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Abstract This paper presents the work carried out by the Optical Communication Group 
at Politecnico di Torino in the framework of the RINGO project. The RINGO 
network is based on a WDM optical ring, with an input queuing access proto
col and multicast capabilities. In this paper we present the network architecture 
and node structure, together with the results obtained on the RINGO experimen
tal demonstrator. We investigate several important transmission issues, such as 
EDFA gain locking, and the implementation of several subsystems, such as node 
controller, oX-monitor and packet transmitter. 

1. Introduction 
Wavelength division multiplexing (WDM) is a well-established technique to 

exploit the fiber bandwidth in both transport and access networks, and all major 
vendors in this field offer a wide range of products and commercial solutions. 
At the research and standardization levels, the focus is now shifting from the use 
of optical technologies for implementing transmission functions to the develop
ment of an "Optical Layer'' capable of implementing network functions such as 
switching, protection and restoration in the photonic domain [1 ], possibly un
der electronic control. The International Telecommunication Union (ITU) and 
other international committies are working towards the standardization of pro
tocols and control techniques for wavelength routed optical networks [2], i.e., 
systems in which the optical layer is used not only as a ''raw" point-to-point 
high bit-rate data pipe, but also to implement some network reconfiguration 
capabilities, thus introducing traffic adaptation, restoration and protection. Re
configurable optical networks (or Automatically Switched Transport Networks 
-AS TN) started to be studied by consortia such as MONET [3], and are now a 
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hot issue for the manufacturers of optical systems. These solutions are aimed 
to developing a flexible network that can be reconfigured on time scales in the 
order of milliseconds or greater to react to system failures or traffic changes. 

On the contrary, the implementation of optical packet switching functions 
(i.e., of an optical layer that can handle data traffic on time scales in the order 
of microseconds or less) [4] is still at an earlier development phase, although 
several testbeds have already been proposed [5],[6],[7]. This is certainly due to 
the greater technological challenges that have to be solved when dealing with 
packets directly at the optical level, but also to the fact that current networks were 
optimized for the existing electronic technologies. Indeed, although optical 
devices allow huge potential in terms of available bandwidth, they do not easily 
offer several features in terms of handling and storage of digital signals, which 
are very natural and easy in the electronic domain. 

In this paper, we present network architecture, resource allocation proto
col, design, and experimental results of the RINGO (RING Optical network) 
project, a consortium of Italian Universities coordinated by the Optical Com
munication Group at Politecnico di Torino, Italy. The RINGO project is focused 
on experimentally studying the feasibility of a WDM optical packet network 
based on a ring topology. The RINGO network envisions the use of slotted 
TDMIWDM optical rings for the implementation of packet switched MAN and 
WAN networks. Currently, high capacity MANIWANs are implemented us
ing the consolidated framing and protection techniques of SONET/SDHWDM 
rings, where SONET/SDH frames are used as "containers" for (variable-size) 
IP packets or (fixed-size) ATM cells. This approach, although highly con
solidated from a technological point of view, does not offer a great flexibility 
and is not optimized for switching packetized data. Moreover, each node of 
a SONET/SDH WDM ring must optoelectronically convert the aggregate bit 
rate on each input link, handle it electronically and re-convert it to the output 
transmitters. This approach does not scale well: with the current increase of 
transmission requirements, we easily end up with nodes based on electronic 
routers that should handle aggregate bandwidths in the order of several Tbit/s. 

The experimental part of the RINGO project required the implementation of 
the basic building blocks of a node, focussing also on: 

1111 hardware demonstration of the MAC protocol, which includes advanced 
features such as multicasting and efficient queueing algorithms, and a 
simple but effective channel inspection (or A-monitor) technique; 

1111 detailed investigation on transmission issues such as power budget, EDFA 
gain locking and optical filtering. 

