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An AltBoc recelver accumulates power measurements over code chip ranges that are associated with time slots that span the code
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(57) Abrege(suite)/Abstract(continued):

power measurements, with the code phase offsets determined from compressed signals representing one or a combination of the
codes In the AltBoc signal. The recelver recovers navigation data from the data channels of the received signal and combines the
recovered data with the corresponding locally generated PRN codes to produce a locally generated 4 code signal that Is then used
track the full 8PSK AltBoc recelved signal. The recelver rotates and shifts the phase of the recelved signal in order to line up the
subcarrier splitting code zero crossings. The pulse shape of this rotated and shifted signal is measured. The resulting sharp edges
of the recovered subcarrier are used to control the code phase of the recelver.
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(57) Abstract: An AltBoc receiver accumulates power measurements over code chip ranges that are associated with time slots
that span the code chips. The receiver combines a received signal with code and carrier phase offsets that correspond to the time
slots to produce the power measurements, with the code phase offsets determined from compressed signals representing one or a
& combination of the codes in the AltBoc signal. The receiver recovers navigation data from the data channels of the received signal
N\ 2nd combines the recovered data with the corresponding locally generated PRN codes to produce a locally generated 4 code signal
that is then used track the full 8PSK AltBoc received signal. The receiver rotates and shifts the phase of the received signal in order
to line up the subcarrier splitting code zero crossings. The pulse shape of this rotated and shifted signal is measured. The resulting
sharp edges of the recovered subcarrier are used to control the code phase of the receiver.
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ALTBOC RECEIVER

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to a receiver that uses Galileo satellites in posttion de-
termination. More particularly, it relates to a receiver that uses combinations or all of
the codes in the AltBoc signals transmitted by these satellites to increase the precision

of position determination by ground-based, airborne and seagoing receivers.

Background Information

The European Space Agency has designed and begun deployment of orbiting
satellites to be used, inter alia, for position determination. The Galileo system 1s de-
scribed in a number of publications, including Technical Annex to Galileo SRD Sig-
nal Plans, Draft 1, 18 July 2001, ref # StF-annex SRD -2001/003 and the Galileo
Open Service signal In Space Interface Control Document (OS SIS ICD) Dratt 0 and
later drafts published by the European Space Agency. However, a cursory review of
the signal format for position determination will be of help in understanding the in-
vention. The signals are generated in two adjacent frequency side bands, ESa and
E5b. The ESa side band consists of a data-carrying channel modulated with a pseu-
dorandom code (PRN) Cy and a dataless pilot channel modulated with a pseudoran-
dom code C,. In effect, these two codes modulate a carrier whose frequency 1s
1176.45MHz. The code Comodulates an in-phase version of the carrier and the code

C, modulates a quadrature version.

The E5b signal consists of a data carrying channel modulated with a pseu-
dorandom code C; and a pilot channel modulated with a pseudorandom code Cs. In
effect, these two codes modulate a carrier whose frequency i1s 1207.4 MHz. The code

C; modulates an in-phase version of the carrier and the code C; modulates a quadra-
ture version. The data modulated on C; does not necessarily have the same bit rate as

the data modulated on C, although the bit transitions coincide. The number of chips
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in each PRN, or spreading, code is 10,230 and each code is generated at a rate of

10.23 X 10° chips per second.

The modulation in each of the channels is by binary phase shift keying
(BPSK). The four spreading codes Cy...C; are combined into an AltBoc signal 1.e., a
BOC (10, 15) signal designed as an 8PSK signal to maintain a constant output power.
The carrier frequency of this signal is 1191.795 MHz, midway between the E5a and

ESb carrier frequencies.
The data is modulated onto the Cy and C; codes by multiplication, resulting 1n:
Co*=Cox NAVEgs, and
Ci* =C; x NAVEs;

A subcarrier (or “splitting subcarrier code”) in the form of a square wave,
having a chip rate of I15SMHz (actually 15 x 1.023 x 10°), is mixed with the four codes

in a unique way to form the AltBoc (10, 15) combined spreading_code.

