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Abstract—in this paper, we review recent advances in ultrafast wavelength-division-multiplexing (WDM) technology has re-
optical time-domain technology with emphasis on the use in sulted in fiber transmission capacities that have increased by a
optical packet switching. In this respect, several key building , nqredfold or more. Switching speeds have, however, lagged
blocks, including high-rate laser sources applicable to any time-di- far behind the i f b f ch I, I " t
vision-multiplexing (TDM) application, optical logic circuits for arbe ,'n ) € mcrease 0 rllum. erorc .a.nne S, resu. Ing In he 3
bitwise processing‘ and Clock_recovery circuits for t|m|ng Synchro_ WOI’kS N Wh|Ch f|ber bandW|dth IS not effICIenﬂy eXpIO'ted ThIS
nization with both synchronous and asynchronous data traffic, is because the hundreds of parallel channels in a fiber are em-
are Qescribed in detail. T_he circuits te_lke advantage of the uI_trafast ployed as independent links, rather than as a shared resource.
nonlinear transfer function of semiconductor-based devices t0 ;s the router/switch throughput that really transforms the raw

operate successfully at rates beyond 10 Gbh/s. We also demonstrate_. . . - L
two more complex circuits—a header extraction unit and an it rates into effective bandwidth, and current switching tech-

exchange-bypass switch—operating at 10 Gb/s. These two unitsnologies are capable of handling data rates of up to 10 Gb/s.
are key blocks for any general-purpose packet routing/switching While emerging asynchronous transfer mode (ATM) switches
application. Finally, we discuss the system perspective of all theseand Internet protocol (IP) routers can be used to switch data
modules and propose their possible incorporation in a packet \;qing the individual channels (typical rates of 2.5 or 10 Gb/s)

switch architecture to provide low-level but high-speed functional- . . . .

ities. The goal is to perform as many operations as possible in the within a W[?M I!nk, this approach requwe.s ten§ or e,VG” hun-

optical domain to increase node throughput and to alleviate the dreds of switch interfaces to terminate a single link with a large
network from unwanted and expensive optical—-electrical-optical number of channels.

conversions. Research in all-optical switching and signal processing has

Index Terms—Exchange-bypass switch, interferometric gates, made strides [1]-[4] so that the first commercially available
optical switching, optical time-division multiplexing (OTDM), ynits are now appearing on the market. Although general-pur-
gﬁfgﬁitesr"‘(’g%lr;g' optical signal processing, semiconductor optical ,ose a1gptical signal processing is still a long way off, there

' are specialized applications in high-data-rate telecommunica-
tions, where low complexity all-optical circuits are ideally suit-
I. INTRODUCTION able to provide functionalities that electronics cannot. In order
URING THE PAST few years, we have witnessed Sigf_or aI'I-optigaI signal procesging techniques to become aserigus
D nificant changes in the optical communications industr pnaderaﬂo_n, they must simultaneously possess the following
starting with an unprecedented explosive growth and followd@U" Properties [S]:
with a recent recession. For wired networks, this growth was 1) considerable speed advantage and otherwise ability to
due to the remarkable improvement in the performance of pho-  simplify the circuit design;
tonic technologies as well as the proof of their maturity that has 2) switching energies that are similar to those of electronics;
resulted in a spectacular decrease in transmission cost. This ir8) capability for integration;
turn has lead to the widespread adoption and construction of new4) an application domain where these advantages may be of
fiber networks. At this critical point of the business cycle and in use.
preparation for the next crest of the wave, it is appropriate to re-The purpose of this article is to present some of the recent
view research lines that have been maturing over the years agigdgances in time-division-multiplexing (TDM) technology,
whose results may be incorporated in next-generation produectsmonstrating the important progress made so far toward

At the time of fiber exhaustion due to the perceived bandwidthe fulfilment of these requirements and more particularly
demand, carriers responded by adding more and more equfe inroads made in the applications domain. Optical packet
ment and increasing traffic rates. The advent and penetratiorsefitching is a key application domain that all-optical signal
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has been invested during the past few years in the developrr,
of optical interferometric gates [6]-[12] with Boolean logiq
capability [13]-[19], short-pulse, high-repetition-rate las ., Ouput
sources [20]-[29], and clock-recovery circuits [31]-[38] fo Ll_L
extracting the timing information required at each networe—

node. Going one step further, optical shift registers [39]-[4: 40 GHz optical clock

with read/write capability [41], [42], optical packet buffers

[43], optical flip/flops [44], exchange-bypass switches [45

header separation and recognition techniques [46]-[51], @§ 1. Experimental setup of the semiconductor fiber ring laser.
well as self-routing switches [52], [53] have been successfully

demonstrated, and these are only a small part of the progrggs syyitch can be performed all optically, using the developed

made up to now in the field. All these circuits take advantagg,qy_recovery circuits, the header extraction units, a number
of the fast nonlinearities in semiconductor optical amplifierss Anp/xor optical gates, and a number of cascaded 2
(SOAS) [4], [54], resulting in a whole new class of Compacéxchange-bypass switchés.

devices with low power requirements, which can be potentially g remainder of the paper is organized as follows. Section 11

integrated on a single-chip module [14]. presents the TDM key building blocks that include the ring laser
Within this context, in this paper, we review recent advancegurces, the digital logic modules, and the clock-recovery cir-

in the development of all-optical signal processing circuits anglits. In Section IlI, the performance of the optical logic mod-

subsystems and discuss their possible use in optical packls in subsystem applications is assessed, describing a header

switching. We present a 40-GHz SOA-based mode-locked riggtraction unit and an exchange-bypass switch at 10 Gb/s. Fi-

laser source that produces 2.7-ps transform limited pulses [28&ly, Section IV discusses the possialmostall-optical imple-

The source has several attractive features, including that ithigntation of a packet switch architecture using the previously
optically mode-locked by an external signal so that its synchrgiscussed optical modules.

