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(57) Abstract

A receiver of a radio frequency signal having a
pseudo-random noise (PRN) code, and techniques of
processing such a signal that are especially adapted for
ranging applications. A signal corresponding to the
PRN code is locally generated and used for decoding
the received signal in a manner to reduce ranging er-
rors that can result when multipath (delayed} versions
of the radio frequency signal are also present. A signif-
icant application of the receiver and signal processing
techniques of the present invention is in a Global Posi-
tioning System (GPS), wherein a number of such signals
from several satellites are simultaneously received and
processed in order to obtain information of the position,
movement, or the like, of the receiver. A delay locked
loop (DLL) correlator, provided in each of the receiver’s
multiple processing channels, locks onto a line of sight
signal from one of the satellites with the effect of any
multipath signal(s) being significantly reduced.

* (Referred to in PCT Gazette No. 32/1997, Section )
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Background of the Invention
This invention relates to digital radio

receivers which are used for navigation systems and
other ranging applications, wherein the received signals
are encoded with a pseudo-random noise (PRN) type code.
This invention deals specially with environments where
the multipath fading is severe.

The United States government has placed into
orbit a number of satellites as part of a global
positioning system (GPS}. A GPS receiver receives
signals from several such satellites and can determine
very accurate parameters, such as position, velocity,
and time. There are both military and commercial uses.
A primary military use is for a receiver in an aircraft
or ship to constantly determine the position and
velocity of the plane or ship. An example of a
commercial use includes surveying and the accurate
determination of the location of a fixed point or a
distance between two fixed points, with a high degree of
accuracy. Another example is the generation of a high
accuracy timing reference.

In order to accomplish this, each satellite
continually transmits two L-band signals. A receiver
simultaneously detects the signals from several
satellites and processes them to extract information
from the signals in order to calculate the desired
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PCT/ US96/ 12967September 26, 1984, as revised DeceBber 19, 1986. In a
receiver, pn the processppf gepodUl @i iditellite transmits an L1 signal
on a 1575.42Mhz carrier, usually expressed as 1540f,,
where £,=1.023Mhz. A second, L2 signal transmitted by
each satellite, has a carrier frequency of 1227.6 Mhz,
or 1200f,. Each of these signals is modulated in the
15 satellite by at least one pseudo-random signal function
that is unique to that satellite. This results in
developing a spread spectrum signal that resists radio
frequency noise or intentional jamming. It also allows
the L-band signals from a number of satellites to be
20 individually identified and separated in a receiver.
One such pseudo-random function is a precision code (“P-
code”) that modulates both of the L1 and L2 carriers in
the satellite. The P-code has a 10.23Mhz clock rate and
thus causes the L1 and L2 signals to have a 20.46Mhz
25 bandwidth. The length of the code is seven days; that
is, the P-code pattern is begun again every seven days.
In addition, the L1 signal of each satellite is
modulated by a second pseudo-random function, or a
unique clear acquisition code (“C/A code”), having a
30 1.023Mhz clock rate and repeating its pattern every one
millisecond, thus containing 1023 bits. Further, the L1
carrier is also modulated by a 50 bit-per-second
navigational data stream that provides certain
information of satellite identification, status and the
35 like.
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pseudo-random function.
. The government of the former USSR has placed
into orbit a similar satellite positioning system called
GLONASS; more information on its standard can be found

20 in the “Global Satellite Navigation System GLONASS-
Interface Control Document” of the RTCA Paper No. 518-
91/8C159-317, approved by the Glavkosmos Institute of
Space Device Engineering, the official former USSR
GLONASS responsible organization. Although the present

25 invention is described herein for use with the United
States GPS system, it can be applied to a receiver
designed to acquire the GLONASS signals or any radio
frequency system using pseudo-random noise sequences for
ranging.

30 One of the major factors influencing the final
accuracy of a distance, velocity, etc., measurement
being made is the accuracy with which the signal phase
measurements are made. In turn, this phase measurement
precision is altered if, in addition to the direct line-

35 of-sight propagation signal, a multipath fading signal
is also received. The phase of the C/A code, for
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by any multipath signal present, thus causing a tracking
error. The phase locked condition of the DLL is not
“only controlled by the line-of-sight signal, as is
desired in order to eliminate a cause of phase
15 measurement errors, but rather is affected by the
multipath signals as well.

Errors caused by multipath distortion in the
out-of-phase condition can be reduced by narrowing the
delay spacing between the early and late correlators in

20 the DLL. Although this technique reduces the effect of
the received multipath signals somewhat by reducing the
loop gain to the weaker multipath signals, inaccuracies
still result. The tracking error is never completely
eliminated by simply narrowing the early-late delay

25 spacing, no matter what delay in a multipath signal
exists.

Therefore, it is a primary and general object
of the present invention to further reduce, and even, in
some cases, eliminate phase measurement errors that

30 result when one or more multipath versions of a PRN
encoded signal are present.

Summary of the Invention
This and additional objects of the present

invention are realized, briefly and generally, by
35 providing a DLL correlator having a zero loop gain over
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and is thus unaffected by multipath versions of that
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the loop gain is zero. The present invention exhibits
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multipath delay, virtually eliminating the influence of
the far multipath on the pseudorange measurement
accuracy. This improvement is not obtained at the
expense of the performances on near multipath, however,
in which case the performance is similar to that of the
narrow correlator.

In one form of the invention, the radio
frequency signal is initially acquired by operating the
DLL as a narrow correlator, where there is some gain
over the entire range of relative phase differences.
After the signal has been acquired by locking the DLL
onto a combination of the line-of-sight and multipath
signals, the DLL is switched to provide a loop gain in
only the small central region, thereby discriminating
against the multipath signals.

According to one specific aspect of the
present invention, this DLL response is obtained by
providing more than one early-late correlator in
parallel, with the early-late delays being different.
The results of the correlations are arithmetically
combined. The size of the central relative phase
operating range of the loop response is set by the
specific early-late delay values chosen for the

The

oes _practically to

aeF?ﬁFﬁXFFnégﬂﬁéllHPWH@ﬁbe of
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I nvention, the radio frequency signal is initially acquired by
operating the DLL as a narrow correlator, where there is sone gain
over the entire range of relative phase didferences. After the signal

has been acquired by |ocking the DLL 25 onto a conbi nation of the
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correl ator havidgitaihed by using specific gating signals in combination
10 with an accumulator/integrator, rather than using early-
late versions of the locally generated PRN code. These
gating signals are significantly less than one chip in
duration and, when in phase with the incoming signal
code, occur at each transition of that code between its
15 plus one and negative one values. The gating signals
have equal positive and negative areas and have a
positive or negative polarity at a center that
designates whether the PRN code transition that it
represents is positive or negative going. During
20 initial acquisition of the radio frequency signal, the
gating signals are shaped as simple positive or negative
going pulses occurring at code transitions.
Additional objects, advantages and features of
the various aspects of the present invention will become
25 apparent from the following description of its preferred
embodiments, which description should be taken in
conjunction with the accompanying drawings.

Brief Description of the Drawings

Figure 1 illustrates line-of-sight and
30 multipath signals being received simultaneously by a GPS
receiver;
Figqures 2 and 3 show the line-of-sight and
multipath signals in vector form; '
Figure 4 is a general block diagram of a delay
35 locked loop (DLL) correlator;
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Accordi ng to anot her specific aspect of the present invention, the
desired DLL responses are obt ai ned by using specific gating signals in
conbination 10 wth an accunul ator/integrator, rather than using early-
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t he i ncom ng signal Figooks Sdedir age eucMesrabhewingronsd aieratdode
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Figure 4 is ayaededop! ock diagramof a delay 35 | ocked | oop (DLL)

correl ator;
Figures 11A-11D illustrate several ways of

operating the circuit of Figure 10;

15 Figure 12 is an enlarged version of a portion
of Figure 11D;

Figure 13 shows the results of operating the
DLL correlators of Figures 7, 8 and 12 1in three
different ways;

20 Figure 14 is a block diagram of a complete
receiver embodying the various aspects of the present
invention;

Figure 15 is a block diagram of the down
converter circuit of the receiver of Figure 14, along

25 with timing reference circuitry and sampling;

Figure 16 is a block diagram of one channel of
the receiver of Figure 14;

Figure 17 shows a carrier numerically
controlled oscillator used in each of the channels of

30 Figure 15 in the receiver of Figure 14;

Figure 18 shows the PRN code generator of the
channel of Figure 16, along with its numerically
controlled oscillator;

Figure 19 is a block diagram of the punctual

35 correlator used in the channel circuit of Figure 16;
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7 Flgures 5A-5D are curves show ng one operation of
the circuit Y7764 e Fi gures 6A-6C are cuPGEYSEHBAS g
anot her operation of the circuit of Figure 4; 5 Figures 7
and 8 are bl ock di agrans show ng other DLL circuits that are
alternatives to that of Fi gure 4; Fi gures 9A-9D are
curves which illustrate operation ofsthe DLL circuits of Figures 7 and
8; 10 Figure 10 generally illustrates another type of .

correl ator which uses gafiigyrsi gAll sisor | btatkcatieagram gednethei WLL
Figures 11A- 11Boirkledalbodt § ipeYahal WRYS fadratur%o%ﬁégéyg &Jlfd Cif G 9} of
0 on

Figure 10; 15 h Figure 12 is an enlarg version a po
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vari ous as%ectEQEQQFﬁ Eﬁ?&s@h bd %%'nv§%%90ﬁn the CerUf% fgé1 15 is
a bl ock diagrakPef the domn converter circuit of the receiver of

Figure 14, along 25 wth timng reference circuitry and sanpling;

Figure 16 is a bl ock glagran1of on annel of .
tion o e Preferred Embodiments

Referring to Figure 1, the various aspects of

the present invention are described with respect to a

10 global positioning system (GPS). A GPS receiver 201
includes an antenna 203 which is positioned to receive
a8 signal 205 from a satellite 207. In addition to the

4

desired line-of-sight signal 205 received directly from

the satellite 207, the antenna 203 also receives a

15 second version of that signal, a delayed multipath

signal 209. The multipath signal is delayed because it

reaches the antenna 203 by traversing a longer distance

than does the line-of-sight signal 205. The multipath

signal is shown in Figure 1 to reflect off of a hill

20 211, or some other object. Although the present

invention is explained simply with reference to a single

multipath signal, there can be several delayed versions

of the line-of-sight signal which are also received by

the antenna 202 at the same time. Since GPS receivers,

25 and other ranging receivers used in other applications,

operate by measuring the phase of the received signal,

a multipath signal can complicate that task
considerably.

Various attempts have been made in antenna

30 design to limit the acceptance of reflected signals.

This 1is difficult, however, because it is generally

desired to have the antennas maintain a wide angle

property in order to receive signals from several

satellites at one time that are spread a considerable

35 distance apart. Attempts have also been made to



the receiver of Figure 14; Figure 17 shows a carrier

nuneri cal | ntroIIed oscillator used in each of the f 30
Figure 15 i O?He“r‘sgcel ver of Figure 14, Fi gu?te}?}%g&s/ 8‘\9/\1715 he
PRN code generator of the channel of Figure 16, along with its
nunerically controll ed oscillator; Figure 19 is a bl ock
di agram of the punctual 35 correlator used in the channel circuit of

Fi gure 16; WD 97/ 06446 4 '

PCT/ US96/ 12967 Fi gure
20 is a bl ockPEFa§igm dihe mntgnna as kigh epat BPS(SFthshaéé &xdeguddr ature
phase) used ifihhifize gxtAMNE ahdcnbﬁlxﬂlﬁ@QUf@fléctaads, or to

Figures 21A-21D il lystrate alternate gati nals t hat

generated in Fﬁﬁeépﬁit‘ﬁ tPR§L a*F’rcbrhré% t% gld recelVing E&gc%y don of

t he Preferredskghedisnent although these tEehenqwq;tmmfﬂgmweuaedthm.varlous
aspects of conhﬂﬁc%ﬁ%ﬁe lmthe' ;&g&@eawemqowthtw% 2ok a 10

gl obal positioning system receiver es an
ant enna 203 whiliéﬁntéobos‘i?ﬁ%né@rtl@ulsec%%gﬁal Profceging mhﬁlélmeé
satel lite 207witRiAddhbi @ackavibheitselfdesi Hedchiimad neftesiaghtli nsitgrale 205

received diregéégiaégnﬁultipath signals.
Referring to Figures 2 and 3, a vector 213
10 represents the received line-ocf-sight signal, while
another vector 215 represents the received multipath
signal. The multipath signal 215 arrives at the
‘receiver antenna 203 with a delay T relative to the
line-of-sight signal 213. It is shown in these figures,
15 the multipath signal generally has a lower magnitude
than does the line of sight signal as illustrated by it
smaller vector 215. A ratio of these magnitudes is
noted herein by .
A delay lock loop (DLL) correlator that is
20 typically used in GPS receivers is shown in Figure 4.
A received signal 217 may be radio frequency signal
acquired by the antenna 203, after some amplification,
but generally is an intermediate frequency signal in a
frequency range much lower than that received by the
25 antenna 203. Further, in the GPS receiver environment,
a separate such DLL correlator is provided for each
satellite signal that 1is received by the receiver
antenna in a single composite signal. One DLL
correlator then processes that portion of the incoming
30 signal that emanates from a particular satellite.
Further, the signal processing illustrated in Figure 4
is generally done in the digital domain, an analog-to-
converter being employed to digitize the incoming
intermediate frequency signal. That signal is digitized
35 by- a very high frequency sampling clock.



the satellite 207, the antenna 203 also receives a 15 second version of

t hat signal a delayed mul tipath signal 209. The nultl | is
del ayed be R U0g44c reaches the antenna 203 by traversi ng éﬂff‘/ ggﬁ

di stance t han does the line-of-sight signal 205. The nultipath

signal is shown in Figure 1 to reflect of f of a hill 20 211, or sone
ot her object. Al t hough the present I nvention is explained sinply
with reference to a single mul ti patl® signal, there can be severa

del ayed versions of the line-of- S|ght signal which are al so recei ved
by the antenna 203T&e rReedveR $iFA2l Sinbe i@PyhadeyiarefOrms isind

ot her rangi ngmigeai Y&T& MSesr i 21 Othiah apsllgﬁaul eR$, that i®peredEl fya
measuri ng theggh%ig of the re e| ed Si si nal
e

rie e %l nael % ti Fﬁt il
can conplic G FECT LR &5 ngaﬁﬁﬁ I OUS
attenpts havecheenennile generatmthdy3@n dgprgprii@te giitrculid éddepttzhme of

reflectedssi 9pghse of thdMéeds é&éﬁlle%ulstlgn@qu bell PR usle d b eneral ly

desired to have t he antennas maintain_a w'de_an 8 property in order
to receive si BRalBPREOFPRERRY dignal 223:¢ fj tRCPAELIBFRLY 4R XOfK 1% spread
a consi der abl eadbiet gearsatozpares. ontoAH:heJtpTo& thaveecelived kdefhalmade to

WO 97/ 06446 / 1JS9 /1 9
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e antenna as POSSi I'n"or
ground and bufkdigg. reﬁb@@NB@mth@rpr@CESSln@apéf@IB}gp@élﬂﬂdnamtamo avoi d

receivingg rghtpatedf the mixer 219 is shown in more detail since it

is in this processing where the present invention

primarily lies. The signal 227 is the received signal

‘but with its carrier now removed. It is supplied to two

mixers 229 and 231 which receive replicas 228 and 230 of

i5 a PRN code carried by the received signal. These

replicas are, respectively, ‘“"early" and "late" in

relative phase with respect to a "punctual" replica 245.

