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COVPENSATES DI STORTI ON BY DYNAM CALLY ADJUSTI NG THE ?r&@
DELAY SPACINgm@wmmw LY AND LATE CORRELATORS FI ELD OF THE | NVENTI ON
This i nvention relates generally to digital radi os which receive
pseudorandon1n0|sénbeN) encoded signals such as those used in navigation
systens, and particularly to such a receiver adapted for use in signalling
environnments susceptible to multipath fading. BACKGROUND OF THE | NVENTI ON
Pas sifv @ SEIHQRANDRM NADF E RANGIYG rRELE FER WHEGHE COMPENSATES EPRted States'

G obatyross A7 b PErGHPE O B NAREC ARGy RUSSOSING ORdd DaNE Ogdlp System
(GLONASS) _allow a user_to precisely determne his latitude, |ongitude,
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el evaH NG PETWEEN(E ﬁ%& eceivers typically

acconplish this by using tine difference of arrival and Doppl er measurenent
techni ques on precisely-ti ed by orbiting satellites.
Because only the satellitggggpaﬁgﬂ?%i #h@gﬁgtﬁﬁ?or t wo-way conmmuni cati ons

i s avoided, and an infinite nunber of receivers nmay thus be served

si nmul tanedlrjsiq inventien relatéem gemerakiy to digital radiomqwhiche

f ég‘@] lgé‘m# t @_{%é‘n t t
: Ef g{:’n% | on. “For %( ol | n{%}ﬁsj) %ﬁf:én%%éaiﬁsiﬁl%fﬁﬁgal C?; an
nodulWEesy i tﬂﬁYW@#%lﬂﬁ:‘iﬁ%ﬁ yrﬂ%l?%ﬁwqﬁ)fw i Hutatd TRFLEVERdi cat es

t he tdd ef Sr e B | SidhaElimPSedy Dfdnménkd iisddpeivie dey (typically a
standar di zed t'%ﬁi such as” G eenw ch Mean Tine), and system status

i nf oM G IRAT I rier is furt ed with one or nore unique,
hi gh frequency pseudorandom noi s mﬂhﬂﬁﬂmﬁ@ﬁ , Which provide a mechanismto
preci sely determ ne the signal t 1 1 JUN 2003 - 2 from

each satellite. Different types of PRMlgddes are used for different system

applications. For exanpigrrihd 5|dpqmﬁ?§. n & so-called I owfrequency
"C/ A code" is used for Tow cos | ess ‘acc ra e connerC|aI appl i cations, and

a higher- frequency "P-code" is used for higher accuracy mlitary
appl i cat | diagsive 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
information, 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.

——-

Each carrier is further modulated with one or more unlque,
high frequency pseudorandom noise (PRN) codes, which provide a
mechanism to precisely determine the signal transmission time



Thus, a typical PRN receiver receives a conposite signal consisting of one
or nore of the signals transnitted by the satellites within vi evﬂgﬂ&ﬂﬂﬁﬂs
within a direct line-of-sight, as well as noise and any interfering
signals. The conposite signal is first fed to a downconverter which
anplifies and filters the incom ng conposite signal, mxes it with a

| ocally generated carrier reference signal, and thus produces a conposite
i nternedi ate frequency (IF) signal. decoder or channel circuit then
correl ates the conposite signal by nfilTiplying it by a locally generated
version of the PRN code signal assigned to a particular satellite of
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desi Hw¥sceqe realized that the tracking error caused by nultipath
distortion in the out- ofphase condition can be reduced by narrow ng the
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- 4 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 satellite’s ephemeris and time of day
data.



For exanple, early PRN receivers were invariably of the Pcode, or high
frequency variety. Since P-code chip tinme is relatively narrow a$ lcdbiied
with the correlator DLL spacing, it was feared that Doppler and random

noi se consi derations woul d cause | oss of PRN code lock if the correlator
spaci ng was nmade any narrower. Furthernore, narrower correlator spacing is
not particularly desirable, as it increases the tinme required to | ock onto
a given PRN signal. This is of part+cdil-ar concern in PRN rangi ng systens,
where often tinmes many codes and code del ays nust be tried. .Finally, it

has been thought that because a narrowed correlator spacing requires a
hi gher pred®9¥ drexe cknfrrrAk Hom, on Hehe cEormatehi the rCRA A BYSE® and
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chip bigBmatey e are several advantages to this arrangement, especially in
envi ronnents such as GPS C/ A code applications wherein the nultipath

distortion jn th i ite signal is qf, t d f

ragn tude SSLFIRNES0SIARTT HRLSTRIS PN deaaed STEn A% of acqui i ng
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and thuys tend to cancel one another., . .
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.



1 1 JUN 2003 - 6 BRIEF DESCRI PTION OF THE DRAW NGS The above and further
advant ages of the invention nmay be better understood by referring to th
fol | owm ng description in conjunction with the acconpanying dramnng§ 1JHN2M3
which: Fig. 1 is a block diagramof a PRN receiver which operates according
to the invention, including its downconverter, sanpler, channel, and
processor circuits; Fig. 2 is a block di4agram of the downconverter circuit;
Fig. 3 is a block diagramof the channel circuit; Fig. 4 is a block diagram

of a carrier/c¢ode synchronizi CIFCUIt used in each chanpel it; Fig.
S 15 8L m ng PR SRARRY o S L P BRSSP aRA o, VB ABHE Soriiri o
a recei ved:dlaRNcm gmjh ﬁreg;ué‘nqs va i expk. dlsagtanm-fc@de:ocmﬁ at ime cig cui t
used in ¢a nel cuit' Flg. 7. 1S Si: | flow entation of
Lhe del af SAEEVEId, TG b SRtared ST e 1P el T il S
and pr oce.tsmascmeanetcb ﬁlmtadm@pbeﬂ%‘ﬂxd:cﬂmdmlmofsg cdhs sderat onof

cal cul at a r \, R r st r

correl at g'gug‘gde % a;ﬁl'asscp%cﬁglghgn a;;éraef%é}r ;Ee# aé | onél?ldféigar/té)lo I ﬁdit‘?é