nization to other optical sources is easy. This source can also be

used for simultaneous, multiwavelength signal generation so Il. TDM T ECHNOLOGY BUILDING BLOCKS

that it can be used in hybrid WDM/TDM system applications |

as well. Multiwavelength operation has been achieved for téh High-Speed Laser Sources

simultaneously mode-locked channels at a 30-GHz repetitionHigh-repetition-rate short-pulse laser sources are essential
rate each [29]. Following this, we describe the principle of ofer any TDM system application, in order to increase the link
eration of semiconductor-based interferometric arrangemertandwidth utilization [55]. Performancewise, active mode
capable of performing bitwise processing, and we demonstrégeking of fiber ring cavities is one of the most promising
all-optical AND logic andxoRr Boolean logic at 20 Gb/s, usingmethods for high-speed laser operation. These sources often
the Sagnac and the ultrafast nonlinear interferometer (UNI), nese erbium-doped fiber amplifiers (EDFAs) as the gain
spectively [15]. Given that interferometric gates require signaiedium and LiNbQ@ modulators for mode locking, in ring
synchronization to operate, clock-recovery units are of pareenfigurations [22]-[27] and nonlinear compression schemes
mount importance. Two different clock-recovery techniqudsr pulse shortening at the output [22]. These sources have
are described. The first one uses an SOA-based ring laser dethonstrated impressive performance, but they are relatively
is applicable to synchronous data traffic, and its operation haemplex, requiring special attention to ensure stability against
been evaluated with 30-Gb/s data signals [32]. The secomadvironmental perturbations due to their long cavities that
technique uses a Fabry—Pérot (FP) etalon and an optical gatdude polarization-dependent elements.

and is particularly applicable to packet traffic that may be We have recently presented a novel SOA-based ring laser
asynchronous. Its operation has been successfully verified ¥dnere the SOA provides both gain and gain modulation in the
10-Gb/s synchronous and asynchronous data packets [36], [®pttical cavity [20]. Gain modulation is obtained by injecting an
In order to verify the usefulness of the optical packet clock-rexternal low-repetition-rate signal into the cavity. A schematic
covery unit, a more complex all-optical circuit is demonstratedjagram of this configuration is shown in Fig. 1. The ring cavity
capable of performing packet header from payload separatimonsists of an SOA, a tunable filter for wavelength selection,
at 10 Gb/s. The header/payload separation scheme usesigblatorstoensure unidirectionaloscillation,and afibercouplerto
packet clock-recovery circuit in combination with a digitaljnsert/extract the external gain modulating and the mode-locked
optical, AND gate and demonstrates the feasibility that opticalgnal, respectively. The principle of operation of this concept
logic modules can operate in subsystem applications. Similanglies on the fast gain saturation of the SOA by the external
using a single opticahAND gate, we demonstrate an opticallyoptical signal. The comparatively slow gain recovery of the SOA
addressable R 2 exchange-bypass switch. TheD gate has between two successive externally introduced optical pulses
been configured to provide two inputs and outputs, and thiefines a short temporal positive net gain window within which
switch has been shown to successfully operate with short dita mode-locked pulse is formed. If the repetition frequefagy
packets at 10 Gb/s. Finally, we discuss the way to use all thedehe externally injected signal is an integer multiple of the fun-
optical modules in an optical packet switch architecture so damental frequency of the oscillat®fi,g (fext = N - 6 fring),

to take advantage of their high-speed operation and “on ttie repetition rate of the laser sourceis equalto that of the external
fly” processing capability. To this end, certain functions o$ignal. Repetition rate multiplication can also be achieved by

5 GHz optical clock
1548 nm, 7 ps
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b e a squared hyperbolic secant profile. Spectral analysis also
(b) . showed that the timing jitter of both the single-wavelength and
multiwavelength source was less than 650 fs.

Both the single- and the multiwavelength laser configurations
are simple to build from fiber-based components. A key feature
of the sources is that they are capable of providing short optical
pulses over a broad wavelength range, dispensing the need for
high-frequency microwave drive circuits and thus are suitable
for high-speed TDM application. In addition, a distinguishing
Fig. 2. (a) Oscilloscope and (b) autocorrelation traces at 40-GHz repetitif@ature is that the mode-locked channel(s) are phase-locked with
rate. The time base in the oscilloscope trace is 50 ps/div and in tfige external modulating signal and are therefore ideally appli-
autocorrellation trace corresponds to 16.6 ps. . . N . . . :

cable in optical logic circuits. Finally, since their operation re-
lies exclusively on the SOA, both sources can be integrated on
a single-chip module. [30].

(@)

I

(b) ra

B. All-Optical Logic Modules

For the realization of all-optical signal processing, digital op-
tical circuits capable of providing Boolean combinatorial or se-
guential logic functionalities are necessary. This part describes
i . o v implementations of optical gates to perform Booleamw and
1352, 1364.6na 1372.6 XOR operations at data rates up to 20 Gb/s.

Fig. 3. (a) Spectrum of multiwavelength laser in mode-locked operation at 30 It was recognized relatively early that for the realization of
GHz. _(b) Autocorrelation trace, corresponding to 6.7-ps pulsewidth. The “”éﬂl-optical gates, interferometric arrangements offered speed ad-
base in the trace corresponds to 16.6 ps. . -
vantages and Boolean logic capability [6], [13]. These arrange-
ments consist, in general, of two separate optical paths where
detuning the external signal frequengy; so that it satisfies the the phase of the optical field may be independently controlled
conditionfexe = (N + 1/n)é fring, Wherenis aninteger number in a nonlinear optical medium by optical means. Early research
greater than 1. With this technique the source mode-locks irefforts used optical fiber as the nonlinear material exploiting the
repetition rate equal to- f..; [24] and has beenrecently referrediltrafast Kerr nonlinearity [9], [56]. However, the fiber nonlin-
to as rational harmonic mode-locking [21], [25]. earity is rather weak, requiring long pieces of fiber, making the

