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Abstract—An ultrafast single-wavelength optically time-divi-
sion multiplexed (OTDM) link is described. The link exploits a

16 x 10-Gb/s
Electrical Signals

160-Gb/s, 1-ps

unique integrated, all-optical serial-to-parallel (S/P) converter 10-Gbrs, 1-ps 16 Optical Signal
based on second-harmonic generation that demultiplexes multiple Optical Signal /t (1.=1550 nm)
high-speed optical channels with a single operation. The link is (A= 1550 nm) "l I "I " "
composed of five major components: 1) a high-repetition-rate 10-Gb/s | I Integrated

picosecond-pulse source; 2) a planar waveguide multiplexer that | p; . c.cond- > Optical Temporal

incorporates electroabsorption modulators with integral spot-size Pulse Source Multiplexer

converters (SSCs); 3) a dispersion-managed (DM) short-pulse fiber (10TM)

channel; 4) a quasi-phase-matched, resonant-cavity-enhanced

AlGaAs waveguide designed for surface-emitted second-harmonic @

generation (SESHG); and 5) a 775-nm receiver optimized for

-

return-to-zero (RZ) operation. We describe our recent advances I | m
with resonant cavity enhancement of the all-optical demultiplexer 16 % 10.Gb/s. 1 16 x 10-Gb/s
and the first bit error rate (BER) measurements for this demulti- X 10-DD7S, DS Electrical
lexi h Optical Signals 16 Signal —
plexing scheme. (=775 om) 1gnals 1 Decision
Index Terms—All-optical demultiplexing, electroabsorption Detectors Circuits
modulators, quasi-phase matching, return-to-zero (RZ) transmis-
sion, spot-size converter (SSC), time-division multiplexing (TDM).
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|. INTRODUCTION | I
LTRAFAST single-wavelength transmission has attracte Opical éofbfsé,l'ml
i i i i Bandpass ptical Signa
lJ considerable attention as a means of increasing the « Filter 0. = 1550 nm)

pacity of future optical networks [1]-[3]. Indeed, advances i
materials and devices expand the role of optical signal pro-

; : : : Fig, 1. Schematic of the 160-Gb/s OTDM point-to-point link. Sixteen 10-Gb/s
cessing and thereby increase the choices available when efectronic channels are optically multiplexed for transmission. An optical S/P

lecting an appropriate mix of wavelength-division-multiplexingonverter based on SESHG demultiplexes the data back down to the electronic
(WDM) and optical-time-division-multiplexing (OTDM) tech- channel rate.

nologies. Ultrafast OTDM requires short-pulse transmission at

km [_4]' The role of these ultrahigh-data-rate OTD_M techniques monstrated using fibers and semiconductors [6]. Here, we de-
within a WDM system has been demonstrated in a 3-Tb/S &jne the components of an ultrafast optical link that exploits
periment [S] where 19 wavelengths, each at 160 Gb/s, Welf integrated all-optical demultiplexer based on surface-emitted

second-harmonic generation (SESHG) to enable the recovery of
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Fig. 2. Picosecond-pulse source. RF Gen.: RF generator. DFB LD: distributed-feedback laser diode. DCF: dispersion-compensating fiberuBBDd#pexbi
fiber amplifier. DDF: dispersion- decreasing fibay.4: quarter-wave plate. Pol.: polarizer. The points A, B, C, D, and E identify characterization locations.

data streams are coded by electroabsorption modulators, epstem is compact, robust, and easily scalable to repetition rates

for each channel, in the hybridized circuit. of 10 GHz and higher. The results presented here are obtained
The data stream of 1-ps pulses, with 6.25-ps spacing,fiem a 2.5-GHz implementation.

amplified and transmitted through a DM fiber channel to

the unique nonlinear optical waveguide receiver. All-optical  Gain-Switched Laser Diode

demultiplexing is accomplished via &2 interaction be- , o
tween the data pulses, operating at the system rate, and Stage 1 of the psPS is a distributed-feedback (DFB) laser

counter-propagating timing pulse, operating at the chanrfdpde (LD) gain-switched (GS) in the conventional manner: the
rate. The collisions between timing pulses and data pu|sré§ng_ edge (_)fth_e sm_us0|dal drive current|n|t|ate§aser|es of re-
produce second-harmonic signals that propagate normall@gation oscn!auons in the .LD output and the fa}llmg edge_- trun-
the waveguide surface, thus generating a parallel set of dS4€S the series after the first peak. The resulting pulse is much
streams spatially separated along the demultiplexer waveguidfe®rter than the sinusoidal period. Importantly, the optical pulse
Importantly, a single timing pulse demultiplexes multiple dat&@xniPits a strong, nearly linear, negative chirp due to the depen-
pulses in a single operation without added complexity. Thudence of the refractive index on carrier density.

all-optical serial-to-parallel (S/P) conversion is accomplished 1€ output of Stage 1 (Point A in Fig. 2) is characterized
at high data rates without requiring ultrafast electronic®y @ full-width at half-maximum (FWHM) temporal width of

indeed, only 10-Gb/s electronics are necessary. The timify = 18 PS (@ssuming a Gaussian shape) and an autocorrela-

pulse is locally generated at the channel rate via a secdifif! Pe@k-to-pedestalratio &f,, = 24 dB (Fig. 3). The spectral
WHM is AApwrn = 0.54 nm, corresponding to a time-band-

picosecond-pulse source, which is synchronized with the dgt_ M : 7
stream following signal detection and clock recovery. width product (TBP) of 1.2, which is consistent with a strongly
Here, we review our recent efforts with respect to the shofthirped pulse. Inthe OTDM link described here, the tmmguttgr
pulse source (Section I1), the hybrid modulator/multiplexer witR! the source must be much less than the 6.25-ps bit period.
integral spot-size converters (SSCs) (Section 111), and the dl¢asurements performed in the time domain with a 40-GHz
persion- managed fiber channel (Section IV). Furthermore, w&MPling oscilloscope and in the frequency domain with an RF
focus on the unique all-optical demultiplexer (Section V), angPectrum analyzer [7] yield an rms timing jitteref = 970fs.
report bit error rate (BER) measurements for channel ratesfgfrthermore, pulse J.Ittel‘ generally scales |n.versely with drive
2.5 Gb/s enabled by a microcavity resonator to enhance the nJfauency, and thus improved performance is expected for op-
linear interaction in the AlGaAs demultiplexer waveguide. Thgration at 10 Gb/s. The remaining stages of the psPS do not sig-
described experimental results are mostly performed at 2.5 GBiicantly affect jitter.
due only to available receiver technology at the detection wave-
length of~775 nm; however, as discussed, each of the comg®- Linear Pulse Compressor
nents is easily scaleable to 10 Gb/s. Our development efforts forStage 2 is a linear pulse compressor [8]-[11] consisting of

