2 8 MAR 2007 APPARATUS FOR AND METHOD OF MAKING

PULSE-SHAPE MEASUREMENTS CROSS-REFERENCE TO

RELATED APPLICATIONS The present application claims the benefit of

U.S. Provisional Patent Application Serial No. 60/462,973, which was filed

on April 15, 2003, by Patrick C Fenton for a PULSE-SHAPE

MEASUREMENT FOR MULTIPATH-MITIGATION TECHNOLOGY ardgistar 2007
hereby incorporated by reference. BACKGROUND OF THE INVENTION

Field of the Invention The invention relates generally to systems for

measuring the pulse shape of a broadcast spread-spectrum signal and, in
particular, to systems that provide multipath mitigation by estimating at

least thepgir hSigh Pl ﬁ(ﬂ%“i”ﬁ S
Background In orryatlon gr&@%@ﬁ@ﬁﬁeﬂﬁ at utilizes rgr?)gsg;{%FE
spread-spectrum signals is a MBASOBEMEY FHstem, such as, GPS,

GLONAS or AItBOC systems. The system receivers determine their
global positions based on the signals they receive from_associated

e
satelites, THRASMEIF ERERR B RO REL AL ASELIE S ANStha
is modulated by at least.one pseudorandom cqde, such as a hinary PRN
code that c%%%éfée%fagpi‘é%t}%'ncé?y’}%ﬁ‘&gﬁﬁ‘e?%&%%n%}@f’ 8W§%ﬁﬁt%ros
that perididicamhSecpdde. GHEc3AS varich zevoddr ohé PRI OB, dneRafisk €4
to asreRee Bhipa/Lapd i asAIQDREMINGT SORMINTT®AT IRMEIfCATION

Zero ich occur at "code chip times," are referred to as "bit
transfﬁ%%%&%%}sﬁ?gl'llstgeﬁesbésmacoﬁﬁ?gaﬁ% hrﬁf%?)%f& and thus, a receiver

can associate a received signal with a particular satellite by determining
which PRN code is BAl04¢6G ROUNIDOH. PHEVINY EOOFIONThe receiver

calculates the difference between the time a satellite transmits its signal
and the time that the receiver receives the signal. The receiver then
calcui@sdf3he Invention
The invention relates generally to systems for measuring the pulse shape of a
broadcast spread-spectrum signal and, in particular, to systems that provide multipath
mitigation by estimating at least the direct path signal based on the pulse shape

measurements.

Background Information

One example of a system that utilizes broadcast spread-spectrum signals is a
global positioning system, such as, GPS, GLONAS or AItBOC systems. The system
receivers determine their global positions based on the signals they receive from
associated satellites. The broadcast spread-spectrum signal consists of a carrier that is
modulated by at least one pseudorandom code, such as a binary PRN code that consists
of a seemingly random sequence of one and zeros that periodically repeat. The ones
and zeros in the PRN code are referred to as “code chips,” and the transitions in the
code from one o Zero or zero to one, which occur at “code chip times,” are referred to
as “bit transitions.” Each satellite uses a unique PRN code, and thus, a receiver can
associate a received signal with a particular satellite by determining which PRN code is

included in the signal.
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distance, or "pseudorange,” from the satellite based on the associated

time difference. Using the pseudoranges from at least four satellites, the
receiver determines its global 5 position. To determine the time difference,

the receiver synchronizes locally-generated PRN codes with the PRN

codes in the received signal by aligning the code chips in each of locak 8 MAR 2007
codes with the chips in the correspondi_ng satellite generated unique PRN
codes. It then determines how much the’locally-generated PRN codes are
shifted, in 10 time, from the known timing of the satellite PRN codes at the
time of trihsmission cdadataltidatidstereabsoviatdttsmadomelliestansmits its
MUlBply e UAE fRGaSY ‘%Het}@&%iélé‘ﬂf{z?c%é@?hesﬁgﬁﬂ OTHIRL D& MG a1culates its
closely the receiver aligns the locally-generated PEN code with the PRN
codistananeorepesvdersignalirom hosetplseikassdihe theowsipsiatedh atetiffence.
th@ﬁ%g%%ﬁ%%%ﬂ%@@?@f@&cﬁ A6 PSGUIIARGC ROV Beitsaiakals global
position. 15 The code synchronization operations include acquisition of
th@4éfMite PRN code and tracking the code. To acquire the PRN code,

the receivey genaaiabtivakesdartsanes elcRualatiepnaeases mraly halerated
' when.the

are separated in tim a code chip, to . determin e
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redimeefrimshersenwet mingaof dedsiatdlliceORYignddstAbths tpnepdrtiengission, and
th%ﬂ&ﬁ%&&ﬂﬂ%%_@&%ﬁ%eﬂ%lﬁﬁ?&ﬁ@%GR%@%h%J&%?&W@N&s by the

code. The error signal is used, in turn,to control the PRN code generator,

whibfeeofideie Tomereiotsi the sesrivtn Aisnsitirin insenrsreRBMN code
25Wikethe paveEads it catl Aipagriile thatiabile praciiery Wit rackioal eafdefermine

USit%? correlat'(%n m ggurementds assgciated WIJh. a eun(ftuall \éeisiontof the
locar PRRFEEHETE U RIS TRE G &1 I8F 188 &Y AP S KNG B bk
loop. TheTiteceidesyacivagatanariyritienoisiyde aqgdisectinpafithssteliie PRN

T e B Lo Ry maces
boskeissotfpatesiatien e BURaIAYS, that aerrepaRiRthiatHBaiscad iR the
r?@%@ﬁxﬂf@%l‘i@@ @i %@aﬂ@@cﬁ'&ﬁ@dm &S’l’fgﬁmﬁw i{_ﬁhtﬂ%e%@ BB within one
signal to produce a distorted received signal. This_distortion of the i
recodeghip. To thereafter track the PRN code, the receiver generally makes correlation
measurements that are associated with the (eceivcd PRN code and early and late
versions of the locally-generated PRN code. The receiver thus produces an associated
error signal that is proportional to the misalignment between the local PRN code and
the received PRN code. The error signal is used, in turn, to control the PRN code
generator, which shifts the local PRN code essentially to minimize the error signal.