Successful 8-times multiplication has been demonstratdevices difficult to integrate and their switching energies high.
using an SOA-based ring laser. The ring cavity consisted bfwas the realization that fast phase variations can also be ob-
an SOA with 400-ps recovery time and 23-dB small sign&hined in semiconductor media (SOA), as a result of the gain
gain when driven with a 250-mA current. The external gaiéind refractive-index dependence on the carrier density, which
modulating signal was provided by a gain-switched distributdds more recently sparked off the development of compact and
feedback (DFB) laser at 1548.9 nm, producing 7-ps pulsesry low switching energy devices [12], [15]-[18]. These can be
with 5-GHz repetition rate. Fig. 2(a) shows the 40-GHz puldgoadly separated to either discrete SOA interferometric gates or
train monitored on a sampling oscilloscope. The output pulsigegrated devices. The basic nonlinearity that these devices ex-
were not transform limited due to the frequency chirp imposegdoit is resonant and for this reason switching has been shown
by the time-dependent refractive-index change of the SOrepeatedly to be possible with energies of few femtojoule for
Thus, they were linearly compressed to 2.7 ps. Fig. 2(b) shomlses of few picoseconds duration, in very compact devices.
the corresponding second harmonic autocorrelation trace. T¥g. 4 shows such an interferometric arrangement drawn as a
pulsewidth—bandwidth product is 0.34. The source exhibitédach—Zehnder interferometer, but which could in fact be any
a 20-nm tuning range within which the 40-GHz pulse trainype of interferometer as the Sagnac Michelson, or UNI.
displayed nearly constant pulsewidth and output power [28]. In the example of Fig. 4, assuming that on each of the two

The same concept can be applied to obtain mode-lockigderferometer paths the phase of the optical field of the clock
pulses at several simultaneously oscillating wavelengths, dignal, termed CLK in Fig. 4, may be changedhydepending
taking advantage of the heterogeneously broadened structmevhether one or both of the external controlling signals A and
of the SOA. This can be realized by replacing the optical filtd® are present, interference on the output coupler causes the re-
in the cavity with a fiber FP filter, allowing line oscillation sult of the Boolean additioror between A and B to be written
at channel spacing equal to its free spectral range (FSR CLK. The remainder of the Boolean operations may be im-
Successful operation of the device has been demonstratedpiemented similarly.
ten oscillating channels, each one mode-locked at 30 GHz [29]In the sequence, we presemd andXOR logic operation at
Fig. 3(a) shows the optical spectrum of the laser output, whi&® Gb/s using the Sagnac and the UNI interferometer, respec-
Fig. 3(b) illustrates the second harmonic autocorrelation trateeely. Fig. 5 shows the experimental setup that uses the SOA-as-
of the pulse train obtained at 1568.8 nm (ninth line), indicatingjsted Sagnac gate, configured to perfemb logic operation.
6.7-ps pulsewidth after linear compression, assuming agdihe optical gate was formed using a 3-dB fiber coupler and two
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Fig. 4. Generic interferometric gate arrangement configured to perfor
Booleanxor between signals A and B. The output is written on signal CLK. J u [ |
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polarization beam splitters (PBSs) to couple in and out the ¢
thogonally polarized pulses of the logical control input. The
SOA used was a 1.5-mm-long bulk-type device with a Smé—'"g. 7. Block diagram of the experimental setup ¥@R logic operation.
signal gain of 25 dB at 1550 nm and 80-ps recovery time, when
driven with an 800-mA dc current. Optimum switching was obsignals, while the U port provides thaND operation. The con-
tained by spatially offsetting the SOA from the center of theast ratio of the U and the S port of the switch was found to be as
loop by 25 ps, using a variable optical delay line. The signal tighas7:1and 11:1,andtherequired energiesforthe CLKandthe
be switched, which is termed here as the CLK signal, was spiitntrol pulses were 5fJ and 25 fJ, respectively.
into two components that counterpropagate the loop. The confor dual-rail opticakor logic, the UNI was used. The UNI
trol pulses were temporarily synchronized with the clockwisgate is a very promising switching device, because it is a bal-
CLK component using an optical delay line so as to induceaaced single-arm interferometer and its structure compensates
relative phase difference between the two CLK components.for the long-lived nonlinearities of the SOA [11] and allows for
that case, the CLK signal emerges at fwgtched (S) porbf its cascadability [19]. For theoRr logic operation, three optical
the gate. In the absence of the control pulse, the signal emergigmals are used as inputs into the gate: control signals A and B
from the other, th&inswitched (U) porbf the gate. and clock signal CLK. The CLK signal is held continuously to
The CLK signal was obtained from a 20- GHz mode-locked logical 1 on input and the result of the logicx®R B is im-
fiber laser at 1545 nm, producing 4-ps optical pulses after lingatinted on it.
compression, and was inserted into the gate via an optical circuFig. 7 shows the experimental setup of the UNI gate con-
lator. The control signal was provided by a gain-switched DFfyured to performxoRr logic. The UNI gate itself consisted of
laser, driven at 10 GHz and generating 10-ps optical pulseshab similar polarization split-and-delay (PSD) structures, which
1550 nm, after linear compression. The output pulse train wesnsist of a PBS, cross-spliced aP4&ith a length of polariza-
modulated with 27 — 1 pseudorandom bit sequence (PRBSjon-maintaining fiber (PMF). Upon entering the UNI, the clock
signalat10Gb/s, hadits repetitionrate doubled by bitinterleavisgynal is analyzed into its two orthogonal polarization compo-
in afiber doubler, and introduced into the gate via a PBS. nents, which are relatively delayed for the purposes of measure-
For a successful BooleamD operation between the controlment. Similarly, on exiting the SOA their relative delay is re-
and the CLK signal, the switched port of the gate must record@ved and the two clock components are forced to interfere in
logical “1”, only when both control and CLK signals are “1”, andhe output PBS. In this experiment, these PSD components are
alogical “0” if either one or both signals are “0”. Fig. 6(a) and (bilesigned to add or subtract a relative delay of 25 ps. The two
displaystheinput CLK and control datasignal, respectively, whitmntrol signals A and B were arranged to counterpropagate the
Fig. 6(c) and (d) shows the output of the S and U port of the gateLK signal in the SOA and were synchronized with the rel-
Notethatthe SportprovidesthsD logicresultbetweentheinput atively delayed and advanced components of the CLK signal.