10-Gb/s, 775-nm receivers are also discussed in Section V500 m of dispersion-compensating fiber (DCF), characterized
by positive (normal) dispersion with a dispersion parameter of
D = —92 ps/(hm-km). Thus, by appropriate choice of DCF
length, the linear component of negative chirp of the pulse is
The performance of a return-to-zero (RZ) optical data linkompensated. At the output of Stage 2 (Point B in Fig. 2), the
depends strongly on the initial pulse quality. The picosecongulse width is reduced to 8.3 ps (assuming a Gaussian shape),
pulse source (psPS) (Fig. 2) provides the channel-rate (10-GlmQ R, is reduced to 20 dB due to imperfect compression. Sim-
stream of picosecond pulses that exhibits the features needadto Stage 1A rwan = 0.53 although the TBP is only re-
for the OTDM link. In this section, we describe our experiduced to 0.70. We note that we have optimized the LD drive
mental results obtained from a four-stage source that produpasameters for best overall pulse characteristics at Stage 4, and
picosecond and sub-picosecond pulses at multi-GHz rates. Therefore the Stage 2 performance may not be optimal.

Il. PICOSECONBPULSE SOURCE
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0.0 ULHEIHEE] s eSS AR Bl e Fig. 4. Integrated-optical temporal multiplexer. Silica planar waveguides form
-40 =20 0 20 40 60 the 1:4 splitter and the delay line/1 : 4 recombiner. The array of semiconductor
Delay (ps) MQW electroabsorption modulators has integral SSCs for matching to the mode

size of the silica waveguides.
Fig. 3. Optical pulse autocorrelations measured at Points A, B, D, and E. The
pulse widths at Points A and B were calculated assuming a Gaussian shape.J§th decrease the jitter by a factor of four and improve the per-
pulse widths at Points D and E were calculated assuming & sbelpe. .
formance of the linear compressor. Thus, we have demonstrated
a compact method for the production of short pulses at high rep-

C. Adiabatic Pulse Compressor etition rates with sub-picosecond jitter.
Stage 3 is an adiabatic pulse compressor [12], [13] composed
of an erbium-doped fiber amplifier (EDFA) followed by a l1l. OPTICAL MODULATION AND MULTIPLEXING

length of dispersion-decreasing fiber (DDF). DDF exhibits Temporal multiplexing of 16 10-Gb/s channels into one
negative (anomalous) dispersion that decreases in magigo-Gb/s pulse stream can be performed via a hybrid assembly
tude along the length of the fiber. The DDF has a lengfftig. 4) of integrated-optical components, including silica
of Lppr = 11 km, with an initial dispersion parameter ofj_py.4 splitters, arrays of electroabsorption modulators with
D(0) = 10.5 ps/(nm—km) and a final dispersion parametgptegral SSCs, and silica delay line/4-by-1 recombiners [14].
of D(Lppr) = —0.1 ps/(nm-km). The EDFA provides theThe silica components are fabricated using a planar waveguide
energy required for the pulse to form a fundamental solitqftocess. Here we describe a four-bit implementation of the
in the DDF. Subsequently, the soliton experiences decreasfigtiplexer that operates at a burst rate of 160 Gb/s and is
dispersion as it propagates and thus shortens to maintain soliégg|able to the full 16 bits.
order. The hybrid multiplexer performs two major functions. First,
The output of Stage 3 (Point D in Fig. 2) is characterizegl generates a sequence of pulses by splitting, differentially de-
by a pulse width of 1.5 ps (assuming a seahape) and a |aying, and recombining an input pulse sequence. Second, the
broad pedestall{,, = 14 dB) in the autocorrelation (Fig. 3), multiplexer encodes data on each of these pulses via electroab-
due to imperfect compression. A séathape is assumed sincesorption modulators that are integrated into each pulse path be-
any nonsoliton energy should dissipate as the pulse propag@gé recombination of the pulses. Consequently, silica waveg-
through the DDF. Because of the CW component in the spegdes and travelling-wave semiconductor devices can be inte-

trum (AApway = 0.52), the rms spectral widthAdws = grated in a hybrid manner to construct a compact integrated-op-
4.22 nm, is a better measure of spectral content; usiigns  tical signal-processing device, which we refer to as the I0TM.
to calculate the TBP yields 0.79. This hybrid approach allows both the semiconductor and silica

materials to be exploited to full advantage.
D. Artificial Saturable Absorber

Stage 4 is an artificial saturable absorber created by coffr- Silica Integrated-Optical Temporal Multiplexer
bining nonlinear polarization rotation in the DDF, which creates The IOTM uses buried silica-on-silica waveguides that have
an intensity-dependent elliptically polarized beam, with polabeen fabricated with an index contrast of 0.75%. The IOTM
ization filtering provided by a quarter-wave /4) plate and a splits the input pulse stream provided by the picosecond-pulse
polarizer. The\ /4 plate is oriented to transform the polarizatiorsource via concatenated Y-junctions. Data is encoded onto each
of the peak intensity to a linear polarization; the polarization @ff these individual pulse streams via an array of electroabsorp-
the wings remains in an elliptical state. Subsequently, the pmn modulators. Each stream is then differentially delayed and
larizer selects the peak and rejects the portion of the wings tisabsequently recombined to generate the system-rate 160-Gb/s
are orthogonally polarized. The output of Stage 4 (Point E ohata stream.
Fig. 2) is characterized by a pulse width of 0.6 ps (assuming aThe temporal response of a silica splitter/delay/recombiner
seclt shape) and an increasétj,, = 17 dB. A),,,s = 4.5 nm fabricated without modulators was characterized directly in the
and the TBP is 0.32, indicating that the pulse is nearly trantme domain as well as indirectly using a frequency-domain
form-limited. technique. In the time domain, a nonlinear cross-correlation

The psPS produces pulses as short as 0.60 ps at a 2.5-@i¢asurement was performed using an optical parametric
rate with a jitter of 970 fs. Operation at 10 GHz is expected tscillator with a 150-fs FWHM pulse. In the frequency domain,
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spectral interference yields a modulated power spectrum tl
reveals the temporal pulse separation via Fourier analysis [1
The direct and indirect measurements of the temporal respo
of the splitter/delay/recombiner are in good agreement a sk
confirm the required amplitude uniformity and 6.25-ps puls
separation.