The receiver also typically aligns the satellite carrier with a local carrier using
correlation measurements associated with a punctual version of the local PRN code. To
do this the receiver uses a carrier tracking phase lock loop.

The receiver receives not only line-of-sight, or direct path, satellite signals but
also multipath signals, which are signals that travel along different paths and are
reflected to the receiver from the ground, bodies of water, nearby buildings, etc. The
multipath signals arrive at the receiver after the direct-path signal and combine with the

direct-path signal to produce a distorted received signal. This distortion of the received



2 8 MAR 2007 -3 signal adversely affects code synchronization
operations because the correlation measurements, which measure the
correlation between the local PRN code and the received signal, are
based on the entire received signal - including the multipath components ¢ i 207
thereof. The distortion may be such that the receiver attempts to
synchronize to a multipath signal instead of to the direct-path signal. This
is particularly true for multipath signals that have code bit transitions that
occur close to the times at which esde bit transitions occur in the
direct-path signal. One way to more accurately synchronize the received
and the locally-generated PRN codes is to use the "narrow correlators”
discussed in United States Patents 5,101,416; 5,390,207 and 5,495,499.
It has been determined that narrowing the delay spacing between early

siyndl ladesrasne i RRMyRMONsaSuh Sipsriadys etes the careritsh
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he contributions of many of the multipath signals. Accaordingly,
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tetpaifiventy) Veishdistiertatttmemiitne yoeouid the tirdubpatiesignakde at a
greater interval around the peak. Other systems use different techniques

for ma&waﬁtswwbaémrﬁmswaﬁ?@m& tE&r@@éaZaa%d\td@m&ugsganerated
PRN DA USRS fhe ﬁg‘lf&%%’ﬁ&‘a?‘%g iS2 ﬁr‘ghcﬁ\rlﬂ%‘ <EI9:58LLglqtion

measurements near chip fransitions in the foca
Wdﬂ@@&%&?&éﬁ%’&% é?%téhh‘%ﬁ&e@@|€et%w’§5ﬁﬂ§ﬁ?f&vafwe¢a@delay
sienlinkp o ptwessticlatiyrdndded oorikietice ativadyrelosetpsakynityiol theel sesragies
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N code ?enerator Another way 1o more accuratelgl synchronize the
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et PRt SigRal AL AR REKALE 9 S dRWHRAR the punctual PRN code
correlation measurements than the contributions of many of the multipath signals.
Accordingly, the early-minus-late correlation measurements made by these correlators
are significantly less distorted than they would be If they were made at a greater

interval around the peak.

Other systems use different techniques for making the correlation
measurements. EP 0892277 A describes a system that uses a "blanked-PRN code’ to
produce non-zero correlation measurements near chip transitions in the local PRN code.
WQOQ7/06446A describes a system that selects IF samples for a delay lock loop
correlator based on the relatively close proximity of the samples to the expected code
transitions as estimated by the NCO of the local PRN code generator.

Another way to more accurately synchronize the received and the locally-
generated PRN codes is to use a multipath mitigation processing technique that
iteratively produces estimates of the direct path signal and one or more of the multipath
signals. One such technique is described in United States Patents 5,615,232 and
6,692,008. Another technique that uses multiple correlators is described in United



signals. One such technique is described in United States Patents
5,615,232 and 6,692,008. Another technique that uses multiple
correlators is described in United 2 8 MAR 2007 -3a States Patent
5,414,729. Yet another multipath mitigation technique is discussed in 28 MAR 2007
Weill, "Multipath Mitigation Using Modernized GPS Signals: How Good
Can It Get,"” ION GPS 2002, Portland, OR, September 24-27, 2002. The
multipath mitigation processing techniques are based on the manipulation
of pulse-shape information that co'rPeas'ponds to samples of the received
signal taken at discrete code-phase offsets. The samples are taken in

chgonis ' le clock, with,a predetermined number of .
e 2 g D R S B TR e B s
Wesilve Mewteat bl itigation Seirgdieds [pizgd BPRPhSignalsehpuseaps thantit{aet.”
1of{sergraooderdelayd AORPEepatisdheapaplingte, and O represents the
phase angle. The basic form of the manipulations that extract the direct

path sigpalulffArmRighian o uessiirafhsiaar Bed MR ntdfPilation of

and [rmp2,Amp2, dmp?2], is: 12, ri3 5 . .

HReRIoR TR R SRS TP IeT s Peeiies okt
disc@te\caideshasethiéspisistranaitlase aariaskrsinmashietsm diicacsemple
dsie vhas preésainindanuitRisiclionatiannth péilsdmsted
pseudo-random-noise ("PRN") chip. The input data from discrete sample
points of the received spread-spectrum 10 signal are samples from the
composite signal, which includes the direct and the multipath signals. The
accuracy of the multipath mitigation processing is inversely proportional
to the thermal-noise level corrupting the samples of the incoming spread-
spectrum signal. Individual samples of the signal are too noisy to achieve
acceptable results, and a certain amount of filtering of the incoming signal
is required to provide is accurate multipath detection using the multipath
mitigation techniques.
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Multipath interference is usually slowly varying with respect to the

frequency of the spread spectrum chip rate. Over a relatively long period

of time, (a few seconds) the multipath interference affects every chip of .
the incoming signal the same way. The thermal noise, which dominates, g yar 2007
the signal, varies rapidly with each chip of the 20 incoming signal and can

be easily filtered. SUMMARY OF THE INVENTION The invention is a
pre-correlation filter and a receiver that'u‘%ilizes the filter to form an image

of the average chip shape of the received signal over a specified period

of time. THweliriggs ia thepebsad @prastinna] darihscofpacanelers fowes), where 1
measurements. 2 2007, 5.along, the length .of a single chip, The

v me WA o oo R S LA IR AR ] Bihgesems
mulrussipgids ) T e ste douingfithe tesmipotagignaihadisdrdsy the diregupath signal,
PropeRiond indhedsnatibalbis AMETABNGARIOG oS AP IECEET INFLGPR.

