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BACKGROUND
The present invention relates to systems for
electronically alerting people using portable devices and
15 transmitting short messages to those devices, for example
a telephone number that should be called. This field of
one-way radio communications of short messages is known as
paging.
Conventional paging systems are one-way
20 communications systems in which the portable unit consists
of only a receiver. Paging services are, however, facing
increasing competition from two-way cellular phone
systems, as the latest cellular phones are small, of low
cost, and offer long battery- . life and voice
25 communications. The paging services market is therefore
responding to competition by expressing an interest in
moving towards two-way communications services, such as
short message services or voice mailboxes in the network,
which services have to be triggeréd to replay the
30 centrally stored message by the paging unit, thereby
necessitating communication in the reverse direction,
i.e., from the paging unit to the network.
However, there are many technical problems in
_providing reverse communication from a paging unit to a
35 base station. Paging broadcast transmitters are typically
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‘for exanple 100 to 250 watts, in order to conpensate for the | ow
efficiency of the paging receiver antenna which is usually worn cl ose
to the user's body. The provision of capaBility for pagers to
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in the forward, i.e. base-to-portable, direction. a

landmobile radio system such as the EDACS system

manufactured by Ericsson Inc. in Lynchburg, Virginia is an

‘example of such a system. 1In these conventional systems,

15 the reverse 1link 1is closed by providing multiple,

distrihuted, base station receiving sites so that the

range from a portable unit to the nearest receiving site

is much less than the range from the base transmitter to

the portable, thus allowing the portable transmitter power

20 to be much 1lower than the base transmitter power.

However, the provision of multiple receiver sites can be
costly.

Conventional systems also contain examples of two-way

communications from a portable unit to a base unit using

25 lower power than that used in the forward direction, and

without using a much greater number of fixed receiver

sites than fixed transmitter sites. A cellular phone

system is an example of such a system. Each site, known

as a cell-site, comprises at least one transmitter and at

30 least one receiver. 2ll sites are thus both transmitter

sites and receiver sites. To allow the portable unit to

employ lower power than the base unit while communicating

over the same distance, the fixed receiving system often

provides spatial-diversity reception by using two, spaced-

35 apart receiving antennas. This provides a gain of 7d4B



However, the provision of nmultiple receiver sites can be costly.
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froma portable unit to a base unit using 25 | ower power than that used
in the forward direction, and wi t hout using a nuch greater nunber of
fixed recei verw096/28944 t es than fixed transmtter sites. A PETIUSPA2S3hone
systemis an exanple of such a system Each site, known as a
cell-site, conprises at |least one transmtter and at 30 | east one
receiver. Al sites are thus both transmtter - sites and receiver
sites. To allow the portable unit to enpl oy | ower power than the base
unit while comunicating over the sane dBstance, the fixed recei Vi ng

system often - provi des spatial -dive rec on_ by, usi n t wo,
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WO 96/ 28944 portable unit power to be, in PXimeiyshe ,0F5ve times lower

3 when si gnalggagy Q._hgughggtp&peﬁayl ei gh fading, aI I ovm' ng the

t abl t t , ive times t han t he
base pover PO 'O EnpunriimaL detiviar SYATERR 2APCoLRGLIdRERNBSERE of
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separate centg{s PITE ngu%h% base sites of three adjoining cells, the
cells then being illuminated from their common edge
instead of their separate centers, thus reducing the
number of sites by three to save real estate costs. The
-extra communications distance that the base must serve,
15 i.e. from cell edge to cell edge instead of center-to-
edge, is accommodated by the extra directive gain of the
120-degree sector antenna as compared to the omni-
directional antenna that would be used in the case of
central illumination. Sectorization in cellular systems
20 is therefore a way of providing the same performance with
reduced real estate costs.

The antenna direction or sector to be used for
serving a particular mobile phone is determined at call
set-up time and adequate time is available to establish

25 the sector to be used, due to the relatively long duration
of a telephone call. The same antenna direction is used
for transmission as well as for reception in cellular
systems. This solution does not, however, function for a
paging system which broadcasts a paging message over the

30 full 360 degree azimuth in which a portable unit may be
located and which system does not know in advance what
antenna direction to use either for transmission or
reception. In a paging system, messages are typically too
short to execute a call set-up procedure similar to that

35 employed in making a cellular telephone call, and which
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directivity to be preperthe shaget recebver siter\in t brdexn| to determine Thke
above-incorpor ated bypt Singh CEEEE AiIRksPRIEAIwhich PYHAI1GA eSS thdl aAtERRa
ways and syst%gs Lfem§E¥§”¥§% be combined to enhance reception. Moreover,
these applications also describe using signals received to

determine phase and amplitude errors between array

elements and to correct same on a long-term basis. These

techniques are further developed below to overcome the

15 deficiencies of conventional paging systems that hinder

implementation of a two-way paging system.

SUMMARY

These, and other, drawbacks, limitations and problems

20 are overcome by way of the present invention, which has as
one objective to reduce the need for multiple receiver
sites while still allowing a great reduction in portable
unit transmit power. Two-way paging systems according to
exemplary embodiments of the present invention include

25 small, portable, battery-powered paging units each having
a receiver section, a transmitter section and a control
section. The control section has a low-power timer that
controls powering up and down of the receiver such that

the receiver is only active for a low percentage of the

30 time to conserve battery power. When powered up, the
receiver receives a signal and procésses it to decode an
address. Upon successfully decoding an address, a receive
timing indication is output to the control section which

in turn activates the transmitter to generate an

35 acknowledgment signal having a certain timing relative to
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certain timng rel sitemnd Oelements ade 98amPPéd at certain times after
PCT/ US96/ 02552 transmission of a paging message in order to capture an
acknowledgment signal. If the same frequency is employed
for reception as for transmission, the base transmitters

15 can be inhibited during the receive timing window.

The sampled signals are digitized and stored in a
memory and then processed by a numerical processor to
attempt detection of the acknowledgment. For example, the
processor can evaluate different hypotheses of where in

20 the storage medium samples corresponding to the start of
the acknowledgment lie (i.e., time of arrival hypotheses);
different hypotheses of direction from which the
acknowledgment was received (i.e., direction of arrival
hypotheses), and different hypotheses of the radio

25 frequency on which the acknowledgment was transmitted
(i.e., freguency hypotheses). As an alternative to
frequency hypothesis, frequency inaccuracies in the
portable pager device can be avoided by correcting for the
frequency using a fregquency error measured on the signal

30 received by the paging receiver.



5 . the receive timng. The acknow edgnent signal can, for

exanpl e, be a cyclic redundancy check (CRC) code cal cul ated fromthe
recei ved nessage bits, but can al so provi de an indication that further
information follows. 5 Pagi ng networks according to the present

i nvention woedsed a net work of receiver sites that nmay RCTRRSBASSE ed
with or separated fromthe paging transnitter sites. The recei vi ng
sites can each include an array of elenentary di rective antennas whose
signals can be jointly processed 10 to increase probability of reception.
Signals fromthe “antenna el enents are sanpled at certain tinmes after
transm ssion of a paging nessage in order to gapture an acknow edgnent
signal. If the sanme frequency is enpl oyed for reception as for '
transm ssion, the base transmtters 15 can be inhibited during the receive
timng w ndow. The s3pReplpiscRieProl Ordintis! bisWrNgs stored in a
menory and then processed by a nunerlcal processor tjo gt t(gn;pt
detection of the acknow gndrgther,, urgg, objects gpd.adyantages of
eval uate different kpeophessnt dhvehtien iwill0betmore readddy renkderstood upon
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arrival hypotheses); ses of Irection from which

I fferent . hy e
t he acknow edgidth the qrasings,ip; 38;&\”' rection of arrival
hypot heses), and di ff er eRigimeolhdsesaoiganeraladhlocks dirgramnef om pagen
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an alternative to g uency hypothesis, frequency inaccuracies in the
portabl e pager devi &é‘vsﬁﬁ g’é’ avoi ded by correcting for the frequency
using a frequeridy error Rigere & ish a idockgdipgean efc2ixXeepiven eaexging
receiver. to an exemplary embodiment of the present invention;

Figure 3 illustrates an exemplary decoded data format
according to an exemplary embodiment of the present

invention; :

15 Figure 4 is a block diagram of a transmitter
according to an exemplary embodiment of the present
invention;

Figure 5(a) illustrates an exemplary radio signal’s
complex vector representation according to a constant

20 envelope OQPSK embodiment of the present invention;
Figure 5(b) illustrates an exemplary Q component

waveform;
Figure 5(c) illustrates an exemplary I component
waveform;
25 Figure 6 depicts an exemplary antenna construction;

Figure 7 shows exemplary connections for the patches

of the antenna of Figure 6;

Figure 8 is a block diagram representation of a base
station’s signal processing channel for received signals

30 according to an exemplary embodiment of the present

invention;

Figure 9 shows a circular array and common array
processing according to an exemplary embodiment of the
present invention;
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6 BRI EF-DESCRI PH-ON—O~ THE DRAWNGS——  ——Fhese—and
ot her, features, objects and advantages of the present invention wll
be nore readily understood upon 5 reading the follow ng detail ed

descri ption i rwassgssact i on with the draw ngs in which: PCI/US96/02552
Figure 1 is a general block diagram of ‘a pager according to an

exenpl ary enbodi nent of the present i nvention; 10 Figure 2 is a
bl ock di agram of a receiver according to an exenpl ary €enbodi nent of
the present invention; Figure 3 illustrates an exenpl ary decoded
data format according to an exenpl ary empodi nent of the present

i nvention; 15 Figure 4 is a block diagram of a transmtter
according to an exenplarygﬂﬂboﬂﬁnmspiuﬁbiﬁha pnassant envelopen0QPSK which

Figure 5(a) illustug; ﬁg&gﬂ die@18b88@) ' S conpl ex vector
representation accor mgg{q cong qaraig envel o e (gs nbodi ment of the

present invention; lary Q
conponent wavef or nrigure 12 illllgateaﬁés) nnl examples of caecporized

conponent. g'av e ol Iﬁﬁ ac orﬁiﬂé”€o6aﬂemx“eh§139yemh§ﬁ!nﬁmc&n%e
construction; = ? ows exenpl ary connéections for the

pat ches of t h®reseshn Wﬁ‘ﬁhre 6; Figure 8 is a block

di agram representati on of a base station's signal processing channel

for received signals 30 according ts;ixtﬁiﬁegﬁhaﬁgpgfagdinent of the

DEESEt ray "o qansee, AiRpRsr, BUBARRELS b A e e

present inventiton; implementing the present invention is shown in Figure 1.
An antenna 10 is coupled alternatively to a receiver
section 12 or a transmitter section 13 via a transmit-
receive antenna switch 11. The switch 11 may be
constructed, for example, usinq PIN diodes and Xknown

15 techniques whereby the PIN diodes consume no current
except when the unit is placed in the transmit mode. It
is alternatively possible to arrange that the PIN diodes
do not take current from the battery except when the
transmitter or receiver are operated.

20 It will be appreciated that a significant design
issue in pagers is the minimization of battery consumption
when the pagers are in standby mode. To this end, pagers
and paging networks are designed to not require continuous
reception by the portable unit, but cooperate to define a

25 time slot in a repetitive frame period in which pages to
a particular pager would always be transmitted. The pager
can then power down its receiver or enter a "sleep mode"
for the majority of the frame period in order to conserve
battery energy. The only circuitry that remains active in

30 the sleep mode is a low-power timer driven by a low-
current oscillator that determines when the pager will
wake up to examine the paging station’s transmissions for
a possible message containing its address. This timer
(not shown in Fig. 1) is provided in control section 14




WD 96/ 28944 PCT/ US96/ 02552

7" Figure 10 depicts the constant envel ope OQPSK whi ch has
been Nyqui st phase filtered; Figure 11 depicts a GVBK wavef orm
and Figure 12 illustrates an exanple of sectorized 5 processing
according to awose2sgasary enbodi nent of the present i nveRCIVUSHGH2552

- DETAI LED DESCRI PTI ON A general ‘exenplary schematic of a pager for

.10 inplenenting the present invention is shown in Figure 1. An
antenna 10 is coupled alternatively to a receiver section 12 or a
transmtter section 13 via a transmt- receive antenna switch 11.
The switch 11 nrmay be constructed, forgexanple, using PIN diodes

i and known 15 . techni ques whereby the PIN di odes consunme no current
. except when the uni whiehpl esttes Npoweriupneontrobdesidrials tol Seither the

alternatively possi Bhgel fefl A MKTEERY oLt P Uiy reaniBedt [ ke

“current fromthe baftery exce recei ver are

~operated. 20 | t V\nWe'beQHﬁprr@&e&f'&H 1#ato% ﬁgﬂ??*ﬁ%ﬂﬁ #3siign to be
i ssue in pagers is abtivated; zthe ofrafudryt accuracyu meeded to ensice thet

pagers are in standpy. "Pgceivid by miwefﬁnction@% e é%lﬂgbtl 3 un|t

are designed to not require conti nuou§¥ ceggl on
 but cooperate to defhABnglfreguency Pﬁ“ﬁl} 91‘?’:’/e BelioyPPHer
- which pages to = timpngtoscilaatpzgin c&mﬂnblabeayisoxba& bansptdi\iﬂih Thach

pager can then,gouELudPUkdiaiaters! \Eimiarceb ¥ndse uk68PiA A Cetronic
wristwatch chips, generally employ a 32 KHz crystal with

10 an accuracy of a few parts in 100,000. At a transmitter
or receiver operating frequency of 500-1000 MHz, however,
this translates to a frequency inaccuracy of many 10’s of
kilohertz, which is typically unacceptable. To obtain
acceptahlé radio freguency accuracy, it is generally

15 necessary to employ a higher frequency crystal, in the 10
MHz region, which has a particular angle of cut designed

to ensure high temperature stability, i.e., an AT-cut
crystal. Such an oscillator however consumes an
undesirably high current from the battery on continuous

20 duty and ideally should itself be powered down except
during transmission or reception. When powered up, such

a high stability oscillator can, moreover, take several
tens of milliseconds to reach a stable operating condition

due to the high Q factor of the high-stability crystal.

25 Instead, a low-power standby timer system which operates
without using an external 32 KHz crystal and which issues

a pre-power-up command to the high stability oscillator
prior to powering up the rest of the receiver, in order to
give the oscillation time to stabilize can be provided.

30 Moreover, the low-accuracy, non-crystal oscillator, which
can be entirely constructed on an integrated circuit chip,

is calibrated against the high-accuracy oscillator 16 at
every power-up opportunity so that the number of counts

the timer must count to the next power-up peripd can be

35 recalculated. The control section 14 also connects
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whi ch i ssues power-up control signals to either the receiver or
transmtter circuits when required. When the receiver 12 or
transmtter 13 is to be activated, the fg equency accuracy needed to

ensure that 5 the receiver or transmtter functions on the correct radio
channel frequency té usmMan-MathiherIhterfddee (MME)DQES MMI ihrrhng;eneral

oscillator in cont S 50 4 "r%ctﬁ'ﬂ

oscillators, siml é?l"f' &gﬁosgoﬁsgg%&é{yect roni nes. l4"{%%V\Iat éhdlhslplay'
general |y enpl oy a2B¢ keyboards th e the humgp ugerite inkexact: ? th

100, 000. At a traaaneléétronic or nmmnmlombang ypdeanty, ok pagetr000

MHz, h t
A O i cﬁ“f’gﬂ??ﬁ. 5 elbwr, | S EIELAY CaEH" Shk o MERY dy®
acceptabl e radio fPUEEeRR gﬁ/l‘x cansshay » é‘lﬁ?"?&“%@%r*ﬁ"ﬁome

enpl oy a higher fraqenntg mw q!a,gedntbheall), or d¥én rdisplay YMongerhtexe
particul ar angle OLeEHégéQSHEHLEQ e usdel %&?Prs%ﬁé'lﬁh t&:‘i-%&ﬁaw{:ﬁ %h@bhlahby’

i.e., an AT-cut | at OWever consunes  an

. e. t
undesi rabl y high cﬁfr Sr?mﬂlﬁe Bg?’?%fnlg)e%ri ‘Foﬁ‘ﬁ/ﬁﬁUﬂs buttons.

10 According to the present invention, the control
section 14 also has an interface with transmit section 13.
When the control section detects its address in its
receive timeslot and receives a message, the control
‘'section electronically assembles an acknowledgment or pre-

15 prepared reply and activates the transmitter section 13 to
transmit the reply. To ease the base receiver’s task of
detecting the reply, the control unit preferably causes
transmission of the reply at a predetermined time delay
after receipt of the paging messaée. The predetermined

20 time delay need be no more than the time the receiver
needs to verify its address after receiving the 1last
message bit, plus the time needed to tune the transmitter
onto frequency, for example 2 milliseconds to
10 milliseconds.

