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signal processing architecture and nmethod for spread spectrum
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comuni cation is advantageous in conmuni cation applications
requiring high reliability in a noisy environnent. Oten the

dom nant noise is nman-made interference, either intentional or
accidental. In a specific application the 30 communi cation envi ronnent
may include many potential reflectors, giving rise to severe
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BACKGROUND OF THE INVENTION
Field of the tnvention

20 This invention generally relates to spread spectrum
communications systems and, more paricularly, to a low-power
signal processing architecture and method for spread spectrum
receivers.

2s Background Description
Spread spectrum communication is advantageous in
communication applications requiring high reliability in a noisy
environment. Often the dominant noise is man-made interference,
either intentional or accidental. In a specific application the
30 communication environment may include many potential reflectors,
giving rise to severe multi-path interference. Such multi-path
interference typically insinuates deep nulls in the form of frequency
selective fading. Spread spectrum communications is an excellent
countermeasure to these difficulties.



hoppi ng systens, time hopping systens, pulse frequency nodul at ed
(or chirp) systens, and various hybrids. O these, the direct 5
sequence spread spectrum (DSSS) systens and frequency hopping

systens are perhaps the nore widely inplenented. The follow

di scussi on iVEO?WE%ed on binary DSSS systens. PCP/%F%"’IBPﬁary
DSSS comruni cation, a wi de band carrier signal is nodul ated by a
narrow band nessage signal. The w de-band carrier 10 is typically
generated by bi-phase nodul ati ng a single frequency carrier using
a bi nary pseudo-random noi se (P/N) code seduence. The P/ N code is
of ten generated using one or nore high speed shift regi sters, each

havi ng nodul o-two feedbgg I HaQgral O ripfm &4 m al .
The generat ed hi gh- e 4 Seberd yRes ol | §dc§¥§d SpeCtruqSE%g@gnced

.%ge(fd P/IN code is then applied to a .
modul at or (mul ti pl i¥Y9I0RoSELR ﬁ%qu‘%"ﬁﬁuﬁpfgﬁgn%f?equ"‘t [¥stems, frequengy r ow band
carrier. The out puthoppingadysteims, tienebkd ppiregeslystamis)| padser frequency modulated
wi de- band si gnal of o] CRTT G [~ MWL " tha Opfi
(B Sttind 0 a8 ol ybaed OF gt sndgrec

comuni cat e dat a, carrier ég bi § ase , a
bi nary message dat #6TUSRGESPIIAL SRESIEHDADERBHSYHeBS jagd feapwengy hoppin®  nuch
| ower than the P/ Nsgsiéessarebpérnaps indiinwrervatiely inipterhéedatlBe following and
code-chi p edges ar gudaldbh s RYUOCIY obirEl 0SS Fllemd v of the DSSS
technique to suppress Tnterference 1s directly’proportional to t he

ratio of the code-chip fPiBanHDSSS ¢PRupigation, @ wigs RANGRArTiensioaalds

t_hereI are tBousandsnoﬂulmed?.ydwmmvpeanmm bighal. The wide-band carrieA DSSS
signal can be rgceived. vy : t 0
baseband by mul' pl’iﬁ’_ﬂ"&?‘? Qf’?%,’a‘;dq %%5“%95%@%‘5%’3% sinalg n6qUhCh
origi nal narrow bafarmel ysing aingly PseUPYRRAQM noisecdP/No cafe sequence.

osci |l atoL ) I; tﬂe'hiarmmwuay. is (cited gelnered Qfing lmecrmidrerhigie phéetpshifi t he 20
same as that of t - v [ then &

Tl i plier output ?‘.’%ﬁ%‘f*_’vﬁqf’q@é’mg‘ﬁ{“‘%ﬁé‘#&\féﬁﬁﬁ%ﬁ%‘?”&ﬁ%‘" L L.

is the product of tPRYNRM#) 5?9Bﬁm@éﬂghﬁhépﬁﬁ@?éﬁéoﬁﬂtsamen applied t&8quences.
The P/ N code i st hdvalaneedvmddbiatorulmiitipjerpgvidse other input sighat hentedat a

streamw th a | ocal .y QeRel Pt &t ef. Ofle o sigdf oP4HY batanced modulator is
a wide-band signal often referred to as a “wide-band carrier”. To
communicate data, the wide-band carrier is bi-phase modulated by
a binary message data stream. The message data rate is usually

20 much lower than the P/N-code symbol or “chip” rate, and the data
and code-chip edges are usually synchronized. The ability of the
DSSS technique to suppress interference is directly proportional to
the ratio of the code-chip rate to the data rate. In many applications,
there are thousands of code chips per message bit.

25 A DSSS signal can be received by first shifting the signal
down to baseband by multiplying it with a locally generated replica
of the original narrow-band carrier (e.g., a properly tuned local
oscillator). If the frequency (and phase) of the carrier raplica is the
same as that of the received original narrow-band carrier, then the

30 multiplier output signal will be a bipolar “wide-band data” stream that
is the product of the bipolar P/N code and message-data
sequences. The P/N code is then removed by multiplying the
wide-band data stream with a locally generated replica of the P/N
coda that is time aligned with the received P/N code. This is the



code that is tinme aligned with the received P/N code. This is the WO
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- 3- dat a de-spreadi ng process and yields the original nmessage data
stream at thewgwgbizgd i er out put. In the dat a danspr/east ng
process, the w de-band data power spectrumis refocused into the
ori gi nal narrower data bandw dth, 5 raising the data power |evel well
above the background noise in that bandw dt h. The anobunt that the
power level is raised is the so calked processing gain and is
directly proportional to the ratio of the ~°° code rate to the data
rate. Furthernore, any received narrow band Interference i s spread
by the code-repli cadammeeﬁnrmin@rmocéa'ssand yields theyrogigtiay mesbagesddthae

i nterference power lsgg8m atihé Prﬁm ga An often

difficult task associate nal recept I s that of
generating the carrier g’bime %\atﬁﬁ ensFH qing PEPRASS cmerﬂgre band data A9%&quency
and phase and gener apectgumhis retddusedentoethiei crigingl hamower data banayaeth, r at e

and wi th proper ki m?ax@i'n?‘itﬂgﬁﬁhé éﬁl@@él wéll%d@@ﬁh9§§&grouﬂéﬂmsﬁw' cation

systens, the necessary arri carrier and P/ N
code offset are not PRAEWIEt: hpe cﬁmo “f‘ﬁ(e“?ﬁa@@l”?ér‘e"e' s ransegnvg ‘*We§‘é
paraneters nmust be dalied provedsihyg dairy amg) isidifdotiy @ndporibam 3o the ratio of the

code rate to the data rate. Furthermore, any received narrow-band
interterence is spread by the code-replica modulation, and this
10 greatly reduces the interference power levei in the data band.

An often difficuit task associated with DSSS signal reception
is that of generating the carrier replica with both proper carrier
frequency and phase and generatling the P/N code replica at the
proper rate and with proper time alignment (offset). in many DSSS

15 communication systems, the necessary carrier frequency, carrier
phase, and P/N code offset are not known a priori at the receiver
and these parameters must be determined by trying different values
until a large signal is observed at the data-fiter output. This is
known as the search or acquisition process, and a DSSS signal is

20 said to be acquired when the proper frequency, phase, and code
offset have been determined.

in many DSSS applications, the DSSS signal levels are well
below the background noise and/or interference [evels and are not
detactable until properly de-spread and low-pass filtered. When the

25 received signal-to-noise ratio (SNR) is very low, the filter must be
very narrow to achieve the processing gain needed for signal
detection and acquisition. Because a narrow filter requires a long
integration period, the result of muitiplying many received P/N code
samples by the corresponding replica P/N code samples must be

30 accumulated before the detection decision can be made. This
multiplication and accumulation is a cross correlation between the
received and replica P/N code sequenees, and the sequences may
have to be long for low SNR signals.

Use of the DSSS method enables multiple usars to

35 simuitaneously share the same wide-band channel using the



until a large signal is observed at the data-filter output. This is

known as the search or acquisition process, and a DSSS signal is 20

said to be acquired when the proper frequency, phase, and code

of f set have \psg zqﬁf er m ned. I n many DSSS ap I | cat | ons t he
DSSS si gnal Ieve?s are wel | bel ow t he background n

I nterference | evels and are not detectabl e until properly de spr ead
and | owpass filtered. Wen the 25 received signal-to-noise ratio (SNR)
is very low, the filter nust be very narrow to achi eve the
processi ng gain needed for signal -dfet ecti on and acqui sition.

Because a narrow filter requires a |l ong I ntegration period, th

Correspondi ng. bl omon arruBlt adeegIREOMA) JjechADL Wik, Esef ore
s i
t he deltoect | o% degl g%H" ey %@maﬁ?’“@ﬁf ?fjlszes a d‘ff?Fﬁf"t Paﬁlcﬁﬁﬁl%‘ﬁ hdhat

accunul ation is a dhesrossgoreiationdretweemdidiarareodes is subsnamailyedroam
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WD 98/ 02758 search. In some cases, it is unknown which transmitter may be

PCT/ US97/ 13196 transmitting and the acquisition search must include exafmination of

different P/N codes from a known list. When many different codes,
code offsets and carrier frequencies must be examined and the SNR
10 is low, the acquisition task can be both time and energy consuming.
An important aspect of the prasent invention is the reduction of the
time and energy consumed in the DSSS signal acquisition process.

A description of direct sequence and other types of spread

spectrum communications systems may be found, for example, in
15 Spread Spectrum Systems, 3" Ed., by Robert C. Dixon, John Wiley
& Sons (1994), and Spread Spectrum Communications, Vol. ll, by
M. K. Simon et al., Computer Science Press (1985). A description of
CDMA techniques may be found, for example, in CDMA Principles
of Spread Spectrum Communication, by Andrew J. Viterbi, Addison-
20 Wesley (1995).

The popular and ubiquitous Global-Positioning System
signals are an important application of DSSS communications. In
recent years, Navstar Global-Positioning System (GPS) satellites
have been launched into medium-altitude earth orbits in six orbital

25 planes, each tipped 55° with respect to the equator. The complete
GPS satellite constellation comprises twenty-one satellites and
several spares. Signals transmitted from these satellites allow a
receiver near the ground to accurately determine time and its own
position. Each satellite transmits data that provides precise

30 knowledge of the satellite position and allows measurement of the
distance from that satellite to the antenna of the user's receiver.
With this information from at least four GPS satellites, the user can
compute its own position, velocity and time parameters through
known triangulation techniques (i.e., the navigation solution).

35  Typically, seven, but a minimum of four, satellites are observable by



code-division nmultiple access (CDVA) technique. Wth this
techni que, each transmtter utilizes a different P/ N code such that
the cross correl ation between different codes is substantially zero. A
recei ver sel agposaisk detects a particular transmitted si gnalpdmusyri3iges
choosing the appropriate P/N code and perform ng the acquisition
search. In sone cases, it is unknown which transmtter nay be
transmtting and the acquisition search nust include exam nation of
different P/N codes froma known |list. When jtany different codes,
code offsets and carrier frequencies nmust be ‘exam ned and the SNR 10
Is low, the acquisition task can be both tinme and energy consum ng.
An inportant aspect apfsdrtanywheseab or neanthieararins surtaceatihet usen's obcdiver
time and energy congpued, |Roddific W 0@ i ?»9&%%%'@& R%é’&ﬂé%onzon.
A description of direct sequence and ot her pes of sprea
spect rum comuni cat 538 §§/‘g{"éﬁ’ré'at’?ﬁ9"tﬁes'9’3ﬂ%(?,” i fregugpgies kngwn as {4
Spread Spectrum Syst(¢8E5.43[MFz) afdiL2 (b§27R6 ML), GndRlixsmellitbsisnavid trese
& Sons (1994), and : { | ; I : M
< S mon ot i . - SConaenc@gTeira i EUN T I ¥hRiaye desdrlbed Bagjer.
CDMA techni ques nay be fd078, P@RicWadypl each n satalite prirgnsmitsesa single  of
\?@r Iead ?gggg ; um ConmRigh-egdoh@ibn DBS8NslgRay oh fréqliendy L2 Aﬁditﬁ@%arnle %gﬁélt o

sl ey : i : u [ - i.tioning
System Si gr%’ss ag%h_egm'glng{)%%? gurln'? F‘a@%ﬁ?e%@ﬁ%n&g? %nggpfu‘ The
communi cations. |n low-resolutiprPS$S Sienal omRases af/lcoga withos 1t028rMHg Syst em
(GES% satel | tes%)_  Shipping havecarean .o mmcémﬁbmtp@riaaﬁhmnaahbkgagéedmrtﬂ
orbits In six orbi p e - I phe Nl t the
equator. The conpl ef{gqvencgihe @g %%{?gla{hﬂée rg%ngft gﬁl%\{si %%rr g%dgr’g‘?’. s@g
twent y-one satel | it sighgfepolution DSSSsgigaphusepar BAN copgrmiths at 1@R3nMHZed from

Ej hese satellites SI lcPipping rate and a rmaiiwpen@@rodghetr@rrpm:wéekpm@eym_at ely
s prout e e AV Al g i s B Feos BHgB AL ifed LARIR L 022
al |l ows nmeasur eneMt Jihet NAV message from a given satellite contains the GPS signal
transmission time, ephemeris (position) data for that satellite,
aimanac data {a reduced accuracy ephemeris) for all of the
satellites in the constellation, and a hand-over word used in
connection with the transition from low-resolution to high-reselution
20 code tracking. The low and high-resolution codes are known as the
course/acquisition (C/A) and precise (P) codes, respectively.

After acquisition, the offset of each code, together with the
signal-transmission time from the NAV data, enables a receiver to
determine the range between the corresponding satellite and the

2s user. By inciuding both the P code and the repeating C/A code in
the transmitted signal, a more-rapid higrarchical acquisition of the P
code is made possible and a two tiered level of global navigation
service can be provided. The P code can provide positions that are
accurate to approximately 3 meters, while the C/A code yields

30 accuracies on the order ot 30 meters. Typically, the low-resolution
service is unrestricted while the high-resolution service is restricted
to the military by encrypting or otherwrse controlling knowledge of
the high-resolution P/N code.

in a typical military receiver, the C/A code is acquired first.

35 Then the hand-over word is read from the NAV data stream. The



di stance fromthat satellite to the antenna of the user's receiver.
Wth this information fromat |east four GPS satellites, the user can
conpute its own position, velocity and tinme paranmeters through

known triangulation techniques (i.e., the navigation sol Utig?'bj 3
Typi cal ly, <¥9&8027ut a nininmum of four, satellites are obS&r (ARl &%y
WD 98/ 02758

PCT/ US97/ 13196 a user anywhere on or near the earth's
surface if the user's receiver has an unobstructed view of the
sky, down to very near the horizon. -6- Each satellite transnmits
signals on two frequencies known as L1 (1575.42 MHz) and L2

(1227.6 MHz), and I e ng the
(1227.6 W), ai quglé"c?zi‘i?. ik gf%papﬂés thBegsbroximate Jfﬁsw?ﬁﬁbggt@lﬁl iy

each satellite trarfSftve ‘9 Jme (as transmmgﬁ Jhihectipe $tame). Bseésysgnm on
frequency L2 and t heilisavamaticgihalreduce the numbersohdiffelent ¢onigebfisars ahatt i on

Conpr egen BN codtEfde harshe sung e P b33 SESRLNGA ARRREOERY |
repetition peridd, @Hucedeissyhgiantialiy.easier than d'fg@qifﬁﬁt,séf'o(rlﬁéhwﬂ\ﬁ@&t a) WI th
a rate of 50 bits psecavesothd CVAecode repeats every 1.0 ms and there are,
therefore, only 1023 different code offsets to search (twice this if the
search is performed in the usual half-chip steps).
Received GPS signals are usually shifted in frequency from
10 the nominal L1 and L2 carrier frequencies because the GPS
satellites move in orbit at several kilometers per second, yielding a
substantial Doppler shift. The satellite trajectories are usually known
a priori and the Doppler shifted carrier frequencies are therefore
predictable if the GPS receiver location is known. Unfortunately, the
15 receiver location is not known a priori, and there is often substantial
tocal oscillator error with inexpensive receivers. The resuiting
uncertainty in received carrier frequency (i.e., in needed replica
carrier frequency) can be large (e.g., +7.5 kH2), and this frequency
range may have to be searched during the GPS signal-acquisition
20 process. The frequency or Doppler search is usually done by
repeating the cross correlation of the received sample and local
replica P/N sequences for different local oscillator {carrier replica)
frequencies. The spacing between frequency steps is made small
enough to avoid missing the signal when long cross-correlation
25 integration times (narrow filter bandwidths) are used. Long
integration times improve detection of iow SNR signals. With typical
civilan GPS applications, 1.0 millisecond cross-correlation
integrations are used (a single C/A code cycle), yielding an
equivalent Doppler filter bandwidth of approximately 500 Hz. A £7.5
30 kHz frequency range can be searched with thirty 500 Hz steps. The
GPS acquisition then entails a search over satellite code, code
offset, and Doppler frequency.
A master control station (MCS) and a number of monitor
stations comprise the control portion of the GPS system. The
35 monitor stations passively track all GPS satellites in view, collecting



hi gh-resol uti on DSSS signal uses a P/N code with a 10.23 Mz

chipping rate and a repetition period |onger than a week. The sane
NAV data streamis used in all DSSS signals froma given satellite.
The NAV nmessagg, dglg9qkg@ di ven satellite contains the GPS si gngéruseriziee
transm ssion tine, ephenmeris (position) data for that satellite.

al mnac data (a reduced accuracy epheneris) for all of the

satellites in the constellation, and a hand-over word used in
connection with the transition fromlowresolution to high-resolution
20 code tracking. The | ow and hi gh-resol utfén codes are known as the
course/acquisition (C A and precise (P) codes, respectively.

After acquisition, tbrenghgd Sdzita Gdnceaatelinedelock ogith heemwehéh tdatellite. This

g
signal -transm ssion t] romt at,a, b) a.receiv t
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user. By including bephemads mndoeleclamiftt #i¢ pregicted.ngpdiiad cephentenis and
the transmtted signglock datiPar uptdadbdtoaiaehGatdimk f8€FlirahdmissloRin bhén P

code is made possible 2 lered |l evel of global navigation
service can be pr6vi a%@mgsmé't’&o'@%ﬁ%a an provide positions that are

accurate to approxi mat el ylndpesatars a typicklcG P8 ee@iverqeitorys thealfollowing3or
accuracies on the ordgén of at3Padiéif'satelit¥ Righald:y. the lowresol ution

service is unrestricted whil e thne Bﬁggﬁr,esql ution service is restricted
egthe, 'g

to the nilitary by enctypBfHYy @control Iing know edge of
t he high-resol ution P/3 csyhehronizes with the NAVndatat wpreaal andl reamsy the

15

receiver, the C Agcode issagid fifd-siamp! clock-coRectiol)88nddpRetidBEryVAia Wor d

is read fromthe NAV data stream Te
ephemeris data,

3) calculates the satellite position from the ephemeris data,
4) reads its own receiver clock to determine the receiver time
associated with the reception of the time -stamp epoch, and
15 5) estimates the signal travel time by subtracting the time-stamp
value from the associated receiver time.
This time difterence is multiplied by the speed of light to obtain an
estimated range to the satellite. If the GPS receiver had a clock that
was perfectly synchronized with the clocks of the satellites (or the
20 error was known), only three such range estimates would be
required to precisely locate the receiver. There is, however, a
clock-bias (slowly changing error) due the fact that GPS receivers
typicaily use inexpensive crystal clocks, whereas the satellites are
equipped with atomic clocks. This clock bias is learned and its effect
25 eliminated by measuring the range (trave! time} from four GPS
satellites and using these measurements in a system of four
equations with four unknowns (receiver x, y, and z, and time). For
general information on GPS, the reader is referred to the book by
Tom Logsdon entitied The Navstar Global Positioning System, by
30 Van Nostrand Reinhold (1992).

