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VEHICULAR COMMUNICATION SYSTEM

CROSS-REFERENCE TO RELATED APPLICATION

This application claims priority to U.S. Serial No. 10/116,618 entitled “Vehicular
Communication System” filed with the U.S. Patent and Trademark Office on April 3, 2002.

FIELD OF THE INVENTION

This invention relates to communication systems generally, and more particularly to

communication systems using light signals to control electrical transmission and reception.

BACKGROUND OF THE INVENTION

It has long been recognized that aircraft and other vehicles operate most efficiently when
their weight is minimized. A major contributor to the weight of modern vehicles is the load of
communication equipment, including antennas, transmitters, receivers, controllers, input devices
such as microphones and cameras, output devices such as monitors and headphones, and
transmission lines interconnecting the various elements of the communications system.

In order to reduce weight associated with the communication systems of vehicles, it is
common to use full duplex operation of signal paths, so that the transmitted and received signals
travel, in opposite directions, over the same transmission lines, thereby saving a substantial
portion of the weight associated with transmission paths for the other direction of transmission.
A major problem with use of a full-duplex transceiver with an associated antenna is the large
dynamic range necessary to isolate the high-level transmitted signal from the low-level received
signal. In a transmission path, the presence of unavoidable reflections due to variations in the
characteristics of the signal path converts signals flowing in a particular direction into reflected
signals which flow in a retrograde direction. The problem of reflections is particularly severe in
optical fiber transmission paths.

Improved communication systems are desired.

1503287
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SUMMARY OF THE INVENTION

A communication system according to an aspect of the invention includes a set of
electromagnetic/electrical transducers. This set may contain as few as one
electromagnetic/electrical transducer. Each of the transducers signals between free space and at
least one associated electrical port. The communication system includes a plurality of sources
and sinks (including receivers) of optical communications signals. The optical communications
signals may be analog or digital, and may include control signals. These control signals include
signals for controlling the transmitters and receivers, as by selecting frequency, bandwidth,
and/or power.

The communications signals and the control signals are generated or received at optical
ports. The communication system also includes a set of transmitters and receivers, which set
may include only one of a transmitter and a receiver, which is to say only a single transmitter, a
single receiver, or both a single transmitter and a single receiver. Each one of the transmitters
and receivers of the set of transmitters and receivers includes a first electrical port and a light
port. Each one of the transmitters converts light signals applied to the light port into electrical
signals at the first electrical port. The converting of light signals into electrical signals may be
accompanied by frequency conversion under the control of the control signals. Depending upon
the types of signals, each of the transmitters may accept digital light signals, and produce analog
electrical signals. Each one of the receivers converts electrical signal applied to its electrical port
into light signals at its light port, with frequency conversion, if appropriate, under the control of
the control signals, and with analog-to-digital conversion if appropriate. The communication
system also includes an optical communication bus coupled to the light signal ports of the
sources and sinks of optical communications signals, and of the light ports of the transmitters and
receivers, for coupling the communications and associated control signals among the sources,
sinks, transmitters and receivers. As a result of these connections, light signals can be
communicated at least from the sources to the transmitters and receivers and from the receivers
to the sinks. A plurality of electrical-to-light converters are included in the communication
system. Each of the electrical-to-light converters includes an electrical port and a light port, and
converts electrical signals applied to the electrical port into light signals at the light port. Some
of the electrical-to-light converters have their electrical ports coupled to the

electromagnetic/electrical transducers. Others of the electrical-to-light converters have their

2



10

15

20

25

30

WO 03/085865 PCT/US03/10053

electrical ports coupled to the first electrical ports of the transmitters. The communication
system further includes a plurality of light-to-electrical converters. Each of the light-to-electrical
converters includes a light port and an electrical port, for converting light signals applied to the
light port into electrical signals at the electrical port. Some of the light-to-electrical converters
have their electrical ports coupled to the electromagnetic/electrical transducers. Others of the
light-to-electrical converters have their electrical ports coupled to the electrical ports of the
receivers. The communication system includes a bidirectional optical communication link or
optical fiber communication path extending between the light ports of the electrical-to-light
converters and the light ports of the light-to-electrical converters.

In a particular embodiment of the invention, each of the electromagnetic/electrical
transducers comprises an antenna. In another version of the invention, each of the transmitters
includes a further electrical port, and an electrical transmitter portion extending between the first
electrical port and the further electrical port; in this other version, a light-to-electrical signal
converter is coupled between the light port of the transmitter and the further electrical port, for
transducing or converting light arriving from the bus into electrical signals for the electrical
transmitter portion.

In a further manifestation of the invention, a communication system further comprises an
amplifier coupled to the electrical port of the light-to-electrical converter, for amplifying
electrical signals flowing toward the electromagnetic/electrical transducers. In another avatar,
the communication system further includes a circulator coupled to the electromagnetic/electrical
transducers, and to the electrical ports of some of the electrical-to-light converters and light-to-

electrical converters.

BRIEF DESCRIPTION OF THE DRAWING

FIGURE 1 is a simplified diagram, in block and schematic form, of a communication
system according to an aspect of the invention;

FIGURE 2a is a simplified diagram, in block and schematic form, of a portion of the
arrangement of FIGURE 1, modified to include optical filters, which are used in conjunction
with the optical directional couplers to provide additional isolation between the signals to be
transmitted and the received signals as the signals traverse the two separate channels, FIGURE

2b is a simplified diagram, in block and schematic form, of a portion of FIGURE 1

3



10

15

20

25

30

WO 03/085865 PCT/US03/10053

corresponding to that of FIGURE 2a, modified by substituting optical multiplexing filters for
directional couplers, FIGURE 2c is a simplified perspective or isometric view of a planar grating
wavelength-dependent multiplexer/demultiplexer of a type which may be used in the
arrangement of FIGURE 2b, the arrangement of FIGURE 2d represents another
multiplexer/demultiplexer of a type which may be used in the arrangement of FIGURE 2b,
FIGURE 2e is a simplified representation of yet another multiplexer/demultiplexer which may be
used in the arrangement of FIGURE 2b, and FIGURE 2f represents the frequency characteristics
or spectral response of an optical multiplexer;

FIGURE 3 is a simplified diagram in block and schematic form which includes plural
transmitters and plural receivers, coupled to an antenna (or other source/sink) by a representative
optical fiber communication path of FIGURE 1;

FIGURE 4a is a simplified diagram in block and schematic form of an arrangement
according to an aspect of the invention, which includes a plurality of transmitters and receivers,
operating over a representative optical fiber communication path of FIGURE 1, and FIGURE 4b
illustrates an alternative arrangement for a portion of FIGURE 4a;

FIGURE 5a is a simplified diagram in block and schematic form of a multiplexing
arrangement according to an aspect of the invention, using multiple light wavelengths, and re-
using each subcarrier on each wavelength, FIGURE 5b is a representation of assignment of
blocks or portions of a frequency spectrum to the various rows of the array antenna of FIGURE
5a, and FIGURE 5c is a frequency spectrum illustrating the assignment of subcarriers within one
of the blocks of the spectrum of FIGURE 5b.

Description of the Invention

In FIGURE 1, a communication system 10 includes a set 12 of antennas 12a, 12b, . . .,
each of which includes a “feed” port 14a, 14b . ... Those skilled in the art know that antennas
are transducers, which transduce signals between unguided electromagnetic form in free space,
indicated by the arrow 8, and guided electrical waves at the ports 14a, 14b . . .. Those skilled in
the art also know that antennas are reciprocal devices, which have the same characteristics, such
as beam width, pattern shape, and gain, in both transmitting and receiving modes of operation.
The “feed” terminology for the port of an antenna is from an earlier time, when the reciprocity of

transmission and reception were not as well known, but such language is now standard. The feed



10

15

20

25

30

WO 03/085865 PCT/US03/10053

port is the port to which signals are applied for transmission, and from which received signals are
taken.

