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DIVERSUY-ORIENTEJ) CHANNEL ALLOCATION IN A MOBD,E 
COMMUNICA TIQNS SYSTEM 

FIELD OF THE INYEtmON 

The present invention relates to satellite communications, and more 

5 particularly to a method of communicating with a plurality of ground terminals 

using a plurality of satellites which transmit time ~vision multiplexed signals. 

BACKGROJJND OF THE DISCLOSURE 
Satellite communication with handportable terminals can be interrupted by 

l . 

signal shadowing due to buildings, trees, etc. With non-equatorial, non-

10 geostationary satellite orbits it is possible to give a portable terminal a choice of 

more than one satellite, each satellite having a different position in the sky, in an 

effort to avoid problems caused by shadowing. 

For non-geostationary satellites, the signal frequency suffers from 

considerable Doppler shift. Consequently, the signals in each direction must have 

15 their frequencies ·•pre-compensated", i.e., shifted by the negative of the expected 

Doppler shift, so that the signals arrive at their JeSRCCtive receivers in their 

assigned channels so that they do not stray into ~$llboring channels. 

In a TDMA land based system, the base stations are static so that Doppler 

shift is not a problem. However, the distances between a handportable terminal 

20 and a satellite are much larger than for a land-~ ~stem, so that a time 

synchronising problem arises instead. As a result, uplink transmissions from 

handportable terminals must be adjusted in time according to the expected 

propagation delay to ensure that the signals arrive at the satellite in their assigned 

TDMA timeslots rather than straying into neighboring timeslots. 

25 One problem with using satellite diversity to escape the problems caused by 

shadowing is that the pre.compensation needed for ~er time or frequency cannot 

be made correctly for two different satellites that ei;ther have different positions or 

relative velocities, unless the handportable ~.in question are restricted to 

be all close to each other. In that event, any satellite experiences the same 
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Doppler shift for all their signals, so that the signals do not overlap in frequency. 

In addition, any satellite experiencing the same propagation delay from all nearby 

handportable terminals· remahis in relatively correct tiinbig relationships in a 

TDMA system. --·· 

s For eXalllple, if a mobile station A isl 1000 km away from a satellite 1 and 

a mobile station B is 11300 km away, then the mobile B shall advance its 

transmission by 2 ms relative to signals received from the satellite in order to 

c0mpensate for the30o+ 300 ·Jart ~ti-a 10op propqa:tion delay. 

However, the liioblleA 11lafbe .. 11J00km away ftbm a seeond satellite 2, ·( 

10 while mobile B is lloOO ·]an away from the :seeand Satellite. In ibis case, the 

mobile A must advarice' its transmission by 2 ms to enSute syi1Chroriism With 

mobile B as seen ·from the seeond Satellite. Clearly, it 'i~ not possible to ensure 

synchronism at two different satellites unless the mobilea'are atmosfco-located, or 

lying:aiong· the contour of eqUal''delta~$tance from'bi>th satellites. 

15 With reganfto DOppler $hut, SllppOSe the satellite' 1 iS moving away from 

the mobile A and towards.the mobile B. The inobil~ A experienees·a-1 KHz 
Doppler shift of received· signals while the mobilt B experiences + 1 KHz, for . 

example. This can be· p~mJ)ensated by the fitst satellite 1 by increasing the 

rrequency sent to the mobile A by 1 KHz and· deCteasing the frequency sent to 

20 mobile B by l KHz. ·.The mobile' A must alsd· fucieaSe its. transmit frequency by 1 

KHz and the mobile B !Dust tecluc:C; itl transmit frequency by i :Kaz s0 that they 

arrive back at the ~tellite With the coriect relative frequency. spaeing to avoid 
.. . 

inteiference. However the· second satellite ·2 may. be travelling in the opposite 

direction, that is toWaid mobile A and away rrOm mobile B. The second satellite 

25 can also precompensate its ttanSmitted · tte4,uerteies ~ch that they are received 

correctly· at both mobnd. Ho\Wver~ th~ mObiles must correct their frequencies in 

the reverse direction for die Second "Sltemte c0mpared to the first satellite. Thus, 

it is clearly iDlpossible for 'two mobnes that are Widely Separated 'to precompensate 
. . . . -

their transmitted frequencies: such that· they will be received correctly at both 
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satellites, unless the mobiles are colocated or lie along a line of const.ant delta­

Doppler to the two satellites. 

SUMMARY OF THE DISCWSJJRE 

It is an object of the present invention to provide a method to ensure that 

5 mobile stations using adjacent frequencies in an FDMA system are also adjacent in 

position. Alternatively, it is another object of the present invention to provide a 

method to ensure that mobile stations using adjacent timeslots on a TDMA carrier 

frequency are adjacent in position. This arrangement is possible in some 

embodiment at least within the limitations of mapping the one dimensional time or 

10 frequency axis to the two dimensional surface of the earth served by the satellites. 

In another embodiment of the present invention, the two-dimensional time­

frequency plane is mapped to the two-dimensional traffic service area. 

According to one embodiment of the present invention, a method for 

communicating with a plurality of ground terminals using a plurality of satellites 

15 transmitting time-division multiplexed signals is disclosed. First, a first satellite 

transmits to a first group of ground terminals using a first number of timeslots in a 

TDM frame period. In addition, the first satellite and a second satellite transmit 

in alternate TDM frames to a second group of ground terminals using a second 

number of timeslots in said TDM frame period. Finally, the second satellite 

20 transmit to a third group of ground terminals using a third number of timeslots in 

the TDM frame period. 

According to another embodiment of the present invention, ground terminal 

means adapted for communicating via a pluralitY of orbiting satellites is disclosed. 

The ground terminal means comprises receiver means for receiving a signal 

25 transmitted in a TDM timeslot from a satellite ~d amplifying, filtering and 

converting it into numerical form for p~. Tuning means are also provided 

for adapting the receiver means to receive the TDM timeslot cyclically from each 

of the plurality of satellites according to a predetermined pattern. In addition, 

numerical processing means are provided for processing the converted signals 
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feceived from different satellites in such a way as to reduce the effects of signal 

fading. 

According to one aspect of the present invention,· TDMA timeslots are 

distributed to mobiles along the lliies ·of eonstant delta~range to the two satellites 
. .. . .· . ·. ,. 

S while frequencies are dhtrlbuted to mobiles lying along the lines of constant delta-
. . 

D0ppler, thus solving some of the problems cited above. 

BBI£F DESQumON OF mEDIWVINGS· 
These ancl other features and advantages of the invention will be readily 

apparent to one of.ordinarY skill in the art from the following written description, 

10 used in conjunction with the drawings, in which:·· 
. . 

Figure 1 illustrates· a· sean pattern of satellite receive beams on one carrier 

to minimize Delta-timing errors;.· 

Figure 2 ·illustraies the disposition of groups Of 8 timeslots on each of 16 

uplink carrier frequencies tO minimize Delta-Doppler errors; 

15 Figure 3 illustrates the di$position of S groups of 16 uplink frequencies 

each having 8 ·timeslots; 

Figure 4· illustrates another beam pattern according to one embodiment of 

the present invention; 

Figure S illustrates a five cell reuse pattern according to one embodiment 

20 of the present invention; 

Figure 6 illustrates a modified beam pattern wherein corresponding 
. . 

downlink timeslots are spatially adjacent according to one embodiment of the 

present inVention; 

Figure 7 illustrates aii upllnk slot structllre for an 8-timeslot TDMA; 

2S Figure 8 illustrates· th~ optim~ timing fu~ maximizing the guardtime 
. . . 

between signals to be received at two satellites; 

Figure 9 illustrates the guardtime needed for satellites on the eastern and 

western horimns; 

.. 

( 
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Figure 10 illustrates the timing required for a North-South satellite 

constellation; 

Figure 11 illustrates a ground station for satellite diversity according to one 

embodiment of the present invention; and 

S Figure 12 illustrates a mobile terminal for receiving via a plurality of 

satellite. 

DETAILED DF8CRIPfION OF JllE DISCLOSURE 

U.S. Patent Application No. 08/179,953 describes ground based cellular 

systems and satellite communications systems that facilitate re-use of the same 
10 spectrum in adjacent cells by spatially staggering, for different channels, the 

illumination of the service area provided by the~ station/satellite antenna 

radiation patterns. In the satellite case, a typical antenna pattern can have a 

diameter of lOOOkM and a -4dB gain change fiom the beam center to the edge of 

the beam. If two portable stations using channels 1 and 2 respectively could lie 

15 anywhere in this lOOOkM circle, there is potentially a +/-3.3mS difference in 

propagation delay from the portable stations. to a satellite with a low elevation 

angle near the horizon, as well as different Dc>ppler shifts which are at their 
...•. 

greatest when the satellite is overhead. If eJiQUgh guard time or frequency guard 
; . ~ -: 

space between channels 1 and 2 is provided tp avoid overlap in time or fJ;equency 
!'.,_:-L.,"' 

20 at two or more different satellites, the co~~~tion system would suffer from 

inefficient use of the available spectrum. ~ to the invention described in . ' 
the afomnentioned U.S. Patent Applicatiop.. channels 1 and 2 are not used 

le, _. 

arbitrarily anywhere within an antenna ~~s -4dB contour. Assuming for this 
' 

example that 100 channels are available to;~ distributed, channel 1 usage is 

2S re,,tricted to, for example, the extreme North Western 1 % of the lOOOkM circle, 

channel 2 to the adjacent l % area im~y to the east of the area of the first 

channel, channel 3 to the east of that and so on in a lOxlO grid ending with 

channel 100 being used in the South ~-.in 1 % of the ama. Each 1 % area is 

approximately a lOOkM circle. Thus, ~,position difference between portable 
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stations using adjacent channels is reduced by a factor of ten, with commensurate 

reduction of the necessary time or frequency guard bands necessary to prevent 

overlap 'of Bdjacent channel signals at two or 'more different satellites. 