Specifically, the phase angles of an AltBoc 8PSK signal are generated in ac-
cordance with the lookup table shown in Fig.1, as applied to the RF phase polar chart
of Fig. 2. The chart has eight points, each of which indicates a carrier phase displaced
by 45 degrees from its adjacent points. The inputs to the table are the pseudorandom
codes (C*y C*| C, C3). Ty T;are time intervals, the duration of each interval being
1/8 of the period of the splitting subcarrier code, and thus, the table corresponds to
one wavelength of the 15 MHz splitting subcarrier code. A code combination of, for
example, (C*, C*, C, C3)=(1, 1, 1, 1) produces an output of (1, 1,5,5,5,5,1, 1)
during the respective time intervals Ty_T5, these values being the like-numbered

points on the polar chart.

The angle (MMT p) and offset (MMToff) columns in Fig. 1 represent a con-
densed version of the columns [Ty...T7]. The angle represents the starting point in the
polar chart of Fig. 2 and the offset represents the splitting subcarrier code phase tran-
sition time from the center of the corresponding line in the table. For example, an an-
gle of 1 and an offset of 2 (1,2) translates to a signal switching back and forth between
points one and five (180 degrees) 1n Fig. 2, with the transition points at time at T, and

T yielding the series [1, 1, 5,5, 5, 5, 1, 1]. Note that 4 time intervals are 1/2 wave-
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length of the 15 MHz splitting subcarrier code. The code is also sometimes referred

to herein as "the splitting code."

Note also that the modulus of the 15MHz splitting subcarrier code timing 1s
used as a lookup index in Fig. 1. For example, the Tslookup index of range [0...7] to
use at any time T will be Ty = INT (T*8*15 x 1.023 x 10°) MOD 8. Sampling in this
fashion accomplishes the splitting subcarrier code multiplication and results in bi-
directional rotations of the spreading codes phases at a rate of 15MHz. Where the Cy
and C; signals end up at 1176.45MHz, offset -15.345MHz from the AltBoc center
frequency of 1191.795 MHz. Similarly, the C; and C; signals end up 15.345MHz
higher at 1207.14MHz.

Fig. 3 is a simplified diagram of a circuit arrangement that might be used to
generate the AltBoc signal transmitted from a satellite. As shown therein, the Cp and
C, inputs are multiplied by the respective NAV data signals and applied to an AltBoc
lookup table (e.g. Fig. 1) along with the C; and C; inputs. The table converts the four
inputs into the outputs reflected in the table, and these are applied to an 8PSK modu-
lator 20 that shifts the phase of the output of a 1191.795 MHz carrier generator. The
output of the modulator 20 1s the AltBoc signal.

The receiver (not shown), operating in a known manner used, for example, by
conventional GPS receivers, correlates incoming AltBoc signals with local code and
carrier generators of either the ESa code or the ESb code. The correlation with, for
example, the in-phase components of the ESa code recovers the NAV E5a data, while
the ESa quadrature phase (pilot) components are used for phase tracking and pseu-
dorange determination. Specifically, the I and Q E5a correlation outputs are com-
bined in a feedback loop to align a locally generated code and carrier with the corre-
sponding components of the ESa portion of incoming signal. The amount of phase
shifting required to align the local codes to the received codes 1s used in a well known

arrangement to calculate the pseudorange to the satellite.

The position determination obtained by the Galileo system 1s materially more
precise than that of prior GPS C/A code receivers. This is partly due to the use of a

higher chip rate in the spreading codes and the use of a greater bandwidth.
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The present invention is directed to an improvement of the accuracy of the

pseudorange determination.

SUMMARY OF THE INVENTION

S In accordance with one aspect of the invention, a Galileo receiver uses a com-
bination of the data codes or all four of the AltBoc E5 codes from a satellite to align
locally generated replicas of the codes with the corresponding components 1n the in-
coming signal from the satellite. When all of the codes are used, the data in the data-
carrying channels are recovered and the receiver then combines the data with the re-

o ceiver generated Cy...C; codes to produce Co*, C*, C,, C3. The receiver uses the re-

‘sults to track the full 8PSK AltBoc broadcast signal. In this way, the receiver recov-
ers the full signal bandwidth, which results in a sharper transition in the correlation
curve and a more accurate pseudorange. In other embodiments, the receiver utilizes

the combination of the ESa and ESb I channel codes and/or the pilot codes to similar

1s  effect.