In FIGURE 1, the feed port 14a of antenna 12a is connected to an antenna port 60aa of a
circulator 60a. Received electrical signals are coupled from the antenna to port 60aa, and are
circulated to circulator port 60ab and to a low-noise amplifier 63a. Low-noise amplifier 63a
amplifies the electrical signals, and applies the amplified signals to an electrical input port 40ae
of a radio-frequency (RF) or electrical-to-light converter 40a. The term “radio-frequency”
formerly had a meaning which was restricted to a frequency range extending from about 550
KHz to 1600 KHz, but more recently has come to mean any frequency extending from above
audio frequencies (about 20 to 30 KHz) to lower infrared frequencies. Circulator 60a also
receives amplified RF signals from a power amplifier 64a at a port 60ac, and circulates such
signals to antenna port 14a, for transmission by antenna 14a of the amplified RF signals from
amplifier 64a. Similarly, the feed port 14b of antenna 12b is connected to an antenna port 60ba
of a circulator 60b. Received electrical signals are coupled from the antenna to port 60ba, and
are circulated to circulator port 60bb and to a low-noise amplifier 63b. Low-noise amplifier 63b
amplifies the electrical signals, and applies the amplified signals to an electrical input port 40be
of a radio-frequency (RF) or electrical-to-light converter 40b. Circulator 60b also receives
amplified RF signals from a power amplifier 64b at a port 60bc, and circulates such signals to
antenna port 14b, for transmission by the antenna 14b of the amplified RF signals from amplifier
64b.

An optical communication bus 50 in FIGURE 1 carries optical communication signals
bidirectionally, as suggested by double-headed arrow 51, between, or among, a plurality of nodes
52a, 52b, 52¢c, 52d, . .. Node 52c¢ includes an optical directional coupler, such as a star or fused-
fiber coupler, which directs signals arriving at the node over an optical fiber 54cl to a light-to-
electrical signal converter 23a. Such optical communication systems are well known, and details
are omitted; it should be noted, however, that messages or signals to be transmitted from one
location to another by way of different nodes are given codes which identify at least the
destination address, so that equipments to which the messages are not directed can ignore them.
Light-to-electrical signal converter 23a converts the light signals so received into electrical form,
and possibly converts from digital form to analog form, and applies the resulting electrical

signals to a utilization device, which is illustrated as a headphone 22a of a pair of headphones. A
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microphone, illustrated as 16a, is associated with node 52a. Microphone 16a produces electrical
signals, which are applied to an electrical input port 18ae of an electrical-to-light converter 18a.
A controller illustrated as a mechanical switch 55a represents a source of commands associated
with the communication signals handled by converters 23a and 18a; the commands may
represent an RF frequency of a carrier on which the associated communication signals are to be
transmitted, or the frequency of a receiver at which communication signals applied to the
headphones are to be received on. In any case, the command signals should include destination
coding to identify that one of the transmitters 32a, 32b or receivers 34a, 34b for which the
message is destined, so that the appropriate equipment acts on the message. The command
signals may also represent the antenna from which the signals are to be transmitted, or on which
they are to be received, the signal power, amplification, or any such parameter. The command
signals originating from the sources represented by switch 55a are coupled to the electrical input
port of an electrical-to-light converter 20a, for producing corresponding light signals at a light
output port 20al, which light signals are applied over another local optical fiber path to node 52¢
for communication over the optical communication path 50. Similarly, node 52d includes an
optical directional coupler, which directs signals arriving at the node over a local optical fiber
54d1 to a light-to-electrical signal converter 23b. Light-to-electrical signal converter 23b
converts the light signals so received into electrical form, and possibly converts from digital
form to analog form, and applies the resulting electrical signals to another utilization device,
which is illustrated as a headphone 22b of a pair of headphones. A microphone, illustrated as
16b, is associated with node 52b. Microphone 16b represents another source of electrical
communication signals, which are applied to an electrical input port 18be of an electrical-to-light
converter 18b. Electrical-to-light converter 18b converts the electrical signals produced by the
source represented by microphone 16b into light form, and couples the light signals so generated
or converted from light output port 18bl to node 52d, for transmission to the other nodes 52a,
52b, 52c¢, . . . of the optical communication system 50.

In FIGURE 1, node 52a of optical communication system 50 includes an optical
directional coupler, which directs signals arriving at node 52a over a local optical fiber 54al to
the light input port 36al of a light-to-electrical signal converter 36a. Light-to-electrical signal
converter 36a is part of a light-in, electrical-out transmitter (TX) 30a. Light-to-electrical signal

converter 36a converts the light signals received from node 52a into electrical form, and possibly
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converts from digital form to analog form, and applies the resulting electrical signals to the
electrical input port 32a2 of an electrical-in, electrical-out transmitter 32a, which receives the
command or control signal component, and selects some transmitter characteristic, such as
carrier frequency or modulation type (that is, amplitude modulation, frequency modulation, code
modulation, phase modulation, or the like), and processes the communication component of the
signals received from light-to-electrical converter 36a in accordance with the commands. In the
embodiment illustrated in FIGURE 1, the signal output power of the transmitter is lower than the
sum of the desired transmitted powers, so power amplifier 64a is provided near the antenna to
boost the power to the desired level. For this purpose, the power-level component of the
command or control signals may be passed from transmitter 32a (suitably modulated, if
necessary) on toward amplifier 64a, and the amplifier may be provided with an appropriate
circuit for extracting the command component and executing the commanded power. In any
case, the modulated communication signals in electrical form are generated at the electrical
output port 32ae of transmitter 32a. Similarly, node 52b of optical communication system 50
includes an optical directional coupler, which directs signals arriving at node 52b over an optical
fiber 54b1 to the light input port 36b1 of a light-to-electrical signal converter 36b. Light-to-
electrical signal converter 36b is part of a light-in, electrical-out transmitter (TX) 30b. Light-to-
electrical signal converter 36b converts the light signals received from node 52b into electrical
form, and possibly converts from digital form to analog form, and applies the resulting electrical
signals to the electrical input port 32b2 of an electrical-in, electrical-out transmitter 32b, which,
as described above in the case of transmitter 32a, receives the command or control signal
component, and processes the communication component of the signals received from light-to-
electrical converter 36b in accordance with the commands. As described above, the power
output of transmitter 32b may be low, and power is provided by an additional amplifier 64b,
which may be controlled. In any case, the modulated communication signals in electrical form
are generated at the electrical output port 32be of transmitter 32b.

A receiver (RX) 33a at the left of FIGURE 1 receives electrical signals received by
antenna 12a, possibly amplified by low-noise amplifier 63a, and provides conventional receiver
processing, such as down-conversion and demodulation, and/or filtering, all under the control of
the command signals flowing over the communication system 50. Thus, operation of the

controls represented by switch 55a can, in addition to controlling the characteristics of
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transmitter 32a, also control the receiving characteristics of receiver 34a. For this purpose, the
control signals are routed by a path (not illustrated) from light-to-electrical converter 36a to
receiver 34a. The processed received signals are coupled from electrical output port 34a2 of
receiver 34a to the electrical input port 38ae of electrical-to-light converter 38a. Electrical-to-
light converter 38a converts the electrical signals received at its electrical input port 38ae into
light signals, and couples the resulting light signals from light output port 38al, by way of node
52a, to optical communication system 50. Once the received signals are available on bus 50,
they may be used by any of the utilization devices, represented by headphones 22a and 22b,
which are coupled to the bus 50. Similarly, receiver (RX) 33b of FIGURE 1 receives electrical
signals previously received by antenna 12b, possibly amplified by low-noise amplifier 63b, and
provides conventional receiver processing, such as down-conversion and demodulation, and/or
filtering, all under the control of the command signals flowing over the communication system
50. The processed received signals are coupled from electrical output port 34b2 of receiver 34b
to the electrical input port 38be of electrical-to-light converter 38b. Electrical-to-light converter
38b converts the electrical signals received at its electrical input port 38be into light signals, and
couples the resulting light signals from light output port 38b1, by way of node 52b, to optical
communication system 50.

In order to couple signals to be transmitted from the electrical output ports 46al, 46bl of
transmitters 30a and 30b, respectively, to antennas 12a and 12b, respectively, and to couple
received signals from antennas 12a and 12b to receivers 33a and 33b, respectively, optical
communication paths are provided. More particularly, an optical communication path
designated generally as 70a includes an optical fiber communication path 74a, which is
connected to a first optical coupler 72a on the side nearest the antenna 12a, and to a second
optical coupler 76a on the side remote from the antenna. Optical coupler 72a has optical ports
72al, 72a2, and 72a3, and is provided to route signals applied to port 72al to port 72a2, and to
route signals applied to port 72a3 to port 72al. In order to accomplish this routing, coupler 72a
could be a directional coupler such as a star coupler or fused-fiber coupler for separating the
signals based on their direction of propagation, or, if the transmitted and received signals are at
different frequencies, the coupler 72a may be a filter, which separates the signals based on their
frequencies. Similarly, optical coupler 76a has optical ports 76al, 76a2, and 76a3, and is
provided to route signals applied to port 76a2 to port 76al, and to route signals applied to port
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76al to port 76a3. Thus, optical signals applied to port 76a2 of coupler 76a of optical path 70a
are coupled from port 72a2 of coupler 72a, and optical signals applied to port 72a3 of coupler
72a of optical path 70a are coupled from port 76a3 of coupler 76a.

