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HYBRID UNIVERSAL BROADBAND 
TELECOMMUNICATIONS USING SMALL RADIO 
CELLS INTERCONNECTED BY FREE-SPACE 

OPTICAL LINKS 

RELATION TO THE RELATED PATENT 
APPLICATIONS 

0001. The present patent application is related to U.S. 
Provisional Patent Application Ser. No. 60/035/698 filed on 
Jan. 17, 1997, for a METHOD AND APPARATUS FOR 
HIGH CAPACITYRADIO ACCESS SYSTEM. The related 
provisional patent application is to the Selfsame Anthony 
Acampora who is the inventor of the invention of the present 
application. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The present invention generally concerns wide area 
multimedia broadband telecommunications Systems and Ser 
vices, particularly Systems and Services for homes, offices, 
outdoor and/or remote locations where telecommunication 
terminals are attached to a wire- or fiber-based telecommu 
nications network via wireleSS links, thereby permitting 
users of the telecommunications terminals the ability to 
roam freely and obviating any requirement that a wired 
“telecommunications outlet' should be available. 

0004. The present invention particularly concerns the 
partitionment of wide area multimedia broadband telecom 
munications Systems and Services both (i) in the media 
radio, free-space optical, or wire and fiber-over which 
communications traffic from point to point and from time to 
time transpires, and also (ii) in the System hardware, and 
among the System protocols, for handling this communica 
tions traffic (upon the various media). All partitionment is to 
the end of ensuring universal low-cost high-performance 
wide-area (tele) communications availability. In particular, 
the present invention will be seen to be concerned with how 
to connect the existing World communications “backbone' 
which is, in America circa 1997, based primarily on wire and 
optical fiber lines, to the typical Subscriber household and 
office-the so-called “last mile” problem. 
0005 2. Description of the Prior Art 
0006 2.1 General Challenges Besetting Universal Com 
munications Systems and Services 
0007 For the past several years, the telecommunications 
industry has witnessed an explosive growth in the demand 
for (1) non-voice types of Services (driven by So called 
multimedia traffic, and Suggestive of Some unspecified com 
bination of low and high Speed data, voice, image, and 
Video); and (2) Service to non-stationary, mobile, end ter 
minals. See D. Wright, Broadband. Business Services, Tech 
nologies, and Strategic Impact, Artech House, Boston, 
1993; A. S. Acampora, An Introduction to Broadband Net 
works, Plenum Press, New York, 1994; IEEE Communica 
tions Magazine, issue on Introducing the Internet Technol 
ogy Series, Vol. 35, No. 1, January 1997; T. S. Rappaport, 
Wireless Communications Principles and Practice, Prentice 
Hall, New Jersey, 1996; and IEEE Personal Communica 
tions, issue on Wireless ATM, Vol. 3, No. 4, August 1996. 
0008. Despite this demand, three primary technical prob 
lems remain to be Solved before a communications infra 
Structure adequate to meet modern demand can be created. 
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0009. The first of these problems involves the inadequate 
capacity afforded by the copper wires which typically pres 
ently, circa 1997, Serve to connect homes and offices to core, 
or “end-office”, Switches within the existing U.S. national 
telecommunications network. These wires are additionally 
characterized by their inflexibility to accommodate new and 
added communications devices at the user portal; exactly 
where changes are most likely to occur. In other words, even 
if all the copper wire in the U.S. was to be instantaneously 
converted to high-bandwidth fiber optics, the locations, and 
the physical connections, of new telephones or computers or 
televisions or other devices to the wire and fiber communi 
cations network would remain troublesome, effectively 
mandating extensive and expensive manual Services to 
“wire” and “re-wire” the home or office site every time site 
Service requirements change appreciably. 

0010. It would obviously be useful if some “magic box” 
existed in the attic, or the communications closet, which 
permitted that any communications device brought within 
the home or building, whether permanently or temporarily, 
could be immediately wirelessly integrated into the com 
munications network totally without the use of skilled labor. 
The “magic box” would preferably be universal, inexpen 
Sive, and Supportive of a high communications capacity. 
Although this “magic box’ might occasionally have to be 
upgraded if new and very large communications require 
ments were to arise at the home or office Site, the require 
ment of expensively “custom wiring the communications 
of the home or office would be obviated. 

0011. The second problem concerns the limited available 
bandwidth of the radio spectrum to meet the demand for 
non-stationary and/or flexible communications Services. The 
“black box” of the previous section could clearly be a 
cellular radio transceiver Serving to link diverse communi 
cations devices, whether portable or not, to a communica 
tions grid by radio. Alas, the radio spectrum that is both now 
(i.e., in 1997) allocated, and reasonably allocatable, for 
general telecommunications Services is already crowded, 
and incapable of meeting all the demands for real-time 
multimedia communication arising over any extended popu 
lated geographical area. 

0012. The third problem concerns the desire, if not the 
political necessity, of guaranteeing universally (i) available 
and (ii) affordable communications Services. It is clearly 
possible to auction the radio spectrum, and to let those who 
can afford more use more. It is clearly possible to cost 
effectively Service certain metropolitan areas while leaving 
communication “backwaters” that are not fully enfranchised 
with evolving equipments and Services. However, in a 
democracy there are limits in allocating the God-given 
public resource of the radio Spectrum purely on financial 
grounds. 

0013 At the same time the existing U.S. national com 
munications infrastructure presents challenges to future 
upgrading, it also presents opportunity. AS reported by 
author and futurist George Gilder in his book “Into the 
Fibersphere”, and in his columns of the “Telecosm Series” 
appearing in Forbes Magazine, “the ultimate Source of 
bandwidth expansion is the immense capacity of optical 
fiber. Now comprising a global installed base of 40 million 
miles (25 million miles in North America), each optical 
fiber, as Paul Green of IBM estimated to Forbes ASAP four 
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years ago i.e., in 1992 commands and intrinsic available 
bandwidth of 25,000 gigahertz.” How much bandwidth is 
this? It is more than all the radio telecommunications-from 
ultra low frequency communication with Submarines to K 
band Satellite links-that are at any one time transpiring on 
the entire planet. Yes, each Single Strand of 40 million miles 
of optic fiber already existing can potentially handle all the 
radio traffic in the entire world. 

0.014 Where then exactly is located this wonderful pipe 
line to all the world's information'? In America it is close by, 
but has not yet reached the average American doorstep. Five 
years ago each American household was an average of 1,000 
households away from a fiber node, now it is but 100. At the 
beginning of 1996 15% of U.S. cable TV subscribers 
directly connected to fiber optics; at the end of 1996, 30%. 
Being that nut all American households presently have, or 
even can have, cable television, the average Separation in 
feet of a U.S. household or business from an optic fiber is 
still several hundred feet. And, due to the first problem 
discussed above, many Americans in metropolitan areas 
literally have optic fiber “at their feet” but are unable to 
effectively connect to it. 
0015. It will be seen to be the objective of the present 
invention to solve all three problems, and to cost-effectively 
and equitably avail all the World's peoples of the opportunity 
to communicate into the growing fiber optic communica 
tions “backbone' of the United States and of the world. 

0016. The capacity and flexibility problem at the user 
interface will be, by and large, Solved by the present 
invention. The user will be able to add new telecommuni 
cations devices at will within broad limits. Although these 
devices will often be bi-directionally communicating, and 
are in general used for purposes Such as Internet access, 
pay-per-view, programming on demand, and multimedia 
communication that are quite different from traditional 
broadcast radio and television, they will require no more 
"installation' than, for example, does a store-purchased 
radio or television receiving broadcast Signals. 
0.017. The limited available bandwidth of the radio spec 
trum will likewise Seen to be Solved-without repealing 
physical laws-by the expedient of reusing most portions of 
the radio spectrum. 
0018 Finally, the (i) availability and (ii) affordability of 
universal communications Services will also be seen to be 
dealt with effectively in the present invention, where any 
system user is but little burdened with the cost of the 
communications network if he or she is but a light user of its 
services. The un-subsidized cost of, for example, “life line” 
telecommunications Services, even in remote areas, should 
be commensurate with what it is now. This is true even 
though an immediate “next user who is adjacently located 
both geographically and logically in the communications 
network may Volitionally use awesomely large telecommu 
nications Services, incurring the costs therefore. 

SUMMARY OF THE INVENTION 

0019. The present invention contemplates a new type of 
broadband acceSS System for providing high quality, band 
width-upon-demand, communication Services to homes and 
offices. The invention is a candidate architecture for imme 
diate implementation as a significant portion of the United 
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States national communications infrastructure in the twenty 
first century, and is suitable for world-wide use. This portion 
is particularly between (i) diverse (tele)communicating 
equipments that are located in American homes and offices 
and (ii) the U.S. national and world communications “back 
bone' which is, by and large, presently based on copper wire 
and on fiber optics. This portion of the U.S. national 
communications infrastructure-which is the portion prima 
rily dealt with by the present invention is commonly called 
the “last mile’. 

0020) 1. System General Description 
0021. In the communications system of the present inven 
tion, diverse communication terminals attach to a commu 
nications network via short radio linkS. Terminal users can 
roam freely within a house or building unencumbered by 
availability of wired communications outlets. Basic Service 
is extended within this region by and through Small, high 
capacity, broadband radio cells called “base Stations'. 
0022 Typically large grid arrays of base stations are 
interconnected, each base Station to Several of its neighbors, 
Via Short, highly focused free-space broadband optical or 
millimeter wave links in a multi-hop mesh network. Step 
wise multi-hop communication upon the mesh ultimately 
leads to an “end office' where access to a wire, or fiber, 
communications “backbone” is made. By this totally free 
Space broadband access any need for new broadband access 
cabling over the “last mile” is totally surmounted. 
0023. A multi-tiered arrangement of radio cells further 
extends radio telecommunications Service both to out-of 
building pedestrian and to vehicular users. The projected 
Several tiers of free-space radio cells will ultimately provide 
universal broadband radio telecommunications Service over 
the entirety of the planet. 

0024. This approach of the present invention presents 
issues involving reliability, availability, capacity, and hand 
off. These issues are identified and addressed in this speci 
fication. The obtainable service rate is of the order of 20 
Mb/s peak rate, and 10 Mb/s average rate, to each and all 
Subscribers, universally within a geographical area projected 
in the first instance be the continental U.S. 

0025 The systems approach of the present invention 
Surmounts three broadband acceSS challenges. The preferred 
System uses three tiers of radio cells, with Some possibly 
large number of lower-tiered cells nested within each higher 
tiered cell. To avoid extensive re-wiring, short, free-space 
optical or millimeter wave links interconnect the base Sta 
tions of the lowest-tiered cells. 

0026. The overwhelmingly greatest fraction of access 
traffic is handled by cells in the lowest tier. Here, each of a 
large number of geographically Small, high capacity radio 
cells (called “picocells”) is responsible for Serving Some 
Small number (perhaps one) of homes and/or offices. Most 
Service Subscribers will, in most cases, attach to the network 
via their home or office base Station and, through this base 
Station, enjoy complete freedom to roam within the building 
and its immediate Surroundings. 
0027. A cluster of contiguous picocells thereby serves a 
large population of users, each of whom is Served via a home 
or office picocellular base Station. A packet mode of wireleSS 
access, Similar to if not identical with the ASynchronous 
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Transfer Mode (ATM), supports the bandwidth-upon-de 
mand needs of multimedia traffic. See M. de Prycker, 
Asynchronous Transfer Mode, Ellis Horwood Limited, West 
Sussex, 1992. 

0028. Imbedded virtual connection trees maintain qual 
ity-of-Service guarantees while permitting rapid, decentral 
ized hand-off of live connections among adjacent picocells. 
See A. S. Acampora and M. Naghshineh, An Architecture 
and Methodology for Mobile-Executed Hand-Off in Cellular 
ATM Networks, IEEE J. Sel. Areas Comm., Vol. 12, No. 8, 
October 1994, A. S. Acampora and M. Naghshineh, Control 
and QoS Provisioning in High Speed Microcellular Net 
works, IEEE Personal Communications, Vol. 1, No. 2, 20 
1994; M. Naghshineh and A. S. Acampora, Design and 
Control of Micro-Cellular Networks with QoS Provisioning 
for Real Time Traffic, J. High Speed Networks, Vol. 5, No. 
1, 1996; and M. Naghshineh and A. S. Acampora, Design 
and Control of Micro-Cellular Networks with Supporting 
Multiple Lanes of Traffic, Wireless Networks. Vol. 2, No. 3, 
August 1996. 

0029 See also U.S. Pat. Nos. 5,528,583 for a METHOD 
AND APPARATUS FOR SUPPORTING MOBILE COM 
MUNICATIONS IN MOBILE COMMUNICATIONS NET 
WORKS: U.S. Pat. No. 5,497,504 for a SYSTEM AND 
METHOD FOR CONNECTION CONTROL IN MOBILE 
COMMUNICATIONS; and U.S. Pat. No. 5,487,065 for a 
METHOD AND APPARATUS FOR SUPPORTING 
MOBILE COMMUNICATIONS IN ASYNCHRONOUS 
TRANSFER MODE BASED NETWORKS to the Selfsame 
A. Acampora who is the inventor of the present invention. 
The contents of these prior patents are incorporated herein 
by reference. 
0.030. In the preferred embodiment, the picocellular base 
Stations are themselves interconnected by a dense mesh of 
highly focused, free-space optical or millimeter wave links 
which are physically short in length, i.e. under Several 
hundred feet. As will be shown, the shortness of these links, 
and their highly focused nature, provides excellent margin 
against fog and other atmospheric disturbances (essentially 
100% availability). Also, although the transmitters and 
receivers of the free-space optical linkS must be spatially 
aligned, the tolerances are Such that the linkS can easily 
withstand extreme mechanical disturbances Such as Strong 
wind force. In an alternative arrangement, the picocell base 
Stations are interconnected by highly-focused, point-to 
point, millimeter wave beams. 
0031. By means of these free-space optical (or millimeter 
wave) links, traffic generated within (or delivered to) any 
picocell will, in general, be relayed among a sequence of 
base Stations in a multi-hop arrangement, eventually enter 
ing (or leaving) the wired network at a regional "end office'. 
The picocellular base Station, itself, is a Small Stand-alone 
unit containing a power Supply, antenna, radio equipment, 
baseband processing equipment, a Small packet Switch 
(needed to relay traffic), and several optical (or millimeter 
wave) transceivers, each aimed at a different one of the 
neighboring picocellular base Stations. The richness of the 
optically-based (millimeter-wave-based) interconnecting 
mesh, and its alternative routing capabilities, Serve to bal 
ance the traffic among the optical links and, also, to vastly 
improve System reliability. For communications upon a 
hardware- and Software-Scalable optical network (employ 
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ing wavelength-routing, wavelength reuse and multi-hop 
packet Switching, not all of which features are required in 
the system of the present invention) see The Scalable 
Lightwave Network by A. S. Acampora appearing in IEEE 
Communications Magazine, Vol. 32, No. 12, December 
1994. 

0032. The second tier of cells is more conventional in 
appearance. Each "standard cell’ covers an area with a 
diameter measured in terms of miles or tens of miles, and a 
variable number of picocells (ranging from Zero to, perhaps, 
several thousand) is contained within its footprint. The base 
Station of a Standard cell attaches directly to an end office. 
Each Standard cell serves three purposes: (1) extension of 
Service to any location not served by a picocell; (2) exten 
Sion of Service to any vehicles traveling at a Speed too great 
to be accommodated via picocellular handoff, and (3) pro 
Visioning of an alternate means to access the Service office 
in the event of a picocellular failure and/or interruption of all 
of its optical linkS. Since a Standard cell handles only the 
overflow traffic not served by its subtended picocells, it is 
envisioned that its telecommunications traffic burden will 
remain modest. 

