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Optics and Photonics
1. Dispersion Managed Solitons and Polarization Mode Dispersion
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In previous work we have shown that solitons can be stable against perturbations by polarization
mode dispersion (PMD) and propagate indefinitely without being destroyed by PMD [1]. The
work in the past year was motivated by two objectives:
(a) develop new ways of characterizing PMD and providing compensation
(b) utilize the analogy between dispersion managed soliton propagation and ultrashort pulse
generation [2]
PMD is now a topic of intense interest as fiber communications utilizes ever higher bit-rates.
Many schemes for dispersion compensation have been developed, but all of them use adjustable
compensators that search for an optimum adjustment of the feedback controlled compensator.
One of the pitfalls of this approach is that the PMD compensation system may get “stuck” in a
local minimum, rather than find the global minimum. In our approach [3] we obtain a full
characterization of the PMD (thus far first order PMD) and adjust the compensator in response to
this information. It is a feed-forward system. The scheme works as follows: The polarization of
the transmitted signal is scrambled. Such scrambling is already utilized in long distance
transmission systems in order to avoid polarization hole burning in the gain of the erbium doped
fiber amplifiers. The measurement of the degree of polarization (DOP), of the transmitted signal
enables one to construct a DOP ellipsoid within the Poincare sphere, the major axis of which
coincides with the principal polarization state. Using this information, one may set the
polarization controllers and the adjustable group delay of the compensator. The scheme has
been tested experimentally [3].
Mode-locked ultra-short pulses stretch and compress as they pass through the different elements
of the resonator, i.e. the gain medium and the compensating mirrors or prisms. In this respect
they resemble closely the propagation of dispersion managed solitons. In fact, it has been shown
that the pulse shaping of an ultra-short pulse can be understood as the selection by the system of
a solitary wave (dispersion managed soliton) in which the (artificial) saturable absorber (e.g. Kerr
Lens Mode-locking) plays no role [2]. Indeed, when the ultra-short pulse is generated, the
(artificial) saturable absorber is completely saturated. Its role is relegated to the removal of noise
build-up between pulses.
Ultra-short pulse trains are excellent candidates for the simultaneous generation of millions of
spectral lines whose position is precisely controlled by control of the position of a single line within
the spectrum, provided the phase of the carrier with respect to the envelope can be kept fixed
from pulse to pulse. The phase velocity and group velocity have to be controlled modulo a 2 N π
phase-shift. This requires a good understanding of the phase and group-velocity in a nonlinear
system. Considering a simple soliton first, as described by the nonlinear Schroedinger equation
(NLSE) one finds that the NLSE by itself is incorrect; it has to be supplemented by a term that
takes the frequency dependence of the Kerr phase shift into account. When this is done, one
finds the phase – and group velocities differ by a constant factor, and both depend on the energy
of the soliton. Thus energy fluctuations of a mode-locked soliton laser can lead to fluctuations of
the carrier phase with respect to the envelope. This theory can be extended to dispersion
managed solitons, and thus to laser mode-locking generating ultrashort pulses. It is found that the
same effect is present, but less pronounced than in the soliton case [4].
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A pulse emerging from a mode-locked laser is characterized by four parameters: amplitude,
phase, timing (position), and carrier frequency (momentum). When quantized, these parameters
form two pairs of noncommuting observables. Squeezing of solitons as described in section
manipulates the observable pair of amplitude and phase. The position- and momentum-pair may
also be squeezed. Position fluctuations may be reduced at the expense of momentum (carrier
frequency) fluctuations. A train of position-squeezed pulses has reduced timing jitter and
increased carrier frequency jitter.
When photo-detected, the carrier frequency jitter is
suppressed, since detectors are broad-band. This leads to improved timing, if the pulse train is
used to provide a timing signal.
We have shown in past experiments that the timing jitter of a mode-locked laser is attributable to
spontaneous emission and is very small compared to the timing jitter of a commercial sampling
scope [1,2]. Mode-locked lasers are promising candidates for the generation of accurately timed
sampling pulses. Hence it is of interest to consider the ultimate limits of timing jitter of modelocked lasers. We have investigated theoretically the quantum noise in harmonically mode-locked
lasers [3]. We have shown that the position and momentum fluctuations of the pulse-train may
approach the minimum product dictated by Heisenberg’s uncertainty principle [4,5]. In this limit,
the ratio of position fluctuations to momentum fluctuations is fixed. Systems external to the
mode-locked laser can change this ratio in a Hamiltonian way (i.e. preserve minimum
uncertainty). A simple system utilizes phase modulation and dispersive propagation [6].
Preparations are on the way on an experimental implementation.