in a receiver channel an array of compiex-a cumblation' s eg|s"1”efs.’1“:12 c

complex register consists of an in-phase accumulation redistefahd a

quadrature accumulation register, and each of these accu mZJI@tzl n

registers can be separately and selectively enabled The respective

complex accumulatj;)n registers accumulate measurements’that are
associated with sigifat éaﬁp[@altﬁ’ml&@@ttékem"fm’rﬁm soffic ranges of
locations, or code phase angles, along a spread-spectrumjchep. io The
length of the chip is divided into a plurality of "ranges," that i

fractions of a chip. The ranges may but need not be the sg pe iZe across
the chip, and preferably the ranges are smaller near the risifi ge of the
chip. The ranges are associated with the respective complex
accumulation registers When a sample is taken, a corresponding

MERRYESNENT I AGARLIO HICAPRIOR 'ﬁlﬁgé"s!& TS %E%&E’??%Qfélc%fg code-phase

accumulation gglsters that are associated with the range that i

' atincludes the *
co@iskaangihrlustipnaldamsihipetampret adoparydgssadapRrise GEBIY) chip.

below, the, complex accumulation registers act as a pre-correlation filter,
by collecthi§ theHaasin é%ﬁ‘f&tﬁts@m5|%°fmfe%?ﬁ’?§tf8?8'%&ﬁ?6ﬁ?8ﬁ86‘§mm
witkighel exedatqgles Fothishweaynpbgtsyiiamh arditidnokideinbeatisociaidthe

Corrl;leulﬁ)’lt;ijg %1%?15 s.inl"}\rfl:eagiclzgergg)gﬁr &%erxslgltipath mitigation processing is inversely
proportional to the thermal-noise level corrupting the samples of the incoming spread-
spectrum signal. Individual samples of the signal are too noisy to achieve acceptable
results, and a certain amount of filtering of the incoming signal is required to provide

accurate multipath detection using the multipath mitigation techniques.

Multipath interference is usua]iy slowly varying with respect to the frequency of
the spread spectrum chip rate. Over a relatively long period of time, (a few seconds)
the multipath interference affects every chip of the incoming signal the same way. The
thermal noise, which domina;es the signal, varies rapidly with each chip of the

incoming signal and can be easily filtered.

SUMMARY OF THE INVENTION

The invention is a pre-correlation filter and a receiver that utilizes the filter to
form an image of the average chip shape of the received signal over a specified period

of time. The image is expressed as a time series of complex power measurements



20 The system accumulates the measurements over many chips. The
accumulation has essentially the same effect as a low-pass filter, and
thus, wide-bandwidth noise is suppressed. The accumulated
measurements, which provide the average chip shape of at least the 28 MAR 72007
direct path signals, are used by a multipath mitigation processing

technique to compute the error of the code tracking loop due to multipath
interference. The 25 computed multipathse‘rror is then used to correct the

code tracking loop, and thereby, provide more accurate pseudorange
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below, the number, size and starting points of the ranges may be
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correct for the interference, as appropriate. BRIEF DESCRIPTION OF

10 THE DRAWI K@aShTHehinokintiodidisledriptiom ibeidityrefdrangesyethat is, into
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spread-spectrum receiver that employs the present invention's teachings;
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15 quadrature accumulation registers that are associated with the range that includes the

code phase angle estimated for the sample. As discussed in more detail below, the
complex accumulation registers act as a pre-correlation filter, by collecting the
measurements at sample times that are asynchronous with the code rate. Inthis way,

the system avoids including associated correlation errors in the filtering process.

20 The system accumulates the measurements over many chips. The accumulation
has essentially the same effect as a low-pass filter, and thus, wide-bandwidth noise is
suppressed. The accumulated measurements, which provide the average chip shape of
at least the direct path signals, are used by a multipath mitigation processing technique
to compute the error of the code tracking loop due to multipath interference. The

25 computed multipath error is then used to correct the code tracking loop, and thereby,
provide more accurate pseudorange measurements. The multipath mitigation
processing may also be used to compute the error of the carrier tracking loop due to
multipath interference, with the computed error being used to correct the carrier

tracking loop to provide even greater accuracy.

30 As also discussed below, the number, size and starting points of the ranges may

be adjusted as the multipath mitigation processing estimates the locations of the chip
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Fig. 7 is an example plot of the accumulated values taken by the complex
accumulation registers. DETAILED DESCRIPTION OF AN

ILLUSTRATIVE 20 EMBODIMENT Referring to Fig. 1, a receiver 10

receives over an antenna | | a composite signal that includes direct pat 8 MAR 2007
signals and associated multipath signals. A downconverter 12 and

sampler 14 operate in a conventional manner, to downconvert the

received composite signal and in the e'xgrhplary embodiment take

sequential samples of the 25 downconverted signal. The sequential
satrypldsoarepthw dladttpathsippapeThvesigantiatindladEige 2hifRafgesingay be

now to Fig. 2 iven channel includes a mixer 25 that removes the .
certepen T AR AT s IR AR S SPRRRRE® Aonativry

caprierpddsen] thesyuinbarlafowngesanmgrbthedegdiential samples are each
mixed with both sine and cosine 2 B MAR 2007 7 transformations of the

estimated bapidsehapeisasroement areby @ spbh aatePat ek efergacechip
sappigiRAshARe faigELRRge GRIIMAEIS ARBRAISE AN BBRASEinterference that

generator 22, which is controlled in a known manner by a carrier tracking
erfBRSRAVAF fRagsirstored IRy EeesieemindbenigaeTs b effscted yenatsgr
3).chgdtistshe thibr fReredatalp prosiave with reference to Fig. 3, the PLL is
controlled by a carrier phase error signal that is first manipulated to

remove therefrom the adverse affects of multipath. The channel 16 further
includes a spre3RIIEERESECBI BEIO XD P4 TR RAMGINGPa

known manner to produce a locally-generated spread-spectrum code that
corresporides tovenaoofdéseripitasbeldhvere e ipctiesigrrahpanitegakamipls,off

a GRRKjo system, the code generator 24 produces a locally-generated

PRN code that is the same as the code that is transmitted by one of the
satellites fi@nl it dieRckrtiacceme fo seicadepoatnmreseitidligegmploys the present
phasemiRiavadavrisions of the locally generated spread-spectrum code.

