
Components Reduction of Double-Layer Networks with Holographic 
Optical Switches 

 
Jiun-Shiou Deng1, Chi-Ping Lee 1,2,3, Chien-Ping Chang 3, Ming-Feng Lu1, and Yang-Tung Huang4 

1: Dept. of Electronic Engineering, Minghsin University of Science and Technology, 
No. 1, Hsinshing Rd., Hsinfeng, Hsinchu, Taiwan, 304. 

Tel: 886-3-5593142 ext. 3160, Fax: 886-3-5591402, E-Mail: djs@must.edu.tw 
2: Dept. of Computer Science and Information Engineering, Minghsin University of Science and 

Technology. 
3: Department of Electrical Engineering, National Defense University, 

4: Dept. of Electronics Engineering and Institute of Electronics, National Chiao Tung University. 
 
Abstract—Combining the unique features of the double-layer network and holographic optical switches not only 
reduces the volume of the whole system, eliminates all interconnection lines and crossovers significantly, reduces 
the number of drivers from N2/4+2Nlog2N-2N to 2Nlog2N, but also the system insertion loss can also be minimized. 
After rearranging the channels allocation, the number of electro-optic halfwave plates can be significantly decreased 
from 2N2-2N to 2Nlog2N. 
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1 Introduction 
A double-layer network (DLN) is a recursive structure 
network, which consists of three stages: the right stage, 
the left stage, and the middle stage, as shown in Fig. 1 
[1-3]. The middle stage has four (N/2)×(N/2) 
subnetworks. In the left stage, there are N 1×2 optical 
switches. The upper output channels of these optical 
switches in the upper layer connect to the first 
subnetwork and the lower output channels connect to 
the third subnetwork. Similarly, the second and the 
fourth subnetworks connect to the upper and the lower 
output channels of these optical switches in the lower 
layer, respectively. In the right stage, there are N 2×1 
optical switches. The upper and the lower input 
channels of these optical switches in the upper layer 
connect to the first and the second subnetworks, 
respectively, and the third and the fourth subnetworks 
connect to the upper and the lower input channels of 
these optical switches in the lower layer, respectively. 
The number of stages of the 1×2, 2×2, and 2×1 optical 
switches are k-1, 1, and k-1, respectively, where k = 
log2N. Figure 2 shows a 4×4 double layer network, 
which the (N/2)×(N/2) subnetwork is a 2×2 optical 
switch. 

The DLNs has some advantages, such as being 
strictly nonblocking and having a simpler routing 
algorithm, the lowest system insertion loss, a zero 
differential loss, and the best SNR compared with any 
nondilated network [1]. However, they require a large 
number of switches, interconnection lines, and 
crossovers. In our previous research, the 
interconnection lines and crossovers problems can be 

solved and the system insertion loss can be reduced by 
using holographic optical switches (HOSs) [2-3]. 
HOSs are three-dimensional devices [4-9] and the 
compactness and flexibility of the HOSs are also 
important characteristics. In this study, the required 
electro-optic halfwave plates (EOHWPs) [10-11] can 
be significantly minimized by combining the unique 
features of the double-layer networks and holographic 
optical switches. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The basic structure of an N×N double-layer 
network. 
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Fig. 2. A 4×4 double-layer network. 
 

2 Holographic Optical Switches 
In a double-layer network, the left, innermost, and right 
stages are 1×2, 2×2, and 2×1optical switches, 
respectively. These three kinds of HOSs have been 
designed and proposed [4-9]. Each kind of the basic 
HOS is composed of a holographic polarization beam 
splitter (PBS) and two EOHWPs [4-9], and the 
holographic PBS was sandwiched between these two 
EOHWPs. To maintain the optical beam at the output to 
have the same polarization state as that at the input, 
these HOSs need two EOHWPs, which can be 
controlled by one driver. 