Preferably, though not necessarily, the receiver uses a different code alignment
procedure from prior Galileo receivers. More specifically, the receiver reproduces the
satellite signal using, twelve (or more or less), time intervals that span the length of
the 10.023 MHz spreading code chip and uses lookup tables that represent com-

20  pressed channel signals, combinations of compressed channel signals and/or combi-
nations that include the 15 MHz splitting code. Also, in the preterred embodiment, a
Multipath Mitigation Technique (MMT) 1s used to further mncrease the accuracy by

more precisely determining the code and carrier phases of a direct path signal based

on associated pulse shapes.
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Preferably, embodiments of the invention will be described specifically in
relation to the use of the twelve time intervals. However, it is equally applicable to the use ot

the conventional eight intervals.

According to one aspect of the present invention, there 1s provided a receiver
for processing transmitted synchronous multiple coded signals, the receiver including: A. a
code generator that generates signals corresponding to one of the transmitted codes; B.
multipliers that multiply the recetved signal by a combination of carrier phase angles and code
phase angles of a compressed signal that includes the same code; C. accumulators that
accumulate the prod'uéts produced by the multipliers; and D. a processor that processes the
accumulations produced by the accumulators and controls the phase of the code generator to

align the generated code with the corresponding codes in the received signal.

According to another aspect of the present invention, there 1s provided a
method of aligning a code generator to a code contained 1n a received signal that includes
multiple codes on multiple channels, the method including: A. providing, at offset intervals
that span a code chip of the code produced by the code generator, code phase angles that
correspond to a compressed signal that includes the same code; B. combining the code phase
angles, associated carrier phase angles and a downconverted received signal and accumulating

the results; and C. adjusting the code generator based on the accumulated results.
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention description below refers to the accompanying drawings, of
which:

Fig. 1 is a lookup table indicating the phase angles of an AltBoc signal;

Fig. 2 is a polar chart to which the contents of the table of Fig. 1 are applied,;

Fig. 3 is a simplified diagram of circuitry that might be used to generate the
AltBoc signal transmitted from an orbiting satellite;

Fig. 4 is an AltBoc signal lookup table with twelve time slices to span the
PRN spreading codes;

Figs. 5A and B illustrate signals that correspond to an even and an odd chip of
a spreading code;

Figs. 6A and B illustrate compressed signals for E5a I and E5a Q codes;

Fig. 7 is a table of phase angle rotations that can be used in 1solating the indi-
vidual codes from the AltBoc center frequency;

Fig. 8 is a simplified diagram of receiver circuitry for acquiring and tracking a
single PRN code transmitted by a satellite;

Figs. 8A-D depicts in more detail a lookup table used in the circuitry of Fig. &;

Fig. 9 is a diagram of an arrangement for the simultaneous tracking of two pi-
lot codes;

Figs. 9A and 9B depict in more detail the contents of a lookup table of Fig. 10;

Fig. 10 is a diagram illustrating the application of a Multipath Mitigation
Technique to a receiver tracking a combination of the two pilot codes;

Fig. 10A depicts in more detail the contents of the lookup table of Fig. 10;

Fig. 11 illustrates pulse shapes of respective codes and code combinations;

Fig. 12 is a diagram of an arrangement to simultaneously recovef the data in
the two data channels;

Fig. 12A depicts in more detail the contents of a look-up tables of Fig. 12;

Fig. 13 depicts an arrangement that tracks the full AltBoc signal;

Fig. 13A depicts in more detail a lookup table of Fig. 13; and

Fig 14 is a diagram illustrating the application of a Multipath Mitigation
Technique to a receiver tracking all four codes; and

Fig. 14A depicts in more detail a lookup table of Fig. 14.
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DETAILED DESCRIPTION OF AN ILLUSTRATIVE
EMBODIMENT

Referring now to Fig. 4, I have extended the AltBoc signal table to include
twelve time segments, to span the length of the 10.023MHz spreading code chips.
Thus, each time segment is one-twelfth of a PRN code chip. To use the table, the
phase angles must be shifted 180 degrees for the odd code chips, since the 15 MHz
splitting code phase transitions are inverted on the odd chips. Note that the splitting
code repeats its splitting pattern every 2 PRN code chips, and 1s continuous through
the two chips, as illustrated in Figs. SA and 5B which depict even and odd “type 0~
spreading code chips from the table of Fig. 4.