References
1. S. Namiki, C. X. Yu, and H. A. Haus, “Observation of nearly quantum-limited timing jitter
in an all-fiber ring laser,” J. Opt. Soc. Am. B 13: 2817-2823 (1996).
2. D. J. Jones, K. L. Hall, H. A. Haus, and E. P. Ippen, “Asynchronous phase-modulated
optical fiber-ring buffer,” Opt. Lett. 23: 1777-1779 (1998).
3. H. A. Haus, M. Margalit, and C. X. Yu, “quantum noise of a mode-locked laser,” J. Opt.
Soc. Am. B 17: 1240-1256 (2000).
4. H. A. Haus, M. Grein, and L. Jiang, “Quantum limit on timing jitter of actively mode-locked
laser, Quantum Electronics and Femtosecond Optics Memo #92 (unpublished).

3  Optics and Devices – Optics and Photonics  3
RLE Progress Report 143

5. H. A. Haus, C. X. Yu, M. Grein, and E. P. Ippen, ”The timing jitter of regeneratively modelocked fiber ring laser,” Quantum Electronics and Femtosecond Optics Memo #102
(unpublished).
6. M. Grein, L. Jiang, and H. A. Haus, “Liouville’s theorem, ray manipulation, and
momentum-position squeezing,” Quantum Electronics and Femtosecond Optics Memo
#109 (unpublished).

Publications
1. H. A. Haus, M. Margalit, and C. X. Yu, “quantum noise of a mode-locked laser,” J. Opt.
Soc. Am. B 17: 1240-1256 (2000).
2. H. A. Haus, M. Grein, and L. Jiang, “Quantum limit on timing jitter of actively mode-locked
laser, Quantum Electronics and Femtosecond Optics Memo #92 (unpublished).
3. H. A. Haus, C. X. Yu, M. Grein, and E. P. Ippen, ”The timing jitter of regeneratively modelocked fiber ring laser,” Quantum Electronics and Femtosecond Optics Memo #102
(unpublished).
4. M. Grein, L. Jiang, and H. A. Haus, “Liouville’s theorem, ray manipulation, and
momentum-position squeezing,” Quantum Electronics and Femtosecond Optics Memo
#109 (unpublished).

3. Soliton Squeezing
Sponsor
Office of Naval Research
Grant N00014-92-J-1302

Project Staff
Professor Hermann A. Haus, Professor Erich P. Ippen, Charles X. Yu
Amplitude-phase squeezing of optical pulses using a Sagnac loop of zero dispersion (at 1.3
µm wavelength) has led to noise reduction 5.1 dB below shot noise [1]. The noise achievable
with pulses propagating at zero dispersion is limited to appr. 7dB below shot noise even if the
system were lossless. This limit is imposed by the fact that the pulse does not squeeze uniformly
over its intensity profile, and detection that averages over the pulse does not realize the
maximum degree of squeezing (the phase is affected differently across the pulse intensity
profile). A soliton, on the other hand, experiences a uniform phase change across the intensity
profile and thus squeezes uniformly. No lower limit is set to the achievable noise reduction. This
prompted us to develop a system for soliton squeezing. Squeezing by cross-phase modulation in
a fiber was reported previously. It led to 3 dB of noise reduction below shot noise [2]. The latest
work was carried out in a Sagnac loop. The schematic of the experiment is shown in fig. 1. A
harmonically mode-locked fiber laser generates a train of pulses at 1 GHz rate and 1.2 ps width.
The high repetition rate is required to suppress the Guided Acoustic Wave Brillouin Scattering
spectrum within the frequency band in which squeezing is observed. The pulse train is amplified
to a level at which the pulses in the Sagnac loop have the proper energy to travel as solitons. The
PZT adjusts the phase between the local oscillator, derived from the pump by the beam splitter,
and the squeezed vacuum emerging from the vacuum port of the Sagnac loop. The squeezing
and anti-squeezing is shown in fig. 2. The work has been submitted to Optics Letters.
The work on the amplifier needed to raise the pulse energy to the soliton energy led naturally to
another accomplishment, i.e. continuum generation with a pulse repetition rate at 1GHz [3]. The
amplified pulses were passed to a dispersion tapered fiber supplied to us by Dr. Sysoliatin of the
General Physics Institute in Moscow. The spectral width of the continuum was 80nm. This pulsed
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continuum, sliced into multiple spectra by an appropriate filter can be used as a source in WDM
communication system.
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Figure 1: Experimental setup for Sagnac loop squeezing; FR: Faraday rotator; P: Polarizer;
RFSA: RF spectrum analyzer, the squeezer portion is covered with a box.

