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Abstract: mode where the added and dropped optical sighals must

High-capacity multiwavelength ring networks with be ih the same directions.[7-9]. Furtherm'ore, m'ost gxisting
bidirectional WDM add/drop multiplexer (WADM) is Erbium doped fiber amplifiers (EDFA) with optical isola-
analyzed and demonstrated. All channels can be addedP" restrict the signal propagation in a single direction.
dropped independently in each direction. The capacity ofa  Here, we report the realization of a single-fiber bidi-
bidirectional ring is found to be approximately twice that rectional WDM ring network based on a new bidirectional
of an unidirectional ring. An eight-wavelength WADM is WADM. Performance analysis, wavelength assignment,
demonstrated for a data rate of 10 Gb/s per channel,and protocol of the new bidirectional WDM network will

providing an overall capacity of 80 Gb/s. be presented along with the experimental results. An
eight-channel network, with a capacity of 10 Gb/s per
1. INTRODUCTION wavelength channel, is demonstrated for a total capacity of

Optical networks using wavelength-division-multi- 80 Gb/s. The impact of backscattering light which greatly
plexing (WDM) are powerful technique to exploit the affects the performance of bidirectional transmission is
enormous bandwidth offered by optical fibers. A network also evaluated experimentally. Numerical simulations are
topology of bus or ring is probably one of the simplestalso conducted and shown that, with the same number of
forms to realize such powerful scheme, of which flexibil- nodes and WDM channels, the system capacity of a bidi-
ity, scalability and high throughput are some of the advan+ectional ring is approximately twice that of an unidirec-
tages. However, most of the investigated WDM opticaltional ring.
networks are based on unidirectional transmission [1]-[4],
and the full capacity of fiber bidirectionality is largely
ignored. Though works on bidirectional transmission of
WDM signal were discussed [5-9], the bidirectional WDM
optical network is largely unexplored. The bandwidth
demand, due to the exponential growth of Internet and
Intranet, is increasing at an unproportionally large rate
than that of the hardware implementation, investigation on
the bidirectional transmission properties of WDM network
can be critical, as the bidirectional transmission properties
of the optical fiber can be one of the solutions to the
demanding growth in network load.

A bidirectional ring network is illustrated in Fig. 1
together with the routing table, showing the traffic can be
propagated in two opposing directions within a single

fiber. The bidirectional transmission offers smaller number Routing Table

of hops from source to destination for upstream node of Nodel 1 2 3 4
_the unidi.rectional transmissi_oq ring, rgs_ultiljg in tlhe A da i dxt xx | xa
increase in network capacity. Similar to unidirectional ring X xd ax xa | dx

network, wavelength add-drop multiplexers (WADM) is )
required to allow channel addition and termination. This K
critical requirement usually requires a wavelength channel
destined to a certain node is dropped at that node, and new
channels can be added at every node as required. Howeverig. 1 A bidirectional multiwavelength ring network with
all existing WADM schemes reported thus far operate in asome routing examples and the corresponding routing table.

XX XX XX XX
AN xx | dx | pp | xa
a: add, d: drop, p: pass, x: idle
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2. Network Architecture by the WADM, namely, channel passing-through, adding
and dropping have to be conducted for both propagating
ring network does not differ much from that of the unidi- diréctions. In each of these demultiplexed channels, an
rectional or dual ring configuration, and its basic structureEDFA 1S used to compensate for fiber attenuation and
has already been illustrated in Fig. 1. Traffic from node gother losses in the network. An individual EDFA for each

to 1 can be via\; in clockwise direction, while from node channel is also needed to equalize the gain among all
4 to 2 is achieved via, through node 3 in the counter- Wavelength channels by operating the amplifier in gain
clockwise direction. Node 3 in the latter case serves aSaturation regime. The WADM design also requires two

pass-through node in which no wavelength channel joptical 2x2 cross switches to perform the bidirectional

