JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 14, JULY 15, 2009

2843
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Abstract—This paper presents a switching architecture for any
large port number optical cross connecting switch. We show the
switching arrangement and the construction process to realize
mirror-type optical switches. The proposed architecture refers to
the Waksman network. Compared to other switching architec-
tures, this architecture uses a minimum number of mirrors. Four
guiding rules of the mirror arrangement method are proposed
to assist building up a large port number mirror-type optical
switch in an efficient way. By the analysis of all loss sources, the
design parameters of the mirror are identified. The expandability
and feasibility are verified. Furthermore, by an expert system,
we can build up a lookup table to reduce the control complexity.
The generalized simulation results show that the optical switch
architecture of this paper is capable to archive the Bell Commu-
nications Research (BELLCORE) specification requirements for
low and high port numbers.

Index Terms—Insertion loss analysis, N X IN, network architec-
ture, optical switch.

I. INTRODUCTION

PTICAL communication networks are built worldwide
() to provide high-speed and high-capacity transmission,
utilizing the technology of dense wavelength-division multi-
plexing (DWDM). The optical switch plays an important role in
fiber-optic communications for mapping wavelengths from the
input ports to the proper output ports based on their destination.
Hence, the popularization of optical switch is one of the keys
for the future DWDM network development. The requirements
for an optical switch include compactness, low power consump-
tion, excellent optical performance, and low cost. The low port
number switches (1 x 2, 1 X 4, and 2 X 2) have been devel-
oped since many years and are essential components in optical
communication networks. Although piling up low port number
switches to form a high port number optical switch is possible,
such a solution, however, will proportionally increase the size,
cost, system complexity, and insertion loss.
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Fig. 1. Optical cross connections switch architectures. (a) 2-D architecture.
(b) 3-D architecture.

The optical cross connect (OXC) is one kind of optical
switch architectures that has been considered as the most
promising candidate for the large port number application. It
can be applied to microelectromechanical systems (MEMS)
or mechanical optical switches by the reflection of mirrors to
change the optical signals. This kind of optical switch has the
advantages of low crosstalk, polarization-dependent loss, and
wavelength dependency. For this reason, as of today, the OXCs
optical switch plays an important role in the business market
of the DWDM technology. The OXCs can be divided into two
general switching architectures: the 2-D structure and the 3-D
structure [1]. The traditional 2-D architecture uses N2 mirrors
to reflect N inputs to N outputs, as shown in Fig. 1(a). Each
mirror needs only to provide two states (ON/OFF) for the light
path at the cross position. This architecture has the advantages
of simpler fabrication, easier controllability, and strictly non-
blocking switching condition, but it needs a large number of
mirrors and has the problem of different optical paths that will
result in different optical losses. It inevitably requires a large
physical size. The 3-D architecture uses 2N mirrors to reflect N
inputs to N outputs, as shown in Fig. 1(b). There are two mirror
arrays in the 3-D architecture. The first mirror array reflects all
input light beams to the respective designated second mirror
array, and the second mirror array reflects the light beams to
the designated outputs. Through the two mirror arrays, the
output light beams are parallel to the input light beams. In
order to meet low power loss requirements, each mirror needs
to be rotated precisely by a complicated servo control system
to achieve an accurate position. This two-stage actuator control
is very complicated.

In recent years, some researchers have proposed to improve
the expansibility of the 2-D architecture. Yeow provided a
new crossbar switching design methodology that reduced the
number of the mirrors, improved the optical path difference,
and reduced the distance of free-space propagation of the light
beam [2]. Kuo and Yin combined the use of double-sided and
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Fig. 2. Principle of a double-sided mirror-type 2 X 2 optical switch. (a) Trans-
mission state. (b) Reflection state.

single-sided mirrors according to the Clos network architecture
that conforms to the optical permutation requirement [3]. The
configuration of the mirrors also eliminates the problem of
optical path differences. The Clos network constructed by 2 x 2
switch units is also called the Benes network. Ma and Kuo have
proposed the Benes connecting principle to design different
multistage optical switches [4], [5]. The Benes architecture
can reduce the number of mirrors and improve the fabrication
limit. Nevertheless, the input and output port number is only
accepted to be a power of 2 and the number of mirrors is not
the minimum.