T,

B. Electroabsorption Modulators

The switching elements in the IOTM are strained InGaAs/Ir
AlAs multiple-quantum-well (MQW) p-i-n electroabsorption
(EA) modulators. Similar EA modulators have been demol
strated with fast # 20 GHz) optical responses and large |
extinction ratios [16]. The EA modulators used for the IOTN ™~
are designed for polarization insensitivity, low bias, and hig
speed. We have successfully demonstrated efficient, polariza-

tion-insensitive modulators with a 25-dB extinction ratio for &ig. 5. Multiple-quantum-well p-i-n modulator with integral SSCs. The
4-V drive voltage [17] tapered waveguide of the modulator allows for coupling of the power from the

. . . . lower mesa waveguide to the modulator and back to the mesa waveguide. The
The modulator structure is a p-i (MQW)-n diode. The inrF signal is applied through the p-contact.

trinsic region consists of ten 50-AdroAl g 40As barriers with

ten 120-A In 47Gay 53As wells. The p-type region is Be-doped
Ing.52Alg.4sAs and the n-type region ismInP. The 0.5% ten-
sile strain in the MQW region provides the polarization inse
sitivity in the modulator [18]. Electrical and optical tests of th o . .
EA modulators demonstrate that the fabricated devices sati dle. Second, the monolithic design allows nearly indepen-

the low-bias and high-speed requirements for the IOTM. The ¢ ent optimization of the p-i-n modulator structure and the SSC
pacitance-limited bandwidth for 50@m modulators is 6 Gb/s structure. The fabricated SSCs described here also incorporate

and thus 10-Gb/s operation is anticipated for 260-devices a passive mesa waveguide that is discontinuous to enhance the
" extinction ratio of the p-i-n modulator. Specifically, the mesa

waveguide does not have lateral confinement along the entire
length of the device. Thus, any power not coupled from the mesa
The problem of spot-size mismatch between the silica amgveguide to the p-i-n modulator is severely attenuated before
semiconductor waveguides can be solved using integrate@ching the output mesa waveguide through the intermediate
SSCs. Large passive mesa waveguides are incorporated sl located beneath the active section of the p-i-n waveguide.
the semiconductor structure to enable efficient coupling ®imulations reveal a contrast enhancement of 4 dB for the dis-
the optical modes of fibers or similar silica waveguides. Theontinuous waveguide. Furthermore, the spot-size conversion is
mesa waveguides also efficiently transfer optical power to tlaehieved with a large taper tip width of 1.2n, obviating more
active waveguide, which typically has a much smaller modsallenging sub-micron lithography and increasing the yield for
size. This approach [19] is highly attractive in that no regrowtthe arrays of SSC-p-i-n-SSC modulators required for the IOTM.
steps are required, and the entire SSC-p-i-n-SSC device cafabricated SSC structures are shown in Fig. 6. The epistruc-
be fabricated by standard lithographic and etching techniquese was grown by molecular beam epitaxy, and device fabrica-
[20]-[22]. Power transfer from the larger passive waveguidion involves standard contact lithography and dry etching. The
which is typically located between the substrate and the actiwdth of the mesa waveguide is;8n, whereas that of the p-i-n
waveguide (Fig. 5), is accomplished by a combination of resevaveguide is 3:m. The mesa waveguide is etched to a depth
nant and adiabatic coupling. The ridge that defines the upp#Er5 m, and the p-i-n waveguide is etched to a depth of less
active p-i-n waveguide is tapered in the transverse directidhan 2;m. The length of the p-i-n waveguide is 2pfn, with
reaching zero width before the ends of the device. At the inp250-+:m tapers at its input and output. The overall length of the
and output facets of the device, the upper p-i-n waveguide3SC-p-i-n-SSC device is less than 1000. The salient features
at cutoff, and the field propagates exclusively in the passieéthe etched waveguides are the smoothness and straightness of
mesa waveguide. Away from the input facet, the effectiihe sidewalls and the relatively large tip dimension-df.0z.m.
index of the tapered waveguide increases with the width of The expected total insertion loss of an optimized SSC
the waveguide ridge until, at some location upstream frodevice is less than 10 dB. For simplicity, initial testing of
the input, phase matching occurs between the mesa and tthee SSC-p-i-n-SSC modulator structure was carried out with
p-i-n waveguide. The field is evanescently coupled to the p-ialeaved DSFs in place of the silica waveguides. The larger
waveguide, with almost complete power transfer. The opticalode-size of the 0.75%-silica waveguides results in increased
pulses are modulated and then propagate toward the SSC attigpling loss. The measured insertion loss for a typical cleaved
output end, where the power is transferred back into the larghvice was~20 dB when coupled to DSF. Our measurements
mesa waveguide by means of the corresponding output tapeobfensed-fiber coupling to a nearly identical p-i-n modulator
the p-i-n waveguide. waveguide yielded an insertion loss of 10 dB. Accounting

The SSC-p-i-n-SSC structure is advantageous in several re-
spects. First, the integrated SSCs allow the effective length of
he modulator structure to be 20n without being difficult to

C. Integrated Spot-Size Converters
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to balance the residual anomalous dispersion [25]. Due to these
alternating segments of fiber, DM solitons are advantageous
over pure soliton transmission. First, DM solitons reduce the
cumulative dispersion, which allows for an increased, yet dis-
tributed, energy per pulse [24]. Second, DM solitons exhibit less
noise- and timing-induced jitter due to the low average disper-
sion and high local dispersion [24]. Third, DM solitons are more
robust in the presence of power fluctuations.