Similarly, optical fiber communication path 70b includes optical fiber path 74b, and
couplers 72b and 76b. Optical coupler 72b has optical ports 72b1, 72b2, and 72b3, and is
provided to route signals applied to port 72b1 to port 72b2, and to route signals applied to port
72b3 to port 72b1. Coupler 72b may be a directional coupler or a filter, as described above.
Optical coupler 76b has optical ports 76b1, 76b2, and 76b3, and is provided to route signals
applied to port 76b2 to port 76bl, and to route signals applied to port 76bl to port 76b3. Thus,
optical signals applied to port 76b2 of coupler 76b of optical path 70b are coupled from port
72b2 of coupler 72b, and optical signals applied to port 72b3 of coupler 72b of optical path 70b
are coupled from port 76b3 of coupler 76b.

Optical fiber communication path 70a of FIGURE 1is coupled to the electrical
components at its ends. More particularly, electrical output port 32ae of transmitter 30a is
coupled to an electrical input port 46ae of an electrical-to-light converter 46a, which converts the
electrical signals to be transmitted into light signal form, and couples the light signals from light
output port 46al to light input port 76a2 of coupler 76a. The light signals flow through optical
fiber communication path 70a to light output port 72a2 of coupler 72a, and are applied to the
light input port 42al of a light-to-electrical converter 42a. Light-to-electrical converter 42a
converts the light signals representing electrical signals to be transmitted into electrical form, and
applies the resulting electrical signals from electrical output port 42ae to the input port of
amplifier 64a. The amplified signal from-the amplifier 64a is coupled through circulator 60a to
antenna 12a for radiation from the antenna. Received electrical signals amplified by low-noise
amplifier 63a are applied to the electrical input port 40ae of an electrical-to-light converter 40a,
which converts the received signals into light form. The resulting light signals are coupled from
light output port 40al to light input port 72a3 of coupler 72a. The light signals representing
received signals are coupled through optical fiber path 74a to common port 76al of coupler 76a,
and are routed within the coupler to port 76a3. The light signals exiting from port 76a3 of
coupler 76a are applied to the light input port 44al of a light-to-electrical converter 44a, and are

converted into electrical signals representing the signals received by antenna 12a. The electrical
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output signals are coupled from electrical output port 44ae of light-to-electrical converter 44a are
coupled to electrical input port 34ae of receiver 33a.

Similarly, optical fiber communication path 70b of FIGURE 1 is coupled to the electrical
components at its ends. More particularly, electrical output port 32be of transmitter 30b is
coupled to an electrical input port 46be of an electrical-to-light converter 46b, which converts the
electrical signals to be transmitted into light signal form, and couples the light signals from light
output port 46bl to light input port 76b2 of coupler 76b. The light signals flow through optical
fiber communication path 70b to light output port 72b2 of coupler 72b, and are applied to the
light input port 42b1 of a light-to-electrical converter 42b. Light-to-electrical converter 42b
converts the light signals representing electrical signals to be transmitted into electrical form, and
applies the resulting electrical signals from electrical output port 42be to the input port of
amplifier 64b. The amplified signal from amplifier 64b is coupled through circulator 60b to
antenna 12b for radiation from the antenna. Electrical signals received by antenna 12b and
amplified by low-noise amplifier 63b are applied to the electrical input port 40be of an electrical-
to-light converter 40b. Electrical-to-light converter 40b converts the received signals into light
form. The resulting light signals are coupled from light output port 40b1 to light input port 72b3
of coupler 72b. The light signals representing received signals are coupled through optical fiber
path 74b to common port 76b1 of coupler 76b, and are routed within the coupler to port 76b3.
The light signals exiting from port 76b3 of coupler 76b are applied to the light input port 44bl of
a light-to-electrical converter 44b, and are converted into electrical signals representing the
signals received by antenna 12b. The electrical output signals are coupled from electrical output
port 44be of light-to-electrical converter 44b are coupled to electrical input port 34be of receiver
33b.

With the described connections, the arrangement of FIGURE 1 uses optical fiber paths
for all low-power signal routing, which provides an improvement in weight over the alternative,
which includes use of coaxial cable (or rigid waveguide). The optical bus arrangement provides
more flexibility in routing of signals than does the use of fixed coaxial cables. Further, high-
amplitude signals occur in the system of FIGURE 1 only between the output port 64ao of
amplifier 64a and the antenna port 14a, and between the output port 64bo of amplifier 64b and
the antenna port 14b. As such, only low-level signals traverse the optical fiber paths of optical

communication system 50 and of the optical paths 70a, 70b. Since high-amplitude (or high-
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level) signals do not traverse common paths with low-amplitude (low-level) signals (except in
the antenna couplers illustrated as 60a, 60b in FIGURE 1, and the associated antenna paths),
reflections of high-level signals in optical fibers cannot occur, with consequent improvement in
the isolation. The isolation is established by the directivity of the couplers 72a and 76a. The
isolation provided by these couplers, if based solely on the direction of propagation of the light,
may be insufficient for some applications. ‘

FIGURE 2a is a simplified block diagram of a portion of the arrangement of FIGURE 1
including optical fiber communication path 74a, taken as typical of any of the optical fiber
communication paths of FIGURE 1, modified to include optical filters. These optical filters are
used in conjunction with the optical directional couplers to provide additional isolation between
the signals to be transmitted and the received signals as the signals traverse the two separate
channels (signal up to the antenna for transmission and received signals down from the antenna).
In FIGURE 2a, elements corresponding to those of FIGURE 1 are designated by the same
reference alphanumerics. The arrangement of FIGURE 2a differs from that of FIGURE 1, in
part, in that the electrical signal flowing from transmitter 30a to input electrical port of electrical-
to light converter 46a produces light at a particular wavelength A;, which is applied to light port
76a2 of optical directional coupler 76a. It should be noted that wavelength (1) and frequency (F)
are related by the speed of light C in the medium through which the electromagnetic energy
flows, with A=C/F and F=C/A, and specification of either F or A specifies the other. An optical
bandpass filter (BPF) 212 is interposed between optical port 76a3 of coupler 76a and light port
44al. Optical bandpass filter 212 passes a wavelength A, but rejects, or does not pass, A
wavelength A; Those skilled in the art know that the term “wavelength” in this context refers to
a range of wavelengths, rather than to a single wavelength, but that the bandwidths of the signals
involved are such that the width of the band is small relative to the center wavelength. Further,
those skilled in the art know that terms such as “reject” and “do not pass” are relative terms,
which impart the flavor of the theoretical function performed by a filter, but which ignore the
limitations of real devices. Thus, the signals which are “passed” by a real filter are subject to
some losses, and the signals which are “rejected” nevertheless pass through the filter at some
level. Further, the term “bandpass” in this context includes filters which might be termed “band-
reject,” in that a filter which rejects A, but does nothing else, will allow passage of A, Thus,

filter 212 of FIGURE 2a is either a A, bandpass filter or a A, reject filter. Filters with other

11



10

15

20

25

30

WO 03/085865 PCT/US03/10053

names may also be used in this context to provide the same effects. The presence of filter 212
prevents signals at A;, which are intended to flow upward through optical fiber communication
path 74a, and which “leak” to port 76a3 of coupler 76a, from arriving at port 44al of light-to-RF
converter 44a, and thereby contaminating the received signals.

The transmitted light signals at A, which are coupled from RF-to-light converter 46a of
FIGURE 2a to port 76a2 of coupler 76a, are coupled onto optical fiber communication path 74a,
arrive at directional coupler 72a, and are preferentially coupled to port 72a2. From port 72a2,
the light signals representing signals to be transmitted are coupled through a A, bandpass filter
210, or at, least a A, reject filter, to light input port 42al of light-to-RF converter 42a. The light
signal is converted to RF, and is applied to the input port of power amplifier 64a, as described in
conjunction with FIGURE 1. As so far described, the requirement that RF-to-light converter 46a
produce its light at wavelength A,, together with the addition of A, bandpass filter to the
arrangement of FIGURE 1, helps to increase the isolation of the downward-going information
streams (the received signals) from the signals to be transmitted. However, as so far described,
there is no explicit additional isolation of the upwardly directed (signals to be transmitted)
signals from the received signals.

