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Abstract: - In our previous research, combining the unique features of the double-layer network and holographic
optical switches not only reduces the volume of the whole system and eliminates all interconnection lines and
crossovers significantly, but also reduces the number of drivers from N*/4+2Nlog,N-2N to 2Nlog,N. In this paper,
modifying the structures of the holographic optical switches to satisfy the characteristics of the double-layer
network, the system insertion loss can be minimized significantly from (2logoN-1)(Lpgst2Leonwp) to
(2logyN-2)Lpgst2(loga N)Lgonwe (dB). After rearranging the channels, the number of electro-optic halfwave plates

can be decreased significantly from 2N?-2N to 2Nlog,N.
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1 Introduction

The double-layer network (DLN) 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 signal-to-noise ratio (SNR) compared with any
nondilated network [1, 2]. However, they require a
large number of switches, interconnection lines, and
crossovers. In our previous research, these
drawbacks can be solved by using holographic
optical switches (HOSs) [2].

A 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, 2]. The
middle stage has four (N/2)x(N/2) subnetworks. In
the left stage, there are N 1x2 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 2x1
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
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channels of these optical switches in the lower layer,
respectively. The numbers of stages of the 1x2, 2x2,
and 2x1 optical switches are -1, 1, and £-1,
respectively, where k& = log,N. Figure 2 shows a 4x4
double layer network, which the (N/2)x(N/2)
subnetwork is a 2x2 optical switch.
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Fig. 1. The basic structure of an NxN double-layer
network.
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Fig. 2. A 4x4 double-layer network.

2 Basic Holographic Optical Switches
Conventionally, basic switching elements used in
these network structures are integrated electro-optic
devices on Ti:LiNbO; (titanium diffused lithium
niobate) material [3] or prism polarization beam
splitters (PBSs) in conjunction with electro-optic
halfwave plates (EOHWPs), such as ferroelectric
liquid crystals [4-5].

Integrated electro-optic devices are
two-dimensional elements and all interconnection
lines between switching elements are located in the
same plane, which result in many crossovers for a
large interconnection network [6] and cause
significant insertion loss. On the other hand, these
prism PBSs are bulky cube devices, which guide
optical beams with different polarizations into two
perpendicular directions [4-5]. To construct an
optical interconnection network with these switching
elements, additional mirrors are required to guide
output optical beams to the succeeding switching
elements.

HOSs perform polarization-dependent
characteristics. With suitable designs, highly
polarization-selective holographic elements can be
achieved, and these components have been designed
and fabricated [2, 7-27]. Utilizing flexibility and
compactness 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 [2, 13-27]. Compared
with other two types of switching elements, HOSs
are more suitable for building optical interconnection
networks.

In this section, 1x2 and 2x2 holographic PBSs
are discussed. With EOHWPs,
polarization-dependent and low-crosstalk optical
switching elements are constructed. All of these
devices are compact and light-weight, and the feature
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of normally incident and output coupling provide
better flexibility and easier alignment for system
applications.

In a 1x2 holographic PBS as shown in Fig. 3,
two conjugate polarization-selective holographic
grating pairs are formed on two sides of a dielectric
substrate. The diffraction angle in the film medium is
6p, and the Bragg reconstruction input angle is 0°, i.e.
the input optical beam is normally incident on the
device. On the other hand, in the output coupling, the
reconstruction angle is p and the output diffracted
optical beam is also normal to the device as shown in
Fig. 3(b). Based on Kogelnik’s coupled wave theory
for a volume type of grating [28], the diffraction
efficiencies of s- and p-polarization fields with
respect to the grating plane, #, and #,, are given as

(1)

