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(57) Abstract

Correlation between a pair of digital signal segments is measured

by apparatus including a pluraltiy of multipliers (1200). Each of the

multipliers produces the product of a respective sample of each one of the signal segments. The outputs of a pluramy of digital-to-analog
(D/A) convertess (1300) are coupled to a summer (80), while each respective one of the multipliers (1200) is coupled to the input of a
respective one of the D/A converters (1300). The summer (80) produces an analog output signal equel to the sum of the analog output

signals produced by the plurality of D/A converter.




Background Description Spread spectrum comuni cation i s advantageous in
communi cation applications requiring high reliability in a noisy
environnment. Often the domi nant noise is man-made interference, 30

ei ther intenti wo®80280accidental. In a specific application tPeI/US7/13201
conmuni cation environnment nay include many potential reflectors, giving
rise to severe nulti-path interference. Such nulti-path interference
typically insinuates deep nulls in the formof frequency WO 98/ 02830
PCT/ US97/ 13201 -2- selective fading. Spread spectrum conmunications is an
excel l ent counterneasure to these difficulties-1There are several types of
spread spectrum systens including direct sequence spread spectrum systens,

frgqlue{wé ?oppi Rg sg/stemts, iow POWEWPMNQLELSC@RRB&A‘F@HF%R%C{
nmodulated (or chirp) systens, : irec
sequence spread spectrum (Dssﬂ%ggmngbﬁ'g%%mé@!tem are
perhaps the more widely inpl ement edIGHAL SIGNALSE T8n is focused on

bi nary DSSS systens. 10 I n binary DSSS conmuni cati on, a w de band

carri er sional s modul ated AL AR FBSRESEEb WbLAYON O b

carrier is
This application claims the benefit of U.S. Provisional Application
Serial No. 60/021,628, filed July 12, 1996.
This application discloses subject. matter related to that of
copending application Serial No. 08/456,229 filed on May 31, 1995, by

10 Daniel D. Harrison, Anantha K. Pradeep, Glen W. Brooksby and
Stephen M. Hiadik for “A Reduced-Power GPS-Based System for
Tracking Multiple Objects from a Central Location” and assigned to the
assignee of this application. The disclosure of application Serial No.
08/456,229 is incorporated herein by reference.

15 This application is related to co-pending applications Serial Nos.
[dockets RD-25,187; RD-25,730; RD-25,731; RD-25,732;, RD-25,733;
RD-25,758; RD-25,757] filed concurrently herewith and assigned to the
assignee of this application.

20 ' BACKGROUND OF THE INVENTION
Field of the Invention
This invention generally relates to spread spectrum
communications systems and, more particularly, to a low-power signal
processing architecture and method for spread spectrum receivers.
25 _
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,
30 either intentional or accidental. In a specific application the
communication environment may include many potential refiectors,
giving rise to severe muiti-path interference. Such multi-path
interference typically insinuates deep nulls in the form of frequency
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typically generated by bi-phase nodul ating a single frequency carrier using
a bi nary pseudo-random noise (P/N) code sequence. The P/ N code is often
generated using one or nore high speed shift registers, 15 each havi ng
nodul o-t wo f examlésaei3caccording to a primtive pol ynom al. Th@CHAISeTMd

hi gh-speed P/ N code is then applied to a bal anced nodul ator (multiplier)
whose other input signal is the narrow band carrier. The output signal of

t he bal anced nodul ator is a w de-band signal often referred to as a

"W de-band carrier". To comuni cate data, 20 the wi de-band carrier is
bi - phase nodul ated by a binary nessage data stzean1 The nessage data rate
I's usually nmuch | ower than the P/ N-code synbol or "chip" rate, and the data

and code-chip edges age%aﬁaaiamﬁr?iygﬁ% ngﬁé‘éirun? honRuhichtior?s |§ fh@h%%énent

techni que to suppress Interfere iIr c proportional e ratio of
the code-chip rate tdoyst ermeafswgtaébgs ‘A‘ffg’ % many appl i catlons, there are
t housands of code chi ps pé‘rheremgevémai typésDiSipread rspectram Mtamsémcltﬂdln@y

first shifting the si g@m P‘%e%?é%' ally
generated replica of c?'%g o nal pnarr and @%\%?’f d(déﬂ H"W‘gsg ﬂ'fs
tuned | ocal oséill atdine PPP'&B systerps, Pulse faguency( E‘RHU'B o Qh"fpﬂ I%!Sfémsrl er
replica is the same aghd tavious’ hybitids! @fethessl, thel dirdt| setenca-spriid epédtium .

that 5 the product dPSa SRR etrkednd mioBhebieidie Bre BabE uik nhe 71T
P/ N code is widely |mplemented The following dlscussaon is focused on binary
DSSS systems.

10 In binary DSSS communication, a wide band carrier signal is
modulated by a narrow band message signal. The wide-band carrier is
typically generated by bi-phase modulating a single frequency carrier
using a binary pseudo-random noise (P/N) code sequence. The P/N
code is often generated using one or more high speed shift registers,

15 each having modulo-two feedback according to a primitive polynomial.
The generated high-speed P/N code is then applied to a balanced
modulator (multiplier) whose other input signal is the narrow band
carrier. The output signal of the balanced modulator is a wide-band
signal often referred to as a “wide-band carrier”. To communicate data,

20 the wide-band carrier is bi-phase modulated by a binary message data
stream. The message data rate is usually 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

25 the data rate. In many applications, there are thousands of code chips
per message bit.

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 camier (e.g., a properly tuned local oscillator). If

30 the frequency (and phase) of the carrier replica is the same as that of
the received original narrow-band carrier, then the 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

SUBSTITUTE SHEET (RULE 26)



WD 98/ 02830 PCT/ US97/ 13201 - 3-
then renoved by multiplying the wi de-band data streamwith a locally
generated replica of the P/N code that is time aligned with the re ed
P/ N code. Thi WO%8/0283¢ dat a de- spreadi ng process and vyi el ds t HetB9 é?’ﬁg
nmessage data streamat the multiplier output. 5 In the data
de- spreadi ng process, the w de-band data power spectrumis refocused into
the original narrower data bandw dth, raising the data power |evel well
above the background noise in that bandw dth. The ampunt that the power
level is raised is the so called processing gadn and is directly
proportional to the ratio of the code rate 10 to the data rate.
Furthernore, any recethendrenovedvieybmuttiplying thiee widezband datar stagarbywitthe locally

code-replica nodul ati ggn%%{bqi Je lrlléad ?‘;ﬁatct/ﬂt&tﬁgs@sﬂéthﬁe i ﬁﬁﬁﬂf&@b@%&
if

| evel in the data bang. of {
reception is that of G&hepde:Tysismtbecdatadersns sﬁii?q%eg%ggg}%ptﬁ Sg_lgs"[‘acinal
fﬁrer Lfgpi:e?gfgcgnéS n}eﬁsaggidﬂbagg@aﬁndtl mewmpu?@tiﬁm egP/ N code replica at

Wth BEORET bl Al SGRN, LRI SHhd widdoBREYS
conmmuni cati on §ystems t he™ eggr e-g% r¥5Eendy; 8 d S
P/ N code of fset are nSpeativpwnis Tafw;gdllﬂtat*mﬁll'ﬂé'd!ﬁf@%/éf Ak ﬂ%\ﬁ'd r’%!ﬁ'BGers
nust be deternined by Hatd g \f:épené\m welluaboventthe aaélcyramwlm ins that

O e 20 v ocens,  GRnfaoane anpitt Pl g Rofist BYELEB0, A e 36°kibac"

proper processing gain and is directly proportional to the ratio of the code rate

10 to the data rate. Furthermore, any received narrow-band interference is

spread by the code-replica modulation, and this greatly reduces the

interference power level in the data band.

An often difficult task associated with DSSS signal reception is

that of generating the carrier replica with both proper carrier frequency

15 and phase and generating the P/N code replica at the proper rate and

with proper time alignment (offset). in many DSSS 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

20 at the data-filter output. This is known as the search or acquisition

process, and a DSSS signal is said to be acquired when the proper
frequency, phase, and code offset have been determined.

In many DSSS applications, the DSSS signai levels are well

below the background noise and/or interference levels and are not

25 detectable until properly de-spread and low-pass filtered. When the

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 multiplying many received P/N code samples by the

30 corresponding replica P/N code samples must be accumulated before

the detection decision can be made. This muiltiplication and

accumulation is a cross correlation between the received and replica

'SUBSTITUTE SHEET (RULE 26)



frequency, phase, and code offset have been determned. In many DSSS
applications, the DSSS signal levels are well below the background noise
and/or interference | evels and are not 25 detectabl e until properly

de- spr ead and“hﬂﬁﬁﬂﬁﬁs filtered. When the received sjgnal -topomussssisali o
(SNR) is very Tow, the filter must be very narrow to achieve the processing
gai n needed for signal detection and acquisition. Because a narrow filter
requires a long integration period, the result of multiplying many received
P/ N code sanples by the 30 correspondi ng replica P/ N code sanpl es nust
be accunul ated before the detection decision cgn be nade. This

mul tiplication and accumul ation is a cross correlation between the received
and replica WO 98/ 0Q

PCT/ US97/ 13201 -4. P/ ﬁ%ﬁ%&%é’ess@&ﬂéﬁﬁ%% ang, e seguencas. MRy nayg,fo bs long fos low

Lfgglzor IomGSNRhsignGﬁﬁisUmamof t he DSSS net hod enables nmultiple users to
code- di vi ot on” mul 11 pl & aco el (uRE”BSEITIRtn SatIy muliple users to
transnmitter utilizes &"E‘i"f"’?"@l"é’%'b’ Fﬁ’%’%o sg%’ﬂet ifeiband. & §§”%orq'fsé¢9at ﬁ"(?n
bet ween di fferent codesdealivisios raultiplel docese (CDMA)rtecknique. Withetbissteghoique,
detects a particul ar thansmidfitter iifds 3y dfferast PINtdbde such that the cross
correlation between different codes is substantially zero. A receiver
selects and detects a particular transmitted signal by choosing the
appropriate P/N code and performing the acquisition search. In some
10 cases, it is unknown which transmitter may be transmitting and the
acquisition search must include examination of different P/N codes
from a known list. When many different codes, code offsets and carrier
frequencies must be examined and the SNR is low, the acquisition task
can be both time and energy consuming. An important aspect of the
15 present 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
Spread Spectrum Systems, 3™ Ed., by Robert C. Dixon, John Wiley &
20 Sons (1994), and Spread Spectrum Communications, Vol. li, by M. K.
Simon et al.,, Computer Science Press (1985). A description of COMA
techniques may be found, for example, in CDMA Principles of Spread
Spectrum Communication, by Andrew J. Viterbi, Addison-Wesley
(1995).
25 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 planes, each
tipped 55° with respect to the equator. The complete GPS sateliite
30 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 knowledge of the satellite position

"SUBSTITUTE SHEET (RULE 26)



appropriate P/N code and perform ng the acquisition search. In sone 10
cases, it is unknown which transmtter may be transmtting and the

acqui sition search nust include exam nation of different P/N codes froma
known |ist. Whwesassedi fferent codes, code offsets and carri BeT/P$EI3OACi es
must be exam ned and the SNRis low, the acquisition task can be both tinme
and energy consum ng. An inportant aspect of the 15 present invention
is the reduction of the tinme and energy consuned in the DSSS signal

acqui sition process. A description of direct sequence and other types of
spread spectrum conmuni cati ons: systens may be f-6éund, for exanple, in Spread
Spectrum Systens, 3[err] Ed., by Robert C. D xon, John Wley & 20 Sons

(03994%, agd_ Spreag Speﬁhauandﬁmmu'saﬁarh@msw Wl disthncd)rod that Satdillite ab e
nput er Cl ence ress I

found, for exanple, I n2 ftﬁg%%?% ’%‘#d"%g @é@%ﬁ%ﬁfﬂm%&%m‘m%y
Andrew J. Viterbi, AddGRShsatelitesy thelgsascanzompute its own positionp yelacity anthtime

ubi qui t ous @ obal - Posi bh%&s@%@m I&io@wﬁdrﬁn nsnmtécﬁmqrgbgwe afhe h&viddtion
of DSSS conmuni cati ons. rec_ﬁmﬁ%ears

tronin stem
(GPS) satel lites have SE'HH Mau I¥; rﬁegeﬂ'eé“ f a‘T‘m"PHH\e °2 fﬁ%i RS jgre
six orbital planes, eaobsarvalbecbysB|user]janywhiare os pn'ctneardhamardftmaudace Thibe

conpl ete GPS satel | | teué&s receivePRas ahlmiobeﬁuaeamdﬁﬁmte tuowﬁfiov pry near
satellites and several res ?agﬁ ieé nsmtte e satell1'tes
al l ow a receiver near s3 'tﬁéfgﬂ‘?'ﬁ ﬂ@ WP%?“HHB‘“PF%‘“BWH
position. Each satellias L1 (1575 42 MH2) and L2 (12276 MHz), and all satellites share
10 these frequencies using the CDMA DSSS techniques described earlier.

More particularly, each satellite transmits a single high-resolution
DSSS signal on frequency L2 and the same signal plus another
lower-resolution DSSS signal on frequency L1. The low-resolution
DSSS signal comprises a P/N code with a 1.023 MHZ chipping rate and

15 a 1.0 ms repetition period, and a message data sequence (the NAV
data) with a rate of 50 bits per second. The high-resolution DSSS signai
uses a P/N code with a 10.23 MHz chipping rate and a repetition period
longer than a week. The same NAV data stream is used in all DSSS
signals from a given satellite. The NAV message from a given satellite

20 contains the GPS signal transmission time, ephemeris (position) data
for that satellite, almanac 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-resolution
code tracking. The low and high-resolution codes are known as the

25 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 recsiver to
determine the range between the corresponding satellite and the user.
By including both the P code and the repeating C/A code in the

30 transmitted signal, a more-rapid hierarchical 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 accuracies on the

'SUBSTITUTE SHEET (RULE 26)



transmts data that provides precise know edge of the satellite position
WD 98/ 02830 PCT/ US97/ 13201 -5
and all ows neasurenent of the distance fromthat satellite to the antenna
of the user' sweomgsnr. Wth this information fromat | east frewusediS2o1
satellites, the user can conpute its own position, velocity and tine
paraneters through known triangulation techniques (i.e., the navigation 5
solution). Typically, seven, but a mnimum of four, satellites are
observabl e by a user anywhere on or near the earth's surface if the users
recei ver has an unobstructed view of the sky, down to very near the

hori zon. Each satellite transmts signals on tw frequenci es known as

these 11 equenci es ubi E@W% e Tl ine BWPreBokuBf sEidd fFuiBaEre’
particul arly, each sawbileithe thighrsesaltion §9ﬂg¢% ini epsticied| ta itbe Dilitarysibynal
on frequency L2 and tbﬁcﬁ?tﬂgrét SihdiwiBb ¢anBoIMd RiowIeNgs of HaHigh-rdoilteRP/N

signal on frequency L[err | owresol uti on DSSS signal conprises a P/N
code with a 1.023 M—IZ ?ppl ng rate and 15 a 1.0 nms repetition period,
and a message data sequenctd @ fypicalsmilitazy egceiver,the G/Ataodefis BOquiradsfinstrThen

| Sﬁcond Thet hi ghdresotﬂa h@c;iu @&é%srcg%qlleaes ?«k & NhvCcaata é«ef?ﬁa Ahkn %ﬁ t
capping rate and a r%%sésépéglﬂeg ?Ir\e appré)xrll gtre 0 set 06} t¥‘(§ code re?atwe to ara

streamis used in all
time (as transmitted in the time stamp), and its use will dramatically
reduce the number of different code offsets that must be searched

10 during the P code acquisition. Acquisition of the C/A code is
substantially easier than direct acquisition of the P code because the
C/A code 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).

15 Received GPS signals are usually shifted in frequency from 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

20 GPS receiver location is known. Unfortunately, the receiver location is
not known a priori, and there is often substantial local oscillator error
with inexpensive receivers. The resulting uncertainty in received carrier
frequency (i.e., in needed replica carrier frequency) can be large (e.g.,
+7.5 kHz), and this frequency range may have to be searched during

25 the GPS signal-acquisition 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 osciliator (carmier
replica) frequencies. The spacing between frequency steps is made
small enough to avoid missing the signal when long cross-correlation

30 - integrgtion times (narrow filter bandwidths) are used. Long integration
times improve detection of low SNR signals. With typical civilian GPS
applications, 1.0 millisecond cross-correlation integrations are used (a
single C/A code cycle), yielding an equivalent Doppler filter bandwidth
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signals froma given satellite. The NAV nessage froma given satellite 20
contains the GPS signal transm ssion tinme, epheneris (position) data for
that satellite, al manac data (a reduced accuracy epheneris) for all of the
~satellites in Waese8Mstel | ati on, and a hand-over word used i rPCAHSIEPHn
with the transition from|owresolution to hi gh-resol uti on code tracking.

