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Abstract—Constructing wavelength division multiplexing In this paper, we give several new cost-effective nonblock-
(WDM) multicast switches with cheap components and low jng WDM switch designs for multicasting. Both rearrangeably
complexity is an important problem in optical networking, ponplocking and widesense nonblocking designs are to be
since multicasting is one of the key requirements of emerging ted. To the best of K led this is the first
bandwidth-intensive applications such as video conferencing, presented. 10 the best or our knowle g_e, IS 1S e- Irs
video on demand and online gaming. paper to address rearrangeably nonblocking WDM multicast

In this paper we present several new cost-effective designs for switching networks. As pointed out ir?]} [5], rearrangeably
constructing non-blocking WDM multicast switching networks. nonblocking switches are very useful for optical packet/burst

MOL‘?t s;iecificauy, hwe profvide a wid_e-s%ns? nonl:t)_loclking Sl_‘]ﬁ‘_’itCh switching networks where optical packets/bursts are switched
arcnitecture, wnicn uses rewer semiconauctor optucal ampliers SynChrOﬂOUSly)r one batch at a time

than existing architectures. In addition, for the first time we have . S
presented a rearrangeably nonblocking WDM switch architecture ~ KnNown works [§], [7] on WDM mu“'ce_‘St _SW'tCh'ng net-
using array waveguide grating routers and wavelength convert- works have used ideas from multicast switching constructions

ers. in circuit switching networks [8]. Our constructions in this pa-

per follow this line of research from a different angle, applying

. INTRODUCTION ideas from multicast circuit switching network constructions

in [8]-[10]. We also use several new ideas proposed in [?] for

Despite the recent downturn in the telecommunication igonstructing unicast WDM switches.

dustry in general and the optical networking sector in par- The rest of the paper is organized as follows. Section Il gives
ticular, Internet traffic is still doubling every year. In ordebasic concepts and definitions. Sections Il and IV present
to meet the ever increasing bandwidth demand from a larg@r rearrangeably and widesense nonblocking nonblocking
number of users in scientific computing and academic commgabnstructions, respectively. The last section compares our

nities, as well as in military and other government agenciegesigns with known designs, and concludes the paper.
there is a renewed interest in photonic switching as evident
I[I. PRELIMINARY

from several ongoing and planned national-scale projects

in the US, Europe, and Asia (see for example, DARPAA. Basic concepts

recent BAA on Data in the Optical Domain Networks - |et's consider a WDM cross-connect (WXC) withinput

http://www.darpa.mil/baa/BAA03-19.him fibers andf output fibers. Each fiber is capable of carrying a
Optical networks using the wavelength-division multiplexset ofw wavelengths. Lef,, denote they!” wavelength on

ing (WDM) technology [1] enable a single strand of fibemput fiberz, andO,, the y'* wavelength on output fiber,

to have an aggregate bandwidth of terabits per second [Rkerel < 2 < f, and1 <y < w.

[4]. Further, all-optical WDM networks wherein the user data In multicast traffic, it is often not necessary to have the same

travels entirely in the optical domain eliminate expensiveulticast connection coming out on the same output port on

optical-electrical-optical (OEO) conversions, allow unpreceglifierent wavelengths [6], [11]. Consequently, we consider the

dented transmission rates. Thus bandwidth-intensive appligaguest model in which each multicast request is from an input

tions such as HDTV, video-on-demand services, distributeghvelength to a set of wavelengths on different output fibers.

on-line gaming etc. are now possible. A multicast connection request is of the forfd,,, A),
Multicasting is the ability to transmit information from awhere A = {Og,y,, -+, 04,4, } denote a set ok output

single source node to multiple destination nodes. The afowgavelengths, where; # «; for i # j. The multicast request

mentioned bandwidth-intensive applications require multicaisidicates that a connection (wifanoutk) is to be established

services to efficiently use the network resources, such as fifrlam input wavelengthl,,, to the set ofk output wavelengths

bandwidth and switches at the nodes. in A.



