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Abstract—This paper reviews the work carried out in the frequency. This evolution calls for high-capacity networks
ACTS KEOPS (Keys to Optical Packet Switching) project, de- and nodes, allowing dynamic bandwidth sharing between
scribing the results obtained to date. The main objective of the different types of users in a flexible and efficient way. Al-

project is the definition, development, and assessment of optical . -
packet switching and routing networks, capable of providing though, today, routing and switching of data streams are

transparency to the payload bit rate, using optical packets of Performed electrically, restricting optics to transmission-only
fixed duration and low bit rate headers in order to enable easier optical networks exploiting wavelength division multiplexing

processing at the network/node interfaces. The feasibility of the (WDM) techniques, will be implemented [2] with optical

KEOPS concept is assessed by modeling, laboratory eXperimemS'cross-connects (OXC’s) and/or optical add—drop multiplexers
and testbed implementation of optical packet switching nodes (OADM’s)

and network/node interfacing blocks, including a fully equipped .
demonstrator. The demonstration relies on advanced optoelec- The advantages of WDM transparent networking can be
tronic components, developed within the project, which are briefly merged with the flexibility afforded by the packet transfer

described. mode, benefiting from its capacity to provide simultaneous
Index Terms—Asynchronous transfer mode (ATM), frequency traffic flows. The network considered is a high-capacity path-
conversion, internet, optical fiber communication, optical fiber routed network which, in the longer term, could evolve into
delay lines, packet switching, photonic switching systems, semi- g fully switched network, making virtual circuits available on
conductor optical amplifiers (SOA’s), space division switching, gemand to the users once the need for such high speed services
synchronization, traffic control (communication), wavelength di- L.
vision multiplexing (WDM). on a per-cgll basis is present. ' .
The routing of packets on the basis of the virtual path
address read from the packet header will be achieved by means
. INTRODUCTION of optical packet switches. The space and wavelength domains
ELECOMMUNICATION traffic is expected to grow dra- e used to achieve connections between one inlet and one
matically in the next years, as a consequence of the offeitlet [3]—{[5].
of new diffusive and interactive services [1]. The range of Several major issues must be specifically addressed, how-
future services is very diverse in terms of required chann@Yer, in order to assess their fundamental feasibility:
capacity (i.e., bit rate), channel occupancy (continuous ore Proper wavelength resource management and the dynamic
bursty), connection duration, connection set up time, and time sharing utilized by packet networking;
» Contention resolution in the absence of viable random
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CIT, Alcatel SEL, the University of Bologna, ETH-Zurich, and High layers

the University of Strathclyde. Progress on network and systen} =

issues, system demonstrators, and components, realized sin :% UOS  converaence

the start of the project in September 1995, is reported in thi§ headerggeneration

paper, which is structured as follows. g NOS packet routing I(:;Zr
Section Il reviews the basic network concepts adopted & LOS  Optical packet

within the project. It starts with the network evolutionary | @ de/multiplexing ~ 1------ 1

model, which describes how optical packet networking is| :_‘_N_D_“f_:

likely to emerge and will interact with other networks, whether Physical layer

they are electronic or photonic. Then the optical packet

format is discussed. The access interface to the optical packet

network, with some performance evaluation, node desigh 1. Reference model for an OTP.

issues, the node/network interfaces, and synchronization

issues, is discussed in Section Ill. Section IV reports on of the wavelength domain for switching purposes,

demonstration related activities, including the description of and possibly for contention resolution, wavelength

the packet switching nodes (structure, traffic performance, shifting is mandatory at the interface to adapt the

and experimental results), packet synchronization interfaces, wavelength allocation to the WDM transmission

and the high-speed assessment of optoelectronic components. layer requirements.

Section V summarizes the effort dedicated to the development Transmission LayerThis is responsible for transparent

of enabling technologies required not only for the demonstrator it transport on wavelength channels. This layer is sup-
work, but also for the requirements of optical transport posed to be based on optical fibers working in WDM.
networks [6]. It provides the upper layer with transparent lightpaths
built on a steady (or reconfigurable on a long time scale)

[I. NETWORK CONCEPTS FOROPTICAL .
concatenation of wavelength channels.

TRANSPARENT PACKET SWITCHING

A Network Reference Structure B. Transparent Optical Packet Format

This paragraph describes a design framework for the OTPThe pptlcal papkets_ used in the .OTP layer are placed
. into a fixed duration time slot, allowing for a synchronous
network layer for the purpose of demonstrating the func-

tionalities required for interworking with present and futur()peratlon of the switching nodes and fiber-delay line packet

networks, such as optical WDM transport networks, ATM an%ufferlng. These packets contain a 622 Mbit/s header (Wh'(?h
IS electronically processed in the nodes) and a payload with

internet protocol (IP). : : : : .
A protocol reference model has been designed which talzﬁ(%ed duration and variable bit rate (e.g., up to 10 Gbits).

into account the concepts of bit rate transparency and WDI\/he term_ transpa_rent opt_lcal packet_ arises from this I_atter
. : . Characteristic, which provides a flexible bit rate evolution,
Three main layers are considered (Fig. 1).