The AltBoc signal as represented by Fig. 4, for example, can be manipulated
to generate signals to 1solate individual spreading codes or subsets of the spreading
codes. To generate a signal to 1solate a given spreading code, the given code is held
constant and the other codes are randomized. Fig. 6A illustrates all of the phase
angles for all of the codes where Co=1. Compressing the signals, that 1s, essentially
taking an average of the randomized signals when Cy=1, the E5a I 1solation signal can
be represented approximately in the polar table format for times Ty...T;;as [8, 7, 6, 5,
4.3,2,1,8,7,6,5]. The compressed ESa I 1solation signal 1s represented in Fig. 6A
by line 602. Fig. 6B illustrates the compressed signal 604 that represents the 1solation
signal for ESa Q code. Note that the E5a 1solation codes, that 1s, the Cyand the C,

codes, are rotating at -15 MHz.

Similarly, signals 1solating the other codes, namely, the ESb I code and the
E5b Q code, may be compressed in the same manner, to produce the approximate

phase rotations listed in the table of Fig. 7.

Using the compressed signals, the codes in the four AltBoc channels can be
tracked individually with circuitry that 1s similar to that of a GPS signal-tracking
arrangement that i1s disclosed, for example, in U.S. Patents 5,101,416; 5,390, 207 and
5,495,499. Thus, as shown in Fig. 8, the incoming signal (SIG) (after down
conversion to an immediate frequency in a known manner) is applied to a pair of

complex correlators including complex multipliers 40 and 42 whose outputs are
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applied to punctual I and Q accumulators 44 and 46 and early-minus-late (E-L) I and

QQ accumulators 48 and 50.

Specifically, a lookup table 52 contains phase offsets that correspond with the
entries in Fig. 7 for the appropriate code. For example, the table shown in Fig. 8A 1s
used as the lookup table 52 to track the E5a I code. Accordingly, the Cy code for a
selected satellite is provided as one of the inputs to the table 52, by a PRN Code
generator 54. A code Doppler register 57 contains a code phase rate whose output 1s
accumulated in the code phase counter 58, to provide the code phase fractional offsets
To Ti; Each time the counter rolls over, it advances a chip counter 60 that identifies
a next chip in the selected code. When the chip counter reaches the end of 1ts count,
in this case 10229, it rolls back to zero and sends a reset signal to the PRN code
generator 52. The output of the counter 58 thus selects the time slots in the code chip
identified by the chip counter 60. The code phase count, that is, the code chip time

interval, 1s used also as an input to the lookup table.

Note that, with the use of twelve time intervals, there is also an input to the
lookup table 52 that indicates an odd or even code chip. In the example, the least
significant bit of the chip count is used as an input to the lookup table, as the
indication of the chip being even or odd. The table thus contains tour rows that

correspond to the 15MHz splitting subcarrier code changing polarity, 1.e., making

180° phase reversals, at each chip of the spreading code. The code chip value and the
code chip count together specify the selected row, and the code phase count specifies
the column. The selection of phase angles from the table 52 largely removes the

effect of the splitting sub-carrier code from the locally generated signal.

The code phase angles from the table 52 are summed 1n an adder 63 with the
frequency phase angles from a carrier phase counter 66. The carrier phase counter 66
provides an accumulated Doppler range and instantaneous carrier phase angle, by
summing the Doppler phase angles provided by a frequency Doppler register 67. The
carrier phase angle is used to remove the effect of the Doppler effect from the
received signal. The result of the summation 1s a locally generated code that 1s then

mixed with the received signal to produce correlation measurements.
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A punctual version of the code is produced as well as early and late and/or

early minus late versions. In the example, early-minus-late and punctual versions are
produced. Thus, the successive phase angles from the lookup table 52 are passed
directly as early signals to an early-minus-late adder 70. The successive phase angles
are also passed through a first delay 62 to produce the punctual signals and through a
second delay 68 to produce late signals. The respective delayed signals are supplied

to a punctual adder 64 and the early-minus late adder 70.

The punctual adder 64 sums the table output with the output of the phase
counter 66, to produce the punctual version of the E5a I code. An adder 72 sums the
early-minus-late signals produced by the adder 70 with the output of the phase
counter 66, to produce the early-minus-late version of the code. The multiphier 42
multiplies together the punctual version of the local code with the received signal and
the results are accumulated in the punctual I and Q accumulators 44 and 46. The
multiplier 40 multiplies together the early-minus-late version of the local code with

the received signal and the results are accumulated in E-L I and Q accumulators 48

and 50.