B. Polarization-Mode Dispersion

PMD may the limiting factor in 160-Gb/s transmission
systems. PMD acts on the orthogonal polarizations of the pulse,
causing them to propagate at different group velocities in the
fiber. The time-averaged differential group delay (DGD) is
(DGD) = PMD+/z, where the PMD coefficient is in units of
Fig. 6. Scanning electron micrographs of the fabricated p-i-n modulatgysh /km for the strong-mode-coupling case. PMD is stochastic
structure with SSCs. (a) The structure at a cleaved plane. (b) The modulator . .
waveguide, demonstrating smooth sidewalls, and the trenches used to defhgature, a_nd therefore the af“‘?u”t Qf DGD W'" vary f)n atime
the mesa waveguide. scale of minutes due to variations in the fiber environment.

Thus, the PMD coefficient does not anticipate the worst-case
then for the known absorption loss and estimated Fresnel &fgradation in the signal. Our 1.0-ps RZ pulses may broaden
mode-mismatch losses, we estimate that an optimized structi@éVRZ pulses after approximately 2750 km in typical modern
coupled to silica waveguides will yield a total insertion los§ber, where the PMD coefficient is less than 0.1 vdk.
of less than 9 dB. The optimized structure includes a thickBMD may limit our ability to maintain an RZ format with a
mesa waveguide as well as antireflection-coated facets. W@ximum duty factor of 33%, which results in a transmission
note that the insertion loss of a 25® modulator waveguide length of approximately 100 km.
without SSCs is estimated to be 25 dB when coupled to a silica
waveguide of the IOTM; the margin of improvement for a p-i-f- Link Design

modulator with SSCs over a p-i-n modulator alone is thereforewe have investigated two separate approaches, one em-

approximately 15 dB. ploying linear propagation techniques and the other DM
solitons. For the latter case, the dispersion map consists of
IV. SHORT-PULSE PROPAGATION 50 km of a nonzero dispersion-shifted fiber (NZDSF) (Corning

The transmission integrity of short pulses can be enhanced!fiy*F ) With a dispersion parameter &f = 5.0 ps/(nm—km)
the use of the nonlinearity in optical fiber, as is the case with DRf\d 49-8 km of fiber with a dispersion parameter -65.0
solitons. Indeed, transmission over tens of thousands of kilonfs ("M~km) (Corning Submarine k3. Previously, stan-
ters is possible when optical solitons are combined with actifi@rd-effective-area NZDSF enabled 1.8-ps pulses to be
in-line control. However, true first-order-soliton propagation dfansmitted over 300 km in a quasi-linear transmission con-
1.0-ps FWHM pulses is limited to approximately 100 km anfiguration [26]. Using linear propagation techniques, whereby
requires DSF [3]. Thus, variations of soliton propagation, sudfi€ link is strongly optical-SNR-limited, the pulse energies
as with DM solitons [23]-[25] and adiabatic soliton propag2'® §uch that the dispersion length is much greater than the
tion [23] have enabled the extension of propagation distandllinear length(Lp > L) [23] and the path-averaged
for short pulses. The following sections describe the use of DfSPersion of the channel is set to zero. In the nonlinear
solitons within our RZ, 160-Gb/s system, including the limita®M Soliton propagation regime, a net anomalous dispersion

tions associated with polarization-mode dispersion (PMD). Parameter of 0.01 ps/(nm-km) ensures that our span length of
100 km is slightly less than the soliton period in order to enable

A. Dispersion_Managed_So|it0n Propagation DM soliton propagation. This design will allow the assessment

(%f 160-Gb/s transmission of 1.0-ps pulses through 100 km of

DSF where the pulses are maintained through a semi-linear
iton process.

In systems using DM solitons, the transmission fiber consi
of alternating segments of normal- and anomalous—dispersg&
fibers, typically designed to yield slightly anomalous net dis-
persion. Dispersion maps with net normal dispersion have bev
demonstrated [23]; however, these spans are difficult to imple=
ment in practice. In the case of first-order solitons, the nonlinearAn all-optical S/P converter [17], [27] based on SESHG in
phase shift due to self-phase modulation balances the dispmtical waveguides can serve as a demultiplexer in a high-ca-
sion. Stable propagation is enabled using DM solitons in tipacity OTDM system. The surface-emitting geometry [28] dif-
presence of a small amount of net anomalous dispersion. Tfass from the more common collinear SHG geometry in that
stability may be viewed as a locally linear process where tleeunter-propagating fundamental beams are required, and the
pulse dynamics are dictated by the dispersion in the individugsulting harmonic propagates normal to the direction of the two
segments; however, a small amount of nonlinearity is sufficiechindamental beams. Thus, for fundamental light propagating

SURFACE-EMITTED SECOND-HARMONIC DEMULTIPLEXER
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| timing pulse operates at the channel rate (e.g., 10 Gb/s) and in-
' teracts with each oncoming data pulse, generating a second-har-
I s monic signal that is emitted toward the top surface of the wave-
guide. Since these interactions occur at different spatial loca-
tions, the second-harmonic signals from the different data bits
are distributed along the length of the waveguide. Thus, a tem-
e (hasi-PhaseMmched  pOral-to-spatial mapping is performed, generating separate par-

= J o Cuiding Region allel bit streams at the channel rate from a single serial stream

T B P at the system rate. The second-harmonic signals can then be
e— }I Distributed Brapg collected by an array of appropriately positioned optical fibers,

= Reflector with each fiber routed to a separate photodetector with a band-

width sufficient to detect data at the channel rate. Ultimately, the
optical fibers collecting the SH can be replaced with a flip-chip
detector array integrated with receiver electronics in order to
create a more compact device. The number of channels that can
- be demultiplexed is determined by the number of interactions
- — allowed in the nonlinear waveguide, and is limited only by prac-
tical considerations of material uniformity and absorptive/scat-

Fig. 7. SESHG in a quasi-phase-matched multilayer channel waveguitiering loss of the fundamental power since conversion depletion
A DBR is incorporated beneath the waveguide core to reflect fl the fundamental is negligible

downward-propagating portion of the second harmonic back toward the . . . . .
surface. As an alternative to generating the timing bit at the demulti-

plexer, the timing pulse can be generated in the IOTM and trans-
mitted with the data stream, enabling self-timed operation [27],

