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A cellular communications satellite system is disclosed which comprises a plurality of ground-based base stations, mobile stations,
and at least one orbiting satellite for relaying signals between the base stations and mobile stations. A plurality of feederlinks are used
between the base stations and the satellite for transmitting signals and power from the ground stations to the satellite.
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’ eld of the Invention
" The present invention relates to a satellite communication system which
uses optical feederlinks between a satellite and a ground station to provide power
5 and information signals.

ckground of the Discl
A cellular communication system can include a number of roaming,
automobile-mounted or handheld telephone sets which are served by either fixed,
ground-based stations or by orbiting satellites or by a combination of both. The
10 capacity of such systems to serve a large number of subscribers depends on how
much of the radio spectrum is allocated for the service and how efficiently the
radio spectrum is used. Efficiency of spectral utilization is measured in units of
simultaneous conversations (erlangs) per megahertz per square kilometer. In
general, spectral'efﬁciency can be improved more by finding ways to re-use the
15 available bandwidth many times over than by attenipting to pack more
conversations into the same bandwidth, since narrowing the bandwidth generally
results in the need to incr&nse spatial separation between conversations thus
negating the gain in capacity. Therefore, it is generally better to increase the
b;mdwidth used for each conversation so that closer frequency re-use is possible.
20 One method to increase the capacity is to use a phased array
communications satellite to relay signals from ground stations to a plurality of
mobile stations. A ground-controlled orbiting phased array system is disclosed in
U.S. Patent Application No. 08/179,953 and U.S. Patent Application No.

. 08/179,947, both of which are expressly incorporated herein by reference.
25 The prior art does not disclose the use of coherent time-multiplexed
- feeder links with distributed demultiplexing for reducing the cabling to a

deployable phased array. Some prior art systems have separate coaxial cables or
waveguides connecting each element of the array to a centrally located
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transponder. This arrangenent was adequate for prior art systens in which

t he nunber of antenna elenments or beans to be created was small, for
exanple, 6, 19, or 37, but becomes inpractical for the nunber of elenents
or beams envisioned in the present invention. One enbodi nent of the present
invention 5 eWON@8#58s the nultiplicity of feeder cables reaﬂ{qﬁﬁ"\sﬁ‘g

wei ght of the system considerably. Another problemwth traditional
satellite conmunication systemis the limted anount of power in the

- satellFite which is available for comunicati on purposes. In order to conbat
~this problem traditional conmunication satellites 10 enploy sol ar panels
. to convert sunlight into energy. However, the power provided by the solar
panel s is sonetines not enough. Thus, there is 2 need for a nethod for
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5 envisioned in the present invention. One embodiment of the present invention

5 eliminates the multiplicity of feeder cables reducing the weight of the system
considerably. . :

Another problem with traditional satellite communication system is the
limited amount of power in the satellite which is available for communication
purposes. In order to combat this problem, traditional communication satellites

10 employ solar panels to convert sunlight into energy. However, the power
provided by the solar panels is sometimes not enough. Thus, there is a need for

a method for providing additional power to a satellite.

Summary of the Disclosure
1t is an object of the present invention to provide a communication system

15 which uses feederlinks between ground-based base stations and a satellite to
transmit information and power to the satellite. Furthermore, it is an object of
the present invention to provide a practical system for communicating with high
data rates z-md an inexpensive technique to power a satellite.

According to one embodiment of the present invention, a cellular

20 communication system comprises a plurality of ground-based base stations, a
plurality of mobile stations and at least one orbiting satellite for relaying
information signals between the base stations and the mobile stations. A plurality
of feederlinks are provided between the base stations and the satellite for
transmitting information signals and power from the ground stations to the

25 satellite. ’

According to another embodiment of the present invention, a method for
transmitting information from ground-based base stations to an orbiting satellite
on feederlinks in a cellular communication system is disclosed. Information
signals intended for at least one mobile station are processed to form drive



the present invention to provide a practical systemfor conmmunicating with

hi gh data rates and an i nexpensive technique to power a satellite.

Accordi ng to one enbodi rent of the present invention, a cellular 20

comuni cati on @é%ﬁggs%orrpri ses a plurality of ground-based bgggasnbgiisens. a

plurality of nobi'f'e stations and at |east one orbiting satellite tfor .

relaying i nformati on signals between the base stations and the nobile

stations. A plurality of feederlinks are provided between the base stations

and the satellite for transmtting information signals and power fromthe

ground stations to the 25 satellite. According to another enbodi nent of

the present invention, a nmethod for transmitti I nformation from

ground- based base stations to an orbiting satelTite on feederlinks in a

cel lul ar conmuni cati % £l e} ' Snilb LR

for at |east one mbiﬁﬁé%%%%&éﬁgﬁ%%gae%q %Eé{g?&rh 3?‘ Ié\k/iié@é‘k@nél? &
time multiplexed. Finally, the time multiplexed signals are amplitude or

¢ frequency-shift keyed onto laser beam feederlinks which are directed at the
satellite.

5 Brief Description of the Drawi
These and other features and advantages of the present invention will be

readily apparent to one of ordinary skill in the art from the following written
description, used in conjunction with the drawings, in which:
Figures 1(a)-1(b) illustrate the general construction of a satellite in
10 accordance with the present invention;

' Figure 2 illustrates an active antenna element for the transmitting and
receiving using frequency duplex according to one embodiment of the present
invention;

Figure 3 illustrates a coherent time-multiplex Feeder Link according to
15 one embodiment of the present invention;
Figure 4 illustrates a first stage of a receiving demultiplexer according to
the present invention;
Figure 5 illustrates a second stage of a receiving demultiplexer according
to the present invention; |
20 Figure 6 illustrates quadrature modulation;
Figure 7 illustrates receive processing elements according to the present
invention;
Figure 8 illustrates receive processing elements according to another
embodiment of the present invention;
. 25 Figure 9 illustrates receive processing and K-band transmit multiplexing
elements according to one embodiment of the present invention;
Figure 10 illustrates a satellite communication system according to one

embodiment of the present invention;
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drive signals are then tine nmultiplexed. Finally, the tinme nmultiplexed-

signals are agl itude or frequency-shift keyed onto | aser beg%&g&ggjyl nks

which are di r ¥Q&UBES the satellite. 5 Brief Description of W ngs
These and ot her features and advantages of the present invention wll be
readily apparent to one of ordinary skill in the art fromthe foll ow ng
written description, used in conjunction with the draw ngs, in which:
Figures 1(a)-1(b) illustrate the general construction of a satellite in 10
accordance with the present invention; Figure é illustrates an active '
antenna elenment for the transmtting and recei i ng using frequency dupl ex

according to one enbodi éggf}éﬁﬁaﬁ{sg n‘ﬁggmhﬁg" E'a%r&nét&“n ustrates

a coherent tinme-mnulti pI
embodiment of the present invention; and

Figure 12 illustrates another telescoping architecture according to one
embodiment of the present invention.

5 Detailed Description of the Disclosure
Figure 1(a) illustrates the general arrangement of a satellite according to

the present invention. Figure 1(a) shows the satellite 10 with a plurality of
antenna array panels 30 and solar pariels 20 which are folded in a launch
configuration to form a more or less cylindrical shape more suited to be
10 accommodated under a launch vehicle fairing for launch. The satellite can also
include other usual subsystems such as an apogee boost motor 50 and other
subsystems not shown in Figure 1 such as batteries and power conditioning
system, a reaction-wheel attitude control system with attitude sensors, a magnetic
torquing system for periodically dumping wheel momentum, a heat-pipe thermal
15 control system, telemetry, tracking and control systems, and the associated
communications payload electronics which are well known in the art.
| Figure 1(b) illustrates the satellite in its usual configuration after the
antenna panels and solar panels have been deployed in orbit. The K-band feeder
link antennas 40 are located so as to point toward the earth while the spent
20 apogee boost motor points away from the earth. Each antenna panel comprises a
large number of antenna elements with associated active phased array modules
which form active elements. The active elements can be transmit-only elements,
Teceive-only elements or transmit/receive elements using either time-duplexing or
frequency-duplexing. In the latter case, duplexing filters permit simultaneous
25 transmxssmn and reception.
~ Figure 2 illustrates a frequency-duplexing configuration according to one
embodiment of the present invention. A patch anfenna 100 is positioned over a
conducting ground plane 101 to form an array element. The ground plane 101
can be, for instance, a printed circuit board with components mounted on the