These replicas come from a local code generator 233

within the receiver. 1In at least the case of the C/A

20 code in the GPS system, the code carried by the received

signal is well known and can be generated within the

receivers. The relative phase of the locally generated

code is adjusted by a phase control signal 235.

Further, in some receivers, another input 237 to the

25 local code generator 233 allows adjustment of the delay

between an early and late replicas of the 1locally
generated code.

outputs of each of the mixers 229 and 231 are

applied to appropriate accumulators/integrators 239 and

30 241, respectively. The outputs of the accumulators 239

and 241 are arithmetically combined in another mixture

243, whose output is an error signal that is applied to

the input 235 of the local code generator 233 to adjust

its phase. What the loop of Figure 4 is designed to do

35 is. to lock the local code generator 233 in phase with

the code carried by the received signal 217. Although



si gnal s. Al t hough these techniques may be used in 5 conjunction with

t he present, | ntion, the present I nventi on uses var| | I
processingggggﬁﬁféhes within the receiver itself to dig§ﬁ®ﬁ§%%$@

agai nst the received nultipath signals. Referring to
Figures 2 and 3, a vector 213 10 represents the received |I|ine-of-sight
signal, while anot her vector 215 represents the received nmultipath
si gnal . The multipath signal 215 &rives at the receiver
antenna 203 with a delay T relative to the | i ne-of -sight signal 213.

It is shown ihhiBesis fhefinesdesgribpd milthi Fgspesitgrte theefdP cdds a

| ower magni tudgrried tWanId0es) tHeghsne 8F 8p9hkatedNakeds itheusdmd ed by
it smal | er .vect or "215. Ar t hese nmagni t udes

?IO d IS not ed
herein by [erPfincipies are ap Q%ﬁﬁﬁxﬂéqooﬁ (BLEe c¥Aréet¥or Qhat is
20 typical | gpp3edattnoBBS r ecpaveisuilardown im Fi gqutleerd. randdmeecei ved
signal 214 may Psigggkgng[equency si gnal acquired by the antenna 203,
after sone anp? ication, but generally is an internediate frequency
signal in a frequehéy %%n@k@hﬁfgﬂ | $RerrefRin tieat theceswieedy athe 25

antenna 203. rkgutBer sa-sp heo GRsdeeSEAMET tABVidEdY®Rilon of tReS§Alate
such DLL correl ato elli.te signal. that is

I S prQV|ded for eac@ sat
recei ved by tﬁ%rFﬁiéF9Er° F194RRefna Liinthg PUNGEPEL OGHROL 245 Qfgnal .
One DLL ther delcatiorcddee rygrentaetsme s2 I havepor to obe obpphéedneoniarg 30
signal jhat ,E0RRG ?éor fcff)@éxea t@%_ret 'o(fu'agﬁumﬁféééy ifte ﬁatc;c:futhB]@ercr the
ustr I N"FI . y _do

signal processing | at e IS genera ne’inthe

di gi tal donai #4lan &haPBEPRSE- charaé%uﬁfpgi,qté,{c RS n§RENPI cyedFLi8uBe s ze t he
i ncom ng worh Bd negkwle, | reueicy puingtalal Ebde segldkal 3 sdiegtalcitagd 35
by-a very higfnfﬁﬁgggn%XtﬁagBLiBRNCL%%%'of the received signal 217,
an output of such an accumulator would be a maximum at
15 a -center 1line 247 of the triangular shape output
characteristic of Figure B5A. If there is some
misalignment in phase between the two, the output of
such an accumulator would decrease from such a peak as
it travelled down one side or the other of the triangle
20 depending upon whether the local punctual code being
generated was delayed or advanced with respect to the
PRN code of the received signal.
Although the punctual output of the local code
generator 233 is usually used for other purposes in a
25 GPS receiver, the DLL correlator of Figure 4 operates
with the early and late versions 228 and 230 of that
code. Figure 5B shows the characteristic output of the
accumulator 239 from a comparison with the local early
code, and the curve of Figure 5C the output function of
30 the accumulator 241 from a comparison with the local
late code. In this typical example, the early and late
locally generated PRN codes are separated by one chip.
That is, the late code 230 is delayed behind the early
signal 228 one PRN chip. This fixed delay is designated
35 herein as "d" and is shown in Figure 5B. To state it
another way, as shown in relative phase scale along the
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10 The received signal 217, in whatever form is m xed
in a mxer MY6#P a signal 221 that is a replica of t RETUSPE12867 of

t he received signal 217. This | ocal carrier is generated by an-
appropriate circuit 223, the 5 phase of the local carrier signal 221
bei ng adj usted by an i nput control signal 225. Aloop circuit to |ock
t he carrier generator 223 onto that i1of the received signal i s not
shown in Figure 4 since it can be of a typical desi gn. However, °the

processi ng of Z-skgmabf2P¥gute &B,1G¢he @iy cafdd himitdern 2%Sciiss Shwen i n
more detail sipggsi in 15 4 ' SSi r . Qresent Ji.nvention
primarily lies, ST egsfhﬁgl iXEZAf&atsAyteﬁﬁ g:glgel ?eug%st%ﬁlaﬁ’é&el uta’?/é tHets
carrier now refBt8&d.cede gcaupp| c8g thalfwa chipy xEter 22beamhm3manhi ch

receive repliceasr228nandr23l dretkn convidtier@de £ Adicabdde i reea&ffj[yed"

si gnal . hes replicas ., are respectively,  "ear|y"_ ., and at e
in re atiggdpﬁggg é@ﬁ?éﬁ%ﬁﬂﬁa htfwﬁﬁ'"ﬁﬂﬁEtﬁglSh?¥BI+%aFEHHFes 5B These
replicas cone #npdnb&.,l boak cedktrgépeiatphal83line 2vi7t.hin the receiver. In

at |east the case of thepghh, 20 Sduxghaﬁgtfﬁré?%ég¥ggengi§9g co arried
by the received ,signal” 1s well known and can be gener e& W n the
recei vers. TheFR8HALARE FHo8e YL HUACing| the gepsralagor funggden of

adj usted by a phqueee cOntfdm Th@rabf2FIgure 5BRUT AR relsti 130RB REGRIAE! S,
o ey a0 ERkok ol Uhed g PR AIRCELE o Bhhotper foc ™ ©
gener at ed code¢ode generator 233Qdspprepefrlgadhcakdt bato xtaes PRRO cantk 231
are .. PRl ieshi oi ARRNAPIYIRlheA ¢ LRI BLOGSEhAY €81 3L 0T 86230 rA Ak TR, 241,
respectively. . The outputs of the accupul ators 23
~in phase ‘occurs, as is well known, the error signal will
be driven positive or negative along the curve of Figure
15 5D. Such an error signal drives the phase of the local
code generator 233 in a direction to minimize the error
signal, thus keeping the local generator 233 locked onto
the incoming signal.
However, if one or more multipath signals are
20 received in addition to the desired line-of-sight
signal, the DLL correlator of Figqure 4 is influenced by
both. This is illustrated in Figure 5D. If only the
line-of-sight signal 213 existed, the circuit of Figure
4 would cause it to be aligned with the central zero

ta
(&)}

phase reference line 247. However, because of the
multipath signal 215 being received, the local code
generator 233 "locks" on a fictitious signal having a
phase somewhere around them, as shown in Figure 5D.
That is, the circuit of Fiqure 4 is locking on to an
30 incoming code phase that lies somewhere between that of
the line-of-sight and multipath signals. Even though
the magnitude of the multipath signal may be low with
respect to that of the line-of-sight signal, because of
attenuation from reflections of the multipath signal,
35 its effect can be significant because of the steep curve
of Figure 5D. It is a combination of the multipath
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rithmetically conbined in another m xture 243, whose

output is an error signal that is applied to t he i nput f
| ocal code é%ﬁ@%ﬁfor 233 to adj ust its phase. Wat thepfﬁgﬂ% F&Elgure
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effect of a multipath signal is quite significant to the
accuracy of the ultimate measurement.
It has been suggested by others that, in order

"to reduce the effect of a multipath signal, the delay

15

20

25

30

35

between the early and late local codes being generated
into the receiver should be reduced considerably. An
effect of a delay d=0.1 chip is shown in Fiqures 6A-6C.
The output of the early accumulator 239 in this case is
shown in Figure 6A. Similarly, an output of the late
accumulator 241 of Figure 4 is shown in Figure 6B. The
error signal output of the adder-subtractor 243 is shown
in Figure 6C. It will be noticed that since the
amplitude of the error signal function is considerably
reduced, the multipath signal 215 has a significantly
reduced effect. As can be seen from Figure 6C, the
magnitude of the error signal curve at the relative
phase of the multipath signal vector 215 is much less
than in the example of Figure 5B. The result is that,
in a steady state phase lock state shown in Figure 6C,
the line-of-sight signal vector 213 is positioned much
closer to a desired phase locked position 247 than is
the line-of-sight signal.

However, as can be seen from Figure 6C, the
DLL correlator of Figure 4 operating with an early-late
local PRN code phase difference of one tenth of one
chip, the DLL still has not locked on the line of sight
signal. An error € is reduced in Fiqure 6C from Figqure

an

t he



it travell ed down one side or the other of the triangle 20 dependi ng upon
whet her the | ocal punctual code being gener ated was del ayed or
advanced wi YR %¥@&46ct to the PRN code of the received sﬂ’%‘?‘fﬂ?“’.ﬁ’u%"

Al t hough the punctual output of the | ocal code generator 233 i$S
~usual ly used for other purposes in a 25 GPS receiver, the DLL correl ator
of Figure 4 operates wth the early and | ate versions 228 and 230 of

t hat code. Figure 5B shows the charaateristic output of the

accunul ator 239 froma conparison with the |local early code, and the
curve of Figuse 5Gtt e @it Wl imineitem of'rrfé) mdmmnuraﬂ@tm R4d &fiom a

conparison wt | ocal | at e_,code, I cal anple the early
and |l ate %é b%ngnggénﬁRﬂjggge ge Enﬁkrgﬁgﬁ 5? 8ﬁ@J%%|iP

That is, the hacaraoﬂebQBQhLGhcﬁﬂ@ﬁ&xraﬁamwad may eahugve AcgoadlmQB one
PRN chip. Thi £of it figlaye | 5¢ deabopabedne in08heiBndS ¢ geown in

Fi gure 5B. To state anot her "way, as shown_in réﬁatlve p ase scal e
al ong t heS multlge¢§7/054geals is eliminated under certain

PCT/ US96/ 1296éircumstances .and further reduced? under X- @MhérOf

Figure 5B theeaphyeeale sl UaGt ikRiGe S e correr Al B Gl dgpadvance

of the punctua version, a e ‘occurs one Chlp
after the punghguh in Figquiesi brvhereis §WPeﬂa@dHVémhﬂnCQRr&kﬁt#Qn&e t he

early 5 andrbaje;ernéeldd oy Ulnbilned .SURR RS S il e, S

and 5G & a 832;&%'227 J¥] Eélégf}ler mixer 219 is applied to two

correlators connected in parallel. A first correlator

includes mixers 251 and 253, the outputs of which are

applied to an adder-subtractor 255. An output of the

latter mixer is then applied to an

15 accumulator/integrator 257. Similarly, the second

correlator includes mixers 259 and 261, the outputs of

which are applied to an adder-subtractor 263. An output

of that adder-subtractor is applied to and
accumulator/integrator 265.

20 The mixer 251 of the first correlator receives

an early code replica 267 from a local code generator

(not shown in Figure 7). Similarly, the mixer 253

receives a late code replica 269. The result is an

output 271 of the accumulator having a form shown in

25 Figure 9A. The delay between the early and late

replicas 267 and 269, respectively, is designated to be

d. This is the same as specifying the early signal 267

to be d/2 ahead of the central reference phase 279

({Figure 9) and the late local code 269 being d/2 behind

30 that reference t. It will be recognized that the output

271 shown in Figure 9A is similar in shape to that of

Figure 6C.

Rather than relying simply on that correlator

output, however, the second correlator receives in lines

35 273 and 275 a locally generated code having a difference

between the early and late locally generated codes that



Fi gure 5D shows the error signal 235, resulting fromsubtracting the

correl at or widedskn Of Figure 5C fromthat of Figure S5FridbRh&sult is
a zero 10 error signal at the in-phase point 247 when the |ocal code
generator 233 is properly |l ocked onto the PRN code that is part of the
recei ved signal 217. As a mi smatch i n phase occurs, as is well known,
the error signal wll be driven positive or negative along the curve
of Figure 15 5D. Such an error signall@rives t he phase of the |oca

code generator 233 in a direction to mnimze the error nal, thus
keepi ng the |¥tatd gBRRF &t or AR33ULBBked Tontdf the Q?ﬁpm%%%ﬁ9ﬁgzéggﬁ§l

HovvevEr 11 f QL”BJaLDé‘Tf@E@dWht FRauResiognal srarei2® ber &i‘{ﬁié@?théﬂ tlgégition .

to t he eslire | of - si correlaror o I gure

L i uencofive O Eigi® $l atse gfndld) 1y BSs e 8RhSBhPe Bal, Ut he

|'i ne-of - si ghttrsityred EmQMEalﬁlamtth@ d¢ifterenoftiagutkat of Rigoned cause

it to beali ed W aC S ren | 247.
Al i gned iy f&imge %ﬁﬁ S8k Zéentp A Zq%r%féﬁ §Ris agso

However, = because O ST gna el n recelve t he
| ocal code res%ﬁﬁ&wbﬂthQBQa@PéGHQec#PaF$¢c?ﬂ?Fo@9%§%9ﬂﬂ *fvitRg a

phase sonmewhengvar @endgt h@gheasmmvwsha@ cEfgw@ Sbrve of iﬂﬂghréSgAt he
circuit of Figure 4 |s:%ock|n phase that lies

K 18 90t 00an, 30, 1 ncpm pg_code pias
somewher e bet ween t hat & FP Bt %?Eﬂﬁ ﬁ%l?VBa?ﬂ BRgRal s.
Even though in anoftdemagddendsubfradiomidal gdat singesiromagilgpal o285 t h

respect ;g0 that +@k %B?m'h@?u@éré% 1§'ﬁﬂﬁﬁrebﬁ§3H§g?§%alned at%ﬁﬂgatlon

fromreflections of the nultipat nal Its ect can
si gni fi cant G@ﬁﬁﬁﬁ$Qﬁl§WkFs%%eﬁeﬁﬁr9éva“tag§PuF|@&H§QH}t cvﬁtasna
conbi nati on efkteheedupbirpabhs 287 and VB D WHElOthe error signal is
PC'T/U596/129@ero This is accomplished, prior to combining the
accumulator outputs 271 and 277 in the mixer 283, by
15 reducing the magnitude of the accumulator output 277 by
one half with an element 278, resulting in the curve of
Figure 9C. This attenuation level is mathematically
related to the difference in the widths of the +two
early-late correlators. The curve of Figure 9C is, in
20 effect, subtracted from that of Figure 92 in the adder-
subtractor 283, which gives the desirable error signal
characteristic curve of Figure 9D. An operating range
281 exists around the in-phase point 279 wherein the
circuit of Figqure 7 adjusts the local code generator to
25 drive the error signal of Figure 9D to zero at the in-
phase point 279. However, any signal having a relative
phase in either of the regions 287 or 289 will not
affect the locking of the loop. As shown in Figure 9D,
the local code generator can be locked exactly on the
30 line-of-sight signal 213 without any contribution by the
multipath signal 215. This occurs so long as the phase
delay T between the vectors 213 and 215, in a fraction
of a chip, is greater than that of the operating range
281. Thus, under that circumstance, the effect of the
35 multipath signal on the DLL correlator is completely

eliminated.