Consider now an ex.ample ofa mixed TDMA/FDMA system having 8 

5 timeslots on each of 80 carrier frequencies. The use of the total 640 channels 

within each area of size approximately equal to the antenna beam•s -4.SdB 

footprint is described below in conjunction with Figqre 1, which shows the spatial 

distribution of the· eight timeslots of a single carrier. This distribution deliberately 

places adjacent timeslots in adjacent positions, so that the ditiet"ential delay from ( 

10 two portable stations using adjacent timeslots to tWo or more satellites is 

minimized. As a result, the guardtime needed between bursts in order to prevent 

interfering overlap is minillli7.ed. 

The pattern· illustrated in Figure 1 is obtained by ekctronically resteering 

the beam center for each timeslot. This is preiefably. accomplished by ground 

15 processing of signalS relayed by the satellite's multi-element antenna, as descn"bed 

in the above-cited application. 

The shape of the pattem dc>es not need to be strictly adhered to. For 

example, timeslot 1 can be equally emploYecl in the ~m left hand comer 

position if that is' where a po~le station' exists, and thCie is niuch latitude to 
' ' 

20 move the microcell positions depending .on how much gUard time is provided and 

depending on whether satellite receive diversity is iii use, and on the relative 

positions of the satellites~ When the satellites are not on opposite 'horizons, the 
' ' ' 

relatiVe· delay' is less and as a result lnore freedom to move the lidcroCells exists. 

It is also always possible to m<>Ve ·the microcelb perpendicuilrly to the plane 

2S containing the two satellites, that is along a hyperbola of constant relative delay 

between the two satellites, while adjusting the portable station's transmitter timing, 

if necessary, to maintain the correct relative delay with respect to other 

transmitters. 

. Figure 2 illustrates· how the ·gr0ups of 8 timeslots on 16 different carriers 

30 can be formed into a 4 x 4 patteni usiilg the 16 frequencies~ This can be done 
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such that adjacent frequencies are used in adjacent groups, thus minimizing the 

sensitivity to relative Doppler errors which are at their worst when a satellite is 

nominally overhead. 

On a still larger scale, Figure 3 illustrates the disposition of 5 such groups 

S of 8 timeslots x 16 carrier frequencies to form a 640-cell pattern. The groups 

using frequencies 1, 17, 33, 49 and 65 have been highlighted to show the 5-group 

distribution. The total 640-cell distribution is now on the order of the satellite 

antenna beam ts nominal -4.SdB contour. Finally. a number of abutting areas 

similar to Figure 3 are created through use of the satellite multi-beam antennas 

10 capability to re-use the entire 640 channels of timeslot/frequency combinations 
.. 

with a spatial separation equal to the antenna pattem contour's -4.SdB diameter 
_. i- .. 

(the footprint size). Typically such a satellite will have antenna means to create a 

number of footprints such as 19, 37, 61, 91 or 1~7, which represents the number 

of footprints that can be formed into hexagonal ~s. If the number of 

15 footprints equals 37, for example, the total channel capacity provided by the above 

method would be 37x640 channels. 

It is shown in the above-cited application that arranging the beam footprints 

to touch at their -4.SdB contours provides together with the inventive signal 
. ~ ~ ~ 

processing the highest antenna gain in the worst case scenario while giving good 

20 discrimination against co-channel interference from adjacent beams. When the 

patterns of the type illustrated in Figure 3 from neighboring footprints are joined, 
.:..· · . ., 

it may be seen that frequencies f1,fl7,G3,f49,f65 form a 5-cell re-use pattern. 
; ; ~. -

With certain re-use patterns employing a number of cells equal to 
... )f': 

i1 + ij + ;2_:. 
-"~i: '!'' 

25 where i and j are integers, co-channel interferers are all equidistant from each 
.... ~-

,· ~ . 

other and the rings of 6 equidistant co-channel ~erers form the vertices of a 

hexagon. 

A S-cell pattern is not in the above number .series, and instead has co-
: i ••• 

channel interferers located on an ellipse, as shown in Figure S • 
. _A~· 
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Figure S illustrates the re-use of five frequencies indicated by the. numerals 1 to S 

in different cells orbeams. The cells USing frequency 1 are shaded to highlight 
. . 

the pattern of same frequency usage. It is seen that the ·hexagon pattern is slightly 

flattened to an oval form in the case of S-cell patterns. This is not a serious 
' . 

5 drawback since the total interference is in any c:ase·the sum of at least 'the 6 closest 

interferers, and if some.interferers are closer dwi·others, the interference sum will 
. . . ' . 

be similar to that if all of the interferers lay at a mean radius. . However, higher 

order re-use patterns may be formed by combining two such elliptical re-use 
; . . . . . . . . . 

pattems with thclr major and minor axes at right angles to obtain a pattern with 

10 more uniform spacing. Thus, a 5 x 5 cell pattern (a 25-cell pattern) falls once 

more in the number series glving equidistant interferers· . 

It may be noted that the cell spacing illusttated· in Figure 3 is already 
. .. . 

inhomogeneous with a minor. I.xis. running from top Ieft tO ·bouom rijht and a 

major axis runniltg from top right to bottom• left. Thus, it is Possible to arrange 

15 the ellipticity of the 5-cell re-use patteJ'll peipendiCular to thls ellipticity in order to 

obtain a nearly uniform co-channel interferer spacing. Since 641 and 643 cell 

pattems fall in the series described by P+iJ+j2, and 640 is very close to these 

ideal numbers, an almost uniform re-u5e spacing is for all intents and purposes 

achievable with 640 channels to distribute. 

20 . Figure 4 illustrates a mOdified cell pattern using only 15 out of every 16 

uplink carriers. All 8 timeslots on every 16th cmier ·on the uplink correspond to 

every 16th out of 128 timeslotS·on eaeh of s carriers on the downlink. The latter 

timeslots are the paling slots, .which are used for ~ehVork calls to portable 
- . . 

stations.· The former timeslotS become· the _corresponding random access channels 

25 for portable station ininated calls or. for responding to network calls. The random 
. . . . . 

access channels are not specifically mcluded in the pattern, and can be used on a 

less planned grid since call set-up communications take place on a contention basis 

in any case. The approximate areas Within whiCh the \rari0us random access 

frequencies would aPJ>ropriately be used are indicated in Figure 4. · · Their use in 

30 the vicinity of neighboring frequencies minimizes relative Doppler errors. The 8 

ti 
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timeslots per 128 timeslots used as paging channels on the downlink correspond to 

the eight timeslots illustrated in Figure 1 on the uplink. The energy directed 

during the paging slot does not necessarily have to conform to the same pattern, 

since different delta-timing considerations apply for downlink diversity as will be 

S discussed later. 

The five downlink carriers that each carry a 128-timeslot wideband 1DMA 

correspond to the five uplink frequency groups illustrated in Figure 3, or to five 

groups of the 15 carriers illustrated in Figure 4. The five downlink carriers are 

thus disposed in a corresponding 5-cell re-use pattern as described for the uplink 

10 By the above means, adjacent timeslots on the same uplink carrier 

frequency, such as timeslot S and timeslot 6 in Figure 1, are spatially separated by 

a distance equal to the whole beam footprint diameter divided by the square root 

of 640. This is achieved by, at call set-up, allocating a frequency/timeslot 

combination for communicating with the portable station in dependence on its 

15 geographical position, i.e., allocating the portable station the frequency/timeslot 

closest to which it lies according to the usage pattern illustrated in Figure 4. 

There is no limit as to how close together different frequency/timeslot 

combinations can be used, the objective being to ensure that adjacent timeslots in 

time on the same carrier frequency are not used so far apart spatially that 

20 propagation time differences would cause difficulties for synchroni2:ation. Thus no 

upper limit on call density in a particular subarea is imposed. 

By using the above method, non-overlapping timeslots can be achieved at 

all visible satellites simultaneously provided that portable stations synchronize their 

transmissions in different timeslots for reception at a satellite imagined to lie 

25 vertically above one of the Figure 1 type areas. Then when a satellite actUally lies 

on the eastern horizon, timeslot 5 will be received delayed by approximately 40kM 

(133uS) relative to timeslot 6 and thus a 133uS guard band between timeslots 5 

and 6 will avoid overlap. Likewise, when a satellite lies on the western horizon, 

timeslot 8 will be received delayed by 133uS relative to timeslot 1 to the left of it, 

30 thus the 133uS guard time between timeslot 8 and the recurrence of timeslot 1 will 
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in that case also prevent overlap. Timeslots 7 and· 8 are projected spatially to the 

North and South of each other, so the guard time in that ca5e protects against 

overlap when a satellite lies on the southern horizon. :. 