0033. The highest tier contains a contiguous raster of 
megacells, each with a typical diameter of Several hundred 
miles. The megacells (1) provide access from locations 
covered by neither a picocell nor by a standard cell, and (2) 
insure universal availability. It is envisioned that the mega 
cells will be created by a constellation of Low Earth Orbit 
(LEO) satellites. Once again, Since a megacell handles only 
the overflow traffic from its Subtended Standard cells and 
picocells, its traffic burden should remain modest. 
0034. Because the footprint of a picocell is so small, its 
bandwidth is shared by only a small number of users 
(possibly only one), and each Subscriber thereby enjoys 
broadband Service. By re-using the radio Spectrum Suffi 
ciently often, the problem of limited availability of spectrum 
is Surmounted. Furthermore, Since each picocellular base 
Station is Served by its free-space optical and/or millimeter 
radio links, new buried broadband cabling apparatus is 
unnecessary, and the capacity constraint of existing copper 
wiring is Surmounted. Finally, the Standard cells and mega 
cells extend Service to regions not covered by picocells, 
improve reliability, and Serve high-velocity vehicles for 
which hand-off among picocells might be problematic; 
assuring universal Service with no blackout regions. 
0035. Note that broadband access is not only extended to 
homes and offices but, moreover, the access enjoys the 
additional virtue of being tetherleSS. Both pedestrians and 
vehicles are readily Served. 
0036) The preferred telecommunications system is based 
on Asynchronous Transfer Mode (ATM) transport. Although 
this assumption is not essential, ATM Supports the type of 
Virtual connectivity and instantaneous, on-demand access to 
bandwidth presently preferred for Serving newly emerging 
types of non-voice traffic. Thus, all interfaces (radio at all 
three tiers, free-space optical, and Serving office) are 
assumed to be ATM. For the preferred system, the radio links 
Support a peak data rate of, typically, 20 Mbits/sec, and no 
optical link is operated at a rate greater than, typically, 155 
MbitS/sec. Also, although it is not mandatory, it is further 
assumed that the backbone wired network is based on ATM. 

0037 2. First Aspect of the Invention: A Dual-Spectrum 
Telecommunications Apparatus 
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0.038. In accordance with a first aspect of the present 
invention, a telecommunications apparatus includes (i) a 
communications Switch, (ii) a first transceiver, electrically 
coupled to the communications Switch, for wirelessly tele 
communicating externally to the apparatus in a first portion 
of the electromagnetic spectrum, and (iii) at least one second 
transceiver, electrically coupled to the communications 
Switch, for wirelessly telecommunicating externally to the 
apparatus in a Second portion of the electromagnetic Spec 
trum that is of higher frequency than is the first portion. A 
controller causes the communications Switch to route tele 
communications traffic between the first transceiver and the 
Second transceiver. Accordingly, by operation of the appa 
ratus wireleSS telecommunications are routed between a first 
and a Second, higher frequency, portion of the electromag 
netic spectrum. 

0.039 The first transceiver is preferably a radio trans 
ceiver. The Second transceiver is preferably a transceiver of 
free-space optical telecommunications Signals. In this 
embodiment wireleSS telecommunications are routed 
between radio and optical portions of the electromagnetic 
Spectrum. 

0040. The communications Switch preferably operates 
under the Asynchronous Transfer Mode protocol. 
0041. In the preferred embodiment, the optical trans 
ceiver includes at least one, and preferably four or more, 
optical-receiverS-each receiving free-space optical tele 
communications signals over a different free-space optical 
path-coupled with a like number of optical transmitters 
each transmitting free-space optical telecommunications 
Signals over a different free-space optical path. By this 
construction free-space optical telecommunications may be 
Simultaneously maintained over a plurality of different free 
Space optical paths. 

0042. The controller preferably further acts to cause the 
communications Switch to further route telecommunications 
traffic from the optical receivers to the optical transmitters. 
In this manner wireleSS telecommunications are not merely 
routed between the radio and the optical portions of the 
electromagnetic spectrum, but are also routed between free 
Space optical paths. 

0043. The telecommunications apparatus so constructed, 
and So operating, is typically situated in a wireleSS telecom 
munications mesh of a large number of identical apparatus. 
Wireless telecommunications in the radio portion of the 
electromagnetic spectrum are local to each radio transceiver 
in each apparatus. WireleSS free Space optical telecommu 
nications transpire between the optical transceivers of appa 
ratus that are physically proximately located. Telecommu 
nications are thus not only routed between the radio and the 
optical portions of the electromagnetic spectrum, but are 
also Second-routed between a number of free-space optical 
paths (all of which paths are, or course, in the optical portion 
of the electromagnetic spectrum). 
0044) This first aspect of the present invention may be 
equivalently considered to be embodied in a dual-spectrum 
telecommunications method. In the method a locally wire 
lessly telecommunicated signal of a first frequency (i.e., 
radio) is telecommunicated in a first-frequency local trans 
ceiver. A number of locally wirelessly telecommunicated 
Signals of a second frequency (i.e., optical) are telecommu 
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nicated in a plurality of directional transceiverS Suitable to 
this Second frequency, which is higher than the first fre 
quency. Conversion is performed between the first-fre 
quency wirelessly telecommunicated Signal at the first 
frequency local transceiver and a Second-frequency 
wirelessly telecommunicated Signal at a Selected one of the 
plurality of Second-frequency local transceivers. Which par 
ticular one of the Second-frequency local transceiver is So 
Selected, and converted, is in accordance with a System-wide 
protocol for telecommunicating along a chosen directional 
path. Meanwhile Second-frequency (i.e., optical) Signals 
locally telecommunicated at any one of the plurality of 
Second-frequency local transceivers are cross-coupled to 
another one of the plurality of Second-frequency local trans 
ceivers, thereby to advance the Second-frequency Signal 
along a chosen directional path that is also in accordance 
with the protocol. 
0045 By this method, and even though all transceivers 
are local, the first-frequency Signal is immediately converted 
to a Second-frequency signal, and is further telecommuni 
cated, whensoever and wheresoever received. Meanwhile 
the Second-frequency Signals are further telecommunicated 
along a chosen directional path. 
0046 3. Second Aspect of the Invention: A Telecommu 
nications Method Upon a Mesh Network 
0047. In accordance with a second aspect of the present 
invention, a telecommunications method is conducted upon 
a mesh network of arrayed nodes. The method includes (i) 
wirelessly locally radio telecommunicating to a radio trans 
ceiver at a node by radio, and (ii) wirelessly locally direc 
tionally optically free-space telecommunicating to each of a 
plurality of optical transceivers, co-located with each other 
and with the radio transceiver at the node, by a plurality of 
directional free-space optical Signals. 
0048 Telecommunications to and from the radio trans 
ceiver are routed to and a Selected one of the plurality of 
optical receivers. The optical receiver is So Selected in 
accordance with a protocol for telecommunicating along a 
chosen path upon the mesh. 
0049 Meanwhile, telecommunications received at one or 
more of the plurality of Second-frequency local transceivers 
at the same node are routed to another one or ones of the 
plurality of Second-frequency local transceivers. By this 
routing telecommunications is established and maintained 
along a path upon the mesh that is chosen in accordance with 
the protocol. 
0050. The wireless local radio telecommunicating is pref 
erably by broadband radio in a broadband radio transceiver. 
Moreover, the radio telecommunicating preferably tran 
spires in accordance with ASynchronous Transfer Mode 
wireleSS telecommunications protocol-as does, preferably 
also, the wireleSS local optical free-space telecommunicat 
Ing. 

0051. In greater detail, the protocol for all this telecom 
municating along a chosen path upon the mesh is developed 
at a node, called an end-office, that is common to all paths. 
Implementation of this protocol may be shared with Selected 
processors distributed among the arrayed nodes, which 
processors are upon the chosen path, or may even be done 
entirely among these distributed processors. If the telecom 
municating device at the telecommunicating cell identifies 
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itself as roaming, or commences to roam, then the imple 
mentation of the protocol may even be distributed among all 
the processors of all the arrayed nodes of the mesh. 
0.052 This may sound more complex than it is. All that 
happens is that a virtual path is established between com 
municating entities on the net. The only pertinent questions 
are: (i) where and how is this virtual path established; and 
(ii) which nodes need to know about the virtual path so 
established? ... Establishing Such a virtual communication 
path is routine in cellular telephony-although the present 
invention is the first instance, as will be explained, to 
conventionally So compute and to So use a virtual path that 
lies in Substantial part upon a mesh network. The answers 
are: (i) at the end office, and (ii) Some Selected nodes, up to 
potentially all nodes. It is in particular not troublesome that, 
in the case of a roaming radio transceiver, a node upon the 
mesh which node is physically remote from that node where 
the radio transceiver is currently located should, nonetheless 
to this node's current non-involvement in the current com 
munications path, keep track of a virtual path which would, 
it the roaming radio transceiver was Someday to enter this 
node, permit of communication upon the mesh because, 
after all, resource is only consumed when the virtual com 
munications path becomes a real communications path. If an 
extremely large number of Virtual paths were to be con 
Stantly dynamically established and re-established upon the 
net Such as might be due, for example, to thousands of 
Simultaneously roving radio transceivers (for example, cel 
lular telephones), then the communication and Simultaneous 
maintenance of associated thousands of virtual paths at and 
upon all the nodes of the net could result in a communica 
tions control "overhead'. However, it must be realized that 
the vast number of radio transceivers are not roaming, and 
are instead Stationary or Semi-stationary in Single cells 
comprising buildings or the like. Consequently, there is no 
insurmountable challenge to calculating and to maintaining 
all necessary virtual, and to exercising all real, communi 
cations paths. 
0.053 4. Third Aspect of the Invention: A Telecommuni 
cations Station, Called a “Base Station' 
0054. In accordance with a third aspect of the present 
invention, a telecommunications Station, called a “base 
Station', is located within both (i) a radio cell, and (ii) a 
multi-hop free-space optical telecommunications mesh of a 
large number of identical base Stations geographically dis 
persed. 

0055 Each such base station includes (i) a communica 
tions Switch, (ii) a radio transceiver, electrically connected to 
the communications Switch, for wirelessly telecommunicat 
ing by radio locally externally to the base station, and (iii) 
a number (preferably four, at each point of the compass) of 
optical transceivers, electrically connected to the communi 
cations Switch, for wirelessly telecommunicating externally 
to the base Stations by associated free-space optical linkS. 
0056 A(iv) controller causes the communications switch 
to route (i) telecommunications traffic received by the radio 
transceiver to the optical transceivers, and (ii) also optical 
telecommunications traffic received at one optical trans 
ceiver to another optical transceiver for free-optical optical 
transmission. 

0057 All this routing, and all this telecommunicating, is 
to the consistent purpose and end that telecommunications 
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traffic to and from the radio transceiver (i) is first routed 
through a co-located optical transceiver and (ii) is then 
further routed through the optical transceivers (of whatso 
ever number of other base stations as are required) until 
reaching a Selected optical transceiver of a particular base 
station (called an “end office” base station). 
0058 Accordingly, radio and free-space optical commu 
nications upon the mesh Support telecommunications 
between, on the one hand, (i) a radio transceiver of a base 
Station and, on the other hand, (ii) a optical transceiver of the 
particular base station called the “end office”. 
0059. The “end office” base station has a communications 
Switch connected to a communications backbone external to 
the system. Other “end-office” base stations also connect to 
this communications backbone. 

0060 A number, typically four, of optical transceivers 
that are electrically connected to the “end-office” commu 
nications Switch wirelessly optically externally telecommu 
nicate. They do So in order to (i) receive across the free 
Space optical telecommunications links the 
telecommunications traffic received by all the radio trans 
ceivers of all the base stations, and in order to (ii) transmit 
telecommunications traffic received from the communica 
tions backbone to a particular radio transceiver of a particu 
lar base Station. 

0061 A controller causes the “end-office” communica 
tions Switch to route communications traffic between, on the 
one hand, the wired connection to the external communica 
tions backbone and, on the other hand, the plurality of 
“end-office” optical transceivers. 
0062 By this operation both (i) radio, and (ii) free-space 
optical telecommunications are bi-directional between the 
end-office and each radio transceiver of all base Stations. 

0063) 5. Fourth Aspect of the Invention: A Telecommu 
nications System 
0064. In accordance with a fourth aspect of the present 
invention, the “base station' and the “end office' telecom 
munications Stations just discussed in the previous Section 3 
can be combined into an entire telecommunications System. 
0065. In such a telecommunications system an “end 
office” includes (i) a communications Switch, (ii) a hard 
wired connection between the Switch and a communications 
backbone external to the System to which communications 
backbone other end-offices also connect, (iii) a number of 
optical transceivers, electrically connected to the communi 
cations Switch, for telecommunicating externally to the 
end-office optically through free space, and (iv) a controller 
for causing the communications Switch to route communi 
cations traffic between the hardwired connection to the 
external communications backbone and the plurality of 
optical transceivers. 
0066. This “end office” is used with, and as a part of, a 
multi-hop mesh of radio-telecommunicating and optically 
free-space-telecommunicating “base Stations'. Each "base 
Station” includes (i) a communications Switch, (ii) a number 
of optical transceivers, electrically connected to the com 
munications Switch, for wirelessly telecommunicating exter 
nally to the base station by free-space optical links, and (iii) 
a controller for causing the communications Switch to route 
received optical communications traffic from a receiving to 
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a transmitting optical transceiver. The routing is to the 
purpose and the end that telecommunications traffic at any 
individual base Station will be free-space optically commu 
nicated though whatsoever number of base Stations is 
required until it is telecommicatively connecting to the “end 
office' (and then to the communications backbone). 
0067. Notably, and as is characteristic of meshes, the 
free-space optical communications upon the mesh are vari 
ably routed from one base Station to another. 
0068 To this mesh optical telecommunications system 
which is already arguably of an interesting form employing 
as it does both free-space optical links and dynamic link 
routing—the present invention preferably makes the 
momentous addition of cellular radio. 

0069. Such an “enhanced” telecommunications system 
is, of course, a multi-hop mesh of optically-free-space 
telecommunicating base Stations that are additionally radio 
telecommunicating. Each of these radio-telecommunicating 
and optically-free-space-telecommunicating base Stations 
has, in addition to its communications Switch and its optical 
transceivers and its controller, certain additional compo 
nentS. 

0070 Namely, a radio transceiver is electrically con 
nected to the communications Switch for wirelessly com 
municating by radio externally to the base Stations. When 
this radio receiver is present the controller is further causes 
the Switch to route communications traffic between the radio 
transceiver and the optical transceivers. 
0071 More particularly, the controller causes the com 
munications Switch (i) to route telecommunications traffic 
between the radio transceiver and the optical transceivers, 
and (ii) to route received optical communications traffic 
from a receiving to a transmitting optical transceiver. All 
routing is to the purpose and the end that local telecommu 
nications traffic at the radio transceiver is free-space opti 
cally communicated Step-wise regionally through the optical 
transceivers of whatsoever number of base Stations are 
required to and from the end office, and upon the commu 
nications backbone. In this manner, radio telecommunica 
tions local to one base Station are free-space optically 
telecommunicated upon the mesh until ultimately commu 
nicatively interconnecting to the communications back 
bone-the forte of the present invention. 
0072 6. Fifth Aspect of the Invention: A Hybrid Tele 
communications System 
0.073 By this time it should be clear that the present 
invention is most significantly manifest in a telecommuni 
cations System (i) where Some telecommunication is local 
within a cell (normally at a lower frequency, typically radio) 
and (ii) where Some, related and continuing, telecommuni 
cation transpires upon the links of mesh network (normally 
at higher frequency, and typically upon free Space optical 
links). 
0.074 The present invention is thus found in a hybrid 
telecommunications System typically having both (i) radio 
telecommunications, and (ii) optical telecommunications. 
Such a hybrid telecommunications System is characterized 
in that telecommunication from each of a great multiplicity 
of end users into the System is by cellular radio at a one of 
a plurality of hierarchical cell levels. A user radio transceiver 
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that is unable to telecommunicate into the System at a lower 
cell level will attempt to communicate into the System at a 
next higher cell level and So on until acceSS is finally 
obtained. 

