wo 2015/105544 A1 I} ] 00000 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property

Organization
International Bureau

—~
é

=

\

(10) International Publication Number

WO 2015/105544 A1

16 July 2015 (16.07.2015) WIPO I PCT

(51) International Patent Classification:

H04B 1/00 (2006.01)

(21) International Application Number:

PCT/US2014/057681

(22) International Filing Date:

26 September 2014 (26.09.2014)

(25) Filing Language: English

(26) Publication Language: English (84)

(30) Priority Data:

61/925,752 10 January 2014 (10.01.2014) US
14/310,710 20 June 2014 (20.06.2014) US

(71) Applicant: DEERE & COMPANY [US/US]; One John
Deere Place, Moline, IL 61265 (US).

(72) Inventors: YU, Wei; 19922 Tomlee Avenue, Torrance,

CA 90503 (US). KEEGAN, Richard, G.; 1633 Via Zur-
ita, Palo Verde Estates, CA 90274 (US).

(74) Agent: BARTHOLOMEW, Darin; Global Intellectual —
Property Services, One John Deere Place, Moline, IL
61265 (US).

(81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

Published:

with international search report (Art. 21(3))

(54) Title: METHOD AND RECEIVER FOR RECEIVING A COMPOSITE SIGNAL

(57) Abstract: A data processor selects a set of BOC correlations in accord-
ance with a BOC correlation function for the sampling period if the primary

| FIG. 2A |

A A A

FIG. 2B
FIG. 2

amplitude exceeds or equals the secondary amplitude for the sampling period.
The data processor selects a set of QBOC correlations in accordance with a
QBOC correlation tfunction for the sampling period if the secondary amp-
litude exceeds the primary amplitude for the sampling period. The data pro-
cessor uses either the BOC correlation function or the QBOC correlation
function, whichever with greater amplitude, at each sampling period for carri-
er tracking. Further, the data processor, through combining two sets of BOC
correlations with different chip spacings provides an alternative unambiguous
code acquisition of the received signal.
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METHOD AND RECEIVER FOR RECEIVING A COMPOSITE SIGNAL

Field of the Invention

This invention relates to a method and receiver for receiving a composite signal.

Background
A transmitter of a navigation satellite might transmit a composite signal such as a

multiplexed binary offset carrier signal or a binary offset carrier (BOC) signal. In certain prior
art, the receiver may lock on a false zero crossing point of a discriminator function that
results in a synchronization error, reduced reliability in decoding, or instability of the
demodulator in demodulating the composite signal. Thus, there is a need for a method and
receiver with an unambiguous correlation function for reducing or minimizing phase

synchronization error to the received signal.

Summary of the Invention

In one embodiment, a method or receiver for receiving a received composite signal
comprises receiving a composite signal, which comprises binary offset carrier (BOC)
modulated signals, to extract a BOC component by combining the received signal with a
local BOC replica, and to derive a quadrature BOC (QBOC) component by combining the
received signal with a local QBOC replica. The BOC component comprises an in-phase
BOC component and a quadrature-phase BOC component; the QBOC component
comprises in-phase QBOC component and a quadrature-phase QBOC component. A first
detector detects a primary amplitude of the BOC component. A secondary amplitude of the
QBOC component is detected. An electronic data processor determines whether the
primary amplitude exceeds the secondary amplitude for a sampling period. The data
processor selects a set of BOC correlations in accordance with a BOC correlation function
for carrier tracking the sampling period if the primary amplitude exceeds (e.g., or equals) the
secondary amplitude for the sampling period. The data processor selects a set of QBOC
correlations in accordance with a QBOC correlation function for carrier tracking for the
sampling period if the secondary amplitude exceeds the primary amplitude for the sampling
period. The data processor forms a first code error using a set of BOC correlations with a
first chip spacing and a second code error using another set of BOC correlations with
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second chip spacing, where the first and second chip spacing are different. The first code
error and the second code error are combined to drive the code tracking. A measurement
generation module or data processor estimates a range between a receiver antenna and
satellite transmitter that transmits the received composite signal (e.g., based on the tracked
carrier, the tracked code, or both).

Brief Description of the Drawings

FIG. 1 is a block diagram of one embodiment of a receiver for receiving a received
composite signal that comprises a binary offset carrier (BOC) modulated signal; FIG. 1
includes FIG. 1A and FIG. 1B, collectively.

FIG. 2 is a block diagram of the digital section of the receiver of FIG. 1 in greater
detail than FIG. 1; FIG. 2 includes FIG. 2A and FIG. 2B, collectively.

FIG. 3 is a block diagram of the detectors (e.g., envelope detectors), decision unit,
and code(CD) and carrier(CR) tracking module of FIG 1 in greater detail than FIG 1; FIG. 3
includes FIG. 3A and FIG. 3B, collectively.

FIG. 4 is a block diagram of the detectors of FIG. 3 in greater detail than FIG. 3.

FIG. 5 is a block diagram of the CD error estimator of FIG. 3 in greater detail than
FIG. 3; FIG. 5 includes FIG. 5A and FIG. 5B, collectively.

FIG. 6 is a block diagram of the CR frequency error and CR phase error estimator of
FIG. 3 in greater detail than FIG 3.

FIG. 7A is a flow chart one embodiment of a method for demodulating a received
composite signal that comprises a binary offset carrier (BOC) modulated signal.

FIG. 7B (collectively FIG. 7B-1 and FIG. 7B-2) is a flow chart another embodiment of
a method for demodulating a received composite signal that comprises a binary offset carrier
(BOC) modulated signal.

FIG. 7C (collectively FIG. 7C-1 and FIG. 7C-2) is a flow chart yet another
embodiment of a method for demodulating a received composite signal that comprises a
binary offset carrier (BOC) modulated signal.

FIG. 7D (collectively FIG. 7D-1 and FIG. 7D-2) is a flow chart of still another
embodiment of a method for demodulating a received composite signal that comprises a
binary offset carrier (BOC) modulated signal.

FIG. 8 is a graph of a BOC correlation function (e.g., for a BOC(1,1) signal) and
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QBOC correlation function (e.g., for a QBOC(1,1) signal) using a closed-formula
representation.

FIG. 9 is a graph of decision-directed selection (DDsel) amplitude derived from either
the BOC or the QBOC signal components, and is representative of an aggregate correlation
function resulting from either BOC or QBOC correlation at each sampling period.

FIG. 10 is a flow chart another embodiment of a method for receiving a received
composite signal that comprises a binary offset carrier (BOC) modulated signal.

FIG. 11 is one embodiment of a method for receiving a composite signal.

FIG. 12 (collectively FIG. 12-1 and FIG. 12-2) is another embodiment of a method for
receiving a composite signal.

FIG. 13 (collectively FIG. 13-1 and FIG. 13-2) is yet another embodiment of a method
for receiving a composite signal.

FIG. 14 is still another embodiment of a method for receiving a composite signal.

Description of the Preferred Embodiment

In accordance with one embodiment, FIG. 1 (collectively FIG. 1A and FIG. 1B)
discloses a system or receiver 11 (e.g., satellite navigation receiver) capable of reliable and
expedient code (CD) and carrier (CR) pull-in for received composite signals, such as a
binary offset carrier (BOC) signal. As used in this document, "CD" shall refer to code and
"CR" shall refer to the carrier of the received signal or a digital representation of one or more
samples of the received signal. The code comprises a modulating code (e.g., pseudo-
random noise code modulated with information) that modulates the carrier. "I" shall refer to
an in-phase signal, whereas "Q" shall refer to a quadrature phase signal. The receiver 11
receives a composite signal that comprises one or more BOC modulated signals. The
received composite signal is transmitted from one or more satellites, such as a navigation
satellite, or such as a Galileo-compatible navigation satellite or Global Positioning System
(GPS) satellite.

In any of the above referenced drawings of this document, any arrow or line that
connects any blocks, components, modules, multiplexers, memory, data storage,
accumulators, data processors, electronic components, oscillators, signal generators, or
other electronic or software modules may comprise one or more of the following items: a

physical path of electrical signals, a physical path of an electromagnetic signal, a logical path
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for data, one or more data buses, a circuit board trace, a transmission line; a link, call,
communication, or data message between software modules, programs, data, or
components; or transmission or reception of data messages, software instructions, modules,
subroutines or components. In one embodiment, the system, method and receiver 11
disclosed in this document may comprise a computer-implemented system, method or
receiver 11 in which one or more data processors process, store, retrieve, and otherwise
manipulate data via data buses and one or more data storage devices (e.g., accumulators or
memory) as described in this document and the accompanying drawings.

As used in this document, "configured to, adapted to, or arranged to" mean that the
data processor or receiver 11 is programmed with suitable software instructions, software
modules, executable code, data libraries, and/or requisite data to execute any referenced
functions, mathematical operations, logical operations, calculations, determinations,
processes, methods, algorithms, subroutines, or programs that are associated with one or
more blocks set forth in FIG. 1 and/or any other drawing in this disclosure. Alternately,
separately from or cumulatively with the above definition, "configured to, adapted to, or
arranged to" can mean that the receiver 11 comprises one or more components described
herein as software modules, equivalent electronic hardware modules, or both to execute any
referenced functions, mathematical operations, calculations, determinations, processes,
methods, algorithms, subroutine.

As used in this document, the BOC signal may include one or more of the following
types of signals: a BOC signal represented by a binary sine function, a quadrature-phase
BOC (QBOC) represented by a binary cosine function, a time-division multiplexed BOC
(TMBOC) signal (e.g., an L1C signal of a GPS system), an alternative BOC (AItBOC) signal
(e.g.; E5A and E5B signal on Galileo system), ora composite BOC (cBOC, e.g., an E1B or
E1C signal on Galileo system) signal. A simple BOC signal is denoted as BOC (m, n) where
m is f/fc and n is f/f., frm is a first subcarrier frequency, f, is the actual chip frequency, and f;
is the reference chipping rate of 1.023MHz or another suitable chipping rate.

In one embodiment, the receiver 11 comprises an analog receiver portion 191
coupled to a digital receiver portion 192. The analog receiver portion 191 comprises an
antenna 20, an amplifier 21 and a receiver front end 190. The digital receiver portion 192
includes that portion of the receiver that processes data after the analog-to-digital conversion
by the analog-to-digital converter (ADC or A/D) 24. For example, the digital receiver portion
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192 can comprise an electronic data processor, a data storage device (e.g., electronic
memory) and a data bus for communication between the electronic data processor and the
data storage device, where software instructions and data are stored in the data storage
device and executed by the data processor to implement any of the blocks, components or
modules (e.g., electronic modules, software modules, or both) illustrated in FIG. 1. The
receiver 11 may comprise a location-determining receiver for: (a) determining a location of a
receiver antenna 20, (b) a range-determining receiver for determining a range or distance
between the receiver antenna 20 and a satellite (e.g., satellite antenna) or (c¢) determining
ranges between the receiver antenna 20 and one or more satellites.

In one embodiment, a receiver front end 190 receives an amplified composite signal
(e.g., from the amplifier 21). In turn, the receiver front end 190 is coupled to an analog-to-
digital converter 24. The receiver front end 190 comprises a downconversion mixer 23 and a
local oscillator 22. For example, the amplifier 21 comprises radio frequency (RF) or
microwave amplifier (e.g., low noise amplifier) that is coupled to the antenna 20 for receiving
the composite signal or received signal that is transmitted from one or more satellites. The
amplifier 21 provides an amplified signal to the downconversion mixer 23 as a first input. The
local oscillator 22 provides a signal to the downconversion mixer 23 as a second input. The
downconversion mixer moves the signal spectrum of the received signal from RF to an
intermediate frequency (IF) or baseband frequency. The downconversion system may
include multiple mixing, amplifying, and filtering stages, although only one stage is shown in
FIG. 1A.

The output of the downconversion mixer 23 or the output of the receiver front end
190 is coupled to an analog-to-digital converter (ADC) 24. The ADC 24 converts the analog
intermediate frequency signal or analog baseband signal to a digital signal. The digital
signal comprises one or more digital samples that are available at a sampling rate. Each
sample has a finite quantization level and each sample is capable of being processed by an
electronic data processing system or digital receiver portion 192.

The digital signal outputted by the ADC 24 is fed into a carrier wipe-off module 26. In
one embodiment, the carrier wipe-off module 26 converts the digital samples of digital signal
101 to an exact baseband digital signal 102 representation by removing the residual CR
frequency. The carrier NCO module 34 provides a local estimation of CR phase to each

digital sample 101, which is used to remove the residual CR frequency and phase in the
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sample 101.

In one configuration, the a digital signal 101 inputted into the carrier wipe-off module
26 comprises a digital signal with a residual frequency component (e.g., residual carrier
radio frequency component) such that the carrier wipe-off module 26 produces exact digital
baseband signals 102 for input into a correlator module 130. An output of the carrier wipe-
off module 26 is fed into a bank or set of correlators or correlator modules 130. In one
embodiment, there is at least one correlator or correlator module 130 per received channel
or carrier of the composite received signal, where each satellite within a set of satellites may
transmit at least one channel or carrier. An example of correlator module 130 may comprise
a code wipe-off module 27 and an integration-and-dump module 28.