N Parallel Bit Streams [29]. The counter-propagating timing pulse is then obtained by
Bb/s reflecting the combined data/timing pulse stream from the rear
—| |+ Detector Spacing facet of the waveguide. When the timing pulse precedes the
] T first data pulse by 1.5 data-pulse intervals, the data-data col-
lisions are centered between adjacent timing-pulse/data-pulse
[\ /1\ collisions. In this self-timed scheme, the second harmonic is
/3\ 2 collected in the usual fashion with minimal crosstalk from the
A data-data collisions.
A /3\ fz\ /1\ S - T The SESHG S/P converter has several advantages over other
Serial OTDM Bit Stream | SESHG Waveguide | Timing Bit Stream OTDM demultiplexing schemes. First and most important, it al-
NxBb/s | Length } Bb/s lows the recovery of all multiplexed channels with a single op-

eration within a single device. Demultiplexers based on inter-
Fig. 8. Optical S/P converteN channels are demultiplexed down Bbits ferometric switching [30]—[33] typically require an individual
per second each. The required waveguide length is determingd while the  device for each OTDM channel. Other techniques are capable
detector spacing is determined byx B. A 4-channel implementation is shown. ¢ multiple-channel operation, but require precision control of

the dispersion [34] or precise timing between multiple com-

in a vertically quasi-phase-matched waveguide with the appiex components [35], [36]. Second, the S/P converter requires
priate crystal orientation, the enhanced harmonic will propag#t8ly one timing pulse, whereas the interferometric techniques
toward both the surface and the substrate (Fig. 7). Symmetry gically employ a separate, precision-timed pulse source for
quires equal amounts of SH to be radiated both up and down; i#eh channel that is to be demultiplexed. Third, the S/P con-
incorporation of a distributed Bragg reflector (DBR) beneath thé€rter has a significant advantage in terms of simplicity. The
waveguide core allows the downward-propagating portion to gemiconductor growth is similar to that of a standard vertical-
reflected back toward the surface. Devices are fabricated usfifyity surface-emitting laser; fabrication is straightforward, re-
Al,Ga _,As, which allows exploitation of the large of this  duiring no complicated semiconductor regrowth, no electrical
system while simultaneously tailoring the band gap to minimiZ@ntacts, and only one photolithographic mask and etch. In con-
the optical absorption in the DBR and the quasi-phase-matcHEft integration of multiple single-channel interferometric de-
waveguide core. In this section, we describe the operation of fhélltiplexers on one die is complex and subject to strict fabri-

SIP converter and discuss methods to enhance the conversiof@ion tolerances. Finally, this scheme is highly compact and
ficiency. compatible with semiconductor integration, resulting in a con-

veniently packaged device.
The basic functionality of the S/P converter has been demon-
strated [29]; however, the conversion efficiency is limited by
Operation of the SESHG S/P converter is shown in Fig. &e short interaction lengths of the colliding-pulse geometry.
The OTDM data stream and a locally generated timing pulSzveral methods have been proposed to improve the efficiency
are coupled into opposite ends of the SESHG waveguide. Tdfethe SESHG process. Normandih al. demonstrated that a

A. Device Description
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guasi-phase-matching (QPM) condition can be achieved by TABLE |

using a multilayer waveguide core with alternating regions of =~ NONLINEAR CROSSSECTION REQUIRED FORVARIOUS RECEIVER
high and lowx‘® [37]. This arrangement allows significant SENSITIVITIES

constructive addition of the vertically propagating secon
harmonic. QPM provides an enhancement of several orders Assuming 1-pJ Data Pulse, 8-pJ Timing Pulse, and 4-um Mode Width

magnitude compared with a bulk waveguide of the same €O 19.Gbys Sensitivity at 775 nm Required 4™
thickness £1 um). 20 dB 5 0x10° W
Further enhancement can be obtained using alterne = T =X
crystal orientations. Most SESHG work has been performe -23 dBm 1.0x10° w*
with [100]-oriented material, although this orientation is no 26 dBm 5.0x10° W

optimal and requires both TE and TM polarizations in thi
counter-propagating beams. Indeed, an enhancement of 8/3 in

the SESHG power integrated along the length of the wavegui@i energy of the timing or data pulse. Assuming optimized
can be obtained using either [110]- or [211]-oriented materigbceijvers in the target sensitivity range 620 to —26 dBm,
Furthermore, only TE excitation [38], [39] is required. Thesghe nonlinear cross section must be enhanced by nearly two
two orientations can provide the same optimum efficiencyrders of magnitude as compared to the measured value in the
but the [211] orientation is preferred because the propagati'g,r@”minary [100] GaAs-based waveguides.
direction with optimum efficiency allows the waveguide facets A theoretical assessment of a vertical cavity resonant at
to be defined simply by cleaving the semiconductor sample. 2, reveals a dramatic enhancement in the SH conversion
An additional method to improve SESHG efficiency, resefficiency, as well as a dependence on the spectral content.
onant-cavity enhancement (RCE), has also been investigatgsbcifically, an enhancement 6£30 is possible for 1-ps
[40]—{44]. However, the effects of short pulses and the comindamental pulses. This, combined with the enhancement
mensurate broad spectral content, as required>fb00-Gb/s  from the [211] orientation, should be sufficient to achieve the
operation, have not been previously explored. RCE has bg@itformance cited in Table I. By correctly positioning DBRs
used in this work to improve the efficiency by more thagpove and below the waveguide core, the majority of the SH
an order of magnitude for 1-ps pulses, as verified by direg folded back upon the interacting fundamental pulses in a

comparison to non-RCE devices. coherent fashion. Thus, the resonant cavity effectively increases
o ) the interaction length, which would otherwise be fixed by the
B. Efficiency and Resonant-Cavity Enhancement pulse widths in the counter-propagating geometry.
The conversion efficiency in SESHG waveguides is charac-Beginning with the methods of [39] and [47], we find the
terized by a nonlinear cross section paramet&f [45] frequency-dependent SH resonant enhancement to be
(2) P p) P
P —ANLZ+ = (1) t(Qw)
l-w w o w P,
. . (1= 1) Q1+ o] exp(—ad/2))?
Here, P(*) is the SH power,PJ(r‘“) and P*“) are the _ ¢ bIeXp
counter-propagating fundamental powdrss the interaction (1—|re| |rs| exp(—ar d))2+4 7¢| |75 | exp(—ce d) sin® 6/2
length defined by the overlapping pulses, and the effective 2)