If there is a bias in the directions in which a satellite can lie, for example, 

5 if equatorial satellites are used that are only seen to the south from northerly 

latitudes, then of course the spatial layout of timeslOtS ·can be differently 

optimized. In this case, a linear North-South distribution of timeslots would 

minimize propagation delay differerices to satellites lying· mainly in a southerly 

direction. It is also p0ssible to distribute timemotS along the hyperbolae of 

10 constant differential time-delay to. two satelliteS, ind· fu ·distribute carrier frequency 

usage along orthogonal lines. Thus, an s~timeslot system in which a 20mS frame 

on ea.ch of so· frequencies is divided·into 2.SmS timeslots can allOw porbible 

stations to transmit for 2.366ms out of the 2.5mS Slot, the remainder of the time 

being reserved for guard time. It might be advantag~us to slightly increase the 

15 guard time so th&t ·the· timeslot distribution could· all~w mobiles up to 80kM apart 

to use adjacent timeslots on· the same carrier, in Otclei to allow that carrier to 

supplement capacity in an adjacent area served primarily by 8 timeslots on another 

carrier. Furthermore, it is permissible for the guard time to be combined with 
' . ' 

power up- or down-ramping for· spectral control purposes, as it is of little 

20 consequence if time overlap occurs witli the up- Ot ·c1own.;.ramping part of the 

TDMA burst, since this ·section of the burst curies no information. 

· The above technique allows all portabte transmiSsians to be received in a 

non-overlapping fashion by all visible satellites. The signals are relayed by the 

satellites to one or more ground stations, and at each· ground station the same 

2S portable signal as relayed by two or more satellites· can be combined using any 

· suitable diversity combining techl'lique such as selectiOn diversity or optimum-ratio 

combining. A gain of 3dB is obtainable when two satellites receive the same 

signal of equal quality and rel8y it. Wheli .·the signal is fading in an uncorrelated 

fashion at the two satellites, a gain exceeding 3dB's may be obtained by the 

30 technique. 

" 

{ 
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Figure 11 shows a ground station in communication with at least two 

satellites for the purposes of obtaining the 3 dB diversity advantage. Two ground 

stations receivers 100 and 101 comprise steerable dish antennas, low noise 

amplifiers and feederlink downconvertors to produce composite signals SI and S2 

S which are fed into a diversity processor 102. :Each composite signal S 1 and S2 

represents the sum of many mobile transmissions using different frequencies and 

timeslots as received by every beam or element of the satellite's antenna arrays. 

The representation may consist of an analog time division multiplex of the signals 

received by each antenna element, as described in U.S. Patent Application Nos. 
10 08/179,953, 08/225,389, and 08/225,399, all of which are incorporated herein by 

reference. Consequently, diversity signal processing unit 102 can comprise an 

arrangement for demultiplexing analog TDM streams, analog to digital conversion 

of separate TDM samples and digital may processing to form effective receive 

beams that discriminate signals received at the satellites from different directions 
15 or locations on the earth. The diversity processing then proceeds to combine 

signals received at the two satellites from the same location on the earth, i.e., 
from the same mobile unit, as identified by its frequency and timeslot allocation as 

well as its direction of arrival. The direction of arrival (DOA) is used to 

discriminate mobiles employing the same frequency and timeslot according to the 

20 reuse patterns discussed above. 

A diversity combiner for each mobile signal can take on a variety of forms. 
A first form called a coherent combiner estimates the phase and amplitude of a 

TDMA burst received from a mobile separately for each satellite path, by 

correlating with a known symbol pattern (syncword) contained in the transmission. 

25 The syncword may be disposed in the middle of the TDMA burst. Corresponding 

samples received via the two satellites may then be combined with the correct 

phase shift and amplitude weighting to give optimum demodulated signal quality 

according to known prior art, starting with signal samples close to the syncwords. 

Samples are then combined, demodulated and decoded moving outwards from the 
30 syncwords while updating the estimate of the signals' amplitude and phase to 
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maintain.optimum combinllig even when.ainpli~e andph8se drift over the bursts 

occurs. Ideally, coded data is interleaved· by pw;ing ·alternate coded bits in two 

adjacent bursts and alSo alternating to the .left and the right of.the syncword. This 

permits the advantageous technique of simultaneC>us demodulation and decOding to 

S be employed·as d~ in U.S. Patent ApplicatiCnt No. 08/305,787, which is 

incorpmated herein by reference .. 

Alternatively, the signals received via eaelt satellite can be separately 
·. . .. 

demodulated using for example a chaDnel-tracking equa1i7.Cf. More details of 
. . 

suitable demodulators may be found in U.S. Patent Application Nos. 08/218,236, { 

10. 07/965,848, 071894,933, and Swedish Patent No. C4838, all of 

which are incorporated herehi by fef'elence. T~g~ these prior dlsclosures teach 

· demodulation of digit:liiy me>clulated radio d~s recCiYecl through time varying 

radio cbanBels with prOduction of so-called "soft~ decisions indicating the degree 
. . . 

of"one-ness" or "nought-ness" of a data bit instead of a haid 110 decision. Soft 
. . 

15 decisions ai'e prefeired when the}' are to be diveisity combhied by addition to 

produce combined soft decisions which are then proceSsed in an error correction 

decoder. This form of divemty combinations may be called "Post-detection" 

combinations. 

Yet another fmm of diversity combining ·is to demodulate and error-

20 correction decode the signal received from each satellite separ4tely. The output of 

·the decoder consists of blocb of data bits represeDting a speech waveform over a 

speech coding fnime period. such· as 20 ms. A speech decoder then further 

processes the decoded block to rep?Oduce the Speech waveform. The error 
. . 

correction coder may incllide error detection means to iiidicate if a speech frame is 

25 correctly decOded as reCeived from one satellite and_ not as received from the 

other, then the correctly decoded data bloclds seleeted to ·be passed to the speech 

decoder. This foml ofdiversity combmation may be called "post-decoder 

selection... All such forms of diversity colllbinations ke suitable candidates for 
~ . . 

the implementation of the current invention~ 
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Diversity signal processing unit 102 shall perform the beamforming, 

demodulation, decoding, diversity combining and speech decoding tasks for all 
• 

mobile signals of which there can be perhaps 10000 simultaneously active. One 

third of these may be received only via satellite 1 and one third only via satellite 2 

5 and thus do not need the diversity combining step. Another third however may be 

received with good signal strength via both satellites and thus benefit from the 

diversity combining step. The diversity signal processing unit continually 

monitors how well each signal is received via each satellite and informs the mobile 

switching center (MSC) 103, which also routes decoded speech to and from the 

10 public switched network (PSTN). The MSC 103 may dynamically re-allocate a 

mobile to use either the first, last, or middle portion of the TDMA frame 

according to how well it is received by the different satellites. Simultaneously, 

transmission to the mobile is routed via satellite 1, satellite 2, or alternately 

through each. 

15 The above description applies to satellite diversity on the uplink. Satellite 

diversity on the downlink may be achieved using a variation of this technique. 

According to the present invention, downlink diversity is provided only for 

a second group of portable stations that can comtftlnicate with at least two 

satellites approximately equally well. A first group of portable stations that can 

20 only communicate with a first satellite with a good·'signal-to-noise ratio is served 

only by the first satellite. Meanwhile, a third group of portable stations that can 

only communicate with the second satellite with a ijoocl signal-to-noise ratio is 

served only by the second satellite. These three gtrOups use downlink channels 

which are divided into three COITeSpO!lding groupt;P For example, in a pure 

25 TDMA system with 512 timeslots per frame, a first number of timeslots located at 

the beginning of the .TDMA frame is used by the fbt satellite to transmit to the 

first group of portable stations. A third group of tiineslots at the end of the frame 

is used by the second satellite to transmit to the third group of portable stations. 

Meanwhile, a second number of timeslots locatecf!in .. between the first and third 

30 groups of timeslots is used altemately to transmit On. even numbered frames, for 
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example, from the first satellite to the second group of portables, by forward 
extension of said first group ~f timeslots, and by Said second satellite on odd . . . ! 

frames by backward extension of said third group of timeslots. The transmissions 
may thus appear as follows: 

S Odd frame 

It can be seen that guardtimes of a couple of timeslots have been anticipated 
between the cessation of one satellite's transmission and the commencement of the 

15 other satellite transmission in order to allow for different propagation. times from 
the two satellites to all locations. The question is how large these guardtimes must 
be, and how the resultant capacity ~ can be minimi7.eCf. 