one-halt SRp A TRSTSE o AP CR AL R by the
Early, PuRtgsicl amtliLaten}sreatsioled bfdélediggens ofvtipiens26ofahe channel;
produce arespoRqindcaIly SURAEHALANE RIS

Fig. 6 is a block diagram of a complex accumulator; and

Fig. 7 is an example plot of the accumulated values taken by the complex

accumulation registers.

DETAILED DESCRIPTION OF AN ILLUSTRATIVE
EMBODIMENT

Referring to Fig. 1, a receiver 10 receives over an antenna 11 a composite signal
that includes direct path signals and associated multipath signals. A downconverter 12
and sampler 14 operate in a conventional manner, to downconvert the received
composite signal and in the exemplary embodiment take sequential samples of the
downconverted signal. The sequential samples are provided to the respective channels

16 (Fig. 2).

Referring now to Fig. 2, a given channel 16 includes a mixer 25 that removes
the carrier from the samples by mixing them with an estimate of the carrierphase. Thus,

in a know manner, the sequential samples are each mixed with both sine and cosine



measurement signals. The measurement signals are accumulated in
Early, Punctual and Late complex accumulators 28. The operations of the
complex accumulators are described in more detail below with reference
to Fig S. A code numerically controlled oscillator ("CNCO") 42 drives the
code 20 generator 24, to bring the local code into alignment with the 28 MAR 2007
received code. The CNCO s, in turn, driven by a code tracking error

signal, which is based on a DLL error signal that is produced by a code

tracking delay lock loop ("DLL") 62 (Fig. 3). As discussed in more detail
beloynwithhetsrenagdestitthies HaiRphdsaankaliRe DYor GOURIREomplex I
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used by adders 56 and 58’to remove adverse affects of multipath from the
carfRiP &AtF JSERe I cking HiseRatsrrieetamHip kb wie karbigt i phandd-ate

1s€IT I YRS e T RON VRITSping VA URptodace bt dgiadiny Bagyl postual and Jate
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addiatg mm@(tmwhmﬁ&bhabemmmmfﬁgmhmlm aceunblates are

NIMI;@i868$5 X ore detail below with reference to Fig 5.

A code numerically controlled oscillator ("CNCO") 42 drives the code
20 generator 24, to bring the local code into alignment with the received code. The CNCO
is, in turn, driven by a code tracking error signal, which is based on a DLL error signal
that is produced by a code tracking delay lock loop (“DLL™) 62 (Fig. 3). As discussed
in more detail below with reference to Fig. 3, the DLL is controlled by a code error
signal that is first manipulated to remove therefrom the adverse affects of multipath.

25 The CNCO 42 is discussed in more detail with reference to Fig. 4 below.

The early measurements on line 27 are also provided to an array 30 of complex
accumulation registers 32. As discussed in more detail below, a code phase decoder 40
selectively enables the accumulation registers, such that a given early measurement is
accurnulated by the appropriate accumulation register 32. The accumulated

30 measurements from the respective registers are provided at appropriate times to a

multipath mitigation processor 50, which is referred to hereinafter as the "MMT"



50. The multipath-corrected phase error signal is then used by the PLL

60, to produce the phase tracking error signal that controls the phase

generator 22. 15 A code error generator 54 uses the early, punctual and

late values from the Early, Punctual and Late accumulators 28E, 28P, 2 8 MAR 2007
28L in a conventional manner to estimate a code error using a formula

that corresponds to the following: 12 + 24 12 2 CodeError =E QE L - QL

12 +/~ 2 P S P An adder 58 corrects the code error signal produced by the

code errorgenerator 20 54 by adding thereto a multipath code phase

copreesspr dijaat brédduta wod e meveTdetrt bl tho midpath mitigation
MRBIEPFEEEIRE RAAANRERIHIA| 1SBERIMRRANM WRNBWR Bd1t!Path

produce the associate;ud D~L error signal. An adder 64 combines the DLL
erfBHEYIRA teoRAaHE CHDET tOdiSlEris atdrest srotiticediasy the peatiapof the
to gipredidorf ahadigas patianplefroihthéestly istthe vadrisapkingstiky

signal that is supplied to the CNCO. 42, 25 Referri ow also to Fig. 4,.
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that is, to an est phase angle. When the count corresponds  to the
statfiedhashdiacking ofser signal shatsoneglside phasriganaraiohéd-to the code

generator
15 A code error generator 54 uses the early, punctual and late values from the

Early, Punctual and Late accumulators 28E, 28P, 28L in a conventional manner to

estimate a code error using a formula that corresponds to the following:

CodeError = I+ Qg — IZZ 0,
Te +0r
An adder 58 corrects the code error signal produced by the code error generator
20 54 by adding thereto a multipath code phase correction signal produced by the MMT
processor 50. The multipath-corrected code error signal is then used by the DLL 62, to
produce the associated DL.L error signal. An adder 64 combines the DLL error signal
with the carrier tracking error signal produced by the PLL 60, to correct for changes in

Doppler. The result is the code tracking error signal that is supplied to the CNCO 42.

