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Abstract—Next-generation wavelength routing optical net- architecture of this kind of a switch. The biggest single block of
works requiring optical cross connects (OXC) in the network 2.p MEMS switches reported so far is a 832 switch [17].

have the ability to direct optical signals from any input interface : . : . . L
to suitable output interfaces by configuring their internal em- By itself, without applying any multistage techniques, this size

bedded optical switch matrices. Microelectromechanical systems IS Not enough for th? next-geperation optical network, which is
(MEMS) switches are regarded as the most promising technology expected to transmit and switch hundreds, or even thousands,
to achieve such functionality. We consider the construction of a of wavelengths per OXC. Even if larger scale MEMS switch

multistage MEMS switch network with single two-dimensional
(2-D) MEMS switch blocks. A power loss model is developed blocks (e.g., 51% 512 or more) are produced, other factors

that calls on a single MEMS block that is then used to develop k€ high insertion loss and large insertion loss difference
the model for a three-stage Clos network. An effective model between calls will limit its practicability [18]. Constructing a
fé)r mozliXithrJ\m |0fr51 differencle between fiﬁ”S is also tdevelotl?etll-Iarge—scale MEMS switch in a multistage fashion seems to be
ased on these, the pa| ; : ;
[Max 4 Min gree ds (ﬁ&gi’ocgrgg?essese g rg)‘zgﬁé‘é‘g%?ﬂr‘efg‘nz‘igﬁhe most feasible way of using this technology to construct a
shuffle 1 (C-EGS-1), and compressed extended generalized shufflel@/€ Switching matrix. The small-scale switch blocks can be
2 (C-EGS-2)] to connect outlet ports and inlet ports between interconnected with fibers in the way of either fiber connector
two neighboring stages in a three-stage Clos network. These or fiber splicing. We focus on the design issues involved in
connection patterns are proved to be optimal and efficient enough g,ch g multistage switch and its performance parameters on
to reach the minimums of both the maximum power loss of calls . .
and the maximum loss difference between calls. the maximum power loss of calls and the maximum power loss
) ) difference between calls. Note that other performance param-
g Index Terms—Clos network, connection pattern, maximum l0Ss s |ike crosstalk and reflection loss may also be considered
ifference between calls, maximum power loss of calls, microelec- ) ;
tromechanical system (MEMS), optical cross connect (OXC). for the multistage MEMS switches. For these parameters, the
performance of a single MEMS switch block is generally very
good. (For example, a commercially availablexi86 MEMS
switch has a typical crosstalk smaller tharb0 dB, and a
PTICAL switch is a crucial component for the next gentypical reflection loss greater than 50 dB.) We may, therefore,
eration wavelength routing optical networks to achieveormally ignore these effects, even for a multistage MEMS
the functionalities of establishing, modifying, and releasingwitch architecture.
lightpath services on demand [1]-[3]. The currently available The three-stage Clos network is found to be an effective and
and researched technologies for this are micromechaniefficient architecture to build a large-scale switch [19], [20]. In
system (MEMS) switches [4]-[6], bubble-jet switches [7]-[9]this paper, we have selected this approach to construct multi-
liquid—crystal switches [10], [11], mechanical optical switchestage MEMS switches. To reduce the maximum power loss of
thermooptical switches [12], [13], and acoustooptical switch€glls and the maximum loss difference between calls, we also
[14], [15]. Among them, MEMS switches, bubble-jet switchegropose optimal connection patterns to connect the outlet ports
and liquid—crystal switches are now regarded as the ma@std the inlet ports between the neighboring switch stages for the
promising candidates for implementation [7]. Clos network. These connection patterns are found to be effec-
Based on their structure and operation, MEMS switches mtiye enough to minimize both the maximum power loss of calls
be further divided [16] into two-dimensional (2-D) MEMSand the maximum loss difference between calls.
switches and three-dimensional (3-D) MEMS switches. A The restofthe paper is organized as follows. In Section II, we
2-D switch has a crossbar structure, and this technology Hgscribe the operation and working principle of a 2-D MEMS
the advantages of simpler fabrication, easier controllabilitgptical switch and introduce the three-stage Clos switch net-
and a more mature technology. In this paper, we look into théork. In Section Ill, we develop a model to approximately eval-
uate the insertion loss of calls in a MEMS optical switch. Three
efficient connection patterns used to connect the outlet ports and
Manuscript received 20 March, 2001; revised 30 October, 2001. the inlet ports between the neighboring stages of the Clos switch
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. W experimental and analysis results of [18], which shows that the
{:) - *.'._ loss is almost linearly increasing with propagation distance.
outler 2 R ™, oo We develop the loss model for a single MEMS switch block.
port o Aing For ann x m block with n inlet ports andm outlet ports, we

| : T 3: O tying use the following notations:
7_T ‘ o i index of theith inlet port,0 < i < n — 1;
[i] 1

