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Abstract—One drawback to deploying wavelength division

multiplexed (WDM) synchronous optical network (SONET) rings é 5 § é

is the potentially large amount of equipment necessary for their I 5 i 5
deployment. Wavelength add—drop multiplexers potentially re- 3 g P 3

duce the amount of required SONET terminal equipment by <h @ @ b 2 >
allowing individual wavelengths to optically bypass a node rather s 5
than being electronically terminated. We have quantified the max- op — > =
imum terminal-equipment savings attainable using wavelength e -

add-drop for rings carrying uniform traffic and rings carrying 5 - > - z
distance-dependent traffic. The analysis makes use of both an S - < = )

enumerative methodology, and a “super-node” approximation @
technique that is applicable to arbitrary ring size and internode
demand. In both the uniform and distance-dependent traffic
scenarios, maximum terminal-equipment savings are shown to
rapidly increase, over the region of interest, with both network
size and internode demand. The value of wavelength add—drop
is accordingly expected to grow rapidly in rings interconnecting
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I. INTRODUCTION Fig. 1. (a) A WDM SONET ring node in which all four wavelengths on
. . . N a_bidirectional pair of fibers are dropped at SONET ADM's. (b) A WDM
HERE is a great deal of interest in designing networkSonET ring node in which only two of the four wavelengths are dropped at

comprised of wavelength division multiplexed (WDM)SONET ADM's, thereby eliminating two of the ADM'’s.
synchronous optical network (SONET) rings, due to their large
capacity and rapid restoration capabilities. The inherent redl?@éults in a significant amount of required SONET terminal
dancy of rings, combined with their simple topology, allow

. I~ equipment.
for restoration to occur on the order of tens of milliseconds. . . .
In order to relieve some of the terminal-equipment bur-

Several SONET ring configurations and their relative meri&s . :
; . . en, one can take advantage of optical networking, where
in terms of cost, capacity, and restoration capabilities are

discussed in [1], [2]. Coupling WDM technology with SONE.IwaveIengths mayoptically bypassa network node [6], [7].

rings greatly increases capacity, thereby reducing the amoﬁﬁ){ example, a wavelength add-drop multiplexer (WADM)

of required fiber and allowing for more graceful upgrade an be deployed taelectivelydrop wavelengths at a node.

WDM rings, and various protection options for such ring An overview of WADM technology is provided in [3], [6])
’ Thus, if a wavelength does not carry any traffic from, or for, a

are discussed in [2]-[4]; [5], [6] specifically examine WDM" "™ )
SONET rings. particular node, the WADM allows that wavelength to optically

One drawback to WDM SONET rings is the potentiall;bypa_ss the qode, thereby eliminating the associated SONET
large amount of equipment necessary for their deployment. (ffminal equipment. _
typical point-to-point WDM deployments, every wavelength To better illustrate the benefits of wavelength add-drop,
is electronically terminated at every network node, regardle&@nsider the nodal equipment shown in Fig. 1(a) and (b). In
of whether that wavelength carries traffic that is sourced BPth figures, four wavelengths are multiplexed on a pair of

sunk at that node. Terminating every wavelength at every nodigirectional fibers. Fig. 1(a) illustrates a node on a typical
WDM point-to-point SONET ring, where each of the four

Manuscript receive_d December 1, 19_97; revised September 4, 1998. wavelengths is dropped at a SONET add—drop multiplexer
UST:.E authors are with AT&T Laboratories—Research, Red Bank, NJ 077?ADM). The SONET ADM demultiplexes the signal into
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if necessary. If no lower rate signals need to be added loypass in access rings, where the traffic is typically directed
dropped, then an ADM is not required in the node. Thi® a small number of hubs, was previously analyzed in [6],
scenario is illustrated in Fig. 1(b). Here, the WADM drop$l4], and is not included here.
only two of the wavelengths, while the other two are passedin the next section, packing traffic into wavelengths is
through directly from the demultiplexer to the multiplexergdiscussed. In Section lll, the bounds for the maximal ADM
thereby eliminating two of the ADM’s. ADM’s that operate onsavings are derived for rings carrying uniform traffic; the
OC-48 rate signals, for example, cost on the order of hundredgshnique used to derive the bounds also enables one to
of thousands of dollars; thus, eliminating ADM’s potentiallyproduce constructions that achieve these optima. Section IV
represents a significant cost saving. presents the “super-node” approximation technique of [8] that
Wavelength add—drop will grow in importance as networkan be used to extend the results of Section Ill to arbitrary
traffic demands continue to dramatically increase. First, #8g-size and internode traffic. In Section V, the super-node
traffic levels increase, it becomes more likely that entir@pproximation is used to derive bounds on the savings that
wavelengths worth of traffic can be expressed throughcan be achieved in rings with distance-dependent traffic, and
node, thereby affording greater opportunity to implemetiese bounds are compared to those for uniform traffic.
optical bypass. This is borne out by our analysis below.
Second, network operators are deploying WDM systems with Il. WAVELENGTH PACKING
increasingly more wavelengths multiplexed per fiber. For )
example, in a 100-wavelength WDM system, if wavelength The f_;lnaly5|s below assumes th_aF eat_:h wavelength _Of the
add—drop is not implemented, then all 100 wavelengths wou I_DM ring supports a four-fiber b|d|re(_:t|on_al SONET ring.
need to be terminated in SONET ADM's at a node even if oIS €nables us to fully pack two working fibers (one clock-