13 si gnal magni tude and the value of the curve at the p0|nt

the arrow 215 that determ nes the |level of effect of 15 ath
signal on Fﬁ?%‘ﬁ se |l ock operation. The | i ne-of - si ght S|g%M¥ %&ctor
213 will operate around the 5 I n- phase point 247 fromthat of the
~mul ti path signal vector 215. Thus, since neasurenents with the GPS
receiver are |largely dependent upon an accurate nmeasur enent of the

rel ati ve phase at the point of the leecei ver of the C/ A code in the
satellite signals, this 10 effect of a multipath signal is quite
significant to the Baceusacpfotheheriget iendted tmeds whenwero error

|t has been SBQQ?x%tleeréflefAQeQ%?t h{i’ﬁd B 90T Oy can, w18 Pffc‘EPE g ect of

a nmultipath signal bet ween 't he e ate local codes
bei ng gener at é lESallYn?€H¥%R?r4u§%9ﬂ91 -shddat Hérr@@@@e&h@bﬁ§F&éﬂ§Ely An
effect of a dekagidsf.powdndn iup,sH@MLhien r@l@ﬂﬁ@@ phate of thelheceutput of

t he early acc | at I.h this c el Fi

Slnllarly, anggnggt %%%h cﬁpé%s 89lac](?:b?]%lafo %Qﬁ g%gégg ?%9 %% shown
in Figure 6B. faThew2@hinepner ofi ghal regtions @87t hadadddr - shereawtidl 243 is
shown | NpEl QY Cer POy sxbha‘]‘." ldo b@d?\%tcgﬁet gﬁtases'cpf:etﬂ &u caa.

anplitude of the error signal function is consid t he
nul ti path si ghgfes1BeiRg %P%ﬁ%ﬁﬁqq caﬁppfefOre'rédﬁﬂé&CQf?éét(F19R§eban be
seen from Fi gajeisGrénbdéed to mﬁg;lazlohudewfthfeheeebhﬁr corgedlatour feoaf the

el ativero o tRRARS LB S AL S 078l VPt QRS L BaION eSS

than in the exanple e ™S € resu
st at e phase Id@leQaSQCQh@ﬂﬁuiﬁlFlgﬂnetGQ Corr81ﬁhérlFhéréﬂtgrghtlslgnal

vector 213 isoPephlki QmedFm?l&beBQB id 086k - ésalgtdgﬁltr shamasechoeked
position 247 thSﬂrES huépe éﬁe5|ﬁﬁ¥t Iégk 'signal has some
influence during this initial signal acquisition period
15 but it is the purpose of the technique to bring the
line-of-sight signal 213 within the operating range 281.
Once this occurs, the switch 291 is closed. This then
eliminates the influence of the multipath signal. The
DLL correlator brings the line-of-sight signal 213
20 exactly in coincidence with the in phase position 279.
' Quantitatively, & d=0.1 chip has been found
satisfactory. This means that the operating range 281
is 0.1 chip, a very narrow region. In this example, the
early - late of the second correlator whose output is
25 illustrated in Figure 9B is twice that of a first
correlator whose output is shown in Figure 9A. This
results in each of the zero error signal regions 287 and
289 being 0.8 chip in duration, 80% of a possible
relative phase difference is between the locally
30 generated code and the PRN code that is part of the
signal being received.

There are many variations in the specific
parameters that can be selected for operation of the
correlator of Figures 7 and 9. The specific early-late

35 phase differences that are chosen for the two
correlators may be within a wide range, so long as they



However, as can be seen from Figure 6C, the DLL correlator of Figure 4

operating Wt n early-late | ocal PRN code phase diff one
tenth of owg{%&“chi p, the DLL still has not | ocked on theﬁFﬁqg&g?%gi ght
signal. An error [err] is reduced in Figure 6C from Figure WO

97/ 06446 PCT/ US96/ 12967

14 5D but is not elimnated. The nultipath signal has an ef f ect
in creating this error and thus reduci ng7t he accuracy by which a GPS
recei ver may achi eve. According to one aspect of the present '

i nvention, therefdetfenént) depkndpaghuposi gnphsticudar eppdiicatddn under
certain [k C ance r{beL chi ced ¢ unde K

Ci rcumstancesa?ﬂé) Hggﬁmﬁ%%zﬁ%_q%dcoégekgt SF é%%tg'ﬁe typte B¢ begﬁg%ﬁt}qiyn Fi gure
7 wherein tval'e%glq%Phl@tre everat tBas one ofr khgr tYRnELFELRFOESNBitned.

Ref F'rrijng t o FHidiiffee 77,haar@| 39 eQHILPUPRIRZE%@é 3124 Cila.-lr rdfﬁ 1r7}2_xerea%1&eirsl
applied to t correl ators.connected .in paralle irst C el at or

i ncl udes X\é&a%ﬁhgnanzg ?SFhéLo&ﬁe?ﬁtpsosdftl it aarréd f\ts gS%Fi g&l&t 0 an
adder - subt r actagte 252K Afteut put Simiharly,; thextsegond adnr@latori as then
applied t C | @} ok/ bRLSAr 880k, 4Rd- a 1aBkNMPRAT t he
second gaonr ree%%%?mluﬁc ﬁa(;l%s ym xe?sé§59 and 2%,1, ?heaglat putsl::})S €

whi ch are appi/2&d afd-ean taddlr 28dpKr 8EE o PRI AV idih plbeingd sggllegp,y
adder - subtracidn Xi S Inappdi €dample betind descraébedpuNakoandnkegoat or 265.

20 10 If Erfl%srg é%%s%%%im:stggef %fio&eocf 'r etlhaet %rcarﬁ%%i ¥aZtor of
the element 278 of Figure 7 remains at 1/2. If some
other relationship between the two correlators is
‘maintained, that scaling factor will generally need to
be something different so that extended zero error

15 signal regions 287 and 289 result when the accumulator
output of Figure 9C is subtracted from that of Figure
9A. .
Figure 8 shows a modification of Figure 7
wherein four accumulators are used, instead of the two
20 accumulators 257 and 265 of Fiqure 7. The purpose of
Figure 8 is to show that the same result is obtained if
the outputs of each of the individual mixers 251, 253,
259 and 261 are accumulated prior to any combination of
any of those outputs. An adder-subtractor 293 then
25 receives outputs of the four accumulators, two of which
now need to be scaled and switched rather than the
single output 277 of Figure 7.
An alternative to the use of early-late
correlators, but which gives the same beneficial
30 results, is illustrated in Figure 10. A received signal
301, as previously described with respect to Figures 4,
7 and 8, is applied to a mixer 303 which also receives
a replica 305 of the carrier contained in the signal
301. A signal 307, having a local carrier removed, is
35 mixed in a mixer 339 with a gating sequence 341 from a
local gating signal generator 343. The mixed signal



an early code replica 267 froma |local code generator (not shown in

Figure 7). Slnllarly the m xer 253 receives a late I ca
269. TheWOosy(P6#45; s an out put 271 of the accumul ator w%@ﬁﬁgngakorm
shown in 25 Figure 9A The del ay between the early and |ate

replicas 267 and 269, respectively, is designated to be d. This is the
sane as specifying the early signal 267 to be d/2 ahead of the central
ref erence phase 279 (Figure 9) and tiee |ate | ocal code 269 being d/2
behind 30 that reference t. It will be recognized that the output - 271

shown in Figuost®Ati s eifm | e i n wihwegre t 33%hat isf appligdre 6C. an
Rat her than r%EXhﬁQlétHP?YnEEbﬁJEﬁr‘%E@”ﬂﬁﬁé%r gtgu%“§@9tashﬁﬁévéfrofhe

second correl ator recelves I nes 75 a | ocal ener at ed
code havi ng aSdgppérthee 1is u%ﬁﬂVE&H?QJH§té§PPyP§ﬁéeISfetPBCQPF9u§e@%rated

codes t hat the loddQ Yd¥dfA6signal generator 343 to minimize the

PCT/ US96/ 12967 15 Is 2d apart. An
out put 27 ofefﬁgragégﬁﬁlator 265 is illustrated in Figure 9B. It
will be noted that the Operatapeodf thiegpld: IRryesl@harfalBigume the sane

shape as cshaheoilf\aw@tépsgutréfex@x{éeert@ttﬁéﬂ%w@é S FHOWe S

9A in having a_longer slope_central portiaon. hi s al so results in the

magni tude in the fFaEUESr thildnd dpustrates PRﬂu@R?Qxﬁqﬂffﬁ%ﬂﬁﬁdq¥éﬁﬁéhat of

the curve of bhgure O4rrier as part of the ireddivdie sighiinaoon ofhé hese
two outpybs code is a binary one, either being a plus one in level
ar a negative one in level. One of these levels is

chosen to represent a binary bit one, and the other a

-binary bit zero. Transitions between these levels occur

at one chip intervals. The code does not transition

15 between levels every chip, however, but rather its
information is contained in the pseudo-random manner in
which it stays for one or more chips at one value and
then switches to another value for one or more chips,
and then back again, and so on.

20 Figure 11B shows one gating sequence 341 that
may be utilized, it having a positive one value at each
positive going transition of the incoming code of Figure
11A, and a negative one value at each negative going
transition of the incoming code. The gating sequence

25 341 is zero (Fiqure 11B)} when there is no transition
where such a transition is possible. The transition of
the gating sequence of Fiqure 11B coincides with a
middle of each chip of the incoming code. The result of
using the gating sequence of Figure 11B is an error

30 signal 347 which has essentially the same function as
that shown in Figure 5D. That is, the DLL correlator of
Figure 10, when its gating sequence 341 is that of
Figure 11B, provides essentially the same result as the
DLL correlator of Figure 4 with its locally generated

35 early-late PRN codes separated by one chip.



I n anot her adder-subtractor 283 that an error signal 285 10 of the form

~illustrated in Figure 9D is obtained. This characteris
advant ageoWY® %Ki{0at4 it contains ext ended portions 287 dﬁ%%%gﬁﬁ%ﬁ re the
error signal is zero. This is acconplished, prior to conbining the
-accunul ator outputs 271 and 277 in the mxer 283, by 15 reducing the
magni t ude of the accunul ator output 277 by one half wth an el enent
278, resulting in the curve of Fi guse 9C. This attenuation |evel is
mat hemati cal |l y related to the difference in the wwdths of the = -two

early-late correl ators.rifiereur V& shows gar gaO{ngSseguerbe 3eﬁfﬁﬁich
subtracted {1 omhal, ol £0U8 €00 | 523 NEy FIIPL- csoone TUPLLSELET 252 Vi

gives the de e error aracterTEfTe curv
operat i ng raﬁyé that 28&0@&|§ﬂs Bigung téf in- %@h@@l%©mht“2191mhécbln t he

circuit of Figufsitidf b3t %nbhgnb@ﬁﬂﬁgc@@egﬁmr@éoa pe1de. nadihgeat he
error signal of Figure 9D tq zerp at se_point However,

he
any sign® h&HTRELON Pt % Chlp‘phaggel rP%H‘We‘i'Y o??t oS QPR 287 or 289
will not pa¥ fteite tder ingkangosfittive trapsiAsoshah the Figeceif,

t he | ocal engr at d._e Y. 9N si ght
signal 213 qﬁﬁﬂﬁ gé%ygégﬁﬁ g Pg%hg %%%tl¢%lélgx§%¥lOA f g&% Thi s
occurs so | odgqcpnimge corgse The wedtly ?értqeb@@h@%nc@hebﬁe%@m$ﬁh2n3 and
215, in a frf&zn&n tharOf o & C'&hri | Sy @at QL hathdihagi0b tHhe @P@é@tl ng

range 281.. Th under t C|rcunstan the e fect of the 3
ol ) pait® of ARG SHRCEIY CERFEI APoBORELDoNg didiprent Ay Fhvkd.
WO 97/ 06446 shown in Figure 6C. PCT/U896/12967

Figure 11D shows a local gating sequence

-according to one aspect of the present invention. Use

of this form of the gating sequence 341 (Fiqure 10)

15 gives an error signal 347 having essentially the same
function as that shown in Figure 9D. In order to
achieve this, the gating sequence includes, coincident

with the occurrence of each transition of the incoming

code of Fiqure 11A, a pulse that has both positive and

20 negative values. The gating sequence 341 is a zero
value in between these pulse functions. These pulse
functions are considerably less than one chip in
duration. Each pulse function has equal positive and
negative areas. When phase lock is achieved, a central

25 portion of the pulse function of Fiqure 11D is aligned
with the transition of the incoming code of Figure 11A.

If that transition is positive going, then the polarity

of the central portion of the pulse function of Figure

11D is of one polarity, and if the incoming code

30 transition is negative going, that pulse function
central portion has an opposite polarity. In Figure

11D, it is shown that the central portion at a time 349
coincident with a positive going edge of the incoming

code of Figure 11l1A is positive, and that the pulse

35 function central portion at a time 351 coincident with



16 Because of the wi de extent of the zero error si gnal

- regions 287 and 289, it can be difficult to initially
si gnal . Tha¥V0;92/06 Hfien the receiver is first powered up, 1E §9§/1§967
rel ati ve phase of the local 5 code generator causes the I|ne of - si ght
.signal 213 to fall within one of the regions 287 and 289, there wl|
be no error signal to adjust the phase of the | ocal codes bei ng
generated. Therefore, a switch 291 (Fi gurm 7) is provided to

di sconnect the second correlator from10 the circuit during initial

si gnal acqui si &i orgatThesgoing edge iof) tshehirasguingi code, ofh&igureell dbor

characteristic l.tﬁR,lét Q)fut':'t & a}ngéqq%\pégsséd but rather that of

Figure 9A Tﬁus ‘mil tip somne i nfluence
during this initial S|gn@ﬁf§6ﬁapglFPoﬁﬂiﬁﬁﬁ(ﬂﬁfl§maq§9¢qq4%@&Cﬁhéfpﬁhﬂose of

the techni que bQJ_blél Ehidtions ofi Mg@ﬁcesugm wilDabe2lkplditiad theth
operating range 2 qﬂ% e this curgﬁh(?e SMAtchg%91 | S cIOSfd. Thi s
t hen ||nFﬁ§P8§ttﬁ8 FFeE THHEH 5i ngfg pulsery |
correlator brifigsctthen iomwfrsighabsugnahe2 idc2hinge xamld ytransotcndence
with the in phgag POsAt 'H:én ¢{8wed as hav1ng t@{?f't i dklihely: adydz8nd Chip

has been found sati sfactory. This nean hat the operating range 281
is 0.1 chip, aCOBPPNRALSow rBgFBRLTRA MALEIGMMRE ethenPulse fuRELiOoN| 4t e
of the second naweelaateds WEBeamdit P35 tBafSarei blquallr dtrechrdan b geieh 9B i's

Loi oo thajoof BfLEShy oppoCRL Sl IO SIN3E QLML d SO B ETOHLS OA

Thi s result's 1n eac Zero error
bei ng 0.8 chi pthe dernerosigd®Eh o@fat@@steelatorr@lfatFyeuphaée@ is

difference is H%mggeahe Apé‘@é |3’573Qand %@‘serx@é\ﬁéi acrpct?pmwepc?ﬂ\kfgge that

Is part of the e|n recei ved There are

variations in Fﬁea§ﬁéélﬁﬁé and ATt GG Whatr SSRE Yl Whect2hpad ot
operation of thAad behind the pulse function areas 353 and 355. The

15 areas 353 and 357 are caused to equal each other.
Similarly, the areas 355 and 359 are caused to equal
each other. 1In the specific example being described,
the areas 353 and 355 have a width of 0.1 chip with a
plus 1 magnitude while each of the areas 357 and 359 has

20 a width of one half that or 0.05 chip, with a minus one
magnitude.