added or dropped. Two way traffic from node 1 to 2 and@dd-drop and pass-through. High-performance, low-
from node 2 to 1 are via; and)\j, respectively, can be real- crosstalk (<60 dB) mechanical switches with switching

ized in the same fiber. The bidirectional properties of thelime in the range of millisecond are adequate for the oper-
ring minimize the number of pass-through nodes beforétion, as the ring network of interest is of circuit switching

reaching the destination, thus improving the network effi-YP€ and the connection setup time can largely be ignored.
ciency. Such bidirectional network relies on the realization” " the first switch, the two of the ports are connected to

of two critical building blocks of bidirectional WADM and :[he ,\NDM‘muIti,p_Iexe_r and demultiplexer, as indicated by
bidirectional optical amplifiers. left’ and ‘right’ in Fig. 2(b). One of the remaining two

) ) .. ports is connected to an input port of the second optical
_ Fig. 2 shows the architecture of our proposed bidireC-jtch while the other port is connected to the output of an
tional WADM consisting of a WDM multiplexer and - gppa with its input connecting to the output of the second
demultiplexer. The existing various WDM multiplexer/ gyitch The added and dropped channels are connected to

demultiplexer components are adequate for this purposge respective remaining input and output of the second
such as the arrayed waveguide grating demultiplexer anditch as shown. Figs. 3(a)-(d) show the four modes of

interference filter [10]-[12]. The three functions S“pportedoperations: channel passing through [Fig. 3(a)] and add/

e TN A
A TN

The network architecture of the bidirectional photonic
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Fig. 2 (a) Architecture of bidirectional eight-wavelength WADM. (b) Structure of the switch fabric at each wavelength port with
a directional switch and an add/drop switch.

Drop Drop Drop

EDFA EDFA EDFA EDFA!

Add Add Add Add

Switch Switch Switch Switch

Left Right Left Right Left Right Left Right
@ (b) (©) (d)
Fig. 3 Four different configurations of the switch fabric: (a) directly from right to left, (b) drop from right and add to left, (c)
directly from left to right, (d) drop from left and add to right.
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drop [Fig. 3(b)] at the counter-clockwise propagatingtable indicates whether each wavelength channel is idle
direction, channel passing through [Fig. 3(b)] and add/x), add (a), drop (d), or pass (p) at each node. A connec-
drop [Fig. 3(d)] in the clockwise propagating direction. As tion table to record each connection may or may not
shown in Figs. 3, two channels having the same waverequired. Very simple scheme can be used for wavelength
length cannot add to or drop from the same node, and addssignment, for example, the control center searches the
or drop, if they happen at the same node, must also followouting table from the first to the last wavelength channel
the same direction. All of those are due to hardware conto find an empty wavelength slot for clockwise direction
straint. Physically, for the same wavelength in the sameand searches from the last to first wavelength for counter-
fiber, the proposed scheme supports only a single propaclockwise direction. Assuming a function edtablish(i, j,
gating direction at a given time as precluded by Rayleighchannel, direction) is available to establish a connection
backscattering. from nodei to nodej though specific channel and direc-

One major issue of bidirectional WADM is the back- tion, the wavelength assignment procedure may function

ward propagating light generated by Rayleigh backscatter2S following:

ing, stimulated Brillouin scattering (SBS), and other connection(j, ) To make a connection from node i to node j
reflection effects from various interfaces including fiber lf(le?rzp(édd and drop node cannot be the same);

splices, connectors, and other optical components. Ray- channel = no channepl; '

leigh backscattering is a fundamental loss mechanism aris- if (i - <N-Ji-[) &[> [ (i-jl = N-[i-j)&([>i),

ing from random density fluctuations frozen into the fiber i (Cgsat’;’gﬁ;(ier."%%’Sﬁg{e‘f"gg{ﬁt—ef'%ﬁg‘é"ﬁvei?e;? no_channel,
core during manufacturing. SBS is a nonlinear effect that = gge if (chann'eJ|'= empty(i, j, clockwise)) '= no_channel,

