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Abstract—This paper describes a continuously variable and
independently addressable channelized dispersion compensator.
The optical system is a free-space grating-based system used in
a four-pass configuration to ensure flat passbands. The variable
dispersion is produced by an array of thermally adaptable curva-
ture micromechanical mirrors. A per-channel variable dispersion
greater than+ 400 ps/nm has been demonstrated, with 58 GHz
+ 0.4 dB flat passband on 85 GHz spacing. The group delay
ripple is less than 7 ps and the penalty with 40 Gb/s CSRZ is 0.7
dB.

Index Terms—Dispersion compensator, microelectromechanical
systems (MEMS).

I. INTRODUCTION

THE importance of dispersion control in optical transmis-
sion systems has grown with increasing data rates. The

high precision required in setting dispersion compensation,
will mean that active dispersion compensation is necessary to
overcome limitations in accurately setting the dispersion when
building a system and environmental factors during the life of
the system. Additionally, the desire to provide reconfigurable
routes in the optical domain has also driven the need for
dynamic dispersion compensation, since the optical paths are
not fixed, but can vary by channel. Thus, the necessity of
providing dynamic per-channel dispersion compensation has
made it a critical technology for the evolution of lightwave
communications.

While there are several approaches to dynamic dispersion
compensation including fiber, waveguide, and bulk optics,
the mechanism for creating the wavelength dependent group
delay can be placed in two categories. The first category em-
ploying multipath interference such as fiber Bragg gratings [1],
waveguide ring resonators [2], and free-space Gires-Tournois
interferometers [3]–[5]. The second category uses grating-based
systems with a variable phase element at an image plane to
produce beam displacement on the grating causing variable
group delay, such as the bulk optics virtual image phased array
[6], microelectromechanical systems (MEMS) image plane
phase shifter [7], a liquid crystal phase shifter [8], or waveguide
grating routers with a thermooptic lens [9].

Manuscript received July 3, 2003; revised October 17, 2003.
D. T. Neilson, R. Ryf, D. M. Marom, and S. Chandrasekhar are with Bell Lab-

oratories, Lucent Technologies, Holmdel, NJ 07733 USA (e-mail: neilson@lu-
cent.com).

F. Pardo, V. A. Aksyuk, M.-E. Simon, and D. O. Lopez are with Bell Labo-
ratories, Lucent Technologies, Murray Hill, NJ 07974 USA.

Digital Object Identifier 10.1109/JLT.2003.822835

The optical system described in this paper uses the latter
grating-based approach with the variable curvature MEMS
mirror as the image plane phase shifting element. However,
this design has two major advantages over previous devices.
First, since it does not use an echelle grating, it can utilize an
array of MEMS mirrors with variable curvature and, therefore,
can provide differing dispersion on each of the channels in
the system. This allows it to simultaneously compensate a
multichannel system with arbitrary dispersions. Second, it uses
an optical configuration with four passes on the grating, which
allows the device to have flat passbands. Four pass systems
have previously been considered for pulse compressors [10],
[11] but the optical configurations only partially flatten the
passband.

Since the grating-based designs are nonminimum phase fil-
ters [12], we know that the Hilbert transform may not be used to
infer the phase response from the amplitude. Thus, it is possible
in principle to obtain dispersion without creating amplitude vari-
ations. The origin of the change in passbands with dispersion in
the previous systems [6]–[9] is that they use the second pass
of the grating to provide both the wavelength delay and the
wavelength recombination. Doing both in a single stage is in-
compatible with flat passbands since delay requires the beam
be displaced on the grating, while a flat wavelength passband
requires that for all the wavelengths the beams come from the
same pupil position. The solution for flat-passbands is to sepa-
rate these functions by using four grating passes, one to disperse,
two to delay and the last to recombine the spectrum. In addition
to flattening the passband, the four-pass system produces twice
the group delay and hence dispersion of a conventional two-pass
system, because the light double passes the grating system pro-
ducing the group delay.