_ i according to the needs of each OTP layer user. Finally, guard
* High Layers Users of the OTP layer are likely 0 bejmes must be inserted to account for the optoelectronic device
in the short-term existing standard networks, such @giching time, the jitter experienced by the payload in the
ATM, IP, and local area networks (LAN's), so that allygges (mainly in the fiber delay lines), and the finite resolution
aggregate customers, even if they are end-users, suCh,@ge synchronization units at the network/node interfaces
workstations or video servers, can be foreseen as futyignchronization issues will be discussed in Section 111-D).
clients of the OTP layer. _ The key elements in defining an OTP format are, then, the
* OTP Layer |t provides service-dependent functions t0 thgme sjot and payload duration. To this end, issues such as
upper layer and is, in turn, subdivided into three sublayegs cyetization efficiency, maximum fiber delay line length, and
whose functions are the following. performance of the interworking unit (IWU) must be analyzed
— The upper optical sublayer (UOS) adapts the highesection 111-A). The first results [7] indicate that the best trade-
layer data flow to that of the optical packet layer. off is reached for a time slot duration between 1.5 angs3
— The network optical sublayer (NOS) carries OUA possible packet format was proposed in the first year of the
transparent packet routing functionalities, includingEOPS project. It is based on a 1.646-time slot (e.g., 128

header generation and updating, packet switchingytes @ 622 Mb/s) with an overall guard time of 12 bytes

and scheduling. (Fig. 2). The packetization efficiency is, then, slightly lower
— The lower optical sublayer (LOS) generates thgyan 80%.

optical packet data flow according to the optical

packet format and transmits it on the optical link, [ll. NETWORK FUNCTIONAL SUBBLOCKS

hence supporting the multiplexing-demultiplexing

functionalities (optical idle packets are inserted th Access Interface (IWU)

adapt the packet flow between the UOS and the LOSAt the moment, the operational principles of the IWU
prior to multiplexing). As the OTP layer makes usdetween high layers and the OTP layer are a major focus of the



GAMBINI et al: TRANSPARENT OPTICAL SWITCHING 1247

Time Slot T: 1.646 s = 128 bytes (622 Mb/s)

r Header Load I
Synchronization bits Synchronization bits
— —
guard Routing guard guard
time time time
Tags
Header Load :
64.3 ns 180 ns  2ns | 1311 ps i 6a3ns |
5 bytes 14 bytes 2 bytes 102 bytes 5 bytes tim:
Fig. 2. Example of the OTP format proposed by KEOPS.
project [8], [9]. This unit adapts the flow of user information TABLE |
so as to allow for the generation of optical packets, relying on QUEING DELAY (q) FOR THREE VALUES OF THE OUTPUT
lect . t f the incoming bits LINK SPEED ASSUMING THAT ALL THE INPUT LINKS ARE
electronic _S orage o ) ) g T EQUAL, wiTH SPEED 155.52 Mbit/SAND THAT T = uS
The main assumption is that at the optical network bound- 5 Soood (Go
aries, the peak bit rate of the incoming (electrical) bit stream utput Speed (Gbit/s) q (s)
is lower than that of the optical output link (no traffic concen- 2'1488 42
tration is performed at the IWU). 0 156
40 620

The proposed functional implementation for the IWU works
as follows:

* incoming information on a link from the electrical layeresources. Simulation studies [8] have shown tHatcan
is stored in the electronic memory of the correspondings quite small, with an almost negligible effect on network
uos; _ _ _ _ _utilization (for instancel¥ = 0.5 ms leads to waste of less
* when enough information to fill an optical packet ighan 1% of the available bandwidth in the case of 155-Mbit/s
available, or a preset maximum waiting time is reachegpks, multiplexed on a 2.488-Gbit/s optical link).
the UOS creates the OTP (also generating the relatedyjith regard tog, if V is the number of UOS’s multiplexed

header) and sends it to the LOS; on one LOS, and’ is the time length of the optical packet,
* the OTP’s are then queued (still in electronics) in thghen the following bound holds:

LOS and transmitted on the optical link, according to a
first-come-first served policy. ¢<qu=(N+1T

The issues considered in assessing the performance of suchhe worst case for the queuing delay is when all the UOS'’s
an IWU are: access delay; traffic shaping; and optical linkgye an OTP to send at the same time (note that, in the
utilization. Since no traffic concentration is made, packet |0§§sumption of no concentration, when this happens no OTP’s
does not occur and therefore packet loss probability is NYay be waiting to be transmitted in the LOS). The final
considered. The following is a brief discussion of these variou§ormation in the last packet will wailVT to be transmitted.
issues. An additional packet tim&” must be added to take into account

The first issue is the access delay, which plays an importafé discrete time nature of the system (packets transmitted in
role in determining the end-to-end network performance. The siot must arrive in the previous slot). As an example,
access delay is made up of two parts: some values of;, as a function of the output link speed, are

1) p packetization delay in the UOS, necessary to gathexported in Table |. Of coursg,; increases with the output to

an amount of information on one input link to fill up aninput speed ratio (i.e., greatéf), but the absolute values are
optical packet; always in the order of magnitude of a fraction of millisecond.