Consider a WXC with a few multicast connection requests An AWGR can be used to construct a unicast WXC (with-
already established. A new requedt,,.A) is said to be out multicasting capability) by simply placing a wavelength
valid if the input wavelengthi,,, is free and all the requestedconverter (WC) at each input.
wavelengths inA are also free. Arequest frameis a set
of requests such that no two requests are from the same Ill. REARRANGEABLY NONBLOCKING
wavelength in the same input fiber, and there are at most CONSTRUCTION
requests to any output fiber. A request frameeslizableby a Using a single MCB to construct a multicast switching net-
WXC if all requests in the frame can be routed simultaneouslyork requires too many switching componenf$? SOAS).

A WXC is rearrangeably nonblockingff any request frame To reduce the cost of the network, a multistage design, using
is realizable. A WXC iswide-sense nonblockiniff a new the idea of 3-stage Clos network [14] can be adopted, as was
valid request can always be routed through the WXC withodbne in [6]. However, increasing the number of stages also
disturbing existing connections as long as the routes are pickadreases the delay and attenuation incurred by the signals.
by a specific routing algorithm. Hence, a design with few stages and low cost is preferred. In
this section and the next, we present our nonblocking multicast

B. WDM Crossbar with multicast capability e ; )
) o o switching architectures which have only 2 stages and a cost
To perform multicasting in a WDM switching network,comparable with existing constructions.

we need switching components which are capable of doing

multicasting. The WDM multicast crossbar proposed in [6] 8. RNB construction with first stage having multicast switch-
one such component, which made use of splitters, SOAs adRg capability

combiners. We will use MCB to denote multicast crossbar. We use WXC-RNB-1 to denote the construction given

Figure 1 shows a possible construction of sinx M MCBs. in this subsection. A general construction of WXC-RNB-

The input and output fibers are meant to carry only onejs shown in figure 2. The black solid squares represent

wavelength on each. full-range wavelength converters. There are no multiplex-
ers/demultiplexers in the first two stages, except at the input
L and output fibers. The MCBs can be set up so that each link

] \ carries at most one wavelength. We can now treat this network
as a traditional circuit switching network, similar to thestage
Q - Clos network. Our other designs are also based on this idea,
which was first observed in [?].
2
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Fig. 1. A possible implementation of aN x M multicast crossbar (MCB). e
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C. Arrayed Waveguide Grating Routers
Passive arrayed waveguide grating routers (AWGRS) are X )
attractive optical switching components because they are L MeB
commercially available and inexpensive, relatively simple tor; A L \E
fabricate, and they do not consume any power [12], [13]. A Ay ooy Aw
An M x M AWGR onw wavelengths has a fixed routing Coes”! Hlexf
- ; Mce » —— B
pattern defined as follows. Number the inputs and outputs from b W) AWCR
0 to M — 1, and the wavelengths frofhto w — 1. Then, an <
input signal on wavelengthat input fiber; gets routed to the

. . . Fig. 2. A general construction for WXC-RNB-1, sinee# f, some inputs
same wavelength on output fibgfi — j) mod M). or outputs of AWGR may be unused. The solid black squares represent full

Remark I.1. Some authors define the output line to b&avelength converters.

((j —4) mod M) instead. This is not a discrepancy, as we

can always re-number the wavelengths and input lines. Feemarkll.1. Note that our designs do not have a third stage as
example, renaming; by A1/, and inputj by (M —1—35"), inthe regular Clos networks. This is because under our request
we have(i — j) = (j' — /). model, after the second stage the request is already routed



to the requested fiber. Consequently, no further switchimg= %,7’ = fTw = f2, thenm = w, #SOA = rnm =
capability is required after the second stage. Again, all of oyi?. O

designs follow this idea. . ) ] ] ]
. ~_B. RNB construction with 2nd stage having multicast switch-
Theorem II1.2. WXC-RNB-1 is rearrangeably nonblocking ifing capability

> o .
m = max{nf,w} The construction in this subsection, denoted by WXC-RNB-

Proof. Since we only allow one wavelength on each link, thig, is very similar to WXC-RNB-1, except that now we have

construction will be equivalent to its circuit switching counMCBSs in the 2nd stage and AWGRs in 1st stage, the remaining
terpart. The results of nonblocking condition of a traditionalonnecting pattern will be the same. Note that now the 2nd
multicast switching network can be directly applied here. Atage has multicast switching capability while the 1st does not.