15 one enbodi nent of the present invention; Figure 4 illustrates a first
stage of a receiving denultiplexer according to the present invention;
Figure-5 illustrates a second stage of a recglyirg ?en?ltlpleéertacgordlng
to the present_invention; 20 Fi gure i1 lustrates quadratur

nmodul at !Oon; FiYQPU8ISS | | ustrates receive processing el enent s PREABIAY to
the present invention; Figure 8 illustrates receive processing el ements
according to another enbodinent of the present invention; 25 Fi gure
9 illlstrates receive processing and K-band transmit mul tiplexing el ements
according to one enbodinent of the present invention; Figure 10 illustrates
a satellite communi cation system accordi ng to one enbodi nent of the present

i nvention; .5
reverse side. The patch antenna 100 is fed at two points 90 degrees offset from
center to form cross-linear polarizations. The cross-linéar polarizations are
. converted to RHC and LHC circular polarization by use of a 90-degree, 3dB
coupler 102. One polarization is used for transmitting by connecting a transmit
5 power amplifier 106 through a filter 105 to one input of the coupler 102 and the
other coupler-port is used for receiving by connecting the port through a filter
103 to a low-noise amplifier 104. The use of opposite polarization for
transmitting and receiving gives perhaps 20dB of isolation between the power
amplifier 105, which may be transmitting at 1 watt rms, and the low-noise
10 amplifier 104 which may be receiving at 107® watts. Because of this vast
disparity in power levels, more isolation than the 20dB of isolation that the
coupler provides is needed. The filter 105 presents a block to potentially
interfering components and broad-band noise at the receive frequency amplified
by the power amplifier 106. However, the filter 105 passes the wanted transmit
15  frequencies to the filter 103 which presents a block to residual transmit frequency
energy reaching low noise amplifier 104 that might be strong enough to saturate
it, while passing the wanted receive frequencies. With sufficient transmit/receive
frequency spacing (duplex spacing), such filters as well as the coupler 102 can be
cheaply printed on printed circuit panel 101 on which power amplifier 106 and
20 low-noise amplifier elements 104 are also mounted. In some cases, each patch
antenna 100 may not always have an associated power amplifier and low-noise
amplifier. A number of patch antennas may first have their signal connections
joihed together to form a "sub-array” before being connected to a panel amplifier
and low noise amplifier for that sub-array,
25 The objective in designing such a sub-array is that the composite radiation
v diagram formed by coupling its individual elements should cover the entire
region over which communications is to be provided. If the radiation diagram is
too wide, the number of sub-arrays and consequently associate power amplifiers
and low-noise amplifiers will be unnecessarily great, and since each has to
30 ‘receive a signal from the ground stations over the K-band feeder link, the amount
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Figure 11 illustrates a tel escoping architecture according to one

embodi nent of the -present invention; and Figure 12 illustrates another

tel escoping architecture according to one enbodi ment of the /8?9?*1

i nvention. 5 [XPATM8 Description of the Disclosure Figure 1 {f 1 rates
the general arrangenent of a satellite according to the present i nventi on.
Figure 1(a) shows the satellite 10 with a plurality g el s
30 and sol ar panels 20 which are folded in a |aunch coﬁHISgSHﬁTHNSBEENO m a
nore or less cylindrical shape nore suited to be 10 acconﬂEBhAGBDunder a

| aunch vehicle fairing for | aunch. The satellite.can
usual subsystens such as an apogee boost mot or650 and ot her subsystens not
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if the sub-array pattern is foo narrow, there will be a loss of gain at the edges of

_ the coverage region. The coverage region may, for example, be taken to be the
area of the earth over which the satellite is instantaneously visible at 20 degrees
S above the horizon or more. Such a loss of gain at the edge of coverage may be
minimized by shaping the radiation pattern of each element to give more gain at
the edge of coverage, where earth-bound mobile stations are at the greatest slant
range, and less. gain in the middle of coverage where the satellite is directly
overhead and the slant range to the mobile stations is a minimum. The gain at
10 the edge of coverage may also be improved by deliberately using sub-arrays of
somewhat wider beamwidth than earth coverage and using more sub-arrays to
form the desired beams. This requires more K-band bandwidth, and a factor of
two is advantageous if available. Other inventive aspects of U.S. Patent |
Application No. 08/179,947, which has been incorporated herein by reference,
15 may then be employed, such as the use of efficient class-C power amplifiers for
transmitting multiple signals, with dissipation of unwanted intermodulation
components thereby produced in directions that do not intercept the earth.
Figure 3 illustrates the time-multiplex format used on the K-band feeder
link. For the satellite transmit direction, a ground station signal processor
20 calculates complex (I+jQ) signal samples for each transmit array element which
" represent a composite signal comprising weighted sums of signals destined for a
plurality of mobile stations. The composite signal of each element is calculated
so that the combined effect of transmitting them from corresponding satellite
array elements will be such that each signal intended for each mobile station will
25 be transmitted in a desired direction. The matrix math operations for generating
these signals in a digital signal processor are disclosed in U.S. Patent Application
No. 08/179,953, which has been incorporated herein by reference.
- The signal samples for each element are time-multiplexed into a time-
multiﬁlexed I’ signal 201 representing the real parts of sequential elements and
30 into a time-multiplexed *Q’ signal 202 representing the imaginary parts of
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torqui ng system for periodically dunping wheel nonmentum a heat - pi pe
thermal 15 control system telenetry, tracking and control systens, and

t he associ ated conmuni cati ons payl oad el ectronics which are well known in
the art. Figure 1 %fillustrates the satellite in its usual | i on
after- the ant &?%%7%8 Rel s and sol ar panel s have been depl oyed i'n 09%%5?’.} The
K-band feeder link antennas 40 are l'ocated so as to point toward the earth
while the spent 20 apogee boost notor points away fromthe earth. Each
ant enna panel conprises a |arge nunber of antenna elenments with associ ated
active phased array nodul es which formactive elenents. The active el enents
can be transmt-only elenents, receive-only elﬁnents or transmt/receive
el enents using either tinme-duplexing or frequehcy-duplexing. In the latter

Frguie 2 1 1 ustr at ceihPEshuimd: CRMATEA Rl smbbPLR R B8 el B AR, 0"
enbodi ment of the pmuitipléx fonugtrtbiassist withpsynckronizitionrind Fquerty wofrectionrut theover
101 can be. t or i nsFeHE et dhe SmEgEd aL § PG 2 RotAteed
on the carrier cosine component while the Q-multiplexed signal is modulated onto a sine
5 carrierwave. This may be performed in a known manner by a quadrature
modulator. The modulation can, if desired, first be impressed on to a lower
intermediate frequency carrier which is then converted to the K-band.
Figure 4 illustrates the receiving demultiplexer at the satellite according to
one embodiment of the present invention. Signals are received from a ground
10 station on the K-band using the K-band antenna 40. The received signals are
amplified, filtered and downconverted using known superheterodyne receiver 41
principles and finally converted to the complex 1,Q baseband using a quadrature
demodulator to yield I and Q multiplexed waveforms. These waveforms are
sampled by an I-demultiplexer 43 and a Q-demultiplexer 44 to separate waveform
15 samples intended for different array panels. To facilitate this, the order of
multiplexing should preferably be
Calibration sampie 0
Sample for element 0 of panel 0
Sample for element 0 of panel 1
20 Sample for element 0 of panel 2
Sample for element 0 of panel 3
Sample for element 0 of panel 4

Calibration sample 1
25 Sample for element 1 of panel 0
- Sample for element 1 of panel 1
Sample for element 1 of panel 2
Sample for element 1 of panel 3

Sample for element 1 of panel 4
30 ... . etc.



WD 97/ 08855 PCT/ US96/ 13597
5 reverse side. The patch antenna 100 is fed at two points 90 degrees

of fset fromcenter to formcross-linear polarizations. The cross-|inear

pol ari zations are converted to RHC and LHC circul ar polari za*gﬁg gﬁe of
a 90-degree, FUBIVHMH er 102. One polarization is used for |ng by
connecting a transmt 5 power anplifier 106 through a filter 105 to one

i nput of the coupler 102 and the other coupler port is used for receiving
by connecting the port through a filter 103 to a | ownoise anplifier 104.
The use of opposite polarization for transmtting and receiving gives

per haps 20dB of isol ation between the power anplifier 105, which nay be
transmtting at 1 watt rns, and the | ownoise 20 anplifier 104 which may

Cevers, more | sol at {1 A IeRAPBRE MR Calrbatf Sl DR b ik Bulfl)S
sample for element O of panel O onto a second output; a sample for element O of
panel 1 onto a third output and so-on, and then returns to separate calibration
sample 1 onto said first output again; a sample for element 1 of panel 0 on to

5 said second output, and so-on. "Thus from output 1, a stream of successive
calibration samples 0,1,2,...0,1,2..is produced and sent to synchronization and
frequency correction unit 45 while from output 2, a stream of samples for _
successive elements 0,1,2... of panel 0 is produced. From output 3, a stream of
samples for successive elements 0,1,2,...0f panel 1 is produced and so forth.