Pulse Generator
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A=0,B=0 ' (a) A=0, logic allB (b) _be performedon ultrafa_stoptical sig nade_R ggteg canbeusedto
implementcomplexopticalprocessingcircuitslikeaddressrecog-
ﬁ ﬁ (‘ M J\; j! ﬁ nition schemes [48]—-[52], data encoders/decoders, or optical de-
| j! |
I}

i ﬁ | i cision circuits [8].
R A A etk 2k sk o e B e 2 A o A Mﬂﬂwv\" Wk’\ f v&mw’ﬂmﬂia
LA Al A Ll A blia 2 £ A A LA A bl ket A 1 ‘
—— —— - All-Optical Clock-Recovery Circuits
logical A, ¢){} logical A,B (D Clock-recovery circuits are front-end units used to generate

B:
h | ‘ the local clock signal, to assist in performing data recovery in
I | “} | ‘ } < Aﬁ a receiver, and to provide the means for synchronization in the
W) W ‘ 5 ( ( $ following layers of gates used in digital signal processing. In

particular, data recovery is of paramount importance, because
I——————

of the induced timing jitter to the data pulses, either from the
poor transmitter performance or from the transmission of the
Fig. 8. Switched port output for the four logical combinations of control As;
and B. The time base is 200 ps/div. %Ignal between two nodes.

P
~——

Generally speaking, a clock-recovery circuit consists of a
high-Q filter tuned to the data line rate, in order to average out
Whenever the two control pulses are present, the relative phaseincoming data pattern, and an active element to generate the
difference between the polarization components of the clock ligeck signal. In the case of optical clock-recovery circuits, these
comes zero at the exit PBS. The active element in the UNI gatgo functions are generally provided by a single element—a
was a 1.5-mm, bulk, InGaAsP/InP, ridge waveguide SOA, witlser oscillator. Several alternative techniques have been
a small signal gain of 30 dB at 1558.9 nm and 80-ps recovesyoposed for optical clock extraction from both continuous
time, when driven with 750-mA dc current. and packet data, and these include mode-locked ring lasers,

The optical signals were produced by two DFB laserphase-locked loops, FP filters, and self-pulsating DFB lasers
LD1/LD2, gain switched at 10 GHz and emitting at 1545.2 ni§81]-[38]. Recovering a clock signal from packet traffic, which
and 1554.6 nm, respectively. Both lasers produced 9-ps optiogy be asynchronous, is significantly harder because, ideally,
pulses after linear compression. LD1 provided the CLK arttie clock signal must persist only for the duration of each
control A signal, and LD2 provided control signal B. The outpytacket. Hereafter, we describe two clock-recovery circuits,
of LD2 was modulated using a LiNb@nodulator, driven from one for continuous and a second one for asynchronous packet
a programmable pulse generator. The CLK signal from LDiaffic, which are suitable for all-optical processing.
and the control B from LD2 had their repetition rate doubled 1) Clock-Recovery Circuit for Continuous Dat&his unit
by bit interleaving in a split-relative-delay-and-recombine fibes based on the fiber ring oscillator presented in Section II-A
doubler. For the results shown here, control A was a 10-GHz f{#2]. This time instead of using a periodic external optical signal
duty-cycle signal and control B a 20-Gb/s pseudodata pattetm.provide the modulation, a pseudodata sequence was used.
For successful Booleaxor operation between A and B, bothThe experimental setup is shown in Fig. 9. To test the ability
control signals must be present in the gate and the switchafdthe laser source for clock-recovery, a flexible pseudodata
port must record a logical “1” if either control pulse is “1”,generator was constructed, capable of generating patterns with
and a logical “0” if both control pulses are “1” or “0”. Fig. 8long series of consecutive zeros. The continuous data-stream
illustrates the logic output of the gate with data for the four logicalenerator consists of two DFB lasers, gain-switched at 7.5 GHz
combinations of control A and B. Bit-by-bit checking proves thawhich provided 7-ps optical pulses. The output of both lasers was
correct operation has been obtained. The contrast ratio betwesydulated with a 7.5-Gb/s PRBS signal and bit-interleaved in a
the oN—OFF states of the switch port of the gate was 5:1 and thibber doubler to form a 30-Gb/s continuous pseudodata stream.
required energies of CLK and control A and B pulses were 2.5bhis data signal was then inserted into the ring laser via a fiber
4, and 10 fJ, respectively. Note that the switching energy valuesupler.
are indeed low. The temporal switching window in this case wasThe ring cavity is similarly constructed with the one described
measured by varying the arrival time of the control B pulses intzefore, with the addition of an optical delay line, for precise
the gate, with respect to the other signal pulses. The resultimgtching of the repetition frequency of the clock-recovery cir-
3-dB timing window was found to be about 30 ps [15]. cuit to the rate of the incoming data pattern. For clock recovery,

In this part AND/XOR logic operations have been demonstrateithe oscillator must mode-lock from the external data signal. Due
at 20 Gb/s with very low switching energies. This implies that thie the cavity Q, the mode-locked pulse train persists even for se-
gates can in principle operate in an integrated circuit optimizegiences of consecutive “0"s, but with a modulation. Fig. 10(a)
for low losses without the need for external signal amplificatioand (b) shows samples of the input PRBS data sequences with
[14]. These logic modules are the elementary processing unitsfoaximal length of2'® — 1 and 2'® — 1, respectively, while
arange of signal processing applications. Digiteth is the most  Fig. 10(c) and (d) shows the corresponding recovered clock.
common Boolean function and has been used in demultiplexiNgte that the clock pulses in both cases have negligible ampli-
[54], wavelength conversion [16], as well as 3R-regeneration [4filde modulation. The output pulses were also monitored on a
The dual- raikorlogic gate is also of paramount importance besecond harmonic autocorrelator and found to be 2.5 ps wide,
cause it allows the full complement of Boolean bitwise logic tafter linear compression. The performance of the circuit was
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Fig. 9. Experimental layout of the semiconductor fiber ring laser used for clock recovery from a 30-Gb/s continuous data stream.