As further illustrated in FIGURE 2a, an additional requirement is imposed on RF-to-light
converter 40a, so that converter 40a produces light only at wavelength A,. With this additional
limitation, any received signals at A, which “leak” through light coupler 72a, which refers to
signals which flow from port 72a3 to port 72a2, are rejected by A, bandpass filter 210, and are
lost, or reflected back to the coupler. The signals at A; which may arrive at the light output port
40al of RF-to-\, converter 40a have no effect on the converter 40a. Similarly, the signals at A,
which may arrive at the light output port 46al of RF-to-A; converter 46a have no effect on the
converter 46a. Thus, additional isolation is achieved in the arrangement of FIGURE 2a by
operating the up and down paths through optical fiber communication path 74a at different
wavelengths of light, and by using optical filters to aid in providing isolation.

FIGURE 2b is a simplified block and schematic diagram of an optical fiber
communication path 74a portion of FIGURE 1 corresponding to that of FIGURE 2a, modified by
substituting optical multiplexing filters for directional couplers. Elements of FIGURE 2b
corresponding to those of FIGURE 2a are designated by like reference alphanumerics. In
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FIGURE 2b, light at wavelength A, is coupled to a A, input port 276a2 of a wavelength
multiplexer/demultiplexer (MUX/DEMUX) 276a, and is coupled to common port 276al, rather
than to port 276a3, by the wavelength-dependent characteristics of the multiplexer. The device
276a is termed a “multiplexer/demultiplexer” rather than just a multiplexer or demultiplexer,
because it can perform both functions, depending upon how it is used. In the arrangement of
FIGURE 2b, MUX/DEMUX 276a is used to perform both functions. More particularly,
MUX/DEMUX 276a is used to multiplex the light at wavelength A, from port 276a2 onto optical
fiber communication path 74a, and to demultiplex light at wavelength A, from optical fiber
communication path 74a to output port 276a3. At the upper end of path 74a, as illustrated in
FIGURE 2b, another multiplexer/demultiplexer MUX/DEMUX 272a receives light at
wavelength A, at its input port 272a3, and multiplexes the light onto path 74a. Light at
wavelength A4, arriving at common port 272al of MUX/DEMUX 272a is routed to port 272a2.
The MUX/DEMUX 272a and 276a of FIGURE 2b are wavelength-selective, and so provide
isolation of the signals to be transmitted from the received signals. If more isolation should be
needed, A, BPF filter 210 may be interposed between port 272a2 of MUX/DEMUX 272a and
light input port 42al of light-to-RF converter 42a, and A, BPF filter 212 may be interposed
between port 276a3 of MUX/DEMUX 276a and light input port 44al of light-to-RF converter
44a. The use of multiplexer/demultiplexers provides the possibility of additional channels
extending through the optical fiber communication path 74a.

FIGURE 2c is a simplified perspective or isometric view of a planar grating wavelength-
dependent multiplexer/demultiplexer which may be used in the arrangement of FIGURE 2b. In
FIGURE 2c, light at wavelengths A1, A, As. . ., An enters body 214 of multiplexer/demultiplexer
276a at a common input port or fiber 276al, and is focused, if necessary, by a lens 224. A
plurality of shallow reflective grating arrays, designated as 218, are formed in the upper surface
216 of body 214. The grating arrays are curved, so that the light reflected at each of the various
wavelengths A, Ay, As. . ., An is focused onto a particular output port or fiber 276a2, 276a3, . . .,
276a(N+1). For example, light at wavelength A; which enters port 276al is transmitted to the
grating arrays 218, and is reflected, as suggested by dot-dash lines 220, to port or fiber 276a2.
Light at wavelength A, which enters port 276al is transmitted to the grating arrays 218, and is
reflected, as suggested by dash-lines 222, to port or fiber 276a3. Similarly, light at other
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frequencies is reflected by the gratings 218 to other ports or fibers, as for example light at
wavelength Ay is reflected to port 276a(N+1). To operate as a multiplexer, light at the indicated
frequencies is applied to the corresponding ones of the ports 276a2, 276a3, . . ., 276a(N+1), and
the light from all of those ports is reflected by the gratings 218 to single port or fiber 276al.

The arrangement of FIGURE 2d represents another multiplexer/demultiplexer which may
be used in the arrangement of FIGURE 2b. In FIGURE 2d, the common port or fiber is 276al,
in which light flows at wavelengths A1, 42,23 . ., Ax. Lens 224 collimates the light, if
necessary, to produce a light beam which “passes through” a plurality of dichroic filters 228a,
228b, 228c, . . .228N. Each dichroic filter reflects at one of wavelengths A1, A2, A3 . . ., An, and
transmits or passes light at other wavelengths. Light of the wavelength to which each filter is
reflective does not pass through that filter, but is reflected instead. Each dichroic filter 228a,
228b, 228c, . . . 228N is associated with an output port, which in the arrangement of FIGURE
2d comprises an optical fiber and a lens, if necessary. Individual wavelength ports 276a2, 276a3,
27624, . . ., 276aN are associated with dichroic filters 228a, 228b, 228c, . . ., 228N, respectively,
and each port 276a2, 276a3, 276a4, . . ., 276a(N+1) is associated with a corresponding lens
230a2, 230a3, 230a4, . . ., 230aN. As illustrated in the arrangement of FIGURE 2d, dichroic
filter 228a reflects light at A, and the reflected light at A, passes through lens 230a2 to fiber or
port 276a2. Dichroic filter 228b reflects light at A,, and the reflected light at A, passes through
lens 230a3 to fiber or port 276a3, dichroic filter 228c reflects light at A3, and the reflected light at
A3 passes through lens 230a4 to fiber or port 276a4, . . ., and dichroic filter 228N reflects light at
A~ , and the reflected light at Ay passes through lens 230aN to fiber or port 276a(N+1). As with
the arrangement of FIGURE 2c, the MUX/DEMUX of FIGURE 2d may be used with additional
wavelength filters, if insufficient isolation between wavelengths is available in the
MUX/DEMUX itself.

FIGURE 2e is a simplified representation of yet another multiplexer/demultiplexer which
may be used in the arrangement of FIGURE 2b. In FIGURE 2e, elements of
multiplexer/demultiplexer 276a corresponding to those of FIGURE 2b are designated by the
same reference alphanumeric. Multiplexer/demultiplexer 276a of FIGURE 2e has its common
input port coupled to a port 240,' of a directional coupler 240,, where the subscript identifies the
particular one of the directional couplers, and the superscript identifies the port. All of the input

wavelengths A; to Ay pass through to port 240,%, and enter a grating 242,. Grating 242, is an
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optical fiber with one or more arrays of grooves or regions of varying index of refraction, which
are arranged to reflect light at wavelength A, and pass light at all other wavelengths. The light at
wavelength A, which is reflected by grating 242, re-enters port 240, of coupler 240, and is
coupled to, and exits from, port 240,°. Thus, light at wavelengths extending from A, to Ay enters
the system, and light at wavelength A, exits by way of port 276a2, while the remaining
wavelengths of light, ranging from A; to Ax, continue on, and enter port 240, of coupler 240,.
Coupler 240, couples the light at wavelengths ranging from A, Ay to its output port 240,', and on
to grating 242,. Grating 242, reflects light at X, and passes the remaining light, namely light
having wavelengths ranging from A3 to An. The reflected light at A, re-enters port 240," of
coupler 240,, and is coupled to coupler output port 240,°. Thus, of the wavelengths A; to Ay
which enter the multiplexer/demultiplexer 276a of FIGURE 2e, A, exits by port or fiber 276a2,
A exits by port or fiber 276a3, and the remaining wavelengths A3 to An continue on to other
portions of the structure. As illustrated in FIGURE 2e, the last coupler is 240y, and the last
grating is 242y. Light with wavelengths (N-1) and N enters port 240n; of coupler 240y, and is
coupled to its output port 24052, and on to grating 242y. Grating 242y reflects wavelength An.1,
and passes wavelength Ay on to output port 276a (N+1). The reflected light at wavelength An.
re-enters port 240x° of coupler 240y, and is coupled to output port 240 ~° and output fiber 276aN.