10 The synchronization and frequency correction unit 45 is programmed to
expect the a-priori known sequence of calibration samples and controls the timing
of the clock generator 42 in order to synchronize the demultiplexers 43 and 44~
until the expected stream of calibration samples is received. As an example,
suppose the satellite comprises 31 deployable phased array panels and there is -

15 one calibration sample dispersed in a total multiplex cycle of 32. The number 32
is preferably a power of 2 because very high-speed multiplexers or
demultiplexers can more easily be constructed as a binary tree of bipolar
tranﬁstor switches, wherein pairs of signals are multiplexed in a set of first stage
multiplexers, pairs of the pairs are further multiplexed in a second stage set of

20 higher speed multiplexers and so on. Each of the 31 samples per cycle of 32 is
destined for a particular panel and may consist of a further multiplex or sub-
multiplex of samples destined for each element of the panel. For example, there
may be 16 elements per panel and 31 panels. As a result, the total number of
elements in the array would then be 31 x 16 = 496. The total number of

25 elements in the array may be changed by varying the number of calibration
samples and panels multiplexed in the first stage of multiplexing or by varying
the number of elements per panel. In the latter case, it is not important to have
a multiplex cycle of a power of two, since the lower speed sub-multiplexers are

easier to construct with any number of inputs.



coupler provides is needed. The filter 105 presents a block to potentially
I nterfering conponents and broad-band noise at the receive frequency
anplified by the power anplifier 106. However, the filter 105 passes the
wanted transmt 15 frequencies to the filter 103 which presents a block to
resi dual transWPP"P8B&juency energy reaching | ow noi se anpl i f PERUBB63FH a1

m ght be strong enough to saturate it, while passing the wanted receive
frequencies. Wth sufficient transmt/receive frequency spaci ng (dupl ex
spaci'ng), such filters. as well as the coupler 102 can be cheaply printed on
printed circuit panel 101 on which power anplifier 106 and 20 | ow noise
anplifier elenments 104 are also nounted. I.n sone cases, each patch antenna
100 may not al ways have an associ at ed poweraﬂnaifier and | ow noi se

anplifier. A nunber of p tenn na i rs aye their signal .
connections joi ned toget %ﬁ&%'&?ﬁﬁt wgﬁ g}epé?g‘ f%@@‘%@%ﬁgﬁm@ct ed to
a panel anplifier arapptoximatelycIMHP baidwitth] e duftiler 6£/Eoniléxasampl&s per second The
obj ective in designin uch a sub-array is that the conposite radﬁ)at i on

di agram f or med by C(ﬂﬁgFfeH’@“F {%WWMIm%NMt%mmnﬁmwﬂérl milliorent i re.
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5 then be 512 million, comprising 32 sub-multiplex streams of 16 million
samples/sec of which 31 of the 16-million sample/sec streams are for respective
array panels and one 16 million sample/sec stream consists of calibration
samples. The 16-megasample/sec calibration stream can consist of known signal
levels such as +1, -1 or 0 and can form a 16 Megabit code on the I and Q
10 streams if desired. This is more than sufficient information with which to
acquire and maintain synchronization as well as to send housekeeping information
or commands to and from the satellite. :
Calibration samples comprised of an I sample and a Q sample together
form a complex sample. A transmitted complex sample of 1+jQ may be
15 received as Aecos(f) + jAesin(f), where A is the received amplitude after
attenuation over the propagation path and amplification in the receiver, and 8 is
the phase shift introduced on the path. The synchronization and frequency
correction unit 45 can compute the sum of the squares of such I and Q
calibration samples to yield A2, which can be used to adjust the gain of the
20 receiver 41 until the output calibration samples from the receiver 41 and the
demultiplexers 43 and 44 are of a desired amplitude. This will ensure that array
signal samples are also of a desired magnitude.
The absolute phase shift 8 is of no coilsequence since only the relative
phases of array signals are important. However, the rate of change of §
25 represents a frequency error, and the synchronization and frequency correction _
» unit 45 can compute the rate of change of phase by combining successive I and Q
calibration samples of the same type and I(i-1),Q(i-1) and I(i), Q@) using the
formula

Q(e1G-1) - I()*QG-1)



too wi de, the nunmber of sub-arrays and consequently associ ate power
anplifiers and | ownoise anplifiers will be unnecessarily great, and since
each has to 30 receive a signal fromthe ground stations over the K-band
feeder link, the anmount 6 of feeder |ink bandw dth used %H/p?ﬁn%ﬁat er
t han necessarywoa{”’isfﬁe ot her hand, of the sub-array pattern 1S T00 narrow,
there will be a loss of gain at the edges of the coverage region. The
coverage region nmay, for exanple, be taken to be the area of the earth over
which the satellite is instantaneously visible at 20 degrees above the 5
horizon or nore. Such a | oss of gain at the edge of coverage may be

m ni mzed by shaping the radiation pattern of .each elenent to give nore
gain at the edge of coverage, where-earth- boun@ nobil e stations are at the
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is a mnimm The ganacessivetcalibretionesaniplesofdhengymentype, and thus a measure of the
' frequency error. This can be used to correct the local oscillators used in the K-
band receiver 41 until the frequency error is within acceptable limits. The
5 number of samples/sec of frequency error which can be computed, as many as
16 million in the above example, is more than sufficient to ensure that a fast,
accurate automatic frequency control feedback loop can be constructed. An
element of the absolute phase# can also be included in the automatic frequency
control feedback, to form a phase lock loop as well as a frequency lock loop.

10 This can be done by adding an element of the Q sample Aesin(6) into the
feedback loop, which becomes controlled to zero, thus controlling 8 to the target
value zero.

The clock generator 42, when synchronized under control of the
synchronization unit 45 to separate out the expected calibration sample pattern,

15 also geﬁérates output clock pulses and framing strobes for distribution to the
array panels along with the respective separated signal samples for each panel.

Figure 5 ﬂlustfates how such clocks and strobeé are used at each element
of a particular panel. The clock signal from the unit 42 is buffered by a buffer
amplifier 37a and used to drive a counter 33. The strobe signal from the unit 42

20 is buffered in a buffer amplifier 37b and used to reset the counter. The strobe
signal can, for example, correspond to a time when a calibration sample is being
separated by the demultiplexers 43 and 44 and no array element sample is being
separated, wherein the strobe marks the start of the array sample separation from
the time-multiplex format. The counter 33 is programmed with the number of

25 clock pulses *N’ after the strobe at which it shall generate a sampling pulse for
sample and hold circuits 34. This separates out the signal for the element N of
the array panel in question from the I and Q multiplex streams. The buffer
amplifiers 38a, 38b prevent glitches from the sampling switches 34 from being
feedback to the I and Q multiplex line thus avoiding potential interference on the

30 line, which is common to all elements of the panel. The separated I and Q



10 al so be inproved by deliberately using sub-arrays of sonmewhat wider
beamm dt h than earth coverage and using nore sub-arrays to formthe desired
beans. This requires nore K-band bandw dth, and a factor of two is

advant ageous if avail able, other inventive aspects of U S. P

Appl ication NYOB8Y9 947, may then be enpl oyed, such as tHg£ﬁ%%“§F”
efficient class-C power anpilflers for transmtting nultiple signals, 15
wi t h dissipation of unwanted internodul ati on conponents = j
directions that do not. intercept the earth. Figure 3 ill §HES$HEEIHBSBEEN
time-nultiplex format used on the K-band feeder link. Fgr theRERLACEDte
transmt direction, a ground station signal processor cafc
(I+jQ signal sanples for each transmt array Ienent whi ch represent a 20

SPurari ty of “robi | e P EEReIN GO HER chivertd B bl Rk veforms
cal cul at eg so that lﬁﬁng Wsmﬁﬁrﬂ%%ﬁ %fq?élﬁW@Mf%ﬁ&ﬁkiﬂMt}mnhalf
correspondi ng sate e a el enents wi e such that, e si gna
i nt erided for each \’%"‘é‘i“ﬁ‘?"&ﬁ%ﬂ”ﬂé i?"llﬁﬂ%? F’é’gﬂpe)
direction. The matri x o R TRAAhoh the GO Dind Qe dhcitebyithe

digital 25 signal processor are disclosed in U S. Patent Application No.
08/ 179, 953. 5 circuit illustrated in Figure 5 are used to quadrature modulate an L-band carrier

—_—

using a quadrature modulator. The desired L-band center frequency is
determined by a local oscillator signal 56 which is distributed to all elements
along a stripline track on a printed circuit array panel, for example. A portion
of the local oscillator signal is sampled off line 56 using a directional coupler 55
10 which can also be printed on the panel. After buffering in a buffer amplifier 54,
the signal is split into components differing in phase by 90 degrees using a
Hilbert network or phase shifter 51. The components drive respective I and Q
balanced modulators which impress I and Q modulation on respective I and Q
carrier waves. The modulated I and Q carrier waves are then summed at
15 summing junction 58 to produce a signal to drive a power amplifier 106.
No steps need be taken to control the relative phase of the local oscillator
56 distributed to different elements, since any phase differences are fixed and
stable in the medium term and as such can be compensated during generation of
the elementary I and Q samples at the ground station. U.S. Patent Application
20 No. 08/179,953, which has been incorporated herein by reference discloses the
use of the mobile terminals to determine bwmfdrming errors caused by imperfect
compensation of such factors, periodically transmitting such measurements back
through the satellite to the ground station on a return link.
Figure 7 illustrates part of the receive signal processing network
25 according to one embodiment of the present invention. The signal received at an
- array element or sub-array is amplified by the low-noise amplifier 104, and then
after image rejection in a filter 64, the signal is downconverted in a niixer 64 by
superheterodyning with a first local oscillator signal 61. The resulting signal is
distributed to all elements along a printed circuit track, and each element samples
30 é-portion of the signal using a directional coupler 62 and a buffer amplifier 63.