In this paper, we apply the arbitrary Waksman network theory
[6]-[8] to develop a 2-D N x N optical switch architecture.
Through the arbitrary Waksman network, we can further en-
hance the advantage of the Benes network, for instance, re-
ducing the number of mirrors, improving fabrication limit, and
being applicable to an arbitrary number of input and output
ports. The basic unit of this architecture is a2 x 2 double-sided
mirror-type optical switch developed by the authors’ group, as
shown in Fig. 2. The mirror is mounted on a metal arm, which
is switched by a mechanical relay. In this paper, we developed
four guiding rules to help to construction the mirrors architec-
ture. Meanwhile, we present all the possible optical loss sources
in the mirror-type optical switch. Finally, we can verify the prac-
ticability and feasibility of our architecture by the analysis and
experimental results.

II. THE ARCHITECTURE OF ARBITRARY PORT N x N
OPTICAL SWITCH

The matrix architecture of OXCs switches has the advantages
of a binary control algorithm and a strict nonblocking switching
condition, such that any input can be permutated to any output
without influencing the established permutation states. How-
ever, as the port number is increased, there are disadvantages
of the large number of the mirrors and optical path differences.
This will limit the performance and the fabrication process
of the optical switch. In this paper, we extend the use of a 2
x 2 optical switch as the basic unit and adopt the Waksman
switching network theory to form the generalized architecture
configuration.
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Fig.3. Waksman network construction. (a) Odd input type. (b) Even input type.

A. Switching Network Theory

According to the mathematical theory, the binary switching
network needs at least log,(N!) switching units to realize all
permutation states of N input and N output ports [7]. The Benes
network is constructed by binary switching units to form the
switching network. It needs N x (log, N')— N/2 switching units
to realize all permutation states. The number of switches for the
Benes network is an obvious improvement in the development
of high port number optical switches. However, the number of
input ports must be a power of 2.

The Waksman network has the minimal number of switching
units, which is less than the Benes network. In each step of
the recursive expansion, the Waksman network spares one
switching unit compared to the Benes network to construct its
network. Further works by Beauquier and Darrot[8] have shown
that an arbitrary size Waksman network allows an arbitrary
input and output counts. In this paper, we refer to the arbitrary
size of Waksman network and use two kinds of mirrors to
realize the switching architecture. First, the moveable mirrors
are the switching units of the arbitrary size Waksman network.
Second, the fixed mirrors are to restrict the signal route and
conform to the network theory.

B. The Guiding Rules of Mirrors Arrangement

The construction process of an arbitrary size Waksman net-
work architecture [8] uses the top-down method to arrange all
switching units, as shown in Fig. 3. At first, the numbers of
switching units in first stage and third stage have to conform to
the requirement of input and output numbers. Next, the second
stage can be seen as a new three stages network architecture. The
key point of the process is to break down the second stage of the
Waksman network until only a 2 x 2 switching unit is left in the
second stage. After the top-down process, we refer to the net-
work architecture and start the bottom-up process to arrange the
position of the mirrors. At first, we build up the minimal second
stage in network architecture. Next, we build up the first stage
and the third stage to accomplish a three stage. In the button-up
process, the smaller three stage architecture can be the second
stage of the larger three stage architecture. Four guiding rules
are used to help arrange the mirrors as follows:

1) We draw the architecture and signal path by the arbi-
trary size Waksman network theory. After the top-down
process, we start the bottom-up process from the two basic
switching architectures, the 3 x 3 and the 4 x 4 switches,
as shown in Fig. 4.
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Fig. 4. Arbitrary size Waksman networks architectures. (a) 3 X 3 Switch.
(b) 4 x 4 Switch.
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Fig. 5. Mirror arrangements of the two basic architectures. (a) 3 X 3 Switch.
(b) 4 x 4 Switch.