The drawing does not depict a conventional feedback arrangement whereby
the contents of the complex accumulators E-L (48, 50) and punctual (44,46) are
processed and the results used to adjust the code phase counter 58 and frequency
phase counter 66, by applying rate modifications to the Code Doppler 57 and Doppler
67 registers, so as to acquire and track the E5a I code and carrier in the incoming
signal. As desired, separate early I and Q signals and late I and Q signals may also be
produced and multiplied together with the received signal and the results
accumulated, as illustrated by the inclusion of early and late multipliers 84 and 86 and
associated accumulators 80 and 82, which are depicted in dotted boxes in the drawing.
The separate early and late data sets may be used, for example, to aid in the initial
satellite acquisition process. Alternatively, or in addition, separate early and late
signals may be accumulated and subtracted to produce the E-L signals, and

accumulators 48 and 50 may be omitted.

The circuitry for the other three channels 1s the same as that of Fig. 8, except
that the contents of the lookup table 52 are selected from the appropriate Figs. 8B-D
for the E5Sa Q, ESb I or ESb Q codes. Once the carrier and code Doppler values have
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been determined for any one of the channels, the values may be used in other channels

to acquire the remaining codes, since the timing on all channels is close. Note that the

respective channel isolation signals compress essentially to sine waves.

In an alternative arrangement, the carrier may instead be removed from the
received signal in a separate multiplication operation that involves the received signal
and the carrier phase count, with the output from the lookup table then combined with
the result. Alternatively or in addition, the Doppler values may be oftset by +15MHz,
depending on the code, and the lookup table 52 could then be replaced by a processor
that converts the PRN output code to angle outputs of 0 and 180 degrees.

Fig. 9 depicts a circuit for tracking a combination of the carrier, or pilot,
channels using a combination of the associated compressed signals 1n lookup table
1052. Fig. 9A depicts the polar representations of the combined compressed pilot
code signals and these signals, which span a chip of the 15 MHz splitting sub-carrier
code, may be used directly or the table may be expanded to include offsets that span
the PRN code chip, as discussed above. Fig. 9B depicts a code phase angle table that
corresponds to the offsets that span a code chip of the compressed pilot code signals.
In the example, the lookup table 1052 contains the table of Fig. 9B. The inputs to the
table 1052 are the individual pilot codes from PRN code generators, or registers, 1054
and 1055, the chip count from register 1060, which indicates an odd or even chip
count, and the code phase count from the code phase register 1058 to specify the time

interval (Tq..T11).

Fig. 10 depicts a circuit for recovering the pulse shape of the combined carrier,
or pilot, signals, and thus, an application of a Multipath Mitigation Technique (MMT)
to the tracking of the combined pilot codes. Fig. 10A depicts the contents of a lookup
table 1152. The lookup table 1152 includes angles and offsets that are used to rotate
the signals into the I plane and align the transitions in the 15SMHz splitting sub-carrier
code, respectively. The splitting code has regular 180° phase shifts, while the PRN
code has random or irregular phase shifts. By expanding the tables to utilize offsets
that span the PRN code chip, the phase shifts that do occur in the PRN codes all occur
between T.; and Ty, and the PRN code phase shifts can thus be "stacked,"” to coincide
with the 180° phase transitions in the 15 MHz splitting code. This stacking process
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results 1n noise reduction, producing a sharper transition that can be more accurately

tracked.

While the original Galileo Interface Control Documents used the polar con-
vention, [ have chosen to use a degrees convention, to provide more flexibility and a
more practical implementation. For example, some table entries are rotated 22.5 de-
grees to maximize power in the I plane, as i1s discussed also with reference to Figs.
13A and 13B below. |

The angle information from the lookup table is supplied to an adder 1114 and
through a delay 1116 to an adder 1118, to sum with the instantaneous carrier angle
provided by register 1166. The results are early and late signals that are then mixed
with the received signal in complex mixers 1120 and 1122. The signals produced by

the mixers are supplied to sets of early and late bins 1124 and 1126, respectively.

The offset values from the lookup table 1152 are supplied to an adder 1132
and through a delay 1134 to an adder 1136. The offset values are summed with the
code phase count from the register 1158 and the results are supplied to early and late
MMT decoders 1128 and 1130, respectively. The decoders control which of the bins
In the respective early and late sets of bins accumulate the results of the mixing of the
received signal and the locally generated signal. The bins correspond to locations or
ranges of locations along a PRN code chip, and the accumulated signals are used to
measure the pulse shape associated with the combined pilot codes. The MMT
decoders and MMT bins operate in accordance with the decoders and bins described

in United States Published Patent Application 2004/0208236, which is assigned to a

common Assignee.