A block diagram of a mobile terminal for receiving diversity transmissions 
is illustrated in Figure 12. . Sjgnals are r.eceived from any. visible satellite using an 

20 antenna 200. Received~ are downconverted to· a suitable low frequency or 
baseband frequency using a downconvertor 201 whi~ may be a oo.nventional 
superhet or double superhet, or may.be.a homodyne receiver such as is described 

in U.S. Patent No. 5,241,:702, which is iJl~ted herein by reference. The 
patent discloses conversion of received .signals directly from the radio frequency to 

2S a pair of I, Q baseband signals. ·~ements ate disclosed to eliminate the 

problem _of DC offset or self iraterference .caused by the local oscillator being on 
the frequency of reception. After practicing the refinements, digital 

representations of the. received complex signal vector are produced in sampled 
fo:m, compensated for DC· offset. The improved homodyne concept comprises the 

30 · Ato D convertor 202. :t.(ore conventional. superhet or double superhet 
downconvertors can alternatively employ an A to D convertor 202 of the logpolar 
variety, as ~bed in U.S. Patent No. S,048,059, which is incorporated herein 

by reference. Both methods produce a complex number stream representing the 
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received signal. When a TDMA downlink transmission format is employed, a 

portion of the stream (a TDMA timeslot) carries infonnation for a particular 

mobile. The number stream received during the allocated timeslot can be recorded 

in a buffer memory in the A to D convertor 202 from where it can be retrieved by 

S either a sync unit 203 or a burst demodulator 204 for processing. 

The sync unit 203 locates the position of th~ known symbol pattern 

(syncword) in the buffered sample stream by correlation to produce a timing 

control signal and a phase reference or channel estimate to the burst demodulator 

204. The timing control signal describes to the demodulator the location in the 

10 buffer memory of samples corresponding to the syncword, which are used as a 

marker to locate unknown data symbols for decodblg. This location does not 

change rapidly from burst to burst so long as the bursts are received from the 

same satellite. In this non-diversity case, the sync unit 203 only has to perform a 

relatively long term, slow update of the timing control signal to track any timing 

15 drift due to differences between the satellites system clock and the mobile 

terminal's local clock, or due to satellite motion .. However when satellite diversity 

is in use such that alternate frames, for example, are transmitted from two 

satellites, then it is desirable for the sync unit 203 to determine and track separate 

timing estimates for odd and even frames. This avoids the need for the 

20 transmissions from the two satellites to be very accurately synchronized which 

would be technically more difficult Thus, when control unit 209 informs the sync 

unit 203 that N-satellite diversity is in use, the sync unit 203 determines and 

maintains N separate timing statuses which are used according to the 

predetermined satellite transmission schedule. 

25 A burst demodulator 204 processes the data-received from whichever 

satellite and generates preferably soft decisions as. previously mentioned in 

connection with the ground station processing. Soft decisions are delivered to a 

deinterleaver 205 which merges symbols plucked alternately from two successive 

bursts and from alternately to the right and to the left of the syncwords. This 

30 interleaving pattern is exemplary only and not ~t to restrict the present 
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invention, however it is desinlble to ·merge data. receivecfVia different satellites so 

that one bad path does not result in a block of successive· bad· symbols into an 

error correction decoder 206~ but rather goOd and bad ~ymbols alternate such that 

the decoder 206 can use good symbols to bridge over· the bad symbols. In this 

s way' the error c<>rrection decocler is more eftident in reducing 'errors caused by 

satellite path fading or being temporarily shadowed, fot example by a passing 

truck. 

After decoding, ·tile decOded data blocks (speech framel)lre passed to a 

speech decoder 207' which may incorporate other· nieasuies for bridging bad 

10· speech frames as indicated by an error detection·cheek from the decoder 207. 

Finally, reconstructed waveform· sampleS fiom speech d~ 207 are DtoA 

eonverted in the convertor 208 to drive a lo~· or tdepholie earpiece. 

On occasions, the data decoded by the decoder 206 is a control data frame 

called the fast associated control channel. When this is detected, the decoded 

15 message is passed to the controi unit 209 to take. acu0n s0cli aS switching diversity 

off or on, changing the number N of satelliteS in the diversity scheduie, or 

changing frequency or timeslot uied by the receiver or transmitter. Such a change 

to the operating· channel is also known as a handover, handoff, internal handover 

or internal handoff. 

20 For the reasons described in U.S. Patent Application No. 081119,954, there 

is pmferably an association between uplink channels and dowillil1k channels even 

when the access methods ·used ill the two directions are different. For example, a 

timeslot in a Tl>MA · dowiilink can be· 8sSociated with a frequency channel of an 

Fi>MA uplink to form a channel pair for duplex conversations. In the case 

25 considered here, both uplinks and downlinks are TOMA/FDMA hybrid access 

methods, wherein the former has few carrier frequencies with many timeslots per 

carrier frequency while the latter· has many catrier freC{uericles: With few timeslots 

per carrier ~uency. For each downllilk fre'J1lency/timeslot combination there is 

thus preferably an associated uplink frequency/timeslot combination~ The 8 uplink 

30 timeslots on one uplink carrier disposed. according to Figure 1 map to 8 out of 128 
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timeslots spaced by 16 timeslots on one of five downlink carriers. The purpose of 

this mapping is to ensure the same transmit-receive timing in every portable 

station, and in particular to place uplink portable station transmissions between the 

reception by the portable station of its corresponding downlink timeslots and thus 

S avoid simultaneous transmission and reception in the portable station. As a result, 

the need for a duplexer is avoided while still permitting a bidirectional information 

flow. 

The 16 different groups of 8 downlink timeslots on a downlink carrier map 

to the 16x16 pattern of Figure 2. Thus, the area using fl on the uplink is served 

10 by timeslots 1,17,33,49,65,81,97, and 113 on the downlink. The area using t2 on 

the uplink is served by downlink timeslots 2, 18,34,SO, etc. and so-on. The spatial 

separation between usage of adjacent timeslots on the downlink is thus from the 

./fO center of the fl area to the center of the t2 area of Figure 2, namely small 

cell diameters, or l/./64 of the whole footprint size. The exception is that 

15 timeslot 16 is used in the cell with f16 as its uplink frequency, and timeslot 17 

jumps back to the fl cell again. However, in Figure 4, frequency f16 has been 

removed from the cell pattern to be used as a random access channel, and 

correspondingly timeslot 16 is used as a paging cbaDnel on the downlink and is not 

part of the pattern. Timeslot 16 will be transmitted as a paging channel with more 

20 coding and at a power level lOdB higher than ttaftic channel timeslots so as to be 

able to reach portable stations that are temporarily disadvantageously disposed. 

The energy for transmitting timeslot 16 at a normal or increased power level can 

be directed by the beam steering mechanism to any desired location in the pattern 

before taking up the pattern at timeslot .17 again. 

25 Suppose that nominally the first half of th~; 128 timeslots are to be 

transmitted from satellite 1 and the second half ~~ satellite 2. Downlink 

timeslots 1,17,33,49,65,81,97, and 113 illuminateJJte cell using uplink frequency 
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1 in Figure 4. The first four of the timeslots are received from Satellite 1 while 

the last four are received &Om satellite 2. The last timeslot translnitted by satellite 

1 is paging slot number 64. Prior to that timeslot, timeSlot 63. was.directed to the 

square using uplink frequency 15. · The reception. of these 64 timeslots at squares 1 

5 and 15, respectively is relatively delayed by a maximum amount when the satellite 

is on the western horizon (to the left of Figure 4) and the delay is J17/64 or 

. ·. . . . ·. . . .. : 

about one half of the footprint size. When the footprint is lOOOkM in diameter, 

the delay is about l.7mS. The relative.delay is depicted below: 

10 l'?illlealota 1 - 64 as received at square .(1) 

!Timeslots l - 64 as received at square (15) 

lS > < 
1.1ms 

Now satellite 2 takes over, but it must be determined if satellite 2's transmissions 

are timed to dovetail with the end of satellite l's transmissions in cell 1 or 15. If 

the fonner, and the second satellite is on the eastepi horizon (to the right of 

20 Figure 4) then its transmissions as received at square 15 will be relatively 

advanced by 1. 7mS compared to· reception at square 1 as illustrated below: 

2S 

30 

a• received at square (1) !Timeslots 65-128 

received at square (15) l'?illlealota. 65•128 I 
> < 
1.1ms 

In square 15, there is thereft:>re a 3.4mS overlap of the transmission from·the two 

satellites affectiilg timeslotS 42 t6 64. from satellite 1 and timeslots 6S to 87 from 

satellite 2. Of these, portable stations in square 15 would have used slots 47, 63 
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and 79. However, this is now questionable due to the time overlap. Thus, three 

out of 8 timeslots are lost in square 15, and none are lost in square 1 as the 

transmissions for square 1 are selected to be synchronized. Proportionally less 

loss is incurred for cells lying closer to cell 1 than cell 15. If instead the satellites 

S had been timed to be synchroni7.ed for a square in the center of the area, the 

overlap in the border cells would reduce to 1. 7mS and approximately one to two 

timeslots out of 8 would be lost in some border cells. 

To avoid this loss, the cell pattern might be rearranged as illustrated in 

Figure 6 such that cells 15 and 1 are adjacent. It does not matter that cells 15 and 

10 17 are then not adjacent as these are served by different downlink carriers. The 

relative delay if the satellites lie to the top left and bottom right of the Figure 

respectively is then reduced to JSJ640 of the footprint size or about 370uS. 

Since downlink timeslots are 156.25uS long, overlap can be prevented by 

sacrificing 3 timeslots at the changeover between satellites, of which one can be a 

15 paging slot. Thus, a worst case capacity loss of 4 out of 120 traffic channels is 

incurred in order to provide 2-satellite diversify. ·· Bven this may be avoided by 

distributing timeslots along the hyperbola of constant relative time delay to the two 

satellites. A further consideration is then needed to derive the corresponding 

distribution of frequencies and timeslots for the Uplink, which will be discussed 

20 below. 