25 It is also possible for the pager to initiate
transmission of a short message without having been paged
according to the present invention. In this case, control
section 14 activates the transmitter section 13 at a
predetermined time after receiving a message in the

30 pager’s own timing slot whether or not the paging slot
contained the pager’s address. The pager may be permitted
to transmit its own message at a time when another pager
may be responding, or alternatively such pager-initiatead
transmissions can be permitted only when the receiving

35 slot contained an idle indication. Moreover, a separate



20 duty and ideally should itself be powered down except during
transmni ssion or reception. Wen powered up, such ~a high stability
oscillator can, noreover, take several tens of mlliseconds to reach a
stabl e operating condition due to the high Q factor of the

hi gh-stabilityweegwesd . 25 |nstead, a | ow power standby ti rR¥TESPPEBR which
oper at es wi t hout using.an external 32 KHz crystal and which issues

a pre-power-up comrand to the high stability oscillator prior to
powering up the rest of the receiver, in order to give the oscillation
time to stabilize can be provided. 30 Mreover, the |ow accuracy,
non-crystal oscillator, which can be entorely constructed on an
integrated circuit chip, is calibrated agai nst the high-accuracy
oscillator 16 at receivimg foeaiengy hannelnicap be provided atntbe base

counts the ti geheiuilwieh Ntorredponainy! altefhativve divalitnit) chdniels
recal cul at ed. The controu.secthﬂt14fglso E@Bgﬁ ts s ctivafm) an
96/ 28944 at the paging un bcTh 25558Pe Y

9 to a Man- Macknowlédgmeritacko (&\VPRging mERpage orgendelf-initiated,
usegl fOrheaLph@eSmeﬁhsgephﬁaes,watw_ZicﬁE sindiregposse to dutkdeivioaselsthaat
enabl e t he unman user t I nter T wt r le I.C

devi ce. Typical l y,pageﬁgﬁe‘?“ §%%:W‘co ?tllé%g s?‘%éép%ﬁ#f%'?o’ig&%géggnghgne
or two key buialteznatiine difseaupneyn channel : EPEpHEFANSNARIANG hgedfne
user is being pageqnlifistéd medsagesonliy Whay the geceivs tinesldstcongainkhat

e et oo 2070l oSl F § U6 o, panfl A o0 3 e LR
contr ol 10 reverse channel frequency when the receive timeslot
contains an idle indication. The base network can respond
with an acknowledgment of receipt of such a self-initiated
message and the pager, upon non-receipt of an
- acknowledgment, can continue to repeat transmissions until
15 successful. '

Yet another system option facilitated according to
the present invention includes using the same frequency
for forward and return links. By arranging paging units
to respond with relatively precise transmit burst timing

20 relative to a timing marker received from the base
station, the network can shut off its transmitters during
the expected reply window in order to receive the low-
power responses from pagers. All of the foregoing
alternatives are considered to be within the scope and

25 spirit of the present invention as specified by the
attached claims.

Figure 2 shows more details of the preferred paging
receiver implementation in the portable unit. The
received signal from T/R switch 11 enters through an

30 antenna filter 20 which excludes strong, out-of-bang,
interfering signals. The filtered signal enters a low-
noise amplifier 21 and quadrature downconvertors 22 and 23
where the amplified signal is mixed with cosine and sine
signals from gquadrature oscillator 24 controlled by

35 frequency synthesizer 35. Integrated circuit chips can be



section 14 also has an interface wth transmt section 13. When t he

c Ontrot—seect+on—det ects—ts—addr ess—A—++S —+-ecerve—trestot—antd——m—
recei ves a nessage, the control section electronically assenbl es an
acknow edgnment or pre- 15 prepared reply and activates the transmtter
section 13 toWO0%289ddansnit the reply. To ease the base recePGEVSHORWIK of
~detecting the reply, the control unit preferably causes transm ssion
of the reply at a predeterm ned tine del ay after receipt of the paging
nmessage. The predetermned 20 tine delay need be no nore than the tinme the
receiver needs to verify its address after receiving the | ast

nmessage bit, plus the tine needed to tune theiatransmtter onto
frequency, for exanple 2 mlliseconds to 10 milliseconds. 25
It is also possibmedef whidle peyformo alli t9fit #he spraalledsi Mrait-end
short nessage W t heyhctbfdmhd, DES. PaEe perrdraendbyd diemehesP295e32, 23

I nventi on. Inthlscs nt i ol t|on 14 activates the transnitter
section 13 at a ggﬁm rﬂﬁé‘d‘g} m?ﬁg?ter receiving a nmessage in the 30
pagér's own tining slotTheectuwtpudr obt thee fughtrend oichip comprises ttve
pager's address ThGsPBgitd #Pgndds NEicud @ 1 and‘b”aﬂfemi dtsSidiWism%%%age
at a time when ano herag %e rrg e res'? nd| 1 V\#‘grnat Je% such
pager-initiated OFrRARS; Silhered, if. 3¢ S‘HF n g
35 slot contai nedamplifiied |imlbsaeb%m amin@éws 23 Qm%)aaat eAt this poiw

?8/ 28944 ]éln the procehssing the amountCl WRp19£982tion requiredt i.ts
receiving frequ cha p 25e ation
with corr espondl ng 3??’5 Mﬁe ?g&g%’;&%nﬁgﬁﬂ% %S' Eﬁe ager anyw
10 over a wide dynamic range. However, the amount of

amplification should be limited to aveid a signal strong
enough to cause saturation. Moreover, since the receiver
depicted in Figure 2 is a homodyne receiver, it suffers
from high DC offset on the outputs of mixers 22 and 23 and

15 amplifiers 27 and 28 which further limits the amount of
amplification which can be used without saturation. These
offsets arise not only from practical circuit imbalances

but also from the receiver receiving a signal from its own
local oscillator 24, which, in a homodyne receiver, is

20 typically in the center of the desired receive frequency
channel, giving rise to coherent interference. The
problem of DC offset can be alleviated as described in
U.S. Patent No. 5,241,702 to Paul W. Dent entitled "DC
offset Compensation® which is incorporated here by

25 reference. As discussed in more detail in this patent,
the troublesome DC offsets are removed by differentiating

the I,Q0 signals using capacitors 29 and 30 and then
digitizing the differentiated I,Q signals using dual-

' channel AtoD convertor 31. An AtoD conversion technique

30 can be used which employs companded delta modulation,
which encompasses the differentiation of the I,Q signals.

The differentiated and digitized I,Q signals are

passed from AtoD convertor 31 to digital signal processing
unit 32 which can form part of the same CMOS integrated

35 circuit as used to realize control section 14. The signal



at the paging unit for sending respectively an acknow edgnent to
a pagi ng nessage or a sel f-| nitiated 5 nessage that was not in response to

detection of the pager's own address. Another systemoption is to use
t he alternative frequency channel for transmtting self- initiated
messages only vIN@96/28944 r ecei ve tinesl ot contains t he addr BEL/UE603S52
different pager, and to use the primary 10  reverse channel frequency
when the receive tineslot contains an idle indication. The base
network can respond wi th an acknow edgnment of receipt of such a
self-initiated nmessage and the pager, upon non-receipt of an
~acknow edgnent, can continue to repeat transmiagsions until 15 successful.
Yet anot her systemoption facilitated according to t he present

i nvention includes uwsiocessingxnit may¥skors the digitizeadangd diffexrentiated
l'i nks. Bybarrangl ng lp@bﬂenﬂ.‘lﬂbtﬁx menoky sfwdhutfhdﬂnthﬂbysmmseor
transnit bur st t|mn elativ g r Y
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received message. .

Signal processing 32 typically includes reintegrating

15 the digitizeda I,Q signals to restore their original

characteristics using I and Q digital accumulators which

are initially set to zero. The signal processing may also

include estimating an offset error in the re-integrated

signals and compensating for the offset error according to

20 U.S Patent No. 5,241,702 incorporated above. In addition,

a systematic upward or downward slope in the reintegrated

signals may be compensated. The compensated signals are

then digitally demodulated to extract the transmitted

digital data, the data having been impressed by any known

25 digital modulation technique such as binary FM, MSK, GMSK,
PSK, QPSK, OQPSK, Pi/4-DQPSK, QAM or other technique.

After processing the received signal as described

above, the decoded data may be stored in memory with a

format such as that shown in Figure 3. There a time-of~-

' 30 arrival word 40 indicates the sample number in the memory

buffer 33 that was deemed to contain the start of a

particular bit in the received message. This might

suitably be the first bit of the address component 42, for

example, in its coded form. The address in coded fornm

35 might include a greater number of bits than the address in



11 made which perform-all of the so-called "front-end
f itret+ons——+—e—those—perferred by—elerents 21,—22-23 — — agpd24—in—a—

si ngl e chip. The output of the front-end chip conprises two 5
baseband signals known as | and Q The I,Q signals are | ow pass
filtered in aWNO%g8%4| ters 25 and 26 and anplified i n bRSHB6g2552
anplifiers 27 and 28. At this point ".in the processing the anmount of
anplification required is not known as signals can be received by the
pager anywhere 10 over a w de dynam c range. However, the anmount of
anplification should be limted to avoid a signal strong enough to
cause saturation. Mreover, since the receivgsg depicted in Figure 2 is
a honodyne receiver, it suffers from high DC offset on the outputs of

m xers 22 and 23 alktslBecodedi form sade tcdtﬁé uisec loff an lexror réﬁn-etdﬁ.on
anount of anp C | 0 S [
L:b?é ?&' %a%h‘igsﬁ CI rich tW&P the Salabét |d¥' b ?rom

of fsets arise not rom practi ca nba ances but a so

the receiver recei ?fding redundancy ., Morecyss edsppmbexr Rf spded

whi ch, in a honodybttsewan cbe |1atﬁeleaygdcdﬂdy tranmm einofmanr¢ime-
desired receivg erQHH rOJbloﬁﬂﬁ:nnﬁ ordiy €8 providd c%'ﬂm aggg(’:‘rs;tbed

i nterference. em of of f set can be Vi at
in U S. Patent Rﬁi“S %1“%?’5’5 an notsee N %“?%'T “Dg‘
Conpensati on" whi cfiormat n¢tnebudingi tive cibtelTeavizicor£owmat) Aﬁsdkno\msad in
more detail in thi ﬁrpﬁifnéo the raesi&ép%m@% eﬁi-aet B egnny

differentiating Q signals USI'#% ggamtors 29, an
digi tizing the di f PAJERSS 2L PeQ 19 eduﬁ?cewed cfignal =ppple
convertor 31.10n AstEeawnverhe drmeeoltnnquévab wma:h 4% indcatiesc thentlines
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eretlated. and i tiz SI nal s are
passed from At oD cﬁﬁv‘é?mn%%hfo %’Pﬂ? A5 STdger, ﬁao TSP o1 8 qf’ i
whi ch can form paratofwhigh sihe ClEsignated amegkes inrcthe amessage t was

real i ze control segtédtdd. MBEnwAIlE) the real-time counter in the control
is section 14 continues to increment, so that the count which
will be reached at a given time after this marker was
received can be computed by adding the time-of-arrival
word to the counter starting state and adding the
predetermined delay after receipt of the marker at which

20 transmission is to occur. The result is compared with the
rolling counter and when a match is obtained, the
transmitter is activated to transmit the acknowledgment.
Figure 3 indicates that the memory also contains a
frequency error word 41. This is a value produced by the

25 data demodulator which is used in the demodulation
algorithm to compensate f:‘)r frequency error between the
frequency transmitted by the base station and the portable
unit’s frequency reference. For example, this value can
represent the phase drift per bit as computed over the

30 received, coded message bits. This error value can be
~ used to correct the output frequency of the portable
unit’s reference oscillator before the transmission of the
acknowledgment by the transmitter section 13. In
exemplary implementations, the frequency error word is

3s used, "at each receive opportunity, to update a correction
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12 processing unit may store the digitized and differentiated I, Q
signals in nmenory 33 and then recall those signals for of f-1ine
processing. Each sanple stored woul d however have been received at an
accurately knowmoosmsasent relative 5 to a nmaster clock in cBOr/Psfeoesset 14
driven by reference crystal oscillator 16, which master clock controls
t he starting instant of AtoD convertor 31 for digitizing sanpl es.
Thus off-1ine signal processing does not entail . a loss of know edge of
the signal's real-tinme behavior. 10 This know edge is preserved in order
to be able to trigger transmtter 13 to tyansmt a reply at a certain
time after a specific synbol or signal pattern was detected in the

recei ved nmessage. value thatOis! applieasitey Fé¥enemcealdscillatogeas, for

reintegrating 15 | t S o] t ;{Fg
characteristics usi ﬁ’g“ﬁ‘d"% cﬁ dl%g% +ﬁ]a2%€majl g%gé Q&Iﬁv £ 8&5 egﬁhl'ﬁ aTI
set to zero. The sivmeactarocdiedey (RRF Shoyn) across u&é‘eesm#lng

of fset error in thenéwever,coightfiicant fxieguancyachanyes areaexpgcted aﬁeer

of fset error acgord&g@ht§négﬁc Jﬁ“gﬁgﬁﬂktgbmﬂé ﬂ§§ ?Q@ufnffr Qggéfﬂeegrated

I n addition, a5t Bh ope |9 t he
signal s may be conﬁ@ﬁ&%t&&vaqﬁk adApEes o 1ON9s| [REcARdS; 1OF | v

denodul ated to extrggictivhd bnnsrudml then cdihgs 'catrdatipntdnahul bn ey
been i npressed by . | {3 u ry
FM MSK, GWBX, agé%ﬂ? ?%ﬁ QQB&? Qﬁgggﬂaﬁef’éf@
Af ter processing thEr¢QRﬂ%§ﬁ§9“8|gH8It&%‘d&QBrPﬁe& fec eﬁbBVep F

data may be st aped tihe tranmspiti shigmal frequency in the necessary d:l.rect;on,

using for - example a fractional-N transmit frequency
synthesizer having five freguency steps.

The rest of the memory format of Figure 3 contains
the received message, including an address 42 which is

15 compared to the pager’s own address, some other data 43,
for example a telephone number to be called, and a CRC
check code 44. The CRC check code 44 is a number of bits
computed at the transmitter in dependence on the address
and other data bits and is recomputed at the receiver in

20 the same way. If the recomputed version matches the
decoded, stored version 44, then the message is deemed to
have been correctly decoded. If a correctly decoded
message contains the pager’s own address, then an
acknowledgment will be transmitted with the transmit

25 timing based on the time-of-arrival word 40.

Figure 4 shows a block diagram of an exemplary
transmitter for implementing the present invention. A
transmit power amplifier 50 is driven by a transmit
oscillator 51 controlled by synthesizer 35, which can be,

30 for economy, the same frequency synthesizer chip as used
for the receiver section 12. The power amplifier 50 and
transmit oscillator 51 can be packaged as a single module
52. The transmit oscillator signal is applied to the
frequency synthesis chip 35 rather than the receive

35 oscillator signal for transmitter purposes. Although this




format such as that shown in Figure 3 There a time-of- 30 arrival word
4Q.-indicates—t-he—sanple—nurber in the—srerory ——pufier- 33—that—was—deened

to contain the start of a particular bit in the received nessage.

Thi s m ght suitably be the first bit of the address conponent 42, for
€xanple, in iwbewasks form The address in coded form 35 i RFRUSHBIIe a
greater nunber of bits than the address in WD 96/ 28944

PCT/ US96/ 02552 13 its decoded form
due to the use of an error correction code for transm ssion which
expands the nunber of bits by addi ng redundancy. Moreover, the
expanded nunber of coded bits can be injgrleaved and transmtted in

non-time- 5 sequential order in order to provide protection against :
fading or non- Gausgbimedtiicie. idleidlubtrated t bnlyr generally irf OFigure 4,

(including the int ig%gg%gng&%)e%ﬁgg Fom transﬂ&’t%éciﬁl&é@r lECebver

so that the first address can | ocat
recei ved signal safpequency synthesizer 3%, % Geuldy; 1OF SxAwpPley |°r?HPE§FEs
the tine, in 06 rfﬁnﬂit§am)ltmecwntheaizer ¢hip samargi.ef. ,Aon@ for the
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desi gnat ed mar Rer nmessag
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that the count whi Kiternativdlyje ar awikel such ag \the (T/R swfittch 1li canabker

wes  recelved cagepeyoRQULE BioRdth Nintboch TRyRn@éLiddl 05, ofOLflal o
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conpared withipbhe in the receive chip 36 which would select the receive

oscillator 24 to be routed to synthesizer chip 35 in

reception mode and the transmit oscillator 51 to be routed

to the synthesizer during transmit mode. Preferably,

receive functions 36, transmit functions 52 and T/R switch

15 11 are all integrated in a combined transmit/receive chip

thus avoiding the pin connections associated with the

signal routing between them. A loop filter 34 is provided

to reduce spurious signals on the VCO control line while

permitting rapid retuning of the synthesizer between

20 receive and transmit freguencies. Such a synthesizer is

described in U.S. Patent No. 5,180,993 which is
incorporated here by reference. '

The transmit fregquency allocated to the pager can
differ from the receive frequency. The acknowledgment

25 frequency channel may' even be in a different frequency
band, for example UHF for receive and VHF for transmit.
Nevertheless the synthesizer chip 35 is sufficiently
flexible to be programmed to control a transmit frequency
that is substantially different from the receive

30 frequency.