3-stage Clos networlC(ny, 71, m, ng,r2), with 1st and 3rd . L
stages having multicast switching capability, is rearrangeak;ll-heorem lll.4. WXC-RNB-2 is rearrangeably nonblocking if

nonblocking if m > max{min{nira,n1re}, min{na, nir1}} T%Z nt/ fuw(w—1).

[9], [15]. Since WXC-RNB-1 does not have a true 3rd stag®roof. The proof is similar to Theorem II.2. A8-stage Clos
we ignore this stage. The AWGRs with WCs in the 2ndetworkC(ny,r1,m,ns,r2), with 2nd and 3rd stages having
stage are equivalent to RNB crossbars. When a connectialticast switching capability, is rearrangeably nonblocking if
reaches the destination fiber through some link, the WC onthat> ny + /nora(ng — 1) [9]. Substituting forn, f,w, we
link can be used to convert this wavelength to the requestget the theorem. O

wavelength on that fiber. With respect to our construction, we _
haven, = n,711 = r,ny = w,ra = f. Substituting these Corollary 111.5. For WXC-RNB-2, we have:

values in the above equation, we get> max{nf,w}. O #S0A < 2w = O(fw) )
By varying the value ofn we can optimize the cost of #WC < fw + 2f+/ fw? — fw < fw+2f%w = O(f%w)
the switch. The difference between and f could vary de- (6)

pending on the environment employing a WXC. For exampl

in metropolitan area networks (MANS), coarse WavelengFFerOf' In this construction, we have

division multiplexing (CWDM) with few wavelengths per fiber #SOA =mrf (7)
is cost efficient, hence we may haye> w. On the other We = 8
hand, in wide area networks (WANS), to achieve cost efficiency # fwtmf ®)
carriers typically employ WDM or dense WDM, and hence W&o minimizem, letn = /fw? — fuw. O

havef < w. We analyze the cost of our constructions for both
the cases. The cost of the switch is dominated by the numd¥ WIDE-SENSE NONBLOCKING CONSTRUCTION

of SOAs and WCs, since they are much more expensive ton this section we present 2 new WSNB constructions.

manufacture than splitters, combiners, and AWGR. Moreoverne is based on our 2-stage construction (denoted as WXC-

SOAs are power-consuming and difficult to fabricate in largg/SNB-1), while the other will is a 3-stage design, which is

numbers. an extension of the constructions in [6] (denoted as WXC-
In the following we usetSOAto denote the number &OA WSNB-2).

and#WC for WGCs.

A. Two-stage WSNB construction
Corollary 111.3. For WXC-RNB-1, we have:

A general construction of WXC-WSNB-1 is shown in
figure 3. Again, each link (except the input and output fibers)

2, _ 2 i > )
#S0A < {f UQJ o(f U;) !f f>w, (1) carmies at most one wavelength.
Jw?=0(fw?) i f<w Theorem IV.1. WXC-WSNB-1 is wide-sense nonblocking if
fPw+ f? = O(f*w) if f>w, lg f
wcC < 2 _ _
#WC < {2f2w+fw:0(f2w) it pcw B m>2An Vg7 (@ - DV whenfzw (9)
Proof. In this construction, we have m > (n—1)lg f+2(w—1) when f < w (10)

Proof. As noted earlier, in our construction we can remove the
third stage switches, and this construction remains equivalent
#WC =rm+mf 4 ta regular 3-stage Clos network. Hence, existing results on
multicast 3-stage Clos network can be applied.

Yang [8] showed that a 3-stage Clos network
, IS wide-sense nonblocking if

#SOA =rnm 3)

Hence, we can lek = 1,r = fw, if f > w.