The paper is organized as follows. The RINGO general architecture and 
the MAC protocol are explained in Sect. 2, together with a review of the main 
features of the proposed network. The following Sect. 3 describes the current 
RINGO experimental setup, consisting of two node-prototypes that can handle 
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four channels at 2.5 Gbit/s with 1f.Ls packet duration. In the same section, a de
tailed description of the hardware implemented for the node controller is given. 
Sect. 4 addresses, both experimentally and theoretically, several fundamental 
issues related to the design of the RINGO network at the optical transmission 
level, such as power budget constraints and EDFA gain locking. Comment and 
conclusions are then drawn in Sect. 5. 

2. RINGO Architecture and Protocol 

Figure 1. Architecture of the RINGO 
network. 
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Figure 2. Structure of a RINGO node. 

The general architecture of the RINGO network is shown in Fig. 1, while the 
structure of a node is shown in Fig. 2. RINGO is based on a unidirectional fiber 
ring with N nodes implementing the interface between electronic and optical 
domains. Each node queues at the electronic level fixed-size packets to be sent 
on the ring. The main features of the architecture are: 

1111 the number N of nodes in the network is equal to the number N of used 
wavelengths (which will be often indicated in the following as "chan
nels"); extensions to number of nodes larger than the number of wave
lengths are possible [10], but are not considered here; 

1111 eacn node optical interface is equipped with a tunable transmitter, and 
with a fixed receiver operating on a given wavelength Ai that identifies 
the node itself; in order to communicate to node k, a node must tune 
its transmitter to send a packet on Ak> as shown in Fig. 1. Furthermore, 
each node must remove the information carried by its wavelength Ai 
from the ring. If required, some particular nodes may receive more than 
one wavelength, by simply dropping them and replicating the receiver 
subsystem. 
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111 each node is able to check the status of the wavelength occupation (a 
feature called >.~monitoring in the rest of the paper) on a slot-by-slot basis, 
and is thus able to avoid collisions by a generalization of the empty~slot 
approach, which allows to transmit packets only in those slots that are 
actually available; 

111 the packets to be transmitted are queued using a Virtual Output Queueing 
(VOQ) [8] algorithm, i.e., by storing packets waiting for ring access in 
separated queues, each corresponding to a different destination or to a 
different set of destinations. It is worth noting that VOQ was demon
strated to achieve 100% throughput for unicast traffic, thus completely 
solving the drawbacks of single FIFO queue input queueing; 

111 a packet can be simultaneously sent to multiple destinations, thus effi
ciently implementing multicasting, by turning on in the same slot more 
than one wavelength of the transmitter laser array; 

111 packet transmission is time-slotted and synchronized on all channels 
( wavelenghts ), thus a global packet synchronization is required; 

111 packets have a fixed length corresponding to one time slot; the packet for
mat adaptation, including segmentation and reassembly is left to higher 
(electronic) layers of the node protocol. 

The proposed architecture tries to combine in an optimal way optical and elec
tronic technologies: the aggregate bandwidth is handled in the photonic domain 
by working on each wavelength, while packet queueing, MAC protocol and sta
tistical time multiplexing are handled in the electronic domain. At the same 
time, we tried to focus on a solution that is feasible with optical device, which 
are available today, and thus use only static optical multiplexer and demulti
plexer, EDFA, modulators and an array of fixed wavelength lasers (though we 
also address the use of fast tunable lasers). 

2.1. RINGO node structure 
The proposed structure for a RINGO node is shown in Fig. 2. The main 

functions that the node must support are outlined in the following. 

111 Amplification of the optical signals in order to compensate for the loss of 
the node passive elements and the downstream fiber link. Amplification 
is obtained by placing an EDFA at the input of the node. The performance 
of this EDFA turns out to be of paramount importance for the issue of 
the node cascadability, and will be analysed in terms of power budget in 
Sect. 4.1 and gain locking in Sect. 4.2. 

111 Demultiplexing of the WDM comb after the amplifier. The most promis
ing devices for this purpose are Arrayed Wave-Guide (AWG) filters. 
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111 Monitoring the wavelengths status on each slot. This is performed by 
tapping a fraction of the power on each fiber at the output of the de
multiplexer and by sending it to a De-coupled photodiode array. The >.
monitor, described in Sect. 3, requires an electronics with a much smaller 
bandwidth than the channel bit-rate. In fact, it should detect the received 
average power on a packet-by-packet basis, so that its cutoff frequency 
was chosen to be much lower than the bit rate and of the order of the 
inverse of the packet duration. This solution seems to be much easier 
than the approach proposed in [6], where >.-monitor is achieved using 
a high frequency subcarrier encoded on each channel, since it requires 
neither high bandwidth electronic nor encoding at the transmitter side. 

