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BACKGROUND OF THE INVENTION

Passive pseudorandom noise (PRN) ranging systems such as
the United States’ Global Positioning System (GPS) and the
Russian Global Navigation System (GLONASS) allow a user to
precisely determine his latitude, longitude, elevation and time
of day. PRN ranging system receivers typically accomplish
this by using time difference of arrival and Doppler
measurement techniques on precisely-timed signals transmitted
by orbiting satellites. Because only the satellites transmit,
the need for two-way communications is avoided, and an infinite
number of receivers may thus be served simultaneously.

In order for the receivers to extract the requisite
informatioﬁ, the signals transmitted by the satellites must
contain certain information. For example, within the GPS
system, each carrier signal is modulated with low frequency
(typically 50 Hz) digital data which indicates the satellite’s
ephemeris (i.e. position), current time of day (typically a
standardized time, such as Greenwich Mean Time), and system
status information.
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Each carrier is further modulated with one or more unique,
high frequency pseudorandom noise (PRN) codes, which provide a
mechanism to precisely determine the signal transmission time
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-2 fromeach satellite. Different types of PRN codes are used for
different system applications. For exanple, within the GPS system a
so-called |l owfrequency "C/ A code"” is used for |ow cost, |ess accurate
commerci al applications, and a higher- frequency "P-code" is used for

hi gher accuracy mlitary applications 2 - Thus, a typical PRN receiver
recei ves a conposite signal consisting of one or nore of the signals
transmtted by the satellites within view, that is within a direct

| i ne- of fxoghteachs satielliten Nifferent, types: of PRY soges arerwsesh fossite
signal if ffdrEnt Yydtent afpIicAtidnst’ \#azclax?gilghbf | QAtHi% thd @p% the

i ncom ng conposite signal mxes it with a | generated carr|er

ref er en@Y8E€Ihaia sancalded Jownfreguencys’ hé’ "elPed8ede fOXd®cy (1F)
si gnal . oﬁsie,cqtéers @cdiiﬁrwlcmﬁalt ;gn&mb&tes ainde aC hilghwrie si gnal

by mul ti i ng i CaII ersion of the.PRN _code signa
assi gne(fot%“f%ﬁgrt e zﬂ’ sd‘?e g

&s ACCHrarye generated
PRN codappldicatiionsar operly tlned the digital data fromthat particul ar

satellite is then properly detected Because the signals transmtted
by different 1 g i3] PRI HRckRY ?:@%e"iWsOE EBmPYs ite Bighal
frequenci es, e recel é} SI als fronﬁ ferent satelrnLS 3 ign

Ftes are
aut omat F&BQV%% one,Pr More of; the ﬁd-g 8ctranguitted gﬂ the | ocally
gener at @iﬁaﬁllmae dm:tdwermpmatu msnguvhmehamkeelc I:Ld.np-(ow.ls);gmacku ng -

qoncr at 88 PRV A w810, A S AR Ter s8] 25 3RBAKS T IR cmepaice] D ¥
typlcalbigmaddimoﬁmmauzﬁed RRNacdamnbomwemmecauhlchannpﬂlftbo aadei ver' s
Egtgﬁlg by u5|ngq?ﬁ%hg%ﬁ g@@@%bhagggg %?ﬁé??%%hggtBPES?Z cﬁgﬁa?ntne
t he traﬂ?ﬁF§§ FIFGSGtSﬂGEP 152884 thus pzed uEf’détectlng each
Sate"lE%m@aﬁ@t@“&ﬂﬂérﬁ%ﬂihtﬁefQEqd@hqy (IF) signal. A decoder or
channel circuit then correlates the composite signal by
" multiplying it by a locally generated version of the PRN code
signal assigned to a particular satellite of interest. 1If the
locally generated PRN code signal is properly timed, the
digital data from that particular satellite is then properly
detected.

Because the signals transmitted by different satellites
use unique PRN codes and/or unique carrier frequencies, the
receiver signals from different satellites are automatically
separated by the multiplying process, as long as the locally
generated PRN code has the proper timing. A delay lock loop
(DLL) tracking system which correlates early, punctual, and
late versions of the locally generated PRN code signal against
the received composite signal is also typically used to
maintain PRN code lock in each channel. The receiver’s three
dimensional position, velocity and precise time of day is then
calculated by using the PRN code phase information to precisely
determine the transmission time from at least four satellites,

and by detecting each satellxte 8 ephemeris and time of day
data . . -



dat a. - 3- For nore information
on the format of the GPS CDVA system signals, see "Interface Control
Dotunment | CD- GPS- 200, Septenber 26, 1984", published by Rockwel | :
International Corporation, Satellite Systens D vision, Downey, California
90241. For nore information on the format of the GLONASS system
signals, see "The GLONASS System Techm Gal= Characteristics and

Per f ormance", Working Paper, Special Commttee on Future Air Navigation
Systens (FANS), International Cvil Aviation Oganization (1 CAQ, Fourth
Meeting, Mont FOX BoXgcaLormatien on ihe\fermaggof the GRS,COMA system
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Hager man, L. L .; E écts of Miltipath on Coherent and Non-coherent PRN
Rangi ng Receiver", Aerospace, Corporation Report No. TOR-0073(3020-03)-3, 15
May 1973. A nugbgr,ef probigus faceckheqdesignercefi PRNsraceiyeps;

One problem concerns accurate phase and frequency tracking of
the received signals; another problem concerns the correction
of relative divergence between the received signals and the
local PRN code signal generators in the presence of ionospheric
distortion. In addition, because GPS systems depend upon
direct line of sight for communication propagation, any
multipath fading can further distort received signal timing
estimates. ' '

Certain GPS system designers have realized that the
tracking error caused by multipath distortion in the out-of-
phase condition can be reduced by narrowing the delay spacing

" between the early and late correlators in the DLL. However,
this has heretofore not been thought to be advantageous under a
wide range of operating conditions, since the DLL is then more
susceptible to loss of lock due to sudden dynamic motions of
the receiver. See, for example, Hagerman, L.L., "Effects of
Multipath on Coherent and Non-coherent PRN Ranging Receiver”,
Aerospace Corporation Report No. TOR-0073(3020-03)-3, 15 May
1973.

As a result, most present-day PRN receivers use a DLL
time~-delay spacing of one PRN code bit (or chip) time.
Historically, there have been several reasons for this
adherence to one chip-time spacing. 0




tive-del ay spacing of one PRN code bit (or chip) tinme. Historically, there
have been several reasons for this adherence to one chip-tinme spacing.

- 4- For exanple, early PRN receivers were invariably of the P- code,
or high frequency variety. Since P-code chip tinme is relatively narrow as
conmpared with the correlator DLL spacing, it was feared that Doppler and
-random noi se consi derati ons woul d causg | oss of PRN code lock if the
correl ator spaci ng was nmade any narrower .~ Furt her nore, narrower
correlator spacing is not particularly desirable, as it increases the tine
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sour ces. Furthermore, narrower COKKRRStOr SPECLNGELS| DRt '

particularly desirable, as it increases the time required to
lock onto a given PRN signal. This is of particular concern in
PRN ranging systems, where often times many codes and code
delays must be tried.

m“rinally, it has been thought that because a narrowed
correlator spacing requires a highet precorrelation bandwidth,_
the resulting higher sampling rates and higher digital signal
processing rates were not justified.

What is needed is a way to reduce the tracking'errors
present in PRN ranging receivers, especially those of the
lower-frequency C/A code type, in the presence of multipath
fading, without degrading the signal acquisition capability of
the receiver, or increasing errors due to Doppler shift, sudden
receiver motion, or other noise sources.

SUMMARY OF THE INVENTION

Briefly, the invention is an improved receiver for
pseudorandom noise (PRN) encoded signals consisting of a
sampling circuit, multiple carrier and code synchronizing
circuits, and multiple digital autocorrelators which form a
delay locked loop (DLL) having dynamically adjustable code
delay spacing.
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Briefly, the invention is an inproved receiver for pseudorandom noi se (PRN)

encoded signals consisting of a sanpling circuit, nultiple carrier and code

"synchroni zing circuits, and nultiple digital autocorrelators which forma

del ay | ocked | oop (DLL) having dynam cally adjustabl e code del ay spaci ng.

- 5- The sanpling circuit provides high-rate digital sanples of a

recei ved conposite signal to each of-tBe-several receiver channels. Each

recei ver channel includes a synchronizing circuit and a |east two
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DLL sPp3gffelation signals is dynamically adjustable. Thus, during an
initial acquisition mode, the delay spacing is relatively wide,
on the order of approximately one PRN code chip time. However,
once PRN code synchronizm has been achieved, the code delay
spacing is narrowed, to a fraction of a PRN code chip time.

There are several advantages to this arrangement,
especially in environments such as GPS C/A code applications
wherein the multipath distortion in the received composite
signal is of the same order of magnitude as a PRN code chip
time. The PRN receiver is capable of acquiring carrier and
‘code lock over a wide range of operating conditions, and once
it is locked, will remain locked, even in the presence of
multipath distortion. '

Noise reduction is achieved with the narrower DLL spacing
because the non-coherent synchronizer provides noise components
of the (early, late) or (punctual, early-minus-late) signals
which are correlated, and thus tend to cancel one another.
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because the non-coherent synchronizer provides noi se conponents of the
(early, late) or (punctual, early-mnus-late) signals which are correl ated,
aid thus tend to cancel one anot her.

- 6- BRI EF DESCRI PTI ON OF THE DRAW NGS The above and
further advantages of the invention may be better understood by referring
to the follow ng description in conjungtiion with the acconpanying draw ngs,
i n which: Fig. 1 is a block diagramof a PRN receiver which operates
according to the invention, including its dowconverter, sanpler, channel,
and processor circuitsBRIEF DESCRIPTION OFDI'HEK DRAWINGS) of t he
downconverter circuit; Fig. 3 is a block diagram of the channe

circuit; — tneFhbovd ahd® fhir8heraAvaiTagbsof thbCLhTRAE 1K HIYOBLZ I N0
circuit used’in each channél circult; Fig. IS a_timng diagram
showi ngbeksercuaderstogdabyoreserringotio tbet foddowing deseriP8iPRNLBi gnal ;

Fig. ,6t Eanauab%%bgd Wath2The! akcempafydng’ dehWings, UgAdwhicaach channel

circuit; . 7 1s signal flow graph représentation of the del ay | ock

| oop (DLL) operations perfor by the correlator circuit. an rocessor
cireuits to % ui te 16RR Eéﬂggfgéﬂgram ° EigsgBIPEe&vﬁFthngcgpﬁﬁ?i?ﬁd
t racki ngeeordingntel eche \iawvention,t inelbddagajtsodownconverter;el at or code
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various correl ator code delai . . )
Fig. 2 is a block diagram of the downconverter circuit;

Fig. 3 is a block diagram of the channel circuit;

Fig. 4 is a block diagram of a carrier/code synchronizing
circuit used in each channel circuit;

_ Fig. 5 is a timing diagram showing the relative duration
of various portions of a received PRN signal;