2) The large port number optical switch is constructed recur-
sively from the two basic switching architectures. Unlike
the arbitrary size Waksman network architecture using a
1 x 1 switch and a 2 x 2 switch, we use a 3 x 3 switch
and a 4 x 4 switch to be the basic switching architectures;
those are shown in Fig. 5. This is because neither a 1 x 1
nor a 2 x 2 switch network is a three-stage structure. In
the second stage of Fig. 5(a), the 1 x 1 switching unit is
a straight channel that does not need any mirror. The 2 X
2 switching unit only needs one mirror to permute the op-
tical signal. Therefore, both the 3 x 3 switch and the 4 x
4 switch are the basic odd and even architectures in our
study.

3) Comparing Figs. 4 and 5, the position of the switching unit
in Fig. 4 and the moveable mirror in Fig. 5 are in corre-
spondence. In the construction process, the fixed mirrors
are used to restrict the optical path routes to conform to the
network architecture requirement in Fig. 4. The method to
find the positions of fixed mirrors as follow: At first, we set
all moveable mirrors in reflection state. Next, we trace all
optical signals from input ports to output ports. Each input
should have a corresponding output port. If the input signal
is divergent, we will trace back the signal from nonmatch
output ports. One input signal and one output signal will
cross at a point, as shown in Fig. 5. The cross points are
the positions of fixed mirrors.

4) Using the symmetrical character of the architecture, we can
speed up the mirror arrangement process of first and third
stage. The odd architecture is symmetrical to the vertical
center line, as shown in Fig. 5(a). After the arrangement
of the second stage, we need to only arrange the input side
of the mirrors 1-3 in Fig. 6(a) and then fold these mirrors
along the vertical center line to the other side to accomplish
the mirrors 1/, 2’ and 3’. Likewise, the even architecture
is symmetrical to the horizontal center line, as shown in
Fig. 6(b). We need to arrange only half of the mirrors 1-4
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Fig. 6. Examples of two optical switches. (a) 7 X 7 Switch. (b) 8 x 8 Switch.
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Fig. 7. Flow chart of the mirror arrangement.

and then fold these mirrors to accomplish the mirrors 1/, 2/
and 3'.

The flow chart of the mirror arrangement process is shown
in Fig. 7. The four guiding rules mentioned above assist the
process to arrange the mirrors. More examples are shown in
Fig. 6. Fig. 6(a)is a7 x 7 switch architecture that comprises one
3 X 3 basic switching architecture and one 4 x 4 basic switching
architecture arranged in the second stage. Fig. 6(b)isa 8 x 8
switch architecture that comprises two 4 X 4 basic switching
architectures in the second stage. Following the flow chart and
guiding rules presented in this paper, we can successfully and
rapidly arrange arbitrary port number optical switches.

III. THE COMPARISON OF SWITCHING ARCHITECTURES

In the switching process of a traditional matrix structure, each
optical path needs only one reflection by a mirror to connect to
the designated output, but it needs a lot of mirrors to accomplish
all the required permutations. Although a multistage switching
network can reduce the number of switching unit, most of the
optical paths need more than one reflection. The number of re-
flections and the mirror quality are the key points in 2-D archi-
tecture optical switches, because the more reflections, the higher
the power loss. Hence, prior to the design of an optical switch,
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we need to take care of the character of the multistage switching
in our study, as follows:

1)

2)

The number of mirrors: According to the theory of the
Waksman network, the number of switching units for the
worst-case is shown in (1), where A = —log, x(log, €)
and N is the number of input ports.