one of the wavelengths carries traffic that is sourced/sunk "46€: One counterclockwise), holding two empty ones in re-
grve for protection. ADM'’s are assigned on a per-wavelength

that node. Thus, it is economically imperative that operatoE = ADM , It fib It
implement wavelength add—drop. asis (i.e., one can terminate all four fi e_rs). tis
straightforward to extend the results to a two-fiber ring, where

We use thethrough-to-total ratiQ as defined in [8], as a If of the SONET TDM itv is held i f
measure of the benefit of wavelength add—drop. We defi gt of the ) capacity s €ld n reserve for
It is also assumed that traffic is always routed

throughtraffic at a node as the traffic that “expresses througl‘?mtec“on' -
the node without being terminated in an ADNIiotaktraffic over the shortest. path, and that the minimum number  of
is the traffic that either passes through or is terminated at i veIength; p055|ble_ s used. . . . .

node. The through-to-total ratio is then simply the ratio o% wo traffic scenarios are considered in this paper: in

the through-traffic to the total-traffic, and represents the fra _ef(_:ffuo_n i, \;Vf analyzre]z ur:;form tthrafn_c, \;vhere onihunlt (()jf ]
tional terminal-equipment savings. In Fig. 1(b), the througll.i[a IC IS sentirom €ach nogde on Ihering to every other node,

E@Secnon V, we examine distance-dependent traffic, where
t

to-total ratio, and thus the benefit provided by waveleng{ . : .
add—drop, is 2/4 or 50%, assuming that all wavelengths number of traffic units sent between nodes increases as
fully pack1ed ’ e internode distance decreases. For both scenarios, we first
This papér presents bounds on terminal-equipment s nalyze the relatively simple case where the traffic unit is a
ings for a ring supporting either uniform traffic or distancel!! Wavelength. Next, we consider more moderate demand
ere the traffic unit is only a fractio/G of the bit rate

dependent traffic between each pair of nodes. Maximu .
terminal-equipment savings are shown to rapidly increase, 0\5réa}nsported by a wavelength, witlf>1. Thus, greater

the region of interest (SONET does not permit more than irédicates finer traffic granularity. Conceptually, we con;ider a
nodes per ring), with both network size and internode dema velength to be comprised @ channels, each carrying a

Also, uniform traffic yields greater savings than distanc [algnoE 1/ Ct: offta ]\c/f\_/aveler:gbths trgﬁlc(;:?pamty.f lar ch |
dependent traffic, for the same amount of traffic. diﬁ ur;]| N rla Ic mtul:? € assuijjnte ?ha p?r ]|ccu arfc” anne,
Previous work (e.g., [6], [9]-[11]) has looked at virtuafln € channels must be grouped togetner to form Iufl wave-

topology design and wavelength assignment algorithms Whe?ggths, where the traffic-assignment and bundling scheme that

the goal was minimizing properties such as the number is;used potentially affects the number of required ADM’s. An

required wavelengths or the maximum propagation delay. J 2 TIEC RS RS AREIC ST I
[12], a wavelength assignment algorithm is presented for rin Yat node. As iIIust?ationg consider the gidirectional rir? shown
carrying uniform all-to-all traffic that allows the minimum. ' ' 9

number of wavelengths to be used, even as additional nquesF'g' 2. Assume that each of the f|v_e nodes in the figure
sends 1/2 of a wavelength worth of traffic to every other node.