In switching from controlling the receive frequency
to controlling the transmit frequency, however, a certain
time is allowed for reprogramming the synthesizer and
allowing the newly controlled oscillator frequency to

35 settle on the desired frequency. A fast settling time may



rolling counter and when a match is obtained, the transmtter is
activated to transmt the acknow edgrent . Figure 3 indicates that
the nenory al so contains a frequency error word 41. This is a val ue
produced by the 25 data denodulator which is used in the denodul ation
algorithmto cwopemmat e for frequency error between the —  PEOYSSMR2S2
transmtted by the base station and the portable unit's frequency

ref erence. For exanple, this value can represent the phase drift per
bit as conputed over the 30 received, coded nessage bits. This error

val ue can be used to correct the output frequency of the portable
unit's reference oscillator before the transqgigssi on of the

acknowl edgnent by the transmtter section. 13. In exenpl ary

| npl ement ati ons, thy obtadnedyusing, fox doiample, thedtechnibgués rdestirided

opportunity, to updat C . 9%h 8g4
D o) 095D 43! 60 % COp4E&IL Olos. 5,095,248 98hdS%%4s0, 933 which are

applied to ref erend@cospprated hexe by, referenge And %ﬁ‘? tT‘E"t‘éﬂi&“&F A%6 oA
convertor controll igupodied 1nvenacumoas aynthesizerhchi) manufmcstured and

crystal.  If, & g Rangy éﬁr 18! ii r\&oﬁﬁffﬂ#eﬂcx Qhﬂﬂgﬁitiigxaﬁxﬂﬁﬁée‘is

after 5 each receive o er| wer e

occur
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then the correcti orangs Sesmeshitn hédes duringewhdchppumeunenergshodsd Hedng

i mredi ately applieQ‘h 8heaCerom tﬁéeggyg@§§ion, and this can be effected by
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Gsing for example o ARPEREFoFACERE (15, HRterniPitplc the Caefay BdEen’™

10 reception of a signal addressed to a pager and

transmitting the acknowledgment, is the signal processing
delay and the time needed by the receiver to check the CRC
and verify that its own address is part of the received
message. Hard-wired lbgic to perform these functions is

15 preferable from both the power consumption and time delay

viewpoint, but alternatively they may be performed by a
programmable digital signal processor or microprocessor
equipped with a suitable program.

The transmitter activation seguence after detection -

20 by the receiver of a valid message may thus include, for

example:

Activation of the transmit oscillator;

Transfer of the synthesizer control function from
receive to transmit;

25 Switching the antenna from the receiver to the

transmitter; o
Ramping up the transmit power from zero to maximum;
Waiting to allow the ramp-up transient and the
synthesizer to settle;

30 Applying data modulation to the transmit signal;
Ramping down the transmit power from maximum to zero;
Switching the antenna from transmit to receive;
Switching the oscillator off;

Switching the synthesizer, and reference oscillator

35 off and returning all circuits to sleep mode.



synt hesi zer having five frequency steps. The rest of the nenory
f orrat—of—Fi-gure—3—coent-alRs—— the—peeel Ve — '
42 which is 15 conpared to the pager's own address, sonme other data 43,

for exanmple a tel ephone nunber to be called, and a CRC check code 44.
The CRC checkwo®enssdsl i s a number of bits conput ed at (PEI/USPUIRSSR tt er
I n dependence on the address and other data bits and is reconputed at
the receiver in 20 the sane way. I f the reconputed version natches the
decoded, stored version 44, then the nessage is deened to have been
correctly decoded. If a correctly decoded nmessage contains the
pager's own address, then an acknowl edgsent will be transmtted with

the transmt 25 timng based on the tine-of-arrival word 40.
Figure 4 shows a bl ock1di agraanahdvanseqaepd:a;ythe perindsnof t dvighorpower

I mpl enenting the t r mﬁ
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this WO %/giﬁ!zléant changes in propagation path phasBCGtUﬁmﬁﬁﬁiQ
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10 Assuming a 25 KHz channel bandwidth, a bitrate of around
32 XB/S can be supported by using a spectrally efficient
binary digital modulation such as Offset QPSK, thus
permitting a 32-bit acknowledgment to be sent. This can
be a rate 1/2, block-coded version of a CRC check computed

15 over the received message, which will verify to the base
that the message was received correctly. Moreover, there
is only a 1 in 65536 chance that noise received at the
base receiver would be interpreted incorrectly as receipt
of an icknowledgment. It is desirable to minimize this

20 probability which determines the number of bits
transmitted and prevents further reductions in the length
of the transmit burst.

A digital data modulator that can produce any desired
modulation is _described, for example, in U.S. Patent

25 Application Serial No. 08/305,702, entitled "Quadrature
Modulator with Integrated Distributed RC Filters" and
filed on September 14, 1994, which is incorporated here by
reference. Such techniques may be economic candidates for
use in a pager if integrated into a single, combined

30 transmit/receive chip as previously referred to.
Alternatively, a simpler modulation technique called
constant-envelope OQPSK may be employed without use of
such a modulator chip and formed within frequency
synthesizer 35 instead, as will now be. described.



two inputs on the synthesizer chip 35 (i.e., one for the 5 receive
oScillator signal and one for the transmt oscillator signal) of
which only one-is active at a tine. Alternatively, a switch such as
the T/R switch 11 can be used to switch signals into the synthesizer
35, or the waseaasii t oscillator signal can be routed thrdﬁﬂ%’ % or
10 in the receive chip 36 which would sel ect the receive oscill ator.
24 to be routed to synthesizer chip 35 in recepti on node and the
transmt oscillator 51 to be routed to the synthesizer during transmt
node. Preferably, receive functions 36, transmt functions 52 and
T/Rswitch 15 11 are all integrated in a conlgned transmt/receive chip

t hus avoi ding the pin connections associated with the signal routin
between them A |oop fil FeguddsiS(ah-Slajc®how sigoalee&nrmrtqmscmaym%s
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acknow edgnent f uency channel may even be in a different frequency

band, for exanpl e UHHI®A8receive and VHF for transmit. Nevert hel ess
the synthesizer chip 35 itn ewéfikiteperjiods, the it intormpEipgn it FAKFied
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even bit periods. The Q waveshape during a transition is

however independent of whether the I bit is a 0 or a 1, so

15 there are four possible Q waveforms over the period which
are illustrated in Figure 5(b).

In odd bit periods, the Q bit is static at 0 or 1

while the I bit either transitions from 0 to 1 or 1 to 0

" or remains unchanged. This leads to four possible

20 trajectories for the I signal to take over an odd period

as shown in Figure 5(c). Since the sum of the squares of

I and Q is at all times equal to the constant radius of

the circle, when I changes sign it goes through 2zero and

Q rises from a magnitude of 1/root(2) to unity at that

25 moment. Likewise, if Q changes sign, passing through

zero, the magnitude of I rises to unity at the instant Q

passes through zero in order that the sum of the squares

remains unity. _ _

The OQPSK signal can be decoded by using a matched

30 filter which correlates received I and Q waveshapes

received with expected waveshapes for different bit

sequences and picks the sequence having the closest

correlation. However, the method of sampling the I

waveform in the middle of even bit periods and sampling

35 the Q waveform in the middle of odd bit periods may be



16 be obtai ned using, for exanple, the techniques descri bed I n
U.S__Patent Nos. 5,095,288 and-5, 180-933-whi ch are———ineorpoerated—here—by
reference and t hese technlques are enbodi ed in the UKI 005 synt hesi zer
chip manufactured and 5 sold by the Philips conpany. A fast settling
tine is uswdes2894 i ni mi zi ng the aforesai d del ay bet weenPEHESA6/92S52

and transmt nodes during which time energy is being .drained fromthe
battery. Anot her factor in determ ning the del ay between 10
reception of a signal addressed to a pager and transmtting the
acknow edgnent, is the signal processing delay and the tine needed by
the receiver to check the CRC = and verifyjghat its own address is part
of the received nessage. Hard-wired logic to performthese functions is
15 preferable frogslajh {-jﬂe psigis C@LSurthiei osampliesi npielding the data

vi ewpoi nt, but al tiégg%#lx té@ki@%ybgetﬂgrﬁ&iﬂfﬂi% a programabl e

digital si gnal pro m Cr opr oce ui t abl

program The t$%%?@%?¥%l@ﬁp§éﬁg§ﬁg€ 'é@f Hgflgﬂfl‘fﬁl
by the receiver of carumél dnnrigage syn))hos ithel signalorremainsx eoristant,
Activation of the LEagsthb Bikhé!dhdle of the veckcdWiing¥s ‘sl SHish Qe Cr

control functi cerve t0 transmt; vmtc t he
antenna fromthe r adsp/ae eguated to a th&HEﬁPﬂ'éF"d“hti‘m vayg
transnmt power froghécrelationshiipithat an instaitianeoyst freguency rshiftisup

transient and the 1Yt :
nodul 1’3.'[ ilon to the t?ﬁsm? éfélrzﬁ%re of éﬁiﬁ&é of?q:ahase. &ﬂb&wﬁ@aﬁz@ 1,0

in r ans wer
from maxi numto zeWaveforms to %\M‘Fc”?ﬁﬁf?msM f#‘?‘? L rlf{n al%%
receive; 10 Shehcaifferdntiatingl those gigveforms yiel@wu m.t@mcy

synt hesi zer, and rgEgeREEnPSPihbBidH. 35The@T Eragbency UidiulGatildn Gidvifidr® t 0

sl eep mode. has three important Qalues of -B/4 corresponding to a
clockwise phase change through 90 degrees over a bit
period, +B/4 corresponding to an anti-clockwise phase

15 change through 90 degreés over a bit period, or =zero
corresponding to two consecutive like I bits and two
consecutive like @ bits giving rise to no phase change
over a bit period. The frequency modulating waveform
composed of these three values is ‘then applied to a low-

20 pass filter to smooth transitions and thus improve the
spectral containment of the signal energy within an
allotted radio channel. A suitable filter can, for
example, be a raised cosine Nyquist filter with an
additional X/sin(X) term for waveform shaping in the

25 frequency domain. The provision of an additional X/sin(X)
term is due to the phase change over a bit period being

the integral of the freguency waveform over a bit period,
which mathematical operation is equivalent to a sin(X)/X
filter. Thus, if the frequency waveform is filtered by a

30 Nyquist filter, the phase waveforms will have been
filtered by a Nyquist filter plus an additional sin(X)/X
filter waveform. The additional sin(X)/X filter is thus
removed by applying the inverse, i.e. an X/sin(X) filter,
leaving the phase Nyquist filtered waveform. Nyguist

35 filtering of the phase results in the phase passing
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17 In the above sequence, the period of high power during
whi ch data nodulation is applied to the transmtter shoul d be as short
as necessary to convey a useful nunber of information bits within the
bandwi dt h avai wei9se94dThe 5 data transnission period shoul dPCHUBIKP2¥Ase be
| ess t han 1 nms for a transnmt frequency in the 1 GHz region to avoid
significant changes in propagation path phase or anplitude over the
transmt period caused by fast fading when the pager is being
transported at speeds of up to 100 kM H. 10 Assum ng a 25 KHz channel
bandwi dth, a bitrate of around 32 KB/'S can be supported by using a
spectrally efficient bi nary digital nodul ati on such as O fset QPSK,

t hus per mi tti nghroutih e 3aidmtel ¢dgnedt )t atbbiteperiddi intervals, d= a

rate 1/2, block-coqgghye! hOighrd TOC GIREK £2MBUBEL RS ICmdrl® G 1 ed

nmessage, which wll verifyt e base e nessage was recelved
correctly. MreoverX belowr o S onI y a 1 in 65536 chance that noise
recei ved at the baghe aavéﬂmmmbdubed'hx wgauedhlamtr srel gloeely

recei pt of gan We@aﬂ%ﬁe quhfo ch@ "By Behdr! "eéngtant

probability Wmch et erm nes bi,t s tr tg ed, and

prevents further rceRYeIoRRmPAulN ?%QP‘ﬁg as %P'tiﬁg ¥indmyn %ﬁggksl%eying

A digital data nmodulGHsK) . hichamdulatiod schenibhiascteen spanifiiedi forithe

descri bed, for exa g&ﬁdﬁ céiatﬁ ¢4 cémua&afsye&eﬁer i22GMBR- waveform
adr at

08/ 305,702, entitle ul at Qr rat tri hut ed
RC Filters" and tgﬁﬁg?rg 19‘54 g%o? %f fere

by ref er ente. Simnmmuquwrmﬁebeibcbﬁb@wc c@fnd#'em{%v fany tYPQJs%f in
a pager if integratgshiiitdon HchenR cadbeafbed to implement “the present
invention.

After low~pass filtering, the freguency modulating
function is a continuous waveform. Frequency modulation

15 with a continuous waveform may be carried out by applying
the waveform to a voltage controlled oscillator (VCO).
When the modulation sensitivity of the oscillator is not
exact, however, the rate of change of phase created will
not be exact and thus the phase will rotate too much or

20 too 1little over a bit period, causing the phase to
gradually deviate from the desired information-
representative values. Another problem is that frequency
synthesizer 35 will attempt to correct any freguency
changes that the modulation makes to the VCO’‘s. frequency

25 causing another source of error.

These problems may be solved using two-point
modulation of the fregquency synthesizer in which
modulation is applied to the VCO and at the same time
control bits are applied to the synthesizer 1logic to

30 indicate whether the modulation is demanding a +B/4, -B/4
or zero rate of change of phase. In this way the
synthesizer control loop is prevented from fighting the
modulation .and instead cooperates to effect the desired
phase changes. For example, a fractional -N synthesizer

35 of the type disclosed in U.S. Patent No. 5,180,993, which



30 transmt/receive chip as previously referred to.
Al't-ernativety—a—sinpter—rodut-ati on—teehni-que C

OQPSK rmay be enpl oyed wi t hout use of such a nodul ator chip and forned
W thin frequency synt hesi zer 35 instead, as will now be descri bed.

WD 96/ 28944 WO 96/28%44 PCT/ US96/ 0255PCT/US96/02552
Figures 5(a) -5(c) show signal diagrans .for constant envel ope OQPSK

. nmodul ation. The radio signal's conpl ex vector value is constrained to
. move only around the constant radius circle of- Figure 5(a) and

- undergoes eight 5 types of transitions associated with even and odd bit
peri ods. In even bit periods, the it information bit carried

by the | bit is static while the information bit carried by the Q bit
ei t her renmains thediselosurec ianipsorpératedl Bere Huy reiffierence, bears that usedt 0
or 1and the Qbilyggd Dhe base'f¥dticH fecliving rehyReR b’ atlctiod BF 1
to O, this det1 nes el ght possible signal waveformtyransitions tor
even bit peri ods. m&&@ dGMREVEr  Pagers japFqrding to, gxemplary

i ndependent of wheélkisodiventis bift the présent dnventdohSwilkrbe atisdunsed.

RORSI DI e Q wavglorme O\ffqdrdd sPEL1Gkt iR an exedbfaty rdidelcol1ThikiC
Shile the | bit of HHERY (4% HakGhABtePRASGERE Brayiding Yyttical peampiaty
unchanged. Thi sconpression as el assabdut 1B ofapeinuthalk digecthvity.

signal to take ovejndnaefdnfénddillustisréd'Owiel N dF J8bGred ) exenpiary e
sum of the squar eSDt(x)afl-polarized patch antennas are printed on long printed

10 circuit boards together with stripline phasing and
coupling lines. Each patch 60 operates against a rear
ground plane and an optional plane (illustrated by dotted
lines in Figure 6) of printed director patches (not shown)
may be mounted in front of the driven patches to increase

15 directive gain and narrow the beamwidth.

Each such collinear array thus provides two outputs,
for example, an output corresponding to a left-hand
circularly polarized received wave and an output
corresponding to a right-hand circularly polarized wave.

20 Low-noise preamplifiers together with bandpass filters to
reject strong out-of-band interfering signals may be
contained on the printed circuit board close to the array
elements, to reduce line losses. The complete assembly is
enclosed in a radio-transparént, weatherproof tube 59.