A preferrad application of the present invention is the tocating
and tracking of assets such as ra# cars, shipping or cargo
containers, trucks, truck trailers, and the like, using the GPS. In this
application, the GPS receivers are usually battery powered since an

35 independent source of power is generally not available. It is
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hand- over word specifies the approxi mte offset of the P code

relative to CGPS time (as transnmitted in the tinme stanp), and.it e
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must be searched during the P code acquisition. Acquisition of the 5
C/ A code is substantially easier than direct acquisition of the P code
because the C/ A code repeats every 1.0 ns and there are,

therefore, only 1023 different code offsets8to search (twice this if the
search is performed in the usual half-chip steps). Recei ved

GPS si gnal s are UsughlohildJsth idkrb56AIGECYeraNY e ol Sne BIAR gl L1

and L2 carrier frequenc]e ecause s nmove’in

orbit at several ki {esi¥Etngranefay CansuaiRg by the GPRgeceiver. subst ant i al
Doppl er shift. The satelini &aypica] ssicati reokiuen usdeildry tHeneadeiver front endh

priori and the Dopp}.er i ' c or .
predictable i f the _Lf—%s ?@8@?%?&%@2@%&#&%&%.9%%&8%6%’249&%,“'1"@

15 receiver |otatiSolrped g5 Thisidswtspin bigh, ergiay taeesemptionfit Hie signal

subst ant i al acquisitibn @adi dynsh@nizativartake ahiohg anme NMbsteprictai GRS. The
0 ca PSR S SRR B SNEREK: locss )
and this frequency received signaiﬁ'gxereﬁhgimﬁa\é@nhwwesbay use @ithernra aequantiaGPs

si gnal -acqui sition gearcROor Rie@f@?SS shidll fALPRBERNEY sAlelBRBHEIOISBADSEHPIRS

ol e and okt (SCD) BB ISbREST: 12 s 0B Sl by, oen
oscillator (carri errecsperg ust continuallyf resgivenane rocess sashicsatgllitesigneh
frequency steps is onelatssSB@DIbin is identifiecBAY Pe hecersalyINAV Tatd1 B dévdeggnal
when | ong cross-corm{hag Qéhuential search the energy consumption is high because
substantial time is elapsed before the SCD bin associated with each
15 GPS signal is identified. Alternatively, muitiple SCD bins can be
searched in parallel to reduce the elapsed time, but the energy
consumption is still high because the existing processing methods are
not very low power methods. Furthermore, the degree of paralielism is
very limited with existing processing methods due to the large amount
20 of circuitry involved.
in one system of the invention, a central facility or station
must track multipie assets (e.g., railcars). Each tracked object
carries a GPS receiver that processes data from several of the
visible GPS satellites; however, an accurate position determination
25 is not made at the receiver. Instead, only partial processing is done
at the receiver and intermediate results are transmitted from the
asset to the central station. These intermediate resuits do not
require decoding of navigational or other data from the GPS signals.
This system thus allows the GPS receiver and signal processor to
30 be powered only long enough to acquire the satellite signals
(determine the SCD bins). With this system, the dominant energy
consumer is the acquisition process,-and the GPS receiver energy
used at each tracked asset will be dramatically reduced if the signal
acquisition time and energy are dramatically reduced.



25 integration tines (narrow filter bandw dths) are used. Long

I ntegration tinmes inprove detection of |ow SNR signals. Wth typical

civilian GPS applications, 1.0 mllisecond cross-correl ation _

I ntegrati onsw};ﬁmgﬁ?d (a single C/ A code cycle), yielding apcrrus9eriz
r

equi val ent Doppl e
kHz frequency range

Il ter bandw dth of approximately 500 Hz. A 7.5
can be searched with thirty 500 Hz steps. The

GPS acquisition then entails a search over satellite code, code

of fset, and Doppl er

(MCS) and a nunber of nonitor
portion of the GPS system The

frequency. A master control station

st at¥-ons conprise the contro

al | GPS satellites in viens paldn®®Nd. 420,593 to NIBs W82 Amory to store
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rangi ng data and sat3® infgnealceishbg '85?%{97’r%ﬁ%&@ﬂ‘%’t’%m‘%m@?-éﬁsssate"i‘e
information i s passeigrats.tTne reEsvet signal isesaepled bnd esittehubtortbe memory

epheneri s and cl ock

cl ock data are uploaded to eac _ Ol .
5 satellite's NAV HRpfageading, the signal is digjtallyopeqcessem, toaagquyitec aNdGPs

onblrafd Snﬂ rtiié;% g%ﬁj {romﬂétﬁﬁﬂﬁﬁkﬁ%dﬁe@%ter rate,

e for re-transmssion 1n

recei ver performs thgnéirohi2el with titd received GPS satellite signals. This allows a
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shorter elapsed time for the acquisition of the GPS signals.
However, the receiver is not turned oft immediately after signal
storage, and low-power signal acquisition is not used. Furthermore,
substantially reduced energy consumption is not achieved.

U.S. Patent Ng. 5,225,842 to Brown describes a GPS based
centralized asset tracking system that reduces the cost of the GPS
receivers on each tracked asset by avoiding calculation aof the
navigation solution at the asset. Each asset carries a GPS receiver
that processes the signal from several of the visible GPS satellites
and relays the processed result to the central station where
accurate asset navigation solutions are’ calculated. This system
does not substantiaily reduce the energy consumed by the GPS
receiver at the asset and does not substantially extend asset battery
lile or reduce tlime Dbelween service 1o replace batteries.
Furthermore, low-power parallel correlation is not used.

SUMMARY OF THE INVENTION

One object of the present invention is to provide a direct
saquence spread spectrum (DSSS) signal processing architecture
which permits the receiver to be turned oft during most ot the
acquisition phase of reception, thereby permitting the on time of the
associated receiver front end to be significantly reduced.

Another object of the invention is to provide a signal
processing architecture which permits low power consumption
during the acquisition phase of DSSS signal reception.

A further object of the invention is to provide a low-power
parallel correlation method that is readily manufactured with
available integrated circuit processes and utilizes low energy to
acquire DSSS signals.

6

35 nonitor stations passively track

h

30



each of at least four satellite signals: 1 ) acquires the DSSS

si gnal . 2) synchronizes with the NAV data stream and reads the
10 satellite tine-stanp, clock-correction, ionospheric-delay and
epheneri s data 3) calculates the satellite posi%i fr t he
epheneris d¥CL8/02758 4) reads its own receiver clock® Baggléﬁ i ne the
receiver tine associated with the reception of the tine
-stanp epoch, and 15 5) estimates the signal travel tinme by
subtracting the time-stanp val ue fromthe associ ated
receiver tine. This tinme differenge-is nultiplied by the speed of
light to obtain an estimated range to the satellite. If the GPS

receiver had a clock th . rfectl roni .z .t h_the
clocks of the satelli te?‘?&?eﬁ %laect Wé}g‘?ﬁggﬁtﬁn‘ \};ﬁagygﬁ%\%a @ﬁ Wg[tgﬂ?'ee such
range estimates wolRrECERSiNg architectyrequyhiett pesmps eEfN etodd canat Dopnter

receiver. There i S,sd&@d@ée(fasséciated with thééé&aﬁ%itkﬂrﬁﬁrdc%k@%)bébw error)
due the fact that GP %gﬁel

s M A
This clock bias S s a emglhpiocessingtresedrielcwithout reuiring thei receiver tigntremdsur i ng

t he range Et ravel ttb'?)tufrfe;émfrf @indIne search procets%at elli :ﬁsf and usikng t hese
(receiver x, y, and 2, Al PHEY bjest of the inveniio sl pioviderd RS PBRon cps,
t he reader is referpredessing Rechiteclurdyhat requires litfferenergystbotnaginan tasset The
Navstar G obal PosijdiginaaaPgstem by 30 Van Nostrand Reinhold (1992).

et er 0 0Pl ot oM il ARGBE BBR ok WEThiRoh it B plA 4 Ggna

cont ai ners, trucks,processing raachitactyreathdt the dyramicallyi agchangeGRherem t hi s
application, the GRgd asRiceRBfen ifiedfatiinl NmBatdselsy nbeYRs /R &1 pHrfciiay 35
i ndependent source rgI:ei (e)g\%nrgnlaﬁtog%}gé ?almloy(sr&(ﬁ)‘ available. It i1s

A still funther object of the invention is to employ a low

15 receiver output sampling rate in obtaining accurate sub-chip DSSS
signal acquisition timing.

Yet another abjective of the invention is to provide a GPS
signal processing architecture exhibiting rapid acquisition of GPS
satellite signals.

20 Still another objective of the invention is to provide a GPS
signatl acquisition method that allows rapid and low-energy signal
acquisition even when the GPS receiver uses an inexpensive local
oscillator that may be inaccurate.

According to one aspect of the invention, a low-power high-

25 speed paraliel correlator is used during DSSS signal-acquisition to
reduce the acquisition energy consumption. Receiver energy
consumption is further reduced because the time that the receiver
must be in the on condition is reduced due 1o the speed of the
parallel correlator.

30 According to another aspect of the invention, a time interval
of receiver output data is sampled and stored in 2 memory and then
the receiver is turned off. The time interval is long enough to aliow
acquisition of any of the received CDMA DSSS signals contained in
the stored receiver output data. The stored receiver output data is

35 re-played from memory as many times as may be required to
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advant ageous to increase the operating life of the batteries by

reduci ng ener gy, fppRagmed by the GPS receiver. pcOsnsigpi cal
spread spectrumrecelver, the receiver front end (1.e., RF and I
el ectronics) consunes a | arge anount of power while it 5 1is turned

on. This results in high energy consunption if the signal

acqui sition and synchroni zation take a long tinme. Mst prior-art GPS
receivers do not have signal storage (nennryb'and must process the
received signals in real tine. Furthernore, they use either a sequenti al

search or search a swaghlirewdear dediregaCOMA tsigrendTookdepeiprddeBsingr energy 10

SCD) bins sinultane | 0. achie i anal [,S) Lion. C
ﬁecei)vers must conti %ﬁi?"yr?&l’oencE&'/eggﬂﬁ'%r‘f%ée@agg@%c#égg%reﬂ%ﬁqg g?%ﬂﬁ“"
until its SCD bin ismayebeiuseedn il acqidsition 050088y NAY ahpreadhsuskscBwed.
Wth-a sequential sepdaierddigy anrexistiag dritapiroos-cofrelit@r8. because

o Tt 1o i oAb GP ek S it o e 1°
searched in parall el inventied@ews iee ackedeasselnte, cansumer e iny gower and
co?surmt i on is still uta'tﬁgéﬂ rb@é;F@érts\ﬁnﬁ% mkﬁdsﬁ\% WcﬁP@’éﬁilﬂGr.nﬁé‘:@Bé g
Very Timited with exPardiel ARGt Abwhe tibdecal ST USPRED, Beg nantaie
because many frequencies are readily searched during the
10 acquisition process using low power. Furthermore, use of the
parallel correlator allows reception and demodulation of the GPS
NAV data to be avoided, further reducing the average on time of the
receiver. The almanac is no longer needed to support a reduced
satellite search time because the paraliel correlator can quickly
15 search over all satellite codes. Since the navigation solution is not
needed at the tracking units, only limited processing consuming very
low power is needed, the navigation solution being generated at a
central station.

20 BRIEF DESCRIPTION OF THE DRAWINGS
The features of the invention believed to be novel are set
forth in the appended claims. The invention, however, together with
further objects and advantages thereof, may best be understood by
reference to the following description taken in conjunction with the
25 accompanying drawing(s) in which:
Figure 1 is a block diagram of a remote tracking system in
accordance with the present invention;
Figure 2 is a block diagram of a tracking unit on an object to
be tracked in accordance with the invention;
30 Figure 3 is a block diagram of a conventional sequential
acquisition architecture;
Figure 4 is a block diagram of the sequential signal
processing architecture according to one embodiment of the
invention;



20 of circuitry invol ved. In one systemof the invention,

a central facility or station must track multiple assets (e.g.,
railcars). Each tracked object carries a GPS receiver that
processes data from several of the visible GPS satellites:;
however, an YOHPHSE position deternination 25 is notPGHERI7AN he
receiver. Instead, only partial processing is done at the
receiver and intermediate results are transmitted fromthe asset
to the central station. These internediate results do not require
decodi ng of navigational or other data fromthe GPS signals. Thi s
systemthus allows the GPS receiver and signal processor to 30 be

powered only | ong enoug aﬁ%u t he sat el LI te si nal,s )
(deternine the SCD bi ns) ’9%9 0%@?8@“9 E‘EdB?f? gingiaRa rggessing
consuner is the acarchitectune gocortisgsto armtitertdmebddRBeneafahy diveation gy

used at each tracked asgg uﬁéﬂé'ss g flugrd rcc?fltlh)é ddﬁgtgﬁ%rﬂeiatfoﬂeg@hg%aozmg

ach|S|t|on time and ener are dramall Ca
PCT/ US97/ 13196 between e stored-data and shdmg replica waveforms. _g.

U.S. Patent No. 55,420, 5Fghire M |igs ausbiscka diagramy showirigor® structure foBn
i nterval of the recfén\é?ﬁir@i tﬂ@%pl&%@eﬁb@hé@ multiple GPS satellite

Figure 8 is a block diagram showing a shon segment of an
embodiment of the data memory, replica register, and parallel
correlator that uses the replica generation method of Figure 7;

10 Figure 9 is a block diagram showing one embodiment of one
stage of the two-sequance parallel correlator of Figure 8;

Figure 10 is a block diagram showing a method for
generating separate code and Doppler replica sequences;

Figure 11 is a block diagram showing an embodiment of the

1S data memory, code-replica register, Doppler-replica register, and
parallel correlator that uses the replica generation method of Figure
10,

Figure 12 is a block diagram showing one embodiment of one
stage of the three-sequence parallel correlator of Figure 11;

20 Figure 13 is a schematic diagram illustrating the principles of
the differential digital-to-analog converter and summation according
to one aspect of the invention;

Figure 14 is a graph showing the noiseless and noisy
auto-correlation waveform for a short section of the 1.0 ms C/A-code

25  P/N sequence near the correlation peak;

Figure 15 is a block diagram showing a low-power
parallel-correlator based acquisition system with full I/Q processing
in which the RF/IF section generates two quadrature outputs;

Figure 16 is a block diagram of one embodiment of a

30 squaring A/D converter;

Figure 17 is a block diagram of a combined data-memory,
replica-generation, parallel-correlator organization that reduces the
number of code register shifts per code/Doppler combination.

Figure 18 is a schematic diagram of a three-sequence

35 multiplier digital-to-analog converter cell;



signals. The received signal is sanpled and witten into the nenory

at one rate and then read fromthe nenory at another, faster rate. 5
Upon readi ng, the signal is digitally processed to acquire and

synchroni ze \ received GPS satellite signals. This aptpPrgeasiee
shorter elapsed {IHE for the acquisition of the GPS signals.

However, the receiver is not turned off imedi ately after signa

storage, and | ow power signal acquisition is not used. Furthernore, 10
substantially reduced energy consunption is not achieved.

U S. Patent No. 5,225,842 to Brown describedla GPS based

centralized asset tracking systemthat reduces the cost of the GPS

receivers on each tracked;asset %t?é'eaé/q?'n'ema'{'ig &ighsH af goﬂegjg(}rﬂgg atgpemory |-

navi gation solution at the“asse Sset carries ver
that processes the s9gABIEa¥GTHBM several of the visible GPS satellites

and relt ays thf processed Riggrel 20 ista smrﬁamltduadfra?t gfca ?Eraﬂﬁﬁé&trelator with
accur ate asset navi al cul ate is system
does not substantla%é%cﬂﬁéé%%gﬁmtrfﬁ'?g' consunmed by the GPS

recei ver at the asset ancFrg@r@smn@tablg@sﬂ@gfarmoﬁyfdkt@rmoamwuatdam

20 life or reduce md,mep@,lévmgmphé‘aqum to replace batteries.
Furt hernore, | ow power pa'._r‘gureeé2 lsorreI ation i SUMVARY

t ed. .
OF THE | NVENTI ON G 'bf’@@fa”BP‘ A Efieg!eﬁ%ssﬂomntq% is to
provi de a direct Dapleseauopac prespuipticatisect r um (DSSS) si gnal processi ng
architecture Whi gy dae pgi Fssatﬁl@cﬁ%?ggﬁéﬁf otfqh@euowme ehistét’ | Ng
nost of the ACAUIS = on, thereby permttlngthe
on time of the !0 WA '"%a@gh}?d é’gg?é‘&%q'\%rs 'ﬁr gﬂlfteénd to be significantly

reduced. Anot her object of the invention is to provide a
si gnal 30 procesETALED CESCRIFMONDFCARBFERHAED [EMBOOMMENTSNORNPL i ON

further obj ect of tATERVERRTEANTS to provi de & ow pover paral el

correl ati on nethod that ifdgureatiliugtrates & ploralitedf GiPShsatellites 12, art object
15 (asset) being tracked, such as a rail car carrying a tracking unit 14,
and a central station 16. As described earlier, each satellite 12
transmits a signal that a GPS receiver in tracking unit 14 uses to
measure the propagation delay (and delay rate, it asset velocity is
desired) from that satellite to the receiver antenna. The satellite
20 signais aiso include the periodically repeating NAV data that is
needed to determine a navigation solution from the measured time
delays. Because of the low rate (50 bits per second) of the NAV
data in the GPS signal, a receiver must be active for a substantial
period of time (from one to several minutes) if the NAV data is to be
25 collected. Furthermore, a particular satellite’'s NAV data changes
over time and the GPS MCS monitors these changes and provides
nearly hourly updates to the NAV data. To insure accurate
navigation solutions, any GPS based navigation system must use
NAV data that is no more than about four hours old. If the asset
30  positions are to be monitored more frequently than every four hours,
then new NAV data will have to be collected at least every four
hours. NAV data maintenance ther requires an approximate
average of fifteen seconds of receiver operation per hour, and this
entails a significant energy requirement if done at each tracked

35 assel.



available integrated circuit processes and utilizes |ow energy to 35
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Anot her object of the invention is to provide a GPS signal
processi ng JYMREBt ure whi ch permts P/N code and Doppl er PCT/UST3196
searches (associated with the acquisition process) to be perforned

with a standard sequential processor (i.e., relatively slowy and with

5 a small processing resource) w thout requiring the receiver front end

to be turned on during the search process.- 14- Yet anot her
object of the invention is to provide a GPS signal processi ng
architecture that requir biht | & SR a e - usi ng
t he GPS. 10 ) Sfﬁo:ralg%o&er o%%g%? tgfrf %e%?%ﬁﬁyt f"é’ﬁ"‘.“’s”'tg‘epr ovi de
a si gnal PRVSARN SRJUUGT IS ¢aleylated atiihe cearalistation inateag ekahange
coher ent tedassan- Noheoénhe iINK\egatdt isoneddgteat & trackwedesbtf or a

B TV Furcner o QD Be FeHERRind BP0 Rfel BB spiay votveen
recei ver output Sanp@é¢msptelitecandthetrssphnery be neaswredal the asset.BE3Nis
data is then sent to the central station. The NAV data can be
determined at central station 16 by utilizing a standard GPS receiver
there, or by communicating with an appropriately located standard
GPS receiver. If desired, the NAV data, or the navigation solutions,
10 can be communicated to the tracked assets via a higher rate
communication link that requires less energy to receive at the asset.
With no NAV data decoding needed at the asset, GPS signal
acquisition becomes the main GPS processing task at the asset,
and the feasibility of the centralized tracking system is greatly

15 enhanced by the low-energy acquisition methods of the invention.
As shown in Figure 2, a rail car tracking unit 14 is comprised
of a receiver 2 responsive to the signals received at an antenna 5
from the GPS satellites, a processor 3, and a transmitter 4. The
received signals are processed in processor 3 to ascertain and
20 utilize propagation time differences among the signals recsived from
the GPS satsllites. By utilizing time differences, the need for
knowledge of the GPS signal time-stamps at the asset is alleviated,
and data stream decoding is therefore unnecessary at the asset.
With no need for GPS data stream decoding, the receiver process
25 reduces to acquisition of the GPS signals and calculating the
relevant time differences (and Doppler frequency differences, if
asset velocities are to be determined) from the acquisition resuits.
The calculated time differences, and data identifying the satellites
associated with the differences, are transmitted by transmitter 4
30 from an antenna 6 to the central station. A description of the
centralized tracking system in which GPS signal acquisition is a
major part of the assets’ GPS energy budget is found in co-pending
application Serial No. 08/456,229 of Harrison, Pradeep, Brooksby

and Hladik, referenced above.



signal acquisition timng. Yet anot her objective of the

I nvention is to provide a GPS signal processing architecture
exhibiting rapid acquisition of GPS satellite signals. 20
Still anot herw@?ﬁlﬁqgsj ve of the invention is to provide a GPPcrTusy?i3ie
signal acquisition nmethod that allows rapid and | ow energy signal

acqui sition even when the GPS receiver uses an inexpensive | ocal

oscillator that nmay be inaccurate. Accordi ng to one aspect
of the invention, a | ow power high- 25 speed parallel correlator is
used during DSSS signal -acquisition to 13- reduce the acquisition
energy consunption. Receiver energy consunption is further

reduced because the tine thgiretéhdvaceickRventional serial dBdslsit@ drBhitdteurgn
condition is reduced tﬁ%tetés?.'eo t he car reil ator.