- The |l ow and hi gh-resol uti on codes are known as the 25

course/acquisition (C/A) and precise (P) codes, respectively. After
acquisition, the offset of each code, together with the signal-transm ssion
time fromthe NAV data, enables a receiver to drterm ne the range between
the corresponding satellite and the user. By including both the P code and

the repeating O A codefiappidimafely 500 HzAASN.$ kPig fféqqaaéy ra&ug@lﬁa@rﬁ@@éﬂched
hi erarchi cal acqui Sltm&bﬁf teﬁ cpde llgé % 0SSi. bI E
level of global navi gd¥ffoiRpirg. ﬁsgefﬁ e RGRISIqH, qﬂ%ﬁ'&f 2 5RGP QYR
posi tions that are accatallite mdeammﬁsea.tqubepmwenm te the A code

yi el ds accuracies on the {2 cBr%1%tation M anu
PCT/ US97/ 13201 -6- order b et er 3 enl (r)nﬁergg{)r’omtor Stations

service is unredtrict SMASELINe RONHP H°'?'88cﬂ?dé'? @Fééyﬁpﬂb he F\Q@i‘?'l’ Eﬁaﬁﬁ‘q 0
the mlitary by encrypassigelyrtradkhall GRS satutitesin view, looliedtinggrmnging Hata and

hi gh-resol ution P/'N cQdgiiite clock data from each satellite. This information is passed to the
MCS where the satellites’ future ephemeris and clock drift are
predicted. Updated ephemeris and clock data are uploaded to each
10 satellite for re-transmission in each satellite’'s NAV message.
In operation, a typical GPS receiver performs the following for
each of at least four satellite signals:
1) acquires the DSSS signal,
2) synchronizes with the NAV data stream and reads the
15 satellite time-stamp, clock-correction, |onosphenc-delay and
ephemeris data,
3) calculates the satellite positiont 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
20 5) estimates the signal travel time by subtracting the
time-stamp value from the associated receiver time.
This time difference 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 error
25 was known), only three such range estimates would be required to
precisely locate the receiver. There is, however, a clock-bias (slowly
changing emor) due the fact that GPS receivers typically use
inexpensive crystal clocks, whereas the satellites are equipped with
atomic clocks. This clock bias is leamed and its effect eliminated by
30 measuring the range (travel 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
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5 In a typical mlitary receiver, the C A code is acquired
first. Then the hand-over word is read fromthe NAV data stream The

hand- over word specifies the approximte offset of the P code relative to
GPS tinme (as womsemgsbted in the tinme stanp), and its use w | pcTiUserasiocal | y
reduce the nunber of different code offsets that nust be searched 10
during the P code acquisition. Acquisition of the 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 offsets to
search (twice this if the search is perforned-.ign the usual half-chip
steps). 15 Recei ved GPS signals are usually shifted in frequency

fromthe nominal L[erd,fnqs lréfa%hlts%hp 5ok sg%ﬁn%gw%ﬁmfegq ghs Fvitar

satellites nove in orhit at severa onmet er er second, I'Ng a
substanti al Doppl er sflqhal PegitioningSysterp. WXP%B@’&P’F@ %ﬁm"éflﬂﬁggif known a
priori and the Doppl er shiAtprdferad applichtion| o the gsesert invantiohds ahe locating

predictable if the 20 LaLE 0, [+ kSt : ,
the receiver |ocati onans trﬁlgﬁﬁ gncg\%s% g&péqégr%}%ﬁ%r% ‘n%ﬂfﬁé&lwg c,orf_ gﬁ; ggﬁ@ﬂdﬁ%{l al
| ocal oscillatdr errofrugks: frupk tajienssand thedike, veipg theGPS. da this paglication, the
uncertainty in recei vaPS aeceiverst argwenaly Gattery, powersd dirbe’ @Rl indRpeAdénter

have to be soarched aBpRg gt poWet i ‘gshdbalf) noP Mlalbg, f 7 NANRBEE iy
frequency or Doppl er eEase itke ueRRIRIING difac ohythee batteries; by credueing energy
~correlation of the regensipiedByHecGR8detsioed, replica P/ N sequences for

different |ocaly oscillator(¢apikgrogRl Lanlrh SAUSS, B rabbiveP RRSHE Mo (.o,

bet ween frequenhcy steas S '
F and IF electronics) consumes a large amount of power while it is

turned on. This results in high energy consumption if the signal acquisition
and synchronization take a long time. Most prior-art GPS receivers do not
have signal storage (memory) and must process the received signals in
15 real time. Furthermore, they use either a sequential search or search a
small number of satellite/code-offset/Doppler (SCD) bins simultaneously
to achieve signal acquisition. Such receivers must continually recsive and
process each satellite signal until its SCD bin is identified and the
necessary NAV data is decoded. With a sequential search the energy
20 consumption is high because substantial time is elapsed before the SCD
bin associated with each GPS signal is identified. Altematively, multiple
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 parallelism is
25 very limited with existing processing methods due to the large amount of
circuitry involved.
in one system of 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;
30 however, an accurate position determination 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 results do not require decoding of
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smal | enough to avoid m ssing the signal when |ong cross-correlation 30
Integration times (narrow filter bandw dths) are used. Long integration
times inprove detection of Iow SNR signals. Wth typical civilian GPS
appl i cati ons, WOO898¥ i second cross-correlation integrations PATASIYER0Y 5
single C/ A code cycle), yielding an equival ent Doppler filter bandw dth
WD 98/ 02830 PCT/ US97/ 13201 - 7-
of approximately 500 Hz. A 7.5 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 frequebcy. A master control
station (MCS) and a nunber of nonitor stations 5 conprise the control
portion of the GPS syshavigatitinal roorother dataafioomtheBRS vsignals.r This systertRBus

sateflites in view, co&*&g ‘”&Gpg%b&gep%fsgﬂghﬁ'%‘ﬁﬁéédf% gl &Werggto@,fylf B@S

each satellite. This in OI‘ITB.tIOI‘] 'S

future ephemeris and cPYHI ?q?‘iq”&?é ﬁr%@ﬁ“@?ééﬂ"a&)(ﬂﬁt@@'@?) D;biggh W!fbck
data are upl oaded to emsﬂsﬁem thesddrainant enémy constmen nthesdonisitiongsebess,

LS § INAY JTeS S A0gnd 11e O8RS cller Srdebf, Wed B> da8 CraiieaP BE44 " b

followi ng for each of at
DSSS signal, 2) syncﬂ"%ﬁ“ﬁ’égy vpdycedhi theysighah @ﬂﬂﬁﬂﬁﬁameré%@sew are

dramatically reduced.
U.S. Patent No. 5,420,593 to Niles uses a memory to store an
interval of the received signal containing multiple GPS satellite signals.
10 The received signal is sampled and written into the memory at one rate
and then read from the memory at another, faster rate. Upon reading,
the signal is digitally processed to acquire and synchronize with the
received GPS satellite signals. This allows a shorter elapsed time for
the acquisition of the GPS signals. However, the receiver is not turmed
5] off immediately after signal storage, and low-power signal acquisition is
not used. Furthermore, substantially reduced energy consumption is
not achieved.
U.S. Patent No. 5,225,842 to Brown describes a GPS based
centralized asset tracking system that reduces the cost of the GPS
20 receivers on each tracked asset by avoiding calculation of 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 resuit to the central station where accurate asset
navigation solutions are caiculated. This system does not substantially
25 reduce the energy consumed by the GPS receiver at the asset and
does not substantially extend asset battery life or reduce time between
service to replace batteries. Furthermore, low-power parallel correlation
is not used.

30 SUMMARY OF THE INVENTION
One object of the present invention is to provide a direct
sequence spread spectrum (DSSS) signal processing architecture
which permits the receiver to be turned off during most of the
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15 satellite tine-stanp, clock-correction, ionospheric-delay and
epheneris data, 3) calculates the satellite position fromthe epheneris
data, 4) reads its own receiver clock to determne the receiver tine
associ at ed WWwEokhgsg €ception of the time-stanp epoch, and A&cT/USITN13201 5)
estimates the signal travel tinme by subtracting the tine-stanp value from
the associated receiver tine. This tinme difference 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 error 25 was known), opl.y three such range
estimates would be required to precisely |locate the receiver. There is,

Fecel vers typical Iy Gty phade 8 dedtiion Indiuty befnivitid we'Bh d8E o the
are equipped wth at o?ﬁséc@ﬂ%g@e"’?ﬁffg"{?%wQﬁ%!gn'f'§afl'tbla"ﬁﬁﬁﬁpfbnd its effect
elimnated by 30 neasAnother sifject’ oftbe iventivelis to provider @ &ignat prddessing

sacel 1o and Usi 10 LKk RN el o SRR oSt SohEB e
GPS, the W0598/ 028smyuisition phase of DSSS signal reception.
PCT/ US97/ 13201 -8 - readera hfitHe? objece6f ihe |N6?m6ﬁ<i§<tobﬁrﬂl@d—l%ﬂﬁ|§|&ﬁet%ﬁrbﬂdled
The Navstar correlation method that is readily manufactured with available
integrated circuit processes and utilizes low energy to acquire DSSS
signals.
10 Another object of the invention is to provide a GPS signal
processing architecture which permits P/N code and Doppler searches
(associated with the acquisition process) to be performed with a
standard sequential processor (i.e., relatively siowly and with a smail
processing resource) without requiring the receiver front end to be
15 turned on during the search process.

Yet another object of the invention is to provide a GPS signal
processing architecture that requires little energy to track an asset
using the GPS.

Still another object of the invention is to provide a signal

20 processing architecture that can dynamically exchange coherent and
non-coherent integration times as is needed for a particular received
signal-to-noise ratio (SNR).

A still further object of the invention is to employ a low receiver
output sampling rate in obtaining accurate sub-chip DSSS signal

25 acquisition timing.

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

Still another objective of the invention is to provide a GPS signal

30 acquisition method that allows rapid and low-energy signal acquisition
even when the GPS receiver uses an inexpensive local oscillator that
may be inaccurate.
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G obal Positioning System by Van Nostrand Reinhold (1992). A preferred
application of the present invention is the locating and tracking of assets
such as rail cars, shipping or cargo containers, 5 trucks, truck
trailers, andwoes/oRssee, using the GPS. In this application, PEHUEE3201
receivers are usually battery powered since an independent source of power
I's generally not available. It is advantageous to increase the operating
life of the batteries by reducing energy consuned by the GPS receiver. 10
In a typical spread spectrumreceiver, the receiver front end (i.e., RF and
| F el ectronics) consunes a | arge amount of powek- while it is turned on.
This results in high energy consunption if the signal acquisition and

- synchroni zation take a | ongctording M Dnepaspuct of ttheRhvertion, Ve lewpowebthighav e

Feal time. Fart her nor SPee RATHE UGB it Ubehcing OS8Y Mor-abadisiian to
smal | number of sat el reédusecothe- oa¢auisitign p energy( Scmsupiplionsi Mecearoepeigyt o
achi eve signal acqui sicbhsUmptig#CiB fGRINéY ré8liced bdause Mé fivalthat the F8keiferdndst

DEoeeSars N i | +Bacolibol Nl (ed o b B sheed iy’ e
consunption is high beeueldtorsubst antial tine is el apsed before the SCD bin
associ ated with each GPS shgggingStol aiftdthér agifbet Of RS FAbAYIGH, Ya tife! intddld oFCD
bi ns can be searched in parall el reduce, t.he el apsed tine, but e ener gy
consunption is still 8 %@é‘é?}gé;at?%és WQPF@%’F@ME‘@@%’PW@ g}eé' tHSt
very | ow power net hodgeceivert iseturned, off.n&hdetimeeintdrvalaisalidreg ienough ®5 allow
very limted wgdh exi gbasigiieh 8F &Sy bithe'TREEIVEF CEIMEA DBSS SighalsT@ntlimetin b
stored receiver output data. The stored receiver output data is
re-played from memory as many times as may be required to acquire
each desired CDMA signal. To keep processing energy consumption
low, a low-power parallel (partial analog) correlator may be used in the
15 acquisition process. This approach uses much less energy than
existing digital cross-correfators.
The centralized GPS tracking system according to the invention
allows the tracked assets to consume very low power and use a
receiver with an inexpensive local oscillator. The use of a parallel
20 comrelator allows the local oscillator to be inaccurate because many
frequencies are readily searched during the 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
25 to support a reduced satellite search time because the parallel
correlator can quickly 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.
30
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
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circuitry involved. In one systemof the invention, a central facility or
station nust track nultiple assets (e.g., railcars). Each tracked object
carries a GPS receiver that processes data from several of the visible GPS
satellites; #bosmw28ohowever, an accurate position determ napcpiseFissat nade
at the receiver. Instead, only partial processing is done at the receiver
and internmediate results are transmtted fromthe asset to the central
station. These internediate results do not require decodi ng of WO

98/ 02830 PCT/ US97/ 13201 9

navi gational or other data fromthe GPS signaljg. This systemthus all ows
the GPS receiver and signal processor to be powered only |ong enough to

acquire the satellit | ] ' o WV this st em
thg doni nant ener gy ?8 sum%béi_agq %‘gbgﬁﬁ‘?’é&fe@ﬁ%é@a@%%&&d bya{'ﬁﬁg’{??f@ GPS
recei ver energy used tathefeliawingdessaptien takeniin copiungtiocmwith ¢he Bgcarepanying i f
the signal acquisiti Qrawith)mwhmergy are dramatically reduced. U S.

Pat ent No. 5,420,593 to Ng t @ store an |r}terval of the

received signal containin 'ﬁ?ﬁﬁﬁs@a%ﬂgé%gm‘t@ ;Igmate tragking systemein
received signa$ is sagpbrdance witivthe peasenhinvention; nenory at one rate and then
read fromthe nemory at apRpeR. isaPIbEK diaddin JPRORadiGitfififon an object to be
tracked in accordance with the invention;
Figure 3 is a block diagram of a conventional sequential
acquisition architecture;
10 Figure 4 is a block diagram of the sequential signal processing
architecture according to one embodiment of the invention;
Figure 5 is a block diagram of the parallel signal processing
architecture according to another embodiment of the invention;
Figure 6 is an illustration of the parallel correlation process
1s between the stored-data and sliding replica waveforms.
Figure 7 is a block diagram showing a structure for generating
the replica sequence; :
Figure 8 is a block diagram showing a short segment of an
embodiment of the data memory, réplica register, and parallel
20 correlator that uses the replica generation method of Figure 7;
Figure 9 is a block diagram showing one embodiment of one
stage of the two-sequence parallel correlator of Figure 8;
Figure 10 is a block diagram showing a method for generating
separate code and Doppler replica sequences;
25 Figure 11 is a block diagram showing an embodiment of the 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;
30 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;
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the signal is digitally processed to acquire and synchronize with the
received GPS satellite signals. This allows a shorter elapsed tinme for the
acqui sition of the GPS signals. However, the receiver is not turned 15

of f i medi at el YO#80230 sj gnal storage, and | ow power signal adRfthUsFHEAL| s
not used. Furthernore, substantially reduced energy consunption is not
achieved. U S. Patent No. 5,225,842 to Brown describes a GPS based
centralized asset tracking systemthat reduces the cost of the GPS 20
receivers on each tracked asset by avoi ding cal cul ati on of the navigation
solution at the asset. Each asset carries a GPS3receiver that processes the
signal fromseveral of the visible GPS satellites and rel ays the processed
result to the central statiRigurehelde igcaurgraph asisawing avieganoiselesd| ahd OABispr €

consuned by the GPS e%%g\?%?m%? bp WA Y4} o, 46 seqtioh SBEE 114 s BrABoe o
asset battery life or Pdtsequenceneptthacirelationipagki o repl ace batteries.
Furthermore, | ow power par atiggle C951 g4 ald OBlock Mgrafedsh@@ing a  low-power

SUARY T VT, S e valed Bl S 681 3 o Bekai
whi ch pernmits the recewhigh tne)RﬁéFtsecnmugmerammnglum:aturm‘ompms,
Figure 16 is a block diagram of one embodiment of a squaring
A/D converter;
Figure 17 is a block diagram of a combined data-memory,
10 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 multiplier
digital-to-analog converter cell;
Figure 19 is a schematic diagram of a Ping-Pong data-memory
15 organization;
Figure 20 is a schematic diagram of a parallel correlator with
data-Doppler pre-multiplication; ’
Figure 21 is a block diagram of a full 1-Q processor with data-
Doppler pre-multiplication; and
20 Figure 22 is a block diagram of a full I-Q processor with data-
Doppler complex pre-multiplication.
Figure 23 is a block diagram: of the low-energy register writing
method using a scanner shift register.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
25 ' OF THE INVENTION
Figure 1 illustrates a plurality of GPS satellites 12, an object
(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
30 propagation delay (and delay rate, if asset velocity is desired) from that
satellite to the receiver antenna. The satellite 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
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10- acquisition phase of reception, thereby permtting the on tinme of the
associ ated receiver front end to be significantly reduced. Another object

of the invent waxpsinzs3dvo provi de a signal processing architect RCEUSHTII3I0N
permts | ow power consunption during the 5 acqui sition phase of DSSS
signal reception. A further object of the invention is to provide a

| ow- power parallel correlation nethod that is readily manufactured with

avai lable integrated circuit processes and utilizes |ow energy to acquire
DSSS signals. 10 Anot her object of.fshe invention is to provide a
GPS signal processing architecture which permts P/ N code and Doppl er
searches (associated whd gsd Bits S&Hbléédnh Gf‘tﬂ%r NFW Eg)tﬁéeepgriu%éi‘e& réMe}Jér
standard sequential processor (1.

processi ng resource) WHh ﬁta“'ft ﬁJPFlanﬁu?*ﬂ%“tfaZcFéWgr Bt ’8Hb|°f‘8 tgesevgral
turned on during the miated) ipittex &/ ditet isatoobé evlledied:.cRurttertioee,i ayparticulan i s
to provide a GPS sign hit ener gy
o {rack an asset el e R %‘9 ahGse Ric e dind B! IS MCS oS,

to provide a siSgnal @esec apgescard PW‘MWUMF‘! updatesda theihitehdatal Ty
exchange coherent andingge-sc2ieate Mavigation solutions, BnyEIPSbased N@AGRTbr SYsten

particular received sjgaalsd QAPIGaE HHt'iS oSNl than about four hours old. If the

asset positions are to be monitored more frequently than every four

hours, then new NAV data will have to be collected at least every four

10 hours. NAV data maintenance then requires an approximate average of

fifteen seconds of receiver operation per hour, and this entails a

significant energy requirement if done at each tracked asset.