25 Figure 7 shows more details of the internal
connections between antenna elements to form the collinear
array. A patch 60 can be fed off-center at two places,
i.e., those connected to lines 66 and 67, spaced by 90
degrees relative to the center to provide orthogonal

30 linear polarizations. Quadrature coupler 61 couples the
two linearly polarized signal outputs to form circularly
polarized signal outputs. Bandpass filters 62 and 63
reject unwanted signals that may desensitize low-noise
amplifiers 64 and 65, such as a strong nearby paging

35 transmitter operating on a different frequency.



| and Qis at all times equal to the constant radius of the circle,
when | changes sign it goes through zero and Qrises froma.magnitude
of 1/root(2) to unity at that 25 nonent. Li kewi se, if Q changes sign,
passi ng through zero, the magnitude of | rises to unity at the
instant Q WPR6/28944 t hr ough zero in order that the sum of FPEEUSHIIRS
remains unity. The OQPSK signal can be decoded by using a matched
30 filter which correlates received | and Q waveshapes received with
expect ed waveshapes for different bit sequences and picks the
sequence having the cl osest correlation. However, the nethod of
sanpling the | waveformin the m ddl e ofggeven bit periods and
sanpling 35 the Q waveformin the mddle of odd bit periods may be

WD 96/ 28944 Figure 8 illustrates paRC[/qafS08/ GitE%able receiver

19 used, the si f ﬁ]g,ht & ' I+ Nar
carried by the rmdul%tralﬁlo?f pf%s'iﬁ'ﬂ%' Eﬁaﬁhéicu h%a%ée °F'§;F’§§§f§?i% tshe
, © 5

radi us of the ciafkc|thq PWQB?‘%‘%T%)?“’ER‘;L[
only the phase angl eargf nhehveurbhenfmmm(ﬁtlhes Zancan ba\| provisiesyudifed

st ant aneous. { raquilasasatyy e RECUs unvirtad BSghELY Tafd' Freckhes
Converting the 1Q 1 ’E‘Pé?ﬁ’éf%‘mggggﬂﬁz’@*’fﬁ -ﬁg %RRg%ﬂRI ’EH@FFon
and 10 then differenti asbitegnahlwe asuppifimdrs fyii!'stdslomlf resgiliator (LO)
modul ating function. Ua%eia& qwlcaom&klﬂﬁtonr&eaﬁ&a Mignal@s tdr g€ girst

mportant val ues of o ngfesp@w 0 ey, HRCIRLAT AR LG5 eo
10 all receiver channels to preserve a fixed phase
relationship between the first IF outputs. The first IF
signal is then filtered in IF filter 72 to impose a
channel bandwidth optimum for receiving replies from the
pagers. Purther amplification and a second downconversion

15 using a common second LO takes place in IF chip 73. A
' suitable IF chip is, for example, the SA637 manufactured
by the Philips company, formerly known as Signetics in the

USA. The IF chip 73 has two second IF amplifier blocks

and provision to insert second IF filters 74 and 75

20 between them to improve selectivity against adjacent
channel signals. The IF chip also provides a hardlimited
second IF output, and a signal proportional to the
logarithm of the instantaneous signal amplitude known as
RSSI. These output signals are fed to logpolar digitizer

25 76 which functions, for example, according to the
disclosure in U.S. Patent Number 5,048,059 entitled
“"Logpolar Signal Processing®, which is incorporated here

by reference. The logpolar digitization method provides

a sequence of numerical samples that represent the

30 received signals complex vector value at séquential time
instants. The numerical samples include bits that
represent the instantaneous phase angle of the vector and

bits that represent the logarithm of the amplitude. As
will be seen, this format is particularly attractive for

35 applying phase rotations and amplitude scalings to the



period, +B/4 corresponding to an anti-clockw se phase 15 change through 90

de-g-pe,es—e-\+e4c—a—b+—t—pe-r—|—ed—e+—z-ero ———€6f I espeRad-Rg—te—tro—eonsecttve——

like | bits and two consecutive like Qbits giving rise to no phase
change over a bit period. The frequency nodul ating waveform
conposed of t wasss2swace val ues is then applied to a | ow 20 PEHYSIRISZer to
snooth transitions and thus inprove the spectral contai nnent of the
signal energy within an allotted radi o channel . A suitable filter
can, for exanpl e, be a raised cosine Nyquist filter with an

additional X/sin(X) termfor waveformshaping in the 25 frequency domain.
The provision of an additional X sin(X) bgrmis due to the phase change
over a bit period being the integral of the frequency waveform over a

bi t peri od, whictltpiits hernaicoereper ahtamass fopitiel quirgose of ngdgrial
filter. Thus, if t@%gﬁgugnce/o V\@}(‘ﬁgﬂﬁgﬂ 'é.i.ztgétti%EQ b?( ax%@e QHI St ghe

filter, the phase Wwave

ere ul st
filter plus an addrecei¥ing; ghadn of Figyre (8 cap, Akgn rﬁe ﬂ’féﬂéﬂé gf
sin(X)/ X filter isprinted circajtyvadara aqmplgnmganhennmvarsay jand Mhoused
XI'sin(X) filter 86¢ gk St f
Nyqui st 35 fi Igf eri %&hgﬁ%gq' asg'gpesufts | n tﬁg é}‘ﬂﬁi \gg\éﬁ thiantenna WO
96/ 28944 in this case would be a E5gomp exX numbers
20 t hr ough tfm pmjﬁidal(rl Formst limprpsenb:bhg naerlefts, hand circdlam
in Figure 10 which ?Eﬁgﬁ' §$H'Jhd'gﬁgtﬂ§£?éér am rggﬁhgﬂhtlng ri?ht-gﬁid

wavef or s produced tiop are ose rel ate
wavef or ns produced S3¥ c“&i‘ﬁelp%éﬁ gakion. tWo Streans' could also be

10 multiplexed into one stream to save wires, and even
conveyed by optical fiber to a central processing point
which may be located at the bottom of the antenna mast.
Figure 9 shows, for example, eight such collinear arrays
80 disposed at equal angular intervals around a mast,

15 their output logpolar streams being connected to a central
signal processing unit 81. 1In practice, a larger number
of arrays such as 16, 32 or 64 may be used.

When a signal wavefront impinges on the array from a
particular direction, different ones of the collinear

20 antennas 80 will receive the signal at different strengths
depending on the angle of arrival relative to their beam-
centre directions, and at a different relative phase that
depends on the angle of arrival and the position of the
antenna. A feature of the present invention is that the

25 individual signal proéessing channels, such as those shown
in Figure 8 do not have to be phase matched. Whatever
phase differences exist between channels there will be a
unigque set of relative phases and amplitudes of the
signals received by different antennas for each possible

30 direction of arrival. By determining these characteristic
relative phases and amplitudes adaptively, the signal
processing unit 81 learns how to combine the signals from
each antenna with others in order to enhance reception in
any and all directions. The way in which this adaptive

35 learning takes place will be described later.



envel ope nodul ati ons such as Gaussi an M ni mum Shi ft Keyi ng (GQvBK) ,
whi ch nodul ati on scheme has been specified for the Pan- Eur opean GSM
digital cellular system A GVBK waveform is shown for conparison in
Figure 11 which is also 10 described in nore detail below. O course, any
type of nmwdweassepn scheme can be used to inplenent the BCEASIH02552

I nventi on. . After lowpass filtering, the frequency nodul ating
function is a continuous waveform Frequency nodulation 15 wth a

conti nuous waveform may be carried out by applying the waveformto a
vol tage controlled oscillator (VCO. When the nodul ati on sensitivity
of the oscillator is not exact, however, pjhe rate of change of phase
created will not be exact and thus the phase will rotate too nuch or

20 too little over a bidyp 'pxy. iF2eaichgahtenfiiaaEréady has @ amistiriyted
deviate from the_ ,de n egf#ygat I

Anot her problemis PH:H“ ?*‘ g gﬁw {’%{@ y'nﬁ]em zer @? 14 t‘i‘éﬁnt
correct any frequeneptside ehm320 degreq W&%Hulﬁ'[‘$%r?‘!ﬂk8§°t%h ’FFE‘VC@S.
frequency 25 causi Bﬁt&ﬂﬁi&eﬁiﬁ)lﬁgﬁiﬂicaﬂtm receive a sighabecfyowhl givenny

be sol ved using eq en t hes r
in which dufigf j"m’a I|ed {0 gge '\/ an E e grreéﬁ]rrehe nég
control bits are apsigodfican Arsignal FW%Od“?nHPEH‘e‘Mﬁt heP
the nodul ation is dm&d&ag,aaﬂﬂmswm and of @esignalt rom Noaxthe Eabt;

p_hase: In this waréggiéf‘aon an%é]esSI‘Z?igﬁg&t 2bm! ﬁgptl s?.m eggergned ibr el

fighting the nst ea ooperates to effect the ' desi red

phase changes. For ecrsgplaf an reight-apkenn SYRERRs;  ° arce: ke

disclosed in Ujfe Pzroa, Wor exafplé€d3, théi orth, the siypade/ I3 antenna

PCT/ US96/ 02552 signal processing chains 1, 2 and 3 should be combined in
phase. :

Each signal comprises a stream of logpolar complex
samples comprising a logamplitude L(i) and a phase PHI(i).
15 The phase values are integer binary numbers of, for
example, eight bits 1length, and the integer values
wraparound when modulo 256 arithmetic is used in the same
way as phases add or subtract in modulo 27 fashion. The
phase of a signal may be changed therefore by byte-wide
20 addition of an adjustment value THETA(I) to PHI(i).
Multiplicative amplitude scaling also simplifies to
integer subtraction of a scaling value S(i) from the
logamplitude L(i) in the logarithmic domain. To form a
phased and weighted version of signals 1, 2 and 3 for
25 summing, the signal processing unit thus forms:

L(1)-S(1); PHI(1)-THETA(1)

L(2)~-S(2); PHI(2)-THETA(2)

L(3)-S(3); PHI(3)-THETA(3)
30 :
using simple integer binary subtractors.

These modified -logpolar complex numbers are then
converted to Cartesian form with the aid of antilog and
cos/sin lookup tables, discuseion of which may be further
35 found in the aforementioned U.S. Patent No. 5,048,059.



21 di sclosure is incorporated here by reference, can be used.
NExt—t-he—base—statien—reeeiving netwerks det eetion—of : '

t he | ow power pagers according to exenplary enbodi ments of the present
i nvention will be discussed. 5 Figure 6 illustrates an exenplary
vertical colliwessnsss array of patch antennas for provi di nBCHES602%R
beamai dt h conpression as well as about 5dB of azinuthal directivity.
The dinensions illustrated are, of course, exenplary. Dual - pol ari zed
patch antennas are printed on long printed 10 circuit boards together
with stripline phasing and coupling lines. Each patch 60 operates
agai nst a rear. ground plane and an optiggal plane (illustrated by
dotted lines in Figure 6) of printed director patches (not shown)

- may be nmounted i n HavlhgOtransfdimied theamoddtied Logpelme vidlual raivive o
- gain and narrow the beaoyd dt Q:anglex form Eﬁ(ﬁﬁ,gg 1§90 I%eaéuﬁr rﬁﬁ-ﬁzmﬁ
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c conpl ete assenbly iprocessingaimitctaintainsda anatminspir phasing atrid qradding

tube 59. 25 VahE fn SiR"eldBtrbpilC! fkhsry Of (e!d® d N8 Achip

connecti ons between antenna el enents to gggg\et he coI I I n

patch 60 can be fe§o5respending sto Rany) rent Wséigf?hgé€°ﬁgﬁﬂ5%t &f to
i nes 66 and A®b, spzeddaby Qmanot:.ngdegemur afaphasing ahé scailing (values
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pol ari zed si gnal f 'E!ﬁ'ﬁtfﬁaés FP re? B %‘feéfl gjlf Jé’? u#] y

signals that may desenS|t|ze | ow- noi se anplifiers 64 and 65, such as a
strong nearby pagi ng 35y1i[wassat,eo oper pteng on @ di fferentyfrequency.
15 NNE
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ENE
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ESE
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30

In the above matrix, the null value 0 indicates that there
is no value in that position as opposed to the values
being zero. The band matrix form with interspersed null
elements is due to only three antennas contributing
35 significantly to receiving from the given direction. oOf
course those skilled in the art will appreciate that
antennas could be more or less densely provided or could
have a more or less restricted azimuth so that more or
fewer than three antennas could receive significant signal’
40 components from a source. Only rows corresponding to
eight points of t;.he compass are shown above for brevity,
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22 Figure 8 illustrates part of a suitable receiver si gnal
processi ng channel which nay be connected to either of the preanplified
out puts of the antenna of Figures 6 and 7. A further bandpass filter 70
~can be provi decwopé2898 necessary, to attenuate unwanted si gnaPECI/H$R§/02552

pr ecedes i mage-rejection anplifier/mxer chip 71. The chip 71 uses

an externally supplied first local oscillator (LO frequency t.o
downconvert received signals to a first i nternedi ate frequency (IF).
The first LOis common to 10 all receiver channels to preserve a
~fixed phase rel ati onship between the firsgg | F outputs. The first IF
signal is then filtered in IF filter 72 to inpose a channel bandwi dth
~optimum for receivi ngoweNEr,cinternediste diresgdons, Fsudihars Wy, iﬁbuMime

d dd I
and a_second downcony aﬁ;@,ﬁg ag cg §6G£1 ﬁ.&@mm ﬁseenéo\hoﬁa%%ﬂ %’Erk&s

chip 73. suit for 7, manuf act ur ed

63
by the Phi I i ps conpany, M"ﬂs‘ SE&PFEE‘J.T@ is pxpyided, fou-
chip 73 has two secombli Foﬂm:dheflavo bbrthegonal apdlarizatsions.t 0 iSineet the

second IF filterg Zf\ erwath'ehl W12Felant "BbENEI AR s \e&.\/ iwt
adj acent channel na The | F chip al so ovi (ﬁira har d%

second | F out put, %‘9 ted, in, AdVBREE (AW ﬂ 'ﬁ?ﬁea"’ BH¥r PEARR

i nst ant aneous si gnaltmm:agaﬂes lantennas as vRQSI .asT haniknosm mﬁfes:tgndfs the

fed to logpolar di g'ﬁf&?mi%? o}6th&'hh53r s & UDSdY Ot wifl beCHa@BELfbed later
according to the SC o

Pat 059 titl
"Logpol ar Signal Pr o’&‘@%s’ﬁ?ﬁi g%‘mlqr']‘fjss %ﬁ?&?ﬁg?’ t%#r%e‘rzgimn B§er§$n?l e-
The | ogpol ar di gdt i Zedvgerheare nondcphexentky . a sequence of nuneri cal

sanpl es that represent t%BBOS:LWl ﬁ?ﬂcééﬂﬂﬁ* Suf®pleax i‘é@éﬂeé’ahuetﬁhng
ts ﬁg? ential tine éynrfctharr}m%zation sign 2SR the %QB:IEI?E tr!arr]\(él g%er cor?trol
unit (not shown) that triggers the signal processing unit
to record logpolar samples in memory from each antenna and
15 polarization during a predetermined window. Offline, the
processor 81 then uses the above stored phasing and
scaling matrices to combine the signals from antennas
corresponding to left hand circular (LHC) polarization
successively in all the Adifferent ways corresponding to
20 different hypothetical directions of arrival of a reply
from a pager. In parallel, corresponding combinations are
formed for RHC polarization. The sequences of combined
samples for both polarizations and a particular direction
at a time are then processed to try to detect the presence
25 of a reply from a pager received from that direction. The
method of searching for such a reply involves further
hypothesizing the exact time of arrival and this will now

be elaborated with reference to Figure 10.
Figure 10 shows the constant-envelope, OQPSK waveform
30 of Figure 5, which is used in this example to illustrate
transmissions from the pager. Figure 10 indicates a
number of sampling instants used by the receiver chains of
Figure 8 for daigitizing the received complex signal
vector. The AtoD convertor 76 is assumed to sample and
35 digitize the signal vector at the rate of, for example,



repr esent t he i nst ant aneous phase angl e of the vector and bits that
rep+eseﬁ{—t—he—|—eg-a+|—t—h-m—e-f——the anpHtude. As— —wH—be-seen—this—format-
is particularly attractive for 35 applying phase rotations and anplitude
scalings to the WO 96/ 28944

PCT/ US96/ 025530 9628944 23 BOT/HBAH2I5R
different antennas for the purpose of signal conbi ning to enhance
directivity of reception. The receiving chain of Figure 8 can al so
be i ncluded on the printed circuit board of the antenna array and
housed 5 wthin the weatherproof tube. The output fromthe antenna

in this case would be a digital stream of cogplex nunbers i n | ogpol ar
format representing a left hand circul ar pol ari zed wave and anot her
stream representi ngighthsasples per biitr perdodpohndi saccessivd headpless areans
could also be 10 L& >Hd dznto.o &1 I Salpies Begfonid '7Ad ha@gd%&/%

. conveyed by optica er to’ tra roceSS|ng poi nt may

| ocated at the bot f‘-&ﬂd‘ﬁ?r??&d Figure 9 shows, for

exanpl e, ei ght such col'rhtlaacouplrayssample gegquenpesis thewgledimatpd dnto

interval s around %Fe Sor! BitlepHbedt shnS®! Séqidn e et "Conpty d
to a central Si gha }I’C‘)’ge?gl 'Bunl gggl I n practlce a larger nu r
of arrays such as PB® 32’“5?‘3@9%15\; i.e. When a signal

wavefront inpinges on the array from a particular direction, different
ones of the collinear 28 m@id GH¥me §Q W | I ziecei vy t he ghgnal gesdifferent
st rengt hs dependi n angl e of argival relativ o their beam
centre directions, and gzpngl Rt rel at#%/e ph thaglE ﬁ% e'h'd'S' on
the angle of aOrival anSanpile mmm 8a of thed3 z11 219 227 ....
Sample phase 8: 28 zZ16 224 z32 ....

Since the reply expected from the pager is known, if 2Z1 is

indeed the sample corresponding to the +/-1, +/-j points

15 of Figure 10, then it is known which of the four complex

values should be received. Supposing this value is (-1+j)

/root(2), corresponding to a phase angle of 135 degrees,

then Z1 is rotated through -135 degrees by complex

multiplication of that sample with exp(-jn/4) to give an

20 expected value of 1. This is done successively for all

points 29,217 ... etc. belonging to the same sample phase,

and using the corresponding known data bit pair for that

point, the rotated complex values being accumulated

together to form a complex correlation wvalue. Since the

25 rotated value is expected to be 1 in every case, the

expected correlation value is simply N, where N is the
number of samples added.