This Sheet Has Been: Rei




The signal sanples for each elenent are tinme-nultiplexed into a tine-

mul tiplexed 'I' signal 201 representing the real parts of sequenti al
elenents and into a time-nultiplexed 'Q signal 202 representing the

I magi nar arts of AMENDED SHEET . WD 97/ 08855

PCT/gU'S%ylgSg?wPﬂ?éiséssi ve el enents. Known calibration sanplBIRBNHY, be
included in the nultiplex format to assist with synchronization and
frequency correction at the receiving denultiptexer. The I-nultiplexed
signal is nodul ated onto a K-band carrier cosine conponent while the
Qnultiplexed signal is nodulated onto a sine 5 carrierwave. This may be
performed in a known manner by a quadrature nodul ator. The nodul ati on can,
if desired, first be inpressed on to a tower ifternedi ate frequency carrier

whi ch is then converfadeldvdi\Sensl, 1Vilz been mixed down to a suitable intermediate .
frequency, is filtered using a bandpass filter 65 to impose the desired total system
bandwidth (IMHz in the above example). The filtered signal is then further
amplified using an intermediate frequency amplifier 66 to raise the signal to a

5 convenient level. The amplified intermediate frequency signal is then quadrature
downconverted to the complex (I,Q) baseband using a quadrature demodulator
69. A second Local Oscillator defines the center frequency of the bandwidth
which is converted to baseband, and is distributed to all elements.

Certain modifications can be made to the circuit illustrated in Figure 8 to

10  reduce the number of distributed local oscillators and to minimize the number of
circuit components not suitable for integration into a silicon chip. For example,
instead of using the image rejection filter 60, an image rejection mixer
configuration 75 can be used, comprising a splitting amplifier 74, mixers 72 and
73 which- are driven by quadrature local oscillator signals from quadrature VCO

15 71 and intermediate frequency Hilbert combining network 70.

The number of local oscillator signals to be distributed can be reduced if
the first and second local oscillator frequencies are chosen to have a simple
relation between them, for example 32:1. The first local oscillator frequency is
then buffered by an amplifier 76 and fed to a digital divider 77 where it is

20 divided by 32 for comﬁarison in a phase comparator. 78 with the distributed
second local oscillator signal sampled off the line 67 by buffers 80 and 81. The
error signal is then filtered using a loop filter 79 and applied to a voltage control
input of a quadrature voltage controlled oscillator 71 to control its frequency and
phase. Such circuits have also been reduced to practice and may be integrated

25 into a single silicon chip comprising all of the blocks 75, 77, 78, 80, 81, 82, 66
and 69. Only non-integrable filters such as 103, 65 and 79 remain outside the
chip, which occupies only a few square millimeters of silicon. Fur&eﬁnore, the
same technique can be used to locally create the transmit local oscillator signal
56, so that a single reference frequency only need be distributed to the elements

30 along the array panels.



Figure 4 illustrates the receiving denultiplexer at the satellite according
to one enbodi nent of the present invention. Signhals are received froma
ground 10 station on the K-band using the K-band antenna 4Q. The received
e e B
|, Q baseband using a quadrature denodul ator to yield I and Q nul ti pl exed
wavef orms. These waveforns are sanpled by an |I-dermultiplexer 43 and a
Q denmul tiplexer 44 to separate waveform 15 sanples intended for different
array panels. To facilitate this, the order of nultiplexing should
preferably be Calibration sanple 0 Sanple for elenent 0 of panel 0 Sanpl e
for element 0 of panel 1 20 Sanple for B ement 0 of panel 2 Sanple
for el ement 0 of panel 3eanph g Rl LERD' e it prbiiiShe el kom0 u™ ™ ©

signals from each element of a panel into panel-multiplex signals, using

distributed multiplexers 91 and 92 and finally the supermultiplexing of all panel

signals using central multiplexer 93 which also incorporates calibration signals

5 for similar use at the ground station to that described for the satellite, namely to

effect synchronization acquisition, maintenance, automatic gain control and

antomatic frequency control. The distributed multiplexers 92 and 91 can be

incorporated into the same silicon chip envisaged to realize the circuit of Figure

8.

10 It is evident that the number of lines for distributing clocks and strobes is
minimized if the clock and strobe for the receive processing can be the same as
that used for transmit, and this is the preferred solution.

Figure 10 illustrates a satellite communication system according to one
embodiment of the present invention. A communications transponder carried by

15 an orbiting satellite 300 relays signals sent from one or more central ground base
stations 302 to a plurality of mobile stations or terminals 304, and vice-versa.
The links 306 from the ground-based base stations to the satellite carry a wide-
band time multiplex of complex drive signals for the phased array antenna as
described above, carried on the satellite. The satellite then forms beams for

20 relaying the signals to the mobile stations. The links between the base stations
and the satellite are called feederlinks.

The feederlinks can, according to one embodiment of the present
invention, transport power as well as information signals from the base stations
to the satellite. The power is transported to the satellite by using a large number

25 of lower power feederlinks transmitted by a plurality of base stations as will be
described below. The site diversity of base stations avoids the possibility of a
dangerously high energy density from appearing at any point in commercial air
space. In addition, the site diversity is also helpful in overcoming signal
attenuation at high microwave frequencies due to adverse whether conditions.



25 Sample for elenent 1 of panel 0O Sanple for elenment 1 of panel 1
Sanple for elenment 1 of panel 2 Sanple for elenent 1 of panel 3 Sanple for
el enent 1 of panel 4 30 etc.

WD 97/ 08855 3597
8 Thus the deMPPTMMB&er separates Calibration sanple 0 ont OF&/‘!%&?@?JG
output; a sanple for elenment 0 of panel 0 onto a second -output; a sanple
for element 0 of panel 1 onto a third output and so-on, and then returns to
separate calibration sanple 1 onto said first output again; a sanple for

el enment 1 of panel O on to 5 said second output, and so-on. Thus from
output 1, a stream of successive 14

An ordinary source of light radiates in all directions. However, the
. output from a laser source may be very close to an ideal uniform plane wave
whose divergence is primarily due to diffraction effects. For a laser emitting
light at a wavelength A, with an effective radiating aperture D, the angular
5 divergence O, is given by
' 0, = BND
where B is an efficiency factor. A telescoping arrangement can be used to
reduce angular divergence by increasing the radiating aperture. Figure 11
illustrates a typical optical design telescoping architecture which is simple to
10 implement using existing technology. Light from a laser 400 is expanded in a
beam expander 402 and collimated using a collimator 404. After the light has
been expanded, the beam passes through a dichroic beam splitter 406 and into a
telescope optical system 408 which magnifies the beam diameter to a value D.
Typical values for a practical free-space laser communication system are
15 D=40cm and a ten times magnification. A two-axis gimbal mirror is used for
coarse beam alignment between the transmitter and the common remote-receiving
aperture. An additional advantage of such a system is that the solar cells can be
kept fixed which reduces the mechanical complexity on the satellite.
Several telescope arrangements will now be described for a low orbit
20 satellite at an altitude of 10355 km. If a ruby laser is used with A = 0.694
micrometers and a teléscope diameter of one meter, the laser beam diameter at
the satellite is approximately 13.5 meters. For such a laser, the average transmit
power is 1 Watt in the pulsed mode, while a peak power of up to 10 MW can be
achieved if desired. In another example a Nd:YAG CW laser can be used where
25 A = 1064 nanometers. In this case, the existing lasers have an average power of
200 Watts. With a telescope diameter of 1 meter, the beam diameter at the
satellite is 20.7 meters.
. Figure 12 illustrates an alternative telescope arrangement which uses a
telescoping mirror rather than the telescoping lens arrangement illustrated in
30 Figure 11. In this arrangement the laser 420 is pointed at a curved mirror 422



calibration samples 0,1,2,...0,1,2..is praduced and sent to synchronization
and frequency correction unit 45 while fromoutput 2, a stream of sanples
for successive elenments 0,1,2... of panel 0 is produced. From output 3, a
stream of sanples for successi ve el ement s 0,1,2,...0f panel 1]

and so forth. W@9708855  The synchroni zation and frequency corl’rcerzl@g%g#\

45 is programred to expect the a-priori known.sequence of calibration
sanples and controls the timng of the clock generato

synchroni.ze the demul tiplexers 43 and 44 until the ex-éﬁﬁgéﬂggﬁﬁ%&SégEN
calibration sanples is received. As an exanple, suppoge
conpri ses 31 depl oyabl e phased array panels and there is 15 one
calibration sanple dlspersed in a total nultlp 2x cycle of 32 The nunber

32 is preferably a pquer bec ed ti.
demul ti pl exers can ﬁ”fm%‘ ?21513 ?%ééﬁg ¥Fﬂ§l‘%h’ga§§é§&0 Wﬁ/" ! %@ﬁ?%‘a‘?‘%‘}‘
- transistor sw t ches,ofvihaetet, th9Béant didinetet afthe Satalliec will be ejuak @oapproximately 20f
first stage nmultiplexers, pairs of the pairs are further nultiplexed in a
second stage set of mefers gher speed nultiplexers and so on. Each of the 31
sanpl es per cycle of 32 i ﬁrod'a q@&ﬁ nsi st
of a further multiplex or Su‘?ﬁéﬂ&‘ﬁ% teﬁtha{iak&LHpﬁEal lnfk Yo B

5 according to one embodiment of the present invention. Optical signals can be

"A“"-‘" o b e

severely attenuated when traveling through clouds. This problem is avoided in
the present invention by providing multiple spaced sites sufficient to ensure that
at least some have a clear view of the orbiting satellite. In order to transport
power to the satellite using laser beams without endangering aircraft, multiple
10 low-power lasers are beamed from diverse sites wherein their beams are
harmonized only at the latitude of the satellite so that the energy density remains
below safe limits at all other locations. In addition, the number of laser sites
within the horizon of aircraft flying at 60,000 feet may be restricted so that they
can not be harmonized to become a potentially dangerous directed energy force.
15 within the airspace.