In one embodiment, in the receiver 11 a correlator module 130 comprises a CD
correlator; where their multiple outputs are used to synchronize the local CD phase, CR
frequency, and CR phase estimation with the received samples. For example, each
correlator module 130 comprises one or more of the following modules: a CD wipe-off
module 27, an integration-and-dump module 28, a multiplier or mixer 42, and one or more
multiplexers (29, 30). As used in this document, a module may comprise hardware,
software, or both. In one embodiment, each correlator module 130 maximizes a correlation
between the received signal with a locally generated code by synchronizing the locally
generated CD phase with the CD phase in digital sample or digital signal (101 or 102).
Further, multiple locally generated CD signals (e.g., early, prompt and late CD signals) are
used to form a corresponding CD misalignment signal using various discriminator functions.

A first signal generator 32 generates a locally generated replica of a pseudo random
noise code, a pseudo noise (PN) code sequence, or the like. The first signal generator 32
has multiple outputs that are offset in time or phase with respect to each other. As
illustrated, the first signal generator 32 has an early output, a prompt output and a late
output, which are inputted to a first multiplexer 30 associated with the code correlator
module 130. "E," "P," and "L" shall mean early, prompt and late, respectively. The early
output provides an early PN code that is advanced against the current estimated code phase
by a known time period (e.g., one chip); the prompt output provides a prompt PN code that
reflects the current estimated code phase; the late output provides a late PN code that is
delayed in time with respect to the prompt PN code by a known time period (e.g., one chip).
If correlations are available between the received signal and the early, prompt and late
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variants of the locally generated replica of the received signal, the receiver 11 may adjust the
phase and time delay (e.g., via shift registers) of the locally generated replica in an attempt
to maximize correlation, for example.

In one embodiment, the first signal generator 32 may comprise any generator for
generating a spread spectrum code, spread spectrum sequence, binary sequences, Gold
codes, PN code, a pseudo-random noise code sequence, or a PN code that is similar to a
spread spectrum code, spread spectrum sequence, binary sequences, Gold codes, pseudo-
random noise code, pseudo-random noise code sequence, or a PN code transmitted by a
transmitter of a satellite for reception by the receiver 11 as the composite received signal. In
another embodiment, the first signal generator 32 may be formed of series of shift registers
that are loaded with an initial starting code sequence, where the shift registers have various
selectable or controllable taps for providing feedback and reiterative values as the output.

A second signal generator 31 (e.g., BOC/QBOC generator) generates a local replica
of a BOC and QBOC waveform. The first multiplexer 30 and the second multiplexer 29 may
be referred to as the first selector and the second selector. The first selector (30) selects a
time period or chip, in terms of chip phase, either advancing, synchronizing, or delaying the
received sample (101 or 102); the second selector (29) picks either the BOC or QBOC
waveform, whose output is mixed with the selected PN chip sequence to generate either
BOC-PN replica or QBOC-PN replica for received sample 101.

The first signal generator 32 and the second signal generator 31 provides output
signals to one or more correlator modules 130 (e.g. code correlators). The first multiplexer
30 and the second multiplexer 29 each have a select input (123, 124) to select which mux
input terminal is routed to a mux output terminal for the multiplexers (29, 30), where the
select input can be determined by the decision unit 35 as explained in detail later. The mux
output terminals are fed into the multiplier or code mixer 42 to create a locally generated
replica of either BOC-PN or QBOC-PN signal for correlation to the received composite
sample (101 or 102). The output of the multiplexer or code mixer 42 is provided to the code
wipe-off module 27 to remove BOC-PN or QBOC-PN modulation from the received signal
(101 or 102). The three versions of PN code by the first signal generator 32 can interact with
the two version of squared waveform BOC or QBOC from the second signal generator 31 to
produce various permutations of local replica signals to generate different correlations

through the integration-and-dump module 28. A bank of correlations159 is used for
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decoding, demodulating, CD and CR phase tracking.

Here, the code wipe-off module 27, together with integration-and-dump module 28,
produces correlations or correlation values between the received signal and the locally
generated BOC-PN component to generate BOC | vector data, BOC Q vector data; the code
wipe-off module 27 produces correlations or correlation values between the received signal
and the locally generated QBOC-PN component to generate QBOC | vector data, QBOC Q
vector data. In one configuration, the BOC correlations are associated with a BOC
correlation function, whereas the QBOC correlations are associated with a QBOC correlation
function.

A decision unit 35 or electronic data processor decides whether: (a) to generate the
BOC | vector data and BOC Q vector data for any given time interval or sampling period,
where the BOC correlation function is used to demodulate the received signal for the
sampling period; or (b) to generate the QBOC | vector data and the QBOC Q vector data for
any given time interval or sampling period, where the QBOC correlation function is used to
demodulate the received signal for the sampling period. A first detector 201 (e.g., first signal
envelope/amplitude detector) and a second detector 211 (e.g., second signal
envelope/amplitude detector) provide primary amplitude and secondary amplitude data for
the received | and Q vector data to the decision unit 35 or data processor.

At the antenna 20, the received composite signal can have the total signal power or
total signal energy divided between the BOC component or QBOC component of the signal,
where a greater primary amplitude than a second amplitude indicates that a majority of the
total signal power is in the BOC component during any sampling interval (e.g., sampling
epoch); a greater secondary amplitude than primary amplitude indicates that a majority of
total signal power is in the QBOC component during any sampling interval. The data
processor or decision unit 35 selects (e.g., via the first and second multiplexers 29, 30) a set
of BOC correlations in accordance with a BOC correlation function for the sampling period if
the primary amplitude exceeds the secondary amplitude for the sampling period. The data
processor or decision unit 35 selects a set of QBOC correlations in accordance with a QBOC
correlation function for the sampling period if the secondary amplitude exceeds the primary
amplitude for the sampling period.

In general, the data processor or correlator module 130, at every sampling epoch or
sampling period, uses either BOC correlation function or the QBOC correlation function,
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whichever retains more energy, to support unambiguous CD pull in of the received signal by
eliminating the false zero-crossing points of the discriminator S-curve. Such amplitude-driven
selection is named as decision-directed selection (DDSel). An epoch means a specific
instant in time of a navigation satellite system or the time interval during which the receiver
11 measures the carrier phase at a corresponding frequency or rate. In the digital receiver
portion 192, the data processor, at every sampling epoch, can also use multiple BOC
correlation with different chip spacing to eliminating the false zero-crossing points of its
discriminator S-curve. One or more false maxima or local maxima of a correlation function
may result in the false zero-crossing points on the discriminator S-curve. If more than one
zero-crossing point is present in the discriminator S-curve, the zero-crossing points can
present ambiguity to detecting the maximum correlation.

In one embodiment, in the digital receiver portion 192 the data processor forms the
correlation function by selecting the greater amplitude, either the primary amplitude derived
from BOC component or the secondary amplitude derived from QBOC component. The
resultant DDSel amplitude estimation, FIG. 9, eliminates all the zero-crossing points, within
+/- 1 chips, being present on either BOC or QBOC correlation functions as shown by FIG. 8.

The decision unit 35 selects either the BOC correlations (including BOC | vector data,
BOC Q vector data) or QBOC correlations (including, QBOC | vector data and QBOC Q
vector data) for use in the position measurement, position estimation, or attitude estimation
(e.g., tilt, roll and yaw angle) and for tracking of the code and carrier of the received
composite signal. For example, the decision unit 35 controls the first multiplexer 30 (e.g.,
first selector), the second multiplexer (e.g., second selector) or both to form BOC
correlations, QBOC correlations, or both that are aligned with or track the composite
received signal for each carrier or channel.

The CR tracking module 38 and CD tracking module 37 are collectively referred to as
the tracking module 200 in FIG. 1 and FIG. 2. The tracking module 200 supports
measurement of the CR frequency, CR phase, and CD phase (e.g., individually or
collectively, measurement data) of the received signals to control one or more locally
generated reference signals with respect to corresponding received signals (derived from the
composite received signal) to maximize correlation of the corresponding received signals to
the respective locally generated reference signals. In one embodiment, there are multiple

received signals because the receiver 11 receives four received signals from at least four
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different satellite transmitters to estimate the position of the receiver antenna 20. For
example, the CD tracking module 37 or CR tracking module 38 can generate measurement
data that the data processor or receiver uses to control an adjustable time delay (e.g., route
data through known number or sequence of shift registers), or engage in other data
processing of one or more digital signals associated with a locally generated reference
signal with respect to the received signal to maximize correlation of each received signal to
the corresponding locally generated reference signal.

In one embodiment, the carrier tracking module 38 may comprise one or more of the
following: a CR measurement module, a CR phase counter, a frequency detector, and a
phase detector. For example, the CR phase counter counts both the number of integer
cycles plus the fractional cycles of the received CR during a known time period and a phase
detector that measures the fractional CR phase of the received CR at an instantaneous time
or sampling interval within the known time period to synchronize the receiver's CR phase
with the observed or measured CR phase of the received signal.

In certain embodiments, the code tracking module 37 is arranged for generating a
control signal, a clock signal, or shifting an adjustable time delay of the locally generated
reference CD signal with respect to the digital received signal in response based on
maximizing correlation of the received signal to the locally generated reference code signal.

In one embodiment, the tracking module 200 and corresponding NCO’s (33, 34) are
collectively adapted to shift an adjustable time delay of one or more locally generated
reference signals with respect to the digital received composite signal (or its CD and CR
components) in response to control data, measurement data, or both provided by the
tracking loop signal processor of the tracking module 200 based on maximizing correlation of
the received composite signal (or its code and carrier components) to the locally generated
reference signal.

A carrier tracking module 38 facilitates alignment of the phase of the locally
generated replica of the CR to the received signal. The carrier tracking module 38 provides
control data or a control signal to a carrier numerically controlled oscillator (NCO) module 34
to adjust the locally generated replica signal of the CR produced by carrier NCO module 34.
In one embodiment, the carrier NCO module 34 provides the locally generated replica of the
carrier to the carrier wipe-off module 26. The carrier NCO module 34 may receive an input
reference clock signal and output an adjusted clock signal or another control signal for

10
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generating the locally generated CR frequency that accurately aligns with the CR phase or
the residual carrier phase of received sample (101 or 102).

The code tracking module 37 facilitates alignment of the phase of the locally
generated BOC-PN or QBOC-PN replica with respect to the received sample (101 or 102).
The CD tracking module 37 provides control data or a control signal to adjust a code
numerically controlled oscillator (NCO) module 33, where the code NCO module 33 controls
the chipping rate of the first signal generator 32 and a binary sine or cosine waveform using
the second signal generator 31. The code tracking module 37, which normally comprises a
delay locked loop (DLL), generates a control signal to tune the chipping rate of code NCO
module 33. The CD phase, output of code NCO module 33, is used to drive the first signal
generator 32 (e.g., PN sequence generator) and the second signal generator 31 (e.g.,
BOC/QBOC generator). Multiple local PN sequences are generated by the first signal
generator 32; the local PN waveform either advances, synchronizes, or delays its phase
against the CD phase of the received sample 101.

The code mixer 42 mixes or multiplies the output of the first multiplexer 30 and the
second multiplexer 29. The first output of the first multiplexer 30 may comprise an early PN
code, a prompt PN code, or a late PN code. The second output of the second multiplexer 29
may comprise a locally generated BOC signal or a QBOC signal. The first multiplexer 30 has
first inputs that are coupled to output of an early PN code, a prompt PN code, or a late PN
code. The second multiplexer 29 has second inputs that are coupled to a BOC generator, a
QBOC generator, or the combination of a BOC/QBOC generator.

The data demodulator 40 provides satellite navigation data for estimating a range
(e.g., distance between a satellite and the antenna 20) or a position (e.g., in two or three
dimensional coordinates) of phase center of the antenna 20. The satellite navigation data or
other signal information may comprise one or more of the following information that
modulates the baseband waveform of the received signal: date, satellite navigation system
time, satellite status, orbital data, ephemeris data, almanac, satellite location, and satellite
identifier. The data demodulator may use phase shift keying, phase demodulation, pulse
width demodulation, amplitude demodulation, quadrature amplitude demodulation, or other
demodulation technique that is consistent with the modulation by the modulator at the
satellite transmitter.

In one embodiment, the data demodulator 40 outputs a demodulated signal or

11
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demodulated encoded data, such as a demodulated digital signal with a quadrature phase
component and in-phase component at baseband. The data may comprise one or more
following information such as date, satellite navigation system time, satellite status, orbital
data, ephemeris data, almanac, satellite location, and satellite identifier.

In one embodiment, the measurement generation module 39 measures the
propagation time between transmission of a satellite signal from a certain satellite to the
receiver antenna 20 and converts the propagation time into a distance or range proportional
to the speed of light. The measurement generation module 39 determines a range, pseudo-
range or estimated range between the receiver antenna 20 and four or more satellites with a
reliable signal quality or signal strength based upon one or more of the following: (a) the
measured CD phase of each received signal, and (b) the measured CR phase of each
received signal. In one embodiment, the measurement generation module 39 may resolve
ambiguities in the measured CR phase of the received signal by searching for a solution that
is consistent with one or more of the following: (1) a position estimated from decoding the
code portion of the signal, (2) known reference position of the receiver antenna 20, and (3)
differential correction data applicable to the received signal. Further, the measurement
generation module 39 may be associated with a wireless receiver (e.g., satellite receiver,
mobile transceiver, or cellular transceiver) that receives navigation correction data from a
reference satellite navigation receiver to reduce or eliminate sources of bias or error (e.g.,
certain clock errors or propagation errors) in the CR phase measurements.