In practice, transmission through the aether causes

an unknown phase shift ALPHA, so that the correlation

30 value will not be N but N.exp(jALPHA). The angle of the

complex result yields the angle ALPHA of the unknown

transmission phase, while the magnitude determines how

well the received waveform of sample phase 1 matched the

expected response. The calculation is also repeated for

35 the same sample phase and corresponding samples from the



antenna. A feature of the present invention is that the 25 individual

si gnal processing channels, such as those shown in Figure 8 do not
have to be phase mat ched. \Wat ever phase differences exist between
channels there will be a uni que set of relative phases and anplitudes
of the si gWRI%e28%¢Eei ved by different antennas for each p&§¥UEI02
direction of arrival. By determ ning thesSe characteristic relative
phases and anplitudes adaptively, the signal processing unit 81 |earns
how to conbine the signals from each antenna with others in order to
enhance reception in any and all directions. The way in which this
adaptive 35 learning takes place will be desczg bed | ater. WO

96/ 28944 PCT/ US96/ 02552

24 Typi cabbposite ularization, aand khe (ragni tudesr oft tte results

azi mut hal beam pat t eﬁ& &Qene ai@éﬁziﬁdiﬂ dreSiddded.Canfnis pré&asi dfs Ofhéh

120 degree sector, en on one | ant epnnas. w

significantly recei vﬁe?%‘ﬁ% rn qfeﬁﬁ‘%es ane 5‘&?’6‘5 m%ig}gnw%t
antennas 1, 2 andsa@lm;phase lsrgnrci#m [ther correct ining:l The mumker
North (i.e., 0 s @fJddiiple APhaEEES f3r Suivith 4 corgelation I a1ek! huEmj

gt - ant inﬁaaé‘ﬁs?en?fs%‘wemsnaﬁe{t@a #8358 Retheasde' 15 shourd B3°coppifes
North, the signals fdepends @msihe timerqfirarrivadcuncextainths Forlexample,
ST Togperar rorp: o 1 18 Sgccan b 2t e elutarGosariy S0 sl
gHI(??P015 Thgpphas np %?isﬁgg gﬁéb?ﬂ%FLPnunb rsﬁgﬁa§ Lan dhavg
10 propagation tine uncertalnty of 0 to 200 us. If bits are
transmitted at 32 KB/s (30 uS bit periods) then the time-
of arrival uncertainty is approximately 7 bit periods or
56, 1/8th-bit samples. The above calculation shoulad thus
be repeated with 56 sample phases. Moreover, the
15 calculation of all 56 sample phases is repeated for all
possible directions of arrival, that is, by combining the
signals from the antenna elements using each row of
logpolar combining coefficients in turn. Due to the
matrix combination being a linear operation, it can be
20 advantageous to apply the angular rotations needed for the
complex correlation process to the logpolar values output
by receiver chains of Figure 8, while the signals are
still in the logpolar format and angular rotation is
simply performed by integer addition to the phase values.
'25 The derotated value sequences are then combined using the
coefficient matrix to produce correlation results, one per
sample phase, from which the known data modulation has
been removed by the derotation process. The magnitude
squared of a result for one polarization is then added to
30 the magnitude squared of a corresponding result for the
other polarization to yield the polarization-diversity
combined correlation result for a given direction of
arrival and time-of-arrival. If the result for a
particular direction and time of arrival exceeds a
35 threshold, then a reply from the pager is deemed to have



exanpl e, eight bits Iength, and the integer val ues wr apar ound when
ne-6-256—ar+t-het-e—+s—used—i n the—sane —way—as—phases—add—or——— -
subtract in nodulo 2[err] fashion. The phase of a signal nay be
changed therefore by byte-wide 20 addition of an adjustnment val ue THETA(I)
to PHI(i). wo09628944Mul ti pl i cative anplitude scaling al so sPEHI¥0E%2¢ o

I nteger subtraction of a scaling value S(i) fromthe | oganplitude L(i)
in the logarithm c domain. To forma phased and wei ghted versi.on of
signals 1, 2 and 3 for 25 summ ng, the signal processing unit thus fornmns:
L(1)-S(1); PH (1)-THETA(1) L(2)-S(2); PH (2)-THETA(2)

L(3)-S(3); PH (3)-THETA(3) 30 using simgdl e i nteger binary

subt ract ors. These nodified | ogpol ar conpl ex nunbers are then
converted to Carteas‘am &etceudh The thriesliolshiisl dgtermined witbstregard dukup

tables, discussion PrdFueed® ‘S%I hfﬁco&icé Ogifedtiddle 8fOn3maa! igned
u S Patent No. 5,0 A}L
PCT/ US96/ 02552 arrival or when noise a one s knzgn to b‘l—ﬁﬁ'ﬁﬁ“‘:' such

transformed the noditatetheoppobability@f abfadsecdetection tissiremotespl ex
form X(i)+ Y(i)g the supeX Jf?fxﬁonetineéf ! b¥2+d@siz%ﬁ1@ ed FWAnsRREESHSYES

an enhancenent of t he received froma part | gul ar_dir I on "
determined 5 priridfexrmagigy fﬁ%“c RAGHRT %"}gmen .
According to the presapiatborrdf che pmmigrialventzon includes allowing the

pager to reply to a page using either a first code or a

second code, the codes being chosen to be maximally

10 different, e.g. orthogonal codes. The base receiver then

performs the above correlation process using both codes

and whichever yields the largest correlation is deemed to

" be that transmitted. If a first coded is detected, it can

signify for example that the response is a simple,

15 acknowledgment; if the alternate code is detected however,

it can be used to signify that other information follows.

According to another aspect of the invention, the base

receiving system may in that instance continue to process

further samples collected in memory from the receiver

20 chains of Figure 8, but using now the single set of matrix

combining coefficients corresponding to the detected

direction of arrival, the sample phase detected to yield

the time of arrival, and the magnitudes of the

corresponding correlations produced for each polarization

25 to determine a single way of combining the antenna element

signals during the further processing, in order to extract

other information transmitted by the pager. Third anad

additional codes could also be provided to indicate other

replies from the pager. Next, an exemplary way in which

30 the table of logpolar combining coefficients is adaptively
learned will be described.

It will be appreciated that not all pagers will lie
at some maximum range from a base station and that over
the course of even one day many replies from locations

35 distributed all over the service region will be processed.



processing unit maintains a matrix of phasing and scaling val ues in an

el ectronic nenory (e.g. a. RAM chi p) corresponding to many different
possi ble directions of 10 arrival. Denoting one pair of. phasi ng and

scal i ng val ues (L(i); THETA(l) by V(i,j) where j indicates association
di rection nuni¥@9928944,ch a stored matrix is of the form PCT/US96/02552
vii,v21,v31, 0, 0, 0O, O, O N 15 _

NNE . 0 , V22, V32 V42 o, 0, 0,0 NE

ENE 0, 0,Vv33,v43,V53, 0, 0, O E

ESE 20 0O, 0, O0,Vv44,V54,V64, 0, O SE

SSE 0O, 0, 0, O0,V55 V65,V75 030 S

SSW o o, 0, 0, O0,Ve6,V/6, V86 SW 25

WEW V17, mqnwof these)willd be/ZxouSlocations \fio close or favorable
VAW V18, V. dhag 8

NNW 30 In the a?? ve %dl%?o B aQioyaﬁr&gwgoint I\qéyz;?gsrte ﬁzli"tles grag be
is no value in that on¥ith % to’f‘f‘ré"valtg’é"'s Zlgpg e

band matrix form Wdﬁrmﬂvitpeatﬂdrm:ll by coubénﬁmsmnydtmlﬂ.dneaty arirage

antennas contrigut igigndls Stoge iﬁ&@ntlymr s¥hEY iﬁméfu‘h Oy also
direction. of our e those S I I ed # art w,l aggrem at e that
ant ennas coul d be Pr?es's"% ﬁ% de‘?f"cﬁasgéﬁgd or

| ess restricted aziaiumhlsoﬂtﬂmteanbrfeobuneat aATvay, tugimat anky mmmionul d
receive signifi Cantcoﬁbﬁﬂaﬁiéﬁ’ mcﬁm-%ff-iﬁﬂﬁaﬁouié"ﬁing OHut ! Y¥hout

g(r)re\r/ets 5end| ng to direc i npgf natz:sn.%falt Qgsgfnr?asfhose regponsggogetected in
10 this way are then used to associate the correlation phases
and amplitudes from each individual collinear array with
that particular direction. Since the relative phases and
amplitudes corresponding to any particular direction can

be predicted knowing the antenna geometry, apart from any

15 phase or gain mismatches between the receiver channels of
Figure 8, this allows re-estimation of the gain and phase
mismatches, which may thus be updated every time a pager
acknowledgment is detected. Using replies detectead
without the extra directive gain allows convergence of the

20 learned coefficients even from a poor starting
approximation, but once reasonable values have been
learned, even replies detected using the array gain can be
processed to determine if the coefficients had driftea
slightly, and might be adjusted. The mathematics involved

25 in such mobile assisted array calibration procedures may
be formulated by a person of normal skill in the art as
guided by the disclosures in the parent applications.
Such mathematical operations may be performed offline by

a low-cost microprocessor or other suitable computer as

30 the array components are not expected to change
characteristics rapidly. Since the system does not
necessarily know whether incoming signals can be processed

in an uncombined manner, it could, for example, first look

for pager replies on each uncombined antenna signal and,

35 if no reply is detected, then process the signals in the



WD 96/ 28944 : PCT/ US96/ 02552
26 however—rntermediate—di r ect+HeAs—such as—WW—wotH-d—have———
correspondi ng rows and could have four non-null entries. One such
- phasing and scaling table is provided for each of the two orthogonal
pol ari zati ons WOE8%de the 5 relation between the differentP ﬂ”ﬂﬁgﬂjons
can not be predicted in advance due to the arbitrary orientation of
t he pager's antenna, as well as unknown effects of the proxi mty of
~the user's body, it will be described |ater how recei ved signals from
. each pol arization are processed 10 together non-coherently. : The
signal processing unit 81 receives a timng 31 synchroni zati on si gna
fromthe paging transmtter control unit (not shown) that triggers the
signal processi ng combined mhnnercdeddribped mabowmipl esSincerethey ¥eceivedch

antenna and 15 pohgéé“?‘%g’;abbdmm amg&ggﬁg TERES Yedkitive Prldddi chil®

processor 81 then u ove staqred ng and scali'ng matrices
to conbine the sighg kead ted. (orresponding to left hand
circular (LHC) pol ari zawsinmg the abovecdescxibed dnyehtion, dit fis atilscimgsd

Copty o P o SofLalary MraYs B8E ' BREEAC Mivild 4! 1¥auea
formed for RHC poIgngginﬂLfhhﬁlgﬁﬁﬁﬁﬂﬂxﬂP fc?ﬁﬁﬁﬁﬁﬂgﬁqgg irective gain
bot h pol arizati onslimiited panly cbyathei mertical stacking Qimensient ban be
ece ved 11 om t hat SaPeCAiotedc MARNEs, "Buck aftdiile) caih Rabe? 3 Feduced
reply invol ves furPﬁ%'f'"f‘;th Do AZIBEED; ng?‘frhee’é et?’%@ %ﬁfﬁﬁs@ala d2
this will nowlo cobrrespdnding:dadditionadr cdixeqtive ggadni0of 5dB for
Figure 10 shows thgxsmpbd ANt FAREERPPAt FdRSibed) F VdRI¥E Wow FaJWi®chlar

uhich 15 used 0 BuBeETTA feud W s o, AEpRRE PR SRR, 3RS
recei ver chai ns of antennas ,gufers examplieyi 82zi ifan hber axred, ctioc hfiadn sagnal
additional directive gain of for example 9dB, by combining
15 for example the 11 antennas in any 120 degree sector
together using a logpolar coefficient matrix. Finally, at
least a 3dB further gain is achieved by using both
polarizations, and thus avoiding the 3dB or more
polarization loss that normally. is allowed for when the
20 pager antenna is arbitrarily orientated. The total gain
of about, for example, 17dB compared to a paging
transmitter antenna of the same vertical aperture, but
omnidirectional in azimuth, allows at least a 50:1
reduction in transmitter power in the reverse direction of
25 pager to base transmission. By forming 32-bit
correlations at the base receiver using the known,
expected bit pattern of a pager reply, a further gain is
obtained relative to transmitting bit-wise information in
the forward direction. The present invention thus
30 provides the possibility of reliably detecting replies
from pagers that transmit very short bursts, for example,
of only 1 watt RF power over paths that require, for
example, 100 watts or more for communication in the
forward direction.



vector. The AtoD convertor 76 is assuned to sanple and 35 digitize the

signal vector at the rate of, for exanple, WO 96/ 28944

PCT/ US96/ 02552 27 ei ght sanpl es
per bit period, and successive sanples are nunbered Z1,2z22 .... Z10.
Sanpl es beyondWPBe2#44e not been illustrated in Figure FGETUSIGN2SS2
This conpl ex sanpl e sequence.is then decimated into 5 a nunber of
bit-spaced sanpl e sequences each conpri sing one sanple per bit period,
i.e. Sanpl e phase 1: Z1 Z9 Z17 Z25

Sanple phase 2: Z2 Z10 Z18 Z26 10 Sanpl e phase 3:

Z3 Z1l Z19 z27 Sampl e pha®e 8: Z8 Z16  Z24
Z32 Since the reply expected fromthe pager is known, if Z1 is

i ndeed the sanpl e corredpofyirthero capability +/ proyisded s bys e Fipresento,
then it is known Vmirmr&fiohh&sfw CORVBYC torrelatfbn ca ik | chshlatedl \utd.

a6l e of 1135 degr eckeveral digspoent beag | rheeffing ROIRLAC &F 3.l
conpl ex mul t i prcceEsdngopointtandh ko combine he squarell/ magnitudes ofn
%8 Z?;pect eceit \éaé E;ﬁff’“ﬂbﬂgh?gﬁne direepentVebusbor r%bbi\urerspm Nt Srhe
correspbhdl ng know P gﬁﬁfmp’éﬂ’ ?Qr)r&:tcﬁnpigfgp%gﬂ?rﬁa “tahgﬂggt §f93=°c'§°§51
val ues bei ng accumshaudd correspond to time-of-arrival and direction of
arrival hypotheses consistent with the same hypothesis of
pager location. The triangular region bounded by three
10 base sites can, for example, be divided into a number of
smaller regions, for example hexagonal cells, of dimension
corresponding to one, 1/8th-bit sample delay, that is for
example 4uS or 1.2kM across. If the base sites are, for
example, 60kM apart, the triangular region bounded by them
15 will comprise roughly 1600 - such smaller regions. The
pager can be postulated to be located in each of these
smaller cells in turn and the direction of arrival and
relative time of arrival at each site predicted. This
will determine which DOA/TOA-corresponding correlations
20 from one site should be combined with those of another
site in order to detect the pager’s signal. In practice,
since pagers located near one or another site would be
expected to be strongly received using that site alone,
not all possible locations will need the benefit of
25 multiple-site reception to enhance pager signal detection.
An example of this aspect of the present invention will
now be presented with reference to Figure 12. Figure
12 shows an exemplary scenario comprising a triangular
service region 123 bounded by base station sites 1, 2 and
30 3 respectively; region 234 bounded by base station sites
2, 3 and 4, and so on. These relatively large triangular
regions, e.g., on the order of tens of kilometers on a

side, are imagined to be divided into smaller regions or
mcells” of perhaps 1 kilometer in diameter as typified by
35 the cell marked "X" in region 123.



together to forma conplex correlation value. Since the 25 rotated value

iI-s—expeeted—teo—beI—+nR-every—case—the- -expected-cor r etatt+ofr—vatte—t+s—- -

sinply N, where Nis the nunber of sanpl es added. In practice,
transm ssion through the aether causes an unknown phase shift ALPHA, so
that the cormooszssm 30 value will not be N but N exp(j ALPPGY/US6A?SS2 angl e
of the conplex result yields the angle ALPHA of the unknown _
transm ssi on phase, while the nagnitude determ nes how wel | the

recei ved waveform of sanple phase 1 matched the expect ed response. The
calculation is also repeated for 35 the sane sanple phase and
correspondi ng sanples fromthe WO 96/ 28944

PCT/ US96/ 02552 28 opposite

pol ari zati on,. and the magni tudes of the restits for each polarization

are added. This procegs tie iditbork padéd W padticniat lumdaha widngs cdue_to
humber 5 of Zah&%‘etpwagei‘i‘%?{aﬁeﬁﬁa%ﬁu%o%?%%%iﬁﬂﬁ%‘arﬁésé Yl dpon Brad "¢
signal s recei ved fundtn andhthati thezunibriss currenbly clogateddin celldherdds on
the time-of-arrivaanuBeesbén NEhat thle AEEWDEIE will expectheneagéprya he at

di st f 0 tQ 30 kMf t at.i h trip del
con have o 10 5 or GREEIPRS AT HASY, . Srpm 186 “EySastion, 5ok %5  dbcitage ahalc'
transmitted at 32 siBte ¢3® distancepis adgo)knowm tohbetbefiween 19 and 20kMyal
uncertainty is apmxw?g)etu. Teidt R9beCdE-s¥rival cafh, bé/ Bréaidted AiRheS.
The above cal cul at S?Qoﬁhee‘{ﬂaﬂ} bi¥Srtainty®Se, 'FRERkEHp1dY U qudbor SA W skn

phases. Mor eover
of a symbol period, due to the inventive pager’s feature

10 of accurately timing transmission of an acknowledgment
relative to receipt of a correct address. Likewise, the
directions of arrival and relative times-of-arrival at
bases 2 and 3 can be predicted, so that signals received
respectively at bases 1, 2 and 3 by different antenna

i5 array elements and processed into memory, can first be
subject to combining the signals from the antenna elements
of the same site and polarization using the postulated
direction of arrival at that site.  Then, after
correlation with the expected acknowledgment code with a

20 time alignment for each site derived from the postulated
time-of-arrival at that site, the magnitudes of the
correlations obtained at different sites and with
different polarizations are added to obtain a composite
correlation value using the signals received at all sites.