2) ¢ queuing delay in the LOS, where the packet flows from In conclusion,s is bounded as follows:

several UOS’s are multiplexed. §< by = (N+ )T+ W

In principle, p is not bounded since it depends on the arrival
rate from the source. For instance, in the case of a source vatid the results obtained up to now suggest that, in the worst
a low average bit rate, a very long time would be necessargsesdssr can be less than a few milliseconds.
to fill an optical packet. To avoid this event a threshéld Finally, significant results have been obtained, even with
is set and wherp > W a packet is sent, even if it is notregard to traffic reshaping. Due to its multiplexing function,
full. In principle, this policy can result in a waste of networkhe optical packet stream generated at the IWU is, in general,
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™ payload ; resolution ! « Header re-writing
= 2 ¢ Alignment of ;+Header erasing : ¢ Optical
= the payloads i+ Empty payload: regeneration
= * Header ' management ‘'« Wavelength
a0 : : . decoding : ! reallocation
0.2 0.5 0.8 Fig. 4. Generic structure of an all-optical packet switching node.
Traffic load

Fig. 3. Average burst length of the output traffic (output from an M/D/1
system, random and bursty, with increasing burstiness) from the IWU for
various traffic types fofl’ = 2.8 ms and 14 input links at 155.52 Mbit/s,
multiplexed on an output link at 2.488 Gbit/s.

less bursty than the incoming electronic traffic. For instance,
in Fig. 3, the average burst length at the output of the IWU
is shown for various traffic types. It happens that the output

optical node, so that a regeneration of the data streams
may be required. The structure will depend on the network

size: for example, a 3R regenerative structure could be
needed to suppress the jitter accumulation at the bit
level. Then payload delineation must be implemented in

order to be able to rephase the arrival of payload in an

asynchronous mode.

traffic has an almost constant behavior, regardless of the input
traffic. C. Network and Node Synchronization

B. Switching Node Due_to the sync_hronous operation of the switching nodes
’ (on a time slot basis equal to the packet length), packets must
An all-optical packet switching node generally will not beyrrive within the same phase at the node inputs. This function

restricted to a Simple SWitChing matrix. As described in Flg 43 performed through the packet streams Synchroniza’[ion in-

a generic structure of such a node could composed of at leggtace and requires an exact determination of the time shift

three main blocks. between the local reference packet timing and the incoming
» The first block integrates an input synchronization blockackets, and its possible recovery. The phase alignment is

for performing phase alignment of the incoming packetdone in the optical domain, in order to keep the payload
In order to realize this function, a delineation phase d@fansparency, but can be electrically controlled through the
the payloads is added. Header detection is needed at #wsluation of the packet phase at the node input by decoding,
stage in order to operate in a synchronous way. In orderdéier O/E conversion, the header packet start pattern.
minimize the number of packet synchronizers within the In principle, the simplest way to cope with this problem is
network, it would be interesting to use WDM structurefo arrange all fiber spans interconnecting nodes to be equal
for the major part of the nodes and to alternate with singte a multiple of the packet length (duration). In practice,
channel structures, when required, in order to suppress thss may not be a very realistic situation, especially in a
jitter between the header and the payload. public network environment. Furthermore, fiber chromatic
» The second block is the switching matrix itself, the roldispersion and temperature-induced path variations have to be
of which is to achieve routing and to solve contentiononsidered, together with packet-to-packet jitter caused by the
in real time [10]. An electronic control must be imple-use of different wavelengths for packet routing and buffering
mented for the control of the key devices. The routingternally to the node.
process is managed by accessing routing tables storedPacket synchronization schemes, operating transparently
in electronic memories. Some additional functions couldith respect to the packet bit rate and format on each node in-
be implemented. In particular, by taking advantage of thmut link, have been studied and experimented [11], [12]. These
presence of drivers for the switching elements, it would s/nchronization units can be of different types, depending on
convenient to erase the header of each packet. In addititheir speed and time resolution. In the context of a general
the empty payload management could be advantageousllyoptical packet network, a coarse/slow synchronization unit
done in the packet switching matrix itself. is necessary at each incoming link of a node (once wavelength
» The third block is a regenerative interface. Extinctiodemultiplexing has been performed), in order to compensate
ratio (ER) degradation, degradation of the optical signdier the static phase differences (due to the link length and
to-noise ratio (SNR), power variations between packets, the wavelength used) and for the phase wander (due to the
jitter accumulation, and bit duration reduction are sontemperature). Each of these units is followed by a fast and fine
of the impairments that may affect any signal crossing aynchronization unit, which compensates the packet-by-packet
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time var_iations (jitter),_due to use of qlifferent Wa_velengths for (CENTRAL UNIT —{ dock
the routing and buffering processes in the previous nodes. [ —
The node reference control signals are supposed to be
derived from a clock distribution network, which could be
dedicated or derived from an existing one, i.e., the synchro-
nization network of the synchronous digital hierarchy (SDH).
In the case of a plesiochronous network, the difference in
clock frequencies between the nodes could cause failures in
the synchronization process and, consequently, packet loss & 7+
This can be controlled by using the empty_ pa_ckets to recover T Header arasing i1 Header writing &
the right phase. The proposed synchronization schemes ar¢ rgading comtention resclution space routing
consistent with the clock accuracy normally used in the
plesiochronous networks (e.g\F/Fy, = 10~3) allowing a [DlHeader g Wavelangih ] MuxDemux 2 Flber delay
packet loss probability below 10? for a traffic loadL = 0.8. TRCeRar Carvartar ines

Fig. 5. Architecture of the WRS.
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IV. DEMONSTRATION ACTIVITIES