)

where the modulation parameters, v, (s-polarization)
and v, (p-polarization) are given as

s 2
n,=sin" v,

and n,= sin? v,

oo s 3)
A4Jcos b,
and , —y, cosd, = o oSOy gy

A

respectively, where 4 is the operating wavelength, d,
is the thickness of the grating film, and n, is the index
modulation of the grating. Based on Egs. (3) and (4),
suitable value for 6p and n.d,/A can be solved, as
shown in Table 1, to obtain high
polarization-selective property (0%- and 100%-
diffraction for s- and p-polarization fields,
respectively, or 0%- and 100%- diffraction for p- and
s-polarization fields, respectively), and these devices
have been designed and some were fabricated [7-12].
These diffraction angles are greater than the critical
angle in the dielectric substrate and the beam will be
totally internal reflected. The values in Table 1 are
the ideal cases. The experimental values of 7, and 7,
are great than 90 % and 7, and 7, are less than 3 %

[7].

Table 1. Parameter values of polarization-selective

grating.
Vs i 3n/2 21
v, /2 T 3n/2
s 0 % 100 % 0%
ny 100 % 0 % 100 %
Op 60.0° 48.2° 41.4°
cos”' (v/vy) | cos(1/2) | cos'(2/3) | cos’(3/4)
ngdy/), 0.707 1.22 1.73
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Fig. 3. 1x2 holographic P(B)S where HG,, HGo, d.,
and fy, are input holographic grating, output
holographic grating, distance between two output
channels, and the corresponding thickness of the
dielectric substrate respectively.

Using s-transmission/p-diffraction gratings in
the structure shown in Fig. 3(a) as an example, when
the input optical beam is s-polarized, the direction of
this optical beam will not be changed by the input
coupling holographic grating (HG;). This device
performs the function of “straight” connection
(direct transmission). Similarly, the s-polarized
optical beam from the original output channel will
follow the same path backward and finally reach the
original input channel. On the other hand, when the
input optical beam is p-polarized, the input optical
beam is diffracted by HG; and normally coupled out
with a conjugate diffraction by the output coupling
holographic grating (HGo). This device performs the
function of “turn” connection (diffraction) as shown
in Fig. 3(b). The backward p-polarized optical beam
will pass the same path from the original output
channel to the original input channel. As shown in
Fig. 3(a) and 3(b), these two output optical beams
and the input optical beam have the same propagation
direction. Obviously, this 1x2 holographic PBS
provides a switching function for bi-directional
connection. Therefore, this 1x2 holographic PBS can
also function as a 2x1 holographic beam combiner.

ISSN: 1109-2742

568

Chi-Ping Lee, Chien-Ping Chang, Jiun-Shiou Deng,
Ming-Feng Lu, Yang-Tung Huang

The structure of a 2x2 holographic PBS is
shown in Fig. 4. In this structure, two symmetric
polarization-selective holographic grating pairs are
formed on two sides of a dielectric substrate. Using
s-transmission/p-diffraction gratings in the structure
shown in Fig. 4(a) as an example, when the input
optical beams are s-polarized, the direction of these
optical beams will not be changed by HG; and HGo.
The device will perform the function of “straight”
connections (direct transmission). On the other hand,
when the input optical beams are p-polarized, the
input optical beams are diffracted by HG; and
normally coupled out with a conjugate diffraction by
HGo. The device will perform the function of “swap”
connections (diffraction) as shown in Fig. 4(b).
Similarly, the 2x2 holographic PBS is a
bi-directional device. The optical beam at the original
output channel will propagate backward through the
path of forward optical beam to the original input
channel.

dielectric
HG, substrate HGo
S
® ®
S
N /
% N
9 @
S S
(a)
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HG, substrate HGo
diffraction
S S \\92 ________ e Lb- o
PN T R/
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reconstruction angle b
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(b)
Fig. 4. 2x2 holographic PBS: (a) the “straight” state;
(b) the “swap” state.

In the 2%2 holographic PBS and the 1x2
holographic PBS, the distance between two output
channels is d. and the corresponding thickness of the
dielectric substrate is #,;,. The relation between these
two parameters is
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In other words, when the distances between
these two output channels in the 2x2 holographic
PBS and the 1x2 switching element are changed to
2d., the corresponding thickness of the dielectric
substrates become 27p.

