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A theoretical model based on Fourier optics and the power-coupling overlap integral is built to investigate
the interchannel response in a micro-electro-mechanical systems 1 X N? wavelength-selective switch. The
simulation results demonstrate that the interchannel response depends significantly on the output port
location and the radius of curvature of the micromirrors. For the output originally aligned with the input
along the dispersion direction, it is possible to achieve interchannel-response suppression by rotating the
two-dimensional (2D) collimator array by a slight angle, e.g., 20°. Experimental results under different
conditions are also shown. © 2007 Optical Society of America
OCIS codes: 060.1810, 060.4510, 230.4040, 230.3990.

1. Introduction

Dynamic wavelength-selective switches (WSSs) have
been of great interest as they integrate wavelength de-
multiplexing, switching, and remultiplexing functions
in compact packages [1-12]. They also enable manage-
ment of optical networks at the wavelength level and
are the building blocks of wavelength-selective cross-
connets (WSXC) [1]. A wavelength-selective switch can
be realized by various distinct techniques, such as the
free-space MEMS (micro-electro-mechanical systems)
optical system with a tilting-micromirror array [1-8],
the hybrid PLC (planar lightwave circuit)-MEMS ar-
chitecture [9-11], and liquid crystal-based modules
[12].

The ancestor of nowaday free-space MEMS WSSs
is the MEMS dynamic add—drop multiplexer re-
ported by Ford et al. [13]. It is essentially a 1 X 2
WSS. Until now, the maximum output port count
for a free-space MEMS 1 X N WSS with a one-
dimensional (1D) collimator array is N = 4 [1-3]. The
port count can be increased from N to N? by using
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a two-dimensional (2D) collimator array in conjunc-
tion with a two-axis beam-steering mechanism [4—8].
The two-axis beam steering is implemented by either
two linear arrays of one-axis analog micromirrors
with orthogonal scanning directions [4], or a mono-
lithic two-axis MEMS scanner array [5—8].

The hybrid PLC-MEMS approach was used by
Metconnex to commercially implement a 1 X 9 WSS
[10,11]. Two PLC chips, each with five input/output
ports, were stacked vertically. This architecture is
analogous to the free-space MEMS 1 X N? WSS and
also requires a two-axis micromirror array. The same
company also offers 1 X 14 and 1 X 24 modules [11].
A liquid crystal-based WSS, manufactured by CoAdna
Photonics, is available with a nominal output port
count of 8. It can be extended to 1 X 9, 1 X 10, or more
ports [12].

In our previous study of free-space MEMS 1 X N?
WSSs, we observed a large interchannel response at
a horizontal output port that is aligned with the in-
put along the dispersion direction [4]. Similar phe-
nomena have also been discovered in MEMS-based
channeled dynamic spectral equalizers with the mi-
cromirrors tilting in the dispersion direction [14,15].
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The interchannel response is undoubtedly undesir-
able for optical communication. It is preferable to
suppress the interchannel response, therefore maxi-
mizing the pass and stop bandwidths, allowing for
channel misalignment due to laser drift from the ITU
grid, and relaxing packaging requirements. We
present a theoretical model based on Fourier optics
and the power-coupling overlap integral. The inter-
channel response in a MEMS 1 X N? WSS is inves-
tigated and it, according to the simulation results,
depends significantly on the output port location and
the radius of curvature of the micromirrors. A simple
solution is then proposed to suppress the interchan-
nel response in a 1 X N WSS. It can be achieved by
rotating the 2D collimator array such that no output
port is aligned with the input along the dispersion
direction [5]. With 20° rotation, 10 and 8.2 dB sup-
pressions are demonstrated theoretically and exper-
imentally, respectively, for a prototype system.

2. Theoretical Model

Figure 1 shows the schematic of the 1 X N> WSS. The
2D collimator array is mounted on a rotary stage with
rotation axis parallel to the optical beams. The center
collimator serves as the input port. The WDM signals
are spatially dispersed by the grating and focused
onto their corresponding mirrors by the resolution
lens. The two-axis mirrors direct individual wave-
lengths to the desired output ports. The telescope
beam expander reduces the optical spot size on the
MEMS mirror.

