the second stage and 
the inner parameter, k. The WBSS routing flexibility 
is determined by the waveband granularity, which is 
the number of wavelengths per waveband (group); 
using finer granular WBSSs or deploying more WBSSs 
per incoming fiber (i.e., greater k) is able to improve 
the node routing flexibility. However, applying more 
or finer granular WBSSs may result in a significant 
cost/hardware-scale increment. Hence, the parameters 
that are the inner parameter (fc) and the waveband 
granularity must be carefully considered in order to 
take the advantages of the generalized WBSS-based 
oxc architecture.

(a) Conventional WSS-based oxc architecture

(b) Generalized WBSS-based oxc architecture

Fig. 1: Conventional WSS-based and Generalized WBSS-based 
oxc architectures.
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Fig. 2: Routing principle of the generalized WBSS-based oxc.

number of wavelengths that is carried by a fiber. Here, 
1 < W' < L and L is divisible by IT'; B = L/W 
(1 < B < L) is the number of wavebands per fiber. 
Because, in MEMS-based selective switches, each mirror 
is dedicated to a wavelength (or waveband) and there­
fore, each wss (WBSS) requires L (B) mirrors. Note 
that mirrors of WBSSs are to switch a group of wave­
lengths (waveband); all wavelengths of a waveband are 
simultaneously switched by a mirror. Hence, the sum 
of necessary mirrors in each WBSS is less than that of a 
wss (B < L) or in other words, using WBSSs instead 
of WSSs will help to reduce the switch scale of oxc 
systems.

TABLE 1: Switch Scale Calculation

3. Performance Evaluation of The proposed WBSS- 
based oxc Architecture
In this section, we evaluate the switch scale of the 

proposed node architecture and compared to that of the 
conventional WSS-based OXCs. To clarify the efficiency 
of the developed architecture, the switch scale reduc­
tion offered by the proposed architecture is estimated 
with respects to various waveband granularities and 
different inner node parameter. Finally, we verify the 
performance offset of dynamic optical networks em­
ploying the proposed oxc architecture. The impact of 
key network and node parameters such as traffic load, 
inner node parameter on the network performance is 
also analyzed.

3.1. Switch Scale Reduction
To realize wavelength/waveband selective switches, 

several mature optical technologies such as planar 
lightwave circuit (PLC) switch, 2-D and 3-D micro­
electro mechanical systems (MEMS) and liquid crys­
tal (LC)/liquid crystal on silicon (LCoS) switches are 
applicable. Comparing to WSSs, WBSSs are simpler 
(smaller switch size, footprint, ...) and more cost- 
effective devices. Among available optical switch tech­
nologies for implementing wss and WBSS systems, 
MEMS-based systems are known as one of the most 
popular and widely adopted technologies in current 
ROADM/OXC systems. Therefore, in order to estimate 
the efficiency of the proposed node architecture versus 
conventional WSS-based ones, for simplicity, we only 
consider MEMS-based WSSs/WBSSs whose scale is 
mainly determined by the number of necessary elemen­
tal MEMS mirrors. Adding/dropping portions are also 
neglected. The switch scale of ROADM/OXC systems, 
consequently, is quantified by the total MEMS mirrors 
required by WSS/WBSS components. Practically, the 
cost and the control complexity of WSS/WBSS-based 
systems rely strongly on the switch scale (i.e. mirrors of 
MEMS-based systems). Hence, switch scale minimiza­
tion plays a key role in creating cost-effective large-scale 
WSS/WBSS-based ROADMs/OXCs.

Let w denote the waveband granularity, the number 
of wavelengths per waveband, and L denote the total

Table 1 summarizes the switch scale calculation of

oxc
Architecture

Switc 
Switch 
element

hing component

Total number

Switch scale

(Mirror count)

Conventional wss "(/Ar1 nL 1 /Ar1)
Proposed WBSS -4 knL

TF (,+Ar1
the proposed oxc and a conventional architecture. 
If we assume that the input/output fiber number is 
n (n > 0) and the maximal selective switch size,
i .e., the number of port counts, is M, the number of 
WSSs required for conventional oxc architecture is
1 + r—1 while that of WBSSs needed in the pro- 

M , , 
posed architecture is fc f 1 + [ n - 1,.\ , ....