Fig. 6 is a block diagram of a correlator circuit used in
each channel circuit;

Fig. 7 is signal flow graph representation of the delay
lock loop (DLL) operations performed by the correlator circuit
and processor circuits to acquire PRN code lock;

L

Fig. 8 is a plot of calculated tracking error envelope
- versus multipath delay for various correlator code delay
spacings and pre-correlation filter bandwidths;

Fig. 9 is a plot of calculated tracking error envelope
versus multipath delay for various correlator code delay ,
spacings at a pre-correlation filter bandwidth of 20 MegaHertz
(MHZ);

Fig. 10 is a plot of the difference between pseudo-fange .
(PR) and accumulated delta range (ADR) measurements versus time
for various PRN ranging receivers in a multipath environment,
showing the improvement afforded by the invention; and




spacings at a pre-correlation filter bandw dth of 20 MegaHertz (MHz);

Fig. 10 is a plot of the difference between pseudo-range (PR) and _
adcunul ated delta range (ADR) measurenments versus time for various PRN
ranging receivers in a nmultipath environment, show ng the inprovenent
afforded by the invention; and - -7-
Fig. 11 is a plot of the differentiq]7nqgsurenent of Firg. 10 having the
P-code data subtracted fromthe two C/'A code data traces, which further
shows the-reduction in variance of the range neasurenents possible with the
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t he channels 22). The illustrated receiver 10 will be primarily described

as operating within the United States' d obal Positioning System (GPS)
using the so-called C/ A codes, however, adaptations to other PRN rangi ng

systens are al 5prRPEED DDESCRIPTION 'EF ANt EVSPRARTVE CEMBGOIMENPSPOSI t e si gnal
C. consisting of the signals transmtted fromall participating satellites

AR A R R e YA P e
wi | |  beviexradjle bdoickn diagriam ofmanpsendeorandomCidiset ¢ PRN)esahging recei ved
(STt 332Q4¥er 30 2ONBtracted®ih accordance with the invention. It
includes an antenna 11, a downconverter 12, an in-phase and
quadrature sampler 14, a processor 16, a control bus 18, a

channel bus 20 and multiple channels 22a, 22b, . . . , 22n,
(collectively, the channels 22). The illustrated receiver 10

will be primarily described as operating within the United

States’ Global Positioning System (GPS) using the so-called C/A
codes, however, adaptations to other PRN ranging systems are

also possible. '

The antenna 11 receives a composite signal C, consisting
of the signals transmitted from all participating satellites
within view, that is, within a direct line of sight of the
antenna 11. When the GPS system is fully operational world-
wide, twenty-four satellites will be in operation, with as many
as eleven GPS satellites being_received simnitaneously at some
locations. ' '

The composite signal C, is forwarded to the downconverter
.12 to provide an intermediate frequency signal, IF, which is a
downconverted and filtered version of the composite signal C,.
The downconverter 12 also generates a sample clock signal, F,,
which indicates the points in time at which samples of the IF
signal are to be taken by the sampler 14. The downconverter 12
is discussed in greater detail in connection with Fig. 2.
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The conposite signal C is forwarded to the downconverter 12 to provide an
i nternedi ate frequency signal, |IF, which is a downconverted and filtered
vérsi on of the conposite signal C.. The downconverter 12 al so generates a
sanpl e clock signal, F., which indicates the points in tinme at which
sanples of the IF S|gnal are to be taken by the sanpler 14. The
downconverter 12 is discussed in greaté*'ﬁetall I n connection with Fig. 2.
The sanpler 14 receives the IF and F[err] signals and provides digital
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Each channel 22 is assigned to process the signal
transmitted by one of the satellites which is presently within
view of the antenna 11. A given channel 22 thus processes the
I, and Q, signals and tracks the carrier and code of the signal
transmitted by its assigned satellite.

In particular, each channel 22 uses a carrier/code
synchronizing circuit to frequency and phase-track the PRN
encoded carrier signal by maintaining an expected Doppler
offset unigue to the desired satellite. Each channel 22 also
maintains h'éhase lock with a locally generated PRN code
reference signal, hy using two correlators connected as a delay
lock loop (DLL). '

The locally generated PRN code reference signal is then
used to decode the data from the assigned satellite. The
resulting decoded data, including the satellite’s ephemeris,
time of day, and status information, as well as the locally
generated PRN code phase and carrier phase measurements,—are-
provided to the processor 16 via the control bus 18. The
channels 22 are described in detail in connection with Fig. 4.
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The locally generated PRN code reference signal is then used to decode the
data fromthe assigned satellite. The resulting decoded data, including the
satellite's epheneris, tinme of day, and status information, as well as the
| ocal |y generated PRN code phase and carrier phase neasurenents, are
provided to the processor 16 via the control bus 18. The channels 22 are
described in detail in connection wtl@ Eig. 4.

-9- The sanpler 14 and channels 22 are controlled by the processor 16
via the control bus 18. The processor 16.includes a central processing unit
(CPU) 162 wehehsemplex| A4 angdpchannedsh22yacker saptsolisd b¥ptheoutput (1/0
via a E’gb&éﬂbﬁrblk ¥2h3theS cofitfo128dk°18 . DUenDPRocaREo OE! Sheiliala! s

CTRL a synchronous controller circuit an,interrupt-type 1/0O via
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Referring now to Fig. 2, the downconverter 12 includes a
bandpass filter 120, low noise amplifier 121, mixer 122,
intermediate~-frequency filter 123, and final amplifier 124.

The composite signal C, received from the antenna 11
typically consigts of PRN modulated signals from all satellites
within view (that is, within a direct line-of-sight of the
receiver 10), any interfering signals, and noise. The PRN
modulated signals of interest typically use L-band carrier
frequencies -~ the carrier signals used by various PRN ranging
systems are as follows:

PARAMETERS FOR CERTAIN PRN RANGING SYSTEMS

L-Band Car;;g; Frequency PRN Code Rate ;gg!g;

GPS L1 clA 1.57542 GHz 1.023 MHz = -160 dBW
GPS L1 P 1.57542 Gaz © 10.23 MEz 163 dBw
GPS L2 1.22760 GHz 10.23 MHz -166 dBW

-

GLONASS C/A 1.602...1.616 GHz 511 KHz

GLONASS P 1.602...1.616 GAz  5.11 MAz



)

L-Band Carrier Frequency PRN Code Rate Power GPS L1 T A

1.57542 GHz 1.023 MHz -160 dBW GPS L1 P 1.57542 GHz
10. 23 MHz -163 dBW GPS L2 1.22760 GHz 10. 23 MHz

-166 dBW GLONASS C/ A 1.602 ... 1.616 G 511 KHz GLONASS P

1.602 ... 1.616 Gz 5.11 MHz - 10
- Nat ural background noi se at about -204 dBWHz is typlcaJIy m xed in
with the L-band signals as well. - lhe conposite signal C is first fed

to the bandpass filter 120 which is a low insertion-loss filter having a
bandpas t the.desired carri.er frequencgy. h pass , fil.ter ;120 shoul d
be suff i'ﬁ%é\ﬁql}y %e}gwnﬁlms&\?& Mr‘ﬁgﬁl Cngl? 8pRNPIGA Wi ps to
pass. | mixed [imefdthetheniicdanehisiignal8PasCweldaqde receptlon this

bandwi dth is at | east 10 VHz . After the received signal passes

t hrough t he | laf! Jégécgm@ﬁg grts it from
the carrjer fbﬁe%uen@ to a desi I;G?I%%gﬁ%%? ea(feé%quency s within
the fredddter ﬂgé’béth H8 fadPweinsertina-lesss fidtere havingeacy filter

123 i s pandpa slaa%p&m ldedlited Cargiere¥regqueneys- C Thecbahdpass Etz.i'tebaVI ng

utt ci gD p '%u&? stk ientey gk £ %&wuggﬁgﬂfraﬁd&%g?%ﬁ Sks vl
be descthleed'nlmwde Huﬂsam\/pdsb.sqmthedpfretferhr'ea embodimenat for GPSt er
123 S'QEKE.%%%Q %’égal e&% dﬁﬁﬁ %Q &%gﬁ%'E%NH§9 in multipath

fading € V|ronne yplca

After the received signal passes through the low-noise

. pre-amplifier 121, the mixer 122 downconverts it from the
carrier frequency to a desired intermediate frequency that is
within the frequency range of the sampler 14. The intermediate
frequency filter 123 is also a bandpass filter. It serves as a
pre-correlation filter having a sufficiently narrow bandwidth
to remove any undesired signals, but sufficiently wide to
maintain the desired bandwidth for detection. As will be
described later, the bandwidth selected for this precorrelation
filter 123 significantly affects the performance of the
receiver 10 in multipath fading env1ronments, and again is
typically at least 10 an.

The final amplifier 124 is used as a pre-amplification
stage to provide the output IF signal with appropriate
amplification. Although the illustrated downconverter 12 is a
single-stage downconverter, there could, of course, be _
additional intermediate stages. '

) A local reference oscillator 125 provides a stable
frequency, digital, sijhal as the sample clock signal, F,, to
both a synthesizer 132 and the sampler 14 (Fig. 1). A voltage
controlled oscillator (VCO) 131, also coupled to the reference
oscillator 125, generates an analog local oscillator reference
signal, LO, whose frequency is a predetermined harmonic 6;.the
fundamental freqﬁency of the digital reference signal, F,.
This is accomplished by the synthesizer 132, which frequency-
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The final anplifier 124 is used as a pre-anplification stage to provide the
output IF signal with appropriate anplification. Although the illustrated
downconverter 12 is a single-stage dowconverter, there could, of course,
be additional internediate stages. A local reference oscillator 125
provi des a stable frequency, digital, signal as the sanple clock signal,
Flerr], to both a synthesizer 132 and the sanpler 14 (Fig. 1). A voltage
controlled oscillator (VCO 131, al§b:EBUbled to the reference oscillator
125, generates an anal og local oscillator reference signal, LO whose

frequen l deteL ] r | n al t he
di gi't al 9% éﬁéngégs.ﬁbnéﬁbﬂﬁﬁeﬁﬁ d°fratebtiingdl HARSLY mal CIUEDEY, B¢ - 0
132, whwithf thgqusample clock signaljj §i,d@and theno figegdea thds sutpsdeter ni ned
nunber , aMiblL-Bak8S £h1 tik! D38NGnsanp! enchagk, Shodelabhoa’ boneso then 1 eeds
this output t0 a | ow pass ?ilter 133 which, "ih turn, rovi%es a control

vol t agevedtage VQIﬁESlVC?hé3%QI)§FSVV9@SPFQ§1¢%¥eF@ﬁcEeg?ﬁﬂ%?eLE?SQP%he
synt hesLoetoltReadynthe8izé22132 and mikepi £28.channel 22n is shown in Fig.
3. It includes a carrier/code synchronizer circuit 220, PRN code generat or

code ol ay | MEPpRERAERAnARE 270010 BhoBE W CkYa, O81 " ShE ACLAGHL 2 OTC
swi t ch easrier/coder spnchronhzeryaiheukt 7220 22PRN scode | generaeorr2 3 | y
control tgd 88frbiatsrs(Dibh #hichioBcicbifestively S S5KrélfEdts 2240

)
appropriate instructirons_fromthe processor 16 t rovide the control

P Enal saRdc) Fedenge A Lon8 EoRmed By 588 ShiprEroRs 450 aud FTh, XOR
non- cohgatet 255, rand ahgwitenuesey and any carrier phase error caused by
residual Doppler, as well as to track the PRN code. The code

generat or ZBQrféffyfigﬂélspﬂéﬁfénfyéPuizayith single numerically
controlled oscillator (NCO) which uses the sample clock F, and
appropriate instructions from the processor 16 to provide the _
control signals required by PRN code generator 230 and
‘correlators 240 to non-coherently track the frequency and any
carrier phase error caused by residual Doppler, as well as to
track the PRN code.