are added to th’e ring. Here, our focus. IS on minimizing t. the traffic is packed into three 1/2-wavelength (bidirectional)
number of ADM'’s through the use of optical bypass, assumlnc% : . . .
annels as shown in the figure (other configurations are

the m|n_|mum.number of wavelelngths Is used. Op_t|cal .bypass Irc‘>ssible), two of which need to be bundled together to form a
rings with uniform all-to-all traffic was presented in brief form?

in [13]. A similar problem was analyzed in [6] but only for theu” wavelength; th_e othgr wavelepgth is only half f|_II_ed. The
. . _three channels, with their respective add—drop positions, are

case of full-wavelength internode demand. The analysis here

includes both full-wavelength and subwavelength demands. Channel 1: Add-Drops at Nodes 1, 3, and 4

To the best of our knowledge, optical bypass with distance-  Channel 2: Add-Drops at Nodes 1, 2, 4, and 5

dependent traffic has not been analyzed previously. Optical Channel 3: Add-Drops at Nodes 2, 3, and 5
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constructions that require somewhat fewer ADM’s than we
Channel 1 show below.
Channel 2
Channel 3
lll. UNIFORM TRAFFIC

S The first scenario we consider is uniform all-to-all traffic,
.. where each node sentl$G of a wavelength worth of traffic to
I every other node, foff > 1; the traffic is always routed over
the shortest path. We focus on rings with nodes, wherev
is odd such that the shortest path is unambiguous. The results
are similar forV even. For simplicity, below, we use the term
“drop” as opposed to add—drop.

It was shown in [5], [15] that, forV odd, the number of
bidirectional channels needed to carry uniform all-to-all traffic
is

Fig. 2. Schematic illustration of a channel assignment for a 5-node SONET N2 -1
ring with uniform all-to-all traffic. The channels add and drop traffic at ] . (1)
locations marked by a square.

There are a total oV (/N — 1)/2 drops that must be assigned
If Channels 1 and 3 are bundled together to form a wavt® the (N? — 1)/8 channels (i.e., one drop for each of the
length, then ADM’s are needed at all five nodes on thféows routed in each direction). Thus, the average number of
wavelength; the partially filled wavelength would be comdrops per channel is
prised of just Channel 2, and hence would need an ADM at
Nodes 1, 2, 4, and 5. A total of 9 ADM’s would be required. NN -1) 8 _ 4N )
If, instead, Channels 1 and 2 are bundled together, then the full 2 NZ-1 N+1
wavelength again requires ADM'’s at each of the five nodes, . .
however, the remaining wavelength requires ADM'’s at onl quation (2) tends toward 4 &8 increases.
Nodes 2, 3, and 5. Thus, only 8 ADM’s are required overall
with this alternative bundling. In this small example, one ADM\. Full-Wavelength Traffic

is saved due to judicious channel bundling. (Note, that without|f each node transmits a full wavelength to each other node
optical bypass, 10 ADM’s would be required, five for eacli.e., @ = 1), then a channel represents a full wavelength;
wavelength.) using (1), there aré N2 — 1)/8 required wavelengths. There
Throughout the paper it is assumed that a connectiondfe V(N — 1)/2 traffic flows in the clockwise direction and
carried by a single channel from source to destination; i.e., ifad equal number in the counterclockwise direction, with the
connection is placed in channedf a particular wavelength at traffic being symmetric in the two directions. One ADM is
the source, then it remains on that channel until it is receivegquired for each source/destination pair, thus the minimum
by the destination node. Thus, the only “traffic groominghumber of required (bidirectional) ADM'’s is
that we consider is the judicious assignment of connections to
wavelength channels at the source node. N(N-1)
Alternatively, one can consider deploying switches at some, 2 '
or all, of the nodes tdurther groom the traffic. The value of . )
such grooming, in terms of further reducing the number of BY contrast, in the absence of wavelength add—drop (i.e.,

required ADM’s, increases as the granularity of the internod@® ADM in every node for every wavelength), the number of
traffic becomes finer. For full-wavelength internode traffid€duired ADM's is
no additional benefit is provided by the switches because at 5
any point on the ring, a wavelength carries traffic that is M (4)
destined for only one node. With subwavelength internode 8

traffic, however, a given wavelength may carry traffic thafys ,r0ugh-to-total ratio, and hence the fractional ADM
is destined for several nodes. The switches can repack Rings provided by wavelength add—drop, is

wavelengths at each node such that a wavelength carries traffic

©)

