Abstract :

Driven by the twin forces of industry-wide dercgulation and the explosive demand for Internet access and bandwidth-intensive multimedia ser-
vices, broadband local access has emerged as one of the key issues in modern telccommunications. In this article we describe a broadband local
access network consisting of small, densely spaced packet-switching nodes interconnected by focused free-space aptical links in a multihop mesh

arrangement, Each switch scrves a client, which may be an office building {containing, for example, conventional PBXs and LANs), a picocellular
base station, or both, It is the responsibility of our local access network to economically and reliably extend broadband local access service (per-
haps OC-3 or OC-12 for building LANs and PBXSs; perhaps several tens of megabits per second to base stations) from an infrastructure end
office or fiber ring add/drop multiplexer without requiring the installation of new buried optical cabling. Computed is the capacity of the multi-
hop mesh, defined to be the maximum number of virtual connections which can be delivered to the infrastructure access point such that, inde-
pendent of the traffic distribution among clients, all quality of service guarantecs arc maintained.
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. e hroughout the 1990s, the Inter-
net has increasingly evolved into a major means of communi-
cating, accessing information, and conducting business, and
the range of new multimedia scrvices accessible via the Inter-
net is strongly driving the demand for residential and com-
mercial broadband local access. At the same time,
deregulation of the telecommunications industry has created
new opportunitics and competitive forces, which arc further
accelerating the need to deploy broadband local access net-
works, Finally, as broadband access takes root, it is over-
whelmingly likely that existing voice-oriented wireless scrvices
must be cxpanded to enable high-quality multimedia services
to mobile users [1-4],

One of the main challenges in providing broadband local
access is the need te deploy adequate capacity to ensurc qual-
ity of service (QoS8) guarantces to end users. Fiber-oriented
access systems can surely provide adequate capacity, but are
economically disadvantaged duc to high instatlation costs.
Wireless local loop (WLL) has become the focus of increasing
attention becausc of its low capital and maintenance costs and
ease of deployment [5]. Broadband WLL (BWLL) retains the
advantages of WLL while providing the high capacity required
to support the delivery of broadband multimedia scrvices to
homes and offices, and can potentially connect pedestrian and
vehicular mobile subscribers as well.

In this article we consider a new strategy for reliably and
cconomically deploying a broadband access platform, The
basic idea is illustrated in Fig. 1, which {s described latcr in
greater detail. At its core, our broadband access network con-
sists of a “continuum” of geographically dispersed but densely
spaced small packet-switching nodes. Each node serves a
client, which may be a building containing private branch
exchanges (PBXs) and LANS, a picocellular base station, or
both, and would ideally be mounted on top of that building or

basc station. In addition to providing access to the occupants
of the homes/otfices within its client building, a node which
serves a picocellular base station cnables service to mobile
users in its vicinity.

The packet-switching nodes arc interconnccted by a dense
mesh of focused bidirectional free-space optical links, each
tully capable of withstanding atmospheric and mechanical dis-
turbances by virtue of its short physicat length [3]. Traffic gen-
erated by the clients of these nodes is ultimately relayed by
the multihop optical mesh to an access (entry/exit) port of the
wired infrastructurc (c.g., a fiber ring add/drop multiplexer or
an cnd-office switch).

In the past, consideration of free-space optical links for
high-data-rate point-to-point applications have generally pro-
duced disappointing rcsults: these relatively long links arc
prone to frequent failure caused by fog attenuation, wind, and
mechanical misalignment. [Towever, with our new approach,
wide-area access regions arc readily, reliably, and economical-
ly served. Key to the reliable operation of a low-cost free-
spacc optical mesh is adequate density of switching nodes; if
the density is sufficiently high, the length of cach optical link
will be sufficiently small that fog attenuation (the dominant
impairment) is negligible, and mechanical tolerances are
loose, Accordingly, the link margins can then be considerably
relaxed, and the optical link expenses associated with tight
link margins (pointing accuracy, optical beamwidth, focusing,
high-power lascrs, scositive photo-receivers) can be eliminat-
ed. By way of example, data from the national climactic data
center suggests that in many cities, a link availability of 99.999
percent is achicved at a bit error rate of 10-!2 and a data rate
of 622 Mby/s (OC-12) if the link length is smaller than 20( m;
these numbers assume reasonable (but not extreme) pointing
accuracy and a 20 mW laser transmitter. Depending on cli-
mate, 99.999 percent availability may be achievable at signifi-
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cantly greater range. Alternatively, at 99.99 percent
availability, many more cities can be served with link
lengths of at least 200 m [6].

