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Amplified spontaneous emission (ASE) noise and moio.o-»sm:omm coherent
crosstalk are the two major transmission impairments in high-speed transpar-
ent optical local area networks [1]. . o .

Hsvw cell-switching environment with dynamic routing, it is ommmud.z: that
cell paths be limited to a small number of hops, since each rov. entails large
power losses, accumulation of ASE and crosstalk. Thus topologies that rwﬁw
on average a few hops are ideal candidates for transparent umnioimm employing
deflection routing. Here we compare a Manhattan Street (MS) optical network
to a Centralized Network.

2 Network Model

i S

Access Node

1 ] 1

Active Star

ALIGNMENT

£ 222 2 s eentrececoronchoosrmnoeel
w CONTROL

R R PR NSNS SRS S 0 SO

Access Node
(@) (b)

Fig.1. (a) Distributed optical network (MS); (b) Centralized optical network (CN)

The two space-division optical networks that will be compared in this paper
are shown in Fig. 1: . .

(a) - The first is a two-connected distributed optical MS nogoﬁr. 4:&..
M nodes. Each node is equipped with two add-drop optical crossbar switches
(A/D), an optical transmitter (TX) and an optical receiver (RX), and has an
electronic input buffer to store incoming cells. Cells are m:ma»ua. at the node by
tunable optical delays (alignment stage). The header recognition block (HR)
taps power off to electronically read the cell headers and make alignment/add-
drop/routing decisions.
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The routing block is either composed of a single crossbar (Ic), or has
a buffering stage composed of a second crossbar and a one-cell fiber delay
loop (2¢), and is driven by a shortest-path deflection routing algorithm [2].
Deflection routing [3] is used because en-route transparent optical buffering
cannot easily be provided, since, as we will show, it introduces large power
losses and crosstalk. Nodes without buffes and with a single buffer per node
only will be considered, since it is known that in uniform traffic a single buffer
is enough to route packets almost as efficiently as with infinitely many buffers
[4].

(b) - The centralized network (CN) is composed of an MxM space-division
cell switch (Active Star) to which M access nodes are connected by dedicated
fibers. Each access node is similar to the one in (a), but only one optical
input/output is present, and only the add-drop part is provided. ,

The routing function is concentrated at the active star, where cells are
aligned by tunable optical delays. The active star is a complete multistage
photonic switch, with log, M mrﬁ.mmm.mwxormnmoémxvm.mmmmmm based on crossbar
directional couplers.

The elementary 2x2 routing elements within the active star (shown ,with
circles in Fig. 1(b)) are either of type lc or 2¢ like the routing block of the
node in (a). - : I o :

Although the routing is physically centralized, the control is distributed .
to allow scalability at high speed. Each routing element is controlled based ,
only on the momsuw&oum.nm,vmnwmﬁm,.@,n its inputs (and possibly, present, in its

o,

. . NI A . o i R v i Pl DS SR PRI N BENEES e
buffer) using deflection routing. Deflected Ppackets are delivered 't the wrofig® "+
user and transparently re-routéd to the interconnect. The nétworkyawhich: is: . -,

intrinsically single-hop, becomes gradually multi-hop as mommo&oum:?w@ place.
because of the internal blocking of the interconnect.

2.1 Teletraffic et

Suppose the offered traffic is uniform, i.e., eath node receives from the outside
a stream of independent packets uniformly destined to all other nodes in the
network. Let the average arrival rate at each node be T Packets/slot. At most
one packet can be injected in the optical layer per slot, and, packets from

the input fiber(s) are given priority ovér local packets. As long as the input
electronic buffers are not saturated, T coincides with the throughput per node.
Let u be the link utilization, i.e., the probability that a slot from a link carries
a packet. Given the symmetry of our networks, u is 'the same for all slots.

If  is the number of hops (i.c., access node crossings) that a packet on av-
erage undergoes before reaching its destination, a simple application of Little’s
law gives: re S

U
T= T
where k is the in/out degree of the access node, k = 1 for CN, and k =
MS. : i
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: 1
noise process with (one-sided) power spectral density mwo.aéAQ ~1) 1, where
h is Planck’s constant, and ngp is the spontaneous emission factor. |

To keep equal power levels in the network, the amplifiers are set to exactly
compensate the per-hop loss: :

G= brﬂh&h:mbwﬁa , . va

the losses are defined in Table 1. .
Ewﬂ%:rﬂrwmwmm of Fig. 1(a), the ASE power density moncgim..o& by the test
bit in one hop from point P to point P’ of the following node is

Zeunﬁv = }Q:&AQ - C\Ahv*hibnmv

From Table 1 we get Nos(l) = 4.4 x 10~19 <<\mu. for 1c .BE.Z&%C.H
8.8 x 10~1° W/Hz for 2c. Given constraint (2), such noise contribution _H.oa_m_bm
constant until absorption, and each hop nomgv:amm the same noise Qmmm~ 50
that at the receiver Nose(n) = nlNgse(1). O.MWM& filters of bandwidth B, follow
ifier to avoid saturation due to . .
mwowmﬂmwwwam packets are desired to rwﬁ the same power level as nms\@» Mﬁm
Jected packets, amplifier saturation also imposes a limit on the transmitte

power:
PiyLatLpe < Paay.