width of the waveguide [46]. Reported values for the nonlinear

cross section vary, but a typical value for the preliminary QPMhere

GaAs-based SESHG waveguides without RCE discussed beloth(Q“) SH power transmitted through the top mirror,

is 8.7 x 1078 WL, This implies that an 8-pJ timing pulse P SH power generated in one direction in the ab-

within a 44:m wide waveguide yields an energy efficiency of sence of the resonator;
Esi/Eagta ~ 1075, 7, andr, top and bottom SH field reflectivities;
For comparison, the nonlinear cross section required for ac average power absorption coefficient for a single
160-Gb/s demultiplexer operating with 16 10-Gb/s channels pass through the cavity;
can be estimated. Such a device is 5 mm long, with the de-d mirror separation;
multiplexed channels spaced by approximately 280. The C] round-trip phase shift in the cavity.

maximum attainable input power is determined both by avail-he round-trip phase shift includes the penetration depth into
able power from an optical preamplifier and by facet damaglee Bragg reflectors [48], which can be large for low-index-con-
thresholds. Limiting the average power incident on each fadedst mirrors. The frequency dependence of the enhancement is
to 160 mW, assuming coupling and propagation losses of 3 @®orporated through thén? §/2 term, which is neglected for a

or less, and assuming half of the data bits are “ones”, we arrigeasi--CW resonance. The SH source is treated as a lumped el-
at an 8-pJ timing pulse and 1-pJ data pulses at the interact@ment located at the center of the cavity. The lower DBR is opti-
locations inside the waveguide. The required nonlinear crasslly positioned for coherent reflection of the SH, providing up
section is listed in Table | for a number of receiver sensitivitige a factor of four enhancement when the top DBR reflectance
assuming a typical effective waveguide width of.. Note is zero. The enhanced SH power spectrum is obtained from the
that the requiredi™ ” or receiver sensitivity scales linearly withproduct of the enhancement factor in (2) and the nonenhanced
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Fig. 9. Calculated resonant enhancement of second-harmonic power as a function of top mirror reflectance for 1-ps fundamental pulses j2{ajavRQ-
and (b) a 5A/2n cavity. The single-pass cavity loss is givenday. All results are normalized to the power with a top reflectance of zero, and thus the enhancement
is relative to the case where only the lower mirror is present.

powerspectrum’é?“), and the net enhancement is found by in9(b), the penetration depth is comparable to the mirror sepa-
tegrating the enhanced and nonenhanced spectra over frequeatipn. Clearly, structures with higher confinement, e.g., those
We note that (2) is independent of chirp, and thus it is the magmploying selectively oxidized AIGaAs/AD3; DBRs [44], can
nitude of the spectral content of the data and timing pulses thiesult in larger enhancements. The optimum value of top mirror
determines the performance. reflectance also decreases as the cavity absorption increases,
The microcavity can be sufficiently small that multiple roungince the SH experiences more loss as it makes more round trips
trips of the SH occur during the overlap of the colliding funin a cavity with higher reflectance. The cavity becomes detri-
damental pulses, increasing the intensity of the SH signal. Inreental when the absorption length is comparable to the mirror
d = 2-pm cavity, multiple round trips occur even for 1-ps fundaseparationi, and thus minimization of absorption is critical to
mental pulses. For realizable structures, a careful optimizatiefficient performance.
of the cavity parameters is hecessary to maximize performance.
These p_aramet_ers include the absorpti_on ano_l scattering 10$8€$avice Fabrication and Characterization
present in practical structures, the fraction of light lost through
the bottom DBR, the size of the cavity, and the content of the The Al,Ga,_,As system provides a convenient set of lattice-
nonenhanced SH power spectrum. matched alloys where the nonlinearity can be easily modulated
We have implemented a numerical optimization based on (2) up to an order of magnitude through control of the aluminum
for 1-ps, 1.55xm Gaussian fundamental pulses by varying onffyaction. Vertically quasi-phase-matched structures and DBRs
the top mirror reflectance. The lower mirror is an AIGaAs DBRan be readily grown using standard epitaxial techniques such
with a power reflectance of99% so that most of the SH isas molecular-beam epitaxy (MBE) or metal-organic chemical-
emitted through the top mirror rather than into the substrate. Thapor deposition.
number of top DBR layers is varied for given values of the atten- Initial [100] waveguides characterized in this work utilized
uation. For simplicity, we have assumed that the refractive ind®aAs for the highx(® layers. The bandgap of GaAs is less
andy‘® are constant over the small bandwidth considered. Risan the SH photon energy, resulting in linear absorption of the
sults are shown in Fig. 9(a) for a dielectric top DBR and a mirr@econd harmonic and also two-photon absorption (TPA) of the
separationl = 22)\°" /25, wheren is the refractive index. Re- fundamental. To eliminate these losses and other deleterious
sults are also shown for a smaller cavity with an AlGaAs togffects associated with TPA-induced carriers [49], the GaAs
DBR andd = 5)\5% /2n in Fig. 9(b). The results are normal-layers have been replaced with ¢)AbGaysAs in recent
ized to the case where = 0 for comparison to waveguides withdevices. Additional performance enhancement is provided
a top antireflection (AR) layer, and thus the total enhancemdnyt a [211]-oriented MBE growth of the AlGaAs structure,
due to the cavity is up to a factor of four larger than depicted.including the lower DBR, the AlyoGay.10ASs cladding layers,
Several trends are evidentin Fig. 9. For a given cavity finesaad the 9-layer AJs:Gay ssAS/Alg.90Gay.10AS QPM core.
(i.e., fixed mirror reflectances), the enhancement is larger f@hannel waveguides are formed by etching ribs of various
a smaller cavity, since reducing the mirror separation increaseisiths and depths into the upper cladding layer via standard
the spectral width of the resonance. The large penetration deptiotolithography and reactive-ion etching. Alternating layers
in the low-contrast AlIGaAs DBRs therefore presents a limitaf SiO, and SiN, are then deposited using plasma-enhanced
tion; for the small-cavity structure with AIGaAs DBRs in Fig.chemical-vapor deposition to form the dielectric top DBR.
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The SESHG efficiency has been characterized in the née effective optical powef £ B) is a function of the receiver,
[211] AlGaAs structures both with and without the top DBRwhereas in the NRZ systems it is not necessarily influenced by
The nonlinear cross section is measured using the rear-faitet receiver performance.
reflection geometry, where a single fundamental pulse is
allowed to propagate down the entire length of the guide. TRe Electronic Noise and)-Factor
~30% Fresnel reflection from the semiconductor-air interface For noise consideration, we must take into account the
at the rear waveguide facet creates a counter-propagating fhfethods of signal enhancement. We first consider tran-
damental. The SH is collected with a high-numerical-apertuggstor-based amplification where thermally generated noise,
(NA), wide-core optical fiber and measured with a calibratespecified as input-referred spectral-density currgntdom-
avalanche photodetector. The fundamental power transmitiggites. Under this condition, the rms noise voltage will be