30 Accor di ng &?\é?riajgezrd@{a?éﬁ‘ Hr?%ecolnx%qﬂqa&ﬁéd?%q!eﬁéri $e@'val
of receiver output dacquisitiofaisydiwveshdy sarseednt P/ cosigosyychnodizatiem and
the -receiver is turnegapidata BemodLBioh 6! MBHuleS thORiksRNErdBEssed arel AW
acqui sition of any of ,the recei ve# » gﬂ%isg S InaI Sccfﬁnc ai réed ||.g an
the stored receiver cﬁjhf’ﬂ'ﬁ‘tm?fg\qlﬁ.e ﬂg' YR G 9%5&90@5 '3 B CQPLSPS 35
re-played from menor \REAF (radip fréquencyintermediale feequiency) sastion 21 includng
98/ 02758 an antenna 211, an RF amplifier 212, a mixer 2P§TAAPIGLA3196
oscillator 214, and a low pass filter 215 which supplies a received
and down-converted signal to analog-to-digital (A/D) converter 22.
10 A/D converter 22 typically samples and converls at an integer
multiple of the replica C/A code chip rate and supplies a digital
sequence to a serial digital correlator 23. Corretator 23 serially
computes the inner product of a digitized receiver-output sub-
sequence from A/D converter 22 and a C/A replica code sub-
15 sequence originated from a codesDoppler (or replica) generator 24.
The inner product is performed seriaily by first muitiplying the first
terms of the two sub-sequences in a multiptier 231 and storing the
result in a coherent accumulator 232, then muitiplying the second
terms of the two sub-sequences and adding their product to
20 coherent accumulator 232, etc. The inner product is performed in
real time, as sub-sequence terms become available from A/D
converter 22. As is conventional, the sub-sequences usually span a
single period of the repeating C/A code. After an inner product has
been computed, the coherent accumulator contains a sample of the
25  cross correlation of the received sub-sequence with one C/A code
cycle of the replica signal, for the particular C/A code, code-offset
and Doppler frequency generated by the replica generator. The
inner product operation is repeated with several following sub-
sequences from A/D converter 22 while using the same replica C/A
30 code sub-sequence. The subsequent inner product results are then
squared by a squarer 29 and summed in a non-coherent
accumulator 30, yielding a non-coherent integration of the coherent
processing resuits. The output signal of non-coherent accumulator
30 is examined by a threshold detector 31 and a “signal acquired”
35 command is generated if the signal level in non-coherant



acquire each desired CDVA signal. To keep processing energy
consunption low, a |ow power parallel (partial analog) correlator
may be used in the acquisition process. This approach uses nuch

| ess energy than existing digital cross-correlators.
central i zed WPBR7¥cki ng system according to the

the tracked assets to consune very | ow power and use a receiver
wi th an inexpensive |local oscillator. The use of a par al | el
correlator allows the local oscillator to be inaccurate because
many frequencies are readily searched during t he 10 acqui sition
process using | ow power. Furthernore, use'é “the parall e

correlator allows reception and denodul ati on of the GPS

to be avoided, furtdoeumutaiorBags tsulficerdlyagighoWhema sihnéiha acquired, a
receiver. The al ”a%%trbﬁz’f‘%ér%%e{henéﬁé%ﬁté@C?N%Baétané’eiﬁ%‘ﬁﬁg 798X,

satellite search tine because t

search over all satGode;qfsetodns Do

corre

cont ol stations - ors B diid BRep abieF sRRHD GERGRRECH Sridn:

The features of t h&ae{ltafignsats BaYs Beed acauirrd. Hod 8193l & npdacquired after fort h

in the appended cl ahessevEnal sob-sequemceshdroey eX/D tcogeér’mr 290 héive been

further objects an
reference to the f
acconpanyi ng draw
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15

20

35

associated gc{&“fn?eg !:édéa‘omé? Oé%djbgaﬁlgﬂ‘irgﬁugncy t%cébgg uni t

accor VEen
signal synchronization and NAV data processing units (not shown).

Provision for searching all feasible C/A codes, code offsets
and Doppler frequencies must be provided. Control 27 selects the
desired C/A code and code offset through commands to a
satellite-code generator 243 and offset generator 244. Offset
generator 244 provides for a time offset of the generated code
replica from satellite-code generator 243, relative 10 the bit stream
from A/D converter 22. A Doppler I/Q generator 242 generates a
digital representation of the sinusoid representing the combination
of Doppler shift and local-oscillator frequency error assumed by
control 27. The replica signal is generated by a multiplier 241 as the
product of this sinusoid and the C/A code replica. To insure
detection of the GPS signal, the RF/IF section 21 must generate
both an in-phase (l) and a quadrature (Q) output signal (not shown
in Figure 3), and the two signals must be processed for signal
acquisition. Furthermore, each of the | and Q RF/IF output signals
must be processed with both the | and Q Doppler sinusoidal
components, as is known by those skilled in the GPS ant.

The conventional approach shown in Figure 3 requires the
receiver output data from RF/IF section 21 to be processed as soon
as it is available, and processing is constrained by the code rate in
the received signal. The architecture for an improved sequential
signal acquisition processor. according to one aspect of the
invention is shown in Figure 4. The architecture is similar to that of



30

acquisition architecture;
t he sequenti al
enbodi nent o
PCT/ US97/ 131

Figure 3 is a block diagramof a conventional sequenti al

Figure 5 is a block diagramof the parallel signal processing
architecture according to anot her enbodi nent of the invention;

Figure 6 is an illustration of the parallel correlation process
bet ween the stored-data and sliding replica Mavef orns. 5
7 is a block diagram showing a structure for generating the

replica sequence;

short segnment of an

register,

nmet hod of Figure 7;

enbodi nent of one

Fi gure 8;

S
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Figure 4 is a bl ock di agram of
si gnal processi ng architecture according to o

%&bﬁm‘rss i nvention; WO 98/ 02758 _ng_uss'msm

ne

Fi gure

Figure 3 except fra8 Righ al §to?a g aeemahy aﬁﬁ@é“a‘d&@&"% a

and paral | BpWerte RF}?FB@% qne$ﬁ1{ SoteY ﬁg?tg?a]éeg ﬁ%‘%&&h gi(%r%

signahgupplied byFﬁE{iﬁ segians2 hisigoseRried agﬁngnatsfnmrmg/ one
A/D conve&teaqa it rtdmﬁewmtﬁm &a@&hz’# belseCad ﬁ:hbﬁé 0][ of
non- mtegeqr meultnlp?e i t%e b%: co e gartg rT}vi%amoryhf:% %torrrgst % or

length of input signal sufficient for signal acquisition and allows the
RF/IF section to be turned off after storage. The acquisition process
then proceeds by reading and possibly re-reading the data stored in
memory. Energy consumption is thereby significantly reduced
because the RF/IF section 21 consumes significant power.
Furthermore, acquisition processing is no longer constrained by the
code rate of the received signal, as noted in prior art. The non-
integer input A/D sampling rate allows the acquisition processor to
determine accurate GPS signal propagation time differences
(needed for determining the location solution) while using a much
lower sampling rate. Ailso, when the input SNR is not too low, or
when accuracy requirements are not too high, the low non-integer
sampling rate allows the time differences to be determined with
sufficient accuracy that the conventional carrier and P/N code
synchronization processes normally needed (e.g., the Costas
phase-locked loop for carrier tracking, and the eariy-late delay-
locked loop for code tracking) can be avoided.

An advantage of storing the received signal segment in
memory and re-reading the memory as needed to process different
SCD bins is that the correlation process can take place over a
period of time without loss of signal-acquisition accuracy due to
local oscillator instability or inaccuracy. Furthermore, if the stored
signal is also used to derive the time delays needed for the
navigation solution, there is no need to maintain accurate timing
between the acquisition and tracking phases of GPS reception. For
applications where the navigation solution is not needed
immediately after measurement (e.g.; asset tracking), a very low
power GPS receiver can be constructed by using a very low-power
integration process for the sequential correlator (and other circuits)
in combination with a low-power data storage memory. Very low

ration



generating separate code and Doppler replica sequences;

Figure 11 is a block diagram show ng an enbodi nent of the 15 dat a
menory, code-replica register, Doppler-replica register, and

parallel correlator that uses the replica generation nmethod of Fiqure

10; WO 98/02758F qure 12 is a bl ock di agram showi ng on&EYSYHPHENt of
one stage of the three-sequence parallel correlator of Figure 11;
20 Figure 13 is a schematic diagramillustrating the principles of
the differential digital-to-analog converter and summati on according

to one aspect of the invention; _ig. Figure 14 is a graph show ng
t he noi sel ess and noi sy auto-correlation waveformfor a short
section of the 1.0 n8 C/ A-code 25 P/ N sequence near the correlation
peak; powsrdargs-sale nlegrplion Rrafeaspsaanestrion Hgvelopedvirptiver

par\«'aAt/In | elh- fgrrglF 71} grine@aﬁd rolll $.'5t0,i Oalgsyfﬁiiérﬁg\’\’b?ﬁpfédﬁér}té/y?rﬁétﬁp&ﬁéé-ng

in whic e sec ener adr at ure out puts;

Figure 16 is a bl ocﬁ?"&‘%ﬁ@‘ﬁ] roqr(gﬂége‘?{gg%ﬁ%knt of a 30 squaring A/D
converter; Withithe GP S Fystemaas iromkstdP §§Baaysteimsa the BbiFfisd

data-menory, 5 very I6W! belGra0a5R41qirbedssimA Al £'susQahBAdiéodOb ORI Zat i on
t hat reduces the o?e/ Doppl er

conbi nat i on. received st fystba §cestédarnihe narghBrmobeidion

t hr ee- sequence Rk megdeadplor celiabie)sigabl detectinn by threshaidideteated 81.

For normal civilian GPS applications, approximately 20ms of signal

from the RF/IF section 21 must be stored and processed. To keep

10 the memory size small, the signal from RF/IF section 21 is sampled

at a low rate and is quantized 10 only a few leveis. For civilian

applications, conventional GPS receivers typically achieve a GPS

fix (location) accuracy of 30 meters. GPS fixes with this accuracy

can be caiculated from signal code offsets that are measured with

15 an error of less than one tenth of a C/A code chip. The signal code

offset is measured by noting the replica-sighal code offset

associated with the cross-correlation peak. In one embodiment of

the invention, a sequence of results from non-coherent accumulator

30 are generated in order ot increasing replica code-offset while

20 holding the code index and Doppler frequency constant. If a large

correlation resuit is observed, an interpolation algorithm is applied

to the sequence of results and the code-offset associated with the

correlation peak is estimated. A code-offset accuracy of one-tenth of

a code chip is achieved while sampling the signal at approximately

25 twice the C/A-code chip rate. Some conventional GPS receivers

don't achieve the desired one-tenth chip accuracy during signal

acquisition; instead, some do so during code synchronization by

sampling the signal at twice the C/A-code chip rate and tuning the

sampling phase as pan of the early-late delay-locked (oop.

30 Alternatively, other conventional GPS receivers achieve one-tenth

chip timing accuracy by sampling the signal at ten times the C/A-

code chip rate and nating the code offset, in one-tenth chip

increments, that yields the largest correlation peak. A reducsd
sampling rate requires less memory and lower processing rates.
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Figure 19 is a schematic diagram of a Pi ng-Pong dat a- nenory

or gani zat i on;wg 98/027s8 Figure 20 is a schematic di agrgsedorasioe
parallel correlator with dat a- Doppl er pre-multiplication;

Figure 21 is a block diagramof a full 1-Q processor with data-

Doppl er pre-multiplication; and Figure 22 is a block
diagramof a full 1-Q processor w th data- Doppl er conpl ex
pre-mul tiplication. Figure 28-s a block diagram of the

| ow- energy register 10 witing nethod using a scanner shift register.
DETAI LED DESCRI PTI ON OF P : | ON
Pigure L illustrates a pl (ST VYSbr (HBAR AR pinvengs 22 i5 well Beqw 46rd. |
(asset) being tracke89 "Eﬂ?cﬁga%' %ngaqqut'%'a'ﬁ soieragd woemthe Adk coryvaneruses

and a central statiogasilﬁwreé%gémrahéwd:r@aém rfres&rasgtions lveld. ifaghlshmple
rec

transmits a signal that a GP iver in.tracki uni 4 uses. to
measur e the propagat F8h b&e?we(’b?ﬁ‘gyae&"SQQ? éﬁ éfgrﬁ'%gﬁ%‘g“éie é’éﬁ“ﬁgi“? fg; nly
desired) fromthas stwedhiahils ola Hsuresgnakdetectioonhath ITard QaRBAIF iotitput 20
signal s al so incl udegigRgisPRUs0SE gBhédatéd RRaredNandPM@35Ed t(@ﬁ ong RF/IF

needed to determ ne a,_navi qat ion _s.ol #lt i on érom her measur i me
b r ge%)on “ﬁ hrigg,pr more

del ays. Because of t FB8fIRl ?e_f’thgw(‘S'B \OHES 2 AN ° Yte ¢
data in the GPS si gnedpresentatian viavelsuscamepeayidev esdbstantiab ulsesistancal to

period of time (frommaderkAcs By porlGPERIHRE) asfs kﬁﬂvr’l\ﬁxt Kilfedtifl the
25 collected. FUltNEILLE: 1bwiver, & Yridile? 3oia meimary 4 requirac it Gny o
representation levels (one bit) are used for the | and the Q signals,
and this has a cost advantage in some applications. In one
embodiment of the invention, the | and Q RF/IF output signals are
digitized and stored simultaneously, and the data memory iength is
15  sufficient to hold the entire data sequence needed to achieve
acquisition {(e.g., 20 ms). With 1023 C/A code chips per millisecond
and both | and Q RF/IF signals being sampled at approximately two
samples per code chip with two bits per sample, approximately
170,000 bits of storage are required for the 20ms signal segment.
20 For convenience, the | and Q data can be considered as stored in
separate | and Q memories. When the required data has been
sampled, converted, and stored, the receiver can be turned off and

the recorded data can be processed.
In the sequential method of this invention, the stored data is
25 replayed (read) once during the correlation process for each
combination of code, code offset, and Doppler shift. In the system of
Figure 4, the sequence of stored digital data samples are read from
memory 33, one at a time. Each sample of the sequence from
memory 33 is multiplied by the corresponding sampie of the
30 sequence from the code/Doppler generator 24 in multiplier 231, and
the result is accumulated in coherent accumulator 232. The
sequence or data segment from the code/Doppler or replica
generator is crafted for a particular code, code offset, and Doppler
frequency under test. The length of the memory sequence so
35 processed is the coherent integration length, and is typically chosen



over tinme and the

GPS MCS nonitors these changes and provi des

nearly hourly updates to the NAV data. To insure accurate

positions ar
t hen new NAV dat a

navi gati on sol utions, any GPS based navi gati on system nmust use NAV
data that i e than about four hours old. If the ass@lrusondbe
e&?séoqg% nonitored nore frequently than every four ﬁours,
w Il have to be collected at | east every four
hours. NAV data mai nt enance then requires an approxi mate aver age

of fifteen seconds of receiver operation per hour, and this
entails a significant energy requirenent rfldone at each tracked
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tcoherent aseumulatert 232 waresents Wa\crass aorcelaticrebetween

squared by squarer 29 and added to non-coherent accumulator 30.
Before the first 1.0ms segment is processed for a given replica
signal, non-coherent accumulator 30 is reset to zero so that the final
accumuiated result represents the total correlation score for the
particular code, code otfset, and Doppler frequency specified by the
replica signal. Similarly, the coherent accumuiator is reset before
each 1.0ms segment is processed. Threshold detector 31 monitors
the correlation score and produces a “signhal acquired” signal if the
score is larger than a specitied threshold. Upon receipt of a “signal
acquired” signal, control 35 performs a simple peak-search and
interpolation algorithm (described subseguently) to find the best
estimate of the code offset associated with the given code index and
Doppler frequency under examination. Control 35 then selects
another code, code-offset, and Doppler frequency combination and
commands replica generator to aiter the replica signal to reflect this
change. The signal acquisition process is repeated for multiple
replica signals corresponding to the codes, code offsets, and
Doppler frequencies to be searched, and is stopped when the
desired number of GPS signals (different C/A codes) have been
acquired. Control 35 then produces as an output signal the code
indices, estimated offsets, and Doppler frequencies associated with
the acquired signals.

The | and Q memory data can be processed sequentially,
(e.g., process all | data, then process all Q data) using one digital
correlator 23 as shown in Figure 4. Alternatively, the | and Q
memory data can be processed simuitaneously using separate
digital correlators. In any event, to insure signal acquisition, | and Q
Doppler processing must be performed on both the | memory data,
and the Q memory data. Thus there are four |-Q combinations and

t he
Only
h



there, or by communicating with an appropriately |ocated standard

GPS receiver. |If desired, the NAV data, or the navigation solutions,
10 can be communicated to the tracked assets via a higher rate
conmuni cat i onwld dalgadshat requires | ess energy to receive at ther 85583196
Wth no NAV data decodi ng needed at the asset, GPS signal

acqui sition becones the main GPS processing task at the asset,

and the feasibility of the centralized tracking systemis greatly
enhanced by the | owenergy acquisition nethods of the invention.

As shown in Figure 2, a rail car tracking unidi-14 is conpri sed

a receiver 2 responsive to the signals received at an antenna 5

fromthe GPS satel |itfgy @ar%&?;‘?&c%%e@’sea%t?an?rvﬁ(hsﬂ‘s’iﬁ dfé d?gataT'&Srrelatozrb

received signals are processed I n

utilize propagation tgmas'ﬁ‘Pﬁ BP ﬁhdﬂ‘d;"'?'ﬁe °§f'§f§é‘?'§ q@c@f‘%eae‘ﬂ‘l‘%'
the GPS satel |l ites. Bmethadd,itzeé rogrisiationdiestizrien ties fult memore dadtarsequence
knowt edge of the GPS t i

and data stream decod?’gﬂ%aéw%m%l?%%gaﬁﬁﬁ%eéegg%@sﬁs t ?ﬁd @okél\érqateﬁgency

Wth no need for GPS Gatcé'cy{qt%rﬁsdé@&ﬂ%g’:"ﬁthéh?e%@]ekfém BP@cear-coherents

reduces to acquisiti ogcemilbersRifesresenl © 2eeb.cThen el ngmtehﬁ:ry data is

relevant time differ eﬁ&%ggg%d;qmp%ngl 'S? ;;;5!‘39\’?%%& did b ?Qﬁ&gp%é JESUlt is

asset velocities are € acqui si T on
The cal cul ated tine da¢gundaeddn thihgohpreat acremulater. dhet@ enemmrry|d4ta then

associ ated with the disfgrocesseaswittethe QCopplertregiitaoand andffieldtdn résult is

froman antenna 6,50 me?egt:&m\v%éﬁﬁ“ Smé’* goq]%(fér’nptdc@@mB%}'&rheTge total

centralized tracking systemrin acqui's
maj or part of the ass@@%efewcé‘ﬁ'&’ﬂ%}W"btﬂngt'sl‘§ef’o'iﬂh’équ1b&fcﬁ%'éfﬁr A9 and
application Serial Noaddéd &b ftor-28hefentHaceumaator Boaddepcohgrarkadeymutator

and Hiladik, referencgdyafOyfe; Next the Q memory data is processed with the |
Doppler replica and the correlation result accumulated in the
15 coherent accumulator, then the | memory data is processed with the
Q Doppler replica and the correlation resuit is inverted (multiplied by
-1} and further accumulated in the coherent accumulator. The total
coherent-accumulation result is then squared by squarer 29 and
added to non-coherent accumuilator 30. This process is repeated for
20 each 1.0ms memory data segment, without resetting the
non-coherent accumulator between segments, and requires two full
read cycles of both the | and Q memory data. Acguisition time and
energy can be reduced by using separate | and Q Doppier
generators 242, muitipliers 241, and digital correlators 23 to process

25 all four 1-Q combinations simultanegusly.