The navigation positioning engine 41 determines the position estimate of the receiver
antenna 20 based on the measured CR phases, estimated ranges of the measurement
generation module 39 and demodulated data. For example, the positioning engine 41 may
use ranges from four or more satellites to determine the position, velocity, or acceleration of
the antenna 20 of the receiver in two or three dimensions.

In the digital receiver portion 192, the receiver 11 or its data processing system may
comprise hardware and software instructions. For example, in one illustrative embodiment
the hardware comprises a data processor that communicates to a data storage device,
which stores software instructions, via one or more data buses.

In the digital receiver portion 192, as used throughout the document the data
processor may comprise one or more of the following: an electronic data processor, a

microprocessor, a microcontroller, an application specific integrated circuit (ASIC), digital
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signal processor (DSP), a programmable logic device, an arithmetic logic unit, or another
electronic data processing device. In the digital receiver portion 192, the data storage
device may comprise electronic memory, registers, shift registers, volatile electronic
memory, a magnetic storage device, an optical storage device, or any other device for
storing data. The data processor may be coupled to the data storage device via one or more
data buses, which support communication between the data processor and the data storage
device. As used herein the, data processor may refer to one or more components or
modules of the digital receiver portion 192, including by not limited to any of the following:
the carrier wipeoff module 26, the code wipeoff module 27, the integration-and-dump module
28, correlator module 130, mixer 42, second multiplexer 29, first multiplexer 30, first signal
generator 32, second signal generator 31, first detector 201, second detector 211, decision
unit 35, accumulator multiplexer 36, code tracking module 37, carrier tracking module 38,
measurement generation module 39, data demodulator 40, and navigation positioning
engine 41.

In general, the digital receiver portion 192 comprises computer or an electronic data
processing system that comprises an electronic data processor, digital logic circuits,
multiplexers, multipliers, digital filters, integrators, delay circuits, oscillator, signal generator,
PN code sequence generator, registers, shift registers, logic gates, or other hardware. The
electronic data processing system may support storage, retrieval and execution of software
instructions stored in a data storage device.

In one embodiment, the digital receiver portion 192 or electronic data processing
system is capable of extracting a BOC component from the composite received signal by
combining the received composite signal with a local BOC-PN replica (e.g., at the output
node of code mixer 42). The digital receiver portion 192 is capable of deriving a QBOC
component by combining with a local QBOC-PN replica (e.g., at the output node of the code
mixer 42). The BOC component comprises an in-phase BOC component and a quadrature-
phase BOC component, the QBOC component comprising in-phase QBOC component and
a quadrature-phase QBOC component. The digital receiver portion 192 advantageously
decides whether to select the local BOC-PN replica or the local QBOC-PN replica to
generate the CD and CR control signal to CD tracking module 37 and CR tracking module
38. Such selection minimizes false locks that might otherwise occur with respect to a
correlation function associated solely with a BOC early minus late (EML) error function or a
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QBOC correlation EML function. For example, a BOC EML error function comprises an early
BOC correlation and corresponding late BOC correlation for a same sampling period or
epoch; QBOC EML function comprises an early QBOC correlation and corresponding QBOC
correlation for a common sampling period or epoch.

FIG. 2A and FIG. 2B are collectively referred to as FIG. 2. FIG. 2 illustrates one
possible realization of the digital receiver portion 192 or digital processing section of the
receiver 11 in greater detail than FIG. 1. Like reference numbers in FIG. 1 and FIG. 2
indicate like elements.

FIG. 2 illustrates an example of the realization of one or more correlators (130) of a
channel using a window correlation technique (e.g., WinCorr). Here, the WinCorr technique
provides a flexible resolution to observe any section (e.g., fraction or window) of a chip. As
illustrated, the digital received sample 101, with residual frequency, from the ADC 24 is
inputted to the CR wipe-off module 26 at a suitable sampling rate (e.g., at least in the MHZ
range). The CR wipe-off module 26 mixes the digital received sample with local CR replica
103. For example, the CR wipe-off module 26 mixes the digital received sample with a
synchronized CR carrier replica 103 through a digital CR phase rotator to wipe off the
carrier. The output of the CR wipe-off module 26 is inputted to a set of correlator modules
130, such that each received channel (e.g., each modulated carrier) is assigned
(dynamically or statically) at least one correlator module 130. Each correlator module 130
may comprise at least a code wipe-off module 27 and an integration-and-dump module 28.

In one embodiment, the set of the correlator modules 130 despreads the PN code
and generates a group of accumulation products or correlation data 125 at millisecond or
multi millisecond rates for CR tracking and CD tracking by the tracking module 200. The
correlation data 125 (e.g., correlations or accumulation products) are stored in a data
storage device associated with the digital receiver portion 192 of the receiver 11. Although
FIG. 2 shows three correlator modules 130 as dashed rectangular blocks, any number of
correlator modules 130 can be used. For example, a BOC group of correlator modules 130,
a QBOC group of correlator modules 130, or both can be used for each received channel to
produce a corresponding early, late or prompt correlation or accumulation for each received
channel, where illustrative possible permutations of the correlation data 125 are within
correlation data block 125 in FIG. 2. The correlation data 125 can be generally
characterized in accordance with the representation of xBOC(TAP,WinX), where xBOC
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specifies a BOC or QBOC correlation, WinX specifies an early (E), prompt (P) or late (L)
correlation, and TAP indicates a particular tap or output of a respective correlator module
130.

The first signal generator 32 and the second signal generator 31 provide input data to
one or more correlator modules 130. The first signal generator 32 (e.g., PN coder) provides
the early (E), punctual or prompt (P), and late (L) locally generated replicas of the code
signals (118, 117, and 116, respectively) for the BOC EML function, the QBOC early EML
function, or both. The second signal generator 31 (e.g., BOC/QBOC generator) provides a
BOC signal 114 and a QBOC signal 115. A first code mixer 141 modulates BOC waveform
on the selected chip 119 to form a BOC-PN signal 140 (e.g., BOC(TAP)). The second code
mixer 121 modulates QBOC waveform on the selected chip 119 to form corresponding
QBOC-PN signal 120 (e.g., QBOC(TAP)). The first signal generator 32 provides the PN
code signals (early, prompt and late variants of the PN code signal) to a multiplexer 30. In
turn, the multiplexer provides one of PN coded signals to the inputs of the first code mixer
141 and the second code mixer 121. The first signal generator 32 and the second signal
generator 31 are synchronously controlled by the CD NCO module 33. An individual window
control signal or data comprises a lower window limit 110 and an upper window limit 111 that
is provided to the code phase window module 157. Each correlator module 130 of the
channel may have different window configuration.

In FIG. 2 (collectively FIG. 2A and FIG. 2B), through tap selection signal 124, the PN-
BOC signal 140 or the PN-QBOC signal 120, in terms of code phase, can advance,
synchronize, or delay against the CD phase of received sample (101 or 102). The second
multiplexer 29 (or selector) is used to select the local BOC-PN signal 140 or the local QBOC-
PN signal 120 as locally generated replica signal 105 at the output of logic module 106 for
generation of BOC or QBOC correlations for any sampling period or duration. In one
particular configuration, the correlations may be consistent with the BOC early-minus-late
error (EML) function or the QBOC early-minus-late (EML) error function, for any sampling
period or duration. The SEL_BOC signal or selection signal 123 determines whether to
select the BOC or QBOC correlation functions based on amplitude measurements of the
primary amplitude and secondary amplitude.

The code phase window module 157 provides the flexible resolution or variable
window size to visualize any section of the chip of the PN code. For example, the fractional
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chip phase signal 109 compares with the two window limits, the lower limit 110 (e.g.,
Win(k):x1) and the upper limit 111 (e.g., Win(k):x2). If the chip phase is located within
observing section, the code wipe off module (27) is enabled to operate and to provide a
non-zero output for input to integration-and-dump module 28 for accumulating, otherwise (if
the chip phase is located outside of the observing section) zero output is fed into the module
28 for integrating.. During window enable period, the local signal 108 (e.g., xBOC(TAP)) is
used to despread the PN modulation of the received sample (101 or 102). The correlator
modules 130 despread the local signals 108 that may comprise, but are not limited to,
various available signal versions or signal permutations. Here, the available signal versions
for the local signals 108 are named E-BOC, E-QBOC, P-BOC, P-QBOC, L-BOC, L-QBOC,
where E means early, P means prompt and L means late, and where Q means quadrature.
The output of the code phase window module 157 and the second multiplexer 29 are applied
to a logic module 106. In one embodiment, the logic module 106 may comprise an AND
gate or other suitable logic device, logical circuit or logic function. The output of the logic
module 106 is coupled to code wipe off module 27 to provide an enable signal and window
limit for accumulating the despreaded samples by integration-and-dump modules 28.

Multiple correlator modules 130 provide a bank of correlation data 125 for the
tracking module 200. The code wipe off module 27 convolutes the local replica signal (105 or
108) with the baseband signal 102 to despread the BOC and PN modulation. The
integration-and-dump module 28 integrates multiple dispreading samples over millisecond or
multiple millisecond periods. The integrated output correlation data 125 from multiple
correlators 130 may comprise one or more of the following information in encoded or
modulated form: date, satellite navigation system time, satellite status, orbital data,
ephemeris data, almanac, satellite location, and satellite identifier, for example. Each
correlator module 130 comprises an integration-and dump-module 28 that generates a
corresponding correlation or accumulation. The correlations or accumulations are stored or
held in a data storage device, such as electronic memory, a register, or another device
within the digital receiver portion (e.g., 192) for subsequent or real-time processing by the
decision unit 35 and the tracking module 200, among other things.

Depending on the tap selection signal 124, BOC selection signal 123, and window
limit data (110, 111) or control signals associated with window limit data (110, 111), each
correlator module 130 is configurable to generate one of various correlation data as but not
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limited to those listed in correlation data 125. Window control signals, associated with
window limit data 110 and 111, provide different resolution to a chip of the PN code which
determines the pull in range and the lock accuracy. Normally, observing a small section of
the chip by the code phase window module 157 improves the tracking accuracy while
minimizing the pull-in range; while an observing a large section of the chip extends the pull-
in range at the expense of accuracy. For example, the tap selection signal 124 (e.g.,
SEL_TAP) provides a flexible visualization across multiple chips to examine the correlation
between the received samples (101 or 102) and its next chip by selecting E tap for its
corresponding early chip, by selection P tap for its corresponding prompt chip, by selecting L
tap for its corresponding late chip. The BOC selection signal 123 provides an efficient way to
recover the energy from the received sample (101 or 102) with BOC modulation by either
extracting its BOC correlation component or deriving its QBOC correlation components.

In FIG. 2, a set of correlation data 125 is stored in a register or set of registers,, a
processor or data storage device for storing intermediate results or other data. In one
embodiment, correlation data 125 comprise correlations, correlation values, or outputs of
one or more correlators of the correlator module 130 for processing to support the
formation of or realization of a dual early- minus-late error function for each BOC channel
and each QBOC channel, for example.

For each channel, the correlation data 125 provides essential information to extract
the information such as amplitude, CD phase misalignment and CR phase misalignment
from either BOC or QBOC correlation output. As shown by FIG. 8, depending on the CD
phase alignment, the recovered energy to input sample (101 or 102) either locates at BOC
component or QBOC component. The multiple local maxima presented on FIG. 8 possibly
deteriorate the CD tracking by incurring false lock point on the discriminator S-curve. The
multiple zero points presented on FIG. 8 negatively impact the amplitude estimation which
is important to correctly estimate CD and CR tracking error through a normalization
process; for example, the zero BOC correlation component misleads to a decision of a
false signal loss (or perceived false cycle slip) while the energy still exists on the QBOC
correlation component, and vice versa. Therefore, the strategy named DDSel selects
either the set of BOC correlations or the set of QBOC correlations at every epoch (or
sampling period) to facilitate amplitude estimation, CR tracking and CD tracking. DDSel
amplitude estimation, compared to using only BOC or QBOC demodulated component,
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take advantage by always choosing the component with most of demodulation energy to
minimize noise infection; DDSel CD tracking not only eliminates the false zero-crossing
points on discriminator S-curve, but also reflects improvement in terms of both reliability
and accuracy. DDSel CR tracking also reveals the improvement in both reliability and
accuracy.

The output of every correlator within the correlator module 130 contains an | part
and a Q part. Multiple correlations, not limited to those listed as correlation data 125,
support the envelope detector 300 (reflected by detectors 201 and 211 at FIG. 3), CD
tracking module 37, and CR tracking module 38. As used herein, receiver channel
information means one or more of the following data: (a) code phase 109 from code (CD)
numerical control oscillator (NCQO) 126, (b) late (L) tap 116, punctual (P) tap 117, or early (E)
tap 118 from a first signal generator 32 (e.g., PN Coder), (c) BOC signal 114, QBOC signal
115 from a second signal generator 31 (e.g., BOC/QBOC generator), and (d) local carrier
(CR) replica 103 (e.g., in sine or cosine form) resulting from carrier NCO module 34.

