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Compact Colorless Tunable Dispersion Compensator
With 1000-ps/nm Tuning Range
for 40-Gb/s Data Rates
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Abstract—A novel tunable dispersion compensator (TDC) with
±500-ps/nm tuning range and bandwidth support for 40-Gb/s
signals is described. The TDC is constructed from a waveguide
grating router (WGR) that provides very high spatial dispersion
and a deformable cylindrical mirror for applying quadratic spatial phase across the dispersed wavefront. The WGR’s 100-GHz
free-spectral range (FSR) allows the device to simultaneously
apply the same dispersion to all wavelength-division multiplexing
(WDM) channels.
Index Terms—Dispersion compensation, gratings, microelectromechanical devices, microelectromechanical system (MEMS),
optical filters.

I. I NTRODUCTION

A

N OPTICAL tunable dispersion compensator (TDC) is
an essential component for 40-Gb/s long-reach communication links. Fiber temperature changes in long links are
sufficient to require the use of a TDC, and electronic dispersion
compensation at 40 Gb/s is currently too immature. Oftentimes, the TDC needs to be colorless—having a free-spectral
range (FSR) equal to the channel spacing—enabling reconfigurable wavelength-division multiplexing (WDM) networks
and reducing inventory. Bulk-optic [1]–[4], ring-resonator [5],
waveguide-grating-router (WGR) [6], sampled chirped fiber
Bragg gratings [7], and Mach–Zehnder-interferometer [8], [9]
colorless TDCs have been demonstrated. Other desirable TDC
features include fast tuning speed, single-knob dispersion adjustment, low power consumption, and small size.
The WGR-based TDC is colorless, bandwidth efficient, and
compact; has fast tuning and single-knob adjustment; and can
provide a very large tuning range. Recently, we presented a
WGR-based TDC that uses a deformable mirror [10] rather than
a thermooptic lens [6], saving significant power consumption
and size. In this paper, we provide further design details and
measurement results. We note that a non-tunable dispersion
compensator using a WGR and a fixed mirror was previously
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Fig. 1. Schematic layout of the optical TDC, comprising of a WGR, collimation lens, deformable mirror, and a circulator.

demonstrated [11]. Our WGR has an extremely high spectral
resolution; and with it, we demonstrate 1000-ps/nm tuning
range, which is the largest reported for a 40-Gb/s 100-GHzFSR TDC to our knowledge. A 40-Gb/s TDC with 1600-ps/nm
tuning range is presented in [12], but it had a 200-GHz FSR,
requiring two codes to cover all WDM channels. Our project
is also the first demonstration of a polarization-independent
WGR-based TDC without using polarization diversity.
II. D ESIGN OF TDC
The waveguide layout and the concept of the TDC are shown
in Fig. 1. Light enters a planar lightwave circuit (PLC) containing an extremely high-resolution WGR through the single
waveguide that is attached to an optical circulator, which is used
to separate the input and output signal. The light passes through
a first free-space region in the PLC, is coupled into the WGR,
and enters a second free-space region. At this second free-space
region, the PLC is cut and the light is then spectrally spread
out across a variable-curvature reflecting membrane. There is a
plano-cylindrical glass lens attached to the PLC that collimates
the light in the plane of the PLC. To achieve linear chromatic
dispersion, one must apply a phase distribution that varies
quadratically with wavelength. Fig. 2 illustrates the effects
of cutting the free-space region and of the variable-curvature
reflecting mirror. The free-space region in a conventional PLC
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Fig. 2. (a) Free-space region as normally implemented inside a PLC. (b) Freespace region is cut and light propagates in air. The zero-dispersion curvature and
location of the second surface of free-space region changes in air. (c) Adjusting
the surface curvature of the membrane results in spatially varying sag values,
which are approximately quadratic.

design consists of two curved surfaces of radii R̃0 (the tilde
overscript denotes properties in the guided medium), where the
center of curvature of one surface lies on the second surface.
In this work, we cut through the free-space region and allow
the light to radiate into air. The radius of curvature of the second
surface R0 is decreased to R̃0 /n, where n is the refractive index
of the PLC guiding material to account for refraction at the
interface, and the propagation distance to the second surface
decreases as a function of the cut location. As the second
surface of the free-space region is now in air, its curvature may
be dynamically adjusted to differ from R0 . The membrane sag,
which we define as the propagation-direction distance between
the adjusted membrane radius of curvature R and the zerodispersion radius of curvature R0 , as a function of the distance
from the origin x is well approximated by
sag(R, x) =

x2 (R − R0 )
.
2R · R0

(1)

The reflection of spatially dispersed light from the membrane’s
quadratic phase distribution produces a chromatic dispersion,
which is given by

  2
dx
2λ0 R − R0
(2)
D=−
c0
R · R0
dλ
where λ0 is the free-space wavelength, c0 is the free-space
speed of light, and dx/dλ is the spatial dispersion defined by
the WGR parameters
c0 R̃0
dx
=
dλ
na∆f λ0