In one convenient rendition, code/Doppler generator 24 is
comprised of Doppler I/Q generator 242, satellite code generator
243, offset generator 244, and muitiplier 241, as shown in Figure 4.
Doppler 1/Q generator 242 generates a digital sequence

30 representation of a sine or cosine wave at the desired frequency
relative to the sample rate, and can, for example, be implemented
with a Read Only Memory {ROM) driven by an address counter. The
frequency and phase (I or Q) of the sinusocid can be selected by
control of the order in which the stored sinuscidal samples are read

35 (e.g.. by address decimation and by selection of the starting

15

30
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Figure 3 shows a conventional serial acquisition architecture

that uses a serial correlator. In a conventional GPS receiver, signal
acquisition is followed by carrier and P/ N code synchroni zation and

NAV data der@8¥%7$%Hn, but nodul es for these processes are Hg{VUS?71319 ¢
shown in Figure 3. The signal acquisition architecture conprises an

RF/IF (radio frequency/intermedi ate frequency) section 21 including

an antenna 211, an RF anplifier 212, a m xer 213 and | ocal

oscillator 214, and a |low pass filter 215 which supplies a received

and down-converted signal to anal og-to-digital (A/D) converter 22. 10
Al D converter 22 typically sanples and converts at an integer

nul tiple of the replRORERss fespsaivaln; Pthat digital suwspic generatargiargalso
sequence tg a seri alkndeitbah?wskiﬂé@mnhéan. €ar tice BRE (A cdelsplal Well
Comonce {rom A1 cRRERH e AN 6Lt iF okR I M L UBde b in
sequence ori gi nat ed the BRRErc¥dey DhspPeppigbsinuspidi ang CJareadet values are
tThe inn}grrtlﬁ(ra og\t;gtssLsanmlfearwemum@ngatayupyae}‘d trmtrse t4 Eiygtugrgom?nffbfst
r:;mstoi n a coherengeggcgﬂﬁﬁg@éia%%(mes%kshiglptr%‘ﬂ ?/‘?ﬁ@j 3 tge Qgg%r?g?he
terms of the two sulStaredrededeplinadiramasatgllitehesde peoerratar 243 using gifget
coherent accunul at oigeAgratoret 244. Thwithngle PEe@UAbchife PabRim@atich  of
real time, as sub-SQUHGNESobE GLRefS SEs, A FahiBRLF cbi® TisdDs effected by
10 presetting the state machine to the associated state before starting
the correlation process. The initial states, corresponding to different
code offsets, can be stored in a ROM and indexed by a simple
binary address counter.

In practice, the acquisition search is conveniently performed

15 by first selecting a code and a Doppler frequency, and then indexing
through different code offsets. Then the Doppler frequency is
changed and the different code offsets are re-examined.
Non-coherent accumulator 30 can be implemented as an array of
accumulators, one for each candidate code offset in a sequence of

20 adjacent offsets. This accumulator organization allows the scores
for adjacent offsets to be simultaneously examined so that an
intarpolation algorithm can be applied to find the sub-chip offset
value associated with the actual score peak. lf a sequential
interpolation algorithm is used, the peak offset value can be

25 interpolated while using only a single accumulator element.

The total acquisition time can be reduced by processing
multiple code offsets simultaneously. For example, multiple digital
correlators 23 can be used, each driven with a difterently delayed
version ol the replica signal. The dilterent delays can be

30 implemented with a tapped deiay line coupled to the output of
code/Doppler generator 24. The different taps can then each drive a
separate serial digital correlator 23, and the resuits from each
correlator can be separately squared and accumulated in
associated elements of a non-coherent accumulator array.



converter 22. As is conventional, the sub-sequences usually span a
single period of the repeating C A code. After an inner product has

been conputed, the coherent accurul ator contains a sanple of the 25
cross correl albQRePks t he recei ved sub-sequence with one C A g&igs97/13196
cycle of the replica signal, for the particular C A code, code-offset
and Doppl er frequency generated by the replica generator. The

i nner product operation is repeated with several follow ng sub-

sequences from A/D converter 22 while using the sane replica CA 30
code sub-sequence. The subsequent inner prod&tt results are then
squared by a squarer 29 and summed in a non-coherent accumnul at or

30, yielding a l“?”‘ C_(I)_Eere@[n ia{!éﬁ\_@ﬁ?é i@”‘? Fechiber %@é}ﬁ{e?ﬂfre that Frq[vides for
prOCESSI ng resu S. ut pu SI gn . Non-coner.en accur atl or
D TS e e by a (an e R tas g Al AU RN, 4O Focanother 5

command i s gener at ed aspechef shgnaventonelis i shawm-ir dfigurents. The acquigdion

98/ 02758 rchitecture is similar to that of Figur 4,V\ﬁxcep! 1t T{heSedridi 3196
- 16- accurru.aﬁﬂcir 30.1S sufhcgently Hi gE. %@1 a signal T1s
acquired, a 5 QigHA' SRITeIAOR, RRNA)  QORRIET A0GLEY N ecﬂﬁ”%'gﬂ?ési RaEx
(satellite index), serially read memory are now replaced with a parallel correlator 36,

paraliel Doppler and P/N code generators 37, and a parallel read
memary 33, respectively. One aspect of the invention is a method
for massively parallel analog summation in the parallel correlator.

10 The analog summation, in combination with the massively parallel
organization of the memory, replica-generator, and corretator
elements, provides for the dramatic time and energy reductions in
the correlation process. The analog summation result is converted
to digital form by A/D converter 38 which may be combined with

15 squarer 29, as described subsequently. The parallel architecture
also takes advantage of conventional low-power complementary
metal oxide semiconductor (CMOS) integrated circuit technology to
achieve low-energy use. Energy use in CMOS circuits is dominated
by the charging and discharging of circuit node capacitances; little

20 energy is used at nodes whose voltages are static {unchanging) or
whose capacitance is small. With this invention the Doppler and P/N
code replica generators and registers, data memory, and parallel
correlator are organized to minimize the number of CMOS nodes
being chargead and discharged during the correlation process.

25 Figure 6 illustrates the parallel correiation concept and shows
waveforms for the case where the received and replica signals have
no Doppler shift. Digitized signal data is written sequentially into the
data memory as it becomes available from the RF/IF section 21 and
A/D converter 22. Data memory 33 is organized for a massively

30 parallel output so that a long sequence of data is available at the
output simultaneously. Also, a shift register 1004 is loaded with the
chosen replica signal and is organized for a massively parallel
output with the same length as that from the data memory. A sample
of the cross-correlation (i.e., the inner product) between the parallel

35 data sequence and parallel ?eplica sequence for a given Doppler



code offset, and Doppl er frequency, and commands code/ Doppl er

generator 24 to either change to a different C A code (for a different
5 GPS satellite) and begin another search, or to stop if sufficient
satellite signals have been acquired. If a signal is not acgylhggﬂ:’%];ter

t he several ¥ uences from A/D converter 22 have been ¥t
processed, then control 27 comrands code/ Doppl er generator 24 to
change to a different C/ A code, code offset, or Doppler frequency. 10

As each satellite signal is acquired, control 27 supplies the

associ ated code index, code offset and Doppher frequency to GPS

signal synchroni zation and NAV data processing units (not shown).

Provi sion for searching all feasible C A codes, code offsets and
Doppl er frequenci edraA¥ENCHCOsIELIN0E BNOCEAHE Bifsel7s generated a et once 1ty

detsi Irledt CA gode arﬁhr?!ml‘toﬂfefa?t@ﬁ mdu.onl@brammnt @l%zdzrggao. e?ch ?lement of
satel lite-code gen r S gen r : e .
generator 244 provﬁégs'%?g%}g @%Eg%%e?%? %f %‘ﬁ‘éﬁﬁgnm’a&h q°§68%°°"°'”9
replica from sat el |glgmesoeicthgageplica sequenge usingaicpwesponding muitipher imam

from A/D convertser g?. afaporp! erutigi@reemeRat eiuidstidr R0t &fgrals  are20
digital representation, of thg’ Si nusmtd {oe resenti ng t he conbi nation
55 o ok, o

of Doppl er shift artimHERAFOUSY: Fraes, cSPRE Py PrQEESRIRG, reRpit at
control 27. The reghecarrsiajeraiutpgl. jbasoheredtl procassing replit for ar adjagsnt he

product of this si sl ghsdids [ dEheritbd ARAShilERY] Mt repliRal legit&? one step
RE/ 1 F 'section 21

det ecti f the GPS .si |, t t . 25
both an | n-phase (1L GPEIIR DA IETPL e85 Salsa s iRarTYaNGtihe feniFa

in Figure 3), arnd tsignal wendedreid statiosaryivdilgrtbe oxuratydata isispittad.

acqui sition. Furthernor gy GacAuictivd @mboditHe @C(h!e':in‘?b'ﬁtg}hf. thié ParhiR!-

Conponents. as s A D313 ABS<eoR 1SBAURR s ey dong andagpan & Tig
conventi onal appr oimgleloyaie oithEiG/Areods. Ty data sequence is generatedfromver
out put data from Rihs REYFCHUBOL Si§nhitoPeaRpINRESSRE ra® @UPProximately twedS it 1S
avai I abl e, . and 5r ocesnﬁjn% |rs ?}Qné&rgb,%%%qb A i:xih% nger rg%ell nith an A/D t he
recei ved signal’ TIHETR B PFeg uFg°t ‘*ﬂ 6\78d %aﬁ \a-1a
convenrter using a two-bit sign-magnitude format. This sampling rate
and number of levels avoids aliasing,” avoids substantial SNR
degradation if the A/D threshold levels are properly chosen, and
yields sequence lengths on the order of 2100 samples. The
20 sign-magnitude format allows a simple multiplier to be used in the
multiplier array described above. Other attractive data
representations, sampling rates, and parallei-output sequence
lengths are possible, as will become apparent to those skilled in the
an.
25 Figure 7 shows one method for generating the parallel-output
replica sequence. In a code/Doppler generator 1008, a C/A code
generator 1001 generates the desired C/A code sequence and a
digitized sinusoid generator 1002 generates the digitized sinusoid
sequence with the desired phase and Doppler irequency. A
30 muitiplier 1003 sequentiailly muitiplies the code and sinusoid
sequences provided by code/Doppier generator 1008 to generate
the replica sequence, and this sequence is shifted into a parallel-
output code/Doppler (replica) register 1004,
The replica sequence is preferably represented in three level
35 (two-bit) sign-magnitude format, or a two-level (one-bit) sign format,




signal acquisition processor according to one aspect of the 35
I nvention is shown in Figure 4. The architecture is simlar to that of
WD 98/ 02758
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Figure 3 excep? ?/Rzgf”sa signal -storage nenory 33 is added and

power to RRIIF section 21 is now controlled by control 35. The GPS
signal supplied by RF/IF section 21 is converted to digital format by
AI'D converter 22, but now the A/D sanpling rgfe may be set at a | ow
non-integer nultiple of the C/ A code rate. Menory 33 stores a

| ength of input signal SUffiﬂ(;i ent for sggnal acquisition and all gws the

RF/TF section to be BarRete iprmaly reduce1pe complepix andpawerGonsuppler o4
t hen. proceeds by reathenpamalid parselator witheraspact toca fdrmati #izd usesmestei its.

T R
Furthernore, acqui si fRIapSeAUANcen Wil shae [Nigh) charmons: canteal #Rd tthese
code rate of the pecaarnohies canlfaisely cartalatei withpandnpatr signalhFhisoproblem
ot orm ne. acour ate. chRD DBV By chSGeihg td RRME bl B3cRaRF aabbng so
(needed for determni nth@y thee RRAFt9WRULs Signal Jde) substartially; atiset fraan zero
frequancy. By choosing the offset large enough, the harmonics of ali
resulting necessary Doppler-replica frequencies will be well above
10 the highest Doppler replica frequency. The harmonic problem is
known by those skilled in the design ot superheterodyne receivers.
if desired, the Doppler-replica harmonic levels can be reduced by
using more bits in the Doppler and replica sequence representation
and more bits per sample in the replica register. Howaver, this will
15 increase the power consumption and complexity (size) of the signal-
acquisition implementation.
Figure 8 shows a short segment of an embodiment of the
data memory 33, replica shift register 1004, and parallel correlator
1000 that uses the replica generation method of Figure 7. Both the
20 data and replica sequences use a two-bit sign-magnitude
representation, and since the rows of elements in each of memory
33, shift register 1004, and correlator 1000 are aligned with each
other in columnar fashion the sign (S) and magnitude (M) bits of
corresponding samples from the two sequences can be
25 conveniently fed, in each column, to a corresponding muitiplier
1200. With sign-magnitude input values of, for example, either -1, 0,
or 1 from the two input sequences, each muitiplier 1200 generates
either -1, 0, or 1 as an output signal. A separate digital-to-analog
converter 1300 converts each digital multiplier output signal to
30 analog form. All D/A converter output signals are summed by being
furnished to a common output that represents the analog correlation
result. The analog summation is conveniently implemented using
charge summation, but alternative analog summation forms are also
possible. This summation method is spatially efficient, requires very
35 low power, does not require any analog memory, and is very fast.



| ower sanmpling rate. Also, when the input SNRis not too | ow, or

when accuracy requirenents are not too high, the | ow non-integer

sanpling rate allows the tine differences to be determ ned with

sufficient accuracy that the conventional carrier and P/Nlp&c)gs 20
: 97/13196

synchr oni zaWPc?ﬁ’”‘HF%cesses normal Iy needed (e.g., the Costa

phase-| ocked | oop for carrier tracking, and the early- Iate del ay-

| ocked | oop for code tracking) can be avoi ded. An advant age
of storing the received signal segnent in menory and re-readi ng
the nenory as needed to process different 26- 25 SCD bins is that the
correl ation process can take place over period of tine vm'thout

| oss of signal -acqujsition, accuracy due t to
instability or i nacé‘[ﬂ”é%yad‘ﬁ.l??Q?e?msepar?ﬁeit%ge@%%’&L‘%&“re ‘ha'sﬁ‘ §nal is
al so used to derivecodacand Bopgler Segquencascarefprognaimenable, allowing rmasinglat i on
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appl i cati ons where %J&WF'@H ‘%g%‘[“?%‘ﬁ“?%‘ HB¢esseeded
i mredi atel y after neasurfigeret 9( ehgws oaeeembodimient if, oaevetagel @w the

power GPS recei Verst%o eQ{‘uﬁﬁQ@S 5&9%‘3 Poidigy ?}gYJ?éyg %mﬁ . 120! ts)

i nt egratl on proces e se correl at
35 in conbination YANEFAESSigR 96‘3{%%‘{‘ Rits thatrangrol witchesp\4oo
WO 98/ 02758 and 1500 in a D/A converter 1300. The switches connect one end of

PCT/ US97/ 13196 a charge summation capacitor 1100 to either a positive reference
10 voltage rail or a negative reference rail, or to an output reference
voltage rail (e.g., ground). The sum is generated by a two step
procedure. First the charge-reset line is set low, closing a charge
reset switch 1600 and forcing switch 1400 in each parallel correlator
stage to connect the associated capacitor 10 the output reference
15 rail (ground in Figure 8). This discharges all capacitors. Then the
charge reset line is set high, opening charge reset switch 1600 and
allowing the data and replica values in each parallel correlator stage
to control the associated sign and magnitude switches, 1500 and
1400, respectively. This two-step process insures that excess
20 charge does not accrue on the charge summation capacitors over
time. It is advantageous that this parailel correlator can be
implemented in low-cost digital processes by using, for example,
metal-metal “cross-over” capacitors and binary electronic switches.
Finally, it is advantageous that the charge summation can be
25 extended across multiple integrated circuits by simply axtending the
summation lines.

Figure 10 shows another method for generating the replica
signal. With this method, the code and Doppler replica sequences
are stored in separate parallel-output registers. C/A code generator

30 1001 of code/Doppler generator 1010 generates the dasired C/A
code sequence and this sequence is shifted into a code replica
register 1005. Similarly, a digitized smusoid generator 1002 of
code/Doppler generator 1010 generates the digitized sinusoid
sequence with the desired phase and Doppter frequency, and this

35  sequence is shifted into the Doppler replica register 1006.



- 18- power |arge-scale integration processes are being devel oped

in the I ndustry (e.g., 1.5v, 0.35 micron conplenentary

nmet al - oxi de- sem conductor or CMOS process). Wth
the GPS syste nost DSSS systens, the SNR is S periSaYdieV
bef ore signal m&’g@gg i ng, and a substantial period of the ¥ s

recei ved signal nust be processed to yield the high SNR correlation
peak needed for reliable signal detection by threshold detector 31.

For normal civilian GPS applications, approximtely 20ns of signal
fromthe RF/IF section 21 nust be stored and2®rocessed. To keep 10
the nmenory size small, the signal fromRF/IF section 21 is sanpled

at alowrate and is quanrqgg% 110 sREWY Bﬁiﬁohﬁ( tsof &' a5tz el

appl I cations, conventiona recei V [ S t%pl cal I eve a
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Figure 12 shows one embodiment of one stage of the
1S three-sequence parallei correlator of Figure 11. The correlator stage
shown is simitar to that of the two-sequence parallel correlator of
Figure 9 except that the multiplier has an extra exclusive-or gate
1205 to allow the separate code register bit to impact the sign of the
multiplication result.

20 The two and three sequence parallel correlators of Figures 8
and 11 can be generalized to plural sequence parallel correlators.
With respect to the two sequence correlator, the three sequence
correlator has had one of the cross-correlation sequences (the
replica) decomposed into two separate sequences. This

25 decomposition can be applied to both the data and replica
sequences in general to provide a piural sequence parailel
cormrelator or inner-product machine.

“Differential” analog summation in the paraliel correlator may
have lower noise susceptibility and other advantages. Figure 13

30 shows one convenient differential summation configuration. in each
stage of the paraliel correlator, two D/A converters are driven in
paraliel by the same sign and magnitude output signals from the
associated muitiplier. One converter is labeled as positive and its
capacitor connects {0 a positive summation line and the other

35 converter is labeled as negative and its capacitor connects to the

25



sanpling phase as part of the early-late del ay-l ocked | oop. 30
Al ternatively, other conventional GPS receivers achieve one-tenth
chip timng accuracy by sanpling the signal at ten tinmes the T A-
code chip rate and noting the code offset, in one-tenth chi

i ncrenments, WAAa%025%| ds the | argest correl ation peak. A redpﬁww’m%

sanpling rate requires |less nenory and | ower processing rates. WO
98/ 02758 PCT/ US97/ 13196
-19- The SNR at the input to A/D converter 22 is well

bel ow zero, so little signal degragation is suffered when the A/D
converter uses just three appropriately chosen representation

| evel s. Each sanpl e can be conveniently encoded in sign-nagnitude

format using only negatye summationling.tihe shitches shewniineath detearterane bot h |
and Q RF/IF out put im&ementeﬂﬁﬂ@bﬁoﬁ%%@vﬂ?‘?ﬁﬂ%@% Weﬁ%oﬁfn%‘?ﬁie ag.n?lhe
/1 E hanne S sh n

processed (only one channel 1S sho | I gures and 4).
The use of three ortWRhFgnveners °perar‘%b$%g'8ﬁqyaﬂ°cﬁ?t }{\&téhg séé'hsqu il §@0
subst anti al resi st aimcthe oegative converter d¢s fconeeated lig the reGSessensel withas i s

known by those ski '}d%‘aei:ﬂn t "o sign $Ritch GPIm! Eosimwaﬁvgggf.:@{ﬂ th data

menory is required 1Lf. on t ., representation. | one %it) are
used for the | and Pifferest (ﬁ@hgd the dlfferer%gngetrlﬁpg pRfttive apd tnegadtivéit age in

sone applications. sumowtion results must be taken to determine the final coherent

correlation result. This can be performed by, for example, using a

high-speed linear or switched capacitor difference amplifier, as is

10 known by those skilled in the art. Alternatively, the positive and

negative summation results can be separately A/D converted and

then their dilerence computed digitally prior to squaring and

non-coherent accumulation.

