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ABSTRACT

A new high-port-count wavelength selective switch has
been realized using two cross-scanning 1-axis analog
micromirror arrays in a 4-f optical system. The number of
output ports is increased from N to N, where N is the
maximum linear port count limited by optical diffraction.
Using surface-micromachined micromitrors with hidden
vertical combdrives, large scan angles (>+5° mechanical),
low drive voltages (7V), and high fill factors (>96.25%) are
achieved for both scanning mirrors. Experimental results of
our 1x8 (3x3 collimator array) wavelength-selective switch
are also reported. A fiber-to-fiber insertion loss of 6 dB and
a switching time of < 700 psec have been achieved.

INTRODUCTION

Recent advances in wavelength-division-multiplexing
(WDM) technologies have revolutionized the optical fiber
communication networks. Wavelength-selective switches
(WSS) have received a great deal of attention because their
ability to route different wavelength channels independently.
Joe Ford et al., proposed the first MEMS (Micro-Electro-
Mechanical Systems)-based optical add/drop multiplexer
{OADM) using a digital micormirror artay [1]. The use of
MEMS micromirrors offers lower insertion loss and faster
speed than liquid-crystal-based QADM [2]. This OADM is
essentially a 1x1 wavelength-selective switch. A multiport
wavelength-selective switch can be realized by replacing
the digital micromirrors with analog micromirrors and
expanding the input/output fibers into a linear array. This is
a useful network element because it can be used either as a
versatile multiport add-drop multiplexer or as a basic
building block for NxN wavelength-selective crossconnect
(WSXC). Several 1xN WSS have been reported [3-9].
Table 1 summarizes the performances of published WSS’s,
including their port count, number of wavelength channels,
channel spacing, and optical insertion loss. The maximum
number of output ports reported to date is four, which is
limited by optical diffraction. Larger port count (> 10) WSS
is desired for high capacity networks.

In this paper, we report on a novel 1xN? wavelength-
selective switch by combining two one-dimensional (1D)
arrays of 1-axis micromirrors with orthogonal rofation
directions in a 4-f imaging system. This enables us to
arrange the input/output fibers in a two-dimensional (2D}

array. The number of output ports is dramatically increased
from N to N°, Experimentally, we have demonstrated a 1x8
WSS with a channel spacing of 75 GHz and an optical
insertion loss of 6 dB. We have also performed theoretical
modeling of the WSS, and shown that a 1x24 WSS can be
realized in current optical configuration with optimized
fiber collimator and mirror sizes.

Number of .
Con-lpa{ay/ port count| wavelength Cha“.nel Insertion
Institution spacing loss
channels
Lucent [4] 1x4 128 50 GHz 3dB
Network :

Photonics [6] 1x4 96 50 GHz -
Corning* [7] 2x2 80 50GHz | <74dB
JDs L['giph"’se 1x4 64 100 GHz | <3.5dB
UCLA [9] 1x4 30 200GHz! 5dB
This paper 1x8 . 15%* 75GHz 6 dB

*Liquid crystal switch ‘
**Limited by the size of current MEMS chips.

Table 1. Comparison on wavelength-selective switches
reported in the literature.

WAVELENGTH-SELECTIVE 1XN? SWITCH

The schematic diagram of the 1xN? wavelength-
selective switch is shown in Figure 1. Two focusing lenses
are arranged in a 4-f confocal configuration to image the
first micromirror array in Plane A to the second
micromirror array in Plane B. The grating is inserted
between the lenses in the upper half of the system. The
axial position of the grating is adjusted such that the -
projected light spot from the input port is located at the
common focus of the two lenses. The 4-f configuration
ensures that the optical beam focused on any mirror in the
first array is always directed to the corresponding mirror in
the second array, and vice versa, irrespective of the tilting
angle of the mirrors. Thus each wavelength is steered by
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two micromirrors in orthogonal directions and directed
towards the desired output fiber in the 2D array.

Another benefit of this 4-f configuration is that the laser
beam passes through the first array twice. This doubles the
deflection of the laser beam in the vertical direction.
Therefore, more spatial channels can be supported.

Fig. 1. Schematic setup of the IxN° wavelength-selective
switch. The two orthogonally scanning micromirror arrays
enable the fibers 1o be arranged in two dimensions, which
increase the oulput port from N to N

——— Mirror Array A
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Fig. 2. Schematics of the analog micromirror arrays with
hidden vertical comb-drive actuators. The scan directions
of the mirrors are (a) perpendicular to, and (b) in parallel
with the array directions.

'ANALOG MICROMIRROR ARRAYS

Figure 2 shows the schematics of the analog
micromirror arrays. The micromirrors that scan
perpendicular to the array direction (Array A) have been
reported in [3,5] and shown excellent stability in open-loop
operations [9]. Similar vertical comb drives are emplovyed in
the micromitrors with orthogonal scan direction (Array B).
The devices are fabricated using the SUMMIT-V surface-
micromachining process provided by Sandia National
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Laboratories [10]. It has five polysilicon layers, including

one nonreleasable interconnect layer and four structural
layers. The first two structural polysilicon layers are
laminated to form lower combs. The third polysilicon layer
is patterned into upper combs. The chemical-mechanical
planarization (CMP) process before the deposition of the
third polysilicon layer provides a clear separation between
the upper and lower combs. The planar geometry .also
allows the finger spacing to be reduced to 0.5 pm. The
narrow gap spacing greatly increases the torque of the
vertical comb actuators, which allows the mirror to operate
at low voltages.