The experimental implementation and assessment of syst€he switch is under the control of an electronic unit, which
architectures in the KEOPS project is done through onfives the probe lasers and semiconductor optical amplifiers
demonstrator and several testbeds, adopting advanced ofB®A'’s) of the wavelength converters. At a given time slot,
electronic devices developed within the project (described tinese driving signals are a function of the incoming packet
Section V). The main objective is the feasibility demonstratioimeaders and of the optical buffer memory occupancy, which
of switching and interfacing blocks, including their scalabilitys monitored in the electronic control.
to real system dimensions in terms of size, transparency to the'he packets are routed through two successive wavelength
bit rate, and cascadability. In this section, a short review of tk@nversion stages. At the first stage, incoming packets are
node architectures developed in KEOPS and their performaneated to one position of the buffer delay line memory. In
is reported, as well as some experimental results obtaing@ second stage, they are routed to their destination output.
on the wavelength-routing switch (WRS) node demonstratBhe routing and buffering algorithm minimizes the delay in
(which is the main KEOPS demonstrator), the broadcast afié switch, taking into account the following constraints: two
select switch testbed, the packet synchronizer testbed, andghekets cannot be routed to the same output at a given time
ultra high-speed assessment of optoelectronic componentssjot, and the sequence integrity must be preserved for any

connection.
A. Wavelength Routing Switch Headers also are updated in the switch in a two-stage

1) Basic Principles and ArchitectureThe WRS demon- Process. In the first stage, headers are .erased by switching off
strator (Fig. 5) relies upon the use of dynamic wavelengii® SOA used for wavelength conversion and in the second
conversion at the packet level to perform the routing of packei§de, a new header is rewritten at a time position chosen
from each inlet to their destination outlet. A wavelengti order to keep the payload to header time distance roughly
converter, together with a demultiplexer performs a N constant, due to a payload position measurement at the switch
spatial routing switch,N being equal to the size of theinput.
wavelength comb. Packets from different inlets may compete2) Teletraffic Performancein the WRS architecture,
at a given time slot for the same output. In the WRS, thiRacket scheduling for first-in-first-out (FIFO) output buffer
contention problem is solved by the use of a buffer delggmulation is achieved by providing access, for each input port,
line memory. The structure and dimensioning of this buffdp & small set of optical delay lines with nonconsecutive delays
memory are of prime importance to the performance %3] By taking advantage of the statistical multiplexing on a
the switch, in terms of packet loss probability. The buffeiagged output buffer of the delay accesses that are available
memory used in the WRS is very effective for mediunto the switch inlets [14], this scheme allows the emulation of
and large dimension switches and compatible with standda@ther large buffers.
packet loss performances of electronic switches [13]. SignalTwo kinds of WRS architectures for WDM packet networks
degradation within the switch is kept as low as possible, sinbave been evaluated, based on how the wavelength resources
only two wavelengths conversions are required. Moreoveédie managed.
due to their regenerative action, the use of interferometric|f the principle of wavelength circuit set up per connection
wavelength converters in the second stage improves ikefollowed, packets belonging to a given connection cannot
overall performance. be spread over more than one wavelength of the same fiber.

The switch works on a time slot basis, therefore the inptitence, switching nodes are provided with one queuing system
packets should be aligned within the local time slot within per outlet, toward an outgoing channel. Relying in part on
few bytes’ accuracy. Alignment at the bit level is not requiresdtatistical multiplexing for packet scheduling, the WRS archi-
since the 622-Mbit/s header can be recovered on the ftgcture has good scalability and allows the implementation of
thanks to the synchronization patterns at the header beginnilagge switches, while keeping the wavelength set required for
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Fig. 6. Packet loss rate versus Bernoulii traffic load for a) a®84 WRS g 7 Header synchronization. The data out curve refers to the signal after
_(a 32-wavel(_ength set is required) and_b) for a four-fikefour-fiber WRS, synchronization, synchronization failures occur for BER 10
interconnecting 16-wavelength WDM links (queue lengthl5 packets).

their proper operation low enough to be practical [curve a) in 1E-01
Fig. 6]. 1E-02
If dynamic sharing of the whole optical bandwidth is carried 1E-03 -
out, due to dynamic wavelength allocation at the packet 1E-04
level, queuing packets contend only for their output fib_er. 1E-05 -
Dynamic allocation of wavelengths allows address conflicts i
: ' . . o 1E-06
to be resolved, in the context of bursty traffic, without imple- LW
. i . o 1E-07
menting large buffers. The implementation of the flow control o
functions may take advantage of small optical buffers in 1E-08 1 4 Back-to-back Dmg °
order to alleviate the transfer delay and packet delay variation 1E-09 g 11 =>24 DE: o
issues, which are crucial for real time services (curve b) in 1E-10 1 A :§ :z %g qﬂg o
Fig. 6). 1E-11 -] & 14 => A1
3) Experimental ResultsThe WRS is the main KEOPS 1E-12 . . : :
demonstrator and is being implemented as a fully equipped 36 34 -32 30 -28 -26

4 x 4 switching node, including also header processing and
all electronic control functions [15]. At present, experimental
results are available for a one-stage 44 switch, using cross- Fig. 8. BER penalty through the WRS switch (output 4). The four output
gain modulation (XGM) wavelength converters. The head iﬁr‘e’f;nta\'ia\'/‘;'lzfgdtht%oi nggsr}gLsr;’“ted from the four different inputs (four
and the payload are at 622 Mbit/s and 2.5 Gbit/s, respectively, '
and the four wavelengths comb ranges from 1534-1546 nm.