The simulation model can be explained with the
assistance of Fig. 2. For simplicity, the telescope
beam expander and the grating are neglected. The
field distribution E,,,,; emerging from the input fiber
collimator contains both amplitude and phase infor-
mation. It is projected by the resolution lens to the
back focal plane, where the MEMS mirror array is
situated. The projected field, denoted by e, is then
spatially modulated by the micromirrors, resulting in a
modulated field distribution ey, at the back focal
plane. e;,,,;" yields a projected field E;,,,;" at the front
focal plane, where the collimators are located. The
power-coupling efficiency into a specific output fiber
collimator is then nm = |[[Ejuu * Eoupw dxdy| 2

Output fiber
collimators |

Input fiber
collimator

Resolution len: i i i
esolution lens 2-axis analog micromirror array

Fig. 1. Schematic of the 1 X N2 WSS with a rotated 2D collimator
array. A two-axis analog micromirror array is used for 2D beam
steering. The telescope expands the size of the optical beam.
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Fig. 2. Illustration of the theoretical model based on Fourier

optics.

where E, . is the modal field distribution of the out-
put collimator [16]. Note that all the field distributions
mentioned above are with normalized power, and
Eoutput 1 identical to E;,,, except for a shift in space if
all the collimators are identical. Based on Fourier op-
tics [17], Ejypye’ and By, are the Fourier transforms
of ej,pye’ and ey, respectively, where ey, is the
projected field of the output collimator onto the
MEMS device plane (i.e. the back focal plane). Ac-
cording to the properties of the Fourier transform,
| ffEinput, ' Eoutput*dXdy | 2= | ffeinput, ' eoutput*dXdy | 2'
Therefore, the power-coupling efficiency can
be obtained by calculating the overlap integral
| [ €input’ * €output “dxdy | 2 which normally has a much
simpler form.

The normalized field distribution e, the pro-
jected image of the output collimator on the MEMS
device plane, has a Gaussian shape and is given by

pf\?
2 1/2 (X a fo) y2
eoutput(x’ y, f) - T 00xWoy exp _v - Jyz

X exp[jkx sin 6, + jky sin 6,]. (D

The parameters used for our simulation are the same
as those in the experiment. w,, and wy, are the Gauss-
ian beam radii in the x and y directions, respectively.
The beam radius emerging from the collimator array
is originally 125 pm. It is then expanded to 2 mm
after passing through the telescope. This leads to a
focused spot on the device plane with wg, and wy
being 69 pm and 76 pm, respectively. wg, and wq,
have different quantities due to the anamorphic ef-
fect caused by the diffraction grating. The MEMS
mirror pitch (i.e. center-to-center distance between
adjacent mirrors), p, is 200 um, while the channel
spacing f; is 125 GHz. The spatial dispersion resulting
from the diffraction grating is explicitly expressed.
The term pf/f, determines the center location of the
Gaussian mode, which is a function of the frequency
shift f. The output fiber collimator is located laterally
off the optical axis of the system, resulting in a phase
distribution in the projected field e, and therefore
the term exp[jkx sin 6, + jKky sin 6,]. Given the exact
location of the output port, 6, and 6, can be calculated
by either ray tracing or the shift theorem of the Fou-
rier transform.



The field distribution e, the modulated field by
the MEMS mirror array, is given by [15]

pf\?
1/2 <X - fo) ¥
einput(X7 y, f) = (Tr(")OXwa) exXp|——— o
N-1
X > A, exp[jk[x — {p]sin 6,
=0
x—{p
p—gap

+ jky sin 6, + d)drect[ ] (2)

N represents the total number of MEMS mirrors
while 6,, and 6,, are twice the tilt angles of the e
mirror in the x and y directions, respectively. The
amplitude attenuation coefficient A, is set to be 1,
assuming a perfect mirror surface with 100% reflec-
tion. The constant phase ¢, accounts for the mirror
sagging. It is set to be 0 in the simulation, assuming
a sag-free mirror array.

In our simulation, the mirror of { = 1 in the array
is tilted such that the corresponding wavelength
channel is switched to the targeted output fiber col-
limator. The values of 6,; and 6, are then determined
by the output port coordinate, which varies while
rotating the fiber collimator array. For other mirrors
without tilt, both 6,, and 6, are 0, implying that the
corresponding channels are coupled back to the input
port.

The rectangular function results from the finite
extent of each mirror. The gap between mirrors has
also been taken into account. In our simulation and
experiment, mirrors with an octagonal shape are also
of interest. It is not as straightforward to have an
explicit expression for the octagonal shape embedded
in Eq. (2). However, its effect on the coupling effi-
ciency can be addressed by manipulating the integra-
tion interval of 1 = | [f€input’ * €outpu “dxdy | %, in which
the interval of integration is defined by the mirror
areas.