111 Burst-mode detection of the incoming data-stream on the wavelength Ai 
assigned for the node. 

ill Packet generation for the local traffic. This is performed on the optical 
side by a laser array driven by the node controller. The lasers on each 
wavelength are turned on by injection current direct modulation when 
a packet has to be generated. The data bits are then "written" inside 
the packet by an external modulator. Our choice of a laser array for the 
transmitter has two different motivations: 

- to allow efficient multicast. In fact, this transmitter setup exhibits 
promising features for multicast transmission, since bits are written 
simultaneously by the external modulator on all wavelengths that 
are generated by the laser array in a given time slot; 

- to allow using commercial and very stable lasers on the ITU grid 
[2]. 

An alternative solution is based on a fast tunable laser [11], whose tech
nology is anyway not yet completely available at the commercial level. 
When available, the tunable laser solution. will likely be less expensive 
than a laser array with a high number of channels. 

ill Node control. This is performed on a programmable logic device (PLD) 
that implements the VOQ protocol and several other features, as explained 
in Sect. 3.1. 

3. Experimental testbed 
The currently implemented testbed is composed of two nodes, each equipped 

with four wavelengths on a 200 GHz grid: >.1=1550.75 nm, >.2=1549.16 nm, 
>.3=1547.52 nm and >.4=1545.93 nm as shown in Fig. 3. Two nodes have 
been implemented, each controlled by its own PLD .. The first one acts as a 
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iE 
Figure 3. Spectrum at the output of the transmitter node. 

traffic generator only, and sends WDM packets to the second one, called ''full 
node" in the following, which implements the full function of the RINGO 
architecture. Packets are 1 JJ>S long, with a 0.1 JJ>S guardband between each of 
them, and carry a 2.5 Gbit/s data traffic, corresponding to approximately 2000 
bits per packet. The node is equipped with a DFB laser array, multiplexed into 
a lithium niobate modulator. Controller packet signals coming from the PLD 
directly modulate the DFB laser at the chosen wavelength, while the data bits 
are imposed on the optical packet using the external modulator. Measurements 
illustrating the MAC protocol and multicast capabilities are shown in Fig. 4. 
Signals indicating resource occupation, detected by the .A-monitor device in 
the full node, are shown in Fig. 4(a): upper trace refer to .A1 and lower trace 
to .A2. Both wavelengths are optically passing through the full node, which 
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Figure 4. (a) Signal indicating resource occupation for At (upper trace) and A2 (lower trace), 
taken at the A-monitor device output. (b) Traffic at the output of the fully implemented node on 
>.1 (upper trace) and A2 (lower trace): 'noisy' packets, carrying data bits, are those generated in 
the node preceding the full node, while 'noiseless' packets are those added by the full node. 

adds its local traffic on the empty slots of the same wavelengths. The output 
traffic on .A1 (upper trace) and .A2 (lower trace) is shown in Fig. 4(b). To 
recognize the origin of the packet, and demonstrate the correct node controller 
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operation, we have not written data bits in packets generated by the full node. 
Therefore, in each trace we can easily determine which packet comes from 
which node: "noisy" packets (due to the presence of data bits) come from the 
first node, while "noiseless" packets are inserted by the full node. Looking both 
at Fig. 4(a) and 4(b), we can observe the implementation of MAC protocol that 
adds packet only when the resource is available. Also in Fig. 4(b) it is possible 
to see the multicast capability of the RINGO network: one time-slot (indicated 
by an arrow) presents a "noiseless" packet on both wavelengths .\1 and .\2 . This 
means that the full node is satisfying a multicast traffic request by transmitting 
the same information on two wavelengths in the same time slot. 

