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Abstract—Two-dimensional microelectromechanical system
(2-D MEMS) optical switches have been widely demonstrated in .
research laboratories and in the industry. The limitations of 2-D . /
MEMS switches are well known. The non-uniformity in losses due
to differences in free space path lengths between the most and /.
least distance paths among ports restrict(s) 2-D MEMS switches :l/

: \ .

NS

Outputs

to a practical maximum port-count of 32 x 32. This problem has
never been addressed. A novel switching architecturd,-switching
matrix, that decreases the most distance free space path length
and the difference between the most and least distance paths while
maintaining same nonblocking port switching capacity has been
proposed and demonstrated. Collimators with optimized beam
waist are selected such that the insertion loss of the average beamrig. 1. Conventional crossbar 2-D MEMS switch.

path is the lowest. Larger beam waists are used to accommodate

for the diffraction effects of the Guassian beam of the most distance ) ) . .

path. However, larger beam waists require larger mirror areas Mirrors move into defined places to reflect light beam in a pre-
to avoid beam-clipping and losses due to angular misalignment determined direction. As illustrated in Fig. 1, mirron,n, )

are more acute. Therefore, having shorter absolute and relative moves into place to reflect light beam from theth input to
path lengths will avoid the beam-clipping effects and increase o .1 output fibers. The digital nature of the mirrors greatly

the port-to-port loss uniformity of the optical switch. The unique imolif h | and . hani h
architecture of L-switching matrix which utilizes double-sided SIMPlifies the control and actuating mechanisms. However, the

mirror can theoretically increase the maximum port-count to inherentvariations in free space path lengths among port-to-port
64 x 64 or decrease the current insertion loss of a 3% 32 MEMS  switching causes variations in optical losses.
switch by 50%. Moreover, L-switching matrix requires 25% less  |n order to accommodate the relentless needs for higher port-
mirrors and electrodes than conventional cross bar architecture. counts, 3-D MEMS switch designs have been proposed [2]. In
A fabrication process involving silicon-on-insulator SOI wafers . . . h .
has been defined to fabricate the double-sided mirrors used in thiS architecture, the mirrors can rotate to multiple discrete po-
L-switching matrix. sitions rather than the binary nature of a 2-D MEMS switch.
. . Complicated close-loop servo system with feedback must be im-
Index Terms—nnerconnect architecture, microelectromechan- . . .
ical system (MEMS), micromachined, optical crossconnect, optical Plémented for each mirror to move and maintain mirror at de-
switches. sired positions. Therefore, when compared to the 2-D MEMS
switches, 3-D MEMS designs are difficult to implement, ser-
vice, maintain, calibrate, and the associated technical and eco-
nomical costs are forbiddingly high. The goal of the authorsisto
HERE are currently two popular switching architectureaddress the path dependent optical loss in port-to-port switching
in microelectromechanical system (MEMS) opticabf 2-D MEMS switches.
switching: 1) two-dimensional (2-D) MEMS switches and 2)
three-dimensional (3-D) MEMS switches. These two architec- [I. L-SWITCHING MATRIX ARCHITECTURE

tures are very dlﬁgren_t in their prmmp!e of optical 5W|_tch|ng, Like the name suggestB;switching matrix is shaped like the
complexities in their mirror control, peripheral electronics, and

. . . ; L alphabet L..” The switch architecture is characterized into three
tolerance requirements in their device fabrication [1].

. . A %uadrants. The most essential portion of fRswitching matrix
In the 2-D architecture, mirrors are arranged in a crosshar,, . : . . .
) . . 2 IS the junction quadrant, which consists of double-sided mir-
configuration to perform fully nonblocking switching as showr#OrS As shown in Fid. 2. the iunction quadrant is located at the
in Fig. 1. The 2-D optical switches consist &f input and NV i g4 ] N

. : : intersection of quadrant | and Il. Givel input andN output
output ports directed alVx V' array of mirrors. The mirrors orts, L-switching matrix utilizesN? /4 double-sided mirrors
have only two states. They can be in the “OFF” position to Igt ' 9

light beams pass uninterrupted or in the “ON” position wher'g the junction quadrant, an®/4 mirrors in each of the other
9 P P P two quadrants for a total &fN2/4 mirrors. The input ports of

the switch are located on the exposed perimeter of the junction
Manuscript received September 24, 2002; revised January 31, 2003.  quadrant. The mirrors in the junction quadrant direct the light
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I1l. A RCHITECTURAL COMPARISONS
Inputs