(3)

where a is the grating-arm pitch at the first curved surface of
the free-space region, and ∆f is the WGR FSR. In our case,
R̃0 = 3.0 mm, a = 11.5 µm, and ∆f = 100 GHz. Therefore,
the zero-dispersion curvature of the adjustable membrane is
R0 = 2 mm, and chromatic dispersion values of ±500 ps/nm
can be achieved for R = 1 mm and R = 35 mm, respectively.
In our chosen optical design parameters, the curvature of
the reflecting membrane does not have to change its sign (e.g.,
transition from concave to convex) within the desired dispersion
tuning range. This allows us to use the buckling mode of the

Fig. 3. (Left) Reflecting membrane stretched between two actuators. As the
actuators move towards each other, the membrane buckles resulting in a curved
region at the center. (Right) Measured curvature versus applied voltage on the
piezoelectric actuators.

membrane for changing its curvature and always remain buckled in the same direction (see Fig. 3). The reflecting membrane
is stretched across two inward-propagating actuators at a large
initial radius of curvature. As the two actuators are activated, the
membrane ends are brought closer to each other and the radius
of curvature decreases. We cut a strip of 2-mil-thick aluminumcoated Mylar [13], which is 2.5-mm wide, and glued its ends to
two piezo-electric actuators, each with a 30-µm achievable displacement. Compressive springs were inserted between the two
actuators to tension the arrangement. The membrane-buckling
technique allows us to achieve large curvature variations for
very small end displacements. The membrane curvatures were
characterized with an interferometric profilometer. The central
200 µm of the membrane exhibited a very good fit to a quadratic
sag profile, as required for the TDC operation. One limitation of
the membrane-buckling approach is that the membrane center
(or apex) translates as a function of the end displacement, as
opposed to a desired change of curvature about a stationary
apex, as depicted in Fig. 2. Using a cosine profile model for
the buckled-membrane contour (with the two edges rigidly
supported), we calculate that the apex translates by ±100 µm
at the ±500-ps/nm TDC settings, respectively.
In our PLC layout (Fig. 1), the WGR is “pinched” in the
middle [14]. The pinching results in 1) significant savings in
consumed wafer area; 2) significant reduction of the grating
sensitivity to refractive-index gradients in the wafer by occupying a smaller extent; and 3) enabling the insertion of a small
half-wave plate to make the TDC polarization independent (the
WGR is perfectly symmetric about its center line). Despite
the pinching, such a high-resolution WGR is still expected to
have significant fabrication-induced phase errors. The phase
errors can be divided into linear, quadratic, and higher order
distributions across the grating arms. One significant advantage
of our design is that the linear component is compensated by adjusting the WGR temperature, and the quadratic component is
compensated by adjusting the focal position of the deformable
mirror when the device is assembled.
III. R ESULTS
The silica-on-silicon WGR was fabricated with 0.8%-indexcontrast waveguides and has 34 grating arms. We took the silica
waveguide chip with the WGR, cut a slot in it, inserted the
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Fig. 4. Photograph of TDC showing the PLC, the attached cylindrical collimation lens, and the deformable Mylar mirror next to lens. The physical size of
the PLC is 30 mm × 50 mm.

zero-order waveplate, glued on the input/output fiber, attached
it to a circulator, and glued on the plano-cylindrical lens. The
deformable-mirror assembly was aligned with respect to the
WGR (Fig. 4). Since there are only two elements (WGR and
deformable membrane) that need to be aligned with respect to
each other, this step is straightforward. The other diffraction
orders from the WGR were extinguished by placing an aperture
(baffles, not shown in Fig. 4) near the mirror plane. Both piezoelectric actuators were wired in parallel, so only one voltage
knob was required to adjust the dispersion.
The TDC demonstrated more than ±500-ps/nm tuning range
(Fig. 5(top)), which is obtained for applied actuator voltages
between 100 V (negative dispersion) to 800 V (positive dispersion). The insertion loss, including the circulator, was ∼ 8 dB
at the zero dispersion setting and increased to ∼ 11–12 dB at
the ±500-ps/nm settings. Our calculations show that the effect
of defocusing, due to the translation of the membrane apex
by 100 µm (violating the confocal arrangement), contributes
∼ 3-dB excess loss. At the extreme tuning positions, the
transmissivity passband exhibited narrowing [Fig. 5(center)]
because the mirror deflects the spectral components at the
passband extremes further away from the center of the star
coupler. The group delay ripple (GDR) was less than ±6 ps over
70-GHz of bandwidth, for support of 40-Gb/s transmission
rates [Fig. 5(bottom)]. The polarization-dependent loss (PDL)
across the central 70-GHz bandwidth ranged from 0.5 dB at
0 ps/nm to 3.5 dB at the tuning extremes. Likewise, the worst
case differential group delay (DGD) varied from < 1 ps at
0 ps/nm to < 7 ps at the tuning extremes. The Mylar film contributed to some of the polarization performance degradations;
testing with a fixed parabolic gold-coated mirror exhibited low
PDL and DGD.
The dispersion-compensation capability of the TDC was
tested using a 42.7-Gb/s carrier-suppressed return-to-zero
(CSRZ) 231 − 1 pseudorandom bit sequence at 1550 nm,
with different spools of fibers [single-mode fiber (SMF) and
dispersion-compensating fiber (DCF)] placed between the
transmitter and the receiver to generate various dispersion
values [Fig. 6(a)]. CSRZ is a stringent test of a TDC because
of its wide bandwidth. At the receiver, a wavelength demultiplexer preceded the TDC, which is followed by an optical
preamplifier and a p-i-n photodetector into a 40-Gb/s electrical