Abasic 1x2 HOS consists of an 1x2 holographic
PBS and two EOHWPs as shown in Fig. 5. The initial
input and final output optical beams are s-polarized
as shown in these figures. The optical paths of the
signal and noise in a 1x2 HOS is shown in Fig. 5.
When EOHWPs are inactive, the optical beam keeps
s-polarization, and directly passes these two
EOHWPs and holographic PBS. The 1x2 HOS
provides “straight” function as shown in Fig. 5(a),
where input channel connects to output channel O;.
In this case, the signal and noise powers at O; and O,
are (1-¢)P;, and eP;,, respectively, and the contrast
ratio (CR) is (1-&)P/ePi, = l/e, where ¢ is the
crosstalk of the holographic PBS.

t,, =d.xcotl, .

dielectric
HG; substrate HGo
Input sm S o
—0-1-0 0 O4—0—"
P in S S (1-8)P in
cP in
NFere—
| S L S 0O,
EOHWP: EOHWP:
inactive (a) inactive
dielectric
HG, substrate HGo
Input S
40 A A 0,
P in S S ~ * vP &P in
P N
Sa
N
PR
e é % (1-e)Py,
P S O,
EOHWP: EOHWP:
active (b) active

Fig. 5. The crosstalk in a 1x2 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 wide solid, narrow
solid, wide dash, and narrow lines are presented the
s-polarized signal path, s-polarized noise path,
p-polarized signal path, and p-polarized noise path,
respectively.
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When EOHWPs are active, the s-polarized input
optical beam becomes p-polarized after passing
through the first EOHWP. The propagation direction
of this p-polarized optical beam will be turned to O,
by the holographic PBS. And then, its polarization
will be turned back to s-polarization by the second
EOHWP. In this situation, the 1x2 HOS provides
“turn” function as shown in Fig. 5(b), and the signal
and noise powers at O, and Oy are (1-¢)P;, and &P;,,
respectively, and the CR is 1/, too.

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 1x2 HOS provides
bi-directional switching function. Therefore, a 1x2
HOS can act as a 2x1 HOS.

A basic 2x2 HOS consists of two EOHWPs and
one 2x2 holographic PBS as shown in Fig. 6.
Because the structure of this basic 2x2 HOS is
symmetric, it provides a bi-directional switching
function. When EOHWPs are inactive, the
polarizations of two input optical beams are not
changed. The direction of these optical beams will
not be changed by the holographic PBS. At this time,
input channels I; and I, connect to output channels O,
and O,, respectively, and it provides “straight”
connection as shown in Fig. 6(a). In this case, the
signal and noise powers from desired and undesired
channels to output channels are (1-¢)P;, and &P;,
respectively, and the CR is 1/e.

When EOHWPs are active, these two optical
beams polarization orientations are rotated by 90°
and the polarization of these two optical beams are
p-polarized. The transmission directions of these two
optical beams have been swapped by the holographic
PBS. Therefore, input channels I, and I, connect to
output channels O, and Oy, respectively. In this case,
the 2x2 HOS provides “swap” connection as shown
in Fig. 6(b). The same as the previous case, the signal
and noise powers from desired and undesired
channels are (1-¢)P;, and ¢P;,, respectively, and the
CR is 1/, too.

In a double-layer network, the left, innermost,
and right stages are 1x2, 2x2, and 2xloptical
switches, respectively. Each kind of the basic HOS is
composed of a holographic PBS and two EOHWPs,
and the holographic PBS was sandwiched between
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. An NxN DLN requires
1.25N*-2N optical switches [1]. Therefore, it needs
2.5N*-4N EOHWPs. The insertion loss of an HOS is
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LPBS+2LEOHWP (dB), where LPBS and LEOHWP are the
insertion losses of the holographic PBS and the
EOHWP in dB, respectively. Due to these HOSs
having the same insertion loss, the system insertion
loss in a NxN DLN is (2k-1)(Lpest2Leonwr) (dB).
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Fig. 6. The crosstalk in a 2x2 HOS: (a) “straight”
state and (b) “swap” state.