The code generator 230 uses signal pulses output by the
synchronizer 220 to generate a local PRN reference signal, PRN
CODE, corresponding to the PRN code associated with the
satellite assigned to channel 22n. The PRN CODE signal is also
forwarded to the delay line flip-flops 250 and 251 which
provide the PRN CODE signal, with selected delays, through the
XOR gate 255 and switch 256 to the correlators 240. PRN code
generators such as cbde.generator 230 are well known in the
art.

The correlators -240 also receive the I,, Q,, and F, signals
from the channel bus 20. They may be configured in two modes
-=- the switch 256 is used to select between the modes. 1In the
first, (early, late) mode, correlator B 240b is contigurgg;gq
an early correlator and correlator A 240a is confiqured as a
late correlator. This first mode is preferably used for

~initial PRN code synchronization. 1In a second, (punctual,




synchroni zer 220 to generate a | ocal PRN reference signal, PRN CODE,
corresponding to the PRN code associated with the satellite assigned to
channel 22n. The PRN CODE signal is also forwarded to the delay line
flip-flops 250 and 251 which provide the PRN CODE signal, wth selected

del ays, through the XOR gate 255 and switch 256 to the correlators 240. PRN
code generators such as code generato 230 are well known in the art.

The correl ators-240 al so receive the ferr] Qerr], and F[err] signals
fromthe channel bus 20. They nmay be conflgured in two nodes -- the switch

256 s gig O?ﬂ%lﬂlﬁﬂ-efit@?tm tESrF@LPtor |8 346b 14 Bonf £qlited Aft e) node,

correl at 240b is conflgured as an early correl ator and correlator A

240a i s"@FRY JRIRNE JLate! ARd GRFEeIALRT AiR403 a8 (PYRRINAL. p/RYAS abl y used
for inigéecondtbdéds sumrm ZgdrPier dnd ep:aecamb fradieingl . Both

- 12 - _earl nus, correl.ator 240b | onfi.qured _ag "early
m nus |%?§reg$€51&%r;£ %’F{J%i%‘a Tty ttﬁ‘ﬂ:tm %sétc%rﬁ%mﬁ é Bsed for
carri ersmpﬂ.éﬂ\l Methemthrmde a&niutatecblmpba DAk pats d,at @, anat at e,
and accgl fgerr] sanples, and then provide accumul at ed
sanpl e d‘ut ts I{Eerré g i&ld and |[err] qerr] to the processor 16.

Fig. 4 is a detailed block di agram of the carrier/code synchronizer 220,

whi ch i ncl udEkg arft i 1RtTRARE Hlock diagran Sf Lhe CAFLIRL/(RAAdR ed del ta
range (s\niShrewizder2202 witivh aircIRiesidh @ipectied Dbpplerodatdhase

generator circui 26 I ncl ude b Q@ counter@é@ ..chin co er 226b,
epoch RetEreD ‘Eﬂ?ﬁ’aﬂ%ﬂ‘g‘f %B%Z%ngbt%uffers
227, 22nd andfm diipvcamqr (i‘.‘éts.sorh dder phass gmtatmd cadttm or
subtra tﬁmé’f ﬁ% The
synchrgiméz ‘gﬂjeagcg%p ts t @ oc 5| gnsﬁetﬁerr x 22 romth l"annel
bus 20 c‘%ﬂﬂ% nd Comparahor 263 . the

regi st cBe fe¥els 227} qaZ?&d% mow the processor 16 to load, read,

and add to or subtract from the contents of the various
counters and registers.

The _synchronizer 220 accepts the sample clock signal F,
from the channel bus 20, an expected Doppler value EDOPP and
corrected values for the registers and counters 222, 224 and
226 from the control bus 18. 1In response to these inputs, it
provides a clock signal E and reset signal RST to the PRN code
generator 230, and also provides clock signals P and L to the
delay line flip-flops 250 and 251 '(Fiq. 3), as well as provides
interrupt signals INT1, INT4, and INT20 to the control bus 18.
An instantaneous carrier phase angle estimate is also provided
via bits n,, m... m, to the correlators 240.

The contents of the ADR register 222 and code phase
generator 226 provide an instantaneous estimate of the transmit
time of the particular satellite signal assigned to channel
22n. The difference between this estimate of the transmit time
and the receiver time of day (as estimated by the timer 168 in
Fig. 1) is then taken as the propagation time of that signal.
plus any receiver clock offset. By multiplying the propagation
time by the speed of light, a precise measurement of the range

=




226 fromthe control bus 18. In response to these inputs, it provides a
clock signal E and reset signal RST to the PRN code generator 230, and al so
provi des clock signals P and L to the delay line flip-flops 250 and 251
(Fig. 3), as well as provides interrupt signals INT1, INT4, and INT20 to
the control bus 18. An instantaneous carrier phase angle estimate is al so
provided via bits [err] , [err] ... [irr] to the correlators 240.

The contents of the ADR register 227 Rd ~code phase generator 226 provide
an i nstantaneous estimte of the transn1t time of the particular satellite

Cr anom FEOR GRS FEGELOE L0 bel cHldCadl] ofiSd e oft EE ud g RS ) 5"
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the chaToMPLtet °rr¥é°?b%‘?‘h?§ t %gﬁe‘f utellite is then used by the
processor 16 to conpute the position of the receiver 10. Bef ore
proceedi ng viefore fpro¢eedingcatth on Hirther \diseuss ompahcrhe wHridus
synchr Qg f e

y toéet(&jﬁﬁ‘é nents OF ﬁiﬁ fx‘{aﬂﬂt i éd’ﬁ 33 tdediéhce s W 'iad é’oﬂ:fé‘a PRI

di st or I Me Sca rat | ons Oof varl ous conponents

rangi ngF&g gridl Wcﬂ%n QR R rdigtprted time #ealgyr Jhe ARIATNR of the
synchr muiﬁl&?@ of Ofaricu® compormeérits) bfta (PRN hidgingfsigmal and single
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single cycle o the digital sample signal clock F,, cons:.sts .

of K carrier cycles. A PRN code chip includes N cycles of the

F, signal, and a PRN code epoch consists of Z PRN code chips,

where 2 is also known as the sequence length of the PRN code.

One data bit typically consists of T PRN code epochs. For the

preferred embodiment of the invention adapted to receive the

GPS L1 ranging signal, the carrier frequency is 1575.42 MHz,

"and K is 77, so that F, equals 20.46 MHz. In addition, N is

20, so that the PRN code chip rate is 1.023 MHz, and Z is 1023,

so that the PRN code epoch rate is 1 kHz. T is also 20, so

that the data bit rate is 50 Hz.

Now returning to Fig. 4, the synchronizer 220 will be
described in greater detail. The expected Doppler rate
register 221 is loaded via the processor bus 18 with an
estimated Doppler EDOPP for the particular satellite tracked by
channel 22n. In most instances, such as when the receiver 10
has been operating for some time, the EDOPP estimate may be
taken from almanac data already received from satellites to
which the receiver 10 has been synchronized, since the afmzhac
data from each satellite includes an estimated position and
viewing of all other operating satellites. However, if this

!



preferred enbodi nent of the invention adapted to receive the GPS L1 ranging
signal, the carrier frequency is 1575.42 MHz, and Kis 77, so that F[err]
equals 20.46 MHz. In addition, Nis 20, so that the PRN code chip rate is
1.023 MHz, and Z is 1023, so that the PRN code epoch rate is 1 kHz. Tis

al so 20, sothat the data bit rate is 50Hz Now returning to Fig. 4,
the synchroni zer 220 will be descri ped4i m greater detail. The expected
Doppl er rate register 221 is Ioaded via the processor bus 18 vvith an

esti rrat;ﬂIB? | & R.Lor t t ag%g

22n. | n NoS g"{?ns %%éﬁ néﬁc C%Le&? eéc%@l‘eéﬁ 1@1%1 een opera ng for

sone t | Hirst Huxmmbonst this @W tifk detexmingdrbi sursessiveady
recei veghhrokimat fon | t&éhn Ghhidle wELe Wé’rcré&fﬂa%@eﬁi‘ FretEPNi zed,

since the al]manac data from each satellite i ncludes an estiTmated p03|t|on
and vi Qﬁ?@%f“bﬂﬁ’eﬂher operating satellites. However, if this
- 14 - almanac data is not avail able, such as when the receiver 10 is -

first turnedrive, Dépprerstalae eis sspedfiedeth yart e Soppgl e wyvlidimt i on

Egggrla%é %\"nb&g gﬁecﬁ?egggﬁpggfrﬂ'grtgs %%‘gr?cgggﬂgépggglﬁk%ﬁﬁ]’eﬂﬁh-(Ia-heFor
exanpl eis 4 (4fe kidofiertz DOg# or wlnaiueua:y: iposati,bie Dopplken zfx(eqme)chw ch
;;p?ogc | nbA gsat |'tﬁerici| Vi g fﬁd aﬂ?tﬁg i i er ri;‘edree@l'trjency of 20. 46 M—Iz
for theél ing é?ib(ﬂjlmcﬁjeﬁ»l FEeﬁﬂeaﬁYeﬁﬁegpeﬁs 8| EPrskhe; GBS L1

appr oxiemthod imeht) GEFa X8 rifran \etpecter] lﬂ Ydr BHi¥t ofSpecified in this

way, the er. val aIvva be I than 222 is
v decrmmaimasaf Eitldde Faie BEL 2 Bitegy | SPRSLEEH 222p.
As shovin thisoeay, 28 mopplrmgame)vadd. taiava;mthmtlesf than el er

regi ster 221 to the partial cycle portion 222p of the ADR 222 upon the

Fgﬂl]r re“f;ﬁn&‘@ﬁﬂ?’ ﬁ*}frﬂ divided iMto P UncldUydie ' Pott ioh (27 and
a partial cycle portion 222p. As shown, an adder 223 is
arranged to add the contents of the Doppler register 221 to the
partial cycle portion 222p of the ADR 222 upon the occurrence
of every F, pulse. The most significant bits n,, m,...n, of the
partial cycle portion 222p thus provides an instantaneous

expected carrier phase angle ‘in cycles.

When the partial cycle register 222p has a carry out, the
whole number portion 222w is incremented and the fine chip
counter 224 is also incremented. If the partial cycle register
222p requires a borrow, then the whole number portion 222w and
fine chip "éounter 224 are decremented.