Equality should be chosen to maximize the optical SNR.

3.2 Amplification: Centralized Network

rid, and the
If the nodes are regularly spaced Apys km apart on a square grid, .
star is placed at the center of the square, the average fiber gw length is
approximately [7] Acny 2 0.28v/M Aps. To simplify the following analysis,
all links are assumed to have the same length bo.z.

Doped-fiber amplifiers A;, A3, A3 with saturation power P,y are placed as
in Fig. 1(b). To keep equal power levels in the network, the amplifiers are set
to have unity roundtrip gain

G1G2Gs = L, L3 L, (3)

where the losses. are defined in Table 1. Amplifier Al .wo_u as a voo%.ob with
gain G1 = P,a4/P,,, being P,, the power in P. Amplifier >.w has gain .Qw =
Ly * Ly * Lay, bringing the output power back to the saturation value. Finally
A3 is chosen to satisfy (3). .

With the aid of Fig. 1(b), the ASE power density accumulated by the test
bit in one hop from point P to P’ is seen to be

(G1 — 1)G2Gs
L.I3L,

AQw - Hva + le. 1
N:.oNQ_.N\: NQ.N\:

Znnoﬁ.v = \1\:% +

! Along the polarization direction of the signal.
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since the ASE processes are independent. With the above value of the gains,

e (Ls=1) , (=14 Ly~ 1)
Lzy~1 1—1)+ Ly—~1
Nase(1) = hvn,, M I + Proi/ P g
where Ly = Ly*LpexLy, Ly = L, Ly =
(3); Nuge(n) = nNge(1).
The position of the amplifiers and their gains have been selected so as to
minimize N,,.(1)/P,, 2, subject to the unity gain constrajnt (3), and to the
. constraint that all power levels be below P,,;. The main design concept is to
break up the lumped losses between amplifiers so as to balance them as much
as possible. -
For the values in Table 1, we get that for lc the gains are (Gy, Gy, G3) =
(13,16.75, 12.75)(dB), and Noase(1) = 8.54 x 10='*(W/Hz); for 2¢ the gains are
(G1,G2,G3) = (13, 16.75, 28.75)(dB), and Nase(1) = 1.37 % Hon:As\va.

Ly Ly. As before, given constraint

3.3 Photodetection

As the tagged cell hops from node to node, it collects crosstalk from the optical
fields simultaneously crossing the same crossbar switches, and ASE noise at
the amplifiers. :
When it reaches its intended receiver after n hops, the complex envelope
(with respect to the nominal frequency vy) of the optical field at the photodiode
is &y = &g+ &4 + €ase, Where:

€ is the desired signal;

€xt = MNM €ge(1) is the accumulation of n., crosstalk interferers; and

€ase is the complex envelope of the accumulated ASE noise, which is an
additive gaussian bandpass process of flat one-sided spectral density N, se(n)
over the optical filter bandwidth B, centered around vy, ,

The desired signal during the tagged bit time (0 < ¢ < T) is
& = 2P, , myel (bwat+4o) T\I‘SMV . . AAV

where:

P, is the received mark power;

mp = 1 for mark, and zero for space;

o is a random variable (RV), uniform over [~=, 7]
bit time T, accounting for phase noise of the TX laser and other possible

sources of phase uncertainty; assuming ¢o constant over the bit time amounts

to assuming that the TX laser linewidth is significantly smaller than the bit
rate R;

and constant over the

bwy is a random frequency offset from the nominal carrier wo, uniform
over [-TAF, TAF]. Such offset models a slow frequency drift of the TX laser,

which could be obtained by modulating the laser current by a sawtooth sweep

2 Such quantity, as shown in (17), is proportional to the inverse of the optical S
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where 7. = 0.5772... is euler’s gamma, and Si(p) and Ci(p) are the sine ng
cosine integrals, respectively [12]. For large p, in both cases we have n(p) =

2x/p.
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Fig. 3. Beat efficiency 5 vs normalized sweep range AF/R.

Fig. 3 shows n vs. the normalized sweep range AF/R. 1t is seen awm.u vm.nr
the bit-aligned and the asynchronous curves quickly converge norm\z_ e or
the asynchronous case, 7(0) = 5/6. 308.38 one can see that, when M oM:
s-xt dominates, one can trade Aa dBs in the switch crosstalk factor for An
dBs in the beat efficiency by acting on the sweep range AF/R.

Signal-ase beat — From (8) we can 85.:4 a(t) = fi(t) e~Jowot Sw.mnm M =
n;+jn, is a lowpass zero-mean complex gaussian process, and where n; an n,

. _ Ngse(n pa
are uncorrelated, with the same spectral density ® S,,(f) = =& ” I(g;).