9 is a pmadeoanyalnaxrawear «racki ng error envel ope versus nultipath delay
for various correlator code delay spacings at a pre-correlation filter

bandui dih of FciuatRle, Edoudt torisdy e alg L g fer ence

bet ween pseudo- =a3i_.ge (PR accunul at ed ta rang e (ADR) mneasurenents
versus t P& P-GP%rLYo&eﬁﬂmb]ﬁglﬁ ¥edaaraases @W%ﬂﬁ)a’ﬁﬂwq‘ difrent

show ng flbek GRI-QVeRyilvedl fERNasidnal he PP Hd WE Pd¥kicular concern in
PRN ranging systems, where often times many codes and code
delays must be tried.

.“Finally, it has been thought that because a narrowed
correlator spacing requires a higher 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 autocorrelaﬁors which form a
delay locked loop (DLL) having dynamically adjustable code
delay spacing.



1 1 JUN 2003 Fig. 11 is a plot of the differential measurenent of F| .10
havi ng the P-code data subtracted fromthe two C/ A code data traced, ol
further shows the-reduction in variance of the range measurenents possible
with the invention. DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBCODI MENTS Now
turning attention to the drawings, Fig. 1 is an overall block diagramof a
pseudor andom noi se (PRN) ranging receiver 10 constructed in accordance with
the invention. It includes an anteAna 41, a downconverter 12, an in-phase
and quadrature sanpler 14, a processor 16, a control bus 18, a channel bus
20 and nmultipl e channel s 22a 22b, 2n, (collectively, the channels
22). The |Th%s?FEPEHnﬁeﬁéFVBFt1Br9Y%¢eﬁehb9hn5?F?ydﬁﬁéﬁﬁlb%%ﬂ%%e%p%ﬁat|ng
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assi ;HrF E] fo‘é\ﬁ p%c@gf?ﬁgag%a? ?féﬁgh&??‘g% %ypﬁe %?étnh J:kgatﬁ*“?l tes which
is presently within view of the antenna 11. A given channel 22 thus
processes TIK%I? are Seyeranaf¥antages ;bR sthHR ALFIRIEMERYY code of t he

si gnadspecielly t eal epvitenmentgnedchadel ¢GPS eC/A ncgde tappd feat bowd channel
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code lock over a wide range of operatlng 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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The locally generated PRN code reference signal is then used to ddcbdeN ps
data fromthe assigned satellite. The resulting decoded data, including the
satellite's epheneris, tine of day, and status information, as well as the
| ocal | y generated PRN code phase and carrier phase neasurenents,
areprovided to the processor 16 via the control bus 18. The channels 22 are
described in detail in connection with Fig. 4. 1 1 JUN 2003 - 9 The
sanpl er 14 and channels 22 are contrglled by the processor 16 via the
control bus 18. The processor 16 includes a central processing unit (CPU)
162 which typically supports both synchronous-type input/output (1/0) via a

mul tiple-bit data busrPAFADESORIPESONUSF ADDR, pRAWIResSt rol signals CTRL and
synchronous controller circuit 164, and an interrupt-type I/0 via the

i ' | | NT.apd ' . Ci it 166, 168
brov des. (M aRROT o ERRARE"SREARERSFR ok ctAE ! LREFEEIOR JBRY RRas " The
openhétnexﬁumdnw$¢ooésbprr&ﬁeanﬂngttotheoﬁsllumrngodestnﬁpeﬁented I n

sof kAL O DELh cndndeconoay LROMELGLAGL ] Ol g UsST on, Referring

now to t he” downconver pass ilter 120, |ow
noi se anpllfler 121, mixer_ 122, internediate- frequency filter 123, and
final anplf¥9erl1P8 aThiogknBdagramspfnal PRY Feeeiven YoiehtPReratefna 11

typi Gaddord Qﬁilﬁéstﬂé Pﬂéﬁ@ﬂéh?tﬁﬁcmgﬂﬁ?%{é%@ﬂéoﬁﬁéﬁtéﬂeS Wi thin view

(that_is, in a djrect .|ine-of-si the receiver 10), any
i nt erFAREIRE m%ﬁ‘%‘i‘%e anﬂn‘ﬁongce%%rFﬁ\F%ﬂfﬁ ted signals of interest

typically use L-band carrier frequencies -- the carrier signals used by
vari ous PRNLg an?)i ig) asybleck diagramfof | the: dakididERte FCRLLERIEY N PRN
RANG NG SYSTEMS L-Hand Carrier Frequency GPS L1 C/ Al. 57542GHz1. 023 MHzGPS

G511 kP DARSPrt aosook (4 R1EPER, B bk P ORI L A Lo 160 dbw
-163 dBW- %S?.dEWXS 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;

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



1 1 JUN z003 - to Natural background noi se at about -204 dBWHz is
typically mxed in wwth the L-band signals as well. The conposite ggﬁh C
is first fed to the bandpass filter 120 which is a |ow insertion-I|ds 2003
filter having a bandpass at the desired carrier frequency. The bandpass
filter 120 should be sufficiently wide to allow several harnonics of the
PRN code chips to pass. In the preferred enbodi nent for GPS C/ A code
reception, this bandwidth is at |east 10 MHz. After the received signal
passes through the | ow noise pre-anplVifier 121, the mi xer 122 downconverts
it fromthe carrier frequency to a desired internedi ate frequency that is
within the_frequency range of the s |ler 14, The internedjate frequency
filter 123F+%'a$§01% 5aﬂgﬁﬁsgffFP?eSEPFFrgﬁFﬁﬁé ﬂﬁaﬁpﬁ?@§35r?glgf?0n filter
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sufficiently w de t intaipn the desir andw dt or detectjon. As w

o acrarint Yhich: PeRERGE blpke nAEEERRGERO "t CabTantF SRS, 111 ter
123 sramg¢ i peastyeméhtst posditbperwbthabhe dhveheiorcei ver 10 in nultipath
fading environnents, and again is typically at least 10 MHz. The fi nal
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 addi ti onaPEIM&ER IRTIQRE OFp I USTRATIVE EMBODIMENTS or 125

provi des a stable frequency, digital, signal as the sanple clock signal
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instructions fromthe processor 16 to provide the control signals required
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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.