for one, or a small number, of nodes; this may reduce the N(N —1)

number of required ADM'’s, but typically at the expense of 9 N-3

requiring more wavelengths. While the grooming function 1= N(N2—1) = N+1 (5)
provided by the switch potentially results in fewer ADM’s, it - 8

adds a great deal of complexity to the network management of
the ring. We do not consider it further in this paper, howeveAs shown in Fig. 3, the resulting savings can be very signifi-
it is likely that grooming through switches would produce&ant, reaching a value of 75% in a 15-node ring.
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Fig. 3. Maximum fractional terminal-equipment savings achievable via wavelength add—drop in a WDM SONET ring, for the uniform traffic scenario where
each node sends/G of a wavelength worth of traffic to every other node. The paramétés varied from 1 to 16. Terminal-equipment savings rise with
node-to-node demand (i.e., smaltg) and ring size. Constructions corresponding to each point have been achieved except for the three encircled points.

B. Subwavelength Traffic TABLE |
MiNniMuMm NUMBER OF DROPS IN THE UNION OF Two CHANNELS

For more moderate demand, where each node séf@ds
of a wavelength worth of traffic to every other node, and  Dropsin Drops in Minimum number of
G > 1, G channels need to be bundled together to form full Cha';"e” Cha’;“elz Drops ‘"Sthe tnlon
wavelengths. I{ V2 —1)/8G is not an integer then we assume 3 2 5
that | (N? — 1)/8G| whole wavelengths are formed, with the 3 5 6
remaining channels forming a partial wavelength. 3 6 6

We use the notationji j---k| to indicate that a given 4 4 6
channel drops at nodégj, - - - k. For example, [1 5 7] indicates j 2 g
that node 1 sends traffic to node 5, node 5 sends traffic to node — 5 >

7, and 7 sends to 1. A direct path between any two given nodes
appears in only one channel because we assume that ther@q[% to[A C E], for someE, becaused and C' are further
one and only oné /G of a wavelength sent between each pajan (N —1)/2 links apart (we know this becauge’ A] is
of nodes. Thus, if a channel contains the path [1 4], that sayath in channel 1). Nor can channel 2 equalF B, for
path cannot appear in any other channel. someF, becausdB A] is further than(V — 1)/2 links apart.
Statement:A channel must have a minimum of three dropsthys, the two channels must differ in at least two drops, so
Proof: Assume there are only two drops, say nodes Fat the union of the channels contains at least five drops.
and n, in the channel, such that traffic is sent franto n, and ~ Statement:Every combination of one channel with three
from n to m. Such a channel cannot exist because one of th%ps and one with four drops has a minimum of five drops
connections would be forced to cross more thidh— 1)/2  in the union.
links, and we assumed that traffic is always routed over the prgof: Assume one channel has dropd: B C D). The
shortest path. However, a channel can have three drops: &Bannel with three drops can not be a subsetoB C DJ.
nodes 1,(V 4+ 1)/2, (N + 3)/2. If it were, it would contain at least one duplicate path e.g.,
1) 1/2-Wavelength Internode Deman&uppose that eachthe channe[A ¢ D] would contain a duplicate of the paths
node sends one 1/2-wavelength worth of traffic to each othjer D] and[D A]. Thus, the two channels must have at least
node, so that two channels must be combined to form a falhe node that is not in common, e.§4 C E], yielding a

wavelength. union that contains at least five drops.
Statement:Every combination of two channels with three Using similar reasoning to above, we create Table | showing
drops each has a minimum of five drops in the union. a partial listing of the minimum number of drops in the union

Proof: Assume channel 1 i$A B C]. Channel 2 cannot of two channels.
contain the path§A B], [B C], or [C A] because each path From this table, we see that the minimum number of
can appear in only one channel. Also, channel 2 cannot t®ps in a union of any two channels is five. The most
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“efficient” way of obtaining this is to take the union of aThis requires a total of 40 ADM’'s out of a possibld -
channel with three drops and a channel with four drops, th8s= 88 for a WDM SONET ring fully populated with
accommodating seven drops with only five ADM’s (noteADM’s. The resulting terminal-equipment savings of 55%
however, that not all such combinations yield a union a$ clearly substantial. However, again, this is smaller than
five drops). Thus, when dealing solely with full wavelengthgV — 3)/(N + 1) = (2/3), the fractional savings achieved
optimal ring bundlings arise by forming all wavelengthsrom full-wavelength internode traffic.
from such combinations, if possible. 2) Finer Granularity: We can extend this approach to in-
As an example, fotV = 7, one optimal bundling is ternode traffic smaller than 1/2 wavelength, where the rea-
soning articulated above, through somewhat subtler combina-

Wavelength #1= Union of [1 4 5] & [1 25 7] torics, yields the following results.