——— where k is the
M J

number of WBSSs equipped for each input fiber. Based 
on that, the total mirror numbers of the proposed node
and the conventional one are respectively calculated as 
knL S' . rn- 1,.\ ,nL(‘ rn—l-,.\ TTA V / rW’’) JV.L/JV1 )• Hen“- 
the switch scale ratio of 1X M WBSS-based optical cross­
connect to the corresponding WSS-based oxc is given 
by, R — k/w. The obtained ratio doesn't rely on both 
the maximum size of WSSs/WBSSs applied (AT) and the 
input fiber number (n). It strongly depends on the inner 
node parameter, k, and the waveband granularity used. 
Figures 3 and 4 describe the switch scale comparison 
between the proposed architecture and the conventional 
oxc with L of 80, M of 16 and various k values. Figure 
3 shows that the switch scale of both our developed 
architecture and the conventional oxc dramatically 
increases as the number of input fibers becomes greater. 
Our architecture requires significantly less number of 
switching elements (MEMS mirrors) than the conven­
tional WSS-based oxc, its switch scale is determined 
proportionally by the inner node parameter, k, and the 
waveband granularity (see Figure 4). A greater switch 
scale reduction can be achieved by applying our de­
veloped architecture with smaller inner node parameter 
or finer waveband granularity. However, smaller inner 
node parameter will cause a severe limitation on routing 
flexibility while finer waveband granularity may result 
in an increment of the control complexity and the cost 
of the devices.
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Fig. 3: Switch scale comparison.

Fig. 4: Impact of waveband granularity on the switch scale.

3.2. Performance offset of dynamic lightpath provision­
ing network utilizing the developed node architec­
ture

In this part, we assess the performance of a dy­
namic lightpath provisioning network that employs the 
developed WBSS-based node architecture. Numerical 
simulations were performed by using the following 
parameters. The tested network topology is a pan­
European optical network, COST266 that consists of 26 
nodes and 51 bi-directional links (see Figure 5) [25]. We 
assume that lightpaths are dynamically and flexibly set 
up and released by user requests. A fiber can carry up to 
80 wavelengths and no wavelength conversion is taken 
into account. Traffic intensity, the average number of 
lightpaths requested between node pairs, is assumed to 
be 12. The arrival of lightpath setup requests follows 
a Poisson process while the connection holding time 
is distributed by a negative exponential process where 
the average arrival rate of lightpath set-up requests is 
A (requests per time unit) and the mean hold time is 
1/fl (time units). Moreover, we also use an equivalent 
conventional network that uses traditional WSS-based 
OXCs and is installed with the same fiber configuration 
as the benchmark. The number of established fibers 
on links of both comparative networks is determined 
by employing the static network design for the con­
ventional network to accommodate the given traffic 
intensity.

Fig. 5: Experimental physical network topology, COST266.

Fig. 6: Blocking probability with five wavelengths per group.

Figure 6 illustrates the performance comparison of 
the developed generalized WBSS-based oxc network 
and that of conventional WSS-based OXCs. The com­
parison was done with the waveband granularity of 5, 
inner-node parameter k between 1 and 4, mean hold­
ing time (MHT) of 1000 time units and various traffic 
arrival rate from 0.8 to 1.2 (traffic load between 800 and 
1200 Erlangs). The obtained results demonstrate that the 
network using the proposed architecture suffers from a 
small performance offset, i.e. blocking probability, com­
pared to the conventional network. The performance 
penalty strongly depends on the inner node parameter, 
k. That is due to the routing flexibility restriction of the 
proposed oxc architecture. It is also confirmed that 
the performance offset is reduced significantly as the 
inner-node parameter, k, becomes greater. This thanks
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to applying more WBSSs per fiber enhances the routing 
flexibility and as a result, helps to improve the network 
performance. However, when k is great enough, the 
network performance enhancement becomes slight. The 
reason is that, with such k values, the inner node rout­
ing is flexible enough to satisfy the lightpath routing 
requirement in overall network.

1.00
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0.80

0.75

0.70
, 1 2 3 4 Conventions.1

Proposed architecture 

Number of WBSSs per fiber, k

Fig. 7: Accepted traffic volume versus the inner node parameter, k.

Fig. 8: Relative accepted traffic volume versus w.