though the waveguide is focused onto a second calibraigdependent of signal voltage, and the resulting approximation
photodetector using a high-NA, AR-coated microscope okpr ()-factor is

jective. The nonlinear cross section is then calculated using
(2). Nonlinear cross section values for initial [211]-oriented 0= REnVB 4)
Alg.30Gay gsAs-based structures have been measured to be 244,

—7T\W—1 i —6 \£\/—1
~2 % 107" W™ without the top DBR, and-2 x 10™* W Since the signal amplitude is directly proportionalB@and the

for a 1'93 pl_JIse an_d aNgonoptlmal top D_BR reflectance ﬂ%ise voltage is proportional tB'/2, increasing the receiver
77%. This microcavityA™*~ represents an improvement of &

f Fr95 he original h q b dandwidth can enhance tiggfactor.
actor of~25 ove.rt € originai nonenhance [100] GaAs-base Next, we consider the case where receiver sensitivity is para-
SESHG waveguides, and is within a factor of two of the targ

ffici ¢ b . ted | bi adit ount and avalanche multiplication is used. In this case, per-
efficiency for 160-Gb/s operation cited in Table |. Addition ormance will be dominated by shot noise that occurs in the

Improvement 'Sf possible \lN'th optimization of the resonarEJtpto-eIectronic conversion process. This noise is signal-depen-
cavity structure for 1-ps pulses. dent(o? = 2¢I), and as a result, th@-factor can be approxi-

mated as
VI. OPTICAL RECEIVER
The short optical pulses generated by the all-optical demul- Q= R b (5)
tiplexing require high sensitivity 775-nm receivers capable of 2qF,

10-Gb/s performance. While the requirements are difficult to . .
. o where F, is the excess noise factor of the detectors. Because
meet, the RZ data format provides opportunities to enhance re-, " : )
. . . : oth signal and noise are dependenttheQ-factor remains
ceiver performance in ways not available in NRZ systems [5 . .
[51]. Here we describe our design considerations for a 10-Gb gaffected by the increased bandwidth.
' 9 1t is now evident how the RZ data format can be exploited

s nm receiver. For_th? purpose of rela_ltlng BER performan%er enhancing sensitivity. By increasing the bandwidth in an RZ
to receiver characteristics, the expression for the well-known : .
) ; . system, the&)-factor increases (or at least remains unchanged),
Q-factor is stated in terms of parameters such as receiver bantl- . : .
ereas in an NRZ system the increased bandwidth serves only

width B and rms noise voltage generated in the electronics. [i%/ . . . ) . .
. . - increase noise without benefit to the signal amplitude. Again,
making the usual assumptions on the statistical nature of th?ﬁ,e

parameters, we can relate thefactor to BER. The direct anal- € a}naly3|s presented here. considers only the electronic noise
. . : . . and is only useful to determine an upper bound of the receiver

ysis presented here is used to identify the minimum performance : o

level of the receiver performance. Th_e f_uII |mpa§:t qf fact(_)rs sgch as amplified

' spontaneous emission, relative intensity noise, crosstalk, and

the nonlinear demultiplexer have not been thoroughly explored.

Indeed, the analysis in [53] shows that the influence of optical

If we assume that the entire system has a low-pass respoRgee on the BER may vary significantly based on factors such
then we can determine the output signal peak-to-peak ampli s NL the ratio ofP™) to P’ and EDEA gain.

tude, V,-,, from the receiver impulse response. For simplifica- +
tion, we can distill the two scalar terms, detector responsivity. Receiver Requirements

%, and amplifier transimpedanc&, and combine the spectral As discussed in Section V, the anticipated requirement for re-

response of each component into a normallgeq system .'mpucls??ver sensitivity at 10 Gb/s is20 to—26 dBm. Because of the
response. If we assume that the optical pulse is impulse-like (rﬁ -

ative to receiver bandwidth) with pulse energythe amplitude cz)gnh dﬂg% r::[lrjnne]tzrl(i/lgn'\% a;c?tzger}[?étgr?sl \c/)vreﬁzﬁtse:jntecﬁlr;isse;m:
of the temporal voltage can be easily determined P P

plication. For such a receiver, the electronic thermal noise will
Vp-p =nEB -RZ, (3) dominate. If we assume a Gaussian-type respgnse: 2)

with a 10-GHz bandwidth and 70% quantum efficiency, then
wheren is a scaling factor to account for the shape of the impulse achieve a@-factor of 6 (10 BER), (4) implies that the av-
response [50], [52]. We note that while (3) is obvious, the ranerage amplifier noise must be7 pA/Hz!/2. This level of per-
ifications may not be. Within the aforementioned conditions, formance can be realized with current Si and GaAs technology;
the bandwidth of the electronics is increased, the amplitude cafnsequently, it is feasible to design an 775-nm optical receiver
the output voltage will increase proportionally. In RZ systemshat can achieve the required sensitivity at the 10-Gb/s data rate.

A. Signal Response
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Fig. 10. Experimental setup for the BER measurements. psPS: picosecond-pulse source. EDFA: erbium-doped fiber amplifier. MZ: Mach Zehiogiticelectro
modulator. PRBS: pseudo-random bit stream. APD: avalanche photodetector. BERTS: BER test set.