3 Modified Holographic Optical

Switches

Figure 7 shows the modified 2x2 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 2x2 HOS to reduce the number of
drivers has been proved and proposed in our previous
research [2]. The total number of drivers in an NxN
DLN can be reduced from N?/4+2kN-2N to 2kN.
Because the innermost stage has N°/4 2x2 optical
switches [1, 2] in an NxN DLN, the number of
EOHWPs at the innermost stage with this modified
2x2 HOS is N”. The insertion loss of this modified
2x2 HOS is the same as the basic 2x2 HOS because
each connection path consists two EOHWPs and one
holographic PBS, too.
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Fig. 7. A 2x2 HOS with four EOHWPs to maintain
optical beam polarization.

By the unique features of the DLN, the structure
of 1x2 HOS can be modified as shown in Fig. 8§,
which consists of one 1x2 holographic PBS and one
EOHWP. Its insertion loss has been reduced from
LPBS+2LEOHWP to LPBS+LEOHWP (dB) All of the
switching situations are shown in Fig. 8. In Figs. 8(a)
and 8(b), the input optical beams are s-polarized and
in Figs. 8(c) and 8(d), the input optical beams are
p-polarized. In Fig. 8(a), an s-polarized input optical
beam passes directly through the inactive EOHWP
and the dielectric substrate. In Fig. 8(d), the input
optical beam is p-polarized and the EOHWP is active.
After passing through the EOHWP, the polarization
of the optical beam is rotated by 90° and is
s-polarized. In this situation, this optical beam can
directly pass through the dielectric substrate.
Therefore, both of Figs. 8(a) and 8(d) provide the
“straight” state and the output optical beams are
s-polarized. In these two cases, the optical power are
(1-¢)P;, and &Py, at the desired and undesired output
channels (O, and O,), respectively.

In Fig. 8(b), the EOHWP is active. While the
input optical beam passing through the EOHWP, the
polarization of the optical beam is rotated by 90° and
is p-polarized. This input optical beam is diffracted
by the input coupling holographic grating (HG;) and
normally coupled out with a conjugate diffraction by
the output coupling holographic grating (HGo). In
Fig. 8(c), the input optical beam is p-polarized and
the EOHWP is inactive. In the dielectric substrate,
this input optical beam will follow the same path to
output as Fig. 8(b). Hence, both of Figs. 8(b) and 8(c)
provide the “turn” state and the output optical beams
are p-polarized. In these two situations, the optical
power are (1-&)P;, and &P, at the desired and
undesired output channels (O, and O,), respectively.

All of these four switching functions, the optical
beams from the output channels can follow the same
paths backward with corresponding polarizations and
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finally reach the input channel. Obviously, this 1x2
HOS provides bi-directional switching function.
Therefore, a 1x2 HOS can act as a 2x1 HOS.

Input
—o-e o O
P, S S (1-6)Piy
. EP in
EOHWP: 50
Inactive (a)
Input P

O
B X

in P N

\\ $ _ (_1—8)Pin
EOHWP: PO
active (b)
Input P 0
1
A
in P P \ &l
\\ $ _- (_I_S)Pin
EOHWP: P 0
inactive (©)
Input S o
1
_$ .I_. ®
P, P S (I'E)Pin

&Py,
E 0,
EOHWP:
active (d)
Fig. 8. A simplified 1x2 HOS consists of a
holographic PBS and an electro-optic halfwave plate;
(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.