According to one aspect of the present invention, the navigation

solution is calculated at the central station instead of at the asset. None

15 of the NAV data is needed at the tracked asset. Only data relating to

the GPS signal propagation delay between each satellite and the asset

need be measured at the asset, and this data is then sent to the central

station. The NAV data can be determined at central station 16 by

utitizing a standard GPS receiver there, or by communicating with an

20 - appropriately located standard GPS recsiver. If desired, the NAV data,

or the navigation solutions, 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,

25 and the feasibility of the centralized tracking system is greatly
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 rasponsive to the signals received at an antenna 5 from the

GPS satellites, a processor 3, and a transmitter 4. The received signals

30 are processed in processor 3 to ascertain and utilize propagation time

differences among the signals received from the GPS satellites. By

utilizing time differences, the need for knowledge of the GPS signal

time-stamps at the asset is alleviated, and data stream decoding is
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A still further object of the invention is to enploy a | ow receiver output
sanpling rate in obtaining accurate sub-chip DSSS signal 25

acquisition timng. Yet another objective of the invention is to provide a
GPS signal pro¥ #80 ar chitecture exhibiting rapid acquisitiBr/B$o7Epa1

satellite signals. Still another objective of the invention is to provide a
GPS signal 30 acquisition nethod that allows rapid and | ow energy
signal acquisition even when the GPS receiver uses an inexpensive |ocal
oscillator that may be inaccurate. WO 98/ 02830

PCT/ US97/ 13201 - 11 - According to one aspect of-the invention, a |ow power
hi gh- speed parallel correlator is used during DSSS signal-acquisition to
reduce the acqui siti ontherefppunnacessaryiabthe &eseti With nonaeeq, for GRS data stredms
condi t1 on 115 reduced dus LS poos Seohoh WORSRE raices & sequiiton 6t e GFS 00
"t: gna,lnot her aspect of tﬂgn?'ﬁ\/@ff i%?ﬁ“?aj‘"ﬁ FPé’ irﬂ?&qr@a*imgf aﬁfrg{:%]c@ér hﬂﬁfbﬂ’p 5tg
i s sanpl ed and stored frequency difforenges, iffasset valogitiescaredo biesdatarmiaddpfrém thide
time interval isg |ong gafpusiior @sihd. THe calculated time differences, and data identifying
the satellites associated with the differences, are transmitted by
transmitter 4 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
10 application Serial No. 08/456,229 of Harrison, Pradeep, Brooksby and
Hladik, referenced above.

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 synchronization and

15 NAV data demodulation, but modules for these processes are not
shown in Figure 3. The signal acquisition architecture comprises an
RF/IF (radio frequency/intermediate frequency) section 21 including an
antenna 211, an RF amplifier 212, a mixer 213 and local oscillator 214,
and a low pass filter 215 which supplies a received and down-
20 converted signal to analog-to-digital (A/D) converter 22. A/D converter
22 typically samples and converts at an integer multiple of the replica
C/A code chip rate and supplies a digital sequence to a serial digital
correlator 23. Correlator 23 serially computes the inner product of a
digitized receiver-output sub-sequence from A/D converter 22 and a
25 C/A replica code sub-sequence originated from a code/Doppler (or
replica) generator 24. The inner product is performed serially by first
multiplying the first terms of the two sub-sequences in a multiplier 231
and storing the result in a coherent accumuiator 232, then multiplying
the second terms of the two sub-sequences and adding their product to
30 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
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10 acqui sition of any of the received CDVA DSSS signals contained in
the stored receiver output data. The stored receiver output data is
re-played fromnenory as many tinmes as nmay be required to acquire each
desired CDVAwoOgsm2B30 To keep processi ng energy consunpti on PCmuUssrieeyr power
parallel (partial analog) correlator may be used in the 15 acqui sition
process. This approach uses nuch | ess energy than existing digital
cross-correlators. The centralized GPS tracking system according to the

i nvention allows the tracked assets to consune very | ow power and use a
receiver with an inexpensive |ocal oscillator-i6The use of a parallel 20
correlator allows the local oscillator to be inaccurate because many

frequenci es are readichiefettatb@Aumitr ddptdife a 3aMpIs of tHY e85 E6TSIaliSh BB LW
power. Furthernore, use.of the parallel.correlator allaqws recegé’; on ,anéa

h
denodul ation of the C®LiYed sysgavengewith onglyA sede Fysle of the irepjicarsignal,
average on tine of tlier theepasiculafrh€/Al cedec code-oifsétorzmer Duoppited fidquency t 0

Quf ekl y Search over ST SAFATFHE SHER UBRIHEF, 1HS, BALE Bk Sefythrle S
not needed at 1he tr&8R§aigd with severy| following suh-seayencas framcii: arnvriter &2y
| ow power is needed, while using thetsame saplicaiC/A dmd'er@fb%mbﬁé@drm s@bséﬁﬂbﬁt?: o
oLatLon, 50 50 £ CESRTHLAR Sl TN My P20l T
however, together wi ahonreeherent accumulator 30, yielding a non-coherent integration of
the coherent processing results. The output signal of non-coherent
10 accumulator 30 is examined by a threshold detector 31 and a “signal
acquired” command is generated if the signal level in non-coherent
accumulator 30 is sufficiently high. When a signal is acquired, a control
27 monitors the associated C/A code index (satellite index), code
- offset, and Doppler frequency, and commands code/Doppler generator
15 24 to either change to a different C/A code (for a different GPS
satellite) and begin another search, or to stop if sufficient satellite
signails have been acquired. If a signal is not acquired after the several
sub-sequences from A/D converter 22 have been processed, then
control 27 commands code/Doppler generator 24 to change to a
20 different C/A code, code offset, or Doppler frequency. As each satellite
signal is acquired, control 27 supplies the associated code index, code
offset and Doppler frequency to GPS signal synchronization and NAV
data processing units (not shown).
Provision for searching all feasible C/A codes, code offsets and
25 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 to the bit stream from A/D converter 22. A
30 Doppler I/Q generator 242 generates a digital representation of the
sinusoid representing the combination of Doppler shit and
local-oscillator frequency error assumed by control 27. The replica
signal is generated by a multiplier 241 as the product of this sinusoid
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obj ects and advant ages thereof, may best be understood by reference to the

foll owi ng description taken in conjunction with the acconpanyi i ng(s
in which: Fi gMP&88/42830; 35 bl ock di agram of a renote tracking %9{?%\‘\% 9s)

accordance with the present invention; Figure 2 is a block diagramof a
tracking unit on an object to be tracked in accordance wth the invention;
Figure 3 is a block diagramof a conventional sequential acquisition
architecture; 10 Figure 4 is a bl ock diagram of the sequenti al
signal processing architecture according to orlé-enbodi nent of the
invention; Figure 5 is a block diagramof the parallel signal processing
archi tecture accor di rgnd theaB/A bode eeplivai Teninsafe deétections ohtheoGPS-signak tige i s

an ill i '
ot o dat . e 51 o SERL e AU bt ot 5 e ) it
showi ng a structure f(@g rsmﬁ\@'?f oML %&u"see%fuéﬂaé*;‘e %ﬁfgé‘a% q%ggtdbe
bl ock di agr am showi ngpracedsedt fos esigreai t acajuisitione rfuotliemaote, oéachhof dhe d andn@ y,
replica regist 5" anipﬁg QMp‘?Jll signals must be processed with both the | and Q Doppler
sinusoidal components, as is known by those skilled in the GPS art.
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
10 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 Figure 3 except that a
signal-storage memory 33 is added and power to RF/IF section 21 is
now controlled by control 35. The GPS signal supplied by RF/IF section
15 21 is converted to digital format by A/D converter 22, but now the A/D
sampling rate may be set at a low non-integer multiple of the C/A code
rate. Memory 33 stores a 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-
20 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
at. The non-integer input A/D sampling rate allows the acquisition
25 processor to determine accurate GPS signal propagation time
differences (needed for determining the location solution) while using a
much lower sampling rate. Also, 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
30 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 early-late delay-locked loop for
code tracking) can be avoided.
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20 correlator that uses the replica generation nmethod of Figure 7,
Figure 9 is a bl ock diagram show ng one enbodi nent of one stage of the

t wo- sequence parallel correlator of Figure 8; Figure 10 is a block di agram
show ng a net waxesioassogener ati ng separate code and Doppl er repCTAE97/13201
sequences; 25 Figure 11 is a bl ock di agram show ng an enbodi nent
of the data nenory, code-replica register, Doppler-replica register, and
parall el correlator that uses the replica generation nethod of Figure 10;
Figure 12 is a bl ock di agram show ng one enbodi nent of one stage of the
three-sequence parallel correlator of Figure 1lig- 30 Figure 13 is
a schematic diagramillustrating the principles of the differential

digi tal - to-anal og_conver { ean faiagEH siOhE ebeIded QigRBEsETERLin Herhbiy

t WD 98/ 02
bOT Loy 13201 130 FARY ferasing the memary efaeried 19,ragsss difterent SED ipeis

auto-correl ati on vvavethat thé correlatidipocess tarvtakefpladesover@ period ok-tinvsl withidy
sequence near the cor I a
g { b gnﬁ%hmsﬁba% ;la"b dud 1§diaK odbEtoP Mk

| ow- power 5 par a t'or based ac UIS R /1 Q
processing in vhi ch tH\?CFéI“'PPF areerey dhthestated signajus @lse: wses tuderivethe

time defays 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
10 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 power
large-scale integration processes are being developed in the industry
(e.g., 1.5v, 0.35 micron complementary metal-oxide-semiconductor or
15 CMOS process).

With the GPS system, as in most DSSS systems, the SNR is
very low before signal processing, and a substantial period of the
received signal must be processed to yield the high SNR correlation
peak needed for reliable signal detection by threshold detector 31. For

20 normal civilian GPS applications, approximately 20ms of signal from the
RF/IF section 21 must be stored and processed. To keep the memory
size small, the signal from RF/IF section 21 is sampled at a low rate
and is quantized to only a few levels. For civilian appilications,
conventional GPS receivers typically achieve a GPS fix (location)

25 accuracy of 30 meters. GPS fixes with this accuracy can be calculated
from signal code offsets that are measured with an error of less than
one tenth of a C/A code chip. The signal code offset is measured by
noting the replica-signal code offset associated with the
cross-correlation peak. In one embodiment of the invention, a

30 sequence of results from non-coherent accumulator 30 are generated
in order of increasing replica code-offset while holding the code index
and Doppler frequency constant. if a large correlation result is
observed, an interpolation algorithm is applied to the sequence of
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Figure 16 is a block diagram of one enbodi nent of a squaring A/'D converter;
Figure 17 is a block di agram of a conbi ned data-nmenory, 10
replica-generation, parallel-correlator organization that reduces _the
nunber of codWOP88?8¥ er shifts per code/ Doppl er conbi nation. PGHYITANE s a
schematic diagramof a three-sequence nultiplier digital-to-anal og
converter cell; Figure 19 is a schematic diagramof a Ping-Pong data-nmenory
15 organi zation; Figure 20 is a schematic diagram of a parallel
correlator wth data-Doppler pre-nmultiplication; Figure 21 is a bl ock
diagramof a full 1-Q processor with data- Do‘prrer pre-multiplication; and
20 Figure 22 is a block diagramof a full I-Q processor with

dat a- Doppl er conpl exepults @ndt thel code-olfset asspeiated iths the momelationapeaimisf

}:)E'?'A: E\IIEV-De rE])ErS%)IQI Ira_?_? 'Os\lté%'ilrﬁgté(?:' A9 c%ﬁéEJ%ﬁgetU%g\rr\ﬁaéy ;d?a&‘i@ferﬁﬁi dft ar &6Hed Ichip is
OF THE | NVENTI ON Fi glﬁ%giel’gglwqﬂﬁgﬁaﬂgggg“% F@Pgi 5&?%‘?"“@5@‘%3’{‘%‘? the GlA-gede 5,
obj ect (asset) bei ng chimeatedSomectorwentionakiGP seceivers yiony aghieve dhe degsinad t
14, and a centsal st %H&%nﬁ@chiﬁ%c‘éﬂ%&'dﬁﬁﬁg i) GEquisifen: ilﬁ}ﬁbﬁﬁ.l $drfie U6 so

transmts a signal th@h a GP(?erecehver. L, {)ackl n&_ unit "14 uses to. neasure
the 30 pr opagat i HHingeFage (SYRghtanizafiop py. sampling; the \signal; at, twice the
desired) fromthat C/A-code chip rate and tuning the sampling phase as part of the
early-late delay-locked loop. Alternatively, other conventional GPS
receivers achieve one-tenth chip timing accuracy by sampling the signal
10 at ten times the C/A-code chip rate and noting the code offset, in one-
tenth chip increments, that yields the largest correlation peak. A
reduced sampling rate requires less memory and lower processing
rates.
The SNR at the input to A/D converter 22 is well below zero, so
15 little signal degradation is suffered when the A/D converter uses just
three appropriately chosen representation levels. Each sample can be
conveniently encoded in sign-magnitude format using only two data
bits. To insure signal detection, both | and Q RF/IF output signals must
be generated, stored, and processed (only one RF/IF channel is shown
20 in Figures 3 and 4). The use of three or more representation levels can
provide substantial resistance to interference by non-GPS signals, as is
known by those skilled in the GPS art. However, a smaller data
memory is required if only two representation levels (one bit) are used
for the | and the Q signals, and this has a cost advantage in some
25 applications. In one embodiment of the invention, the | and Q RF/F
output signals are digitized and stored simuitaneously, and the data
memory length is 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
30 approximately two samples per code chip with two bits per sample,
approximately 170,000 bits of storage are required for the 20ms signal
segment. For convenience, the | and Q data can be considered as
stored in separate | and Q memories. When the required data has been
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satellite to the receiver antenna. The satellite signals also include the
periodically repeating NAV data that is needed to determ ne a navigation
solution fromthe nmeasured tinme del ays. Because of the |ow WO 98/ 02830
PCT/ US97/ 1320W09diesss ate (50 bits per second) of the NAV datREWUSIVHEOIGPS
signal, a receiver nust be active for a substantial period of time (from
one to several mnutes) if the NAV data is to be collected. Furthernore, a
particular satellite's NAV data changes over tine and the GPS MCS nonitors
5 t hese changes and provides nearly hourly updates to the NAV data. To
I nsure accurate navigation solutions, any GPS®ased navi gati on system nust
use NAV data that is no nore than about four hours old. If the asset

positions are to be g wgénm@@ Eh@walmetl‘b@éwmﬁerémeb@W&d thaen
new NAV data wi || have 4)& col | ct ed ast every four 10 hour s.
NAV data mai ntenance ?Q?é ﬁtﬁ‘lqaé' § xi mat e average of fifteen

seconds of receiver operatn the pequ&nilal mathad tafi thise imvantien, sthe siatedi datat is
energy requirenent |§ %ag g@c ,{cgacdgﬁ.ﬁl, agpet coﬁgﬁgéﬁll rﬁgogegsow BHRACt
Vi

of the present inven

ati Iut| Is calcl at th
central statioh inst sam'bmaﬂaﬂ qfirod gsggge ‘ﬁaﬁ'e af%n[h Ppigk s'f"#e?'Nﬁv e
needed at the tracke®igse e, .th@©sequente of etaxed rdipitad datee s@PPles glraatead from

propagation delay beiyegssonCdng2h @ tihé SEAH sdfle®t/é sequence from memory
33 is muitiplied by the corresponding sample of the sequence from the
code/Doppler generator 24 in multiplier 231, and the result is

10 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 processed is the coherent
integration length, and is typically chosen as one full cycle of the C/A

15 code, which is 1.0 milliseconds (ms). Several (e.g.. twenty) adjacent
1.0ms memory data segments are processed in this manner without
changing the replica sequence. After each 1.0ms segment is
processed, the value stored in coherent accumulator 232 represents

the cross comrelation between the 1.0ms replica and data segments

20 (sequences). This value is 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 accumulated result represents the totat
correlation score for the particular code, code offset, and Doppler

25 frequency specified by the replica signal. Similarly, the coherent
accumulator is reset before each 1.0ms segment is processed.
Threshold detector 31 monitors the correlation score and produces a

“signal acquired” signal if the score is larger than a specified threshold.