Figure 2: A typical average spectrum at 8 MHz, RBW = 100 KHz, piezo stack driven with 5 Hz
sinusoid. The squeezing is 6.1 dB, and the anti-squeezing is 17 dB. The central drip does not go
below shot noise because of insufficient voltage applied to the piezo stack.

4. High Density Optical Integration
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Our work is primarily concerned with the design and modelling of high index contrast photonic
devices. These include (a) resonant channel dropping filters (CDF) for use in wavelength division
multiplexing (WDM), (b) low-loss, waveguide components for dense optical integration, and (c)
mode converters for efficient coupling of these devices with optical fibers. The common feature of
the devices in (a), (b) and of some in (c) is that they are based on high- or low-Q resonances and
design principles borrowed from microwave engineering whereas most of the devices in (c) are
based on lensing. For the study of resonant structures our approach usually starts with the
Coupled Mode Theory (CMT) in time to obtain an estimate of the expected performance. For the
lensing-based mode-converters the initial design is based on Gaussian optics formulation which
allows tracing the evolution of the mode as it propagates through the mode converter. Due to the
complexity of the structures such analytical methods are only approximate and extensive
numerical simulations are performed for an accurate calculation of the response and the field
patterns and for optimization of our designs. The numerical method of choice is the Finite
Difference Time Domain (FDTD) mostly in two dimensions. Our simulations have shown the
possibility of achieving very high-Q in high index-contrast optical resonators of polygonic shape,
such as squares, triangles, octagons etc. The nulls of the electric field of the resonant mode
occur at the corners of these polygons. We have used such resonators as building blocks in most
of our filter and waveguide component-designs.
The advantage of using resonant cavities in CDFs is, among other things, that we can tailor the
filter reponse to meet system specifications such flat-top passband and low crosstalk from
adjacent channels. This can be done by using multiple coupled resonators with couplings
appropriately chosen. In the past we have shown how it is possible to achieve the behavior of a
1
single traveling-mode CDF (e.g. ring) using a pair of standing wave resonators, e.g. squares .
The operation of this type of filter is based on the excitation of two degenerate symmetric and
antisymmetric standing wave modes which is achieved if the mutual coupling between the two
modes is counter-acted by the indirect coupling via the waveguides. We have extended the
2
design to higher-order filters and have simulated second order filters employing two pairs of
identical square cavities in a 3/1 index-contrast system as shown in Fig.1. Each square's side is
only 1.66 microns and the whole system is less than 5 microns in each direction. The FDTD
simulations have qualitatively verified the predictions of CMT but also revealed the sensitivity to
the design parameters.
Waveguide bends, crossings and splitters with excellent performance can be implemented in high
index-contrast by modifying the waveguide intersection region into a resonant cavity with
3
appropriate symmetry . This idea is based on the fact that a lossless resonator with two ports and
appropriate symmetry allows complete reflectionless transmission on resonance. In practice
there is always some radiation loss from the resonator which must be counteracted by strong
coupling to the waveguide mode. This lowers the external Q of the resonator leading to a very
broad bandwidth. Applying this concept in 2D FDTD simulations in 3/1 index-contrast systems we
obtained over 98% transmission in right angle bends, 49% transmission in each arm of a Tsplitter and over 96% transmission with –30 dB crosstalk in waveguide crossings. In all cases the
reflection was negligible. Some bends were fabricated in polySi and silicon nitride on SiO2
substrate and measured at MIT. Although the dimensions were not optimized, the best polySi
case had 0.38dB loss/turn or ~92% transmission and the best nitride case had 0.63dB loss/turn
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or ~86% transmission and they were all in good agreement with the 2D and 3D FDTD results for
the same designs. The 3D simulation in particular verifies the absence of radiation into the
substrate in the best case (Fig. 2).
An important issue is the coupling of the above devices with optical fibers. The mode size of an
optical fiber is several microns, much larger than the submicron width of our single-mode high
index-contrast waveguides. We have been investigating ways to improve the coupling efficiency
using (a) a cascade of cavities of decreasing size and (b) a planar lens in combination with
impedance matching techniques. These schemes can achieve lateral mode-conversion on the
order of 70-80% in case a) and ~90% in case (b) when the input mode diameter is approximately
5 microns and the integrated waveguide is 0.25-0.28 microns wide. Vertical mode conversion
could be achieved using a layered structure of quadratic index distribution. The combination of
two lensing mechanisms is shown in the schematic of Fig. 3. Since the size of this structure is
prohibitive for 3D FDTD simulations we have obtained an estimate for the performance of the 3D
coupler by decomposing the problem into two 2D problems, one in the yz- and one in the xzplane, linked by effective index. The FDTD results for each plane are shown in Fig. 4 with
efficiencies of 84.3% and 94.5%, respectively. The 3D coupling estimate is obtained as the
product of these two values ~80%. Due to reciprocity, the mode-to-mode coupling is the same in
both directions in all our mode-converters as we have also verified numerically.
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(a)