In order to transport information to the satellite, a ground-based beam
forming computer processes information signals intended for each user terminal
to form drive signals for the satellite born phased array elements. Each drive
signal comprise_s; an In-phase and a Quadrature component forming a complex

20 signal I+jQ. The I,Q signals are time multiplexed in a sequence I;, Q,, I, Q,,
... in 2 TDM frame which is then amplitude or fréquency shift-keyed onto the
laser beam. For instance, one method for transporting information is as follows.
To transmit bit 0 on the I channel, all lasers turn their power "off”. To transmit
bit 1, the lasers turn on. Information is transmitted in a similar manner on the Q

25 channel. The receiver is a noncoherent detector. Such a detector counts the

~ number of photons received and outputs the bit 0 if the number of photons is
- very small. Usually, the system designer chooses a threshold A. If « is the
photon count, then the receiver{perfonns the following

output= OQifa < A
30 : lifa > A —_—
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mul tiplex of sanples destined for each el enent of the panel. For exanple,
there may be 16 el enents per panel and 31 panels. As a result, the total |
nunber of elenents in the array would then be 31 x 16 = 496. The total
nunber of 25 elements in the array may be changed by varyi n%céjﬂfsgg}%er of
calibration saMR?¥Y8Rd panels multiplexed in the first stag

mul tipl exing or by varying the nunber of elenments per panel. In the Iatter
case, it is not inportant to have a nultiplex cycle of a power oOf i

since’the | ower speed sub-mnultiplexers are easier to co g%g@rtﬁAsaBEN
nunber of i nputs. WO 97/ 08855 REPLACED )
PCT/ US96/ 13597 9 Supposi ng now t hat each el ene r adi at §is—a—eerposFre '

signal with approximately a 1MHz bandwi dt h, the” nunber of conpl ex sanples

per second per el emegs, r gl et dBn % bhhriatoe e phNiiey or SARE! T dudifiGO AR b

1 mllion
signals could be modulated in a conventional fashion onto a microwave beam as

disclosed in U.S. Patent Application No. 08/225,399, which is incorporated
herein by reference. |
5 In the downlink direction, the feederlink can also employ a satellite-borne

modulated laser. The laser may be steered to the point to the central ground |
station by an accurate mechanism controlled with the aid of an attitude control
system. At least two other lasers can be steered to point to alternate central
stations to provide site diversity against weather attenuation. In addition,

10 microwave beams can alternately be used an may be spot beams or global
coverage beams. '

A beacon signal can be used on the downlink to steer the laser such that it
points at a central ground station. This beacon signal relajs spatial acquisition
and &acking data on an optical wavelength different from the tr_ansmit optical

15  wavelength, for example 830 nm wavelength. In this case, the transmitter’s
dichroic beam splitter directs the incoming beacon signal to a set of beam
splitters and focusing lenses that are coupled independently to a charged coupled
device (CCD) detector array and a photo diode. The CCD output indicates the
degree of course alignments while the adjustments for fine alignment are then

20 performed using the gimball mirror. The photo diode generates beacon data
from the receiver.

Many detailed variations in the present invention can be devised by a
person skilled-in the art with the help of material disclosed in U.S. Patent
Application No. 08/179,953, which has been' incorporated herein. All such

25 variations are deemed to lie within the scope and spirit of the invention as
described by the following claims. _

It will be appreciated by those of ordinary skill in the art that the present
invention can be embodied in other specific forms without departing from the
spirit or essential character thereof. The presently disclosed embodiments are

30 therefore considered in all respects to be illustrative and not restrictive. The

Sheet Has Been Replaced .

T L




sanpl es. The total nunber of sanples per second over the K-band |ink would
5 then be 512 mllion, conprising 32 sub-multiplex streans of 16 mllion
sanpl es/ sec of which 31 of the 16-m|lion sanple/sec streans are for
respective array panels and one 16 mllion sanple/sec streamconsists of
calibration s¥ 7B§8.55The 16- negasanpl e/ sec calibration st re&’rﬁ%ﬁﬁ?"&%ﬁ%i st
of known signal |evels such as +1, -1 or O and can forma 16 Megabit code
on'the | and Q 10 streans if desired. This is nore ..--t—--"‘
informati on with which to acquire and naintain sy H@fg@@j HHS%E%E\
to send housekeeping i nformati on or conmmands to an OReFAaCERX el | it
Cal i bration sanples conprised of an | sanple and al\Q _sagpe=Foget her form a
conpl ex sanple. A transmtted conplex sample 8 1 +JQ may be 15 received

as A .cos([err]) + jA.si ecr]). wherg Ais the recgejved anplitude after
attenuation over tﬁ&"lﬁr‘g‘(ﬁ_&ﬁ’a’f‘j}%ﬁ‘fmﬂé %W&F.@P@ﬁ?‘i Qmsﬁan&'ﬁ’éﬁﬁa%él& ver,
and [err] is the pliafegoinidescriptib,Qid GlLhARges Whidhaddme wifiin

and frequency correction unit 45 can conpute the sum of the squares of such
| and Q cal i brat i orPf $awiyaleats thereaf arejintgnded fo begmbrmacedthemsia. used t o adj ust
the-gain of the -

————

e

i



20 receiver 41 until the output calibration sanples fromthe receiver 41
and the denultiplexers 43 and 44 are of a desired anplitude. This w |
ensure that array signal sanples are also of a desired magnitude. The

absol ut e phase shift [errt—s—of no_consequence since only t&ﬁré{l s?
nge of [err]

phases of arr PR s are i nportant. However, the rate of ©

25 represents a frequentwww' mﬁmm synchronl zation and frequency
correction unit 45 can ¢ ﬂf change of phase by corrbl ning -
successive | and Q calibration safpl s of the s B

and I (i), Qi) using the formula Qi). I(|-1)-I(Wé )THISSl’dBEW‘M%'!'3’3q
PCT/ US96/ 13597 10 This formul a gives a measur ¢ of how fruch tREPIHEER has !
rot ated between 8

CLAIMS

1. A cellular communications system, cofnprising:
a plurality of ground-based base stations;
a plurality of mobile stafions;
5 at Jeast one orbiting satellite for relaying information signals between said
| base stations and said mobile stations; and
a plurality of feederlinks between said base stations and said satellites for
transmitting said information signals and power from the ground stations to said

satellite.

10 2. A cellular communication system according to claim 1, wherein
said feederlinks are optical feederlinks.

3. A cellular communication system according to claim 1, wherein
said feederlinks are laser beams.

4, A cellular communication system according to claim 3, wherein

15 said Jaser beams are low power laser beams.

5. A cellular communication system according to claim 3, wherein
the plurality of laser beams are harmonized at the altitude of the satellite.

6. A cellular communication system according to claim 1, wherein
said base stations are scattered.

20 7. A cellular communication system according to claim 1, wherein
said feederlinks are microwave beams.

heet. Has Been Replaced
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successive calibration sanples of the sanme type, and thus a neasure of the
frequency error. This can be used to correct the local oscillators used in

the K- band receiver 41 unt Wor is within acceptable
limts. The 5 of sanpl es/sec © cy error \/\hlc‘qﬂ?@
conput ed, ‘as ﬂ@%ﬂgsggw ml | H'g exanple, is nore aﬁ%”
sufficient to ensure that a m”m @e tomatic ,--_.; .....
f eedback | oop can be constructed: An e of t he aS'ﬂHIBtSHEFﬁT%@sé §
can al so be included i.n the automatic frequency contrl feem-xamcggjo or
phase [ ock |oop as well as a frequency |ock |oop. 10

addi ng an el enent of the Q sanple A si n([err]a into the feedback Ioop
whi ch becones controlled to zero, thus contro?lng [err] to the target

val ue zero. The clock ggnerato | ; e ) t he
syncHroni zati on unit 45%'?0 sépé?éigd fmw 9%@%%&&3@?@%%%e
pattern, 15 also gtatiensitoean arbitingtsasellite bn feedarlinksiinch éellalar communichtion system,

distri bution to the ar r.a nel s Iong with the respective separated signal
sanpl’es for each pd&fEPrISEE é@rﬁeﬁq{ | ustrates how such cl ocks and strobes

are used at each el ementprocessing information signals intended for at least one mobile station to

5 form drive signals for satellite-torne phased array elements;
time multiplexing said drive signals; and
.amplitude or frequency-shift keying said time multiplexed signals onto
laser beam feederlinks which are directed at said satellite.

9. A method for transmitting information from ground-based stations
10 to an orbiting satellite on feederlinks in a celiular communication system,
comprising the steps of:
processing information signals intended for at least one mobile station to
form drive signals for satellite-borne phased array elements;
time multiplexing said drive signals; and
15 modulating said time multiplexed signals onto microwave feederlinks
which are directed at said satellite.

10. A cellular communication system according to claim 1, wherein
said satellite uses a steerable laser for a down-feederlink to a central ground-
based base station.

20 11. A cellular communication system according to claim 10, wherein
said satellite further uses a plurality of addition laser for down-feederlinks to
alternative ground-based base stations.