HOSs perform polarization-dependent 
characteristics. With suitable designs, highly 
polarization-selective holographic elements can be 
achieved, designed, and fabricated [4-9]. The HOSs are 
three-dimensional devices, and the flexibility and 
compactness are their advantages. Utilizing these 
features, the dimensions of the HOSs can be adjusted, 
which may eliminate the necessity of interconnection 
lines between switching elements to build many types 
of networks [4, 9, 12-18]. All of HOSs are compact and 
light-weight, and the feature of normally incident and 
output coupling provide better flexibility and easier 
alignment for system applications. 

A basic 1×2 HOS consists of an 1×2 holographic 
PBS and two EOHWPs [2] as shown in Fig. 3. In the 
1×2 holographic PBS, two conjugate 
polarization-selective holographic gratings are formed 
on two sides of a dielectric substrate. The initial input 
and final output optical beams are s-polarized as shown 
in these figures. When EOHWPs are inactive, the 
optical beam keeps s-polarization, and passes directly 
these two EOHWPs and holographic PBS. The 1×2 
HOS provides “straight” function as shown in Fig. 
5(a), where input channel connects to output channel 
O1. When EOHWPs are active, the s-polarized input 
optical beam becomes p-polarized after passing 
through the first EOHWP. This optical beam is 
diffracted by the input coupling holographic grating 
(HGI) and coupled normally out with a conjugate 
diffraction by the output coupling holographic grating 
(HGO). The propagation direction of this p-polarized 
optical beam will be turned to O2 by the holographic 
PBS. And then, its polarization will be turned back to 
s-polarization by the second EOHWP. In this situation, 
the 1×2 HOS provides “turn” function as shown in Fig. 

5(b). Also, the optical beams from the output channels 
can follow the same paths backward with 
corresponding polarization and finally reach the input 
channel. Obviously, this 1×2 HOS provides 
bi-directional switching function. Therefore, a 1×2 
HOS can act as a 2×1 HOS. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. The switching states of a 1×2 HOS: (a) 
“straight” state and (b) “turn” state, where HG and 
EOHWP are holographic grating and electro-optic 
halfwave plate. In these two figures, the solid and dash 
lines are presented the s- and p-polarized signal paths, 
respectively. 
 

By the unique features of the DLN, the structure of 
1×2 HOS can be modified as shown in Fig. 4, which 
consists of one 1×2 holographic PBS and one EOHWP 
[3]. Its insertion loss has been reduced from 
LPBS+2LEOHWP to LPBS+LEOHWP (dB), where LPBS and 
LEOHWP are the insertion loss of the holographic PBS 
and EOHWP, respectively. All of the switching 
situations are shown in Fig. 4. In Figs. 4(a) and 4(b), the 
input optical beams are s-polarized and the input 
optical beams are p-polarized in Figs. 4(c) and 4(d). 
Both of Figs. 4(a) and 4(d) provide the “straight” state 
and the output optical beams are s-polarized and both 
of Figs. 4(b) and 4(c) provide the “turn” state and the 
output optical beams are p-polarized. All of these four 
switching functions, the optical beams from the output 
channels can follow the same paths backward with 
corresponding polarizations and finally reach the input 
channel. Obviously, this 1×2 HOS provides 
bi-directional switching function. Therefore, a 1×2 
HOS can act as a 2×1 HOS. 
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Fig. 4. A simplified 1×2 HOS consists of a holographic 
PBS and an electro-optic halfwave plate which can 
provide; (a) “straight” state for s-polarized input, (b) 
“turn” state for s-polarized input, (c) “turn” state for 
p-polarized input, and (d) “straight” state for 
p-polarized input, where EOHWP is the electro-optic 
halfwave plate. In these four figures, the solid and dash 
lines are presented the s- and p-polarized signal paths, 
respectively. 