0075). If and when cellular radio telecommunications 
acceSS is achieved at a lowest System level, which is 
overwhelmingly the most common case, ensuing telecom 
munications will transpire acroSS optical links organized as 
a mesh. Optical links at each node of the mesh direct merge 
Such individual cellular radio telecommunications as may be 
from time to time accessed at that node of the mesh into 
other optical communications traffic carried upon the mesh. 
This continues until, optical communication links having 
been joined throughout the mesh, the cellular radio telecom 
munication at each node is ultimately communicatively 
interconnected to a central, end-office, node or the mesh. 
0076. If the cellular radio communications access tran 
spires at a System level other than the lowest, then the 
ensuing telecommunications Signals will be carried directly 
between the Station where access is achieved and the end 
office Switch by means of a conventional point-to-point 
communications link Such as wire, fiber, or directed radio 
beam. 

0077 Telecommunication with at least some (and nor 
mally all) optical links (as do access cellular radio telecom 
munications) preferably transpires by free Space optical 
linkS. Communication with the central node or end-office is, 
in addition to optical communication links upon the mesh, 
preferably also by fiber optic cable. 
0078. The present invention may similarly be found in a 
hybrid radio and optical telecommunication method that 
includes in the same telecommunications System both (i) 
telecommunicating by radio, and (ii) telecommunicating by 
optics. Such a method is characterized in that each of a great 
number of end users telecommunicate into the telecommu 
nications System by cellular radio at a one of a plurality of 
hierarchical cell levels. A user radio transceiver that is 
unable to telecommunicate into the System at a lower cell 
level will attempt to communicate into the System at a next 
higher cell level and So on until acceSS is finally obtained. 
0079. After cellular radio telecommunications access to 
the System is So finally obtained, telecommunicating will 
then most commonly transpire acroSS optical links organized 
as a mesh, the optical links at each node of the mesh merging 
Such local cellular radio telecommunications as is from time 
to time accessed at that node into other optical communi 
cations traffic carried upon the mesh until, optical commu 
nication links being joined throughout the mesh, cellular 
radio telecommunication at each mesh node is ultimately 
communicatively interconnected to a central node, or end 
office. 

0080) 7. Sixth Aspect of the Invention: A Virtual Com 
munications. Upon a Mesh Network, Particularly as Exists in 
Free Space 
0081. The present invention employs a routing algorithm 
of a conventional nature to establish a virtual connection 
path between two communicating entities-a terminal 
device at a base Station and a home office-So that Quality 
of Service (QOS) for the entire network is maintained. (If it 
is impossible to establish a communications path while 
maintaining minimum QOS, communications is normally 
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denied.) For the communications routing back and forth 
between each base Station and the end office, all connections 
are virtual, or “virtual connections'. The route selection 
process, or algorithm, establishes these virtual connections. 
0082. At the onset, it may be noted that the communica 
tions traffic that is carried upon the communications paths 
between each base Station and the end office is of nature, 
typically voice or digital data, that has heretofore been 
carried to the end-user on dedicated lines or linkS called 
"pipes'. AS just Stated, the present invention is opposite, 
establishing and using virtual trees, and virtual connections, 
for all communications between base Stations and the end 
offices. 

0.083. In so doing, the present system is somewhat remi 
niscent of cellular telephony, where connections in the form 
of pipes of a limited duration are established and re-estab 
lished as a telecommunicating device roams within a tele 
communications area. There are differences, however. To the 
best knowledge of the inventor, the present invention is the 
first to ever contemplate establishing, and using, Virtual 
connections on a mesh network, particularly one that is (i) 
in free space and/or Such as may be implemented by (ii) 
free-space optical links and/or millimeter wavelength radio. 
0084. Moreover, some of the links of the mesh network 
(as are associated with Some one or Some few of the base 
Stations) may permissibly be, as has been explained, a direct 
optical, or a radio, or a wire, or a fiber, link between Some 
base station and an end office. (To the extent that the link is 
wire or fiber, then to that extent the mesh network is no 
longer 100% “free space”.) Notably, the virtual connectivity 
principle of the present invention still holds true. Virtual 
connections are readily made upon mesh networks having 
different links, including even Such wire and fiber links as 
have heretofore been inflexibly associated with pipes, just as 
Surely (and easily) as they are made upon mesh networks 
uniformly consisting of only free-space optical, or millime 
ter wavelength radio, links. Therefore the present invention 
will also be realized to occasionally use types of commu 
nications channels associated with pipes—i.e., wire and 
optic fiber-in a virtual communications network where 
these channel types have not previously been found. 
0085. Therefore, the present invention may be considered 
to be embodied in a communications System having a mesh 
network communicatively interconnecting a multiplicity of 
communication Switches, and logic for establishing virtual 
communication paths upon the mesh network between ones 
of the multiplicity of communication Switches. The com 
munications System's mesh network preferably telecommu 
nicatively interconnects the multiplicity of communication 
Switches, typically (but not exclusively) by and on free 
Space telecommunications links that may typically (but not 
exclusively) be free-space optical telecommunications links 
and/or free-space millimeter wavelength radio telecommu 
nications linkS. 

0.086 The logic establishing virtual communication paths 
upon the mesh network between ones of the multiplicity of 
communication Switches So establishes the Virtual commu 
nications links in form of a tree (the virtual communication 
paths from the multiplicity of communication Switches 
focusing to a root node communication Switch called an end 
office). 
0087. The logic for establishing virtual communication 
paths upon the mesh network between ones of the multi 
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plicity of communication Switches may be (i) located at the 
end office, (ii) distributed between the end office and some 
other ones of the multiplicity of communication Switches or 
(iii) distributed between among all the multiplicity of com 
munication Switches. 

0088. These and other aspects and attributes of the 
present invention will become increasingly clear upon ref 
erence to the following drawings and accompanying Speci 
fication. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0089 FIG. 1 is a diagram of a multi-tier radio-access 
telecommunications System in accordance with the present 
invention; three tiers are illustrated. 

0090 FIG. 2 is a diagram of the optical interconnection 
of picocells by and within a dense optical mesh in the 
multi-tier radio-access telecommunications System in accor 
dance with the present invention previously seen in FIG. 1. 

0091 FIG. 3a is a schematic block diagram of a first 
embodiment of a base Station apparatus used within each 
picocell of the multi-tier radio-access telecommunications 
System in accordance with the present invention previously 
Seen in FIG. 1. 

0092 FIG. 3b is a diagrammatic view of a typical 
installation of the first embodiment of the base station 
apparatus previously seen in FIG. 3a. 

0.093 FIG. 3c is a diagrammatic view of a typical instal 
lation of a Second, millimeter wavelength radio linked, 
embodiment of a base Station apparatus. 
0094 FIG. 3d is a diagrammatic view of a typical 
installation of a base Station apparatus Similar to that of 
FIGS. 3a and 3b, or FIG. 3c, now installed in an end office, 
the apparatus having when So installed wired connection to 
communications Switching equipments which are in turn 
connected to a world-wide wire/fiber line backbone. 

0095 FIG. 4 is a diagram of the optical mesh, including 
end-office links, by which optical interconnection of pico 
cells transpires in the multi-tier radio-access telecommuni 
cations System in accordance with the present invention. 
0096 FIG. 5 is a diagram of the optical mesh, including 
one end-office link, previously seen in FIGS. 2 and 4; 
equal-traffic “Zones' to the end-office link being illustrated. 
0097 FIG. 6 is a diagram of a regular rectangular optical 
mesh, including multiple end-office links, by which optical 
interconnection of picocells transpires in the multi-tier 
radio-access telecommunications System in accordance with 
the present invention. 

0.098 FIG. 7a is a diagram of a first case, wherein 
message traffic is restricted within a domain, of message 
traffic occurring on the regular rectangular optical mesh 
previously seen in FIG. 6. 

0099 FIG. 7b is a diagram of certain particular, cross, 
links arising in the first case of the message traffic restricted 
within a domain previously seen in FIG. 7a. 
0100 FIG. 8, consisting of FIG. 8a through FIG. 8d, are 
diagrams of a Second case, wherein message traffic is 
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restricted within a quadrant, of message traffic occurring on 
the regular rectangular optical mesh previously Seen in FIG. 
6. 

0101 FIG.9, consisting of FIG. 9a through FIG.9c, are 
diagrams of a third case, wherein message traffic is restricted 
within a Semi-quadrant, of message traffic occurring on the 
regular rectangular optical mesh previously Seen in FIG. 6. 
0102 FIG. 10a is a diagram of a first virtual connection 
tree for the optical mesh, by which optical mesh optical 
interconnection of picocells transpires in the multi-tier 
radio-access telecommunications System in accordance with 
the present invention. 
0103 FIG. 10b is a diagram of a second virtual connec 
tion tree for the optical mesh, alternative to the connection 
tree of FIG. 10a, by which optical mesh optical intercon 
nection of picocells transpires in the multi-tier radio-acceSS 
telecommunications System in accordance with the present 
invention. 

0104 FIG. 11 is a graph of the power budget of an optical 
link on the optical mesh of the multi-tier radio-acceSS 
telecommunications System in accordance with the present 
invention. 

0105 FIG. 12 is a graph of the bit error rate and an 
optimal threshold, OOK modulation being employed, of an 
optical link on the optical mesh of the multi-tier radio-acceSS 
telecommunications System in accordance with the present 
invention. 

0106 FIG. 13 is a graph of the atmospheric absorption at 
2 km above Sea level of an optical link on the optical mesh 
of the multi-tier radio-acceSS telecommunications System in 
accordance with the present invention. 
0107 FIG. 14 is a graph of the visual range compared to 
attenuation at 800 nm wavelength for an optical link on the 
optical mesh of the multi-tier radio-access telecommunica 
tions System in accordance with the present invention. 
0108 FIG. 15 is a graph of the attenuation due to rain (at 
800 nm wavelength) for an optical link on the optical mesh 
of the multi-tier radio-acceSS telecommunications System in 
accordance with the present invention. 
0109 FIG. 16 is a graph of the attenuation due to Snow 
(at 800 nm wavelength) for an optical link on the optical 
mesh of the multi-tier radio-acceSS telecommunications SyS 
tem in accordance with the present invention. 
0110 FIG. 17 is a graph of the scintillation effect on 
beam intensity for an optical link on the optical mesh of the 
multi-tier radio-acceSS telecommunications System in accor 
dance with the present invention. 
0111 FIG. 18 is a graph of the wind bending effect on the 
Support poles for an optical link on the optical mesh of the 
multi-tier radio-acceSS telecommunications System in accor 
dance with the present invention. 
0112 FIG. 19 is a diagrammatic view of the preferred 
embodiment of a base Station optical transceiver on the 
optical mesh of the multi-tier radio-access telecommunica 
tions System in accordance with the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

0113. The basic approach to a multi-tier radio-access 
telecommunications System in accordance with the present 
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invention is discussed in Section 1. Section 2 contains a 
discussion of considerations in routing Signals upon the 
optical mesh. Section 3 contains a description of the handoff 
of Signals, and explains the concept of an embedded Virtual 
connection tree. Section 4 contains descriptions of exem 
plary radio and optical links of the telecommunications 
System of the present invention, along with Some represen 
tative calculations of System's capacity and of the perfor 
mance margins of its optical linkS. 

0114 1. Description of the Multi-tier Radio-access Tele 
communications System 

0.115. A multi-tier radio-access telecommunications sys 
tem in accordance with the present invention where large 
radio cells are Superimposed upon Smaller radio cells in a 
multi-tiered hierarchy (three tiers are representative, and 
illustrated) is depicted in FIG. 1. Each of many picocells 1 
(tier 1) is created by a Small, station, enjoy complete 
freedom to roam within the home or office premises-bases or 
near-premises-based, base Station (to Soon be shown in FIG. 
3). Subscribers normally attach for communicating via their 
home or office base Station and, through this base environ 
ment and, to Some extent, externally to the building as well. 

0116. If a subscriber should leave the area served by his 
or her home or office base Station, then Service is handed to 
either the base Station Serving the adjacent building, if there 
was to be no gap in coverage, or else to the base Station of 
one of a number of Standard cells 2, the Service domain of 
each which spans from Zero to many picocells 1. Finally, if 
a user should enter Some environment Serviced neither by 
any of the Standard cells 2 nor by any picocells 1, then 
Service is extended via one of a number or megacells 3, 
having a range of coverage that spans Zero to many Standard 
cells 2. Service among megacells 3 is contiguous. 

0117 The tier-1 base station may be, essentially, an item 
of consumer electronics that is either Sold or leased to the 
residential or business subscriber. Alternatively, the tier-1 
base Station may be owned by the Service provider and 
installed on property owned or leased by the Service pro 
vider. If a Subscriber places a call through his or her own 
subscriber unit, billing for the service will be to that unit. If 
the Subscriber places a call through a neighboring Subscriber 
unit, then the Subscriber's terminal equipment (e.g., his or 
her cellular telephone), must request third party billing at 
call Set-up time So that the home Subscriber unit, and not the 
neighboring unit Servicing the call, will be billed for Service. 
Hand-off is fully Supported, both among peer cells at the 
Same tier and among cells at different levels in the hierarchy. 
0118. The primary purpose of tier 1 is to provide 
adequate capacity to Serve most users, thereby dramatically 
reducing the demand placed upon tier 2. Selected base 
Stations at tier 2 connect directly to core, or end-office 
(network) switches 12, as shown in FIG.1. Understand that 
FIG. 1 is a Schematic diagram, and not a physical map. The 
end-office Switches 12 are commonly physically located 
directly among the picocells 1 that they serve to communi 
catively interconnect. However, Since tier 1 base Stations are 
residential or office units, new means must be provided to 
interconnect these Stations to the core network. 

0119) As shown in FIG. 2, these new means include 
Short, free-space, bi-directional optical links interconnecting 
the tier-1 base Stations in a rich optical mesh. Each tier-1 
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base Station thereby Serves two functions. First, it accepts 
information from (and delivers information to) each terminal 
unit within its footprint Service area (a one of the picocells 
1) via radio. Second, it serves as a cooperating relay Station, 
accepting information (in the form of addressed data pack 
ets, possibly ATM cells) from in-bound optical links and 
routing Such information onto the correct outbound optical 
link. 

0120. As shown in FIG. 3a, the apparatus of a tier-1 base 
Station includes (i) Several optical transmitters and receivers, 
or optical transceivers 112,0ii) the radio and baseband equip 
ment illustrated as receive antennas and demodulator 111, 
(iii) a small electronic packet switch, preferably an ATM 
Switch 112, and (iv) a Small control processor 114 to manage 
the base Station and Serve as the local representative of the 
network control System. The radio equipment 111 includes 
all apparatus needed to accept/deliver Signals from/to the 
ATM Switch 113 and deliver/accept these to/from the anten 
nas 111 (partial). 
0121 FIG. 3b is a diagrammatic representation of the 
physical installation of the apparatus of the base Station as it 
might be installed in the attic of a home. The optical 
transceivers 112 are located in free Space outside any 
building. The remaining radio and baseband equipment 111, 
ATM Switch 113 and control processor 114, including the 
baseband antenna 111 (partial) are normally housed inside a 
building, and are represented by the labels “electronics' and 
“antenna. 

0.122 An equivalent diagrammatic view of a typical 
installation of a Second, millimeter wavelength radio, 
embodiment of the base station apparatus is shown in FIG. 
3b. Everything is the same as in FIG. 3b except radio 
transceivers 112a (operative in millimeter wavelength radio 
Spectral regions, and not to be confused with the baseband 
radio 111) replace the optical transceivers 112 (shown in 
FIGS. 3a and 3b). 
0123. Each transceiver of the optical (FIGS. 3a, 3b) or 
millimeter wavelength radio (FIG.3c) types communicates, 
normally by line of Sight, to a transceiver of a like type. 
0.124. A diagrammatic view of a typical installation of a 
base station apparatus similar to that of FIGS. 3a and 3b, or 
FIG. 3c, as is now installed in an end office Switch 12 
(shown in FIGS. 1 and 2) is shown in FIG. 3d. The 
apparatus So installed has a wired connection to conven 
tional (end-office) communications Switching equipments. 
These equipments which are in turn connected to a world 
wide wire/fiber line backbone. 