12. A cellular communication system according to claim 1, wherein
said satellite uses microwave beams to form a down-feederlink to a central
25 ground-based base station.
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of a particular panel. The clock signal fromthe unit 42 is buffered by a

buffer anplifier 37a and used to drive a counter 33. The strobe signal from

the unit 42 20 is buffered in a buffer anplifier 37b and used to reset the

counter. The sty (]r’) gnal can, Tor exanpl e, correspond to a tinme when a
mpl e

calibtation sa be| ng se | tiplexers TR
no array el enent sarrpl eis be| 3“1 mmi wmré robhe mArks the
start _.of the array sanple separ romt e 1i me- nyltHIP et %Bé

counter 33 is programed with the nunber of 25 cl ock pul S@LA@L\ EEE& the
strobe at which it shall generate a sanpli ng pul se f :

circuits 34. This separates out the signal for_the el enent N of the array
panel in question fromthe | and Q mul tiplex st cans. The buffer anplifiers
38a, 38b prevent glitchegsfron i s 34 .from g eedback
to the I and Q multipl exslPl ne t us a\%y?m ng%&ﬁ?ﬁwwgg?ﬁﬁgﬁg

30 line, whichis Gmmm@uwslamumhquamdomhebminbmﬂlﬂow%ﬁﬂsﬂo and
Q said plurality of base stations.
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—

This Sheet Has Bee

Ll Illlll i



sanples for elenent 'N are then converted to continuous nodul ati ng
waveforms using |lowpass filters 35 and 36 which have cutoff frequencies
just less than half the sub-nultiplexed sanple rate.(1 Megasanple/sec in

t he above exang 3) ssE% gure 6 illustrates how the continuous | and Q

wavef orms created By the 5 circuit illustrated in Fi gur e SPEFES¥43RTt o
quadrature nodul ate an L-band carrier wgipng a quadrature nodul ator. The
desired L-band center frequency is deternmined by a |ocal oscillator signal
56 which is distributed to all elenments along a stripli,ne track on a
printed circuit array panel, for sexanple. A portion of""'tEe | ocal oscillator
signal is sanpled off line 56 usigg a directional couﬁtg ,55 whi ch can al so

be printed on the 10 panel . Afi@BEbuffering in a bufE&s |l i f , the
signal is split into conponents @&ering in phase by §§degr ees i a
Hi | bert network or phase shifter gf The conpopnent's dryve respectl and

on respec |ye and

Q bal anced nodul at or s @hi ch |rrpr§9| and -r_a\ 'E

Q carrier waves. The @ayl at ed I-and ol hen su §
summing junction 58 ta. Bt oduce aShj gal 1§ o f
106. No steps need begﬁken t o congXol ase of the %
oscillator 56 o= / . S
i N\ ?é
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distributed to different elenents, since any phase differences are fixed
and stable in the nediumterm and as such can be conpensated during
generation of the elenentary I and Q sanples at the ground station. U S
Patent Application No. 08/ 179,953 20 discloses the use of the i
terminals to d¥PEMMSHe beanforning errors caused by irrperfecf’c'g'g'%#@ﬁ?ation
of such factors, periodically transmtting/spch neasurenents back through
the satellite to the ground station on a return link. Figure 7 illustrates
part of the receive signal processing network accordi n]% t o one. enbodi ment
of the present invention. ' gei ved at an MVGHFIER&IZdXor 25

T
sub-array is anplilft by t}g_I‘O)E?).L anplifier AREQHENEY ¢ rﬂéNDaﬂi\ﬁ%r | mage
rejection in a filjter he signél is downco

cdl iRX EREQUENGY (408 by
super heterodyning Wi th a f+{st local oscill atQl The resul td VE
signal is distributed to all\sllerrents al ong} a clxCuit track, SHg
a dlﬂ’o -ﬁdlgpal co

each el enent sarrpl?es a portiong of the S|€na u
and a buffer anplilfier 63. 1 DUAL-FREQUENCY AMPLIFIER
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WD 97/ 08855 PCT/ US96/ 13597
12 The received signal, having been m xed down to a suitable internediate
frequency, is filtered using a bandpass filter 65 to i npose the desired
total system bandwi dth (1MHz in the above exanple). The filtered signal is
then further JQPT8¥d using an intermediate frequency anpli¥5EPS8E

raise the signal to a 5 convenient |evel 3/fthe anplified internedi ate
frequency signal is then quadrature downconverted to the conplex (I, Q
baseband usi ng a quadrature denodul ator 69. A second Local OGscillator
defines the center frequency of the bandw dth which is converted to
baseband, and is distributed to all elenents. Certain nodifications can be
made to the circuit illustrated in Figure 8 to 10 reduce the nunber of
distributed local oscillators ane 40 mnimze ghe nunber of circuit
conponents not suitable for integdtion into a%@ icon chip. For exanple,

i nstead of using the inage rej ecgﬁn::fi lter 6028 mage rejection m xer
configuration 75 can be used, coﬂgﬁ ng a splBﬁ@g a8pli fier 74, mxers
72 and 73 which are driven by qugdwature |ocal 2oacrl | agd8 gignals from
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15 71 and internedi ate frequency Hil bert conbining network 70. The nunber
of local oscillator signals to be distributed can be reduced if the first
and second | ocal oscillator frequencies are chosen to have a sinple

rel ati on between them for exanple 32:1. The first |ocal oscj

frequency is RN U¥Ptered by an anplifier 76 and fed to a dva%@gﬁ&ﬁ?bider
77 where it is 20 divided by 32 for conpagi son in a phase conparator 78
with the distributed second | ocal oscillator signal sanpled off the |ine 67
by buffers 80 and 81. The ergor signal ijs then filtered ysing a loop filter
79 and applied to a voltage [control inpyt of a quadrature voltage :
controlled oscillator 71 to jcontrol itsj}frequency and phase. Such circuits
have al so been reduced to prjactice and fay be integrated 25 into a single
silicon chip conprising all jof the blocls 75, 77, 78, 80, 81, 82, 66 and
69. Only non-integrable filtler&such as {103 65 and 79 remain outside the
chi p, which occupies only a ffg@square i | ZFnmeterns of silicon. Furthernore,

t he sane techni que can.be us@ljﬂo Iocallﬁgjeat e:r"'_t he transmt | ocal
oscillator signal 56, ®o thagi=Ea&singl e 118 & encexLfrequency only need be
distributed to the el egents |38l ong thd¢@Pray @Rnels. -
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WO 97/ 08855

PCT/ US96/ 13597 13 Figure 9 illustrates another receive processing circuit
to multiplex the signals fromeach el ement of a panel into panel-nultiplex
signals, using distributed nmultiplexers 91 and 92 and finall éﬂ
supernultiple%“ﬁﬁmﬁﬂﬁéll panel signals using central nultipl%iﬁrﬁﬁgmaﬁich
al so incorporates calibration signals 5 fefosimlar use at the ground
station to that described for the satellite, nanely to effect
synchroni zati on acqui sition, maintenance, autonmaéc gain eontrol and
automatic frequency control. The distributed mnul ipL_xers‘QZ and 91 can be
incorporated into the same silicon chip envigaged tgQ, Fealijze the circuit of

Figure 8. 10 It is evident that the n el ok ngg for distributing
cl ocks and strobes is mnimzed if the clock and st@? qr the receive
processi ng can be the sanme as 35
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that used for transmt, and this is the preferred solution. Figure 10
illustrates a satellite comrunication system accordi ng to one enbodi nent of
t he present invention. A conmunications transponder carried by 15 an
orbiting satel‘gbé_; igo rel ays signals sent fromone or nore centr s%ound
base stations 0, aplurallty of nobile stations or ternmi and
vice-versa. The links 306 fromthe groungfibased base stations to the
satellite carry a wide- band time nultiplex of conplex drive signals for

t he phased array antenna as descri bed above, carried on the satellite. The
satellite then fornms beans for 20 relaying the&signals to the nobile
stations. The |inks between ghe base stati ons%ﬁj the satellite are called
feederlinks. The feederli nﬁﬁcan according tg ane enbodi ment of the &
present invention, transpoﬁ ower as wel | asgﬁor mati on signals fromERRE

base stations to the satel @&e. The power is g&nsported to the satel | iP&E
by using a | arge nunber—28'—eé—, oner power fe€dEr|inks transnitted by £
plurality of base statijons [asf will be describell bel ow The site diversitjy
of base stations avoi d$ fhe pLOSS| bility of a dhngerously high energy

density from appearingfaf gny| point in comercial air
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space. In addition, the site diversity is also helpful in overcom ng signa
attenuation at high mcrowave frequenci es due to adverse whet her

condi ti ons. WD 97/ 08855

PCT/ US96/ 13597 _14 An ordinary source of light radiates in all_di I ONS.
However, the o@H%®8?om a | aser source may be very cl ose topfﬁ"qs%gn

uni form pl ane wave whose divergence is priomarily due to diffraction
effects. For a laser emtting light at a wavelength [err], with an
effective radiating aperture

the angul ar 5 divergence [err] ‘s gi ven ?y
[err] where Bis an efficien factor. A tel escopi arrangenmenf can be
used to reduce angul ar diverggence by increasing thg radi ati ng aperture.
Figure 11 illustrates a typ] optical design teldscoping arch|jtecture
which is sinple to o L - . .
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10 i npl ement using existing technology. Light froma |aser 400 is expanded
I n a beam expander 402 and collimated using a col linmator 404. After the
| i ght has been expanded, the beam passes through a dichroic beamsplitter
406 and into a_tel escope optical system 408 which nmagnifies QEF o7
di aneter to a Y%’ Typical values for a practical free- s%g‘% Q@g
conmuni cati on systemare 15 D=40cm and asgyem tines magnification.
two-axis ginmbal mrror is used for coarse beam ali gnnent between the
transmtter and the conmon renot e-receiving apertureg An additional
advant age of such a systg g, be kept fixed which
reduces the nechanical co ' Several tel escope
arrangenents will now be dgscri fped fe& al low orbit 2p satellite at an
altitude of 10355 km If a]ruby|lageE&is used with [prr] = 0.694