The pulse shape is used in MMT processing to more accurately determine the
timing of at least the direct path signal, as discussed in the incorporated application.
Spéciﬁcally, the MMT processing takes a series of power measurements that
correspond to samples of incoming code chips so as to obtain the associated pulse
shapes or at least the shapes that correspond to the leading edges of the code chips.
The shapes are compared with the shapes that would be depicted in the absence of
multipath distortion and, from the comparison, the timing of at least the direct path
signal 1s determmned. The timing 1s utilized in the code alignment process, to more

accurately align the local code with the code of the direct path signal, and thus,
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increase the accuracy of the corresponding pseudo-ranges. The stacked signals,

which have sharper transitions, allow for even more accuracy in determining the

timing of at least the direct path signal.

Fig. 11 depicts the pulse shapes associated with tracking the individual codes,
indicated by reference numeral 1002, the combined pilot codes, indicated by reference
numeral 1004, and a combination of all four data and pilot codes, as indicated by
reference numeral 1006. The pulse shape of the individual codes corresponds
essentially to a sine wavelet. The pulse shape of the combined pilot codes provides
observability of the 15 MHz splitting code, and thus, the pulses exhibit sharper
transitions that are more accurately tracked than those of the individual codes. As
illustrated, the combination of all 4 of the AltBoc codes has much more defined
transitions, and thus, provides for even more accurate tracking by a receiver that

utilizes the entire AltBoc signal.

In order to track the 4-channel AltBoc signal with increased accuracy, the Nav
data must be recovered from the E5a and ESb I channels. Fig. 12 depicts a circuit for
recovering the Nav data in the two data channels. This circuit utilizes two lookup
tables, 1352a and 1352b, (shown in Figs. 13A and 13B), one for each of the Cyand C,;
codes. The respective outputs of the lookup tables 1352a and 1352b are summed with
the output of a carrier phase counter 1366 in summers 1364a and 1364b, and the
resulting angles are multiplied by the incoming signal in complex mixers 1342a and
1342b. The outputs of the mixers are applied to punctual accumulators 1344a and
1344b. When the I signals have been acquired and tracked, the accumulators provide
the data bits A and B that represent the recovered broadcast data NAVgs, and NAVEgsy
that were modulated onto the E5a and ESb I codes by the satellite. The NAVgs, bits
are expected at a 50 Hz rate and the NAVgs, bits are expected at a 250 Hz rate. The
Nav data are the sign bits of the respective accumulators, and the accumulation

periods must be aligned with the respective bit boundaries. The A and B signals

assume the correct +1 values soon after the accumulation periods start, with the length
of time for a signal to settle on the correct value depending on the signal to noise ratio
in the channel. The accumulators lose power at the bit transitions in the data,
however, the Nav data are readily tracked since the transitions are slow with respect

to the transitions in the associated spreading codes.
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It is assumed that the code and carrier Doppler registers 1357, 1358 and 1366,

1367 will be initialized and updated by a separate tracking of one or a combination of
the pilot codes as described above with reference to Fig. 8. As noted above, once one
of the PRN codes from a given satellite has been acquired and is being tracked, the

other codes from the same satellite can be readily acquired and tracked since the code
timing and carrier phase are very close for all of the codes transmitted by that satellite.

This is particularly true when the tracking is for data recovery.

The values of the 12 time interval lookup tables utilized to recover the Nav
data are rotated to provide maximum power in the I accumulators. Accordingly, as
illustrated in Figs. 13A and 13B, the values are rotated 22.5 degrees. Alternatively,
the Doppler values may be offset. Optionally, Q accumulators for each of the A and
B Nav data may be included in the arrangement of Fig. 12, to provide a further
indication of power or to provide data demodulation during periods of non-coherent

phase lock.

Fig. 13 depicts an arrangement that tracks the full AltBoc signal. Registers
1456 and 1453 apply the pilot codes C, and Cs to an AltBoc lookup table 1452. The
contents of registers 1454 and 1455 containing the codes Cy and C, are also applied to
the lookup table 1452 after multiplication in multipliers 1451a and 1451b by the Nav
bits, that is, the A and B bits, respectively, which are provided from the circuit of Fig.
12. The angles from the table 1452 are passed through a group of adders, delay
elements and mixers to punctual I and Q accumulators 1502 and 1504, and to Early-
Late I and Q accumulators 1503 and 1506. Again, circuitry (not shown) performs the
functions of using the outputs of the accumulators 1504 and 1506 to align and track
the four codes, namely, Cy C,, C; Cs, simultaneously, based also on the relative
timing of the respective codes at transmission. And, circuitry (not shown) performs
the function of using the outputs of the punctual accumulators 1502, 1504 to maintain
carrier phase lock onto the incoming signal by providing feedback to the ADR
register 1466 with modifications to the Doppler rate register 1467 in a well known

manncr.