Referring to Figure 13, curves are given to
illustrate the relative tracking error boundaries for
various multipath signals having different values of

25 delay from the line of sight signal desired to be locked
onto. The outer-curves 361 and 363 show the results of
operating the DLL correlator of Figqure 4 in a manner
described with respect to the curves of Figure 5. The
dashed lines 365 and 367 illustrate operation of the DLL

30 correlator of Figure 4 in accordance with the curves of
Figure 6, as described previously. It can be seen that
the tracking error is considerably reduced but still is
significant. A curve 369 of Figure 13 shows how the
error is considerably reduced when one of the DLL

35 correlators of Fiqures 7 or 8, as explained with respect
to the curves of Figure 9, is utilized. The same



correlator of Figures 7 and 9. The specific early-late 35 phase

differences, that are chosen for the two correl at

within a V\kv(?e”foéﬁﬁe, so long as they WO 97/ 06446 Péfm%)’xzpﬁ
PCT/ US96/ 12967 17 are different,
dependi ng upon a particul ar application and what is desired to be
achi eved. It is generally pref erabl e, however, that one of the two
correl ators of Figure 7 have an eaehy PRN code that is one 1/2K

earlier 5 than the in-phase |ocked positiont, and its |ate PRN
code 1/ 2K af teesultgi alllastyatefe byeddved muorveel 3 Dr basurs byansdag y PRN

code N 2K aheggb c&aélncﬁ%cﬁxén@beo?@ﬁﬁﬁ'ﬂ@ 11D w#@lﬂ:ﬁé tcl%é rde1a¥o@nd K are

i ntegers with bei n bei'ng descri bed,

N=2 and K=10.F HﬁprelEOVhé§bﬂﬁﬁﬁﬁﬂW§¥ﬁ59%§Q¥#Qﬁqomeﬁt Vhblséalﬂﬁgeﬁactor of

the el ement 2ffomf theguterver 8B tha! AGltipathSei®nals WK are
.t hat scaling

rel ati onghip he t orrel to I nt ai ned,

factor will g&e)ﬁfear c?f T 1P Oime © %%Wétsl’ﬁ%ba]dr%‘ ABnSIGRERSANEXt ended
zero error 153mowligrde m@gl«mfl%e@@?tmdtlzwcxmuat ahkn the accunul at or

out put of Figure 9Cis ﬁblpéragb@gﬁrlggg_tl at cgvéjlgéjre

Figure 8 shows a nodifjcation erein four accunuﬁators are
used, insteaddoaRENR (PF) &E%uﬁm’%)f%?% ofs Zegq) treskdngregyes for The
purpose of  the Filgtiee BLLScbprebatotbat e sy Heedday ST obhahged if

10 for a ratio X of the magnitude of the multipath signal
to that of the line-of-sight signal is 0.5 with ©
varying between ~II and +II. It is obvious that for T
‘between 0 and 10ns, the zero tracking error is roughly
identical for the three correlators, and for T around

15 100ns the advantage is clearly in favor of the 0.1 chip
edge DLL. After -150ns, the zero tracking error becomes
negligible for the d=0.1 chip edge correlator, whereas
it stays at 30ns in the narrow correlator and above and
increasing for the 1 chip wide correlator.

20 Conceptually, the edge DLL correlator used on C/A code
is equivalent to a DLL correlator used on P code, and
has the same beneficial multipath mitigation properties.

Embodiment of a GPS Receiver

The following description is mainly oriented
25 towards the United States’ Global Positioning System
(GPS); however it can also be applied to the Common
Independent States’ GLObal NAvigation Satellite System
(GLONASS) as well, or to any ranging system using a PRN
sequence. This embodiment is described with one bit
30 quantization; this choice, made for the sake of the
simplicity of the description, does not preclude any

constraint on the quantization.
Referring to Figure 14, a general block
diagram of a pseudo-random noise (PRN) receiver 10 that
35 implements the present invention. The receiver 10



t he out puts of each of the individual m xers 251, 253, 259 and 261 are

accunul ated prior to any conbination of any of those ouyt &#ﬁ. An
adder - subt rO198064493 t hen 25 receives outputs of the four 335‘ P%?ﬁ?s,
two of which now need to be scaled and switched rather than the
~single output 277 of Figure 7. An alternative to the use of
early-late correlators, but which gives the sane beneficial 30

results, is illustrated in Figure 10. ecei ved si gnal 301, as

previ ously described with respect to Figures 4, 7 and 8, is applied to

a m xer 303 Wmlﬁ@iﬁ aﬁc%\é@%lna 11,2 heRblaRoderterd hﬁ_,caﬁ\ﬁhﬁ&géi nt ai ned

I n the signal . si gnal 307, haV|n? a local carrier reno , s 35
mxed in a nm $&2MESd S, kIR £QYatithg FeqlRPiee/ @uEPYE ol berface| §da) agdt i ng
si gnal generataord343tal Tpwodesesk signal The anteid7i0644Teives a

PCT/ US96/ 12967 . . 18 . o t t he
m xer 339 ciogpogﬁpel ealgnf% Rah comp%sé%%rmqfap %rlﬂinr'?tlé‘:’grg%‘%hll 332£Wrmse
out put 347 issafelddtes in thg @rgtemathat agedireet]yisint hkephdse of the

out put of oft B8ghecak €péi fgtenmal BRNIARsi3e3stignahnkEi 26 g 5
error signal. Iqémg}oeratlon of the DLL correlator, of Figure 10
can be illust 2 H®y dous ETtEL el c OV R 148 gir quantized gfgure 11A

il lustrates PBimpadsi t hatersetbtdubatfxkquencynsiagaatariFe; as gastemnf the
received si gnglam%q_qmgﬂﬁo]cq( Fc;cocg%d S %HM 1Yt ei ther being a plus one

in |evel
10 The signal IFW is a word of 4 bits, each

representing one of four IF consecutive samples at a Fs
sampling rate. The processing clock Ft is a division by
4 of the Fs signal. The system clock is a further
division of Ft signal, interrupting the processor at a

15 rate of approximately 1 per millisecond and triggering
the channel processing.

Referring to Figqure 15, the down-converter is
discussed. The RF signal is first prefiltered by the RF
filter 120, amplified by 121, and mixed with the Local

20 Oscillator (LO) by the mixer 122, filtered and amplified
again in IF by 123 and 124, and finally quantized in one
bit by the hard limiter 125. The filter 123 is in fact
used as a pre-correlation filter with a two-sided
bandwidth of 20.46Mhz. The instantaneous hard limiter

25 output is sampled at a rate of Fs, and shifted in the 4-
stage shift register 126. The sampling rate Fs is
chosen to satisfy the Nyquist rate requirement, related
to the pre-correlation filter bandwidth. Every Ft clock
transition (i.e. 4 Fs clocks), the full contents of the

30 shift register is transferred into a parallel register
127. The 4 bit word IFW is then transferred to the
channel circuits at a Ft rate for satellite individual
tracking.

The clock reference circuitry of the down

35 converter (Figure 15) includes a phase lock loop (PLL)
which is composed itself of the voltage controlled



or a negative one in |evel. One of these levels is chosen to

‘represent a binary bit one, and the other a bi nary bit
Transiti on¥bEWEEn t hese 1 evel s occur at one chip int gé\%{ 955/1?967The
code does not transition 15 between |evels every chip, however, but

T at her

its

information is contained in the pseudo-random nmanne

which it stays for one or nore chips at one val ue and then swt
anot her value for one or nore chips, 23 and then back again, and s

20

utilized,

LS 190 Clodiel DO 19 RSB LMo cop HfsBl By RE0

val ue at each . )
gati ng sequerdfenence3peciid lagpy 1EBguprdl1Binakdy,t Redevwi £requenaysition

olrn tran Ion O

r in
ches

o on.
Figure 11B shows one gating sequence 341 that may- be
| t dsodXbptoposved vel dhe yafvneqaenegclividerpQsizt,i e phtisd

ne
The

where such a Igeysiftil@Rd s1p@ssi bige vbte bhiepatt il gbea asthecgating
sequence _of
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t he

is an error 3®1 dsgrbdvi3iEd whnclseveradsseteps) | v thersant ifnenchy oa as
t hat shown i ny;kis T | " : COTr f i
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As shown in Figqure 14, the sampled and
quantized intermediate frequency signal IFW is
simultaneously fed to each of the several signal
processing channels 13a to 13n. A separate channel 13
is devoted to every visible satellite; the assignment to
a given satellite is made by configuring the pseudo-
random noise (PRN) generator through the PRN GENERATOR
COMMANDS. The structure of a channel 13, typical of
each of the channels 13a-13n, is given in Figqure 16.
Every satellite signal is simultaneously tracked in
carrier phase by a carrier Phase Lock Loop(PLL) and in
code phase by a Delay Lock Loop (DLL). All channel
processing is made in a fully synchronous manner at a
processing clock Ft. IFW samples are processed 4 by 4,
and all carrier and code generation is made at Ft rate
by groups of 4 as well.

Both the PLL and the DLL are implemented
partly in the channel 13, and partly in the processor
15. The link is made by the I/0 interface 14.. The loop
comparators and the loop actuators are located in each
channel, whereas the filter implementation and the loop
management are handled by the processor 15. The loops
are updated when the processor is interrupted by the
SYSTEM CLOCK signal and the MEAS READY signal is set for
that. channel, informing the processor that a measurement
cycle has just finished. All measurement cycles are

10,

to

Fi 1B | d th ddl f h chi f
L8 At EBE o he R edhfor ne iR AR EEARNGE GRG0 o 118

i ncom ng cod&



Figure 11C shows a gating sequence 341 which gi ves an error signal 347

that is essentially the sane as that shown in Figure

Coi nci dent wo vhosaech transition of the inconing code 1E5§\T’U§9§a{126€ﬂ se
having a 5 duration of 0.1 chip. The polarity of the pulse is
positive during a positive transition of the incom ng code and
negative during a negative transition of the I ncom ng code. The width
of the pul se can be sonet hi ng otheryfhan 0.1 chip, which will then

give an error 10 signal function that is sonmething different than that

shown in Fi gup@cen at a perlod blg&éﬂufﬁbﬁjéﬂéﬂ“8¥3ﬁ%é @Q@bEﬂathﬁéxsequence
-according to.,one aspect of th gresent i nventi on. or m of

the gating sed&eﬁf@e§4T°FFFau?és 0§y sreagpyement. erTB? EY@EQIPSE?OﬁaV|ng
essentially tHhe sameby thef pmd:e@snrmttémér;stujmue‘l Endti@l9Ratiohn order

to achi e e [ q“?ﬁ gldes, coinci dent wth

t he occurrencé%bkngﬁ% Hﬂ%éﬁ@%tloﬁﬁﬁ} e |ncon1ng code of Figure 11A,
a pul se that has both p@¥iet ceeragd POL ufegathe angaswesmentghé gadi Ag
sequence 341 b§ arZ€flphase \@Jﬂieelamcb@ty\m t@:@&%%é@ré’e‘ﬂﬁé'ﬁﬂése These

pul se functions, are siderabl y_ | than on ration.
Each pul se fuﬁ@FFSE kL éagg qﬁ%l?l d%ﬁe%&@ gLaBEégesvﬁgﬁ phase
| ock is achlevadprmatennralt@52er¢xwhllﬂ1uﬁedemgpﬁbxethanptesanoé éfgure
11D i s alignedy h | | FLgure 11A
I f that trans?tloﬁlﬁﬁgioééggvgsggfﬁg éé?&éi%{@%&gafgdﬁsfﬁg %ggcentra

portion ¥® th&apgl sé Hqﬂﬁﬁq%ﬁf(ﬁpﬁﬂﬁﬁﬂzfandOmjjﬁP¢% of PRhE pbPari ERe and i f
the incom ng eegeed@tionr,amsit! iude diffarged.iderr oot r@xgnémtcoﬁ%ﬁa

anetion, i le RRLSAOIAESs RRooRRRERLe jROLAE L cdMBPUES
with a positiVaREJIBERY EE@@UBNCKheC®MﬁbNﬁrmpf a codeief Fyuweriddnlys
positive, andcBhggoqh%dpgg%qlqﬁtoffqm@b)oqggentraI portion at a time 351
COInCIdeft Wit The carrier NCO 132 is described in detail in
Figure 17. The instantaneous carrier phase image is
kept in a carrier phase register 1325, where the total
range represents 2II of carrier phase. The current
CARRIER FREQUENCY COMMAND is kept in a frequency command
20 register 1323. At every Ft transition, this value is
added to the current carrier phase register contents by
the adder 1321c; thus, the carrier phase is incremented
one full cycle every time the carrier phase register
1325 cycles back to zero.
25 The instantaneous carrier phase can be
obtained. at any SYSTEM CLOCK transition or at every Ft
very straightforwardly; the carrier phase register 1325
is reset synchronously with the SYSTEM CLOCK at the
initial CHANNEL RESET command, ensuring a known initial
30 phase. Every processor command loaded into a buffer
1324 is transferred into the frequency command register
1323 and effective at the next SYSTEM CLOCK transition;
as the SYSTEM CLOCK period is an exact number of Ft
periods and knowing the loaded command word, the exact
35 value in the carrier phase register is obtained at the
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negative, WOt?
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a negatlve goi ng edge of the incom ng code of Fi gyicgnishbbzegr 1S

Pe8e nay be reversed.

Referring to Figure 12,

characteristics of the pul se functions of Figure 11D will be explalned

-Wwth 5

respect to the expanded scale diagram A single pul se

function occurring about the incom ng code transition 349 can be
vi ewed as having four distinct adjacent 25 conponents. A central .portion
of the pul se function have areas 353 and 355 that are equal in area to

each 10

ot heextn SEFFEM: eCEPAEs bfanbiétiennstri @t | iany 34% wiedwck

t he

error 3! gnal oFahbeceOn" ehahatygbnFbgUE il Sompucalihl zed. Areas 357

and 359 have an opposit

to areas 3 an

355 and occur,

respectively, ahead of Thé O%ﬁmp%ﬁﬂﬁQﬁF%Qﬂ§epGP§€1PGnﬁPﬁ6ﬂeaVé&§93§8 and
355. The 15 isg %Bﬁ@lnéﬁanwnéx&&ﬁsaﬁze19aumdgt"otﬁQUﬁxbseaehg@tﬂf&rcant
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rre a ur'e
carrier references are generated synchronously w1th the

exact sampling times for the 3 other samples as well.