(b)
Figure 1: (a) Electric field of a second-order channel dropping filter employing
two pairs of square resonators and (b) Filter response obtained by FDTD.
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(a)

(b)
Figure 2: (a) Magnetic and electric fields obtained by 3D FDTD at selected crosssections of a low-loss bend based on a quarter-octagon cavity on Si/SiO2. (b)
Comparison of numerical with experimental results.
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(a)

(b)

(c)

Figure 3: (a) Schematic of a 3D fiber-waveguide coupling scheme with quadratic
index in the vertical direction and lensing in the lateral direction. (b) Electric field
and coupling efficiency obtained by 2D FDTD in a layered structure with index
varying quadratically from 2.5 to 1.5 in the yz-plane. (c) Electric field and
coupling efficiency obtained by 2D FDTD in a lens-like structure with effective
index found from (b). In both cased the input fiber mode diameter is 5 microns
and the waveguide is 0.28 microns wide.
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"Silica bench" technology has become well-developed and widely used in waveguide
interferometric filters for channel multiplexing and de-multiplexing, and other optical applications.
Due to the low refractive index contrast, waveguide cross-sections are relatively large so as to
permit coupling to and from optical fibers with low insertion loss. There is also a relatively small
loss penalty attributable to surface roughness. However, the density of integration of optical
components is limited in this technology by the relatively large bending radii required to keep the
radiation losses within acceptable bounds.
In this project, use of laterally placed air trenches has been made in low index waveguide
structures to make small bending radii possible. A reduction in bending radius by a factor of 10500 was achieved, thus increasing the potential component integration density on one chip by
several orders of magnitude. This is accomplished by judiciously placing air trench regions into
the structure in locations where there would otherwise be unacceptably high radiation loss (such
as sharp bends). The refractive index contrast is thus increased significantly at the bends and
the related transition tapering structures. Because of this high (local) index difference,
evanescent tails extending into the cladding at the bend are greatly reduced, and light cannot
efficiently couple to radiation modes. On the other hand, the use and size of air trenches are kept
to a minimum in order to preserve the advantages of low index contrast wherever possible.
The proposed air trench solution was demonstrated in designs of a waveguide bend and Tsplitter. Due to the relative complexity of these structures, our theoretical approach rests largely
on numerical simulation for loss and field distribution calculations. Simulations were done using
the Finite Difference Time Domain (FDTD) method, primarily in two dimensions. They show that
a waveguide bend designed to have a throughput efficiency of 98% can be reduced in radius by a
factor of 10-500 with the aid of air trenches.
We show one set of designs for illustration, where we have worked with an index contrast of
2.0:1.9 (core index: cladding index). Figure 1 shows cross-sections of a normal waveguide in the
low index contrast circuit (a), and a waveguide with incorporated air trenches found in the bend
region. The bend "component," as shown in Figure 2, includes two air trench-flanked tapers (for
mode transformation) and a high index bend region, with the complete structure having an edge
length of 20 µm and 98.8% throughput efficiency with <-33 dB reflection. For comparison, a
regular waveguide bend would require a bend radius of 230µm. A T-splitter is also shown (Figure
3) and achieves a slightly worse throughput of 97.9% with <-30 dB reflection. Note that a step
displacement of the output waveguides is required at the input to most efficiently accommodate
the incoming mode.
Simulations of similar structures in lower index contrasts (1.49:1.48) have resulted in even larger
reductions of bending radius: from 6300 µm for a regular bend down to 8 µm with the use of an
air trench.
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Because no resonant structures are used, the response for both structures above is virtually flat
over the Erbium bandwidth of 1530-1570 nm. Finally, although long evanescent tails of the field
distribution extend into the lower cladding region (which is not taken care of by 2D simulations),
the coupling to radiation modes can be largely suppressed by ensuring that the air trench
structure is etched to a greater depth than the waveguide itself. Then, in a bend, the trench also
surrounds the "top and bottom" evanescent field of the mode.