The correlators .240 also receive the I,, Q, and F, signals fromthe
channel bus 20. They may be configured in two nodes -- the switch 2561U§NZMB
used to select between the nodes. In the first, (early, |ate) node

correlator H 240b is configured as an early correlator and correlator A
240a is configured as a late correlator. This first node is preferably used
for initial PRN code synchroni zation. In a second, (punctual, 1 1 JUN
Z003 - 12 early-mnus-late) node, -c8rrel ator H 240b is configured as
"early mnus late" and correlator A 240a as punctual. This second node is
used for carrier and PRN code tracking. Both correlators 240 correl ate,
rotate, an@hgcEaRpLEre lAhEereinpg bhesiFppad Farkianaks AafiRIEOBIIGS I at ed
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al so Kaeﬂﬁlééptg rLsgquence |l ength of the PRN code. One data bit typically

consists of T PRN code epochs. For the preferred enbodi nent of the

t t I he
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1023, I that th
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when Previdedi ter the §§909§§ﬁroé§rHﬂﬁnﬁhﬁo¢°§§ﬁ91tPHE 18ne EDEPP estimte
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the receiver 10 has been synchroni zed, since the al manac data rom each
satellite includes an estinmated position and viewi ng of all other operating
satellites. However, if this



i 1 JUN 2003 - 14 almanac data is not avail able, such as when thf Tfelver
10 is first turned on, this estimate is deternined by successive | 1JUN 2003
approxi mati on techni ques which will be described in greater detail shortly.
The Doppler value is specified in carrier Doppler cycles per F, pulse. For
exanple, if the expected Doppler frequency is +4.45 kiloHertz (kHz), which
is a possible Doppler frequency for a stationary receiver and an
approaching satellite, dividing by atypical F, frequency of 20.46 MHz for
the GPS L1 enbodi nent results in an expected Doppler shift of approxi mately
0.00044 carrier cycles per F, pulse. Specified in this way, the Doppler

val ue wi | IThad e llea |1&S$d&&fhmlsﬂm Alfe Zbhtroldied ded tihg 0 a whol e
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to keep it synchronized with the ADR 222. In ot her words, this event causes
t he subchlﬁﬁféﬁmw mosdq Fiourd dhe deyngonvesteshd 3 tackudss a 1 1 JUN
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the sanple clock F,, the locally generated PRN code (as controlled by the

out put si el corPbsite Bignalody phaeévgénéramothezsylteanai ht synchroni zed
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thi's arrangenent, ng as the carrjer phase iIndicated by

t he P i wm.(rﬁlatocnaed w&hzme g fhigiagly ideif-sight fudhthase
gene&é@érlv%&G W), angaintdeeihd & idiald\C A GhdiEe codemeTftim i's

accorrp hed on ‘co in the sense that the.loc reference signal,
ated &g %a& {IRREEP Y FRRIEALLY [45e drhand ISARKARKI at o

freqtfmequmw ~- Ehe raymierr fsigrndis R dge vpaniceves (mlmaihrtgnr@nai n
phas Bm]ﬁ,t y ficant bit of the subchip counter 226a is used
as t%g ear y é:lo Sl gnymE, to indicate a PRN code chip edge. The early
cock signal Eis in turn used to clock the I ocal PRN code generator 230. in
the preferred enbodinment for the GPS L1 carrier, the subchip counter 226a
counts fromzero to nineteen since N equals twenty, i.e., there are twenty

F, CYARAMETHRSROR QERTHIN KRN RANGING SYSTEMS

L-Band Carrier Frequency PRN Code Rate _Power

GPS L1 C/aA 1.57542 GHz 1.023 MHz ~160 dBW
GPS L1 P 1.575—42 GHz 10.23 MHZz -163 dBW
GPS L2 1.22760 GHz ' 10.23 MHz -166 dBW

i
'

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

GLONASS P 1.602...1.616 GHz 5.11 MHz



The P-conparator 226p and L-conparator 2261 are each connected to raCﬁive
the contents of the subchip counter 226a. The P-conparator 226p proVi JN 2003
P clock signal used as a punctual indicator to the delay flip-flop 250. A
pul se is output on the P clock signal whenever the contents of the subchip
counter 226a equals the contents of a register within the P-conparator
226p. Likew se, the L-conparator 2261 provides an L clock signal which
gives a late indication to delay flip-flop 251. The contents of the P and L
conparators may be witten via the ddhtrol bus 18 to adjust the relative
time delay between the E and P cl ock signals and the P and L 1 1 JUN 2003
clock,sjgnals. will be de h the E .P nd L clock
S|gnevgkgfalubgﬁﬁgﬁogﬁﬁtPSFS?hatCB 292 géﬁ/ﬁg peob¥RicC éé?Yy and | ate,
and pnnxedainawﬂthathg-anandIangndEBayslweleoops (DLLs). The chip counter
226b is used to determ ne the duration of a conplete PRN code sequence. For
the GPS e i . de epoch, and
t hus t he m}ERg g?)@ ?swgﬁbaégﬁn %roﬁéﬁﬁﬁmﬁy&%£%ss%05| gni fi cant
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226d ?gAugg BeFﬁB t8Pke Pﬁése ﬁngylggﬁaf + leg F hb TMBARN code epochs.
This indication is given by the npat S|gn|f|cant b|t of the epoch counter
226d, whi chfterotheureaeived sLigR8lspgases Throgghrtbe lowehohgel oop is
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P. Thus FovI des & | ot RKﬁgenerated PRN
(ﬂMkam%#@ﬁ%h%etbegﬂaﬁlpﬁécbéédvléthgﬁgﬁ dﬁtﬁcth@nexpéétﬂulb code whi ch

was désérﬂl%b 2988er, Mt hEVBEhAYESLRNELL éECE aféi' efhi‘sN ggé‘éCBi‘réf&tﬁ@ﬁ ellite.