The subchip counter 226a is clocked by the F, signal and
controlled by the fine chip counter 224. Subchip counter 226a
is nominally a 0 to N-1 counter controlled directly by the Fs
signal, but may be adjusted to count one extra cycle or one
fewer cycle depending upon the state of the fine chip counter
224. In particular, when the fine chip counter carries Qut,
i.e., increments from K-1 to 0, a cycle is stolen from the sub
chip counter 226a to keep it synchronized with the ADR 222. 1In
other words, this event causes the subchip counter 226a to
count only to N-2 for one iteration. '




partial cycle portion 222p thus provides an instantaneous expected carrier
phase angle in cycles. When the partial cycle register 222p has a
cdarry out, the whole nunber portion 222w is increnented and the fine chip
counter 224 is also increnented. If the partial cycle register 222p
requires a borrow, then the whol e nunber portion 222w and fine chip counter
224 are decrenented. The subchiplsosnter 226a is cl ocked by the
Flerr] signal and controlled by the fine chip counter 224. Subchip counter
226a is nominally a O to NN1 counter controlled directly by the Fs signal,
but may be aW@hent shet fineuchipncountex 224 bogrowss fle®s;, decremeéstendi ng
upon { Ne.raiuaiol ¢f xS & @cld AaCAUREY t62¢ne EUpRALD cluAter 298 BB fine
chip counter carries out, “i.e., increnents from K- o 0, acycle I's stolen
fr om t h&ha%p ithcountgnfrem ko § foxpone 4§@XALdAMzed with the ADR 222. In
ot her words, this event causes the subchip counter 226a to count only to

N-2 for one pyeperiodically removing or adding one cycle of thelBample

When the. fi i t 224 b : .. .d ts f tq.K-1,
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acconpl wildd remainolecked Lo thet incoming PRNt code.| oThlisr #8er ence signal,
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phase- | sefegence signal, F,, need not remain phase locked to the

carrier of the intermediate frequency signal, IF, in order for

the PRN code generator 230 to remain phase-locked.

The most éigniticant bit of the subchip counter 226a is
used as the early clock signal, E, to indicate a PRN code chip
edge. The early cock signal E is in turn used to clock the
local PRN code generator 230. In the preferred embodiment for
the GPS L1 carrier, the subchip counter 226a counts from zero
to nineteen since N equals twenty, i.e., there are twenty F,
'cycles per PRN code chip (Fig. 6). '

_The P-comparator 226p and L-comparator 2261 are each
connected to receive the contents of the subchip counter 226a.
The P-comparator 226p provides a P clock signal used as a
punctual indicator to the delay flip-flop 250. A pulse is
output on the P clock signal whenever the contents of the
subchip counter 226a ‘equals the contents of a register within
the P-comparator 226p. Likewise, the L-comparator 2261
provides an L clock signal which gives a late indicatiom to
delay flip-flop 251. The contents of the P and L comparators
may be written via the control bus 18 to adjust the relative
time delay between the E and P clock signals and the P and L

_.__,.!i_ ——



The nost significant bit of the subchip counter 226a is used as the early
clock signal, E, to indicate a PRN code chip edge. The early cock signal E
is in turn used to clock the local PRN code generator 230. In the preferred
enbodi mrent for the GPS L1 carrier, the subchip counter 226a counts from
zero to nineteen since N equals tmenty, i.e., there are twenty F[err]
cycl es per PRN code chip (Fig. 6). = 16 F¥he P-conparator 226p and

L- conparator 2261 are each connected to receive the contents of the subchip

counter 6g. The P-conparatp 26p, provj.de P c] ock signal_used as a
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the E and P opgele rEﬂ&hﬁﬁE’ igifhdd to determine the duration of
- 16 - clock S|g'ﬁf wll%‘bdescrlbed shortly, the E, P 1 L clock
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| NT4 are_use he 16 to r e the . .cqrrelators 240
during eﬂ#ﬁﬁ%ﬁ% Mﬁﬁm %S | 3&9 3& m%
processor 16 to service the correlators 240 during an 1n1t1a1
locking sequence, as will be described shortly.

Finally, the epoch counter 226d is used to indicate the
end of a data bit, after T PRN code epochs. This indication is
given by the most significant bit of the epoch counter 226d,
which is output as the INT20 signal.

The carrier tracking loop is inherently much more
sensitive than the code DLL and is able to measure small
changes extremely accurately. Assﬁming the carrier loop is
'tracking properly, the fine chip'counter 224 in conjunction
with the subchip counter 226a, enables the channel 22n to
accurately track any relative motion of the receiver 10 with
respect to the satellite.

- Returning to Fig. 3 briefly, the operation of the
correlators 240 as a DLLs will now be described in greater
detail. It can be seen that the PRN CODE signal is forwarded
to the first flip-flop 250, which is in turn clocked by the
punctual clock signal P. Thus, the Q output of the flip-fiop
250 provides a locally generated PRN code reference signal
precisely aligned with the expected PRN code which was




Finally, the epoch counter 226d is used to:indicate the end of a data bit,
after T PRN code epochs. This indication i's given by the nost significant
bit of the epoch counter 226d, which is output as the INT20 signal.

The carrier tracking loop is inherently much nore sensitive than the code
DLL and is able to nmeasure snall changiﬁ extrenely accurately. Assum ng the
carrier loop is tracking properly, the*fi e chip counter 224 in conjunction
with the subchip counter 226a, enables the channel 22n to accurately track

gg%/u; ﬁ: w&#’é %ﬁl l*? egf(;r e]?@!l on gsgc%érgé}fé?ors l‘% as a DLLs

will nov@‘!ﬁ“ﬂés&f |ﬂe¥P'rﬂ-Qp e%ﬁ%rmjeﬁmarded ttQ:a#M@l%éw%atnnwe 9fE=N CODE

the'p n'a’i‘ﬁéw%‘i"ﬁd““ e “‘F o "%’ﬁ’efi e S Tide 514 rgcked BY
punciu S ut.pu |p p

provi de g‘é‘?@’rﬂﬁ‘gcp ]é?"ég&i%qag"ngr e &R& v aligned

wth th netéxtediéﬁﬂbdxnhnantﬂenwﬁfllp-flop 251 thus provxdes a late -

f1 I7i pf%gﬁ‘% Mﬁ%?ﬁa{#‘fﬂw t‘%p“dlsa%?el#oérfé%‘t%‘ % fa?ogts a/fell

as the ithaitQ cutfputp-of FLHL1ap i3504 | op 251.is clocked by the late clock
signal L; in the preferred enbodi nent, then, fIip flop 251 thus provides a

|Oa§ e FRyf COd@rK@fﬁ%Egg ﬁﬂ,n%od‘t}}dl*lé@%h e oiﬁ%dxe'ﬁ | \ﬁérfeéh? g%esQ of
ut pu S p Ss
16, det &Df H@gd r%grﬁﬁg?}faw r’e&ﬁlb dihe Idf"'jt 3%4 qcstlm rectly
connect ezbrinedted to itheit+l aidputs afirstalnode (dalled (Lmtna)y,l Late)erigd i n

whi ch t 0 t t he PRN

<ODE |SQ§F&§%%§dﬁ% Qéghtiﬂé”§§#£%;§ﬁ§%i£;? é@““%‘%@%?% , in

synchr omme/latmn.h@me ythe RRN QPR i provxded duectly to the PRN
CODE input of correlator 240b, in synchronism with the early

clock signal E.

The (early, late) mode is used for code search and pull in
modes. To adjust the PRN code phase, any difference in signal
strength between the Early and Late correlators (as estimated
by summing the I and Q channel signal level in each of the
early and late correlators) is detected by the processor 16,
which in turn causes a different value to be loaded into the
code phase generator 226 via the buffer 229.

When the switch 256 is in the position shown, the second,
or (punctual, early-minus-late) mode is enabled in which the
XOR gate 255 provides an "early minus late" clock signal E-L to
enable the correlator 240b. This mode is used for steady state
tracking, and provides increased code phase measurement
accuracy in the presence of multipath fading.

In either mode, the time delay spacing between the E, P,
and L signals may be adjusted, by changing the values in the P
and L registers 226. In the embodiment of the invention being
described, the sub-chip counter 226a counts in 1/20ths of a C/A
code chip time, so that the spacing may be selected from one
(1) C/A code chip time down to as little as 0.05 of a C/A code

chip time. S
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The (early, late) .node is used for code search and pull in nbodes. To

adj ust the PRN code phase, any difference in signal strength between the
Early and Late correlators (as estinmated by sunming the I and Q channel
signal level in each of the early and late correlators) is detected by the
processor 16, which in turn causes a different value to be |oaded into the
code phase generator 226 via the buffedl8229. When the switch 256 is in
the position shown, the second, or (punctual, early m nus-|l ate) node is
enabl ed in which the XOR gate 255 provides an "early mnus |late! c]ock
signal E-L tPEnESferring epv e (Bigos/0n. theyep on ok A ¥¥Ricdkady

tSLate tr@&ﬁt@ﬂ?téﬁdzmémﬂgdwcﬁmmelwt t&gsdéﬁlﬂli aCCUffiCy in
e pres a adi n ei ther nnde e el a
spaci ng Steateh 48 Sonafits %t deradify Id Fothtfon 1Rals FAndt ne
val ues ipaihcof adders r243itand 203q, la pdir anbcrbgmstexs 241 iandnt i on
el 10, IPId Pogha [ St GF! BufRUl SeE g UG, | edbilidinadodl A Code

chip tinme € spacing nmay be selecC m one de chip
ti me dovarccepts thetl.cand Q, M es C/and kthe ®anple mlock F,, and IORQ

- 18 - from thY cRdmiél NBud 0Yo té’lé:ﬂ@ with Wife %ﬁﬂﬁhéﬁué‘ ééﬁ%fé&
correlator 240a, wll be understood reat

etail or 240
consi st PRASYRELS Mhraffee 1+ otht LW 5‘ chiﬁigrgnbéﬁf’ 3?8238 r§ 24§¥mand
2430, a ¢ode Hignali fitom Stheldekay Like) 2500 Torrelaton d40b ;aldhi and

Izzflgtrqr] CO%\%‘%% ﬁ0ﬁ%%§p¢]§$¢£& b{fé’?%% a1 om{ﬁaﬁ%d %‘}faaﬁf%;ndeous Ck

carri er gontxodhiline &N |pefmanéntly q_nahqed- mmw@amm@aram and
the PRN (xi0ive rd14¢0 %ﬁ'@%dww@n&f tReaiftesflptal so receives

an enable control [ine ors 240a have this control |ine EN

per mnerﬁqvm%dl“ﬂfél%cﬁ’P%l%ﬂQﬁ%olzmsdllﬁr receive correl ator |oad

pul ses CLDerr] fromthe interrupt controller 166 via the control bus 18.
" In operation, the correlator 240a multiplies the incoming

samples I, and Q, with the locally generated PRN CODE reference
signal, rotates the result by the instantaneous carrier phase
angle estimate as represented by the bits n,, m... m, and then
accumulates the result in registers 244 using the adders 243.
The contents of the registers 244 are forwarded to the buffers
- 245 and then to the processor 16 upon each CLD, pulse. The
registei:s 244 are cleared to restart the next accumulation.