 
A basic 2×2 HOS consists of two EOHWPs and 

one 2×2 holographic PBS, in which two symmetric 
conjugate polarization-selective grating pairs are 
formed on a dielectric substrate as shown in Fig. 5. 
Because the structure of this basic 2×2 HOS is 
symmetric, it provides a bi-directional switching 
function. When EOHWPs are inactive, the optical 
beam polarization is not changed. The direction of this 
optical beam will not be changed by the holographic 
gratings (HGI and HGO). At this time, input channels I1 
and I2 connect to output channels O1 and O2, 
respectively, and it provides “straight” connection as 
shown in Fig. 5(a). When EOHWPs are active, the 
optical beam polarization orientation is rotated by 90° 
and the polarization of this optical beam is p-polarized. 
This optical beam is diffracted by the input coupling 
holographic grating (HGI) and normally coupled out 
with a conjugate diffraction by the output coupling 
holographic grating (HGO). Therefore, input channels 
I1 and I2 connect to output channels O2 and O1, 
respectively. In this case, the 2×2 HOS provides 
“swap” connection as shown in Fig. 5(b).  

In these holographic HOSs, the distance between two 
output channels is dc and the corresponding thickness 
of the dielectric substrate is tsub. The relation between 
these two parameters is  

Dcsub cotθ×= dt , (1) 
where θD is the diffraction angle. In other words, when 
the distances between these two output channels in 
these HOSs are changed to 2dc, the corresponding 
thickness of the dielectric substrates become 2tsub. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. The switching states of a 2×2 HOS: (a) 
“straight” state and (b) “swap” state. 

 
Figure 6 shows the modified 2×2 HOS, which the 

control configuration has been changed. This switch 
needs four EOHWPs and each EOHWP requires an 
individual driver. The innermost stage of a DLN with 
this modified 2×2 HOS to reduce the number of drivers 
has been proved and proposed in our previous research 
[2]. The total number of drivers in an N×N DLN can be 
reduced from N2/4+2Nlog2N-2N to 2Nlog2N. 

In an N×N DLN, the numbers of the 1×2, 2×1 and 
2×2 HOSs are N(N/2-1), N(N/2-1), and N2/4, 
respectively, and each connection path has (k-1) 1×2 
HOSs, one 2×2 HOS, and (k-1) 2×1 HOSs. Because 
each 1×2 and 2×1 HOS has been reduced one EOHWP 
and the number of EOHWPs has been doubled in 2×2 
HOSs, the number of the EOHWPs can be reduced 
from 2.5N2-4N to 2N2-2N, and the system insertion loss 
can be decreased from (2k-1)(LPBS+2LEOHWP) to 
(2k-2)LPBS+2kLEOHWP (dB) [3]. Therefore, the insertion 
loss and the required components can be reduced by 
using these three kinds of modified HOSs to construct a 
DLN. 

 
 
 

 
 
 
 
 
Fig. 6. A 2×2 HOS with four EOHWPs to maintain 
optical beam polarization. 
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3 Components Reduction 
Figure 7 shows a 4×4 double-layer network with 
modified HOSs. In the second stage of EOHWPs, the 
EOHWPs at channels 1 and 5 connect to the same input 
channel I1. These two EOHWPs only pass one optical 
signal at the same time. And then, these two EOHWPs 
can be controlled by the same driver circuit. All of the 
EOHWP pairs (2, 6), (3, 7), and (4, 8) in the second 
stage of EOHWPs and (1, 3), (2, 4), (5, 7), and (6, 8) in 
the third stage of EOHWPs have the same situation. In 
these tow stage of EOHWPs, the number of drivers is 
four. By the same reason, the number of drivers of an 
N×N double-layer network can be reduced from 
N2/4+2Nlog2N-2N to 2Nlog2N [2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. A 4×4 DLN with modified HOSs. 
 

The channels connection tables of the HOSs and 
EOHWPs of a 4×4 double-layer network with modified 
HOSs are shown in Table 1 and Table 2, respectively. 
Table 2 shows the allocation of EOHWPs, which is 
derived from Table1. Due to the innermost stage of 
HOSs consisting of two stages of EOHWPs, the second 
and third stages of EOHWPs have the same channels 
allocation, which is the same as the channels allocation 
of the second stage of HOSs in Table 1. In the third 
stage of EOHWPs, the EOHWPs on channels 1 and 3 
can be controlled by the same driver and they are 
adjacent. Therefore, these two EOHWPs can be 
combined to one and so do the EOHWP pairs (2, 4), (5, 
7), and (6, 8). Hence, the required EOHWPs have been 
reduced by half.  