The receiver channel information is fed into the set of the correlator modules 130. In
one configuration, each correlator module 130 functions or operates in accordance with one
or more of the following parameters: (a) a lower window limit 110 (e.g., signal or data) in
chips (e.g., or fractional chips), (b) an upper window limit 111 (e.g., signal or data) in chips,
(c) BOC versus QBOC selection via selection BOC selection data 123, and (d) tap selection
signal 124 for selection of the early (E), prompt (P) or late (L) versions or variants of the PN
code for application to the first and second code mixer (141, 121). The output of each
correlator of the correlator module 130 varies based on the output of the first code mixer 141
(e.g., tap BOC code mixer), and second code mixer 121 (e.g., tap QBOC code mixer).

In one configuration, each correlator module 130 comprises a code wipe-off module
(e.g., 27 in FIG. 1A) that supports wiping off (e.g., removing) the PN modulation using a
locally generated replica signal 105 (e.g., XBOC(TAP, Win). The set of accumulations or
correlation data 125, but not limited to those listed in FIG. 2 or FIG. 3, are processed by the
carrier tracking module 38 and code tracking module 37. The resultant code rate 260 (e.g.,
code NCO rate) and carrier rate 270 (e.g., carrier NCO rate) are used to drive the code NCO
module 33 and carrier NCO module 34 in FIG. 2. In one embodiment, the code tracking
module 37 comprises a code error module 43 linked or coupled to a code loop module 44. In
one embodiment, the carrier tracking module 38 comprises an Automatic Frequency Control
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(Costas Error) module 45 linked or coupled to the carrier loop module 46.

FIG. 3A and FIG. 3B collectively may be referred to as FIG. 3. FIG. 3 illustrates the
tracking module 200 of FIG. 2 in greater detail than FIG. 2. Further, FIG. 3 illustrates the
envelope detector (201, 211) and decision unit 35.

In FIG. 3, a first detector 201 (e.g., first envelope detector) detects a primary
amplitude of the BOC component. The first detector 201 may comprise an envelope detector
that detects the signal energy or power of the BOC component, including an in-phase (I)
component of BOC correlation and a quadrature (Q) component of BOC correlation. For
example, the first detector 201 may detect the primary amplitude as the aggregate power of
the | vector of the prompt BOC component and the Q vector of the prompt BOC component.

A second detector 211 detects a secondary amplitude of the QBOC component. The
second detector 211 may comprise an envelope detector that detects the signal energy or
power of the QBOC component comprising in-phase QBOC component and a quadrature-
phase QBOC component. For example, the second detector 211 may detect the secondary
amplitude as the aggregate power of the | vector of the prompt QBOC component and the Q
vector of the prompt QBOC component.

The first detector 201 and the second detector 211 provide output of the primary
amplitude and secondary amplitude or energy data on the received signals to a data
processor, an evaluator, or the decision unit 35. The decision unit 35 comprises an
electronic data processor or evaluator. The decision unit 35 provides the amplitude
estimation by selecting either the primary amplitude or the secondary amplitude, whichever
is greater; it also outputs a logic signal 210 (e.g., at a corresponding node indicated in FIG.
2) to indicate whether the primary amplitude exceeds the secondary amplitude. If the
channel operates at steady state mode, the selection signal (SEL_BOC) 123 always selects
the set of BOC correlations to drive the CD and CR tracking loop; otherwise, the selection
signal (SEL_BOC) 123 synchronizes with the signal 210. The selection signal 123
determines whether to use BOC component or QBOC component to estimate the CD and
CR error, such as the multiplexor 237 for CD error, the multiplexor 238 for CR frequency
error, and the multiplexor 239 for CR phase error.

In FIG. 3, the decision unit 35 generate two signals; the amplitude estimation signal
273 reflects the power/amplitude of demodulated signal; the logic signal 210 has a first state
(e.g., true) if the primary amplitude from BOC component is greater than the secondary
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amplitude from QBOC component, otherwise the logic signal 210 has a second state (e.g.,
false) that is different than the first state.

The steady state operation mode of the receiver 11 occurs after pull-in or lock-on of
the code phase of the received signal. In steady state operation mode for any received
composite signal, the local CD and CR phase estimation tightly synchronizes with the phase
(e.g., of the CD and CR) of the received sample (101 or 102) in FIG. 2; therefore, the
demodulation energy is concentrated in the BOC component while leaving QBOC
component dominated by noise. To mitigate the negative impact of noise, if using DDSel
method during the pull-in mode, only the set of BOC correlation data 125 is preferred at
steady state. After code acquisition (e.g., or pull-in) of the received signal and during a
steady state mode in which a local code replica and a local carrier replica is synchronized
with a phase, or respective code and carrier, of the received signal over one or more
sampling periods that meet or exceed a threshold duration, the digital receiver portion 192 or
data processor can use only the set of BOC correlations to drive the code and carrier
tracking.

In an alternate embodiment, during the pull-in mode the receiver (e.g., 11) may use
multiple BOC correlations with different windows (referred to as MWin-BOC), instead of the
DDSel method during the pull-in mode. If the receiver uses multiple BOC correlation with
different windows (MWin-BOC) method during the pull-in mode, then for the steady state
mode the correlation with a single window (referred to as SWin-BOC) is preferred to
formulate the CD error estimation.

The receiver or data processor determines whether the operation mode should be
the pull-in mode or the steady state mode by analyzing the primary amplitude. In one
embodiment, if the detector or receiver determines that the primary amplitude is continuously
greater than the secondary amplitude for equal to or greater than a threshold duration (e.g.,
number of epochs or sampling intervals), the decision augmentation module or counter 220
drives the CD tracking module 37 and CR tracking module 38 of FIG. 2 into a steady state
mode. In one embodiment of the steady state mode, the receiver (e.g., 11) assumes the
completion of CD and CR pull-in process (either using DDSel method or MWin-BOC
method) and only uses the BOC correlations to drive the CR and CD tracking. If the signal
window-BOC signal 242 (e.g., SWin-BOC) is enabled, only the set of BOC correlations
contributes to the CD and CR tracking operation. In another embodiment, if the detector or

20



WO 2015/105544 PCT/US2014/057681

receiver determines that the primary amplitude is continuously greater than or equal to a
threshold amplitude for greater than a threshold duration, the decision augmentation module
or counter 220 drives the CD tracking module 37 and CR tracking module 38 of FIG. 2 into a
steady state mode.

FIG. 3 illustrates two CD tracking method operating at pull in stage, the selection
signal 234 (SEL_MWIN_BOC) determines either to use DDSel CD tracking method or
MWin-BOC method. DDSel CD tracking method generates the CD error estimation using
BOC or QBOC correlations, whichever contains most of the energy. The MWin-BOC method
combines multiple BOC correlations with different chip spacing to estimate the CD error.
Both methods achieve the same purpose, eliminating the false zero-crossing points on
discriminator S-curve.

FIG. 3 addresses the DDSel estimations for CD error 231, CR frequency error 235
(e.g., fDDsel), and CR phase error 236, which minimize the impact of the noise disturbance
by selecting either the set of BOC correlation or the set of QBOC correlation, whichever
contains most of the demodulated energy. As shown in FIG.3, the CD discriminators 202,
212 and 203 are noncoherent, i.e., using both the | vectors and Q vectors to estimate CD
error, such method solves or determines the previously unknown allocation of energy
between the | component and Q component.

FIG. 3 illustrates the signal processing chain to explain the details of determining
DDSel and MWin-BOC technique. A mathematical model for BOC and QBOC using window
correlation (e.g., WinCorr) techniques is introduced. As mentioned before, a local QBOC
retains the missing part of signal energy if the local BOC replica signal hasn’t perfectly
aligned with the received BOC signal. The mathematic model of BOC and QBOC component
to a general window correlation configuration (TAP, Wy) are modeled as the following

equations:
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,where

TAP, % is the correlation based on the BOC input and QBOC local replica with a

selection of PN TAP, where PN TAP can be early, prompt or late,

i is chip phase in unit of chips,

Ncpip 18 number of chips per millisecond,

di is sample phase increment in unit of chips,

A is the amplitude of signal at level of millisecond integration,

Wy is the window size in chips,

Ngoc is equal to m/n of BOC (m,n),where m is f/f; and n is f./f., f, is a first subcarrier

frequency, fn is the actual chip frequency, and f. is the reference chipping rate,

Fenip is the chipping rate in chips/second,

Fs is the sampling rate in samples/second,

R(7) is the conventional function for PN code,

T is the chip phase error estimated at receiver side,

60; is the carrier phase estimation error for each sample,

8¢ is the average carrier phase estimation error over N¢y,;, period,

I_TAP(;%C is the in-phase or real part of TAP(;,%C, and

Q_TAPy55 is the quadrature or imaginary part of TAPyz..

Equation 1 and Equation 2 show that cos(2nNge-7) and sin(2nNgoc1) are orthogonal
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against 7, i.e., as shown in FIG. 8, P{o, (indicated by a solid curved line 701) and P{p;)
(indicated by a dashed curved line 702) , the amplitude (correlation output) of the curved
lines (701, 702) reach or cross zero at alternating times measured in chips. Curved line 701
represents the BOC correlation function of Equation 1, whereas curved line 702 represents
the QBOC correlation function of Equation 2. The horizontal axis 704 of FIG. 7 shows a time
difference between the received signal and locally generated replica signal in chips, whereas
the vertical axis 703 shows correlation between the received signal and locally generated
replica signal.

Equation 1 and Equation 2 approximates the binary sub-carrier by using a
sine or cosine model to remove the discontinuity of sign( ) function which
reflects the binary characteristics. The model of Equation 1 and Equation 2,
through extensive comparison, effectively reflect the characteristics of BOC and
QBOC correlations with binary characteristics included. For example, the sign()
function typically outputs a first logic level or a positive input and a second logic
level, different than the first logic level, for a negative input.

In FIG. 3, in one embodiment the decision unit 35 makes the BOC/QBOC selection
resulting from the DDSel technique. The decision unit 35 does one or more of the following:
(a) compares the primary amplitude with the secondary amplitude, and selects the greater
one to update the amplitude estimation; sets signal 210 with true (e.g., or afirst logic state) if
the primary amplitude exceeds the secondary amplitude, or reset it otherwise (e.g., or set
with second logic state opposite to the first logic state), (b) provides the DDSel data for
control of the selection multiplexers (237, 238, 239, 243) to choose either BOC CD and CR
errors or QBOC CD and QBOC CR errors for tracking in the CD loop and CR loop, and
adjustment of the CD and CR phase to maximize correlation between the received signal
and locally generated replicas.

If the primary amplitude continuously exceeds the secondary amplitude for more than
M epoch, the most demodulation energy concentrates in BOC component, i.e., the local
BOC-PN replica assumedly aligns with the CD phase of input sample 101 (FIG. 2). Under
such circumstance, the channel could operate at steady state mode which set signal 242,
thus turing on the BOC selection signal 123.

The first detector 201 and the second detector 211 may use Equation 3 or Equation 4 to

determine or estimate the amplitude of the BOC or QBOC signal components.
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Equation 3:  Amp(Y) = /I_Y2 + Q_Y? ,where

[_Yis the in-phase xBOC component,

Q_Y is the quadrature-phase xBOC component, and

xBOC refers to the BOC or QBOC signal component of the received composite
signal. Under above Equation 3, the primary amplitude comprises the combined signal
power of the BOC in-phase component and BOC quadrature phase component. Similarly,
the secondary amplitude comprises the combined signal power of the QBOC in-phase
component and a QBOC quadrature-phase component. Equation 3 is ideal amplitude
calculation based on in-phase and quadrature components. However a linear approximation

for Equation 3 is as follows:

Equation 4: Amp®PToX (Y)Y £ max(|1_Y|,1Q_Y|) + umin(|/_Y|,|Q_Y])
, where
Equation 5 Y = TAPBVg’é/QBOC, simplifies the amplitude calculation by eliminating

the non-linear processing in Equation 3, and u is a selected scale or constant scaling factor
(e.g., 0.5). The first detector 201 and the second detector may use Equation 3 or Equation 4

to determine or estimate the amplitude of the BOC or QBOC signal components.

The decision-directed selection (DDSel) technique, as shown by Equation 6, selects
one component (BOC or QBOC) with more energy or signal amplitude for any given
sampling period or interval, consistent with the DDSel amplitude plot of FIG. 9 that
represents a universal amplitude function for any sampling period, where the universal
correlation function includes the contributions from either the BOC or QBOC correlation
functions that are associated with the greater signal amplitude during any sampling period or
interval (e.g., an epoch). Accordingly, the DDSel code error 231, the DDSel carrier
frequency error 235 (fDDSel), and the DDSel carrier phase error 236 (¢ DDSel) result from
the set of correlations (either BOC or QBOC) that has the greater estimated amplitude for
the sampling period. The amplitude and the error calculation results from the same set of
correlations, regardless of whether it is based on BOC or QBOC; such selection of BOC or
QBOC correlations guarantees appropriate normalization. Of the accumulations/correlation
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data 125, the first detector 201 uses the | and Q component for BOC correlation at prompt
phase to estimate the primary amplitude; the second detector 211 uses the | and Q
component for QBOC correlation at prompt phase to estimate the secondary amplitude.

