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Wide bandwidth, large, and tunable polarization mode dispersions
in multilayered omnidirectional reflectors
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We numerically demonstrate the generation of large, broadband, and tunable polarization mode
dispersion(PMD) with omnidirectionally reflecting dielectric stacks with embedded cavities. Both
first-order and second-order polarization mode dispersion can be generated by similar
configurations. Our examples show that the first-order PMD can be tuned from 0 to 30 ps over an
80 GHz bandwidth and second-order PMD from 0 to 50 ps/nm can be generated over a 100 GHz
bandwidth. We also show that in our configuration there is no significant modal distortion of the
light beams when the beam diameters exceed 3.5 mm20@2 American Institute of Physics.
[DOI: 10.1063/1.1491284

Polarization mode dispersiofPMD) is a critical “all-pass filter” geometry: the reflector on one side of the
bandwidth-limiting issue for ultrahigh data rate communica-cavity, on which the light is incident, possesses far larger
tion systems using installed optical fiber links and for long-transmissivity than the reflector on the other si@khis ge-
distance high-speed fiber links in generdi.Cabled fibers ometry is also commonly referred to as the Gires—Tournois
show time-varying PMD due to manufacturing imperfec-interferometef, and has been previously used in chromatic
tions, stress, and ambient temperature changes. Adaptidispersion compensatioh.In this all-pass filter geometry,
compensation is therefore necessary. The first-order PMD rehe intensity response function becomes independent from
sults from the differential group delay between the two prin-the phase response function, allowing for generation of rich
cipal states of polarizations in the fibers, while the differen-varieties of phase response with low insertion loss.
tial chromatic dispersion between polarizations generates For such a cavity structure, the spectra for reflectivity
second-order PMD. To achieve adaptive compensation aind group delay are calculated using the characteristic matrix
each order, it is essential to provide components with suffimethod!® and shown in Figs. 1 and 2. Omni-directional re-
cient operation bandwidth that can generate large and tunabfection occurs within the wavelength range between 1250
differential group delay and differential chromatic disper-and 1700 nm(Fig. 1). The presence of the cavity, while
sion. having little effect in the reflectance response function inside

Previously, adaptive first-order PMD compensation techthe photonic band gap, nevertheless introduces a large
nigues have typically used configurations with beam splitters orentzian peak in the group delay spectr(fig. 2). At the
and separate tunable fiber-delay life8These devices usu- normal incidence, the group delay peaks of the two polariza-
ally suffer from relatively large insertion loss, low tuning tions coincide with each other, as expected. At off-normal
speed, and large physical dimensions. Moreover, secongncidence angles, the peaks shift to shorter wavelengths and
order PMD cannot be easily compensated with such configusplit between the polarizations, resulting in a differential
rations. In this letter, based upon the recently discovered efgroup delay. For practical applications, however, to prevent
fect of omnidirectional reflection in dielectric multilayer generation of higher-order PMD’s, it is crucial to obtain flat
mirrors, we introduce a class of structures that can generaigelay spectra over a sufficiently large bandwidth that can
both the first-order and the second-order PMD with largecover a signal band, and maintain such flat spectra during the
bandwidth and low insertion loss. In addition, we show thatyning process.
the tuning of the device can be realized by a simple angular  For 3 single cavity structure, there is an inherent trade-
tuning scheme. The large PMD in this design may enable ipff petween the maximum delay and the usable bandwidth.
to replace the bulky fiber delay lines in current technology. Therefore, we utilize an incoherent cascading scheme with

The basic building block of our design consists of a mi-myjtiple stages, as shown in Figia® Each stage comprises
crocavity layer sandwiched between two omnidirectional reywo parallel dielectric stack single-cavity reflectors. These
flectors[Fig. 1(@)]. An omnidirectional reflector is a periodiC refiectors are arranged at a sufficient distance apart, for ex-
multilayer dielectric stack that possesses near 100% refle%{mme a few centimeters, such that no interference occurs
tivity within a range of frequencies, regardless of incidenceéyeqyeen reflections. Thus, the dispersive coefficients of the
angles and polarizatiorisere for concreteness, we consider gntire stage become the linear summation of those of indi-
such reflectors made up of Si/Si0ilayers. An extra layer of ;g3 reflections. Thus, larger group delay can be imple-
SO, is embedded as the cavity. The cavity is configured inyented without sacrificing bandwidth. In addition, the delay
spectra of each stage can be tuned independently if needed.
3Electronic mail: shanhui@stanford.edu. We show in Fig. 3 an example of a three-stage reflector
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FIG. 1. (a) Cross section of a dielectric stack with an embedded microcav-
ity. (b) Reflectance spectra for TE and TM modes at various incidence
angles. A TE(TM) mode has its electri¢magneti¢ field parallel to the
mirror surface. The frequency range between dashed lines corresponds
the range of omnidirectional reflectance. This range extends from 1250 tQ
1700 nm.