With the above method of dividing the dbwnlink frame into three regions 

corresponding to timeslots and satellite stations ;that are served by satellite 1, 

satellites 1 and 2, and satellite 2, respectively, the uplink frame, being time-related 

to the downlink frame, is likewise divided into the same three regions. The uplink 

25 frame however has 8 timeslots on a carrier coifesponding to 8 downlink timeslots 

spaced every 16 timeslots in the 128-timeslot downlink TDMA format. The 

uplink slot structure is illustrated in Figure 6. 

Figure 7 simply divides the 20mS frame.into 8 slots without indicating how 

much of each slot is used for ramping and guardtime between slots. Guardtime 
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between slots is not necessary for reception by a single Satellite, since portable 
. .. . 

stations can apply an appropriate timing advance to their transmit times to ensure 

their signals reach the satellite in a non-overlapPing fashion. This timing advance 

is established at call set-up by the satellite .system gi\ring the mobile a channel 

S allocation that includes timing advance iDfonnation. · The timing advance is 

thereafter correctly maintained by small advance.retird adjustments commanded by 

bits included in the downlink slot. 

It is, however, not always possible io fuid a timing ·advance that will ensure 

. that a mobile statiOn's signals will arrive ··in sync at tWo different satellites. The 

10 only case where that can be exactly achieved is when mobile.stations using uplink 

timeslots on the same uplink carrier are distributed· along the hyperbola of ~t 
delta-delay to the two satellites. This· special case will be discussed later. Thus, 

in general, 'it is necessary' to include guardtime between slots to prevent overlap at 
the receiving satellites. 

1S With referCnce to Figure 7, however, overlap between .timeslots 1, 2, and 3 

is of no consequence at satellite 2, which is not used for receiving these signals. 

Likewise, overlap. between slots 6, 7, and 8 at satellite. 1 is. not important to 

satellite 1. Therefore, mobiles using timeslots 1, 2, and 3 can be time-advanced 

to arrive in sync at satellite 1 without placing a guardtime between them and 

20 timeslots 6, 7, and 8 can be syncbronim:l for arrival.at satellite 2. This permits 

any available guard time· to be used for separating timeslots 3 from 4, 4 from 5, 5 

from 6 and 8 from 1asshown4J.Figure 8. ·. 

2S 

W"lth reference to the timeslot distribution on the ground shown in Figure 

1, namely: 

t5 

t4 

t3 

t6 

tl 

t2 

t7 

t8 

the timing can be further optimized; for example, when the two satellites lie 

respectively to the east and. west of this distribution. Then, since timeslots 3, 4, 

30 and S are used at positions approximately equidistant from both satellites no guard 
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time is needed between timeslots 3, 4, and 5. The .. only collisions that have to be 
i./~\.' 

protected with this satellite constellation are betweqUimeslots 5 and 6, and 8 and 
; ;t ... 

1. Therefore, available guardtime can be further concentrated to these two 

positions in the format as shown in Figure 9. 

S Thus, guardtime is used at only two of the ~t interslot positions in the 

frame, increasing the allowed displacement of mobUes employing satellite diversity 

reception from their nominal positions. 

An equivalent case arises for satellites lying on the northerly and southerly 
'if' 

hori7.ons. Then collisions between timeslots 1 and 8, and S and 6 do not occur as 

10 those pairs are equidistant from both satellites. C~sions between timeslots 7 and 

8 at satellite 1 are not important to satellite 1. C9lfisions between timeslots 6 and 

7 and between timeslots 2 and 3 do not occur and in any case are not important 
'; 

because those timeslots are only intended to be ti~eslots received by one satellite. 

In addition, collisions between timeslots 1 and 2 •- satellite 2 are also not 
.. 

15 important to satellite 2. The optimum timing fo~ _the north-south satellite 

constellation is illustrated in Figure 10. 

Thus, by intelligently commanding timing advance of mobile transmissions 

from the satellite system according to whether a mobile is intended to be received 

at only one or several satellites, the guardtime n~ed to be included in a TDMA 
- . ~ . 

20 uplink format to avoid timing collisions can be minimized or at least employed to 

best effect in permitting mobiles to lie anywhere over a larger area. 

The operation of the timing controller ~ to the present invention is 

best understood in the context of the steady stat.e in which a large number of 

ongoing conversations are taking place in each ,satellite beam and making optimum 
~.f' ' 

25 use of all visible satellites in each area. 

With an average length of telephone call of 3 minutes and a load of 10000 

Erlangs, calls are continuously being terminated at the rate of SS per second, 

freeing timeslot/frequency combinations in various beams. Likewise SS calls are 

being initiated per second, requiring frequency and timeslot allocations to be 

30 made. In the case where two satellites are visible, the present invention comprises 



W096/19049 PCT/US95/16449 

-22-

determining whether satellite A,B or· both shall 5erve a· ·new call. The allocation of 

the best satellite or sa~te combination is the .first step. Thereafter' an uplink 

timeslot is alloeated with reg8rd to avoiding timeslot overlap with other ongoing 

conversations using neighboring timesl~ts on the same uplink frequency. This is 

S the fundion of the ~entive timing controller. 

The timing ~nttoller analyzes the sUitability ·of each free timeslot and 

frequency combination. The criterion used to produce the list is that the same 

frequency and timeslot c0mbination ·mUst not ·already be in use within o. 1s beam 

diameters of the mobile Position, where the bean\ diameter is defined, for 

10 example, as the distance between -4.SdB down Points on the beam edge with 
.· . 

respect to the beam peak. .· This criterion is employed to guarantee that the level of 

co-channel hJterference from other users of the same cliannet ·in adjacent beams 

will be acceptably low, and i~ eiemplary and not meant to imply restriction of the 

present invention. The exact Criteria for avoiding co-channel interference from 

15 other -~s will depend upon the shape, orientation and sidelobe pattern of the 

antenna beams. 

The information on be8m. shapes aiid ~solute coordinates of beam center 

are known through the satellite tracldng and· beamforiniJig system and are 

combined wiiii an estimate· of the. position of the mobile iequestiiig a call to select 
. . . . 

20 channels meeting the CII crlteria. ·The infoimation OD the position of the mobile 

to which a new call shall be connected may be provided in the form of correlation 

coefficients measured. for each antenna element. for. the mobile signal received OD 

the random access chalinel. 

The channel contrtiner anli,zes channels in the list iri one of two Ways: 

2S 1. single satellite operation; or 

2. two-satellite diversity operation, 

according to whether operation through satellite A,B or both has been determined 

to be preferred. The first method is used if satellite A or B alone is seleCted to 

serve the call. 

,. 
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The first uplink carrier which has a free timeslot in the list is first 

analyzed. With 8 timeslots per carrier which may each be in use with satellite A, 

B, both, or not in use, the carrier status can in ~cl~ be in one of 65536 sates. 

Denoting the states by A,B,U for unused and D tor diversity, typical states may be 

s described by 
; . · .. ;.a1-.it'flgi ~· 

AAUDDUBB OR D :~OR AAADBBD 
, ··fr ".: ,, 

Some states do not exist, for examplf,· •. · ~~. DBAB, because the TDMA 
..... l: ~1. f"· ·:'. . . 

frame will be split either with A's on the right and B's on the left with D's in the 
•• • •. . ~--·· "'1l : 

middle, or vice versa, but not with interleaved. A's and B's. It is also possible to 

10 employ an alternative diversity format on both the uplink and the downlink in 

which frames are considered divided into diversity operation on the left and right 

and single satellite operation in the middle, e.g. DDUAAUDD or DDBBBBUD. 

In that case, however, a single satellite operation region only for satellite A or for 

satellite B is provided, and this is not so useful as it is likely that some mobiles 

15 will prefer satellite A alone and others will prefer satellite B alone, even in a 

region which both satellites illuminate. 

It is also leis likely that states such as AUADDBUB exist, as the timing 

controller would already have sought to move the second A away from the D 

region to avoid timing clashes between a mobile that is synchronized to one 

20 satellite A and a mobile that is attempting to synchronize to both (D). Thus, 

DAAADBBB is the preferred arrangement, in which any of the A, B, or D slots 

could alternatively be denoted by U if unused. With regard to the repetitive nature 

of tile frame, the sequence is actually 

DAAADBBBDAAADBBBDAAADBBB •.• etc. 

2S It may also be undesirable to have a Sequence such as BA next to each 
.. 

other, as in attempting to synchronize witlt B it is possible the B-mobile's signal 

arrives late at A, clashing with the A-mobile's signal in the following timeslot. If, 

however, the A satellite is nearer the B-mobile than the B satellite, the B-mobile' s 

signal will arrive at A earlier and will not· be delayed into the A-mobiles timeslot. 
.. ~ 

30 Unfortunately it is often more likely, albeit not always certain, that a mobile will 
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prefer to operate via the satellite to which it is nearest and. not to the satellite 

further away. Thus, the B-mobile's transmissions shoUld be advanced slightly in 

time to avoid overlapping the A mobile's transmissions at the beginning of the 

next ftame. 