Upon receipt of a “signal acquired” signal, control 35 performs a simple

30 peak-search and interpolation algorithm (described subsequently) 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
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need be nmeasured at the asset, and this data is then sent to the central
station. The NAV data can be determned at central station 16 by utilizing
a standard GPS receiver there, or by comrunicating with an 20

appropri at el YWO88838¥Y st andard GPS receiver. If desired, thdTRPYELY o
t he navigation sol utions, can be comunicated to the tracked assets via a
hi gher rate communi cation link that requires | ess energy to receive at the
asset. Wth no NAV data decodi ng needed at the asset, GPS signal

acqui sition becones the main GPS processing task at the asset, 25 and
the feasibility of the centralized tracking s3)stem is greatly enhanced by
the | owenergy acquisition nethods of the invention. As shown in Figure 2,
a rail car tracking amd torbhanssceplicaigesdrator ta attec $evmeplica signpbtogeflectthist he

signal s received at é}%@éﬁ %B_asiih | e luis ien?gr&és%t@'rhbé&éd f8r Hfug&ﬁ??émic&

and a transmtter 4. ecei Vv S| gna are processed |
processor 3 to ascer#gnaisafATEIRGNAING ﬁPo%&%a‘f‘?%ﬁ*t??@ ot é?'eﬁegsrb&?ﬁﬁ@ t he
signal s received fr ofreduenciddRoskad seaiched, aritl isustopped mhehithe diisfréd membes,

th d f w ed . |  LoEs . -
al Iee\r/]iegt edf)r aﬁgodate agfgg?fga%@ﬁ%lg;%%g&%ém. b%ig‘%&g?ﬁh éélﬁ_",'%a_s Eontrdi 35
PCT/ US97/ 13201 - 15- WRErRIpdyees ahae Sutut pignal thecodss indicepy estimatedcaftretsor

GPS data stream decogshdDopplet frequstciey agsooiatsbwitie thecamuiredaighalssi ti on of
the GPS The | and Q memory data can be processed sequentially, (e.g.,
process all | data, then process all Q data) using one digital correlator
10 23 as shown in Figure 4. Alternatively, the | and Q memory data can be
processed simultaneously 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 I-Q combinations and they can be processed sequentially
15 with a single digital correlator, or simultaneously with multiple
correlators. In one sequential method, the correlation resuit for the full
memory data sequence with a given replica code index, code offset,
and Doppler frequency is calculated as follows: First, the coherent and
non-coherent accumulators are reset to zero. Then the | memory data
20 is processed with the | Doppler replica and the correlation resuit is
accumulated in the coherent accumulator. The Q memory data then is
processed with the Q Doppler replica and the correlation result is
further accumulated in the coherent accumulator. The total
coherent-accumulation result is then squared by squarer 29 and added
25 to non-coherent accumulator 30. The coherent accumulator is then
reset. Next the Q memory data is processed with the | Doppler replica
and the correlation result accumulated in the coherent accumulator,
then the | memory data is processed with the Q Doppler replica and the
correlation result is inverted (muitiplied by -1) and further accumulated
30 in the coherent accumulator. The total coherent-accumulation result is
then équared by squarer 29 and added to non-coherent accumulator

30. This process is repeated for each 1.0ms memory data segment, '
without resetting the non-coherent accumulator between segments, and
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signals and calculating the relevant tinme differences (and Doppl er
frequency differences, if asset velocities are to be determned) fromthe
acquisition results. The calculated tinme differences, and data identifying
the satellitewossszsoated with the differences, are transm treOUESZ/I13201
transmtter 4 froman antenna 6 to the central station. A description of
the centralized tracking systemin which GPS signal acquisition is a mjor
part of the assets' GPS energy budget is found in co-pending 10
application Serial No. 08/456,229 of Harrison, Pradeep, Brooksby and

H adi k, referenced above. Figure 3 shows a comgentional serial acquisiti.on
architecture that uses a serial correlator. In a conventional GPS receiver

signal acquisition isghlré®Whd RYI Gedd | GtiedNet Ridbh AREC] BHACRY hémaly AatANd
15 NAV dat a denodul at rocesses are ‘not

J.on.. but dul’es faor tgese
shown in Figure 3. T cy'ﬂh‘?ﬂ t'ﬁ@q%ﬂ@?‘f‘?rgﬁ cﬁP&ﬁﬁe beed Eyéﬁ‘?ﬁrqe?égatﬁrl e/ QF
(radi o frequency/i nt eDopplengenératars 242 )multiplicrs 2421 andcdigital nepreetaters e3na 21

1, an RF anplifier 2 ' . : Do 214, and a |
an anmplitier #?rgﬁ%%{léﬁ(ﬂur?bgcﬁﬂﬂméf?grﬁédsl%&@w. and a ! ow

pass filter 215 whic es a recelve . converted
signal to anal 8g-to-digitdP PREDFORVSNRNL: Endstion, \gqse/BapRiet (genepatey R4 ds | v
sanpl es and converts aimprisadndfeDopplenl/Qi gérerator 242, sstpllite sodé Henedtorcddd)

Cor el ator 25 seri al | et BenBRAUALE o ity s 1”8 'shun If g 'e® Dopler
recei ver - out put sub- sid @eReeater 247 gensratasA-digital seguanee eeppesentationgfa sine
replica code sub-sequarosing wavenat thd desived freqoertdylefitive to {hey sdrapleira®) and
generator 24. ,fhe inngf, RLodYShpleS BRCIAEMERE MRS BeBY Ahi) Wemory (ROM)
driven by an address counter. The frequency and phase (| or Q) of the
sinusoid can be selected by control of the order in which the stored
sinusoidal samples are read (e.g., by address decimation and by
selection of the starting address, respectively). Other digital sinusoid
15 generators are also known to those skilled in the art. For the GPS C/A
codes, a well known state machine can be used to generate the C/A
code bits in the proper order. The Doppler sinusoid and C/A code
values are multiplied by muiltiplier 241 to yield the replica signal.
Provision for searching all feasible code offsets is provided by a time
20 offset of the stored code replica from satellite code generator 243 using
offset generator 244, With the state-machine implementation of
satellite-code generator 243, a particular code offset is effected by
presetting the state machine to the associated state before starting the
correlation process. The initial states, corresponding to different code
25 offsets, can be stored in a ROM and indexed by a simple binary
address counter.

In practice, the acquisition search is conveniently performed by
first selecting a code and a Doppler frequency, and then indexing
through different code offsets. Then the Doppler frequency is changed

30 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 adjacent offsets. This
accumulator organization allows the scores for adjacent offsets to be
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mul tiplying the first ternms of the two sub-sequences in a multiplier 231
and storing the result in a coherent accunulator 232, then nultiplying the
second terns of the two sub-sequences and addi ng their product to 30
coherent accurWPa¥em83®32 etc. The inner product is perfor nedGTHUSIFR0L | ne,
as sub-sequence terns becone avai lable 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 conputed, the WO
98/ 02830 PCT/ US97/ 13201 - 16-

coherent accunul ator contains a sanple of the-étovss correlation of the
recei ved sub-sequence with one C/ A code cycle of the replica signal, for
the particular C/ A comulw@euslyf examinad $ogpateanintaypelation gigarittime darbybet he

replca generator. Theppliietio NieKi <fREhR bASet faid assoc.F. WA bbua

several follow ng sub uences,_ from onver usi n

replica C A code sub- SE98cReaK. 17 Sequrntial, dferpe 'QF’ 98’(!! B is Us t%‘ed?ﬁ?k

then squared by a squalfeet efluercdnherimtatpolateni while usingraniy aasinglendoeumulaté,
yi el ding a non- fohere Rlemhditedr ation of the coherent processing results. The

out put si gnal non- co er nt to accunul ator 30 is exam ned by a
t hr eshol d detector 31 and eé‘i"@hﬁq’qtﬁﬂﬂfm fimg capptadyced by nrecessing mﬂ"'Phe

signal |evel in non-cebde effsetssimuitdraionsly3Por examyiié] multipld digitaleorreldbers 23
signal is acquired, A caRbd QJsed, each driven with a differently delayed version of the
replica signal. The different delays can be implemented with a tapped

10 delay 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 results from each correlator can be separately squared and
accumulated in associated elements of a non-coherent accumulator
array. '

15 An alternative GPS receiver architecture that provides for both
low-power and fast signal acquisition, according to another aspect of
the invention, is shown in Figure 5. The acquisition architecture is
similar to that of Figure 4, except that the serial digital correlator, serial
Doppler and P/N code generators, and serially read memory are now

20 replaced with a parallel correlator 36, paraliel Doppler and P/N code
generators 37, and a parallel read memory 33, respectively. One
aspect of the invention is a method for massively parallel analog
summation in the parallel correlator. The analog summation, in
combination with the massively parallel organization of the memory,

25 replica-generator, and correlator 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 squarer 29, as described subsequently. The
parallel architecture also takes advantage of conventional low-power

30 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 energy is used at nodes whose voltages are static
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27 nonitors the associated C/ A code index (satellite index), code offset,
and Doppl er frequency, and comrands code/ Doppl er generator 15 24 to
either change to a different C/ A code (for a different GPS satellite) and
begi n anot herywa9gbsp ©Or to stop if sufficient satellite sigraisseveseer been
acquired. If a signal is not acquired after the several sub-sequences from
A/ D converter 22 have been processed, then control 27 conmands code/ Doppl er
generator 24 to change to a 20 different C A code, code offset, or
Doppl er frequency. As each satellite signal is acquired, control 27
supplies the associ ated code i ndex, code offsei. and Doppl er frequency to
GPS signal synchroni zati on and NAV data processing units (not shown).

Provi si on for searchi ; i %ﬁ ; f ti&

Doppl er frequencies r@%ﬁ@gé'ﬁ é%i @g?éj(qg?utro E%?'gggtﬁae'ptvgﬁ_lsﬁ@sgggler eo’l1 geA
code and code of f set JapPIRIANG BMN&EAES reRfica generatpis; and rraistges, dala memory. and
of f set generator 244 an@fgaralel genelatdroarebiganized tolmrnifize thetriumberf fSGMOS

t he generated code r ' b L | t
the bit stream from AReS babishengdsdend iefivied SRS Meborrlation SoBbae )0
generates a digital reprefigweatt dlystatesHbe spafalieli cprialationseqicent; andeshows
conbi nati on of Doppl efavekirfiis faRthe cial witsreithé doviveld AtLepliva Sighalks HveHEd

by control 27. The I §neidt sHifd"Bigitlz8d ighal Bhs Writbr SbdueRibif irfé' thé afa®

product of this sinu
memory as it becomes available from the RF/IF section 21 and A/D

converter 22. Data memory 33 is organized for a massively paraliel
10 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 paraliel output with the
-same length as that from the data memory. A sample of the cross-
correlation (i.e., the inner product) between the paralle! data sequence
15 and parallel replica sequence for a given Doppler frequency, code
index and code offset is generated all at once by parallel correlator
1000. In parallel correlator 1000, each element of the memory data
sequence is multiplied by the corresponding element of the replica
sequence using a corresponding multiplier in an array of multipliers.
20 The multiplier output signals are simuitaneously summed to form the
coherent processing result at the correlator output. The coherent
processing result for an adjacent code offset is generated by shifting
the replica register one step white holding the memory data stationary.
Alternatively, the replica signal can be held stationary while the memory
25 data is shifted.

In one attractive embodiment of the invention, the parallel-output
data and replica sequences are 1.0ms long and span a single cycle of
the C/A code. The data sequence is generated from the RF/IF output
signal by sampling at the rate of approximately two samples per C/A

30 code chip and digitizing to three levels with an A/D converter using a
two-bit sign-magnitude format. This sampling rate and number of ievels
avoids aliasing, avoids substantial SNR degradation if the A/D
threshold levels are properly chosen, and yields sequence lengths on
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WD 98/ 02830 PCT/ US97/ 13201 - 17 -
and the C/ A code replica. To insure detection of the GPS signal, the RF/IF
section 21 nmust generate both an in-phase (I) and a quadraturey&% out put
signal (not sN&WPA20Fi gure 3), and the two signals nust be PBf 431t or
signal acquisition. Furthernore, each of the | and Q5 RF/ 1 F out put
signals nust be processed with both the |I and Q Doppl er sinusoi dal
conponents, as is known by those skilled in the GPS art. The conventi onal
approach shown in Figure 3 requires the receiver output data fromRF/IF
section 21 to be processed as soon as it is avatlable, and processing is
constrained by the code rate in the 10 recei ved signal. The
architecture for an itheoedercdf24q0esampiés.STrensign-aeagnitadé famat ralows acsimple

according to one asp af . the ti.0 : i Fi :

architecture is sim ﬁ‘g'?m _Lert'ﬁal?é 3#% Iai ig']‘ughed ?@@gg@'ﬁ%’aﬁ‘&g’@%n%@@t oor"a{%re
“menory 33 is added arfdtragsiver date representations,nsampling fRigsc andr erradal-eytput
control 35. The GPS eglghceslengihsete gbsﬁﬁl'el bs WilFbécdmel apparentld theésesitiey t ed

to digital forgat by.A@E%@nverter 2 but now the A/D sanpling rate may be
set at a lown n-inté’b Itiple of the CA code rate. Menory 33 stores a
| ength of input signal sufiguse ehshews aftegmethact inri genaratingathe arrdakoutpet

RF/1F section to be tapiieadseqiertb! ah &t 6odt@Bopplbe gaRbktts 1DOB, B CF& SSodehen
proceeds by readi ng and

Herry.  Ener gy consuﬁwﬁaﬁgﬁséﬁb%e&%w%%sgmef dBaed P/ e Fasie e o
RF/ | F section 21 conglgitizedsisinispidc generatore 1002 ugenasatesr the sligjtizest wsinusoid
processing is;§o | ongghuence with the desired phase and Doppler frequency. A multiplier
1003 sequentially multiplies the code and sinusoid sequences provided
by code/Doppler generator 1008 to generate the replica sequence, and
this sequence is shifted into a parallel-output code/Doppler (replica)
register 1004.

15 The replica sequence is preferably represented in three level
(two-bit) sign-magnitude format, or a two-level (one-bit) sign format, as
these formats reduce the complexity and power consumption of the
parallel correlator with respect to a format that uses more bits. With
only three or fewer levels, the Doppler component in the replica
20 sequence will have high harmonic content and these harmonics can
falsely comvelate with an input signal. This problem can be avoided by
choosing the RF/IF local oscillator frequency so that the RF/IF output
signal is substantially offset from zero frequency. By choosing the offset
large enough, the harmonics of all resulting necessary Doppler-replica
25 frequencies will be well above the highest Doppler replica frequency.
The harmonic problem is known by those skilled in the design of
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
30 register. However, this will 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 ragister 1004, and parallel correlator 1000 that
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constrained by the code rate of the received signal,

The non-integer input A/D sanpling rate allows the acquisition 25
processor to deternm ne accurate GPS signal propagation tinme differences
(needed for debesodsse ng the | ocation solution) while using PCUEINBNEr

sanpling rate. Also, when the input SNRis not too | ow, or when accuracy

requi renments are not

time differences to be determ ned with 30

conventional carrier

too high, the | ow non-integer sanpling rate all ows

and P/ N code synchroni zation processes nornally

as noted in prior art.

t he

sufficient accuracy that the

needed (e.g., the Costas phase- |ocked |oop f&- carrier tracking, and the
early-late del ay-1ocked | oop for code tracking) can be avoi ded. WO

uses the replica ger_\eraticlan method of Fighifel 7UBDTH 18 data Idhd An
r n r .re

reR)Ep; SELHlobBHs =g 8 oSS o BoUH, terRtbrt i Mld S

process can take pl asincevbe rawpefielementstin aachiafipemonbds, wiiift register 1004,

si gnal -acqui si ti on aghHcdfsIAGEI1 00D AreGligned With| sicAlothdrSh 2biumriay fashién the

98/ 02830
advant age of storing
the nenory as needed

i me. del aye nebded 1 GI9N () oRHTedi iR (B Rt rorefhinSimbRa e i M

mai ntain accurate tiseqgenseswecan tbe gogvenjentiyonfedndin r aa¢h ngolymis edo ofa
reception. For appli ¢gkrbssnditiEhititipher 1200.081th @igrsmbghitde input@dlues of, for

10

15

20

30

example, either -1, 0, or 1 from the two input sequences, each
multiplier 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 analog form. All D/A converter output signals
are summed by being fumished to a common output that represents
the analog correlation resuit. 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 low power, does not require any analog memory,
and is very fast. Another advantage of this parallel correlator
architecture is that the code and Doppler sequences are
programmable, allowing a single correlator to rapidly search over
multiple code indices, offsets, and Doppler frequencies in the
acquisition process.

Figure 9 shows one embodiment of one stage of the

two-sequence parallel correlator of Figure 8. Multiplier 1200 generates

sigh and magnitude output bits that control switches 1400 and 1500 in
a D/A converter 1300. The switches connect one end of a charge
summation capacitor 1100 to either a positive reference 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 to the output reference rail (ground in Figure 9).
This discharges all capacitors. Then the charge reset line is set high,
opening charge reset switch 1600 and ailowing the data and replica
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needed i mmedi ately after neasurenent (e.g., asset tracking), a very 10
| ow power GPS receiver can be constructed by using a very |ow power
i ntegration process for the sequential correlator (and other CI I‘CUI tn}u in

conbi nati on wi VA %%

power data storage nenory. Very |ow potfe¥V

| arge-scal e integration processes are being developed in the industry
(e.g., 1.5v, 0.35 mcron conplenentary netal -oxide-sem conductor or 15
CMOS process). Wth the GPS system as in nost DSSS systens, the SNR is
processing, and a substantial period of the received
signal nust be processed to yield the high SNRZorrel ati on peak needed for
reliable signal detection by threshold detector 31. For 20 nor mal

very | ow before signal

civilian GPS applicati

values inpeachxpamllell goriater sfagei ipnedntiol dre absndi&éﬂ I%:gn

section 21 nust be stqnednggﬂn@&&%ﬁ 13%0%1%6 Ethvely. Z&lfl Bolsted '@

signal fromRF/IF section

IS Sa rte

only a few | evel s. ForPTe¢®AS| l”&H’e&pm (%F?%ﬁﬁ a‘@&n@‘é?ﬁ |"8hé‘F°"GPS°’F dbejcharge

typically achi eve a GRunirhatidn Oaﬁddxtoré oidér time. ltaiscadvaniagebus Ghaethis pardliels

fixes with this accur g

are measured with an eﬁ( ?aqé}f pﬁg’g aér?'%ﬁgar'@%‘ﬁ'cggég'g@%@g%;ég LQ%

signal code offset is

faeexample, petalanetal; “erass-pygs! peaa@togsmand&vm@m@mc

associated with the CrsQﬁt‘éhGﬁFsﬁélM it afefitagddusanat m‘aﬂﬁlrgaa&nmﬁfanbhean be

i nvention, a 30

are generated i n order

code i ndex and Doppl ersum@%fmiwsconstant If a large correlation result

10

20

25

30

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 1001 of
code/Doppler generator 1010 generates the desired C/A code
sequence and this sequence is shifted into a code replica register
1005. Similarly, a digitized sinusoid generator 1002 of code/Doppler
generator 1010 generates the digitized sinusoid sequence with the
desired phase and Doppler frequency, and this sequence is shifted into
the Daoppler replica register 1006.