However, the number of EOHWPs in the second 
stage can not be reduced. In this stage, channels 1 and 5 
are not adjacent but are controlled by the same driver. 
These two EOHWPs can not be joined together. The 
required EOHWPs can not be reduced as the third stage. 
To solve this problem, the channels allocation of the 
HOSs and EOHWPs have to be rearranged as shown in 
Table 3 and Table 4, respectively. In Table 4, the third 
stage of EOHWPs keeps the same characteristic and the 
required EOHWPs can be reduced by half, too. In the 
second stage, channels 1 and 5 are adjacent and the 

EOHWPs on these two channels can be combined 
together, too. Therefore, the number of EOHWPs in the 
second stage can be reduced by half. In this 4×4 
double-layer network, there are four stages of 
EOHWPS and each stage has four EOHWPs. The total 
number of EOHWPs is sixteen. 

 
Table 1. The channels connection table of the HOSs in 
a 4×4 double-layer network, where 2tsub, tsub, and 2tsub 
are the corresponding thicknesses of the dielectric 
substrates in the first, second, and third stages of HOSs, 
respectively. 

HOSs 
1st stage 

HOSs 
2nd stage 

 HOSs 
3rd stage 

1 5 2 6 1 3 5 7  1 2 5 6
3 7 4 8 2 4 6 8  3 4 7 8

 
 

Table 2. The channels connection table of the 
EOHWPs in a 4×4 double-layer network, where dash 
circles are the corresponding EOHWPs. 

EOHWP 
1st stage 

 EOHWP 
2nd stage 

1 5 2 6  1 3 5 7 
3 7 4 8  2 4 6 8 

 
EOHWP 
3rd stage 

 EOHWP 
4th stage 

1 3 5 7  1 2 5 6 
2 4 6 8  3 4 7 8 

 
Table 3. The new channels connection table of the 
HOSs in a 4×4 double-layer network, where 2tsub, 

2 tsub, and 2tsub are the corresponding thicknesses of 
the dielectric substrates in the first, second, and third 
stages of HOSs, respectively. 

HOSs 
1st stage 

HOSs 
2nd stage 

 HOSs 
3rd stage 

1 5 1 3   1  2
3 7 2  4   3 4

2 6 5 7   5  6
4 8 6  8   7 8

 
 

Figure 8 shows an 8×8 double-layer network with 
modified HOSs and its channels connection table of 
EOHWPs is shown in Table 5. An example, the 
channels 1 and 17 at the second stage and the channels 
1, 5, 17, and 21 at the third stage connect to the input 
channel I1. At the second stage of EOHWPs, the 
EOHWPs on channels 1 and 17 can be controlled by 
the same driver, so do the EOHWPs on channels 1, 5, 
17, and 21 at the third stage of EOHWPs. As shown in 
Table 5, EOHWPs on channels 1 and 17 at the second 
stage of EOHWPs are adjacent due to that the channel 2 
does not pass optical signal and it can be neglected. 
These two EOHWPs can be joined together. Because 
the EOHWPs on channels 1, 5, 17, and 21 at the third 
stage of EOHWPs are adjacent, these four EOHWPs 
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can be combined together, too. Therefore, the numbers 
of EOHWPs can be reduced by half and three fourths in 
the second and third EOHWPs, respectively. 

 
Table 4. The new channels connection table of the 
EOHWPs in a 4×4 double-layer network, where dash 
circles are the corresponding EOHWPs. 

EOHWP 
1st stage 

 EOHWP 
2nd stage 

1  2   1  5  
 3  4  2  6 
5  6   3  7  
 7  8  4  8 

 
EOHWP 
3rd stage 

 EOHWP 
4th stage 

1  5   1  5  
 2  6  3  7 
3  7   2  6  
 4  8  4  7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. An 8×8 DLN with modified HOSs. 