S The A-mobile transmissions can likewise be d~yed slightly for the same 
: ·. 

reason, so that both share equally the task of achieving .. the timing constraints. . . . . . ~ .... .. 

·That will, however, move .the AA's towards the DD's, closing up the unused 

timeslot in between. Exceptions can Cxist, for example, when an indoor mobile 

attempts to communicate with the satellite visible through a window at low ( 

10 elevation rather than to a satellite overhead and screen~ by the roof. 

As previously described, there is a· limited amo\int of guard time available 

in the ftame to resolve timing.clashes, and the timing c0ntroller's task is to 

. determine how to use this effectively by p~ it where it.is most needed. The 

locations of the guardtimes. in a fully loaded frame are indicated by the values t1, 

15 t2, t3 in the following frame structure, which is used as an example rather than 

implying a .preferred arrangement: 

t3 Al A2 A3 tl Dl D2 t2 Bl B2 B3 t3 Al A2 A3 tl Dl D2 t2 Bl B2 B3 t3 .•. 

Guard time is not necessary between mobiles such as Al, A2, A3 that are 

only desired to be received by one satellite (A); ~ch mobiles have their 

20 transmissions timed to be received in abuttil'lg timeslots at ·Satellite A and it is of 
·- . . 

no consequence if reception at satellite B would be Overlapping~ In fact, 

overJapped reception at satellite B of mobiles Al ,A2,~ is desirable, as this 

shortens the percentage of the· TDMA frame that they occupy at satellite B and 

thus allows greater guard times (tl, t3) to ensure non-overlap with mobiles B3 or . 
25 D 1 at satellite B. Sophisticated modem signal processing techniques such as joint 

demodulation can be implemented at the ground station to successfully decode 

even partially overlapping timeslots, and such processes can be assisted by 

judicious placement of known sync_ symbols in th~ bursts. The technique of 
. . '.. . · ... :· .. 

demodulation of the strongest of Ute overlapping signals first followed by its 
. . .. . . . . 

30 substraction before demodulation of the underlying, weaker signal can also be 
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employed, as described in U.S. Patent 5,151,919 which is incorporated herein by 

reference. Partial overlap of timeslots need not, therefore, be catastrophic, 

although the purpose of the timing controller is to avoid this. 

The inventive timing controller, therefore, seeks to pack together the 

5 mobiles such as Al, A2, A3 that shall be received principally only by satellite A 

in such a way that they occupy the minimum time without overlap at satellite A 

and the minimum timespan irrespective of overlap at satellite B. This is carried 

out principally at call set-up when the controller evaluates the available empty 

timeslots for connecting a new call, and this may entail re-shuffling of already 

10 allocated timeslots if advantageous. The time-packing is maintained thereafter by 

the dynamic time alignment mechanism whereby, during a call, a mobile receives 

commands from the satellite network to either advance or retard its transmit timing 
' 

relative to receive timing. 

Consider the timing controller's evaluation of an uplink frequency with the 

15 current timeslot allocations: 

t1 Al A2 U Dl D2 t2 Bl B2 B3 t1 Al A2 U Dl D2 •.• 

The timing controller will already have packed together Al and A2 such that the 

guard time tl between Al and B3 is just adequate to ensure that Al does not 

overlap with B3 at satellite B, thus maximizing the width of the unused slot U. At 

20 satellite B, Al and A2 will overlap and thus occupy less than two slots. If they 

did not, the controller would previously or will now reverse the allocations of 

mobiles to slots Al and A2 to achieve this. Th~ operations are performed by 

the controller using determination of the differen~, in propagation times for a 

mobile signal to satellite A and B, respectively. 

25 For example, if the propagation time for mobile signal Al to satellite A is 

35 mS and the propagation time to satellite B is 38mS, there is a delta delay of 

+ 3mS to satellite B. Suppose now that the propagation time from A2 to satellite 

A is 35.lmS and from A2 to satellite Bis 38.2mS; the delta delay for mobile A2 

is then 3.lmS. Then on the same timescale, the ~~s received at the satellites 

30 will be: 
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At A: tl Al A2 U Dl D2 t2 Bl 82 BJ tl ••••• 
<-><---><---><---><----><-•• -><~-><---> <---> <---><-> 

At B: Al A2 U Dl D2 Bl B2 83 
<---> <---><--><-•• -)(- •• -><---><---><---> 

<-> <-> 
3mS. O.lmS 

It can be seen that Al + A2 occupy a greater proportion of the frame than f 
two timeslots at satellite B, due to the opening up of an O.lmS gap between them. 

This closes up the unused· slot· U at B so that the third signal A3 could not be 
accommodated as seen from satellite B without overiapping either A2 or Dl. 

S Overlapping Dl is to be avoided as the D(iversity) mobiles shall be correctly 
received at both satellites. An overlap of A-mobile signals at B however is of no 

consequence as they are only intended to be received at A. 
The controller thUs seeks to interchange the allocation of Al and A2 so that 

the mobile with the higher delta-delay is allocated the earlier slot, with the result: 

At A: tl A2 Al U Dl D2 t2 Bl B2 B3 tl ••••• 
<->.<---><---><---><-•• -><-•• -><--><---> <---> <---><-> 

.At B: A2 Al u Dl D2 Bl 82 BJ. ... 
<---!---><:----><-•• ->·<- •• -><---><---><---> 

<-> <-> 
3.lmS 3mS 

10 wherein! indicates an O.lmS overlap between the A2 and Al bursts. In this way, 
the unused slot U at B is opened up by 0.1 ms instead of being closed up by 
O.lmS. 

Suppose the propagation delays for a third mobile signal A3 are 34.9mS to 
satellite A and 38.3mS to satellite B, with a delta of 3.4mS. If A3 is placed in the 
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unused timeslot U and time-controlled to abut with A2 Al at satellite A; then there 

will be a gap of 0.4mS between Al and A3 at B. That ~: 

At A: 

At B: 

tl A2 Al A3 Dl 02 t2 Bl B2 83 tl 
<-><---><---><---><-···><- •• -><--><---> <---> <---><-> 

.. 
A2 Al A3 Dl D2 Bl B2 B3 

<---J---> <----t- •• -><-··-><---><---><---> 
<-> <--> 

3.lmS 3.4mS 

where ! now indicates a possible clash between A3 and D 1 at B. 

...... 

The more preferred situation is thus for the order A3 A2 Al as follows: 

At A: tl A3 A2 Al Dl D2 t2 Bl B2 B3 tl •.••• 
<-><---><---><---><-•• -)(- •• -><--><---!---!---><-> 

At B: A3 A2 Al Dl D2 Bl B2 83 ... 
<---!--!---> <-··-><-···><---><---><---> 

<--> <-> 
3.4mS 3mS 

5 wherein! indicates overlap between A3,A2 and Al slots at satellite B, and it has 

also been anticipated that the timing controller would analogously arranged the B­

mobiles to abut at satellite B and to overlap at satellite A in order to open up space 

for the guard times tl and t2. 

Thus, the mobiles Al,A2,A3 whose signals are not required to be received 

10 at satellite Bare deliberately overlapped at satellite B so as to occupy the least 

amount of time in the TDMA frame. Similarly, the mobiles Bl,B2,B3 are 
' ~. 

allocated to timeslots so that their bursts overlap at satellite A but not at satellite 

B. 
It may be seen that the systematic strategy ~t the inventive timing 

·.:~~ . 
15 controller employs to achieve this is to allocate ~'f>iles to timeslots in descending 

., . i 

order of delta propagation delay to the non-pre~~ satellite compared to the 

propagation delay to the preferred satellite. That is, A-mobiles with the greatest 

propagation delay increase to the satellite B over that to the satellite A are placed 

first in the A ponion of the frame. 



W096/19049 PCT/US95/16449 

-28-

Similarly, mobiles for sole reception by satellite B are ordered in the B 

portion of the frame in descending order of delta propagation time increase to A 

over that to B. Since the mobiles in a completely filled A portion of the frame 

will then occupy less than the sum of their timeslot widths at B, this provides 
. . . 

5 margin for guard time between the A and D parts of the frame at B and between 

the B portion of the frame and the following A portion. Likewise, the B mobiles 

in a fully filled B-section of the frame will be received at. A occupying a time less 

than the sum of their timeslots, so allowing a margin for guard time between the B 
. . . . . 

and D parts of the flame at A and between the B. alld A parts of the frame at A. f 
10 Rather than resh6g ~sting allocation of conversations io timeslots to 

accommodate a new call in the optimum manner described above, the timing 

controller can first evaluate whether the new mobile fits into· available slots in the 

correct descending delta-time order without shuffling.. Consequently each uplink 

carrier frequency in the allOWed list is tested to see if any empty slot meets the 

15 delta-time criterion. If not, the existing ; A' calls on some Carrier are issued either 

with slot change commands or timing advance control signals or both in order to 

shuffle the timeslot allocations to make an optimum place available for the new 

call. The carrier which is chosen for the new call is ·that· with the lowest co­

channel interference from other cells using the saine ~er. Alternatively, an 

20 adaptive channel allocation scheme based on dollar-cost functions can· be used,. as 
. . 

described in Swedish Patent APi>lication No. 9301695-4, in order to make a 
. . 

weighted decision based on both co-channel interference and the amount of timing 
. .· 

reshuffling needed. This Swedish Patent is hereby· incorporated by reterenee in its 

entirety. 