U(N)= Nlogy N — N(2* —a) + 1. (1)

However, when the number of input ports is a power of 2,
the number of switching units is N X (logo N — N + 1).
In order to simplify the analysis process, we use a power
of 2 for the input number to analyze the feasibility in our
study. We use two kinds of mirrors, moveable mirrors and
fixed mirrors, to build up all optical channels. The number
of the moveable mirrors is the same as the number of the
switching units in the Waksman networks. The number of
the fixed mirrors is (IN/2 — 1) x log, N in our architecture.
The comparison of the mirror numbers is shown in Table 1.
The first column is the minimum number of the switching
network, which is constructed by 2 X 2 binary switches.
The N input and N output network has N! possible per-
mutation states. Therefore, it needs at least [log, N!| bi-
nary switches in the network [7]. The second column is the
number for the traditional matrix architecture, which in-
creases the mirror number dramatically as the port number
increases. The numbers of moveable mirrors and fixed mir-
rors are divided by a slash in the third and fourth column.
The third column is the number for Ma and Kuo’s archi-
tecture [4] with the Benes network. The fourth column is
the mirror number for our proposed architecture with the
Waksman network. Table I shows that the higher the input
port number, the bigger the difference in the number of mir-
rors between our architecture and the matrix architecture.
In all networks, the number of mirrors for our proposed ar-
chitecture is the most close to the theoretical value. It can
also clearly be seen that our proposed architecture needs a
smaller number of mirrors than the Ma and Kuo’s archi-
tecture.

The optical path length: In the design process of large port
number optical switches, we need to take care of the optical
path length in the proper range to meet the fabricating limi-
tations [9]. Furthermore, a good switch architecture should
minimize the propagation distance between the input and
output ports [2]. In our architecture, we assume that the
minimal length between two moveable mirrors is ¢. That is
the diagonal length of the unit block, as shown in Fig. 7.
The optical path length between any input to any output
can be expressed by

L(N,t) = [2(N — log, N) — 1]  t. 2)

According to the research that has been proposed [4], the
Benes network architecture can shorten the optical path by
about 40% compared to the traditional matrix architecture.
In our study, the distance between the second stage and
the third stage is even shorter than for the Benes networks
architecture, as shown in Figs. 1(c) and 7(b). Given N = 8
and N = 16, the path lengths for the Benes architecture are
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TABLE 1
COMPARISON OF THE NUMBER OF MIRRORS

Method

Least . Ma and
Ports Bound Matrix Kuo Proposed
4 5 16 6/4 52
8 16 64 20/14 17/9
16 45 256 56/38 49/28
32 118 1024 144/94 129/75
64 296 4096 352/222 321/186

12¢ and 28t, respectively. In our study, the path lengths are
9t and 23, respectively. The difference of the path length
is (2n — 1) x t, where n = (logy N) — 1.

3) The number of reflections: In the multistage switching
architecture, the stage number increases with the port
numbers; it is (2log, N) — 1. All optical paths have to pass
all stages in order to arrive at their designated outputs.
According to the different switching requirements, the
number of reflections of each mirror is different. In the
Benes architecture, the maximum number of reflection
is 4(logs N — 1) + 1, and the minimum number is zero.
In our architecture, the maximum number of reflection is
4(logy N — 1) — 1, and the minimum number is zero. The
maximum number difference of two architectures is 2.
However, the difference of average reflections number will
increase with the increase of port number, which results in
the increase of the mirror.

4) The complexity of control method: The multistage architec-
ture can successfully reduce the number of switches, but
there is a tradeoff between the number switches and the
complexity of the control method. The N port switching
network needs N! permutation states. In the matrix archi-
tecture, one switching unit is responsible for one speci-
fied optical path and all optical paths are independent. In
other words, each permutation state has only one specific
switching state of the mirrors. However, the switching unit
in a multistate architecture is a binary switching mecha-
nism; the result is that the optical paths are dependent. In
our study, M switching units have 2 permutation states.
When the port number is greater than 2, the number of
switching states is greater than the number of permuta-
tion states. Hence, each permutation state may have more
than one switching state of the mirrors, and the greater the
number of mirrors the more complex the mirror control
method. Therefore, the control method of the Benes net-
work is more complex than that of the Waksman network.