R ——

() (b) packet stream. This stream was then split into two different
i ] optical paths via a 3-dB fiber coupler. The two paths were made
ﬂ f A A A [\ [ S0 as to provide a maximum of 17.9-ns relative delay between
I j i | ‘ the split signals. Variable optical delay lines ODL1 and ODL2
\,I V\/ / l'\ \f\/ V\j were used to independently control the relative arrival time of
e/ the packets at the clock-recovery circuit so as to investigate
the minimum acceptable delay between successive packets and
(¢) (d) to assess the circuit ability to operate with successive packets
ﬁ\ (\ (\ { ‘ that are asynchronous at the bit level. The asynchronous packet
| ' \ stream was then launched into the packet clock-recovery
‘J F‘ } \ / circuit, which consists of an FPF and a UNI gate, powered by
| U ] b a continous-wave (CW) signal at 1545 nm. The FPF had an
FSR equal to the line rate and a finesse of 20.7, corresponding
to a 1/e lifetime roughly of 7 b. The output of the filter was
Fig. 10. (a)and (b) show the input data pattern with maximal leng2h®ot1  amplified and inserted into the UNI gate as the control signal
and2'® — 1, respectively, and (c) and (d) show the corresponding recovered) 55 to counterpropagate the CW beam. In this case, the two
clock. similar PSD structures of the UNI introduced and removed a
relative delay of 50 ps before and after the SOA, allowing gate
also examined with very long sequences of “0"s, and the moalperation at 10 Gb/s. The active element was a 1.5-mm, bulk,
ulation on the the recovered clock was less than 12%, even floGaAsP/InP, ridge waveguide SOA, with a 27-dB small signal
input data sequences with 212 consecutive “0”s [32]. gain at 1550 nm, 24 dB at 1545 nm, and a recovery time of
2) Asynchronous Packet Clock Recoveithis clock-re- 100 ps, when driven with a 700-mA dc current.
covery circuit was recently demonstrated and was specificallyThis packet clock recovery implementation provides a dif-
designed to handle asynchronous and short optical packétsent approach to the techniques proposed so far, since it sep-
In order to be able to generate a clock signal only during tlaeates the filtering function by using a FP etalon tuned to the
packet duration, this method does not use an oscillator. Insteliak rate and a high-speed amplitude equalization function that
it uses an FP filter with FSR equal to the line rate, which is thes provided by the nonlinear switching function of a gate. At
followed by a nonlinear optical gate [36], [37]. The purpose dhe output of the FPF, the asynchronous packet stream is con-
the Fabry—Pérot filter (FPF) is to partially fill the “0"s, therebwolved with the exponentially decaying response function of the
creating a packet clock-looking signal, which is, howevefilter so that a deeply amplitude modulated but, nevertheless,
amplitude modulated. This signal is used as the control sigrddck-resembling signal is obtained. This is used as the control
into an optical gate so as to remove this modulation via itgnal into the UNI gate to induce an almasphase shift be-
nonlinear transfer function. With this arrangement, an asytween the orthogonal polarization components of the CW signal.
chronous packet clock signal of nearly equal amplitude “17Bhis results in an asynchronous packet clock signal of nearly
and very short rise and fall times is obtained. Fig. 11 shovwesjual amplitude “1”s and very short rise and fall times.
the experimental setup used for the demonstration of clockFig. 12(a) shows a typical data stream, obtained from the
recovery from asynchronous packets at 10 Gbh/s. It consistsasfynchronous packet flow generator. More specifically, a se-
two main subsystems: the asynchronous packet flow generajaence of four data packets is illustrated, each packet containing
and the packet clock-recovery circuit itself. The asynchronod4 b (approximately 4-ns duration). Packets #1 and #3 are trav-
packet generator consisted of a gain-switched DFB laseling through the upper and packets #2 and #4 are traveling
driven at 1.29075 GHz and emitting 9-ps pulses after linethrough the lower branch of the packet generator. The coarse
compression at 1549.2 nm. This pulse train was modulatedregative delay between packets #1 and #2 was 1.5 ns and be-
form a2” — 1 PRBS signal using a PRBS generator, three-timéseen packets #2 and #3 was 2.9 ns. Fig. 12(b) shows the corre-
bit-interleaved and modulated again using a programmalsiponding recovered packet clocks as they appear at the S port of
pulse generator to form a 10.326-Gb/s pseudodata synchronthesgate. The packet clocks display rise and fall times of 2 and
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Asynchronous packet flow generator

{ 271 PRBS | I Pulse

! Generator |

LD1- 1.29075 GHz 8x Rate
9 psec, 1549.2 nm Multiplier

DATA flow

LD2, cw signal
1545 nm

Packet clock recovery circuit

Fig. 11. Experimental setup of the asynchronous packet clock recovery.

ATTEN 1048 .l ATTEN 10dB b
RL =39.8dBm  5dB/ « RL -39.8d3Bm  S5dB/

(2)

#1 #2 #3
Fig. 12. (a) Incoming asynchronous data stream of four packel[Start owa STOP 11.20GHz||START oHz SToP 11.206Hz
(b) Corresponding recovered packet clocks. The time base is 2 ns/div. ATTEN 1048 (c) ATTEN 1048 (d)
RL =39.8dBm 5487 RL =-39.8d8Bm 5d8/

8 b, respectively, and amplitude modulation of less than 1.5 ¢
(highest to lowest pulse ratio), within the span of the origin
41-b data packet. The circuit required 1 mW of optical powe
from the CW signal and 110 fJ/data pulse.