In Eq. (2) the effect of mirror curvature has not been
included. If the mirror curvature is to be considered,
an additional phase term of

L x- Pty
exp|jk I

should be incorporated for each mirror, where R is the
radius of curvature of the mirror.

3. Simulation Results

For a selected output that is aligned with the input
along the horizontal direction (i.e. dispersion direc-
tion), the projected image of the output collimator
possesses a phase variation along the MEMS mirror
array. The gap, which is equivalent to a dark zone
between mirrors, leads to a phase jump for any inter-
channel wavelength whose field distribution crosses
two adjacent mirror pixels. While calculating the
coupling efficiency, this results in a nonvanishing
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Fig. 3. Phase variations of the projected images of (a) a horizontal
output port and (b) a vertical output port. The simulation results
are shown in (c).

overlap integral even if the mirrors are not tilted. On
the other hand, if the output is aligned with the input
along the vertical direction (i.e. direction orthogonal
to dispersion), the projected image of the output then
experiences a phase variation along the direction per-
pendicular to the MEMS mirror array. In this case,
the gap introduces no phase jump for the inter-
channel wavelengths and hence no interchannel re-
sponse is observed. The above comparison is shown
in Fig. 3. The simulated output spectra [Fig. 3(c)] are
obtained with perfectly flat rectangular mirrors.
The mirror of { = 1 is tilted to switch the correspond-
ing channel, f = 125 GHz. For simplicity, the ana-
morphic effect arising from the grating has been
neglected and the radii of the projected image on
the MEMS device plane are set to be wgy, = wgy
= 38 pm, different from those used for the experi-
ment and the following simulation (wy, = 69 pum,
0oy = 76 um).

In our experiment, MEMS mirrors with curvature
and an octagonal shape are used. Therefore, the
following simulation calculates the power-coupling
efficiency versus frequency shift using such mirror
conditions. We consider two different mirror curva-
tures, R = 30 mm and R = 10 mm. For each curva-
ture, the output spectra under three rotation angles
of the collimator array, 0°, 10°, and 20°, are simu-
lated. With 0° rotation, the selected output is aligned
with input along the horizontal direction. Figure 4(a)
demonstrates the simulation results for R = 30 mm.
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Fig. 4. Simulation results for (a) R = 30mm and (b) R
= 10 mm. Output spectra for each curvature are simulated with 0°,
10°, and 20° rotations of the collimator array. The arrows indicate
the channel centers.

The arrows indicate the channel centers. When there
is no rotation of the collimator array (0°), a pro-
nounced interchannel response at —27.4 dB below
the signal (f = 125 GHz) is exhibited. The interchan-
nel response is reduced to —31.3 dB (3.9-dB suppres-
sion) and —46.3 dB (18.9-dB suppression) below the
signal for 10° and 20° rotations, respectively. The
results for R = 10 mm are shown in Fig. 4(b). When
the collimator array is not rotated (0°), an interchan-
nel response at —23 dB below the signal is observed.
Compared with the case of R = 30 mm, the signal
level is decreased to —3.1 dB due to a larger mirror
curvature. The interchannel response is suppressed
to —26.0 dB (3-dB suppression) and —33 dB (10-dB
suppression) below the signal for 10° and 20° rota-
tions, respectively.

The dispersion characteristic in a free-space MEMS
WSS is also of interest. Previously, Neilson et al.
investigated the relation between the dispersion
and the micromirror curvature in a MEMS-based
channeled dispersion compensator [18]. The curva-
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ture resulted in a wavelength-dependent path-
length difference, and therefore dispersion within
the passband. Their derivation was under Littrow
configuration and can be further modified for our
case, in which the incident and diffracted beams of
the grating meet at a small angle. The wavelength-
dependent path-length difference Az(AN), relative to
the center wavelength A\, of the passband, can then be
expressed as follows:

), (3)

where fis the focal length of the resolution lens while
AN is the offset from the center wavelength \,. 6; and
0, are the incident and diffracted angles on the grat-
ing, respectively. The group delay within the pass-
band (corresponding mirror: { = 1) of Fig. 4 is plotted
in Fig. 5 for both mirror curvatures. The center wave-
length is set to be 1551 nm, while f, 6;, and 6, are
30 cm, 33°, and —22.6°, respectively. The dispersion

sin 6;

4f* tan® 6,
4" tan” 0, M)(
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Fig. 5. Relative group delay within the passband of Fig. 4 for (a)
R = 30 mm and (b) R = 10 mm.
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Fig. 6. Optical spectra from a selected output port which is horizontally aligned with the input at 0° rotation, when the collimator array
is rotated by (a) 0°, (b) 10°, and (c) 20°. The dotted lines in (a) indicate the positions of the wavelength channels. The minor peaks between

dotted lines are the interchannel response.

is 11 ps/nm for R = 30 mm and 32 ps/nm for R =
10 mm.