IV. THE ANALYSIS OF ALL POWER LOSS SOURCES

In this section, we try to analyze all possible loss sources
for the estimation of the performance in the next section. The
losses of mirror type 2-D optical switches come from three fac-
tors, namely, the optical transmission, the mirror alignment, and
the mirror reflection. The optical transmission loss is a domi-
nant factor in free-space-based optical switches. When the light
is emitted from the fiber, the Gaussian beam diverges and the
loss increases significantly. In order to overcome the beam di-
vergence, there are designs using a lens in front of the fiber
[10]-[15]. This can extend the optical path length and ensure the
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Fig. 8. Offset misalignment by the mirror thickness.

efficiency of the power coupling, but it also has the drawback of
higher costs. The combination of the fiber with the lens is called
a collimator, which can easily be purchased from the market and
has the coupling loss being lower than 0.2 dB. Hence, in this sec-
tion, we will discuss the other influences in our architecture.

A. The Loss by an Optical Misalignment

The alignment is the key to the optical switch performance.
In our study, we use collimators at input and output fiber heads.
The analysis of the collimator misalignment has widely been
discussed [16]. There are three types of misalignments causing
the coupling losses, which are the offset misalignment, the an-
gular tilt misalignment, and the separation misalignment. The
coupling efficiency could use the Gaussian field approximation
method to characterize each misalignment simultaneously [17].
The details of each loss are explained as follow:

1) The offset misalignment: The mirror-type optical switch
is influenced by the thickness of the mirror (¢1), which
causes an inevitable offset and misalignment (¢2), where
ty = \/§t1, as shown in Fig. 8. This increases the insertion
losses of the output channels during the reflection state.
The general formula of the offset loss is derived, as shown
in (3), based on the analysis in [17]. n; is the offset mis-
alignment insertion loss, A is the wavelength of the light, w
is the beam waist, n is the refractive index, z is the working
distance between a pair of collimators, and ¢ is the offset
distance.

m = 10 log(Ploss/Ptotal)
=20 x n*72(2w?) x t
/[ln 10 x N xZ%+ 7r2n24w4]. 3)

The calculation and experimental results of the lat-
eral offset of the collimator are shown in Fig. 9
(A = 1550 nm,w = 0.5 mm,n = 1 and, z = 50 mm).
It shows that the collimator has a superior feature with
respect to the lateral offset. In the design process, we take
the parameter of the mirror thickness into account.

2) The angular tilt misalignment: The collimator is sensitive
to the angular tilt misalignment, and the parallelism of the
mirrors affects the performance of 2-D optical switches.
When the mirror has an angular error of 6, this results in
26 of angular misalignment of the beam and in R x tan 26
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Fig. 11. Calculated and experimental results due to angular misalignment.

of the lateral offset, as shown in Fig. 10, where R is the dis-
tance between the mirror and the receiving port. The lateral
offset resulted from the angular tilt misalignment increases
the optical path length. The general formula of the angular
misalignment loss is derived in (4), where 7); is the angular
tilt misalignment insertion loss, A is the wavelength of the
light, w is the beam waist, n is the refractive index, z is the
working distance between a pair of collimator, and € is the
misalignment angle.

N9 = 20 x (nTw/\)?
X [(nZ[nmw?)* + 2] sin® 0
/{In10 x [(nZ/n7w?®)* + 4]} . 4)

Fig. 11 shows the comparison of the experimental
and calculated results with angular misalignment
(A =1550 nm,w = 0.5 mm,n = 1 and, z = 0 mm). In
the design process, we take the parallelism of all mirrors
into account.