“Arbitrarily and for simplicity of implementation, the

reference signal is chosen to be the third of the
sequence of 4.

If may be noted that the carrier phase 1325 is
physically incremented by the frequency command value
1323 every Ft. It is equivalent to say that the
instantaneous carrier phase is virtually incremented by
a fourth of this value every Fs (i.e. four times per Ft
period). As " a result, the reference carrier phase
synchronous with the fourth sample (most recent one) is
obtained by adding fregquency command divided by four
(divider 1322c) to the current carrier phase 1325; the
carrier cosine (sine) value C,; (S,;), delayed of one
sampling period, is obtained from it with the phase
quadrature signal Generator 1320d using the same
algorithm as for C, and s,.

Similarly, C.,, S_, are obtained by subtracting
frequency command value divided by 2 using 1322a from
the current carrier phase 1325. This substraction is
performed by using the adder 1321a. The ccsine and sine
values are finally obtained through 1320a.

Finally C,,S.; are obtained by subtracting the
frequency command value divided by 4 using 1322b from
the current carrier phase 1325. This substraction is

I'n a



descri bed wi

accor dance™R Y448 curves of Figure 6, as described previously.
can be seen that the tracking error is considerably reduced but stil
IS significant. A curve 369 of Figure 13 shows how the error is

th respect to the curves of Figure 5. The dashed |ines 365
and 367 illustrate operation of the DLL 30 correl ator of F&ﬁﬂéfm?

consi derably reduced when one of the DLL 35 correlators of Figure

8, as expl ai
The sane

ned with respect to thes curves of Figure 9, is uti
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of 4 samples is “exclusive ORed” with the 4 bit cosine
carrier reference COS in the structure 130la to 1301d.
All samples are added in the adder 1302; the result is
comprised between -4 and +4 (the “0” values are
processed as “-~1” by the adder 1302). The result is
then multiplied by the value of reference PRN sequence
synchronous with the most recent sample (multiplier
1303). The resulting value is then algebraically added
at a Ft rate to the current contents of the accumulator
1305. At every CYCLE transition the accumulator value
is transferred to the buffer, the accumulator is reset,
and finally a new measurement period is initiated. The
processor is then able to read the measurement values to
close the loops.

Going briefly back to Figure 16, the delay
lock loop will be described in more detail. The DLL has
2 configurations, acquisition mode or tracking mode,
depending on the channel locking phase. As described in
the prior section, the tracking mode preferably uses an
“edge DLL" correlator, while the acquisition mode uses
a 0.1 chip delay DLL. The selection between 2 modes is
made through the signal DLL SELECT. Other specific
combinations of tracking and acquisition mode
correlators may also be employed.

The delay lock loop (DLL) processing is timed
at a Ft rate similarly to the PLL, and the measurement

1 chip



edge DLL. After 150ns, the zero tracking error becones negligible for

the d=0.1 chj correlator, wher eas It stays at 30 ga narr ow
correlatorvgﬁgw gge and i ncreasi ng for t he %%Tnﬂw& %8

correl ator. Conceptual ly, the edge DLL correl ator used on C/ A code

1s equival ent to a DLL correlator used on P code, and has the sane
beneficial nmultipath mtigation properties. Enbodi nent
of a GPS Recei ver The fol kowi ng description is mainly

oriented 25 towards the United States' { obal Positioning System
(GPS); howeverupdatanrakteo ilse CYFHE e¢ twelhe CoheoPLL usesnd@pended)

States' GLObali¥ingaticn c%ﬂatlﬁb' Ek8mSYAt ¢ALp hase( %Wé@g):eiét%' h3;qr to
any ranging systemusing a sequence. —Thi s enbodi ment éscri bed
with one bit rgcﬁj'an"i’ ‘ia?l%‘hadr?'f‘n‘llgec%?ﬁ%, Dﬁﬁd@"FB?lPﬁ@rséﬁébofoﬂfhe

sinplicity of dthe deshei mibndrdees ngie pigel vdku@nito zer6OR&idi AL on the

quanti zat izon. I\N uy neral
diagran1o? a Sggh %n%%%?noﬁgég(gﬁN%'rggg%gerﬁ % ?%%ng ﬁgh ﬁgnts
t he present |W’@ﬁt|1@nacql11ﬁét?~@@emv@¢ 10he procesy@ioin@ésmstion is

PCT/ US96/ 1296 ised to control the PRN_GENERATOR COAMMANDS of ”Eiigdﬁﬁwa”
antenna 11, a domnconverter Eﬁ§3 mul tiple channels 13a to n, an

I nput / out put CRas Gghe
The “edge DLL” principle, previously described

10 with respect to Figures 10, 11D and 12, will be
described in more detail, in light of the GPS receiver
just described. For “edge DLL” implementation purposes,
four time intervals of equal duration have to be defined
around the PRN code transition; two before the code

15 transition and two after. In the current embodiment,
each time interval has an exact duration of 1/Fs or the
IF sampling period.

We thus infer that every time interval
contains one and only one IF sample at a Fs rate. The

20 relative position of the samples in the interval is
unknown and depends on the relative phase between code
generator and sampling clock. The full formula
expressing the DLL response is given below.

Assume that S_,, S.;, 5., S« is a sequence of

25 four consecutive IF samples with the code transition
between s., and S,,, and the associated sampled PRN code



a digital processor 15. The antenna 11 receives a conposi te signal
RF, conposed of signals fromall 5 satellites in the sysl;&c}pg&ﬁ 03" €
SI

directly i WOHi@#644bne of sight of the antenna. The conposite signal RF
is fed to the down-converter 12 to provide a quantized and

- sanpled internedi ate frequency signal IFW a system sanpling clock Ft

and a SYSTEM CLOCK. 10 The signal IFWis a word of 4 bits, each
representing one of four |F consecutive2&anples at a Fs sanpling rate.
The processing clock Ft is a division by 4 of the Fs signal. The

system cl ock sequeneet her PRN.., dARN-si oPR® 1/ FERShgn@ ith kBN upt PRY-it he

processor at ghdlPrN,Qt €= 0brAPH. OXidPRINE Ayl HRefeFinldas e@ond and triggering
t he channel processing. Referring to Figure 15, the

down-converter is di scussed. The RF signal is first prefiltered by the
RF filter 120, anplified by 121, and m xed with the Local 20
Gscillator (LO by the mxer 122, filtered and anplified againin IF
by 123 and 124, and finally quantized in one bit by the hard limter

125. The filter 123 is in fac _1u5?%ygs__ e-correlation filter with a
t wo- si ded bandwi dt h of deﬁéﬂﬁég Hn??ﬂgﬂa eous hard limter 25
output is sanpled at a rate of Fs, and shifted in the 4- stage shift

regi ster 126. The sanpling rate Fs is chosen to satisfy the Nyqui st
rate requirenent, related to the pre-correlation filter bandw dth.

Every Ft clo QQ$1 jon (i.e. 4 Fs clocks), the full contents of the
30 shift rgg¥§%éPH?£ t é%s erred into a paral]el register 127. The
4 bit word | FWi s Hthen k% & &ivatbiolahels a8 TiHdithe#d98rcuits at a Ft

rate forssatellitendi digd transit@skifng.a falling edge, Theé clock
ref erence ci rcuitr% of %et[ doovxcn 35C c.onvg;}{ﬁarc .Fiﬁgure 15% igcl udes a phase
| ock | oop (PLL) whitdh T CRRRE S PR S ot TR dht rol | ed
dPRN can be thought as the derivative of the PRN
sequence.
At every PRN chip code transition, the
10 elementary DLL contribution is given by:

DLL,=(-§ ,+S_, +S,, S, ,) ®dPRN

The contribution is not zero if dPRN#0 (i.e. if PRN_,
# PRN,,) . |
After an integration period defined between
15 two contiguous CYCLE transitions, the full DLL
response will be:

DLL=2DLLi

1]

This summation performs a low pass frequency filtering
function of the measurements dI and dQ.

. Going back to the physical implementation, we

20 notice that knowing a code transition falls inside a
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23 oscillator (VCO 131, a frequency divider 132, a p

conpar at or MY/ ch conpares the phase with a stable p&@?’é?ﬁé%‘a
oscillator 128, and, finally, a | ow frequency loop filter 130. The
VCO output is used as local 5 oscillator for the RF section. The
frequency of the VCO 131 is divided in several steps, a first tinme by
a divider 133 to get the sanpling 2Pequency Fs, a second time by
a divider 134 to get the processing clock Ft, and athird tine by a

di vider 135 t9FQeP Phie 4SYETEMaT®leGLOBe still have to kpewshewweem Fi gur e
14, the sanplwi@ndsampleguant ithed gridie rt{FFéj'@(Sc?tT t{‘éﬁgF‘EQBX £ahgRal | FW

S si mul ;. .aneousl %\lf ed tongjach of the severa pracessing
channel s 13a T3¢ 18A9PR&1SeFAr &N hhnfBPW1¥hese |*§’%e‘&%@%dtf'én§9‘§#§0nw si bl e
satellite; thféalalsswmg\ttm@ 4 IFWasgmybessatBétaheel wemadedbyocaabi guri ng

the PSeUdd- 4 corsRATROL3FuEER OBET L5 LDERURD: e EEY CENERATOR

COMVANDS. The structure of a c

channel s 13a-diffenentyippsatipnsg gméhq@ewn@ewa negde tioj ﬂceepl ghal i s
si mul t aneouslyy Iﬁf@.ﬁksdsl gamplescalfr |tq;re é}ﬁj‘é’d@é’ gpageAF
Loop( PLL) andr ota1C8 Ehase ﬁ %Loc Loo % “channel
processi ng |shr$adfé Fata Fg}l JCsyHe rlort?(‘?us fher€at® dst HPREtestEPng cl ock

Ft. | FWsanpltde (:ﬂ&iﬂﬁpﬁbces&ed ﬂnbyS4m X, Sahdsal Is,caandePrandbe2dg

generat h@n | $HBRGERedde " noxgy nauRs of 4 as well.
Both the PLL and the DLL a erren ec};
P1 PO code Elementary DLL Elementary DLL operation
value | value | transition operation in tracking in acquisition mode
falls mode
between
0 O | S3aandSyn | (-Soa*Saat Sga -S1)edPRN | (+S54 +S35+84,+S,)edPRN
15 0 1 S4A and 31 ('SSA +S4A+S1-Sz)@dPRN (+SEA +S4A+S1+S?)SdPRN
1 0 S, and S, (-S4a+S,+5,-8,)edPRN (+S42+S;+5,+S,)edPRN
1 1 S, and S, (-S1+S,+84-S ,)edPRN (S1+S,+S,+8 JedPRN
Table 1
20

Going to Figure 20, the implementation of the

In-Phase DLL correlator 13la is described in detail.
After multiplying IFW by the Carrier word COS by 1310a

25 to 1310d, the three last samples of the current IFW word
are latched in 1318. At the input of the four
multiplexors 131la to 1311d, seven samples are
simultaneous available, S, to S, from the current IFW and

S,a to S, from the preceding one. Depending on the

30 current value of Pl and P00, a common selection is made
on all 4 multiplexors. For the remaining of the
explanation, we will assume that P0=P1=0. On 1311a
output, §, is available; on 1311b, S,, is available, and

so on. The adder 1313 adds up all selected samples

35 (interpreting “0” inputs as “-1“ value in the process).
The result is then multiplied by dPRN to form the
elementary value DLL;. In tracking mode, the signal DLL



partly in the channel 13, and partly in the processor 15. The link is
made by th:‘rvélglq/ ig&%erface 14. The loop 30 conparators and gdyeuddRQbos7

actuators ated in each channel, whereas the filter

i npl ementati on and the | oop managenent are handl ed by the processor
15. The | oops are updated when the processor is interrupted by the
SYSTEM CLOCK signal and the MEAS READY signal is set for 35 that channel,
i nform ng the processor that a measurenetf cycl e has just finished

Al'l measurenent cycles _ are WD 97/ 06446

PCT/ US96/ 1296 FELECT will invert the values coming gyt from thgsEikrst a
period bigger aid&:ﬁl‘tﬁehalaﬁi et SYSIEM CLOBEs fully ningsXemoing otRéss any

measur enent . cle r h o} eve channel
initializatio xngtﬁggué rT%&aFﬂéékégkﬁéh{§2%&%%ﬁ&f?é %lﬁé St "tHe The
carrier PLL u§@@lﬁhd sreasurenents | and Q of an in-phase correl ator

130a, andga quadrature @ﬁgsecurrengprwgh@%prbg%ggenln+§ tgﬁgklng nmpgle, the
PLL drives the formati on g%bo Zero | e checking for the presence

of t he s@&ﬁ&Prﬁéeﬁiﬁé pded tWPQxﬁQQH@%¥ﬁF9raﬁéléspﬁg PReadder same
“punctual " psgudoduzadgnthe oskeme (FRNradoitidhe Every corams btiom, obut use

O o orer eS| DShEAEE, 900 pocyil e din igE o ! tygiiLn 1
nunerical ly 1317comesgiedticactuneiataco ang2fipglly initiatestha
carrier NgO 13éw med@Giemead pardedail in

There 1is only a slight difference when
implementing the acquisition mode. The circuitry is
identical up to the adder 1313, except that the first
and last sample coming out from the multiplexor 1311la

15 and 1311d are not inverted. The dPRN signal is defined
the same way than previously, but its size is expanded
to reach 0.1 code chip duration, centered on the code
transition.

Referring to Figure 18, the full PRN code

20 generator will be described. The Generator is in fact
composed of a code numerically controlled oscillator
(NCO), which delivers a chip frequency clock Fc whose
frequency is in direct control of the processor through
the CODE FREQUENCY COMMAND:; in turn, Fc clocks the PRN

25 code generator 1334 per se.