Fig. 5. (Top) Group delay versus frequency. Different slopes are observed,
corresponding to dispersion settings. (Center) TDC transmissivity versus frequency. Spectral narrowing is observed for larger departures from zero dispersion. Passband and dispersion settings are repeated at 100-GHz FSR. (Bottom)
GDR for all dispersion settings at one particular channel. Ripple is bounded by
±6 ps over ±35 GHz from channel center.

demultiplexer. No polarization control was allowed. Tuning the
TDC was trivial, as a single knob operation yielded immediate
eye opening at the proper setting [Fig. 6(b)–(g)]. At the 0-ps/nm
setting, the TDC showed zero penalty in bit-error rate (BER)
versus optical signal-to-noise ratio (OSNR) over the back-toback case [Fig. 7(top)]. Penalty at the dispersion extremes of
±500 ps/nm was ∼ 1-dB OSNR at 10−3 BER and ∼ 3-dB
OSNR at 10−9 BER. We attribute the greater penalty with negative dispersion (as the Mylar film flattens) to the passband
narrowing, as the GDR is well behaved throughout the tuning
range. Sensitivity to channel misalignment was tested by detuning the laser line with respect to the channel center frequency
[Fig. 7(bottom)], yielding a ∼ 1-dB OSNR penalty at 10−9 BER
with 2.5-GHz detuning.
The TDC time responses were measured by driving the
piezoelectric actuators with a square wave voltage and tracking the BER counts on an oscilloscope (Fig. 8). The TDCdispersion increase (actuate) and decrease (restore) times were
∼ 200 µs and ∼ 20 ms, respectively. The time to decrease
the dispersion (flatten the mirror) is significantly slower and
exhibits two time constants. We believe that the slower time
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Fig. 6. (a) Setup for characterization of TDC performance in receiver
sensitivity experiments. (b) Back-to-back performance of transmitter and receiver. (c) TDC inserted in a transmission link. (d) SMF inserted, generating 425-ps/nm dispersion. (e) TDC compensating 425-ps/nm dispersion.
(f) DCF inserted, generating −504-ps/nm dispersion. (g) TDC compensating
−504-ps/nm dispersion.

Fig. 8. TDC response time measurements performed with receiver error
counts. (Top) Fast response to increasing voltage (dispersion). (Bottom) Slower
response to decreasing voltage (dispersion) with two time constants visible.

phased array, it may be too slow for protection switching in
reconfigurable networks.
IV. C ONCLUSION

Fig. 7. (Top) Receiver sensitivity curves for different amounts of fiber dispersion in the link. The legend dispersion values are of the inserted fiber, and the
TDC dispersion setting is the opposite of that. (Bottom) Sensitivity curves for
laser transmitter misalignment with respect to filter center.

constant in the membrane flattening might be due to a Mylar
stress relaxation process. Additionally, open loop operation
of piezoelectric actuators is known to exhibit both hysteresis
and creep behavior, which might also account for the slower
relaxation time constant. While 20 ms is significantly faster
than some TDC technologies, such as chirped fiber Bragg gratings and mechanical mirror translation in the virtually imaged

We demonstrated a novel TDC that combines guided
wave optics within a PLC and free-space optics, as well as
mechanical optics, to achieve a large tuning range with singleknob tuning, a small size, fast adjustment, low power consumption, and an FSR that matches the usual channel spacing for
40-Gb/s systems. Further improvements to the deformable actuator are expected to further improve the performance (reducing
insertion losses, GDR, PDL, and DGD). The actuation mechanism should ensure that the membrane apex does not translate
as a function of curvature, as in the case of our buckling
membrane approach. One possible improved implementation
might consist of a microelectromechanical system (MEMS)based actuator, which might integrate additional rotational and
translational functionality to further facilitate assembly and
alignment. Moreover, MEMS-based devices can also be designed to provide the faster actuation speeds that might be
required in optical networks (eliminating the slow time constant
that we experienced when flattening the membrane).
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