Furthermore, we have verified the impact of key 
node parameters including the inner node parameter 
and the waveband granularity, on the network per­
formance in terms of total accommodated traffic. Nu­
merical results are shown in Figures 7 and 8. In this 
evaluation, the obtained total accommodated traffic vol­
ume of the proposed networks are normalized by that 
given by the corresponding traditional optical network 
based on WSS-based OXCs. That is the reason why 
the relative accepted traffic volume of the conventional 
network is always 1.0 (the benchmarking). Obviously, as 
demonstrated in Figure 7 with the blocking probability 

of Kr3, our proposed network can also provide better 
performance compared to simple WBSS-based oxc net­
work (k = 1) while it suffers from a slight performance 
offset comparing to the conventional WSS-based oxc 
network. Again, it is verified that when greater k is ap­
plied, higher relative accepted traffic volume is attained. 
The proposed network offers less than 3% performance 
offset comparing to the conventional one as k is more 
than 2. Note that the inner node parameter, k, should 
be kept as small as possible as discussed above. Hence, 
selecting suitable k value plays a key role in dealing 
with the trade-off between the switch scale reduction 
and the overall network performance to exploit the pro­
posed oxc architecture. Similarly, as shown in Figure 
8, applying finer waveband granularity is an alternative 
way to improve the proposed network performance. 
However, the network performance just slightly relies 
on the number of wavelengths per group (waveband 
granularity); the performance fluctuation is less than 2% 
as the waveband granularity changes from 2 to 40 at the 
inner node parameter of 3. It means that, in dynamic op­
tical networks, the routing flexibility is hardly enhanced 
further with a finer waveband granularity if k is large 
enough, says 3. Remember that using finer waveband 
granularity dramatically increases the switch scale and 
may result in a hardware cost explosion.

4. Conclusion
In this paper, we have proposed a generalized op­

tical cross-connect architecture that equips each incom­
ing fiber with multiple WBSSs for realizing large capac­
ity bandwidth-flexible optical cross-connects required in 
future bandwidth-abundant optical transport networks. 
Our proposed architecture utilizes small size WSSs for 
dropping optical paths while simply deploying 1x2 
WSSs or 1 X 2 optical couplers for realizing the adding 
function. Thanks to the use of WBSSs which are more 
cost-effective and simpler devices, the developed archi­
tecture enables a significant hardware scale reduction. 
However, it suffers from a limited routing flexibility 
which relies on the timer node parameter (the WBSS 
number per input fiber) and the waveband granularity 
of WBSSs. We have then evaluated the hardware scale 
requirement of our developed architecture in compar­
ison with that of conventional WSS-based oxc. It is 
verified that a substantial hardware scale reduction can 
be achieved, especially with higher port count OXCs or 
applying coarser granular WBSSs. Moreover, we have 
also assessed the performance of dynamic optical net­
works using our proposed architecture. Numerical sim­
ulations show that the developed architecture reduce 
the necessary hardware scale substantially at the cost of 
a small performance offset comparing to conventional 
WSS-based oxc architecture.

Acknowledgment
This research is funded by Vietnam National 

Foundation for Science and Technology Development 
(NAFOSTED) under grant number 102.02-2018.09.



50 UD - JOURNAL OF SCIENCE AND TECHNOLOGY: ISSUE ON INFORMATION AND COMMUNICATIONS TECHNOLOGY, VOL. 19, NO. 6.2, 2021

References
[1] 99 E. B. Desurvire, Capacity demand and technology challenges for 

lightzvave systems in the next two decades, IEEE/OSA Journal 
of Lightwave Technology, vol. 24, No. 12, pp. 4697-4710,2006.2

[2] J. Berthold, A. Saleh, L. Blair, J. Simmons, Optical networking: 
Past, present, and future, IEEE/OSA Journal of Lightwave 
Technology, vol. 26, No. 9, pp. 1104-1118, 2008.

[3] s. L. Woodward, s Woodward, What is the value of the flexible 
grid network?, Workshop in Optical Fiber Communication 
Conference, 2012.

[4] K. Sato and H. Hasegawa, Optical networking technologies that 
will create future bandwidth-abundant networks, IEEE J. Opt. 
Commun. Netw., vol. 1, No. 2, pp. A81-A93, 2009.

[5] A. L. Chiu, G. Choudhury, G. Clapp, R. Doverspike, M. Feuer, 
J.w. Gannett, G. Kim, J. Klincewicz, T. Kwon, G. Li, p. Magill, 
J.M. Simmons, R.A. Skoog, J. Strand, A. Lehmen, B.J. Wilson, 
s. Woodward, Dahai Xu, Architectures and protocols for capacity 
efficient, highly dynamic and highly resilient core networks, IEEE 
J. Opt. Commun. Netw., vol. 4, No. 1, pp. 1-14, 2012.