In an NxN DLN, the numbers of the 1x2, 2x1
and 2x2 HOSs are N(N/2-1), N(N/2-1), and N*/4,
respectively, and each connection path has (k-1) 1x2
HOSs, one 2x2 HOS, and (k-1) 2x1 HOSs. Because
each 1x2 and 2x1 HOS has been reduced one
EOHWP, the system insertion loss can be decreased
from (2k-1)(Lpgst2Leonwre) t0 (2k-2)Lppst2kLeonwe
(dB). Therefore, the insertion loss can be reduced
efficiently by using these modified HOSs to
construct a DLN.

4 Signal-to-Noise Ratio Analysis
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The major advantage of a DLN is that it provides
higher signal-to-noise ratio (SNR) than other
non-dilated networks. After using these modified
HOSs to construct a DLN, its system insertion loss
and number of EOHWPs can be reduced. Its SNR
will be reduced from |X]- to |X]-3 (dB), where X =
10log;o( &) is the crosstalk in dB. This phenomenon is
shown in Fig. 9. In this case, input channels I, I, I3,
and I; connect to output channels Oy, O,, O4, and Os,
respectively. At output channel Oy, the signal is from
input channel I, and its power is (1—«9)3Pin with
s-polarization. The noise power from input channel I,
I;, and 1, are g(l—g)zPin, & (1-&)Py,, and a(l—g)zPin and
their corresponding polarization are s-, p-, and
p-polarization, respectively. The major items of the
noises at output channel O, are two different
polarized first order crosstalk and its total power is
28(1-6)*Py,. The other item from input channel I is a
high order noise (¢*(1-£)P;,) and it can be neglected.
In this case, its SNR = 10log;o[(1-£)*Pin/2&(1-£)*Pin]
= 10log0(1/2¢) = |X]-3 (dB). Therefore, the SNR has
been reduced. Because the polarizations of the signal
and one of the first order noise are different, this
noise item can be cancelled by cascaded a polarizer
as shown in Fig. 10. After canceling the first order
p-polarized noise, the SNR will be recovered from
|X]-3 to |X]. With the same reason, the SNR can be
keep at |X] in an NXN network.

L | | | O
L LN~ Y
2 N1
| |
L | . | O
L AN A TH
h | | O
4 N
N
Iy | | O,
N |
[ l
| |
Fig. 9. A 4x4 DLN with modified HOSs. This

connection state has the worst SNR.

5 DDLN with Modified HOSs

To increase the SNR of a DLN, its innermost 2x2
optical switches have to be dilated [1]. The network
structure is called dilated double-layer network
(DDLN) and its SNR can be increased to
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2|X]-10log;o(k) (dB). In an NxN DDLN, it requires
2N*-2N optical switches and each connection path
has 2k-stage of optical switches [1]. When use the
basic HOSs to construct the DDLN, the numbers of
holographic PBSs and EOHWPs it needed are
2N*-2N and 4N*-4N, respectively, and the system
insertion loss is 2k(Lppst2Lgonwp) (dB). Figure 11
shows a 4x4 DDLN with basic HOSs. In this
structure, there are 24 HOSs. Each HOS consists of
one holographic PBS and two EOHWPs and its
system insertion loss is 4(Lpgst2Leonwr)-

Polarizer Polarizer
| O
] N w1
N
[ |
Iy | | | g o
i SN A i
I3 L | Os
CINTp
N
L | | O
L] L
N

Fig. 10. A 4x4 DLN with modified HOSs. This
connection state has the worst SNR.

Dilated 2x2 HOS

e

e

X

Fig. 11. A 4x4 DDLN with basic HOSs.