J index of thejth outlet port0 < j < m — 1;

. p_'.ﬂ d free-space distance between two neighboring mirrors,
as shown in Fig. 1;
Fig. 1. 4x 4 nonblocking in strict sense MEMS optical switch. A free-space distance between an inlet (outlet) port and

its neighboring mirror, as shown in Fig. 1;
K reflection loss of a micromirror;

e i—'—' o e « loss coefficient due to the free-space distance;
L, o8 L s s [0 O ¢ connection loss between a fiber and a MEMS switch.
fo’f \ 3 As shown in Fig. 1, the total loss of signal in a call tran-
i f.f " e P siting the switch block consists of the loss due to the free-space
e “li =& o distance between the inlet port and the outlet port, one mirror
i ] c— reflection loss, and fiber connection loss. Given that a call is

Fio.2. Th 1age Cl ootk m. switched from theth inlet port to thejth outlet port, we can
'g. 2. Three-stage Clos netwotkm, n. ). express the total loss in decibels as follows:
[I. 2-D MEMS OPTICAL SWITCH AND THREE-STAGE CLOS Ls(i,5) = (i + j)da + 2Aa + k + 2¢. Q)
NETWORK

Fig. 1 illustrates a typical 4 4 2-D MEMS switch with four
inlet ports, four outlet ports, and a total of 16 controllable mg" Three-Stage Clos Network
cromirrors. By making the mirrorstand upor lie down the  LetI}' representageneric inlet port of théh matrix (MEMS
light from any inlet port may be switched to any desired outléwitch block) at theth stage, an@ represent a generic outlet
port. For example, to switch the light from inlet port 3 to outleport of thel;th matrix at theith stage. For a three-stage Clos
port 3, the mirror at (3,3) is set ttand upto reflect the light networkv(m,n,r), we can show that:
while all of the other micromirrors in the third row and the third a) at the first stages, < I; < », 0 < I'* < n—1, and

column must be set tile down Switches may be divided into 0< Oll1 <m-—1;
three classes based on their call blocking characteristics, i.e) at the second stage,< I, < m, 0 < Iéz <r—1,and
nonblocking in strict sense, nonblocking in wide seaselre- 0< 0122 <7r—-1;
arrangeable nonblockinf.9], [20]. The 2-D MEMS switchhas  ¢) at the third stagel < I3 < r, 0 < I¥ < m — 1, and
a crossbar architecture, so itienblocking in the strict sense 0< Off <n-—1.

The three-stage Clos networkm, n,r) is shown in Fig. 2, The total power loss of the call in a three-stage Clos network
which may be used to achieve all of the above-mentioned thrgghe sum of the losses in each of the blocks. In a Clos network,
kinds of switch call blocking characteristics. The following rethe connection pattern between inlet ports and outlet ports of
sults hold. two neighboring stages can be arbitrary as long as the condition

1) Athree-stage Clos networkignblocking in strict sense of full connection[20] is satisfied (i.e., each matrix at thth

if and only if m > 2n — 1 and if all of the subswitches stage is always connected to each matrix at(the 1)th stage

are alsanonblocking in strict sense by a single link). Therefore, the connection pattern is, in fact, a
2) Athree-stage Clos network is rearrangeable nonblockifignction of the outlet port index at thiéh stage versus the inlet

if and only if m > n. The subswitches may, however, bgort index at the: + 1)th stage. Given the connection pattern

either nonblocking in strict sense marrangeable non- we define this function ag" = f, Q(Oi) and have the loss
blocking model for a three-stage Clos network as follows:
IIl. M ODELS OFINSERTIONLOSS Lo (I{l L0 Ik Ok Tl Of)f)
A. Single MEMS Switch Block =L, (1{1 7 Oil . (0111) 701227170])2 (0122) 7Oé3>

The loss in a single MEMS switch block consists of four com- l I I I I s
ponents [18]: loss due to Gaussian-beam divergence; loss dué” [Il +O! + /e (Ol ) + 07 + fpe (02 ) +03 } dov
to angular misalignment; loss due to air absorption; and mirror  + 6A« + 3k + 6¢. (2)
reflection loss. The first three losses are directly related to the
free-space distance between the inlet port and the outlet port &tete, p; is the connection pattern existing between the first
we will combine them together in a generic term callesk due stage and the second stage ands the connection pattern ex-
to free-space distancé&his approximation is supported by thdsting between the second stage and the third stage.
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1) Maximum Power Loss of CallsFor a Clos network  2) Maximum Loss Difference Between Callske the max-
v(m,n,r) with the connection patternrs andp., we can use imum power loss of calls, the maximum loss difference between

