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4. Problem Statement

Our overall objective is to demonstrate powerful new signal processing functionalities for
ultrafast optical signals, with an emphasis on proof-of-concept experiments of new space-time (parallel-
serial) optical processing methods. A key goal is to develop efficient methods for parallel-serial
conversion of ultrafast optical signals, with potential application as an enabler for subsystems performing
digital logic operations on ultrafast optical bit streams, especially encryption and temporal pattern
matching operations. In particular, we have focused on research on subsystems for: (1) space-to-time
conversion (or parallel-to-serial conversion) for generating ultrafast optical output pulse sequences
corresponding to parallel (electronic) input data, and (2) time-to-space conversion (or serial-to-parallel
conversion) for demultiplexing ultrafast time-domain optical data. In addition, we also obtained
significant new results by applying our space-to-time converter for millimeter-wave arbitrary waveform
generation. These results, not anticipated at the time of our proposal, open opportunities for generation of
user defined, broadband electromagnetic signals at frequencies more than an order beyond the fastest
commercial electronic arbitrary waveform generation instrumentation.

S. Summary of Results
5(a) Direct space-to-time pulse shaper

In previous work we demonstrated first femtosecond operation of a direct space-to-time (DST)
pulse shaper, in which the output ultrafast optical waveform or pulse sequence is a direct temporal replica
of a spatial masking pattern. This is in contrast to the widely used Fourier transform (FT) pulse shaper
with a Fourier transform relationship between the masking pattern and the output temporal waveform.
The direct space-to-time scaling in the DST pulse shaper is advantageous for ultrafast parallel to serial
conversion applications. Our original experiments had been performed using a Ti:sapphire femtosecond
laser at 850 nm wavelength 850 nm and 80 MHz repetition rate. In our research under this contract, we
were able to construct the first DST pulse shaper that works in the 1.55 micron lightwave band. In
addition to the shift of wavelength into this important wavelength band, other innovations include:

e Use of a diffractive optical element (DOE) to perform the spatial patterning needed at the input of
the DST shaper. The DOE eliminates loss associated with the use of amplitude mask for spatial
patterning, while significantly aiding in our goal of obtaining equal pulse intensities for different
pulses in the generated pulse sequences.

o Demonstration of pulse sequence generation over greater than a 100 psec temporal aperture,
compared to ~40 psec in our previous work.

e Realization of fiber input and output
e Demonstration of the first DST pulse shaper with low polarization—dependent loss

In our original work using a Ti:Sapphire laser, and in our work using a modelocked fiber laser
performed during the initial period of this contract, experiments were performed at low repetition rates
(below 100 MHz). This meant that the generated pulse sequences were isolated from each other in time
(very low duty cycle). Since then, we succeeded in building up an ultrashort pulse fiber laser providing
pulses at a much higher repetition rate (10 GHz). By using this new fiber laser together with our direct
space-to-time pulse shaper, we were able to generate continuously periodic, modulated optical pulse
sequences with 100% duty cycle. The key point is that the 100 ps pulse repetition period from the laser



can be matched to the time aperture (also ~100 ps) of the pulse sequence generated by the pulse shaper.
These results are a substantial step forward towards practical application.

5(b) Integrated optics pulse sequence generation

We have also been working on the possibility of implementing a DST pulse shaper (space-to-time
converter) using an integrated-optic arrayed-waveguide-grating (AWGQG) structure. AWGs have received
considerable interest for WDM optical networks, but prior to our work they have seen little attention for
time-domain applications. The DST pulse shaper may be considered a bulk optics version of the AWG,
and therefore our results provide guidance concerning the proper AWG design for time-domain pulse
shaping applications. The importance for our time-domain applications is that the AWG is a compact and
robust integrated technology. In previous experiments we showed that AWGs could be made to function
as pulse train generators, leading to generation of bursts of 10-20 pulses with peak rates on the order of 1
THz. In our research under this contract, we achieved a number of new results, summarized in the
following list. Much of this work was performed in collaboration with NTT Electronics Laboratories
(NEL), which provides state-of-the-art fabrication capabilities for this technology.

e We demonstrated AWGs with a modified design, in which loss engineering was successfully
utilized in order to equalize the intensities of different pulses in the output sequence. This is an
improvement over the original experiments, in which the pulse intensities varied under a
Gaussian envelope.

e We performed new experiments using the AWGs in a novel double-pass geometry. This provides
new functionalities, including the ability to combine several different output pulse sequences into
one much longer output sequence with low loss.

e We initiated studies on the use of “excitation engineering” as an alternate way to control the
intensity profile of the output sequence, but without the loss inherent in loss engineering. In this
scheme the areas of the input sections of the different waveguides in the waveguide array are
varied in order to vary the strength with which different guides are excited. During the research
under this contract, we performed preliminary measurements with a 1x16 integrated splitter based
on excitation engineering.

e We tested an additional modified structure, in which the waveguide array is modified to provide
direct optical access. This allows external control of the light coupled into each of the
waveguides, which means that data can now be programmed onto the generated optical pulse
sequence. We have confirmed this capability experimentally.