The [ fli orwarded t PR i nput of
corrg%%fﬁ h@% ﬁﬁgﬁéftcggtfﬁeafﬁﬁﬁPSOF ?IP%If9E$aQ€§ | BB op 251 is
clockeebémveheloain nhbtkpatgnﬂhdinglethnonmeﬁEsrednenhqdinene, t hen,
fIip %E%Y Sl&%§¥|g§3 Iate PRN code reference signal which has been
delay to put of flip-flop 250. The switch 256,
controlled by the rocessor 16, determ nes the node of correlator 240b. If
the switchHIP8efinakii amplifiesnhatt b8 weedhasa preuenphifieationde cal | ed

(Earlgtadét€d pﬁo'@ﬂ&érﬁﬂe'%bhﬁhﬁh@l&ﬂéie&ﬁéﬂra ﬁPB fugetions as an early
correlator,,sihce th rovi ded direct to t he PRN CODE i nput
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single-stage downconverter, there could, of course, be
additional intermediate stages.

A local reference oscillator 125 provides a stable
frequency, digital, signal 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 dE—the
fundamental frequency of the digital reference signal, F,.
This is accomplished by the synthesizer 132, which frequency-



The (early, late) node is used for code search and pull in nodes. To adjust
the PRN code phase, any difference in signal strength between the 5ard%mand
Late correlators (as estimted by summng the I and Q channel sigrl IJ &
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 buffer 229. Wien the switch 256 is in the position
shown, the second, or (punctual, early-mnus-late) node is enabled in which
the XOR gate 255 provides an "earkyldi rus | ate” clock signal E-L to enable
the correlator 240b. This node is used for steady state tracking, and

provi des, i ncreased code phase neasurenent accuracy in the presence of

nul t iatidasadiigy L B i9rak PhRpredaterpinerd MRS Ty YR IA&sh kthe E P,
and h.;iailgrtgiééé sra:}pl nﬁ @mw;ﬂbn{w I?U?Eﬁhﬂﬂhbhte_fééhge_thiiﬁ bbepﬁgagd tLh
registers : . fhe e iment o e invention bein escri bed, e

sub- i %—mserf]%r cg%ﬁt‘émr%‘ﬂ/%ﬁ%r%‘f %Wﬁé}%cﬁe cg‘?ﬂdtptqcll ne, so that

t he spddiage nay tise swt@ct . f rrie oreo (Provides oree ate ferenae dogndlo as
littl 05 hi.p, ti e, 1 JUN 2003 - 18 By referring
now tL?)) Iq—:l%gqgl,et en%f)%%ﬂ&ggﬁo? Aarpq ylé)llrs‘g%lf 1c%:zr‘r el ator 240a will be understood
in greater detail Correlator 240 consists of decoding and rotation |ogic
242, a pai} tpighlerchansl shin 2usEhewpain B9« el sty sinaidesmd 244q, and
a paidar¥i PfdSis AAmtnhPdith 260 % itaiie! A@r ﬁ&@@:cﬁfé%ﬁeﬁ%ﬂ 23nd Q

sanpl es, and the sanple clock F, . and I@({T{)romthe channel bus 20 al ong
wi t h B9ek GarRelRtakD R 0arand i 2dihiseak tecTivelyq cornglators (440) .
synclamiaz od? Helialy thindPRbaeste 1oy outed £11pn thepslad sy dide =50 ¥OR r el at or
240bg%ltso Z:;gcei ves an er?%%eié;ntrol line EN. Correlators 240a have this
cont H51*9 i 'Elﬁtﬁgr%a%% G bl ed. The correlators 240 al so receive
correlator |oad pulses CLD,~ fromthe interrupt controller 166 via the
control bErieflyn tUperaynchronirer @2®| ks ;a Lissplennungxriaswlliyhe i ncomi ng
SaMPlehtlro 14l Qadiithidl (IR |uh ANGISLL dAd refenenceagignal ,
rotates the result by the ihstantaneous carrier phase angle estimte as

r epr ARATORYF IRte H sk Fucthipng (from the pERFSRIF A& hRIIREEd &S sult in

regi Hontrodds igndlss theguieed oy 4RN bode Nyeridratdr 1280 ragi sters 244 are
forwar ded .t thezguifers 245 °§Fd then to t etﬂ{oc ssor 16 %each CLD=
pul sECTFF A& B S R LW EWEFVLY Fraeh She HREFHsAY, Wtion. The
decodiamy iz phatsst iexron@aussl perfesidud hddppglexy rap aweltlhraat ito on its

i npu i X - PRN cos(6) + Q PRN sin(6) @ - Q PRN cos ( 8
) - Itt)l%cgﬁﬁt&s ﬂllﬁz (ccgd?\/\here PRN is the current value of the PRN CODE

input and 6 is the instantaneous carrier phase estinmate represented by the

bits tro, The code, gengrafnr A3 MFesH ity ABkSeHh AHPHeRWithE t he
i NSt YNV 7EWH 20 tdiddndratidia Sastabgsttiteferindy igrfal Cclrrek pul se,

o) on b, Syt oh LD, e S Siged e S Yith e e
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. PRﬁ code
generators such as code 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 confiqured in two modes
-- the switch 256 is used to select between the modes. 1In the
first, (early, late) mode, correlator B 240b is configurgd_gg
an early correlator and correlator A 240a is confiqured as a
late correlator. This first mode is preferably used for
initial PRN code synchronization. In a second, (punctual,