The three-sequence parallel correlation method of Figure 11

15 uses less power than the two-sequence method of Figure 8 because

only the 1-bit deep code register needs to be shifted when

developing correlation results for subsequent code offsets; the

sequence in the separate Doppler register can be held fixed.

Shifting a register that is two bits deep consumes approximately

20 twice the power as shifting a register that is one bit deep. Because

register shifting is a dominant power consumer with the parallel

correlation approach, the three-sequence method is advantageous.

On the other hand, the two sequence method uses fewer shift

register elements (bits) and fewer exclusive-or gates in the

25 multipliers and therefore has a smaller implementation. The

implementation size ditference diminishes as the number of bits of
Doppler replica representation is increased.

D/A converters 1300, shown in Figures 9 and 12, utilize

series switches to control charging of the charge summation

30 capacitors. An alternative embodiment for the multiplier and analog

converter (D/A) is shown for the thrae-sequence case in Figure 18.

An advantage of this embodiment is that digital logic functions

directly drive the charge-summation capacitors and a series

connection of switches is not needad. This multiplier-D/A

35 combination is readily implemented in a standard digital CMOS



enbodi mrent of the invention. the | and Q RF/IF output signals are
digitized and stored sinultaneously, and the data nenory length is 15
sufficient to hold the entire data sequence needed to achi eve

acqui sition Qﬁ) 7580 NB) . Wth 1023 C A code chips per m | bcseseomdios

and both I an % | F signals being sanpl ed at approxi mately two

sanpl es per code chip with two bits per sanple, approximately

170,000 bits of storage are required for the 20ms signal segnent. 20
For convenience, the | and Q data can be considered as stored in

separate | and Q menories. Wen the required®®ata has been

sanpl ed, converted, and stored, the receiver can be turned off and

thtehrSCO][ dteg dat a CaFrdl%s@{Qﬁﬁééiﬁﬁs 1101 and 1102 are of bﬂbétlaﬁtiaﬁ *("@““;?)‘?4

met hod o is invention, the store | epl ayed (read), once
during the correl ati 5%’”5&983393$8F p@é(k‘% f_gr a§hre°"°%%r%ér?§f‘?’%ﬁ'% 8hdd: code
of fset, and Doppl er Shiahd.+1.nThehel $auef dsrinvoked by drivingribgth capacitons lwequence

of stored digital daidig; Rd)C Leagdvélriein i at a
I T Of(cpﬂrgar‘g}be Ylife 4SaEvel I8 Thvoked by driviR _oYh%ﬁF?&f&fs

eguence, from menory 33 .1s nultiplied by
the correspondi ng’sahigile @ﬂﬂ‘lﬂhg{dg)- ang the.Q,lovek i9 r'Bﬁgﬁq‘i’ebloﬁﬁY'DSp&‘%r
generator 24 in nult capacitor 28¢h wehild driving the dther iee.uln a sudtipliema20@tied in
coherent accunul at or g2d2¢i JWOR gate 1210%@&96$§§tg23t1g3§m§r¢% fo20t t he

code/ Doppl er or replica gener ator is c ¢ gartlcu ar
code, code of fset, af@tap@Fgl Doppler values to. frm, Re | Fignsmagpdvde Hredu@ngt h of
the menory sequence Eaclusive NOR gater t2t2:thencohvertsihbawe it protectotA avd

length, and is typi c@ldigndi & Qrive the two capacitors in either the same or different
directions. Finally, exclusive NOR gates 1213 multiply the A and B
signals by the binary code value, while NOR gates 1214 provide for
grounding the capacitors so as to discharge them during the reset
phase.

15 For a given length of stored GPS signal, a tradeoff exists
between the length of coherent and non-coherent processing. As
the coherent correlation length is increased, the SNR of each
coherent processing result is increased but the number of coherent
processing resuits available for squaring and non-coherent

20 accumulation (integration) decreasaes. It is known by those skilled in
the art that the SNR improves by 10 dB per decade of coherent
processing length increase, but increases by only about 5 dB per
decade of non-coherent processing length. Thus, for a given
memory data length, the pre-detection SNR is maximized by

25 performing one long coherent correlation. However, unpredicted
raceiver motion or local oscillator jitter will limit the feasible length of
coherent processing. Also, as the coherent correlation length is
increased, the bandwidth ot the Doppler bins is reduced and this
yields more Doppler bins that must be searched. The architectures

30 of Figures 4 and 5 readily allow dynamic trading of coherent and
non-coherent processing length through control of the replica
generator, rasetting of the coherent an8 non-coherent accumulators,
and bypassing of the squaring functions.

It is usually true that_ the pre-detection SNR needed for

35 reliable detection is lower than the SNR needed for accurate
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as one full cycle of the C A code, which is 1.0 mlliseconds (ns).

Several (e.g., twenty) adjacent 1.0nms nenory data segnents

processed i\c‘]{Ot”H’P%"%nner wi t hout changing the replica sequlé%élggwmm _
After each 1.0ns segnent is processed, the value stored in 5 coherent
accurul ator 232 represents the cross correl ati on between the 1.0ns
replica and data segnents (sequences). This value is squar ed by
squarer 29 and added to non-coherent accumspator 30. Before the
first 1.0nms segnent is processed for a given replica si gnal ,

- coh t .30 | t,.LO. final 10
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commands replica generator to a e replica sig to ref
change. The sigtfal PIPER¥%iti on process is repeated for multiple
replica signals correspdrigunegl4 shows acsetion afdte noiseiess autarcbrrelation

Doppl er frequencie | desired

nuﬁger of Gg’S Si gnz\lwé‘%fai?? f??éez%sﬁ?g?gg ﬁ%g?g@%g%lﬂ%ott Qé?npied)..;ﬁe
auto-correlalion value is very near zero for all offsets of magnitude
greater than one chip width and is a triangle tunction (of the offset)

15 for offsets between -1 and +1 chip width. In another aspect of the
invention, accurate sub-chip correlation-psak time estimation is
achieved without using sampling rates that are substantially higher
than twice the C/A chip rate by using a sampling rate that is a
non-integer muitiple of the C/A chip rate. With an integer number N

20 of samples per C/A code chip, the discrete-time auto-correlation
sample value remains substantiaily constant over an input-signai
time offset variation of 1/N of a C/A code chip period when the
receiver bandwidth is substantially wider than the GPS signal
bandwidth. This is a form of quantization and yields substantial

25 quantization error if N is not large. For example, an offset
measurement accuracy of one-tenth of a C/A code chip would
require a sampling rate of N=10 times the C/A code chip rate. With

a more-limited receiver bandwidth, the auto-corrglation sample
value varies with input-signal time offset, but not necessarily linearly

30  with input offset. If a non-integer multiple sampling rate is used, then
the sample instants precess or roll in chip-relative position as a
sequence of signal C/A code chips i% sampled. This precession
allows the caiculated auto-correlation value to change substantially
linearly with input-signal time shift, and with much smaller time

35 shiits. Aithough the above discussion has focused on the auto-



acquired. Control 35 then produces as an output signal the code
I ndi ces, estimted offsets, and Doppl er frequencies associated with

t he acquired si gnal S. The | and Q nenory data can be
processed Sequs3s igkéy 30 (e.g., process all | data, tggngesehaess all
Q data) using one digita correlator 23 as shown in Figure 4. :
Alternatively, the | and Q menory data can be processed

si mul t aneousl y using separate digital correlators. In any event,
to insure signal acquisition, I and Q Doppl er processing nust be
performed on both the I menory data, 35 3land the Q nenory data. Thus
there are four |-Q conbinations and WO 98/ 02758

PCT/ US97/ 13196 h
/ 1 correlation of tﬁéﬁﬁa&a@mb?eorg%; neousf?ﬁ@&{%ﬁfa‘n@‘p{a% |§ a

single digital corre or
correlators. In one %a&r&hqfamump'e -level 5'99@{318@9”?% correl ation result for
the full menory data sequWithe a replica codei iridea gndteDopplet i feequandy thatiex,

code of fset, and DOpMEhJs tﬁgf’ﬁn&%o sy inputSigrat, tﬁ@'&‘ﬁ bega@ﬁelft%r é?X@{ ‘o

First, the coherent and non- arere
zero. Then the | femWil, calguiate goisy sampies ot the shown auto-correlanon function.

By choosing the signal sampling rate so that there is an integer
number of samples (e.g., 2183) per 1.0ms C/A code period,
correlation results from, for example, twenty consecutive 1.0 ms
data memory sequences (using the same replica code offset) will

10 yield twenty noisy samples of the same point on the C/A-code
auto-correlation waveform. Dufing signal acquisition, the replica
Doppler frequency and phase rarely match that of the signal exactly
so that squaring of the coherent correlation resuit is necessary to
guarantee a positive correlation result. Figure 14 also shows typical

15 squared 1.0ms coherent correlation sample points (x) calculated for
several code offsets near that of the received signal, and with code
index and Doppler frequency and phase that match that of the input
signal. By averaging the squared samples from the same code
offset, a lower-noise estimate of the corresponding auto-correlation

20 value is generated. Typical averaged auto-correlation samples are
aiso shown in the figure. This averaging is the so-calied
non-coherent accumulation. The phase of the sample grid, relative
to the triangle function, depends on the phase of the received
waveform relative to the input A/D sampling clock.

25 In the waveform of Figure 14, the time of the auto-correlation
peak is a parameter of interest, and this peak time is usually not on
the sampling grid. However, using the averaged auto-correlation
values surrounding the peak time, the peak time can be estimated
by interpolation. Various interpolation methods are known to those

30 skilled in the art, but one method involves ordering the averaged
auto-correlation samples according to increasing code offset and
then searching for the two largest adjacent entries. The left entry
(the earlier one) and its left neighbor (points B and A respectively in
the figure) together define a line, while the right entry and its right

35 neighbor (points C and D resbectlvely in the figure) together define



processed with the | Doppler replica and the correlation result is
accunul ated in the coherent accunulator. The Q nenory data then

is processed with the Q Doppler replica and the correlation result S
10 further accunulated in the coherent accunulator. The tota

coher ent - ac@88103BBon result is then squared by squarer 29"5'5{3597“3196

added to non-coherent accunul ator 30. The coherent accumnul ator “is
then reset. Next the Q nmenory data is processed with the |
Doppler replica and the correlation result accurmulated in the 15

coherent accunul ator, then the |I nmenory daB2a-is processed with the
Q Doppler replica and the correlation result is inverted (nultipl i ed by

-1) and further ac t The t t

coherent - accunul atlc‘;i Megslﬁpt *I'Hgéé] &ﬁn ﬁ?éera %ﬁﬁﬁe&é bf t?'
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convenient renditi 5‘5‘0 Bdﬁ Blwg‘gﬁgat or 24 is corrprl sed of
Doppl er 1/ Q gener at or Zﬂgureaﬂél |showsc @l dowepawert @arallel-correlator 2 basedf f set

generat or 244, and gedlisiitnl §Ystett hith g SBcbELiRY Hkfich the RF/IF sectioOPP! er
|/ Q generator 242 ation of a

ener tes se ent
sine or cosine Wavé® E" egfnpéiagr 8%?[3?”'9 °“tp“t sW@PEt Hil‘ h 3 he
sanpl e rate, and cmss¢®I0 mtrNB Comeerl&fpﬁanmd 86 Control 35 applies poweRead

Only Menory (ROM %Im@mm: aaczmdmﬁo mwmo cohlértars 700 and 76i eﬁulfncy and
phase (I or Q of

t he sinu e sSe t of the
oy 1 whi oh ©he <OPusndl8 goé@las Safls J.ddl whictis stored igghe data |
addr ess deci mat i on reerdotyy V\ehdee'dt)l convefter 22 genaratésisgampled Q data whnch is .

15 stored in the data Q memory.
in on@ embodiment of the system, the input A/D converters
sample the 1 and Q input signals periodically at approximately 2.183
million samples per second, yielding 2183 samples per C/A code
cycle and approximately 2.1 samples per C/A code chip. The
20 samples are quantized to 3 levels and use two-bit sign-magnitude
representation, as described earlier. The | and Q data-storage
memories are each large enough to store the entire data segment
needed for signal acquisition. For nonmilitary utilization, this is
usually 20 ms. After 20 ms {2183 x 20 samples) of | and Q data have
25 been stored, power is removed from the RF/IF section and from the
input A/D converters, and acquisition processing is begun. The 1 and
Q data memories are each organized as twenty rows of 2183 two-bit
samples, with 2183 simultaneous outputs (one full row). Four
separate three-sequence parallel correlators are used, labeled 1), 1Q,
30 Ql, and QQ. Together these comprise a complex paraliel correlator
70. The parallel correlators each use sequence lengths of 2183
sampies. The | data memory drives the |l and IQ correlators, while
the Q data memory drives the QI and QQ correlators. Also, the |
Doppler ragister drives the Il and QI correlators while the Q Doppler
35 register drives the IQ and QQ correlators. The order of data
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si nusoi d generators are al so known to those skilled in the art.
For the GPS Q&ﬁ , a well known state machi ne gafpdagniieed to
generate the ,& code bits in the proper order. The Doppl er
sinusoid and C/ A code val ues are 5 multiplied by nmultiplier 241 to
yield the replica signal. Provision for searching all feasible
code offsets is provided by a tine offset of the stored code
replica fromsatellite code generator 243 usBhg of f set gener at or
244. Wth the state-machine inplenentation of satellite-code

tgﬁner ?t ;)r 243h a p?r tdtr?‘]édsam @ﬂes{é!f 56 ethat S%IB;Je%ﬁb@drdﬁﬂca codel%ﬂsafse%eé t i ng
correl ati on process. STROER (f7ad Gvef Jablica Erde e ot Bonpier draguenty'®
code offsets, can be befaseedhen cedronndex ondSepelasy f@qyanqm eis changed.
Pénigﬁvgﬁﬁéﬁff cogp}g Furthermore, all desjred coha d@fssgﬁ;%rtﬁﬁ:r{oé&%eagﬂﬂhsd&érpfbﬁef‘rerch
frequency, and t hén |°ﬁ8@>(?qlba"d O'ata bef?'ﬁr‘éﬂ Wﬂe&ﬁ%aﬁw& P hen
the Doppl er frequencyninisnize the combmérhmwnbryrmadﬂng and tedendgistedshiffiiget s
o arran ned. energy ud¥OMBP by 6w Bbdtindex 3onhd BdpPRor rauUBAE €d
processing orders are also possible, and the order can be chosen to
minimize energy consumption. The ll and QQ coherent processing

10 results are summed to form 11+QQ by connecting the associated
summation lines, and the QI and 1Q coherent processing results are
summed by connecting their associated summation lines. For proper
I-Q processing, either the Qi or the IQ resuit must be inverted, and
this can be accomplished by, for example, reversing the sense of ail

15 sign switches in all analog converters of the chosen parallel
correlator. In this embodiment, 1Q-Ql is formed.

With GPS signals, the SNR of each il+QQ and IQ-Ql signal is
typically 0 to 4 dB. These signals are adequately represented with
only a few levels (e.g., -1, 0, 1) and are converted to digital form by

20 A/D converters 700 and 701, and then separately squared by
squarers 702 and 703. The squared signals are summed by digital
adder 46 and stored in accumulator 44. Accumulator 44 has a
separate storage position associated with each candidate code
ofiset, and correlation results for each code oftset with different

25 received data segments are accumuiated in the associated storage
position.

Figure 16 shows one embodiment of a squaring flash A/D
convarter that combines the A/D and squarting functions. Here two
comparators 61 and 62 determine if the analog value is above,

30 below, or between the two threshold values associated with analog
representation levels -1, 0, +1. A logic unit 63 then maps the
comparators’ joint output state to the appropriate squared digital
value. If desired, this squaring flash converter is readily generalized
to more than three representation levels by adding more comparators

35 and threshold voltages.



accunul ators, one for each candi date code offset in a sequence of 20
adj acent offsets. This accunul ator organi zation allows the scores

for adjacent offsets to be simultaneously exam ned so that an

i nterpol ation algorithmcan be applied to find the sub-chip offset

val ue assocWRM2HBt h the actual score peak. If a sequenti &CT/USIT3196

I nterpolation algorithmis used, the peak offset val ue can be 25
i nterpolated while using only a single accumul ator el enent.
The total acquisition tinme can be reduced by processing mul tiple

code of fsets sinultaneously. For exanple, .rgltiple digital
correlators 23 can be used, each driven with a differently del ayed

ol enented with a t appelltiosaPPiige i doRf | fenubhPp. iegaths. *and
code/ Doppl er gener aditwitareoushemediory outputs temgthscean béehosert ho desivit the
separate serial di g5p8l agflicafibt Pér ddamgied bg@oﬁ@frﬂ #nlife Bafa2Edhment
correlator can be separately.s ared.qnd C ed, i n
associ ated el ement s“%Jeg ﬁ&‘?—'i’%ﬁeﬁc@fﬂs‘ mmw r Segtion can be turnedpff
98/ 02758 5 after the shortest possible time (commensurate with re€¥ingI8é/ 13196
" 23 o needed'tat2'sb§mBAf)! Yhe STored B5RI 6% caR thidh b UsHl For that
processing of all SCD bins in the acquisition search. Alternatively, a
shorter memory can be used at the expense of having to keep the
RF/IF section on for a longer time. For example, another attractive
10 embodiment uses a *Ping-Pong” memory organization and is
illustrated in Figure 19. Here, the | and Q data-storage memories 192
and 194, respectively, are each only 2.0 ms long and are organized
as two paraliel-output 1.0 ms rows (e.g., 2183 samples in each row,
as befors). In both the | and Q data channels, one data row is
15 accessed in parallel, for parallel correlation, while the other data row
is being written with digitized data arriving from the RF/IF section.
The entire | and Q data sequence lengths-are each processed in 1.0
ms segments. The entire 20 ms data set is then processed for a
single SCD bin in approximately 20 ms. Because the entire data
20 sequence was not stored, the RF/IF section must be energized and
produce another entire sequence if another SCD bin is to be tested.
On the average, this increases the time that the RF/IF section must
be kept energized during signal acquisition. However, the reduction
in memory size can be dramatic. In some applications {(e.g., military
25 raceivers under severe jamming conditions), the GPS SNR is very
low and the data sequence length needed for acquisition may be so
long that storage of the entire sequence is impractical. Under such
circumstances, the Ping-Pong acquisition architecture is
advantageous.
30 In some applications it will be advantageous to further reduce
the size of the data-storage memories. With the two-segment (Ping-
Pong) memory organization, a long centinuous stream of recsiver-
output data can be processed. At the expense of a longer time to
acquisition, the two-segment | and Q data memories 192 and 194
35 (Figure 19) can be reduced to single-segment memories by



bot h | ow power and fast signal acquisition, according to another
aspect of the invention, is shown in Figure 5. The acquisition
architecture is simlar to that of Figure 4, except that the serial

di gital correpglegharsseri al Doppler and P/ N code generators, g@ifse7/13196
serially read menory are now replaced wwth a parallel correlator 36,
paral |l el Doppler and P/ N code generators 37, and a parallel read
menory 33, respectively. One aspect of the invention is a nethod

for massively parallel analog summation in tHe paral l el correlator.