As reported in many papers on 2-D MEMS switches, perfor-
mance issues related to the optimum size of mirrors, spacing
between mirrors, loss due to angular mirror or collimator mis-
alignment, optimum beam waist size have been systematically
addressed [3]. However, one of the most important loss contrib-
utors, path length dependent loss, has not been addressed. All of
the current 2-D MEMS switches are based on the conventional
crossbar architecture as shown in Fig. 1. The problems with tFig. 3. Path dependency in port-to-port switching in (a) conventional crossbar
conventional crossbar architecture are twofold: 1) beam wafgtix (b) L-switching matrix.
is selected where the insertion loss is the lowest for the most
popular beam path length; therefore, high loss occurs over moser the conventional crossbar architecture. The maximum path
and least distance paths and the loss increases as the numbeiffefence is 50% that of the conventional architecture. Theoret-
ports increases; and 2) large nonuniform loss between the kieatly, twice the current maximum port size, &464, is possible
and worst coupling paths because of huge differences in its patith this novel architecture. Pitches shown in the figures are de-
lengths. fined as the number of mirror pits a light beam encounters from

The most and least distance paths of the conventional crosstih&r input to the output ports. The architecturelegwitching
architecture are N — 1 and 1 givenN as the number of input matrix presents an inherent practical problem; the inner output
ports. On the other hand, the most and least distance path ofpibets of the switch are located in close proximity of each other
L-switching matrix areV + ((N/2) — 1) and((N/2) +1). The and their collimators could physically interfere with one an-
L-switching matrix lowers the maximum free-space that lighdther. This problem has to be taken into account during the ini-
beams travel and hence lowers the loss due to Gaussian ditief-design of the switch. Bulk micromachined Si submount pro-
gence. It is also interesting to note that the least distance pptsed in [13] with micropits and V-grooves could be used to
is not constant as in the case of the conventional crossbar roantain micro ball lenses for coupling of light into the output
trix but is dependent otV. Therefore, the.-switching matrix optical fibers. In the 4« 4 L-switching matrix prototype, the
also decreases the maximum difference in interport optical logsstance of each pitch is 15Q8n. By using microlenses with
The maximum path differences of the conventional crossbar asidmeter of 30Q:m as shown in Fig. 4, it should provide suf-
L-switching matrix are(/N —1) andN —2. Fig. 3 illustrates the ficient clearance to avoid physical interference between colli-
path dependency in port-to-port switching of the conventionaiators. If larger lenses are used, then a clearance distdnce
crossbar and.-switching matrix. Fig. 5 illustrates the compar-should be designed into the switch such that any physical inter-
ison of the maximum distance paths of the conventional crossli@rence is avoided. The clearance distaicevould be a con-
and L-switching matrix.L-switching matrix demonstrates a re-stant added to every path lengths of all input ports, therefore, the
duction of the maximum free space propagation path of light lffect of the added distance could be minimized if an optimum
up to 25% over the conventional crossbar architecture. With dpeam waist size is determined for each input ports. An alterna-
timized beam waist size selected such that the insertion losgieé approach to increasing the port size of optical switches is
the average beam path length is the lowest means that the shda@nterconnect smaller 2-D MEMS switches to form multistage
most and longer least distance paths of ERswitching matrix interconnect network such as a Clos network. Simulations have
will minimize the highest loss experienced by the worst coshown that Clos network using theswitching matrix as sub-
pling path and also improve the loss uniformity experienced bgodules have better optical performance over the conventional
the 2-D MEMS switches. Fig. 6 shows the comparison of magrossbar switches [4].
imum path differences of interport switching. Simulation shows Besides the most and least distance paths experienced in
that theL-switching matrix has a superior optical performancport-to-port switching, the frequency with which a certain

Least distance path ]| _ Outputs
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& 00 - o *‘,r"‘ is to be taken into account when formulating a solution to
it ‘." ",.«" compensate for the loss due to Gaussian divergence. Figs. 7
400 - \ ,»"L_switching and 8 show the histograms of number of pitches traveled by
o ,«*‘" matrix all 256 paths of a 16 16 conventional crossbar switch and
D0 -t L-switching matrix. The most popular length of light paths is
Rt 17 pitches, which occurs 16 times. The least traveled paths are
00 &7 | | , 1 and 31 pitches, both have a frequency of 1. The spread of
2 8 16 32 64 the path spectrum is wide without one path being dominant.
N (ports) L-switching matrix, on the other hand, has a most popular path

Fig. 6. Maximum path length difference paths of conventional crossbar al@Ngth of 16 pitches with 32 occurrences; a minimum path
L-switching matrix.

length of nine pitches with four occurrences; and a maximum
path length of 23 pitches with four occurrences. The histogram

length of path is taken is also of interest. It will be beneficighlot of path length frequency af-switching matrix shows a
to the overall optical systems performance if this informatiodominant peak with a narrow spread. In fact, the spread is half
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TABLE |
PITCHES TRAVELLED BY INDIVIDUAL INPUTS OF A16 X 16 L-SWITCHING MATRIX.