- 19 The adders 243 and registers 244 performa |ow frequency filtering
function on the 1o and Qo data, by sinple accunul ation of successwe

sanpl es, to produce averaged in-phase and quadrature sanples, |, andl ' JUN 2003
The Doppl er frequency estimate EDOPP i s naintained by the pr ocessor 6,
using either an automatic frequency control (AFC) | oop technique or a phase
| ock | oop (PLL) techni que. The AFC | oop approach uses a frequency error
estimator F, I, (t-1)*Q (t)I,(t)*Q (t-1), where (t) and (t-1) indicate the
present and preV| ous sanpl e sets r-eéﬁectl vely. Hy calculating F,, an

i ndi cati on of how nuch to correct the Doppler estimte EDOPP is thus
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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



- 21 Once the satellite is correctly | ocked onto the carrier frequency and
code phase, the correlators 240 are switched to the (punctual, 11 JUN 2003
early-m nus-|l ate) node by noving the switch 256 to the excl usi ve- OR
position. In this node, the output of correlator 240b is used as required
to maintain code lock. At this tinme, the delay between the early and late
PRN code estimates E and L is also slowy decreased by adjusting the
conparator registers 226p and 2261 (Fig. 4). By narrowing the DLL delay in
this manner, the noise level of the l#l scrimnation function perforned by
the early-mnus-late correlator 240b is decreased, and its accuracy is

i ncreased, as will be seen ecially in the Eresence of nultipath fading.
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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. 1In mosf instances, such as when the receiver 10
has been operating for some time, the EDOFPP estimate may be
taken from almanac data already received from satellites to
which the receiver 10 has been synchronized, since the afmanac
data from each satellite includes an estimated position and
viewing of all other operating satellites. However, if this



L~k Ipk + @_r.~k Qvk referred to as a dot-product discrimnator. This is
preferably used in the steady state with the (punctual, early-ninusqlﬁg?ﬂ 3
configuration. In general, carrier phase tracking is better with respec g@
noi se in the dot-product node because of the availability of a pupctual
power estimate, which has a greater signal strength in the presence of

noi se. sy starting the DLL in an acquisition node having a w der spacing
between the (early, late) correl atorldd -and then '-'_ narrowi ng the

correl ator spacing, an advantageous reduction in the susceptibility to
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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 counter 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 out,
i.e., increments from K-1 to 0, a cycle is stolen from tB;_sﬁb
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.



1 1 JUN 2003 - 24 By setting this expression to zero, and then sol anﬂJNiZﬂUS
an iterative manner for zk, with ~, set to zero and rr radi ans, and 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 Mz 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 envelope is indeed nmuch snald gr5 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 |onger PRN code chip tine, any given
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_., 1 1 JUN 2003 - 26 The foregoing description has been |imted tP
speci fic embodiment of this invention. It will be apparent, however! 13Hﬂﬂmﬁ
variations and nodifications may be nmade to the invention, with the
attai nnent of some or all of its advantages. Therefore, it is the object of
t he appended clains to cover all such variations and nodifications as cone
within the true spirit and scope of the invention. 1 1 JUN 2UU~ 27
CLAI 1~1S: 1 A receiver ( I 0) for -dasodul ati ng and decodi ng a conposite
radio frequency (RF) signal consisting of a plurality of transmtted
pseudor andom noi se (PRN) encoded signals conprising an RF downconverter (
2), codmakctsignals ecohfewihd kbongescribet shonbly anthe oE prByi ard sl conposite

i nt erdipghiats; § ﬂé&HK%EU &ééﬁ ébgééﬁtrSFaﬂﬁe(cé§3é1£96rﬂe@£63£6“9 a |oca
sanpl e clock S| 3 a sanpling_circuit 143 ), connected to receive the
%Hﬁl

compaAQELde a3 Bl ek LoRal punGEial caRd KeRF LYinrinufrlate fHetive

di gi tidck Mtgdps e(flns panpl es and quadrature (Q sanples of the conposite IF
signal, a pIurallty of channel circuits (22), each channel circuit for

denDdU|aI'fEE rhlp counter 226b is used to determine the duration of
a complete PRN code sequence. For the GPS embodiment, there
are 1,023 C/A code chips in a PRN code epoch, and thus the chip
counter 226b counts from zero to 1022. The most significant
bit, INT1 indicates the end of a complete PRN code epoch; it is
used to reset the local PRN code generator 230. Another clock
signal, INT4, which is four times the rate of INT1 (i.e., the
third most significant bit of the chip counter 226b) is also
generated. Both INT1 and INT4 are used to interrupt the
processor 16 to service the correlators 240 during an initial
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. Assuming 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 fllp—flop
250 provides a locally generated PRN code reference signal
precisely aligned with the expected PRN code which was



decodi ng one of the transmtted PRN encoded signals, and connected in
parallel with the other channel circuits such that the each channfﬁ ﬁ&rﬁﬁit
receives the | sanples and Q sanples at the sane tinme as the othe J ﬂ
circuits, wherein each channel circuit further conprises’' a PRN code signal
generator (230), connected to receive a synchronizing adjustnent signal and
to provide a local reference PRN code signal; neans (242) for decoding the
| and Q sanpl e signals, connected-~ t&7recei ve the | sanpl es, the Q sanpl es,
and the | ocal reference PRN code signal, the decoding neans for nultiplying
t he | t he local ref ce ,PRN code si gnal rovidin
e el BTG (e ek 68l o LSl S S S0t slgnalay 2y oyl di ng
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wherei n each channel circuit (22) further conprises neans (222} for
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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 1nventlon belng
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.