Thus, any of the three multiplexer/demultiplexers of FIGURES 2c, 2d, or 2e can be used
in the arrangement of FIGURE 2b to perform wavelength or frequency multiplexing. While the
descriptions of FIGURES 2a and 2b have been made as though only the optical fiber
communication path 74a were applicable, the same modifications or changes may be made to
optical fiber communication path 74b, or to any other such paths which are suggested by the
ellipses of FIGURE 1. FIGURE 2f plots a portion of the amplitude-frequency characteristics of
a multiplexer as described in conjunction with FIGURES 2f and 2e. In FIGURE 2f, the response
is in the form of a flat-topped peak centered on the light frequency in question. When the center
frequencies of the light are in the vicinity of a frequency corresponding to a wavelength (A) of
1550 nm and the increment of frequency from one center to the next corresponds to a wavelength
in the vicinity of 0.8 nm, each flat-topped region represents a frequency passband of greater than
50 GHz. It should be understood that other types of MUX/DEMUX could be used instead of

those described and illustrated.
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As so far described, only a single transmitter frequency, and a single received frequency,
are coupled over the optical fiber communication paths such as 74a, and there are thus two
channels available. The arrangement of FIGURE 3 includes plural transmitters and plural
receivers, coupled to an antenna (or other source/load) by the optical fiber communication path.
In FIGURE 3, elements corresponding to those of FIGURES 1 and 2b are designated by like
reference numerals. In particular, the couplers associated with optical fiber communication path
74a are designated with both numerals 72a and 272a, and numerals 76a and 276a, to thereby
indicate that the couplers may be either directional couplers such as those described in
conjunction with FIGURES 1 or 2a, or multiplexers as described in conjunction with FIGURES
2b, 2c, or 2d. The salient difference between the arrangement of FIGURE 3 and those of
FIGURES 1, 2a, and 2b is that the arrangement of FIGURE 3 has plural transmitters (TX) and
receivers (RX). More particularly, the transmitters include a UHF transmitter 30au, a VHF
transmitter 30av, and an L-band transmitter 30al.. The term UHF refers to Ultra-High
Frequency, and is generally applied to frequencies ranging from 300 to 3000 MHz, VHF refers
to Very High Frequency, and is generally applied to frequencies in the range of 30 to 300 MHz.
The term L-band is more specific, and refers to frequencies in the vicinity of 900 MHz. Each of
the transmitters 30au, 30av, and 30aL includes a light input port which is coupled by an optical
path to optical node 52a. Also, the arrangement of FIGURE 3 includes a UHF receiver 33au, a
VHF receiver 33av, and an L-band receiver 33al.. The light output ports of receivers 33au, 33av,
and 33aL are coupled by way of a light path to node 52a. With these optical connections, the
signals to be transmitted can be communicated from the various users over optical
communication bus 50 (of FIGURE 1) to the transmitters, and received signals can be
communicated over the optical communication bus 50 to the various users.

Each transmitter 30au, 30av, and 30aL of FIGURE 3 has its electrical output port coupled
to an input port 314ie, 316ie, and 318ie, respectively, of UHF bandpass filter (BPF) 314, VHF
bandpass filter 316, and L-band bandpass filter 318, respectively, so that the signals to be
transmitted are filtered to reside within a particular bandwidth, and to isolate the transmitters
from each other. The filtered signals at the outputs of bandpass filters 314, 316, and 318 are
applied to input ports of a summing circuit designated 320, which sums the signals together, to
produce electrical signals at UHF, VHF, and L-band. The summed signals are applied to an
electrical input port of an RF-to-A, electrical-to-light converter 46a. Light at A, and modulated
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with the three UHF, VHF, and L-band signals is produced at light output port 46al of electrical-
to-light converter 46a, and is coupled to input port 76a2 of coupler/multiplexer 76al, 276al. The
light at A;, representing signals to be transmitted, is coupled over optical fiber communication
path 74a, and is distributed by coupler/demultiplexer 72al, 272al to light input port 42al of a
light-to-RF converter 42a, by way of an optical A; bandpass filter 210 if necessary. Light-to-RF
converter 42a converts the light at A, into RF, which RF signal has the three components UHF,
VHF, and L-band. The three electrical components are applied to one or more amplifiers,
illustrated together as 64a, and the resulting amplified signals are applied to port 14a of antenna
12a by way of circulator 60a.

RF signals received by antenna 12a at UHF, VHF, and L-band are coupled through
circulator 60a and one or more low-noise amplifiers, illustrated together as an amplifier 63a, to
an electrical input port 40ae of an RF-to-A, , converter 40a. Light at wavelength A,, modulated
with the three bands of received RF signals, is coupled from output port 40al to an input port of
coupler/multiplexer 72a, 272a, for coupling the light signals at A, onto optical fiber
communication path 74a. The light at A,, representing the received signals, is coupled through
path 74a to the common port of coupler/demultiplexer 76al, 276al. Coupler/demultiplexer
76al, 276al couples light signals at wavelength A, to light input port 44al of A,-to-RF converter
44a. RF signals representing those signals received at UHF, VHF, and L-band are coupled from
port 44ae of L -to-RF converter 44a to electrical input port 340ie of demultiplexer 340. Within
demultiplexer 340, the signals are coupled by an amplitude divider 350, or possibly a matching
device, to a UHF bandpass filter 344, a VHF bandpass filter 346, and an L-band bandpass filter
348. Each bandpass filter passes its own band, and rejects other bands. Thus, the UHF signals
exit from output port 3440e of UHF bandpass filter 344, and are applied to UHF receiver 33au,
VHF signals exit from output port 346oe of VHF bandpass filter 346, and are applied to VHF
receiver 33av, and L-band signals exit from output port 348oe of L-band bandpass filter 348, and
are applied to L-band receiver 33aL. The receivers 33au, 33av, and 33aL perform ordinary
receiver functions, such as downconversion, amplification, and demodulation, and the resulting
information signals are converted into light form for transmission to node 52a. From node 52a,
the information of the received signals can be distributed to any or all users of the optical

communication bus 50 (of FIGURE 1).

17



10

15

20

25

30

WO 03/085865 PCT/US03/10053

As so far described in conjunction with FIGURE 3, the transmit light signals transmitting
optical fiber communication path 74a are at wavelength A, and the receive light signals are at
wavelength A,. If the devices so far described as couplers/multiplexers or
couplers/demultiplexers are restricted to being multiplexers/demultiplexers, more signals can be
transmitted over optical fiber communication path 74a. For example, referring again to FIGURE
3, let the general designation 301 represent UHF transmitter 30au, VHF transmitter 30av, L-band
transmitter 30al, multiplexer 310, and RF-to-A; converter 46a. Also, let the general designation
302 represent A,-to-RF converter 44a, demultiplexer 340, UHF receiver 33au, VHF receiver
33av, and L-band receiver 33aL. Using these designations, multiplexer/demultiplexer 276al
may be associated with other blocks 303, 305 corresponding to combination 301, but operating at
transmit wavelengths A; and As, respectively, which are different from the transmit wavelength
A1 at which combination 301 operates, and multiplexer/demultiplexer 276al is also associated
with other blocks 304 and 306 corresponding to combination 302, but operating at different
wavelengths A4 and A¢, respectively, than wavelength A; at which combination 302 operates.

Similarly, let the general designation 361 represent the combination of light-to-RF
converter 42a and amplifier 64a, and bandpass filter 210 if used, and the general designation 362
represent the combination of RF-to-light converter 40a and amplifier 63a (and any associated
bandpass filter). Using these designations, multiplexer/demultiplexer 272al may be associated
with other blocks 363 and 365 corresponding to combination 361, but operating at transmit
wavelengths A3, and As, respectively, which are different from transmit wavelength A; at which
transmit combination 361 operates. Blocks 363 and 365 may be coupled to that input of
circulators, corresponding to circulator 60a, associated with other antennas or sinks than antenna
12a, for thereby coupling transmit signal to such other antennas or sinks. In the same way, let
the general designation 362 represent the receiving combination of amplifier 63a and RF-to-light
converter 40a. Using this designation, multiplexer/demultiplexer 272al may be associated with
other blocks 364 and 366 corresponding to combination 362, but operating at receive
wavelengths A4 and A¢, respectively, which are different from receive wavelength A, at which
receive combination 362 operates. Blocks 364 and 366 may be coupled to that output of
circulators, corresponding to output 60ab of circulator 60a, associated with other antennas or
sources than antenna 12a, for thereby coupling receive signal from such other antennas or sinks

to multiplexer/demultiplexer 272al. It will be apparent that this scheme allows wavelengths A3,
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A4, As, and Ag to be transmitted over optical fiber communication path 74a together with
wavelengths A; and A,. Naturally, additional blocks may be added to further increase the
information flow over path 74a.