3) The separation misalignment: In the free-space-based op-
tical switch, the single-mode or multimode pigtailed fiber
collimator have widely been used. This is because the col-
limator could provide a large separation distance between
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the input and the output ports. For getting the best colli-
mator coupling efficiency in the assembly process, the col-
limator must be separated by a proper distance. The sepa-
ration misalignment is a serious problem in the traditional
matrix structure because of the optical path difference in
each permutation state, as shown in Fig. 1(a). Thus, there
were studies to design a new configuration or to use an
optical component to eliminate the optical path difference
[18], [19]. In our architecture, we need only to take the
switching architecture size into account and place the col-
limators at suitable working distance. The separation mis-
alignment can be neglected by putting the input collimator
and the corresponding output collimator parallel to each
other, as shown in Fig. 7.

B. The Loss Caused by the Mirror Reflection

The reflection efficiency of the mirror determines the perfor-
mance of a mirror-type optical switch. In our architecture, the
light has a maximum number of reflections of 4(log, N —1)—1.
Hence, the loss caused by the mirror reflection will become a
major topic of the power performance in a high port number
optical switch. In this paper, we must analyze all possible loss
sources resulting from the mirrors. It could be determined by
the following four factors, which are the surface reflectivity, the
surface roughness, the proportion of the mirror diameter to the
light beam diameter, and the mirror curvature. The details are
described as follows:

1) The surface reflectivity: In order to have a high reflectivity
of the mirror, it has to be coated with a high reflectivity ma-
terial. Gold-coated and the aluminum-coated mirrors are
popular types of mirrors and reach a maximum reflectivity
of 97.5% and 97% at a film thickness of 60 and 40 nm,
respectively [20]. Thus, these two materials are usually se-
lected to coat the silicon to be the surface material of a
highly reflecting mirror.

2) The surface roughness: The mirror surface roughness
causes unavoidable losses that result from optical scat-
tering. For a gently sloped surface with a Gaussian light
distribution, the loss caused by scattered light can be
estimated by (5) [21], where « is the surface roughness, ¢
is the incidence angle, and ) is the wavelength of the light.
The roughness is in the exponential term. Therefore, we
must determine a suitable mirror fabrication process and
confirm that the roughness is satisfying the requirements
in the design process.

ploss/ptotal =1- exp [_(47I'Oé COS (p//\)z] . (5)

3) The proportion of the mirror diameter to the beam spot
size: The collimator could provide a large optical path
length. However, this yields a large beam spot size in the
transmission process. The beam spot size of the collimator
is larger than the single-mode or multimode fiber. There-
fore, we should take care that the diameter of the mirror is
large enough to reflect the total light power. The loss can be
estimated by (6), where r is the mirror diameter and w(Z) is
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TABLE II
SIMULATION CONFIGURATION AND PARAMETER

Type Parameter
Wavelength 1550 nm
Fiber SMEF-28e
Working Distance 50 mm
Beam Waist 500 pm
Lens C-Lens
Coating AR
Coupling Loss -0.2dB
Simulation POP
Optimization POPD

the beam spot size at distance Z from the outlet of the col-
limator. When the mirror diameter is v/2 times the beam
spot size, the loss is about 0.08 dB.

ploss/ptotal = €exp [—27”2/’11)(Z)2] (6)

4) Mirror curvature: In all the above-mentioned losses, we
assume that the mirror is flat. However, the curvature of
the mirror will change the fiber coupling mode and the
beam spot size and will thus decrease the coupling effi-
ciency. The fiber coupling efficiency is given in (7), where
E¢(z,y) is the function of the fiber complex amplitude,
E.,(z,y) is the function of the beam coupling into the fiber,
and E'z’ is the complex conjugate of Fz.