The robustness of the header recovery has first been checkedwavelength Fibre Delay
under a poor SNR at the header photodetector input (Fig. 7). converters Line Buffer Al
Synchronization failure occurs only when the bit error ra !
(BER) on the header is higher than™1Q under such condi-
tions the BER on the 2.5-Gbit/s payload is much higher and | D |
the header detection process cannot be considered as the ng
cause of failure [15]. =z

The overall performance of this initial demonstrator has

Received power [dBm]

Wavelength Selectors

InI’o control

OUTPUTS

with the back-to-back configuration. All 16 optical paths
were tested, with input packets on the four possible inp Wavelength converter
wavelengths, and in each case the penalty was lower tH&f Optical gate [©)] Fibre Delay Line q Mux/Dmux [ D] Detector
1.5 dB (Fig. 8).

Fig. 9. Architecture of the BS packet switch.
B. Broadcast-and-Select (BS) Switching Matrix

1) Architecture: The BS packet switching matrix architecPacket routing and on the exploitation of optical fiber delay
ture [16], shown in Fig. 9, relies on the use of wavelengtines accessed through fast optical gates, to perform packet
encoding and fast wavelength selection in order to achiebaffering and time-switching. The principle of operation is
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Fig. 10. Packet loss probability for a 32 32-BS switch built with 8x 16  Fig. 11. BER performance at 10 Gbit/s in a switching regime (guard band
and 16x 16 switching elements, loaded with uniform traffic (traffic load 0.8)is 1.8 ns).
both with and without the introduction of interstage flow control.

) ) ] ) ) does not differ significantly from the case of point-to-point
depicted below. Each incoming packet is assigned one waygyic with the same traffic load on switch output. Therefore,

length, identifying its input port, and then fed into the fibef j5 hossible to say that the result in Fig. 10 can be considered
delay line (FDL) buffer. All packets are broadcast to all delagignificant for multicast traffic as well.

lines and thus made available durifigconsecutive time slots. 3) Experimental ResultsA switch laboratory testbed has
The buffer gates select one time slot, corresponding 10 thge designed and sufficiently equipped to assess the feasibil-
appropriate delay as determined from actual traffic cond|t|0ﬂ§ of a 16 x 16 switching matrix, operating at 2.5 and 10

at the input. Finally, the wavelength selector only discriminat@sy;/s [19]. The switching module is mainly composed of the
as to one outgoing packet/cell at a time, on the basis of ﬂﬁlowing blocks:

wavelength, i.e., its input address.

2) Teletraffic PerformanceThe BS switch achieves pure
output queuing and its performance can be obtained by classi-
cal analysis [17]. Multistage configurations are used to build |
large switches, because a large monolithic switching matrix
is not feasible with current technology [16]. For this reason,
the performance of multistage switches, realized by adopting
a three-stage Clos architecture, has been studied. Different
architectural options and functions have been investigated:
in particular, interstage flow control techniques have been
shown to be effective in reducing packet loss, with the limited
buffer amount available with present technology (typicall
about 32 packet positions). Due to the discrete-time nat
of the switch, when a buffer at stageis full, only one
packet can be accepted from stage 1, chosen from among Module. _
those in contention, according to a defined policy. The flow K€Y systém results have been obtained such as:
control technique is realized by sending a signal backward® & very low sensitivity penalty, respectively, at 2.5 and 10
from stagei to stagei — 1, in order to stop all but the Gbit/s for a matrix size of 16< 16 input/output ports
incoming packet directed to the full buffer. To minimize the ~ With a 16-position buffer due, in particular, to the use of
overall packet loss probability, the packet that has been waiting CG amplifier gates;
for the longest time in the FDL's at stage— 1 is chosen ¢ Nno major degradation of the system performance in a real

» a wavelength conversion block, equipped with two XGM
SOA wavelength converters emitting, respectively, at
A1 = 1547.8 nm andX, = 1549.5 nm;
a time-switching block, representative of a 16-position
buffer, using couplers, attenuators, two FDL's, and two
clamped-gain (CG) SOA gates, well-suited for multi-
wavelength operation;
a wavelength selector, made by assembling one input
optical demultiplexer, two CG-SOA gates and an output
optical multiplexer.

Finally, 14 additional modulated lasers, ranging from
235-1559 nm feed the time-switching block, in order to
simulate the operation of a complete 6 16 switching

[18]. 16-channel WDM regime, due to a relatively constant
The benefit of such a flow control policy is shown in Fig. 10.  behavior of the optical amplifiers in the 1535-1559 nm
A packet loss probability of 10'° is reached, with something range.

more than 20 packet places per buffer, that is well below BER curves were successively recorded at 2.5 and 10 Gbit/s
the technological limit. It is worth noting that, without flowunder both transmission and switching regimes. Fig. 11 shows
control, larger buffers would be required. BER characteristics at 10 Gbit/s per input in & 2L switching

An in-depth investigation into the case of multicast andegime with the additional 14 WDM channels. Less than 1 dB
broadcast traffic has been also performed. The main ressénsitivity penalty at 10° BER was recorded with guardbands
obtained is that performance with point-to-multipoint traffibetween consecutive packets as low as 1.8 ns. This result
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Fig. 12. Evolution of the detection sensitivity at 10 Gbit/s in the spectr&lig. 13. Evolution of the sensitivity penalty versus the number of laps
range of 1535-1559 nm. through: (1) the regenerative interface; (2) network section without interface;
and (3) network section with interface.

shows that, with respect to pure transmission through the
matrix, switching can be performed without any additional
degradation of the sensitivity.