Fig. 14 illustrates a circuit that utilizes the measurement of the pulse shape of

the AltBoc signal, and thus, the application of the MMT to the entire AltBoc signal.
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In Fig. 14, the lookup table 1552 contains angles and offset values, as shown

in Fig 14A, that are used respectively to rotate the signal into the I plane and align the
15 MHz splitting code transitions for all the various codes. The twelve time intervals

(To...Tyy) that are used to produce the associated signals constitute 1.5 wavelengths of

the 'splitting code and there may be up to a +% chip shift to the PRN code chip edges
in order to align the splitting code transitions. Accordingly, the MMT processing of
Fig. 14 determines the pulse shape over two PRN code chips, with the MMT decoders
1528 and 1530 controlling the MMT operation of the bins appropriately.

Specifically, the code phase from the counter 1558 1s added to the offset value
from the lookup table 1552 in an adder 1532 and the result is applied to the early
MMT decoder 1528. The offset is also passed through a one-chip delay element 1534
and summed 1n an adder 1536 with the code phase from the counter 1558. The sum 1s
applied to the late MMT decoder 1530.

Each of the decoders 1528 and 1530 translates its inputs into signals that
trigger accumulators in the arrays 1524 and 1526 to record the power values from the
two mixers 1520 and 1522. The receiver also includes a processor (not shown) that
compares the AltBoc received pulse shapes of a two chip segment, as recorded in the
bin arrays 1524 and 1526, with the expected Shapés in the absence of multipath,
which 1s expected to look like pulse shapes 1006 of Fig 12. Based on the results of
the comparison, the receiver computes the timing of at least the direct path signal and

adjusts the timing of the locally generated carrier and code chips accordingly.

In addition, the input signal, (SIG figs 13 & 14) could be delayed until near
the end of the NAV bit periods so that the BIT-A and BIT-B signals are fully
recovered before use. This additional process (not shown) would avoid the signal loss
that will occur just after the bit transitions. In this case additional circuitry would also
be required to align the BIT-A and BIT-B signals to the delayed AltBoc signal SIG in
figs 13 or 14.

There are a number of suggested multipath mitigation arrangements described

in United States Application Publication Serial No. 2004/0208236
and in U.S. Patent Application Serial No.

11/520,353 entitled APPARATUS FOR AND METHOD OF CORRELATING TO
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RISING CHIP EDGES, which 1s also assigned to a common Assignee,

These arrangements may- be used n

conjunction with the circuitry of Fig. 14, to produce and utilize the corresponding

pulse shape measurements.

The receiver may utilize a different discriminator function for its correlation
operations. For example, the receiver may utilize correlation measurements that
correspond to multiple code phase delays in the E-L. DLL, as described in United
States Patent 5,414,729, which is owned by a common Assignee.

Alternatively, or in addition, the multiple code phase delays may

correspond to regions near the transitions in the 15 MHz splitting code or, as
appropriate, 1n one of the PRN codes, such that the correlation measurements taken
immediately before and after the code transitions are accumulated, as described in

United States Patent 6,243,409, which 1s owned by a common Assignee.

The foregoing description has been limited to a specific embodiment of this
invention. It will be apparent, however, that variations and modifications may be
made to the invention, with the attainment of some or all of its advantages. For ex-
ample, a phase inverter may be used with reduced size lookup tables, and/or the
lookup tables may include polar coordinates. Further, certain or all of the methods
and apparatus discussed above may be used with other synchronous multiple code
signals and, in particular, other binary offset codes. Therefore, it is the object of the

appended claims to cover all such variations and modifications as come within the

true scope of the invention.
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CLAIMS
1. A receiver for processing transmitted synchronous multiple coded signals, the

receiver including:

A. a code generator that generates signals corresponding to one of the transmitted
codes;

B. multipliers that multiply the received signal by a combination of carrier phase
angles and code phase angles of a compressed signal that includes the same code;

C. accumulators that accumulate the products produced by the multipliers; and

D. a processor that processes the accumulations produced by the accumulators
and controls the phase of the code generator to align the generated code with the

corresponding codes in the recetved signal.