10 The anal og summation, in conbination w ‘BR"t he massi vel y parallel
organi zati on of the nenory, replica-generator, and correl ator

el ements, provides feliminatingoasattitice tli0rmsasedtiemeiron eagthucienons. With this

the correlation proc e I e

to digital formby A g&%@/etg’?ga’{%emﬁm%g%‘%ﬁéuﬁp e%%ﬁg aﬂ‘e nolt5
squarer 29, as descrPl96assashdasinagiony eyery giheral Perr'3§ﬁemenbaﬁ cRrtured in
al so takes advant agemefnotzprananprmaked oahd)mnengmahsemtt&w elapsed for

nmet al oxi de sem cpond ogy to
achi eve | ow energ%z uér%w%:sne g use IWeWed%&al &ggﬁisnat ed
by the charging and di schB® §irierseduge i memwemé&ﬁaelthamgptemm@ﬂtée
20 energy is used aparafiélesonbiats, \&ﬁétléﬁgm of ehet@irkliel( boRGANY BAY 106

Code repl | ca gener at 6?@5&%“ Faftatsada el sBiimpelS REAL 60 ol Shbler
correl ator are organthagdhesdesirad rAcheram @renassiag lengthnberdasired coherent
bei ng charged angp di sdasgng 16ngth ant be deaioved By mcaégﬁgaﬁult.pae shatfer

wevet o s for the ca %gvaﬁ%?"e?‘k%g*? £Bhpenfly Ao Rl BRI D appete
no Doppl er shift. Di&ilQ 8% cehefent paeaessing langtht ean beoﬁcémweﬂ Py usini@oat he
data nmenory as I t beﬁﬁgﬁso 3vib oAy patdiRMcbhetatdr/ dnFtwis alijaRBnt2d. 52 R data

A/ D converter n f

paral | el out put so t#]%rggrﬂgo% égéﬁg tggﬁ #91“8@% QPQ’@ﬁgt\rngﬁ% éﬁé ca‘)t"VFFFéon
out put si mul t anedus| Yargyss compirations pk (gostelaton Jeagths qabhesrn @racessing
chosen replica signalengih numbarganmaafory 8agentesand ebde-BRs& deirch width

are possible.
When the cost, size, and power dissipation of a standard
serial-input sarial-output (SISO) memory are sufficiently low, it may
20 be advantageous to store the entire necessary | and Q data
sequences in such memory, turn oft the RF/IF receiver section, and
use this memory in combination with the Ping-Pong or single-
segment memory architectures to examine all desired SCD bins. The
entire | and Q data sequences are read from the SISO memory once
25 for each SCD bin tested, and this reading process will consume
energy. However, bacause the RF/IF section is turned off, the system
energy use will be reduced if the power dissipation of a SISO
memory is sufficiently low relative to that of the RF/IF recsiver
section. Other stored sequence lengths, simultaneous memory
30 output lengths, and sampling rates are also attractive.
in the two-sequence or three-sequence parallel correlator
embodiments of Figures 8 and 11, the product of associated data
and replica samples is performed in parallel within the correlator.
This aliows different Doppler bins to be tested for acquisition without
35 having to collact new received data. Figure 20 shows an aiternative



output with the sane length as that fromthe data nenory. A sanple

of the cross-correlation (i.e., the inner product) between the parall el
35 data sequence and parallel replica sequence for a given Doppl er
\é\gT;a ?J/88§I7 ?gi\é%”"’”” PCTAS97113196

frequency. code index and code offset is generated all at once by
parall el correlator 1000. In parallel correlator 1000, each el enent of
the nenory data sequence is nultiplied by the corresponding

el ement of the replica sequence using a cosgesponding nmultiplier in
an array of nultipliers. The nultiplier output signals are

the correlator out HibodnetdhdrbCorday oL 8 Hackld) SBEBlater 5 the,adtgciaten,
\?\ﬁidfeoaglsgit ni st g:naasalb&i mqrnczmiwnqr?ghe rldetarzrtg apleieg'ampdns amer:\anipped
10 si gnal ga_n be%?ggfﬁggwgﬁ\%%%l %:;;rﬁle ﬁ%%&mg%qéapii%ﬁghlﬁﬁﬂ (%)
In one attractive @qB8diMSAS 3 aoks Hse The,oyltipiiars in the parallel
out put dat a and5r epbtreiatarearendbigs asioplifieths HBachg camslatpmnmaltiplier now
sihngl e cycle of th?ntﬁi(iplﬁidéoi?@asgcliﬁa@étﬁoﬁa%ﬁﬁﬂs B f m?faegiﬂ{;ﬁdaé oiBted
the RE/1F output 5'0883‘ bllf.y ﬂaen%o'm%gne%t r%ﬁplfeart gn D?R ptr:gr%(verrrt%tre o¥ %h\f\é)
correlator embodiment is similar to that shown in Figure 18, except
that the data-Doppler multiplier and A-B signal converter, comprised
10 of exclusive NOR gates 1210 and 1212 and AND gate 1211, is
moved out of the correlator and ahead of the data memory. The
disconnected inputs to exclusive NOR gates 1213 are coupled to the
data memory outputs. With this embodiment, new data must be
stored if a different Doppler bin is to be tested for acquisition, but this
15 is not a disadvantage in some applications.
The combined parallel correlator and parallel memory shown
in Figure 20 can be advantageously used to form a simplified full I-Q
processing GPS acquisition engine. In the full I-Q acquisition engine
shown in Figure 19, there are four separate paralliel correlators
20 coupled to data | and Q and Doppler | and Q registers (paraliel
memory), as well as to the parallel code register. An alternative full |-
Q embodiment that uses the simpler correlator and memory
organization of Figure 20 is shown in Figure 21. In this embodiment,
the four paralle! data-Doppler memories hold the i, QQ, IQ and Q!
25 data-Doppler product sequences, respectively. Each parallel memory
can be organized as a Ping-Pong or singie-segment memory, as
described earlier. There is no separate data and Doppler storage.
Each parallel memory connects to an associated parallel correlator,
and each parallel correlator also connects to the singie parallel code
30 register. The reduced interconnection between memory sections and
correlator sections allows this full [-Q processor embodiment to have
a simpler (i.e., smaller and leds costly) integrated-circuit
implementation.
The complexity of the embodiment of Figure 21 can be still
35 further reduced by performing the 11+QQ addition and the QI-IQ



15 sanpl es per C A code chip and digitizing to three levels with an A/D
converter using a two-bit sign-magnitude format. This sanpling rate

and nunber of |evels avoids aliasing, avoids substantial SNR

degradation iywobdp4/ D threshold | evels are properly chosenpcgdor1319
yi el ds sequence lengths on the order of 2100 sanples. The 20
sign-magnitude format allows a sinple nultiplier to be used in the
multiplier array described above. QOher attractive data
representations, sanpling rates, and parall el.-out put sequence

| engt hs are possible, as will becone apparem’to those skilled in the
art. 25 Figure 7 shows one nethod for generating the

par al | el - out put subtractionpbéfore samusiorage. [RTion 16 Ierage P e d@itB e randor

Sequence and o sub‘faﬁi.c’%?é‘%@éﬂéﬁ'%g%%P?%@L@é e

digitized sinusoid bits with litlle SNR fegradatinn: heericas shawmpimEwuse @2Dep! er

L Ir ﬁﬂgglng y. A 32 twwhtd-gbbgtbr ?x@@ﬁor@@qugetfé:adua?mdté.i ugbircﬁrtsert fae qu;eoand
gener at ¢ s+ RRToRFS oBraleh (Bfelblosh AR 7"kl SEeT afe By e o
a parallel- Eaghtqata-QopNerDoppesr cardin iocganizeshasta Ping@ong or

The replica sequence ginglsedMmeMIMEMbEL a8 Testhtshd darliby. RhéEdrBhnizations36t
(et 9N~ AN hgTe LAEP! corbliaf, “Barkfel® mé B, "ahd $he" sh§ldfte
WO 98/ 02758 ' '
PCT/ US97/ 13196 multiplications are also possible and advantageous.
10 Figure 17 shows a combined data-memory,
replica-generation, parallel-correlator organization (for just the Il
correlation process) that reduces the number of code register shifts
to 2183 shifts per code/Doppler combination and eliminatas need for
any non-coherent accumulation RAM. The trade-off is that the input
15 memory must now be segmented to allow all stored data to be
simultaneously accessed. These data are applied, in 1.0 ms blocks,
to separate parallel correlators. These paralle! correlators are all
driven by the same code and Doppler replicas, and they
simultaneously (in one full code cycle) generate the twenty separate
20 1.0 ms correlation sequences that were previously accumulated
time sequentially. Separate squaring A/D converters convert the
analog correlation sequences to digital form where an adder tree 80
forms the accumulated correlation sequence. The accumulation
RAM can be completely avoided by performing the peak search and
25 interpolation process on the accumulated correlation sequence as it
is basing generated. In this arrangement, the code and Doppler
registers now drive twenty loads where they previously drove one,
which may negate some of the energy reduction.
When the parallel correlator is used with data and replica
30 registers for the two-sequence case, or with data, Doppler, and
code registers for the three-sequence case, it is advantageous to
minimize the energy used in loading {writing) the various registers.
in another aspect of the present invention, ioading of the various
registers is made a low energy operation by using a scanner shift
35 register to determine which data, Doppler, and code ragister stages



- 25 - as these formats reduce the conplexity and power

consunption of the parallel correlator with respect to a formt
that uses nore bits. Wth only three or fewer |evels, the Doppler
conponent in the replica sequence w |l have hi gh mg cont ent
and these WO9M278 phorypnics can falsely correlate with anclRpuUt: Si gnal ,
Thi s probl em can be avoi ded by choosing the RF/IF | ocal oscillator
frequency so that the RF/IF output signal is substantially offset
fromzero frequency. By choosing the offset |arge enough, the

har noni cs of all resulting necessgyy Doppler-replica frequencies
w il be well above 10 t he hi ghest Doppler replica frequency. The

har moni ¢ problemis .. known bﬁ/ t hose _skilled in the design of
super het er odyne r e@EP J@ 0@ written at each instant; Figure 23.shows,a scanngs| shify
har moni ¢ | evel s canegistered4 &l coynbination with (the ndataoregistert 300,nDopplePoppl er

and repli ca sequenogqsaRaicahd bad rogisar 302 1G1fe TifeB Wl SpdPEadRp! © 11

the replica registe
consunption and co®feSRehpd ol pperption, samples gmpsequentsa"y f°fa%a$€1|°§|ﬂﬂe on

i %l S_mi‘nt ?t i ?ni rs] digital data, DoppleF. and codd sdquences amtHe W&ﬁéte@farﬁgm g
enbodi ment o e , an
paral l el correlat ofhe same. Agﬂﬁfﬁﬁgﬁéﬁfo%}gg r?#eécr?rge?slgéué gég %bgé ﬁéﬂ met hod
of Figure 7. Both taf@ writtepg 'moddloafeéﬁ‘énd'mapFﬁ@éﬁ"%‘éhu'@ﬁé@ﬁ%s‘e aheifio- bi t

si gﬂ- rr?gni tude respective registars.aln eynchrdviismi Witle thé &arfiving safmpféﬁr@gts in
each of nenory . are
aligned with each single lg&cal q%%ﬁmésgk)ﬁéﬁhg%’%ﬁl on etwéé gﬂ”@ﬁ%@g&g

magni t ude (M biot s the writing °f the: grriving Saaplas istansoeesponsiing heqwemlaéequences

calnt _beI _ 25 convgsutione! of the tespettit@hgisters!Mhe WaitiAg GpeffRRGE Aidhg
mu | ler | n |
exanpf’e ei ther -1 Taiflay %&&s% Qﬂr ”@}& h&@ﬁ@m él:%%ey ?%df&& ?Jcﬁgéﬂé each

nul tiplier 1200 gerqlgagggghetr stored value at each shift, and nona of the respectwe
registers is shifting during the writing operation.

15 While the disclosed invention is applicable to GPS C/A signal
acquisition, it can also be used to dramatically reduce both the time
and energy required to directly acquire the P(Y) military GPS
signals without first acquiring the C/A signails. By altering the
satellite-code generator component of the code/Doppler generator

20 in Figures 4 or 5 to generate the P(Y) code instead of the C/A code,
the methods and architectures disclosed herein become applicable
to the P(Y) case.

While only certain preferred features of the invention have
been illustrated and described, many modifications and changes will

25 occurto those skilled in the ant. It is, therefore, to be understood that
the appended claims are intended to cover all such modifications
and changes as fall within the true spirit of the invention.



either -1, 0, or 1 as an output signal. A separate digital-to-anal og
converter 1300 converts each digital nultiplier output signal to 30
analog form Al D/ A converter output signals are sumred by being

f urni shed tov@ofé?d%” out put that represents the anal og cor pekaikdPi3ise
result. The anal og summation is conveniently inplenented usi ng

charge summation, but alternative anal og summatijon T
possi ble. This summuation nethod is spatially effjici en {dﬁl 'sb—vréry SG
35 | ow power, does not require any anal og _ngrprf}] Ihsrdlpmnvqaﬁgcdfastm paged
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Anot her advant age of GUAIMSparal l el correlator a EniAbeesckr € . b.§gcghat t

code- and Doppl er sequences are programmabl e, al Lawing a single
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correlator to rapidly seanch owed reteliver dpparsidecomgiising. of fsets, and

Doppl er frequencies in th | on process F| gure 9
shows one enbodi nent of o%en%g'%g gbél t wo- sequence paral | el

correlator of Figure 8. wawnqﬂ%rrecmmas'gnal generates sign and
magni t ude out put bits thak membrOtoupled ¢ eaidtdhbr for storing a rapxdsaf@lionn a

D) A converter 130(0% -If_’? Bﬁvg(#n F%g&%ar?}: anc?{b%eﬁnd of a charge

sunmat i on capacl t ositive 'reference
processing circuitry for processing said representation; and

a controller for controlling application of power from said
power supply to said tuner, said controller causing power to be
applied to said tuner until said representation is stored in said

10 memory, and said controller causing power to be selectively
inhibited to said tuner thereafter.

2. The recsiver of claim 1, wherein: :
said receiver is a direct sequence spread spectrum (DSSS)

receiver.

3. The receiver of claim 1, wherein:

said receiver is a code division multipie access (CDMA)
receiver.

4, The receiver of claim 1, wharein;
said receiver is a global positioning system ( GPS) receiver.

5. The receiver of claim 4, wherein:
said GPS raceiver is adapted to receive signals from GPS
satellites;
each of said satellites being associated with a corresponding
S code;and
said procaessing circuitry includes a replica generator for
generating a replica signal.

6. The receiver of claim 1, wherein:
said recsiver includes a converter for converting said
representation to digital form for storage in said memory.

7. The receiver of ¢laim 6, wherein:
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10 voltage rail or a negative reference rail, or to an output reference
voltage rail (e.g., ground). The sumis generated by a two step
procedure. First the charge-reset line is set low, closing a charge

reset switch 1600 and forcing switch 1400 in each parall el r
stage to comfeB{?tRe associated capacitor to the output reyéﬁ%%@éi&? 15
rail (ground in Figure 9). This discharges all capacitors. Then the
charge reset line is set high, opening charge reset switch 1600 and
allowing the data and replica values in each parallel correlator stage

to control the associated sign and magnitedg-swtches, 1500 and

1400, respectively. This two-step process insures that excess

e 1t s Qﬁtvaﬁf2;2&2%%Eﬁ%%?g%%f?ﬁﬁ%ﬁ@@ﬁ%2%"%%#'3@24& §5mpa~ng
i npl emented in | owmfemegerﬂanorpw&l@eggel&awg ing, for exanple,
netal -netal "cross-over" capacitors and binary el ectronic sw tches.

Finally, it is advantagebus tThatrecéiverdsfiajm % whemeinon can be 25
extended across nul ti pl esdnd"&@r?élﬁio?@oﬁip‘h@é% Biaﬁéﬂe%ml gxt endi ng the
summation | i nes. gure ows anot met hod for

generating the replica 9. The Feéé‘g&a&'c,%% a‘;ﬂy alTet hod t he code and
Doppl er replica sequences I'n separ ate Par al | el - out put

regi sters. C/ A code geneSaid qarallel W@'a‘;‘?b@f‘mﬂsééd%/%f@ﬂjwep FeR@iatehr 1010
generates the desirsdgés for snmu!taneousmmremmgmr@spmmh@sam REWH AR | S

shifted into a code gitized
si nusoi d gener at or ié@ hfp"?esentatlon and sgﬂ/%é %?er generﬂdéfyfmﬁﬂ%cegnerat es
the digitized sihuskbelty of respectivg@&t%@@ Sc h the desired phase and

Doppl er frequency, and this 35 sequence is shifted into the Doppler
replica register 1006. 10. The receiver of claim 9, wherein:

said parallel correlator further comprises a summer for
summing said plurality ot output signals to produce a correlation
result.

11.  The receiver of ¢claim 10, wherein:
said parallel correlator further comprises converters for
converting said piurality of output signals to analog form prior to
summation by said summer; and
5 said summer comprises an analog summer.

12. The receiver of claim 11, wherein:
said summer comprises charge summation means.

13. The receiver of claim 1, further comprising:
a transmitter for transmitting a receiver output signal
produced by said receiver to a remote location.

14, The recsiver of claim 13, wherein:
said controller is adapted to selectively cause said transmitter
to transmit said receiver output signal.

15. The receiver of claim 1, wherein:
said controller is adapted to selectively cause said
processing circuitry to produce said receiver output signal.

16. A method of operation of a receiver, comprising the
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- 27 - Figure 11 shows an enbodi nent of the data nenory
33, code-replica register 1005, Doppler-replica register 1006, and
paral | el corrgbaggssg000 that uses the replica generation natdiogkonizie
Figure 10. A separate code register 1005 and Doppl er regi ster 1006 S

are used, yielding separate nenory-data, code, and Doppl er

sequences. Sign (S) and magnitude (M bits of corresponding

sanples fromthe three sequences are fed to cgQrrespondi ng

mul tipliers 1201. Wth sign-nmagnitude input '@gl'ues of , for exanple,

-1, 0, or 1 fromthe data and Doppl er sequences, and -1 or 1 from 10
t he code sequence, eastpsmof:tiplier 1201 generates either a -1, 0, or

1 as an output signal. Th%ﬁﬁrﬁﬁ@@&rtﬂ{ukﬁ“ er output signals are all
ndal ‘0g . sumra

si mul t aneously sumred usin 1ol as previously

described for the two-seqUepRivngarsignal withosaid tunes; | Fi gure
12 shows one enbod§ ment ofsterty & réyresentatiove of saidlsignal heéceivegicsusdid eumsrr al | el
correlator of Figure 'ﬁi%mgﬂ}% .orrel ator stage shown is simlar to
that of the two-seque 'l'el correlator of Figure 9 except

that the nultiplier has arinkihiting the Apglicationcef pawer to said tuner aftes stasingl | ow
the separate code regisid eéprbkdntation iNTsard mbhnsiang Of the
mul tiplication result. prggessing Sﬁ%';rﬂhg%édﬁg[@nd t hree sequence parall el

correlators of Figures 8 “generalized to plural

sequence parallel correl atqs. \ Wth respect .to the two sequence
co?rel at oP the three sequ nceThe recewerofc&anm 1%.%1erem: 9

said receiver is a direct sequence spread spectrum (DSSS)
receiver.

18. The receiver of claim 16, wherein:
said receiver is a code division multiple access (CDMA)
receiver.

19.  The receiver of claim 16, wherein:
said receiver a global positioning system ( GPS) receiver.

20. The method of claim 16, wherein:
the processing step is begun before inhibiting the application
of power to said tuner.

21. The method of claim 20, whersin:
the inhibiting step occurs before the processing step is
complete.

22. The method of claim 16, wherein:
the processing step includes the step of correlating said
repraesentation with a replica signal.

23. The method of claim 22, whersin:
said representation comprises a sequence of sampled time
segments of said signal; and
the correlating step coherently correlates each of said time
s segments with a corresponding replica segment, each of the
segment correlations producing a coherent correlation resutt.

T ) O h”“'”i“”ll”lld




correlator has had one of the cross-correl ati on sequences (the
replica) deconposed into two separate sequences. This 25
deconposition can be applied to both the data and replica

sequences in general to provide a plural sequence parall el ,oruse713196

correl ator BOPANE?- product machi ne. "Differentral™ anal og
summation in the parallel correlator may have | ower noi se
susceptibility and other advantages. Figure 13 30 shows one conveni ent
differential summation configuration. In each stage of the
parallel correlator, two D/)A converters akrgadriven in paral | el by
the sanme sign and magni tude output signals fromthe associ at ed
multiplier. One converter is |abeled as positive and its capaci t or

connects to a positive s«‘u{mat He'm onverter is
| abel ed as negative and cTa aCILi[h% &EQ.;B% f?ﬁ:ﬂﬁfr}? the sﬁ of? WD 98/ 02758

PCT/ US97/ 13196 combmmg the coherent correlatlon results 10 incrggse_signal-

negati ve summati on fo-mudse fdl@.swi t ches shown in each converter are
i npl emented as electronic switches, as is well-known in the art. The

two converters operate izgntiThw methodotplairh 24] wheimi gn swi tch 1500
In the negative convert qp i3 aflFEdHaTedt obidfatioR 1BECTs GHae'd S0sired
Doppler filter bandwidth.

26. The method of claim 16, further comprising the step of:
selectively transmitting the processed representation
produced by said receiver to a remote focation.