Fig. 12 shows the sensitivity penalty at 10 Gbit/s as a
function of the input channel wavelength. As shown by the
curve, it has been possible to fully operate the switch over g
the 24-nm bandwidth without any major degradation of the ©
sensitivity. From 1535 to 1559 nm, which correspond to &
16 channels with a 200-GHz channel spacing, the penalty &
variation is lower than 2 dB due, in particular, to the gain
flatness of both the SOA’s and the fluoride-fiber erbium-doped
fiber amplifiers (EDFA’S).

The combination of two all-optical wavelength converters
can act as a regenerative interface performing, in addition 0 : , : :
to wavelength conversion, the extra functionalities required 0 10 20 30 40 50
for packet-switching applications, such as suppression of the
packet-to-packet power fluctuations and some form of regen-
eration, thereby enabling the cascade of all-optical packétg-_14- Evolution of the) factor and the jitter versus the number of network
switching nodes. seetions.

The regenerative interface used basically consists of the ) . -
combination of two wavelength converters (WC'’s), the first, an The cascade (?f e!ght network s_ectlons, each con5|§t|ng of
XGM SOA and the second, based on cross-phase modulatipfi 16 * 16 switching matrix, with the above mentioned
(XPM) of such an amplifier in a Mach—Zehnder interferometrifegenerative interface and 50 km of dispersion-shifted fiber,
(MZI) structure [20]. Basically, the role of the first WC is tol€d 10 @ total penalty of 3 dB (Fig. 13). Preservation of the
convert fast power fluctuations between consecutive packﬁignal quality in the amph_tude domain has been demonstrated
into ER variations, in order to enhance the signal-to-ampliﬁéﬂ the same system environment throughfactor measure-
spontaneous emission (ASE) ratio and to provide the secdRgnts- F!g. 14 shows that, even aft_er 40 laps, t_here_ IS _ne|t_her
WC with a predetermined input wavelength and a constaiiggradation of the ER, nor degradation of the noise d|§tr|but|on
input power. The second converter is, in turn, mainly used ' €ach symbol. Fig. 13 shows, however, a degradation of the
regenerate the ER, due to its nonlinear interferometric trans%l?R performan_ce in the casca_lde, _Wh'Ch IS _malnly due to a
function, and to provide the output wavelength. Jitter acc_umulatlon, as shown in Fig. 14. This effect would

The regenerative interface and a subequipped testbed Of@ﬁgjally limit the number of such nodes that could be cascaded

switching matrix were successfully tested in the recirculatid €SS than ten. For a larger network size, a 3R regenerative
loop. structure would be needed.

Each path in the loop can be seen as the propagation, )
through a network section including a packet-switching node Packet Synchronizer Testbed
with its regenerative interface, and an amplified transmissionAs described previously, nodes used in optical packet
link. As shown in Fig. 13, the sensitivity penalty rapidlyswitching networks operate in a synchronous way, thus
increases in the absence of any regeneration. requiring packet synchronizers (which have to operate

400

- 300

- 200

Jitter [ps]

-100

Number of network sections
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Fig. 15. Packet synchronizer testbed setup.
g y P Fig. 16. Power penalty at 2.5 Gbit/s for the coarse synchronizer.

transparently with respect to incoming packets) at each node
input. As the node itself may introduce jitter among packets, a
fine synchronizer may also be necessary, at each node output,.-"5 g pﬂ i m " A
in order to restore the correct packet cadence, or at the network L—J L---J u \...A \_._J U U
boundaries to recover the payload.

The input synchronizer is realized using switchable fiber
delay lines of different lengths (in decreasing exponential
sequence) [21]. The first section acts slowly and recovers only
the fixed part of the delay, the second part is set, packet by
packet, and recovers the varying part of the misalignment. M

The fine synchronizer is realized by means of a tunable U LA

wavelength converter and a high dispersion fiber [21]. The I

electronic control assigns a proper wavelength to the outgoing 3.8ns
paCket in order to Comp,en,sate for the Jltt,er of t_he s!gnal, WIleg. 17. Data pattern at the output of the fine synchronizer at the extremes
the delay accumulated inside the high dispersion fiber. of the DBR tuning range.