FIGURE 4a is a simplified diagram in block and schematic form of an arrangement
according to an aspect of the invention, which includes a plurality of transmitters and receivers
operating over a representative optical fiber communication path of FIGURE 1, selected as being
path 74a. In FIGURE 4a, UHF transmitter (TX) 30au receives optical signals from node 52a of
optical communication bus 50, and modulates the information directed to it onto an appropriate
UHF carrier, which is applied to an RF-to-A; converter 410. The resulting light at A is applied
to a A; input port of a multiplexer 416. VHF transmitter 30av receives optical signals from node
52a of optical communication bus 50, and modulates the information directed to it onto an
appropriate VHF carrier, which is applied to an RF-to-A; converter 412. The resulting light at A,
is applied to a A, input port of multiplexer 416. Similarly, L-band transmitter 30aL receives
optical signals from node 52a of optical communication bus 50, and modulates the information
directed to it onto an appropriate L-band carrier, which is applied to an RF-to-A3; converter 414.
The resulting light at A5 is applied to a A3 input port of multiplexer 416. Multiplexer 416
combines the light at the various wavelengths A, A, and A3, representing signals to be
transmitted, and couples the resulting multiplexed light signals to port 76a2 of coupler 76a. The
light at wavelengths A, A, and A3 flows upward through optical fiber communication path 74a to
port 72al of coupler 72a. Coupler 72a routes the signals flowing upward into port 72al to port
72a2, and modulated light at wavelengths A, A,, and A3, representing signals to be transmitted,
are applied to the common input port 418c of a demultiplexer 418. As mentioned above, there
lis no structural difference between a multiplexer and a demultiplexer, the difference lies solely
in the use which is made of the structure. Demultiplexer 418 separates the light signals at
wavelengths A, A2, and A3 which are applied to its common input port into separate paths or
channels, one for each individual wavelength (remembering that the modulation associated with
each wavelength somewhat spreads the waveband). More particularly, the light at A, 1s routed
to the light input port of a light-to-RF converter 420, the light at A, is routed to the light input
port of a light-to-RF converter 422, and the light at A3 is routed to the light input port of a light-
to-RF converter 424. Each of light-to-RF converters 420, 422, and 424 converts the signal
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associated with the light which it receives into the appropriate RF. The RF generated by light-to-
RF converter 420 is at UHF, and is applied to the input port of a power amplifier 426, and the
amplified UHF is applied through a UHF bandpass filter (BPF) to port 60ac of circulator 60a,
which routes the UHF signal to antenna 12a. Similarly, the RF generated by light-to-RF
converter 422 is at VHF, and is applied to the input port of a power amplifier 428, and the
amplified VHF is applied through a VHF bandpass filter to port 60ac of circulator 60a, which
routes the VHF signal to antenna 12a together with the UHF signal. The RF generated by light-
to-RF converter 424 is at L-band, and is applied to the input port of a power amplifier 430, and
the resulting amplified L-band signal is applied through an L-band bandpass filter to port 60ac of
circulator 60a, which routes the L-band signal to antenna 12a, together with the UHF and VHF
signals.

Antenna 12a of FIGURE 4a may also receive UHF, VHF, and L-band signals, possibly at
frequencies within the range which differ from those used for transmission. The received RF
signals are coupled by port 60ab of circulator 60a to a low-noise amplifier 462, which amplifies
the received signals. The amplified received signals are applied to an array of filters, for
separating the received signals into separate paths or channels. More particularly, those received
signals lying within L-band are coupled through L-band bandpass filter 456 to RF-to-As
converter 450, those received signals lying within the VHF band are coupled through VHF-band
bandpass filter 458 to RF-to-As converter 452, and those received signals lying within the UHF
band are coupled through UHF bandpass filter 460 to RF-to-A4 converter 454. Each of RF-to-
light converters 450, 452, and 454 converts the electrical or RF signal received at its input port
into light at As, As, and A4, respectively. The received signals in their forms of light at A, A5, and
A4 are applied to corresponding input ports of a multiplexer 448, and the combined or
multiplexed light signals are coupled from common port 448c to input port 72a3 of coupler 72a,
for routing the received signals “downward” through path 74a. The light signals at wavelengths
As, As, and A4 arrive at port 76al of coupler 76a, which routes the signals to common input port
446¢ of demultiplexer 446. Demultiplexer 446 demultiplexes the light signals at wavelengths As,
As, and A4, by coupling each individual wavelength to its own output port. Signals at wavelength
Ag exit demultiplexer 446 and arrive at light-to-RF converter 440, which converts the light into
L-band RF for application to L-band receiver 33aL. Signals at wavelength As, exit demultiplexer
446 and arrive at light-to-RF converter 442, which converts the light into VHF signals, which are
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applied to VHF receiver 33av. Signals at wavelength A4, exit demultiplexer 446 and arrive at
light-to-RF converter 444, which converts the light into UHF signals, which are applied to UHF
receiver 33au. The receivers 33al, 33av, and 33au perform their receiver functions to extract the
information from the received signals, and the information is coupled to node 52a for distribution
over the bus 50 to the various users.

FIGURE 4b illustrates an alternative to the arrangement of multiplexers 416 and 448,
demultiplexers 418 and 446, first optical coupler 72a, and second optical coupler 76a, for
allowing the flow of light at wavelengths A1, A2, A3, A4, As, and As over optical fiber path 74a.
The arrangement of FIGURE 4b eliminates the need for the optical couplers 72a and 76a.

FIGURE 5a is a simplified diagram in block and schematic form, illustrating the receiver
portion of an embodiment of the invention using an array antenna 512. In FIGURE S5a, the array
antenna 512 includes M rows and N columns of antenna elements, and each antenna element is
identified by Ay n. Thus, antenna element A, ;, appears at the upper left corner of the array, and
element Ay  is at the lower right. Each antenna element Ay is coupled by way of a low-noise
amplifier, illustrated as an open arrowhead, to an associated mixer or multiplier (X) designated
Mun. Thus, the antenna element A, ) in the first row and first column is coupled by an amplifier
“arrow” to a mixer designated M,,;, which receives amplified signal at the frequency being
received by its antenna element A; ;. Similarly, antenna element A ; in the first row, second
column, is coupled by an amplifier “arrow” to a mixer designated M, », which receives amplified
signal at the frequency being received by antenna element A ,, . . ., and the last antenna element
A,~ In the first row, N column is coupled by an amplifier “arrow” to a mixer designated M, n,
which receives amplified signal at the frequency being received by antenna element A; . The
antenna element A, ; in the second row, first column, is coupled by an amplifier “arrow” to a
mixer designated M, ;, which receives amplified signal at the frequency being received by its
antenna element A, ;. Similarly, antenna element A, in the second row, second column 1s
coupled by an amplifier “arrow” to a mixer designated M,,, which receives amplified signal at
the frequency being received by antenna element A,,,, .., and the last antenna element A, in
the second row, N2 column, is coupled by an amplifier “arrow” to a mixer designated M, n,
which receives amplified signal at the frequency being received by antenna element A; .
Antenna element Ay 1 in the M™ row, first column, is coupled by an amplifier “arrow” to a mixer

designated My ;, which receives amplified signal at the frequency being received by antenna
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element Ay;. Similarly, antenna element Ay, in the M row, second column, is coupled by an
amplifier “arrow” to a mixer designated Mu;,», which receives amplified signal at the frequency
being received by antenna element Ay, . . ., and the last antenna element Ay, in the M row,
last or N column, is coupled by an amplifier “arrow” to a mixer designated My,n, which
receives amplified signal at the frequency being received by antenna element Ay n. Other rows
and columns, not illustrated, have the same general structure as those described.

The array antenna is easiest to understand if it is assumed that only one electromagnetic
signal is received by array antenna 512. In that case, each antenna element A; to Ay,nreceives
signal at the same frequency as every other element, and each mixer also receives the signal of
the same frequency, but with a phase which depends upon the location of the antenna element in
the array. Each mixer My y also receives a subcarrier from a subcarrier generator 514 which is
selected to, when mixed with the received signal, offset the resulting IF frequency from the
received frequency. For this purpose, a subcarrier generator 514 in one example of the invention
generates subcarriers at frequencies which are offset from each other by 10,000/MN MHz. The
bandwidth of a single channel of light at 1550 nm has a total bandwidth of about 10,000 MHz,
and there are MXN antenna elements in the arrangement of FIGURE Sa, so this selection of
subcarrier frequencies is capable, in the system as a whole, of providing one independent channel
for each antenna element on a single wavelength light channel. Each subcarrier SCy, SC, . . .,
SCh, produced by generator 514 is independently coupled to one of the mixers My n. For
simplicity, only a few of these connections are illustrated in FIGURE 5a. Each of the multipliers
multiples its received signal by the particular subcarrier, and produces a frequency-offset
received signal at a frequency which is unique to that antenna element. All the received,
frequency-offset signals associated with a particular row of the array are summed together in a
summing (Z) circuit of a set 510 of summing circuits. More particularly, the frequency-offset
signals IFy, IF,, . . ., IFy produced by multipliers My, My, . .., My N, respectively, are coupled
to a summing circuit 510,. The output of the summing circuit 510y, is N signals, each on a
frequency offset from the next. Similarly, frequency-offset signals IFy, IF,, . . ., IFy produced by
multipliers My,;, Map, . . . , Ma, respectively, are coupled to a summing circuit 510,. The
output of the summing circuit 510, is N signals, each on a frequency offset from the next. It
should be noted that the frequencies (the IF signals IF;, IF,, . . ., IF;) summed in summing circuit

510, are the same as the frequencies summed in summing circuit 510,, because the same

22



10

15

20

25

30

WO 03/085865 PCT/US03/10053

subcarrier frequency is applied to all of the multipliers in a column, and each antenna element
Awm receives the same electromagnetic signal (although with different phases, as mentioned).
For completeness, frequency-offset signals IF;, IFs, . . ., IFy produced by multipliers Mw,1, Mms2,
..., MmN, . , respectively, are coupled to a summing circuit 510p. The output of the summing
circuit 510y is N mutually-frequency-offset signals.