Figure 11 shows an embodiment of the data memory 33,
code-replica register 1005, Doppler-replica register 1006, and parallel
correlator 1000 that uses the replica generation method of Figure 10. A
separate code register 1005 and Doppler register 1006 are used,
yielding separate memory-data, code, and Doppler sequences. Sign (S)
and magnitude (M) bits of corresponding samples from the three
sequences are fed to corresponding multipliers 1201. With
sign-magnitude input values of, for example, -1, 0, or 1 from the data
and Doppler sequences, and -1 or 1 from the code sequence, each
multiplier 1201 generates either a -1, 0, or 1 as an output signal. The
different multiplier output signals are all simuitaneously summed using
analog summation as previously described for the two-sequence
parallel correlator.

Figure 12 shows one embodiment of one stage of the
three-sequence parallel correlator of Figure 11. The correlator stage
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observed, an interpolation algorithmis applied to the sequence of WO
98/ 02830 PCT/ US97/ 13201 19
results and the code-offset associated with the correlation peak is
estimated. A wodeomBs set accuracy of one-tenth of a code chipCIgssaas0eyed
while sanpling the signal at approxinmately twi ce the C A-code chip rate.
Some conventional GPS receivers don't achieve the desired 5 one-tenth
chip accuracy during signal acquisition; instead, sonme do so during code
synchroni zation by sanmpling the signal at twice the C A-code chip rate and
tuni ng the sanpling phase as part of the earl-pslate del ay-I ocked | oop.

Al ternatively, other conventional GPS receivers achieve one-tenth chip

timng accuracy by sajReWng siriifarb 95t lof Ik two-séd uetnea gammcéﬁaa{a(r/m

chip rate and noting the c n, one
yi glods t he Iargeslt gogr?’éqe(??ﬂl?ﬁ?’b%mytmpklef Bﬁ%é@@xgér%ﬂ”ﬁﬁr%t@t? gﬁ@é ioal qvéss
menory and | ower prodhessepgratetws!e repiste3Nit & irhpacti thp udign of Ahe nudtiplieation 22

is well below zero, little S|gnal degradation is suffered when
the A/ D converter uses | ug,tn?t hr ee r| atelé aRI ien re resen_t ation
| evel s. Each sénple can b %%'888% aralleLcofrel {ﬁ?‘cﬁﬂﬁ’eﬁcﬁ%ﬂ

using only two data bitt sanTse |geserazed dogpluck tsequence paedife! Icomethtéds RMYitH-

output signal's NuUSt ragnect to the two sequence correlator, the three sequence correlator

has had one of the cross-comrelation sequences (the replica)

decomposed into two separate sequences. This decomposition can be

10 applied to both the data and replica sequences in general to provide a
plural sequence parallel correlator or inner-product machine.

“Differential” analog summation in the parallel correlator may

have lower noise susceptibility and other advantages. Figure 13 shows

one convenient differential summation configuration. In each stage of

15 the parallel correlator, two D/A converters are driven in parallel by the

same sign and magnitude output signals from the associated multiplier.

One converter is labeled as positive and its capacitor connects to a

positive summation line and the other converter is labeled as negative

and its capacitor connects to the negative summation line. The

20 switches shown in each converter are implemented as electronic

switches, as is well-known in the art. The two converters operate

identically except that the sign switch 1500 in the negative converter is

connected in the reverse sense with respect to the sign switch of the

positive converter. With the differential method, the difference between

25 positive and negative summation results must be taken to determine

the final coherent correiation result. This can be performed by, for

example, using a high-speed linear or switched capacitor difference

amplifier, as is known by those skilled in the art. Alternatively, the

positive and negative summation results can be separately A/D

30 converted and then their difference computed digitally prior to squaring

and non-coherent accumulation.
The three-sequence parallel correlation method of Figure 11
uses less power than the two-sequence method of Figure 8 because
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be generated, stored, and processed (only one RF/IF channel is shown 20
in Figures 3 and 4). The use of three or nore representation |evels can
provi de substantial resistance to interference by non-GPS si a5 S
known by thosWOP8%y in the GPS art. However, a smaller da&;w’é%r is
required if only two representation levels (one bit) are used for the | and
the Q signals, and this has a cost advantage in sone 25 applications.
I n one enbodi nent of the invention, the | and Q RF/IF output signals are
digitized and stored sinultaneously, and the data nenory length is
sufficient to hold the entire data sequence nédded to achi eve acquisition
(e.g., 20 n8). Wth 1023 C A code chips per mllisecond and both | and Q
RF/1F signals bei ng suipthedl-bit dsep code mgistenardsdpbe ahifted mhensdguelopingie
fgap \rMeEi hf 2 \rNot E' t 5 Op%r@m_ renesawi?x saF@ééauuntlZ&;éJQmsbtsE ahell‘seaueﬁ@egm Hee
ui e nms_si gnal. segnent. . For_con NCE,aul: an ata can
be consi dered as st Orsgaaﬁaﬂe&od) trgglaein??“(ﬁﬂéﬁgir ﬁ’éesde wﬁgt%g’qﬁiﬁ%ﬁ\a&?
dat a has been WO d@6dis3deep consumes approximately twice the power as shifting a
PCT/ US97/ 132015~ 20 ~ogiafh!1hsh isCORYY Bit! Sdbp. BEtabto reGister Wiffics & 4e e
turned off andst he rerg@rgﬁc} %Qa't a can ,l?}e rocessed. Tn the s'e ﬁée\réit ?orﬁﬁﬁg?hod
of this invention, t/ROWAIorGaNSUAEs (Wit o edyBﬁ’a@?'eaﬁ?"?Jﬁw d PPPRj“cGhethe
correl ation process thee-ssmubence method is advantageous. On the other hand, the two
sequence method uses fewer shift register elements (bits) and fewer -
exciusive-or gates in the multipliers and therefore has a smaller
10 implementation. The implementation size difference 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 capacitors. An
alternative embodiment for the multiplier and analog converter (D/A) is

15 shown for the three-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
needed. This multiplier-D/A combination is readily implemented in a
standard digital CMOS process. Capacitors 1101 and 1102 are of

20 substantially the same value and together provide for a three-level D/A
conversion, e.g., -1, 0, and +1. The -1 level is invoked by driving both
capacitors low (digital ground), the +1 level is invoked by driving both
capacitors high (digital Vdd), and the 0 levet is invoked by driving one
capacitor high while driving the other low. in a multiplier 2001, exclusive

25 NOR gate 1210 and AND gate 1211 multiply the two-bit data and
Doppler values to form the sign-magnitude product. Exclusive NOR
gate 1212 then converts the two-bit product to A and B signals that
drive the two capacitors in either the same or different directions.
Finally, exclusive NOR gates 1213 multiply the A and B signals by the

30 binary code value, while NOR gates 1214 provide for grounding the
capacitors so as to discharge them during the reset phase.

For a given length of stored GPS signal, a tradeoff exists

between the length of coherent and non-coherent processing. As the
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5 ~conbi nati on of code, code offset, and Doppler shift. In the system
of Figure 4, the sequence of stored digital data sanples are read from
menory 33, one at a tine. Each sanple of the sequence fromnenory 33 is

mul tiplied bygdamgar r espondi ng sanpl e of the sequence fronmeCvsy7/13201

code/ Doppl er generator 24 in multiplier 231, and the result is 10

accunul ated i n coherent accunul ator 232. The sequence or data segnent from
t he code/ Doppl er or replica generator is crafted for a particul ar code,
code of fset, and Doppl er frequency under test. The length of the nenory
sequence so processed is the coherent integras-on |length, and is typically
chosen as one full cycle of the CIA 15 code, which is 1.0 mlliseconds

(ms). Several (e.g. ’céwaﬁé’l:gﬁé'lhﬁ&?’lénq"lhqg‘;ﬂ%@é iRt SNFEOFRIALA ﬁh%rent

processed in this manner w thout ¢ e repli sequence, er_each
1.0ms segnent is proP©CEERING RSN, iy '989355811&51‘ tithe E'HH'\?PER? %QEE{?HIIP&?%SS'QQZ
represents the crossresalts elavhilable bdormesquarirg lafds noagioheserndacdamalation

segments 20 (SeqtearRDh) dibisasyd! w?ﬁ]kﬁ?vs@??rt@&'%éoxmmm fHo 4 tAfidngdded

t o non-coherent accu processed
for a given réplica §N@1HT‘P'°NBﬁ Ry \Qr 45, (Pex daradPe 9f 090'%9"%PP°§§§$'n9d9'29!ho so
that the final accuninceiase, betsintleasesbyoniy abduts dBpart dmdseifatan@ummﬂe

for the particul ar c e n p 2

specified by the rep ‘?’?’85%83 H'E tThf"g’r ﬁop(? égé%h g‘rﬂrya@g@ q?'iqtg'r ‘PS
reset before each 1.P¥es @é@ﬁﬁ!ht NR 'ﬁrﬁ@é!’%'é@ld bvmpéﬁﬁfﬂﬂﬂgd@t‘%d@m @herent
moni tors the corr el agoredlation’ Howader unpredicted reeti8AImdtidAUbDF @6tal Sdsgiatori

the score is loar ger fimr‘uiﬂ |W{'Hef teaithd rné?fdi\? lo? coherent processing. Also, as the
coherent correlation length is increased, the bandwidth of the Doppler
bins is reduced and this yields more Doppler bins that must be
searched. The architectures of Figures 4 and 5 readily allow dynamic
trading of coherent and non-coherent processing length through control
15 of the replica generator, resetting of the coherent and non-coherent
accumulators, and bypassing of the squaring functions.
it is usually true that the pre-detection SNR needed for reliable
detection is lower than the SNR needed for accurate correlation peak
localization (i.e., interpolation). Thus the acquisition time and energy
20 can be minimized by using shornter coherent correlations (and thus
searching over fewer Doppler bins that are as wide as the detection
reliability constraints will allow) until a correlation detection is observed,
and then reprocessing the data with longer coherent correlation using
code offsets and Doppler shifts near the values that yielded the
25 detection event, to increase the SNR and perform superior code offset
interpolation. The architectures of Figures 4 and 5 readily allow this two
step process.
Figure 14 shows a section of the noiseless auto-correlation
waveform for a 1.0 ms C/A-code P/N waveform (not sampled). The
30 auto-correlation value is very near zero for all offsets of magnitude
greater than one chip width and is a triangle function (of the offset) for
offsets between -1 and +1 chip width. In another aspect of the
invention, accurate sub-chip correlation-psak time estimation is
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Upon recei pt of a "signal acquired" signal, control 35 perfornms a sinple 30
peak-search and interpolation algorithm (described subsequently) to find
the best estimate of the code offset associated with the given code index
and Doppl er f WQRM83% under exami nation. Control 35 then sel BETASHAGMer
code, code-offset, and Doppler frequency conbination WO 98/ 02830

PCT/ US97/ 13201 - 21 - and commands replica generator to alter the replica
signal to reflect this change. The signal acquisition process is repeated
for nultiple replica signals corresponding to the codes, code offsets, and
Doppl er frequencies to be searched, and is std¥ped when the desired nunber
5 of GPS signals (different C A codes) have been acquired. Control 35

then produces as an Oa&mé\iecfwmwt uing samtsting talies akat a?efsubﬁfaﬁﬂallyfﬁlgl@ér&haﬁnd
Capel r T easenc o= v £ i b By SO AT A T b e,

menory data can be p ed se n
process all Q data) L@Pﬂ'@’%ﬂe‘hél AtQh'P @i?r f&taﬂ imeger numbeg Naof saroples iper

Fi gulrte 4. A Iter nati veti cédlé?cﬁup a1he d%dféf@tim? datoac@raélama Sdrfip @%ﬁfbt remains
S AneoustY s LRty kAl e b il St e e ViR 1R EE
the | nenory data, anal G/Aecagienchiprperidat whefritbe retmv&r mruiwldnhr is| supstantially
conmbi nations and t heyyigaPtHap thé TGS SRAaPSSHEWithaThi¥ is a form of quantization and
yields substantial quantization error if N is not large. For example, an
offset measurement accuracy of one-tenth of a C/A code chip would
10 require a sampling rate of N=10 times the C/A code chip rate. With a
more-limited receiver bandwidth, the auto-correlation sample value
varies with input-signal time offset, but not necessarily linearly 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
15 of signal C/A code chips is sampled. This precession allows the
calculated auto-correlation value to change substantially linearly with -
input-signal time shift, and with much smaller time shifts. Although the
above discussion has focused on the auto-correlation of the binary C/A
code, the sample precession method is applicable to muitiple-level
20 signals in general.

With a replica code index and Doppler frequency that matches
that of a noisy input signal, the serial or parallel correlator will calculate
noisy samples of the shown auto-correlation function. By choosing the
signal sampling rate so that there is an integer number of samples

25 (e.g., 2183) per 1.0ms C/A code period, correlation resuits from, for
example, twenty consecutive 1.0 ms data memory sequences (using
the same replica code offset) will yield twenty noisy samples of the
same point on the C/A-code auto-correlation waveform. During signal
acquisition, the replica Doppler frequency and phase rarely match that

30 of the signal exactly so that squaring of the coherent correlation resuit
is neéessary to guarantee a positive correlation result. Figure 14 also
shows typical squared 1.0ms coherent correlation sample points (x)
calculated for several code offsets near that of the received signal, and
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15 with a single digital correlator, or sinmultaneously with nultiple
correlators. In one sequential nethod, the correlation result for the ful
menory data sequence with a given replica code index, code offset, and
Doppl er freqwayesyzsse cal cul ated as follows: First, the cohePEWUSH13201
non-coherent accumul ators are reset to zero. Then the | nenory data 20

I's processed with the | Doppler replica and the correlation result is
accurrul ated in the coherent accunul ator. The Q nenory data then is
processed with the Q Doppler replica and the correlation result is further
accunul ated in the coherent accunul ator. The-gptal coherent-accunul ation
result is then squared by squarer 29 and added 25 t o non-coherent

accumul ator 30. The eﬁcgdal ek WHd Bbpplet Frebiliériby’ S5 bhadé MattatcR HBNBS ¥

data is processed with t .Doppl er repljca,and 't he, correl ation result

accunul ated in the cdhf iRyt ﬂﬂ@ﬁmﬁyaﬂfﬁ agingcthe qu‘ﬁrﬁ‘?ﬁ?@e%é@g‘ e same

E)r o;:::a.ss?aq \(/jm Lh tr11§a Qcbdep! effsatepla cdowerehdisee wstimatent iafn thes ukcorrespanding t ed
mul tiplied by - a i A B .

accunul ator. The tot ar%q‘tgcgﬁ%&%ﬁ?ﬁg’%%gﬁéﬁggegﬂgth ,Qli é@ﬁ%ﬁ?&?ﬁ{r’%’&e I%tlon

squarer 29 andsadded SRRRK 2 ABPcToWR: BUthg figuss- Bois averaging ik thesse-galled

repeated for each 1. Gion-dBherdnt abeumutatione The phiaiskooftthe esapngle guid( elative to

ggll-/ ng%r ith Oic_curznzjl_ %tlé) Eri&egtlé(mtiaﬁgagr;gn%s &Pﬂle ph%@ 8ﬁ(h%2|%§9ived waveform
relative to the input A/D sampling clock.

in the waveform of Figure 14, the time of the auto-correlation

10 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 skilled
in the art, but one method involves ordering the averaged

15 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 neighbor (points
C and D respectively in the figure) together define another line. These

20 two lines intersect somewhere between the two original end points (A
and D in the figure) when the SNR is high enough, and the time
associated with this intersection is the estimated correlation peak time.
This method requires solution of two simultaneous equations, may be
used with either the serial or parallel correlator methods, and would be

25 computed by control 35 shown in Figure 4 or Figure 5.

Figure 15 shows a low-power parallel-correlator based acquisition
system with full I/Q processing in which the RF/IF section (not shown)
generates two quadrature output signals which are passed to input A/D
converters 22 and 56. Control 35 applies power to the RF/IF section and

30 to input A/D converters 700 and 701. A/D converter 56 generates
sampled | data which is stored in the data | memory, while A/D converter
22 generates sampled Q data which is stored in the data Q memory.
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requires two full read cycles of both the I and Q nmenory data. Acquisition
time and energy can be reduced by using separate | and Q Doppl er generators
242, nultipliers 241, and digital correlators 23 to process all four |-Q
conbi nati ons sWRAA$Mously. 5 I n one conveni ent rBRHUEYHA201L
code/ Doppl er generator 24 is .conprised of Doppler |I/Q generator 242,
satellite code generator 243, offset generator 244, and nultiplier 241, as
shown in Figure 4. Doppler 1/Q generator 242 generates a digital sequence
representation of a sine or cosine wave at the desired frequency rel ative
to the sanple rate, and 10 can, for exanpl3; be inplenented with a
Read Only Menory (ROM driven by an address counter. The frequency and
phase (I or Q of the sinudniche @mimimehtof e bsystam] tied inputt AD csciwenéns

which th t d

And by el ecti on of |t rriie B8 TPaME i Sehald erioaRY” S ppfigiefp 183
si nusoi d 15 generfaﬂltﬂnssﬂml@eﬁl%b SRARA Y!Qid'f'ﬂc?é@:?'sﬁ"ﬂméﬁi PPhOMI@OdetCyclPor
the GPS C/ A codes, a véd aps maéwtzmmhplee mrc/wecw@(éhtp) we&mb@sté}e

C/ A code bi h |
are miltiplied By mi pRResPlhg '?V@Tiﬁaﬁ'g? 10, S el iie feroe it apo;
searching all feaS| bl elesgied epdier.sThe | Qddatatsjorage imempdes are eath Jargeof
the stored code repli Cénoh ﬁ%%?é@'thbté?\ti?@@ﬁw éritdieediéd fésbrgaapaéqﬁﬁimon

Genor ator 243, a parti/AEATIBEY ‘E*i'ﬁ%@enqﬁé'%ér?ﬂ%@%@oébowsp?\&s@%b.rna (M 20
machi ne to the associ aamples)aqfé apdf@data have been stored, (paverds remoyesdfremsthe
The initial stapes, cogp/fspRRibmand ffirhf MeHpUt OAD converters, and acquisition
processing is begun. The | and Q data memories are each organized as
twenty rows of 2183 two-bit samples, with 2183 simuitaneous outputs
(one full row). Four separate three-sequence parallel correlators are
used, labeled I, IQ, Ql, and QQ. Together these comprise a complex
1S parallel correlator 70. The parallel correlators each use sequence
lengths of 2183 samples. The | data memory drives the |l and I1Q
correlators, while the Q data memory drives the Ql and QQ correlators.
Also, the | Doppler register drives the 1l and QI correlators while the Q
Doppler register drives the IQ and QQ correlators. The order of data
20 processing is set so that all desired replica code offsets are examined
for a given replica code index and Doppler frequency before the code
index or Doppler frequency is changed. Furthermore, all desired code
offsets are processed for a given row of stored | and Q data before the
row is changed. This will most likely minimize the combined memory
25 reading and code-register shifting energy use. Other memory-row,
code-index, and Doppler frequency processing orders are also possible,
and the order can be chosen to minimize energy consumption. The i
and QQ coherent processing results are summed to form |+-QQ by
connecting the associated summation lines, and the QI and 1Q coherent
30 processing results are summed by connecting their associated
summation lines. For proper I-Q processing, either the QI or the IQ
result must be inverted, and this can be accomplished by, for example,
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25 of fsets, can be stored in a ROM and i ndexed by a sinple binary
address counter. In practice, the acquisition search is conveniently
performed by first selecting a code and a Doppl er frequency, and then

I ndexi ng t hr wayssndsdof er ent code of fsets. Then the Doppl er fPEHUSIMAI21S
changed 30 and the different code offsets are re-exam ned.