The decoding and rotation logic 242 performs the following
arithmetic on its input signals:

I, = I, PRN - cos(8) + Q, * PRN - sin(e)
Q =Q * PRN + cos(6) - I, » PRN - sin(®)

where PRN is the current value of the PRN CODE ‘input and @ is
the instantaneous carrier phase estimate represented by the
bits m,, m... m,. By performing code correlation and removing
the instantaneous Doppler shift in the same operation at every
F, clock pulse, signals with very high Doppler offsets mdybe
ptocessed before any significant power loss is encountered.

e




In operation, the correlator 240a multiplies the incomng sanples I. and
Qerr] with the locally generated PRN CODE reference signal, rotates the
result by the instantaneous carrier phase angle estinmate as represented by
the bits [er],, [err] ... [err] and then accunulates the result in

regi sters 244 using the adders 243. The contents of the registers 244 are
forwarded to the buffers 245 and then &8 the processor 16 upon each
CLD{err] pulse. The registers 244 are cleared to restart the next

accumnul ati on The odi .d t at I 242
f ol :Jovm ngI ar ﬁqﬁ*rﬁq‘{:ex@n %dﬁ 9 I %f AETL LY i&n O&‘IC@ rﬂ ]goer ﬁo '}e“cxbRN
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I nput anaf'e .sﬁ‘?‘}.gne%? ane’o gga"lrcrsdl [ aslreaeig |f31 repréggdent ed by the

bits [ erqyadratyre mamples, pTerananng- code correl ation and renovi ng the
I nst ant aneous Doppl er shift in the sanme operation at every Flerr] clock

pul se, signalgheMgdppiyy fidifu &W'ﬁtﬁﬁtﬁet@dﬁb’ i nWIARSTRA Iy e any
si gni ficant 430\/\/er Ioss 1S en nter ed
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et P QRhuen Wl BB et B PAEL AN e
by the ghétesQat-1o,, mdiene dutmanthdmnrmdmmm@m @nd AFC) | oop
t echni qureificad? Ié)cg&éso ﬂgoqp agRproach uses
a frequ err.or tlnator
Lerr] ( Rddeation %ml{ 0 &R;I tl“%%(ﬂqmlé RStmaLe, EDGRP is
pre\él oux mﬁ;}ﬂeﬁDgewtal\ﬁnnaﬁve:@mulwdmd&e mds axilp}?t:enn of -how
much to correct .t.he P er est oyy de e
alter naﬁ#@%ﬁ.‘% %Ie us@Ee gg'?}cjf t3 cgnérgi the phase.” The
carrier phase 1.3 then controlled by making minor changes to the
EDOPP value. The F, term gives an indication of carrier
frequency error, while the P, term gives an indication of
carrier phase error.

D

Synchronization of the receiver 10 can now be better
understood by referring back to Fig. 4. 1In general, carrier
and code drift is detected by determining the difference in the
outputs of the correlators 240a and 240b. When a difference is
detected, the synchronizer 220 is corrected by adjusting the
internal values in its counters, 222, 224 or 226, or Doppler
register 221. PFor example, when the synchronizer 220 is
exactly in phase, a correlator which is early by a certain
fraction of a PRN code chip time will have the same output
power as a correlator which is late by the same fraction of a
PRN code chip time. The output power of a punctual correlator
240a and early correlator 240b will also differ by a
predetermined amount, in this condition, provided that they are
also spaced by a predetermined time delay.

In operation, the operating mode switch 256 (Fig. 4) is
initially set to the (early, late) mode, and a code delay of

e
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error -estimate, Plerr] = arctan (Qerr]/I[err]), to control the phase. The
carrier phase is then controlled by maki ng m nor changes to the EDOPP
value. The F[err] termgives an indication of carrier frequency error,
while the P. termgives an indication of carrier phase error.
Synchroni zati on of the receiver 10 can now be better understood by
referring back to Fig. 4. In general rrier and code drift is detected by
determning the difference in the outpu s of the correlators 240a and 240b.
When a difference is detected, the synchronizer 220 is corrected by

adj usti e A )i mwe?/aiui @S tiie tiss wh wetwe%aez%&éa@l Z&rl z@la@a&ph ler
register e @aSynchronizer is exactly in phase, a
correl alz&%%ﬁ/vﬁ"@ﬁ 1@3‘- %rf%rcérutﬁ *n fraction of a PRN code chip tine

wi || have the sanme output power as a correlator which is |ate by the sane
fraction of aNéEIm,cm @ERN codee forh¢heudestinedvesatel liteudist deadedr r el at or
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in this condltlon are al so spac @éﬁa predet er m ned
time dep@psib frequessies end Fﬁ@ﬁbﬂ@ﬂﬁﬁ Ae1aY8c axhi m56 (Fig. 4) is
initial |s¥1c'i:%bst:@et1 trded Yin la® %)tt@%, toébtaindEréguancy’ and code

2400 anddok Wity miegatellgte sTonal KageiRnlTRom 2hec3psiobfY oo red

sate!L:bhamnéloaamd |amSphb&xEﬁmadeghFenamaﬁer Eﬁaaysaathesﬂsptlbyes Al |
e v in

ot B & TN AT FRte WIISRALS BiE ol EBes TRTaA/AG bikE

r ecei ve®yr adjusidngs thencodeo conatess 224, RR6gar anduR26b wvia &bﬁrl er

del ays %h%fﬂ%%pbzby 228, nand Pogr.entEladh &éhée%ndDEEEQh%ﬁEyC%@Esé@'ays

2Lt o =S buips, e S doealocigs 241 Are:aend, Ao oborceLator
power level is calculated to determine whether the current code
and frequency are correct. The correlator outputs are compared
to predetermined thresholds to determine whether the satellite
has been locked onto or not. If lock is not indicated, the
next carrier and code phase are tried.

The correlators 240a and 240b must be allowed to dwell for
an appropriate time at each code and carrier delay. When
searching for strong satellites, where the signal to noise
ratio is above 45dBHz, a dwell time as short as 1/4 of a PRN
code epoch is used. For weaker satellites, a dwell time
approximately equal to the PRN code epoch time is used.

The common clock line CLDx to the correlators 240 is
selected to be one of the INT1, INT4, or INT20 signals
"depending upon the mode of correlator 240. For example, during
an initial fast seek mode, the INT4 signal may be used to
provide a quick indication of the relative correlator powers.
once frequency lock and code synchronism has been established,
the INT20 signal may be used to reduce the time devoted to this
task. Fine adjustments to the phase may be continuouslg-made
by incrementing or decrementing the individual code phase

registers 226 (Fig. 4). ’ ———



the outputs fromthe correlators 240 are read and a correl ator power |evel
Is calculated to determ ne whether the current code and frequency are
cofrect. The correlator outputs are conpared to predeterm ned thresholds to
determ ne whether the satellite has been | ocked onto or not. If lock is not
I ndi cated, the next carrier and code phase are tried. The correlators
240a and 240b nmust be allowed to dwell for an appropriate tinme at each code
and carrier delay. Wen searching for 2ireng satellites, where the signa
to noise ratio is above 45dBHz, a dwell tinme as short as 1/4 of a PRN code
epoch is used. For meaker satellltes a dwel |_tinme approxi nmatel qg
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made by increnenting or decrenentlng t he |nd|V|duaI code phase registers

226 (Fig. 4). At this time, the delay between the early late P ce the
satel | i tcbdes et infitidd/ B (i d, o %Id%ﬁ mlyerde‘dmb Al jusddnghase,
the correl ators 240 are sw t.ched tu? e?* nus | at &) node
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To understand why this is so, refer now to Fig. 7, which _
~shows a signal flow graph representation of operations
performed by the DLL in each channel 22.

Within each of the correlators 240a, 240b, the incoming I,
and Q, samples are first phase shifted by the amount indicated
. by the n,, m...n, PRN code phase bits, by a phase shifter 2421,
to remove the PRN code phase from the Is and Qs signals.

At the same time, the PRN CODE signal is fed to the data

_ input of a shift register 2500 having selectable spacing
between its three output taps, and the F, signal is fed to its
clock input. The shift register 2500 is formed by the sub-chip
counter 226a, and code phase comparators 226 p and 2261,
together with the flip-flops 250, 251 (Figs. 4 and 6); the
delay spacing among the early E, punctual P, and late L taps is
selected under command of the processor 16. By setting the
switch 256, the exclusive-OR gate 255 thus selectively provides
either an early (in the first mode) or early-minus-late (in the
second mode) version of the PRN CODE signal to correlator 240b.
At the same time, the punctual P tap of the shift regisﬁa;-zéoo
may be used as either a late version (in the first mode) of the
PRN CODE signal, or as a punctual version. thereof (in the




correlator 240b is decreased, and its accuracy is increased, as will be
seen, especially in the presence of nultipath fading. To under st and
why this is so, refer nowto Fig. 7, which shows a signal flow graph
representation of operations performed by the DLL in each channel 22.
Wthin each of the correlators 240a, 240b, the incomng I[err] and  err]
sanples are first phase shifted by the anmount indicated by the [err].,

[err]...[err] PRN code phase bits, #®y2a phase shifter 2421, to renove the
PRN code phase fromthe Is and & signals. At the sane tinme, the PRN
CCDES| fed to the data inp of ashlft ster 2500 havi ng

sel ecta Wret fi¥e ® qrg.%,ti@ %nd‘"c s ManneLi,qnal s

fed to nme Sodek delay spaedmiiin umg (Sthﬂrcﬁﬁﬂ() leﬁu:fl y-Tate)y mode may chip
counter ,22 q:nd cogﬁ%g se c ors 226 p_and 2261, together wth the
fllpfla’ﬁs%ﬁb tané’l\i@ﬁ'"?pacmg among the early E,
punctual P, and Iate L taps |s sel ect ed under conmmand of the processor 16.
By setting tmmmmon 124 0 igiclsides- G?pgairedtShutlltd.plaelrecm\ishy

i d slilqhat ' th
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spacing in the (punctual early-late) node may be set to as little as 0.1
of a chip ti@a the (puBstmador edrdyeminng-late)dwode,psorreilator: 240ber s
whi ch g _ e ¥k anneg s - S, In
the (ea y, hgt’te;a%mgglz‘l?-?ﬁ?%r f}gtgtor g.atﬂ%gvfgggaQ QI&&H o r-r!';?al ation
si gnal 2403, prevides; Ac PUSCtEAL: GP’-'E&@&"—&P&/P&S§ i HZre Qd.
correlatlon S|gnal {I[err] Qerr]}. :

The processor 16 then performs the DLL discriminator

function to determine PRN code phase lock. One discriminator
function of interest is

In’ + Q:t:a - Ir: - Qu'v

referred to as an early/late power measurement. This is
preferably used in the (early,late) initial acquisition mode,
‘when the correlator spacing is set to one chip. The other
discriminator function of interest is

Il-l.,t Iit + Ql-&,k Qﬂ ’

referred to as a dot-product discriminator. This is preferably
used in the steady state with the (punctual, early-minus-late)
configuration. In general, carrier phase tracking is better
with respect to noise in the dot-product mode because of the
availability of a punctual power estimate, which has a greater
signal strength in the presence of noise.