In an alternate embodiment, where a multi-window BOC method is used during the
pull-in instead of the DDSel method, the correlations for the multi-window-BOC (MWin-BOC)
technique do not exceed the maximum component selected by decision unit 35 or the data
processor, which guarantee the appropriate normalization. In one configuration the MWin-
BOC refers to a dual EML error function. The horizontal axis of FIG. 9 shows a time CD
phase difference between the received signal and locally generated replica signal in chips,
whereas the vertical axis shows aggregate amplitude.

In one configuration, the tracking module 200 contains one or more discriminators
(202, 212, 203). The tracking module 200 comprises the code tracking module 37 and the
carrier tracking module 38. A discriminator (202, 212, 203) comprises a circuit, a set of
correlators, or software instructions that can be adjusted to output, accept or reject signals of
different characteristics, such as phase or frequency. In one embodiment, one or more
discriminators (202, 212, 203), using the difference between the early correlations and late
correlations (or the EML correlation), synchronizes the received code with the locally
generated PN code phase. The concentration of signal energy at BOC component indicates
that CD tracking loop is closely tracking and locked on the received signal, as opposed to
distributing received signal energy more evenly between the BOC and QBOC signal
processing paths of the receiver. One or more discriminators (202, 212, 203) may facilitate
determining a time offset or phase offset for the local generated replica with respect to the
received CD phase to avoid tracking multipath signals, phase noise, false lock, or a local
peak correlation in the correlation function.

In FIG. 3, collectively FIG. 3A and FIG. 3B, the correlation data 125, including the |
and Q vector of the E BOC, L BOC, E QBOC and L QBOC signals, feed into a group of non-
coherent, early-minus-late (EML) discriminators (202, 212, 203), where E and L represent
early and late, respectively. As illustrated in FIG. 3, the group of non-coherent early-minus-
late (EML) discriminators (202, 212, 203) comprises: (a) first EML discriminator 202 (e.g., a
BOC EML discriminator for a first window (Window A or Wa)), (b) a second EML
discriminator 212 (e.g., QBOC EML discriminator for a first window (Window A)), and (c) a
third EML discriminator 203 (e.g., a BOC EML discriminator for a second window (Window B
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or Wb)).

The first EML discriminator 202 and the second EML discriminator 212 communicate
with a first selection multiplexer 237. The first EML discriminator 202 provides BOC-derived
CD error 221 (e.g., code BOC Wa) to the first selection multiplexer 237. The second EML
discriminator 212 provides QBOC-derived CD error 222 to the first selection multiplexer 237.
Outputs of the first EML discriminator 202 and the third EML discriminator 203 are summed
by summer 275. The output (MWin-BOC signal) of the summer 275 and the output signal
231 (called cdDDSEL) are inputted into a multiplexer 243 that determines the code error
signal 233 based on the selection of DDSel method or MWin-BOC method for the pull-in
mode, for example.

In an alternate embodiment of the pull-in mode, the multiplexer is configured to
support a hybrid pull-in mode in which the DDSel method is used for tracking carrier phase
and carrier frequency, in which the MWin-BOC method is used for code tracking, and in
which the DDSel amplitude estimation is used for the DDSel tracking of carrier phase and
carrier frequency.

Depending on the selection signal 234 (SEL_MWin-BOC), the receiver either uses
MWin-BOC method or DDSel method to pull in the CD phase. The CD error signal 233
results from CD error 231 at DDSel mode; otherwise, the CD error signal 233 results from
232 at selection of MWin-BOC. At every sampling epoch, the CD error 231uses either BOC-
derived CD error 221 or QBOC-derived CD error 222 depending on the selection signal
(e.g., SEL_BOC) 123. MWIin-BOC 232 combines two BOC-derived CD errors 221 and 223,
where CD error 221 and 223 result from BOC correlations with different chip spacing. The
output of the CD error 233, passing through a CD loop filter 263, generates a code rate
signal 260 (e.g., code frequency or code phase signal) for input to the CD NCO module 33.

As illustrated in FIG. 3 for the carrier tracking module 38, a group of delay modules
(216, 217, 218, and 219) receives accumulations of the prompt BOC and QBOC signals for
the in-phase () and quadrature phase (Q) vectors. The outputs of the delay modules
provide input to a first frequency discriminator 204 and a second frequency discriminator
214. For example, the first frequency discriminator 204 uses the set of BOC correlations,
whereas the second frequency discriminator 214 uses the set of QBOC correlations. The
BOC-derived frequency error signal 225 and the QBOC-derived frequency error signal 226
(e.g., fQBOC) are inputted into a second selection multiplexor 238, which outputs a decision-
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directed-selection frequency error signal 235 (e.g., fDDSel). The decision-directed (DDSel)
method selects the BOC frequency error if the primary amplitude exceeds the secondary
amplitude, otherwise it selects the QBOC frequency error to drive the CR loop.

Meanwhile, a first phase discriminator 205 and a second phase discriminator 215
receive accumulations of the in-phase and quadrature vectors for the prompt BOC or QBOC
signals. For example, the first phase discriminator 205 uses the set of BOC correlations,
whereas the second phase discriminator 215 uses the set of QBOC correlations. The first
phase discriminator 205 outputs the CR phase error 227 (e.g., ¢ BOC) derived from BOC

correlations and the second phase discriminator 215 outputs a carrier phase error 228 (e.g.,

@ QBOC) derived from QBOC correlations. Similarly to frequency error selection, BOC-

derived phase error 227 is selected if the primary amplitude is greater than the secondary
amplitude; otherwise, the QBOC-derived phase error 228 is selected to drive the CR loop via
the decision-directed-selection carrier phase error 236. The carrier loop filter receives the
decision-directed-selection carrier phase error 236. The carrier rate signal 270 from carrier
loop filter 265 is applied to the carrier NCO module 34.

FIG. 4 illustrates the first detector 201 and the second detector 211 of FIG. 3 in
greater detail than FIG. 3. Like reference numbers in FIG. 3 and FIG. 4 indicate like
elements, blocks, processes, or sub-networks.

The first detector 201 comprises first set of absolute value modules 350, a first
minimum/maximum evaluator 320, a first scaler 377 (e.qg., first divider or a first multiplier by
reciprocal value of the divisor (e.g., approximately 2)), and a first summer 353. The second
detector 211 comprises a second set of absolute value modules 351, a second
minimum/maximum evaluator 330, a second scaler 379 (e.g., second divider or multiplier by
reciprocal value of the divisor (e.g., approximately 2)), and a second summer 355. The first
detector 201 and the second detector 211 may use Equation 4 to compute the BOC and
QBOC amplitudes.

In the first detector 201, the first set of absolute value modules 350 determines the
absolute value of the prompt IBOC signal 301 and the prompt QBOC signal 311. The
absolute values (302, 312) of the prompt IBOC signal and the prompt QBOC signal are
inputted into the minimum/maximum evaluator 320 that determines the maximum aggregate
signal amplitude 303 of the prompt IBOC signal and the prompt QBOC signal and the
minimum aggregate signal amplitude 313 of the prompt IBOC signal and the prompt QBOC
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signal. By application of the scaler 377, the minimum aggregate signal amplitude 313 is
scaled approximately by one-half at every sampling period. The output of the scaler 377 is
added to the maximum aggregate amplitude 303 in the summer 353, which outputs the
prompt BOC amplitude (ABOC) 305 for input into the decision unit 35. In one embodiment,
the scaler 377 may comprise a multipler, a divider, an amplifier or another suitable device.

In the second detector 211, the second set of absolute value modules 351
determines the absolute value of the prompt IQBOC signal 321 and the prompt QQBOC
signal 331. The absolute values (322, 332) of the prompt IQBOC signal and the prompt
QQBOC signal are inputted into the minimum/maximum evaluator 330 that determines the
maximum aggregate signal amplitude 323 of the prompt IQBOC signal and the prompt
QQBOC signal and the minimum aggregate signal amplitude 333 of the prompt IQBOC
signal and the prompt QQBOC signal. By application of the scaler 379, the minimum
aggregate signal amplitude 333 is scaled approximately by half at every sampling period.
The output of the scaler 379 is added to the maximum aggregate amplitude 323 in the
summer 355, which outputs the prompt QBOC amplitude (AQBQOC) 325 for input to the
decision unit 35. In one embodiment, the scaler 379 may comprise a multipler, a divider, an
amplifier or another suitable device.

In one embodiment, the decision unit 35 or data processor may use the following
equation:

Equation 6:  Appge = max (Amp(Pg)O'lc)), Amp(nglo)C )

In one embodiment, the decision unit 35 or data processor calculates the overall
signal amplitude 240 (e.g., Appse)). Equation 6 may include an approximation of Equation 4
as a substitute for the ideal envelope calculation of Equation 3. The first detector 201 and
the second detector 211 may use Equation 3 or Equation 4 to determine or estimate the
amplitude of the BOC or QBOC signal components. Further Equation 6 provides a selection
signal 210 to the logic device 271 (e.g., OR gate or exclusive-OR gate) through comparing
the primary amplitude with the secondary amplitude. The output of logic device 271 provides
the BOC selection signal 123 (e.g., SEL_BOC).

As mentioned before, to achieve reliable signal detection, smaller search spacing is
required to avoid multiple zero-crossing points on the BOC correlation. Such demand

extends the acquisition time, and requires either software, hardware, or both to finely control
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the phase of local replica. As illustrated by the universal correlation function of FIG. 9, the
DDSel method, eliminates the zero-crossing point within -1 and+1 chips of the peak
amplitude and associated prompt correlation. The universal correlation function of FIG. 9
supports computational stability and correct estimation of signal power.

FIG. 5A and FIG. 5B are collectively referred to as FIG. 5. FIG. 5 shows the first
EML discriminator 202, the second EML discriminator 212, and the third EML discriminator
203 in more detail than FIG. 3. Like reference numbers in FIG. 3 and FIG. 5 indicate like
elements.

The first EML discriminator 202 receives input correlation data, accumulation data or
other input data (401, 402, 411, 412). The first EML discriminator 202 comprises an early (E)
BOC envelope/amplitude detector 405 and a late (L) BOC envelope/amplitude detector 415
that provide outputs (E BOC amplitude 406 and L BOC amplitude 416) to construct a first
EML accumulation at summer output 409 through summer 451. At the summer output of
summer 451, the first EML accumulation is then normalized by normalizer 490 (e.g.,
normalization unit) to provide a BOC-derived CD error 221 with first window of Wa to first
selection multiplexer 237. In one configuration, the early BOC envelope detector 405 and
the late BOC envelope detector 415 may comprise the same or similar software modules or
the same or similar algorithms that are applied to early BOC correlation data and late BOC
correlation data, respectively.

The second EML discriminator 212 receives input correlation data, accumulation data
or other input data (421, 422, 431, 432). The second EML discriminator 212 comprises an
early (E) QBOC envelope/amplitude detector 425 and a late (L) QBOC envelope/amplitude
detector 435 that provide outputs (E QBOC amplitude 426 and L QBOC amplitude 436) to
construct a second EML accumulation at summer output 429 through summer 453. The
second EML accumulation is then normalized by normalizer 491 (e.g., normalization unit) to
provide a code QBOC correlation as a second a QBOC-derived CD error 222 with first
window of Wa to first selection multiplexer 237. In one configuration, the early QBOC
envelope detector 425 and the late QBOC envelope detector 435 may comprise the same or
similar software modules or the same or similar algorithms that are applied to early QBOC
correlation data and late QBOC correlation data, respectively.

The third EML discriminator 203 receives input correlation data, accumulation data or
other input data (451, 452, 461, 462). The third EML discriminator 203 comprises an early
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(E) BOC envelope/amplitude detector 455 and a late (L) BOC envelope/amplitude detector
465 that provide outputs (E BOC amplitude 456 with Wb and L BOC amplitude 466 with Wb)
at nodes to construct a third EML accumulation at summer output 459 through summer 457.
The third EML accumulation is then normalized by normalizer 492 to provide another BOC-
derived code error 223 (e.g., cdBOC Wb) with second window of Wb, where the first window
(Wa) does not equal the second window (Wb). In one configuration, the early BOC envelope
detector 455 and the late QBOC envelope detector 465 may comprise the same or similar
software modules or the same or similar algorithms that are applied to early QBOC
correlation data and late QBOC correlation data, respectively.

In FIG. 5, the decision-directed selection, early-minus-late code error (DDSel EML
CD) error results from either first EML discriminator 202 or second EML discriminator 212
depends on the BOC selection signal 123. Such DDSel method removes the false lock
points on the discriminator S-curve. The discriminator S-curve means an early minus late
correlation function produced by the difference between an early correlator and a late
correlator with respect to the received signal. If BOC selection signal 123 is a first logic level
(e.g., high logic level or logic level 1), the first EML discriminator 202 enables the amplitude

0,Wa 1-Wa,1) using

1-Wa,1)

calculation of Pgoc®"® using module 405 and the amplitude calculation of Pgoc!

the envelope detector 415 of FIG. 5. The difference between Pgoc®"'® and Pgoc' are
then normalized by Appsel to generate the BOC-derived, DDSel EML CD error 221 at the
output of the first EML discriminator 202.