The topology of the miesh network may be repre-
sented by a rectangular grid, as shown in Fig. 1,
where each crosspoint of the grid represents a packet-
switching node. The mesh attaches to the wired net-
work access point by means of some small number of
direct links from those nodes geographically closest to
the access point. Thus, each access point serves some
relatively small region via the free-space’ optical links
which span that region. Notc that although the
broadband access network takes the form of a rect-
angular grid, the clients served do not necessarily
conform to this regular geometric pattern; the mesh
shown in Fig. 1 merely illustrates how the packet-
switching nodes are interconnected by free-space
optical links, and logically this conneetivity diagram
does indeed take the form of a rectangular grid.

Thus, a telatively wide area can wirclessly be served
from each network access point. The small packet-
switching nodes are deployed with sufficient density
that cach optical link remains suitably short. Each
packet switch is of maximum dimensionality 5 x 5 (four
frec-space optical crosslinks, one drop, not shown, to
the wired building or picocellular base station).

In this article we find the capacity of such a broad-
band access network. We define the capacity as fol-
lows. Consider a single traffic class with some known
traffic descriptor. Let the data rate in each direction
for cach optical link be such that, for this given traf-
fic class, C virtual connections can be carried, each
enjoying some guaranteed QoS. Similarly, let each
direct link be capable of carrying up to C virtual con-
nections, Suppose that node #’s client originates and
terminates T; virtual connections where, for cach

node, T; < C. Then the capacity of our broadband
access network is defined to be the maximum num-
ber of QoS-guaranteed virtual connections that our
broadband access network is always capable of deliv-
ering to an access point, independent of how the calls are dis-
tributed among clients (as long as no client generates/receives
more than C calls, where C is the single-link capacity).

Note that we consider access network capacity only for a
single traffic class, and only for symmetric traffic. Considera-
tion of capacity regions for multiple traffic classes and asym-
metric traffic are beyond the scope of this article, and arc in
fact subjects of ongoing research. Results are as follows.
Referring to Fig, 1, let there be K direct links leading to a sin-
gle access point. Then the capacity of the broadband access
network is given by

KC, 1<K <5
Cnpr = 5C. K5 1)

Proof

Consider a mesh of size R x R, Let N = | K/2], where [x ] is the
smallest intcger greater than or equal to x. Supposc that R =
N in such 4 case, it is always possible to draw M = [ R/2]
loops in the mesh (sometimes a loop may consist of just a sin-
glc node). We label loops as shown in Fig. 24 and 2b, with the
innermost loop bearing the highest index number; that is, loop
i + 1 would always lie within loop i, Mesh links which belong
to a loop are called loop finks, and the mesh links intercon-
necting loops are called interloop links (Fig. 2b). For this case,
we can redistribute the calls by first routing all calls generated
by nodes in the inner M — N loops to loop N using interloop

B Figure 1. The basic architecture for the broadband access network.

links {note that these do not belong to any loop). Since the
number of interloop links from loop i + 1 to loop i is equal to
4 (R - 2i), it is possible to route all calls from the innermost
M -- N loops onto loop N. Note that when R is even, the maxi-
mum value of { is (R/2) - 1, and for this value of { the number
of links out of the innermost loop is eight. If R is odd, { is at
most (R — 1)/2, and the number of links out of the innermost
loop will be four. However, since there is cxactly one node in
the innermost loop when R is odd, it is possible to route calls
from the innermost M —~ N loops to loop N, As an example, in
Fig. 2b it is possible to route up to 4C; calls (the maximum
number which can be generated in loop 3) from loop 3 to
loop 2. Thus, at the conclusion of this process, all the traffic is
concentrated on loops 1-N (the outermost loops). Now, if K <
4, the total traffic generated is less than or equal to 4C;.
Since we have not yet flowed any traffic onto the interloop
links interconnecting the outermost two loops, we can now
use these links to uniformly distribute the traffic among these
two loops. (Note that for this process, we cannot usc any
interloop link which will subsequently be used to attach an
inner loop to the direct lirik serving that loop. For example,
referring to Fig, 2 a, interloop links & and b cannot be used te
redistribute traffic among the loops since they will subse-
quently be used to attach loop 3, via node X, to node ¥, which
is an index node or a node which has a direct link attached to
it). Furthermorc, having accomplished this, neither loop car-
ries traffic in excess of 2C; (note that loops arc bidirectional).
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If K = 35, the traffic intensity may be as grcat as 5Cy, and in
stuch a case, using an identical procedure, one may uniformly
distribute the traffic among loops 1, 2, and 3 (the outermost
three loops).