0[Oy [0y O[O [0 [O O[O OO ][O [O[O% [0, O | Ave

;16 |17 [18 |19 [20 [21 [22 [23 [16 |17 |18 |19 [20 [21 [22 [23 | 195

{15 |16 [17 (18 |19 |20 |21 |22 |15 |16 |17 [18 |19 |20 [21 |22 | 185
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F,; 113 |14 |15 [16 [17 |18 [19 [20 |13 |14 |15 |16 [17 |18 [19 [20 [ 165

F/[12 |13 |14 [15 |16 [17 |18 [19 |12 |13 |14 |15 |16 [17 [18 [19 [ 155

rTu 12 |13 14 |15 16 |17 |18 11 |12 |13 (14 |15 |16 [ 17 |18 | 145

Iy 10 |11 12 [ 13 (14 |15 |16 |17 |10 |11 [12 |13 |14 [15 |16 |17 | 135

I 10 (11 12 |13 14 |15 |16 |9 10 |11 (12 |13 |14 |15 |16 | 125
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Fig. 9. Input and output sets d@f-switching matrix.
that of the conventional crossbar switch. This result is expected IV. MATHEMATICAL MODEL

given thatL-switching matrix is symmetrical diagonally. By
designing the minimum peam qust t(.) be' located _at half ttg?milarly, the output setO) is divided into two equal set9;
number of most popular pitches, eight in this casewitching ) !

matrix is expected to have a superior optical performan@gdoﬂ' Th(_a OUtPUt set of quadratis dgfmed ay, that of
over conventional crossbar matrix because the variation of tWéadr_amYII Is defined ag) I Each of the input and output sets
number of pitches within the 256 possible paths is less. Furttf@ntainsN/2 elements. Fig. 9 shows the input and output set
improvement of the switch can be achieved by analyzing t[qgfinition of L-switching mat'rlx, and the notanpn of the input
path length histogram of each input port. The characteristics¥1d OUtput sets. The coordinate systems of junctiamd I1

the L-switching matrix for the two sets of input are symmetricduadrants are shown in Fig. 10. Sinbeswitching matrix is a
therefore, an analysis of one set of input is sufficient. Table2rD MEMS switch, the mirrors have only two states, “ON” or
shows the number of pitches traveled by half the inputs t@FF.” Equation (1) states that function which represents light
outputs of theL-switching matrix. All possible path lengthsbeam b” of input set/, has a state of “1” if it is intended for

of each input port are more confined; therefore, uniformity iautput elementd” of output setO.. , otherwise it has a state
loss of individual inputs can be improved greatly by designingf “0.” Equation (2) represents the states of the mirrors in the
beam waists to be located at their average numbers pitchegumction quadrant. The states of a mirror are not only dependent
should be noted that the occurrence of all path lengths for eamhthe input or output relationships but also on the states of the
input port is two. mirrors in path traveled by the light beam. Equations (3) and

The input set(]) is divided into two equal setf and Iy;.
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(4) describe the states of mirrors in thandIl quadrant. Only W width of the mirror;

the first term of (3) and (4) determine the states of the mirrors L length of mirror;

when switching froml; set to thel quadrant oty set to thell d distance of mirror to grounded bulk Si;

quadrant. The second term of the equations describes the statéds  angle of rotation;

of the mirrors when light is switched from thig; set to thel %4 applied voltage.

quadrant oty set to thell quadrant. In (3) and (4), a state ofThe electrostatic torque is opposed by the mechanical torque
“1” represents an “ON” state and “0” signifies an “OFF” stateof the torsion bars. The mechanical torque serves to restore the
Fig. 11 illustrates the working principle of ad4 L-switching mirror back to its original position. The mechanical torque is

matrix. expressed as [14]

It (04) =1 if IYis intended folO? Guwt? 192 ¢ w
otherwise) @) Tm =2 b {1 e tanh(Z_)} ©)
J(s,1)