[6] Hai, D.T., On solving the 1 + 1 routing, wavelength and net­
work coding assignment problem with a bi-objective integer linear 
programming model, Telecommunications Systems, vol. 71, 
pp 155-165,2019.

[7] Dao Thanh Hai, A Bi-objective integer linear programming model 
for the routing and network coding assignment problem in WDM 
optical networks with dedicated protection, Computer Commu­
nications, vol. 133, pp.51-58, 2019.

[8] Dao Thanh Hai, On routing, spectrum and network coding as­
signment problem for transparent flex-grid optical networks with 
dedicated protection, Computer Communications, vol. 147, 
pp.198-208, 2015.

[9] Dao Thanh Hai, On the spectrum-efficiency of QoS-aware protec­
tion in elastic optical networks, Optik, vol. 202, 2020.

[10] D. T. Hai, L. H. Chau and N. T. Hung, A Priority-Based 
Multiobjective Design for Routing, Spectrum, and Network Coding 
Assignment Problem in Network-Coding-Enabled Elastic Optical 
Networks, IEEE Systems Journal, vol. 14, no. 2, pp. 2358-2369, 
2020.

[11] p. Pagnan and M. Schiano, A A switched photonic network for 
the new transport backbone of Telecom Italia, Proceedings of 
Photonics in Switching, paper TT1II2-1, 2009.

[12] I. Kim, p. Palacharla, X. Wang, D. Bihon, M. D. Feuer, S. L. 
Woodward, Performance of Colorless, Non-directional ROADMs 
with Modidar Client-side Fiber Cross-connects, Optical Fiber 
Communication Conference, paper NM3F.7, 2012.

[13] p. Pavon-Marino, M. V. Bueno-Delgado, Dimensioning the 
add/drop contention factor of directionless ROADMs, IEEE/OSA 
J. Lightwave Technol., vol. 29, No. 21, pp. 3265-3274, 2011.

[14] Y. Li, L. Gao, G. Shen, L. Peng, Impact of ROADM colorless, 
directionless and contentionless (CDC) features on optical network 
performance, IEEE J. Opt. Commun. Netw., vol. 4, No. 11, pp. 
B58-B67, 2012.

[15] T. Zami, D. Chiaroni, Low contention and high resilience to 
partial failure for colorless and directionless OXC, Proceedings 
of Photonics in Switching, paper Fr-S25-O15, 2012.

[16] T. Watanabe, K. Suzuki, and T. Takahashi, Silica-based PLC 
transponder aggregators for colorless, directionless, and contention- 
less ROADM, Optical Fiber Communication Conference, 
paper OTh3D.l, 2012.

[17] K. Ishii, H. Hasegawa, K. Sato, s. Kamei, H. Takahashi, 
M. Okuno, Monolithically Integrated Waveband Selective Switch 
Using Cyclic AWGs, Proceedings of Conference on European 
Conference on Optical Communication, paper M0.4.C.5, 2008.

[18] R. Hirako, K. Ishii, H. Hasegawa, K. Sato, H. Takahashi, 
M. Okuno, Development of Single PLC-Chip Waveband Selective 
Switch that Has Extra Ports for Grooming and Termination, Pro­
ceedings of the 16th Opto-Electronics and Communications 
Conference, pp. 492-493, 2011.

[19] T. Watanabe, Y. Hashizume, and H. Takahashi, Double­
branched 1x29 silica-based PLC switch with low loss and low power 
consumption, Proceedings of Conference on Microoptics 
Conference, paper J-2, 2011.

[20] Y. Taniguchi, Y. Yamada, H. Hasegawa and K. I. Sato, Coarse 
granular optical routing networks utilizing fine granular add/drop, 
IEEE/OSA Journal of Optical Communications and Network­
ing, vol. 5, no. 7, pp. 774-783, July 2013.

[21] Y. Taniguchi, H. Hasegawa and K. I. Sato, Dynamic grouped 
routing optical networks for cost effective and agile wavelength 
services, 2013 Optical Fiber Communication Conference and 
Exposition and the National Fiber Optic Engineers Conference 
(OFC/NFOEC), pp. 1-3,2013.