:_[1 2_4 57] a) 1/4 wavelength internode trafficAny combination of
Wavelength #2__ Union of [36 7] & [1 35 6] four channels yields at least seven drops, with the most

= [1 3.5 67] efficient grouping being a union of three four-drop channels
Wavelength #3 = Union of [2 4 6] & [2 3 4 7] and one three-drop channel.

=[23467]

b) 1/8 wavelength internode trafficAny combination of

eight channels yields at least nine drops, with the most efficient

(in general, optimal bundlings are not unique). This requires— " . . . )
a total of 15 ADM'’s out of a possibl& - 3 = 21 (i.e,, ?g?eue?:;]%s%ﬂgni;mon of seven four-drop channels and one

ADM’s at each of the seven nodes on each of the three . ) .
. . 1/1 I h ffick N <15
wavelengths). Wavelength add—drop thus permits a terming|- ¢) 1/16 wavelength internode traffidor odd.V < 15, it

equipment savings of 6/21. This is optimal, but it is Iesfs only V= 13 andN = 15 that have at least 16 channels to
than the(N — 3)/(N + 1) — (1/2) attainable with a full orm a full wavelength. In these cases, the number of ADM’s

wavelength from each node to each other node, illustrating trf%tmlmmlzed when the full wavelength has an ADM at Al

finer granularity reduces the value of wavelength add—drop. des.

As the number of nodes increases, it will eventually become
impossible to form wavelengths solely from such combinag' Summary of Results
tions, since, as shown by (2), the average number of drops peWsing the above approach, one can obtain bounds on
channel tends toward four with largd. Thus, it becomes the fractional terminal-equipment savings obtainable from
necessary to form wavelengths with six drops; the most@velength add—drop. These are plotted in Fig. 3 for rings
efficient way to do this is to combine a four-drop channevith between five and 15 nodes, roughly the range of practical
and a five-drop channel. interest. The savings are seen in general to rise steadily as both

Consider an example wittv = 11. Using (1), there are the size of the network and the internode demand increases.
a total of 15 channels, each comprising a half-wavelength¢avelength add—drop is seen to be particularly valuable in
capacity; thus, seven full wavelengths and one partially fillethgs whose internode traffic exceeds about one-quarter of a
wavelength are formed. If the seven full wavelengths amavelength. Indeed, the saturation of these curves suggests
formed solely from combinations of three-drop and four-droiivat at such high traffic levels, there is little incentive, from
channels, then six drops will be left in the partial wavelengtifie point of view of equipment savings, to extend the SONET
(the total number of drops i$N(XN — 1)/2) = 55). This ring node limit beyond 16. However, for internode demand
yields a total of7 -5 + 6 = 41 ADM's. This bundling is below one-quarter wavelength, only modest savings are seen.
in fact not optimal. In order to achieve an optimal bundlingndeed, for internode demand of 1/16 of a wavelength worth
it is necessary to form at least one full wavelength fromaf traffic, no savings occur in rings with 11 or fewer nodes.
a combination of a four- and five-drop channel. One sudclo extract significant value from wavelength add—drop in this
optimal bundling is shown below low-traffic-volume regime would require an extension of the
SONET ring standard beyond its current limit of 16.

Fig. 3 in general suggests that as internode traffic volume
increases, as is expected to occur swiftly in the public network,
the value of wavelength add—drop will increase accordingly.
We should note, finally, that for all points in Fig. 3 excepting
the three encircled ones, we were able to explicitly construct

=[3 4_6 9 10] traffic bundlings exemplifying the computed optima. (There
Wavelength #4 = Union of [4 8 9 11] & [3 8 11] is nothing special about these three encircled points; manual

=[3 4_8 9 11] construction becomes more difficult & increases, because
Wavelength #5 = Union of [1 4 7 11] & [1 2 7] the number of possible combinations grows exponentially with

Wavelength #1 = Union of [L 56 8 10] & [1 6 7 8]
=[1567810]

Wavelength #2 = Union of [2 35 10] & [5 7 10 11]
=[23571011]

Wavelength #3 = Union of [36 9 10] & [4 6 10]