2
E :‘ / E¢(z,y)b,,(x,y)0xdy

/ [ / / Ep(w, 9} (2, y)0xdy -_ / / B (2, y)E;, (2,9)0xdy |-
@)

The fiber coupling efficiency E is defined as an overlap integral
between the fiber E¢(z, y) and the beam E,,(z, y). In our study,
we use the commercial software ZEMAX to calculate the cou-
pling efficiency and to simulate the curved mirror situation. The
simulation condition and parameters are listed in Table II. The
parameters of the collimator are taken from the data sheets of
market products. ZEMAX have several calculation tools for dif-
ferent simulation circumstances. In our study, the propagation
of light between two collimators is a coherent process and each
step of the wavefront coherently interferes with the other step.
Physical optics propagation (POP) is an appropriate method to
calculate the beam through the optical system surface by sur-
face in ZEMAX. Before the simulation, we have to define each
parameter of the surface, such as air, fiber, lens, and fiber. In the
simulation process, we use the optimization tool of ZEMAX,
POPD merit function, to optimize the distance between the fiber
and the lens in the collimator. The actual coupling loss of colli-
mator is our target of optimization. After we approach the target,
we change the position of the mirror and the radius of curvature
and then repeat the simulation process. The curved mirror is lo-
cated at three different positions between the input and output
fibers, as shown in Fig. 12. The total distance is 50 mm, the
first position of the mirror in front of the input fiber is 5 mm,
the second position is in the middle of the total distance, and the
third position is at 5 mm before the output fiber. The result of the
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Fig. 12. Three positions of the mirror between the collimators.

Coupling Efficiency (1)

0.91
0.89
0.87
0.85
0.83
0.81
0.79
0.77
0.75

—5mm ----25mm -- 45mm

-1.00 1.00
Radius of Curvature (m)

0.25

Fig. 13. Coupling efficiency at three positions with different curvature radius.

simulation is shown in the Fig. 13. The coupling efficiency re-
duces dramatically when the curvature radius is within £0.5 m.
A concave and convex mirror in the simulation result has the
same effect on the coupling efficiency. The mirror position in
the middle has the maximum coupling efficiency, because the
wavefront of the beam is flat and the focus point has a min-
imum spot size. Hence, the mirror in the middle has less effect
than at others positions. It is also noticed that the effect of dif-
ferent mirror positions is insignificant.

V. PERFORMANCE ANALYSES

A. The Power Loss Estimation

After the analyses of all loss sources, we need to synthesize
and estimate the performance in order to verify the expand-
ability and feasibility of the proposed arbitrary size N x N
optical switch architecture. The power loss estimation can be
divided into two main parts, which are the assembly loss and
reflection loss. The assembly loss is independent of the number
of reflections. In other words, it does not increase with the port
number. Besides, the optical alignment will depend on the pre-
cision of the alignment stage and the alignment method. There-
fore, in this paper, we ignore the assembly loss in the loss esti-
mation process. The calculation of the reflection loss combines
all losses resulting from the mirror and the maximum reflection
number of the mirrors. The design parameters of the mirror are
listed in Table III. The authors’ group has developed a thin-film
mirror that is fabricated by a simple MEMs process. The mirror
is coated by an ultrathin high reflective Au/Cr film on both sides
(the thickness is less than 1.8 pm, the reflection area is 2 mm X
2 mm, the surface roughness is 5.7 nm, and the curvature radius
is larger than 0.5 m) in order to allow a double-sided reflec-
tion. We use this parameters of the mirror in the estimation of
the power loss. The loss of the first three rows in Table III can
be calculated by (3), (5), and (6). The curvature radius is big
enough that the curvature-induced error can be ignored. Fig. 14
illustrates the comparison of the estimation of the power loss
and the Bell Communications Research (BELLCORE) [22] re-
quirement for low and high port numbers. The value of coupling

