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Abstract: The Benes network has some advantages such as the lowest system insertion loss, the fewest
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1 Introduction

To satisfy the requirements of optical
communication  systems, several  optical
interconnection networks have been proposed.
Compared with other structures, the Benes
network [1] has some advantages such as the
lowest system insertion loss, the fewest
switching elements, the fewest drivers, and
fewer crossovers. However, it has a major

disadvantage: lower signal-to- noise ratio (SNR).

To improve the SNR of Benes networks, two
kinds of technologies have been proposed
previously: the first is to modify the network
structure such as, dilated Benes network,
modified dilated Benes network, and generally
modified dilated Benes (GMDB) network [2, 3],
and the second is to dilate the optical switching
elements such as modified Benes network [4].
The SNR and the number of switching elements
of these two network structures are similar, but
the number of drivers of a modified Benes
network is less than one third of the number of
drivers of a GMDB network. However, the
system insertion loss of the modified Benes
network is large than the GMDB network’s.
Holographic optical switching elements
(HOSEs) have polarization-dependent
characteristics. By well designs, highly

polarization-selective holographic elements can
be designed and fabricated [5-12]. The HOSEs
are three-dimensional devices, and have the
advantages of flexibility and compactness.
Utilizing these features, the sizes of the HOSESs
can be adjusted, which may eliminate the
necessity of interconnection lines between
switching elements [12-16]. A high contrast ratio
optical switching element with HOSEs has been
proposed. Its contrast ratio can be higher than 58
dB [10]. The contrast ratio improvement of this
device is the same as a dilated optical switching
element. In this presentation, Benes network
with high contrast ratio holographic optical
switching elements is proposed to obtain a
higher SNR, keep the fewest drivers, and reduce
the system insertion loss.

2 Holographic Optical Switching Elements
When two optical signals pass through a 2x2
optical switching element, each desired optical
signal in the output has a little crosstalk from the
other signal. The crosstalk is the noise for the
desired optical signal. The contrast ratio (CR) is
the optical power ratio between the desired and
undesired output channels.

The crosstalk of a basic 2x2 HOSE is shown
in Fig. 1. Fig. 1(a) shows the “straight” state of



a basic 2x2 HOSE, in which point A connects to
point C and point B connects to point D. At
point C, the signal and noise powers come from
point A and B, respectively. The signal power
and noise power from point A to point C and D
are ogonwe’ %> and agonwe 7,  respectively,
where ogonwe IS the efficiency of the
electro-optic halfwave plate and its value is 0.85
[17]. Therefore, the crosstalk (&) can be obtained
as
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In this example, z is greater than 90% and 7 is
less than 3% [5]. Therefore, its contrast ratio
(CR) is greater than 900 and SNR is greater than
29 dB. Because the transmission efficiency is
oeonwe %, the insertion loss (L) can be
calculated as

1 @B (3)

Ceonwe T

L =10log,,

Therefore, its insertion loss is 2.3 dB.

Fig. 1(b) shows the “swap” state of a basic
2x2 HOSE, in which point A connects to point D
and point B connects to point C. At point C, the
signal and noise powers come from point B and
A, respectively. The signal power and noise
power from point A to point D and C are
ogonwe’ 7> and  agonwe %,  respectively.
Therefore, the crosstalk (&) can be derived as
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and the contrast ratio (CR) can be calculated as
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In this example, gz, is less than 3% and 7, is
greater than 90% [5]. Therefore, its contrast ratio
(CR) is greater than 900 and SNR is greater than
29 dB, too. Because the transmission efficiency
IS agonwp 7, the insertion loss (L) can be
calculated as
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Therefore, its insertion loss is 2.3 dB, too.
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Fig. 1 The crosstalks in a holographic optical
switching element: (a) Straight state; (b) Swap
state, where HG and EOHWP are holographic
grating and electro-optic halfwave plate,
respectively.