Figure 1:
Low-index (left) and trench (right) waveguide cross-sections.
Dimensions are d (width of low-index waveguide, and height of both), dt
(trench waveguide width), da (air trench region width), and ha (extent of air
trench above and below the waveguide).

Figure 2: Waveguide bend with important dimensions. Total length L = 20.36
µm.
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Figure 3: Waveguide T-splitter with inset showing step displacement (∆ = 0.18
µm) at input. Bend is the same as Figure 2.
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As optical networks expand into the metro and local area networks, optical Add/Drop and crossconnect switches are becoming increasingly important in telecommunication switching and
routing applications. Optical switching and routing eliminates the need for detection and
regeneration of optical signals and therefore offers a significant cost advantage over an electronic
switching and routing intermediary in an otherwise all optical network. However, most switches
under development, are pure space switches with no wavelength selectivity. A more useful
switch is what is commonly referred to as a wavelength selective switch, a switch capable of
redirecting a single wavelength channel without affecting the other channels on the guide.
1

Our work is a continuation of the work of B. E. Little et al. wherein absorption was proposed as
an approach for selectively killing the resonance of a ring resonator based Add/Drop filter and
therein forming a wavelength selective switch. In the proposal, electro-absorption arising from
2
3
the Franz-Keldysh effect or other multiple quantum well effects in a semiconductor ring
resonator guide were cited as possible mechanisms for the introduction of absorption into an
otherwise transparent resonator guide. However, current electro-absorptive effects produce less
than 2500 dB/cm of absorption even at the undesirable maximum reverse bias voltage of the
3
junction . This is far less than the 20,000 dB/cm necessary to achieve 30 dB extinction in a 100
1
GHz bandwidth filter . Here, we consider using a MEMS absorbing membrane to interact with
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the evanescent field of the resonator to attain markedly higher absorption coefficients and therein
reduce spurious signal content.
In the simplest picture, we consider a semi-infinite slab in close proximity to an optical waveguide.
The optical power in a waveguide can be extracted most efficiently by bringing the slab into
contact with the guide and simply impedance matching the slab to the guide. In this case the
power in the guide flows freely into the semi-infinite half plane of the slab with the rate of
attenuation being proportional to the magnitude of the wavevector component normal to the
guide-slab interface. The loss in the guide is reduced to zero again by simply moving the semiinfinite half plane infinitely far away from the guide.
This situation becomes more complicated when geometries suitable to MEMS actuation are
considered. If we assume that the absorber is a MEMS membrane actuated electrostatically, it
must be mechanically compliant and in close proximity to the wafer surface at all times for low
voltage operation. To be compliant the absorber must be thin. And, for the absorber to be
decoupled from the resonator guide at small separations, the field must be well confined.
However, the field cannot be overly confined since a safe separation must be maintained at all
times to avoid inter-atomic bonding between the membrane and wafer surfaces.
A high index contrast, high aspect ratio silicon core, silica/air clad waveguide was selected for its
exceptional theoretical bend performance (see Figure 1), moderate vertical confinement of the
field, and single mode operation. An InAs (n = 3.51 + 0.2j) membrane was selected for its close
index match to Silicon (n = 3.48) and substantial conductivity in the 1.55µm regime. Perturbation
theory was used to form a basis for material selection, and with the aid of coupling of modes
theory, provide estimates for the drop port extinction. Two dimensional Finite Difference Time
Domain (FDTD) simulations were used to verify the perturbation approach (Figure 2). An
absorption coefficient of 50,000dB/cm was obtained at a separation of 0.1µm of a 0.5µm
membrane leading to over 40dB of extinction in the drop port of the resonator, considerably
greater than is possible with an electro-absorptive effect. Interaction again becomes negligible at
a separation of only 0.8µm (Figure 3).
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Figure 1: Switching of a ring resonator through evanescently induced absorption
(a) On state, (b) Off state.