_ —jbuwet j i dulation, so that
The term w(t) = e~7%wo? is recognized as a frequency mo ,
we get [10]: N.Mﬁvﬂv = E{w(r)} = sinc(AFr) and therefore the spectrum
1

S = I ). . .

eﬁmﬁvwoo m.w.vamu ability density of dwy is symmetric around zero, one ?.&M
that the real and imaginary part of &, a; and ag, are also uncorrelated an
have identical spectrum

.m;n..C«v = .mv:.CJ ®~m.ecnv.

. Nase(n
where ® indicates convolution. Such convolution has value ~22\™%) for Ifl <

(B, — AF)/2, and linearly decreases to zero for (B, — AF)/2 < |f] < (B, +

AF)/2. . . .
HVA\os‘ a;(t) is filtered by the integrator of noise bandwidth R/2. Since we

imposed B, — AF > R, the result is essentially the same as if n;(t) only

® The rectangular function is defined as IT (£) =1 for |t| < £/2 and zero outside.
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were filtered, i.e., the multiplying exponential term in (8) has no effect on the
variance of the term n,_ sp» Which simply is

T ep & 2fleel) (17)

rr

4 Combining Teletraffic and Transmission

.Hvomwm”osvmgsmﬁoacm&ms gmmamm::mmooaoumg given in Table 1, unless
otherwise noted. .
Assuming cells of N, bits, the unconditional packet error rate is obtained

by conditioning on the number of hops n taken by a typical packet in the
network as

PER= Msu [1 = (1 = BER(n))y™]p,(n) (18)
n=]

where pj(n) is the probability mass function of the number of hops h [2][5].
Since noises are not uncorrelated bit-by-bit, (18) is indeed an upper-bound.
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Fig.4. BER(n) and hop distribution pr(n) vs hop number n in (2) MS and (b) CN

for a fixed throughput T = 0.12 and bit rate R=20 Gb/s. Sold: no buffer 1¢; Dotted:
single buffer 2¢.

Fig. 4 shows the two key variables of eq. (18), namely, conditional bit error
rate BER(n) and hop-distribution Pa(n). Dotted lines refer to 2¢ elements, and
solid lines to 1¢ elements. The curves are for (a) MS and (b) CN, for a fixed
throughput 7" = 0.12 and bit rate R = 20Gb/s. As seen in Fig. 2, this is th
maximum throughput T achievable with MS1ec at full load (u = 0.99). At thi
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This establishes (14), by noting that E[e/4“i7] = E[cos Aw;r] = sinc?(AFT),
being this the characteristic function of the RV Aw;, i.e., the Fourier transform
of its triangular-shaped pdf = M 7 A( NMMY .

- Evaluation of E[n.:] Let C be the number of hops added by each
deflection. For CN C=1, while for MS C=4 [4]. Let H,nin be valué of the the
average number of hops at low load, when no deflections occur (see Fig. 2).
Given a path of n hops, we approximate the number of deflections along the
path as ng = _.E.TQ&EB_ Since a deflection occurs when a packet meets
z competing packets at a routing element (z = 1 for 1c and z = 2 for 2¢), on
a path of n hops there are at least z - nq crosstalk interferers. Let N, be the
number of points along the path where crosstalk may arise (crosstalk points,
see Table 1). If we assume that at the N, —z - ng points where deflection does
not occur an interferer is present with probability u (the link load defined in
section 2), then E[ng] = z - ng + u(N; — (z - ng)).
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Abstract

wmoﬁ.z advances in the development of 100
described. The most practical design approach cusrentl

address coding (‘keyword’ coding), ultrafast w iti
. | ding), ord recognition, and a new self-
routing protocol (‘dead reckoning’) makes it possible to obtain efficient Hocnsmo in

ultrafast mesh networks with massive thr
trz . oughput a; iri
minimal amount of bit-level processing. Eput and speed, yet ae_:smm

1. Introduction

. ; in future distributed i
ozmdonao:av with very H,mm.ﬁ response and low latency [1]. As well Mmo Mﬂmﬂmﬁm
an oom._.ma.om networks (Fig. s,.a:&mmﬂ technologies will find a role in the
mmHAEMM.:N_MHo:m cmow.cono of multi-processor systems, and potentially also at the
! dlure massive-capacity routers and servers. Such net i
ﬂ&n&@ different from the networks of today, which are czaauoaacmw%wwnwmﬁow”
m_mnm::.,m protocols and buffering at routing switches. One of the options we are
. 0 -len, acket A
of picosecond optical pulses at rates around 100 Gbit/s Bmﬂ.v H:m WMMMWMHM
ough the network on all-optical pipes, with header data processine ¢

the fly’ using ultrafast photonic logic, and with :oo:nQnmaEam:m,m. 2o the

.

MW cm&m &&.:Q criterion for such anetwork is that So.r acmsw m_mmmmo: Bmmo ‘on
€ tly” within the network must be completed within the transmission time for a