wherein the autocorrel ati on neans (243, 244, 18, 16, 226) provides the
synchroni zi ng adj ustnent signal to the synchronizing circuit, ang1wnﬂ{ﬁmp
t he PRN code phase signal is provided to the PRN code signal gen raf

(230) 3 Areceiver as in claim1l wherein the predeterm ned wi de correl ator
delay is equal to one chip time in the PRN code signal 4 A receiver as in
claim1 wherein the predeterm ned narrow correlator delay is equal to a
fraction of a code chip tinme in the RN code signal 5 A receiver as in
claim3 wherein the predeterm ned narrow correlator delay is equal to a
fraction of a code chip tinme in the PRN code signal 6 A receiver as in

cl aim 1 whByerefeneiogr neWwatpoligowér, theebpbsadébarafnedtppiaaﬂot pr oduct
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| evel erm ne a power diScrim na 03 29 8 A receiver
as ~nCernekatorhanli qonﬁesﬁgrpél derodipgwand| sptptiendéegiai Aéd,bg early

and | frCGErSHEEQFszﬁ%OLnS é4@%CthSEﬁSofnrﬁgﬁbﬁbésWﬁ@&Q' Anjhe

correlation power level 1s deter by punctu early-mnus-1late

corre?4#grsapdsp) pair of buffers 245i and 245q. Correlator 240a
accepts the I, and Q, samples, and the sample clock F,, and IORQ
from the channel bus 20 along with the instantaneous carrier
phase bits m,, m,... n, from the synchronizer 220 and the PRN
code signal from the delay line 250. Correlator 240b also
receives an enable control line EN. Correlators 240a have this
control line EN permanently enabled. The correlators 240 also
receive correlator load pulses CLD, from the 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
registers 244 are cleared to restart the next accumulation.

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

I, - PRN - cos(®) + Q, * PRN -+ sin(®)

I,

Q, * PRN « cos(®6) -~ I, * PRN - sin(®)

Q.

where PRN is the current value of the PRN CODE input and € is
the instantaneous carrier phase estimate represented by the
bits n,, 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
processed before any significant power loss is encountered.



10 A receiver ( 10) for denodul ati ng and decoding a conposite radio
frequency (RF) signal consisting of a plurality of transmtted pseudorandom
noi se (PRN) encoded signals conprising an RF downconverter ( 12), ¢ dnfiticinexd
to receive the conposite RF signal and to provide a conposite internedi ate
frequency (IF) signal, nmeans (132) for generating a | ocal sanple clock
signal, a sanpling circuit (143), connected to receive the conposite ff
signal and the |ocal sanple clock siyghal, and to provide digital in-phase
(I') sanples and quadrature (Q sanples of the conposite IF signal, a
plurality of channel circuits (22), each channel circuit for denodul ating
and decodiBlye ondderst e3t apdsnegistiePR\2 éhcperfiotinghallow &reqeenarcted in
par al 421 4t {hgt Benet 165 egaws' 1C1drf I, Saalf by NBSmBRENaELaRAL L EOACUI ¢
receives t sanp es an l'es a e Sa as the other channel
C|rcu?fssuﬁﬁ%$%¥“ee§%%9%ﬁ§nnﬁP EFP@HF? averagedcépppPhags aBdns (222) for

prOV|@u5@k5{hggp§§ﬁ§geggrt|Qﬁuprse signal, a synchronizing circuit (220),
connected to receive the sanple cl ock S|gnal t he expected carrier phase

si gnal , ronpzin ust nt,.s and con ecte ovi de an
Sanal g SUPEILRrEELIRe Atk LA 3 H0Ae E0ChCoRSEhel by, praY Oe o
accunytamedscnrIGeru@hageestgenlaandutoﬂatpbaﬁeequgnaYscbntnglsyAEGponous

i th P 2 tadt
the PR oHeHfiLade (Gh, £ oPiaBeRiBLiOTBEE Pl ) CE0enniaBRcr e RRECERLIC e
sugnalooye@purmgchnusearauérequeacyoﬁrneanQSQimayor|Hﬁihdtnb)ﬁﬁdﬁ@-for

Si wlf%ﬁ&g%w_ﬂ?%ﬁé pa)aaﬂddgﬁﬁﬁ}ggnaheateaeﬁ pr»a h€ shanal s,

connect td recelve t Q sanpl es, the
| ocal PFRY £PeH cRApRhe c8RES sFeRRECtAKELY he Bﬁc‘aﬂ%‘l"&%éﬂleﬂr Fuera’bhase si gnal ,

Fhe_dﬂmmﬂﬂéﬁi¢ﬂgoﬂﬁﬁ@ﬁ ﬁ@éhpﬁéséofﬁéétlﬁﬂetb@pbléﬁdeékiﬂﬂﬁéeEDbPPaﬂsanDUﬂt
I ndi cat ed th‘garr gﬂgse s Lﬁ g H ng neaﬁs for
il S e YSedan e BHEF Eush Ve BL oberRRARES RS RPROEE oi gnal . and
pr oviekror desbimate, aPd =Qaga@Ene g Q,Af) , to control the phase. The .
carrier phase is 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.