N N where

2 2

ST ym p G is the elastic constant of silicon nitride, 140 Gpa;
= ﬂlz(Ol)ﬂﬂH(OH) ) | . _ P
—1 et ength of torsion bar;
a=s—1 B=t—1 t thickness of torsion bar;
N J(s —a,t)N J (s, t—p) 2) w width of torsion bar;
a=1 B=1 0 angle of rotation;
%
Ol(m7t) = If (O%n) U J(Svt)IS (O%n) (3 T, =T.. 7)
S=1 ’
e The voltageg(V) to rotation angl€d) has the mirror can be de-
On(s,n) =I5 (Of) U U J(s,t)I7 (Ofy) . (4) termined using (7). Fig. 12 illustrates the switching actions of a
t=1 mirror. The mirror is at its initial position “1” when no voltage
is applied to the mirror. In this position, light beam is allowed
V. DEVICE IMPLEMENTATION to pass through uninterrupted. Electrostatic fields are created

. . . ... between the mirror and the grounded bulk Si when the mirrors
The mirrors are supported by a/8n-wide torsion bar with . . )
. : . are held at higher voltage potentials. The mechanical torque of
alength of 35qim and thickness of 0.Am. A thin torsion bar the torsion bars opposes the torque generated by the electro-
is fabricated to reduce the required driving voltage. The mirrQ bp que g y

) ) . . atic fields on the mirror. A voltage higher than the yielding
plates have dimensions of 2@ by 500.m with a thickness voltage is supplied to the mirror so that the resisting mechan-

of 20 sm. The spacing or pitch between mirrors is designed |t8al torque is completely overcame by the electrostatic torque
be 150Q:m. The mirror is rotated about the torsion bars by ele?f_.\;l\"I 9 P y y que.

. . . At this point, the mirror spontaneously rotates to position “2.”
trostatic actuation [5]. The electrostatic torque by electrosta porr pon y ) PO

o e stopping angle of the mirrors has to be maintained at 90
attraction is as expressed as

for optimum coupling of light into output optical fibers, there-
fore, alignment of the mirrors to their respective stoppers are

3 L X
Te = §V2W/O ,,—92 d ®)  critical. SiG; is deposited on bulk Si to act as DRIE etch mask
(e — =) 0} for patterning the mirror stoppers and alignment grooves, and
where also serves as electrical insulation layer. The alignment grooves
€ = 8.85 x 10712 F/mis the is the dielectric constant ofnelp the manual alignment of the mirrors to the stoppers under

vacuum; a microscope. Fig. 13 shows the scanning electron microscope
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Fig. 11. The 4x 4 L-switching matrix operating principle.

(SEM) picture of an array of mirror stoppers, and alignmemtublished methods such as a combination of hinge joints and

grooves. Fig. 14 shows an SEM close-up of a stopper withpashrods [8], or combdrive lateral movement [9]. Submil-

45° angled etch. lisecond switching rates by MEMS switches has been achieved
The L-switching matrix can be implemented by many othdd0].

actuation mechanisms [6], [7], electrostatic actuation has beerA 4 x 4 L-switching matrix was fabricated using an SOI

chosen because of the simplicity in its implementation. Theafer. An SEM picture of a double-sided mirror and the top

rotating action of the mirror can also be achieved by othgrew of the L-switching matrix are shown in Figs. 15 and 16.
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The top view and cross section of the fabrication sequence ofa) (100) silicon-on-insulator (SOI) with 2@sm device layer
a double-sided mirror is shown in Fig. 17. The process starts  silicon, 0.5um buried oxide layer, 30@sm handle Si
with the following. layer. 0.4um of low stress silicon nitride is deposited and
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1.5
2025 3 3 40 45 50
patterned by plasma enhanced chemical vapor deposition Beam Waist Size (jm)
(PECVD) as torsion bar material and Q. and 2;m 5.0 "
SiO, on the top and backside of SOI. The top layer SiO 4.5+
acts as an insulation layer and the bottom layer acts as 4.0
etch mask. 2 35-
b) Cr (0.01 um) and Al (0.05um) metal layers are de- S 304
posited as the reflective su_rface of the mi_rror by vacuum ;’f 25~ o _ L/ Pt Worst Coupling
evaporation and the backside of the SOl is patterned and & 20- '
etched by reactive ion etching (RIE) to expose the bulk 154 T DestCouling
Si. . . Lo5 I | | | | !
c) Al and Cr are stripped to pattern the mirror area and 1820 25 30 3% 4 4 30

torsion bars. Bottom of wafer is patterned with thick

photoresist to act as etch mask during deep reactive ion . _ _ o
. . Fig. 19. Theoretical simulation for loss versus beam waist for individual input
etChIng (DR'E) of bulk Si. channels, (ay! and (b)I2.
d) Etch the bottom side of wafer to form a 20n trench

around the photoresist. The Siisland will act as a protec-
tion layer when etching buried oxide and Si device layer f) Release the mirror by etching buried oxide layer and the
in later steps. underlying Si device layer by RIE.
e) After stripping the photoresist, continue etching backsideg) Deposit Cr (0.0um) and Al (0.05zm) metal layers on
of SOI by DRIE until the buried oxide layer is exposed. the backside of wafer to create a double-sided mirror.