can generate a backward-propagating Stokes wave which establish(i, j, channel, clockwise);

may carry most of the input energy. Unlike Rayleigh back- e'S?f (channel = empty(i J, clocwise)) 1= no_channel
scattering, SBS can be eliminated by broadening the line- establisH(i, j,%ﬁ/ar\kel, cIockWisé_); - ’

width of the transmitter [13]. else if (channel = empty(i, j, counter_clockwise)) != no_channel,
) . establish(i, j, channel, counter_clockwise);
With an well-engineered network, all these backscat- if channel == no_channel,

tering light is relatively very small. For example, all reflec- ~ return (no empty channel);

tions effects from various interfaces are required to be"d/* connection */

smaller than -30 dB, but with many fiber links having empty(i, j, direction) To find empty channel slot
much worse back-reflection. However, these backward if (direction == clockwise),

. . . for (channel = 1 to channel = N) do
propagating light which is generated by a strong (about 7 it (empty slots for clockwise direction from i o )

dBm) signal just leaving the WADM contaminates an usu- return channel;
ally weak (20 to 40 dB weaker) signal coming to the ff (dfire%tiﬁn == lcowttef_ﬁOCkV\fse%) ;
. : - or (channel = N to channel = 1) do
V\_/A_DM..The WDM multlplexer_and_demultlplexer In t.he if (empty slots for counter_clockwise direction from i to j)
bidirectional WADM may require higher crosstalk rejec- return channel;
tion than that in the case of unidirectional ring. return no_channel;
end /* empty */

Conventional optical amplifier based on Erbium
doped fiber amplifier cannot be used in the fiber link of There are other Contro||ing Signa|s transmitting

bidirectional networks because of the isolators in thebetween the control center and each node, most of them
amplifier module. The WADM in Fig. 2 can also be facili- are trivial and we will not elaborate here. For circuit
tated as a reconfigurable bidirectional optical amplifier byswitching, the signalling network can be slow links to each
restricting it to direct passing through without add/drop fornode, there are numerous choices for the Signa”ing net-
all wavelength channels. The optical switches for add/drogyork, to name a few: embedded in the signal, a separate

functioning is not required as the WADM uses as bidireC-Wave|ength, te|eph0ne network, wireless network,...
tional amplifier. Each wavelength channel can be reconfig-

o . . The distributive control of the network is more chal-
ured to propagate in either direction.

lenging. In order to control the functioning of the network,

3. Protocol and Wavelength Assignment each node must keep a routing table and related informa-

The controlling protocol and wavelength assignmentt'on' In order to eliminate the case in which two nodes

is a simple job for central control. The control center canWarlt to establish a connection at the same time, the con-

periodically poll each node for connection/disconnectiontrOIIIng protocol may use a token_ passing SChe”.‘e such that
node can establish a connection and transmit other con-

request. The switches in each node can be functionefl N°Y€ ! o X
according to the command from the control center. Onetrolllng information if and only if the node has a token. In

copy of the routing table in Fig. 1 is required to be Storedother words, the distributive control mechanism allows

in the control center and update accordingly. The routingeaCh node functioning as a control center in turn.

0-7803-5287-4/99/$10.00 (c) 1999 IEEE



4. Analysis of Multiwavelength Bidirectional 1

Ring Networks Simulation
An multiwavelength optical ring network can transmit 10t} A/Y[ m
in both directions even when a single fiber is used. This Unidirection
section shows that the system capacity of a bidirectional 192 }
ring is approximately twice that of an unidirectional ring. é Bidirectional
Assume a ring network with nodes. In an unidirec- S103} .
tional architecture, signal transmits from nadei + 1 but Dén
not the reverse, for a connection from nade nodej, the 104} 1
signal needs to pass throughi links if j >i orN +j-i a
links if j <i. If the network has identical connection prob- 105 F .
ability between nodes, the average number of links that a
connection goes through is 106 L— M
= e . 0 2 4 6 8 10 12 14
L = N/2 for unidirectional ring. 1) System Loading, p =My

If the connection is from nodeto i + 1. the connec- Fig. 4 Blocking probability as a function of system loading
.. . ’ . ., for an eight-wavelength ten-node unidirectional or bidirectional
tion just occupies a wavelength channel on one single link multiwavelength optical ring network.