Since it is possible to carry up to 2C;, calls on each loop
(Cy, in the clockwise direction and the other C in the counter-
clockwise direction), we can successfully route the entire traf-
fic to the corner node on the loop closest to the end office
without cncountering blockage on the mesh links, The inter-
loop links connected to this node lead directly to an index
node (Figs. 2a and 2b). Thus, using thesc links the traffic can
now be routed to the end office.

Note that it may be impossible to distribute traffic uni-
formly among the outer three loops if the total load generated
is in excess of 5C;, as illustrated in Figs. 2c and 2d. Let all the
traffic be generated by a cluster of nodes at a corner of the

‘A cluster of six nodes. " :;
~.has just five paths out,:: .

“ A cluster of five nodes o
i has five paths out. .

mesh. If a maximum lead of 5C;, is generated by a cluster of
five nodes in a corner of the mesh, then, since there are five
mesh links leading out of this cluster, it is always possible to
redistribute the load (Fig. 2¢) among the outer three loops as
described earlier. However, if a maximum load of, say, 6C;, is
generated by a cluster of six nodes in a corner of the mesh, as
shown in Fig. 2d, it is impossible to route this traffic to the
end office without blocking up to C; calls since there are only
five links (at least six links are necessary) leading out of the
cluster. Thus, if the number of direct links, K, from the end
office into a mesh is greater than five, given that the traffic
within the mesh is less than KC;, onc cannot claim that there
will be no blockage on the mesh links.

Now, let R < N, For this case, one may subdivide the mesh
into arcs, as shown in Fig. 2d. Note that the inner & arcs (an
arc may consist of a single node, i.c., the primary index node)
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are connected to index nodes. It is readily appavent that all the
traffic may be routed from the outer arcs to the inner N arcs,
and redistributed among these N arcs (using the cross-links
between arcs) such that if an arc is conhccted to; index nodes,
it carries traffic of jCp. The total traffic on an arc may then be
routed to the end office through the index nodes on that arc. It
is to be noted that, again, if K > 5, it may be impossible to
deliver the traffic to the inner N arcs, due to conditions similar
to those described in the previous paragraph.

Thus, we have shown that if the number of links lcading
directly to an end office, K, is less than or equal to five per
mesh, and are symmetrically arranged as shown in Fig. 2a, call
blocking can be computed using the Erlang blocking formula.
Let the traffic intensity generated in a mesh be pg. The proba-
bility that a call is blocked is then equal to Py(p,, 5 Cr), where
Py(p, M) is given by the Erlang blocking formula

p™ 1 M
M Pk 2
k=0 Kkt

Py(p.M)=

Conclusions

In this article we describe a new approach to broadband wire-
less access. Key to this approach is its use of short, inexpen-
sive, and extremely dependable focused free-space optical
links to interconnect densely deployed packet-switching nodes
in a multihop mesh arrangement. BEach hode can then serve a
client, which may consist of a building containing PBXs and
LANs (for fixed-point service), a picocellular base station (for
wireless service), or both. The great virtue of this approach is
that very high access capacity cin be economically and rcliably
delivered over a wide service area. As an example, the optical
cross-links can easily operate at 622 Mb/s (OC-12), and the
multihop mesh can, in principle, deliver this rate to some
number of clicats. In general, since most clients will require
significantly less access bandwidth, many clicnts can be served
by a single access mesh which attaches to the infrasiructure at
a single access point.

We show that as long as the number of concurrent virtual
connections of a singlc traffic class is less than the mesh
capacity, these virtual connections can be arbitrarily distribut-
ed among an arbitrarily large number of clients, and all will
enjoy guaranteed QoS. Furthermore, if we arc willing to
accept constraints on the distribution of virtual connections
among clicnts, an even greater number of virtual connections
can be simultaneously supported.
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