27. A GPS receiver, comprising:

a power supply;

a tuner for receiving a time segment of a GPS signal;

a memory coupled to said tuner for storing a representation

5 of said time segment received by said tuner;

a replica generator for generating a replica signal;

a paralle! correlator coupled to said memory and to said
replica generator for comparing said representation and said replica
signal to identify said GPS signal; and

10 a controller for controlling application of power from said
power supply to said tuner and for controlling storage of said
representation in said memory, said controller causing power to be
applied to said tuner until said representation is stored in said
memory, and said controller causing power 10 be selectively

15 inhibited to said tuner thereafter.

28. The recsiver of claim 27, wherain:
said replica generator comprises a code generator and at
least one of a Doppler offset generator and a code offset generator
for generating a replica signal;
s said parallel correlator being adapted to correlate samples of
said representation and said replica signal simultaneously to
produce a correlation resuli.
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5 respect to the sign switch of the positive converter. Wth the
differential nmethod, the difference between positive and negative
summation results nust be taken to determne the final coherent
correlation G@Sﬂﬁ}obss-rhi s can be perforned by, for exanple, psSi/ospra3196

hi gh-speed |iniear or switched capacitor difference anplifier, as is 10
known by those skilled in the art. Alternatively, the positive and
negative sunmation results can be separately A/ D converted and

then their difference conputed digitally prior to squaring and

non- coherent accunul ati on. -B3e t hree- sequence paral | el
correlation nethod of Figure 11 15 uses | ess power than the
t wo- sequence net hod of Figure 8 because only the 1-bit deep code

regi ster needs to be shif2®&d Wrareceiver of claihe28| vaipareig: correl ation results

Fegi ster can be held 1 xetid pardilel correiatar RIMERS 3 pilifl o ApRPTEE BPEP, o'
deep consunes appr oxsimuitapgously puitiplyinge chuespoaskng:s saviplas ngf a saidyi st er

that is one bit deeppResiatfon and said Feplts signal ol piodtich Sa FpiGRTiy BNt
power consumer w correl ation approach, the

th thﬁ. Paral IEI_
t hr ee- sequence net hoMtiENerFPSHIS;A0G s On the other hand, the two
sequence nethod uses fewea summer for simultanegusiyt caumhiogesaid @Elhirality ahd

f ewer excl usive-or gﬁahﬁﬁ_lli_'%ﬁra%bﬁs to prodiice SHididaPleltibh radik. t herefore has a
e

smal [ er inplenmentation. I mpl enent ation size difference

di m ni shes as the nunber £ bi-%/‘% febeiver of claim 2P RHeREink €pl i ca representation

i's increased. ) A converters 1300, shown in Figures 9 and
12, utilize ser i $8ld sPRRAIRL £ofrgiaten  fupher: camprisgs ofonveRetsh drge
summat i on 30 10 c aparojetrtings saidrplafalityr ofamultiplienasditsrionandlog foime priot to pl i er
and anal og L ar A) of 0 f PSe ase in
Figure 18. %ﬁngﬁggﬁtg&gg@% St{‘ﬁ@p’e‘ﬁ@gdgﬁgﬁtﬁ Pi&s:mtp ﬁglt@dlggl tal Togic
functi ons dPYB®ely drive the charge-summation capacitors and a
series connection of switches is not needed. This multiplier-D/A°

35 conbination is readil3ti npinesereiar ohelaims3Q wharaing gi tal cvoS
said summer comprises charge summation means.

15 32. The receiver of claim 27, further comprising:
a transmitter for selectively transmitting an output signal
produced by said receiver to a remote location.

33. The recsiver of claim 27, whersin:
said controller is adapted to selectively enable said parallel
20 cormrelator to produce said result.

34. The receiver of claim 27, wherein:
said replica generator is adapted to generate additional

replica signals symbalizing satellite code - Doppler bin
combinations; and wherein
25 said parallel correlator is adapted to receive said

representation from said memary for correlation with said additional
replica signals.
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process. Capacitors 1101 and 1102 are of substantially the sane

val ue and together provide for a three-level D/ A conversi ofCTESIg13196 1
0, and +1. Y&E*mepevel i s invoked by driving both capacitors | ow
(digital ground), the +1 |level is invoked by driving both capacitors

s high (digital vdd), and the 0 | evel isukgvoked by driving one
capacitor high while driving the other low In a multiplier 2001,
exclusive NOR gate 1210 and AND gate 1211 multiply the two-bit

data and Doppler values to formthe sign-nmagnitude product.

Excl usi ve NOR gate 1212 then converts the two-bit product to A and 10
B signals that drjve the two capaci either the sane or different
directions. Final excl usi ve NOR gh 13 multiply the A and B

signal s by the bi ~gode valu gates 1214 provide for
groundi ng the ca i 5o as {834l schar t hem during the reset

phase. 15 r~a give stored GPS signal, a tradeoff
exi sts the te ent and non-coherent

processi ng. As
SNR of each
nunber of coheren

the cghekent cgrrefation length is increased, the
hereqt /processyngseswt is increased but the
- ~

- -

- . ~ ~. . ~ . . ~ . . 16
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REDUCED-ORDER
RAILCAR PARAMATERS  _|  CENTRAL
TRACKING UNIT STATION

fig. 1

RAILCAR
RECEIVER

3
g
73
<
Y
.-'
g
e
e
3
g

r=—"=-=-"



processing results avail able for squaring and non-coherent 20
I's known by those skilled in

accunul ation (integration) decreases. It
the art that the SNR i nproves by 10 dB per decade of coherent
processi ng | emvgo beo2mssr ease, but increases by only about 5 dBpp8iser/13196

decade of non-coherent processing |ength. Thus, for a given
menory data | ength, the pre-detection SNR is nmaxim zed by 25

perform ng one |long co unpr edi ct ed

gnt correl ation. gilgwever,
, limt the feasible I ength

= astil | g jitter will
' as the coherent correlation length

receiver notion or |oc:
of coherent p 5Si Ng SO,
IS I ncr eased E h of the Doppler bins is reduced and
this yﬁggiﬁ?ﬁ {i ns that nust b@ semexhed. The
30 3 readily @il ¥ynani c trading of

architectures
coherent and
the replica 0
accunul at or s, .
It is usually true that

detection is |ower tha
e S

ssing | engg ough cont of
jod g of the @E@gt and non%h@ent
gFb|the squari g%ct i ons. <
det ectg g SNR need§ g 35 i i5§bl e
R r accurat® < WO 98/
- 30 - a
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correlation peak localization (i.e., interpolation). Thus the

acquisition tine and energy can be mnimzed by using shorter

coherent correlations (and thus searching over fewer Doppler bins

that are as wide as the detection reliability constraints RET/USEVPHR)

5 until a“¥8P¥®™ion detection is observed, and then reprocessing the"
data with | onger, coherent correlation using code offsets and

Doppl er shifts near the val ues that yie8/d®@d the detection event, to

i ncrease the SNR and jpeiy pr m sepen or code of fset interpolation.

The architectures of I,_zugj 4 4 5 readily allowthis two step 10
process. 0:5 ' shows a sectig Q{u}he noi sel ess
auto-correl ati ogy 'i':
sanpled). The ™ [0k
of fsets of magnitude| 22
triangle function (of gh?e
chip width. In anot hdr2s8

h val ue | sQ@g Qrear zeroﬁr al |
[ han one ¢ a igith and is
p5 for of t etween -1 and +1

inwbtcb , accur at géub-chi p

correl ati on-peak tine t1mati 17,] ach v@@vithout ugi

sanpling rates that a : y gher than tw c e A
chip rate by usigsa~saap ingrate thatyis a non-integer nultiple
of the A chip"?ate. Wth an inte r N 0 of sanples per JA

code chip, the discreteftine auto- sanpl e val ue
remai ns substanti ally stant over an&_‘i nput - si gnal time of fset
vari ation of Mf code chig pe& od Wwhen the receiver
bandwi dt h i s Substantj algly Wi der . .tHan the 5i gnal bandw dt h.
This is a formoé:qu reiQht iron el ds slubsfanti al 25
gquanti zation errgdy if 51 tk rjot Marge or lexanpl e, an offset
measur enent accufﬂlcy Dphetenth of|a |[C/ A code chip woul d
require a sanplighy I% N=10 tinmep tjhe {C/ A pode chip rate. \gth
a nore-limted r & | n&vvi dt h, the Jautjo-cofrel atiwn sanpl e®N
val ue varies with @hput 2} gijal time pfflsey, buf gHt ngtessarily linearly
30 with input o :S!et ainon-inteperf myl ti p} epa ing rate i s used,
t hen tfa sanphe ifstants pfedesqy or [ ORY r i+ -Cht p~red Bt bve- - -
position as a @! ' ! !
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sequence of signal C/ A code chips is sanpled. This precession

allows the calculated auto-correl ation value to change substantially

linearly with input-signal time shift, and with nuch smaller tine 35
Al t houwgdwsglolsgabove di scussi on has focused on the autpeymwsornizies VO

shifts.
98102758 PCT/ US97/ 13196
- 31 - correlation of the binary C A code, the sanple precession
met hod is applicable to nultiplgygevel signals in general.

mat ches t hat

pr freguency t hat
#Ha el correl ator 5 wll
relation function.

there is an integer

- . Ya |

Wth a replica code index and
of a noisy input signal, the s g
cal cul ate noi sy sanples of the
By choosing the signal sagplé¢ %

nunber of sanples (e.g., ?183) [@® code—per-od;
correlation results from for ¢ y consecutivel 1.0 ns
a code offsetf) wll 10

—

on the C A-dode
cquisition, thg Wieplica
that of the sigraf} exactly

data nenory sequences (using t
yield twenty noisy sanples of {E<sane
auto-correl ati on waveform During, Si gnal

Doppl er frequency and phase rar mat ¢
fegrrekation result is odedssary to

so that squaring of the c
guarantee a positive corrélati ¢n—=dsul® Figure 14 al g)&* Bws t pi&adlﬁ
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15 squared 1.0nms coherent correlation sanple points (x) calculated for
several code offsets near that of the received signal, and with code

i ndex and Doppl er frequency and phase that match that of the input

By avisafang t he squared sanples fromthe sane codepctusyriizive
of fset, a lower-noise estimate of the corresponding auto-correl ation

20 value is generated. Typical averaged auto-correlation sanples are
al so shown in the figure. This averagi ngs/t9 the so-call ed

non- coherent accunul ati on. The phase of the sanple grid, relative
depends on tl® phase of the received

si gnal .

to the triangle function,

waveformrelative to the input A/D sa i ng cl ock. 25 In the

wavef orm of Figure 14, the tinme of theeuto-correlation peak is a
is usually not on t he

paranmeter of interest, and ttgs peak ti
sanpling grid. However, usi ngot he aver d auto-correl ation

val ues surrounding the peak tynme, the k time can be estinated

by interpolation. Various int ol ati o gret hods are known to those 30
skilled in the art, but on od inv@l ves ordering the averaged

auto-correl ati on sanpl es agrordifng to ©Oncreasi ng code offset and

then searching for the twog arggst adjgcent entries. The left entry
(points B and A respectively in

in the fu gure) together define

ts C andg[p respecti v
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- 32- another line. These two |ines intersect sonewhere between

the two original end points (A and Din the figure) when the SNR
is high enough, and the time associated with this intersection is
t he estimated correl ation peak time. This method PEYUSTBI8 o ut i on
of s W28 t aneous equations, nmay be used with either the serial
or - paral l el correlator nethods, and woul d be conputed by control
35 shown in Figure 4 or Figure §(19 Figure 15 shows
a | ow power parallel-correlator based acquisition systemw th full
I/ Q processing in which the RF/IF section 10 (not shown) generates two
quadr ature out put signals which are passed to input A/D converters
22 and 56. Control J@0bplies poweqpnng to the RE/IF section and to

i nput A/ D converters {00 and 701. ZP PARAIHy EODE/DOPRLERr at es
sanpled | data which /s stored in theldata | _REPLIG&ork, while A/D
converter 22 §éneraf¢s sanpl edG-data which i 15" storpd Th™{He) data Q

menory. ' trTqne odi ment of fhg systerng the input AYD
converters : C/A qgka t| Q input signals periodfcally at]
approxi mat el y+ 4. GEN 2 sanpl es pen second, vyiklding 2183

sanpl es per C{A code Foximately 2.1 sanpl es per C A

code chip. The 20 saFer S 1 REPBICACREGISTER Pise t woy bi t

si gn- magni tudeie ~epnesent atfon, as lier. JThe I &and Q
dat a- st or age DIGITIZERbr ifes are Bach I arge enough to\store the enfire
data segnent ! SINUSQIBdec Tgnal acquisition. For ngqggl itary!

utilization, 4Hi SGENERATOR mpally 20 ms. After 20 ms (

X 20 ,
sanpl es) of I:.an—d data have 25 been stored, power is renpved from
the RF/IF section @@ TTomthe” ~ "~~~ "~ "mpuf "AD converters,”and™"~
acqui sition processi/ng i s begun. The | d Q data nenories are
each organi zed as 192ty rows of 2183‘farI bit 7

PARALLEL CODE PARALLEL DOPPLER

REPLICA REPLICA
A A &
1001 1010

R AU R edmmme e d e t-n
[

i| c/acope UL CODE :
1| GENERATOR REPLICA REGISTER '
: X o e @ E
]

[ Dremzen 1005 :
1| SiNusoiD > REPLICA ';LEEGRISTER :
'{_GENERATOR | N\, !
' 2

..é ............................... .
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sanples, with 2183 sinultaneous outputs (one full row). Four

separate three-sequence parallel correlators are used, labeled I, 1Q

30 Q, and QQ Together these conprise a conplex parallel correlator

70. The parallel correlators each use sequence | engths of BABYSI713196

sanpl es. Th¥Q9%%218 nenory drives the Il and 1Q correlators, while

the Q data nmenory drives the Q and QQuegrelators. Also, the |

Doppl er register drives the Il and Q correlators while the Q Doppl er

35 register drives the 1Q and QQ correlators. The order of datg WO
98/ 02758 PCT/ U7/ 13196

- 33- processing w6 set so that all desired replic Je of fsets
are %(am' ned for a§i ven replica code index and Dopr# %requency
before the codq i ndex or Doppter frequency isgchanged. 2 W

Furt hernore, al esired cod ffsets are prd@essedefor a gi V&SE\N 5
of stored I and Q\data before the rowis changgd§ This will nosOlikely

m nimze the conbilned nenory re dAn_g nd code-regi ster shifting

energy use. Qnher 'menory:Tov,. icode-imnpex gpg boppl-er-Frequeney- =
processi ng or ks are al SOH:ESSi ble, jand 't §torder can be chosen t:o
mnimze energ,consurrpt i om.q;“’he- I d Cﬁdiherent processi ng i
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10 results are sumed to formI1+QQ by connecting the associ ated
summation lines, and the Q and | Q coherent processing results are
sumed by connecting their associated summation |ines. For proper

| - Q processing, ei er the Q or the IQresult nust be i nvearaiFs7a
this can be ‘3@3 Pﬁ; shed by, for exanple, reversing the sense of all
15 sign switches in all anal og converéé{eés of the chosen parall el

correlator. In this enbodinent, 1QQ i or ned. Wth GPS
signals, the SNR of each I1+QQ and 1Q Q signal is typically 0 to
4 dB. These signals are adequately represented with only a few
|l evels (e.g., -1, 0, 1) and are converted to digital fogm by 20 A/D

converters 700 and 701, and then separately squared byy
702 and 703. The squared siggals are summed by digita
and stored in accunul ator 442 Accunul ator 44 has a

storage position associatedwi th each candi date code 5

= squarers
55 adder 46
L’ separate

x i of fset, and

o]
o
<

correlation results for each\gode offset with differentQ 25 received

data segments are accunul ated kn the associ ated storage® posi tion.
Figure 16 shows one enbodi ment jof a squaring flash A/D onverter
t hat conbi nes t he;A-D and ~sguarity- famrcttons.~ +Here+ wo

conparators 61 and 62 deternmine if the anang val ue: is @bove, 30

bel ow, or bet vveen: thg two threshold vyal ues@associ ated th anal o
representation |ewvel t;lr.--A-I-c@i c ul@ 1) 63 t hlen

t o he appropy pt e isquafed digital

conpar at or s’ joicet ottt put KY
value. If desir@ghy this sqgparfi ng shi " ily generialized
to nore than thr’ﬁé}s r epr esept tign Fevel s by addi ng norefconparat of s 35
and threshol d v&8t ages. S '
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The sanpling rates, stored sequence |engths, and si mul t aneous
menory out put s | engths can be chosen to best fit the PCT/U§P5H 3196

appl i cati onWEHO2ERanpl e, by storing the entire data segnent

needed for signal acquisition, the RF/I& ection can be turned off
after the shortest possible tine (cormensurate with receiving the
needed data ment). The stored data set can then be used for the

<

processing o |1 SCD bins ingthe acquisiti sear ch. AI ternat I vel }Sga
shorter menory ‘can bggused at@the expense o® having ep t he O’_:
RF/I'F section gn for <& Ionger i me. For @xawble, ap herﬁ ttractlv%aa
2w
@

enbodi nent us a "R hg- Poay” rrermry or ani ZatIOI‘W di's
il lustrated I gu 19 @ I d a- age nenygries
and 194, res%@eslve Y, aree.fbac nIy 2 are orgdni ze
as two paraIIeJ.-o.u.t ut..l..,oﬁars-no {e-g CF.2.183 s.a S -0 each

é;rs

:

as before). In_n: both the I ad Q data cm nel's, ore @ita
accessed in @yallel, forn ﬁr allel corteatio R : ya
I's being wi 'en vmth di gl ized data anr‘i-’\h ng %cn. 1
The entire | zmqu dat a $e&4ence | gAGTMS ar e ) :
ms segnents. Fhe@entire 20 data seLqu:th IR
singl e SCD biw; i appr oxitndtiel y{ 20 |ms. :Becaus 3| 30!
sequence was q’ﬁ'b stor-eﬂ-—ﬂ-t—he" R+ —1sect r;ﬁ ) (@) '
produce anot her entirje sdquance}if fanothen SC Q. '
On the average! BRTST ncneases {he i rm; ! RETTH ' ]
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be kept energized during signal acquisition. However, the reduction
In nmenory size can be dramatic. In sone applications (e.g., mlitary
25 receivers under severe janm ng conditions), the GPS SNR is very
| ow and the data sequence | ength needed for acquisition mapCHESEH3196
| ong t hat sf“@’é’ﬁ’é"séf the entire sequence is inpractical. Under such
circunstances, the Ping-Pong acquisi M,gg architecture 1is

ti

advant ageous. 30 In some app ons It will be advantageous to
further reduce the size of the data-storage nenories. Wth the
t wo- segnent ( Pi ng- Pong) menory organi zation, a |ong continuous
stream of receiver- out put data can be proces@&d. At the expense
of a longer tine to acqui sition, the two-se | and Q data
menories 192 and 194 35y (Figure 19) can be reduc@e_l'lgo si ngl e- segnent
menmori es by WD 98/ 027 U
PCT/ US97/ 13196 ~ EE&‘%-
elimnating one of the 1.0 ections fromeach menmoryQ Wth this
reduction, time-adjacent 1.0 recei ver-out put segnent & are not
processed. Instead, only every other 1.0 ms segment is qaptured ip
menory and procesgeds ~amu- thi~s™t engthens-tire 11 ne —el apsdd for 5
processi ng a given nunber of received signq$ segnents.
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To further reduce the nenory size and the conplexity of the

parallel correlator, the length of the parallel correlator and the
associ ated registers and nenory segnents can all be made smal | er

than the desired coherent processing |ength. The desired RSHHRAE 10
processi ng WegE % an be achi eved by processing nultiple shorter

data segments and coherently conbining their results. For exanple,

a 1.0 ns coherent processing | ength can él%chi eved by using a

single 0.5 ns long parallel correlator on two adjacent 0.5 ns data

segnents and adding their results digitally, after A/ D conversion. 15
Vari ous conbi nati ons of nt processing

| engt h, nunbers of neno&jﬂgggbﬁkﬂifLgmgkg%ﬂiggf?ﬁet-seanch.MAdth

are possi bl e. When t he size nd power idi ssi pation of
a standard sern al 1np&9§§'ﬁ’ 6&)@?&&{5&& Q- Lrermry are
sufficiently low, it n#y . 20 be advantageous to store the entire
necessary | and Q data; : sequences in such nenor turn off the
RF/'I F receiver sectlon' and userggp s nenory in.con@ination wth

t he Pi ng- Pong or 5|ngle- !
all desired SCD bins. The,
fromthe SI SO nenory oncel 25 for
process will consune !
turned of f, the system,
di ssipation of a SISO 1
of the RF/IF receiver
si nmul t aneous nenory
attractive.