0125 Returning to FIG. 3a, the packet, or ATM switch 
113 is needed So that, in addition to Serving as Source and 
Sink of the traffic placed onto the optical network, each base 
Station can relay (hop) packets from one optical link to the 
next. These multi-hopping transmissions occur along a route 
(a set of links) chosen at connection set-up time So as to 
maintain Quality-of-Service (QoS) guarantees. Each packet 
hopS along Successive linkS in accordance with information 
contained within the packet until it arrives at an entry/exit 
port of the core network (for packets traveling along the 
access network toward the core network), or else at the 
terminating tier-1 base Station (for packets being distributed 
from the core network to the tier-1 base Stations of the acceSS 
network). Multi-hopping is important to permit use of very 
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Short free-space optical links as are needed to insure free 
dom from atmospheric disturbances and good link availabil 
ity, and as are needed in certain areas to overcome obstacles 
Such as hills and buildings. 
0126 The preferred dimensionality of the packet (or 
ATM) switch is at least 5x5, so that, in addition to the signals 
arriving from/being Sent to the radio interface, at least four 
optical transceivers can be Supported. Note that this Small 
packet Switch is normally an electronic Switch; both radio 
and optical packets are first converted to baseband electronic 
Signals prior to Switching, as in most multi-hop arrange 
mentS. 

0127. The multi-hop architecture is well-known within 
the field of multi-wavelength optical networks. However, its 
present application to free-space optical networks is 
believed to be novel, as is the overall approach whereby tiers 
of base Stations are created, the lowest tier being intercon 
nected by a new free-space optical network So as to avoid 
local wireline bottlenecks. See A. S. Acampora, A Multi 
channel Multi-hop Local Lightwave Network, Conference 
Record, 1987, Globecom, Tokyo; and C. A. Brackett and A. 
S. Acampora, et al., A Scalable Muitivvavelength Multi-hop 
Optical Network, IEEE J. Lightwave Tech., Vol. 11, No. 5/6, 
May/June 1993. 
0128. The actual interconnection pattern of the optical 
interconnection network in accordance with the present 
invention may be that of a recursive grid, a quasi-rectangular 
mesh in which nesting of access stations (tier-1 base sta 
tions, in the present case) into Sub-levels is permitted So as 
to make possible the easy addition of new access Stations 
(modular growth) without disturbing any more than one 
pre-existing link. See A. S. Acampora, The Scalable Light 
wave Network, IEEE Comm. Mag., Vol. 32, No. 12, Decem 
ber 1994; and A. S. Acampora, Architectures for Hardware 
and Software Scalable Multiwavelength Networks, Photon 
ics Networks, Kluwer Academic Publications, 1997. 

0129. An additional benefit of the recursive grid is its 
compatibility with existing Scalable routing algorithms, 
meaning that the computational complexity associated with 
the establishment of a multi-hop route for a new virtual 
connection Scales but linearly with the number of nodes in 
the grid. That is, the computational complexity per node is 
independent of the number of nodes. Since, for the purposes 
of this specification disclosure, any topology can be chosen 
for the optical mesh, the interested reader is referred to the 
literature for additional information concerning general 
background to the recursive grid. 
0.130 Multi-hop routing for the preferred radio access 
System of the present invention is easiest to explain assum 
ing fixed-point Service, that is, with no handoff, routing with 
hand-off will be covered in Section 3. For fixed-point 
Service, the route either to or from a given base Station 
which route will be taken by the packets associated with a 
given virtual connection flow-is comprised of a Sequence 
of links chosen by an Admission Controller at call Set-up 
time. When choosing this route, the Admission Controller 
must guarantee that all Quality-of-Service (QoS) objectives 
are met. This means not only that each optical link in the 
Sequence can accommodate the new virtual connection 
without unacceptable QoS degradation but, also, that the 
terminal radio cell can accommodate the new virtual con 
nection. If hand-off is Supported (both among clusters of 
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picocells, and between picocells and Standard cells), then, as 
will be explained in Section S, the admission decision must 
also guarantee that the overall traffic intensity (new calls 
plus pre-existing calls) presented to the cell cluster remains 
acceptable. 
0131 Signaling for new connection requests is handled in 
a quite conventional fashion. Namely, a permanent Signaling 
Virtual channel connection exists between each base Station 
and a control computer located within the end-office. When 
the control computer receives a request for communications 
from, or to, a (radio-telecommunicating) Subscriber device 
at a Subscriber base Station, then it calculates the multi-hop 
routing of packets on the optical network to establish this 
communication. In this regard the control computer is func 
tioning no differently than a standard (wired) telephone 
network Switching computer, or at least those that manage 
communications over multiple paths that offer redundancy. 
0132) Finally, to vastly improve dependability of the 
free-space optical mesh, a set of back-up virtual routes is 
established at the time that the admission decision is made. 
The back-up routes are established So that, in the event of a 
link failure or transient interruption of the optical beam, 
alternate routing can be instantaneously effected with mini 
mal information loSS. In general, Virtual resources must be 
reserved on each optical link to accommodate instantaneous 
alternate routing. Although this back-up routing can readily 
be realized simply by devoting more System resource to each 
communications path (consider, for example, that two com 
plete paths might be established at each admission decision), 
optimization of this back-up remains an open issue not 
addressed in this specification disclosure. Back-up routing 
would preferably involve the selection of primary and 
alternate routes So that, in the event of a single link failure, 
the additional traffic burden placed on the Surviving links 
would be minimized, that is, the virtual resources reserved 
for failure recovery should comprise only a Small fraction of 
a link's capacity. This Suggests that primary and alternate 
routes be chosen Such that in the event of a link failure or 
transient disruption, the re-routed traffic be Smeared over as 
many disjoint paths as possible. 
0133). 2. Routing in the Optical Mesh 
0134) Of primary consideration to the flow of traffic 
along the links of the optical mesh is the avoidance of traffic 
bottlenecks or “hot” spots. The situation depicted in FIG. 4 
is drawn for a simple topology in which the optical mesh 
consists of a rectangular grid and each croSS-point represents 
a single tier-1 base Station. 
0135) A portion of the tier-1 access network is shown in 
FIG. 4. The purpose of this portion is to deliver traffic 
generated within the picocells to the end-offices (of which 
two such are illustrated), and to distribute traffic from the 
end-offices to the picocells. Each end-office attaches to Some 
number of neighboring tier-1 base Stations by means of short 
free-space optical linkS. Note that the base Stations that are 
connected to an end-office need an additional optical trans 
ceiver beyond the number needed by other base stations. 
0.136 To maintain their dependability, the optical links 
must be kept short, and the number of base Stations con 
nected to an end-office is correspondingly limited. The 
objective is to route each Virtual connection Such that the 
flow of traffic is evenly distributed among the limited 
number of optical linkS leading directly to/from an end 
office. 
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0.137 Some simple calculations are in order. Suppose that 
all picocells generate the same level of traffic intensity, C, 
and Suppose that each end-office is responsible for N base 
Stations. Let each end-office be equipped with L optical 
links. Then, assuming that traffic can be “balanced” among 
these L links each must handle a traffic intensity C=NC/L. 
(Note that, in general, other optical links will handle a lesser 
traffic intensity Since, in the preferred multi-hopping 
arrangement, the traffic handled by the optical linkS grows as 
traffic is relayed toward the end-offices). 
0138 A traffic intensity C=NC/L provides a “best case” 
relationship among the number of optical links needed per 
end-office (L), the multi-hop capacity deflator (C/C, the 
ratio of the required link capacity normalized by the deliv 
ered user or picocell capacity), and the number of picocells 
Supportable by an end-office. It is the objective of routing in 
the optical mesh to “smear' so that this traffic relationship 
applies as best as is possible. While “optimum routing 
should be considered to be an open research problem, Some 
Simple observations and heuristics permit developing rea 
Sonable approach to routing. 

0.139 2.1. A “Zoned” Approach to Routing 
0140 First, it is possible to define a Ozone associated 
with each "finger', or optical link, emanating from an 
end-office. Referring to FIG. 5, a Zone is defined to be a set 
of base Stations chosen Such that (1) traffic associated with 
all base Stations of a given Zone enterS/exits the end-office 
through a common finger, and (2) the same traffic intensity 
is associated with all Zones. 

0.141. The objective of the routing algorithm, then, is to 
choose a route for each new call attempt Such that all traffic 
asSociated with a given Zone enterS/exits the end-office 
through that Zone's finger. Such Zones may be permanently 
defined based on the average traffic intensity presented by 
each picocell. Alternatively, to achieve better routing effi 
ciency, Zones may be dynamically defined in response to 
instantaneous traffic patterns. For example, in the latter case, 
the Zone associated with a currently lightly-loaded finger 
might be adaptively enlarged to include a greater number of 
base Stations, while the Zone associated with an adjacent 
heavily-loaded finger might be reduced to include a Smaller 
number of base Stations, Such that, for future calls, it is more 
likely that a route will be chosen through the lightly-loaded 
finger. Then, as new virtual connections are made and old 
ones are terminated, the boundaries of the Zones will con 
tinuously adapt in an attempt to maintain load balance 
among the fingers. 

0142. Note that, with such a "zoned” approach, traffic 
originating or terminating within a base Station at the 
boundary of two Zones may be bifurcated to best achieve 
load balance. In a similar Spirit, traffic originating or termi 
nating within a base Station on the boundary of two Zones 
served by two different end-offices may be bifurcated among 
those offices (furthermore, when adapting the “footprint” of 
a Zone to the prevailing traffic, a given base Station can be 
re-assigned, for future calls, to a different end-office if this 
will facilitate load balancing). 
0.143 Note further that the geometrical boundaries of the 
Zones may be quite irregular. It is the intent to capture a 
common traffic intensity within all Zones (for permanently 
assigned Zones), and to tailor the Zonal boundaries to the 
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remaining available capacity of the fingers (for dynamically 
assigned Zones). Both the traffic generated within a given 
picocell, and the geometrical deployment of picocells, are 
very much demographically dependent. In general, one 
should not expect uniform spacing of the picocells as might 
be (incorrectly) implied from FIG. 5, which is intended only 
to show a connectivity pattern among cells but which does 
not Speak at all to their spacing. 
0144 Finally, note also that the richness of the mesh, the 
possibility of bifurcating traffic among fingers and end 
offices, the ability to enter/exit an end-office via any of 
Several fingers, and the ability to Select alternate routes, 
collectively provide Substantial protection against disruption 
of an optical link or a set of links (either as a result of 
equipment failure, atmospheric impairment, or transient 
interruption of an optical beam due, perhaps, to a migrating 
bird!). It is envisioned that, as part of fault management, a 
diagnostic routine should be continuously executed which 
permits the base Stations to rapidly Sense disruption of an 
optical link and to initiate corrective action (alternate rout 
ing). Not only can the Surviving optical links be used to 
communicate management and control commands during 
the restoration phase Subsequent to link disruption but, if 
necessary, the radio interfaces can also be used to deliver 
these fault management messages. 
0145 2.2 Conditions for Avoiding “Hot” Spots on the 
Mesh 

0146) One problem associated with the Zoned approach 
just described in the previous Section 2.1 is its loss of 
trunking efficiency; if the finger associated with a given Zone 
is loaded to capacity (meaning that no additional virtual 
connections can be added without unacceptably degrading 
the QoS guarantees) even though adjacent fingers are 
underutilized, it is not possible (at least with fixed Zones) to 
accept additional traffic generated within the Zone associated 
with the fully loaded finger at another finger. Thus, virtual 
connections that might have been accepted by an underuti 
lized finger will be blocked. 
0147 Consequently, it is useful to examine conditions 
under which better trunking efficiency might be realized. In 
fact, there exist Some Simple conditions under which a 
routing algorithm may ensure that the loading of all optical 
cross-links not leading directly to an end office (the "mesh 
links') is always less than the loading on an optical link that 
does lead directly (the “direct links” or “fingers”) to an end 
office. In Such a case, a simple Erlang blocking formulae can 
be applied, independent of the detailed traffic distribution 
among the picocells. 

0.148. To begin, consider FIG. 6 drawn for a rectangular 
mesh. Suppose that each direct link has a capacity of C. 
Virtual cells, and each picocell generates traffic of value 
CsC. (Alternatively, each picocell may terminate traffic of 
value CsC; it is readily shown that for either traffic 
inbound to an end office or outbound from an end office, 
each bi-directional mesh link is used in only one direction 
and, therefore, by Symmetry, the Erlang blocking formulae 
are independently applicable for each direction.) Further, 
assume that each mesh link can carry traffic load of C. Let 
us define each base-station (which forms a picocell) to be a 
node. The nodes directly connected to an end-office are 
called “index nodes” (FIG. 6). The unit distance between 
two adjacent nodes is called a “hop'. Let us impose the 
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constraint that a node can communicate only with its closest 
(in terms of the minimum number of hops) end-office. Then, 
the rectangular mesh may be sub-divided into “domains”. A 
domain consists of an end-office and all the nodes commu 
nicating with it. A node may belong to more than one domain 
if it is equidistant to more than one end-office. The index 
node, geographically closest to the end-office it is associated 
with, is called the “primary index node'. 

0149 Let us now consider FIG. 7, in which there are 
exactly four direct links to the end-office, i.e., the maximum 
traffic intensity which can be handled by the end-office is 
4C. The traffic generated within the domain must be routed 
to the end-office in the domain. In each “quadrant” of the 
domain, concentric loops can be drawn as shown in FIG. 7a. 
A "loop' connects nodes along the boundary of a rectangle. 
If, in any quadrant, the generated traffic is less than or equal 
to C, we can use those mesh links within the quadrant not 
asSociated with the mesh linkS comprising the loop to first 
route the traffic to the Outermost loop in the quadrant. The 
direct link attached to this loop can then be used to route the 
traffic to the end-office. If, on the other hand, the traffic 
generated in a given quadrant exceeds C, i.e., is between CL 
and 4C, then traffic in excess of C can be redirected to 
neighboring quadrants using the mesh links between the 
quadrants (not shown in FIG. 7). Note from FIG. 7b that 
there will be at least four mesh links leading out of a 
quadrant and, hence, it is always possible to redirect exceSS 
traffic of up to 3C to the neighboring quadrants, thereby 
uniformly distributing the traffic among the quadrants. AS 
long as no node generates more than C units of traffic, and 
as long as the total traffic is less than 4C, then the only 
blocking encountered is due to the direct links being fully 
loaded. The call blocking probability can then be computed 
using the Erlang blocking formula given by 