Figure 3 shows the scanning electron microscape (SEM)
images of both micromirrors. The vertical combs and
springs are completely covered by the mirrors. Furthermore,
by eliminating the guiding structure between mirvors, high
fill factors are achieved: 97.5% for Array A (156 um mirror
on 160 pm pitch) and 96.25% for Array B (154 um mirror
ont 160 um pitch). The design rules of SUMMIT-V permits
fill factors as high as 99.4%. In these new devices, we have
also extended the shielding electrode underneath the mirrors
to increase the long-term stability [9]. Comb fingers near
edges of the mirrors are removed to minimize crosstalk
between adjacent mirrors caused by the fringe field.

Fig. 3. SEM of micromirror arrays with (a) perpendicular
and (b) parallel scan directions (in reference to the array
direction).

The scan angles of the micromirrors are measured using
a non-contact interferometric surface profiler (WYKOQ).
Figure 4 shows the DC scan characteristics. The maximum
mechanical scan angles are £5° (7V) and +6.3° (7.5V) for
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arrays A and B, respectively. They are limited by lateral
pull-in between the comb fingers.
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Fig. 4. DC scan characteristics of the micromirrors with (a)
perpendicular and (b) parallel scan directions.

SYSTEM PERFORMANCE

Switching of different wavelength channels across the
2D plane is captured by an infrared camera and shown in
Figure 5.

D
Bias 1550 nm 1552 nm
Conditions Vertical Horizontal Vertical Horizontal
mirror(V1) { mirrer(V2) | mirror{V1) | mirror(v2
Fig. 5(a) 0 0 55V 0
Fig. 5(b) 0 0 4.0V 0
| Fig. 5(c) 0 55V 40V 55V

Fig. 5. Switching characteristics of the IV wavelength-
selective switch. The wavelengths of channels 1, 2, and 3
are 1550, 1552, and 1550.8 nm, respectively.

Figure 5(a)-(b) show switching of the 1552-nm channel
in the vertical direction, when the applied voltage on the
corresponding vertical mirror changes from 5.5V to 4.0V.
Figure 5(b)-(c} show switching of both 1550-nm and 1552-

nm channels in the horizontal direction. Figure 5(d) shows
independent switching of 3 wavelengths to any arbitrary
output channels. The table underneath list the bias
conditions of ‘each figure. The bias condition of Figure 5{d)
is: V1 = 2.5V, V2 = 0 for the 1550-nm channel; V1 = 4V,
V2 = 0 for the 1552-nm channel; V1 = 0, V2 = 0 for the
1550.8-nm channel.

We have constructed a prototype system using lenses
with 15-cm focal lengths, A channel spacing of 75 GHz is
attained with an 1100 grooves/mm grating. The number of
wavelength channels is 15, which is limited by the number
of mirrors in the array that can be accommodated on the
SUMMIT-V chip. The optical system supports a 3x3 fiber
collimator array at the input plane, which can be used as a
1x8 wavelength-selective switch with input collimator
located at the center of the array. Currently, discrete
cellimators are used to simulate the 2D array. The focused
beam waist on the micromirror is 30 pum. With the
micromirror pitch of 160 pm, the acceptable beam waist
can be as large 60 um [11]. Using this number, the input
collimator size can be reduced by two times. Hence, the
array size at the input plane can be increased to 5x5, which
can be used for a 1x24 wavelength-selective switch. '

The fiber-to-fiber insertion loss of the system is
measured to be 6 dB when the laser beam is coupled back
to the input fiber collimator. Figure 6 shows the temporal
response when a square wave is applied to both arrays. The
switching time is 150 usec at the falling edge, and 700 psec
at the rising edge. The extinction ratio is 35 dB.
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Fig. 6. Measured switching time of the wavelength-selective
IxMN? switch: (a) falling edge, (b) rising edge.
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When the laser beam is switched to a fiber channel right
below the input collimator, the insertion loss is measured to
be 8.6 dB. When switched to a diagonal channel at one of
the corners, the insertion is 14 dB. The difference in

msertion loss is attribuied to the imperfect optical alignment.

Figure 7 shows the spectral response at the input and the
diagonal output fibers. Ten of the fifieen wavelength
channels are shown in the plots. Switching at 1550 nm is
clearly observed. The rippies at 1552.5 nm are due to a
" broken mirror in array, which scatters light into to the

output channel.
a

Input Fiber

Y
[=]

R
(-]
_—

Transmission (dB)
L &
o =]

.
e
o

B Diagonal Output Fiber

PP S . W—

547 1548 1543 1550 1551 1552 1553 1554,
Wavelength {nm)

(a)

PR WPV 1

Input Fiber

Transmission (dB)
&
o

-40
-50F Diagonal Qutput Fiber
_6 L | P P ) PR | "
1547 1548 1549 1550 1551 1552 1553 1554
Wavelength (nm)

(b)

Fig. 7. Spectral response at the input and output fibers,
when (aj all the wavelength channels ave coupled back to
the input fiber, (b) the signal of 1350 nm is switched to the
outpuf fiber in the diagonal direction. The ripples around
1552.5 nm are due ta a broken mirror.

CONCLUSION

We have successfully demonstrated a 1xN? wavelength-
selective switch using two cross-scanning l-axis
micromirror arrays in a confocal geometry. Using surface-
micromachined micromirrors with hidden  vertical
combdrives, large scan angles (>+3° mechanical), low drive
voltages (7V), and hlgh fill factors (> 96.25%) are achieved
for both scanning mirrors. By arranging the input/output
fibers in a two-dimensional artay, the number of output
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ports is dramatically increased from N to N2 The 1x8
prototype WSS with 75 Gz channel spacing exhibited a
fiber-to-fiber optical insertion loss of 6 dB, a switching time
less than 700 usec, and an extinction ratio of 35 dB. By
further optimizing the mirror and the collimator sizes, the
port count of the cutrent optical systern can be expanded to
1x24.
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