: - Pt e | aser beam di anet er
the

such a | aser,

at the satellite i s approxrma
average transmt power is 1 V\at
up to 10 MWcan be achieved if
| aser can be used where 25 [er(]

Pt ers. For

n anot her exarrpl e a Nd YAG (
nanometers. In this case, t
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200 Watts. Wth a tel escope dianeter of 1 neter, the beam dianeter at the

satellite is 20.7 neters. Figure 12 illustrates an alternative tel escope
arrangenent which uses a telescoping mrror rather than the tel escopi ng
|l ens arrangement illustrated in 30 Figure 11. In this arrangepment th

| asers 420 is pPOPAV®ESat a curved mirror 422 15 whi ch ref | BEPUS %‘ﬂésgfl ght
in a beamto the satellite. If the mrrorgfR2 has a hei ght of 1 neter, the
beam di aneter at the satellite will be equal to approxinmately 20 neters.
For a high capacity satellite, a laser optical feederlink can be used
according to one egghbodinment of the present invention. Optical signals can
- be severely atter&& This problemis

(9)

avoided in the prE i nvention by providing nmultiple gpaced sites
sufficient to enst@2%|dat ve a clear vi of the orbiting
satellite. In order tojftransport power tojthe satellite jusing | aser Y]
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beans w t hout endangering aircraft, nultiple | ow power |asers are beaned
fromdiverse sites wherein their beans are harnonized only at the altitude
of the satellite so 10 that the energy density remains below safe |limts
at all other vaggﬂsgﬁs. I n addi tion, the nunber of l|aser sites within the
hori zon of aircra ying at 60,000 feet may be restricted BoT/PHEE3¥hey
can not be harnonized to beconme a potentii@f1ly dangerous directed energy
force within the airspace. In order to transport information to the
satellite, a ground-based beam form ng 15 conput er processes information
signals intended for each user termnal to formdrive signals for the
satellite born phased array el enents. Each-drive signal conprises an
I n- phase and a Quadrature conponent formng a conplex signal 1+ Q The |I,Q
signals are tine nmultiplexed in a sequence I[err], err], I[err], err],
i'n a TDM frame which is theg,anplitude or frequency shift-keyed onto
the | aser beam For i tance, oBezP& nethod for transporting information
is as follows. To NS\t bit Q&g he | channel, all lasers turn their
power "off". To trangmit By 1, &= asers turn onF‘anorrration S
transmtted in agpmlar r on the Q channel. receive is a
noncoherent det egtory Su¢ ector counts the ngnker of photons received

and out puts the tijt‘
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i f"the nunmber of phot s very small. Usually, the t em desi gner
chooses a 25 threshOlfd A If a is the photon count,~then the receiver
perforns the fol lowing [err] 16 Now,; A can be chosen to mnimze the
probability of error. In addition, the |I,Q signals could be nodulated in a
conventional fashion onto a m crowave beamas disclosed in U S Patent No.

08/ 225, 399. In the downli r(?PgnF&E ﬁﬂ%ﬁgﬁﬁﬁﬁ n al so enploy a
ase

satellite-borne 5 nodul a e I"aser e Steered to the point
to the central ground station by an accurate machanl smcontrolled with the

aid of an aﬂ Hugﬁ cgntral system At |least two other |asers can be steered
to point to al stations to providersite diversity against
weat her attenuatgﬂa reséht %Hf@nb (o LR Re REARRUNTARoR sy REM LY ukg used
and may be spot a?ns B?&&)@erage beans. sSr

5 optical feederlinks between a satellite and a ground station to provide power and

information signals.

Backeround of the Disclosure

A cellular communication system can includé a number of roaming,

10  automobile-mounted or handheld telephone sets which are served by either fixed,
ground-baseil stations or by orbiting satellites or by a combination of both. The
capacity of such systems to serve a large number of subscribers depends on how much
of the radio spectrum is allocated for the service and how efficiently the radio
spectrum is used. Efficiency of spectral utilization is measured in units of

15  simultaneous conversations (erlangs) per megahertz per square kilometer. In general,
spectral efficiency can be improved more by finding ways to re-use the available
bandwidth many times over than by attempting to pack more conversations into the
same bandwidth, since narrowing the bandwidth generally results in the need to
increage spatial separation between conversations thus negating the gain in capacity,

20  Therefore, it is generally better to increase the bandwidth used for each conversation
30 that closer frequency re-use is possible, '_

One method to increase the capacity is to use 2 phased array communications

- satellite w0 relay signals from ground stations to a plurality of mobile stations. A
ground-controlled orbiting phased array system is disclosed in U.S. patent Application

25  No. 08/179,953 and U.S. Patent Application No, 08/179,947. *,

The prior art does not disclose the use of coherent time-multiplexed feeder
links with distributed demultiplexing for reducing the cabling to a deployable phased
array. Some prior art systems have separate coaxial cables or waveguides connecting
each element of the array to a centrally located
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10-- A'beacon sigmal can be used on the downl i nlgo steer the | aser
such that it points at central ground station. This ®eacon signal relays
spatial acquisition and tracking data on an optical wavel ength different
fromthe transmt optical wavel ength, fgr exanple 830 nm wavel ength. In
this case, the transmtter's dichroic beamsplitter direct the incom ng
beacon signal -to a set of beamsplitters and focusing | enses that 15 are
coupl ed i ndeﬁ&ﬂmﬂh&b&nﬂv&dﬁhhne@wd]be)gﬁamd ma:assm the bthet handyrofay and
a photo dio

while the ag}eu#myqut@%t “ﬁqjhgﬁ:jévgnﬁg% ¥ilfee's M%SG al i grgg{nts

gi mbal | mi r geverageR tgfdgﬁt?héjéﬁfé fagl SRR, fbeaeﬁ% Iéabatil{eﬁfﬂﬂbb&hé&%&'dfer

Many detailed varia S in the present |nvent|on can_be devised b

person 20 thexeartheover whichethe satellits i instantaneopsly visile af mﬂema:awe ¢ n U. S.
i Che! bEBAPG: Bore, Sich'S)oa¢ e ofth . T Bink B el e JRRHRSRA By i
cl ai ms. shaping the radiation pattern of each element to give more gain at the edge of :
coverage, where earth-bound mobile stations are at the greatest stant iange, and less
gain in the middle of coverage where the satellite is directly overhead and the slam
range to the mobile stations is a minimum, The gain at the edge of coverage may
10 also be improved by deliberately using sub-arrays of somewhat wider beamwidth than
earth coverage and using more sub-arrays to form the desired beams, This requires
more K-band bandwidth, and a factor of two is advantageous if available. other
inventive aspects of U.S, Patent Application No. 08/179,947, may then be employed,
such as the use of efficient class-C power amplifiers for transmitting multiple signals,
15 with dissipation of unwanted intermodulation components thereby produced in
directions that do not intercept the earth.
Figure 3 illusteates the time-multiplex format used on the K-band feeder link.
For the satellite transmit direction, a ground station signal processor calculates
complex (I -lijQ) signal samples for each transmit array element which represent a
20 composite signal comprising weighted sums of signals destined for 2 plurality of
mobile stations. The composite signal of each element is calculated so that the:
combined effect of transmitting them from corresponding satellite array elements will
be such that each signal intended for each mobile station will be transmitted in a
~ desired direction. The matrix math operations for generating these signals in a digital
25  signal processor are disclosed in U.S. Patent Application No. 08/179,953.
| The signal samples for each element are time-multiplexed into a time-
multiplexed *I" signal 201 representing the real parts of sequential elements and into a
time-multiplexed 'Q’ signal 202 representing the imaginary parts of
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17-A cel lul af communi (’i on system conprising: a plurgity of ground-based
stations (302), a plurdity of nonile stations (304), ° at

| east one orbiting satellite (300) for relaying information signals between
said base stations and said nobile statjions, characterized in that a
plurality of feederlinks (306) between said base stations and said
satellites for sinultaneously transmtting said inforpmatjon signals and

fromthe gﬁé@ﬁ#@‘é#@ﬁ@ ’N)’_ %’&i‘l@fnscﬁflmtté .cogt(ipug:us mOd_AI’éi@BIWﬂV& TS
SO 24 ARELE BIEAS i APk oK Spanalf B8 Ml nd 200
claim1, wssbguitiplexed saanple tate (b Megasemplele)in dheaboveexatuple)s. 4. A '
gg;lﬁgl 2: ecfmgﬁg&e@@%}gﬁﬁ %?er éjoln{lxguéu% Icalnﬁlgl “%Ve on%rs ec'ré]atesdalg)g mleaser
3 circuit illustrated in Figure 5 are used to quadrature modulate an L-band carrier using
a quadrature modulator. The desired L-band center frequency is determined by a
local oscillator signal 56 which is distributed to all elements along a stripline track on.
a printed circuit array panel, for example. A portion of the local oscillator signal is
sampled off line 56 using a directional coupler 55 which can also be printed on the
10 panel. After buffering in a buffer ampliﬁe; 54, the signal is split into components
differing in phase by 90 degrees using a Hilbert network or phase shifter 51. The
components drive respective 1 and Q balanced modulators which impress T and Q
modulation on respective I and Q_cafrier waves. The modulated I and Q carrier
waves are then summed at summing junction 58 to producé a signal to drive a power
15  amplifier 106.