(2) to obtain the maximum power loss of calls as calls would also be an important parameter in optical communi-
cations. To compute it, we first define an opera¥ge), which
M, (p1, p2) :maxl{ [I{l + 0% + £, (Olll) + Ok gives the difference between the maximum value and the min-
imum value of a function. The detailed definition and properties
+fp (0122) + Oéf} do of this operator are provided in Appendix A.
Based on the operat8f{e}, the maximum loss difference be-
+ 6Aa+ 3k + 6c} tween calls in a Clos network(m, n, r) is computed as shown

in (5) at the bottom of the page. Here
= [Zn — 24+ max; { oh + I (Oil)}

+max; {0;2 e (0’;)}] dov
+ 6Aa + 3k + 6¢ 3)

min; {e} = min{o

(OSI{I,OQS <n-1

0< I8, 0 <m—1

o 0<IZ 0 <r—1
wheremax; {e} is defined as
1<h,l3<r1<< m)}

max;{e} :max{o (O < I{I,Oéf <n-—1

- ! !
0< 1,0 <m—1; Note that min{m — 1,r — 1} < [Of—i—fm (Oll),

0< 12 0% <r—1: 0%+, (0122 < max{m — 1,7 — 1} for any connec-
tion patterng; andp,. With (5), therefore, we have tHewer
1<hls<r1 < < m) } boundof the maximum loss difference between calls as

In optical communications, it would be important to miniPm (P1,p2) = 2da{n +max{m — 1,7 — 1}
mize the maximum power loss of the calls switched by an optical —min{m — 1,7 — 1} —1}. (6)
switch. Therefore, we need to find the best connection patterns
p1 andp», which can minimize the maximum power loss of the
calls. In a Clos networki(m, n, ), there ardm!)" (1) con-
nection patterns between two neighboring stages, in which edshExtended Generalized Shuffle (EGS) Connection Pattern
switch in the first stage is connected exactly once to each switchn a three-stage Clos network, a specific type of connection
in the second stage. There are a totabof)*"(r!)*™ such pos- pattern, referred to asxtended generalized shufEGS), is
sible connection patterns for the whole network. Searching &ten used to connect two neighboring switch stages. This re-
haustively for the optimal patterns would be very difficult evequires that the connections between the outlets at one stage and
for reasonably small values of, », andr. Instead, trying some the inlets at the next stage comply with the following relation-
efficient heuristic patterns may be a more effective option. hip [20]:
evaluate the relative merits of the proposed heuristic patterns, it
would be useful to know at least th@wer boundon the max-
imum power loss of calls for all the connection patterns. As an example, Fig. 3 illustrates a three-stage Clos network
In (3), the maximum values O'Di1 + fo (O?) and w(4,4,3) based on the EGS interconnection pattern. In the
eneric case, we can infer by induction that for a three-stage
los networku(m, n,r) with the EGS connection pattern, the
route with the maximum loss is given by

IV. CONNECTION PATTERNS

ligr = OY 4+ Landl}} = 1; — 1. @)

?

0122 + [ (Ol;) are determined by the connection patter
used. However, for any connection pattepaandp,, we have
Jroil + pu (O11) 08 + £y, (0 )] = maxtm — 1,7 - 11,

T o T _ mo__ ..
herefore, thdower boundon the maximum power loss of Iy =n-1 O _@ 1 13 N r—1
calls will be y =r—1 I =m-—1q t=n—1
M, (p1,p2) > 2[n +max{m — 1,r — 1} — 1] d« and that the maximum call power loss (along this route) is

+6Aa+3k+6¢c. (4) M, (p1,p2,EGS = 2(m+n+r—3)da+6Aa+3k+6¢. (8)

Do) =5 (2 (18081, (01,05 1, (08 0%))
—da {2n 24V <0§1 + fon (0’;)> v <0§2 + fn, (0@2)>}
2n — 24 max; {Oil + I (Oil)} — ming {Oil + I (Oil)}

= + max; {Oéz + I (0122)} — miny {0122 + I (0122)}

®)
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Fig. 3. A three-stage Clos network(4,4,3) with EGS interconnection
pattern.

The route with the minimum loss iflf =0, Of = 0,1} =
0,03 = 0,13 = 0,0} = 0) and the minimum call power loss
is 6Aa + 3k + 6¢. The maximum call loss difference is then

Dy (p1,p2, EGS = 2(m +n 47 — 3)da. (9)

Obviously, the EGS connection pattern is not an optimal one
in terms of maximum power loss of calls and maximum loss
difference between calls [see (4), (6), (8), and (9)].