It can be seen that the mirror flatness plays an
important role and the larger curvature of R =
10 mm has reduced the interchannel-response sup-
pression, especially for 20° rotation. Greater curva-
ture also increases the dispersion within the passband.
For a perfectly flat (R = «) rectangular mirror, the
interchannel response is calculated to be —26.9 dB,
—35.1 dB (8.2-dB suppression), and —59.4 dB (32.5-dB
suppression) below the signal for rotations of 0°, 10°, and
20°, respectively.

Most WSSs have the ability to attenuate signals. In
the free-space micromirror-based module, it is done by
tuning the mirror angles. For simplicity, we simulate
the attenuation functionality using the same param-
eters as those of Fig. 3. It is found that the interchan-
nel response varies with the attenuation level. For 0°
rotation of the 2D collimator array, the interchannel
response between two pass channels with 20-dB
attenuation is 5 dB above the attenuated passband
signal. When the passband attenuation is increased
to 40 dB, the interchannel response becomes 28 dB
above.

4. Experimental Results

A 1 X 10 two-axis micromirror array with 200-pm
pitch and 98% fill factor is used in the experiment [5],
as shown in the inset of Fig. 1. The mirrors have radii
of curvature within the range of 10 = 2 mm. The
mechanical scan angles are =2.63° (at 14.1V) and
+1.27° (at 21.1V) for rotation about y and x axes,
respectively. The MEMS devices are fabricated using
the SUMMIiT-V surface micromachining process pro-
vided by Sandia National Laboratory. In this proto-
type system, a 600-grooves/mm grating is used. The
focal length of the resolution lens is 30 cm. The chan-
nel spacing is 125 GHz. It can be adjusted to comply
with the telecommunication-required 50 or 100 GHz
spacing by using an 1100 grooves/mm grating, which
provides greater dispersion strength and is more
commonly used in free-space WDM systems. A com-
mercial 6 X 6 collimator array with a 1 mm pitch and

a 125 pm beam radius (w,) is employed in our system.
A 16X telescope expands the optical beams. The colli-
mator array is rotated by small angles (10°, 20°) to
mitigate the interchannel response. Figure 6 shows
the spectra from the selected output port at three dif-
ferent rotation angles (0°, 10°, and 20°). The measure-
ment resolution is limited by the optical spectrum
analyzer available in our laboratory, whose finest res-
olution bandwidth is 0.08 nm. At 0°, the input and
output ports are aligned in the dispersion direction.
The dotted lines in Fig. 5(a) indicate the positions of
channel centers for this WSS. The 1550-nm wave-
length is switched to this output port. Signals
at other wavelength channels are below ~—35 dB.
However, the response between channels (between
dotted lines) are very pronounced (—12.3 dB below
the signal). The interchannel response is reduced to
—18.5 dB (6.2-dB suppression) and —20.5 dB (8.2-dB
suppression) below the signal at 10° and 20°, respec-
tively. The power level of the OFF channels is
higher than those obtained in the simulation as it is
eventually clamped by the noise floor of the exper-
iment. The relatively high insertion loss and the
suppression deviation from simulation may be due to
optical system misalignment, excess mirror curva-
ture, or mirror sagging. With the radius of curvature
within the range of 10 = 2 mm, the dispersion falls
between 27 ps/nm and 41 ps/nm.

5. Conclusions

The interchannel response of a 1 X N? wavelength-
selective switch (WSS) with a two-axis micromirror
array has been successfully studied theoretically and
experimentally. The simulation results show that the
interchannel response depends strongly on the out-
put port location as well as the MEMS mirror curva-
ture. With 20° rotation of the 2D collimator array, 10
and 8.2 dB suppressions are demonstrated theoreti-
cally and experimentally, respectively, for a proto-
type system. Greater suppression of up to 32.5 dB at
20° rotation is expected with perfectly flat rectangu-
lar micromirrors.
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