[22] H. c. Le, H. Hasegawa, K. Sato, A Large Capacity Optical 
Cross-connect Architecture Exploiting Multi-Granular Optical Path 
Routing, Proceedings of Photonics in Switching, paper Fr-S26- 
014, 2012.

[23] H. c. Le, H. Hasegawa, K. Sato, Performance Evaluation of 
Large-scale OXCs that Employ Multi-stage Hetero-granular Optical 
Path Switching, Proceedings of Conference on European 
Conference on Optical Communication, paper Thu.2.E.3,2013.

[24] H.-C. Le, H. Hasegawa, K. Sato, Performance evaluation of large- 
scale multi-stage hetero-granular optical cross-connects, Optics 
Express, vol. 22, no. 3, pp. 3157-3168,2014.

[25] R. Inkret, A. Kuchar, and B. Mikac, Advanced infrastructure for 
photonic networks, Extended final report of COST 266 action, 
University of Zagreb, 2003.



Le Hai Chau et al.: PERFORMANCE OF DYNAMIC OPTICAL PATH NETWORKS WITH LARGE-SCALE WBSS-BASED OPTICAL CROSS-CONNECTS 51

Le Hai Chau Le Hai Chau received the B.E. 
degree in Electronics and Telecommunica­
tions Engineering from Posts and Telecom­
munications Institute of Technology (PTIT) 
of Vietnam in 2003, and the M.Eng. and 
D.Eng. degrees in Electrical Engineering 
and Computer Science from Nagoya Uni­
versity of Japan in 2009 and 2012, respec­
tively. From 2003 to 2006, he worked at 
Telecommunications Faculty of PTIT as a 
lecturer. He was a researcher in Nagoya

University from 2012 to 2014. He then became a research scientist 
at University of California, Davis. Now, he is a lecturer/researcher 
at PTIT. He is an IEEE member.

Pham Thi Viet Huong Pham Thi Viet 
Huong obtained her B.Sc in Electrical En­
gineering from Hanoi University of Science 
and Technology in 2007. She got her MSc 
and PhD, both in Electrical Engineering, 
from University of Massachusetts Lowell in 
the United States, in 2010 and 2012. From 
2012 to 2015, she was a researcher in the 
Manning School of Business, Lowell, Mas­
sachusetts. From 2017-2020, she was the 
faculty of VNU University of Engineering 

and Technology, Vietnam (VNU-UET). Since 2019, she works in
International School - VNU. She is interested in data mining and 
analytics, machine learning methodologies, with applications in 
biomedical engineering.

Le Anh Ngoc Le Anh Ngoc is a Vice 
Dean of Electronics and Telecommunica­
tions Faculty, Electric Power University. He 
received his B.Sc in Mathematics and Infor­
matics from Vinh University and VNU Uni­
versity of Science, respectively. He received 
a Master’s degree in Information Technol­
ogy from Hanoi University of Technology, 
Vietnam. He obtained a Ph.D. degree in 
Communication and Information Engineer­
ing from the School of Electrical Engineer­

ing and Computer Science, Kyungpook National University, South 
Korea, in 2009. His general research interests are embedded 
and intelligence systems, communication networks, the Internet of 
Things, Al, and Big data analysis. On these topics, he published 
more than 35 papers in international journals and conference pro­
ceedings. He served as a keynote, TPC member, session chair, 
and reviewer of international conferences and journals.

Dao Thanh Hai Dao Thanh Hai received 
the B.Eng. (Hons.) degree from the Hanoi 
University of Science and Technology, 
Hanoi, Vietnam, in 2009. the M.S. degree 
from the Politecnico di Torino, Torino, Italy, 
in 2010, and the Ph.D. degree from Tele­
com Bretage, Brest, France, in 2015. He 
had spent three-month as a Visiting Ph.D. 
Student with Scuola Superiors Sant'Anna 
and six months as a Postdoctoral Research 
Fellowwith the University of Leeds. He had

been working for several companies including AnVien Group on 
building technical infrastructure for broadcast television services 
and Mobifone Corp on an antispam SMS project. He is currently 
working with the Faculty of Computer Science, Phenikaa University, 
Hanoi, as a Lecturer and Research Director leading the Smart 
Internet of Things Lab. His research interests include design, plan­
ning, and performance evaluation of fiber-optic networks. He is 
also keen on fostering the interest of community and young people 
in science and technology via STEM education and makerspaces 
training activities.