II. SYSTEM DESIGN

The system consists of a folded 4f dispersive imaging system,
a 1D array of MEMS mirrors and beam forming and reflection
module. The dispersive system, shown schematically in Fig. 1,
consists of a 50-mm focal length lens [13] in conjunction with
an 1800 gr/mm prism (BK7) buried grating (1265 gr/mm equiv-
alent) [14]. The grating has a high efficiency ( 0.9 dB loss
per pass) for a single polarization, which helps to reduce the
four-pass loss, but requires us to use aperture division polariza-
tion diversity [13], [15]. An array of thermally actuated, vari-
able curvature, MEMS mirrors, shown in Fig. 2, is placed at
the image plane. The mirrors are composed of a stressed gold
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Fig. 1. Schematic of system showing path taken by light at the center of the
channel (solid) and light at the edge of the channel (dash).

Fig. 2. MEMS mirror array showing five thermally actuated mirrors on a
210 �m pitch. Graph illustrates starting and partially actuated curvature of the
second mirror (20 mA, 10 V).

film on silicon, and start with a negative curvature of radius 3.9
mm. They are heated by use of individual resistance heaters in
each mirror. When heated they deform to produce a range of
curvatures through flat up to a positive curvature of radius 3.9
mm. While not optimal for the final application these mirrors
allow demonstration of the subsystem concept. Thermally ac-
tuated mirrors have relatively large power dissipations and in-
duce some curvature in adjacent mirrors. Additionally the in-
creased temperature of operation will tend to accelerate aging
and metallic creep issues [16].

Light enters the system, via a circulator on a fiber and is
formed into a beam by a collimator . A bire-
fringent beam walk off crystal and a half-wave-plate produce
polarization diversity beams. The beams then pass through a

condenser lens and enter the dispersive imaging
system, shown in Fig. 3. The two emerging beams of light pass
through the condenser and 50 mm lens to produce a 1.7 mm
beam diameter on the grating, where they are spatially dispersed
and imaged by the 50 mm lens onto the MEMS mirror array. The

beam diameter at the MEMS device is 68 . The mirrors
are 210 long corresponding to a channel spacing of 0.67 nm
or 85 GHz. The curvature of the MEMS mirrors redirects dif-
ferent spectral components of each channel to different places
on the grating.

The light passes through the 50-mm lens and the condenser
to hit a plane mirror, adjacent to the beams entering the system,
which retroreflects the beam back through the collimator and
dispersive system to the MEMS mirror, where the angular shift

Fig. 3. Layout of system showing folding mirror, condenser lens
(f = 11mm), MEMS devices, relay lens (f = 50 mm) and immersed grating
(1800 gr/mm). A ray trace of the system for wavelengths from 1542 to 1558
nm is shown on the lower half.

Fig. 4. Calculated group delay passbands of device with 68 �m diameter
beams and 210 mm spaced mirrors. The channel spacing is 85 GHz and the
linear group delay region is 50 GHz.

induced by the curvature is undone by a second reflection off
the MEMS mirror. The light is then recombined by the lens and
grating and coupled into the original fiber where the circulator
separates the light to the output port. The overall system shown
in Fig. 3 is 150 mm long 40 mm 40 mm. We would expect
a 1-dB amplitude passband of around 74 GHz. The group delay
passbands are expected to be narrower, as shown in Fig. 4, with
flat dispersion expected over 50 GHz and maximum to min-
imum delay width of 58 GHz.

The system was operated with five MEMS mirrors spanning
3.5 nm, but the optics is capable in its current form of supporting
16 nm or 20 100-GHz spaced channels, shown in the ray trace
of Fig. 3, with negligible increase in insertion loss.

The insertion loss has the following anticipated contributions:
3.6 dB from four passes of the grating; 1.5 dB from coating
losses of eight passes of the four-element lens;
0.5 dB from coupling losses due to aberration; 1.2 dB from the
circulator; 0.5 dB from the polarization diversity optics; 0.3 dB
from the reflectivity of the MEMS mirror. This gives an ex-
pected loss of 7.6 dB for the system.