The effect of the filter and the gate in the frequency doma
has been also examined using a 50-GHz microwave spectr : - LA LIL A L RL B
analyzer. Fig. 13(a) and (b) depicts the radio frequency (REy. 13. RF spectrum of (a) incoming asynchronous data packets, (b) and (c)
spectrum from dc to 11.2 GHz of the optical signal at the Outpmrresponding‘FPF output, and (d) recovered packet clock. The span is from

fth h fl t datth tout of th Flg%—ll.ZGHzm(a)and (b) and 810 MHz in (c) and (d), centered around 10.326
orthe a_sync ronous riow g_enera orandat the ou _pu 0 - e 'GHz. The amplitude scale is 5 dB/div for all.
respectively. It can be easily observed that the filter primarily
Suppresses all da_ta modes QUtS'de a 500-MHz bf”md aroun_d thl? is important to note the number of bits required, as the
baseline rate, which essentially corresponds to its bandwidth.

Data-mode suppression within this 500-MHz band is achiev Harq ban_d IS |ndepender_1t of the line rate since .'t sc_ales with
. . . e bit period. Other practical advantages of the circuit are that
by taking advantage of the nonlinear transfer function of the

deeply saturated SOA-based interferometric gate. This eff 1 self-synchronizing, it does not require high-frequency elec-

is illustrated in Fig. 13(c) and (d), showing in more detail th [onic circuitry, an_d, at_least n prln_c:lple, it may be !ntegrated.

; lock recovery with this approach is therefore particularly ap-
output of the FP filter and the output of the gate around th?. ’ L ) d

. icable to optical packet switching and is expected to assist the
10.326-GHz clock component, respectively. Asynchronous ol% ) . T )
. i . |mhplementat|on of more complex processing circuits. To illus-

eration is confirmed by the suppressed line rate component wjt : . . .

i . . frate this, the following section describes a method for packet
respect to the adjacent 80-MHz subharmonics. Fig. 13(d) rhe_ader extraction from short 10-Gb/s packets
veals data-mode suppression in excess of 35 dB with respect % P '
the 80-MHz-spaced packet subharmonics.

The nonzero rise and fall times of the signal require that the
sequence of data packets must include guard bands, and these
depend on the finesse of the FPF. In turn, the finesse of the filtern this section, we present two advanced optical processing
determines its ability to fill the missing “1"s in the data packetinits, namely, a header extraction circuitand an exchange-bypass
and must be determined liye expected sequence of continuouswitch. These units use the aforementioned optical modules,
“0”s in the data stream. A longer sequence of consecutive “Ofghose performance is tested in a subsystem environment at
requires the use of a FPF with higher finesse at the expensd8fGb/s. The header extraction and exchange-bypass switch are

slower rise and fall times in the derived clock signal [36]. key building blocks for almost any data processing and routing

I1l. ADVANCED ALL-OPTICAL SUBSYSTEMS
DESIGN anD IMPLEMENTATION
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Fig. 14. Block diagram of the all-optical header/payload separation circuit.

application and have been implemented with emphasis to a7y (a)|[ feader ' ©
used in a packet switch architecture to provide “on the fly} : ! : P

payload/header separation and switching within the bit peric
respectively.

A. 10-Gb/s Header Extraction Circuit

Several methods have been proposed so far for pe
load/header separation [46]—-[51]. In this section, we prese
a simple all-optical header extraction circuit that is applicab
even to traffic of very short 10-Gb/s packets. The techniqt A WM

e
m——r s s
payload : @)

uses the previously described packet clock-recovery modu ‘ L)

with an additional UNI logic gate at its output to perform the
separation [47].

The _blOCk diagram of t_he experiment is shown in Fig. 14:ig. 15. (a) Typical data packet. (b) Corresponding recovered and delayed
It consists of three subunits: a packet flow generator, a packgtket clock. (c) Packet address at U port. (d) Packet payload at S port of UNI
clock-recovery circuit, and an additional UNI gate (UNI 2) buil2. The time base is 500 ps/div.
identically to UNI 1, configured to performnp logic operation.
The packet flow generator is similar to the asynchronous packeguard band of two “0”s to avoid switching by the first two im-
flow generator described in Section-1I-C, but modified so as fmerfect bits of the clock circuit, and finally 18 b for the payload.
provide synchronous packets at its output by blocking one of theset (b) shows its corresponding self-extracted clock, delayed
two branches. The output of this packaareet generator is split~ 1 ns with respect to the original packet. In this way, the
into two parts, one used as input in the clock-recovery circdieader and the payload appear separated at the U and S port and
and one to enter as data signal in UNI 2. The extracted optieaie shown in the insets (c) and (d), respectively, of Fig. 14.
packet clock signal that persists for the duration of the original Fig. 15 shows a typical result from the circuit. In particular,
data packet is used as the control signal in UNI 2. For head&g. 15(a) shows an incoming packet, containing 30 b, with ap-
separation, UNI 2 is configured to perform a simph logic  proximately 3-ns duration arriving at 6.2-ns intervals. Fig. 15(b)
operation between the original incoming packet stream and a distrates the corresponding self-extracted clocks at the output of
layed version of the recovered packet clock. Successful heatétl 1 and are appropriately delayed for thied operation with
extraction is achieved if the original packet and the extract#uke packet of Fig. 15(a). This figure shows that UNI 1 hasreduced
clock are relatively delayed in time by an amount equal to thike amplitude modulation of the clock pulsesto 1.5dB, the packet
packet address length plus the rise time required for clock acqcieckriseswithin 2 b, anditfallsto 1/e within 8 b. Switching power
sition. As such, the packet clock is delayed in an optical delaynd mean energy per pulse for the CW and the control signalwere
line so that only the payload bits of the original packet fall withii mW and 120 fJ, respectively. These two parameters determine
the window of the recovered clock and are therefore switchedthé degree of saturation of the SOA and enable the control pulses
the output of the gate. In this fashion, header information am affect a differential phase change of roughlyetween the two
pears at the U port of UNI 2, since there are no clock pulsespolarization components of the CW signal in the UNI.
switch the gate, while the payload data exits from the S port. TheTo complete the header/payload separation task, the properly
insets of Fig. 14 detail the principle of operation of this schemsynchronized packet and self-extracted clock signal are logically
Insets (a) and (b) show the two signals used as the CLK amdDed together in UNI 2. Fig. 15(c) and (d) shows separated the
the control signal, respectively, for theiD operation in UNI 2. header and payload of the packet at the U and S port of UNI 2,
Inset (a) depicts a data packet containing 2 “1”s as preamble sigspectively. The pulse energies for the signals interacting in UNI
to assist the clock extraction process, 8 b assigned to the headB®rere 2 fJ for the data pulses and 24 fJforthe packetclock pulses.