25 This may be repeated using other codes such as a code
indicating further data was transmitted and one or more
orthogonal codes or dummy codes to obtain a threshold
value, and the composite magnitudes compared against the
threshold value to determine if the acknowledgment was

30 received, the message flag was received, or no reply wvas
received. An alternative way of determining a threshold
against which correlations are compared is to add the
magnitudes of the received signal samples correlated with
the acknowledgment code, this yielding the 1largest

'35 possible correlation that could be achieved. If the



15 <calculation of all 56 sanple phases is repeated for all possi bl e

directions of arrival, that is, by conbining the signals fromthe
antenna el enents using each row of ~ | ogpol ar conbi ning coefficients in
turn. Due to the matri x conbi nation being a linear operation. it can
be 20 advant aj¥@®628%4 apply the angul ar rotations needed forrqu§NWnﬂn
conpl ex correl ation process to the |ogpolar val ues out put by receiver
chains of Figure 8, while the signals are still in the |ogpolar fornat
and angul ar rotation is sinply perfornmed by integer addition to the
phase values. 25 The derotated val ue sequences are then conbi ned using the
coefficient matrix to produce correlation results, one per sanpl e
phase, from which the known data nodul ation hgg been renoved by the
derotation process. The magnitude squared of a result for one

pol arization is thenctddedcbPrelatione waﬁai:twke ﬁl:uafdéwothe Bax1manokHeng
resu! t for the . ckn%&}?&@ﬂ@QE ag %,‘g g?g,plﬂéﬁu,on lf“p\é‘iﬁght y
|rec

combi ned correl ati o sy i ven arrival
time-of-arrival. 1skildgd ipcdie: ‘rFOI" be “H@r 5% UFRRE Y| T S EPULRY
time of arrival excedsulatlonst rtroesbobdict hemea pepbabiXidrheshcopagmrriest

deenmed to have 6/
tecti d fal detection at vari
PCT/ US96/ 02552 S detec@@ox? 1&.&%&6 dete on an a se g‘ieren aﬁrt (g;tsed.

The threshol d i s detsdgRmhet Boige  Eatiqs, with 9&%%5’?}? offR
i ncorrect directi onsletectionsthxfesholds mentighed rahgveninoizierstordetierminewn

to be present, such optimukhahﬁ&ea%ebabﬁélw nik 8pééisfcatdoncbrobersa.

remote. > ol Us lr‘na ttlhneeiecﬁmc.thﬂ rcﬁt% io&gdtémk Hpﬂ&hesuluq
10 pager location, the number of direction-of-arrival
hypotheses times the number of time-of-arrival hypotheses
which have to be made is reduced while at the same time
obtaining the benefit of multiple receiver site detection.

This benefit is obtained by passing signals received into

15 menofy at more than one site to one or more common
processing points. For example, all signals received at

all sites could be forwarded to a common signal processing

node in the network. Alternatively, in the interests of
network homogeneity, each site could contain signal

20 processing and could receive signals from all its nearest
neighbor sites for the purpose of executing the above
location hypothesis-testing algorithm. Thus according to

this aspect of the invention, a reduction in processing,

the benefits of multi-site detection and the approximate

25 location of thé replying unit are accomplished. Once the
location has been established, if more information is to

be forwarded to the unit, the network is able to choose

the best base station transmitter for this purpose or even
utilize two or more transmitters to effect a diversity

30 transmission to enhance probability of correct reception.
Diversity transmission of digital data is accomplished
according to the best known art by employing a deliberate
time offset between multiple transmitters such that their
signals are received with a time offset of one or more

35 whole digital data symbol periods at the receiver. The



information fromthe pager than a sinple acknow edgnent. A variation
of—the—present—nventon—netudes—attewi ng the———pager—totreptyto—a—-
page using either a first code or a second code, the codes being
chosen to be maximally 10 different, e.g. orthogonal codes. The base
recei ver thewoosrsssperforns the above correl ation process PRSI codes

and whi chever yields the |argest correlation is deened to be t hat
transmtted. If a first coded is detected, it can signify for exanple
that the response is a sinple, 15 acknow edgnent; if the alternate code is
det ect ed however, it can be used to signify that other information

fol | ows. According to anot her aspect of the invention, the base
receiving systemmay in that instance contLg e to process further
sanpl es collected in nmenory fromthe recei chains of Figure 8, but

using now the si n%@ﬁ%ﬂ&g@tm&e&mﬁa@u agaceﬁ&ﬂ Cdiffalizer to

correspondi ng to the_detect ease

ection arri anp
detected to yiel d Sombing, Eh ?lﬁ‘p'lﬁ ) a%’ apfR ?ﬁsﬁﬁﬁ‘tu
correspondi ng cor mhabedm;mtodlmmr- énctfq@'obmbsd dﬁgzsalt@k!eﬂ@rm ne

? SIt Rgl e way of C%‘eﬁthd&lﬁ!ﬁ?ﬁ@oeﬁ% tﬂb?ﬂ?ﬂy conpu%bgﬁﬂés?ébﬁilélgxﬁi@stt g

ur er pI’OCG n oraer aC rnat | sm e

by the pager. h%{”&igf‘l gﬁﬁ' #&?afhc'b%tégm(?g'u 51%?8‘88@8 \’fag‘@a’

i ndi cate ot her fromep#msttmittﬁerpﬁgethe Nohiles recriver or WUaing Mewhl ch

30 the table of |abgPRelaéseBaaN aﬁeﬁpﬁfy Cléiiﬁoaihﬁnﬁdatﬁtl V¢ presentar ned

W be described, invention, hdvavdk %@ &i‘éélir}g q%jtve%a%res
ase over

will lie at sone_maxi mim ran

the course of evePBﬁéed&’?'?ﬁﬁny“‘l‘- pFi &#FGFH‘I (?&'at?% delay)j SrePLMRER al |

over the service trgnsmittér el psocisseble to use WHiss/idFetdation to

PCT/ US96/ 02552 control the time offsets of a multi-site diversity
transmission in an optimum manner. :

The processing described above makes use of complex

- signals in logpolar format which is particularly suited
15 for implementing the processes described in simple digital
logic chips adapted for fast, short word-length digital
arithmetic. Such chips can be constructed as Application-
Specific, Integrated Circuits (ASIC) and according to one
aspect of the invention an ASIC chip is disclosed to be
20 suitable for making use of logpolar signal processing to
combine radio signals from the elements of an antenna
array in order to enhance directivity. Such a chip can
form these combinations very rapidly and can thus
seguentially form combinations corresponding to many
25 different directions of reception. Such a chip is called
a beamformer, and the preferred implementation is called
a logpolar beamformer, although other implementations are
possible using digital signal processors that can perform
complex multiplications between numbers in Cartesian

30 representation.

The novel two-way paging system disclosed herein is
moreover not restricted to being able to detect a reply
from a single pager at a tinme. The bPreamformer and

~ correlation processes described above can be programmed to
35 search for a first code expected to be received from a



30 Many of these will be fromlocations so close or favorable

froma radi o propagati on viewpoint that replies can be det ect ed

wi t hout the extra, for exanple, 15dB of directivity afforded by

conmbi ning many collinear array 5 signals together. The present

i nvention naywodkassa therefore conprise signal processi REIYEI6N2552
non- conbi ned signals fromeach coll'inear array, using only

pol ari zati on conbination and time-of-arrival testing but w thout
“direction-of-arrival testing. Those responses detected in 10 this way are
t hen used to associate the correl ation phases and anplitudes from each
I ndi vidual collinear array with that particular direction. Since the
rel ati ve phases and anpl i tudes corresponding to any particul ar
direction can be predicted knowi ng t he atf enna geonetry, apart from

any 15 phase or gaig} I s gﬁt% Q&é%ﬁ?ﬁ%@&%%mekacgived trﬁm

Figure 8, this allows re-
whi ch may thus be umaﬁﬁﬂi"@véﬂ!‘l‘r VQ‘WF dﬁﬁ?ﬁme ga§mthe highest
det ect ed. Usi ng reqdmntﬂmiemm is noted hﬁutstt amde itsacanteitiong &on

allows convergence gnel g %.%91 28Rkt EGQii%lGhe@ri‘ay?V@é‘ inbieited by esie
starting appr oxi nat I 0 u r easona
| earned, even repl i Rargdp éct%ﬂf&ﬂ%@ opfic AP ﬁé&a&% oPREOE] ¢ o
deternmine if the cosfontinuing tedsearch cfor realimtqry %cﬂ%kﬂrmency
adJI Uzt e? The mat gerﬁwcsznéquawszm?s qhnqothd prdnciples discipsed
cal i bration procedurges r Ner

S5 Y panekE, 8! MY BE 1Y) dheRER IR w Gl il atitive |

the art as gui dd sures

Such nat henatical ofemgdndationly W%r‘?‘cﬂ%%ﬁf |i1sneiq9§>rpora5e4 olteEss by
M Croprocessor p§ Ofrefersanicéldml dewildr basrédbgriiized byraypersomakililed
are not expected 0 ¢yGNINQYE enat ‘Eﬂﬂr &ﬁbﬁﬁhﬁé Céqf?ﬂa‘é'i)én withnae k%?m

syst em does not necessar | now whet
p?/ocessed in an S99 RKP nBge © ’fe’i ﬂ%ﬁtﬁgog%‘?’g& F’é iﬁca °f388ﬁ

for pager replies ortceassprradihy nedComA eakana) gminmrm dwgnqthdnaqcepﬁy
is detected, then praess doanfiichnatife | Indd¥porated patent is applicable.

15 Even signals transmitted from different pagers using the
same code and the same radio frequency can be
distinguished by direction of arrival using the invention
and separately coded, or alternatively jointly decoded
when direction of arrival separation is inadequate, as

20 disclosed in the parent 'applications.

The invention is suitable for use either when the
portable paging unit is allocated a separate frequency
band for transmission compared to reception, or shall use
the same fregquency band. The precise timing of

25 acknowledgment or mnessage transmission from the pager
relative to signals received from the base network by the
pager allow the nétwork to accurately anticipate the
timeslots in which signals will be received in the reverse
direction, and the network can shut-off its own

30 transmitters during those short timeslots to avoid
interfering with its own receiving channels.

While the present invention has been described in
terms of the foregoing exemplary embodiments, the present
invention is capable of many variations and modifications

35 apparent to one skilled in the art. All such variations
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3I—————combined—ranrer—deseri bed—aboeve: SHree—the—t+ecei-vet——stghats

are stored in nenory, this iterative process can be readily

accommodat ed. Usi ng the above described invention, it is disclosed
5 how col | i neWosera9¢ys of antennas having a reduced be RERUSIG2552

el evati on and correspondi ng directive gain limted only by the
vertical stacking dinmension can be constructed. Moreover, such

ant ennas can have a reduced beamwi dth in azinuth (for exanple 120
degrees) and a 10 corresponding additional directive gain of 5dB for
exanple. Finally it has been reveal ed how g circul ar di sposition
around a mast of a nunber of such collinear antennas, for exanple 32,

can be used to obdmd modtifications tarendeesiedcte ifallgwithih the spixigl anddB,
by combi ning 15 *é%@xafp'ﬁet et WES dellcilied 2AnloE& £33 1bR1n
toget her using a | ar coefficient matrix. Finally, at east %dB
further gainis d by using both pol ari zati ons, and thus avoi di ng
the 3dB or nore polarization |l oss that normally, is allowed for when
the 20 pager antenna is arbitrarily orientated. The total gain of
about, for exanple, 17dB conpared to a paging transmtter antenna of
the sane vertical aperture, but omidirectional in azimuth, allows at

| east a 50:1 reduction in transmtter power in the reverse direction of
25 pager to base transm ssion. By formng 32-bit correl ations
at the base receiver using the known, expected bit pattern of a pager
reply, a further gainis obtained relative to transmtting bit-w se
information in the forward direction. The present invention thus
30 provides the possibility of reliably detecting replies from pagers
that transmt very short bursts, for exanple, of only 1 watt RF power
over paths that require, for exanpl e, 100 watts or nore for

communi cation in the forward direction.
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32 A further capability provided by the present

to convey correl ation val ues cal cul ated at several dif ferent *hage
receiving points to a central processing point and to conbine the
squared magni t uNe9M89M8 correlations from different base POTASSRSSE.
The correlation values fromdifferent bases that are conbined

shoul d correspond to tine-of-arrival and direction of arrival

hypot heses consistent with the sane hypot hesi s of pager |ocation. The
triangul ar regi on bounded by three 10 base sites can, for exanple, be
divided into a nunber of smal | er regions, Fgor exarrpl e hexagonal cells,
of di nensi on corresponding to one, 1/8th-bit sanple delay, that is for
exanpl e 4pS or 1.2k\NExaMszs. |f the base sites are, for exanpl e, 60kM
apart, the triangular region Roypded gggl e uiit! f&pp@egg GQH hl 47 e300

such smal |l er regions The ost ul to be Io din
each of these srﬁ???ﬂ’(?e??gﬁf% %&Po’i‘? & p&FiF?dl‘etd‘fﬂfk

relative tinme of arramdl far &xahsnitbiqy edncta@!tnowmdment th| [regspoase o
whi ch DOA/TOA—co rewfygtﬁgi}é&atéﬁﬁi&gu f.rom one site shoul d be
o)

conmbi ned with those her site in qQrder to.d tect eﬁg .
signal . In practice, si ncAnfeRpa SBeARS; rnééﬁcet}t’( ngy t %‘H"é"”‘q
woul d be expect esligrmallsy strongly received using that site al one,

not all possible |ocations W hht8Rk4 ddifp1aoehieansl célipréal ¢é pé@.t&'i:ﬁtenna

reception to enhance pader sl BahedSSa 1 a conblof*aURhE €5 'ape? RN
10 antenna means for one of reception and transmission;

a receiver connected via said antenna coupling
means to said antenna means for receiving a signal and
generating a time-of-arrival indication upon detecting a
predetermined signal pattern;

15 said control means also for receiving said time
of arrival indication and in response thereto for adapting
said antenna means for transmission and for activating a
transmitter at a time based on said indicated time-of-
arrival; and

20 wherein said transmitter is coupled via said
antenna coupling means to said antenna means and activated
by said control means to transmit a digitally coded
acknowledgment signal at said time.

25 2. A paging unit according to claim 1 in which said

control means further comprises:
high-frequency crystal reference oscillator and

counter means for determining an operating frequency of
said receiver and said transm1tter, and

30 low-frequency oscillator and counter means for
determining a power-down period for said receiver and said
high frequency crystal reference oscillator.

3. A paging unit according to claim 2 in which said
35 high-frequency crystal reference oscillator and counter
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now be presented with reference to Figure 12. Figure “Imgl Hm "IIII
exenplary—scenar-e—conprsing- a t+iangdl ar
by base station sites 1, 2 and 30 3 respectively; region 234 *bounded "o

base station sites 2, 3 and 4, and so on. These relatively |arge
triangul ar wogsegisens, e.g., on t he or der of tens of ki | onREEYSH6/BISSY
side, are inmagined to be divided im u: (ITs] or "cells" of
perhaps 1 kiloneter in dianmeter as b cell marked "X" in
regi on 123. WO 96/ 28944

PCT/ US96/ 02552 - 33 If the
network pages a particular unit and w shes 5 ~*  test the fhypot hesi s that
a reply was received fromthat unit and' that the unit i's currently

| ocated in cell )gedrs is cm&ommeaemriﬁwpdd&m periods toceatibrite

ihet the di standii 1 FrediSficy SATIAtErChR Lollar adand 0 n0S on

the exact tinme-of-arrival can be predicted with a | oop del ay
uncertainty Of for exanpl g paging umitra¢ébiding to eflaamszlrib'ohhliehi salid due

to the invent] y ILB!H& S Ny, of
an acknow edg gg&%tﬁaf ?‘\%ﬁﬁ)}gr gé&‘%&iﬂé‘ﬁ%o}h t a(? rea rg evm se,

t he di recti ofEPWr synthesizer programpedky falgd Gopkrod: neans ises
2 and 3 can be pragipdi®@lysogéhéerate grditherecai vErhnsnit r eapeat | retgive
bases 1, 2 and 3 Bﬁq(u c@rent antenna 15 array elenents and processed into
menory, can first subj ect to conbining the signals fromthe antenna

el enent s
10 5. A paging unit according to claim 4 in which said

transmit frequency is the same as said receive operating
channel fregquency and said receive frequency is a receive
local oscillator frequency.

h I 6. A paging unit according to claim 5 in which said
receive local oscillator frequency is the same as said
receive operating channel frequency.

7. A paging unit according to claim 1 in which said
20 receiver is a homodyne receiver.

8. A vwvireless paging unit capable of receiving
alert messages transmitted thereto from a pPaging network
and capable of transmitting an acknowledgment of receipt

25 thereof, comprising: '
antenna means for receiving and transmitting
signals;
a receiver connected to said antenna means for
receiving a signal and converting said signal to numerical
30 samples when indicated by a timing control means; _
memory means for storing said numerical samples
in time order of reception;
processing means for processing said stored
numerical samples to determine a location in said memory

This Sheet Has Been Reilaced
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of the same site and polarization using the postul ated cﬂ“ﬂlﬂnm] mu”m
arrival at that site. Then, after - correlation wit
acknow edgnent code with a 20 tine alignnment for each site derived“fr8m?s *

t he postul at ed time-of-arrival at that site, the magnitudes of the
correl ati ons oW@P&MEM4at different sites and with di f f er REH/USI6N2552

pol ari zations are added to obtain a conposite correl ation val ue using
the signals received at all sites. 25 This may be repeated using other
codes such as a code indicating further data was transmtted and one
or nore ort hogonal codes or dummy codes to obtain a threshold

val ue, and the conposite magni tudes conpared ggai nst the t hreshol d

value to determne if the acknow edgnment was 30 received, the nessage flag
was received, or nomeap pfiaspredetexminesd signal spattexn iand taygeherate a

determining a thresgﬂéi-o - %mnmmdipwabatbﬁnsaﬁ eld‘éiﬁi%‘?dah& to
add the magni tu

cel v S|gnal S les ¢
t he acknow edgnent code, thlg ﬁ cﬁ'?ﬂcj e ?%F@ 8°°§‘6£‘§? ﬂaggcﬁw%'f%ﬁlon
that coul d be achi eamerival Iindiqation and £y oriynating a transmitter to

PCT/ US96/ 02552 5 ¢y ansnit a digitall coded reply with a predbtéimined
correlation is not t éﬁe 0 ?r}xa&umérl] Eﬁ i _aﬁ_u_a{v gnent is
deenmed to have beent p ?s SRI-F eﬁ PR 2 i*l | be able
to carry out conputer sinmulations to predict the probabilities of

correct 5 detection, mgsedadghg§fhd Unitndctotsingitocetatn Alin/ahickSsaid

signal to noise ratépsmv& t hchl-: fe{ entmeca:‘plgl'ces‘,mc_)t]c fhey, activating said

10 transmitter, adapts said antenna ‘means from a receive
state to a transmit state.