The group delay per pass of a grating system in Littrow con-
figuration where is the grating angle is
with as the deflection angle of the beam at the image plane,

is the focal length of the lens, and is the speed of light. In
a system with a MEMS mirror curvature of , and a beam
coming from a distance from the center of the curved MEMS
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Fig. 5. The loss and group delay of the device as the curvature is varied.
Dispersion of +=�410 ps/nm is achieved over a 0.4-nm bandwidth. The
passband has less than+=�0.4 dB ripple over the 0.45-nm bandwidth.

mirror the local mirror slope is , and the resulting deflec-
tion angle of the beam is given by . Thus, for
the four-pass system, the group delay is

(1)

For constant curvature, this gives a delay proportional to the
curvature and displacement of the beam from the center of the
curved mirror. The spatial dispersion of the system at the curved
mirror is . Thus, the dispersion is

(2)

and is proportional to curvature of the curved mirror and the
square of the spatial spectral dispersion of the optical system.
For , , , and in ,
we obtain a nominal .

III. EXPERIMENTAL RESULTS

The measured the loss and dispersion for various actuated
curvatures of the MEMS mirrors are shown in Fig. 5. We ob-
serve that the passbands are generally flat, though there is some
slight narrowing with curvature, which is caused by residual
aberrations of the optical system. For a curvature of 3.9 mm,
we obtained a maximum 187 ps delay over a 0.5-nm passband
(58 GHz) and a uniform dispersion of 410 ps/nm over 0.4-nm
band (50 GHz) which is consistent with the expected bandwidth.
With curvature of 3.9 mm, we obtain 192 ps delay over a

Fig. 6. Group delay ripple for dispersion values of 404 ps/nm (dot),�15 ps/nm
(dash) and �386 ps/nm (solid).

Fig. 7. Loss and dispersion on adjacent channels, for two states. Adjacent
channels with the same dispersion 440 ps/nm (thin) and one with near zero (<20
ps/nm) while the neighbor has �410 ps/nm (heavy).

0.5-nm passband giving a uniform dispersion of 410 ps/nm
over 0.4 nm. The passband is flat to within 0.4 dB across
these bandwidths and dispersions. There is a slight variation in
the insertion loss as a function of the curvature, due to curva-
ture of the MEMS mirrors in the nondispersion direction and
higher-order aberrations of the system, with up to 1 dB more
loss at the higher dispersions. The measured loss of 8.7 dB is
slightly greater than the anticipated loss of 7.6 dB and the excess
may be related to curvature of the MEMS mirror in the nondis-
persion direction and nonoptimal alignment of the system.

A significant characteristic of any dispersion compensator is
the amount of group delay ripple that it produces. We have mea-
sured this for a variety of dispersion values and the results are
shown in Fig. 6 for a 0.4 nm width (50 GHz). The mirrors when
unheated and when heated up to flat produce a group delay
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Fig. 8. Passband for 10 Gb/s NRZ when compensating dispersions of 0 (open
symbols) and �332 ps/nm (closed symbols).

ripple of less than 2 ps. Beyond this they start to exhibit
group delay ripple increasing to 7 ps at maximum disper-
sion. The asymmetry in the ripple can be attributed to nonuni-
formity of thermally induced curvature in these experimental
mirrors.

A distinct advantages of this device is that it can have dif-
ferent dispersions on adjacent channels, as is illustrated by the
results in Fig. 7, which shows adjacent channels with similar
and dissimilar dispersions.

The polarization dependent loss is around 0.3 dB and there is
5 ps GVD from the design of polarization diversity optics, which
could be reduced upon further redesign. Tests of the device with
10 Gb/s NRZ PRBS , indicate no transmission penalties
other than from the dispersion. We find penalty free operation
at 10 Gb/s over a 50-GHz passband both at zero dispersion and
when compensating 332 ps/nm dispersion, as shown in Fig. 8,
consistent with the 58-GHz measured passbands.

We have also tested the device with 40 Gb/s CSRZ PRBS
, and we find that the dispersion compensator produces

0.7 dB penalty when compensating a fiber with 348 ps/nm.
There is a 5 GHz window for 40 Gb/s CSRZ that is con-
sistent with the 58 GHz passband.

IV. SUMMARY

We have proposed and demonstrated a new optical config-
uration for a dispersion compensator. The new design allows
for flat passbands across a wide range of dispersion. Since the
four-pass configuration also provides more dispersion than
previous double pass systems, it enables the use of nonechelle
grating technologies. These gratings allow the individual
channels to be compensated separately by the array of MEMS
mirrors. This system has demonstrated individual channel
dispersion compensator with flat passbands and greater than

400 ps/nm of dispersion, with less than 10 dB insertion
loss.
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