In figure 8, there are sixteen and thirty two 
EOHWPs in the second and third stages of EOHWPs, 
respectively. Hence, both of the numbers of EOHWPs 
of these two stages can be reduced to eight. Because the 
fourth and fifth stages of EOHWPs have the same 
situation, their number of EOHWPs can be reduced to 
eight, too. Due to an 8×8 double-layer network with 
modified HOSs having six stages of EOHWPs and each 
stage having eight EOHWPs, its total number of 
EOHWPs is forty eight. Therefore, there are N 
EOHWPs in 2log2N stages and its total number of 
EOHWPs is 2Nlog2N in an N×N double-layer network 
with modified HOSs. The number of EOHWPs has 
been significantly reduced from 2N2-2N to 2Nlog2N. 
 
Table 5. The new channels connection table of the 
EOHWPs in a 8×8 double-layer network, where dash 
circles are the corresponding EOHWPs. 

EOHWPs 
1st stage 

 EOHWPs 
2nd stage 

1 5 9 13  1  5  9 13
3 7 11 15   3  7 11 15

 2  6  10 14
  4  8 12 16

2 6 10 14  17  21  25 29
4 8 12 16   19  23 27 31

 18  22  26 30
  20  24 28 32

 
EOHWPs 
3rd stage 

 EOHWPs 
4th stage 

1 3 9 11  1  3  9 11
2 4 10 12   2  4 10 12

5 7 13 15  5  7  13 15
6 8 14 16   6  8 14 16

17 19 25 27  17  19  25 27
18 20 26 28   18  20 26 28

21 23 29 31  21  23  29 31
22 24 30 32   22  24 30 32

 
EOHWPs 
5th stage 

 EOHWPs 
6th stage 

1 2 9 10  1    2
3 4 11 12   3   4

5 6 13 14  5    6
7 8 15 16   7   8

17 18 25 26  9    10
19 20 27 28   11   12

21 22 29 30  13    14
23 24 31 32   15   16

 
4 Conclusions 
In our previous researches, combining the unique 
features of the double-layer network and holographic 
optical switches not only reduces the volume of the 
whole system, eliminates all interconnection lines and 
crossovers significantly, but also reduces the number of 
drivers from N2/4+2Nlog2N-2N to 2Nlog2N, the system 
insertion loss can also be significantly decreased 
(2log2N-1)(LPBS+2LEOHWP) to (2k-2)LPBS+2kLEOHWP) 
(dB), and the number of EOHWPs is reduced from 
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5N2/2-4N to 2N2-2N. In this study, the channels 
allocation have been rearranged when using 
holographic optical switches to build double-layer and 
networks. Finally, the number of EOHWPs has been 
decreased again from 2N2-2N to 2Nlog2N. 

 
Acknowledgement 
This research was supported by MingHing University 
of Science and Technology under contract 
MUST-98I-1-3. 

 
References 
[1] C. C. Lu and R. A. Thompson, “The Double-Layer 

Network Architecture for Photonic Switching,” 
IEEE Trans. on Lightwave Technology, vol. 12, pp. 
1482-1489, 1994. 

[2] J. S. Deng, M. F. Lu, and Y. T. Huang, 
“Double-Layer Network with Holographic 
Optical Switches,” Applied Optics, Vo1. 43, pp. 
1342-1348, Feb. 2004. 

[3] J. S. Deng, H. H. Huang, M. F. Lu, and Y. T. 
Huang, “Loss Reduction of Double-Layer 
Networks with Holographic Optical Switches,” 
Proceedings of the 8th WSEAS International 
Conference on Applied Computer Science 
(ACS'08), Venice, Italy, Nov. 21-23, 2008. 

[4] M. Kato, H. Ito, T. Yamamoto, F. Yamagishi, and 
T. Nakagami, “Multichannel optical switch that 
uses holograms,” Optics Letters, vol. 17, pp. 
769-771, 1992. 

[5] Y. T. Huang and Y. H. Chen, 
“Polarization-Selective Element with a 
Substrate-Mode Grating Pair Structure,” Optics 
Letters, vol. 18, pp. 921-923, 1993. 

[6] Y. T. Huang, “Polarization-selective volume 
holograms: general design,” Applied Optics, vol. 
33, pp. 2115-2120, 1994. 