25 Referring now also to Fig. 4, the CNCO 42 produces chip-edge clock
signals, which are used to align the phase of the locally-generated punctual PRN code
produced by the code generator 24 to the phase of the received code. The CNCO also
produces fine code chip phase detail signals that are used to represent the estimated

code phases of respective I and Q samples. The CNCO includes a code rate register 48



24, which then produces the next chip of the locally generated code. The

signal to produced by the code phase register is synchronous with chip

times in the early version of the local code. At every sample clock time

the code phase register also provides the phase angle value to the code

phase decoder 40, which controls the complex accumulation registers 328 MAR 2007
Before discussing the operations of the code phase decoder 40 in more

detail, 1s we refer to Fig. 5 to describe the code chip ranges that are

associated with the accumulation registers 32. As shown in the drawing,
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sanBiemRE LA SIS 6, a complex accumulation register 32 includes

Inphase aggt, QUANIALIS RRAREIRIISISH ﬁx@%&d@%ﬂa@g@m&‘& 53 fre detail,

samples are preferably processed 5 separately by the receiver, since the

isanisiEfaniayfie hiedestihe Rt nTerarybat Tmassrsnies pigtteed
by theweadaiphasg sacoderdbuinsalactivalyn fnableeab/aperofifheymented into

a plurality of code chip ranges 72, each of which is a fraction of a code chip. The

—

sample s| taken at time t has a phase angie that is included in a range that covers the
middle of the chip. As illustrated, the ranges near the chip rising edge may be smaller

20 than the ranges that are near the middle of the chip, to provide more measurement detail
to the MMT processor SO.

Referring again to Fig. 4, at each pulse of the sample clock (not shown) the
code phase register 44 provides to the code phase decoder 40 a phase value that
corresponds to the estimated position, or phase angle, of the corresponding sample

25 relative to the underlying code chip. Thus, at sample time t; (Fig. 5), the code phase
register provides to the code phase decoder a phase angle value that corresponds to the
sample's mid-chip paosition. An n-bit decoder 82 decodes the phase angle value into

* signals that drive a plurality of AND gates 80. The AND gates 80 produce signals that
selectively disable all but the complex accumulation register 32 that corresponds to the

30 mid-chip range that includes the estimated phase angle of the sample. The enabled



complex register pairs, such that the measurement is collected by the

appropriate complex accumulation register 32. The code generator 24

also produces an edge detect signal on line 41, which is 10 used by the :
AND gates 80 of the code phase decoder 40 to assert an enable signaf forMAR 2007
the array 30 of complex accumulation registers 32. Following a chip

polarity change in the locally generated.code, the edge-detect signal is

enabled and remains enabled for the entire chip. The edge-detect signal

IS not enabled at the start of a chip when there is no change in the chip

le\esimpiiss @ cheninfeiaaeis T2 sherostcusfial eo tieeeMIV e prsoRest 0 BE that

is 96?:@%'19&919&8%9 ggﬁlggip-edge transitions. The corresponding

measurement values may instead be accumulated in an accumulation

register thatdgowgiRckiely anahisd WheiibriRsoe deiact SiabRldSs 18 hase and
eno%l?ﬂ%ead. These measurements, which ingrli,éde very Iittll,%ﬁ?ase
mOAHON Cater s SIS St b (el AIfed b a5 Seefsaits processed

20stpa ethbnbaseeene imchakisafiptcsesat5eois3udiipdlingtidifferent ranges.
downcanverted complex signal and the early version of the local code,

o e e s s e e e S sty e ofehe
descnipbat hegsiar phoseveh, thaytiof tiasaanenpunciliedted agehe appropriate
m%ﬂrﬁﬁ@?&@&n’fﬂ%ﬁﬁ?@ﬂ@%ﬂsed’ as long as the edge-detect signal is

made synchronous with the selected measurements. 25 In operation, a

satellite sigpaldg fee-by the chaingl 46 dadbgeusyal gRAnElindMiCivhich is

the receiver is tracking in a steady-state phase locked loop, the contents
10 of tigd CEHINARLBE AR GrYRPEsss SRt liiortsthanRaple sinal for
pratieasay 30. ofize A apronaisnaegencsseF dtievwigpalsham@olarity change in

determines if there is multipath interference. An exemplary set of a set pf
e R Toghy eeheiiicd RS R ApReHE il FRAPTOR 2o Ringind tbiRd for
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measurements, 2 8 MAR 2007 -11 which are based on 32 equally-sized

s rarRjesessPE VIR predvead Broeetsorintedac/erysitions: tas epresanidingn

of theasarahvaf wiaRs! A HRERaI08 Rl ARe idtsingdhasition register that is
measurements, the MIVITt%rocess r operates in acc%rbqance with known

MM gcltbvely enabled when the edge detect signal is not enabled. These measurements,
which include very little phase modulation, are provided at appropriate times to the

MMT processor 50.

w

20 The early measurements, that is, the results of multiplying the downconverted
complex signal and the early version of the local code, are used for the complex-
accumulation registers 32 in the embodiment described herein. However, any of the
early, punctual or late measurements may instead be used, as long as the edge-detect

signal is made synchronous with the selected measurements.

25 In operation, a satellite signal is acquired by the channel 16 in the usual manner.
After the receiver is tracking in a steady-state phase locked loop, the contents of the
~ complex-accumulation registers 32 are provided to the MMT processor 50. The MMT
processor 50 processes the signals and determines if there is multipath interference. An
exemplary set of a set of measurements of signals containing multipath interference is
30 shownin Fig. 7. It can be seen in this example that the effect of the multipath signal

can be easily distinguished from the chip edges of the direct signal. The measurements,



produce the code and carrier multipath error signals that remove the
adverse affects of s muttipath interference from the code and carrier
tracking operations. With the accurate representation of the direct path
chip edges, the MMT processor 50 produces more accurate multipath
code and carrier error signals in terms of code and carrier offsets. This8 MAR 2007
leads directly to more accurate tracking of the direct signal code and
carrier, and ultimately to more accurate pseudoranges. in After testing, it
was determined that the chip may be advantageously divided into 4 to 8
ranges, although.more may be used as in the.exam ove. Four.
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lead Y RE “RFYHE HHAS A 0GR Accumulation register is arranged
o take meagUeIIGNIS; flom d@&&?&@fﬁﬂ?ﬂ?@tﬁmaeyq%eaﬁ‘?/mﬁg%@ﬂliﬁfﬂﬂed