B. Max + Min Greedy (MMG) Connection Pattern

Intuitively, to reduce the maximum power loss of calls and
the maximum loss difference between calls, we can connect the
outlet ports with small indexes at one stage to the inlet ports with
large indexes for the next stage. We call such types of connection
patterns adlax+Min greedy(MMG) pattern. For example, we
have illustrated this connection pattern in a step-by-step fashion
in Fig. 4(a)—(d). Here, the dotted lines represent newly added
connections and the solid lines represent those already added.

From this example, we can infer by induction the relationship
between the outlet ports and the inlet ports at the two neigh-
boring stages. The connection between the first stage and the
second stage is given by

Ol el if Oltrily

1 r m ? m = lnt
I — I I ) (10)
2 r—1— {%J . otherwise
! .
m, if % = int
12 = i1 .
Olr+1, —m {%J , otherwise.
(11)

The connection between the second stage and the third stage
given by

Olzrn—l—lz . Olzrn—l—lz
. m— %7 if 2,7
133 = Olzrn-f—lz .
m—1—|—=2-——1, otherwise
r if OFmtly
? N
I3 =

012 ] )
Om +1y—r {%J”J , otherwise.

(13) stages.
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Fig. 4. An example of MMG connection pattern.

181

R Clos network requires the interconnection between two
neighboring stages to bally connectedWe can show that, in
order to support full connectivity in a Clos network based on

=int the MMG pattern, the number of matrices in the neighboring

(12) stages must not share a common factor. This will now be for-

mally stated as a theorem.

_ Theorem 1: The MMG connection pattern guarantees full

7 = Int connection between the two neighboring stages if and only if

andr;; do not share a common factor, wheteandr; ., are

the respective numbers of the matrices at:theand(: 4+ 1)th
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two connections existing at the same time between two matrices
each at the two neighboring stages. Some technique other than
MMG is required to handle this situation. This may be further

subdivided into two cases, first, when the number in one stage is

b Fb R FRFP R R

bebddbb et pisbddob blebdd o

a multiple of the other, and second, when they are not multiples
of each other but share a common factor.

1) C-EGS-1: Multiple Relationship Between the Numbers
of the Matrices at the Two Stage€onsider two neighboring
stages withr; andry matrices, respectively, wherg = kry,

(k > 1) n (k = int). (Note that for the case wherg is a
multiple of r», we can interchange the positions of the two
stages and continue as shown here.) We give a proposed optimal

connection pattern for this case using three steps. These steps

Fig. 5. The connection between neighboring stages based on MMG patte

Are illustrated using the example of Fig. 6. Fig. 6(a) shows the

initial connection state between the two neighboring stages

We replace the termg,, (O ) and f,,, (0% ) in the max-

imum power loss of (3) with (10) and (12). We get that for th
following four cases:

i) (Ohr+1)/m#intand(Ofm +1y) /r # int;
i) (Or+1)/m=intand(O%m +1y) /r # int;
iy (OYr+1,) /m #int and(O%m 41y ) /r = int;
iv) (Or+1,) /m=intand(O%m +12) /r = int;

M (p1,p2, MMG) = 2[n + max{m — 1,7 — 1} — 1] d
+6Aa + 3k + 6c, m#"r.

This is thelower bound of maximum power loss of caltere,

based on the EGS connection pattern. The first stage;has3
6 x 6 matrices, whereas the second stagehas= 6 3x 3
fhatrices (multiple= £ = 2).
The three steps of the proposed procedure are as follows.
Step 1) For each matrix at the first stage, we combirfe

the examplef = 2) neighboring outlet ports to-
gether into one outlet port. We call thiscambined
outlet port(although it still hask real ports). Thus,
the originalr, x 72 (i.€., 6x 6) matrix changes into a
r1 xr1 (i.e., 3x 3) matrix. For matrices at the second
stage, we combing(= 2) 71 x 1 neighboring ma-
trices together into one matrix (this matrix consists
of k real matrices), which we call @@mbined ma-
trix. Based on these combinations, the network is
now compressed into a symmetric matrix, as shown
in Fig. 6(b).

m cannot be equal te because they do not share any common Step 2) Based on the network obtained in Step 1), modify

factor.

Similarly, for the maximum loss difference between calls
with the MMG connection pattern, we replace the terms
o gO? andf,, (o;;) in (4) with (10) and (12), and get the
result for the cases (i)—(iv) as

D, (p1,p2, MMG) = 2da{n +max{m —1,r — 1}

—min{m —1,r — 1} — 1}, m#r.

This is thelower bound of maximum loss difference between
calls.

Therefore, we can conclude that MMG pattern is an optimal
pattern because it can guarantee the Clos network to simulta-
neously achieve the lower bounds on both the maximum power
loss of calls and the maximum loss difference between calls.