By starting the DLL in an acquisition mode having a wider
spacing between the (early,late) correlators, and then “—
narrowing the correlator spacing, an advantageous reduction in
the susceptibility to multipath distortion is achieved. This
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In the (punctual, early-m nus-late) node, correlator 240b provides an
early-mnus-late correlation signal {I[err], Qerr]} and correl ator 240a
provi des a punctual correlation signal {l[err], Qerr]). The
processor 16 then perfornms the DLL discrimnator function to determ ne PRN
code phase | ock. One discrimnator function of interest is I[err] +
Qerr] - I[err] {err], referred to gts an early/late power neasurenent.
This is preferably used in the (earlyl %ﬂ'i nitial acquisition node, when
the correlator spacing is set to one chip. The other discrimnator function

of interegt.l ; e e : r as a
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t he avail abi | Itt,&/ uncg power “esti mat e has a greater signal

of a V \
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- 23 - adverselyiaffecting codefbock: hte reduce sthe teffects to€ cross-

correl atpoiy {pRch | @s66RELbAS Peak due to nultipath fading is |ess severe
than in other regions away fromthe peak. Thus, after the DLL has been

initialized and is_tracking the transnitted PRN signal,6 near the peak of its-

aut ocorr el at i BRI BictS o, tHeRrekiGAl RIGE AF CHhe FEAGKLNG EFERT oued,

W t hout envelope, in C/A code chip time, versus multipath delay for the

' invention. The analysis assumed that the dot-product
discriminator (i.e., the steady-state) was to be used, and that
the multipath fading of the composite signal could be modeled
as

A-c,(t);cos(w.t + @) + a*A-C,(t-8)-cos[w,(t-5) + 9],

where A is the signal amplitude, C,(t) is the filtered PRN
code, w, is the carrier frequency, ¢ is the carrier phase, a is
the relative multipath signal amplitude, and § is the relative
time delay of the multipath signal with respect to the true
signal.

By then applying the dot-product discriminator used in the
steady-state mode, the resulting output signal can be shown to
be in the form of: -

AT, = {R(Tr,~d/2) - R,(T,+d/2)} * R(z.) +
o'+ {R(T,~d/2-8) - Ry(T,+d/2-5)} * Re(T,~6) +
a *{R,(t,-d/2) - R(tT,+d/2)} - R(T,-§)°cos(¢,) +
a *{R(T,-d/2-6) - R,(T,+d/2-§)} * R,(%,) COB(4.),

where R,(t) is the filtered PRN code autocorrelation function,
T, is code tracking error at time t,, d is the spacing betwéen
the early and late correlators in PRN code chips, and ¢, is the
relative phase between the multipath component and the actual

signal component. : /




adversely affecting code |ock, to reduce the effects of nultipath

di stortion. Fig. 8 is a theoretical plot of the tracking error

envel ope, in C/ A code chip tinme, versus nultipath delay for the invention.
The anal ysis assuned that the dot-product discrimnator (i.e., the
steady-state) was to be used, and that the nultipath fading of the
conposite signal could be nodel ed as A Cerr](t) coferr](wt + [err])
+ [err]Alerr]Cferr](t-[err]) cos{R4t~[err]) + [err] ] , where Ais
the signal anplitude, C[err](t) is the filtered PRN code, w. is the carrier
frequency, [err] is the carrier phase, a is the relative nultipath, signa

anpl it ude, anBYSeLtiRg FR1SeXRression£q,ze¥0, AN, Fhen Sel¥ing in AR
respect itetr#tiveéusasnénafor r,, with Plese€PPd Yzéro t&wd 0ot rad Détve} and

di scrimnpato ed Ln the steady-state npde,, th esultjing t put _si gnal
can be SROARE BEH- 1, dRCoPhFF, dpveibbe 'Sk ne fatgiited? Me Spior ()
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mul {1 patWhiRpbmckhe SYpical andwidtly o PoipoRFE .C/A code receivers.
- 24 - as isRwidént NErddi Gh& PLEESIRFLig. 78/ khelP. 1 O P @rEd i n an
envelope is indeed much smaller than that for 1.0 chip spacing,
but not as small as for the P code envelope.

This is so for several reasons. First, because of the ten
. times longer PRN code chip time, any given received C/A code
chip correlates with multipath delays up to ten times longer in
duration than will a given P code chip. Secondly, the 8 MHz
bandwidth selected for the 0.1 chip spacing case limits the
reduction of the multipath effect.

To evaluate the effect of increasing the bandwidth of the
pre-correlation filter 123, the same calculations were
performed, but using the usual 20 MHz P-code pre-correlation
bandwidth instead. The results are plotted in Fig. 9. Note
that the inventive C/A code correlator with narrowed spacing
actually outperforms a conventional P-code correlator in the
region of 0.15 chip multipath delay or less, This confirms
that the selection of pre-correlation filter bandwidth and
sampling rate are important factors in determining the overall
performance. ~ |

To verify that the invention would indeed exhibit improved
performance in an actual multipath environment, three GPS
receiver channels were connected to a common
.antenna/preamplifier and programmed to track the same
satellite. A first receiver channel was a conventional P-code
channel, a second channel was the inventive C/A code channel
with fixed one (1) chip correlator spacing, and a third ghannel
was the inventive C/A code channel receiver with dynamically
narrowed correlator spacing of 0.1 chip in the steady state.




iterative manner for t[err], with [err], set to zero and [err] radi ans, and
a set to 0.5, an error envel ope can be determ ned. The error envel ope for
one-chip C/ A code spacing was calculated for a 2 MHz pre-correlation filter
bandwi dth (el enment 123 in Fig. 2), which is the typical bandw dth of prior
art C A code receivers. As is evident fromthe plot in Fig. 8 the 0.1 chip
error envel ope is indeed much snaller 2Ban that for 1.0 chip spacing, but

not as small as for the P code envelope ThIS |s so for several
reasons. Fir ecause of., the ten PRN hip. tinme, any
gi ven r@é’éﬁl\/ﬁf R"@o&?e@rﬁv r(,sor“rsaé é’t APIE5 to ten
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t he mul ti pat Thef codilected data swexeuftisrsthansilyzed &b ifrinde@grrtg.ome

bandw du& %fg‘u%hgr %e?ﬁrcfb@ g0 ]ﬁ%cﬁe% sa% | gplgdt i ONS were

per f or me t u3|ng e usua pre-corre étlon bandw dt h
i nst ead diffierence between mssudarrangs (PN (Mo€e «t Khe TRAgE,eEFimatecs A

code corjaiedl Froml %@m%&éﬁﬁdmeﬁéﬂt@ I )arﬂlﬂa&@&fnﬁ'l@tea @enant i onal

P- code correlaé& the reqi on of 13 .Chi t|p th del ay.or |ess,

This cof@Rgfs (APR) {He S cfr?n@fe %’ﬁ% oM SATEASHWi dt h and

sanplingemahmemauﬂsﬁpmmhaﬂbﬁbmﬂmned4|1mhmsemmmnwng Bny satedllliteer f or nance.

To ver! mordl dnde dabedilian B RS OX o b bERERECpRRELARTRACE | T
a s e

an actu environnen r écei ver chann wer e connect ed

to a comﬁmhentmmmtpmls@lmd %gﬁamrwreoatlsacksmst&sﬁle

satel | | itfrofighl @sifirdteorderC AaYItal'FiltezOMeA 20000 Becona ¢iaenel . a
second channél was the inventivé C/ A code channel with fixed one (1) ch|p

correlaF@PF§§9§rng,_and a third channel was the inventive CA code channe
(el ver L bndy DABT e HRNR’ 160759719 283385 0br Pk Rlls’ Aok
measurements in meters, versus satellite pass time, in hours.
Ramping of the data over the last hour is due to ionospheric
code-carrier divergence -- over this long a period, the
elevation angle of the observed satellite ranged from 40
degrees to 16 degrees. Althoudgla small portion of the
multipath effects were possxbly filtered as a result of the 100
second filter, the performance of a C/A code correlator with
dynamically narrowed spacing is quite similar to that of a

conventional P-code correlator.

The multipath effects are most noticeable in the P code
and 0.1 C/A code data for which the random, ambient noise does
not dominate; the 0.1 C/A code data is obviously much improved.

To further identify the improvement in the presence of
multipath distortion, the P code data was used a baseline and
subtracted from each of the C/A code data traces. The results
are plotted in Fig. 11. The standard deviation, o, was taken
for only the last 36 minutes of operation, to better gauge the
effect where the multipath distortion was the greatest. Note
the standard deviation for the 1.0 correlator spacing ca®e is
at least three times that of the 0.1 chip spacing case -~ this
is about the same as the usually perceived difference between
P-code and C/A code systems. p———




Both C/ A code receivers used in the experinent had a pre- correlation
bandwi dth of 8 MHz. The coll ected data were first analyzed to find
portions which contai ned obvious nultipath effects. Next, the difference
bet ween pseudo-range (PN) (i.e., the range estimte taken fromthe PRN code
measur enents) and accunul ated delta rag? (ADR) (i.e., the range estimte
taken fromcarrier nmeasurenents) was rm ned. This renoved any satellite
notion and satellite clock effects. For a better observation of the

i ' i : d . f

oy o e RS BhPeobialBbRckIbE 1BhoRaR RARN T st BN el BEBEAGIE"L,
in Fig. esbadimeptoofothir inwestipR.nedtuwildnbe Apparests, however,
satelli tEnaeS%ahaem B BAd" ﬁongﬁeaeaan hBg dat ﬁa&&eﬁot £fe iﬁw.-ne%n' S

due to ionospheric co e-carrier. divergence -- over this long a period, the
eIevat|0W1§HgFEeoPtFﬂénBB§§r9§d3§&PePF|PllraﬁgéﬁsfFGHPEB‘GEQrees to 16

degr ees. Therbgoga, itSli’B| ’chaoabgeatOBft BReMdppended eiamStwéevaﬁsaml y
filtered_ as,a resuk ﬂﬁ EPa % ogd filter, the gg tor f a CA
code cor PBF BATHA H°B§n§ BPAILACALIGRE 8B CPRG v ﬁﬁpt 3r to that
of a conspiritnahdPscoge ofr theafinvention. The nultipath effects are nost
noticeable in the P code and 0.1 C/ A code data for which the random

anbi ent noi se does not donminate; the 0.1 C/ A code data is obviously much

i mproved. To further identify the inprovenent in the presence of
mul ti path distortion, the P code data was used a baseline and subtracted
fromeach of the C A code data traces. The results are plotted in Fig. 11
The standard deviation, [err] was taken for only the last 36 m nutes of
operation, to better gauge the effect where the nultipath distortion was
the greatest. Note the standard deviation for the 1.0 correl ator spacing
case is at least three tines that of the 0.1 chip spacing case -- this is
about the sane as the usually perceived difference between P-code and T A
code systens.