P., (p, M) = 

0150 where the number of available circuits is M and the 
load is p. In the above case, if the load generated in the 
domain is p, the call blocking probability is given by 
P(pp. 4C). 
0151. Next impose the constraint that all traffic generated 
within a quadrant must reach the end-office by using only 
those direct links which lead into that quadrant (FIG. 8). 
Furthermore, the route taken by any call is constrained to lie 
entirely within the quadrant. Let K be the number of direct 
links from the end-office into a quadrant. It is essential that 
the value of K be less than or equal to 5 in order to avoid 
blockage on the mesh links (to be discussed later). 
0152 Now, consider a quadrant is of size RxR. Let 
N=K/2, where X is the closest integer greater than or 
equal X. Suppose that ReN. In Such a case, it is always 
possible to draw M =R/2) loops in the quadrant (sometimes 
a loop may consist of just a single node). Label the loops as 
shown in FIG. 8a and 8b, 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 
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loop links, and the mesh links interconnecting loops are 
called inter-loop links (See FIG. 8b). 
0153. 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 inter-loop links (note that these do not 
belong to any loop). Since the number of inter-loop 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 maximum value of i is 
(R/2)-1, and for this value of i, the number of links out of 
the innermost loop is eight. If R is odd, then i is at most and 
the number of links out of the innermost loop will be four. 
However, Since there is exactly 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. 
0154 As an example, in FIG. 8b 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 through 
N (the outermost loops) Now, if Ksa, then the total traffic 
generated is less than or equal to 4C. Since no traffic has as 
yet been flowed onto the inter-loop links interconnecting the 
outermost two loops, these linkS can now be used to uni 
formly distribute the traffic among these two loops. (Note 
that, for this process, no inter-loop link can be used which 
will Subsequently be used to attach an inner loop to the direct 
link serving that loop. For example, referring to FIG. 8a, 
inter-loop links a and b cannot be used to redistribute traffic 
among the loops Since they will Subsequently be used to 
attach loop 3, via node X, to node Y, which is an index node) 
0.155) Furthermore, having accomplished this, neither 
loop carries traffic in excess of 2C (note that loops are 
bi-directional). If K=5, the traffic intensity may be as great 
as 5C, and, in Such a case, using an identical procedure, one 
may uniformly distribute the traffic among loops 1, 2 and 3 
(the Outermost three loops). 
0156 Since it is possible to carry up to 2C calls on each 
loop (C. in the clock-wise direction and the other C in the 
counter-clockwise direction), the entire traffic can Success 
fully be routed to the corner node on the loop, closest to the 
end-office, without encountering blockage on the mesh 
links. The inter-loop links connected to this node lead 
directly to an index node (See FIGS. 8a and 8b). Thus, using 
these links, the traffic can now be routed to the end-office. 
0157. Note that it may be impossible to distribute traffic 
uniformly among the Outer three loops if the total load 
generated is in excess of 5C. This is illustrated in FIGS. 8c 
and 8d. Let all the traffic be generated by a cluster of nodes 
at a corner of the quadrant. If a maximum load of 5C, is 
generated by a cluster of five nodes in a corner of the 
quadrant, then, Since there are five mesh linkS leading out of 
this cluster, it will always possible to re-distribute the load 
(FIG. 8c) 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 quadrant as shown in 
FIG. 8d, then its will be 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 quadrant is greater than five, given that the 
traffic within the quadrant is less than KC, one cannot 
guarantee that there will be no blockage on the mesh linkS. 
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(Note that, this, in turn, implies that there may be up to 20 
links total leading out of an end-office). 
0158. Now, suppose RsN. For this case, one may sub 
divide the quadrant into arcs as shown in FIG. 8d (there are 
4 arcs shown in FIG. 8d). Note that the inner Narcs (an arc 
may consist of a single node, i.e., the primary indeX node) 
are connected to indeX nodes. It is readily apparent 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 connected to jindex 
nodes, it carries a traffic of j C. 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 para 
graph. 

0159. Thus, we have shown that if the number of links 
leading directly to an end office, K, is less than or equal to 
five per quadrant, and are Symmetrically arranged as shown 
in FIG. 8a, then call blocking can be computed using the 
Erlang blocking formula. Let the traffic intensity generated 
in a quadrant be p Referring to Equation (1), the probabil 
ity that a call is blocked is then equal to P.(p. 5C). 
0.160) If the number of direct links from the end-office 
into a quadrant is six (i.e., the total number of links leading 
out of the end office is now 24), one can eliminate blocking 
on mesh links by imposing the additional constraint that 
routes taken by calls generated within a semi-quadrant (See 
FIGS. 9a and 9b), in order to reach the end-office, must be 
constrained to lie entirely within the Semi-quadrant. Adja 
cent diagonal nodes belong to different Semi-quadrants. 
Semi-loops may be drawn within a Semi-quadrant as shown 
in FIG. 9. Since the number of direct links is 6, at least 3 
Semi-loops can be drawn in a semi-quadrant (in the limiting 
case, a semi-loop may have just a column of nodes). 
0.161 If the maximum traffic generated within a semi 
quadrant is less than or equal to 3C, it is possible to 
distribute the traffic among the three Outermost Semi-loops 
Such that the traffic carried by any Semi-loop is less than or 
equal to C. Note that if the traffic is greater than 3C, 
blockage may be encountered on the mesh linkS. For 
example, let the traffic generated be 4C. If all the traffic is 
generated in the cluster of four nodes at the corner of the 
Semi-quadrant adjacent to the diagonal (FIG. 9a) then, Since 
there are only 3 linkS leading out of this cluster, C. calls 
must be blocked. Thus, the maximum load which can be 
routed to the end-office without encountering blockage on 
mesh links within a Semi-quadrant is 3C Referring to 
Equation (1), the probability of a call being blocked under 
Such constraints is therefore P(ps, 3C), where ps is the 
total traffic intensity generated in the Semi-quadrant. 

0162. 3. Cell Hand-Off 
0163 Routing in the optical mesh, as described in Sec 
tion 2, assumes that, for its entire duration, a given Virtual 
connection flows to/from the base station from which it was 
originally generated over a fixed Set of optical links. In 
reality, Since users are free to roam among radio cells, the 
Virtual connections must be “handed off among radio cells 
as a user “travels' among a sequence of cells. At the time of 
hand-off, it is required that (1) a new route be found leading 
from the newly-Serving base Station back to the end office, 
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and (2) new routing instructions be provided to the Switch 
contained in each base Station along the new route. Implicit 
in the selection of a new route is the ability to maintain QoS 
over each link in the new route and within the radio cell 
accepting responsibility for the hand-off call. Insuring that 
QoS objectives are met can present a critical real-time 
processing challenge, especially when hand-offs occur very 
frequently Such as might be expected in a picocellular 
System. Delivering new routing instructions to the Switches, 
after QoS has been ascertained, is a further challenge. Both 
challenges are adequately met by the virtual connection tree. 

0164. The basis of the virtual connection tree is the 
creation, at call Set-up time, of a set of Virtual connections 
for that call, each originating from a root node and each 
terminating in a different base station or leaf (actually two 
trees are set up: one leading to the root node, one leading 
from the root node, Such that duplex connections can be 
handled). At call set-up time, an admission controller deter 
mines whether or not a new call can Safely be admitted to the 
tree. For a new call to be admissible, it must be determined 
that on a Statistical basis, and as a result of user mobility, the 
likelihood that too many calls will exist within a leaf of the 
tree, or flow on any given branch (link) of the tree, are 
acceptably low. If too many calls exist within a cell or flow 
on Some given branch, then that cell or branch is Said to be 
in overload, meaning that the QoS objectives cannot be met. 
Overload, then, either causes an unacceptable (but transient) 
degradation in Service (i.e., delay or lost packet objectives 
are temporarily not met) or causes the call which caused 
overload to be dropped (as might occur, for example, for real 
time traffic Such as voice). In essence, at call set-up time, the 
admission controller is making a guarantee: each new user 
can freely roam among all leaves (base stations) in the tree 
and, only occasionally (that is, with Some guaranteed low 
probability) will unconstrained notion of the users cause an 
overload condition to arise. To maintain this guarantee, the 
admission controller blockS new call requests at Some pre 
determined threshold. 

0.165 If a newly-requested virtual connection is admitted, 
a route in each direction will is chosen by that user. 
0166 AS applied to our hybrid radio-optical link broad 
band acceSS network, a connection tree might appear as 
shown in FIG. 10a. Note that the root of the tree is an 
end-office, and branches of the tree extend to every base 
station served by that end-office. Note further that, as shown 
in FIG. 10a, the “fingers' leading to each end-office are 
“main branches' of the tree, that is, the tree is defined Such 
that the Zones of Section 3a are maintained and load 
balancing among the fingerS is provided for. Finally, note 
also that Since each "leaf can be reached through any of 
several “branches', it is possible to choose the “branches” 
for a newly-requested virtual connection Such that (1) each 
base station is included in the tree and (2) load balancing is 
achieved among branches at a given distance from the root. 
Thus, when Setting up a tree for a new call, each base Station 
served by a given end-office would be included, but the path 
leading to each leaf would be chosen Such that as users roam 
among cells, all branches at a given depth from the root node 
carry, on average, the same traffic intensity. 

0167. It is also possible to define the root of the tree as 
shown in FIG. 10b, in which case an ATM Switch behind the 
end-offices Serves as the root node for Some larger tree, the 
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footprint of which includes the base stations served by 
several end offices. Also shown in FIG. 10b is the inclusion 
of the base Station of a Standard cell as one leaf in the tree, 
So that a user can also choose Service from a Standard cell if 
conditions warrant (i.e., if the user has roamed to Some 
vicinity not served by any picocell). 
0168 4. Optical and Radio Link Calculations 
0169 Discussion in this section demonstrates that, 
because of the relatively short range of adjacent laser.com 
transceiver nodes (100-200 meters) envisioned in the pico 
cell network architecture of the present invention, a pico cell 
free-space optical link, hereinafter called the “laser.com 
link', can have all weather availability at OC-3 and higher 
data rates by use of an inexpensive, compact, low power, 
eyesafe transceiver. Estimates for the target capacity of the 
radio picocell are also provided. 
0170 The overall system performance of a lasercom link 
is easily quantified using a link budget, the techniques being 
Similar to those used to evaluate microwave linkS. There are 
three important parameters, transmitter power, propagation 
losses, and receiver Sensitivity. The receiver Sensitivity 
relates the amount of optical power needed to maintain the 
Signal-to-noise ratio required to achieve a desired quality of 
Service. 

0171 The received signal power can be calculated from: 

AR od 
PR = Prinz e 

0172 where 
0173 P=received power 
0174 P=transmitted power 
0175 ?=optical efficiency 
0176 A=area of receiving aperture 
0177 6=angular divergence of the transmitted beam 
0.178 C=atmospheric attenuation factor, and 

0179 d=distance between transmitter and receiver 
0180 For relatively clear air the exponential term is small 
and received laser power scales with 1/d and 1/6; for 
propagation conditions of heavy attenuation, Such as fog, it 
Scales exponentially. 
0181. The amount of background radiation collected by 
the transceiver is dependent on the receiver's field of view 
and its optical bandwidth. The field of view cannot be made 
arbitrarily narrow due to alignment issues discussed below 
and the optical bandwidth cannot be made arbitrarily small 
due to poor absolute transmission through most narrow 
dielectric filters. The received background power, PB, is 
calculated from: 

0.2 watts 
PBack = A R - Few oioy N 
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0182 where 
0183 m=meters, 
0.184 nm=nanometers, 
0185 sr=steradians 
0186 Fw =filter bandwidth, and 
0187 ov=angular field-of-view 

0188 The value for irradiance of the sky was measured 
at 10 degrees from the Sun using a specially calibrated 
telescope/detector assembly. 
0189 The noise equivalent power of the detector/preamp 
module can be calculated from a double-sided noise density 
usually expressed in wattsvHz. FIG. 11 shows the received 
Signal power Ps, background power Pass, and noise 
equivalent power P as a function of range for the fol 
lowing Set of parameters: 

Telescope Diameter 10 cm 
Laser Power 20 mW 
Laser Divergence 2 mrad 
Telescope Efficiency 0.5 
Atmospheric Attenuation Varies 
Data Rate OC-3 (155 Mb/sec) 

0190. In order to determine the availability of the link in 
all Weather conditions, an attenuation of 392 dB/km, the 
worst (and very rarely experienced) fog was assumed in the 
calculation. 

0191). The Bit Error Rate (BER) for the PIN detector (a 
unity gain photodiode) circuit can be calculated using the 
previously obtained values. See S. G. Lambert and W. L. 
Casey, Laser Communications in Space, Artech House, 
Norwood, Mass., 1995. 
0.192 This circuit has an overall transimpedance gain of 
10 FIG. 12 shows the calculated BER versus range for this 
case. The BER was calculated assuming equally likely ones 
and Zeros and on-off keyed (OOK) modulation with direct 
detection. The threshold value was chosen at each range 
point with the criterion of minimizing BER at that point. 
Clearly the system is capable of very low (equivalent to fiber 
optic) BER at ranges of 100 meters or less in the most 
attenuating condition. For the avalanche photodiode detec 
tor, the range for a given BER is increased by approximately 
15 meters. 

0193 Eye safety is always an issue when working with 
laser Systems. The wavelength employed here is not inher 
ently eyesafe (i.e., light can pass through the cornea to be 
imaged on the retina). ANZI standards Z131.1-1986 main 
tain that the maximum flux entering the eye at this wave 
length is 2 mV/cm'. See American National Standard for 
the Safe Use of Lasers, The Laser Institute of American, 
Orlando, Fla., 1986. Transmit laser power of 20 mW implies 
a transmit aperture of 10 cm minimum, a criterion easily 
met by our conceptual transceiver. 
0194 Path loss in an optical communications link is 
affected by atmospheric absorption, Scattering, and turbu 
lence, however, the magnitude of each loSS mechanism 
varies greatly. FIG. 13 shows sea level atmospheric trans 
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mission for a 350 meter path as a function of wavelength 
calculated using MODTRAN IV. Fortunately, for available 
semiconductor laser diode wavelengths of 810 nm, 1300 nm, 
and 1550 nm, path loSS is negligible due to molecular 
absorption. See W. G. Driscoll and W. Vaughan, Handbook 
of Optics, McGraw-Hill, USA, 1978. 
0.195 Path loss due to scattering is a function of optical 
radiation wavelength, number density and size of Scatters in 
the path. In order to quantify the amount of Scattering 
attenuation along a particular path, an approximation based 
on Mie scattering and visibility range can be used. See W. G. 
Driscoll and W. Vaughan, Handbook of Optics, McGraw 
Hill, USA, 1978. The most severe path losses at near infra 
red wavelengths come about due to fog. Fog occurs when 
the relative humidity of an air particle approaches its Satu 
ration value. Some of the nuclei then condense into water 
droplets forming the fog. FIG. 14 shows attenuation versus 
visual ranges up to one km. See W. K. Pratt, Laser Com 
munications Systems, John Wiley & Sons, N.Y., 1969. 
Precipitation in the form of rain occurs when the water 
droplets condense up to millimeter Sizes. This causes both 
Scattering and water absorption losses along the path with 
the size distribution of the drops determining the relative 
magnitude of these effects. The difference in fog and water 
droplet size, three orders of magnitude, accounts for the 
orders of magnitude difference in attenuation for typical rain 
(FIG. 15) versus typical fog. Additionally, the relatively 
large Size of typical raindrops compared with near infra red 
wavelengths, permits the drops to forward Scatter a signifi 
cant fraction of incident optical power. Attenuation due to 
Snow has been measured by Several groups and is displayed 
in FIG. 16 for Snow rates up to one foot per hour. Typically 
the path loSS due to Snow lies Somewhere between fog and 
rain, however, the relationship is very complex and is best 
measured experimentally. 
0.196 Path loss fading due to Scintillation can be very 
Significant (25-30 dB) for long range paths through the 
atmosphere. Scintilation is caused by thermal fluctuations 
which induce random fluctuations in the indeX of refraction 
along the path contained in the beam's croSS Section. This 
causes the air to act like Sets of Small prisms and lenses 
which deflect the beam of light. In the plane of the receiver 
a Speckle-like pattern appears with light and dark cells 
which have a characteristic size that Scales like the Square 
root of wavelength times path length. The generally 
accepted form for the probability distribution of the 
expected intensity is log normal for weak Scintillations, 
however, this tends to Saturate at variances near 0.35 for 
heavily scintillated paths. The log-normal distribution for 
the intensity and variance of intensity is given by: 

1 (lni +20) 
exp- - - 

0197) This is plotted in FIG. 17 for the calculated vari 
ances along 100 meter and 1 km horizontal paths. For the 
100 meter case of the pico cell backbone the effect is nearly 
Zero and the distribution of intensity is Gaussian. For the 1 
km case the path is highly Scintilated and a typical threshold 
detection scheme would require nearly 25 dB additional 
margin of transmitted Signal power. Beam wander due to 
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changes in index of refraction is about 0.1 microradians, 
negligible compared to the two milliradian beam divergence 
for the pico cell backbone System considered here. 
0198 A final issue to consider is misalignment of the 
transceivers to each other due to wind or thermal expansion 
causing an angular displacement of either end of the link. 
FIG. 18 shows the calculated deflection of 10 inch diameter 
hollow poles made from Steel, aluminum, and wood, applied 
wind pressure of 15 lbs, per Square inch, considered hurri 
cane force, and no allowance for aerodynamic flow. For Steel 
and aluminum the deflection angle is not significant com 
pared with 2 milliradians for pole lengths near forty feet. 
Since we envision much shorter poles, much Smaller diam 
eter pipe may be used. Thermal expansion of a three to four 
Story building over temperature ranges of 50 degrees Celsius 
causes less than 50 microradians of angular displacement, a 
negligible effect for our case. 
0199 Given the previously discussed issues a potential 
conceptual design for a picocell backbone optical commu 
nications transceiver operating at OC-3 data rate (or higher), 
range of 100 meters or less, all weather operation, and BER 
of less than 10 is shown in FIG. 19. Since the beam 
divergences used in this unit are over two orders of magni 
tude above the diffraction limit, extremely inexpensive plas 
tic optics can be used throughout, and alignment tolerances 
become very forgiving permitting inexpensive manufacture. 
The aperture size is four inches making the unit relatively 
Small, and could be made a factor of two smaller without 
affecting performance Significantly. The Smaller the trans 
ceiver can be made the easier and less expensive it is to 
build. Another benefit of Small size and wide beam diver 
gence is that relatively inexpensive acquisition and align 
ment Systems can be used for potential autonomous align 
ment and alignment maintenance Systems. 