For the case wher¢ < w, let us assume that dividesw
for the sake of clarity. Normally this is true in practice, sincé’ (11,71, 1,112, 72)
f,w are often powers of 2. Even jf does not dividew, the lgry
results would only be increased by a constant factor. Letting m > 2(n1 — 1)1g g7 +(n2 —1)V/lgr




A &één X f ol B. Three-stage WSNB construction
o) N MCB ) Yang et al. [6] proposed another request model in which
Mooy Ao AL.. A, @ Multicast connection request with source wavelengttan
nxm only request the same destination wavelengtin the output
o eB fibers. In terms of our request formgt,,, A), this means that
T A will have the form{Oy,, -+, Og,y}s i.€. Xiny = Aous-
vies. With similar ideas as the ones in the previous subsection
A X I and the ideas in [6], we can give a WSNB construction for
Ao A AL he  themulticast with same wavelengthodel (see [6]) using only
nx m O(f3wi5Ls) SO and NOWGs. In this construction, which
= McB we refer to as WXC-WSNB-2, there is a reserved link between
' the third stage and the multiplexer for each wavelength. By
using a full wavelength converter on each of these links before
A nxm they are multiplexed into the output fiber, we can use this
X McB construction to satisfy a request in our original request model,
f — " % as we can always route a request originating at wavelehgth
b o rx f b py routing it to the link reserved fok on the requested fibers
MCB MCB - and then convert it to the requested wavelength.
Aw

Compared with the construction of [6] under our original
. . . request model (i.e., wherg,, need not necessarily be equal to
Fig. 3. A general construction for WXC-WSNB-1. The solid black square! .
represent full wavelength converters. iout)a WXC-WSNB-2 uses tunable-input-tunable-outpiCs
instead of tunable-input-fixed-outpWCs to save mor&OAs
o _ _ in the third stage. However, a tunable-input-tunable-ouigGt
A similar bound is shown in [9]: can always be implemented by combining a tunable-input-
m > (ny — 1)[lgrs] + 2(ns — 1) flxed—putputWC and a fixed-input-tunable-outpWC, thus
_ _ reducing the cost.
which guarantees the network is WSNB wHem, < 2ns—1.

Combining these two results and substituting = n,r; = V. CONCLUSION AND FUTURE WORK

,ne = w,ry = f, we get the theorem. _ _ o
rne =z =g J In this paper we consider the problem of designing cost-

Corollary IV.2. To make WXC-WSNB-1 wide-sense nonblockfficient multicast capable switches for WDM optical net-
ing, the following numbers of SOAs and WCs are sufficientworks. The work in [6] proposed a wide-sense nonblocking

. . . % % lgf
4504 — O(f2wlglgl;gff) ff F>w an ar.chlt-ecture Whlch re-qwred)(f w- i) SOfAs Whenf >
O(fwmax(flg f,w)) if f<w w; this bound is achieved by taking = /45 as in [16].
O(f2 10 ) it 7> Whe3n f < w the above condition cannot be satisfied, and
HWC = lglg f s = w (12) O(f5w2%) SOAs are required. The number of WCs used
O(fmax(flg f,w)) if f<w is O(fw) in both cases.
Proof. These bounds can be achieved by letting f,r = w. As compared to the above constructions, our 2-stage con-
For f < w, we need struction uses onlY (fw max(flg f,w)) SOAs whenf < w

lg and the same number of WCs when> lg f. Further, note
m=2(f — 1)% +(w—-1)v(gf)+1 (13) that our 2-stage designs use .multiplext.ars gnd demultiplexers
818 only for the input and output fibers, which is much less than

= O(fﬁ) the design in [6] which uses multiplexers and demultiplexers
lglg f at each of its 3 stages. We have, also, for the first time, pro-
#SOA = rnm + mrf = 2fwm = O(f2w Ig f ) posed RNB multicast WXC architectures for WDM networks_.
lglg f Tables | and Il compare the cost of the proposed WXC in
4WC =mf = f2 lglglgff terms of the number of stages, SOAs, WCs and AWGRs.
For f < w, we need ACKNOWLEDGEMENT
m=(f—1)lgf+2w—1=O0(max(flg f,w)) Hung Q. Ngo is partially supported by NSF CAREER

1 Award CCF-0347565.
#SOA =rnm +mrf =2fwm = O(max(wiT7 fw?))
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