10µm
Figure 2: FDTD simulation of 0.5 µm thick InAs membrane 0.1 µm away from
Silicon waveguide. The silicon guide is above and the membrane below. Here,
50,000 dB/cm of absorption is being introduced evanescently.

10µm
Figure 3: FDTD simulation of 0.5 mm thick InAs membrane 0.8 mm away from
Silicon waveguide. The silicon guide is above and the membrane below. Here,
essentially no interaction takes place between the two structures.
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Add/Drop Filters
Wavelength division multiplexing has become the de facto method of increasing bandwidth of
existing fiber optic networks. WDM involves multiplexing several independent channels,
modulated with their own data, on to a single fiber thereby giving an n-fold increase in throughput
of data. Whereas most WDM systems to date are simple point-to-point links, in which all the
constituent channels are multiplexed at the transmitting point and then separated at the receiving
point, there is a trend towards more sophisticated architecture consisting of multiple
interconnected nodes. At each node one or more data channel may be added or dropped
allowing network architects more flexibility in designing systems. A key component needed for
WDM networks is the Add/Drop filter. We have been pursuing our goal of making an integrated
channel-dropping filter (CDF) which allows a single wavelength channel to be extracted from a
multi-channel bus without disrupting any of the remaining channels. The Add/Drop filters rely on
integrated Bragg gratings for their operation. Over the past year Bragg grating devices have been
successfully fabricated. Preliminary Bragg grating devices including phase-shifted gratings have
been measured and characterized. Comparisons between theory and measurements were made.
Fig. 1 shows a schematic of various Add/Drop Filtering schemes using integrated Bragg gratings.
The key component of the Add/Drop filters are Bragg gratings and quarter-wave shifted Bragg
grating resonators A chip set consisting of a variety of Bragg gratings based devices was
fabricated. A variety of devices were successfully measured. These included straight Bragg
gratings of varying lengths, quarter-wave shifted Bragg gratings or Bragg resonators and higherorder Bragg gratings with multiple quarter-wave shifts.
The setup used to measure the devices is shown in Fig. 2. The input source to the devices is a
tunable laser which is connected to a polarization controller. The purpose of the polarization
controller is to set the input polarization state of the light feeding the devices so as to be able to
individually measure the TE and TM response. The polarization controller can be bypassed to
compare the unpolarized response with the polarized input response. This allows the
birefringence of the devices to be estimated. The light from the polarization controller is fed into a
lensed fiber via a 10/90 power splitter. The purpose of the splitter is to serve as a power monitor
to remove any power drifts of the tunable laser source as the wavelength is scanned. The lensed
o
fiber has a 140 conical tip which acts like a lens squeezing the mode of a standard fiber by about
80%. Since the waveguide modes are considerably smaller than the 10 m mode field diameter
of a standard single-mode fiber, the lens fiber is necessary to ensure good coupling between the
input fiber mode and the individual on-chip devices. At the output the light is captured from the
guides using another lensed fiber placed in close proximity to the output facet and is fed into the
power meter.
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Figure 1: Various topologies for using Bragg gratings as add/drop filters.
The fiber positions are carefully adjusted to excite a guided mode in the desired device. This
procedure requires some level of skill and experience.