The testbed (Fig. 15) is designed to operate with up to 2.5-

Gbit/s optical packets in a network in which clock distribution d : £ 15 and 0.6 velv. Th
is carried out and the time misalignment, due to thermal effedpd tuning step o and 0.6 nm, respectively. The output

and phase drift clocks, is bounded by a valie. The coarse from the SQA-bas_ed v_vavelength converter is sent tq a 4.2 km
synchronizer is composed of four delay lines set by five Igng high dispersion f|b_erm = 60 ps/nm~_km), Tesu't'”g n
x 2 cross-bar thermo-optic switches (static section) and tvﬁ’?‘o?"&ns delay range witki200 ps resolution. F.'g' 17 ShOWS.
delay lines, set by two InP cross-bar fast switches and one fﬁget‘ output dqta s_tream at the extremes of the fine synchronizer
LINbO3 “Y” switch (dynamic section). The time resolutid®, range, resulting in a 3.8-ns delay between the two traces.
of the coarse synchronizer is equal to the delay set by the last |
delay line. Choosing?. = 3.2 ns (two bits at 622 Mb/s), nine P- High-Speed Assessment Of Components
delay lines are necessary, in principle, to recover all possibleln KEOPS, special attention has been paid to the as-
misalignments for one packet. In the KEOPS demonstratorsessment of the ultimate performance of components and
200 ns operation range is experimented on. functions and, in particular, to wavelength converters. High-
The electronic control of the coarse synchronizer is corspeed wavelength conversion at 40 Gbit/s has previously
posed of two main blocks: the packet start identifier, whidbeen demonstrated [22], exploiting XGM in speed optimized
identifies the beginning of the incoming packets througBOA's. However, XGM converters suffer from wavelength
recognition of key words, and the delay evaluation blockiependency, making conversion to longer wavelength difficult.
which calculates the misalignment between the incomirkurthermore, a large chirp results for the converted signals,
packet and the local reference, with a 1.6-ns resolutiowhich limits the transmission on nondispersion-shifted fibers.
Fig. 16 shows that a very limited penalty, due mainly to XPM interferometric converters, on the other hand, feature
interferometric noise, is introduced by the coarse synchronizbigh ER’s for the converted signals, as well as wavelength
In the fine synchronizer, once the misalignmhtbetween independence and, potentially, polarization independence and
packet arrival and internal reference is evaluated, an equaligasall chirp. The chirp introduced by XPM conversion even
tion circuit translates this information into a current for thsupports transmission over nondispersion-shifted fiber, allow-
tuning input of a CW operated DBR laser with a tuning rangeg transmission beyond the dispersion limit [23].
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a
(@) Fig. 19. Power penalty (@BER: 10~?) at 20 Gbit/s as function of the
input power (at 1555 nm) to the SOA gate. The curve indicated°By)(is
5 20 Gbit/s converted eye measured after the SOA gate, while the curve givendy ¢) is measured
© after the SOA gate and MI wavelength converter that converts the signal to
© 1560 nm.
T
2
E ation and even 40 Gbit/s wavelength conversion from short
< ] . . . ] (1558 nm) to longer wavelengths (1562 nm) is possible,
0 as shown by the clear and open converted eye diagram in
(0) Fig. 18(c).
_ . s The high ER’s for the converted signals also enable sig-
5 4 40 Gbit's converted eye . nal regeneration of distorted signals. This is of importance
=, ﬁ'ﬁsﬁ'%tr‘ &f%‘ when using SOA’s as gates in the switch nodes, since their
3 ﬁ”'.... T § cascadability is limited due to noise and, especially, gain
-] of . . . . .
= . -.Q . saturation. The ER degradation induced by gain saturation
o - () H H o -
£ '#W at high input power levels can be counteracted by utilizing
< 5T 36 36 20 20 o the ER enhancing capability of the interferometric wavelength

Time [ps] converters [25]. The important role of the wavelength con-
© verter as a regenerative device is illustrated in Fig. 19, which
gives the power penalty (BER 10~°) for coupling a 20-

Fig. 18. High-speed wavelength conversion using an all-active multiqu : : _Chi :
tum-well MI wavelength converter. (a) BER for 20-Gbit/s conversion fror?gbltls S|gnal through an SOA gate and for a 20-Gbit/s S|gnal

1555 (input power is 9 dBm) to 1560 nm (input power is 6 dBm). (b) 20-Gbivgoupled through first, the SOA gate and second, through the
converted eye diagram at 1560 nm. (c) 40-Gbit/s converted eye diagram fidt converter. Without the converter, an input power dynamic

gog‘éeriion from 1558 (input power is 8 dBm) to 1562 nm (input power igy e of.12 dB is found. With the converter, the input power
m). . o !
dynamic range is increased by more than 15 dB.

High-speed XPM converters (>10 Gbit/s) can be obtained V. ENABLING TECHNOLOGY
by using high-input powers and high-injection currents. Addi- Th il level f ionaliti ired f
tionally, theoretical and experimental studies have shown thF"t e essential component-level functionalities required for

a high optical confinement factor and high differential gain tdpe optical packet switching architectures, described previ-

the SOA’s will enable high bit rate operation. As an examplé),us_ly' include tur_wab!e aII-o_pticaI wavelength conversipn, fast
the compact (1.3 mm long) all-active multiquantum-wellgpt'cal space switching/gating, and wavelength selection. Ad-

based monolithically integrated Michelson interferometer (M anced devices achieving these functions are being developed

wavelength converter, described in [24], has demonstrat Hhin the KEOPS project. Similar functionalities are re-

excellent performance at both 20 and 40 Gbit/s, as shO\fi}HireqI f(_)r WDM routing (_cross-connect) applications, as stud-
in Fig. 18. ER’s above 10 dB are easily reached at the'seéj_"\"thIn the ACTS_ optical pan-European network (OPEN)

high bit rates, together with signal-to-ASE ratios exceedi oject [6]. The qlewces developed thus represent a flexible
25 dB (1 nm bandwidth), which is of great importance fo d broadly applicable technology base.