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. For 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.

e

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



correl ation neans (243, 244, 18, 16, 226), connected to receive the decoded
| and Q sanples, for determning the correlation power |evel at firﬁt 003
second code phase del ays, and for providing the synchronizing adjus Je
signal to the synchronizing circuit by conparing the correl ati on power

| evel s at the first and second phase del ays, characterized in that the
first and second phase del ays are dynami cally narrowed by being set to a
predeterm ned wi de correl ator del ay igumu to a PRN code chip tine during an
initial PRN code | ock acquisition petiod, and by being set thereafter to a
predeterm ned narrow correl ator delay equal to a fraction of a PRN code

chip bhae( 1}1PAN”EBHEchQb dsﬁedqhahbaa BE@w@SﬁOGhEQe§r§9”€8§ké§a€b9na
consi sting uralit transmtted pseudorandom noise (PRN) encoded

si gnat40 Eoﬁﬁﬂléﬁgﬁ §8ﬁﬁ?iﬂ§°?h3488np03|te signal in synchronizmwith a
| ocal sample clock signal, and thereby providing digital in-phase (I)
sanpl es anduquadrahurBRNCkoaanmeStné tbeigedpeateilitgnak, 16aedidng the |

ci 1 out B BoRMBCE RN FRopaBaneErthF aobnEial hEF SRUNMACErr cBRTS such 1 ha

each phaamblectrequEncgeeigad cbgelphaapléelayd &reatpers at the sane tine
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decoded JUN 2003 31 deternlnlagﬁthe correl atjon
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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 INTl1, 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 continuously-made
by incrementing or decrementing the individual code phase
registers 226 (Fig. 4).



provi di ng an expected carrier phase signal, producing an accumul at ed
carrier phase signal and a PRN code phase control signal which are 11JUNZMB
synchronous with one another, by conbining the sanple clock signal, the
expected carrier phase signal, and a synchronizing adjustnent signal, and
phase-rotating the I and Q sanples by an anount indicated by the

accunul ated carrier phase signal 13 A nethod as in claim1l wherein the
predeterm ned wi de correlator delay is equal to one chip tinme in the PRN
code signal 14 A nethod as in claiLnpjil_-wherein the predeterm ned narrow
correlator delay is equal to a fraction of a code chip tinme in the PRN code
signal 15 A nethod as in claim 13 wherein the predeterm ned narrow

correl at oOnxe he sadmidite s foameatlyflarkestieontto kthe marmierthe PRN code

?iiatggrme#glgﬁb : ot progﬂq d’ms%ig?% 1%63}:% ?Hrga%od as%alorenvill 'S

wher &heg t(rli?éllt,cdfr‘-!raél gl yowidug ghatie § dnade dirimesing the@vetadl 266 ni nat or

to the exclu81ve-OR position. In this mode, the output of
correlator 240b is used as reduired to maintain code lock.

At this time, the delay between the early and late PRN
code estimates E and L is also slowly decreased by adjusting
the comparator registers 226p and 2261 (Fig. 4). By narrowing
the DLL delay in this manner, the noise level of the
discrimination function performed by the early-minus-late
correlator 240b is decreased, and its accuracy is increased, as
will be seen, especially in the presence of multipath fading.

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 m,, 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 reglsté;.ZSOO
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



1 1 JUN 2003 32 18 A nethod as in claim 11l wherein the correlation power

| evel is determined by early and late correlators 19. A nmethod as in tiallh2003
11 wherein the correlation power |evel is determ ned by punctual and
early-mnus-late correlators 20 A receiver ( 10) for denodul ati ng and
decoding a conposite radi o frequency ranging signal, consisting of a
plurality of transmtted signals, one of which is nodulated with a

pr edet er mi ned pseudorandom code, the receiver including A a code generator
(230) for generating the pseudorandgm code; B a correlation neans (240, 18,
16, 226) for synchronizing wth the received version of the code the output
of the code generator, the correlation neans operating in an acquisition
node seceydchode)ze Bheshadiéngetheapanctuadi tapnpPoir thils manpernd

: , i . . ¢
Che coif edde PadrayOHgeLob! 16 LAY, [BUFctlals S6driRERRELT HERe ity P10
t rackbegs@bdeonaki hijttdber asadi bnofieasohépebinmet hat correspond to a

correlator spacing that is substantially narrower than one code chip, which

reduces thgzgdvesppephiset 2407 inbhb408t 8 Pasi bk AR €0pi NersO@RiénaCKi Ng
generate the DLL signals for each of the I and Q channels.
Thus, in the (early, late) mode, the correlator 240b provides
an early correlation signal as {I,, Q,} and the correlator 240a
provides a late correlation signal {I,, Q,}-.

In the (punctual, early-minus-late) mode, correlator 240b
provides an early-minus-late correlation signal (I,,, Q,.} and
correlator 240a provides a punctual correlation signal {I,, Q,}.

The processor 16 then performs the DLL discriminator
function to determine PRN code phase lock. One discriminator
function of interest is

2 2

Inz + Qu - Iu = Quzl

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

I--x,u I, + Q--:.,k Qu ’

referred to as a dot-product discriminator. This is preferably
used in the steady state with the (punctual, early-minus-late)
configuration. 1In 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



operations; and ii when operating in the acquisition node naking
correl ati on neasurenents that correspond to stepping through the {chdéN 203
steps that are substantially w der than the narrow correl at or spaci ng used
in the tracking node 21 The receiver of claim20 further including a
plurality of code generators (230) and an associ ated plurality of

correl ation neans (240, 18, 16, 226), each of the correl ation neans
measuring the correl ati on between the output of the associated code
generator and the received version-ad3the sane code. 22 The receiver of
claim 21, wherein each of the correlation nmeans includes an early/late
correlatore§240b) that in the trackin makes correl ation neasurenents

e
1 1 Jif pysmagily QBedgpeFHPnéaFﬁetBB%r&pﬁtﬂéﬁtBEF&BQnoﬁhE hecGEP§ED version

of theoﬁﬁémﬁtﬁbﬁdfﬁﬁdtlamdnéarealtby nuaubate Malsipataf fabdengsesdor andom
ner at or, t he earl corr | at %Hoper ati ng on

code roduce % gB gﬁ b /Ia&g
si gnat ®88npFPEETEh aBC&BrO EY FRIACDSeakAY| § Fa?g ersit8i®sf the code
i s noafterotB@ Dhe hascbeen dhithiaildzead, anheislnraakmngfthbe correl ation

”Ea”StLH§LHEEtEHC#Hﬂ¢§i%nBE”ﬁEH%'tﬁQVBSEﬁtBE (2802htolBLEBrak ohe tracking

node, nakKes correlati on
function, the delay between correlators is narrowed, without
adversely affecting code lock, to reduce the effects of

multipath distortion.

