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RESEARCH SUMMARY 

Under AFOSR Grant F49620-96-1-0126, "Advanced Optoelectronic Components for 

All-Optical Networks," we have worked to develop key technologies and components 

to substantially improve the performance, and potentially lower the cost, of future 

optical networks. Our multidisciplinary team comprised MIT faculty and research 

staff whose collective expertise spans optical materials, optical component fabrica- 

tion, ultrafast optics, optical communications, and network architecture. The specific 

objectives of our program were to: 

• develop key technology components for all-optical networks that employ time- 

division multiplexing (TDM) 

• develop key technology components for all-optical networks that employ wavelength- 

division multiplexing (WDM) 

• perform ancillary studies of noise behavior, dispersion management, and other 

issues relevant to all-optical networks 

In this final report we briefly summarize our accomplishments over the entire grant 

period, 1 April 1996 through 15 January 2002. Many additional details can be found 

in our annual progress reports, and all our work has been extensively documented in 

archival journals (see Publications, below). 

TDM Components 

Senior Investigators: Prof. H.A. Haus, Prof. E.P. Ippen, Prof. L.A. Kolodziejski 

The TDM components that we have worked on are: short-pulse, high-rate fiber 

lasers; glass-waveguide lasers with saturable Bragg mirrors; fiber-loop memories; and 

nonlinear optical filters. 



Short-Pulse, High-Rate Lasers 

Solitons are the natural source choice for TDM because of their intrinsic resistance 

to dispersive pulse spreading. TDM all-optical networks require laser sources that 

produce pulse streams with 1-10 ps pulse durations, 10-20 Gbps repetition rates, ex- 

cellent environmental stability, and low timing jitter. Modelocking is the best way 

to generate reliable pulse streams, hence simultaneous achievement of all of the pre- 

ceding desiderata from modelocked fiber and glass-waveguide lasers was the central 

thrust of our work on TDM sources. Among our many achievements in the area of 

short-pulse, high-rate lasers are the following. 

• We realized 4.4-fold pulse narrowing below the Kuizenga-Siegman limit by ex- 

ploiting soliton formation in active harmonic modelocking. 

• We demonstrated intracavity phase-modulation synchronization in a passively 

modelocked fiber laser that yielded 60 dB of supermode suppression, and we used 

the output from this laser to drive an optical amplifier and supercontinuum fiber 

to obtain a 350-nm-wide spectrum. This source, covering the spectral region 

from 1350 to 1700 nm, is the broadest band high-repetition-rate laser to date. 

• We have modeled and measured the timing recovery dynamics of fiber lasers, 

a topic of considerable interest for clock recovery in optical networks or opti- 

cal analog-to-digital conversion. Amplitude perturbations were shown to decay 

exponentially with a time constant proportional to the fiber length divided by 

the product of modulation depth times the square of the pulsewidth. Phase 

perturbations were shown to decay in a damped oscillatory manner, with un- 

derdamped, critically damped, and overdamped behavior all being possible, 

depending on parameter values. 



• We have demonstrated a saturable-absorber modelocked glass waveguide laser, 

employing an Er/Yb co-doped waveguide to achieve higher gain—hence a shorter 

active region and more compact design—than can be realized with erbium alone. 

This laser produced a 162 MHz repetition rate train of 1 ps pulses with more 

than 60 dB of sidemode suppression. 

• An essential component of the Er/Yb waveguide laser was a distributed-Bragg 

reflector saturable absorber mirror. This mirror was designed and grown as part 

of our effort in saturable-absorber mirror engineering. Other mirror designs 

were optimized for use in a linear Er-doped fiber laser, and for pulse-intensity 

stabilization of an actively harmonically-modelocked fiber laser, see below. 

• We have demonstrated that a two-photon absorption (TPA) mirror can provide 

55 dB of sidemode suppression and complete elimination of pulse dropouts in 

a harmonically modelocked ring laser. The TPA mirror is stable, compact, 

polarization insensitive, and does not require solitonic effects to achieve this 

excellent laser stabilization behavior. 

Fiber-Loop Memories 

TDM networks require optical buffers to store as much as 10 kbits for lOO's/xs to en- 

able such network functions as rate conversion and header recognition. In 1992, Haus 

and Mecozzi at MIT predicted that such a memory could be constructed from a fiber 

loop with gain, anomalous group-velocity dispersion, an appropriate filter and mod- 

ulation. Doerr and Wong at MIT demonstrated a fiber-loop memory, in 1994, which 

was followed by collaboration with the group at MIT Lincoln Laboratory. As part 

of AFOSR Grant F49620-96-1-0126, we worked to suppress the transient relaxation 



oscillations in these memories, and sought architectures that obviated the need for 

synchronous loading. Our principal achievement in this area was the development of 

the asynchronous optical buffer. In this system, we were demonstrated preservation 

of a random stream of ones and zeros for 157/xs, representing 1600 circulations of the 

fiber loop. Moreover, the demonstrated storage time was not limited by the memory, 

but rather by the maximum trigger delay of our measurement system. 

Nonlinear Optical Filters 

Nonlinear optical mirrors can be self-switching devices. We have demonstrated self- 

switching, arising from dispersion imbalance, in such structures. With this technique 

we were able to create a nonlinear filter in which short pulses are transmitted but 

continuous-wave (cw) interference is not. Our initial tests showed more than 22 dB 

suppression of cw light with more than 30% transmission of pulsed light. This filter 

was then used to obtain 7 dB of sensitivity enhancement in a 10 Gbps communication 

receiver. 