25 . To determine the co-channel. interference in an empty timeslot on a given 

carrier' the channel. allocation .algorithm can instruct the ground-based 
. . : 

beamfonning computer to process signals received from the satellite's antenna 

elements (via the feeder downlink) so as to create a receive beam in the direction 

of the mobile in question. 
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The interference level in the beam is then computed. In this context, "CO* 

channel signals" means signals that are allocated the same uplink frequency and 

timeslot for use at different physical locations. 

Ideally, the increase in co-channel interference caused to other signals by 

5 the new signal should also be accounted for in determining the optimum channel. 

A systematic procedure for estimating the effect of adding the new signal is 

disclosed in U.S. Patent Application No. 08/179,953, and is incorporated herein 

by reference. This computation may be performed without processing real-time 

signals received from the satellite. The calculation may be performed "off-line" in 

10 any suitable computer using the antenna array coefficients of ongoing 

conversations using the same frequencies in different locations plus coefficients 

determined for the new mobile during the initial call set-up procedure on an initial 

access channel. Since this procedure specifically accounts for the proximity or 

otherwise in beam-space of co-channel signals, the original criterion for selecting a 

15 channel shortlist, namely that the same channel should not be in use within 0.75 

beam diameters, is not strictly necessary, except that such a simple initial 

screening process can reduce the number of the more complex matrix 

manipulations that have to be computed using the J>tOCedure described in the 

aforementioned patent application. The matrix manipulations give theoretical 

20 estimates of the signal to noise plus interference ratios that will be achieved for all 

co-channel signals in the system after re-optimizing the signal processing 

(beamfonning) coefficients upon addition of the new signal. The worst of these is 

taken as the "quality" of the tentative channel assigrnnent, and candidate 

assignments are ranked in order to this "worst• vall.le, or the worst value 

25 p:anslated to a notional dollar-cost for use with the_ inventive adaptive channel 

allocation scheme disclosed in the aforementionect~wedish patent application. 

One advantage of the above p~ure is that it can determine the potential level 

of co-channel interference and noise, even when some of the cochannel signals are 

temporarily silent, so long as a set of beamforming coefficients for the silent 

30 signals bas been memorized. The. disadvantage of the alternative of processing 
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real-time signals is that it is not desirable to vary the coefticients of ongoing 

conversations to test how much SNR loss is entailed in accommodating the new 

signal, and furthermore, due to some of the cO-clwinel Signals being temporarily 

silent due to lack of voiee activity in one· direction, (i.e. Discontinuous 

5 Transmission (DTX) is employed··to conserve battet)' powei), the real-time 

situation is· only a momentary· one that can change with voice activity. · The off­

line channel evaluation procedure however can be done assuming all co-channel 

signals are· active, using only their array coefficlCnts, and their actual signals are 

not needed. 

10 The abOve description deals with the allocation of channels to mobiles that 

operate thro~gh a single saiellite in such a way that they will not interfere with 

each other or with mobiles operating through another satellite. The case of 

assigning channels to a mobile desiring to be received by both satellites in order to 

obtain a diversity gain wi11 ne>W be describCd. 

lS It can be assumed that the timing· controller atready will have controlled the 

timing of mobiles to be received only at satellite A. such that their· bursts abut at 

satellite A and overlap at satellite B, thus occupying less of the frame period at 

satellite B than the sum oftheir slot lengths. For·example, if there are three 

signals to be received at satellite A only (Al, A2 and A3) and the differences in 

20 their delta propagation times are denoted by dl2 and d23 then they will occupy 3T 

- d12 - cl23 at satellite B, where T is the nominal duration of one uplink TDMA 

timeslot. 

Likewise ·it may be aSsumed that the timing c:Ontroller will have controlled 

the timing of mobiles to be receiVed only· at ·satellite B such· that their bursts are 

25 received abutted at satellite B bui overlapping at s&tellite A. If the differences in 

their delta propagation tinies (assuming three' mobiles Bl,B2,B3) are designated by 

dl2' and d23', then the three B-mobiles will occupy a time at satellite A of3T -

d12'-d23'. 

( 
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The preferred frame structure for facilitating diversity operation is actually 

DAAADBBB and this is expanded below to show the timing as received at 

satellites A and B in more detail: 

<--> <-> <--> <--> <-> <--> <-> <-> 
S 8 timeslots at satellite A 

Al A2 A3 

<--> <--> <-> 
Bl B2 B3 

<--!---!--> 
Signals received at satellite A 

. _r. .: 

<-> <---> <-> <--> <-> <--> <-> <-> 
10 8 timeslots at satellite B 

Al A2 A3 

<-!-!-> 
Bl B2 B3 

<--><-><-> 
Signals received at satellite B 

The above shows that A-mobile signals are received at satellite A with time 

15 overlap indicated by ! such that they occupy_ less than three timeslots. Likewise, 

B-signals overlap at satellite A occupies less than thn:e timeslots. The diagmm 

above however, indicates that mobile A3 is received earlier at satellite B than at 

satellite A, indicating that satellite Bis the nearer satellite to A3. 

While it can occur due to look-angle obstruction that a more distant, lower 

20 elevation signal will be preferred, it is more likely ~ A-signal will exhibit a 

mean delay at satellite B and vice versa, leading to Jhe diagram: 

25 

<-> <-> <-> <--> <-> <--> <~> <--> 
8 timeslots at satellite A 

Al A2 A3 Bl B2 B3 

<-><-><-> <-!-!-> 
' 

Signals received at satellite A 
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<--> <-> <-> <-> <--> <--> <-> <-> 
8 timeslots at satellite -B 

Al A2 A3 

<-!-!-> 
S Signals received at satellite B 

Bl B2 B3 

<--> <---> <--> 

PCT/US95/16449 

The timing controller thus strives to find- a mobile to be A3 that is received 
at the satellite B no later than one timeslot earlier than Bl and vice versa, that B3 
is received no later than one timeslot earlier than Al is received ·at A. This 

ensures that a gap of at least one timeslot width exists -between B3 and Al at the 
10 satellite A, the same gap being wider at satellite B, while at least one timeslot 

width is free at satellite-B between A3 and Bl, the equivalent gap at satellite B 
.· ... · : : 

being wider. The gaps are now available to allocate tO- suitable diversity mobiles. 
Note that the absolute delay differences to satellites A and B are irrelevant, as we 
have the freedom to shift the entire timing reference on a particular frequency in a 

15 particular beam without interfering with users mi. the same frequency in other 
: . . . 

beams. We can also assume that, on average, as many mobiles that wish to be 
received by both Satellites Will be received relatively late at satellite B compared to 

satellite A _and the other 'Way ~d, h~Ving taken- out the absolute delay 

diff~ce frOm tWo satellites ·to the center of the area in whichthe given 
20 frequency is available to be used. These two groups of mobiles are respectively 

. . . . 

suitable for allocating to gaps such as the B3-Al gap at satellite A, the equivalent 
at satellite B being wider and later, or to the A3-Bl gap at satellite B which is 
wider and shifted later at satellite A. A diverSitY mobile allocated to the B3-Al 
gap is commanded to time align itself with other signals (i.e., the B mobiles) 

2S received at satellite B, while a diversity mobile allocated to the A3-Bl gap is 

commanded to time-align-itself with the other signals-(i.e., the A signals) received 
at satellite A. These time alignment commands are generated by the 
satellite/ground station system after observing the relative timing of the diversity 
station system after observing the relative timing of the diversity mobiles' signals, 

30 and the advance/retard commands are sent to the diversity mobiles as part of the 
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Slow Associated Control Channel (SACCH) infonnation multiplexed with speech 

or traffic data. 

It has thus been described above how an intelligent timing controller can 

advantageously allocate mobiles to frequencies and timeslots according as they are 
5 required to be received only by a first satellite, a second satellite, or both, such 

that the need for wasteful guardtimes in the TDMA format is avoided. Moreover, 

the allocation takes account of cochannel interference due to finite sidelobe levels 

from other signals using the same frequency and timeslot combinations in other 

beams. 

10 It will be appreciated that an invention that permits the same mobile signal 

to be relayed by more than one satellite to a ground station represents a gain on 

the communications link budget of at least 3dB, as twice the signal power is 

captured by two satellites and the ground station can perform diversity combining 

to effectively add the two powers together. In the case of fading or shadowing of 

15 the mobile station's signal to one or other satellite, the gain of diversity satellite 

reception is worth more than 3dB relative to what the performance otherwise 

would have been with allowance for such fading or shadowing. 

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 

20 spirit or essential character thereof. The presently disclosed embodiments are 

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

of the invention is indicated by the appended claims rather than the foregoing 

description, and all changes which come within the meaning and range of 

equivalents thereof are intended to be embraced therein. 
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CLAIMS: 

We claim: 

1 1. A method of communications with ~(pi~rfility of ground terminals 
. . . . ; ~ ·,_- ' I . . . ; 

2 using a plumlity of satellites transmitting time-division multiplexed signals, 

· 3 comprising the steps of: 

4 . transmltting from a first satellite"~ a first group -~f ground terminals 

S usiiig a first numb~ of timeslotS in a TDM ~e PerlC>d; 
. • • 1 

. · . . ;·-··, -:·•.... .·.· i:I . · 

6 transmitting from said first Satellite. and a second satellite in 

7 alternate TDM frames to a second group of gr.ound terminals using a second 

8 number of timeslots in said TDM frame period;: arid' 
9 tranmutting frolll said second ~telli~'. ~ a thitd group of ground 

10 terminals using a third number of timeslots in &aid TDM 'frame period. 