2. The receiver of claim 1 wherein the code phase angles correspond to offset

intervals that span a code chip of the code.

3. The receiver of claim 2 further including a lookup table that provides the code

phase angles 1n response to a code chip count and an offset interval count.

4. The receiver of claim 3 wherein the lookup table includes entries that represent

code phases at time intervals that represent fractions of a code chip.

5. The receiver of claim 1 further including decoders that selectively control the
accumulators to accumulate power measurements that correspond to respective code chip

ranges that are associated with at least one of the offset intervals.

6. The receiver of claim 1 wherein

the accumulators further produce accumulated measurements from which data

modulated onto the code can be determined, and
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the combination by which the multipliers multiply the received signal includes the

data.

7. The receiver of claim 1 further including one or more additional code
generators for one or more of the codes in the transmitted signal and wherein

the multipliers use a combination in which the code phase angles are of
compressed signals that include the same codes, and

the processor processes the accumulations produced by the accumulators and
controls the phase of the one or more additional code generators to align the generated

codes with the corresponding codes in the received signal.

8. The receiver of claim 1 further including one or more additional code
generators for one or more of the codes in the transmitted signal and wherein

the multipliers use a combination in which the code phase angles are of
compressed signals that include the same codes, and

the processor processes the accumulations produced by the accumulators and
controls the phase of the one or more additional code generators to align the generated

codes with the corresponding codes in the received signal.

9. The receiver of claim 8 wherein the signal is an AltBoc signal and the codes are

pilot codes.

10. The receiver of claim 8 wherein the signal is an AltBoc signal and the codes

are E5, and E5¢, data codes.

11. The receiver of claim 8 wherein the signal is an AltBoc signal and the codes

are ES5, and E5y, data and pilot codes.

12. The receiver of claim 11 wherein
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the accumulators further produce accumulated measurements from which data

modulated onto the respective codes can be determined, and
the combinations by which the multipliers multiply the received signal include the

data.

13. The receiver of claim 10 wherein

the accumulators further produce accumulated measurements from which data
modulated onto the respective codes can be determined, and

the combinations by which the multipliers multiply the received signal include the

data.

14. The receiver of claim 1 further including a downconverter for
downconverting the received signal before the received signal is provided to the

multipliers.

15. A method of aligning a code generator to a code contained in a received signal
that includes multiple codes on multiple channels, the method including:

A. providing, at offset intervals that span a code chip of the code produced by the
code generator, code phase angles that correspond to a compressed signal that includes
the same code;

B. combining the code phase angles, associated carrier phase angles and a
downconverted received signal and accumulating the results; and

C. adjusting the code generator based on the accumulated results.

16. The method of claim 15 further including selectively accumulating the results
to correspond to respective code chip ranges that are associated with at least one of the

offset intervals.

17. The method of claim 15 further including
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accumulating results from which data modulated onto the code can be determined,

and

including the data in the step of combining.

18. The method of claim 15 further including
providing code phase angles that correspond to compressed signals that include
additional codes of the multiple codes, and

adjusting additional code generators based on the accumulated results.

19. The method of claim 18 further including selectively accumulating the results
to correspond to respective code chip ranges that are associated with at least one of the

offset intervals.

20. The method of claim 18 further including
accumulating results from which data modulated onto the code can be determined,
and

including the data in the step of combining.

21. The method of claim 20 wherein the signal 1s an AltBoc signal and the codes

are E5, and ES, data codes.

22. The method of claim 20 wherein the signal 1s an AltBoc signal and the codes
are E5, and E5y data and pilot codes.

23. The method of claim 20 further including selectively accumulating the results
to correspond to respective code chip ranges that are associated with at least one of the

oftset intervals.

24. The receiver of claim 13 wherein
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the data are included in the combinations after the respective data bits are fully

recovered, and
the multipliers multiply a delayed version of the received signal with the

combination that includes the data.

25. The receiver of claim 24 wherein the data are combined at times that

correspond to the ends of respective data bit periods.

26. The method of claim 20 further including combining the data at times 1n
which respective data bits are fully recovered, and delaying the downconverted received
signal included in the combination to correspond to the times at which the data are

included.

27. The method of claim 26 further including combining the data at times that

correspond to the ends of respective data bit periods.
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