Fig. 2 shows a 2x2 HOSE, which provides a
higher contrast ratio. Fig. 2 (a) shows the
“straight” state of a higher contrast ratio 2x2
HOSE, in which point A’ connects to point C’
and point B’ connects to point D’. At point C’,
the signal and noise powers come from point A’
and B’, respectively. The signal power and noise
power from point A’ to point C’' and D' are
oonwe % and  agonwe’7s,  respectively.
Therefore, the crosstalk (encr) can be derived as
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and the contrast ratio (CRucr) can be calculated

as
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With the same values of z, and 7, its contrast
ratio (CRucr) is greater than 810000. Because
the transmission efficiency is Oonwp s, the
insertion loss (Lycr) can be calculated as
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Ceonwe T
Therefore, its insertion loss is 3.2 dB.

Fig. 2(b) shows the “swap” state of a higher
contrast ratio 2x2 HOSE, in which point A’
connects to point D' and point B" connects to
point C'. At point C’, the signal and noise
powers come from point B’ and A', respectively.
The signal power and noise power from point A’
to point D’ and C' are agonwe’ 77, and aeonwr’ 7 »
respectively. Therefore, the crosstalk (epcr) can
be derived as

Ly = 10 IOglo
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and the contrast ratio (CRucr) can be calculated
as
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With the same values of z, and 7, its contrast
ratio (CRucr) is greater than 810000, too.
Because the transmission efficiency s
ogonwe 7y, the insertion loss (Lucr) can be
calculated as
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Fig. 2 The crosstalk in high contrast ratio
holographic optical switching element: (a)
Straight state; (b) Swap state.
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Therefore, its insertion loss is 3.2 dB, too.

In this higher contrast ratio 2x2 HOSE, the
contrast ratio (CRycr) is increased from 900 to
810000, which results in that the SNR can be
risen from 29 dB to 58 dB. This signal-to-noise
ratio improvement of this device is the same as a
dilated switching element.

3 Benes Network with Holographic Optical
Switching Elements

The basic structure of an NxN Benes network is
shown in Fig. 3. This network is a recursive
structure consisting of three stages: the left stage,
the inner stage, and the right stage. Both of the
left and the right stages are constructed by N/2 2
x2 switching elements. The inner stage has two
NI2 x NJI2 subnetworks, and the basic one is a 2
x2 switching elements. In the left and right
stages, the upper channels of switching elements
connect to the upper subnetwork and the lower
channels connect to the lower subnetwork.
When the number of inputs and outputs are
doubled, two stages of 2x2 switching elements
have to be added.

2%2 basic 2x2 basic
switch switch

0 0

1 1

° (NI2)x(NI2) .

° Benes °

° Network .

[ ] [ ]

[ ] [ ]

[ ] [ ]

. (NI2)%(NI2) o

. Benes N
N-2 Network N-2
N-1 N-1

Fig. 3. The basic structure of an NxN Benes
networks.

In general, the insertion loss (IL) and the
SNR of a system are related to the number of
switching elements in an optical path. Because
the basic N/2 x N/2 subnetwork is a 2x2
switching element, the number of switching
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elements in a optical path of an NxN Benes
network is 2log,N-1. Therefore, the SNR of an
NxN Benes network is

SNR = |X]-10log;0(2%-1) (dB), (13)
and the system insertion loss is
IL = (2k-1)L (dB), (14)

where k is log,N, |X| and L are the contrast ratio
and insertion loss of switching elements in dB,
respectively.

When an NxN Benes network is built with
basic 2x2 HOSEs, its SNR and system insertion
loss are 29-10l0g10(24-1) dB and 2.3(24-1) dB,
respectively. To improve the SNR, a Benes
network is constructed with higher contrast ratio
2x2 HOSEs, its SNR and system insertion loss
are 58-10l0g:0(2k-1) dB and 3.2(2k-1) dB,
respectively. The SNR increased 29 dB.

4 Other Technologies

To improve the SNR of Benes networks, two
kinds of technologies have been proposed
previously: the first is to modify the network
structure such as, dilated Benes network,
modified dilated Benes network, and generally
modified dilated Benes (GMDB) network [3],
and the second is to dilate the optical switching
elements such as modified Benes network [4].