the cascadability. This excellent performance is exemplified . )
through the penalty free operation at 20 Gbit/s [Fig. 18(a)f": All-Optical Wavelength Conversion

as also illustrated by the converted eye diagram in Fig. 18(b).The required technologies for tunable wavelength conver-
This speed-optimized MI converter enables high-speed opsien include both multiwavelength laser sources and all-optical
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Fig. 20. SEM photograph of an all-active MZI wavelength converter and operation principle.

wavelength converters. For the WRS, where fast access
a set of pretuned fixed wavelengths is required, x X4-
DBR laser array, monolithically integrated with a passiv
waveguide 4x 1 combiner section, has been develope
Accurate wavelength spacingp(0.2 nm) and fast switching
times (4 ns), enabled by dedicated GaAs MESFET driv
circuitry, have been demonstrated [26]. Tunable Y-lasers [Z
and DBR lasers [28] have also been developed for applicat - LA B i =

in the fine synchronizer, where fine tuning over a larg

wavelength range is required. In particular, the accessibiliy

of 38 regularly spaced wavelength channels, over a 15-mg. 21. Photograph of Mzl electro-optic space switch module with driving
tuning range, has been demonstrated with two-section DBRctronics.

lasers [28].

Key requirements for all-optical wavelength converters inswitching requires fast switching, compatible with packet
clude bit rate transparency (up to 10 Ghit/s), polarizatiofuard times in the ns range. Both electro-optic space switches
insensitivity, wavelength up-and-down conversion capabilit4nd CG-SOA gates are attractive potential technologies and
ER enhancement to enable cascadability, and broad wamgth are pursued within the KEOPS project.
length tunability (1530-1560 nm). Interferometric structures polarization-insensitive InGaAsP/InP switch matrices with
utilizing XPM in SOA’s can meet all of these requirementsour 2 x 2 Mach—Zehnder electro-optic space switches have
[29]-[31]. In particular, they offer the possibility of strong ERpeen fabricated which, due to the inclusion of integrated
enhancement, together with optical noise squeezing, for b@ftical mode adapters, exhibit fiber-to-fiber insertion losses
wavelength-up and wavelength-down conversion. The operat low as 5 dB [32]. Fast switching times, below 200 ps, have
ing principle is illustrated in Fig. 20 for an MZI converter.peen achieved using modules incorporating high-speed driver
The amplitude-modulated input signal, coupled into one arglectronics (see Fig. 21). Crosstalk levels 680 dB were
of the MZI, modulates the gain and output phase of the C¥hieved in dilated switching configurations.
probe. This phase modulation is transformed into amplitudewhereas conventional SOA’s generate crosstalk in multi-
modulation by the interferometer. Both in-phase and out-ofyavelength operation, CG-SOA’s exhibit low-penalty opera-
phase (input and converted signals) operation are possilign in the presence of a large number of channels. DBR-
Also, since the input and converted signals counterpropaggtgsed clamped-gain SOA modules with 14-dB fiber-to-fiber
in the device, no optical filter is needed to select the convertgdins, gain variations below 1 dB in the 1530-1560 nm
signal wavelength at the device output, in principle, conversigainge, switching timesc1 ns, and polarization sensitivities
to the same wavelength is therefore possible. <0.5 dB have been fabricated [33]. Modules incorporating
arrays of four such CG-SOA devices (Fig. 22) have also
been fabricated as a preliminary step toward larger scale
integration. Excellent uniformity of performance parameters,

The principal system requirements for space switching aiacluding gain, polarization independence, noise factor, and
polarization independence; low crosstalk; low noise; low fibesaturation power, were achieved on and between array de-
to-fiber insertion losses (or even gain); and compatibilityices and modules, indicating significant potential for this
with multiwavelength operation. In addition, optical packetechnology.

B. Multiwavelength Space Switches
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Fig. 22. Photograph of a packaged 4-DBR CG-SOA gate array.
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Fig. 23. Four-channel InP-phased array wavelength demultiplexer.

C. Wavelength Selectors

The wavelength selection function is required, for example,

submounts [35], a four-SOA array module has been fabricated
within KEOPS, which exhibited fiber-to-fiber gain values of
16 + 1 dB.

VI. CONCLUSION

Photonic packet switched networks are becoming a viable
option for coping with the future requirements of capacity,
flexibility, and performance arising from the growth of existing
services and the introduction of new ones.

In this paper, the main objectives and achievements of the
ACTS KEOPS project have been summarized. The concept
of transparent optical packet networks and the issues related
to their introduction in the future telecommunication scene
have been reported, from network architectures, through the
performance evaluation of switching nodes and interfaces
and the experimental validation of the concepts, relying on
advanced optoelectronic components developed within the
project. The work being carried out in the KEOPS project on
transparent optical packet switching is providing a complete
basis for the establishment of specifications of new classes
of optical networks, their transport layers and sublayers, their
capabilities for supporting services, and their corresponding
requirements as to technology. It is expected that KEOPS
will make a major contribution, within the telecommunications
community, to the definition of a complete flexible photonic
network infrastructure.
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