No steps need be taken to control the relative phase of the local oscillator 56
distributed to different elements, since any phase differences are fixed and stable in
the medium term and as such can be compensated during generation of the elementary
I and Q samples at the ground station. U.S, Patent Application No. 08/179,953

20  discloses the use of the mobile terminals to determine beamforming errors caused by
imperfect c&mpeusation of such factors, periodically transmitting such measurements
back througﬁ the satellite to the ground station on a return link,

Figure 7 illustrates part of the reccive signal processing network according to
one embodiment of the present invention. The signal received at an array element or

25  sub-array is amplified by the low-noise amplifier 104, and then after image rejection
in a filter 64, the signal is downconverted in a mixer 64 by supeth#terodyning with a
first local oscillator signal 61. The resulting signal is distributed to all elements along
a printed circuit track, and each element samples a portion of the signal using a

 directional coupler 62 and a buffer amplifier 63,
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20'_" : ' 5. el I ul ar communi cati on system; or di ng to claim 3,

wherein the plurality orf |aser beans are harnonized at the altitude of the
satellite (300). 6. A cel lul ar conmuni cation system according to claim
1, wherein said ground-based base stati dBs (302) are scattered. 25 7. A
cel lular conmuni cati on system according to claim1, wherein said satellite

(3000 hocs S it 15 Veudh R e bl
SYSt em accoliéB) thobéin dikinérer 4 fie S R1iRe bill 5@5@{41&6 ap; éQﬂaa:ényrzbhﬁM.ses a
plurality of additional |asers for down-feederlinks to altefnative
ground- based basdFoztahipl eapacity swellite, a Jaseeppticah feedertink v be vaed wrparding to
RCcor 110 | Gl AU B 50 30 A0 LS M) BEnMEE™ 1©
3 when traveling through clonds. This problem is avoided in the present invention by
providing multiple spaced sites sufficient to ensure that at least some have g clear
view of the orbiting satellite. In order to transport power to the satellite using laser
beams witho_ht endangering aircraft, multiple low-power lasers are beamed from
diverse sitesiwherein their beams are harmonized only at the altitude of the sateilits so
10  that the energy density remains below safe limits at all other locations. In addition,
the number of laser sites within thc horizon of aircraft flying at 60,000 feet 'my be
restricted so that they can not be harmonized to become a potentially dangerous
directed energy force within the airspace. |
In order to transport information to the satellite, a ground-based beam forming
15  computer processes information signals intended for each user terminal to form drive
signals for the satellite born phased array elements. Each drive signal comprises an
In-phase and a Quadrature component forming a complex signal I+jQ. The 1,Q
signals are time multiplexed in a sequence I, Q,, I, Qy, ... in a TDM frame which is
- then amplitude or frequency shifi-keyed onto the laser beam, For instance, one
20  method for transporting information is as follows. To transmit bit O on the I chﬁnnel,
all lasers tarn their power "off", To transmit bit 1, the lasers furn on. Information is
transmitted in a similar manner on the Q channel. The receive is a noncoherent
dete&or. Such a detector counts the number of photons received and outputs the bit 0
if the number of photons is very small. Usually, the system designer chooses a
25  threshold A. If o is the phoron count, then the receiver performs the following

.-

 oupat = 13'::%
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_ground- based base stations (302). 11. 1

T Vet Nt et - T St f ) e gl
.-

ground- based 'base st atgn. 5 10. A | ul ar conmuni cati on
system according to claim1, wherein said satellite (300) uses a plurality
of _m crowave beans to form dovvn-feederl'gnks to said plurality of '

A method for transmtting

rinformation from ground-based base 10 stations to an orbiting satellite

on feederl irﬁks in a.cellular copmmunication system by processin

i nf or mat i oSV gAdfeR ReRhopracty migimize the-probetility afsmrare 18:a8d1oR, lﬂg'g#’gr mdrive
signal s forsi%ﬁflaeéd\ﬁk? %gﬁgﬂg&@hﬁ%%nmﬁﬂfﬂaﬁﬁﬁwﬁw d infRowiVd bédfyd N9 sai d

drive signal a tu requency-shift keying said tine nultiplexed
si gnal s ontdisclased in 358y PatensNOcQR225,39% signals which are transmitted to

Cecei vod at sai didd BpMAEE Aechtno e i iina iy o hiiey & sslDie ot o
signal s§ angdodifiafed 145Br, ©The taséPingdy Bé stéered 18 AR Soif toShe et Prowridostatfipng a
plurality of distributed demultiplexing circuits. 20 _

by an accurate mechanism controlled wigx the aid of an attitude control system. At

least twa other lasers can be steered to point to alternate ceniral stations to provide

site diversity against weather attenuation. In addition, microwave beams can

alternately be used and may be spot beams or global coverage beams.

10 A beacon signal can be used on the downlink to steer the laser such that it
points at a central ground station. This beacon signal relays spatial acquisition and
tracking data on an optical wavelength different from the transmit optical wavelength,
for example 830 nm wavelength. In this case, the transmitter’s dichroic beam splitter
directs the incoming beacon signal to a set of beam splitters and focusing Jenses that

15  are coupled independently to a charged coupled device (CCD) detector array and a
photo diode. The CCD output indicates the degree of course alignments while the
adjustments for find alignment are then performed using the gimball mirror. The
photo diode generates beacon data from the receiver, |

Many detailed variations in the present invention can be devised by a person

20 skilled in thé art with the help of material disclosed in U.S. Patent Application. No.

08/179,953. All such variations are deemed to lie within the scope amd spirit of the

invention as described by the following claims.
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127+ A nethod for troggamitting i nformation from grou ased base stations
to an orbiting satelli in a cellular comrunication g&by processi ng
information signals intended for at |east one nobil e station to—fermdrive
.S gnal s for satellite-borne phased arnay el enents; _ tinme
‘mul tiplexing said drive signals; nodulating said ti rre {I&, L”' ﬂml
signal s onto m crowave feederli nk signal s which are trarrsmct

QXA t eri zed by: denpdul ating said feederllnk signal s- recelved
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ground stations to said satellite.

2. A cellnlar communicstion systém according to claim 1, wherein
said feederlinks (306) are optical feederlinks. | |

. 3. A cellular communication system according to claim 1, wherein
15  said feederlinks (306) are laser beams.

4. A cellular communication system according to claim 3, wherein
said laser beams are low power laser beams.

20 5. A cellular communication system according to claim 3, wherein the
plurality of laser beams are harmonized at the altitude of the satellite (300). '

6. A cellular communication system accordmg to claim 1, wherem
said ground-based base stations (302) are scattered.

7. A cellular communication system according to claim 1, wherein
said satellite (300) uses a steerable laser for a down-feederlink to a central ground-
based base station, |

30 8. A cellular communication system according to claim 7, wherein
said satellite (300) further uses a pluratity of additional lasers for down-feederlinks to
alternative ground-based base stations, - | :

AMENDED SHEET
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9 - A cellular communication system according to claim 1, wherein
said satellite (300) uses microwave beams to form a down-feederlink 1o a central
ground-based base station. '

10. A cellular communication system according to claim 1, wherein
said satellite (300) uses a plurality of microwave beams to form down-feederlinks to
said plurality of ground-based base stations (302).

11, A method for transmitting information from ground-based base
stations to an orbiting satellite on feederlinks in a cellular communication system, by

processing information signala intended for at least one mobile station
to form drive signals for satellite-borne phased array elements,

 time multiplexing said drive signals,
_ amplitude or frequency-shift keying said time multiplexed signals onto

laser beam feederlink signals which are transmitted to said satellite, characterized by -

demodulating said feederlink signals received at said satellite to
reconstruct said time multiplexed drive signals, and

demultiplexing said drive signals at said satellits using a plurality of
distributed demultiplexing circuits.

12. A method for transmitting information from ground-based base
stations to an orbiting satellite in a cellular communication system, by
processing information signals intended for at least one mobile station
to form drive signals for satellite-borne phased array elements;
time multiplexing said drive signals;
: modulating said time multiplexed drive signals onto microwave
feederlink sighals which are transmitted to said satellite; characterized by:
- demodulating seid feederlink signals received at said satellite to
reconstruct said time muitiplexed drive signals; and
| demultiplexing said drive signals at said satellite using a plurality of
distributed demultiplexing circuits. | |