C. Compressed EGS (C-EGS) Connection Pattern

The MMG pattern cannot be used when the numbers of ma-
trices of two neighboring stages do share a common factor, be-
cause then one cannot satisfy the requiremefitibfonnection
in the Clos network. An example of this is shown in Fig. 5 for
two stages connected in the MMG pattern, where the first and
second stages have four and six matrices, respectively (with a
common factor of two). We can observe that the connection be-
tween the two stages is nof@l connection because there are

the indexes of the outlet ports at the first stage
and the inlet ports at the second stage. Assume
(00701,...707,1_1 = 0,1,...,71 — 1) is the
initial index sequence of the outlet port of each
matrix at the first stage [e.g., the sequence (0, 1,
2), as shown in Fig. 6(b)]. We implement various
left-circulating shift operations on these index
sequences as follows. For the first matrix, its index
sequence is kept same as its initial format. For the
second matrix, we left circulate its sequence by
one index, e.g., the new sequence is (1, 2, 0), as
shown in Fig. 6(c). In the general case, for théh
matrix, we left circulate the sequence by — 1
indexes, starting from the initial index sequence,
e.g., the new sequence is (2, 0, 1), as shown in
Fig. 6(c). Similar operation is implemented for
the matrices in the second stage. Assuming that
(Io, I1,.... 1., —1 = 0,1,...,7 — 1) is the initial
index sequence of the inlet port of each matrix at
the second stage [e.g., the sequence (0, 1, 2), as
shown in Fig. 6(b)], we implement the following
operations. For the first matrix, we reverse its index
sequence [e.g., the sequence changes to (2, 1, 0), as
shown in Fig. 6(c)]. For the second matrix, based
on the reversed sequence, we left circulate it by one
index [e.g., it now changes into the sequence (1, O,
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with the combined portn the compressed network.
The final extended real connections for the example
are shown in Fig. 6(d).

Because the connection pattern of the compressed
network with thecombined portand thecombined
matricesis the EGS pattern, this network isfall
connectiometwork. In addition, the number of real
ports in eaclcombined poris the same as that of
real matrices in its correspondicgmbined matrix
which requires that only one real port connects to a
real matrix. Therefore, the new connection pattern
C-EGS-1 is dull connectionpattern.

O5wm0 0 0 We obtained our final connection pattern based on the EGS
jggﬁz ; ; (1.2) % pattern by various rotation and reversing operations. Therefore,
o — o o ; the mathematical relationship for the proposed pattern can also
122:§§$§:3¢ 1 (3,4) N be derived from that of EGS pattern. Starting from (7), we infer
Zusust2 2 2 by induction the relationship of the connections for the com-
Ireien 0 10 pressed network, whose notations are marked with the prime
e 7| 587 bol ("), as follows:
2l 0s)2 2 [z symbol(’), as follows:

() , ey

, _Joi-ti+e if Of > 1 —1 1

O 10 i+1 v PR (14)
Jie 125 ri=U+0;+2, ifOf <l -1
2. 12 IR
o5 0 Iﬁ*f— i — U —G+1 O >0 -1 (15)
1 - . 4
2@ @4 ' 2l — U —U+1, ifOF <l—1.
0 0
ﬁ (5.6) As described earlier, each real outlet port in eacmbined

portis connected to one of real matrices in toenbined matrix
which is connected with theombined porin the compressed
network. We describe these connections in mathematical format
as follows.

The real outlet ports at the first afje, whose indexes are
within the set

ol e [ko k(0 +1) -1 (16)

are arbitrarily connected to the inlet ports, whose index is

; L
I =1 (17)
@
Fig. 6. An example of C-EGS-1 connection pattern. on the matrices, whose indexes are within the set
2), as shown in Fig. 6(c)]. In general, for theth I I !
: ! g€ ; : = D) b+ 1,k 18
matrix, we left circulate the initial reversed index 1 € [(lipn =Dk 1] (18)

sequence by, — 1 indexes [e.g., the new sequence

changes into (0, 2, 1) as shown in Fig. 6(c)]. Not@t the second stage

that during this operation, the connection links Here, the notations without prime symk6) are used to de-

between two neighboring stages are kept the saiete the terms corresponding to the real ports and matrices, and

at all times. k is the multiple between the numbers gf matrices at the two
Step 3) Based on Step 2), we extend (uncompres©dime neighboring stages, i.6k,= r;1/7; andOﬁf e [0,r;, —1].

bined portsand thecombined matriceso as to find ~ 2) Maximum Power Loss of Calls and the Maximum Loss

the real connection pattern between two neighborirgifference Between CallsFor a Clos network, given that the

stages without the compression. We connect eanbimber of matrices at the second stagés a multiple of that

real outlet port in eachombined porto one of real of matrices at the first or the third stage andrs, (1 = r3);

matrices in theombined matrixwhich is connected we connect any two neighboring stages based on the C-EGS-1
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connection pattern. For the maximum power loss of calls, we