VLACHOS et al: ULTRAFAST TIME-DOMAIN TECHNOLOGY AND ITS APPLICATION IN ALL-OPTICAL SIGNAL PROCESSING 1865
The average contrast ratio betweendheorrFstates of UNI 2 at OUTPUTS
the output ofthe circuitwas 8:1 forthe payload (S port)and 6:1 fi j i,
theheader (U port). The datapatterningseeninFig. 15isprimar i ‘ ‘

due toimperfect rate multiplication and can be largely eliminate |
if a 10-Gb/s transmitter source is used.

Thistechnique for header extraction offers the advantage of:
rial, bit-by-bit processing on a packet-by-packet basis with smi
associated bandwidth overhead, because of the fast self-sync
nization capability of the clock-recovery circuit. Moreover, th
circuit can easily handle packets of any length or with any a Optical Data Signal 2 ;

INPUTS

Optical Data Signal 1

dress to payload ratio with no increase in its complexity. Infac [ 1[I | 1]
for packets with differentaddresslengths, one has onlyto alter!
temporal delay betweenthe optical signals atthe input of UNI 2, s .

should also be noted thatoperation ofthis scheme could beinpi
ciple extended to higher rates without an increase in guard bar B —»
sincetheyare determined by the packetclock-recoverycircuita. ...
areindependentofthelinerate. Finally, the circuitis self-synchrbg. 16. Principle of operation of the optically addressablex 2
nizing and requires only the incoming packet as input to operaf&hange-bypass switch.

dispensing the need of high-speed electronics.

CONTROL OFF

TR
LU il

B. 10-Gb/s Optically Addressablex22 Exchange-Bypass
Packet Switch

Implementation of fast optical switches has long attracte |
the interest of numerous research groups. Toward this el
several switch matrices based on semiconductor materials |
guided-wave structures have been demonstrated [57]-[6;
Although these structures have shown impressive performar
in systems experiments, however, they are best suited for Ic |
packets because of their relatively slow switching speeds co |
pared with the bit period. In this part, we demonstrate an optical |
addressable, 2 2 exchange-bypass switch based onsam |
optical gate, operating with data packets of arbitrary length a
10-Gb/sline rate. This switch is particularly applicable in optice
packet switching because it possess the ability to change
optically its connectivity during the time scale of a packet an
possibly to provide some limited processing at the bitlevel.

The principle of operation of an optically addressable e
change-bypass switch is shown in Fig. 16. The 2 switch
uses a UNI gate, which has been con_figur_ed to provide -tWO ilr—Ji_ 17. BAR and CROSS states: (a) and (c) input; (b) and (d) output data
puts and outputs for coun_terpropagatlng S|gnals. Data Slgnalégéam.s; (e) control signal. Upper .and lower traces ’are signals 1 and 2, and
and 2 enter through the input ports 1 and 2, respectively, agtched packets are within thick dashed and thin dotted lines. The time base is
travel through identical lengths of birefringent fiber that are &0 ps/div.
the end sections of the interferometer, spliced &t wih the
output fibers of the two PBSs. As a result, each data pulse ign the present demonstration, the control signal packet had a
separated into two orthogonal polarization components that a@ation of 3.2 ns and a period of 6.4 ns, while the data packet
relatively delayed by half a bit period or 50 ps. The two switchf signal 1 had a duration of 2.5 ns and a period of 6.4 ns. In this
outputs, 1 and 2, were obtained by merginguhswitchecand way, the input data signals can be viewed as sequences of data
switchedports of the two PBSs. The control signal is launcheplackets with fixed length of 3.2 ns or 32 b long, while the control
via a fiber splitter so that it co-travels with data signal 1 and sgnal as a packet of 32 consecutive 1s with 3.2-ns duration and
temporarily synchronized to the preceding of the two orthogoraberiod of 6.4 ns. Fig. 17 shows typical results of the operation
polarization components of each data pulse. If there is no cari-the switch. In particular, Fig. 17(a) and (c) shows the input
trol signal, the switch is in the BAR state, and both data signalsita signals 1 and 2 into the switch, whereas Fig. 17(b) and
pass straight through to the output ports 1 and 2. If the cont(dl) shows the corresponding output signals for the BAR and
signal is present, the switch is in the CROSS state, and the t@ROSS states, respectively. Finally, Fig. 17(e) shows the control
data streams are interchanged at its output. The length of thedgitjuence. In the BAR state, the data packets from signals 1 and 2
sequence that is interchanged through the switch is determimtegbicted by the thick dashed and thin dotted lines, respectively,
by the length of the control signal and may be arbitrarily longross the switch unchanged. When the optical control signal is
or short, depending on the length of the incoming packet. present, the switch is in the CROSS state, and the packets are

M u J '[\ M\‘U)M

1)

b

‘ {,‘I,WLUMJIULWMUJ;\MW g8
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Fig. 18. Block diagram of the optical packet switch architecture.