=[124711] N)

Wavelength #6 = Union of [1 37 9] & [3 4 9]
=[13479]

Wavelength #7 = Union of [2 4 5 8] & [2 5 9] IV. SUPERNODE APPROXIMATION FOR UNIFORM TRAFFIC
=[24589] For the case of full-wavelength traffic, the minimum number

Wavelength #8 = [2 6 11]. of required ADM'’s was easily seen to be precis@ff{N —
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SuperNode 1

SuperNode 5 SuperNode 2

SuperNode 4 SuperNode 3

Fig. 4. The super-node approximation for ten nodes. For a uniform internode demand of one-quarter of a wavelength worth of traffic, the ten nodes are
partitioned into five super-nodes, each with two nodes. Each node within a super-node sends 1/4 wavelength to each node in every other super-node,
for a total of one full wavelength exchanged between each super-node pair.

1)/2, one for each source—destination pair. Using M@V — arbitrary N andG. Note that the super-node construction does
1)/2 bound, we can generate an approximation to the numbet account for traffibetweerthe nodes comprising a super-
of required ADM’s for the scenario wher@ > 1. Using the node, thus we expect this approximation to underestimate
technique of [8], we partition theV nodes of the ring into the number of required ADM’s. One “inefficient” means of
groups of /G nodes and form “super-nodes” from each oficcounting for this missing traffic is to add an additional
these groupings, such that we had+/G super-nodes, as wavelength with ADM’s at allV nodes. Thus, a strict upper-
illustrated in Fig. 4 forV = 10 andG = 4. Consider sending bound on the number of required ADM’s is provided by adding
1/G of a wavelength worth of traffic from each of théG  a factor of N to (8); this bound, however, becomes very loose
nodes comprising one super-node to each of Wf@ nodes asN increases. It is preferable to use the approximation of (8),
comprising any other super-node. In total, then, there amdich, as shown in Fig. 5, does an excellent job of predicting
G connections from one super-node to the other, with thlee number of required ADM'’s.

aggregate traffic being exactly a full wavelength. Treating eachFig. 5 plots the number of required ADM’s using both
super-node as if it were a single node, we haie/G nodes the bounding technique of Section Ill and the approximat-
with a full wavelength of traffic sent from each node to evering super-node method. There is relatively good agreement
other node. Using the full-wavelength results of Section IlI-Ayetween the curves, although, as expected, the super-node

the through-to-total ratio for such an arrangement is approximation underestimates the minimal required number of
N ADM’s. In general, for a given node couf¥, the super-node
ﬁ -3 approximation grows less accurate at low internode demand
N (6) (large G). This is because a super—r_10de then rgpresents a
—+1 number of actual node§/G), whose internal traffic is ne-
VG glected. What is remarkable is the accuracy one nevertheless
and the minimum number of ADM'’s is obtains from the super-node approximation over the plotted
N N range. Should rings with yet larger number of nodes become
ﬁ <ﬁ - 1) important in the future, the exact combinatoric approach of

5 (7) Section Il would likely prove unwieldy.

Each super-node is comprised ¢fG real nodes, thus, each
ADM required at a super-node translates int@ required _ .
ADM's at real nodes. The total number of required ADM'’s In real networks, traffic demand has historically been cor-

V. DISTANCE-DEPENDENT TRAFFIC

is then related with distance, with nodes that are closer in distance
N exchanging more traffic. In this section, we incorporate this

N<— — 1) feature using the distance-dependent traffic demand curve

\/—+. (8) shown in Fig. 6, which is chosen because of its analytic

simplicity and reasonable depiction of reality. The amount
Although the quantities involved in the above equationsf traffic between the most distant nodes is one unit; the

(e.g., VG) do not always represent integers, we use (8) teaffic demand increases by one unit as the internode distance

approximate the minimum number of ADM’s required fodecreases by one link. We consider bidirectional rings, so that
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Fig. 5. Number of required ADM’s in WDM SONET rings with uniform traffic. The solid lines indicate a lower bound on the number of required ADM's,
while the dotted lines represent an approximation to the minimal required number, using the super-node approximation.

Units of Traffic

N-1

The number of traffic units on each link is then

(N‘l)”i [N 1 (N? — 1) (N +3)

— (i - 1)} = 5 )

=1 2
Equation (9) represents the minimum number of channels
(each channel carrying one traffic unit) that are required to
carry the distance-dependent traffic of Fig. 6.