However, if the connection is from node- 1 toi, the con-
nection needs to pass throulyh 1 links and allN nodes
to reach the destination.

For a circuit switched multiwavelength ring network
with connection coming in randomly, a simulation is con-
S . . , ducted for an eight-wavelength ten-node unidirectional

Ina p|d|rect|0nal ar.ch|tectu.re, without con.ges.uon, theand bidirectional ring network. Assuming circuit switch-
connections from node+ 1 toi or from nodei toi +1 4 yith negligible connection setup time, Fig. 4 shows
require only one l',nk n different dlrgctlon. Fo.r & CoNNeC- 5cking probability as a function of system loading. The
tion from nodei to j, without congestion, the signal needs system loading is defined @s= My, whereA is the call

. pl?ils th:joughnlln{ i —jl.N-li _tj)‘ }b'l' I'”ES' If the nedt- arrival rate andu is the call service rate. In other words,
work has identical connection probability between nodes;q he number of connection request per unit time prisl

the average number of links of each connection is the number of connection served per unit time. The aver-
age number of connections in the network is approxi-

|

) E N2 N even mately equal t@ with the difference due to blocking.

L= gAN-1) for bidirectional ring. (2) In the simulation, both arrival process and service
E N+1 N odd process are assumed to be Poisson process. When a con-
0 4 nection is blocked, the request user will not attempt to

establish the same connection again. All connections are
Note that the expression in (2) can be well approximatedouted as Section 3.

by N/4. 1f all WDM channels_m the d|re_ct|or! with _smaIIer With the same blocking probability, the system load-
number of links are occupied, the direction with more.

. ing of the bidirectional ring is approximately twice the

number of links can be used. system loading of the unidirectional ring. The simulation

Comparing (1) and (2), the average number of linksresults can be accurately fitted to an empirical formula of
that a connection goes through in a bidirectional ring isexp(-a/ p) . The empirical curve fits are also shown in
approximately half of that of an unidirectional ring. In a Fig. 4. Further studies are conducted in progress to find the
rough estimation, the bidirectional ring may accommodateijependency oft on number of wavelength channels and
twice more connections and thus twice more throughputnumber of nodes. Further numerical results show that the
If all connections in the network are permanent connecratio of a-parameters of unidirectional and bidirectional
tions, the best routing scheme may be found to utilize alking is approximately equal to the ratio of average number
links and WDM channels in the system. In the optimal of links each connection is passed through.
case that all resources of links and WDM channels are uti- . )
lized, with the same number of nodes and WDM channels?- Demonstration and Experimental Study of
the total number of connections is inversely proportional  Bidirectional WADM
to the average number of links in each connection. There-  The multiwavelength bidirectional WADM was con-
fore, the bidirectional ring can accommodate approxi-structed with a configuration similar to that shown in Fig.
mately twice more connections. 2. The multiplexer/demultiplexer used is an eight-channel
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interference filter having a channel separation of 200 GHz ~ We also studied the case for all the interfering chan-
and an insertion loss of 2.5 dB, similar to those for nels co-propagating with the main channel. The crosstalk
MONET project [10]-[12]. The channel wavelengths are level was found to be smaller than -25 dB below the signal
the same as that of MONET, confined to ITU standard.channel, giving that all channels have the same intensity.
The demultiplexed channels are boosted by EDFAs withComparing the crosstalk level of -25 dB in unidirectional
saturated output power of +10 dBm. To avoid SBS, theoperation with that of -18 dB in bidirectional operation,
laser frequency is modulated with a small amplitude sinubidirectional WADM may require higher crosstalk rejec-
soidal tone to broaden the linewidth [13]. The data aretion in the WDM multiplexer and demultiplexer.