0200 Turning now to the radio link, it is reasonable to 
assume an available spectrum of 10 MHz, equally Split 
between tiers 1 and 2 (tier 3, created by Low Earth Orbiting 
(LEO) satellites, uses a different spectrum and will not be 
considered). In tier 1, Since the cell diameter is So Small, the 
path loSS is low and we can Safely consider the use of Some 
higher-level digital modulation, Say 16 QAM. Allowing a 
signaling rate of 1 symbol/sec/Hz, this translates to 20 Mb/s 
peak rate per picocell. We further envision the use of a Smart 
array processor at the base Station which, coupled with 
admission control, allows, on average, 10 Mb/s per picocell, 
that is, a peak rate of 20 Mb/s and an effective average 
frequency re-use factor of 50%. 

0201 For the standard cell, more array elements would 
be used to provide 100% frequency re-use, but the greater 
path loss limits the modulation to 4f-PSK, and both the peak 
and average rate within a standard cell are 10 Mb/s. 
0202) 5. Summary 
0203 The present invention is embodied in a system and 
a method for a general-purpose wireless local acceSS net 
work. The use of very small radio cells with frequency 
re-use at the lowest tier insures very high bandwidth per 
Subscriber. The use of a dense mesh of Short, free-space 
optical linkS in a multi-hop arrangement allows Signals to 
flow between picocellular base Stations and an end-office, 
thereby eliminating any dependence on copper and/or opti 
cal cabling to the Subscriber. Finally, the use of higher-tiered 
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cells insures universal service availability (both from a radio 
coverage perspective and from a failure recovery perspec 
tive). The proposed System can equally well Serve fixed 
point, pedestrian, and vehicular users, all access is via a high 
capacity radio link, and handoff among cells is fully Sup 
ported. 
0204 Although the use of free-space optical links might 
Suggest a Somewhat less-than-robust Service availability, 
Sample link calculations show that the ShortneSS of the link 
provides excellent immunity against even extreme weather 
related impairments. (For longer spans, millimeter-wave 
radio linkS may be considered, but this might Substantially 
escalate the cost of a Subscriber's premises-based equip 
ment.) Moreover, the richness of the optical mesh, the high 
data rate of each link, and the existence of higher-tiered 
radio cells, combine to provide excellent immunity against 
outage caused by equipment failure. Routing in the mesh can 
be adapted to prevailing traffic conditions Such that optical 
link bottlenecks as the traffic flows toward the head end are 
avoided, and the approach is compatible with embedded 
Virtual connection trees to facilitate hand-off while main 
taining QoS guarantees for each of Several traffic classes 
(multimedia traffic). Exemplary capacity calculations Sug 
gest that 20 Mb/s peak rate, and 10 Mb/s average rate can be 
provided to each Subscriber, and no optical link need operate 
at a rate exceeding 155 Mb/s. 
0205. In accordance with the preceding explanation, 
variations and adaptations of the telecommunications Sys 
tem and method in accordance with the present invention 
will Suggest themselves to a practitioner of the wireless 
communication System arts. 
0206 For example, narrow band millimeter or micro 
wave radio could be Substituted, at a generally increased 
cost, for Some or for all of the optical links of the System. A 
mesh communication network over a very wide area, or over 
very rugged terrain, might warrant Such a Selective Substi 
tution of directional millimeter or microwave radio for 
optical linkS. If Some of the mesh communication links at a 
Single base Station are optical, and Some are millimeter 
radio, then the base station is clearly a “hybrid”. (Each and 
any link may be redundant, and may be continually operated 
redundantly or the communication modes may be Substi 
tuted for each other depending upon conditions Such as 
atmospheric interference.) If Some mesh communication 
links are optical, and Some are millimeter radio, then the 
system is clearly a “hybrid”. These variations are not a 
problem, and are anticipated by the present invention. 
Indeed, if Some mesh links, whether optical or millimeter 
radio, prove over time and actual use to be unreliable for 
certain base Stations, then the links may well be Substituted 
for by a link of another type. 
0207 Still another type of “hybrid” system is contem 
plated by the present invention in that Some of the mesh 
links may be, or may become, conventional copper cable 
and/or optical fiber. Consider the final links just short of an 
end office, which links were shown as lines radiating from 
each end office in FIG. 6. If communications traffic, or 
evolving communications traffic dictates, any or all of these 
linkScan be made to be copper cable and/or optical fiber as 
may generally be made to carry greater communications 
traffic to an from a particular “sector” relative to the end 
office then, for example, a Standard optical or millimeter 
radio link. 
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0208 Still further, any individual one or ones of the base 
Stations may bypass the free-space network altogether, and 
communicate direct to the end office via (i) radio, (ii) optics, 
or (iii) copper cable and/or optical fiber. This “hard-wired” 
base Station may serve to communicate only Such commu 
nications traffic as is associated with its own picocell, or it 
may continue to mount (in addition to its wire or fiber 
access) the System standard optical and/or millimeter radio 
transceivers, using these transceivers to siphon Some com 
munications traffic off the mesh and thus helping to ame 
liorate the communications burden at other base Stations and 
other regions on the mesh. The “hard-wired” base station 
thus becomes a “constrictor', and just one more of Several 
places where communications traffic can be interfaced to the 
mesh. 

0209 Herein lies a great flexibility in the system of the 
present invention. Clearly it has always been possible to add 
new base Stations (as well as new telecommunicating equip 
ments at existing base Stations) to the mesh networks of the 
present invention as the area, and/or the areal density, of 
broadband wireleSS communications expands. The addition 
of new base Stations can be accomplished, of course, without 
any new copper cables or fiber optics. However, should a 
new copper cable or a fiber optic be installed to Some new 
or existing base Station point in an existing mesh, then 
increased communications traffic can henceforth flow thru 
this point without disruption to the existing mesh and 
existing network. 
0210. In accordance with these and other possible varia 
tions and adaptations of the present invention, the Scope of 
the invention should be determined in accordance with the 
following claims, only, and not Solely in accordance with 
that embodiment within which the invention has been 
taught. 

What is claimed is: 
1. A telecommunications apparatus comprising: 

a communications Switch; 

a first transceiver, electrically coupled to the communi 
cations Switch, for wirelessly telecommunicating exter 
nally to the apparatus in a first portion of the electro 
magnetic Spectrum; 

a Second transceiver, electrically coupled to the commu 
nications Switch, for wirelessly telecommunicating 
externally to the apparatus in a Second portion of the 
electromagnetic spectrum that is of higher frequency 
than is the first portion; and 

a controller for causing the communications Switch to 
first-route telecommunications traffic between the first 
transceiver and the Second transceiver; 

wherein wireleSS telecommunications are first-routed 
between a first and a Second, higher frequency, portion 
of the electromagnetic spectrum. 

2. The telecommunications apparatus according to claim 
1 wherein the first transceiver comprises: 

a radio transceiver electrically connected to the commu 
nications Switch for wirelessly telecommunicating 
externally to the apparatus in the radio portion of the 
electromagnetic Spectrum. 
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3. The telecommunications apparatus according to claim 
2 wherein the Second transceiver comprises: 

a transceiver of free-space optical telecommunications 
Signals electrically connected to the communications 
Switch; 

wherein wireleSS telecommunications are first-routed 
between radio and optical portions of the electromag 
netic spectrum. 

4. The telecommunications apparatus according to claim 
2 wherein the Second transceiver comprises: 

a millimeter wavelength radio transceiver of millimeter 
wavelength telecommunications signals, 

wherein wireleSS telecommunications are first-routed 
between a first radio portion of the electromagnetic 
Spectrum and a Second, millimeter wavelength, portion 
of the electromagnetic spectrum that is of higher fre 
quency than is the first portion. 

5. The telecommunications apparatus according to claim 
1 wherein the communications Switch comprises: 

an Asynchronous Transfer Mode Switch that is electrically 
connected to both the first transceiver and the Second 
transceiver. 

6. The telecommunications apparatus according to claim 
1 wherein the first transceiver comprises: 

a radio transceiver, wire-connected to the communica 
tions Switch, for telecommunicating externally to the 
apparatus by radio signals. 

7. The telecommunications apparatus according to claim 
6 wherein the radio transceiver comprises: 

a cellular radio receiver and a receive antenna; and 
a cellular radio transmitter and a transmit antenna. 
8. The telecommunications apparatus according to claim 

1 wherein the Second transceiver comprises: 
a transceiver of free-space optical Signals, wire-connected 

to the communications Switch, for telecommunicating 
externally to the apparatus by free Space optical Signals. 

9. The telecommunications apparatus according to claim 
8 wherein the optical transceiver comprises: 

a plurality of optical receivers each receiving free-space 
optical telecommunications signals over a different 
free-space optical path; and 

a plurality of optical transmitters each transmitting free 
Space optical telecommunications signals over a differ 
ent free-space optical path; 

wherein free-space optical telecommunications may be 
maintained over a plurality of different free-space opti 
cal paths. 

10. The telecommunications apparatus according to claim 
9 

wherein the controller is further for causing that the 
communications Switch should Second route telecom 
munications traffic from the optical receivers to the 
optical transmitters, 

wherein wireleSS telecommunications are not only first 
routed between the first portion of the electromagnetic 
Spectrum and a free Space optical portion of the elec 
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tromagnetic spectrum, but are also Second-routed 
between free-space optical paths. 

11. The telecommunications apparatus according to claim 
10 situated in a wireleSS telecommunications mesh of a 
multiplicity of identical apparatus 

wherein wireleSS telecommunications in the first portion 
of the electromagnetic spectrum are local to a locally 
Situated first transceiver; 

wherein wireleSS free-space optical telecommunications 
in the optical portion of the electromagnetic spectrum 
are between physically proximately located Second, 
optical, transceivers, and 

wherein telecommunications are not only first-routed 
between the first portion of the electromagnetic spec 
trum and the free-space optical portion of the electro 
magnetic Spectrum, but are also Second-routed between 
the plurality of free-space optical paths all of which 
paths are in the optical portion of the electromagnetic 
Spectrum. 

12. The telecommunications apparatus according to claim 
1 wherein the Second transceiver comprises: 

a transceiver of millimeter wavelength radio signals, 
wire-connected to the communications Switch, for tele 
communicating externally to the apparatus by millime 
ter wavelength radio signals. 

13. The telecommunications apparatus according to claim 
12 wherein the millimeter wavelength radio transceiver 
comprises: 

a plurality of millimeter wavelength radio receivers each 
receiving millimeter wavelength radio telecommunica 
tions signals over a different free-space path; and 

a plurality of millimeter wavelength radio transmitters 
each transmitting free-space millimeter wavelength 
radio telecommunications Signals over a different free 
Space path; 

wherein free-space millimeter wavelength radio telecom 
munications may be maintained over a plurality of 
different free-space paths. 

14. The telecommunications apparatus according to claim 
13 

wherein the controller is further for causing that the 
communications Switch should Second route telecom 
munications traffic from the millimeter wavelength 
radio receivers to the millimeter wavelength radio 
transmitters, 

wherein wireleSS telecommunications are not only first 
routed between the first portion of the electromagnetic 
Spectrum and a millimeter wavelength radio portion of 
the electromagnetic spectrum, but are also Second 
routed between free-space millimeter wavelength radio 
paths. 

15. The telecommunications apparatus according to claim 
14 situated in a wireleSS telecommunications mesh of a 
multiplicity of identical apparatus 

wherein wireleSS telecommunications in the first portion 
of the electromagnetic spectrum are local to a locally 
Situated first transceiver; 

wherein wireleSS free-space millimeter radio telecommu 
nications in the millimeter wavelength radio portion of 
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the electromagnetic spectrum are between physically 
proximately located Second, millimeter wavelength 
radio, transceivers, and 

wherein telecommunications are not only first-routed 
between the first portion of the electromagnetic spec 
trum and the millimeter wavelength radio portion of the 
electromagnetic Spectrum, but are also Second-routed 
between the plurality of millimeter wavelength radio 
paths all of which paths are in the millimeter wave 
length radio portion of the electromagnetic Spectrum. 

16. The telecommunications apparatus according to claim 
1 wherein the Second transceiver comprises: 

at least one transceiver of free-space optical Signals, 
wire-connected to the communications Switch, for tele 
communicating externally to the apparatus by free 
Space optical Signals, and 

at least one transceiver of millimeter wavelength radio 
Signals, also wire-connected to the communications 
Switch, for telecommunicating externally to the appa 
ratus by millimeter wavelength radio signals, 

wherein telecommunications external to the apparatus in 
the Second portion of the electromagnetic spectrum is 
hybrid by both free-space optical Signals and millimeter 
wavelength radio Signals. 

17. A telecommunications method comprising: 
first-telecommunicating a local omnidirectional first-fre 

quency first Signal by use of an omnidirectional first 
frequency first wireless transceiver; 

Second-telecommunicating a plurality of local directional 
Second Signals of a Second frequency, higher than is the 
first frequency, by use of an associated plurality of 
directional Second-frequency Second wireleSS trans 
ceivers, 

converting between (i) the first signal, as is telecommu 
nicated with the first wireless transceiver, and (i) Some 
particular one of a Second Signals, as is associated with 
a particular Second wireleSS transceiver, in accordance 
with a protocol for telecommunicating along a chosen 
directional path; while 

cross-communicating between the Second transceiverS So 
that all Second Signals directionally telecommunicated 
by use of any one of the Second transceivers is further 
telecommunicated by use of another one of the Second 
transceiverS So as to advance further telecommunicate 
each Second Signal, as well as the converted first Signal, 
along a chosen directional path in accordance with the 
protocol; 

wherein, although both first-telecommunicating and Sec 
ond-telecommunicating are of local signals, the omni 
directional first-frequency first signal is immediately 
converted to a Second-frequency directional Second 
Signal, and is then further directionally telecommuni 
cated, while the directionally telecommunicated Sec 
ond-frequency Signals are still further directionally 
telecommunicated, along the chosen directional path. 

18. The telecommunications method according to claim 
17 wherein the first-telecommunicating of the local omni 
directional first-frequency first signal by use of the omnidi 
rectional first-frequency first wireleSS transceiver comprises, 
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first-telecommunicating a local omnidirectional radio Sig 
nal by use of an omnidirectional radio wireleSS trans 
ceiver. 

19. The telecommunications method according to claim 
17 wherein the Second-telecommunicating of the plurality of 
local directional Second Signals of the Second frequency by 
use of the associated plurality of directional Second-fre 
quency Second wireleSS transceivers comprises: 

Second-telecommunicating a plurality of local directional 
free-space optical signals by use of the associated 
plurality of directional free-space optical transceivers. 