1 2. A. method of relaying signals frorD ·a plurality of ground terminals 

2 using time-division multiple access transmission to a plurBnty of orbiting satellites, 

3 comprising the steps of: 

4 transmitting from a first g~up ·of gfound termhiats using a first 
. . . ... i;,; ·· . .:'::;·_:·. •.' .. :_ 

S number of TDMA timeslots intended to be relayed by a first satellite; 

6 transmitting from a second group of &rO\md terminals using a 

7 second number of TDMA timeslots intended to be relayed by more than one 

8 satellite; and 

9 transmitdng from a third group of gro1lnd terminals in a third 
. . . . 

10 number of TDMA timestots intended to be relayed by a second satellite. 

1 

2 

3. The method according to claim 2, further comprising: 

relaying received signals received at at least said first and second 

3 satellites to a ground station for processing; 

4 processing at said ground station signals from said first group of 

S ground terminals relayed by said first satellite; and 

Mlllll\ 111111 lllll lllll IUlll·. 
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6 processing at said ground station signals from said third group of 
7 ground terminals relayed by said second satellite. 

1 

2 

4. The method according to claim 2, further comprising: 

relaying received signals received frpm more than one satellite to a 
3 ground station for processing; and 

4 jointly processing at said ground station signals from said second 
S group of ground terminals relayed by said more than one satellite so as to improve 
6 signal quality. 

1 

2 

s. The method according to claim 1, further comprising: 

at least one ground terminal adapted to receive signals alternately in 
3 a TDM timeslot transmitted by said first satellite and a timeslot transmitted by said 
4 second satellite. 

1 6. The method of claim 1, wherein said satellites employ electronically 
2 steered directive transmission. 

1 7. The method of claim 6, said electronically steered directive 
2 transmission is performed using a phased array antenna. 

1 8. The method of claim 6, wherein said directive transmissions are 
2 steered on a per-timeslot basis. 

1 9. The method of claim 2, wherein sai.4 .. ~tellites receive said ground 
.·.,..,;.. 

2 terminal signals for relaying with the help of directive antennas. 

1 10. The method of claim 9, wherein said.directive antennas are 
2 electronically steered. 

--·---···------

1111111111111111111 JI It 1111 
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1 11. The method of claim 10, wherein said electronic steering is 

2 accomplished by relaying. signals received by said directive antennas and 

3 processing them at a ground station. 

1 12. The method of claim 10, ·wherein said electronic steering is 

2 accomplished with the aid of a phased array intelina. 

. . 

1 13. The method' according to claim 10, wherein Said directive antennas 

2 are re-steered on a per-timeslot basis. 

1 14. The method of claim 13, wherein directive ~ti.on directions for 

2 timeslots intended for rdaying by two or more· satellites are placed .close together 

3 on the same carrier frequellcy and reception directions for other carrier 

4 frequencies are spaced further apart. 

1 15. Ground terminal means adapted· for communicating via a plurality of 

2 orbiting satellites comprising: 

3 receiver means for receiving a signal transmitted in a TDM timeslot 

4 from a satellite and amplifying, filtering and converting it into numerical form for 

5 processing; 

6 timing means for adapting said receiver means to receive said TDM 

7 timeslot cyclically from each of said plurality of satellites according to a 

8 predetermined pattern; and 

9 numerical processing means for processing said converted. signals 

10 received from different satellites in such a Wa.y as to reduce the effects of signal 

11 fading. 

1 16. The ground terminal according to claim 15, wherein said ground 

2 terminal receives signals from two satellites alternately. 

\ \11\11\ \\\I\\ Ill\\ \\1\1 \\ \II\ · 
* C L M S * 
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1 17. The ground terminal according to claim 15, wherein said numerical 

2 processing means includes deinterleaving means and error-correction decoding 

3 means. 

1 18. A ground terminal adapted to communicate with a ground station 

2 through use of a multi-satellite relay network, comprising: 

3 Time-Division-Multiple-Access transmitter means for transmitting 

4 signal bursts at regular intervals in an allocated timeslot and on an allocated 

5 frequency; and 

6 timing means for regulating said burst transmission times depending 

7 on whether said bursts are intended to be relayed by a first satellite, a second 

8 satellite or more than one satellite. 

1 19. A ground terminal according to clai~ 18, wherein said timing 

2 means is controlled by commands received via said satellite network. 

1 20. Timing controller means for controlling the transmit times of a 

2 plurality of satellite ground terminals in dependence on whether said transmissions 

3 are intended to be relayed by a first orbiting satellite, a second orbiting satellite or 

4 more than one orbiting satellite. 

1 21. The timing controller according to claim 20, wherein said control is 

2 effected by transmitting timing adjustment commands to said ground terminals 

3 using one or more of said orbiting satellites as a relay for said commands. 

1 22. A timing controller according to claim 20, further including: 

2 comparison means for ~paring reception quality of a signal 

3 relayed by at least said first and said second satellite and making a decision 

4 whether said signal relayed by said first satellite or said second satellite shall be 

------··---·-
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5 processed or whether signals relayed 'by Said first and sec<>nd satellites shall be 

6 jointly processed; and 

7 determining means depending on said declsiOn for determining a 

8 preferred value for said transmit timing of at least one of said ground terminals. 

1 23. The timing controller of claim 22, further comprising: 

2 means to transmit a command to said at least one ground terminal to 

3 adapt it to said preferred timing. 

1 24. The timing controller of claim 23, ·wh~ said· command 

2 transmission means transmits commands to adapt the timing of several of said 

3 ground terminals at approximately the same tinie. 

1 25. The timirig eontroller of claim-.24, wherein transmission of said 

2 commands causes said several ground stations to adapt their transmit timings 

3 including an interchange of timeslots one with another. 

1 26. The tillliDg controller of claim 22, wherein said· detenirlning means 

2 determines said prefCrred timing so as to avoid" ti~e overlap at more than one 

3 satellite between two signals transmitted by two of said ground· terminals and 

4 intended to be relayed by said more than one satellites. 

1 27. A method fOr improving radio communication service quality 
.' ·' . .. . 

2 between a radio commwiications network _and subscriber stations uSing at least two 

3 relay stations operating to provide path diversity, comprising the steps of: 

4 transmitting· a signal burst containing information to a given subscriber 

5 station using alternately a communications channel available to a first of said at 

6 least two relay stations and a channel available to a second of said relay stations; 

7 and 

1 ·1111111· llllll llllt 1111111 ;1111 ·: . 
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8 while said first relay station is transmitting .a signal burst to said given 

9 station, using said available channel on said secon~ relay station to transmit a burst 

10 to a different subscriber station and vice-versa. 

1 28. A method according to claim 27, wherein said available 

2 communications channels are each characterized by a time slot in a repetitive 

3 TDMA frame period combined with a radio frequency channel allocation. 

1 29. A method according to claim 27, wherein said relay stations are 

2 orbiting satellites. 

1 30. A subscriber terminal for providing voice or data eommunications 

2 with a radio communications network employing path diversity, comprising: 

3 receiving means for receiving signal bursts alternately from a first 

4 transmitting station on a first communications channel and a second transmitting 

5 station on a second communications channel; and 

6 processing means for jointly processing information received in successive 

7 bursts comprising information transmitted by said first station and information 

8 transmitted by said second station in order to provide an improvement in signal 

9 quality by path diversity. 

1 31. A subscriber terminal according to claim 30, wherein said first and 

2 second communications channels are defined by designating a timeslot in a 

3 repetitive TDMA frame period and a first and second radio frequency channel. 

1 32. A subscriber terminal according to claim 31, further comprising 

2 agile channel selection means capable of adapting said terminal for operation 

3 alternately on said first and second communication channels for reception of 

4 alternate TDMA bursts. 

11111111 11111 f llf l"fllll ll lllf 
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1 33. A subscriber terminal mrding to claim 32,. wherem said agile 

2 channel selection means includes a frequency hopping synthesizer. 

1 34. A subscriber terminal according to claim 30, wherein said path 

2 diversity operation· can be deactivated when not needed and said processing means 

3 then processes information received from a smgle relay station. 

1 35. A subscriber terminal according to claim 30, wherein said relay 

2 stations include ground-based cellular base stations, orbiting satellites or airborne c· 
3 relay stations. 

1 36. A subscriber terminal according to claim 34, wherein path diversity 

2 operation is activated when said subscriber termin8.I cail ieceive at least two of the 

3 relay stations with sufficient signal strength and deactivated when the signal quality 

4 received from any single station is more thin adeqliate. 

1 37. A subscriber station according to claim 34, whefein diversity 

2 operation is selected when said terminal· is located in a border region between two 

3 relay stations and deactivated otherwise, thereby effecting soft handover when 

4 transitioning between regions served by different stations. 
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