Beam Waist Size (um)
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Fig. 20. Theoretical simulation for loss versus beam waist individual input channels of conventional crossbar switch fdb)d), (c) I3, and (d)I,.

VI. EXPERIMENTS AND ANALYSIS working principle and fabrication process of this novel architec-
%ge. Optical simulations have been performed to compare the
erformance of thé.-switching matrix with that of the conven-
frbnal crossbar switch. Fig. 18 shows the theoretical simulation
o’ﬁoss versus beam waist size (by taking into account the) entire

A green HeNe laser with a wavelength of 543.5 nm is used
the light source. Laser with wavelength in the visible spectru
is used, instead of conventional telecommunication waveleng

in the range of 1200-1700 nm, to simplify manual fiber alig nath length distribution of a 4 4 L-switching matrix and con-

ments. Frl: rt?e;‘mgre, Al. mamtalmj good re_ﬂecl:nwty(;nt(;.éhe U_ entional crossbar switch. When beam waist size is optimized,
range. The light beam is coupled into a single mode fiber With o, hing matrix has superior optical performance over con-

terminal GRIN len to collimate the output light beam. EXperigeniignal crossbar switch. (The size and location of the beam
ments show that the loss due mirror reflectivity of topside Al ig 5ist of) each input port can be individually customized such
1.28 dB. Au could have a reflectivity of 95%, therefore, the usgat its insertion loss is minimized. The characteristics of the

of Au willimprove the reflectivity of the mirror. The optical l0SS o input port setsf; and I7;) of the L-switching matrix are
of the backside mirror is slightly greater. The measured reflegentical; therefore, analysis of any one input set is sufficient.
tivity difference between the two surfaces is less than 3%. DRg. 19 and Fig. 20 show the loss versus beam waist size for
has negligible contribution to the front and bottom sides of thech input port of the two % 4 switching architectures.
mirror surface roughness because they are either protected byhe coupling efficiencyl’ is obtained by computing the
photoresist or a patterned Si island during etching. Depositiaerlap integral of the amplitude distribution of the divergent
of metal thin film on two sides of the wafers proves to improv&aussian beam wave function and the nodal wave function
the flatness of the mirror by evening the metal stress distribdescribing the receiving optics [11]. Assuming the optics are
tion on the overall mirror structure. In order to minimize maproperly aligned]" is expressed as
terial fatigue of the metal layers during long-term operation of .l _ 2
the switch, thickness of Al has been decreased from initial 0.2 to = U (.2 = ;l) Ule,y,2 = O)L (8)
0.05um without severely affecting its reflectivity. At the same Uz, y,2=d)? - [U(z,y,2 = 0)|
time, the reduced thickness also has the effect of reducing perere the integral taken over the aperture of the receiving
larization dependent loss (PDL). optics andU (z, y, z) is the lowest-order mod€r'EM, o) of a

By employing fiber collimator, losses ranging from 4.5 tdsaussian beam [12]. Fig. 21 shows the loss versus path length
5.2 dB for the longest and short paths have been measureaversed by all input ports of ax44 L-switching matrix. The
In the experiments, material reflectivity, beam waist size amdimber of pitches traversed by ax#4 L-switching matrix
position were not optimized to achieve the least insertion losmnges from 3 to 5, instead of 1 to 7 for a conventional crossbar
of the L-switching matrix. The purpose is to demonstrate thmatrix. It should be noted that the plotted experimental values
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VII. CONCLUSION

The path dependent loss of the current 2-D MEMS switches

- has been addressed. A novel 2-D MEMS optical switch archi-

tecture,L-switching matrix, has been proposed, fabricated, and

X demonstrated. A mathematical model that fully characterizes
7 the new nonblocking architecture for arbitra¥yx N switch has

been derived. In order to realize the double-sided mirror of the

o L-switching matrix, a fabrication process based on SOl wafers
- m Experiment has been presented. It is believed thadwitching matrix gives

P s Theory superior optical performance over the conventional crossbar ar-

o chitecture in use today.

3m

Coupling Loss (dB)
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