20. The telecommunications method according to claim 
17 wherein the Second-telecommunicating of the plurality of 
local directional Second Signals of the Second frequency by 
use of the associated plurality of directional Second-fre 
quency Second wireleSS transceivers comprises: 

Second-telecommunicating a plurality of local directional 
free-space millimeter-wavelength radio by use of the 
asSociated plurality of directional millimeter-wave 
length radio transceivers. 

21. The telecommunications method according to claim 
17 wherein the Second-telecommunicating of the plurality of 
local directional Second Signals of the Second frequency by 
use of the associated plurality of directional Second-fre 
quency Second wireleSS transceivers comprises: 

Second-telecommunicating both (i) a plurality of local 
directional free-space optical signals by use of the 
asSociated plurality of directional free-space optical 
transceivers and (ii) a plurality of local directional 
free-space millimeter-wavelength radio by use of the 
asSociated plurality of directional millimeter-wave 
length radio transceivers. 

22. A telecommunications apparatus comprising: 
a communications Switch; 

a broadband radio first transceiver, electrically connected 
to the communications Switch, for wirelessly telecom 
municating omnidirectinally externally to the apparatus 
by broadband radio in a first, radio, portion of the 
electromagnetic Spectrum; 

a Second transceiver, electrically connected to the com 
munications Switch, for wirelessly telecommunicating 
directionally externally to the apparatus in a Second 
portion of the electromagnetic spectrum; and 

a controller for causing the communications Switch to 
first-route telecommunications traffic between the 
broadband radio first transceiver and the Second trans 
ceiver. 

23. The telecommunications apparatus according to claim 
22 wherein the Second transceiver comprises: 

an optical transceiver wirelessly directionally telecommu 
nicating acroSS free-space optical linkS. 

24. The telecommunications apparatus according to claim 
23 wherein the optical transceiver comprises: 

a plurality of optical receivers each receiving free-space 
optical telecommunications Signals over a different 
direction free-space optical path; and 

a plurality of optical transmitters each transmitting free 
Space optical telecommunications signals over a differ 
ent-direction free-space optical path; 
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wherein free-space optical telecommunications may be 
maintained over a plurality of different-direction free 
Space optical paths. 

25. The telecommunications apparatus according to claim 
24 

wherein the controller is further causing the communica 
tions Switch to Second-route telecommunications traffic 
from the optical receivers to the optical transmitters, 

wherein wireleSS telecommunications are not only first 
routed between the first portion of the electromagnetic 
Spectrum and a free Space optical portion of the elec 
tromagnetic spectrum, but are also Second-routed 
between free-space optical paths. 

26. The telecommunications apparatus according to claim 
22 wherein the Second transceiver comprises: 

a millimeter wavelength radio transceiver wirelessly 
directionally telecommunicating acroSS free-space 
radio linkS. 

27. The telecommunications apparatus according to claim 
26 wherein the millimeter wavelength radio transceiver 
comprises: 

a plurality of millimeter wavelength radio receivers each 
directionally receiving free-space radio telecommuni 
cations Signals over a different-direction free-space 
path; and 

a plurality of millimeter wavelength radio transmitters 
each directionally transmitting free-space radio tele 
communications signals over a different-direction free 
Space path; 

wherein free-space millimeter wavelength radio telecom 
munications may be maintained over a plurality of 
different-direction free-space paths. 

28. The telecommunications apparatus according to claim 
27 

wherein the controller is further causing the communica 
tions Switch to Second-route telecommunications traffic 
from the millimeter wavelength radio receivers to the 
millimeter wavelength radio transmitters, 

wherein wireleSS telecommunications are not only first 
routed between the radio portion of the electromagnetic 
Spectrum and a millimeter wavelength radio portion of 
the electromagnetic spectrum, but are also Second 
routed between millimeter wavelength radio free-space 
paths. 

29. The telecommunications apparatus according to claim 
22 wherein the Second transceiver comprises: 

at least one optical transceiver wirelessly directionally 
telecommunicating acroSS free-space optical links, and 

at least one millimeter wavelength radio transceiver wire 
lessly directionally telecommunicating acroSS free 
Space radio linkS. 

30. The telecommunications apparatus according to claim 
22 Situated in a wireleSS telecommunications mesh of a 
multiplicity of identical apparatus 

wherein omnidirectional wireleSS telecommunications in 
the first, radio, portion of the electromagnetic spectrum 
are local to a locally-Situated radio first transceiver; and 
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wherein wireleSS directional free Space telecommunica 
tions in the Second portion of the electromagnetic 
Spectrum are directionally between Second transceivers 
of physically proximately located apparatus. 

31. The telecommunications apparatus according to claim 
30 wherein the Second transceiver comprises: 

a plurality of receivers each receiving directional tele 
communications signals over a different-direction free 
Space path; and 

a plurality of transmitters each transmitting directional 
telecommunications Signals over a different-direction 
free-space path; 

wherein free-space telecommunications may be main 
tained over a plurality of different-direction free-space 
paths. 

32. The telecommunications apparatus according to claim 
31 

wherein the controller is further causing the communica 
tions Switch to Second-route telecommunications traffic 
from the Second receivers to the Second transmitters, 

wherein telecommunications are not only first-routed 
between the first portion of the electromagnetic spec 
trum and the Second portion of the electromagnetic 
Spectrum, but are also Second-routed between the plu 
rality of free-space paths, all of which paths are in the 
Second portion of the electromagnetic Spectrum. 

33. A telecommunications method for and upon a com 
munications mesh network of arrayed nodes, the method 
comprising: 

wirelessly locally radio telecommunicating to a radio 
transceiver at each node by radio; 

wirelessly locally directionally optically free-space tele 
communicating between each of a plurality of optical 
transceivers, co-located with each other and with the 
radio transceiver at each node, by a plurality of direc 
tional free-space optical Signals to a plurality of nearby 
nodes, and 

first-routing, at each node, telecommunications to and 
from the radio transceiver and a Selected one of the 
plurality of optical receivers that is So Selected in 
accordance with a protocol for telecommunicating 
along a chosen path upon the mesh, while 

Second-routing, at each node, telecommunications 
received at one or more of the plurality of local 
directional optical transceivers to another one or ones 
of the plurality of local directional optical transceivers 
So to establish and maintain optical telecommunica 
tions along a path upon the mesh that is chosen in 
accordance with the protocol; 

wherein, by the radio telecommunicating and the optical 
telecommunicating, and by the first-routing and the 
Second-routing, telecommunications transpires (i) 
omnidirectionally at each node by radio, and (ii) direc 
tionally between nodes upon the path upon the mesh by 
optics. 

34. The telecommunications method according to claim 
33 

wherein the Wirelessly locally radio telecommunicating is 
by broadband radio in a broadband radio transceiver. 
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35. The telecommunications method according to claim 
33 

wherein the wirelessly locally radio telecommunicating is 
in accordance with ASynchronous Transfer Mode pro 
tocol. 

36. The telecommunications method according to claim 
33 

wherein the wirelessly locally optically free-space tele 
communicating is in accordance with ASynchronous 
Transfer Mode protocol. 

37. The telecommunications method according to claim 
33 

wherein the protocol for the telecommunicating along a 
chosen path upon the mesh is developed at a node, 
called an end-office, that is common to all paths. 

38. The telecommunications method according to claim 
33 

wherein the protocol for the telecommunicating is imple 
mented at (i) the node, called an end-office, that is 
common to all paths, and at (ii) all nodes along the path 
upon the mesh that is chosen in accordance with the 
protocol. 

39. The telecommunications method according to claim 
33 

wherein the protocol for the telecommunicating is imple 
mented collectively at (i) the node, called an end-office, 
that is common to all paths, and at (ii) all the arrayed 
nodes of the mesh, including both those nodes that are 
along the path upon the mesh that is chosen in accor 
dance with the protocol and those nodes that are not 
along this path; 

wherein arrayed nodes of the mesh that are not along the 
path do not become involved in actively implementing 
the communications protocol until, and unless, the path 
changes, as will be the case when and if the wirelessly 
locally radio telecommunicating by the radio trans 
ceiver changes to a new node, at which time even then 
only those nodes that are newly along a new path upon 
the mesh that is chosen in accordance with the protocol 
will become involved; 

wherein the protocol for the telecommunicating is kept 
upon all the arrayed nodes of the entire mesh, but is at 
any one time actively implemented by only those nodes 
that are along a telecommunications path. 

40. A telecommunications apparatus, called a base Station, 
located within a multi-hop free-space optical telecommuni 
cations mesh consisting of a large number of identical base 
Stations geographically dispersed, each base Station of the 
mesh comprising: 

a communications Switch; 
a first transceiver, electrically connected to the commu 

nications Switch, for wirelessly telecommunicating 
locally externally to the base Station; 

a plurality of optical transceivers, electrically connected 
to the communications Switch, for wirelessly direction 
ally telecommunicating externally to the base Station by 
an associated free-space directional optical link, and 

a controller for causing the communications Switch to 
route (i) telecommunications traffic telecommunicated 
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with the first transceiver to one of the plurality of 
optical transceivers, and (ii) also optical telecommuni 
cations traffic received at one directional optical trans 
ceiver to another directional optical transceiver for 
further free-optical optical transmission, all to the con 
Sistent purpose and end that telecommunications traffic 
to and from the first transceiver should be routed 
through a Selected co-located directional optical trans 
ceiver and then through the further directional optical 
transceivers of whatsoever number of other base sta 
tions as are required until reaching a particular base 
Station called an end office; 

wherein radio and free-space optical communications 
upon the mesh Support telecommunications between, 
on the one hand, (i) a first transceiver of a base Station 
and, on the other hand, (ii) a particular base station 
called the end office. 

41. The base Station telecommunications apparatus 
according to claim 40 wherein the first transceiver com 
prises: 

a radio transceiver for wirelessly telecommunicating 
locally externally to the base Station by radio. 

42. The base Station telecommunications apparatus 
according to claim 40 

wherein the controller is causing the communications 
Switch to route (ii) optical telecommunications traffic 
received at one directional optical transceiver to 
another directional optical transceiver for further free 
optical optical transmission through the further direc 
tional optical transceivers of whatsoever number of 
other base Stations as are required until reaching a 
Selected optical transceiver of a particular base Station 
called an end office; 

wherein radio and free-space optical communications 
upon the mesh Support telecommunications between, 
on the one hand, (i) a first transceiver of a base Station 
and, on the other hand, (ii) a optical transceiver of the 
particular base Station called the end office. 

43. The base-station telecommunications apparatus 
according to claim 42 located within a radio and multi-hop 
free-space optical telecommunications mesh of a large num 
ber of identical base Stations geographically distributed 
wherein the particular base Station called the end office 
comprises: 

an end-office communications Switch; 
a connection between the end-office Switch and a com 

munications backbone external to the System to which 
backbone other end-offices also connect; 

a plurality of end-office transceivers, electrically con 
nected to the end-office communications Switch, for 
wirelessly telecommunicating externally to the end 
office in order to (i) receive across free-space telecom 
munications links the telecommunications traffic 
received by all the radio transceivers of all the base 
Stations, and (ii) transmit across the free-space tele 
communications linkS telecommunications traffic 
received from the communications backbone to a par 
ticular radio transceiver of a particular base Station; and 

a controller for causing the end-office communications 
Switch to route communications traffic between, on the 
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one hand, the wired connection to the external com 
munications backbone and, on the other hand, the 
plurality of end-office transceivers, 

wherein both (i) radio, and (ii) free-space telecommuni 
cations acroSS free-space telecommunications links, are 
bi-directional between the end-office and each radio 
transceiver of all base Stations. 

44. The base-station telecommunications apparatus 
according to claim 43 wherein the end office's plurality of 
transceivers comprise: 

optical transceivers for wirelessly optically telecommu 
nicating externally to the end-office in order to (i) 
receive across the free-space optical telecommunica 
tions links the telecommunications traffic received by 
all the radio transceivers of all the base stations, and (ii) 
transmit telecommunications traffic received from the 
communications backbone across the free-space optical 
telecommunications links to a particular radio trans 
ceiver of a particular base Station; 

wherein the controller is causing the end-office commu 
nications Switch to route communications traffic 
between, on the one hand, the wired connection to the 
external communications backbone and, on the other 
hand, the plurality of end-office optical transceivers, 

wherein both (i) radio, and (ii) free-space optical tele 
communications, are bi-directional between the end 
office and each radio transceiver of all base Stations. 

45. The base-station telecommunications apparatus 
according to claim 43 wherein the end office's plurality of 
transceivers comprise: 

millimeter wavelength radio transceivers for wirelessly 
millimeter radio telecommunicating externally to the 
end-office in order to (i) receive across the free-space 
millimeter radio telecommunications links the telecom 
munications traffic received by all the radio transceiv 
ers of all the base Stations, and (ii) transmit telecom 
munications traffic received from the communications 
backbone acroSS the free-space millimeter radio tele 
communications links to a particular radio transceiver 
of a particular base Station; 

wherein the controller is causing the end-office commu 
nications Switch to route communications traffic 
between, on the one hand, the wired connection to the 
external communications backbone and, on the other 
hand, the plurality of end-office millimeter radio trans 
ceivers, 

wherein both (i) radio, and (ii) free-space millimeter radio 
telecommunications, are bi-directional between the 
end-office and each radio transceiver of all base sta 
tions. 

46. A communications System comprising: 

an end-office having 

a communications Switch, 

a hardwired connection between the Switch and a 
communications backbone external to the System to 
which communications backbone other end-offices 
also connect, 
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a plurality of optical transceivers, electrically con 
nected to the communications Switch, for telecom 
municating externally to the end-office optically 
through free Space, and 

a controller for causing the communications Switch to 
route communications traffic between (i) the hard 
wired connection to the external communications 
backbone and (ii) the plurality of optical transceiv 
ers, and 

a multi-hop mesh of radio-telecommunicating and opti 
cally-free-space-telecommunicating base Stations each 
having 

a communications Switch, 

a plurality of optical transceivers, electrically con 
nected to the communications Switch, for wirelessly 
telecommunicating externally to the base Station by 
free-space optical links, and 

a controller for causing the communications Switch to 
route received optical communications traffic from a 
receiving to a transmitting optical transceiver to the 
purpose and the end that telecommunications traffic 
at any individual base Station will be free-space 
optically communicated though whatsoever number 
of base Stations is required until telecommicatively 
connecting to the end office and to the communica 
tions backbone; 

wherein free-space optical communications upon the 
mesh are variably routed from one base Station to 
another. 

47. The communications System according to claim 46 
wherein the multi-hop mesh of optically-free-space-tele 
communicating base Stations is further of base Stations that 
are additionally radio-telecommunicating, and wherein each 
of these radio-telecommunicating and optically-free-space 
telecommunicating base Stations further has, in addition to 
its communications Switch, its plurality of optical transceiv 
ers, and its controller: 

a radio transceiver, electrically connected to the commu 
nications Switch, for wirelessly communicating by 
radio externally to the base Stations, 

wherein the controller is further causing the Switch to 
route communications traffic between the radio trans 
ceiver and the optical transceivers. 

48. A communications System comprising: 

an end-office having 

a communications Switch, 
a hardwired connection between the Switch and a 

communications backbone external to the System to 
which communications backbone other end-offices 
also connect, 

a plurality of optical transceivers, electrically con 
nected to the communications Switch, for wirelessly 
telecommunicating externally to the end-office opti 
cally through free Space, and 

a controller for causing the communications Switch to 
route communications traffic between (i) its hard 
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wired connection to the external communications 
backbone and (ii) the plurality of optical transceiv 
ers, and 

a multi-hop mesh of free-space optically-communicating 
base Stations each having 

a communications Switch, 

a radio transceiver, electrically connected to the com 
munications Switch, for wirelessly telecommunicat 
ing by radio locally externally to the base Station, 

a plurality of optical transceivers, electrically con 
nected to the communications Switch, for wire 
lessly communicating regionally externally to the 
base Station by free-space optical links, and 

a controller for causing the communications Switch (i) 
to route telecommunications traffic between the 
radio transceiver and the optical transceivers, and (ii) 
to route received optical communications traffic 
from a receiving to a transmitting optical transceiver, 
to the purpose and the end that local telecommuni 
cations traffic at the radio transceiver is free-space 
optically communicated Step-wise regionally 
through the optical transceivers of whatsoever num 
ber of base Stations are required to and from the end 
office, and upon the communications backbone; 

wherein radio telecommunications local to one base 
Station are free-space optically telecommunicated 
upon the mesh until ultimately communicatively 
interconnecting to the communications backbone. 