Non- coherent accumul ator 30 can be inplenented as an array of accunul ators,
one for each candidate code offset in a sequence of adjacent offsets. This
accurnul ator organi zation allows the scores for adjacent offsets to be WO
98/ 02830 -34- PCT/ US97/ 13201 - 23 -

si mul t aneously exam ned so that an interpolation algorithmcan be applied

: e : NPT | 'f
2 sequenti al | nt or porat 5’?""‘%"5@‘6?"2 e 1 28 R oA B R 1.
i nt er pol ated while M%&"M%l%zcgﬁ' g}% l&?ﬁﬁrﬁﬁ'%@(‘ gl 1Q-Qligformead.  The
total acqui s: ti OE time caWitbeGP8dsigrals,bihepBNBeekeach vl phd IQQE stdnémﬁds
cach driven wiih g? IR 0 I8 e Sy Bnie dOp B epreson Wi 19,
di fferent del dys can'®Me qvﬁrﬁ é%ﬂmt‘éd Qi Uha’ﬁtaéﬂp%ﬂ“’ﬁﬁed to gigitaly farmn by /DI ed
to the output of codedirivenptscTOQand 78t oand4her beéparately 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 offset, and correlation
10 resuits for each code offset with different received data segments are
accumulated in the associated storage position.

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

15 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 and threshold voltages.

20 The sampling rates, stored sequence lengths, and simuitaneous
memory outputs lengths can be chosen to best fit the GPS application.
For example, by storing the entire data segment needed for signal
acquisition, the RF/IF section can be tumed off after the shortest
possible time (commensurate with receiving the needed data segment).

25 "~ The stored data set can then be used for the 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 embodiment uses a “Ping-Pong”
memory organization and is illustrated in Figure 19. Here, the | and Q

30 data-storage memories 192 and 194, respectively, are each only 2.0 ms
long and are organized as two parallel-output 1.0 ms rows (e.g., 2183
samples in each row, as before). in both the | and Q data channels, one
data row is accessed in parallel, for parallel correlation, while the other
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different taps can then each drive a separate serial digital correlator 23,
and the results fromeach correlator can be separately squared and

accurrul ated in associ ated el enents of a non-coherent accumul ator array. 15
An al ternati vewoPBO88ei ver architecture that provides for boREI/PIEAR8her
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 digital correlator, serial Doppler and P/ N
code generators, and serially read nmenory are now 20 replaced with a
paral l el correlator 36, parallel Doppler and P/N-code generators 37, and a
parall el read nenory 33, respectively. One aspect of the inventionis a
met hod for nassively pdatal fow is rbsingg weithemawitho rdigitizad elalza asivird frooy tied REVF

The anal og summati on, kébtﬁaﬂ”ggg%tr{u%‘l %&'b W& %@nﬁ@'l&nﬁﬁé ald S%Ch processed

organi zati on of the nmeno é |ca-
el enents, provides forith 'HFéﬁﬂF‘PBtsc %mtﬂeé’ﬂéf'ﬁ a?%l@dﬁltmpmf—‘eﬁﬁ%d for a

corrélation process. Thia glenSCl munﬁahppmxrmailyt zosmorawalued the @ndiet dhta

formby A/D converter

descri bed subseqiuentlyggq'%g}'cgra\'rva P%g?r%ﬁbt ecturx,ftngo t %t% rihsrgggg %ﬂd
conventional | ow power PBYuce anotghg Pmﬁmcﬁﬁtﬂlmhﬁ(lw sdérhﬁjt,eﬁtﬁd On
(CMDS) integrated cir Cthel ave?&du) thie Gcrédseihioainse tHitiee RFEF sesfion Em%f ld ku pe

node capac t ances: | ??%‘%verﬁk‘ég b Sl Hesl ~iiohe bieeySE 8 rydondp aféinbey
size can be ramatic. In some applications (e.g., military recelvers under
10 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.
In some applications it will be advantageous to further reduce the
15 size of the data-storage memories. With the two-segment (Ping-Pong)
memory organization, a long continuous stream of receiver-output data
can be processed. At the expense of a longer time to acquisition, the
two-segment | and Q data memories 192 and 194 (Figure 19) can be
reduced to single-segment memories by eliminating one of the 1.0 ms
20 sections from each memory. With this reduction, time-adjacent 1.0 ms
receiver-output segments are not processed. Instead, only every other
1.0 ms segment is captured in memory and processed, and this
lengthens the time elapsed for processing a given number of received
signal segments. |
25 To further reduce the memory size and the complexity of the
parallel correlator, the length of the parallel correlator and the
associated registers and memory segments can all be made smaller
than the desired coherent processing length. The desired coherent
processing length can be achieved by processing multiple shorter data
30 segments and coherently combining their results. For example, a 1.0 ms
coherent processing length can be achieved by using a single 0.5 ms
long parallel correlator on two adjacent 0.5 ms data segments and
adding their results digitally, after A/D conversion. Various combinations
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WD 98/ 02830 PCT/ US97/ 13201 -24 -
(unchangi ng) or whose capacitance is small. Wth this invention the Doppl er
and P/ N code replica generators and regi sters, data nenory, and parall el
correl ator awgpéNidady zed to mnimze the nunber of CMOS nodegrhsyngahar ged
and di scharged during the correlation process. 5 Figure 6
Illustrates the parallel correlation concept and shows waveforns for the
case where the received and replica signals have no Doppler shift.
Digitized signal datais witten sequentially into the data nenory as it
becones available fromthe RF/IF section 21 ad A/ D converter 22. Data
menory 33 is organi zed for a nmassively parallel 10 out put so that a

Shi Pt ag Ster 1004 SRR ERgA, Bonbight Biodistiny @Qb‘t&?gﬁgﬁ"’ﬂ%a"fﬁég&bf\?
organi zed for a mass$RANGNMSNY Fede-oifsel seagh widthareRassibieengt h as that from

the data nenory. A sanpl eWhientthe cost Size, @t pivairi dissigation. of 4 BRandare erial-

duct) bet t he [, | i
Dequence for o gi venBabgeB-oftBle (SROFHENOR. are sifiiefil topr dLiRRy 6
generated al | Sat oncédwtﬁﬂﬂ%lsltelswerﬂ\;elﬂ‘ﬁltﬁ necessan hapd Qi datl sequengesiiror
1000, each el ement ofudh@effip turflaH ahe RFAFReivEr BbdtionPhh8 YisB)MhisRemory

mul tipler 1 an arr 8y RopaRer) Wif s 8 PIGPeRg o b cldle-seenh Jemory
signal s are sinul t anashitestumsitaexaming gl gesired SCD bins. The entire | and Q data
sequences are read from the SISO memory once for each SCD bin
10 tested, and this reading process will consume energy. However,
because the RF/IF section is tumed 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/F receiver section. Other stored sequence
lengths, simultaneous memory output lengths, and sampling rates are
i5 also attractive.

In the two-sequence or three-sequence paraliel correlator
embodiments of Figures 8 and 11, the product of associated data and
replica samples is performed in parallel within the correlator. This allows
different Doppler bins to be tested for acquisition without having to

20 collect new received data. Figure 20 shows an alternative embodiment
of one stage of a parallel correlator and the associated parallel memory
where the data and Doppler samples are muiltiplied together by
multiplier 2001 prior to storage in the parallel memory 2002. This is
advantageous because the multipliers in the parallel correlator are thus

25 simplified. Each correlator multiplier now multiplies its associated stored
sampfe by just a single associated code bit. The combined multiplier and
D/A converter for this correlator embodiment is similar to that shown in
Figure 18, except that the data-Doppler muliplier and A-B signal
converter, comprised of exclusive NOR gates 1210 and 1212 and AND

30 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
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coherent processing result at the correlator output. The coherent
processing result for an adjacent code offset is generated by shifting the
replica register one step while holding the nenory data stationary.
Al ternativel y, WOB028¥p| i ca si gnal can be held stationary whi IPETUS7He¥pr y
25 data is shifted. In one attractive enbodi nent of the invention, the
paral |l el -output data and replica sequences are 1.0nms |ong and span a single
cycle of the A code. The data sequence is generated fromthe RF/IF out put
- signal by sanpling at the rate of approxinmately two sanples per ¢ A 30
code chip and digitizing to three levels with-dh A/D converter using a
two-bit sign-magnitude format. This sanpling rate and nunber of |evels
avoi ds al i asing, avoi deustkesstarad iila diBreid dropglaribim is fo bé destéd ferhacrpiisitioh,

| evel s are pr operl y o n WD 98/ 02830
baTT Usos! 13005 < 2. © LRk gelrmc??d'gA “éi,?g ﬁ%ﬁ:eﬁé&&&ﬁ:ﬁm ni tude f or nat
allows a sinple rrul tiplier parpalle S°W€|’qu"pﬂ"\de a’&”?'a@%\?ﬁbﬁhﬁ‘@ﬂ n
above. Qther attracti Figutat20 rcaprbe catvahtagesuslg asedi g forfi essmﬁﬂiﬂed full lQ

PRoce Sk 1 s °* 1B RER BPokEagiol s’ So b ST - OERY ol

the paral | el -output Shown in Figure 19 there are tour separate parallel correlators couple
to data | and Q and Doppler | and Q registers (parallel memory), as well
as to the parallel code register. An alternative full I-Q embodiment that
uses the simpler correlator and memory organization of Figure 20 is

10 shown in Figure 21. In this embodiment, the four parallel data-Doppler
memories hold the I, QQ, IQ and QI data-Doppler product sequences,
respectively. Each parallel memory can be organized as a Ping-Pong or
single-segment memory, as described earlier. There is no separate data
and Doppler storage. Each parallel memory connects to an associated

15 parallel correlator, and each parallel correlator also connects to the
single parallel code register. The reduced interconnection between
memory sections and correlator sections allows this full {-Q processor
embodiment to have a simpler (i.e., smaller and less costly) integrated-
circuit implementation.

20 The complexity of the embodiment of Figure 21 can be still further
reduced by performing the 1+QQ addition and the QI-IQ subtraction
before data storage. Prior to storage, the addition and subtraction output
signals can often be rounded or truncated to two bits with little SNR
degradation. Then, as shown in Figure 22, only two data-Doppler

25 memories {one for I+QQ data, the other for QI-IQ data), two parallel
correlators, and one code register are needed. Each data-Doppler
memory can be organized as a Ping-Pong or single-segment memory,
as described earlier. Other organizations of the parallel correlator,
parallel memory, and the sequence multiplications are also possible and

30 advantageous.

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
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replica sequence. In a code/ Doppl er 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 10 sequence with the
desi red phasewenslodsspp! er frequency. A nultiplier 1003 sequeardi/usot/yszor
mul tiplies the code and sinusoid sequences provi ded by code/ Doppl er
generator 1008 to generate the replica sequence, and this sequence is
shifted into a.parallel-output code/ Doppler (replica) register 1004. 15
The replica sequence is preferably represented in three level (two-bit)
si gn-magni tude format, or a two-level (one-bisy- sign format, as these
formats reduce the conplexity and power consunption of the parallel

Fover | evel & 1 ne- pheeobpAlel Sotind A ahs hriRes Db ol s
: gﬁﬁl&ﬂwaﬁ%ﬁmé@%? -ﬂ{f étheaﬁ*ef InPUINRemMORy MRIShiaew ket h

have hi gh harnmonic c
an input signal. Thi segmebiednioc aliovecalbstuiret: diaty to Hue simgitarieeubly/ adcelssed|

oscillator Trequencyhged Nadta! AR FpdiBd i P 3O Biboks? t%ugahgﬁité Zbrdiel

of fset fromzero frequency. arge eno
harnoni cs of &l resGPHeIA rﬁeﬁ'&%a'?@“ﬁ%pﬁﬂ"@h‘?@p?’?c%{' gilven by fhe- ga/mgGode
wi Il be well above t hed Dappisttreplidas) andrtrey sivsulfaneausiy in. o fullhcéodedbycle)

DLoel ot o 17un Y cRERRRS s ) Betgd 53 8 Blvdll PEABRE i vy

by using nore bits i Rrevipusho@scumulated r tpei saqusniialivc Separate sequaringoMBnd

nore bits per sanpl econveriets rcopvént 2hdlanalog conelatibAr sedueneseto difRal 1oirh!

increase the power CEASHTRHLIQePtle 80 forms the accumulated correlation sequence.
The accumulation RAM can be completely avoided by performing the
peak search and interpolation process on the accumulated correlation
as it is being generated. In this arrangement, the code and Doppler
registers now drive twenty loads where they previously drove one,

15 which may negate some of the energy reduction.

When the parallel correlator is used with data and replica
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

20 aspect of the present invention, foading of the various registers is made
a low energy operation by using a scanner shift register to determine
which data, Doppler, and code register stages are to be written at each
instant. Figure 23 shows a scanner shift register 304 in combination
with the data register 300, Doppler register 301, and code register 302

25 for the three-sequence case. In one method of operation, samples
arrive sequentially for each of the digital data, Doppler, and code
sequences and the sample rates are the same. As the samples for
each respective sequence arive, they are written into corresponding
sequential locations in their respective registers. In synchronism with

30 the arriving samples, a single logical 1 is shifted along the binary
scanner register, enabling the writing of the arriving samples into
corresponding sequential locations of the respective registers. The
writing operation is very low energy because only two adjacent scanner
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conplexity (size) of the signal-acquisition inplenentation. Figure 8 shows
a short segnent of an enbodi nent of the data nenory 33, replica shift

regi ster 1004, and parallel correlator 1000 that WO 98/ 02830

PCT/ USQ7/ 132080 98/62830 yses the replica generation method of ECYHSER2050¢ 1
the data and replica sequences use a two-bit sign-nmagnitude representation,
and since the rows of elenents in each of nmenory 33, shift register 1004,
and correlator 1000 are aligned with each other in columar fashion the 5
sign (S) and magnitude (M bits of corresponding sanples fromthe two
sequences can be conveniently fed, in each coflim, to a corresponding

mul tiplier 1200. Wth sign-nagni tude i nput val ues of, for exanple, either
-1, 0, or 1 from the register iqpations goangsetheircstorednvalue pt eaeh _‘ébmagdrfmfat@s

Converter’ 1300 comval tfféggf%“*’%;; ‘sﬁég"sr@*“'*ggug? ?ﬁ?;g‘ffgéﬁ'*’?' ';ﬁaﬁ”a' °9
@ﬁ peed, iny ﬂ%ﬁa‘!}? '6 Si@Aetorg)

form Al D A converter
conmon out put that rapqeisihoh,sct tarealsndieasseddo dedraatically redudetbotlT e unamg

SOl Tve” " Sl LRGP e ) Y G i

summation method is &phacquiipgdhe;(Asignalscky q'SQ"Q'é"F)%/s Ba'tﬁ)ﬁ gepsiatorn ot

require any anal og nmesmpynent of the code/Doppler generator 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.

10 While only certain prefetred features of the invention have been
ilustrated and described, many modifications and changes will occur to
those skilled in the art. 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.
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and is very fast. Another advantage of this parallel correlator
architecture is that the codewlmmces are progranmmabl e,
allowing a single correlator to rapidly sea ver 20 mul ti pl e code
I ndi ces, of fywelogo2sscnd Doppl er ”mm:” ' | € acqui siti orCTHSITLR2EL
Fi gure 9 shows one enbodi nent ﬂ""mﬂl{””" he two-sequence parall el
correlator of Figure 8. Miltiplief 1200" generat es si gn and nmagnit ude out put
bits that control sw tches 1400 and 1500 in 25 a D/l T om
The swi tches connect one end of a charge sunmation capa ﬁrgg BP’T@L@H’M«
a positive reference voltage rail or a negabive referen al CEDo an
out put reference voltage rail (e.g., ground). The sumis generated by a Ttwo
step procedure. RyrgMmg:he charge-reset line is set low, closing a charge
reset switch 1600 and 30 forcing swtch 1400 in each parallel '
correlator stage to cqnnecp gl 3equeticeiprallch Bafélattr compriBiagout put
reference rail (ground .in Figure 9). This discharges al| capacitors, Then
the charge reset line is sat Phraity ofpamilinfieshapaeh rofssaids multinierss beingnd
al l owi ng the dat |4 :

aag%ﬂﬂec{/ SCF réduce tﬁ@ﬁ%ﬁtﬁ?ﬁ?g? respective sample of each of a

PCT/ US97/ 13201 - es I n each para rel ator 'stage to control
t he associ at ed sipjuralitycf digital sigial sequeoerss, 1500 and 1400, respectively.