Let’s begin by the Code NCO description:
similarly to the carrier NCO, it is embodied by a code
phase register 1335, whose full range represents 2II of
the code phase. At every Ft transition, the word into

30 code frequency command register 1336 is added (modulo
the range of code phase register) to the contents of the
code phase register by the adder 1331d. The carry
signal coming from the adder is used as chip frequency
Fc. The CODE FREQUENCY COMMAND word present in the code

35 frequency command register is loaded at every SYSTEM
CLOCK transition from the buffer 1337. The buffer is



Figure 17. The instantaneous carrier phase inmage is kept in a carrier

phase reglster 1325, where the total range represents rier
phase. TheWQF70s#6 CARRI ER FREQUENCY COMVAND i s kept |%é1la’U$J683§Fre
comand 20 regi ster 1323. At every Ft transition, this value is

added to the current carrier phase register contents by t he adder
1321c; thus, the carrier phase is increnented one full cycle every
time the carrier phase register 1325 cycles back to zero. 25

The instantaneous carrier phase can be obt ai ned at any SYSTEM

CLOCK transitibpedf apadedrfrpm the proaesAqQnidfhtfbywhiney; Aniedhearri er

phase regi Steimlig-@g@ant fuh%t&%%etoisyﬂ?é"rEBS’éSNEOWﬂé" tHeqeYSTEM %@CK at
t he initial CHANNEL RESET conmand, ensuring a_known initial 30

phase. Ever ySHiyrks &t 6mbdnd YRos8e UNAEECY ¥AS rdgscribeq garlier.
transferred into the freqgeeney comadurel regigialls are 132Rheataterffestive at

t he next £YST1.E$/1%%K tri'apskt Iy gn,t toggltpgﬂggsy%M %emgoggr Ip\?\l%rsl S an

exact nu peri ods an khow aded ctonmand
exact 35 vateisherhéCER)riléBSphasd MﬁglssethespbbsalnaarameDMeat

PCT/ US96/ 1296, r YW 974 SRATE (A = CODE FREQUENCY COMMAND /4). 25

next SYSTEM CL transition or at any Ft clock transition in between
by direct conputation. The one bit reference carrier cosine
val ue {Jerfp<cprs<is|dbpacerd by27epetrmk Vel yROBRNGKCEPRER ATSR-AKUER RN
Ap 2A0 R-2AQ A
Pl 0 0 1 1 1
RO 1 0 0 1 0
Table 2

Pl is obtained by subtracting the Code

Frequency Register (CFR) 1336 divided by two (by divider

15 1332b) from the Code Phase Register (CPR) 1335 by use
of the adder 1331c. If the result RES1 is positive, Pl
= 1.

The P0 case is different depending on the P1

value. If Pl is zero (CPR <2AQ), CFR, divided by four
20 (by divider 1332a), is multiplied by -1 in the

multiplier 1331b; if Pl is one (CPR22AQ), CFR/4 is

multiplied by +1. Then 1331a adds RES1 to the

multiplication result; the carry of the adder 1331a is

taken as PO. The final result is in agreement with
25 Table 2.

The PRN code generator 1334 is clocked by the
chip frequency Fc. It is confiqured for a particular
satellite sequence by the command GENERATOR PRESET. It
outputs an epoch signal, synchronous with a particular

30 instant in the PRN sequence, which is taken as reference
in the PRN ranging sequence. The data bits superimposed
on the PRN sequence have their transition perfectly
synchronous with this epoch signal.



5 bit (MSB) and the second nost significant bit of the carrler phase

. register contents. The one bit reference carrier sine value
obt ai ned usWM®P7(0646\VEB of carrier phase register conten't)(éwufsﬁflg%i7
actually done in the phase/ quadr ature signal generator 1320c. 10
As the sanples are processed 4 by 4, the carrier references are
generated synchronously wth the exact sanpling tines for the 3 other
sanples as wel | . Arbitrarily and fee sinplicity of inplenentation, the

reference signal is chosen to be the third of the 15 sequence of 4. -
|f may be noted that thehearBREIH phagaal3zblagks thephgytial Igpuntmement ed

by the frequepsy;comich vakUereser 123cn8veryifializhbibh eol valent (o

say that the i nstant aneous carrier phase 1s virtually increnmented by
20 a fourt hCANRe} X, HNfe SEVEr FEEET | aéd FOURtE ABs 1p&Egar numbagy i od) .

As a result, ofhepximy enpfae@@fraer fH@spreset s;émmrmw)USbwt)bethﬁ:fourth
sanpl e (nopst recent one oht a by ad q C

di vi ded E§ fd%?nerate Rf%ﬂ?#tigﬂ 8 Fgegﬁé gﬁr e %r%@% tggé 25 t he
25 carrier m@@sueex(lenhe):wéleu@m[@ll] cpsp:eda]c}JFSdearwyednﬁormﬁe the

sanpling peri cé§s@Pt§#”€Hef§P&hbi MEAS RBRpPhas@very chWdMAL W4 Signal
Generat or 1320d usi ng the sane al gorithmas for err] and. S err].

Simlarly, CEF$] Oy FYFLlar EOUBEGFneFWFINRNYZRE | A dFS PYRqGATE
command val uetdansfiegohy. 2 asiteg k3Fadhramizing tpieaser oantheadatar phase

cosine A1 o PG, 3r ip pPERABIE G A Ohgh MG e TN
Final |y d errgerigds njp 6t|0e2@b*lsa| n@ddbya stbansttiong tm%lnq iy

command val uecxli yiglegi by, 4 using 1322b from the current carrier phase

1325. This substraction_is
It is assumed, accurately, that the edge DLL

correlator used on C/A code, with a precorrelation
15 bandwidth prefiltering (typically 20.46Mhz double
sided) improves the multipath error. A PRN code
transition detector is built X-ORing the current code
output and the previous one latched in the latch 1339.
The signal dPRN is generated by 1338 according to the
20 description in the DLL principle explanation.
According to the usual multipath model, the
direct received signal is given by:

A - PRN(t) - cos (W, t+ Q)

where:

A is the amplitude of the received signal
25 PRN(t) is the pseudo~random sequence

W, is the carrier frequency pulsation

@ is the carrier phase offset
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- 26 u3|ng t he adder 1321b. The cosine and sine va are

f| nal |y obfvé??"l-’é% 16hrough 1320b The full NCOb%lﬁ/'?JS?f”i%g a
"cosine" word COS and a "sine" word SIN of 4 bits each, each bit being
the 5 sanpled carrier reference value one sanple apart. The

"punctual " in-phase (130a) and quadrature-phase (130b) correlators for
the PLL are described in Figure 19. 33G ven the close simlarity, the
foll owi ng correl ator description deals with only the in-phase case. 10
The internedi at 8hérwglithpgthosdgh&EW cenpgdved by: of 4 sanples is
"exclusive ORed" with the 4 bit cosine carrier reference COS in the
structure 1301a to 1301d. Al'l sanples are added in the adder 1302; the

result is conprlsed/4b§h2$QNg62¢) gggﬁ 4 6t hﬁ " 0" values are 15

processed as "-1", by the a oY esdl't then multiplied
by the val ue of reference PRN sequence synchronous with the nost
recent sanple (nultiplier 1303). The resulting value is then

al gebraical | y adbexe : at a Ft rate to the current contents of the

accunul ator 20 o 130%ne Anp1YREK FUEHE Wl Alrdt aseumul ator value

is transferred to the buffer, the accunulator is reset, and finally a
new measur enshtLbEPa by $390&lti ated. The processor is then able to
read the sreasurenest thal pespbgation delsy beeweeoapirzct and Goi ng

briefly back 6 e del ay | ock loop will be described in
nore detail. ﬁéﬁ€1§%gﬁ %1gn5f 2 configurations, acquisition node or

tracki ng node, is ﬂb@eﬁdﬂlﬁ}qnﬁhIR@&%@aﬁ@@BthQ@kbﬁgwpﬁasderstde@dr|bed in
the prior seqﬁﬁgwhpégw $1@e&inhg node preferably uses an

The main effect of the presence of a multipath
10 signal is to shift the zero crossing of the DLL response
from the “zero multipath” reference differently for each
of the three discriminators. The DLL driving the DLL
correlator output to zero in average, the difference
between zero crossings will be seen directly as an error
15 in the measured code phase. As the different satellites
on which the channels do not experience the same
multipaths because of a different geometry, the position
computation will be erroneous.
Returning to the above description, with
20 respect to Figqures 11D and 12, of operation of a
receiver that uses the demodulation technique of Figure
10, a few alternate local gating sequences will be
described. Figures 21B, 21C and 21D give other examples
of what the gating signal generator 343 can provide in
25 line 341. The result in terms of the error signal
characteristic of Figure 9D is substantially the same,
but the different gating sequences of Figures 21B-D
cause the height and duration of the non-zero portions
of the Figure 9D curve to change somewhat. The
30 fundamental advantage is retained, however, of providing
extended intervals where the error signal is zero.



30 "edge DLL" correlator, while the acquisition node uses a 0.1 chip

delay DLL. The sel ection between 2 nodes is made thro ,Bhe signal
DLL SELECT. WO X%0p#46 specific conbi nations  of tracki ;%p’ 296
acqui sition node correlators may al so be enpl oyed. 35 '

-The delay | ock |oop (DLL) processing is timnmed at a Ft rate simlarly
to the PLL, and the neasurenent WO 97/ 06446

PCT/ US96/ 12967 34 27 update rate is
CYCLE as well. The DLL uses dlI and dQ i nformati on com ng from an

I n-phase DLL correlator i8laeach fofr dijgqurek a ZuBdDat ure pRlaaes  Nilly
| at 13 . T ' h | . wh i
correlat or ]é)%ie&o%eedd%%énasggg%k dELYES ok %\%ﬂﬁh%gl Lt‘}a’n%%n[gnsl ne” 'n

5 tracking no I'n"_conjunctron ]
acqui si ti on notkd, The? pretessedfi hher knepmangscode (fFdegreo 2ddvitr olInt he PRN

GENERATOR COMYANIXS-0f2 tBe ddidtive poRdeo8N8Kat Bhdl331 of the signal The
"edge DLL"_ principle, previgusly gescrlbed 1 pect to ., Figures

0] W t, res .
10, 11D “%and have 3§, magngdude Igssc ey ity rr&’rhe‘q&et SPFTSSRONAGRI of the
GPS receiver positirst deseibhed.37Roraniddges DhkYei rgplrempmt abd@nopuriposes

four time intepval [ at.i haye ef.icn . LO t he
PRN code tran?&#?&%{ o E%%ggggphé8§8 g¥1359t?§ggsﬁki§§eaﬁ&g %& a g%r. In
the current erfbgtBhehenger dugaghonspe howemeral Smsthat ekBet aggest ioddn of

1/Fs or the thelpu38BPlgdidiRRIs 069 and 373 are equal, as are the
io0 areas 371 and 375. 1In the gating signal of Figure 21C,

a positive area 377 (magnitude less than 1) is much

smaller than a negative area 379 (magnitude more than

1), while a positive area 381 is much smaller than a

negative going area 383. This gating signal differs

15 frcm the others shown herein by aligning with the code
signal edge 365 (when a minimum error condition exists)
a transition between negative and positive going
portions of the signal. Each of the signals of Figures
11D, 12, 21B and 21C is symmetrical about the code edge.

20 The signals are positioned with their middle aligned
with the code edge.

In Figure 21D, however, the gating signal is
non-symmetrical about the incoming code edge. But the
positive and negative going pulse portions have equal

25 areas on each side of the code edge. That is, areas 385
and 387, on one side of the code edge 365, are
substantially equal, while the areas 389 and 391 on the
other side of the code edge 365 are also substantially
equal.

30 Although several specific examples of compound
gating pulse shapes have been given, there are numerous
other shapes, with various relative magnitudes, that can
be employed instead. The total negative and positive
going areas of any such compound gating pulse is made to

35 be. .substantially equal. This property causes the
multipath signal to be substantially eliminated so long



We thus infer that every tine interval contains one and only one | F
-sanple at a Fs rate The 20 relative position of the sanptgiﬁgg }h
%:%ghe

interval i V09706481 nown and depends on the rel ative phase

generator and sanpling clock. The full formula expressing the
DLL response is given bel ow Assune that S[err], Slerr],
Slerr], S[err] is a sequence of 25 four consecutive IF sanples with the
code transition between S[err] and3$§[err], and the associ ated sanpl ed
PRN code -

PCT/ US96/ 1296&s i\t@ 0de0e#46from the line of sight signal is 28
sequence is Rg@gg% nPRN[err], PRN[err], PRN[err] (with PRN[err] =
PRN[err] errL PRN[ err]). dPRN may be defined as:

dPRN = (PRN[ err] _pmﬂ_é p}lyh the various aspects of the present

Thus dPRN equith$éntion have bdeni fddde ilveansSkit®N riesp2dt StHO +BEGS-
5 preferred implementations, it is understood that the
invention 1is protected within the full scope of the

appended claims.



5 -1, if the transition is a falling edge, 0, if two
consecutive P I ps are identical. dPRN can be thougfty.

derivati vewﬁg%g&PRN sequence. At eve‘rg‘%/ /g%l\(]t/l?: 6|7p code
transition, the 10 elenentary DLL contribution is given by:

DLL =(-S[err]+S[err]+S[err]-S[err])[err] dPRN The contribution is

not zero if

After an integration period defined besaeen 15

transitions,

dPRN[err]O0 (i.e. if PRN err] [err] PRN[err]).

the full DLL response will be:

two contiguous CYCLE

DLL = [err]IXIIS CLAIMED: This sunmation perforns a | ow pass frequency

filtering

function of the nmeasurenents dl and dQ

Goi ng back to the physical inplenentation, we 20 noti ce that know ng a
code transition falls lnsi femgthod of decoding an incoming signal

10

15

20

25

containing a carrier having encoded thereon a pseudo-
random noise (PRN) binary code, comprising:

locally generating a PRN signal corresponding
to the PRN code of the incoming signal,

mixing the locally generated PRN signal with
the incoming signal,

developing, from a result of mixing the
locally generated PRN signal with the incoming signal,
an error signal having a magnitude as a function of a
relative phase difference between the incoming signal
PRN code and the locally generated PRN signal that (a)
is zero for a zero relative phase difference and for a
majority of a range of the relative phase difference
between plus and minus one chip, and (b) increases as
the relative phase difference changes from =zero to
another value within a central portion of said range,
and

when the error signal has a non-zero magnitude
within said central portion of said range, adjusting
said relative phase difference by adjusting the phase of
the locally generated PRN signal a manner to drive the
error signal to zero, thereby to drive the relative
phase difference between the incoming signal PRN code
and the locally generated PRN signal to zero.

2. The method of claim 1 wherein the local
generation of the PRN signal corresponding to the PRN
code of the incoming signal includes generating an
operating set of recurring non-zerc gating signals
representing edges of the PRN code and which
individually (a) are less than one chip in duration, (b)
have .equal positive and negative areas, and (c) have a
positive or negative polarity at a center thereof

A 0
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of 4 |FWsanples, we still have to knom/bet whi ch
sanples oqu 8V3ﬁp the code transition falls. The S|gn§{§wﬁﬁﬁénd P1
show where the code transition falls anmong the 4 | FW sanpl es. Because
we need to add 5 4 consecutive values and the code transition can have
4 different positions in the sequence, we need to keep the 3
previ ous sanpl es of the previous sequendg of 4 | FW The tot al
sequence will be, fromthe ol dest sanple to the newest: Slerr];
S[err], 9[err¢orSispondirg] e whesherr p, PRNecofle addePRR4 pbsilkgve0or t he PRN
code synf@ronggéa@&gg Foehg] - P1 PO code El ementary DLL
El ementary DLL operation value value transition operation in tracking
i n acqui sition node falls node bet ween

0 0 SSA and S4A 8. 82$h53ﬁetﬁéé abtprainhydeBNc 16 ih22+&RAL+E4AS]) edPRN
15 0 S4A and S1 S3A+

(+33A+S4A+31+%”2’;‘f"er"r‘i 11y gené %},@‘Zggf{% @3@4&%/&;%%29%)1{1@”] dPRN

(+S4A+S1+S2+S3i¢ratsdPRN iniftial get 87 fah-3Bro (r&1wSTing3- Satfieagr | dPRN

(51+52+53+54)££§ﬁLQEMMre generated with recurrlng non- E@Q&e ghtd8g
Going to Figure 2 t he Lon ase DL cqrrel at or

i np
131a i s d%scr?%ﬁﬂ?#§1Fﬁﬁ?ﬂqnleld“aiﬂyeKlﬁu?FFpF?FﬁgtFPVVB?etﬁ@leaFPler wor d
COS by 1310a @bration]3afd, (tilg tlavee d asingkeppesivive her cneyamtvieFW wor d

are | atched 8. Lop f .. the ouy, | t.i_pl exors
1311a to 1311 fgg%g% thaﬁpﬁesigﬁateg %%efﬂ J‘PR& Yode ed&y &s

respectlvely positive or negative going, thereby to
initially acquire an incoming signal before 1locally
10 -generating the operating set of gating signals.