Figure 12 shows a 4x4 DDLN with these
modified HOSs, which the 2x2 holographic PBSs at
the innermost stage have been dilated. In this
structure, there are 24 holographic PBSs, too, but the
number of the EOHWPs has been reduced from 48 to
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24. Because each HOS has been modified which
consists of one holographic PBS and one EOHWP,
the system insertion loss has been reduced from
4(LPBS+2LEOHWP) to 4(LPBS+LEOHWP)- Extending to
NxN, both of the number of holographic PBSs and
EOHWPs are 2N*-2N. The number of the EOHWPs
has been decreased and the system insertion loss has

been reduced from 2k(LPBS+2LEOHWP) to
2k(LpstLeonwr) (dB).
Dilated 2x2 HOS
NN RN s
7 ...~ N -
B~
N . QY
& RN :}".‘."
1
4 B 4
i
}--.
— ’
- /-

Fig. 12. A 4x4 DDLN with these modified HOSs.
This connection state has the worst SNR.

In the same connection state as Fig. 9, input
channels I;, I, I3, and I connect to output channels
01, O,, 04, and Os, respectively. At output channel
Oy, the signal is from input channel I, and its power is
(1-¢)*P;, with s-polarization. The noise powers from
input channel I,, I3, and 1, are 52(1—5)2Pin, g (1-8)Py,
and &1-&)’P;, and their corresponding polarization
are s-, p-, and p-polarization, respectively. The major
item of the noise at output channel O, is the first
order crosstalk and its power is &(1-&)’P;,, which is
from I,. The other items from input channels I, and I3
are high order noises (&(1-6)°Py and &(1-€)Pi,
respectively) and they can be neglected. In this case,
its SNR = 10log;o[(1-£)*Pin/&(1-£)’ Pin] = 10log;o(1/€)
= |X] (dB). Therefore, the SNR has been reduced from
2|X]-10log o(k) to |X] (dB). Due to that the
polarizations of the signal and the first order noise are
different, this noise item can be cancelled by
cascaded a polarizer as shown in Fig. 13.

Figure 13 shows the worst case of SNR of a 4x4
DDLN which cascades polarizer to cancel the first
order p-polarized noise. In this figure, input channels
I;, I, I5, and 14 connect to output channels O, O,, O;,
and Oy, respectively. At output channel O, the signal
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is from input channel I; and its power is (1-&)*P;,. The
noise powers from input channel I, I3, and 14 are
6‘2( l—g)ZPin, 6‘2( l—g)ZPin, and 54Pin, respectively. All of
the signal and noise powers are s-polarized. The
major items of the noises at output channel O, are
from I, and I5 and both of their powers are £(1-6)*Py.
The other item from input channel I, are high order
noise (¢'P;,) and it can be canceled. In this case, its
SNR = 10logo[(1-&)'Pin/2&(1-¢)*Pin] =
10log0(1/26%) = 2|X]-10loge(2) (dB). After DDLN
extending to NxN, the SNR can be recovered to
2|1X]-10log)o(k) (dB).

Polarizer Dilated 2x2 HOS Polarizer
- - e o
I B
—5 Nl

Fig. 13. A 4x4 DDLN constructed with modified
HOSs and cascaded polarizers. This connection has
the worst SNR.

6 Components Reduction
The numbers of the 1x2, 2x2, and 2x1 optical
switches in the left part, the innermost stage, and
right part of an NxN DLN are N*/2-N, N*/4, and
N?/2-N, respectively. Each input channel connects to
N/2-1 optical switches, which are arranged in a
(k-1)-stage complete binary tree. While these optical
switches are allocated adjacent, the number of optical
switches will be reduced from N/2-1 to k-1. Fig. 14
shows the component reduction method. This
method has been used to reduce the number of
EOHWPs of AS/AC network from 2N-2N to 2kN
[26]. Due to that the structures of DDLN and AS/AC
networks are equivalent, the number of EOHWPs of
DDLN can be reduced from 2N*-2N to 2kN by using
this method.