2849

TABLE III
DESIGN PARAMETERS OF THE MIRROR
Loss Source Mirror Parameter | Value
Cﬂ&‘{;’;ﬁ‘éﬁﬁfgﬁ' Thickness t,3) | 1.8um
Surface Scattered | Roughness A(5) 5.7 nm
Mirror Size Area r (6) 4 mm?
Mirror Curvature Curvature c 0.5m
Surface Material Material Au, Al Au/Cr
-11,; --- Bellcore Requirement
__~10{ - - Benes L
% :g — Estimation Value L
2 -7
S -6
on -5
£ 4
g 3
S -2
-1
0

4 8 16 32 64 128 256 5121024

Port Number

Fig. 14. Estimation of the coupling loss in this work.

loss is the addition of each estimated loss factor. The estima-
tion losses of port number in our architecture are all less than
BELLCORE requirements. Moreover, the trend in our architec-
ture is almost straight, and the slope is less than the BELLCORE
requirement, which means the higher port number, the lower
the power loss. The result of the loss estimation ignores the as-
sembly loss. The assembly loss is a constant value that is in-
dependent of the port number. In each case, we allow for the
possible assembly loss. Hence, the analysis results verify the ex-
pandability and feasibility of the arbitrary size multistage N x N
optical switch architecture in our study.

B. The Optimization Method of Optical Path Selection

The Waksman network can provide the advantage to reduce
the number of mirrors. However, it yields that one permutation
state may have more than one switching state of the mirrors. We
need to select N! permutation states with 25(") mirror switch
states, where S(N) is the total number of the mirrors and N is
the port number. It increases the complexity of the switching
rule. In our study, we use an expert system to select N! permu-
tation states in 2°5(N) mirror switching states. The result of this
selection needs to match N! permutation states of the N x N
switch system, keeps the minimum loss in redundant permu-
tation statuses and conforms to the output loss differences of
BELLCORE requirement. The difference in the power loss of
all output channels can be expressed by (8) [22], where ¢ is the
input port, and 7 and & are the output ports.

APloss = max |10 IOg(tji/tki” S 0.5 10g2 N. (8)

The expert system is a knowledge-based analysis method.
Prolog has been used to program the expert system used in our
study. The programming in our study has four parts. First, we
build up the optical path routes and the multilayer architecture,
as shown in Fig. 15. When optical input passes through each
layer to optical output, we can record the trace of the optical
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Fig. 15. Depiction of one optical path selection of a 4 X 4 optical switch.

Optlcal Path

path. Second, we describe the situation of the optical paths at
each cross point. The optical path in the node has only two pos-
sible paths to the next layer, pass or reflection. Third, we need to
define all components in the architecture. The reflection nodes
are F, the ON/OFF nodes are M, the optical inputs are /, and op-
tical outputs are O. Fig. 15 illustrates one example of the per-
mutation states. The input signal [; is reflected by the mirror
M- and the mirror F} into the output O3. Similarly, all the op-
tical paths can be derived, and we can verify whether all the
permutation states have been archived. Finally, we set the score
to all optical paths. Appling the loss value to each node, we can
record the total losses of the optical path. According to the ex-
pert system in our study, we not only can conform to the require-
ment of output loss differences but also rule out the redundant
permutation states. Therefore, we can build up a lookup table in
order to reduce the control complexity.

VI. CONCLUSION

The architecture of arbitrary size multistage N x N optical
switches has been developed in this paper. By adopting the
arbitrary Waksman network, we need a minimum number of
switching mechanisms compared to other 2-D switching archi-
tectures. The presented architecture is better than the Benes
architecture in terms of four indicators, namely, the number
of mirrors, the optical path length, the number of reflections,
and the complexity of control method. To realize the mirror
arrangement, we have developed four guiding rules to help
to arrange the mirrors. We have also theoretically analyzed
and measured all the loss sources to verify the expandability
and the feasibility of this architecture. The results show that it
can conform to the coupling loss requirements for a low port
number as well as a high port number. By an expert system,
we can rule out the redundant permutation states and build up
a lookup table in order to reduce the control complexity. This
architecture can develop not only mirror-type optical switches
but also any optical switch that uses binary switches as basic
switching unit.
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