interchanged in the output ports. The pulse energies for the datssible in the optical domain to exploit the distinguished prop-
1, data 2, and control pulses were 2 , 2, and 8 fJ, respectivedgties that the previously mentioned optical modules possess,
The quality of the output pulse streams in both switch statesriamely, speed, low switching energy, and integration capability,
high. The crosstalk of the switch in the BAR and CROSS stataad to combine them in an application to offer a performance
was—12 and—10 dB, respectively. The error rate of the switcladvantage as well as to avoid the unwanted O/E/O conversions.
was also evaluated in static operation, with a synchronous digifad). 18 displays the block schematic of an optical packet switch
hierarchy/synchronous transport module (SDH/STM) 64 testchitecture, in which certain operations have been subtracted
signal from a network analyzer by Acterna, and it was found foom the electrical domain and are performed all optically. The
be less tham0~!! for both data signals in both switch states. design is ideally suitable for slotted operation, while for un-
The performance of the switch was evaluated with differestotted operation, complexity rises significantly and the sim-
packet lengths and periods including packet lengths in the 43piity of the low functionality optical modules is lost.
length range and always showed similar behavior. OperationForwarding is the most complex task. For each incoming
at the 43-ns time range is important because it correspondpszket, the switch must process the header data and determine
ATM packets at 10 Gb/s that are expected to have the shortésbutput port. It can also make changes in the header itself and
duration. A distinguishing feature of this switch implementareinsert the new header data in the packet at the output. In the
tion is that it relaxes the requirements for guard bands betweaaacket switch design shown in Fig. 18, header extraction cir-
the packets, since it cawitchwithin a bit period. In avoiding cuits, such as the one described previously, have been used to
guard bands, the improvement in network capacity and bargparate payload from the header in the data packets arriving
width utilization becomes pronounced as the packet length die-each of the input links. The extracted header information is
creases or the line rate increases. Finally, it requires low pufeel in an electronic control unit for further processing, which
energy to switch and is optically addressable, dispensing timakes the routing decisions. The header extraction circuit also
need for high-speed electrical packaging requirements for thevides the clock signal for all the following optical circuitry.
switching elements. For header data reinsertion, apR optical gate is used. In prac-
tice, the new header and payload would be synchronized before
theXxoR gate and would be sequentially imprinted on the packet
IV. SYSTEM PERSPECTIVE OFALL-OPTICAL MODULES: clock.
OPTICAL PACKET SWITCHING Routingis performed electronically after header processing.
The electronic control unit shown in Fig. 18 is commissioned to
The demonstration of the all-optical signal processing circuitsaintain up-to-date information of the network topology. This
presented in the previous sections indicates some the significafidrmation is maintained in the form of a routing table and
progress made in the field during the past few years. As a resdigpending on the loop-up table result, the proper control signals
the exploitation of the advantages offered by all-optical implere generated that determine the state ofthigéch fabric
mentations in system applications can be envisaged. In this secSynchronizations the actual process of aligning two signal
tion, we describe as an example a possible integration of sigtteams in time. In optical packet switching, it refers to the
units in an optical packet switch architecture. The rudimentapacket alignment at the switch input interfaces. This is necessary
functions of a packet switch include forwarding, synchronizan order to obtain good switching performance. Packet synchro-
tion, regeneration, routing, switching, and buffering operatiomszation in the optical domain can be achieved by cascading
[62]. The goal here is to perform as many of these processeas2 exchange-bypass switches to form a matrix of delays, as
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shown in Fig. 18 [59], [62]. The state of each switch and, thus,
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number of the elementary switches is determined by the res
tion required.

Switchingis the actual process of forwarding the incomin%
packets to the appropriate outgoing links, determined by the
routing process. In the electronic domain, routing and switching
are coupled together, but in the optical domain, they are clearly
separated. Several topologies have been proposed so far for imdl
plementing anV x N switch fabric using Z 2 switches as the
elementary switching elements [62 ]. All these topologies can bel2]
in principle all optically implemented using a series of the op-
tically addressable 8 2 exchange-bypass switch, presented in
Section 11I-B. Such an implementation offers a significant per-
formance advantage since the internal optical paths of the switch™
fabric can be optically reconfigured on the bit level.

Bufferingis important within any packet router. Buffering is  [5]
necessary when multiple packets arrive simultaneously at the
switch inputs and request the same outgoing link. However, only[s]
one packet can be switched to the same output port at a given
time. Thus, the packet switch must have the ability to buffer
the packets until they get their turn. In the packet switch design
of Fig. 18, buffering takes place within the switch fabric with [8]
a recirculating loop. In this way, a circulating shift register is
introduced so that it can store the packet and forward it to theyg]
next stage of the switch fabric whenever there is an empty slot
at the switch input [41]. [

Regeneratioris a relatively more straightforward task that
is performed in amND optical gate with the locally recovered
optical packet clock. 1

Finally, the proposed scheme is wavelength independent,
i.e., it operates successfully even if optical signals of different12l
wavelengths are inserted in ti& incoming links. To this end,
the scheme can be used in the dense-wavelength-division-muyis)
tiplexing (DWDM) domain with the addition of a &N
arrayed-waveguide grating (AWG) at the input and output 01{14]
the switch. The AWG should have as many input ports as the
different incoming wavelengths. In this way, the input AWG [15]
demultiplexes the different wavelengths into signals, and 4
subsequently, each set of signals is treated separately by tLe

corresponding incoming link of the proposed design. (7]

V. CONCLUSION [18]

In conclusion, we have demonstrated the successful operatitgn
of a number of critical all-optical modules that form the basis
for further development of the optical time-domain technology[z()]
chain. The presented all-optical modules possess several dis-
tinguishing features and advantages compared with electronic
equivalents and these are switching speed, femtoJoule switchir[gl
energy and integration capability.

We have also presented an optical packet switch architectulie ]
within which certain functionalities are performed in the optical
domain, using the developed optical modules. Such an optical
design offers a significant cost and performance advantage th 2t3 ]
stem from its ability to process high-speed data signals bit b
bit.

Oéﬁliss Federal Institute of Technology—ETH, R. Dall’Ara and
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