49. A communications method comprising: 
bi-directionally wire/cable-communicating information 

between a communications Switch at a particular, end 
office, Site and a hardwired connection to a communi 
cations backbone which backbone is external to the 
end-office site and to which other end-office sites also 
COnnect, 

end-office-wire/cable-switching the information between 
the end-office communications Switch and a Selected 
one of a plurality of wireless first transceivers, co 
located at the end office with and electrically wire/cable 
connected to the communications Switch, where the 
Selected one of the plurality of wireless first transceiv 
ers at the end office is So Selected in accordance with 
the information telecommunicated; 

first wirelessly-telecommunicating the information 
through the selected one of the plurality of wireless first 
transceivers into free Space, and onto a mesh of a 
multiplicity of free-space wireleSS communication 
transceivers, 

further first wirelessly-telecommunicating the informa 
tion upon Successive links in free Space upon the mesh, 
and through Successive Selected ones of the multiplicity 
of wireless first transceivers as are each located at a 
geographically Separated mesh node, the Successive 
Selections of which ones of the wireless first transceiv 
ers are invoked for telecommunication upon the mesh, 
and the direction of the telecommunication of the 
information upon the mesh, all being in accordance 
with the information, until a mesh telecommunications 
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linkage is ultimately made with a wireleSS first trans 
ceiver at a particular Selected, base Station, mesh node, 

base-station-wire/cable-Switching, in a Switch at the 
Selected base Station mesh node that wire/cable con 
nected to the wireless first transceiver at this Selected 
base Station mesh node, the information between the 
wireless first transceiver at this Selected base-station 
node and a wireleSS Second transceiver that is co 
located at this Selected base-station node along with the 
first transceiver; and 

Second wirelessly-telecommunicating the information 
with and through the Second transceiver to a telecom 
municating device in the local geographical region of 
the Selected base-station node, 

wherein communications and telecommunications have 
transpired by, inter alia, wire/cable-communicating at 
the end-office, first wirelessly-telecommunicating over 
free-space mesh network links between the end-office 
and the Selected base Station node, and Second wire 
lessly-telecommunicating at the Selected base Station 
node to the telecommunicating device. 

50. The communications method according to claim 49 
wherein the end-office-switching of the information is 

between the end-office communications Switch and a 
Selected one of a plurality of directional optical first 
transceivers, 

wherein the wirelessly-optically-telecommunicating of 
the information is through the Selected one of a plu 
rality of directional optical first transceivers into free 
Space, and onto a mesh of a multiplicity of free-space 
directional optical telecommunication first transceiv 
erS, 

wherein the further wirelessly-telecommunicating of the 
information is optically in free Space upon the mesh 
through Successive Selected ones of the multiplicity of 
directional optical telecommunication first transceiv 
erS, 

wherein the base-station Switching, in a Switch at the 
Selected base Station node, is of the information 
between the optical first transceiver at this Selected 
base-station node and a radio Second transceiver that is 
co-located at this Selected base-station node along with 
the optical first transceiver; and 

wherein the wirelessly-telecommunicating of the infor 
mation is from the radio Second transceiver to a radio 
telecommunicating device in the local geographical 
region of the Selected base-station node. 

51. A hybrid telecommunications system where both 
(i) omnidirectional telecommunications, and 
(ii) directional telecommunications, transpire upon at 

least Some of a multiplicity of communications paths 
between a corresponding multiplicity of end-users and 
a cable-based communications backbone, the System 
CHARACTERIZED IN THAT 

each of the multiplicity of end-users telecommunicates, 
via an omnidirectional telecommunications signal, with 
the System at a one of a plurality of System cells that are 
upon each of a plurality of hierarchical System cell 
levels, an end-user that proves unable to telecommu 
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nicate with the System through a System cell located at 
a lowest System cell hierarchical level attempting to 
communicate with a System cell at a next higher System 
cell hierarchical level and So on until telecommunica 
tions access to the System is finally obtained; 

where IF omnidirectional telecommunications access to 
the System is Successfully achieved at a System cell that 
is upon the lowest system cell hierarchical level THEN, 
Starting from this particular lowest-hierarchical-level 
System cell where the telecommunications access has 
been So achieved, telecommunication then transpires 
by directional telecommunications signals directionally 
acroSS directional telecommunications links organized 
as a mesh until a particular, end-office, System cell is 
reached which end-office cell is, nonetheless to being 
upon the lowest System cell hierarchical level, commu 
nicatively connected to a cable-based communications 
backbone, whereupon telecommunications with the 
end user that has been in part (i) omnidirectional, and 
in part (ii) directional, is Summarily, at this end-office 
System cell, communicatively joined to the cable-based 
communications backbone; and 

ELSE IF, upon such times as omnidirectional telecom 
munications access to the System is not achieved at the 
lowest system cell hierarchical level but is instead 
achieved only a higher System cell hierarchical level, 
THEN, system cells upon these higher hierarchical 
System cell levels being directly communicatively con 
nected to the cable-based communications backbone, 
the telecommunications with the end user that has been 
omnidirectional, is Summarily, and at this higher-hier 
archical-level System cell, communicatively joined to 
the cable-based communications backbone; 

wherein upon telecommunications upon at least Some of 
the multiplicity of communications paths between the 
corresponding multiplicity of end-users and the cable 
based communications backbone are (i) in part omni 
directional and (ii) in part directional. 

52. The hybrid radio and optical telecommunication sys 
tem according to claim 51 FURTHER CHARACTERIZED 
IN THAT 

omnidirectional telecommunications are by radio, with an 
omnidirectional radio telecommunications signal. 

53. The hybrid radio and optical telecommunication sys 
tem according to claim 51 FURTHER CHARACTERIZED 
IN THAT 

directional telecommunications are optical, over direc 
tional free-space optical linkS. 

54. The hybrid radio and optical telecommunication sys 
tem according to claim 51 FURTHER CHARACTERIZED 
IN THAT 

directional telecommunications are by millimeter wave 
length radio, over directional millimeter wavelength 
radio linkS. 

55. A hybrid telecommunications system where both 

(i) radio telecommunications, and 
(ii) free-space optical telecommunications, transpire upon 

at least Some of a multiplicity of communications paths 
between a corresponding multiplicity of end-users and 
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a cable-based communications backbone, the System 
CHARACTERIZED IN THAT 

each of the multiplicity of end-users telecommunicates, 
via a radio telecommunications Signal, with the System 
at a one of a plurality of System cells that is upon each 
of a plurality of hierarchical System cell levels, an 
end-user that proves unable to telecommunicate with 
the System through a System cell at a lowest System cell 
hierarchical level attempting to communicate with a 
System cell at a next higher System cell hierarchical 
level and So on until radio telecommunications acceSS 
to the System is finally obtained; 

where, upon Such times as radio telecommunications 
access to the System is Successfully achieved at the 
lowest System cell hierarchical level, then, Starting 
from a particular lowest-hierarchical-level System cell 
where this telecommunications acceSS is So achieved, 
telecommunication then transpires acroSS free-space 
optical links organized as a mesh until a particular, 
end-office, System cell is reached which end-office cell 
is, nonetheless to being upon the lowest hierarchical 
System cell level, communicatively connected to a 
cable-based communications backbone, whereupon the 
telecommunications with the end user that have been (i) 
in part by radio, and (ii) in part by free-space optical, 
are Summarily, and at this end-office System cell, com 
municatively joined to the cable-based communica 
tions backbone; and 

where, upon Such times as radio telecommunications 
access to the System is not achieved at the lowest 
System cell hierarchical level but is instead achieved 
only a higher System cell hierarchical level, then, 
System cells upon these higher hierarchical System cell 
levels being directly communicatively connected to the 
cable-based communications backbone, the telecom 
munications with the end user that has transpired by 
radio, is Summarily, and at this higher-hierarchical 
level System cell, communicatively joined to the cable 
based communications backbone; 

wherein upon at least Some of the multiplicity of com 
munications paths between the corresponding multi 
plicity of end-users and the cable-based communica 
tions backbone telecommunications are (i) in part by 
radio and (ii) in part by free-space optical linkS. 

56. The hybrid radio and optical telecommunication sys 
tem according to claim 55 FURTHER CHARACTERIZED 
IN THAT 

the radio telecommunications are omnidirectional, by an 
omnidirectional radio telecommunications signal. 

57. The hybrid radio and optical telecommunication sys 
tem according to claim 55 FURTHER CHARACTERIZED 
IN THAT 

the free-space optical telecommunications are directional, 
by directional free-space optical telecommunications 
linkS. 

58. A broadband free-space network access system for 
providing broadband telecommunications Services to Sta 
tionary and mobile user devices comprising: 

multiple Sets of plural geographically-localized uniquely 
identified first-tier telecommunication Stations called 
base Stations, 
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each base Station bi-directionally wirelessly telecom 
municating by a broadband free-space first Signal 
with a plurality of user devices within a Small-size 
area geographically local to the base Station, 

each Set of plural base Stations providing in combina 
tion broadband free-space wireleSS telecommunica 
tions to most, but not necessarily all, of the user 
devices that are within a medium-size geographical 
area that includes the Small-size geographical areas 
local to each base Station of the Set, 

a free-space broadband communications network for 
communicatively interconnecting, by free-space Sec 
ond Signals that are of different frequency than are the 
first signals, the multiple Sets of plural geographically 
localized uniquely-identified first-tier telecommunica 
tion base Stations to a communications backbone; and 

a multiplicity of Second-tier Stations each within a 
medium-size geographical area, each Second-tier Sta 
tion 

bi-directionally wirelessly telecommunicating again by 
the broadband free-space first signal with any user 
devices within the medium-size geographical area 
which user devices are not otherwise telecommuni 
cating with first-tier telecommunication base sta 
tions, and 

communicatively interconnecting these user devices to 
the communications backbone; 

wherein any individual user device can, and most com 
monly does, wirelessly telecommunicate through a 
first-tier telecommunications base Station within a 
Small geographical area local to the device in order to, 
after communicating further acroSS the free-space 
broadband communications network, communicatively 
interconnect with the communications backbone; but 

wherein any individual user device can alternatively wire 
lessly telecommunicate within the medium-size geo 
graphical area through a Second-tier telecommunica 
tions Station in order to communicatively interconnect 
with the same communications backbone. 

59. The broadband radio network access system accord 
ing to claim 58 

wherein the collective base stations of each of the mul 
tiple Sets of plural geographically-localized first-tier 
telecommunications base Stations collectively provide 
radio telecommunications to the majority of the user 
devices that are within a medium-size geographical 
area including the Small-size geographical areas that 
are local to each base Stations of the Set; 

wherein most of the radio telecommunications in each 
medium-sized geographical area is through the first tier 
base Stations, rather than through the Second-tier Sta 
tion. 

60. The broadband radio network access system accord 
ing to claim 59 wherein the first-tier telecommunication 
Stations comprise: 

radio Station bi-directionally wirelessly telecommunicat 
ing by a broadband radio Signals. 
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61. The broadband radio network access system accord 
ing to claim 60 wherein the free-space broadband commu 
nications-network comprises: 

a network of optical transceivers for communicatively 
interconnecting by free-space optical Signals that are of 
different frequency than are the radio signals. 

62. The broadband radio network acceSS System accord 
ing to claim 59 wherein the Second-tier telecommunication 
Stations comprise: 

radio Stations bi-directionally wirelessly telecommunicat 
ing by a broadband radio Signals. 

63. The broadband radio network access system accord 
ing to claim 58 further comprising: 

a multiplicity of third-tier Stations each within a large-size 
geographical area SubSuming a plurality of medium 
sized geographical areas where are located the Second 
tier Stations, each third-tier Station 
bi-directionally wirelessly telecommunicating again by 

the broadband free-space first signal with any user 
devices within the large-size geographical area 
which user devices are not otherwise telecommuni 
cating with neither the first-tier telecommunication 
base Stations nor the Second-tier Stations, and 

communicatively interconnecting these user devices to 
the communications backbone; 

wherein any individual user device can, and most com 
monly does, wirelessly telecommunicate through a 
first-tier telecommunications base Station within a 
Small geographical area local to the device, or alterna 
tively, through a Second-tier telecommunications sta 
tion within the medium-size geographical area, but still 
can, further alternatively, wirelessly telecommunicate 
within the large-size geographical area through a third 
tier telecommunications Station in order to communi 
catively interconnect with the same communications 
backbone. 

wherein communications with and between user devices 
within the network access System preferably transpires 
at a lowest System level of the first-tier Stations, but can 
if necessary transpire to and through Second-tier Sta 
tions telecommunicating to user devices within a 
medium geographical area, or even to and through 
third-tier Stations telecommunicating to user devices 
Within a large geographical area. 

64. The broadband radio network access system accord 
ing to claim 63 

wherein the collective base stations of each of the mul 
tiple Sets of plural geographically-localized first-tier 
telecommunications base Stations, and the collective 
Second-tier telecommunications Stations, collectively 
provide telecommunications to the vast majority of the 
user devices that are within a large-size geographical 
area including the medium-size geographical areas that 
include the Small-sized geographical areas that are local 
to each base Stations of the Set; 

wherein most of the radio telecommunications in each 
medium-sized geographical area is through the first tier 
base Stations, and a lessor amount is through the 
Second-tier Station, and a Still lessor amount is through 
the third-tier station. 
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65. The broadband radio network access system accord 
ing to claim 63 wherein the first-tier telecommunication 
Stations comprise: 

radio Stations bi-directionally wirelessly telecommunicat 
ing by a broadband radio Signals, 

wherein the Second-tier telecommunication Stations com 
prise: 

radio Stations bi-directionally wirelessly telecommunicat 
ing by a broadband radio Signals, 

and wherein the third-tier telecommunication Stations 
comprise: 

radio Stations bi-directionally wirelessly telecommunicat 
ing by a broadband radio Signals. 

67. The broadband radio network access system accord 
ing to claim 66 wherein the free-space broadband commu 
nications network comprises: 

a network of optical transceivers for communicatively 
interconnecting by free-space optical Signals that are of 
different frequency than are the radio signals. 

68. A communications System comprising: 
a mesh network telecommunicatively interconnecting a 

multiplicity of communication Switches by and upon 
free-space telecommunications links, and 

means for establishing virtual communication paths upon 
the mesh network between ones of the multiplicity of 
communication Switches. 

69. The communications system according to claim 68 
wherein the mesh network is telecommunicatively inter 

connecting the multiplicity of communication Switches 
by and upon free-space optical telecommunications 
linkS. 

70. The communications system according to claim 68 
wherein the mesh network is telecommunicatively inter 

connecting the multiplicity of communication Switches 
by and upon free-space millimeter wavelength radio 
telecommunications linkS. 

71. The communications system according to claim 68 
wherein the means for establishing virtual communication 

paths upon the mesh network between ones of the 
multiplicity of communication Switches is So establish 
ing the virtual communications links in form of a tree, 
the Virtual communication paths from the multiplicity 
of communication Switches focusing to a root node 
communication Switch called an end office. 

72. The communications System according to claim 71 
wherein the means for establishing virtual communication 

paths upon the mesh network between ones of the 
multiplicity of communication Switches is located at 
the end office. 

73. The communications system according to claim 71 
wherein the means for establishing virtual communication 

paths upon the mesh network between ones of the 
multiplicity of communication Switches is distributed 
between the end office and some other ones of the 
multiplicity of communication Switches. 

74. The communications system according to claim 71 
wherein the means for establishing virtual communication 

paths upon the mesh network between ones of the 
multiplicity of communication Switches is distributed 
between among all the multiplicity of communication 
Switches. 