10. A paging unit according to claim 8 in which said
processing means further processes said stored numerical
15 samples to produce a frequency error indication.

11. The paging unit according to claim 10 in which
said timing control means uses said frequency error
indication in activating said transmitter at a desired

20 frequency. '

12. The paging unit according to claim 11 in which
said frequency error indication is used by said timing
control means to adjust a frequency synthesizer to

25 generate transmit frequency which has been compensated for
said frequency error.

13. The paging unit according to claim 10 in which
' said frequency error indication is used to correct a
30 frequency of a crystal reference oscillator. .

14. The paging unit according to claim 13 in which
said crystal reference oscillator is used to control the
operating channel frequency of said transmitter.

35
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det ection threshol ds nentioned above in order to deterni neUJl Iﬁmuﬂmlll“l“'
vatrtes—aceortrrg—to—hi-s—speetf i cat+ef—eri t erra——

techni que di scl osed above of hypothesizing 10 pager |ocatioh,
nunber of direction-of-arrival hypot heses tines the nurrber of
ti me- of - arri WO 9mspBt heses whi . 0_be made i s reBGRESPIRISRe at

the same tine obt ai ni ng the beng oSHErw| hAdpi@rTRcei ver site

det ecti on. This benefit is obtai Dy ‘.ﬁ$ﬂﬂﬁ "¢gnal s received into
15 nmenory at nore than one site to € . u- - QIIITDHY processi ng
poi nts. For exanple, all signals recelved at al | S|tes;gould be
forwarded to a conmon signal processing 41 nhode in the network.
Alternatively, in the interests of net wor k honogeneity, each site

coul d contain signal aﬁs. paoGeixelegsapaging duniteicapablgnxfs teceivwingits
near est nei ghh e V,
. Sid ngJ.pg tEhRnRYECRR O Pln ga}eﬁ&!&ixgvg meuaaﬁ $nd of

| ocation hypot heS| S- orit din | S aspect
of the invention,teansmis&ingn 3 nTEPI¥ N ngesponse ; t; Ghereo:,
multi-site det ect¢aﬁpﬂrsiﬁghe approxi mate 25 | ocation of the replying unit

are acconpl i sged. once thgorm.e O6REAINabE HRRR"SIES! idutiinibingD' £

information isS to war ded gg t he net g? gf abl &
choose t he b'é%‘fejéﬁe POVET| rHﬁE t s?%r"?h?scﬁ %5% o/ 'é?‘éﬂt
utilize two or sovsddemansmitters to effect a diversity 30 transmission to

enhance probability of cor;,ecge&gﬁgptb 1lator Dl,.\égg,gl t ¥okr aas_p_h?ﬁ ﬂ,é)f

di gital dat | to t Kk %
elrrg: Osl ngaaadlelsl zg%cl;:%r% I“Sé Wlogggg?e'lb'gg # n?ﬁ’t‘fzﬁ"e“fnfv\gfsarﬂ'ﬁ e‘¥§ Ruch

that their 10 straremitder;received with a time offset of one or nore 35
whol e digital data synbol ggihOdSecdivdic bRSAGYVEictivdtea by a &{ynal
96/28944 controlled by said first oscfD tg§9929%§5%o receive and
process a signal received on a receive operating channel
frequency and to produce a time-of-arrival and frequency
15 error indication from said received signal;
frequency correction means for using said
frequency error indication to correct said second
~oscillator means and to use said corrected second
oscillator means to perform a calibration measurement to
20 determine said calibration count value; and
timing contreol means for receiving said time of
arrival indication and in response thereto for activating
a transmitter to tramsmit a digitally coded reply having
a predetermined timing related to said indicated time-of-
25 arrival and at an operating channel frequency derived from
said second oscillator means and compensated for said

frequency error.

16. A paging network having at least one paging
30 transmitter and receiver site for transmitting paging
messages and for receiving acknowledgments comprising:
a timing control unit for timing said paging
transmissions and for activating receive processing
channels;
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Canbine the <i gnal s from the transm Lters. This Schems ZTIIIIIM]LIIIIIIIIJIIIIHIIII

i npl ement in, for exanple, dlgltal cel lul ar syst ens, dotnot s
normal Iy conpute the nobile unit's 5 position, and therefore do not know
t he propagati oWOR628%34 fromeach transmitter to the nobPCEUSKRIYer
Usi ng the above-descri bed. exenplea srbodi-nprtZof. t he present

i nvention, however, the network speci % _ nobi | e pager
unit's position or tinme delay fromea ) Edf{ter] and so is able to
use this information to control % ' f~a multi-site
diversity transm ssion in an optinum nmarger. The processing
descri bed above nakes use of conplex : : signals in |ogpolar format which
is particularly suited 15 farpiwpabityrt pfigdirecptivecan cepbpliednto

Si 'rTlhe ?! gi tgl ) ﬁdsee&atsalﬁﬁcmﬁptﬁ@mr p&a&&sssﬁ?rhm Cfdzeriﬂsd%i]fbliﬂt;t al
arithmetic. Such chi e _co a a ecifli
| nt egr at ed Greuit® %Rgﬁ %ﬁ? a c% Oigﬁ&%&& ‘n(an c?mr?rﬁn

i nvention an ASIC mail! Hios ceoERRsRAR Q@M%’%w@q@cﬂakﬁh@l@ ot
| ogpol ar si gnals pr ¢3ges aétéenined byoBRiactining cortivlsuhief the el ements

For m t hese Conbi nat | ong. verysr MERary o0 caforlif *hbta” bomihy, o’

conbi nati ons correseopdesy avAnany 25 different directions of reception.

Such a chip is cal | ed aa LpEor edmt eyl nigh canl epPocets ing| ReRné afoen
's called %%?; elhi gaELS?& ”EBm fek hﬁuﬂérféﬂars*%giéﬂmﬂéﬁ' 89?11%%
possi bl e using d|g|ta can

rOCESSOrs_t
mul ti plicati onk? betspdén fﬁﬁﬁﬁe?i‘-‘?ﬁ’(ﬁf 5| aptermpas, é|5‘r & Pduzaldky of ways
The novel two-way pagtregposdimyntb stifferénitcposaible directiionsyandntimes

restricted to belngeA)G11R198° Faidl Ftknbuleagmbhtl fron nségapsggarét 18
tinme. The beaaf ormer correlation gr ocesses descri.bed ove ¢an
be programmed to 39Tde¥artR f LRPEPVE | Arobalili¥FecPEy deFanrFioR:cPfedspidm a
acknowledgments.
15
17. A paging network according to claim 16 in which
said plurality of directional antennas includes antennas
responsive to received signals having different
polarizations.
20

18. A paging network having at least one paging
transmitter and receiver site for transmitting paging
messages and for receiving acknowledgments, comprising:

timing control means for timing said paging
25 transmissions'and for activating receiver circuitry;
plural antenna means for favoring reception of
signals from at least one of different directions and
different polarizations;
wherein said receiver circuitry is coupled to
30 each of said plural antenna means for filtering,
amplifying and converting respective received signals to
corresponding complex numerical sample sequences under
control of said timing control means;
memory means for storing said complex numerical
35 sample seguences; '

This Sheet Has Been Re
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WM)%SM% r eeeived—+rom ”“llmlllufmuwrmm

pager. \Whichever is detected at the highest correlation*l ebeltis" s
npted first and its contribution to the signals fromeach collinear
array, as indiwaoesd4y the 5 partial correlations may then BETAaMNI02IZt ed
before continuing to search for replies on the sanme frequency from
ot her pagers, thus applying the principles disclosed in U S. Patent No.
5,151,919 entitled "CDNA Subtractive Denodul ati on" whi ch disclosure is
I ncorporated here by 10 reference, and it wll be recognized by a person
skilled in the art that the inventive cggrelation with a known

code expected to be transmtted froma pager is anal ogous to

despreadi ng a CDNA signal usiigjtaldciseapformingccmeans havinie, a 0cehpléxt he
I ncor por at ed pat eng.d %Mrﬂtc. 5 Y Wala) t ' fr
di fferent pagers ué?%&t e apisgrrrie’écggg z?r%g%t Eegégneiaragsj%&?xfeg%ugnc lg’én

be di sti ngui shEYRERAGR) KaMPIE SPAUPRTES o PTRAYGR: qambined, sequengag
separately coded, eachicorresponéiny jto netceptimmwderdn différentiidicections}

arrival separagion is inadegiatgia®forOnedhs d}s%fﬁﬁﬁngflﬁgr&}ﬁmﬂgns?%%

appl i cations. The i nventi on surtahle fof use g
portabl e pagi ng unfPmbineq ssguenges B PE Fgﬁ%{ﬁ?" signa],patsern to

transni ssi on conpapesiuce corrplation valsves foxisiifferentcshifis off ragheofy
band.  The preciggiq tédidthed setfuendel @tredapBRal essaﬁfei-éﬁesghgéi on
fromthe pager relative to signals yeceived fromihe base networ y
t he pager all oﬂ?fﬂé’ &t Worﬁ"?g"%{cﬁﬁ%t‘éﬁy‘&ﬁt i ci pate the timeslots
in which signaPs will be recompavisent meanpsydfiore compafingt each ofidsaidie
network can shuted¥deldtiion 9dfues with others and with a threshold value
in order to decide if an acknowledgment was detected from
a particular direction and with a particular time delay
and for producing a corresponding detection indication.
15
19. The paging network according to claim 18 further
comprising:
' message processor means for receiving said
detection indication and for determining if said paging
20 message shall be transmitted again based on said detection
indication.

20. The paging network according to claim 18 further
comprising:

25 message processor means for receiving said
detection indication and for controlling transmission of
further information to the acknowledging paging unit based
on said detection indication.

30 21. The paging network according to claim 20 in
which said message processor means controls said further
information to be transmitted in a direction indicated by
said detection indication.

This Sheet Has Been Replaced




el

30 transmtters during those short tineslots avoi d I ’"u “l"“ll””“l
interfering with its own receiving channel s. V\hl | e m’ll

i nvention has been described in terms of the foregoing exénplar

enbodi nents, the present invention is capable of many variations and

nodi fi cati ons Wo9seeptar ent to one skill ed in the art. Al subGIUSHNZE? ons

WO 96/ 28944 PCT/ US96/ 02552

37 and nodifications are deemed to fail within the spirit and

scope of the invention as described in the follow ng cl ai ns.

W) 96/ 28944 . PCT/ US96/ 02552

38 - 44

22. The paging network according to claim 20 in
which said message processor means controls said further
i_hfornation to be transmitted at a power level indicated
by said detection indication.

5
23. The paging network according to claim 20 in
wvhich said message processor means controls said further
information to be transmitted from a site indicated by
said detection indication.
10

24. The paging network according to claim 20 in
which said message processor means controls said further
information to be transmitted from a selected site, in a
selected direction, and at a selected power level as

15 indicated by said detection indication.

25. A two-way paging network capable of transmitting
short messages to and receiving short messages from
portable paging units, comprising:

20 plural antennas connected to respective receive
channel processing units which convert respective received
signal samples to corresponding sequences of binary
numbers related to sample phase and the logarithm of
sample amplitude;

25 memory means for storing said phase and
logamplitude-related numbers and a coefficient matrix;

arithmetic unit means for combining said stored
phase and logamplitude-related numbers with said stored
coefficients to produce sequences of combined complex

30 | numbers having a real and an imaginary part, each seguence
representing an enhanced signal reception from a
particular direction; and

correlation means for correlating each of said
combined Séquences with a predetermined signal pattern and
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1.. A wreless paging unit for receiving alert messages ad : _
t hereto transmtted-—by apaging network— ane—fer—transm ttlﬁl“lmmm "I""II””II'
acknow edgnent in response to 5 receipt thereof, conprising: * ¢ L ®m s =«
antenna neans for receiving and transmtting si gnal s;

ant enna coupl WRG#hs coupled to said antenna means andCTaISe6a2ss2ed by

a control neans to adapt said 10 antenna.neans for one of reception and
transm ssi on; a receiver connected via said antenna coupling
means to said antenna nmeans for receiving a signal and generating a
time-of-arrival indication upon detecting a predet erm ned signal

pattern; 15 said control neans alggo for receiving said tine

of arrival indication and in response thereto for adapting sai d

ant enna neans f or prodneingsiaorsignall cdetesitiion | amA adirectiomnofi tdr¥Fivall a

time based on sai dpgfehepbsd ti me-of - arrival; and 20
wherein said transmtter 1s coupled via said antenna coupling neans to

sai d antenna neans and acti vated by said control neans to transmt a
digitally coded ackéow Rpging negwerkatapablet ofetransiitting short A

paging Unit aecor deBdagls C b8! inh | Feckivihg dbfiort répiiLe! sHBR" S tab]g’
conpri ses: rﬁ“prir h-%%g enc& crystal reference oscll|fator and
counter means for PRELRY ‘%g EE?H fng frequency of sai d receiver
and said transnitter; and 30 control Bitbomdviwa_lqms)stbfl adortrdld ing
counter means for gransfft€drT a.l.@gracewgf-d@e;@spshaogefna&naa'ﬂ,f&g.%@@h and
said high fr egﬁenc‘\{ C{‘i/it al 5 eregcj_n osc# I attgrﬁ.F .
pagi ng unit accor 8PRGeTY VIRTRCEVAPINIRECIRAN, o5 thexrghreRequency crystal
reference os@Pl | ator and c@ihtl@ast one transmitter site for transmitting
short messages addressed to individual paging units;
at least two receiving sites each including:
plural antennas connected to respective
receive channel signal processing units which convert
15 received signals to corresponding sequences of complex
numbers;

X

a synchronization mechanism for receiving
a synchronization indication from said control site to
control said receive channel processing and converting

20 activity in time relation to said transmitter site’s
transmissions;

memory means for storing said complex
number sequences and forwarding said complex number
sequences to said control site;

25 processing means for processing complex
numbers received at said control site using different
postulates of pager location to produce combined complex
number sequences corresponding to enhanced reception from
different locations; and

30 correlation means for correlating said
combined sequences with a predetermined signal pattern to
produce a detection indication and a location indication.
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\é\g °°/ 28rrggﬁs is controlled during power-on peri oggr{ :)JS(?SI/ %Tﬂﬂul "ll" "I HI'I’" ,"I

| ow frequency oscillator and counter neans. . A*paing uhits
according to claim2 in which said 5 operating f requency determ nat ion is
performed usi ngWQ96/28944 f r equency synt hesi zer progranmed by saPOT/USR#0RSSR

nmeans to . adaptively generate either a transmt or a receive

frequency. 10 5. A paging unit according to claim4 in which said
transmt frequency is the sane as said receive operating channel
frequency and said receive frequency is a receive | ocal oscillator
frequency. 15 6. A paging unit accorggng to claim5 in which said
receive local oscillator frequency is the sane as said receive

operating channel freque2ey. A paging network pag'amgpwtttmmidiﬂiggt @hekei m
1 in which said 20 lﬁgﬁggﬁﬁetbs &AWOP&EWM:@%C&&M replies from gmrtéabae

wirel ess paging unit c recelyv alert nessages Tran
thereto from a pagi Rgﬁggvmkts °°‘§ﬁaséﬁgabl e of transmitting an
acknow edgnment of receipt 25 atbontrsl edkpriavigg means for controblddng

means for recei\§ ng¢2aflghiefem £ﬁd Ngeceivél 0BEtEs and sending indorRGRiYh"

connected to said antenna nea el v a and converting
said signal to nuneFPEEPtSO‘”‘gd:r?ﬁ‘égiMe?'meﬁ%éﬁtgﬁgﬁg’f'?‘?ﬁ ng control

nmeans; at least one transmitter site for transmitting
short messages addressed to individual paging units;
at least two receiving sites each including:

10 Plural antennas connected to respective
receive channel signal processing units for converting
received signals to corresponding seguences of complex
numbers;

a synchronization mechanism for receiving

15 a synchronization indication from said control site to
control said receive channel processing and converting
activity in time relation to said transmitter site’s
transmissions;

memory means for storing said complex

20 number sequences and forwarding said complex number

seguences to said control site;

correlation means for correlating complex
number sequences received at said control site with a
predeternined signal pattern using different postulates of

25 time of arrival and direction of arrival at each of said
at least two receiver sites to produce TOA and DOA-
corresponding correlation values; and

: combining means for combining said
correlations using different postulates of pager location

30 relative to said receiver sites to produce a detection
indication and a location indication.