The number of units of traffic sent by each node, in each
direction, is

(N-1)/2

(10)

=1

Internodal Distance

Fig. 6. Distance-dependent traffic demand pattern. The nodes furthest apart
exchange one unit of traffic, and the internode traffic demand increases

one unit as the internode distance decreases by one link.

Xy Full-Wavelength Traffic
We first consider the scenario where the traffic unit is a

the shorter path between two nodes is used as the interndgtwavelength(G = 1), i.e., the nodes that are furthest apart

distance.

exchange 1 wavelength of traffic; nodes that are immediately

Consider the traffic carried in a given direction on any linRdjacent exchangeV — 1)/2 wavelengths. Using (10), there

in the ring. The traffic is comprised of

1 Connection of Distance % % Traffic Units
2 Connections of Distance 2

N -1
= Z[T — 1} Traffic Units
3 Connections of Distance 3
= 3[% — 2} Traffic Units

N-1 L _ N-1
—5 Connections of D|stance2—

= % Traffic Units.

are a total of N(N? — 1)/8 full-wavelength traffic flows in
the clockwise direction and an equal humber in the counter-
clockwise direction, with the traffic being symmetric in the
two directions. One ADM is required for each full wavelength
source/destination pair, thus the minimum number of required
(bidirectional) ADM’s is

N(N%-1)

S (11)

By contrast, in the absence of wavelength add—drop, the
number of required ADM’s is [using (9)]

N(N? — 1) (N +3)

- . (12)
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The through-to-total ratio, and hence the fractional ADMnNd the fractional ADM savings is
savings provided by wavelength add—drop, is N

N(N? = 1) Gis >’ 15)
] N-3 N ’
1- = . (13) ——= +3
N(N?2-1)(N+3) N+3 GL/3
48 If we assume that every ADM required in a super-node

As with uniform traffic, the benefit of wavelength add-drogorresponds t@+'/* ADM's in real nodes, then, multiplying

with distance-dependent traffic increases with the size of tf&4) by G*/2, the overall number of required ADM'’s is

ring, reaching a value of 67% in a 15-node ring. N \2
() -

For the case of subwavelength internode traffic, where 8
G > 1, we again use the super-node technigque to approximaten Fig. 7, we show the number of required ADM's as
the number of required ADM’s. Assume that a super-nogqgedicted by (16) for various ring sizes and traffic demand
is comprised of X nodes. Consider the number of traffiggranularities. We compare this approximation to the best re-
units sent from Super-node A to Super-node B, where thesgts we were able to attain through manual constructions (the
represent two super-nodes that are at a maximum distance fi@amnual constructions are not necessarily optimal). The number
each other. The nodes that are furthest apart in Super-nodesfAequired ADM’s predicted by (16) is seen to be higher
and B are at the maximum internode distance for the ring, atithn the number of ADM'’s required in our constructions; the
thus exchange 1 unit of traffic. (For example, in Fig. 4, Supetiifference is larger whe®V is large andZ is small (excepting
nodes 1 and 3 are at the maximum intersuper-node distanGe= 1, which is exact). The overestimate occurs because
and Nodes 1 and 6 are at the maximum internode distandewyer than allG'/? nodes in each super-node may need to
As the internode distance decreases by one, the numberdafp a particular intersuper-node wavelength. For example,
traffic units increases by one. The traffic from Super-node #ssumeZ = 8, such that the unit of traffic is one—eighth of a
to Super-node B is then comprised of wavelength and the super-node size is two. As the intersuper-
node distance grows, a point is reached (assuminig large
enough) where one node sends eight units of traffic (i.alla
wavelength to a node in another super-node. This particular

9434 ...+ X Traffic Units wavelength only needs to drop in one node, not both nodes,
Node X in Super-node A Super-node B: of each super-node. A¥ increases and- decreases, there is
X+ (X +1)+-- + (2X — 1) Traffic Units. a greater occurrence of mters_uper-node Wavelengths_ that need
to be dropped at only a fraction of the nodes comprising the