4. The method according to claim 1 wherein
the local generation of the PRN signal corresponding to
the PRN code of the incoming signal includes generating
as an operating set of PRN signals a first replica

5 advanced in phase 1/2K of said chip with respect to a
reference, a second replica delayed in phase 1/2K of
said chip with respect to said reference, a third
replica advanced in phase N/2K of said chip with respect
to said reference, and a fourth replica delayed in phase

10 N/2K of said chip with respect to said reference,
wherein N and K are integers with N being smaller than
K.

5. The method according to claim 4 wherein
mixing of the incoming signal with the first, second,
third and fourth locally generated PRN code replicas
results in corresponding first, second, third and fourth

5 mixed signals, and wherein developing the error signal
includes giving the first and fourth mixed signals the
same polarity that is different from a common polarity
of. the second and third signals.

T A



si mul t aneous available, S[err] to S[err] fromthe current |IFWand

- S[err] to SJerr] fromthe precedi ng one. Dependi ng on the current
val ue of PT Qﬁﬂkﬁﬁﬁ a common sel ection is made on alllioi%wsgﬁ}{2967

mul ti pl exors. For the remaining of the expl anation, we wll
assune t hat PO=P1=0. On 1311a output, S[err] is available; on 1311b,
S[err] is available, and so on. The adder 1313 adds up all sel ected
sanpl es 35 (interpreting "0" inputs asg-1" value in the process).

The result is then nultiplied by dPRN to formthe el enentary val ue
DLL[err]. In tracking nede, ThhemstigodloDldlaim 4, whaDedrw B6446als 10

PCT/ US96/ 1296 30 SELECT wi | |

i nvert the va Hgchgﬁuﬁ&So&f fromthe first and the last rmnultiplexor
thus fully inplementing the tracking DLL formul a described in the

fi4 rst :j i ne4of t he Tabl ere méthod of claimlhe whHadd@Nl pNadrierobet ween
+ an -

LS al gebraj cal l.y added to the acc tor 1316 by the
adder 134 8oaitvngelfER e e HERRALIIh Bat rh BRI TIoH ordn
CYCLE transfeisﬂﬂyahusﬂnndﬁungvaignals tise gemfelrarted thalt3lilc hedes s t he
accumul ator, aadfinaldy di L& ArdPr 185 EARMLETRAL P Gh ana
There is only a slight difference when i npl enenting the acquisition
node.  The cfpagitdyy neplicas,. | ddaneby o9 t ciHelablder acaBirexcapt t hat

the first in@bflihdskigaam| ke foE NGO Y rRd e TRY tEHY eopraddidg 15
and 1311d are ngt invertgd. . The .dPRN si gnal is defined
set of gating signals.

B. The method of any one of claims 1-7

‘wherein the incoming signal includes at least a primary

signal being received directly in a line of sight from

a transmitter and a multipath version of the primary

5 signal being received with a phase delay therebetween

that is greater than said central portion of the error

signal range, whereby the adjusting of the relative

phase difference 1is performed with respect to the
primary signal and not the multipath signal.

9. In a receiver of a radio frequency signal
containing a carrier having encoded thereon a pseudo-
random noise (PRN) binary code, a method of locking onto
the PRN code of a primary signal received in a line of

5 sight from a transmitter when a multipath version of
that signal is also received with a time delay of a
fraction of one chip, comprising:

generating a PRN signal corresponding to the
PRN code of the received signal,

10 mixing the generated PRN signal with the
received signal which includes both the primary signal
and the delayed multipath version thereof,

adjusting a relative phase of the generated
PRN-signal in response to an error signal, and

A g



the sane way than previously, but its size is expanded to reach 0.1
- code chip duration, centered on the code transition.

7US96/12967

Referring W@ E%ie 18, the full PRN code 20  generat or wi TFTB%4E3E i be.

The Generator is in fact conposed of a code nunerically controlled
(NCO), which delivers a chip frequency cl ock Fc whose

oscil |l ator

frequency is in direct control of the processor through t he CODE
FREQUENCY COMMAND; in turn, Fc clocks the PRN 25 code generator 1334 per

Se.

whose ful

to the cesrier NCO it imsiebholy edelnpratiode the ephlase signsl efrbdbm3s,
transition, 2

LAY Dhetk B Fra ptiG AT MR at BHERARE e

(modul o

Let's begin by the Code NCO descri ption: simiarly

nto C requéency conmand T

phese afife 8f eUROPHER e Afegtbeerhrimarhe asht Bilsipathhe

;:gde ggase_ refi gh&Is by drke edger shitkduentlile §8hé¥ating Sirakrgem ng from
e aader 1S

Fc. T F ENCY COVVAND
word present §¥% 558@p§§mpg%§g§ﬁéHE§ %%%%%na%rgﬁ%%%%ﬁnéégggghgﬁNat every

SYSTEM 20 Cligfalr arisiht ithe phesetbé buéfepridd8y. sighelbwitbputsthe
97/ 06446

31

i mportant function of the code NCOis to deliver the

used .as_ chi fre

PCT/ US96/ 12967

: 1ti i 1 :
itselt ?l a%%t}j F13m the processor at any tine. Another
signals PO and

)

P1, whose function was describad empeth6d8. of claim 9 whelle@n P@heand P1

signal s

are

10

10

ner . . .
géﬁ%f%é%gg o%sthe PRN signal includes generating an

operating set of recurring non-zero gating signals
representing edges of the PRN code and which initially

‘(i) are less than one chip in duration, and (ii) have a

single positive or negative polarity that designates
whether a PRN code edge 1is respectively positive or
negative going, and then subsequently (a) are less than
one chip in duration, (b) have equal positive and
negative areas, and (c) have a positive or negative
polarity at a center thereof corresponding to whether a
PRN code edge is positive or negative going.

11. The method according to claim 9 wherein
the generation of the PRN signal includes initially
generating a first replica advanced in phase N/2K of
said chip with respect to a reference and a second
replica delayed in phase N/2K of said chip with respect
to said reference, and then subsequently adding a third
replica advanced in phase 1/2K of said chip with respect
to said reference and a fourth replica delayed in phase
1/2K of said chip with respect to said reference,
wherein N and K are integers with N being smaller than
K.

12. The method of claim 11, wherein K equals
10 .and N equals 2.

R o



5 fol | ows: If Ris the total range of the code phase regi ster

(CPR) 1335, and [err] is the phase increnent at every Bs. 3R Jﬁ%%[err]
= CODE FREWIERMO#I40OVMAND / 4) . O<CPR[ err] [err] <CP err?P,

2[err] <CPR[ err] R-2[err]<CPRerr] R R-Jerr]<CPRerr]R [err]

2[err] R-2[err] [err] P1 0 0

1 1 RO 1 0 0 1

0 Tabl e 42 P1 i s obtained
by subtracting the Code Frequency Register (CFR) 1336 divided by two

(by divider 15 1332b) 1firomat e tGode Rhakeddgicstar (MR indg3higrny) use

of the adder . Lt the I ] LLLye =

The PO case iégg%g%gﬁgﬁfgﬁéggﬁélﬁ;(Hl%%% gﬁéb&éa &gFég9nIFI£F%%?%bro (CPR
<2[err]), CFRrapgmdagise f(8BN)2binagyycodeyvi gempriginrg);, is nmultiplied
by -1 in the  mubbicphil9’ IlfSddratindl i seeleri&ER ermdlAird)
CFR/ 4 is nultlglled Q{ +1. 1 Then 13§1a gdds gESl to the

mul ti plicati ofPFEREIPY FRE TRFHPIGH S FEPAGGER 189 15RY scode edqgs pngs po.
The final reswhiichs indagideakhy wah 2e Tebke fhan one chip in The PRN
code generato 4.1s c¢hqac Y, : £hi q EC. f.dS
configured fo?uéggéP?VC Pgrm%$%)%ég%3|??%1§gﬁﬁe%é§ g%%%%éﬁgoﬁéﬁﬁf’
GENERATOR PRESET. (¢] have & nqfiittsivgn ofpserasiyRaPoLlayhehrdhusantar a

particul ar 30therBoifantha deeignNteequeneehemhiaChrrS RN agqgéefigy ence

in the P ranging.sequence. ghe data_bits superinposed oh the PRN
sequence avePPREFHVEr ShsPEPB 158r?8&P9y synchronous with this epoch
si gnal . mixing the incoming signal with each of the

locally generated gating signals, thereby generating
-first and second mixed signals,
correlating and accumulating said first and
15 second mixed signals, thereby obtaining a correlation
signal, and
using the correlation signal to adjust the
phase of the 1locally generated gating signals with
respect to the PRN code of the incoming signal in order
20 to maximize the correlation, thereby to lock the phase
of the locally generated gating signals to the phase of
the PRN code in the incoming signal.

14. The method according to claim 13 wherein,
prior to 1locally generating said operating gating
signals, generating an initial gating signals with
recurring non-zero gating signals that individually (i)

5 are less than one chip in duration, and (ii) have a
single positive or negative polarity that designates
whether a PRN code edge is positive or negative going.

15. The method according to claim 13 wherein
the individual gating signals have a common duration in
terms of a fraction of a chip of the PRN code of the
incoming signal.

[
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32 The EPOCH signal clocks the cycle counter Yh%

which is ré@%?wg¥4?he initialization of the channel bypfﬁgm%y. égESET,
and counts an integer nunber of epochs (preset at the preset sequence)
before to 5 generate a transition on CYCLE, which stops the current
measurenment cycle on all correlators and inforns the processor by the
si gnal MEAS READY. Every channel has 41 jts own cycle counter, .
synchroni zed on its own_data transitions. After a synchronizing phase

on the data 10 transitfons® Pethedpp§sppredisgsppwiasaminge sioasdr enent
periods up tac@Psiniwgdat 2atrtraesi HiawinPEidde €héiédn a pskhis-period

It i : t he_ ed L | at d c A
code, w th o et B i ol BSatn test rempr E8LIRE ™ ((Vpically

20. 46Mhz  doubl e slaea}lyi gpnevesingheemllicigsatdf eheoincomidg PRN
code 5 L ransddd PNpRAT ebhar _i'n%llﬁ'd'i:ngt é%]qfﬂsé%‘ tlf@pfﬁ%ggéyggg d i out put

and the previqus one,latched in the t na i's
gener at ed by PR ablof dPhgSEbdt FaipovWitlaeEeFPREE 0BOi A FRECDRRCHY | Aci pl e

expl anation. second replica A€T@y&dngntphsbe VR ofULbigatRipO@etn the
?'){Zﬂ] rggg' \(ﬂieegsrpf%ctgcnfjl[%'rg?.?c'lVlegfebﬁ{énce, a third replica advancAelieirrxl PRN(
phase N/2K of said chip with respect to said reference,
10 and a forth replica delayed in phase N/2K of said chip
with respect to said reference, wherein N and K are
integers with N being smaller than K,
mixing the incoming signal with the locally
generated PRN code replicas,
15 combining and accumulating the mixed incoming
and PRN code replicas, thereby obtaining a correlation
signal, and
using the correlation signal to adjust the
phase of the locally generated PRN code replicas with
20 respect to the PRN code of the incoming signal in order
to maximize the correlation, thereby to lock the phase
of the locally generated PRN code replicas to the phase
of the PRN code in the incoming signal.

17. The method of claim 16, wherein K equals
10 and N equals 2.

18. The method of claim 16, wherein mixing
the incoming signal with the first, second, third and
fourth locally generated PRN code replicas results in
corresponding first, second, third and fourth mixed

5 signals, and wherein combining and accumulating said
mixed signals includes giving the first and fourth mixed
signals the same polarity that is different from a
common polarity of the second and third mixed signals.

AN D



wher e: Ais the anplitude of the received signal 25 PRN(t) is

the pseudo-random sequence [err] is the carrier frequ tion
[err] is tHHEOOHPe4er phase of f set WD 97/ 06446 DB

PCT/ US96/ 12967 33 The mul tipath
signal is given by: Aferr] PRN(t-[err]) [err]cos
([err](t-[err])+ ([err] - [err]) wher e: [err] is the
anplitude rati o between direct and gl tipath signal 5 [err] is

t he propagation delay between direct and mul ti pat h si gnal “-[err]

i s the additional phase It atiTire bewewhen! dof ectladmd 18, wherteiipat hhei gnal .
The nain effect ﬁ:hm&paﬁae%ecmufamgl B2t ik mek@RAlssighdiss shEft the

zero crossing o L response
performed by flrst doing the accumulating and then doing

the combining.

20, The method of claim 18, wherein the
combining and accumulating of said mixed signals is
performed by doing at least some of the combining before
the accumulating.

21. A receiver of a composite radio frequency
signal including a plurality of signals that
-individually include a carrier signal having encoded
thereon a pseudo-random noise (PRN) binary code,

5 comprising:

means receiving the composite radio frequency
signal for transforming the composite signal into an
intermediate frequency signal, whereby the intermediate
frequency signal includes a plurality of signals that

10 individually include an intermediate frequency carrier
signal having the PRN code encoded thereon,

a plurality of channel circuits receiving the
intermediate frequency signal, individual ones of said
plurality of channel circuits including means for

15 decoding one of the plurality of intermediate frequency

signals that comprises:

means responsive to an error signal for

locally generating a PRN signal corresponding

to the PRN code of the intermediate frequency

20 signal with a relative phase controlled by a
magnitude of the error signal,

means for mixing the locally generated

PRN signal with the intermediate frequency

signal,

25 .. means using the mixed signal for
generating an error signal having a magnitude

AR AT



fromthe "zero nultipath" reference differently for each of th
~discrimnators. The DLL driving the DLL correl ator outgutydegnzRKO I N
aver age, a

as an error

t WO %304%r ence bet ween zero crossings will be seen

15 in the neasured code phase. As the different sate

on which the channel s do not experience the sane mul ti pat hs be
a different geonetry, the position conputation will be erroneo
Returning to the above description, w t4g 20 respect to Figures

12, of

of Figure

operation of a receiver that uses the denodul ation t

10, a feaws a tfarmedieod aefla gaé]iamgu&eqummsdjz\fférbme

descri bed. Figures 21B,, éymigﬁ g| %@ eex%gp

gating signal generator can prOV|

i ne 3%&6 he ¥€§

e three

irectly

[lites
cause of
us.