Fig. 8 is a theoretical plot of the tracking error
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(wt + ¢) + a*A-C,(t-8)+cos[w,(t=-56) + ¢],

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 6§ 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, = {Re(T,-d/2) - Ry(T,+d/2)} * Ry(t,) +
a's {R,(t,~d/2-8) - R,(T,+d/2-8)} * R,(T,-8) +
a *{Re(T,=d/2) = Ry(T,+d/2)} - R(tT,~6)-cos(4,) +
a *{R(T,-d/2-8) - R,(tT,+d/2-8)} + R.(T,)°cos(¢.),

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.



measurenents associated with a punctual version of the code produced by the
code generator 24 The receiver of claim23, wherein the earlyAltagieN 2003
correl ator (240b) operates as an early correlator and the punctual
correlator (240a) operates as a |late correlator when the correlati on neans
I's operating in the acquisition node 25 The receiver of claim23, 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 1hg acquisition node .A3N% AHL. AL A AE
AR CAF2. Ay. A

Al ?. A3a. Al LL. Al US. Al S. AYh. AF. A3. Aly. Al . AALA(. ALH?. A2. Al U, . A3. A- . A ;

r.AS. A a. Apy. éebtind BhisNekpPpébipe tWQkeapcabnd] thepatod¥ing in an

tﬁggg{fgg%fca ngﬁfggﬁféga @gkfggfﬁ%%ﬁfgatfcgfigafg?a£8fag%??5fG?fd
{vql g®] 8et] FeaPelh})capcarcarcapvelenpcapnabeafiesprained; caTbe] €5Fes] ca] cal ca
q(*“gﬁ@ﬁiéﬁéCEBEabﬁéléﬁhﬁaéWEab%BéU%Eﬁciné Was calculated for a 2

MHz pre-correlation filter bandwidth (element 123 in Fig. 2),

which is the typical bandwidth of prior art C/A code receivers.

As is evident from the plot in Fig. 8, the 0.1 chip error

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 channel
was the inventive C/A code channel receiver with dynamically
narrowed correlator spacing of 0.1 chip in the steady state.
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a through a first order digital filter w1th a 100 second time
constant.

The results are shown in Fig. 10 as a plot of PR minus ADR
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. Althoudg a small portion of the
multipath effects were pOSSlbly 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 cage 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.
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1 A receiver (10) for demodulating and decoding a composite radio frequency
(RF) signal consisting of a plurality of transmitted pseudorandom noise (PRN) encoded
signals comprising

an RF downconverter (12), connected to receive the composite RF signal and to
provide a composite intermediate frequency (IF) signal;

means (132) for generating a local sample clock signal,

a sampling circuit (143), connected to receive the composite IF signal and the
local sample clock signal, and to provide digital in-phase (1) 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 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 1 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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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 PRN code phase signals being synchronous with
each other,

carrier rotation means (242), connected to receive the I samples, the Q samples,
and the accumulated carrier phase signal, for phase-rotating the I and Q samples by an
amount indicated by the accumulated carrier phase signal,

wherein the autocorrelation means (243, 244, 18, 16, 226) provides the
synchronizing adjustment signal to the synchronizing 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



31ML0% & ()-F #3v Ek31ml0% & ()-F 31ml0% & ()-F >>>>>>>eFr S1!! 33
y#31ML0% & ()-F 31ml0% & ()-F 31m0% & ()-F 31m0% & ()-F #3v 11 JUN 2003
Ek31mL0% & ()-F >>>?722eAr S1! ! 33 y##3v EK31ml0% & ()-F 31ml0% & ()-F
31mL0% & ()-F

29
8 A receiver as in claim 1 wherein the correlation power level is determined by
early and late correlators (240)
5 A receiver as in claim 1 wherein the correlation power level is determined by

punctual and early-minus-late correlators (240)

10 A receiver (10) for demodulating and decoding a composite radio frequency
(RF) signal consisting of a plurality of transmitted pseudorandom noise (PRN) encoded
signals comprising

an RF downconverter (12), connected to receive the composite RF signal and to
provide a composite intermediate frequency (IF) signal,

means (132) for generating a local sample clock signal,

a sampling circuit (143), connected to receive the composite IF 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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an amount indicated by the carrier phase signal, and the decoding means for multiplying
the I and Q samples by the local reference PRN code signal, and providing decoded I
and Q samples, and
correlation means (243, 244, 18, 16, 226), connected to receive the decoded 1
and Q samples, for determining the correlation power level at first and second code
phase delays, and for providing the synchronizing adjustment signal to the
synchronizing circuit by comparing the correlation power levels at the first and second
phase delays, characterized in that
the first and second phase delays are dynamically narrowed by being set to a
predetermined wide correlator delay equal to a PRN code chip time 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 circuits 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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signal which are synchfonous with one anothér, 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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ranging signal, consisting of a plurality of transmitted signals, one of which is
modulated with a predetermined pseudorandom code, the receiver including

A a code generator (230) for generating the pseudorandom code;

B a correlation means (240, 18, 16, 226) for synchronizing with the
received version of the code the output of the code generator, the correlation means
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

i 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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generator

24 The receiver 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