[7] Y. T. Huang and Y. H. Chen, “Optical switches 
with a substrate-mode grating structure,” Optik, 
vol. 98, pp. 41-44, 1994. 

[8] Y.-T. Huang, M.-F. Lin, J.-S. Deng, K.-T. Fan, 
and M.-J. Chang, “Holographic 
Polarization-Selective Elements in Optical 
Network Applications,” Proc. of SPIE, vol. 2885, 
pp. 112-123, 1996 (Invited). 

[9] Y. T. Huang, J. S. Deng, D. C. Su, and J. T. Chang, 
“Holographic Polarization-Selective and 
Wavelength-Selective Elements in Optical 
Network Applications,” Optical Memory and 
Neural Networks, vol. 6, pp. 249-260, 1997. 

[10] K. M. Johnson, M. R. Surette, and J. Shamir, 
“Optical Interconnection Network Using 
Polarization-Based Ferroelectric Liquid Crystal 
Gates,” Applied Optics, vol. 27, pp. 1727-1733, 
1988. 

[11] A. Karppinen, S. Lottholz, R. Myllyla, G. 

Anderson, M. Matuszczyk, K. Skarp, I. Dahl, 
and S. T. Lagerwall, “Electrically Controlled 
Optical Attenuators and Switches with 
Ferroelectric Liquid Crystals,” Ferroelectrics, 
vol. 114, pp. 93-97, 1991. 

[12] J.-S. Deng, M.-F. Lu, C.-P. Lee, and Y.-T. 
Huang, “A High Contrast Ratio Optical 
Switch with Holographic Optical Switching 
Elements,” 4th WSEAS Int. Conf. on 
Electronics, Hardware, Wireless, and Optical 
Communications (EHAC 2005), Salzburg, 
Austria, 2005. 

[13] J. S. Deng, M. F. Lu, C. P. Lee, and Y. T. 
Huang, “Higher Contrast Ratio Optical 
Switch with Holographic Optical Switching 
Elements,” WSEAS Transaction on 
Electronics, Vol. 2, no. 1, pp. 33-38, Jan. 
2005. 

[14] J.-S. Deng, M.-F. Lu, C.-P. Lee, and Y.-T. Huang, 
“AS/AC Networks with Holographic Optical 
Switching Elements,” 10th International 
Symposium on Microwave and Optical 
Technology (ISMOT-2005), Fukuoka, Japan, 
2005. 

[15] C.-P. Lee, J.-S. Deng, M.-F. Lu, and Y.-T. 
Huang, “Benes Networks with High Contrast 
Ratio Holographic Optical Switching 
Elements,” 4th WSEAS Int. Conf. on SYSTEM 
Science and Simulation in Engineering 
(ICOSSSE '05), Tenerife, Canary Islands, 
Spain, December 16-18, 2005. 

[16] C.-P. Lee, J.-S. Deng, M.-F. Lu, and Y.-T. 
Huang, “Performance Analysis of Benes 
Networks with High Contrast Ratio 
Holographic Optical Switching Elements,” 
WSEAS Transaction on Communications, Vol. 
5, no. 2, pp. 259-266, Feb. 2006. 

[17] J. S. Deng, C. Y. Lee, M. F. Lu, and Y. T. Huang, 
“Loss Reduction of AS/AC Networks with 
Holographic Optical Switches,” 7th WSEAS 
International Conference on Electric Power 
Systems, High Voltages, Electric Machines, 
pp.326-330, Venice, Italy, Nov. 21-23, 2007. 

[18] J.-S. Deng, M.-F. Lu, C.-P. Lee, and Y.-T. 
Huang, “AS/AC Networks with Holographic 
Optical Switching Elements,” International 
Journal of Microwave and Optical 
Technology, Vol. 1, no. 2, pp. 570-575, Aug. 
2006. 

Proceedings of the 8th WSEAS International Conference on Applied Computer and Applied Computational Science

ISSN: 1790-5117 440 ISBN: 978-960-474-075-8