A 1x4 active splitter with HOSs consists of three
1x2 HOSs as shown in Fig. 14(a). Because only one
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optical beam passes through this 1x4 active splitter,
two 1x2 HOSs at Stage 2 can be driven by one driver;
therefore, only need one EOHWP. Because these two
1x2 HOSs are adjacent, these two holographic PBSs
can be combined together into one holographic PBS
as shown in Fig. 14(b). According to the switching
states of these two HOSs, the connection path in the
1x4 active splitters can be determined as shown in
Table 2. While these two stages of HOSs are in
“straight” state, the input connects to O; and it is
s-polarized at output channel. If Stage 1 is in
“straight” state and Stage 2 is in “turn” state, the
input is connected to O, and the output optical beam
is p-polarized. In the opposite case, Stage 1 is in
“turn” state and Stage 2 is in “straight” state, the
input is connected to O; and the output optical beam
is s-polarized. At the last case, the input connects to
O, and the output optical beam is p-polarized. Both
of these two stages of HOSs are in “turn” state.

Also, the optical signal from the output channel
can follow the same path backward with
corresponding polarization and finally reach the
input channel. Obviously, this 1x4 HOS provides
bi-directional switching function. Therefore, a 1x4
HOS can act as a 4x1 HOS. Because each output
channel connects to (N/2-1) 2x1 optical switches and
they are arranged in a (k-1)-stage complete binary
tree, the number of optical switches will be reduced
from N/2-1 to k-1, too.

Stage 1 Stage 2
Input 0,
N N N N
N N N N
N N N N (0]}
N \‘\ N N
0;
N N
N N
N N Oy
(a) NN
Stage 1 Stage 2
Input 0 (s)
N NN N
N NN N
N NN \&(p)
N NN N
\ N NOos®
N NN N
N NN N
N NN N 04 ()
N NN N
(b)

Fig. 14. (a) 1x4 active splitter with three
simplified 1x2 HOSs; (b) a compact structure of 1x4
active splitter with two simplified 1x2 HOS:s.
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Table 2 The switching states of HOSs of the 1x4
active splitters.

Output HOS Switching State | Polarization of
Cannel the Output
Stage 1 Stage 2 Optical Beam
0O, Straight Straight s-polarized
0, Straight Turn p-polarized
0, Turn Straight s-polarized
O, Turn Turn p-polarized

Figure 15 shows a 4x4 DLN with modified
HOSs. In the second stage of EOHWPs, the
EOHWPs at channels 1 and 5 connect to the same
input channel I;. 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 NXN double-layer network
can be reduced from N*/4+2kN-2N to 2kN [2].

EOHWP EOHWP EOHWP EOHWP
1* stage 2" stage 3" stage 4" stage
LN NN g/ Yo,
2 Z <]z:><;z 2
LN , N , U , PB—o,
4 T Nl— 4
I, 1 N APFP—7 S—o,
LN 4 N 4 ¢ 4 U O,
8 — N v 8
lst 2nd 3rd
stage HOS stage HOS stage HOS

Fig. 15. 4x4 DLN with modified HOSs.

The channels connection tables of the HOSs and
EOHWPs of a 4x4 DLN with modified HOSs are
shown in Table 3 and Table 4, respectively. Table 4
shows the allocation of EOHWPs, which is derived
from Tablel. 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 3. 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
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2, 4), (5, 7), and (6, 8). Hence, the required
EOHWPs have been reduced by half.

Table 3. The channels connection table of the HOSs
in a 4x4 double-layer network, where 2, fsup, and
2taw are the corresponding thicknesses of the
dielectric substrates in the first, second, and third
stages of HOSs, respectively.

HOSs HOSs HOSs

1* stage 2™ stage 3" stage

<522 [ 6 N3 [s5]7 125
3]17]14]8 Mal6]s 3]4]7]8

2tsub Lsub 2l‘sub

Table 4. The channels connection table of the
EOHWPs in a 4x4 double-layer network, where dash

circles are the corresponding EOHWPs.
EOHWP EOHWP
1* stage 2" stage
5] 2]6 ST R
il a]8] [ZEEEGER
EOHWP EOHWP
3" stage 4" stage
113 [57T77 fiv] 2 {53 6
2 618 SIFRAE

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 5 and Table 6,
respectively. In Table 6, 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 4x4
DLN, there are four stages of EOHWPS and each
stage has four EOHWPs. The total number of
EOHWPs is sixteen.