egneny/ menory architéctures to exam ne
tiresyl and Q data %equénces are read
SCD bi n testeéed, and this readlng
, bagsuse the RF/ | F section is
ener gy fus Pﬂ be reduced uf t he power
menory is ﬁ ficiently Ibwrelative to that
section her stored sequende | engt hs,

output lengtps, and sanplinf rates are al so

w
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Ll the fwo- or threetseq&ence par al | el
correl at or Nt s of Figlires 8 ahd 11, thg prgduct of
associ ated data replica 52:2|es i$ perforned in paralle
within the correlator. This all ows diffef Dbppler bi ns to be
tested for acquisition;w thdut 35 having f |1 ect nem/r‘sg‘ dat a.
Fi gure 20 shows an altern tijve = ' ! TIV
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enbodi ment of one stage of a parallel correlator and the associ ated

paral | el nmenowy gglogisg t he data and Doppl er sanpl es are mul tigdieshr13196
together by multiplier 2001 prior to storage in the parallel nenory

2002. This is advantageous because the multipliers in the parallel 5
correlator are thus sinplified. Each corrélzé‘tp%r mul tiplier now

multiplies its associated stored sanple by just a single associated

code bit. The conmbined nultiplier and DA converter for this

correlator enbodinent is simlar to that shown in Figure 18, except

that the data-Doppler multiplier and A-B signal converter, conprised 10
of exclusive NOR gates 1210 and 1212 and AND gate 1211, is noved
out of the correlator and ahead of the dataj«e@NE CHIR

di sconnected inputs to exclusive NOR gates 1213 are coupled to the

data nenory outputs. Wth this enbodi nent, w dat a m.%t be stored
if adifferent Dopplef bin is to be tested S8 acqui sitOPICALISAMPEES 15
is not a disadvantage/in some applicayd o c The conbi ned

@ ACCUMULATED can be
QX SAMPLBSessi ng GPS
iBe (NORMALIZED)

X

parallel correlator apd parallel ne
advant ageousl y used tp forma sinpli8

acqui sition engb@mé&ﬁ%f ull -
X

. ., .
ui sigtion

- e e e wm e e

DESIRED PEAK TIME

fig. 14

sn?m%%h: | 61 %
+V
—> MSB
e ['G30 [ gomu
—> 1 SB
-V

fig. 16



shown in Figure 19, there are four separate parallel correlators 20
coupled to data | and Q and Doppler | and Q registers (parallel

menory), as well as to the parallel code register. An alternative fél|| | -
Q enbodi ment that uses the sinpler correlator and nmenpry FPCT/USIIY
organi zat i owaoBOH5ure 20 is shown in Figure 21. In this enbodi nent,
the four parallel data-Doppler nenories hold the Il, QQ IQand Q 25
dat a- Doppl er product sequences, respectiyggly. Each parallel nenory

can be organi zed as a Ping g—of—SHRgl-e—SEgNENt NENDIY, asyé g >
described earlier. There e data and Doppl er stog ‘2)

Each parallel nenory conn soci ated parallel corr f

and each parallel correl to the single par@&eg ode

30 register. Tma reduc het ween germr sectngnsland
correl ator sectE)‘ ocessor enbo& ntyt wtffve

a sinpler (i.e., *nalle ifntegra{ed-circyit

i npl ement ati on. é '

ity off enb Lgure
21 can be still 35 per f ¢t th II+Q%addition
and the Q@-1Q |* | wj g3 ge 2
PCT/ US97/ 13196 | = ! oy - b1 35 O | - 37§
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subtraction out put signals can often be rounded or truncated to two

bits with little SNR degradation. Then, as shown in Figure 22, only

two dat a- Doppl er nenories (one for |1+QQ data, the other for Q-1Q 5
data), two pamadésaz7sgorrel ators, and one code register are nggfpgornsios
Each dat a- Doppl er nenory can be organi zed as a Pi ng-Pong or

si ngl e-segnent nenory, as described earl i1§h O her organi zati ons of

the parallel correlator, parallel nmenory, ar'?d t he sequence

mul tiplications are al so possi bl e and advant ageous. 10 Fi gure
17 shows a conbined data-rrerrg , ~ ]replica-generation,
paral |l el -correl ator organi zati on (fjor¢ jfus I T | correzation
process) that reduces the nunber of @ode register Q'_to 2183
shifts per code/ Doppl er cgnbination and elim nates need\for ;:‘5_: any
non- coherent accunul ati onf RAM] The e-off is that theq input 5m815
menory must now be segne tljo alf @v@4ll stored data to\be FI%

si nul t aneousl y accessed. |[TB¢8d datja®™dgd appglied,®in 1.0 %

-s»THHedd parlal | el | correl atbrs arel |
} pplertzr@ licgs, and they
si mul taneously (in ofe | T 2pde dy<zice Ererate the twenty separfate
20 1.0 s correlati es tlhatd yerf |previously accu

time sequentially. Sgeparate squaring A/'D gqnverters convert) the

to separate parall el
driven by the sane cg¢de

anal og correl ati on sequences to di gigdql fpgm ree}80
forms the accunul atefl corref ation TICE ed ’ RAM
can be conpletely avpided By perfo g the p 4 25
i nterpol ation procesg on the accunulfated [cprrel ati on sequeffc it

, ne code and Dop

t
Maeoel t Hey previously drpve orje,
t o Wen the

i s being generated.
regi sters now drive

whi ch may negate so )] dt|] on.
paral | el correl ator i &g fand feplica reg®sters for

t he two-sequence cas L &g &oppl pr, and code registers:
for the three-sequer ip eous to mnimze the

energy used in | oadi t hd?Jar f ous registers
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I n anot her aspect of the present invention, |oading of the various

registers is made a | ow energy operation by using a scanner shift 35
regi ster to determ ne which data, Doppler, and code register stages

WD 98/ 02758 PCT/US97/13196

PCT/ US97/ 13Wgep8/02758 - 38-

are to be witten at each instant. Figqurﬁﬁ shows a scanner shift
regi ster 304 in conbination with the dat egi ster 300, Doppler

regi ster 301, and code register 302 for the three-sequence case. In
one nethod of operation, sanples arrive sequentially for, each of the
5 digital data, Doppler, and code sequences and the sa@le rates are
the sane. As the sanples for each respective sequenceéﬁi%twe, t hey

are witten into correspondi ng sequential |ocations i i

respective registers. In synchronismwth the arrivinqégﬁﬁpl s, a
single logical 1 is shifted along the binary scanner re@®tef, enabling
10 ~ the witingrof” ThE arTTVing sampl'es gnto correspond ng sequenti al

| ocations of the|respective registers. T iting operati grd Y

| ow energy because only two adjacent scaRler

ﬁisteW | ocat|i ons
change their sto}ed val ue ; 1 ‘spec{i ve

registers is shi:‘ting during the witing operatjon.
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15 Wil e the disclosed invention is applicable to GPS T/ A signal
it can also be used to dramatically reduce both the tine

acquisition,
and energy required to directly acquire the P(Y) mlitary GPS
signal s wi t howobsmsss acquiring the C/ A signals. By altering gdcifisonisies
satellite-code generator conponent of the code/ Doppl er generator 20
stead of the C/ A code,

in Figures 4 or 5 to generate the P(Y) codﬁgi
t he net hods and architectures disclosed he become applicabl e
VWhile only certain preferred features of

to the P(Y) case.
the invention have been illustrated and descri bed, many
25 occur to th skilled in the art.

nodi fi cati ons and changes w ||
It is, therefore, to be understood that gtl'goappended clainms are
i ntended to cover all such nodifications g Echanges as fall
within the true spirit of the invention. -8 28“ CLAI M5 1.
In a receiver, apparatus conprising: a pomé; $ﬂ§?ly; a tuner
for receiving a signal; 7] 55
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a nenory for storing a digital representation of said signal
sai d tuner; a converter for converting the signal
tuner into said digital representation for storage in said nme
processing circuitry for processing said digital
and i ncl udi NP #PB&Pal | el

representation with a replica signal; and{7/i9 a controller
said processing circuitry for controlling application of powe

recei ved by

recei ved by sai d

nory

Regi strar Pﬁwﬁ%@éﬁ’@at i on,
correlator for conparing said digital

responsive to
r,fromsaid

supply to said tuner,

said controller being adapted to cau

wer to be
applied to said tuner until said digital representation |@;st-op?ed in said
menory and to cause power to be selectively ighibited to uner
t hereafter. 2. "e"r‘e‘c’e“ver of’ cIa 1, furthe%rg Brisi ng:
a squarer coupl @to t he ('Jut put of Sﬁbl paral Ioel correl at o a
non- coher ent acqpqplator ﬁ sunn1mg5putput SIE&E“S of sai Harer; and
a threshol d detector coug to sahd on,cohEL accunul atdr- $gr suppl yi ng
a command si gnal t.o sai § @trollen,in rels,pa?nse toean Qut put s ?m
said squarer in ess thresh h ewek: . 3D The| riec@nv of
claim2, whereig}®i ¢ pa corn ort jilpel udes*a "_’Lﬁ‘?ﬂ“nent
accumul ator for vcﬂln tput Sl s firdm shid parall el ﬂelqtor
sai d squarer being céyple o] saldng ereduzacc mul at or fQ qe¢e|V|ng sai d
correl ator output si@halst on1sa| ralhég cofrel &or. P4 The
receiver of claimi1, mher @i , apal 8| SCaen )nprlses a
plurality of correl ator st es for! $|Wulua corre erﬁsponding
sanpl es of stored di tal:represennétlonlq repli hly, and for
produci ng a pl uralit%of r:espectlvé;:ou pu‘tu¢| dna !
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- 40 - 5. The receiver of claim4, wherein: sai d
paral l el correlator further conprises a sumer for sumrmng said plurality

of output signals to produce a correlation result. 6. The
recei ver of &bg& 2 wher ei n: sai d parallel correl ZCEFUSPULEMHer
conprises convérters for converting said plurality of output signals to
analog formprior to sunmati on by said s&ger; and sai d sumrer
conpri ses an anal og summer. 7. The recei ver of claim®6,
wher ei n: said summer conpriseg ctg&ge sunmati on neans.
The receiver of claiml1, further corrpﬁ s% a transmtter for
transmtting a receiver output signal go& §:ed by said receiver to
325
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a renote | ocation. 9. The receiver of claima8, wherein:

said controller is adapted to selectively cause said transmtter to
transmt said receiver output signal. 10. A GPS receiver,
conpri si ng: W0.98/02758 povver suppl y; a tuner for receiyctros@nsiose
segnent of a (339§ Si'gha a menory coupled to said tuner for storing
a representation of sal d time segnent received by said tuner; a
replica generator for generating a replicgaggiggnal ; a parall el
correl ator coupled to said neng to said replica generator for
conparing said re resent ati onygf ﬁﬁ[%(ﬁl me segnment and said replica signal
to identify sai Y --and’-'-' ------ a-cont roller respon5| ve to said
paral l el correlatar for It:ontrol ) n“g_ @PRHA.f | om sai d power

supply to said tu pe@N 'EPresentation in
said nenory, said cont ro:l catﬁgM r Jo be
E ¢2183
1
DATAQ | PARALLEL |
| CORRELATOR o
i — 4 |, SQUARERS
i AND
. NON-
I ™ COHERENT
DOPPLER | E INTEGRATOR
| 2! IQ-QI DATA-
" | DOPPLER
! ! MEMORY
| \ | “¢2183
| t
DOPPLERQ ! ! PARALLEL ||
2! ' | |CORRELATOR
14 : : | F
"""""""""" 12183
ﬁ g. 22  [copE ReGISTER
304
Il —
SCAN START SCANNER SHIFT REGISTER
300
DATA SEQUENCE >- « o —_—
DATA REGISTER
301
CODE SEQUENCE >- « o _
CODE SHFT REGISTER
DOPPLER SEQUENCE > 302
Y v’
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-41 - applied to said tuner until said representation of said tinépag
- segnent is stored in said nmenory to cause power tg;_pgA@e{ggq-ls\;gmy n§gbirted

to said tuner ther‘EM\ | 11, The @%&@qu@n é@@....% pubiarel

said re ri ses a code gener
Doppl erpmﬁ m o g igw 1&; 8‘%?@1* t(h d%d .....
ap

and a code offset ge
Rk P%ﬂdt 0128 8I-at ¢

replica S|gnal sald paral l el correlat
sanpl es of sai d representation of said-82ne se ‘?“"‘éﬁd saP‘tge?equ’ eaedirgna

simul taneously to produce a correlation resull 12. The 4; Ehver
of claim 1¢ ‘Wrei n: sai d parall el correDéﬁ'ErOEdﬁﬁEkﬁ’@s A ﬁ ‘al ity
of multipl % or sinmultaneously nultiplying correspondi ng sanples of said
representation of s replica signal to produce a
plurality of multi p?llh%l‘ %‘L’ u?‘%%g g&qpﬁsaﬁéj a sumer for sinmultaneously
summ ng said plzupm/ertSﬂpplﬁl rrul tiplier results to produce said correlation
resul t. rec r of claim 12, wherein: said

paral l el correl a or c% nga%ﬁr/aﬁ'ses converters for converting said
plurality of mad tnepionefor stesng adidital @pedseqtafion of gaid signdl ceceiveddlyisaid toyersai d

Fecei ver of ol df ryaHERRE GienAg R8Tt SURTRALpy sgispkmendorsgid fote

sumat i on nepesentation for storage in said memory;

-

DUJW

processing circuitry for processing said digital Registrar representation, and
including a parallel correlator for comparing said digital representation with a replica
signal; and

a controller responsive to said processing circuitry for controlling application of
power from said supply to said tuner, said controller being adapted to cause power to be
applied to said tuner until said digital representation is stored in said memory and to

cause power to be selectively inhibited to said tuner thereafter.

2. The receiver of claim 1, further comprising:

a squarer coupled to the output of said parallel correlator;

a non-coherent accumulator for summing output signals of said squarer ; and

a threshold detector coupled to said non-coherent accumulator for supplying a
command signal to said controller in response to an output signal from said squarer in

excess of a threshold level.

3. The receiver of claim 2, wherein said parallel correlator includes a
coherent accumulator for providing output signals from said parallel correlator,
said squarer being coupled to said coherent accumulator for receiving said correlator

output signals from said parallel correlator.

4. The receiver of claim 1, wherein:
said parallel correlator comprises a plurality of correlator stages for
simultaneously correlating corresponding samples of stored digital representation and

said replica signal, and for producing a plurality of respective output signals.

[REPLACEMENT SHEET
2 4 DFr 1999




15.. The receiver of claim 10, further conprising

sel ectively transmtting an output signal produced by said receiver to a
renote | ocation. 16. The receiver of claim 10, wherein:

-42 - I
generator is adapted to gsenérate additional replica sig

said control | | S _adapted to selectively enable said pg+at-tet !
. EMENT SHEET
FgaProduee Smﬂﬂl’g’ﬂﬂuﬁw‘m‘ul ver of claim 10, wherein: REPLAC

satellite code - Doppler bin conmbinati 99@;_ and wherein
parallel correlator is adapted to recei S

signal s. 5. The receiver of claim 4, wherein:

ai d representat- :
segnent fromsaid nenory for correlation with said addltilonal replica

said rep|i
nal s sy nivel 999 ng
sai d
orrof—saro—t1 m

a transmtter for

said parallel correlator further comprises a summer for summing said plurality of

output signals to produce a correlation resuit.

6. The receiver of claim 5, wherein:

said parallel correlator further comprises converters for converting said plurality of

output signals to analog form prior to summation by said summer; and

said summer comprises an analog summer.

7. The receiver of claim 6, wherein:

said summer comprises charge summation means.

8. The receiver of claim 1, further comprising:

a transmitter for transmitting a receiver output signal produced by said receiver to

a remote location.

9. The receiver of claim 8, wherein:

said controller is adapted to selectively cause said transmitter to transmit said

receiver output signal.

10. A GPS receiver, comprising:
a power supply;

a tuner for receiving a time segment of a GPS signal;

a memory coupled to said tuner for storing a representation of said time segment

received by said tuner;

a replica generator for generating a replica signal;

a parallel correlator coupled to said memory and to said replica generator for

comparing said representation of said time segment and said replica signal to identify

said GPS signal; and

a controller responsive to said parallel correlator for controlling application of

power from said power supply to said tuner and for controlling storage of said

representation in said memory, said controller being adapted to cause power to be



18. The GPS receiver of claim10, further conprising: a_sguar

coupled to the output of said parallel correlator; [—RﬁACEMEthgﬂEE{[‘

accurul ator for summ ng output signals of said squarer;

t hreshol d det \‘ sai d non-coherent accunuliator for sg@gly ng a
conmmand s|gnﬁi‘1§9“§9“m ller in response to an out|pyt %ﬂ@f&l om sqi d
of

squarer in e a thredhold | evel. 19. THe receiver

claim 18, wherein said parallel correlator includes a coher ent
accurul ator for providi ng out put signa[a from said parallel correlator—
sai d squarer being coupled to said cohe ént accurul ator for receiving said
out put signals fromsaid parallel correlator. 20. In a receiver,
apparatus co i,sing; - Vie iy o r. fpr receiving a
o anar - SOVTBE 5 R pper s B PO R sev e, el fted B S

r epr esent amnemonotb caaselpewgrtalberselzetiveddinbibitehiocsaidutaeer, thereafter. pr ocessi ng
circuitry for processing said digital representation, said processing
circuitry including a replica generator for generating a replica signal,
and a paral |l el tbrreTkd @eeiver ofotaipdi0, whereln: d digital representation with
the replica signal;

Giroui try for o eRrssna Raitore grofbsRioRrE A& hoaetr BBBRE o
sai d tuneroffseageneratot and & eoddeffset gentaptoefbr generatirgea ppliea sigpalpe applied to
ol dotener ort g Bl Pl SRR bkl b ™
of said time segment and said replica signal simultaneously to produce a correlation
result.
12.  The receiver of claim 11, wherein:
said parallel correlator comprises a plurality of multipliers for simultaneously
multiplying corresponding samp'les of said representation of said time segment and said
replica signal to produce a plurality of multipliers results; and
a summer for simultaneously summing said plurality of multiplier results to

produce said correlation result.

13. The receiver of claim 12, wherein:
said parallel correlator further comprises converters for converting said plurality
of multiplier results to analog form prior to summation by said summer , said summer

comprising an analog summer.

14. The receiver of claim 13, wherein:

said summer comprises charge summation means.

15. The receiver of claim 10, further comprising
a transmitter for selectively transmitting an output signal produced by said

receiver to a remote location.

16. The receiver of claim 10, wherein:
said controller is adapted to selectively enable said paraliel correlator to produce

said resutt.
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17. The receiver of claim 10, wherein:
said replica generator is adapted to generate additional replica signals

symbolizing satellite code — Doppler bin combinations; and wherein

said parallel correlator is adapted to receive said representation of said

time segment from said memory for correlation with said additional replica signals.

18. The GPS receiver of claim 10, further comprising:

a squarer coupled to the output of said parallel correlator;

a non-coherent accumulator for summing output signals of said squarer ; and

a threshold detector coupled to said non-coherent accumulator for supplying a
command signal to said controller in response to an output signal from said squarer in

excess of a threshold level.

19. The receiver of claim 18, wherein said parallel correlator includes a
coherent accumulator for providing output signals from said paraliel correlator,
said squarer being coupled to said coherent accumulator for receiving said output

signals from said parallel correlator.

20. In a receiver, apparatus comprising:

a power supply;

a tuner for receiving a signal;

a memory coupled to said tuner for storing a digital representation of said signal
received by said tuner;

processing circuitry for processing said digital representation, said processing
circuitry including a replica generator for generating a replica signal, and a parallel
correlator for comparing said digital representation with the replica signal; and

a controiler responsive to said processing circuitry for controliing application of
power from said power supply to said tuner, said controller being adapted to cause
power to be applied to said tuner until said digital representation is stored in said

memory and to cause power to be selectively inhibited to said tuner thereafter.