[¢]
have ifep o .
4,5) (4,5 i
>
M, (p1,p2,C-EGS-1) = (2n—2)da+max; {Oil +Iéz} %ggg ©A 3
2|as) Ei:g 1
+max; {0122 —i—I:l,f } +6Aa+3Kx+6¢. o , Pa
e #
. 25 (s %
q i+1 — . —
Based on (14) and (15), we g@i +L =l -l=ri-1= 26T <
r; — 1. 2]@3) 23
) v £{(4,5) (4,5
We then select the maximum val@®: = k(O +1) — 1
from the set given by (16), and further have that (a)
max; {0111 + Igz} = max; {z;é +k (0’1'1 + 1) - 1} ; %
7 ’ 7 1
= max; {Iif +OI 4 (k—1) (0111 + 1)} A
I7’1—1+<T—2—1>7‘1 27‘2—1. % 2 3
T1
Here % 3 4 %_
_ PN A . 5 %
maxs{e} =maxqel|0< O O, 12,17 <r —1; 4
6

1< < ﬁ)}.
(b)

Similarly, we also have thatax; {0122 +I§3} = 7y — 1. Fig.7. Anexample of C-EGS-2 connection pattern.
Therefore, the maximum power loss of calls is

M, (p1,p2, C-EGS-1) = 2(n + ry — 2)da where the numbers of matrices in the two neighboring stages
+6Aq + 35+ 60, (19) share a common factor, but one is not a multiple of the other.
’ Assume there arg, matrices in the first stage, amd matrices
This is equal to theower bound of maximum power loss of callsIn the second stagg. Assume thals greater. tham,, and that
. : th?y have the maximum common facfgrwhich we denote as
For the maximum loss difference between calls, we can sele
r1,72). We compress the network by the fackorfter com-

. s C
any outlet po_rt_mdex_from the _set of (16), and putitin (5). If Wepression, we get a hetwork where the number of matrices at each
select the minimum inlet port index, then

stage do not share a common factor. Therefore, for the com-
pressed network, we may apply the MMG connection pattern to

D (p1,p2, C-EGS-] connect the ports at the two neighboring stages. The connection

— da{2n —24V <_réé + Ol 4 (k- 1)0114> pattern developed based on this is referred to as the C-EGS-2
connection pattern.
v <_,:l)’3 + 0122 (k- 1)0122> 2k — 1)} In Elg. 7, we con5|dgran example.l!lustrat|ng the stepsin con-
structing this connection pattern. Initially, assume that there are
=2dan+ry—r1 —1]. (20) two stages: the first stage has foux ® matrices, and the second

stage has six % 4 matrices. Hereg(4,6) = 2 and, therefore,

This is equal to thdower bound of maximum loss differencdéwo real outlet ports and two real matrices will forrs@mbined
between callsin eachcombined outlet portthere can be a dif- portand acombined matrixrespectively. The MMG connection
ference up tdk — 1) in the indexes of its real outlet ports, sapattern is applied to the compressed network. Fig. 7(a) shows
to calculate the maximum loss difference, we need to add tlifee compressed network with the MMG connection pattern. Fi-
value in the equation. nally, based on the connections in the compressed network, we

For the case that the number of matrices at the first and texétend them back to the connections between those real ports.
third stages are both a multiple of that of the matrices at tiég. 7(b) shows the result after this final step.
second stage, we can use the same connection pattern to g&he compressed connection pattern shown in Fig. 7(a) is a
the same results as those in (19) and (20). Therefore, we ¢alhconnectionpattern because it is connected based on MMG
conclude, in general, that the C-EGS-1 connection pattern isgattern. In addition, the number of real outlet ports in ezmh-
optimal one. bined outlet portk, is equal to that of real matrices in eamim-

3) C-EGS-2: Common Factor Only Between the Numbebpied matrix so each real outlet port is connected to a different
of the Matrices at the Two Staged§Ve now consider the casereal matrix. Based on these, we can, therefore, conclude that the
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TABLE |
PERFORMANCERESULTS FOR THETHREE-STAGE CLOS NETWORK v(m, n,7), ¢ = 6Aa + 3k + 6¢

. C-EGS-1 C-EGS-2
Smgtlcr?(ssbar EGS MMG (m=kr or [c(m,r)=k, but
oc r=km) k#m or 1)]
Low bound of th
ow bound of the 2[n+maxim-1Lr-1}-1lda+o
Low bound of the A
maximum loss 2dedn +max{m —1,r -1} - min{m —1,7 - 1}-1}
difference