¥ .
- 26 - The *‘f or egoi ng description has been limted to a specific
efbodi nent of this invention. It will be apparent, however, that variations
and nodifications may be nade to the invention, with the attai nnent of sone
or all of its advantages. Therefore, it is the object of the appended
clainms to cover all such variations and mddifications_as come within the
true spirit and scope of the invention.

rZZIdi o] fréduengﬁ,\(t[%c‘ge:i \s{iegjngll())co];lgirs?ieggdg:‘ a;i g?usgﬁi ?Scmlll@ﬂﬂu“!kmﬂﬂl }!H :
a

pseudor andom noi se (PRN) encoded signals conprising: n
downconverter (12), connected to receive the conposite RF signal and to

vi d it i nt i.ate f ! | F),. si |, . 132
Do barerat mB e | & i TR '8} derid RHAGR Sita Gecobink' = hpising radip SFFeARY
(143), connecfpgd ¢ %aar &El@iisthgg SNEpIGATRPST trhshitted (B HoraHAEm! d¥fise f%g de'ﬁééﬂéhe
e ('l I quadr

cl ock signal, and to provi digital” in-phase ) sanples an ature
(Q sanpl es ofignadleecamprpog:te | F signal ; a plurality of channel '

circuit 22), each nnel circuif, for denodul ati and decQdi hg one of
the transm t1ed PRt K OUBEPSFAFAI2): oMM iR Meropersit &) Seland
ot her channel rG\,{dQléléoﬁ.igtgHt nfe'ﬁ%diﬁ@?téﬁﬂ@&ygm@%l'c' rcuit receives the | .

sanpl es and d)sanpl_es e sanme tinme as ér channel circuits,

wher ei n each chanmmearsi(il32)ifor genetatiag adocabsamsls clock signal, a PRN code si-gnal
generator (230), connecied.to, receive a synchronizing adjustnent signal and
to provide a | ocal?faH F’Srféré“'lbﬂ\‘f% anestesd g receive the composie I signsl aF‘Srg‘he

decodi ng the Sﬁ[FmJ [ : . | alhmp.es,
the Q sanpl esf,ocgﬁgm ee ocs.a?ﬁr&g’%?gkig?gﬂggﬁé{cagg’ef’@lségﬁggd,ﬁ@ﬁgeggje@gg| ngerreans
for multiplyi(Q) satmples ofitist cQniposied Bssignalt he | ocal reference PRN code signal,
and provi di ng decoded | _and Q sanpl es autocorrel ati on nmeans (243,

244, 18, 16, 226) ,aebﬁ&@%@@@elw@w@@%wecltj@tew?&ircuiafm élqmgénlptim;and‘ or
< S, Y C oo )
bhase dol ny, SR A20E Hedfan iR ¥RN bkl Glndh. abd Bt BEPERE SBE®, e

PRN the other channel circuits such that the each channel circuit receives the I samples and Q

samples at the same time as the other channel circuits, wherein each channel circuit
further comprises:

a PRN code signal generator (230), connected to receive a synchronizing
adjustment signal and to provide a local reference PRN code signal,

means (242) for decoding the I and Q sample signals, connected to receive the I

~samples, the Q samples, and the local reference PRN code signal, the decoding means

for multiplying the I and Q samples by the local reference PRN code signal, and
providing decoded I and Q samples;

autocorrelation means (243, 244, 18, 16, 226), connected to receive the decoded
I and Q samples, for determining the autocorrelation power level at a first and second
code phase delay, and for providing the synchronizing adjustment signal to the PRN
code generator by comparing the autocorrelation power levels at the first and second
phase delays, characterized by the first and second phase delays being dynamically
narrowed by being set to a predetermined wide correlator delay during an initial

acquisition period, and thereafter set to a predetermined narrow correlator delay.
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code- generator by conparing the autocorrelation power levels at the first
and second phase del ays, characterized by the first and _and_second—phase del ays

bei ng dynami cal ly narrowed by being set to a predeterm ned w \iﬁ \m‘m“\ator

delay during an initial acquisition peri od and thereﬁ‘“‘n\
predet erm ned narrow correl ator del ay.

28 2. A receiver as in claiml mhereln each channél CIrCUIt (22)
further conprises: means (222) for providing an expected carrier

phase signal; 2. A redei®etu8 I 61aing il Rehefdin Eaéhtchﬁrﬁn%phrc:tﬁtqlm)?ﬁﬁﬁ@r éd?nﬂrﬁ@:ﬁ' ve
t he sanpl e clock signal, the expected carrier phase signal, and

synchroni zi ng adj umemwéﬂ%)@narOVlrhngiam@met@de@rrrpoplpnsgwgud, an accurml at ed

h d PRN cod h I I h t ed
Carrior phase si gnarRRPEARE Eitiat Rk EomeERLid ReeFr ¥ Sytmels odk SRl ¥ Sach

ot her, eﬁﬁcfeﬁ%&rrfe’?bﬁis’e%fknﬁ? #Rba SyirtBloni A EsHREntlsTerial R4 ¥«§‘nrfe?l€d to
sanples, the Q sanples, and the accumil ated carrier phase signal or

phase- r ot at i ngravids an asznutnuja@drcpms phase signairand atPRIV dodesphase bqntnohﬂgnal the
accunul ated carri er %ase Si whgr fin t he ahj}tocorr ation, peans
(243, 244, 183CHPUIBSHGATEY gmn%mrm % PYaSF §'8R8IS RENESHRCHEINONS Witho ¢ he
synchroni zi ngegdhfdihdrt . and wherein the PRN code phase signal is
provided to the PRN code signal generator (230). 3. A receiver as in
claim1 wherein thearpleew&atmnnnmsi(mzai@onmtedltah‘enen&ehaysansplesqtlle bamples
chip time in eceverahglnclalmlv\,hereln

th co
the predeter n??fgﬁ’eﬁ&?%aﬁ@af‘g 51?16353 Ei‘&P%{yf"F Ei:‘@&ﬂaﬁat'ﬂg) Irand Q samplesibyanc ode
chip time in Eﬂ%gﬁ%x@&%b? tumula d carrief ERE S }(Qr as in claim3 wherein

the predetermned narrow correlator delay equ to a fraction of a code
chip time in the PRiNersimtheauwoadrelatiormeans (2443 2441 18c116,226) provides thel wherein
the correlation. %ower | evel is determ ned by a_ dot-product discrimnator.
synchronizing adjustment signal to the synchfonizing circuit, and
wherein the PRN code phase signal is provided to the PRN code signal

generator (230).

3. A receiver as in claim 1 wherein the predetermined wide correlator delay is

equal to one chip time in the PRN code signal.

4, A receiver as in claim 1 wherein the predetermined narrow correlator delay is

equal to a fraction of a code chip time in the PRN code signal.

5. A receiver as in claim 3 wherein the predetermined narrow correlator delay is

equal to a fraction of a code chip time in the PRN code signal.

6. A receiver as in claim 1 wherein the correlation power level is determined by a

dot-product discriminator.

7. A receiver as in claim 1 wherein the correlation power level is determined by a -

power discriminator.
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7. A receiver ‘as in claim1 wherein the correl ati evel is

déterm ned by a power discrimnator. receiver as in

8. -
claiml1l wherein the correlation power |evel is deter ”m"ﬂﬂ"m d | ate
correlators (240). 9. A receiver as inclaim1l 4 ﬂul ation
power |evel is determined by punctual and2®arly-m nus-I|ate cor'relfat ors
(240). 10. A receiver (10) for denodul ati ng and decodi ng a conposite
radio frequency (RF) signal consisting of a plurality of transmtted
pseudor andomgnoi sex (RENkr KNGRAARA SWHARINShE Cordlhtin bwer level is ddférifined by
downconverter (12), connected to receive the conposite RF signal and'to
provi de a congacgiahé latecareiadisd@40) r equency (I F) signal; means (132)
for generating a | ocal sanple clock signal; a sanpling circuit
(143), connected to receive the conposite IF signal and the |ocal sanple
cl ock signal o and ' cﬁ'i&i a3 ure
(Q sanples 09f' theAgeocr%{ovg}s/%sﬁg sllt %%‘1"?’ tﬂg%ﬁel&?“p‘i ura:k?,t%lygg(cé tegﬁgﬁge
circuits (22)punemehandharipahinas-tateicdrrdlatorsq@4@)dul ati ng and decodi ng one of
the transmtted PRN encoded signals, and connected in parallel with the
ot her channel circuits, such that each channel circuit receives the |
sanpl es and anp ' r | '
wherein eachqc(ﬁann}é?escglﬂlﬁefztll%ﬁf ur (}ed?_.lm?(l’)lg%f_‘lé ggt:é)ﬁfn@ea com%%e@ﬁg&(%%&@or
providing an Sigh@icbonsistingesf dplagitysoiaisinitted pseudofandpmatvise(PRIN)@ncodedui t
(220), connected to receive the sanple clock signal, the expected carrier
phase si gnal ,signath compysifigs oni zi ng adj ust nent signal, and connected to

provi de an accurnul at carrier i gnal,.and .a BRN co t 1.0l
signal, the apcumﬁ“a@gﬂo‘a’ﬁ?%vg?&gﬂz)&g@%ﬁﬁgIt° o Ve g‘&@*%wﬁ?ﬁ@?é%&?@ etlgng
synchronous %‘rbbidea%mgba&rimemediatefreauaw(m@egnaj;gnal generator (230),
connected to receive the PRN code phase control signal and to provide a

| ocal reference PRheansd32)ifgngdnerating a local samepleliclogk sigoalcarri er rotation
means (242), including,reans f i mul t angous! y denodul at i and decpdi ng
the | and G sanpl ¢ STHEEEIoiL I35 0aneied Bdeeelys thcomposite L signal and the

local sample clock signal, and to provide digital in-phase (I) samples and quadrature