If the BOC selection signal 123 is a second logic level (e.g., low logic level or 0 logic
level), which is different than the first logic level, the second EML discriminator 212 enables
the amplitude calculation of Pagoc®® using envelope detector 425 and the amplitude

a1 using envelope detector 435. The difference between Pggoc®"'?

calculation of PQBOC(
and Pgsoc!"@" are then normalized by Appse to generate the QBOC-derived, DDSel EML
CD error 222 (e.g., cd@QBOC Wa) at the output of the second EML discriminator 212. The

normalized code error is modeled by Equation 7.

_ |Expocl-ILxBoc!

Equation7: =t

Appsel

, referring to FIG. 5, where
xBOC is either BOC or QBOC,

0,W
E..poc corresponds to P,EBOCa),
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1-Wa,1
L,goc corresponds to P,EBOC“ )

, where the DDSel reveals computation advantage in software implementation as only one
component (either BOC or QBOC) really needs to be calculated.

Alternatively to the DDsel mode of operation during pull-in of the code of the received
composite signal, a multi-window BOC code mode may be used during pull-in of the code.
For example, a linear combination using the first BOC-derived code error 221 based on the
first window (Wa) and the third BOC-derived code error 223 based on the second window
(Wb) can eliminate the false zero-crossing points on discriminator S-curve, where the chip
spacing for error signal 221 is different from the chip spacing for error signal 223, consistent
with the first window and the second window. As shown in FIG. 5, a block diagram of the
linear combination includes two generally linear scaling devices 471 and 472, and a
combiner 475 (e.g., summer). The resultant error estimation 232 (e.g., composite code error
estimate) is named MWin-BOC code error modeled through Equation 8.

|P(0,Wa) | _|P(1—Wa,1) |P(0,Wb) |_|P(1—Wb,1)
E ti 8: _ BOC BOC +,B BOC BOC
quation 6:  Tywin-poc = & P’ "
DDSel DDSel

, referring to FIG. 5, where
a is the linear gain (e.g., at mixer or multiplier 472) applied on the first BOC-derived code
error estimation with window Wa,
B is the linear gain (e.g., at mixer or multiplier 471) applied on the secondary BOC-

derived code error estimation with window Wb.

FIG. 6 discloses the nonlinear estimation on the CR frequency and CR phase
estimation. Like reference numbers in FIG. 1, FIG. 3 and FIG. 6 indicate like elements. The
tracking module 200 or the carrier tracking module 38 or the carrier phase/frequency error
module 45 may conduct the nonlinear estimation on the CR frequency and CR phase
estimation. The block diagram of FIG. 6 shows a first frequency discriminator 204, a second
frequency discriminator 214, a first phase discriminator 205, and a second phase
discriminator 215.

As shown in FIG. 6, the first frequency discriminator 204 receives input data, such as
prompt IBOC signal 501 and prompt QBOC signal 511. Similar to the CR phase estimation

previously mentioned in this document, the first frequency discriminator 204, for BOC-
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derived CR frequency error detection, comprises two delay units (502, 512). The two delay
units (502, 512) store the BOC correlations (503, 513) for the previous sampling period.
Two multipliers (504, 514) remove the CD uncertainty involved in the BOC correlations. A
summer 508 to form a delta CR phase observation 506 over a sampling period, and a
normalizer 507 (e.g., normalization unit) to remove the amplitude information modulated on
the signal 506. The normalizer 507 outputs CR frequency error 225 (e.g., fBOC), derived
from BOC correlations.

The second frequency discriminator 214 receives input data, such as prompt IQBOC
signal 521 and prompt QQBOC signal 531. Like BOC-derived frequency error, a QBOC CR
frequency error 226 is generated using the second frequency discriminator 214 in FIG. 6.
The second frequency discriminator 214, for QBOC-derived CR frequency error detection,
comprises two delay units (522, 532). The two delay units (524, 534) store the QBOC
correlations (523, 533) for the previous sampling period. Two multipliers (524, 534) remove
the CD uncertainty involved in the QBOC correlations. A summer 528 forms a delta CR
phase observation 526 over a sampling period, and a normalizer 527 (e.g., normalization
unit) removes the amplitude information modulated on the signal 526. The normalizer 527
outputs CR frequency error frequency error 226 (e.g., fQBOC), derived from QBOC
correlations.

Depending on the BOC selection signal 123, the digital receiver portion 192 or the
tracking module 200 uses either the CR frequency error 225, (e.g., fBOC) derived from BOC
correlations, or the CR frequency error frequency error 226 (e.g., fQBOC), derived from
QBOC correlations, to drive the CR loop.

For a general BOC correlation, modeled by Equation 1, both | component and Q
component are convolved with CD uncertainty of 2nNgzy-7 and CR phase uncertainty of .
In order to extract the CR phase error 6¢ from the set of BOC correlations, the CD
uncertainty of 2nNgy-T needs to be wiped off. Equation 9 shows that the cross-product CR

phase detection 544, using multiplier 542, can remove the code uncertainty.

Equation 9: QPBOCIPBOC = AZ{RZ(Tk)}{COSZ (ZHNBoch)}{%Sileng}

Similarly, for a general QBOC correlation, modeled by Equation 2, both | component
and Q component are convolved with CD uncertainty of 2rNgo-7 and CR phase uncertainty

of 6¢. Equation 10 shows that the cross-product CR phase detection 554, using multiplier
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552, can remove the CD uncertainty.

Equation 10: QPQBOCIPQBOC = AZ{RZ(Tk)}{sinz(ZT[NBoch)} {% Sin2g0k}

In FIG. 6, the BOC-derived CR phase error 227 is obtained by the normalizer 547
normalizing the BOC-derived phase detection 544 by square of amplitude using DDSel
method. Similarly, the QBOC-derived CR phase error 228 is achieved by the normalizer 557
normalizing the QBOC-derived phase detection 554 by square of amplitude using DDSel
method. The BOC selection signal 123 determines whether BOC-derived CR phase error or
the QBOC-derived CR phase error is used to drive the CR loop. The BOC selection signal
123 controls the multiplexers (238, 239).

FIG. 7A generally discloses a method for receiving a composite signal in accordance
with any embodiments of the receiver (e.g., 11) disclosed in FIG. 1 through FIG. 6, inclusive.
In particular, FIG. 7A discloses a method, operating at pull-in mode, to acquire the code and
carrier for a received composite signal. FIG. 7A illustrate the use of decision-direct selection
(DDSel) to drive the code tracking, carrier tracking, and amplitude estimation. The method of
FIG. 7A begins in block S700.

In step S700, a receiver 11 (e.g., satellite navigation receiver) or a digital receiver
portion 192 receives a binary offset carrier (BOC) modulated signals to extract a BOC
component by mixing or combining with a local BOC replica, and to derive a quadrature
BOC (QBOC) component by combining with a local QBOC replica. In one embodiment, the
BOC component comprises an in-phase BOC component and a quadrature-phase BOC
component and the QBOC component comprises in-phase QBOC component and a
quadrature-phase QBOC component. For example, the receiver 11 comprises a code mixer
42 (FIG. 1) for mixing or combining the BOC signal with the local BOC or QBOC replica from
one or more signal generators (e.g., multiplexed output of a first signal generator 32 and
second signal generator 31).

In step S702, a first detector 201 (e.g., in FIG. 1, FIG. 3 and FIG. 4) or data
processor detects a primary amplitude of the BOC component during a sampling period or
interval. Step S702 may be executed in accordance with various techniques, which may be

applied alternately or cumulatively.
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Under a first technique, the first detector 201 or data processor detects or measures
the signal energy or aggregate power of the BOC component comprising in-phase BOC
component and a quadrature-phase BOC component.

Under a second technique, the first detector 201 or data processor applies the
correlation Pgoc®" of Equation 3 to provide an amplitude (e.g., an ideal amplitude) estimate
for a BOC component of the received composite signal during a sampling period or a time

interval. For example, the first detector 201 applies a correlation Pgoc!®" of Equation 3 to

provide ideal amplitude estimation for BOC component: Amp(Y) = /I_Y2 +Q_Y?

,where
[_Yis the in-phase BOC component, and
Q_Yis the quadrature-phase BOC component.

Under a third technique, the first detector 201 or the data processer uses the linear
approximation Equation 4 to simplify or replaces the calculation of Equation 3. In one
embodiment, the linear approximation of Equation 4 has a bias that is acceptable and
facilitates rapid estimation of the primary amplitude. Under the third technique, the
estimating or detecting of the primary amplitude or the secondary amplitude (e.g., by
detectors 201, 211) for the sampling period is based on the following equations that use
linear approximation separately for the BOC and QBOC signal components:

AmpPPTeX(Y) £ max(|1_Y|, |Q_Y]) + pmin(|/_Y],[Q_Y])

1 is a selected scale or a constant scaling factor (e.g., 0.5),

W;is the window size of the correlator,

[_Y is the in-phase xBOC component, and

Q_Yis the quadrature-phase xBOC component,

xBOC refers to the BOC or QBOC signal component of the received composite
signal. In the above equation, for instance, the first detector 201 detects the BOC signal

component and substitutes the BOC signal component for xBOC.
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In step S704, a second detector 211 (in FIG. 1, FIG. 3 and FIG. 4) or the data
processor detects a secondary amplitude of the QBOC component during a sampling period
or interval. Step S704 may be executed in accordance with various techniques, which may
be applied alternately or cumulatively.

Under a first technique, the second detector 211 or data processor detects or
measures the signal energy or aggregate power of the QBOC component comprising in-
phase QBOC component and a quadrature-phase QBOC component.

Under a second technique, the second detector 211 or data processor applies a
correlation Pogoc®" of Equation 3 to provide ideal amplitude estimation for QBOC

component: Amp(Y) = [I.Y? +Q_Y? ,where

[_Yis the in-phase QBOC component, and
Q_Yis the quadrature-phase QBOC component.

Under a third technique, the linear approximation Equation 4 simplifies or replaces
the calculation of FIG. 3. In one embodiment, the linear approximation of Equation 4 has a
bias that is acceptable and facilitates rapid estimation of the primary amplitude. Under the
third technique, the estimating or detecting the secondary amplitude (e.g., by the second
detector 211 or data processor) for the sampling period is based on the following equations
that use linear approximation separately for the QBOC signal components:
AmpPPTeX(Y) £ max(|1_Y|, |Q_Y]) + pmin(|/_Y],[Q_Y])

, where

1 is a selected scale or a constant scaling factor (e.g., 0.5),
W, is the window size of the correlator,

[_Yis the in-phase QBOC component, and

Q_Yis the quadrature-phase QBOC component.

In step S706, a decision unit 35, electronic data processor, or digital receiver portion

192 determines whether or not the primary amplitude exceeds (or equals) the secondary
amplitude for a sampling period. For example, in step S706 does the primary amplitude
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exceed the secondary amplitude, or is the primary amplitude greater than or equal to the
secondary amplitude? In step S706, if the primary amplitude exceeds or equals the
secondary amplitude, the method continues with step S708. However, if the primary
amplitude does not exceed the secondary amplitude, the method continues with step S710.
In step S708, data processor, a selector, or one or more multiplexers (e.g., second
multiplexer 29 for each received channel) select a set of BOC correlations (e.g., early,
prompt and late BOC correlations) in accordance with a BOC correlation function for the
sampling period if the primary amplitude exceeds or equals the secondary amplitude for the
sampling period. For example, the second multiplexer 29 selects a set of BOC correlations
(e.g., via the BOC selection signal 123 provided to multiplexer 29) in accordance with a BOC
correlation function for the sampling period if the primary amplitude exceeds or equals the

secondary amplitude for the sampling period. In one embodiment, the zero crossing point
1

for the BOC correlation function offsets by approximately against the zero crossing

4'NBUC
point for the QBOC correlation function.

In one possible configuration in step S708, data processor, a selector, or one or more
multiplexers (e.g., second multiplexer 29 for each received channel) select a first correlation
or first set of BOC correlations associated with or resulting from: (a) substantially prompt
timing (e.g., prompt signal 117) of the first signal generator 32 with respect to the received
digital signal (102) and (b) a substantially full chip window (e.g., established by the code
phase window module 157) within the correlator module 130.

In one possible configuration for step S708, the set of BOC correlations is modeled

or estimated by the following equation:

CiCi—z "
w Nchi . RN .
TAPBOXC = AWX z:i:O.t;l'ZFChip/FS Sln(anBOC l)Sl".—’;S(eanBOC(l B T)) .
e] i

A .
= E WxR (T)COS(ZT[NBocT)e](S(p

Wy
I_TAPBUC

A A
=3 WxR(t)cos(2mNgocT)C0s60 + jE WxR(1)cos(2mtNgocT)SinSe

Wx
Q—TAPBUC
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, where
TAP,". is the correlation based on the BOC input and BOC local replica with a
selection of PN TAP, where PN TAP can be early, prompt or late,
i is chip phase in unit of chips,
Ncnip is number of chips per millisecond,
di is sample phase increment in unit of chips,
A is the amplitude of signal at level of millisecond integration,
Wy is the window size in chips,
Ngoc is equal to m/n of BOC (m,n),where m is f/f; and n is f./f., ., is a first subcarrier
frequency, f, is the actual chip frequency, and f; is the reference chipping rate,
Fenip is the chipping rate in chips/second,
Fs is the sampling rate in samples/second,
R(7) is the conventional correlation function for PN code,
T is the chip phase error estimated at receiver side,
66; is the carrier phase estimation error for each sample,
8¢ is the average carrier phase estimation error over N¢y;;, period,

I_TAP. is the in-phase or real part of TAP;%., and

Q_TAP,.%. is the quadrature or imaginary part of TAPg;"..