2(nr-N)da+ | 2(m+n+r

Maximum loss Low bound of the maximum loss

2Aha+x+2c | =3)da+o

) 2(m+n+
Ma)flmum loss 2(nr _ 1) do ( Low bound of the maximum loss difference
difference r - 3) doa
Total number of 2.2
) umd n’r mr(2n+r)

C-EGS-2 connection pattern can also guarantee the requiremetdsing these, we get
of full connectionin a Clos network.
We use the notation marked with the symi§Ql to denote My (p1;p2, C-EGS-3 = 2(n + 2 — 2)dav
the combined port@andcombined matricesNe can then write +6Aa+ 3k 4+ 6¢ (23)
the general expressions of the MMG connection pattern for the

compressed network, as shown in (21) and (22). as thelower bo_und of maximum power loss of calls
. v v For the maximum loss difference between calls, we also can
o Oilritl if OriAl select any outlet port index from the set (16) and put it in (5).
7 ~ 9 ~ - . .. . .
ﬂj:f - it v it (21) Selecting the minimum inlet port index, we can then get
rh—1— {Oif#l”’J , otherwise.
L it+1

4

p Dnl(p17p27 C-EGS-Z:da{Zn —2+V <I£’2 T kO:lL; >
. O ri4l -
if =T —int ; :
p L (22) +V <Ié3 + ]CO;2> + Z(k' — 1)}
Ol 15— vl {Oii#%J otherwise.

!

Tig1s
., =
i+l —

L it+1 :2da [7’L —|— To —T1 — 1] (24)

Note that, herey; = r; andri,, = riy1/k. After extending 45 thdower bound of maximum loss difference between calls
the connections, we can describe the connections in mathematl’herefore based on (23) and (24), we conclude that the con-

ical format for the real network in the same fashion as that HEction pattern C-EGS-2 is also an optimal pattern in terms of

C-EGS-1 [see (16)—(18)]. _ the maximum loss of calls and the maximum loss difference be-
4) Maximum Power Loss of Calls and the Maximum Lo§§een calls.

Difference Between CallsConsider a Clos network where the
number of matrices at the second stage.i&ind the numbers
at each of the first and the third stages ar@andrs (r1 = r3),
wherer, is assumed to be greater than(or r3). We assume, We apply the proposed connection patterns to the Clos net-
further, that between, andr; (or r3), there is the maximum Work v(m, n,r) and the corresponding performance results are
common factore(ry, 72) = c(r2,73) = k, but thatr is not a listed in Table | for purposes of comparison.

multiple of ; (or r3). We connect any two neighboring stages From Table I, we can find that compared to a single block

based on the C-EGS-2 connection pattern. For the maximdfMS switch of the same scale, a three-stage Clos network has
power loss of calls, we have that the advantages of lower maximum power loss of calls and lower

maximum loss difference between calls, and needs fewer mi-

My, (p1, p2, C-EGS-2 =(2n—2)da+max; {Olf +I§2} cromirrors to construct the switch. We also observe that a Clos
b 1l network based on an EGS connection pattern does not have an

Fmax {OQ +y } optimal performance. This is true even though the EGS connec-

+6Aa+3k+6¢. tion pattern has been widely employed to connect two neigh-

boring stages in traditional Clos networks. Our proposed new
, , connection patterns show very good performances in terms of

maxg {O_{1 + Iéz} = maxz {Iéz +k (Olf + 1) - 1} both the maximum power loss of calls and the maximum loss
difference between calls because these are both small enough

to reach their respectidewer boundsMoreover, the proposed
Similarly, we also have thahax, {0122 + I:{;S} =ry— 1L connection patterns are versatile enough to deal with all kinds of

V. PERFORMANCERESULTS AND DISCUSSION

Using (21), we can get that

=72 — 1.
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Clos network cases. These include wherand+ do not share the minimumé ( N/2 — 1) da + o. Therefore, in the whole
a common factor, whem andr share a common factor but one

. . . set of permutationgn, ), it is found that whem = /N/2
is not the multiple of the other, and whenandr are a multiple (i.e..7 = /ZN), the minimum of the maximum power loss of
of each other (i.em = kr orr = km). T 4 P

calls is about ( /N/2 — 1) do+ 0.