WDM Components 

Senior Investigators: Prof. H.A. Haus, Prof. L.A. Kolodziejski, Prof. H.I. Smith 

The WDM components that we have worked on are: channel-dropping filters; high 

index contrast integrated optics; and optical frequency comb generators. 

Channel-Dropping Filters 

WDM networks need components to drop and add wavelengths with low insertion 

loss and high efficiency. Our approach, which originates from theory due to Lai and 

Haus at MIT, is to use quarter-wave shifted Bragg gratings in a design that com- 



bines a single side coupled receiver (SSCR) with a resonant optical reflector (ROR). 

Precision grating fabrication is crucial to the development of such channel-dropping 

filters. Toward that end, we have developed a dual-layer hard mask process that 

achieves the 1:1000 grating-period precision needed. This process opens up fabrica- 

tion opportunities for a variety of integrated optics devices. A second vital fabrica- 

tion issue with respect to the channel-dropping filters is the necessity of growing epi 

layers on top of corrugated surfaces without incurring mass transport which would 

destroy the integrity of these underlying gratings. Here we have shown that low- 

temperature removal of the native oxide is the key to pattern preservation, as proven 

by our photoluminescence and triple-axis diffraction diagnostic studies. In addition 

to its importance for fabrication of channel-dropping filters, our mastery of surface- 

corrugation overgrowth is relevant to development of distributed feedback lasers and 

quantum-wire structures. 

High Index Contrast Integrated Optics 

The use of high index contrast (~3:1) dielectric materials, in conjunction with mi- 

crowave design principles from the 1940's and 1950's, affords the opportunity for dense 

optical integration. We have used coupled-mode theory and 2-D finite-difference time- 

domain (FDTD) calculations to analyze and design a variety of important integrated 

optical devices. Some specific examples are as follows. 

• By placing an appropriate microresonator at the corner, we have shown that 

a right-angle waveguide bend can be realized with high transmission and low 

reflection. 

• By appropriately combining two of the right angle bends—merging their resonators- 

we have obtained a T-junction design that has high-transmission and low re- 



flection. This T-junction outperforms and is more compact than a conventional 

integrated optics Y-splitter. 

• By placing an appropriate microresonator at the crossing between two orthog- 

onal waveguides, we have suppressed crosstalk and reflections while preserving 

high transmission. This low-crosstalk waveguide crossing offers significant ben- 

efits for high-density optical integration. 

Optical Frequency Comb Generators 

We have investigated and implemented the technique of resonant velocity-matched 

electro-optic modulation for generating an ultrawide optical frequency comb that 

can be utilized as a multi-channel wavelength generator. In a prototype experiment 

including partial intracavity dispersion compensation, we have generated an optical 

frequency comb over a span of 16 nm centered at 1064 nm with a 17-GHz channel 

spacing. While the results were encouraging, recent advances in ultrawide comb 

generation using femtosecond modelocked lasers have produced spectacular results 

with comb spans in excess of several hundreds of nm. 

Noise and Dispersion Studies 

In support of our technology work, we pursued several ancillary studies aimed at 

issues relevant to all-optical networks. For example, we performed experiments that 

verified the non-Gaussian photocurrent statistics of amplified spontaneous emission 

(ASE) from optical amplifiers. Erbium-doped fiber amplifiers are what makes optical 

networks possible. Standard sensitivity analyses employ Gaussian probability densi- 

ties for ASE noise, even though this is not quantum-mechanically correct. We have 

also explored the impact of polarization-mode dispersion (PMD) on soliton propaga- 



tion. PMD presents a severe limit on long-haul, high-rate communication systems. 

Nonlinear (soliton) propagation is considerably less sensitive to PMD than ordinary, 

linear propagation. We have quantified this advantage through calculations for both 

uniform and dispersion-managed fiber. Finally, we have developed a unified definition 

for noise figure that applies, in a consistent manner, to both microwave and optical 

amplilfiers. 
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Patent 

The following patent represents intellectual property developed under AFOSR Grant 

F49620-96-1-0126. 

1. J.N. Damask, T.E. Murphy, J. Ferrera, M.H. Lim, H.I. Smith, and H.A. Haus, 

"Wavelength-Selective Optical Add/Drop Switch," U.S. Patent 5,915,051, June 

22, 1999. Patent has been licensed to Clarendon Photonics. 

Technology Transfer 

The following technology transfers occurred under AFOSR Grant F49620-96-1-0126. 

• Fiber lasers developed under our MURI program were used in the DARPA- 

sponsored TDM test bed 

• Fiber loop memories developed under our MURI program were used in the 

DARPA-sponsored TDM test bed 

• A fsec laser developed under our MURI program was used at Lucent Technolo- 

gies Bell Laboratories as the source for a 2000-channel WDM demonstration 

• The quantum-limited timing jitter of our fiber lasers has made them a key com- 

ponent of the DARPA Photonic A/D Converter Technology (PACT) Program. 

• The MIT lithography work won the Lemelson-MIT Student Prize for Innovation 

in 2000. 

• Clarendon Photonics has licensed the patent "Wavelength-Selective Optical 

Add/Drop Switch." 
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