encoded by an external intensity modulator modulated at

3 y TS : The bidirectional WADM structure can be modified as
10 Gb/s NRZ 23-1 PRBS. At this bit rate, the receiver

i T i a bidirectional amplifier module to pass through channels
sensitivity is found to be -17 dBm at a BER of $0and byt without channel add/drop function. Fig. 7 shows the
the link budget is about 23 dB. demonstration of bidirectional amplification for a 150 km
An experiment was designed to simulate the influenceDSF optical link in which the bidirectional amplifier was
of backscattering of neighboring channels and otheinserted at the halfway of the system. Similar previously
reflection effects on the transmitting channel. Three inde-described add/drop experiment, the transmitting channel at
pendent channels, locating & = 1550.92 nm, A3 =  Azwas launched in the head node in the forward direction
1552.69 nm, and, = 1554.25 nm and all modulated inde- while two wavelength channels & andA, were transmit-
pendently at a 10 Gb/s NRZ PRBS by means of delayted in the end node propagating in the backward direction.
were launched with channel &g propagating in the for- Experimental results show that adjacent counter-propagat-
ward direction from the headend while channeldaand  ing channels have very small effect on the forward trans-
A4 in the backward propagating direction from the addedmitting channel a3, generating a power penalty smaller
channels in the WADM, as shown in Fig. 5. The transmit-than 0.3 dB. An optical spectrum measurement in the for-
ter atA3 was connected to the WADM through a 50 km of ward direction by inserting an optical splitter at the output
dispersion shifted fiber. An optical attenutaor was placedf the amplifier module was also shown in Fig. 7. The
near the transmitter end for sensitivity control. The result-amount of crosstalk was found to be minimal. BER mea-
ant optical spectra at the dropped channélpfneasuring surements were also performed with and without the adja-
at a BER of 10° at 10 Gb/s was recorded and displayed incent channels, and the results are shown in Fig. 8.
Fig. 5. The crosstalk channels deriving from counter-prop-
agating directions are prominent, and was found to be at
18 dB below the main channel at the worst case,and -
33 dB below the main channel &j. Note that the inten-
sity of the crosstalk channels are not symmetric, owing to
the asymmetric properties of the WDM multiplexer and

In our experiment, each EDFA in the WADM is indi-
vidually pumped by a pump laser. The cost of the WADM
can be reduced by using shared pump source [14].

demultiplexer. The BER measurements of the main chan- 10 o wio adi. ch
nel in the presence of crosstalk channels were displayed in . 4
Fig. 6, showing little penalty experienced by the data © w/ adj. ch
transmission. 108 [
50 km DSF
107
o
A
2 m108 |-
10 Gb/s Tx
it o
S’:;.‘ S2sgne 216,k v s S SO §—/}\‘2> )\4 10-10 -
ﬂ | Ay 101
‘ ‘ﬂ ‘;J‘\ 10712 \ . . .
b/ 10 Gb/s Rx 19 -185 -18 -175 -17 -165
. Received Optical Power (dBm)

Fig. 5 Experimental setup to evaluate the impact of Fig. 6 BERas a function of received optical power for a 10
backward propagating light on the performance of the WADM. Gb/s signal ah3 with and without counter-propagating adjacent

The optical spectrum is taken when the BER of the 10 Ghb/schannels. The setup is Fig. 5 for evaluating the effect of back-
signal is around I8 propagating light.
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75 km DSF b+ /‘ 75 km DSF

)\2 )\4
10 Gb/s Tx 10 Gb/s Rx
Fig. 7 Experimental setup to demonstrate the application of the WADM as a bidirectional optical amplifier for a 150 km
system.
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