5(c) Time-to-space conversion

In our time-to-space converter work under this contract, we constructed and demonstrated the
first time-to-space converter working in the 1.55 micron lightwave communications band. This is in
contrast to our earlier experiments which were performed around 850 nm. The time-to-space converter is
an approach allowing conversion of an ultrafast serial optical waveform or data stream into a slower
parallel optical signal. These time-to-space converters are based on an approach termed spectral
nonlinear optics. As in any nonlinear optical approach, the sensitivity and the nonlinear optical
conversion efficiency are critical for practical implementation in demanding applications, such as high
rate communications. We have optimized the nonlinear optical conversion efficiency of a time-to-space
conversion apparatus operating in the lightwave band and confirmed that the measured efficiency closely



matches the theoretical prediction. We have demonstrated that our efficiency is sufficient to allow direct
real-time detection of the time-to-space signal with no signal averaging and with excellent signal-to-noise
ratio at the 80 MHz repetition rate of our laser. We also performed further experiments in which different
ultrafast optical data packets spaced by less than two nanoseconds are independently converted into
spatial (parallel) signals, again with excellent signal-to-noise. This goes well beyond ultrafast pulse
characterization techniques such as FROG, which generally require signal averaging and iterative
retrieval techniques. Finally, we performed a careful system level analysis of the time-to-space converter,
which can be used to estimate the power requirements that will needed to scale to operation at rates
appropriate for real-time processing of ultrahigh-speed optical data stream at rates of 100 Gb/s and
beyond. Our analysis indicates that in order to fully reach this goal, further increases in conversion
efficiency are needed, which may be accomplished, e.g., by using planar waveguide nonlinear optical
devices.

5(d) General serial-parallel pulse processing via smart pixel optoelectronic arrays

In addition to time-to-space and space-to-time conversion, one of our goals in this proposal was
to couple such time-space (serial-parallel) conversion systems to an optoelectronic smart pixel array. The
optoelectronic array was intended to take of advantage of electronic processing to implement digital
operations, such as optical header recognition and encryption, in a parallel electronic format that could be
interfaced with ultrafast optical signals through the serial-parallel conversion subsystems. A smart pixel
chip for this purpose was designed several years ago, and fabricated in an experimental foundry process
coordinated by Bell Labs under the auspices of the ARPA Consortium for Optical and Optoelectronic
Technologies for Computing (CO-OP) program. As part of our research under this contract, we put
extensive effort into testing our smart pixel chips, with the aim of demonstrating optical header
recognition in conjunction with the time-to-space converter. Unfortunately, our testing revealed critical
problems with the array operation, which we believe were likely caused by problems during the
fabrication. Based on these problems, we were unable to demonstrate operation of the full processing
system including smart pixel processing. However, based on our results with time-to-space converters,
we believe that further progress is indeed possible, provided that there is access to properly functioning
smart pixel arrays.

5(e) Radio-frequency arbitrary electrical waveform generation

We have exploited our direct space-to-time optical pulse shaping technology in conjunction with
a fast (60 GHz bandwidth) optical-to-electronic converter for experiments on generation of burst arbitrary
millimeter wave electrical signals. In this way, we leveraged our prowess in optical pulse shaping in
order to realize new capabilities for cycle-by-cycle synthesis of wideband electromagnetic waveforms at
frequencies in the millimeter-wave regime. These results, not anticipated at the time of our proposal, open
opportunities for generation of user defined, broadband electromagnetic signals at frequencies more than
an order beyond the fastest commercial electronic arbitrary waveform generation instrumentation.
Examples that we have demonstrated include generation of burst waveforms at nearly 50 GHz center
frequency with abrupt phase shifts at user designated times, or waveforms with abrupt frequency shifts
demonstrating an octave in frequency coverage. The first round of experiments were performed at low
repetition rates (below 50 MHz), resulting in generation of isolated burst arbitrary electrical waveforms.
Subsequently, we took advantage of our new 10 GHz modelocked laser capability to repeat our arbitrary
millimeter wave generation experiments at much higher repetition rates. This results in the first cycle-by-
cylce generation of continuous, periodic, ultrawideband signals in the millimeter-wave regime. These
experiments are the first of their kind, and may open new opportunities for electronic countermeasures,



pulsed radar, and ultrawideband (UWB) wireless communications at millimeter wave frequencies. In
order to pursue such opportunities, we have written a new proposal to ARO entitled “Photonic Synthesis
and Processing of Ultrabroadband Radio-Frequency Waveforms,” which has been funded under contract
DAAD19-03-1-0275. This work has already led to a number of conference presentations, including
several invited talks (2002 IEEE LEOS Annual Meeting, 2003 OSA Ultrafast Electronics and
Optoelectronics Conference, 2003 IEEE LEOS Annual Meeting).
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