28. A paging network according to claim 25 which
directs further information transmissions to a pager based

This Sheet Has Been. Re‘i
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nenory means for storing said nunerical sanples intime ﬂlm!)umu“"""””"l
I eception————————————proeessi rg—reans | -sai _
*CTWo s

nunerical sanples to determine a |location in said nenory

96/ 28944 PCT/ US96/ 02552

40 meansW@P28%44r edet er mi ned signal pattern and to genePQT/USYN02552
time-of-arrival indication based on sai.d | ocation; and timng
control neans for receiving said time-of- arrival indication and for
activating a transmtter to 5 transmt a digitally coded reply with a

pr edet er m ned timng related to said indicated tine-of-arrival.

9. A paging unit according to claim8 in wgpch said timng control
nmeans, prior to activating said 10 transmtter, adapts said antenna

means from a receonesaid dirvdction aft arnival indication determinéd firamma ng
uni t according t Orehghiké preVidusys Hadeivea P w1l paigges Ut her

processes said stored nunerica sanples to produce a frequency error

i ndi cati on. 11. The paging unit according to claim10 in which
said timng control nea®s uscpagimgl hetwerdcgceording toi aliaimt 26n whidich _
activating saigl t g3pasts!firtierdiffsinitiot) trhh88i8¥fdns to a pager bzing'Ne

paging unit according,to, ¢l &l Mitlckion bsed on said location indication.

30. A paging network according to claim 27 which
directs further information transmissions to a pager using
10 a site and a direction based on said location indication.

31. A two-wvay paging network capable of transmitting
short messages to and receiving short messages fronm
portable paging units, comprising: '

15 plural antennas connected to respective receive
channel processing units which convert respective received
signal samples to corresponding seguences of complex
numbers;

memory means for storing said complex numbers

20 and a complex coefficient matrix;
arithmetic unit means for combining said stored
complex numbers with said stored complex coefficient
matrix in order to produce combined sequences each
representing signal reception from a particular direction;

25 correlation means for correlating each of said
combined sequences with predetermined signal patterns and
producing a signal detection and direction of arrival
indication; and

decoding means which is activated if said

30 detection indication has a first value to further process
selected ones of said combined sequences as indicated by
said direction of arrival indication in order to decode a
short message from a portable paging unit.

This Sheet Has Been RTi

[T




30 ust a Troquency Synthestzer Lo 25 generare transmi fr equﬁlﬂﬂllJulﬂﬂlﬂMIllll Il

been conpensated for sai d frequency error. The *pali nf
unit according to claim10 in which sai d frequency error indication is
used to correcvo9s/B94 frequency of a crystal reference osci | PG 96/02552

14. The paging unit according to claim13 in which said crystal
reference oscillator is used to control the operating channel frequency
of said transmtter. 35 WD 96/ 28944 '

PCT/ US96/ 02552 41 15. A

W rel ess paging unit capable of receiving 4gal ert nmessages transmtted
froma pagi ng network and of transmitting a reply in response to
recei pt thereof, CORAP: i <A rewo-vay paging unit dccexdiosritd alaimnsandnf or

deternmining a  (R38hYSafi"Be1dpE Pried! BFS U1 BohBLAY 2 WedieniBud!

val ue; a second .gsci |

operating channel FPEXBERENLs &P satd P&ggﬁgf Eﬁﬁfisg LTy w“?raMﬁFﬁf‘t
sai d recei ver bei npodarizatishd \fromsaggiven direnttion.| ed by said first
oscillator means to receive and
33. A two-way paging network capable of transmitting
short messages to and receiving short messages from
portable paging units, comprising:
antennas connected to respective receive channel
10 processing units which convert respective received signal
samples to corresponding sequences of complex numbers;
memory means for storing said complex numbers
and a complex coefficient matrix;
arithmetic unit means for combining said storead
15 complex numbers with said stored complex coefficient
matrix to produce combined sequences each representing
signal reception from a particular direction;
correlation means for correlating each of said
combined sequences with at least two predetermined signal
20 patterns of which one is an expected acknowledgment from
a paging unit and another is a random access code in order
to produce an acknowledgment detection indication and a
random access indication and associated direction
indications; and
25 decoding means activated by said random access
indication to further process selected ones of said
combined sequences as indicated by said associated
direction indication in order to decode a random access
message from a portable paging unit.
30
34. A two-way paging network capable'of addressing
short messages to and receiving short messages from
portable paging units, comprising:
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process a signal received on a receive operating channel ”“tlﬂﬁ“lﬁ"ﬂﬂ“"l“l
f-o—produce—a—t+irme—of—arrvat—and fregueney 15—error—-i ndi cat

recei ved signal; frequency correction neans for® usind
frequency error indication to correct said second oscillator neans and
to use said VPRSI second oscillator means to perfor REHUS02382 at i on
nmeasurenent to 20 determine said calibration count value; and

timng control neans for receiving said tinme of arrival indication and
in response thereto for activating atransmtter to transmt a
digitally coded reply having a predetermned timng related to said

I ndicated tine-of- 25 arrival and at an opgpati ng channel frequency
derived from sai d second oscillator neans and conpensated for said
frequency error. aritennaspognmectast torkespactiyeareteive channedgi ng

30 transnitter g,q W&sgsixeruﬁesewm&ntém tﬂd&@eeesvaguceimmland

f k t trol
unit for 1imng SARAPINYI TG SortamPERRARY.PRTReTGAP (2F, SPRPYN, PRRPFEALI v

processi ng channel s; processing I@ar@go/for processing said complex
P|CT/ U|89§5/ 025f5?5d nu{nber etquences to att t to d@ectt ad first sidgha I
D bcessi g means PAFCFERCFOFHEPPONALOB En o xpePEed %rw%ﬁm%ség%
converting said a paginglenit twowhichord@hertc messagenhae been addneasedat
and to attempt to detect a signal pattern indicating a
random access transmission from the same or a different
10 paging unit; and
decoding means activated by detection of a
random access indication to further process said complex
number sequences to decode a random access message from a
portable paging unit.
15 |
35. A two-way paging network capable of transmitting
‘short messages to and receiving short messages from
portable paging units, comprising:
antennas connected to respective receive channel
20 processing units for converting respective received signal
samples to corresponding sequences of complex numbers;
memory means for storing said complex numbers
and a complex coefficient matrix;
arithmetic unit means for combining said stored
25 complex numbers with said stored complex coefficient
matrix in order to produce combined seguences each
representing signal reception from a particular direction;
correlation means for correlating each of said
combined sequences with a predetermined signal pattern
30 indicative of a random access attempt by at least one of
said paging units in order to produce random access
indications and associated direction indications; and
decoding means activated by said random access
indications to further process selected ones of said
35 combined sequences as indicated by said associated
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5 tinmes determ ned by said timng control unit; ”“ll I‘Iﬂ“l" m””“l
storing said conpl ex nunerical sanpl es; and

beanf orm ng and processi ng neans for processing said conplex nufre
sanples fromeach of 10 said first plurality of antennas in a ﬁlurallty of
way's correapmneedng to different possible directions and 2 7 of
arrival of said acknow edgnents from said pagers in order to inprove
probablllty of detection of said acknow edgnents. 15 17. A
pagi ng network according to claim 16 in which said plurality of

di rectional antennas includes antennas responsive to received

signals having di fferent pol ari zati onssg 20 18. A paging
networ k having at |east one paging transmtter and receiver site for
transmtting pagi ngdirectizesdpdicatiiohsrin coxden (hp feicodnl adyanden access
conpri sing: e frdn§tCP8A4C] ol Pirthdlel pag iy St pagi ng 25
transni ssi ons and fOf aéqlvatlng receiver circuitry; pl ural
antenna neans for favoring reception of signals fromat |east one of
different directions and di fferent pol arizations; wherein
said receiver circuitry is coupled to 30 each of said plural antenna
means for filtering, anplifying and converting respective received
signals to correspondi ng conpl ex nunerical sanple sequences under
control of said timng control neans; menory neans for
storing said conplex nunerical 35 sanple sequences; WO 96/ 28944
PCT/ US96/ 02552
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43 di gital beaform ng neans having a conpl ex
coefficient—patrix—f-or—proecessi ng sad—stored cenplex————raurerH-cal—sanple—
sequences to produce conbi ned sequences each corresponding to

reception fromdifferent directions; 5 correl ation neans for
correl ati ng ewo9ss9dsai d conbi ned sequences w th a pre®CTaISA¢R2SSE

signal pattern to pr oduce correl ati &/ Qal ues for different shifts of

each of sai d conmbi ned sequences corggsponding to different time

del ays of a received signal; and 10 %;A conpari son nmeans for

conparing each of said correl ation 682 #s with others and with a

t hreshol d val ue in order to decide ¥SSan acknow edgnent was det ect ed
from a particular direction and wi t¥ a particular tine del ay and
for producing a correspondi ng detection_i tion. 15 19. The
pagi ng network according to claim 18 fuft’he conpri si ng:
- message processor neans for receiving spid detection indication gpd
for determining if said paging 20 nesspge shpall be transmitted
on said detection i ndi cati on. 20. The pagi ng ne
~according to claim18 further COTpr§iﬂg:125 )

- processor neans for receiving said S &tadqtion indication
controlling transm ssi on fof Fortier  EnEpr@grron—to-the=ackno
pagi ng unit based on |sai d detectipn B8 cat|i on. 30 21. The
pagi ng network according|to claim 20 whijch sai d nessgge processor

n
_ means controls said furé{er i nfor idn tjo be transmttgd in a
~direction indicated by said detectifon]i ndi cati on.
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WO 96/ 28944 PCT/ US96/ 02552

44 22—The - pagi-ng—ret wor-k—aecor di Rg—te—etat-m20—+r———whi-eh—sat-d—
nmessage processor neans controls said further i nformati on to be
transmtted at a power |evel indicated by said detection indication. 5
23. The pagi wpsasmerk according to claim20 in whi ch SRETAUS96/82552) e
processor neans controls said further . information to be transmtted
froma site indicated by sai d detectloglrgjl cation. 10 24. The
pagi ng network accordinggto claim?20 in whi ch sai d nessage processor
means controls said furtfer information to be transmtted froma

sel ected site, in a sel ected direction, and at a sel ected power |evel
as 15 indi cated by sai d detection indication. 25. A two-way

pagi ng networ kgap . hnsm tting nessages to and receiving
short nmessageselro —Porthble pagi ng |uni s, cdgnprising: 20

pl ural antennagsconj ec%ﬁ_’, RD respectT ve ec§ channel processing
units which comuert re%& c—t-ecetvet gn | sanples to correspondi ng
sequences of btmary &Einbprs rel at ed to sanpl g phase and the logarithm

of sanpl e anpl i e- ans for storing said
phase and logaopli -_Lelal.e.d_murb.er_s and a coefficient matrix;
arithnetic ur[_t nmeans o’ conbi ning said sfored phasg and

| oganpl i tude-lrel at e nunbersjw th sai d stofed coeffla ents to produce

sequences of lconbin 30 nunbers paving a reak wand &3 i magi nary

part, each sdquence
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representing an enhanced signal reception from a particul ar
direction—and cor relat+on nears—er—eerfetattng—eacth—of—sard -
conbi ned sequences with a predeterm ned signal pattern and

This Sheet Has Been Repl aced WO 96/ 28944

PCT/ US96/ 0255%0 96/28944 45 PCY Sy a

Si gnal detection and direction of arrival 3 /9 indication. 26.
A pagi ng network capable of transmitting short 5 nessages to and

recei ving short replieg fromportable pagi ng units conpri sing:
a control site havi ng::reans for controlling transmitter and receiver
sites and sending |nf%nat|on thereto and receiving |nformagg1 .
t herefrom 10 < at | east one transmitter site fm;ransﬂﬁlng
short messages addresggd to individual paging units; w=ES =8 at
| east two. rec:el vi ng siges each incl uding: ) EEE’:
ant ennas connect ed toesespective recei ve channel gghg,_pm%gl ng
units which c=9nvert 1% received signals to correspond@p ByHuengesy of
compl ex - Lgbers S a synchroni za; & mecha@&m f or
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a synchroni zation indication fromsaid control site to ~control said

rreeei-ve—ehapnet—processirg—and coavertiAg 26—aetivity in

said transmitter site's transm ssi ons; menory neans
for storing said conplex nunber sequences and forwardi ng said conpl ex
nunber wopeeames to said control site; 25, PCT/US96/0258% S ng
nmeans for processing conpl ex : nuan&gp ceived at said control site
usi ng different post ul at es of page cation to p uce conb
conpl ex nunber sequences correspondi ng.to enhance eceptlontﬁfonl
different |ocations; and 30 correlatio ans
correlating said conbi ned sequences with a predet ned sig
pattern to produce a detection indication and a |lo |on i ndi i on.
Thi s Sheet Has Been Repl aced WO 96/ 28944
PCT/ US96/ 02552 ' 46 kf. A
pagi ng network capable of transmtting short ness&yes to and™N{ecei ving
short replies from portab’J.e pagi ? units conpriging:™> 7T X T
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a control site having nmeans for controlling 5 transmtter and receiver
sites and-sending i nformation— —thereto a

t herefrom at least one transmitter site for transmtting
short nmessages addressed to individual paging units; at | east
two recei vi novepémsascach i ncl udi ng: 10 pl ur BET/HSRORITA S
connected to respective receive chgn q signal processing units for.
converting received signals to correspondi ng segpepesm SPACINGN(ISODXONLY
nunbers; a synchroni zatigpn nechaf f%mgm ving 15 a
synchroni zation indication fromsaid contrg site { 5 C?Rw Qf@#

" receive channel processing and converting act iy ilon to
said transmtter site's transm ssi ons; | menory neans
for storing said conplex 20 nunber sequerices an »rding sai d
conpl ex nunber sequences to said con’t]rol Sitel
correlation neans for correlating conpl ex nunbe o ?&F d at
said control site with a pr edet er mi ned |si gnal ' us ent

postul ates of 25 tinme of arrival and diredti @ | at e h of said
at least two receiver sites to produce TOA |[andps or respondi ng
correl ati on val B&KH (80hd conbl ™ ns for
conbining sajid corr sing difflerent ppsi es of pager

|l ocation 30 Fetatjle Ldﬁggpwp?nglver Squﬁzto pr detection

I ndication angd a | ca(an I ndi cati on.

ts f&gqﬁgr |n
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47 on said direction of arrival indication determned froma
response previously received-from-said—pager . 29—A—pagttg
network according to claim26 which 5 directs further information
transm ssions to a pager using a site and a direction based on said
| 'ocati on i ndi wakd6asnds 30. A pagi ng network accor RGFPSOEI2552i m 27
whi ch directs further infornation'trgz; ] ssi.ons to a pager using 10 a
site and a direction based on said | ocati imndi cati on. 31. A
- two-way pagi ng network capable of transmtting short nmessages to and
recei ving short nessages from portabl e paging units, conprising: 15
pl ural antennas connected to respective redgepe channel processi ng
units which convert respective received s#ﬁﬁﬁl sanples to

: menory neans

correspondi ng sequences of conpl ex nu 2=
for storing said conplex nunbers 20 and a gység coefficient matrix;
o] i=Ye conpl ex nunbers with

arithmetic unit means for conbining sai, _
said stored conplex coefficient matfri x g orjder to produce conbi ned
fron1a§§articular

sequences each representing signal jfe

direction; 25 correl ati ongrgans=ier 8 g each of said
conbi ned sequences with predetermnm neg g gn‘&lgpat erns a produci ng a
signal detection and direction of arrival > i ndi cation; and

decodi ng means which is activated if sai ¢l 3J0] detection i ndi cation has a
first value to further process sel ecfedq pnes of said combined sequences
as indicated by said direction of i .u.egdlcatlon in order to decode
a short message froma portabl e padh =
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WO 96/ 28944 PCT/ US96/ 02552
-48————— —32—A—twe—way—pagi ng uRtt—accor eHrg—teo—etatrm3t—+nr——whieh
“said sel ected ones of said conbi ned sequences correspond to a signal
.received with different pol ari zations froma given direction. 5
33. A two- wwpgsagseng network capable.of transmtting ROTOISO6/25825 ages t o
and receiving short nessages from Z gprtable pagi ng units, conprising:
antennas connected to respective rec |6 channel 10 processing units which
convert respective received signal sanpl es to correspondi ng sequences
of conpl ex nunbers; menor .3eaﬁ§ for gjorlng sai d conpl ex
nunber s and a conpl ex coefficient Bi Xz arithmetic unit
nmeans for conbining said stored 15 corﬁléﬂi‘-@nbersqmth said stored
conpl ex coefficient matrix to prod ’é‘cd&blned-f- ces each
representing signal reception froma Y di tion;
correl ation neans for correlatlngEFach of ed sequences with
at |east two predeternined signal=20 e is an expected
acknow edgnent from o3 pagi ng ndom access code

i n order to produce@n acksd j cation and a
0 iI'idi cations; and 25

cation to further
jences as ndicated by said
Qgcode a random access

decodi ng nmeans ctuxateu raﬁﬁon1access
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(57) Abstract

Paging systems typically include a network of ground stations or orbiting satellites equipped with transmitters and antennas for
transmitting paging messages to small, battery-operated paging receivers that are wom about the person, known as pagers. Conventional

pagers are reccive only devices and the network receives no confirm:

ation that paging has been successful. The present invention includes

the provision of two-way pagers that contain a transmitter for transmitting an acknowledgment confirming reception of a paging message,
and a network of receiving stations able 1o recelve said acknowledgments. The network makes use of advanced phased-array antenna signal
processing techniques to render the retum link operable with much less transmitter power in the portable unit than employed by the base

station.




