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Reconfigurable Sampling of the Electric Field at the
Reflecting Surface of Folded Arrayed Waveguide

Grating Multiplexers
A. A. Bernussi, L. Grave de Peralta, M. Knapczyk, R. Gale, and H. Temkin

Abstract—We describe the use of a reflective arrayed waveguide
grating multiplexer in conjunction with a digital micromirror
device to modulate the electric field distribution in the grating.
Modulation of the electric field is accomplished by turning indi-
vidual digital mirrors ON and OFF. By imposing a reconfigurable
grating superstructure on the digital mirror array, we can change
the free-spectral range of the device and alter the overall transmis-
sion spectra. The experimental results are in excellent agreement
with model calculations. This type of a device is expected to be
useful in generation of reconfigurable sequences of ultrashort
pulses.

Index Terms—Amplitude modulation, arrayed waveguide
grating (AWG), digital micromirrors, electric field, multiplexer,
pulse generation, reconfigurable grating.

S ILICA-BASED arrayed waveguide gratings (AWGs) have
been developed for applications in optical networks based

on wavelength-division multiplexing (WDM) [1]–[3]. Recently,
the use of AWGs as pulse shapers in ultrafast pulse generation
has received considerable attention [4]–[6]. Although different
approaches to AWGs have been successfully demonstrated,
these devices continue to be passive.

In this work, we present experiments modifying the output re-
sponse of AWGs. Our approach combines a reflective (R)-AWG
[7] with an array of digital micromirrors, known as a digital
mirror device (DMD), used as an external reflector. This allows
us to periodically sample the grating of the R-AWG to modify its
overall output response. The output spectra are dynamically re-
configured by digital amplitude modulation of the electric field
of the waveguide grating. We demonstrate that the free-spectral
range (FSR) of an R-AWG can be modified by controlling the
ON–OFF state of groups of micromirrors. The possibility of ac-
tive modification of the FSR has potential applications in the
generation of ultrafast pulses with high-repetition rates for hy-
brid WDM and optical time-division multiplexing networking
[4].

Performance characteristics of R-AWGs used in this work
were described previously [7]. Gaussian response devices were
designed for 40-channel operation with the channel-to-channel
separation of 100 GHz. Silica-based R-AWGs were fabricated
in a conventional silicon-integrated circuit foundry using SiO
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layers deposited on wafers of silicon. The relative refractive
index difference between the core and cladding materials of the
waveguide was %. High reflectivity of the reflecting
surface folding the grating was assured by deposition of a Cr–Au
layer. In the experiments discussed here, the Cr–Au layer was
removed and an external DMD was used as a reflector instead.

A DMD array of 1024 768 elements was used as the ex-
ternal reflector [8]. Individual aluminum micromirrors were 13

13 m in size. Depending on the control signal applied to
the underlying memory cell, each mirror rotates until its tip
touches the landing electrode. An ON signal rotates the mirror
by , while an OFF signal causes rotation of with re-
spect to the unpowered mirror plane [8]. The DMD device was
positioned at a angle with respect to the grating waveg-
uides of the AWG. As a result, the reflecting surfaces of the
DMD micromirrors in the ON state were perpendicular to the
grating waveguides. In this configuration, the light coupled into
the waveguides of the grating is reflected back and contributes
to the output response of the AWG. When the DMD is set to the
OFF state, light is not coupled back to the grating. Waveguides of
the R-AWG grating can be sampled by controlling the ON–OFF

state of each micromirror. This is accomplished in a reconfig-
urable fashion and allowing for control of the transmission re-
sponse of the R-AWG on a time scale of microseconds.

In order to place the external micromirrors closely ( 10 m)
to the reflecting surface of the grating of the R-AWG the cover
glass of the DMD package was removed. In addition, in order
to suppress reflections at the silica waveguides–air interface, the
reflecting surface of the R-AWG grating was polished at an 8
angle. The R-AWGs were designed with a constant distance of

31 m between consecutive waveguides of the grating, while
the distance between consecutive mirrors in the DMD is about
14 m. The pitch mismatch results in intensity errors and an
additional loss penalty of 2 dB, that contributes to the output
response of the R-AWG.

The output spectrum of the R-AWG strongly depends on
the number of grating waveguides contributing and not
contributing to the device response. When the grating
waveguides are sampled periodically by the micromirrors of the
DMD, a coarse waveguide grating is formed with a period
expressed as , where is
the distance between waveguides at the grating–slab interface.
Examples of a single channel output response of an active
R-AWG with the waveguide grating sampled with different
periods are shown in Fig. 1. Similar results were obtained for
other output channels of the device. When all the micromirrors
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Fig. 1. Output response of a single channel of an R-AWG with grating
waveguides sampled with different periods. Intensities of individual spectra
were normalized in order to make direct comparisons.

of the DMD are set to the ON-state, the single-channel output
response of the -band R-AWG consisted of a peak centered
at 1545 nm. Measurements of the R-AWG response of the
same output channel, but sampling the grating with different
periods, revealed the presence of multiple transmission peaks.
The main peak remains centered at the same position as that
obtained with all the micromirrors set to the ON state. However,
its intensity was reduced with increased . Additional
peaks were observed symmetrically positioned around the
main peak. The origin of these peaks can be understood by
analyzing the equations relating the center wavelength ,
the diffraction order , and the wavelength separation
between the central peak and the next order peak as a function
of the R-AWG design parameters [7], [9]

(1)

(2)