A. Rearrangeable Nonblocking Netwdrk = n) Finally, on the maximum loss difference between calls,
we find that for a rearrangeable nonblocking Clos network

Consider the micromirror requirement of @n x N rear- ) .

rangeable nonblocking Clos nec'gwork of the type where the fildfth 27 — 1 = 7 (ile.n = y N/2), the lower bound on
and the last stages have— \/]T/2 and the second stage haé e maximum loss difference bgtV\_/een calls |s_th_e minimum,
= v/2N. The proposed optimal networks requitd’v/2V 2 (\/_ N/2 — 1) da_. Note that this is actually smﬂar to the
micromirrorst which would be much smaller than thé? re- Maximum loss difference between calls of a singlex n

quired by a crossbar MEMS block whéviis large (e.g.,v > MEMS switch block. .
8). From this, we conclude that to construct Ahx N strictly

On the maximum power loss of calls, note that when r, nonblocking Clos switch, a three-stage Clos network with
the lower bound on the maximum power loss of calls in a Clog2N /N/2 x (V 2N — 1) MEMS blocks at the first and

network is4(n — 1)da + o. Similarly, whenn < r, the lower the third stages, an¢/2N — 1 V2N x v2N MEMS blocks
bound on the maximum power loss has the minimum Valugt the second stage, should be used. This would show the
4 (/N —1)da+ o whenn = r = +/N. We can, therefore, best performance in the terms of both the maximum power
conclude that the minimum of the low bound of the maximur®ss of calls and the maximum loss difference between calls
power loss for anV x NN rearrangeable nonblocking Clos netin the whole set of permutations:,r). Moreover, the total
work is4 (VN — 1) do + o whenn = r = V/N. number of micromirrors required by this kind of network is

3/2 ioh i
Finally, on the maximum loss difference between calls, Wh/2ZN?/2 — 4N, which is equal to the lower bound on the

find that for a rearrangeable nonblocking Clos network Wh%ﬁ;nsbsev(/ighmirrors required by a strictly nonblocking x N

n = r, the lower bound of the maximum loss difference be h develooed ab he | del q imal
tween calls becomes the minimufpn — 1)da. Thisis actually e have developed above the loss models and optimal
connection patterns for a MEMS-based Clos switch network. It

equal to the maximum loss difference between calls of am i ; e
single MEMS switch block. This means that with the proposéﬂ]ou'd be noted that, with minor modifications, these models

optimal connection patterns, a rearrangeable nonblocking CRJ&! connection patterns are general enough to be applied even

network can have the same loss difference between calls as fRaf® Pubble-jet switch [10] or to other power loss related

of a single MEMS switch block, which is used to construct theVtches.
Clos network, although the Clos networksior » times larger
in scale than the single block switch.

From this, we can conclude that in order to construciar We have considered the construction of a multistage MEMS
N rearrangeable nonblocking Clos switch, a three-stage Cksitch network with single MEMS switch blocks. A power loss
network withv/N v/N x v/ N MEMS blocks at each stage maymodel has been developed for calls on a single MEMS block that
be used. This will have the best performance in terms of both thas then been used to develop the model for a three-stage Clos
maximum power loss of calls and the maximum loss differenegtwork. An appropriate model for the maximum loss difference
between calls over the whole set of permutatiéns-). More- between calls has also been proposed. The paper also proposes
over, the total number of micromirrors required by this kind ahree connection patterns (MMG, C-EGS-1, and C-EGS-2) to
network is3N+/N, which is very close to the lower bound onconnect outlet ports and inlet ports between two neighboring
the number of mirrors required by a rearrangeable nonblockisgages in a three-stage Clos network. These connection patterns
N x N Clos switch (i.e.2v2NV/N = 2.828N/N). are proved to be optimal and efficient enough to reach the min-

imums of both the maximum power loss of calls and the max-
B. Strictly Nonblocking Networln = 2n — 1) imum loss difference between calls.

An N x N strictly nonblocking Clos network where the scale
of the block8is n = /N/2 requires a minimum total number APPENDIX
of micromirrors equal taly2N®/? — 4N. For largeN, this iS  Definition: For ¥ g(z1,s,...,2,) with the variables
much smaller thav?, which would be required by a crosshar,, ., . 4., defineV(e) as

VI. CONCLUSION

MEMS block.
When2n — 1 > r, the lower bound on the maximum power Vig(z1,22,...,2n))
loss of calls in a Clos network &(n — 1)da + o, and when £ max {g(x1, Tos. .., Tn)|T1, T2, ... T}

2n — 1 < 7, the lower bound on the maximum power loss has — min {g(z1, z2 2|21, 22 zn}
T2y, VL2 T )

2n%r4nr? = N(2n+N/n) > 2NV2N,whenn = \/N/2,r = V2N.  Thjs operator has the following properties.
2(n+r—2)da+o=2(N/r+r—2)dato >4 (ﬁ— 1) da+ o, 1) V(c) — 0if cis a constant

whenr = n = VN.
32n—1)r(2n+r) =4Nn+2N?/n—2N—-N2/n? = 4Nn+2N?/n— 4Aproximately2n —1 <r = r?24+7r—2N>0=r > V2N;2n—-1<

2N > 4y/2N3%/2 — 2N, whenn = /N/2. r=2n®—n—-N<0=n< /N/2.
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