range associated with the first accumulation registéer. As an exam the
fourtta iR GrageH TERYEE POES BwI REESASS 3 IS FEARP SRR Bt P ith

samplesriakeomiangdheoevipdmianfalingstge whiien2BRITpracsateso0 can

registers ltimatel used, with the bounds for the range that
covear%C%%%}/adéfﬁBC gﬁf}(tsap geecs%?eec%ea ttr(l)ﬁpl)‘?0\l/ri€(::fe %atﬁxﬁ% nﬁg‘in olrnrﬁé%tfon to

the NIFUIBRRNSEE M5O dTesalaesiversconrddd hreceener stigralso accurately derive
Meagieieaise i bR COMPIRmARMMYIBHINN 1eginteimaRtidheegisters are used, a

mea urtements are pre-correlation igthe sensle that the 30 %/ﬁtem doe‘s ak
not dFiVePHTASHABIL BSER 13 THRREEA N SRRt B MFARTRIARY Hiqfagamples taken
relathedoPe8hvARIRYOTze dPthe thip estkvratd ecogue ahip togistel ayigsaighd to

system IhRA0Rs ARLINGN RIAG ASROERIGYom the start of the leading edge of a
chip to a point mid-way along the edge; a third accumulation register is arranged to

20 accumulate measurements taken from the mid-way point to the top of the leading edge
of the chip; and a fourth accumulation register is arranged to take measurements from
the top of the leading edge to the start of the range associated with the first
accumulation register. As an example, the fourth accumulation register may collect
measurements associated with samples taken along the chip to the falling edge. Three

25 accumulation registers may ultimately be used, with the bounds for the range that
covers the leading chip edge selected to provide sufficient information to the MMT

processor 50.

The receiver collects pre-correlation measurements in the complex
accumulation registers 32. The measurements are pre-correlation in the sense that the

30 system does not drive the sample clock to take samples at pre-determined times relative



correlation errors into the measurements. Once the MMT processor 50
estimates the locations of the chip edge in the direct path signal, the

MMT processor 50 may adjust the ranges by, for example, 5 shifting the § MAR 2007 -

starting points of and/or narrowing the ranges that include the estimated
location of the chip edge and, as appropriate, widening the other ranges.
Alternatively, or in addition, the MMT pracessor may reduce the number
of ranges, such that the measurements associated with the mid-chip

ogajions are peludedin fower ranoes, and, 50 fori To 4o tis, e MMT, g
processor con I’OC]S ﬁ1€ (?peral%lons of hg nx%ﬁndeco er, 1o suc t‘r?at? e

decocttt iproelnosssigwhalsithatremable the appropriate registers. When, for

example, ranges associated with the chip edges are shifted or narrowed,
the MMTOpro theshBYIEprondsper 5 esimatantbatesatiaan§éthindlre edefein the
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accurate pulse,shape.information provided by the complex accumulators
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15 presatitnk d tiecaivess oayp phanigelgrehbingingohiv et sigifisds thlatimssodated with
th?h@fggl_f)gg%g%%c%ma?ggropriate, correct for the distortion in the ranging
calculations. '

he complex accumulation registers 32 may be selectively

grouped @Rel MAGH 78 COIERAL GNDREIESEL MEOMARSNAIRE Wape with a

correspond tqQ the accumulated early, punctual and late correlation values

préﬁfﬁ{f@&ao‘f}‘fﬂérﬁ‘ﬁmﬂ'ﬁmﬁu% %B‘TH{% if the received transmission includes other

interference that may distort the calculated range. This is particularly important in

20 safety-of-life applications, such as aircraft landings. The interference that can be
detected in this manner is a type that affects the correlation operations of various
receivers differently, and is otherwise hard to detect. Examples are satellite errors
(including satellite component failures), microwave interference from nearby radio
sources, receiver radio failures (including component faitures), and so forth. Using the

25 accurate pulse shape information provided by the complex accumulators 32, the MMT
processor 50 is able to determine when such interference is present. The receiver may
then ignore the received signals that include the interference or, as appropnate, correct

for the distortion in the ranging calculations.

The complex accumulation registers 32 may be selectively grouped and their
30  contents combined to provide signals that correspond to the accumulated early,

punctual and late correlation values produced by the Early, Punctual and Late



2 2 At 1l 2007 -13 accumulators 28. Alternatively, or in addition, the

complex accumulation registers 32 can be grouped to produce correlation
values that correspond to the values produced by multiple early and

multiple late correlators. The MMT processor 50 can thus operate as g 8 AR
using the multiple early and late correlators, without requiring any SR
additional 5 correlator hardware. FurtheL the receiver can change the
groupings to narrow the effective correl 3[E)r spacings. The signals

produced by the MMT processor 50 may instead be used directly to
corrolithéiohag® gdtenatoyel? and 2ddtONCE azpitreatMiuptonesgoters 32
(hus,RiKSibLa IS8 LOmRRRGNSS ARBsHhACk SERAlS IR GllGUBREced by
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iat | { ] the, lagal Further, th
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1sanpgoninthersisnal eraduers by e MBYEK prasessoT e arsivgialifeelisto control

sampgratethenBrecestaddtRadllel, since each | and Q pair will
always occur in the code chip range. 2 B MAR 2007

The foregoing description has been limited to a specific embodiment of this
invention. It will be apparent, however, that variations and modifications may be made
to the invention, with the attainment of some or all of its advantages. Therefore, it is

20 the object of the appended claims to cover all such variations and modifications as
come within the true spirit and scope of the invention, including substituting the values
produced by the MMT processor 50 for the Early, Punctual and Late accumulators,
such that the DLL and PLL are eliminated, along with associated Punctual and Late
versions of the local code. Further, the received signal may be sampled to produce

25 simultaneous [ and Q samples, and the mixer is then a complex mixer. The
simultaneous samples are then processed wn parallel, since each 1 and Q pair will always

occur in the code chip range.