3.1. Hardware implementation of the :node logic controller 
The node logic controller was implemented by an electronic board equipped 

with a high-perrormance PLD (Altera PROCK20KE600 100 MHz). The board 
can communicate with a workstation via the PCI bus. The function of the PLD 
is to implement the logic circuits that control the node. It will be programmed 
by a workstation through a PCI bus. 
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Figure 5. MAC protocol hardware implementation. 

The main operations of the MAC protocol hardware implementation is shown 
in Fig. 5. When a packet arrives from the PCI bus, it is stored into an input 
FIFO buffer. This buffer is needed to separate the activity of the PCI bus from 
the activity of the on-board logic. A requirement of the RINGO protocol is to 
send a waiting packet on the first available slot, if the corresponding wavelength 
channel is available. Unfortunately, the arrival rate of the packets from the PCI 
bus is strongly dependent on the workstation operating system, and a storage 
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logic on the board is required. Every packet is formatted in a fixed size Protocol 
Data Unit (PDU) which contains the payload bits (Service Data Unit SDU), and 
a fan-out set, which codes the information on the packet destination(s). Since 
four wavelengths are used in this first prototypal architecture and each wave
length identifies a possible destination, the fan-out set is composed of four bits. 
Eight FIFO queues are used to store these packets: four unicast queues and 
four multicast queues. In this configuration, it can be easily shown that there 
are eleven different multicast fan-outs (including the broadcast). A simple cri
terion based on the minimum Hamming distance [8] is used to choose one of 
the four destination queues for the multicast packets. In the example of Fig. 5 
a transmission request is coded with a logic "1", i.e., the first packet of queue 
Q6 has to be transmitted on .X2 and on .X4. The length of each queue is stored in 
a special register file (LO ... L 7). On the rising edge of the slot synchronization 
signal, the channel state is acquired by the .X-monitor. In the example of Fig. 5 
an available wavelength is coded by a logic "1 ". In this example, .X2 and .X4 are 
not available. A bitwise AND operation is computed between the channel state 
vector and the residual fan-out set vector of the head-of-the-line packet of each 
queue. The result is loaded into a support vector. Some queues cannot be cho
sen for transmission (in the example Q1, Q3, Q6) because all the wavelengths 
of their fan-out set are not available. The next step is to find the queue with 
maximum length among queues having transmission possibility. The maxi
mum length is found by a tournament algorithm. The transmission requests 
of the "winner'' queue, in the example Q4, have to be served in accordance 
with the channel wavelength availability. It is demonstrated that this choice 
guarantees the maximum throughput when the queues are not overloaded [8]. 
In the example, the node controller enables laser 1 and laser 3 to transmit, and 
it sends the PDU of the first packet in queue 4 to the external laser modulator. 
The last step is to refresh the queue content. In the example, the fan-out set of 
the first packet in queue 4 has to be changed from 1110 to 0100 because .X2 is 
the only transmission request not served. When all transmission requests are 
served, the packet is removed by the queue head and the queue fan-out restored. 

In the first release of the project, data are not downloaded by the PCI bus, but 
they are generated on the board by a traffic simulator. This is implemented by 
a Pseudo-Random Binary Sequence generator controlled by the corresponding 
Control Unit. 

Four different concurrent processes work to control the node. Besides the 
traffic generation process, the second process is the input buffer manager pro
cess, which takes care of receiving the packets from the traffic generator and 
to store them in the input FIFO buffer. The third process is the queue manager 
process, which extracts each packet from the input FIFO buffer and moves it 
to the proper queue. The last process is the core of the system. This process 
implements the MAC protocol transmitting one or more (in the multicast case) 
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packets according to the rules of the protocol. The other processes have to 
work in transparent mode with respect to this last process. This means that 
the procressing time from the rising edge of the synchronization signal to the 
transmission of a packet has to be constant in every traffic situation. Hence 
the MAC protocol manager process has strict priority on the other processes 
and, if it needs a shared resource, it can stop the other processes using control 
signals. For this reason, the other processes are designed to save the current job 
in dedicated support registers dnring one clock cycle, in order to give as soon 
as possible the control of the resources to the MAC protocol manager process. 