The 4x4 GMDB network is shown in Fig.
4, which have been presented by Wojciech
Kabacinski [3]. A GMDB network is constructed
with basic 4x4 subnetworks. There are three
stages of basic switching elements in this
subnetwork. Each basic 4x4 subnetwork in a
GMDB network consists of eight basic
switching elements. To obtain a higher SNR
only one optical signal pass through each basic
switching element, and only two optical signals
pass one basic 4x4 subnetwork.

The number of basic switching elements
that a given optical path passes through decides
the power attenuation value. In a GMDB
network, there are k& stages of basic 4x4
subnetworks and there are three stages of basic
switching elements in this 4x4 subnetwork.
Therefore, the system insertion loss is

IL = 3kL (dB). (15)
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Fig. 4. 4x4 generally modified dilated Benes
(GMDB) network.

In the worst case, each stage of a GMDB
network except the first stage has a second-order
crosstalk. Therefore, the total noise power at
output point is (k-1)xe*xP;, and the signal power
is approximately Pj,. Hence, the SNR of a
GMDB is
SNR = 2|X]-10log;o(k-1) (dB). (16)

When an NxN GMDB network is consisted of
basic 2x2 HOSEs, its SNR and system insertion
loss are 58-10l0g;o(k-1) dB and 6.9k dB,
respectively.

The structure of a modified Benes network
is the same as the Benes network as shown in
Fig. 5. The difference between Benes and
modified Benes networks is the structure of the
switching elements. In a Benes network, each
switching element is a basic switching element.
In a modified Benes networks, each switching
element is a dilated switching element that
consists of four basic switching elements.
Because the number of stages of the basic
switching elements in an NxN Benes network is
2k-1, there are 2k-1 stages of dilated switching
elements in an NxN modified Benes network.
Therefore, the system insertion loss is

IL =2(2k-1)L (dB), a7
and SNR of an NxN modified Benes network is

SNR = 2|X]-10lo0g;0(24-1) (dB). (16)
When an NxN modified Benes network is
constructed with basic 2x2 HOSEs, its SNR and
system insertion loss are 58-10log;o(2k-1) dB
and 4.6(2k-1) dB, respectively.
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Fig. 5. The basic structure of an NxN modified
Benes networks, all basic switching elements
have been dilated.

Using the basic 2x2 HOSEs to build the
Benes, modified Benes, and GMDB networks,
their SNRs are 29-10log10(24-1),
58-10l0g;0(2%-1), and 58-10log;o(4-1),
respectively, and their system insertion losses
are 2.3(2k-1) dB, 4.6(24-1) dB, and 6.9k dB,
respectively. Using the high contrast ratio
HOSEs to construct a Benes network, its SNR
and system insertion loss are 58-10l0g;0(24-1)
dB and 3.2(2k-1) dB, respectively.

Compared with a Benes network, the SNR
improvement of a Benes network with high
contrast ratio HOSEs, modified Benes network,
and GMDB network are very close. All of them
increased more than 29 dB. The system insertion
losses of a Benes network with high contrast
ratio HOSEs, modified Benes network, and
GMDB network are 3.2(2k-1) dB, 4.6(2k-1) dB,
and 6.9k dB, respectively. Hence, the Benes
network with high contrast ratio HOSE has the
lowest system loss.

5 Conclusions

A Benes network with high contrast ratio 2x2
holographic optical switching elements has been
proposed to improve the signal-to-noise ratio.
Compared with a Benes network with basic 2x2
holographic optical switching elements, the SNR
has been increased by 29 dB. Compared with a
Benes network with basic 2x2 holographic
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optical switching elements, the SNR has been
increased by 29 dB. The signal-to-noise ratio
improvement of this technology is the same as
the modified Benes network and generally
modified dilated Benes network. Compared with
other two technologies, this technology has the
lowest system insertion loss. Therefore, the
performance of a Benes network with high
contrast ratio 2x2 switching elements is better
than other technologies when using holographic
optical switching elements to construct a Benes
network.
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