-14 CLAIMS 1. A pre-correlation filter for a receiver that receives
spread-spectrum signals, the filter including: an array (30) of complex
accumulation registers (32) that over multiple code chips accumulate
measurements that correspond to samples of the received signal

multiplied by a version of a local PRN code, characterized in that the 218 MAR 2007
accumulation registers are associated with code chip ranges that span all

or a portion of a code chip; and the filter further includes a code phase

decoder (40) that controls the respeciite complex accumulation registers

to direct respective measurements to the complex accumulation registers

that are associated with the code chip ranges from which the samples are

taken, the code phase decoder decoding values that correspond to the

estimated phase angles of the sagplg|grhe pre-correlation filter of claim

1, wherein the code chip ranges covering a rising edge of the code chip

are smaller than the code chip ranges covering other sections of the code
chipAdrdaerrietionipdationafibesiedralainfeteivdies pindtha ataBipraingas
e ﬂgm;%lple. 4. The pre-correlation filter of claim 1 wherein the sizes,

numbers and starting points of the code chjp ranges are selectively

varied 28 2R (3R ArPaIRiRs ARtEP YR iairRcis Rftdrean bRk Qg a iRl code
atzipg)esctivatlateimdesane restitn ttat toeaionddd thaenpiep eldhesdceiyetirgignal

ARG AIE- S8R NER SrPHIE Rk correlation filter of claim 4 wherein

the starting points of one or more code chip ranges are changed to
selecti%ﬂr/%ﬁpz?éﬁﬁ%q‘l'?ﬁgaéode chip ranges relative to the estimated location
of chiptezigesinuiaiiresgimenssimassoctntartpoode cop 7anges that span all or
PpRreef slativadibrihokgdaim 4 wherein the number of code chip ranges is
;?g#gleltgeaﬂ%rr ﬁirrltﬁg'rt %Wc?lgge%fat l%% 8%%%'\8(9 (%ccggle? &f&g?ﬁa%gngrgg%g ?gs]pective
complex accumulation registers to direct respective measurements to the complex
accumulation registers that are associated with the code chip ranges from which the
samples are taken, the code phase decoder decoding values that correspond to the

estimated phase angles of the sample.

2.  The pre-correlation filter of claim 1, wherein the code chip ranges covering a rising
edge of the code chip are smaller than the code chip ranges covering other sections of
the code chip.

3.  The pre-carrelation filter of claim 1, wherein the code chip ranges are adjustable.

4. The pre-correlation filter of claim 1 wherein the sizes, numbers and starting points

of the code chip ranges are selectively varied.

5.  The pre-correlation filter of claim 4 wherein the code chip ranges that include an

estimated location of the chip edges in a direct path signal are narrowed.

6. The pre-correlation filter of claim 4 wherein the starting points of one or more code
chip ranges are changed to selectively position the code chip ranges relative to the

estimated location of chip edges in a direct path signal.



calculated. 8. The pre-correlation filter of claim 1, wherein the respective

complex accumulation registers (32) include inphase registers (321) that

collect measurements that correspond to inphase samples and

quadrature phase registers (32Q) that collect measurements that 28 MAR 2007

correspond to quadrature samples. 9. The pre-correlation filter of claim 1

wherein the array of complex accumulation values are compared with a

predetermined reference shape to detect the presence or absence of

interfering signals. 10. A receiver condfrising the pre-correlation filter of
claim 1, and further comprising: a local code generator (24) that produces
phase-delayed versions of a code that is included in the received signal;

a plurality of multipliers (26) that multiply the respective versions of the
7000'em)é/p%&%at@kﬁmpﬁﬁ%r@weﬁhqﬂaln@mwm eAkeaRgadiag
SRR Rreads AlRSC gRnerRlan (R ot pidures clip e

signals-and cods Rase angles P corfeSpondts an ssthmattd '8
cgleakded carrier phase generator (22) that produces phase angles that

correspond to an estimated carrier phase; a code tracking delay lock loop

(62) that produces code error signals that are used to control the code
§ate Dialinecesdesigor fitasofcledmibrmheckimth o respedbiek domp I e3Gctwmulation
rBsREILISESNNRFRISTHPheRAG A arm) UapddeanbS IRMBARIAat correspond

RS AR e oRpracesRar COMIT S e couraments

ase samples P
suréments collecte Com x acc lon registers

tb@b%&@@@&%tﬁﬂﬂﬁﬂﬁwr@rﬁéﬁﬁi@ﬁals and carrier multipath error signals;
and adders (58,56) that combine the code multipath error signals and
carrier multipath error signals with the code error signals and phase
®rrofhsigiearereiairittifenyf el@mnrheclythe ariay«deewpiex aseemaation

| \RRIBShIEABAAEH Qith 3ssRAGS thindd rRIsibRaE R AafRTE RN6E: tHSprasislss or
%%%%8'8&%&%@#%8@%&2@ are used to control the code generator and the

10. A receiver comprising the pre-correlation filter of claim 1, and further comprising:

a local code generator (24) that produces phase-delayed versions of a code that
is included in the received signal;

a plurality of multipliers (26) that multiply the respective versions of the code by
samples taken of the received signal and produce corresponding measurements;

a code phase generator (42) that produces chip edge signals and code phase
angles that correspond to an estimated code phase;

a carrier phase generator (22) that produces phase angles that correspond to
an estimated carrier phase;

a code tracking delay lock loop (62) that produces code error signals that are
used to control the code rate of the code generator;

a carrier tracking phase lock loop (60) that produces phase error signals that are
used to control the phase generator;

a multipath mitigation processor (50) that uses the measurements collected by
the complex accumulation registers to produce code multipath error signals and carrier
multipath error signais; and

adders (58,56) that combine the code multipath error signals and carrier

multipath error signals with the code error signals and phase errors signals, respectively,



generator. 11. The receiver of claim 10, wherein the code chip ranges
covering a rising edge of the code chip are smaller than the code chip
ranges covering other sections of the code chip. 12. The receiver of clai
10, wherein the code chip ranges are adjustable. 13. The pre-correlation
filter of claim 10 wherein the sizes, numbers and starting points of the
code chip ranges are selectively varied. 14. The pre-correlation filter of
claim 10 wherein the code chip ranges that include an estimated location
of the chip edges in a direct path sigh# are narrowed. 15. The
pre-correlation filter of claim 10 wherein the starting points of one or more
code chip ranges are changed to selectively position the code chip ranges
tretafiest o RRdRanmRE|N 685K0R BrereashRsiatdayith UiRatD Puer YR, the
aklelrqafeciogriedadigrak taaicdrel ayad o svhettindledeysheraairepdatehipase
geis reduced after an estimate of the location of chip edges in a