In futnre developments of the project, an on-board DSP will directly com
municate with the PCI bus. This will require the development of a software 
driver to get the packets from the RAM of a standard PC or workstation. This 
software driver will connect the IP and MAC protocol layers with onr control 
units in order to run standard Internet applications. 

4. Optical Transmission Issues 
The RINGO network presents several transmission issues that are common to 

standard optical poinHo-point transmission, such as ASE noise accumulation 
and power budget control, but also other problems that are typical of packet 
switched transmission, such as transient effects in the EDFA gain response. 
The following subsections address some of these issues in detail 

4.1. Power Budget 
The power budget of the RINGO network has been designed by taking into 

account that: 

1111 the attenuation of one span is close to 20 dB. In the following, we indicate 
as "span" the cascade of the node and the following fiber, as shown in 
Sect. 3 (15 dB for passive devices in the node and 5 dB for the fiber link, 
assuming a 25 km fiber); 

1111 fiber non-linear effects are negligible, due to the fact that the EDFA is 
placed at the input of the node, thus its output power is attenuated by 
15 dB before going into the fiber; 

1111 each span should have an input-output gain ofO dB, i.e., the power budget 
should be set so that, on the signal wavelengths, the EDFA gain is approx
imately equal to the span attenuation, thus obtaining a span transparency 
condition; 

1111 depending on its destination, a packet in RINGO should travel along a 
number of nodes, whose maximum is equal to the total number of nodes 
in the network minus one (the one where the packet itself is generated). 
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Assuming that the signal transmission is linear and considering ASE accu
mulation only, it can be shown that the Optical Signal-to-Noise Ratio (OSNR) 
on a 0.1 nm bandwidth (!:::.B), for a signal going through Nspan cascaded spans, 
is given by: 

OSNRdB = P!,f,{,A- O'.span- FEDFA -10log10(Nspan)- (2hv!:::.B)dBm 

where P!,f[,A is the average power per channel expressed in dBm at the output 
' of the EDFA, a span is the span passive device attenuation, and FEDF A is the 

noise figure of the EDFA. Given !:::.B = 0.1 nm the last term is equal to -58 dBm. 
From this result, we can derive a bound on the maximum number of cascaded 

spans NJ;g~ that a packet can go through before its OSNR drops below a certain 
level. The value of NJ;g~ increases when increasing P!,f,!, A and decreasing 
a span. Thus, a 3 dB increase in P!,f,!, A leads to a potential increase by a factor 
f · Nmax o twom span· 

As an example, if the minimum required OSNRczB is set to 20 dB (corre
sponding approximately to a Q-factor close to 20 dB at 10 Gbit/s for a standard 
OC-192 receiver), in order to have NJ;g~ = 16, the minimum value for P!,f,!, A 
is -1 dBm. Considering 2 dB as a system margin, the power per channel at the 
output of the EDFA should be of the order of + 1dBm. For a standard WDM 
transmission on 16 channels, this would correspond to a total output power of 
the order of 13 dBm, a value easily achievable by commercial EDFAs. How
ever, due to the burstyness of the packetized optical signals entering the EDFA, 
gain-locking techniques are required. The techniques proposed so far [13] al
low to efficiently reduce the gain transient at the expense of a reduction of the 
useful output power. It is thus fundamental to optimize the gain-locking stategy 
in order to obtain, for a given EDFA, the maximum P!,f[,A that gives accept
able gain transient effects under real traffic. This is the focus of the following 
section. 