(Q) samples of the composite'IF signal;

a plurality of channel circuits (22), each channel circuit for demodulating and
decoding one of the transmitted PRN encoded signals, and connected in parallel with
the other channel circuits, such that each channel circuit receives the I samples and Q
samples at the same time as the other channel circuits, wherein each channel circuit
further comprises: _

means (222) for providing an expected carrier phase signal;

a synchronizing circuit (220), connected to receive the sample clock signal, the
expected carrier phase signal, and a synchronizing adjustment signal, and connected to
provide an accumulated carrier phase signal and a PRN code phase control signal, the
accumulated carrier phase signal and code phase signals being synchronous with each
other;

a PRN code signal generator (230), connected to receive the PRN code phase
control signal and to provide a local reference PRN code signal;

decoding and carrier rotation means (242), including means for simultaneously

demodulating and decoding the I and Q sample signals, connected to receive the I
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30 sarrpl es, the Q sanples, the local reference W t he
aécumul ated carrier phase signal, the denodul ati ng neans for tating
the | and Q sanples by an anount indicated by thenﬂmu”ﬂl” ﬂ nal , and
t he decoding neans for nultiplying the I and Q sa " Em”ﬁ
reference PRN code signal, and providing d8coded I and QLsar'rpI S+

correl ati on neans (243, 244 18, 16, 226), connected to receive the decoded
1 and Q sanmples, for determning the correlation power |level at first and

second code péagsled @leay Sampted tﬁé%ca‘lrréﬂéiredb@ERN%dﬂi%ﬁilfﬂmtﬁé BEtuatlldied nent
signal to the synchronizing circuit by conparing the correlation power

| evel s at thecmncsphaamdgwctbaderph@delmheaps forqphasearotasingAhell and Qsamples by
the first and second ase, del.ays are, dynam cal arrowed by Jbein e
a pr edet er mi nEUSHPYE Eﬁfaﬁdﬂx G b el and cherdRFo e 51 mftolahs ng
an initial F’Rm qqde 4 élachmfe?&{cbm@ms@ﬁabwgm%ﬁimg d&pgafier to

a predeterm ne narrow corr | ator delay equal to & fraction of a PRN code
chip time. drd Q sariplestandd for denpdul ating and decoding a conposite
signal consisting of plurality o ransmtte seudor andom no (PRN)
encoded signal s coﬁ?ﬂ"ﬁ%‘ neans (¥43 5§‘£\n‘gi fé?&tzé}\@ §?f§é’°’§’Fé‘i‘Fa ecPﬂedPF
synchroni zm E{E}nﬁ I gital
i n- phase (I)Wgu‘i engegdf ° aa raf1 &%%&aﬂ%g% pg?@ﬁ*e%@lﬁfe?#g%#gggélﬂ[ogﬂ%ﬁa

f eedi ng the Iplsamabkays andlf@;sawmingshdsynmrphm@adjmmémsigaslrtelthecl rcuits,
each channel circuit connected in parallel with the other channel circuits
such that eacPyneheamiring eirquitihytcompaging the cofelation pomerdsvelnat the Sestandsecand ¢ he

sane ftl ne as wa%e%teﬂ(f{ cﬁ%&@ﬁ%ed%%‘t" ts; w thin each c_hannel

circuit: ating-a rocal reference PRN code signal in response to

a synchroni zi ng. aﬂielﬁx’strmtseédrﬂ%hse delays are dy@l@ﬁiﬁill?ﬂaﬁr@ﬁed bypbélnglet 2ol es,
by multiplying the I and Q sanples the | ocal erence PRN code si gnal ,

and in respongeedeteaniaed wide twgl%@auddo la PRI cggleschimtime during an initial
PRN code lock acquisition period, and by being set thereafter to a predetermined

narrow correlator delay equal to a fraction of a PRN code chip time.

11. A method for demodulating and decoding a composite signal consisting of a
plurality of transmitted pseudorandom noise (PRN) encoded signals comprising:

sampling the composite signal in synchronizm with a local sample clock signal,
and thereby providing digital in-phase (I) samples and quadrature (Q) samples of the
composite signal; '

feeding the I samples and Q samples to a plurality of channel circuits, each
channel circuit connected in parallel with the other channel circuite such that each
channel circuit receives the I samples and Q samples at the same time as the other
channel circuits;

within each channel circuit:

generating a local reference PRN code signal in response to a synchronizing .
adjustment signal,;

decoding the I and Q samples, by multiplying the I and Q samples by the local
reference PRN code signal, and in response thereto, producing decoded I and Q

samples;
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determ ning the correl ation power level of the | and Q sanpl es at a first
and second code phase delays, and for providing the s

adj ustment signal in response thereto, characterized rst- and
second phase del ays bei ng dynam cally adjusted from %’ ”,E(rﬂm de
correlator delay during an initial code | @k acqui sition cpeli

thereafter being set to a predeterm ned narrow correlator delay.

method as in claim 1l further conprising: provi di ng an expect ed
carrier phase signgdiermining the Wr&%ﬁ:h%w%ﬂle%l%ﬁ“fh'é PARIQ S&hpleflht PHABESI gnal
and a PRN code phase control signal which are synchronous wth one another,
by combi ni ng $deend eodel phasd dnhlyssa@rfaf providingthp syptchdonizing adjnstmientssigraal gmal |

and a synchroni zi ng adj ust ment si gnal hase-ro a.tl th,e and '

Q sanpl es by EPe theretp.rflipeagtesigeyy tmﬁgtgaedmééga%e fays elaa Fnamic
13. A met hogd,gg flo .ﬁ' r@a M@J@{cﬁ gbggﬁa%gggpgpghggﬁmﬁgo&ﬂo e' ator

delay is equa one Ime 1n net hod as
in claimll Wﬁtﬁmﬁﬂﬁbr\tmwmdehaw‘mebémgaemw predeterhihed natiemegorfetaterqdeddy. t 0 a
fraction of a code chip tine in the PRN code signal. 15. A method as in
claim 13 wherein the predeternined narrow correlator del ay Is equal to a

fraction of a,gode,chi | t eﬁﬁg nal A nethod as in
claim1l vvhere n tﬁe’g%:tg?a éﬁrﬁt‘%ﬁgﬁl 1};}ot;}\ller Ie\?‘gﬁlsmgdeterm ned by ‘a dot - pr oduct

di scrim nator. 1grovidifg aebipeoted Sarrier p]l.@b Sigadl wherein the correl ation
-power |evel is determ ned by a power discrimnator.
producing an accumulated carrier phase signal and a PRN code phase control
signal which are synchronous with one another, by combining the sample clock signal,
the expected carrier phase signal, and a synchronizing adjustment signal; and
phase-rotating the I and Q samples by an amount indicated by the accumulated

carrier phase signal.

13. A method as in claim 11 wherein the predetermined wide correlator delay is

equal to one chip time in the PRN code signal.

14. A method as in claim 11 wherein the predetermined narrow correlator delay is

equal to a fraction of a code chip time in the PRN code signal.

15. A method as in claim 13 wherein the predetermined narrow correlator delay is

equal to a fraction of a code chip time in the PRN code signal.

16. A method as in claim 11 wherein the correlation power level is determined by a

dot-product discriminator.

17. A method as in claim 11 wherein the correlation power level is determined by a

power discriminator.
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18. A nethod as in claim11l wherein the correlation ch:_mw_eJ_J_s/»
déterm ned by early and |l ate correl ators. 19. A method as in clai
wherein the correlation power level is determ ned by pun mum “ \m '
early-m nus-|ate correl ators. 20. A receiver (10) foﬂ‘ . d
decodi ng a conposite radi o frequency rangrng signal, consi*stfngL of a :
plurality of transmtted signals, one of which is nodulated with a
predet ermi ned pseudorandom code, the receiver including: A a code
generator (238) f & npdrdratia olgin hé wherinthe zodelaticropewer level is ddermineddby
correl ation rreainsBéF40, 18, 16, 226) for synchronizing with the received
versi on of tIf8T¥ 3R AHEPTERIPRSt of the code generator, the correl ation neans
~operating in an acquisition node to synchronize the code generator to
wi thin one code chip and operating in a subsequent tracking node to track
the received 19er siDmettod d3dn claiie | | ehereitthercorreldtiby péwier 16wl isdeiérimdfed B3ANS
i when operating in the tracki ng node nmaking correl ati on neasurenents
t hat corr espdyactugl andesrlysniguplatesgosrelaterst hat is substantially narrower than
one code chip, which reduces the adverse affects of nmultipath distortion on
t he code tracki ng operations; and i when operating in the
acqui sition mopde rRikédeiret OI0) EdrafendduliiAg idcdebding altoinpesite AR Gubsty :
steppi ng through the code in steps that are substantially w der than the
narrow cor r elranging signali epsistinaglof aplurality ehleaismittedosdgnals, ope of whithds r ecei ver
of claim 20 fur r . inel udi .pluraljty of cad ener at or 230) and an
associ at ed pllﬁ?c&‘\q‘ﬁ?@w‘?’ acPcFF‘reg‘?@t"F)egrps%édgﬁ%'df?zﬁ?fae’%ggref%‘,v 35'5‘85%‘,“ ach of the
correl ati on nmeans AeasW ¢dde geatoP(236) firigeiertaig e PsdublSrafddm ebd®f t he
associ at ed code generator .and the received version of the sane code. 22.
The receiver of clBi m Zicormglasionimeansi240018, tIRe226) foryaclironizingawith thacl udes a
carlyllate COLLGhe ShsibRPh ohithe biliphl'Se dé 354 SR IREESaiSy fekA! | "
operating in an acquisition mode to synchronize the code generator to within one code

| chip and operating in a subsequent tracking mode to track the received version of the

code, characterized by the correlation means |

i when operating in the tracking mode making correlation measurements
that correspond to a correlator spacing that is substantially narrower than one code chip,
which reduces the adverse affects of multipath distortion on the code tracking
operations; and

ii when operating in the acquisition mode making correlation
measurements that correspond to stepping through the code in steps that are

substantially wider than the narrow correlator spacing used in the tracking mode.

21.  The receiver of claim 20 further including a plurality of code generators (230)
and an associated plurality of correlation means (240, 18, 16, 226), each of the
correlation means measuring the correlation between the output of the associated code

generator and the received version of the same code.
22. The receiver of claim 21, wherein each of the correlation means includes an
early/late correlator (240b) that in the tracking mode makes correlation measurements
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to determne the ‘correl ation between the received version of the associated
cbde and an early-minus-late version of the pseudorandom code produced—by—

the code generator, the early/late correlator operating o
t hat occur only when the early-m nus- Iatg ver si on of the:r”m nﬂ“ﬂaﬂmﬂm
23. The receiver of claim?22, wherein e th of the correlatien weanss s

further includes a punctual correlator (240a), which, in the tracking node,

makes correl ati on neasurenents associated with a punctual version of the

code pr oducedo R¢terihethdicorreliftivarbatvagen the Rdeived Vérsion of thieussociateddode and®an
wherein the early/|late correlator (240b) operates as an early correl ator
and the puncteasly-rainus-tatevession of the)psensiorandem cede pradyeed Ryothe epdg ganergiatnthene

correlation neans. s operating.i LSl .
recei ver of cfohi ﬁr?%@"%ﬁéf 8?7{%?%0%5%&3% ?rgt’%é %’S{r)gr;lcecpg&gy %hfﬁgl%ﬁ ea(l).lyé\rﬁé "85 as
a | ate corr el jgieQrersiviofithe codeis homlzeroOr rel at or (240a) operates as an early
correlator when the correlation neans is operating in the acquisition node.
23.  The receiver of claim 22, wherein each of the correlation means further includes
a punctual correlator (240a), which, in the tracking mode, makes correlation
measurements associated with a punctual version of the code produced by the code.

generator.

24. The receivef of claim 23, wherein the early/late correlator (240b) operates as an
early correlator and the punctual correlator (240a) operates as a late correlator when the

correlation means is operating in the acquisition mode.

25.  The receiver of claim 23, wherein the early/late correlator (240b) operates as a
late correlator and the punctual correlator (240a) operates as an early correlator when

the correlation means is operating in the acquisition mode.
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