Figure 2: Experimental setup for measuring integrated Bragg grating devices.
The fibers are first placed visually in position with the help of a high-powered optical microscope.
Final adjustments are made so as to maximize the power in channel A of the power meter.
Following the alignment, wavelength scans were made on the devices using the. The powers in
Channels A, B and the laser wavelength were recorded. Typically scans over both a narrow
wavelength range with a fine step size and a wide wavelength ranges with a courser step size
were made. The results for the various class of devices are presented below.
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Measured Results
Bragg Gratings
Three Distributed Bragg Reflectors (DBR) of increasing grating length were fabricated on the chip
set. Measurements were made to verify the behavior of the DBRs.

Figure 3: Transmission measurement results for Bragg grating device 1 (normalized
power dB vs wavelength).
From theory, we expect that as the wavelength is scanned across the stopband of the gratings
there will be a strong reflection from the gratings and a corresponding decrease in the transmitted
power. Outside the stopband, the transmission should recover.
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Figure 4: Transmission measurement results for Bragg grating device 2 (normalized
power dB vs wavelength).
We expect the gratings to couple the forward-propagating guided mode to backward-propagating
radiation modes on the low wavelength side. Consequently, we expect decreased transmission
on the low wavelength side of the stopband. The results are shown in figures above. As can be
seen from the figure we observe the expected behavior. The transmission is fairly constant but
drops steeply in the stopband. It recovers rapidly on the other side of the stopband. The width of
the stopband is related to the grating strength. Finite length gratings always couple guided modes
to radiation at least over some frequency range. Some of this radiation may be due to fabrication
imperfections, like etch roughness. However, even perfectly fabricated gratings couple forwardpropagating modes to backward-propagating radiation modes on the low wavelength side of the
stopband. Consequently, we expect decreased transmission on the low wavelength side of the
stopband. This is also apparent in the wide wavelength scans shown in figures above for the two
DBR structures. Both polarized and unpolarized input measurement were made.
Phase-shifted Gratings
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Measurement were also made on quarter-wave shifted gratings. A quarter-wave shift in the
grating introduces a resonant transmission state within the stopband. Hence we expect to see a
sharp transmission peak within the stopband. This is confirmed by the measurement results
shown in the figure below.

Figure 5: Transmission measurement results for a quarter-wave-shifted Bragg grating
device (normalized power dB vs wavelength).
For the unpolarized input we see two transmission peaks corresponding to the TE and TM
responses. The transmission bandwidth is very narrow indicating a very high Q structure. Again
coupling to radiation modes is visible on the low wavelength side of the stopband. The oscillations
evident in the response are the Fabry-Perot modes superimposed on the grating response.
These modes are present as the device chip was not AR coated. Reflections from the chip facets
produced Fabry-Perot modes.
Comparison with designed responses showed an excellent agreement. The measured grating
strength and response bandwidth agree very well with theory and confirm the design and
fabrication processes.