Thi's two-siep a plurality of digital-to- analog (D/A) converters, each of said

\1-4

r

D/A converters being coupled to a respective one of said multipliers for
converting the product produced by said respective one of said multipliers
to an analog signal; and
a summer coupled to each of said D/A converters for
10 summing the analog signals produced by said plurality of D/A converters.

2. The apparatus of claim 1 including a plurality of registers,
each of said registers having a piurality of stages and being adapted to
store a respective one of a plurality of digital signal sequences, each
respective one of said multipliers being coupled to a respective stage of at

15 least two of said plurality of registers.

3. The apparatus of claim 2 wherein at least one of said
plurality of registers comprises a shift register.

4, The apparatus of claim 2 including a scanner shift register
for scan loading at least one of said plurality of registers.

20 5. The apparatus of claim 1 wherein each of said D/A
converters comprises ét least one capacitor for storing a charge value
corresponding to an associated digital representation of the product
produced by said respective one of said multipliers, and wherein the
analog summer comprises an electrical conductor coupled to the

25 capacitors of all of said D/A converters for charge summation.

B. An apparatus for measuring correlation between first and
second digital signals segments, said apparatus comprising:

T T .SUBS TITUTE SHEET (RULE 23)
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process insures that excess charge—does—noet—acerue—on the charge summati on

capacitors over tine. It is advant Ig, parallel 5
correlator can be inplenented in Il Bgﬂl .ﬂtjrocesses by using, for
exanpl e, net al WEY8MR8Icr oss- over” nary el ect PEHPgI713201

switches. Finally, it is advantageous that the charge summatjion.can .Be-
extended across nultiple integrated circuits by sinply extem rSHEETIHAS BEEN
sumation |ines. 10 Fi gure 10. shows another netHod fogggepsbati ng
the replica signal. Wth this nethod, the code and Doppl er—~ep+eea
sequences are stored in separate parallel-out4dut registers. C/ A code

generator 1001 of code/ Doppl er g?enerator 1010 generates the desired C A
code sequence and this sequerfc®Wralitynpf raultiphars, gachqef sajd ireuitipliass heing 15
1005. Similarly, a gigptbd 26 ProdubeSPiedodaNEN 6¢ 8 redfKitive saffifle/dPUAeh &3t sai
generator 1010 gener_a%es thg) di gitize%l si nusoi d sequence wth the esslar'ded
phase and Doppl er flirstardhegcondregmentsisequence is shifted into the Doppl er

oo °% et o o s oo et AU RION oot i g

paral | el corsel at or DAOGGNverters being coupled: td acrespestiveasrieoof saidhmditipfiersifgur e

10. A t d LSt 0] I regi ster 1006 d, .
Ji el di ng. separ at o Ry TEINS ProdhsE BroghSRiaele Risbaiverons oftdje Midfpiem,
“magni tude (M bits tofancanaleg pigndi; agdsanpl es fromthe three 25

~sequences are fed to correspondin ltipliers 201, Wth
si gn- magni tude i nput val ues &f SUF¥Re efﬁ%?g,'o- f,act@,,ofé,sai}i H/V%WF?'H@"&H”[ dor

summing the analog signals produced by said plurality of D/A converters.

10 7. The apparatus of claim 6 including a first register having a
plurality of stages for storing said first digital signal segment, and a
second register having a plurality of stages for storing said second digital
segment, each respective one of said muitipliers being coupled to a
respective stage of said first régister and to a respective stage of said

15 second register. | '

8. The apparatus of claim 7 wherein one of said first and
second registers comprises a shift register.

g. The apparatus of claim 8 including a scanner shift register
for scan loading at least one of the first and second registers.

20 10. The apparatus of claim 6 wherein each of said D/A
converters comprises at least one capacitor for storing a charge value
corresponding to an associated digital representation of the product
produced by said respective one of said multipliers, and wherein the
analog summer comprises an electrical conductor coupled to the

25 capacitors of all of said D/A converters for charge summation.
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and Doppl er sequences, and -1 or 1 fromthe code sequence, each nultiplier
1201 generates either a -1, 0, or 1 as an output signal. The different

mul tiplier output signals are all sinmultaneously sumred usi 59771320
anal og sumuatwonsem3ipr evi ously descri bed for the two-sequence para??e1
correlator. Figure 12 shows one enbodi nent of one stage of the

t hree-sequence parallel correlator of Figure 11. The correl ator stage
W98/ 02830 119 PCT/ US97/ 13201 - 28
- shown is simlar to that of the two-sequence parallel correlator of
Figure 9 except that the nultiplier has an extra exclusive-or gate 1205 to
allow the separate code register bit to inpact the sign of the

mul tiplication result. 5 d three sequence parall el
correlators of Figus Al i zed to plural sequence
paral l el correl ators! sequence correlator, the

t hree sequence correljat or oss-correl ati on seguences
(the replica) decopdq © sguences. This deconposition
can be 10 appl to both f'ke @al)i ca sequences in general to

provide a plural s@

"Differential" anal o§ su [ ' AT+ el qorrel ator may
h - ~ N ~ N
s T ~ * . 16
14 .- - \::\ &‘\\
REDUCED-ORDER :
RAILCAR PARAM ATERS > CENTRAL
TRACKING UNIT STATION

fig. 1
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have | ower noi se susceptibility and ot her advantages. Figure 13 shows one
convenient differential summation configuration. In each stage of 15
the parallel correlator, two D/A converters are driven in %‘rﬁ}sbﬁiszhy t he
sanme sign argoog@eie ude out put signals fromthe associated nmultiplier. One
converter is |labeled as positive and its capacitor connects to a positive
summation |ine and the other converter is_|labeled as negative and its

capacitor connects to t pegat i ve summat 09 [ine. The 20 SwWi t ches
shown in each converter @i nplfe ed as electronic switches, as is
wel | -known in the art. Wfters operate identically except that

converter is ceqgneggedd in the reverse
. he positi\@d; erter. Wth the
bet weeén 25 ve and negp?i e
te:r ne the fi E@E erent corre aé on
pl e, usi ngu&ﬁi h- speed | i ngag or
s i s knowR /S Wose skill | O
egative s @magiwdn result nabe

the sign switch 1500 in
sense with respec%:..ﬁ\f Etﬁ
differential method, th
summation results nust % ,
result. This can be per >
swi tched capacitor diff
the art. Alternatively,

separately A/ D 30 oA their differgnce conputed
digitally prior t(&’ﬁ' ITIg Jan® non- coher¥nt__accurul atjon. The
t hr ee- sequence paral | el legedel ati on et Figure 1} uses | ess power
than the two-sequence netfod of Figurje 8
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WD 98/ 02830 PCT/ US97/ 13201 - 29-
only the 1-bit deep code register needs to be shifted when devel opi ng
correlation results for subsequent code offsets; the sequencg¥hﬂ!ﬁ 201
separ at e Doppmwayesmespest er can be held .fixed. Shifting a regis S
two bits deep consunes approximately twice the power as shifting a 5
register that is one bit deep. Because regighigr shifting is a dom nant
power consuner with the 4 el correl ati on approach, the three-sequence
met hod i s advant ageous. nd, the two sequence nethod uses
fewer shift register d fewer exclusiye-or gates in the
multipliers and thepefg |npleng} ggn. The

231 t he nunbe) its of | er

i npl emrent ati on si zewl
replica representation ig§ verters 1 aﬁ@omn in Fi es
char gi ng char ge

9 and 12, utilize series
nt fortg Fiplier ange
t he threec;Shaumce case
§tF

anal og converter (D/A) i

summmati on capacitors. An
Figure 18. An advantage of % ogic fun

ns

directly drive the ghagge ek ON Capaci | es connecti on®of
switches is not nee®NT. This ful fplier s readily
i npl enented in a standard-dfgital CMOS .] Capacitofs 1101 and 1102

are of 20 substantlall provi de for a
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capacitors high (digital vdd), and the O level is invoked by driving one
capacitor high while driving the other low In a nmultiplier 2001, exclusive
25 NOR gate 1210 and AND gate 1211 multiply the tm-bi%cﬂ@@lgﬁg

Doppl er val ueg 9sm2830r m t he si gn- magni t ude product. Excl usiv gate 1212
then converts the two-bit product to A and B signals that drive the two
capacitors in either the sanme or di fferen%{aorect lons. Finally, exclusive

NOR gates 1213 nultiply the A si gnal y the 30 bi nary code
val ue, while NOR gates 1214 pro for ding the capacitors so as to
di scharge them during the reset é given | ength of stored GPS
signal, a tradeoff eX|sts bet j of coherent and non-coherent
processing. As the §:
PCT/ US97/ 13201 - 30- coher ent Iat| 1gth Is incredsed, the SNR of
each coherent processing result pOifncr but the nunbér_ of coher ent
processing results avail abI e f ari I non-coheren gccurml ation
(integration) decreases. by thpbse skilled in f@ art that the 5
SNR i nproves by 10 dB per decade coh nt processing | rﬁth I ncrease,
but increases by only aboug, 1] dgLade of non-coher@® t-‘proce55| ng
| ength. Thus, for a given r tla 1®ngth, the pre-ie&e I on gN g
maxi m zed by perform ng one | on er ent £5 QN
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correlation. However, unpredicted receiver notion or |ocal oscillator 10
jitter will Iimt the feasible |length of coherent processing. Al so, as the

coherent correlation length is increased, the bandw dth of %&nﬁgﬁﬁgﬁr bi ns
i s reduced anglobfexseyi el ds nore Doppl er bins that nmust be s ched.” The
architectures of Figures 4 and 5 readily allow dynam c tradi ng of coherent
and non-coherent processing | ength through gegtrol 15 of the replica
generator, resetting of the coherent and non-coherent accunul ators, and
bypassi ng of the squaring functions. It ig usually true that the
pre-detection SNR needed for reliable det@ction is |ower than the SNR
needed for accurate correl ation peak |oc zation (i.e., interpolation).
Thus the acquisition time and ergrgy 20 - Can be mnimzed by using
shorter coherent correlations (@d t hus s@gadchi ng over fewer Doppl er bins
that are as wide as the detecti reliabi &ighy constraints wll allow) until
a correlation detection is obseryed, and Iﬁn reprocessing the data with

| onger coherent correlation usin ode ofsets and Doppler shifts near the
values that yielded the 25 & detlecti ongevent, to increase the SNR and
perform superior code offset 'Qnt er qol at i cg The architectures of Figures 4
and 5 readily allow this two §ep grocessw Figure 14 shows a section of the
noi sel ess auto-correljation SR OF =3 flu 0-RB- Gl Aqcode P/ N wavef or m (not
sanpl ed). The 30 aut o-com:el ation valjue is very mnear zero for all

of fsets of magnitude®greater an one chy idth and jis a triangle function
(of the offset) for gffsets b%:ween - chip vm':dth. n anot her aspect

of the
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i nventi on,
98/ 02830

multiple of the C A chip rate. Wth an

code chi p,

the discrete-tine auto-correl ati

accurate sub-chip correlation-peak tinme estimation is

WO

PCT/ US97/ 13201 -31 -

achi eved without using sanpling rates that are substantially_hj an
tw ce the C Awougpesiat e by using a sanpling rate that 5%@%?&&0{'

I nt eger nunber

is an
N of sanples per CA
anpl e value remains 5

eger

substantially constant over an input-signal tinme offset variation of 1/N of
a C/ A code chip period when the receiver bandwidth is substantially w der

than the GPS signal
substanti al quanti zati Yb
measur enent accuracy of
sanpling rate of N=10 ti
recei ver bandw dik-<4he
I nput-signal tine offs
If a non-int eger:
precess or roll il cENERATOR \
C/ A code chips i} ARESY

auto-correl ati ontval ue to ch#ggQ8
time shift, and With nuch snall ;
di scussi on has fPCUSEﬂGPﬂZEbﬁ dut o- cor

ror if Nis
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not | arge.
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code, the sanple precession nmethod is applicable to rmultiple-level 20
signals in general. Wth a replica code index and Doppl er frequency that
mat ches that of a noisy input signal, the serial or parallel corr Ia?;tor

wi Il cal cul at VO8I0 anpl es of the shown auto-correl ation fHSCYSSH
choosing the signal sanpling rate so that there is an integer nunber of
sanpl es 25 (e.g., 2183) per 1.0ms C A e period, correlation results
from for exanple, twenty consecutive 1.0 nms data nenory sequences (using
the sane replica code offset) will yield twenty noi sy sanples of the sanme
point on the C/ A-code auto-correlation waveform During signal acggpgsition,
the replica Doppl frequency angphase rarely match that 30 9 ghe

signal exactly so at squaring t he coherent agrrelation resul i< asn
correlation re@lt. Flgure 14 aZgfhows

necessary to guararjf e a positiv
typi cal squared 1.0ns}coherent co | ation sanpl espoints (x) calcul@ed for
several code offsets pear that of theregeived si , and WD 98¥02830
PCT/ US97/ 13201 - 32p-imMih-code | .a.n.a.D.o pler, frgquency and phase that
mat ch that of the?t"nput si gnal 1 By avgr adi ng.ttef'squared"’sé'r?ﬁl'e"s'T'r It he
same code of fset, Q! | ower - noi s¢ kesti nht e jof tlhecorrespondi ng !
auto-correl ati on E.I ue i s gener éd. Typijcal :a\ffaged aut o-correl at 0|‘n
= ;) IoWy '
' I+
i ' E' | €, H
x! K ' g |
S, ' &1 L 9 o !
' 1 99, ' m": S '
i 1 < P-4, N =] !
' ! g' ! gl T 8 :
! ! ! b I -
:w§3§:€0§:§:l/\ ;
i ' : A : A '
! ! ¢ i X
: : ! ' ! o g «c :
: | LR B
{ ) 1 ] m
o. < !
1 S =3 o }—>= 4 '
' Lo ] b 2 0 °
‘ g ' . =15 O ! bo
' N T 73 | 23
: P o &
‘ o : H !
VPl (=] P
! b . '
) v * ' ' !
| P a !
' ¢ < 14
| Voo ERNE AL i !
! t 1 ' : & \g b !
¢ ] 1 1 . - (=] !
' " T = g Z '
' L ' ' Si= Q !
. ' 1 . 1 c o '
' t ' !
: o Vo ") :
i -
L2LZ]E L [@=] 08 8 ||
: I 1 ) ‘N 1Y i
L | ! ' ™ ™~ |
L---—--——J b - e ---’ l_--_---___‘-_----_'
<
o .
-~ .
B3 :
ocuw
(7]



5 sanpl es are also shown in the figure. This averaging is the

so-cal | ed non-coherent accunul ation. The phase of.the sanple grid, relative
to the triangle function, depends on the phase of the recei Pe('& Iﬁl@f
relative to twoosmsae A/ D sanpling clock. In the waveform of Figure 14, the
time of the auto-correlation 10 peak is a paraneter of interest, and
this peak tinme is usually not on the sanpl 8@ grid. However, using the
averaged auto-correl ati on val ues surrounding the peak tine, the peak tine
can be estimated by interpolation. Various interpolation nmethods are known
to those skilled in the art, but one nethod involves orderipg the averaged

15 auto-correl ati on sanpl es according to increasing co of fset and
then searching for the two | argest adjacent entries. The é'-T-"t- entry (the
earlier one) and its left nei ghg) (points B and A respe y in the
figure) together define a line,®nhile the right entry an rlght

nei ghbor (points C and D respeciylvely in the figure) toge(lﬁeﬂ: defi ne
another line. These 20 two I%nes intersect sonewhere bggdween the two

original end points (Aand Din tHe figure) when the SNR is high enoygh,
and the tine associated with thislintersection is_the estinated corrglation
peak tine. This net hod requires sol Gition of two sinul t}meo S equati ofs, may

be used with either tthe serial or parallel comselator methdds, and uld be

25 conmput ed by Gon thol 35 shown in ¥ gur or Fifure|5. Figurells
shows a | ow power paf all? or d alyu{sition sydqtemwith full
|/ Q processing in wigtch th nedates two
guadr at ure out put s,“.fdnal S whi g
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converters 22 and 56. Control 35 applies power to the RF/IF section and 30
to input A/D converters 700 and 701. A/ D converter 56 generates sanpled I
data which is stored in the data | nmenory, while A/D converg,g?ﬁ% 3egier at es
sanpl ed Q datyoydm8dd i s stored in the data Q nenory. 830

PCT/ US97/ 13201 -33 - In one enbodi nent of the system the input A/D
converters sanple the | and Q input signal ¥1Periodically at approxi mately
2.183 mllion sanples per second, yielding 2183 sanples per C A code cycl e
and appr oxi mat eY'HZ 1 sanples per C/ A code chip. The sanples are 5 O
quantized to 3 ™mjel s and use t -bit sign-magitude repre tation, g

described earlier. The IMand Q ta-storagege ries a | arge e

to store the ent] e data seg Sneeded foru,sl al acg Slt For <Ww®
nonmilitary ut| this s usual I'y ZOWTB After429 ms ( 3 X Z(EEC:
sanples) of | a have tored, g@owek/I\s r ved fronh the 10Q

RF/ I F section and the i n convergers, d ui sitiorn procesyl ng
i s begun. The | at'a"'r're 'res a'r"e"éac -orga 7 QF tTURNTY TOWS O~
2183 two-bit sa W|th 1 SI mul t anequ tout put st e flul I} row). Four :
separate three uence par al correl atdr ,are usgd, I Iy & gun
and QQ Toget hell-l-ht hese corrpt'lﬁfe a conp cﬁr | pt 7 :
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| engt hs of 2183 sanples. The | data nenory drives the Il and 1Q
correlators, while the Qdata nenory drives the Q and QQ correl ators.