FIG. 3. (a) Schematic of a tunable differential group delay generator. The
Structure consists of three stages. Each stage is made up of two parallel
reﬂectors(b) The solid line corresponds to the aggregate delay spectrum of
tthe structure. The dotted lines are the delay from a single reflection event in
Bach stagegc) Tuning of the aggregate delay as incident angle is varied. The
maximume-rotational angle for the first two stages is 1.6° around an inci-
dence angle of 30°.

incoherently cascaded. The first two stages, both with 12
reflections, generate two large differential group delay resosignal band is consequently determined by the spacing be-
nant peaks each with@ of 3000, centered on either side of tween these two peaks. For adaptive tuning, each peak can
the 1550 nm signal band. The differential group delay at thgye conveniently shifted by rotating the corresponding stage
along the axes normal to the shared incident plane. More-
over, the even number of reflections at each stage ensures
120 that the output light remains parallel to the input light, which
eases the alignment between stages. A supplementary third
% TE Modes stage with only four reflections is used to further flatten the
spectra in the case of large delay when the two peaks are
g 72° close to each other as shown in Fig. 3. This stage has a
smallerQ of 1000 and a resonant frequency centered at the
0 27 signal band. For lower differential group delays, this stage
can be disabled by simply rotating it by a large angle so that
o« < s the resonant peak is far from the signal band, and reflections
54° 72° in this stage do not accrue differential group delay. Using
30 such a configuration, our simulation shows that a 0-30 ps
TM Modes differential group delay can be continuously tuned over an
T 80 GHz S|gn_al_ _band centered at the ngelength of 1550 nm.
Wavelength(nm) The flexibility of these angular tuning schemes further
enables generation of a tunable second-order PMD. A similar
FIG. 2. Delay spectra at different incident angles for the dielectric stackthree-stage system is used as in the first-order case, except

shown in Fig. 1a). that the two first stages are now aligned in such a way that
Downloaded 28 Jun 2002 to 171.64.86.65. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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first-order PMD compensation scheme, adjusting the spacing
between the two resonant peaks by angular tuning result in
tuning of the magnitude of the differential chromatic disper-
sion at the signal band, as illustrated in Figh)3 The third
low-Q supplementary stage can further flatten the spectra in
the case of large differential chromatic dispersion as well.
The orientation of the reflectors being the only difference
with the first-order case, similar control schemes apply. Our
numerical simulations indicate that a flat differential chro-
matic dispersion over 100 GHz bandwidth can be continu-
ously tuned from 0 to 50 ps/nm, as illustrated in Fig. 5. For
larger bandwidth, the maximum dispersion of single reflec-
tion has to be reduced and more reflections are therefore
(b) needed. . _ _ o
For any technique involving thin film structures at ob-
] lique incidence, the spatial distortion of the output beams has

H to be carefully considered to avoid coupling loss. Here, in

H both first and second-order cases, we specifically position the

‘ signal band in a fairly flat spectral range away from the reso-

i nant frequency. Because the variation of phase occurs rela-
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tively slowly over the signal band, the spatial distortion of
beams is greatly reduced. This is in contrast with a@aay
~3 to generate delay by placing the signal band at the resonance,
//'/_ which would incur severe spatial distortion for narrow beams
0 =% =5 T L as the pr_\ase varies S|gn|f|cant.Iy in the y|0|p|ty of the reso-
Wavelength(nm) nance. S!mulgtlons, as shown in Elg. 5, |nd|catg thaF no sig-
nificant distortion occurs for an incident beam with diameter
FIG. 4. (a) Schematic for a tunable second-order PMD generator. The twoOf greater than 3.5 mm, and for the 0—30 ps tunable defer-

arrows represent the two principal states of polarization in the incomingential group de|ay component mentioned earlier. The Split
signal. The polarization state represented by the outlined arrows is a T

mode with respect to the first mirror, and a TM mode with respect to thell:jewm.a(_}r'_the two pola_nzatlons can be restored readily with a
second mirror. The opposite holds true for the polarization state depicted b90|a”_zat'0n beam splitter afterwards. -
the solid arrow(b) Differential chromatic dispersion response of a configu- Finally, we note that these structures possess additional

ration similar to Fig. 8), except that the first two stages are connected in important advantages such as fast response speed and wide
such a way as shown in Fig(&. In each of the first two stages, there are 12

reflections events. The supplementary third stage further flattens the dispewaveleng,th tracklng range. For example’ a differential _grOUp
sion at high dispersion cases, similar to the case in Ra. 3 delay tuning from 0.5 to 30 ps corresponds to a rotation of

the two main stages by only 1.7°. The small angle simplifies
each is parallel to one of the two orthogonal polarizations, aghe c(:jontfr?L S(:F:\jge and mcrteasesh_tPLe_ pot_etptlalllfrespolnse
shown in Fig. 4a). In this way, the overall differential group speed ol the _compensator, which 1S critical Tor reai-
delay response becomes the difference of the two resona e adapiive apphcgtlonfs_. The use of omn|d|r_ect|onal re-
peaks and is linear as a function of frequency between peak fac.:tor also greatly simpliies the reflector design at Iarge
As a result, a constant differential chromatic dispersion Oclnmdence a;g(l)es and assures a wide wavelength tracking
curs at the signal band between the two peaks. Similar to thNge over nm.
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