8. Microsphere Resonators
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Microsphere resonators are small silica beads, 50-500 µm in diameter, fabricated by melting a
cleaved tip of standard optical fiber. Light can be efficiently coupled into a microsphere’s
Whispering-Gallery Modes (WGM) with the recently invented SPARROW (Stripline Pedestal AntiResonant Reflecting Optical Waveguide) planar coupler structure. Due to smooth surface texture
10
and spherical geometry, these WGM resonators exhibit quality factors of over 10 . Such
extremely high Q-values can be exploited in a number of applications ranging from cavity-QED
experiments to detection and sensing systems.
The goal of this research effort is to advance the understanding of microsphere resonant
behavior, as well as to establish practical utility by prototyping novel device and integration
concepts. Recent developments include a demonstration of chemical/biological sensing
capability, an outline of which is presented in the following.
Sensor systems utilizing optoelectronics for the detection and identification of chemical and
biological entities have many potential industrial, military, and law-enforcement applications.
These range from manufacturing process control to chemical/biological warfare agent detection to
illicit drug interdiction. Integrated-optical chem/bio sensors provide real-time detection platforms,
with sensitivities comparable to low-end mass spectrometers.
A new type of miniature optoelectronic chemical/biological agent sensor utilizing microsphere
resonators has been demonstrated. These integrated-optical sensors are small and relatively
inexpensive, and could thus be deployed in large numbers. Also, multiple microspheres can
easily be integrated onto the same waveguide chip, so that a single microscopic sensor platform
could potentially probe several chemical species simultaneously.
The basic functionality of the microsphere-based chemical/biological sensor is similar to other
evanescent-field optical sensors: a perturbation on the guide surface leads to a detectable optical
phase-shift or absorption response. In the microsphere case, the fact that the detection platform
is a very high-Q resonant cavity implies that the size of an optical sensor system can be cut
drastically while increasing detection sensitivity. In the chem/bio sensor configuration, the sphere
WGM evanescent field is affected by particles (molecules, cells) that interact with the surface of
the sphere. As the refractive index of the surface region changes, the effective optical path length
of the spherical cavity changes as well, and a shift in the resonant frequencies can be observed.
In an arbitrary atmosphere, a target agent can be sampled by using a selective detector coating
(see Figure 1). The coating, based on either functionalized silane or conjugated polymers,
consists of multiple layers. The top layer is responsible for the chemical/biological selectivity of
the sensor, producing a change in local absorptivity and refractive index as the chosen agent is
collected. The bottom layer is designed to enhance upper layer adhesion, as well as to protect
the sphere from certain contaminants such as atmospheric water.
In a controlled atmosphere, various transient agents can be differentiated from each other simply
by analyzing the time constants associated with the specific bonding processes of individual
agents on an uncoated sphere. Spheres were exposed to, for example, hexane, toluene,
isopropyl alcohol, acetic acid, triethyl amine, and DMMP. In this case, the discrimination between
agents was based on their varied susceptibility to attach to the sphere surface through hydrogen
bonding with surface hydroxides, which was reflected in three time constants (see Figure 2):
adsorption, desorption, and diffusion. For high-Q resonance lines, frequency shift resolutions on
-8
the order of 1 MHz were observed, implying an index-change resolution of approximately 10 .
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Figure 1: High-Q silica microsphere coated with a functionalized compound providing
chemical/biological selectivity. The microsphere's whispering-gallery-modes interact with
the functionalized layer via evanescent field tails. As the layer accumulates particles of
the target species, the sphere WGMs experience increased absorption as well as a
modified optical path length. The bottom layer is a necessary inclusion in order to protect
the sphere, and to provide improved adhesion for the functionalized top layer.
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Figure 2: Transient measurement of microsphere resonant frequency response to acetic acid
exposure. The resonant frequency shift corresponds to approximately 200 MHz. The three
dotted curves (displaced) are data fits to a model with three time constants representing the
processes of adsorption, desorption, and diffusion. In a controlled atmosphere, analysis of
these time constants can produce discrimination between different transient chemical
species.

9. Accumulation of Polarization Mode Dispersion in Cascaded Compensated
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Polarization mode dispersion (PMD) is a distortion arising from unwanted birefringences in optical
communications channels. A recent explosion of research on PMD has led to successful
demonstrations of first-order compensators, both at the receiver and in-line. High-bitrate
networks are now being built up of multiple fiber stretches with first-order compensators. We
have studied the limitations of such systems due to residual, higher-order PMD, depicted in
Figure 1. We have calculated the relevant statistics and derived a simple scaling law for system
design [1]. Multiple first-order compensators substantially increase the usable propagation
length. As bandwidth is increased, however, the benefit of this strategy diminishes.
Our work demonstrates some of the theoretical tools appropriate for analyzing higher-order PMD.
In particular, we use temporal moment expressions to analyze pulse broadening. This gives us a
simple metric for pulse distortion and allows us to find simple analytical expressions. For a
system of N identical segments of length =L/N, for example, the total length permitted by PMD
distortions is

L <

12 R tol
D 2 ∆ω 4

(1)

Here, Rtol is the dimensionless “tolerance” of the detection system to pulse broadening, D
2
4
is the PMD parameter of the fiber with units ps /km, and ∆ω is the fourth power of the input
signal bandwidth. The product L indicates that we can extend total propagation L by making
the distance between compensators smaller.
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Figure 1: A first order compensator removes the primary component of PMD
distortion, delay between the principal states, but leaves residual higher-order
PMD.