Al so, the | Doppler register drives the Il and Q correlat O:P%Orw%%pz&lhe Q

Doppl er regi syebsossves the | Q and QQ correl ators. The orde
processing is set so that all desired replica code offsets are exam ned for

a given replica code index and Doppl er frediét®y before the code index or
Doppl er frequency is changed. Furthernore, all desired code offsets are
processed for a given row of stored | and Q data before the row is changed.

This will nost likely mnimze the conbined nenory 25 Leadi ng and
code-regi ster shifting energy use. Qther nenory-row, code-i@dex, and
Doppl er frequency processing orders are al so possible, ang order can be
chosen to m nimze energy consu%tlon The Il and QQ coher@2processi ng
results are sunmed to form |1 +Q®by connecting the associ sunmmat i on
lines, and the Q and | Q cohereng 30 processing resulk&®&re sumed by
connecting their associated su { on |ines. For proper |- rocessi ng,
either the Q or the IQresult nmusy be inverted, and this Cﬁln be
acconpli shed by, for exaplemea-.- -9.8.[.0283.0.--_ .....
PCT/ US97/ 13201 - 34- }eversi ng the sense of all sign sw tches in all janal og
converters of the chosen paral | el correl ator. this a@nbodfnent, 1QJQ is
f or nmed. & ] ™~ |
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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 5 few

| evels (e.g., -1, 0, 1) and are converted to-digital form bé,c?/ug,.pgmerters
700 and 701, vahosid2asn separately squared by squarers 702 an The
squared signals are summed by digital adder 46 and stored in accunul ator
44. Accunul ator 44 has a separate storage pgigi on associated with each
candi date code offset, and correlation 10 results for each code of fset
with different received data segnments are accunul ated in the associ ated
storage position. Figure 16 shows one enbodi nent of a squaring flash A/D
converter that conmbines the DFPERENTIALLD/AGONVERTERS. Here two
conparators 61 and 62 detarmne if the anal og value is apbove,” Hel ow, or 15
bet ween the two threshold :val ues FOSITIVE ©7A GONVERTERg T epr eselnt ation
levels -1, 0, +1. A logicunift~ Bs‘mén'mp's-rrrevonpa'r"arors j gi nt out put
state to the appropr.iate Qqudred digital value. If desi red,, t hits squari ng
flash converter is readil ys ganeralized to than three mneprgsentation

| evel s by addi ng nore congar dt vol t ages. 20 l The
sanpling rates, stored se uenc si mul t aneous lrermr,y out put s

| engt hs can be chosen to best | ication. For'exarrpl e, by
storing the entire data se}gmart 'ﬁ? ignal a S|tuon, ‘the RF/IF
section can be turned off laf t'e pOSsSi B’%ﬁl me (com‘rensurate
with receiving the needed dato segnent). 457400 The st or ed datia set can
then be used for the proc955| ng of all S ns in the acq{n Sltll on search.
Al ternatively, a shorter dennry can be us

fit the
ed f
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t he expense of having to keep the RF/IF section on for a |onger tinme. For
exanpl e, another attractive enbodi nent uses a "Pi ng-Pong" nenory

organi zation and is Illustrated in Figure 19. Here, the I and

dat a- st or age Wem8iR#38 192 and 194, respectively, are each onrﬁgégguﬁ%‘long
and are organi zed as two parallel-output 1.0 ns rows (e.g., 2183 sanples in
each row, as before). In both the I and Q dapggchannels, one data row is
accessed in parallel, for parallel correlation, while the other WO

98/ 02830 PCT/ US97/ 13201 - 35 -
data rowis being witten with digitized data arriving fromthe RF/IF
section. The entire | and Q data sequence |l engths are each processed in 1.0
nms segnments. The entire 20 ns data set is then processed for a single SCD
bin in approximately 20 ns. Because the entirg_d equence was not
stored, the RF/IF section nust be energized aﬁﬁ—gﬂgﬁg%ﬂpaﬁﬁfher entire
sequence if another SCD bin is to be tested. On the average, this increases

the tine that the RF/IF section nust be kept ergi zed M TYPICH
acqui sition. However, tAe reduction in nenor ige can be dr ana_tl'lg%wrﬁs§orre

applications (e.g., mljtary receivers sevegeate NATED
conditions), the GPS SNR is very | ow S enceg g&% needed

for acquisition may be ko |long that st ntire j
i mpractical . UndEICGI!RELAfrrmWBt%CE D (mﬂﬁﬁé[ﬁ

DESIRED PEAK TIME

fig. 14
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Pong acquisition architecture is advantageous. In sonme applications it wll
be advantageous to further reduce the 15 si ze of the data-storage
menories. Wth the two-segnent (Ping-Pong) nenory organizaliéghqékAﬁwp
conti nuous styweagmmbo r ecei ver-out put data can be processed. e expense
of a longer tine to acquisition, the two-segnent | and Q data nmenories 192
and 194 (Figure 19) can be reduced to single-segnment nenories by

elimnating one of the 1.0 ns 20 sect 1¥M from each menory. Wth this
reduction, time-adjacent 1.( Y- -out put segnents are no%% rmﬁgssed.
I nstead, only every other 10 @ 9 § is captured in nmenory >
processed, and this |engthenps R ' ; processing a%y 4%
nunber of received signal s ~ To {wrther redgﬁgﬁg
menery size and t = correbat or, \& he of

i ryQe ts

the parallel corr g ' : and
can all be nmade sng ' ! '
desired coherent
shorter data 30
exanple, a 1.0 ns
single 0.5 ns | ong™j
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conbi nati ons
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WD 98/ 02830 PCT/ US97/ 13201 - 36-
of correlator |ength, coherent processing |ength, nunbers of nenory
segnents, and code-offset search width are possible. Wen the ofe} % ize,
and power di sw@en2838 of a standard serial- input serial-out Bﬁ'f % (%%)‘
menory are sufficiently low, it may be 5 advant ageous to store the
entire necessary | and Q data sequences i n1418h menory, turn off the RF/IF
recei ver section, and use this nmenory i.n conbination with the Ping-Pong or
si ngl e-segnent nenory architectures t@AEIan ne a gesired SCD bins. The
entire | and Q data sequences are re { 1 S ry once f@& each
SCD bin 10 tested, and this readi'my .__
However, because the RF/IF section is ned of f, the system energ e

S i ' of a SISO nenory\i s suff§'§tly

Wi ll*be reduced if the power—es=qsi pa
low relative to that of th EFIF recej@dr section. O her stored %nce
| engt hs, sinultaneous nenorly fput § S, land sanpling nNates ar

-sequktnce para\ |l el coi@el ator

of asSociated §ata ang replica
orrelator. Thi
ifsition wi thout Ravingijto 20

also attractive. In the_twyd-
enbodi ments of Figures
sanples is performed i
di fferent Doppl er bins
col | ect new received dj\
stage of a parallel co

data and Doppl er sanpl ¢
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mul tiplier 2001 prior to storage in the parallel nmenory 2002. This is
advant ageous because the nultipliers in the parallel correlator are thus 25
sinplified. Each correlator multiplier now nultiplies its 2§?¥ﬁ£§%f§%,stored
sanpl e by j usfo syl € associ ated code bit. The conbi ned Iplier and
D/ A converter for this correlator enbodinent is simlar to that shown in
Figure 18, except that the data-Doppl er ni®t1Bplier and A-B signal

converter, conprised of exclusive NOR gates 1210 and 1212 and AND 30

gate 1211, is noved out of the correlator and ahead of the data nenory. The
di sconnected inputs.to exclusive NOR gates 1213 are coupl€d to the data
menory out puts. Wth this enbodi nent, new data WO 9 30

PCT/ US97/ 13201 - 37 - nust be stored if a different Dop@ljlgbi nis to be
tested for acquisition, but this is not a disadvantage K70

applications. The conbi ned parallel correlator and pard% lec ry shown in
Fi gure 20 can be qduan-t-a-geousy-us-e-d-%-e-f-o-r%a-siml-'i-ii ed®f ul |

processi ng GPS acquisition engine. In theagrll | -Q achui ftion , Shown
in Figure 19, theﬂe are four separate par e correlétors copupl dat a
| and Q and Doppl gr | and ' el | Jas to the

paral l el code regitster. An plternative full |-Q enbodjnent t

' hat Uses the
si npl er correl atorg and nenofy organi zatio

1214

1101

1213

fig. 18
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10 shown in Figure 21. In this enbodi nent, the four parallel

dat a- Doppl er nenories hold the Il, QQ 1Q and Q data-Doppler product

sequences, respectively. Each parallel nmenory can be organi zed 38,201

Pi ng- Pong or wosgdessegnent nmenory, as described earlier. There 1s no

separate data and Doppl er storage. Each parallel nenory connects to an

associ ated 15 parallel correlator, antf/8ch paraliel correlator also
connects to the single parallel code register. The reduced interconnection
bet ween nenory sections and correlator sections allows this full 1-Q
processor enbodi nent to have a sinpler (i.e., small erEgnd | ess costly)

I ntegrated- circuit inplenmentation. 20 e% | exity of the
enbodi ment of Figure 21 can be still further redu%& perform ng the
[1+QQ addition and the Q-1Q subtraction beforea 5 rage. Prior to

storage, the addition and subtraction output sign Q of ten be rounded
or truncated to two bits with little SNR degradat n.Z%hen, as shown in
Figure 22, only two dat a-Doppl er 25 menori es (Ot% or 11+QQ data, the
other for Q-1Q data), two parallel correlators, d jone code register are
needed. Each dat a- Doppl er nmenory can be organi zed sAa Pi ng- Pong or

si ngl e- segnent nenor as described earlier. O h®&l] orlgdni zati ons of the
par al | el correlator,garallel me y, and the se ndek nul ti plications are

bquA. a_camhi peq

al so possible and 30 advant ageous. _Eigure 17
dat a- renory, replica-generation, ral | el -correl atlor jorgani zation (for just
the Il correlation progess) that reduces the $unb rqf c%Pe registpr shifts
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code/ Doppl er conbi nati on and elim nates need for any non-coherent

accurrul ati on RAM The trade-off is that the input nmenory mnust nowy_’?ﬁ

segnented to abdosm2edel stored data to be sinultaneously acceFEEYS 2

data are applied, in 1.0 ns bl ocks, to separate parallel 5

correlators. These parallel correlators are d#19riven by the sane code and

Doppl er replicas, and they sinultaneously (in one full code cy e)LAgenerate
o]

the twenty separate 1.0 nms correl ati on sequences that were pre |y
accunul ated tinme sequentially. Separate squaring A/ D convert F;qvert t he
anal og correl ation sequences to digital form 10 where a  tree 80
forms the accunul at correl atbon sequp e. The a§urm| ation AN be
conpl etely avoi ded per f or n} t he pe%.search d i nterpol<ig &n} process
on the accunul at ed rel ati ongas [t | 51ai ng gendgated. In th@
arrangenent, the code and r regi st@rs MW €l -e- 4 nerts~+ aadst yher e
t hey previously drovgeone, | = whi b nay:m ate sofe cg the en Ji
reduction. Wen the al | elNEfrrel ator)iod usé@® wi Bt a @AY epl | ga
registers for the tWseguerfcegtase, ofithilth dea e
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20 aspect of the present invention, |oading of the various registers
Is nmade a | ow energy operation by using a scanner shift register to

determ ne which data, Doppler, and code register stages are to he )i\gzioiten
at each inst anipoglgor e 23 shows a scanner shift register 308
conbination with the data register 300, Dopgé(zé regi ster 301, and code

regi ster 302 25 for the three-sequence . I'n one nethod of

operation, sanples arrive sequentially for each of the digital data,

Doppl er, and code sequences and the sarrpl@ r% are the sane. As the

sanpl es for each respective sequence arri?, Ehy are witten into
correspondi ng sequential |ocations in the r% ective registers. In
synchronismw th 30 the arriving sanp Qe single logical 1 is shifted
al ong the binary scanner register, enabli t‘-PiEwriti ng of the arriving
sanpl es into correspondi ng sequential |oc@xi ég of the respective
registers. The witing operation is very T'owznergy because only two

adj acent scanner WO 98/ 02830
PCT/ US97/ 13201 - 39 - register |ocations their stored value at each
shift, and none of the respective registefs is|shifting during the witing
operation. Wile the disclosed GPS C A signal
acquisition, it can also be ls to dramatically reduce th the time and 5
energy required to directly uire the P(Y) military GPJlsignal s w thout
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first acquiring the C A signals. By altering the satellite-code generator
conponent of the code/ Doppl er generator in Figures 4 or 5 to generate the
P(Y) code instead of the C/ A code, the nethods and architectures disclosed

herei n becone wppsitsabl e to the P(Y) case. 10 - Whi IECTERPYIRY, ¢ ai n
preferred features of the invention have been illustrated and descri bed,
many nodifications and changes will occur to those skilled in the art. It

is, therefore, to be understood that the appd838d clains are intended to
cover all such nodifications and CRMR}EXas fall within the true spirit of
the invention. . 5 MULTIPLIER A pl ur al sequence par al l el

correl ator conprisin a pl'l]'raTTt'V"T"ﬁﬂ’I"t I"[ers e b d multipliers
bei ng adapted to proauce %}re prqd i 7 SRR Gt QB-QQ{MTA‘ each of a
plurality of digital Srgnaltjseque * HI iy dORPERal }t o- anal og
(D/'A) converters, each of sdid D/A , 7S, bei hg MEMORY tb a respective
one of said rrultl pliers for! convert¥ng thelprbducr=proerry 10 said
respective one of said mJIt|| pliers/to an ahal bg si gnal y®ach of said DA
converters conprising at Ielast ong capacitgr 10 cehwe b+Rpry val ue to

an anal og charge ®@ATAQ capdcitoy, and sai ¢ cbrrel aPARAd;hEbrl 5es at | east
one sunmer respectivgly ceoudl ed p eqch of sald YCORBELATOR B f or summ ng

t he anal og signals pr Ry—A8 ality| of DFrET Tomvert er s YQach
of said summers having an oyt re| n sa:d-eut-p&tBbel ng t hg SQUARERS
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e - 18¢321-9
-ceupllng of said converters to a common point. 2. The correl ator
clfaim1 including a plurality of registers, each of said registers having a
plurality of stages and being adapted to store a respective one of a 20

plurality of digital signal sequences, each res | -

mul tipliers bej E' E respecti ve stage Dgﬁpmﬁﬂ@ @Efog sai d
plurality of mﬂmmn I' unﬂ“ﬂlhe correlator of|claim2 wherein | east
one of said plutal fty* of* r égi Sters conprigges a phift2 1eECs1999. |29 4. The
correlator of claim?2 including a scanner shift]rpgister for.sdan | oadi ng
at | east one of said plurality of registers. 5. The correrator] of claim
1 wherein e . said sunmers conprises at 30 cijtor for

storing a cﬁarge ‘val ue corresponding to an associated digital
representation of the product produced by said respective one of said

coupl 6d To | hZ”SaB‘;ﬁf bl eaGpeE el Comd@ BaBBR AR ° 07 Char go
summat i on. - 41- acplurality T nuttipliers| eachr of shidonultipliets beiog adapted talproduten
2 d plura ?’?3"%?“@1’1'%3% SHehE qarife S 8BbTH UopiBlaily"Gr B Al Rekentes"
wher ei n each of 8aplutality of digital-to-analeg (oY) corvesters, each of said D/A converters being
coupled to a respective one of said multipliers for converting the product produced by
10 said respective one of said multipliers to an analog signal; each of said D/A converters
comprising at least one capacitor to convert a binary value to an analog charge on the
capacitor; and _
said correlator comprises at least one summer respectively coupled to each of
said D/A converters for summing the analog signals produced by said plurality of D/A
15 converters, each of said summers having an output ; wherein said output being the
coupling of said converters to a common point.

2 The correlator of claim 1 including a plurality of registers, each of said
registers having a plurality of stages and being adapted to store a respective one of a
20 plurality of digital signal sequences, each respective one of said multipliers being
coupled to a respective stage of at least two of said plurality of registers.

3. The correlator of claim 2 wherein at least one of said plurality of registers
comprises a shift register.
25
4, The correlator of claim 2 including a scanner shift register for scan
loading at least one of said plurality of registers. |

5. The correlator of. claim 1 wherein each of said summers comprises at
30 least one capacitor for storing a charge value corresponding to an associated digital
representation of the product produced by said respective one of said multipliers, and
wherein the common point comprises an electric conductor coupled to the capacitors of

all of said D/A converters for charge summation.
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——
—~a p05|t|ve D) A converter and a negative DA converter and said sumer
sconprises at—teast Two capacitors respecti vel d to _said positive and

S N = e

ejein each of shigd DA

L
L1

summation. 8.x The toryel*ator of claima1,
converters conprises two capacitors. 2 1DEC 1999
' -41-
6. The correlator of claim 1 wherein said common point provides an analog

signal representative of the cumulative value of said plurality of D/A converters.

7. The correlator of claim 1, wherein each of said D/A converters comprises
a positive D/A converter and a negative D/A converter, and said ‘summer comprises at
least two capacitors respectively coupled to said positive and negative D/A converters,
and said common point comprises two electrical conductors respectively coupled to said
~ 10 capacitors for charge summation.

8. The correlator of claim 1, wherein each of said D/A converters comprises

two capacitors.