The other approach to increase NJ;g~ is the reduction of aspan· Although 1 
or 2 dB attenuation reduction can be envisioned for our node structure by trying 
to optimize passive components 

4.2. Gain Locking Experiment 

It has been shown [13] that systems where the optical signal carries burst
mode packet traffic and uses EDFAs for amplification must cope with time
dependent output power and OSNR fluctuations due to transient effects in the 
EDFA gain. Gain fluctuation effects become particularly relevant when packet 
signals travel along a quite long chain of EDFAs [14]. The proposed coun
termeasure is some form of gain locking of the EDFAs by injecting a proper 
out-of-band "locking" signal at the input of the amplifier. This technique has 
been experimentally studied within the RINGO project. The target of our ex-



RINGO: a DemonstratorofWDM Optical Packet Network 193 

(a) (b) 

4ch. WDM 
Packet 
Source 

Figure 6. (a) System experimental setup. (b) Measured time-dependent power fluctuation at 
the output of the EDFA, without gain locking, single channel, 50% load Ton+ Tot 1 = 400 slots, 
Pch = -30 dBm. 

periment is finding a gain locking configuration that, for the available amplifiers 
(DITECH STAR L-16, 16 dBm nominal saturation power), determines what is 
the maximum EDFA input power that gives an acceptable gain fluctuation on 
the output signal under realistic burst-traffic conditions at the input. We inves
tigated on the actual system impact of this effect. This has been carried out as 
follows. 

m We introduced a new parameter Q t::..G that can experimentally quantify 
the gain fluctuations in a given system. The parameter has been chosen 
in order to be easily measurable on the received eye diagram, and it is 
defined as: 

where E = m 1 - mo is the average eye opening, m1/(mo) being the 
average levels for a received "1 "/("0"), and CJ t::..G is the standard devia
tion of eye levels due to the gain fluctuation effects only. CJ t::..G can be 
estimated as ( CJlot - CJ~oise) - ( CJrot - CJ~oise), where CY[0 /( CYrot) is the 
standard deviation for a received "1"/("0") under bursty traffic, while 
CJ~oise• (CY~oise) is the standard deviation when the gain fluctuation has 
been removed. These two quantities can be easily measured by letting 
the system run without packetization (i.e., w ith signal ON in every slot). 
It is worth noting that Qt::..c tends to low values when gain fluctuations 
are relevant, while ideally, i t should be as high as possible. 

m We correlate this parameter with actual penalty on BER measurements, 
in order to estimate the expected system penalty for a given Q t::..G for both 
gain-locked and unlocked situations. 
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We used the experimental setup shown in Fig. 6(a). The signal source was a 
bank offour WDM lasers on theiTU grid (1545.93 nm, 1547.52 nm, 1549.16 nm 
and 1550.75 nm). Each laser was directly turned on-offby four parallel pattern 
generators that have been programmed to emulate independent packet sources 
with slot time equal to 1 J-tS. The source traffics have been modeled according to 
independent ON/OFF cell arrival processes based on geometrically distributed 
random number generators [ 13]. The free parameters of the arrival processes are 
T0 n/(Toff ), equal to the average number of consecutive ON (OFF) slots. The 
average traffic load is thus given by Ton/ (Ton+ Toff ), while the Ton+ Toff• 
gives an indication of the traffic burstiness. The four wavelengths were sent 
to an external modulator, driven with a 220 - 1 pseudorandom bit stream at 
2.5 Gbit/s. The average power per channel at the output of the transmitter 
was Pch• measured when setting the packet generation to "ON" in all slots. A 
CW laser source at wavelength Alack and power Plock was added in order to 
gain-lock the following amplifiers. The resulting optical signal was sent to a 
link with three identical sections, each made by an EDFA followed by a 20 dB 
optical attenuator, emulating the loss between two nodes of an optical network. 
The gain of each EDFA was set to compensate for the attenuator loss. Sets 
of measurements were taken changing several system parameters, such as the 
number of WDM channels, the characteristic of the packet traffic, the channel 
power Pch· Fig. 6(b) shows the typical output of the system when Plock = 0 
(no locking) for a single channel system, load 50%, Ton+ Toff = 400 slots, 
Pch = - 30 dBm. The oscilloscope time-base was set in the J-tS scale in order to 
follow the packet envelope, and thus the gain fluctuation, while the 2.5 Gbit/s 
bits are not visible. Significant fluctuations with time scale of the order of 
hundreds of J-tS are evident. 
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Figure 7. (a) Ql!.a vs. Pch for a single channel system, with and without gain locking. The 
upper left comer of the graph reports the eye diagram at -30 dBm. (b) Sensitivity penalty at 
10-9 VS. Qf!.G, with and without gain locking. 
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Fig. 7(a) shows Qaa vs. Pch in the same situation, both with no locking 
(Pzock = 0) and with a locking power turned on (Pzock = -16 dBm). Qaa 
increases when decreasing Pch· The beneficial effects of locking are evident 
since the same value of Qaa can be achieved for approximately 15 dB higher 
Pch than in the locked case. A typical eye diagram for Qaa = 14 dB is shown 
as an example in the upper-left comer of the figure. In order to correlate Q a a 
with system penalty, we measured the BER of the system, estimating receiver 
sensitivity penalty in different situations. Fig. 7(b) shows the penalty vs. Qfl.G 
when locking is turned on or off. The two plots differ due to different gain 
fluctuation statistic, but it is important to note that the 1-dB sensitivity penalty 
at BER=l0-9 is achieved when QAG is in the range 18-20 dB, and that the 
penalty is negligible for Qfl.G > 22 dB. We found a similar penalty-QAG 
relation for other system setups, indicating that the parameter Q aG can be a 
useful way to quantify the system impact of gain fluctuations. A useful rule 
of thumb in the design of a system is the fact that Q a a should be greater than 
18-20 dB to have a sufficiently low system impact. We have then measured 
Q aG vs. Pch for a four-channel system, with gain locking turned on, in order 
to study the impact of different traffic models. Fig. 8(a) shows the results 
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Figure 8. Four channel experiment: (a) Qaa vs. Pch (dBm). Curves for Ton+ Toll = 
200 slots and variable loads (10%, 50% and 70%). (b) Qaa vs. Pch (dBm). Curves for load 
=50% and variable Ton + Tot t= 20, 200 and 400 slots. 