The IF carriers IF1, IF2, . . ., IFN from summing circuit 510, of FIGURE 5a are applied
to an RF-to-A; converter 540,, the IF carriers IF1, IF2, . . ., IFN from summing circuit 510, are
applied to an RF-to-A, converter 540;, . . ., and the IF carriers IF1, IF2, . . ., IFN from summing
circuit 510y are applied to an RF-to-Ay converter 540y. The various wavelengths of RF-
modulated light at A1, A>, ... Am, are applied over separate paths to corresponding input ports of a
wavelength-division multiplexer (WDM) 572'. Wavelength-division multiplexer 572' combines
all of the RF-modulated light at wavelengths A, A,, .. Am, and couples them from its combined
output port 572'c to port 72a3 of coupler 72a. Coupler 72a acts in a directional manner, and
couples the RF-modulated light at wavelengths A1, A2, . Am, representing the signals received by
the elements of array antenna 512, by way of its common port 72al onto optical fiber
communication path 74a. The RF-modulated light at wavelengths A A, . Ay travels
“downward” in optical fiber communication path 74a to port 76al of optical directional coupler
76a, which directs the light representing received signals by way of its output port 76a3 to
common port 672%c of a wavelength division multiplexer 6727, operating as a demultiplexer.
Wavelength-division multiplexer 6727, operating as a demultiplexer, separates the various RF-
modulated wavelengths of light 1, A, .. Am applied to its input port 672%¢ into individual
wavelengths at individual output ports. More particularly, WDM 672* couples A;, Az, . Am
applied to its input port 672%¢ to correspondingly designated output ports, and from those output
ports to a set 644 of light-to-RF converters 644,, 644,, . . ., 644y which reconstitute the RF
modulation in the form of the RF-modulated subcarriers SC;, SC; . . ., SCy. In order to separate
the modulated subcarriers from each other, the output from each RF-to-light converter of set 644
is applied to a set of mixers, corresponding to the set by which they were modulated. More
particularly, the set of RF-modulated subcarriers generated at the output of light-to-RF converter
644, of FIGURE 5a is applied to a set M? of mixers M%,,;, M2,,5, . . ., M?},n, the set of RF-
modulated subcarriers generated at the output of light-to-RF converter 644, of FIGURE 5a is

applied to a set of mixers M? 21 Mzz,z, cees Mzz,N, and the set of RF-modulated subcarriers
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generated at the output of light-to-RF converter 644y, of FIGURE 5a is applied to a set of mixers
M2 w1 M2z, - - - M?u,n. Each mixer of set M? of mixers also receives, by way of a signal
path 698a, 698b, . . ., 698N, of a set 698 of signal paths, one of the subcarriers SC1, SC2, . . ., or
SCN, respectively, to thereby convert its RF-modulated subcarrier back to the original RF
received at the corresponding antenna element. More particularly, mixers M21,1, Mzz,l, e
MZM,l receive subcarrier SC1, mixers M21,2, M22,2, ce, M?p,2 receive subcarrier SC2, . . ., and
mixers M%,n, M%,n, - - . » M2u,nreceive subcarrier SCN. The combination of RF-modulated
subcarrier and subcarrier received by each mixer of set M? reconstitutes the RF modulation
produced by one of antennas of array antenna 612, for further processing.

FIGURE 5b illustrates one possible distribution of the subcarriers within the bandwidth
of the available channel. In FIGURE 5b, the available bandwidth of the optical fiber or light
channel (taken as being 2000 GHz) is divided into a number of portions which equals M, the
number of rows of antenna elements in antenna array 512 of FIGURE 5a. Thus, the first or left-
most frequency band, at the longest wavelength, is assigned to row 1, the second band, having
the same bandwidth as the first band, is assigned to row 2, and so forth, until the last band in
FIGURE 5b, also having the same bandwidth, is assigned to row M. FIGURE 5c is an expanded
illustration of the first of the bands of FIGURE 5b, namely the band assigned to row 1. Within
the band assigned to row 1, the lowest frequency (longest wavelength) subcarrier is assigned to
column (Col) 1, the next adjacent frequency is assigned to column 2, and so forth, until the
highest frequency (shortest wavelength) subcarrier within the band assigned to row 1 is assigned
to column N.

Processing of the RF signals to define the receive beam associated with array antenna 512
of FIGURE 5a is performed in a well-known manner, namely that of multiplication of each
carrier having a particular phase by a cosine waveform, to thereby generate an intermediate
frequency (IF) signal of the same phase as that of the original carrier.

Other embodiments of the invention will be apparent to those skilled in the art. For
example, a hybrid power splitter/combiner may be used in order to separate transmitted signals
from received signals instead of a circulator such as circulator 60a. While the optical
communication system 50 of FIGURE 1 should transmit signals with each message which
identify the equipment which is to act on the message, this identification can be implicit, rather

than explicit; if, for example, the transmitters 32a and 32b are capable of operation in the
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frequency range of 100 - 110 MHz and 111 - 120 MHz, respectively, a command which
identifies transmission at 115 MHz implicitly addresses transmitter 32b rather than 32a, and
rather than receivers 34a, 34b. While some of the embodiments have been described as
operating with signals in the UHF, VHF, and L-band ranges, signals at different frequencies
within the same range can be used, or any other range or ranges, such as LF, may be used, and
any combination of frequencies within ranges and other ranges may also be used.

Thus, a communication system (10) according to the invention includes a set (12) of
electromagnetic/electrical transducers (12a, 12b, . . .). This set (12) may contain as few as one
electromagnetic/electrical transducer. Each of the transducers is for transducing signals between
free space (8) and at least one associated electrical port (14a, 14b, . . .). The communication
system includes a plurality of sources (16a, 16b, 18a, 18b, 20a) and sinks (22a, 22b, 23a, 23b) of
optical communications signals. The optical communications signals may be analog or digital,
and may include control signals (from 20a). These control signals include signals for controlling
the transmitters and receivers, as by selecting frequency, bandwidth, and/or power. The
communications signals and the control signals are generated or received at optical ports (18al,
18bl, 20al, 23al, 23b1). The communication system (10) also includes a set (30) including a set
(30a, 30b) of transmitters (32a, 36a, 32b, 36b) and a set (33a, 33b) of receivers (34a, 38a, 34b,
38b), which set (30) may include only one of a transmitter (32a, 36a) and a receiver (34b, 38b),
which is to say only a single transmitter, a single receiver, or both a single transmitter and a
single receiver. Each one of the transmitters (32a, 36a; 32b, 36b) and receivers (34a, 38a, 34b,
38b) of the set (30) of transmitters (32a, 36a; 32b, 36a) and receivers (34a, 38a, 34b, 38b)
includes a first electrical port (32ae, 32be, 34ae, 34be) and a light port (36al, 36b1, 38al, 38bl).
Each one of the transmitters (32a, 36a; 32b, 36b) converts light signals applied to the light port
(36al, 36b1) into electrical signals at the first electrical port (32ae, 32be). The conversion of
light signals into electrical signals may be accompanied by frequency conversion under the
control of the control signals. Depending upon the types of signals, each of the transmitters may
accept digital light signals, and produce analog electrical signals. Each one of the receivers (34a,
38al; 34b, 38b1) converts electrical signal applied to its electrical port (34ae, 34be) into light
signals at its light port (38al, 38b1), with frequency conversion, if appropriate, under the control
of the control signals, and with analog-to-digital conversion if appropriate. The communication