The digital receiver portion 192 or code tracking module 37 can use above equation
for determining the correlation of step S708 to form early-minus-late functions for estimating
the code error for the received composite signal in step S711.

In step S710, if the primary amplitude is less than the secondary amplitude or if the
secondary amplitude exceeds the primary amplitude, the data processor, selector, or one or
more multiplexors (e.g., second multiplexer 29 for each received channel) select a set of
QBOC correlations (e.g., early, prompt and late QBOC correlations) in accordance with a
QBOC correlation function for current sampling period to generate the error estimations to

drive the code (CD) and carrier (CR) feedback loop. In one embodiment, the zero crossing

1
4Npoc

point for the QBOC correlation function offsets by approximately against the zero

crossing point for the BOC correlation function.
In one possible configuration in step S710, data processor, a selector, or one or more
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multiplexers (e.g., second multiplexer 29 for each received channel) select a second
correlation or second set of QBOC correlations associated with or resulting from: (a)
substantially prompt timing (e.g., prompt signal 117) of the first signal generator 32 with
respect to the received digital signal (102) and (b) a substantially full chip window (e.g.,
established by the code phase window module 157) within the correlator module 130.
Under one possible configuration in step S710, a set of QBOC correlations is

modeled by the following equation:

CiCi—g-
w _ NChip . . s .
TAPygoc = AWy X, A SLn(ZnNBOCl)coiganBoc(l 7))
e] i

A .
= E WxR (T)Sin(zT[NBocT)e](S(p

Wx
I—TAPQBUC

A A _
= EWXR (D)sin(2nNgocT)C0s8¢ +j§WXR (D)sin(2nNgocT)sindg

Wx
QBOC

Q_TAP

, where
TAP, % is the correlation based on the BOC input and QBOC local replica with a
selection of PN TAP, where PN TAP can be early, prompt or late,
i is chip phase in unit of chips,
Ncnip is number of chips per millisecond,
di is sample phase increment in unit of chips,
A is the amplitude of signal at level of millisecond integration,
Wy is the window size in chips,
Ngoc is equal to m/n of BOC (m,n),where m is f/f; and n is f./f., f, is a first subcarrier
frequency, f, is the actual chip frequency, and f; is the reference chipping rate,
Fenip is the chipping rate in chips/second,
Fs is the sampling rate in samples/second,
R(7) is the conventional correlation function for PN code,
T is the chip phase error estimated at receiver side,
60; is the carrier phase estimation error for each sample,

d¢ is the average carrier phase estimation error over Ncy;,, period,

I_TAP(;%C is the in-phase or real part of TAP(;,%C, and

38



WO 2015/105544 PCT/US2014/057681

Q_TAP,z is the quadrature or imaginary part of TAPy%) ..

The digital receiver portion 192 or code tracking module 37 can use above equation
for determining the correlation of step S710 to form early-minus-late functions for estimating
the code error for the received composite signal in step S711.

In step S711, the data processor, receiver 11 or tracking module 200 processes the
selected correlations (e.g., from step S708 or step S710 for each sampling period) to track
code and carrier (e.g., carrier frequency, carrier phase or both) of the received composite
signal for the estimation of a range between a receiver antenna and a satellite transmitter
that transmits the received composite signal. A measurement generation module 39 or a
navigation positioning engine 41 can estimate the range or position of the receiver antenna,
for example.

Step S711 may be carried out in accordance with various techniques that may be
applied separately or cumulatively. Under a first technique, the data processor or digital
receiver portion 192 uses the BOC-derived error for tracking code error, frequency error and
phase error for a sampling period (e.g., epoch) if the primary amplitude exceeds, or equals,
the secondary amplitude. Accordingly, the data processor or receiver 11 uses the selected
set of BOC correlations in accordance with a BOC correlation function for a current sampling
period to generate the error estimations to drive CD and CR feedback loop.

Under a second technique, the data processor or digital receiver portion 192 uses the
QBOC-derived error for tracking code error, frequency error and phase error of a sampling
period if the second amplitude exceeds the primary amplitude. Accordingly, the data
processor or receiver uses the selected set of QBOC correlations in accordance with a
QBOC correlation function for a current sampling period to generate the error estimations to
drive CD and CR feedback loop.

Under a third technique, for each successive sampling period in a code loop during a
pull-in mode that used DDSel, the data processor, tracking module 200, or code tracking
module 37 selects or processes the set (or subset) of BOC correlations (e.g., early and late
BOC correlations) or the set (or subset) of QBOC correlations (e.g., early and late QBOC
correlations) to form the early-minus-late estimation of the code error T based on greater
amplitude resulting from the BOC component or from the QBOC component, respectively,
which is modeled by the following equation:
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7= |Expoc|=|LxBoc!
Appsel

,where
xBOC is either BOC or QBOC,

Egoc corresponds to P,fgg'é“),

Lysoc corresponds to P& WY and

where W, is window size of the correlator. For example, in the code tracking module 37 the
code multiplexer 237 is controlled to output or select a BOC-derived CD error signal (231) or
QBOC-derived CD error signal (231) via the BOC selection signal 123 provided from the
decision unit 35, or through the logic device 271.

Under a fourth technique, for each successive sampling period in a carrier phase
loop, the xBOC correlations (e.g., prompt BOC or prompt QBOC correlations), with greater
amplitude, form the carrier phase error estimation, wherein the cross-product using the in-
phase and quadrature phase component resolves the ambiguity from sine or cosine of BOC
misalignment.

Under a fifth technique, the digital receiver portion 192 or data processor processes
selected prompt BOC correlations or selected prompt QBOC correlations during the
sampling period, or both correlations over successive sampling periods, to track a carrier of
the received composite signal, or track both the carrier and the frequency of the received
composite signal.

FIG. 7B refers to FIG. 7B-1 and FIG. 7B-2 collectively. FIG. 7B generally illustrates a
flow chart of a method for receiving a composite signal comprises a receiver for receiving a
composite signal. In particular, FIG. 7B provides an illustration of BOC tracking strategy in
both pull-in mode and steady state mode. Like reference numbers in FIG. 7A and FIG. 7B
indicate like elements, steps or procedures.

The method of FIG. 7B begins in block S700. Steps 700, 702, and 704 were
described in FIG. 7A and the above description applies equally to FIG. 7B as if fully set forth
here.

In the illustrative example of FIG. 7B, step 716 follows step S704. In step 716, the
digital receiver portion 192, the data processor, or a combination of the decision module 35
and the decision augmentation module 220 (in FIG. 3A) determines whether (or not) the

40



WO 2015/105544 PCT/US2014/057681

receiver operates in a steady state mode. For the received composite BOC signal, if the
primary amplitude continuously exceeds the secondary amplitude for a threshold number of
consecutive sampling periods or M epochs, the receiver (11) or the digital receiver portion
192 switches to or is determined to be in the steady state mode, otherwise the receiver
remains in or is determined to be in the pull-in mode. In one configuration, the threshold
number or M may be any whole number or integer greater than (3) three. However, the
threshold number or M may be any suitable number that is determined by empirical
evidence, operational tests, factory setting, programmable setting or otherwise of the
receiver that reliably indicates operation of the receiver in the steady state mode for one or
more received channels of the composite BOC signal.

The pull-in mode is a pre-alignment state in which the receiver is attempting to align
the code, phase and frequency of the local replica signal with the received composite signal
to track and demodulate effectively, reliably the received composite signal. In the pull-in
mode the demodulated energy may be divided between the BOC component and QBOC
component of the received signal, making it more difficult to accurately, reliably recover or
decode the modulation on the received composite signal. In contrast, in the steady state
mode, the demodulated energy mostly concentrated in BOC component.

If the digital receiver portion 192, the data processor, or the combination of the
decision unit 35 and the decision augmentation module 220 determine that that the receiver
(e.g., one or more channels of the received composite signal) is operating in the steady state
mode, the method continues with step S718. However, if the digital receiver portion 192,
data processor or the combination of the decision unit 35 and the decision augmentation
module 220 determine that the receiver is not operating in the steady state mode, the
method continues with step S706.

In step S718, the digital receiver portion 192, the code tracking module 37 or the
tracking module 200 processes BOC correlations (e.g., selected BOC correlations or steady
state BOC correlations collected during sampling periods of the steady state mode) by
determining a code error in accordance with a suitable early-minus-late function for the
steady state mode (e.g., coherent discriminator function). Further, the digital receiver
portion, the code tracking module 37 or the tracking module 200 process the BOC
correlations (e.g., selected BOC correlations or other BOC correlations) by determining a
carrier phase error in accordance with a Costas or Phase Locked Loop (PLL) phase error
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function. The BOC correlations may be collected over a single window of the correlator
module 130, for example.

In one possible configuration for carrying out step S718, the digital receiver portion
192, the code tracking module 37 or the tracking module 200 selects or processes only the
BOC correlations for the steady state mode and uses only a BOC error function during the
steady state mode for an epoch during the steady state mode, unless a cycle slip occurs. A
cycle slip occurs when there is a discontinuity in measured carrier phase or the number of
measured wavelengths between a satellite and the receiver from a temporary loss of lock of
the carrier tracking loop within the carrier loop module 46 or the tracking module 200.

In the steady state mode, the demodulated energy mostly concentrated in BOC
component. Therefore, in the steady state mode the receiver, data processor, or the
decision unit 35 can disregard the QBOC component of the received composite signal under
such circumstance mitigate the noise impact and thus improve the tracking accuracy of the
tracking module 200. As shown in FIG. 7B, step S718 only uses the BOC correlations,
identical to tracking any binary phase shift keying (BPSK) signal, to drive a code tracking
module 37, and to drive the carrier tracking module 38.

In step S706, a decision unit 35 , electronic data processor, or digital receiver portion
192 determines whether or not the primary amplitude exceeds (or equals) the secondary
amplitude for a sampling period. For example, in step S706 does the primary amplitude
exceed the secondary amplitude, or is the primary amplitude greater than or equal to the
secondary amplitude? In step S706, if the primary amplitude exceeds or equals the
secondary amplitude, the method continues with step S708. However, if the primary
amplitude does not exceed the secondary amplitude, the method continues with step S710.

In step S708, data processor, a selector, or one or more multiplexers (e.g., second
multiplexer 29 for each received channel) select a set of BOC correlations in accordance
with a BOC correlation function for the sampling period if the primary amplitude exceeds or
equals the secondary amplitude for the sampling period. For example, the second
multiplexer 29 selects a set of BOC correlations (e.g., via the BOC selection signal 123
provided to multiplexer 29) in accordance with a BOC correlation function for the sampling
period if the primary amplitude exceeds or equals the secondary amplitude for the sampling
period.

In one possible configuration in step S708, data processor, a selector, or one or more
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multiplexers (e.g., second multiplexer 29 for each received channel) select a first correlation
or first set of BOC correlations associated with or resulting from: (a) substantially prompt
timing (e.g., prompt signal 117) of the first signal generator 32 with respect to the received
digital signal (102) and (b) a substantially full chip window (e.g., established by the code
phase window module 157) within the correlator module 130.

In step S710, if the primary amplitude is less than the secondary amplitude or if the
secondary amplitude exceeds the primary amplitude, the data processor, selector, or one or
more multiplexors (e.g., second multiplexer 29 for each received channel) select a set of
QBOC correlations in accordance with a QBOC correlation function for current sampling
period to generate the error estimations to drive the code (CD) and carrier (CR) feedback

loop. In one embodiment, the zero crossing point for the QBOC correlation function is offset
1

by approximately against the zero crossing point for the BOC correlation function.

4Ngoc

In one possible configuration in step S710, data processor, a selector, or one or more
multiplexers (e.g., second multiplexer 29 for each received channel) select a second
correlation or second set of QBOC correlations associated with or resulting from: (a)
substantially prompt timing (e.g., prompt signal 117) of the first signal generator 32 with
respect to the received digital signal (102) and (b) a substantially full chip window (e.g.,
established by the code phase window module 157) within the correlator module 130.

In the pull-in mode, step S712 follows step S708. In step S712, the digital receiver
portion 192, the data tracking module 200, the code tracking module 37, or the carrier
tracking module 38 process the selected BOC correlations. Step S712 may be carried out
by executing one or more procedures that may be applied separately or cumulatively.

Under a first procedure for executing step S712, the data processor or data tracking
module 200 determines a first code error in accordance with a first early-minus-late function.
Under a second procedure, the data processor or carrier tracking module 200
determines a first carrier frequency error in accordance with a frequency error function (e.g.,

first frequency error function).

Under a third procedure, the data processor or carrier tracking module 200
determines a first carrier frequency error in accordance with a dot-product, frequency error
function (e.g., first frequency error function) using a prompt BOC correlation and a prompt

BOC correlation of a previous epoch or previous sampling period.
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Under a fourth procedure, the data processor or carrier tracking module 38
determines a first carrier phase error in accordance with a phase error function (e.g., first
phase error function).