Table 5. The new channels connection table of the
HOSs in a 4x4 double-layer network, where 2y,
V2 tgw, and 2, are the corresponding thicknesses of
the dielectric substrates in the first, second, and third

stages of HOSs, respectively.
HOSs HOSs HOSs
1% stage 2™ stage 3" stage
1 5 NORE N 12
E 7 ) 4 3 4
2 6 5 7 5 6
4 8 6 8 7 8
2tsub \/5 tsub 22‘sub
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Table 6. The new channels connection table of the
EOHWPs in a 4x4 double-layer network, where dash
circles are the corresponding EOHWPs.

EOHWP EOHWP
1% stage 2" stage
™ > T =
3 7 e
5 6 3
L7 8 1.8

B 4 8

Figure 16 shows an 8x8 double-layer network
with modified HOSs and its channels connection
table of EOHWPs is shown in Table 7. 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 I,. 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 7, 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 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.

In figure 16, 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§x8 DLN 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 2k stages and its total number of
EOHWPs is 2kN in an NxN double-layer network
with modified HOSs. The number of EOHWPs has
been significantly reduced from 2N*-2N to 2kN.

7 Conclusions

In this paper, using holographic optical switches to
build the double-layer and dilated double-layer
networks have been proposed. According to the
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characteristics of network, the structure of the
holographic optical switch has been modified. The
system insertion loss is decreased significantly from
(2logaN-1)Lppst(4logaN-2)Leonwe to
(2logzN-Z)LPBS+2(logzN)LEOHWP (dB) In the dilated
double-layer network, the system insertion loss is
reduced from 2logoN(Lppst2Lronwp) to
ZIOgZN(LPBS+LEOHWP) (dB) Therefore, this
modification results that the insertion loss can be
reduced  efficiently.  Finally, the  system
signal-to-noise ratio can keep at the original value by
cascaded polarizer. After rearranging the channels of
the double-layer network with holographic optical
switches, its number of electro-optic halfwave plates
can be decreased significantly from 5N%/2-4N to
2Nlog,N.

EOHWP EOHWP EOHWP EOHWP
2" stage 3“stage 4" stage 5" stage

EOHWP

EOHWP
6" stage

13 stage

| _
ﬁ:ﬂ T ! ] F—
2 15 2 51_5 , 1 41_42 Y1

£
| )
Z

W
ZZZZ2

ZZ
N
o ™™ A
1]
772222

(772727
~
1 Ii
N
~
[N

(2227
(O}
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(O}

(o)}
(o)}

|7
Z
i\
[N

[lo—1
Lvamy:
‘|5Is 3 1313
8 gg 8 7_5 7 47_4
N K5 m
I 8 5—1'6—1'64 8 -|'1'6_1'E£8_
R |, Rl B
10 §§w g N° Mg 18R mﬂ_
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Fig. 16. An 8x8 DLN with modified HOSs.
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Table 7. The new channels connection table of the
EOHWPs in an 8x8 double-layer network, where
dash circles are the corresponding EOHWPs.

EOHWPs EOHWPs
1* stage . 2" stage
a1 Fsi Foi| {fis FENEINEANER
5 |l WSy | R
' iho if
2 6 10 14 HERs
4 8 12 16 3

EOHWPs EOHWPs
3" stage 4" stage
RS 3 9 H S L3 IR PEE
Pl il il bl 1ol '
HIBEHEEE
18] ih4

{16

EOHWPs EOHWPs
........ 5 stage 6" stage
Fpeed Qoo 97] 110 2
Feodon, A 12 4
sl e ] 13 4 6
ook Buheree |15 16 8
17 180 25 |6 10
1o-..... 200 e 23 28 12
prl 2 . DY 130 14
P P I 5 32 16
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