system (10) also includes an optical communication bus (50) coupled to the light signal ports
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(18al, 18b1, 20al, 23al, 23b1) of the sources (16a, 16b, 18a, 18b, 20a) and sinks (22a, 22b, 23a,
23b) of optical communications signals, and of the light ports (36al, 36bl, 38al, 38b1) of the
transmitters (32a, 32b, 36a, 36b) and receivers (34a, 34b, 38a, 38b), for coupling the
communications and associated control signals among the sources (16a, 16b, 18a, 18b, 20a),
sinks (22a, 22b, 23a, 23b), transmitters (32a, 32b, 36a, 36b) and receivers (34a, 34b, 38a, 38b).
As a result of these connections, light signals can be communicated at least from the sources
(16a, 16b, 18a, 18b, 20a) to the transmitters (32a, 32b, 36a, 36b) and receivers (34a, 34b, 38a,
38b) and from the receivers (34a, 34b, 38a, 38b) to the sinks (22a, 22b, 23a, 23b). A plurality of
electrical-to-light converters (40a, 40b, 46a, 46b) are included in the communication system (10).
Each of the electrical-to-light converters (40a, 40b, 46a, 46b) includes an electrical port (40ae,
40be, 46ae, 46be) and a light port (40al, 40bl, 46al, 46bl), and converts electrical signals
applied to the electrical port (40ae, 40be, 46ae, 46be) into light signals at the light port (40al,
40bl, 46al, 46b1). Some of the electrical-to-light converters (40a, 40b) have their electrical
ports (40ae, 40be) coupled (by way of circulators 60a, 60b) to the electromagnetic/electrical
transducers (12a, 12b, . . .). Others of the electrical-to-light converters (46a, 46b) have their
electrical ports (40ae, 40be) coupled to the first electrical ports (32ae, 32be) of the transmitters
(32a, 36a, 32b, 36b). The communication system (10) further includes a plurality of light-to-
electrical converters (42a, 42b, 44a, 44b). Each of the light-to-electrical converters (42a, 42b,
44a, 44b) includes a light port (42al, 42b1, 44al, 44b1) and an electrical port (42ae, 42be, 44ae,
44be), for converting light signals applied to the light port (42al, 42b1, 44al, 44bl) into
electrical signals at the electrical port (42ae, 42be, 44ae, 44be). Some of the light-to-electrical
converters (42a, 42b) have their electrical ports (42ae, 42be) coupled (by way of circulators 60a,
60b) to the electromagnetic/electrical transducers (12a, 12b, . . .). Others of the light-to-electrical
converters (44a, 44b) have their electrical ports (44ae, 44be) coupled to the electrical ports (34ae,
34be) of the receivers (34a, 38a, 34b, 38b). The communication system includes a bidirectional
optical communication link (70a, 70b) extending between the light ports (40al, 40bl, 46al, 46b1)
of the electrical-to-light converters (40a, 40b, 46a, 46b) and the light ports (42al, 42bl, 44al,
44b1) of the light-to-electrical converters (42a, 42b, 44a, 44b).

In a particular embodiment of the invention, each of the electromagnetic/electrical
transducers (12a, 12b, . . .) comprises an antenna. In another version, each of the transmitters

(32a, 36a, 32b, 36b) includes a further electrical port (32a2, 32b2), and an electrical transmitter
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portion (32a, 32b) extending between the first electrical port (32ae, 32be) and the further
electrical port (32a2, 32b2); in this other version, a light-to-electrical signal converter (36a, 36b)
is coupled between the light port (36al, 36b1) of the transmitter and the further electrical port
(32a2, 32b2), for transducing light arriving from the bus (50) into electrical signals for the
electrical transmitter portion (32a, 32b).

In a further manifestation of the invention, a communication system (10) further
comprises an amplifier (64a, 64b) coupled to the electrical port (42ae, 42be) of the light-to-
electrical converter (42a, 42b), for amplifying electrical signals flowing toward the
electromagnetic/electrical transducers (12a, 12b, . . .). In another avatar, the communication
system (10) further includes a circulator coupled to the electromagnetic/electrical transducers
(12a, 12b, . . .), and to the electrical ports (40ae, 40be, 42ae, 42be) of some of the electrical-to-
light converters (40a, 40b) and light-to-electrical converters (42a, 42b). The purpose of the
circulator is to separate the received signals from the transmitted signals.

If the frequency conversion provided by the transmitters and receivers is such that the
frequencies of the transmitted and received electrical signals are different, a frequency-division

filter may be used instead of a circulator.
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WHAT IS CLAIMED IS:

1. A communication system (10), comprising:

a set of electromagnetic/electrical transducers, which set may contain as few as one
electromagnetic/electrical transducer, for transducing signals between free space and at least one
electrical port associated with each said electromagnetic/electrical transducer:

a plurality of sources and sinks of optical communications signals, which
communications signals may include control signals, said sources and sinks of optical
communications signals including optical ports;

a set of transmitters and receivers, which set may include only one of a transmitter and a
receiver, each one of said transmitters and receivers of said set of transmitters and receivers
including a first electrical port and a light port each one of said transmitters converting light
signals applied to said light port into electrical signals at said first electrical port and each one of
said receivers converting electrical signal applied to said electrical port into light signals at said
light port;

an optical communication bus coupled to said light signal ports of said sources and sinks
of optical communications signals, and of said light ports of said transmitters and receivers, for
coupling said communications signals, and associated control signals, among said sources, sinks,
transmitters and receivers, whereby light signals can be communicated at least from said sources
to said transmitters and receivers and from said receivers to said sinks;

a plurality of electrical-to-light converters, each of said electrical-to-light converters
including an electrical port and a light port, for converting electrical signals applied to said
electrical port into light signals at said light port, some of said electrical-to-light converters
having their electrical ports coupled to said electromagnetic/electrical transducers, and others of
said electrical-to-light converters having their electrical ports coupled to said first electrical ports
of said transmitters;

a plurality of light-to-electrical converters, each of said light-to-electrical converters
including a light port and an electrical port, for converting light signals applied to said light port
into electrical signals at said electrical port, some of said light-to-electrical converters having

their electrical ports coupled to said electromagnetic/electrical transducers, and others of said
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light-to-electrical converters having their electrical ports coupled to said electrical ports of said
receivers; and
a bidirectional optical communication link extending between said light ports of said

electrical-to-light converters and said light ports of said light-to-electrical converters.

2. A communication system, according to claim 1, wherein each of said

electromagnetic/electrical transducers comprises an antenna.

3. A communication system, according to claim 1, wherein each of said transmitters
includes:
a further electrical port;

an electrical transmitter portion extending between said first electrical port and said
further electrical port; and

a light-to-electrical signal converter coupled between said light port of said transmitter
and said further electrical port, for transducing light arriving from said bus into electrical signals

for said electrical transmitter portion.

4. A communication system, according to claim 1, wherein each of said receivers
includes:
a further electrical port;

an electrical receiver portion extending between said first electrical port of said receivers
and said further electrical port; and

an electrical-to-light signal converter coupled between said light port of said receiver and
said further electrical port, for transducing electrical signals from said further electrical port of

said receiver into light signals to said bus.
5. A communication system, according to claim 1, further comprising an amplifier

coupled to said electrical port of said light-to-electrical converter, for amplifying electrical

signals flowing toward said electromagnetic/electrical transducers.
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6. A communication system, according to claim 1, further comprising a circulator
coupled to said electromagnetic/electrical transducers, and to said electrical ports of some of said

electrical-to-light converters and light-to-electrical converters.

7. A communication system, according to claim 1, wherein each of said transmitters

performs frequency conversion under the control of said control signals.

8. A communication system, according to claim 1, wherein each of said receivers

performs frequency conversion under the control of said control signals.

9. A communication system according to claim 1, wherein:

said set of transmitters and receivers, includes plural transmitters;

those of said plurality of electrical-to-light converters having their electrical ports coupled
to said first electrical ports of said transmitters, and converting said electrical signals applied to
said electrical port into light signals at said light port which are of different wavelengths from
each other, whereby light of different wavelengths propagates in said bidirectional optical
communication link extending between said light ports of said electrical-to-light converters and
said light ports of said light-to-electrical converters;

those of said plurality of light-to-electrical converters, having their electrical ports
coupled to said electromagnetic/electrical transducers and their light ports coupled to said
bidirectional optical communication link being individually responsive to different ones of said
wavelengths, whereby said electrical signals from said plural transmitters appear at different
output ports and may be differently processed for application to said electromagnetic/electrical

transducers.
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