Irect path signal is calculated. 17. The receiver claim 10, wherein the

respective complex accumulation registers (32) include inphase registers

{32 ?ﬁ'&%‘c‘&UQP&P&%@% R&ﬁ@?&mﬁé %85@&8?3%" eé”&#%ﬁﬁg %%‘Eﬂ'igo‘:%édof

quadrature registers at collect measu nts that correspo

B &arsGhP SapiNaden bar e Rads BIRTRERART AR NAQIBRT BREtRIAMb AR code
¢hiigation processor (50) combines the measurements collected by

groups of complex accumulators to produce multiple early and late
correlation values. 2 0 MAR 2007 -17 19. The receiver of claim 10

1ehertie theehtayf ofarampl @k aretLine riderchipliery) esarcatjpstadi with a
predetermined reference shape to detect the presence or absence of
interfering signals. 20. The receiver of claim 10 wherein the multipath ,
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ofgtheesottatidpaanged aeplaetvktheatiede error and phase error signals to
control the carrier phase generator and the code phase
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14. The pre-correlation filter of claim 10 wherein the code chip ranges that include an
estimated location of the chip edges in a direct path signal are narrowed.

15. The pre-correlation filter of claim 10 wherein the starting points of one or more
code chip ranges are changed to selectively position the code chip ranges relative to the
estimated location of the chip edges in a direct path signal.

16. The pre-correlation filter of claim 10 wherein the number of code chip ranges is
reduced after an estimate of the location of chip edges in a direct path signal is

calculated.

17. The receiver claim 10, wherein the respective complex accumulation registers (32)
include inphase registers (32l) that collect measurements that correspond to inphase
samples and quadrature registers (32Q) that collect measurements that correspond to
quadrature samples.

18. The receiver of claim 10, wherein the multipath mitigation processor (50) combines
the measurements collected by groups of complex accumulators to produce multiple
early and late correlation values.



generator. 21. A receiver comprising the pre-correlation filter of claim 1,

and further comprising: a local code generator (24) that produces a

phase-delayed version of a code that is included in the received signal; a

code phase generator (42) that produces chip edge signals and code 2 § MAR 2007

phase angles that correspond to an estimated code phase; a multiplier

(26) that multiplies the version of the code by samples taken of the

received signal and produces correspgnding measurements; a carrier

phase generator (22) that produces 'pwe[se angles that correspond to an

estimated carrier phase; a multipath mitigation processor (50) that uses

the measurements collected by the complex accumulation registers to

roduce direct path code offset and phase angle, signals that are used to
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accumulators (32) to produce early and late correlation values. 23. The

receiver of claim 21, wherein the multipath mitigation processor combines
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roduce multiple early and late correlation values. 24. The receiver of
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getleestsections of the code chip. 25. The receiver of claim 21, wherein the
code chip ranges are adjustable. 26. The pre-correlation filter of claim 21
wherein the sizes, numbers and starting points of the code chip ranges
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a code phase generator (42) that produces chip edge signals and code phase
angles that correspond to an estimated code phase;

a multiplier (26) that multiplies the version of the code by samples taken of the
received signal and produces corresponding measurements;

a carrier phase generator (22) that produces phase angles that correspond to an
estimated carrier phase;

a multipath mitigation processor (50) that uses the measurements collected by
the complex accumulation registers to produce direct path code offset and phase angle

signals that are used to contral the code generator (42) and the phase generator (22).

22. The receiver of claim 21, wherein the muhipath mitigation processor (50) combines
the measurements collected by groups of complex accumulators (32) to produce early
and late correlation values.

23. The receiver of claim 21, wherein the multipath mitigation processor combines the
measurements collected by groups of complex accumulators to produce multiple early
and late correlation values.

24. The receiver of claim 21, wherein the code chip ranges covering a rising edge of



code chip ranges are changed to selectively position the code chip ranges

relative to the estimated location of the chip edges in a direct path signal.

29. The pre-correlation filter of claim 21 wherein the number of code chip

ranges is reduced after an estimate of the location of chip edges ina 28 MAR 2007
direct path signal is calculated. 30. The receiver claim 21, wherein the

respective complex accumulation registers (32) include inphase registers

(321) that collect measurements that correspond to inphase samples and
quadrature registers (32Q) that colle'clrsrﬁeasurements that correspond to
quadrature samples. 31. The receiver of claim 21 wherein the array of
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25. The receiver of claim 21, wherein the code chip ranges are adjustable.

26. The pre-correlation filter of claim 21 wherein the sizes, numbers and starting points
of the code chip ranges are selectively varied.

27. The pre-correlation filter of claim 21 wherein the code chip ranges that include an

estimated location of the chip edges in a direct path signal are narrowed.

28. The pre-correlation filter of claim 21 wherein the starting points of one or more
code chip ranges are changed to selectively position the code chip ranges relative to the
estimated location of the chip edges in a direct path signal.

29. The pre-correlation filter of claim 21 wherein the number of code chip ranges is
reduced after an estimate of the location of chip edges in a direct path signal is

calculated.

30. The receiver claim 21, wherein the respective complex accumulation registers (32)
include inphase registers (321) that collect measurements that correspond to inphase
samples and quadrature registers (32Q) that collect measurements that correspond to
quadrature samples.

31. The receiver of claim 21 wherein the array of complex accumulalion values are

compared with a predetermined reference shape to detect the presence or absence of
interfering signals.