11D and
echni que

t the
ult in

terms of the error sigAdtermedigisgy acféﬁHBFPQYof Figals opang subkeantial |y

t he sangg
cause the hei ght and dgratlon of th on- zer.o
t o change

however, of pravajbmity of exrandedofntamvaeﬂaMmyeapmﬁse

9D curve

ret ai ned,

i's zero. . 7/.064 ) .
PCT/ US96/ 12967 a1 %2 T 0 tween plus and321nus one chip,

each of Figures 21B-D, aaccar(®ul Lpcreasegon@fol thel getlagivegrehagrecurs at
each ofsgransitions  3if362end€7ch&hfes Hion NRerddaM dibiaste w41 @l

si gnal

In

10

but the didahieyegbngabtag smUusHRs) afhdd gL £Sig 1&%
e

e mzero ra A ST Okkence a 48

within a central portion of said range.

22, The receiver of claim 21 wherein the
local PRN signal generating means includes means for
generating an operating set of recurring non-zero gating
signals representing edges of the PRN code and which
individually (a) are less than one chip in duration, (b)
have. equal positive and negative areas, and (c) have a
positive or negative polarity at a center thereof
corresponding to whether a PRN code edge is positive or

negative going.

23. The receiver of claim 22 wherein the
local PRN signal generating means additionally includes
means for generating an initial set of non-zero
recurring gating signals that individually (i) are less
than one chip in duration, and (ii) have a single
positive or negative polarity that designates whether a
PRN code edge is respectively positive or negative
going, and wherein individual ones of the plurality of
channel circuits includes means for selecting one of the
operating or initial set of gating signals for mixing by
the mixing means with the intermediate frequency signal.

24 . The receiver of claim 21 wherein the

local PRN signal generating means includes means for
generating an operating set of PRN signals that includes

L) O )

Fi gure
rror
I n

re 21A).



Fi gure 21B, negative portions 369 and 371 of the signal 5 have a

‘magni tude Jess than 1, while corresponding positive portions 373
and 375 hav&®MY4 t ude of 1. The | ower magnitude negabfVESH&2P47ons
of the signal are gi ven | onger durations, however, so that the areas

of the pul se portions 369 and 373 are equal, as are the 10 areas 371
and 375. In the gating signal of Figure 21C, a positive area 377
(magni tude I ess than 1) is nuch smglyl er than a negative area 379

(magni tude nore than 1), while a positive area 381 is nuch snal l'er
than a nagahrge g@pngcaar&w&&?ed mT@has@atll/aﬂ éfggakddéﬁiﬁréléyg from
t he otherg sh all n|n

re| n b . 65
(when a nini mgj\él@grrg'r %%nél £ r@)?i ‘3nd Wltg % a?l’sF’EF %l}@t"\?oéé(n fegat i ve
and positive §6Fagd repljeet dedgyed tihe phiageall/ZRactt ofaichectsignal th of

Fi 1 d t I :
Tlhgugle;nal S a%égggélgt F('é;n%aﬁﬁ é%%@rgﬁurc%ym rhla% g?a%mgect&ed %Qﬂ%)ﬁle code

edge. posite tp r$EDPORERAGEY , at Hélﬁ‘aﬁﬁ@llﬁ'@rﬁﬂvd@efi
non-symmetri cah aphaset he/2xcant n@ad@decadge wBUh the€spect POSi tdasq and

negati ve, goi n or n v areas. on e side of the
code edg%a8 e?&:@ﬁcgr e‘%ﬂs& g%p‘ﬁ %a%‘giugll%%sit BR1gnatyi dea’bci1 Ehddde edge
365, are r%Bb&;@@rﬂQJ@m{%ﬂ dquahasehNV/ @Kt bé sedds cBaP a;rid:hs&lestmadﬂﬁe

other side oftéhga£@de RAGHROANA @u%hsga§3b§é@5‘ﬁaaﬁéi/arlt Qﬁu
Al t hough sever al épemfl C.ex ggl es of ound sé §T1apes

have been gi VBn2PEhBrarerinhederdueith N ehee §Hébé§r W‘?ﬁ $ari ous

rel ative magni tudes t hat can be enpl oyed i nst ead. The total negative
and positive goi ng, reas o ulse |s made to

35 be substanti al li/ § whb cseslq%?opggfyup%léﬁs é e R pat h

signal to be &¥®pdt%an ‘Paﬂ”li@' %I@Wﬁhh%e@j so | ong

A Y
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35 as QUM fromthe |ine of sight signal is suffGTEYBRE2967
Al t hough the various aspects of the present i nventi on have been .
described with respect to their 5 preferred inplenentations, it is
under stood that the I nvention is prot ec};f within the full scope of the
appended cl ai ns. WO 97/ PBgA6 J
PCT/ US96/ 12967 36 I T IS CLAIMED:
1. A nethod of decoding gps ) ng si gnal containing a carrier having
encoded t hereon a pseydp- M]Ldm[rmﬂse (PRN) bi nar de cqdmri si ng:
local Iy generati ng ahPFgl ‘(}c{ 2 (8 iggrdondi pg to the ! e
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m xi ng the enerated PRN signal with t he inconlqgmﬁﬂﬁﬁ
developing,bﬁig#%%4$esult of m xing the | ocal ly generate s?gﬂal
with the incomng signal, 10 an error signal having a nagnitude as.a

function of a rel ati ve phase difference between the incom ng signal
PRN code and the |l ocally generated PRN S|gggy that (a) is zero for a
zero relative phase difference and for a mejority of a range of the
rel ati ve phase difference 15 between plus 47 nus one chip, and (b)

i ncreases as the rel ative phase diffepQnce changes from zerfi']'gI EA
another value within a central portion of/saN{ range, and t D
when the error signal has a non-zero nitudeN0 within said c H4ngtua
portion of said range, adjusting e phase difference by
adj usting the phase of the | oc N siqnaL;a nanner to

drive the error signal to zerq,

phase difference between the incomnng sf_zgeé1d€§y) rr% %?d ttﬁ]@calw

generated PRN signal to zero. ! . The hese of cl?gglbg
S|gnallcorrespond|ng t

Iy generated

wherein the |ocal generation of the RE

PRN code of the incoming signdl includks generating an operating
set of recurring non-zero gat|no shgnaPs 5 :r--resehtlng edges of the
PRN code and which i ndi 2 hip in

duration, (b) have equal _qo§|.t1 @e._@rﬁj r@ga@LS/e{—‘aﬂe&éS and (c) have a
positive or negative polarity at a cenher t her ebpf WO 97/ 06446

PCT/ US96/ 12967 FIG. BC
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37 corresponding to whether a PRN code edge is positiv r. 1
‘negative goMR)I7/06446 3. The nethod according to %F&%“’%n%"
wher ei n, prior to locally generating said operating set of gating
signals, an initial set of non-zero recurring gating signals are
generated with recurring non-zero gating g{'% signals that individually (i)
are less than one chip in durati on, n{]‘?(ii) have a single positive or
negati ve polarity that designates whether a PRN code edge is :
respectively positive or negative going, thereby to initially acquire
an incomng signal before—locally 10 -generating the operating set of
gating signals. 2 4. The method according to claim1 wherein
the | ocal generation of tEB® PRN signal corresponding to Bhe PRN code
of the inconming signal i€l udes generating as an operg{ifg set of PRN
signals a first replica 55 advanced in phase 1/2K of sai d&:%p wth
respect to a referencg, a second replica delayed in phase 1/ 2K of

said chip with respectmtcmsad reference, a third repi{ ae
phase N 2K of said chi% ect to said ref erencg} and a fourth
replica delayed i n phase RQof said chip with res ect™'to said
ref erence, ;o\\he I aréNi ntegers with N bej lfer ~han
K. N 5. cording to cl
of the incom ng"§i~gnal qg‘[ second, "’\
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third and fourth locally generated PRN code replicas r

esults in

-cor r espondi "YOPTRe#6 second, third and fourth 5 nixed si gnafsT/UsR§q2967

wher ei n devel opi ng the error signal i ncludes giving the first and
fourth m xed signals the sane polarity that is different froma common
polarity of the second and third signzy? WO 97/ 06446

PCT/ US96/ 12967 J 38 6. The
nmet hod of claim4, wherein K equals 10 and N equal s 2.

7. The nethod of claim4 wherein, prior to ~azglocally generating the
operating set of PRN signals, an initial set of PRN signals is
generated that includes said first e&ond replicas wthout said

third and 5 fourth nrepllcas thereby—dLQ tinitially

acquur e tan
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that is greater than said central portion of the error §E9H%b?/m@ge,
f

‘wher eby thewé)oq7@§f‘16ng of the relative phase difference i s péertorned
with respect to the primary signal and not the nultipath signal.

9. In a receiver of a radio frequency signal containing a carrier

havi ng encoded t hereon a pseudo- ran%noi se (PRN) binary code, a
nmet hod of | ocking onto t he PRN code primary signal received in a
line of 5 sight froma transmtter when a nultipath version of . that
signal is also received with a tinme delay of a fracti on of one chip,
conpri si ng: generating a PRN signal corresponding to the
PRN code t%f he,r c%i ved |si-ghal-11Chip l=—ridirgl OHip —generdted PRN
signal w é,t X'*‘ + r ecet f i ncl udes both the pri nery Time
si gnal el-ayjed—rHtpat-h—vrerstonfthereots l

adj usti ng (chiﬁgjgéd%e-phase of the generated —RRN—si-g-nQ-I-—i-n—pe-spe{nQe—to
an error signal, amdl } WO 97/ 06446 i }

PCT/ US96/ 12967 L1 Chip : 39 15 i
initially e;il hgg it he ler Fér S|j‘n-jal from I conparing the phasal of the
gener at ed with the bhase of aiconposite of the prinary_and

al
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si gnal froqugqgg&kng t he phase of the generated PRN 20
I W t hout the

‘phase of the prinary signa

SI

'ﬁgﬁh | t he
mul tipath signal. s¥rfaben

10. The method of <claim 9 wherein the generation of the PRN
signal includes generating an operating set of recurring non-zero
gating signals representing edges of@[ﬁﬁ PRN code and which initially
5 (i) are less than one chip in duration, and (ii) have a single
positive of-negatt+ve-pelartty—that--desi-grates————- ~whettrer—-aPRN-cotde-eflg®

i S respectlive
are | ess tihan
negati ve area
center thereo
negati ve qoin
wher ei n i

5
f

J - _
[ he generation of

one chip in duration,
, and (c) have a positive or
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the PRN signal includes initiall&

a
(b) have equal positive and Or/)J
negative pol arity at }
PRN code edge is positijve or

11. Themethod according to clgaim?9 |
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respect td afeference and a £ replica delayed in phasé N 2K o
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9710644613 A method of decoding an inconing signal

containing a carrier having encoded thereon a pseudo- random noi se
(PRN) binary code, conprising: | ocal |y generating
recurring non-zero 5 operating gating gi/gpal s representd ng PRN code
edges and which individually (a) are less t gone dripin

duration, (b) have equal positive and negative areas, _|_ __ and_(c) have a
positive or negativea polarity at a center thereof tlhat desidnates
whet her a PRN code ddge is 10 positive or negatf Ve going, i

m xi ng the incom ng lsignal witfi eagh of [The ocal I y generat ad gating

H i xed signals,}
second |m xed si gnal s,
U

signals, thereby generating
correlating and accunul ating
t her eby obtaining a jcorrel atj

|si ng t%e
correl ation signal tlo adj ust&;t Hé, ph b | ocalll y generated ga@ ng
signals with rdspect togt
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Nk, Eﬁhy‘-‘—to Lockl t he phase |, lof thes
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5 are less than one chip in duration, and (ii) have a single
a %‘ﬁ(ﬁ%ﬂég%dge

positive or YRJHP44e polarity that designates whet her

i s positive or negative going. 15. The method according to
claim 13 wherein the individual gating signals have a common duration

I n terms of a fraction of a chip of tIﬂl/jBRNcode of the I ncom ng
si gnal . WO 97/ 06446 )
PCT/ US96/ 12967 41 E’ZE a
nmet hod of decodi ng an i ncom ng signal containing a carrier having S
encoded thereon a pseudo- random noi se (PRN) binary code, conprisin

| ocally generating replicas of the incomng 5 signal PRN code i ncl E)n
a first replica advanced in phase 1/ 2K of said chip with respect LLh
reference, a second replica delayed in phase 1/2K of said chip withs=
respect to said reference, a third replica advanced in phase N 2K of
said chipu | '

i n phase N 2K of said chip W th, Eespect to said reference, wherein N
and K are integers with N bei qgpgmller than K, m xi ng
the incomng signal with the locally =5 generated PRN code replicas, 15
conbi ni ng a(nd accumul at 1 ng/M he m xed ¢ycom ng A E
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SYSTEM CLOCK

SYNC RESET Ft

and PRN code regl | cas, thereby obtaining a correl ation signal ., and
using the coVPe48446n signal to adjust the phase of the ?%EHPW”“
generated PRN code replicas with 20 respect to the PRN code of the
i ncom ng signal in order to maximze the correlation, thereby to | ock
t he phase of the locally generated PRy/ﬁpde replicas to the phase
of the PRN code in the incom ng signal. 17gfhe nethod of
claim 16, wherein K equals 10 and N equal s 2. = . e
met hod of claim 16, wherein m xing t he i ncom ng signal \g h the f4
second, third and fourth locally generated PRN code reghLfas results_in
corresponding first, second, third and fourth m xed 5 sigé|s, and . .%
wherei n combi ni ng and accunul ati ng sai d m xed signals i g udes gi&n"‘
the first and fourth m xed signal s the sane poIaritytI‘@ is diff re%
froma common polarity of the second and third m xed si|gnpl s. S
vo o7 osaas L e T perusoer 1488y
42 | 197" The nethod of claim 18, wherein thq% conbi nilng
and accunul atihg of said mxed signals is performed b Sprst doi ng }the
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between the PRN code of one
frequency signals and the 30
that (a) is zero

for

t o anot her val ue
22. The receiver
nmeans i ncl udes

non-zero gating |

-f-or-——---
signals re

a majority of a range
di fference between plus and ni nuss one chi p,
i ncreases as the rel ative phase 3%

of claim21 wh
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as a function of a relative phase difference
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i ntermedi ate
| ocal | y generated PRN signal
r a ze | ati ve phase difference and
jg{yghe rel ati ve phase
and (b) .
di fference changes from zero
thin a central portion of said range.
ein the | ocal PRN signal generating
1ﬂffmr1nrtmmwat|ng set of recurring
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recurring gating signals that
in durati onwogdﬁ’é“ﬁ(i i)

X have a si
t hat desi gnat es whet her a

individually (i) are |less

ngl e

6.{:hip

5
FEVRRErR T

positive or negat

PRN code edge is respectively positive or

negative goi ng, and wherein individual ones of the plurality of
channel circuits includes neans for gy&ecypyitdone of the 10 operating or
initial set of gating signals for mix{Rg by _____ lhe mxing neans with the
. . r : . .
i nt ernedi at e firequency signal . g 24. The receiver of .claim
21 wherein thg | ocal PRN signallg®=nerating neans incl udes nmeans for
generating anloperating set of PRN|signals that includes 1 WO
97/ 06446 ! PCT/ US96/ 12967 {
44 a first replica advanced {nmphage 1/ 2K of said chip with 5
respect to a rleference and with g {ist polarity, a second neplica
del ayed in phgse 1/2K of said chigp wis h respect to said ref érence and
havi ng a second pol arity oppogi @ tp the first polarity, a third
replica advanged in phase 2K >§ said chip wth respect to
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