D. Receiver Design travel through equal-length fiber paths and are coupled into

While the technology necessary for a high-sensitivity 10-Gb{d€ SESHG waveguide from opposite ends. The timing-pulse
receiver at 775 nm is feasible, such components are not comnRéth contains a free-space variable-delay-line for fine control
cially available. For this reason, testing has been performedC4tn€ interaction location within the SESHG waveguide, as

1 and 2.5 Gb/s using a 1-GHz silicon avalanche photodetectdf!! @s an EDFA that provides an average power-82 mW
(APD) with a multiplication gain of 100, followed by an am-at the entrance facet of the waveguide. The data-pulse path

plifier that provides an additional gain of 100. The lack of suffi€ontains a lithium niobate modulator, a variable attenuator, a

cient bandwidth in this APD results in intersymbol interferencé&irculator with a power meter to monitor waveguide coupling,

which causes closure of the eye by 20% at 2.5 Gb/s; howevdid two EDFAs to provide up to 50 mW of average power at
the sensitivity of the receiver at 775 nm for aP(BER is esti- the opposite entrance facet of the waveguide. Autocorrelation
mated to be—30 dBm. measurements show that some distortion of both the timing

In addition to the current Si-APD receiver, a GaAs-based'd data pulses occurs in the EDFAs. Fiber-optic polarization
receiver is being designed with a custom MSM and traffontrollers are used to ma?dmize the transmission thro'ugh. the
simpedance amplifier. The MSM has 70% quantum efficiendjodulator and to set the timing- and data-pulse polarizations
and at least 10-GHz bandwidth, while the amplifier is expectdd TE at the waveguide facets. Efficient coupling of both the

to have a bandwidth of 8 GHz and an average noise densitytgfing-bit stream and the data-bit stream is accomplished by
5 pA/Hzl/Q. As predicted by (4), at 775 nm and 10 Gb/s thidse of lensed fibers. Insertion loss from one lensed fiber through

receiver will have a sensitivity of approximately23 dBm for the waveguide to the other lensed fiber is approximately 8 dB.
a 10-° BER. Second-harmonic radiation is collected with a cleaved 200-

core fiber and coupled to the Si APD module. The variable
attenuator allows an assessment of the power dependence of the
BER, which is determined using(2*! — 1)-bit pseudeorandom

We have performed single-channel BER measurementspattern. Eye diagrams are generated by measuring the APD
1 Gb/s and 2.5 Gb/s using a true colliding-pulse geometsjgnal with a 40-GHz sampling oscilloscope.
(Fig. 10). The second harmonic is generated in a [211]-orientedError-free performance has been obtained at 1 Gb/s, with a
waveguide that incorporates a vertical resonant cavity wiBER below 16°*2 for estimated counter-propagating pulse en-
a 77% top-DBR reflectance. This second-harmonic signatgies inside the waveguide of 15 pJ and 45 pJ. The results at
is detected with the 775-nm Si-APD receiver discussed th5 Gh/s are limited by the power available from the EDFASs,
Section VI. For these experiments, the picosecond-pulse souboé a BER of3 x 108 was achieved with estimated pulse en-
described in Section Il is configured to produs€? ps pulses ergies of 6 pJ and 19 pJ inside the waveguide. Importantly, no
near 1548 nm with energies on the order of 1 pJ. These are aror floor is observed, suggesting that a3DBER is achiev-
plified using an EDFA with a saturated output power of 25 m\Wable by increasing the 6-pJ pulse energy to 16 pJ. The detected
Each pulse is then split with a 90/10 fiber coupler to createcond-harmonic energy with 6-pJ and 19-pJ pulses was 0.8 fJ
a timing pulse and a data pulse. The timing and data pulgesr pulse at 2.5 Gb/s, resulting in an average power @\l

VII. DEMULTIPLEXER SUBSYSTEM TESTING



1974

=4 . Bna cldpmd| 125.8n

Fig. 11. 2.5-Gb/s eye diagram fo2*' — 1)-bit pseudorandom pattern.
Launched Data Power (dBm)
12 14 16 18 20
0.1 E T T T T T T T 3
0.01 ¥ E
A E
3 a 3
IE3 F a 3
P A ]
[~ B4 F A 3
= i
2 IBS F 4 3
) £ E
5 : A
‘1 1E6 A E
[a\] F 3
F A
IE7F 4 144-p] Timing Pulse A E
i A
IESF 3
19 | - . . - At
10 20 30 40 50 60 70 80

Launched Data-Pulse Energy (pJ)

Fig. 12. 2.5-Gb/s BER measurement with 2! — 1)-bit pseudorandom

pattern.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 12, DECEMBER 2000

As can be seen from Fig. 9(a), the optimum top DBR re-
flectance for 1-ps pulses in this= 22X\># /2n, structure is ap-
proximately 98%, and thus the efficiency can be nearly doubled
by increasing the top DBR reflectance from its current value
of 77%. Furthermore, improvements are possible both in the
input coupling (both mode overlap and AR coating) and in the
output SH coupling. Waveguide propagation losses, which are
presently dominated by scattering due to sidewall roughness,
may be reduced by improved processing. Finally, as shown in
Fig. 9(b), the enhancement from the cavity can be increased by
an additional 40% by decreasing the cavity size.

VIIl. CONCLUSIONS

We have described experimental and numerical assessments
of each of the components necessary to produce a fully pop-
ulated 160-Gb/s OTDM link. We have demonstrated error-free
performance of the central component, the all-optical time-divi-
sion demultiplexer. The short-pulse source has been completely
characterized at 2.5 GHz and initial tests at 5.0 GHz have been
completed. The elements of the IOTM have each been exper-
imentally demonstrated. The design considerations for a fiber
channel capable of 1-ps pulse transport have been discussed.

The SESHG S/P converter offers key advantages in its sim-
plicity, compact nature, and ability to recover all multiplexed
channels with a single operation. The enhanced efficiency
of the vertical microcavity combined with the elimination of
deleterious absorption effects has allowed the first-ever BER
measurements on an SESHG demultiplexer. Non-optimized Al-
GaAs resonant-cavity-enhanced devices have already shown an
improvement of 25 in efficiency over preliminary GaAs-based
devices, and the further improvement expected from final
optimization of the resonant cavity will allow operation with
power levels compatible with 160-Gb/s OTDM fiber-optic
systems.
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