when Ton+ Toll = 200 slots, with different traffic loads. We notice that the 
performances are worst for low loads ( 10% ), where Q a a = 20 dB is reached 
for approximately 1 dB less in P ch than in the 50% and 70% loads, which in tum 
both give a similar behavior. This result agrees with the theoretical predictions 
of [13], being due to the fact that for lower traffic the probability of isolated 
packets after a long sequence of idle slot is higher. During long idle sequences, 
the population inversion in the EDFA grows, giving rise to higher available 
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gains for the following packets. We also investigated the effect of changing the 
traffic burstiness by varying Ton+ Toff while leaving the load fixed at 50%. 
The higher is Ton + Toll• the higher is the probability of long sequence of 
consecutive ON slots. The results are shown in Fig. 8(b ). We remark that the 
gain fluctuation is lower for smaller Ton+ Toff• since it corresponds to more 
uniform traffic. In all the considered situations, even with gain locking turned 
on, the power per channel Pch should always be kept below approximately -22 
dBm, corresponding to a total useful EDFA output power of +4 dBm, a much 
lower level than the EDFA nominal output saturation power (16 dBm). Efficient 
gain locking is thus a fundamental issue in any true packet optical network. 

5. Discussion and Conclusion 

This work has been motivated by the idea that optical packet transmission, 
though neither yet standardized nor commercially available, may soon become a 
promising alternative to the current approach, based on building WDM networks 
with a high degree of fast "circuit-switching" reconfigurability, but where packet 
switching is still completely implemented at the electronic level. This is the 
major innovation for the RINGO project presented in this paper. We have shown 
in detail the fundamental features of the architecture and implemented MAC 
protocols, which are suitable for a high capacity WDM ring of MAN/WAN 
extension (target of 16 nodes with up to 25 km between nodes). 

Several network subsystems have been experimentally demonstrated and 
tested, showing that the proposed architecture is feasible with today's commer
cial components, without necessarily requiring components such as fast tun
able lasers, fast tunable filters/switches and wavelength converters that, though 
extensively studied in R&D labs, are not yet stable enough to become commer
cially available devices. 

Furthermore, we will study, both experimentally and by simulation, the fea
sibility of a alternative node structures, by considering the use of :fiber Bragg 
grating as alternatives to AWG-based filters. 
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