Summing this traffic yields a total ok traffic units sent super-nodes. Thus, to better approximate the overall number
from any super-node to the super-node most distant from 9. required ADM’s, the number of “super-node ADM's,”
As the super-nodes get closer, each of fig¢ connections a@s given by (14), should ideally be multiplied by a factor
between the super-nodes.is units closer, and thus generatedhat is somewhat smaller thaf'/® (as opposed to exactly
an additionalX traffic units. Thus, the intersuper-node traffi¢?'/?), where the factor depends av and G. Nevertheless,
increases by a total of ? traffic units as the super-nodes growor simplicity, we use (16), which, as shown in Fig. 7, is a
closer. In Fig. 4, whereX equals 2, the total amount of trafficreasonable approximation to the number of required ADM's.
sent from super-node 1 to 3 is 8 units (i.€}) @nd from super-
node 1 to 2 is 16 units (i.e2® + 22), where each unit it/G C. Uniform versus Distance-Dependent Ring Traffic

of a wavelength. In order to compare the savings that can be obtained using
The super-node size should be chosen such that each SUBBfical bypass with uniform traffic as opposed to distance-

node sends an integral number of wavelengths to every otihendent traffic, we normalize the traffic such that there is an
super-node. Thus, fdr/G of a wavelength worth of internode gqua amount of traffic sourced at each node. Ha# uniform
raffic, the super-node siz€Y, is chosen to be'/®, which  jrternode traffic, the total amount of traffic sourced at each
yields an intersuper-node traffic pattern that precisely mimigg,qe in either the clockwise or counterclockwise direction is
the solid line in Fig. 6 (with the horizontal-axis representrn; _ 1)/2G; for 1/G distance-dependent traffic, the total in
ing super-node distance). Treating each super-node as iither direction i V2 — 1)/8G, as was shown in (10). Thus,
were a single node, we have/G*/* nodes. Using the full- for comparison purposes, we us3 uniform traffic and! /G
wavelength results of (11) and (13), respectively, the ”Umb&%tance-dependent traffic, whet# equals(N + 1)/4G.

N

B. Subwavelength Traffic

(16)

Node 1 in Super-node A- Super-node B:
14+2+---4+ X — 1 Traffic Units
Node 2 in Super-node A+ Super-node B:

of required ADM's in such a configuration is The comparison between the two traffic demand patterns
N N \2 is shown in Fig. 8 for a range of ring sizes and f@requal
— <—> - 1] to 1, 4, and 16. The savings with uniform traffic is greater
G1/3 G1/3 : o
than or equal to that of distance-dependent traffic in all cases.

(14)

8 This is expected because distance-dependent traffic favors
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Best Manual Construction
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360

Number of Required ADMs

5 7 9 11 13 15
Number of Nodes in Ring

Fig. 7. Number of required ADM'’s in WDM SONET rings with distance-dependent traffic. The solid lines indicate the number of required ADM'’s in the
best manual constructions. The dotted lines represent an approximation to the minimal required number, using the super-node approximation.
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Fig. 8. Fractional terminal-equipment savings with uniform traffic versus distance-dependent traffic on a ring. The internode demand for theaffiiform
scenario isl/G of a wavelength, forG = 1, 4, 16. The internode demand for the distance-dependent traffic is adjusted accordingly so that the amount
of traffic sourced at each node equals that of the uniform traffic scenario.

connections that are close, resulting in less through trafflength add—drop, and to produce constructions that achieve
The differences are smaller for finer granularity traffic (i.ethese optima. In addition, we have applied the super-node
larger G); more connections need to be bundled together technique to both the uniform traffic and distance-dependent
form a full wavelength so that it is less likely a wavelengtlraffic scenarios, so that the fractional ADM savings can be

can bypass a node in either traffic demand scenario. approximated for arbitrary ring size.
Maximum terminal-equipment savings were shown to in-
VI. CONCLUSION crease with both network size and internode demand, in-

We have shown that significant benefit can be mined frogficating that the role of wavelength add—drop will become
implementing wavelength add—drop in WDM SONET ringgnore important as networks continue their dramatic growth.
For the case of uniform traffic, we have devised a trafficzurthermore, the role of optical bypass is not limited to
bundling methodology that enables one to both quantify tedéiminating SONET terminating-equipment. For example, in
maximum terminal-equipment savings attainable using wavaa IP-over-WDM environment, the ability to optically bypass
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some IP routers potentially alleviates the processing bottkenec
posed by current routing technology. Thus, while this analys
quantifies only equipment savings, these savings may iperm
substantial simplifications in packet-traffic routing.

The traffic scenarios considered in this paper werecstat
and were idealized to enable analytic tractability. Howevsr, a
configurable WADM technology matures, network operato
will have the ability to dynamically rearrange the networ
configuration in response to arbitrary and changing traffi
patterns. This latter subject is likely to emerge as an afea o
substantial practical importance.
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