(3)

where in (3) the standard distance between waveguides at the
grating–slab interface is replaced with . The is
the optical path-length difference between waveguides of the
grating, is the effective refractive index of the slab region,

is the distance between waveguides at the coupler–slab
interface, is the radius of curvature of the slab waveguide,

is the wavelength separation between consecutive output
channels, and are the group refractive index of the
grating waveguides and the index of the material filling the
gap between the external mirror and grating reflecting surface,
respectively. Periodic sampling of the grating waveguides at
the reflecting surface of the R-AWG results in and being
multiplied by a common factor of . Substituting
the modified values of and in (1) and (2) results in
no alteration of the wavelength of the output channel. This
is consistent with the data of Fig. 1, where the main peak
position of the output channel spectra of R-AWG sampled with
different periods are identical to the one obtained with the all
micromirrors set in the ON-state. The additional peaks observed
in the spectra are attributed to higher (lower) diffraction orders
of the active R-AWG. The slight asymmetry observed in the

Fig. 2. Simulated and measured single channel (a) output spectrum response
with grating waveguides sampled with N = 13; N = 23 and
(b) relative channel peak intensity of the fundamental order emission for
grating waveguides sampled with N = 13 and different values of N .

intensity of the additional peaks is attributed to the pitch mis-
match between the micromirrors and the grating waveguides.
Equation (3) shows that the wavelength separation between
the fundamental and the adjacent order peaks decreases as
increases. This is also consistent with the data shown in Fig. 1,
where decreases as the modulation period
increases. As an example, in the case of a sampled grating
with we determine, from the data of
Fig. 1, and nm. Using the device design
parameters [7] and (3), we calculate nm, in
excellent agreement with experimental results. This clearly
demonstrates that the FSR of the active R-AWG can be system-
atically modified by digital modulation of the electric field at
the reflecting surface folding the grating.

In order to analyze the effect of the electric field amplitude
modulation of the waveguide grating on the transmission char-
acteristics of R-AWGs, we simulated the device response using
the AWG field model in the single Gaussian approximation [10].
Using the device design parameters defined above and selecting
only those grating waveguides contributing to the re-
sponse of the device, we calculated the single-channel trans-
mission spectra for different values of . A comparison
between simulated and measured single channel output spectra
of an R-AWG with grating waveguides sampled with

is shown in Fig. 2(a). Higher diffraction or-
ders, rather than only the adjacent ones, are clearly observed in
both simulated and experimental spectra. An excellent agree-
ment between theory and experiment is evident.

As mentioned above, the overall intensity of the output
response of the R-AWGs with sampled waveguide grating
decreases with increased values of . A comparison be-
tween simulated and measured single channel peak intensity
of the fundamental order transmission, normalized to the main
peak intensity corresponding to all micromirrors being in the
ON-state, for and different values of is
shown in Fig. 2(b). The measured relative intensity decreases
exponentially with in good agreement with simulation
results.

As shown above [Figs. 1 and 2(a)], the transmission wave-
lengths and the relative intensity of higher (lower) order peaks
of sampled grating R-AWGs depend on the modulation period.
Fig. 3 shows normalized single-channel spectra of an R-AWG
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Fig. 3. Single-channel output response measured for an R-AWG with grating
waveguides sampled with N = 13 and different values of N . Circles
represent the calculated envelope spectrum.

with the waveguide grating sampled with but with
different values of . As increases, the relative in-
tensity of the higher order peaks increases and their wavelength
shifts systematically closer to the main peak. This results in a
well-defined spectral envelope distribution for higher (lower)
diffraction order peaks. This envelope can be modeled by per-
forming a Fourier transform of the grating section that
contributes to the response of the R-AWG. The sampled wave-
guide grating has a rectangular spatial profile. This gives rise to
an output response that can be described by a sinc envelope
function [10]

(4)

where and is the wavelength shift. The
calculated envelope spectrum of the R-AWG using (4),

and the design parameters of the R-AWG discussed previ-
ously [7], is also shown in Fig. 3. Good agreement with the mea-
surement is again very clear.

We believe the unique properties of active R-AWGs will have
many novel applications. One area of interest is in control of
high-speed pulses [11]–[13], where AWG- type devices are used
for pulse shaping [5], [6]. The active device described here will
have a number of advantages over passive pulse shapers. The
separation between pulses within a high-speed pulse train is in-
versely proportional to the FSR of the AWG [5]. By changing
the FSR with an external array of micromirrors, the separation
between pulses can be changed. In addition, by changing the

in the grating superstructure formed by the DMD, the
width of individual output pulses could be adjusted.

In a conventional AWG, interference occurs because of
temporal overlap of light sampling different waveguides of the
grating. Once the pulsewidth becomes shorter than the prop-
agation time delays between different groups of waveguides,
this temporal overlap disappears. As a result, the output of the
AWG consists of a high-speed pulse train [5]. In this case, if

, each waveguide contributes one pulse to the output
train and the width of each pulse is equal to that of the input
source [5]. On the other hand, when and

is sufficiently large, each group of waveguides contributes a
pulse to the output train with the pulsewidth increased by a
factor proportional to . In the DMD-AWG combination
described here, the pulsewidth becomes adjustable. The number
of pulses in the pulse train is equal to the number of ON-state
groups of mirrors. By changing the state of individual groups,
a given pulse will be removed from the train. This gives rise
to the possibility of forming a unique sequence of pulses for
each DMD configuration. A full implementation of this idea
requires a match between the waveguide period of the AWG
and the mirror period of the DMD.

In summary, we demonstrate an active R-AWG obtained with
an array of digital-mirrors used as the external reflector. Con-
trol of the micromirror state enables amplitude modulation of
the electric field of light captured by grating waveguides. The
electric field modulation allows dynamic modification of the
FSR. The observation of additional transmission peaks in the
same channel output response, symmetrically located at both
lower and higher wavelength from the main peak, confirms dy-
namic control of the FSR. The observed output response of ac-
tive R-AWGs was found to be in excellent agreement with sim-
ulation results.
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