Under a fifth procedure, the data processor or carrier tracking module 38 determines
a first carrier phase error in accordance with a dot-product, phase error function (e.g., first
phase error function) using the prompt BOC correlation.

Under a sixth procedure, any of the above procedures of step S712 are executed if
the primary amplitude exceeds the secondary amplitude for the sampling period or if the
primary amplitude equals the secondary amplitude for the sampling period. Under the
seventh procedure, the first early-minus-late function comprises a BOC early-minus-late
function that has a chip spacing of approximately .4 chips.

Step S714 follows step S710. In step S714, the digital receiver portion 192, the
tracking module 200, the code tracking module 37, or the carrier tracking module 38 process
the selected QBOC correlations. Step S714 may be carried out by executing one or more
procedures that may be applied separately or cumulatively.

Under a first procedure for executing step S714, the data processor or data tracking
module 200 determines a second code error in accordance with a second early-minus-late
function or another early-minus-late error function. In certain embodiments, the second
early-minus-late function is distinct from the first early-minus-late function (e.g., of step
S712), whereas in other embodiments that second early-minus-late function is generally
uniformly offset in time or chip spacing from the first early-minus-late function.

Under a second procedure, the data processor, carrier tracking module 38, or data
tracking module 200 determines a second carrier frequency error in accordance with a
frequency error function (e.g., a second frequency error function).

Under a third procedure, the data processor, carrier tracking module 38, or data
tracking module 200 determines a second carrier frequency error in accordance with a dot-
product, frequency error function (e.g., a second frequency error function) that uses prompt
QBOC correlation of a previous epoch or sampling period.

Under a fourth procedure, the data processor, carrier tracking module 38, or data
tracking module 200 determines a second carrier phase error in accordance with a phase

error function (e.g., second phase error function).
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Under a fifth procedure, the data processor, carrier tracking module 38, or
data tracking module 200 determines a second carrier phase error in accordance with a
phase error function (e.g., second phase error function) that uses the prompt QBOC
correlation.

Under a sixth procedure, a second (carrier) phase error function or the second early-
minus-late function comprises a QBOC early-minus-late function that has a chip spacing of
approximately .4 chips.

Under a seventh procedure, any of the above procedures of step S714 are executed
if the primary amplitude is less than the secondary amplitude for the sampling period.

Step S713 follows step S712, step S714 or step S718. In step S713, the tracking
module 200, the measurement generation module 39, or the receiver 11 processes the
determined code error and the determined carrier phase error of the received composite
signal to track the code and phase of the received composite signal for estimation of a range
between a receiver antenna and satellite transmitter that transmits the received composite
signal. In an alternate embodiment, the tracking module 200, the measurement generation
module 39, or the receiver 11 processes the determined code error, the determined carrier
phase error, and the determined carrier frequency error of the received composite signal to
track the code and phase of the received composite signal for estimation of a range between
a receiver antenna and satellite transmitter that transmits the received composite signal. To
determine the position of the receiver, multiple ranges for multiple carriers from at least four
different satellites are tracked.

Accordingly, FIG. 7B describes DDSel code tracking and DDSel carrier tracking,
where the carrier tracking includes carrier frequency tracking, carrier phase tracking, or both.

FIG. 7C refers to FIG. 7C-1 and FIG. 7C-2, collectively. FIG. 7C is a flow chartof a
method for receiving a composite signal comprises a receiver for receiving a composite
signal. Like reference numbers in FIG. 7A, FIG. 7B and FIG. 7C indicate like elements,
steps or procedures.

The method of FIG. 7C, similar to FIG. 7B, uses decision-directed selection (DDSel)
to estimate the amplitude of the signal, the carrier frequency error, and the carrier phase
error. However the code error illustrated in FIG. 7C utilizes MWin-BOC method which
linearly combines the two EML errors with difference chip spacing.
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In FIG. 7C, the multiple window BOC (i.e., MWin-BOC) method is used for pull-in of
the code error instead of using the primary amplitude and secondary amplitude to select
correlations for code tracking. Under the MWin-BOC method for pull-in of the code (CD)
error, the CD error estimation results from linear combination of two sets of BOC
correlations, where the chip spacing for the first BOC correlations is different from that of the
secondary BOC correlations and where Equation 8 describes the corresponding CD error
estimation in greater detail. However, in FIG. 7C, the DDSel method is still used to drive the
carrier tracking and amplitude estimation.

In FIG. 7C, steps S700, S702, S704, S716, and S706 have been described generally
in conjunction with FIG. 7B. Like-designated or like-numbered steps in FIG. 7B and FIG. 7C
indicate like steps or procedures. Because different steps follow steps S706 and S716 in
FIG. 7C than those following steps set forth in FIG. 7B, FIG. 7C will be described beginning
with steps S716 and S706.

In the illustrative example of FIG. 7C, step 716 follows step S704. In step 716, the
digital receiver portion 192, the data processor, or a combination of the decision module 35
and the decision augmentation module 220 (in FIG. 3A) determines whether (or not) the
receiver operates in a steady state mode. For the received composite BOC signal, if the
primary amplitude continuously exceeds the secondary amplitude for a threshold number of
consecutive sampling periods or M epochs, the receiver (11) or the digital receiver portion
192 switches to or is determined to be in the steady state mode, otherwise the receiver
remains in or is determined to be in the pull-in mode. The status of whether or not the
receiver is in the pull-in mode or steady state mode may be determined regularly, or
periodically, such as once per epoch or sampling period. In one configuration, the threshold
number or M may be any whole number or integer greater than three. However, the
threshold number or M may be any suitable number that is determined by empirical
evidence, operational tests, factory setting, programmable setting or otherwise of the
receiver that reliably indicates operation of the receiver in the steady state mode for one or
more received channels of the composite BOC signal.

The pull-in mode is a pre-alignment state in which the receiver is attempting to align
the code, phase and frequency of the local replica signal with the received composite signal
to track and demodulate effectively, reliably the received composite signal. In the pull-in
mode the demodulated energy may be divided between the BOC component and QBOC
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component of the received signal, making it more difficult to accurately, reliably recover or
decode the modulation on the received composite signal. In contrast, in the steady state
mode, the demodulated energy mostly concentrated in BOC component.

If the digital receiver portion 192, the data processor, or the combination of the
decision unit 35 and the decision augmentation module 220 determine that that the receiver
(e.g., one or more channels of the received composite signal) is operating in the steady state
mode, the method continues with step S718. However, if the digital receiver portion 192,
data processor or the combination of the decision unit 35 and the decision augmentation
module 220 determine that the receiver is not operating in the steady state mode, the
method continues with step S706.

In step S718, the digital receiver portion 192, the code tracking module 37 or the
tracking module 200 processes BOC correlations by determining a code error in accordance
with a suitable early-minus-late function for the steady state mode (e.g., coherent
discriminator function). Further, the digital receiver portion, the code tracking module 37 or
the tracking module 200 process the BOC correlations by determining a carrier phase error
in accordance with a Costas or Phase Locked Loop (PLL) phase error function.

In the steady state mode of step S718, the demodulated energy mostly concentrated
in BOC component. Therefore, in the steady state mode the receiver, data processor, or the
decision unit 35 can disregard the QBOC component of the received composite signal under
such circumstance mitigate the noise impact and thus improve the tracking accuracy of the
tracking module 200. As shown in FIG. 7B, step S718 only uses the BOC correlations,
identical to tracking any binary phase shift keying (BPSK) signal, to drive a code tracking
module 37, and to drive the carrier tracking module 38.

In step S706, a decision unit 35 or electronic data processor determines whether or
not the primary amplitude exceeds (or equals) the secondary amplitude for a sampling
period. For example, in step S706 does the primary amplitude exceed the secondary
amplitude, or is the primary amplitude greater than or equal to the secondary amplitude?
Step S706 may be executed regularly or periodically, such as at each epoch or each
sampling period. In step S706, if the primary amplitude exceeds or equals the secondary
amplitude, the method continues with step S808. However, if the primary amplitude does
not exceed the secondary amplitude, the method continues with step S810.

In step S808, data processor, a selector, or one or more multiplexers (e.g., second
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multiplexer 29 for each received channel) select a first correlation or first set of BOC
correlations associated with or resulting from: (a) substantially prompt timing (e.g., prompt
signal 117) of the first signal generator 32 with respect to the received digital signal (102)
and (b) a substantially full chip window setting (e.g., established by the code phase window
module 157) within the correlator module 130.

In step S810, data processor, a selector, or one or more multiplexers (e.g., second
multiplexer 29 for each received channel) select a second correlation or second set of
QBOC correlations associated with or resulting from: (a) substantially prompt timing (e.g.,
prompt signal 117) of the first signal generator 32 with respect to the received digital signal
(102) and (b) a substantially full chip window setting (e.g., established by the code phase
window module 157) within the correlator module 130.

In the pull-in mode, step S812 follows step S808. In step S812, the digital receiver
portion 192, the data tracking module 200, or the carrier tracking module 38 process the
selected BOC correlations. Step S812 may be carried out by executing one or more
procedures that may be applied separately or cumulatively.

Under a first procedure for carrying out $S812, the digital receiver portion 192, the
data processor or carrier tracking module 200 determines a first carrier frequency error in
accordance with a frequency error function (e.g., first frequency error function).

Under a second procedure, the digital receiver portion 192, the data processor or
carrier tracking module 200 determines a first carrier frequency error in accordance with a
dot-product, frequency error function (e.g., first frequency error function) using the prompt
BOC correlation and the prompt BOC correlation of a previous epoch or previous sampling
period.

Under a third procedure, the data processor or carrier tracking module 38 determines
a first carrier phase error in accordance with a phase error function (e.g., first phase error
function).

Under a fourth procedure, the data processor or carrier tracking module 38
determines a first carrier phase error in accordance with a dot-product, phase error function
(e.g., first phase error function) using the prompt BOC correlation.

Under a fifth procedure, any of the above procedures or combination of procedures

of step S812 are executed (e.q., if the primary amplitude exceeds the secondary amplitude

48



WO 2015/105544 PCT/US2014/057681

for the sampling period or if the primary amplitude equals the secondary amplitude for the
sampling period).

Under the sixth procedure, the first early-minus-late function comprises a BOC early-
minus-late function that has a chip spacing of approximately .4 chips.

Under the seventh procedure, because the primary amplitude exceeds the secondary
amplitude, in step 812 of FIG. 7C, the data processor, decision unit 35, or digital receiver
portion 192 selects only the prompt BOC correlation to generate the BOC-derived carrier
frequency error and carrier phase error at step 812.

Step S814 follows step S810. In step S814, the digital receiver portion 192, the
tracking module 200, the code tracking module 37, or the carrier tracking module 38 process
the selected QBOC correlations. Step S814 may be carried out by executing one or more
procedures that may be applied separately or cumulatively.

Under a first procedure for executing step S814, the data processor, carrier tracking
module 38, or data tracking module 200 determines a second carrier frequency error in
accordance with a frequency error function (e.g., a second frequency error function).

Under a second procedure, the data processor, carrier tracking module 38, or data
tracking module 200 determines a second carrier frequency error in accordance with a dot-
product, frequency error function (e.g., a second frequency error function) that uses prompt
QBOC correlation of a previous epoch or sampling period.

Under a third procedure, the data processor, carrier tracking module 38, or data
tracking module 200 determines a second carrier phase error in accordance with a phase
error function (e.g., second phase error function).

Under a fourth procedure, the data processor, carrier tracking module 38, or data
tracking module 200 determines a second carrier phase error in accordance with a phase
error function (e.g., second phase error function) that uses the prompt QBOC correlation.

Under a fifth procedure, any of the above procedures or combination of procedures
of step S814 are executed (e.q., if the primary amplitude is less than the secondary
amplitude for the sampling period).

Under a sixth procedure, the second early-minus-late function comprises a QBOC
early-minus-late function that has a chip spacing of approximately .4 chips.

Under the seventh procedure, because the primary amplitude does not exceed the
secondary amplitude, in step 814 of FIG. 7C, the data processor, decision unit 35, or digital
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receiver portion 192 selects only the prompt QBOC correlation to generate the QBOC-
derived carrier frequency error and carrier phase error at step 814.

In step S715, the data processor or digital receiver portion 192: (a) selects a first set
of BOC correlations with first chip spacing (e.g., approximately 0.25 chips) to form a first
code error (e.g., first EML code error); (b) selects a second set of BOC correlations with a
second chip spacing (e.g., approximately 0.125 chips), distinct from the first chip spacing, to
form a second code error (e.g., second EML code error), and (c) linearly combines the first
code error and the second code error to form a third code error or third code error
estimation. Step S715 may use Equation 8, as previously set forth in this document.

Step S711 follows step S715 or step 718. In step S711, the tracking module 200, the
measurement generation module 39, or the receiver 11 processes the selected correlations
to track the code and carrier of the received composite signal for estimation of a range
between a receiver antenna and satellite transmitter that transmits the received composite
signal.

FIG. 7D refers to FIG. 7D-1 and FIG. 7D-2 collectively. Like reference numbers in
FIG. 7C and FIG. 7D indicate like steps or procedures. FIG. 7C describes use of MWin-
BOC for code tracking and the use of DDSel for carrier tracking. FIG. 7D is similar to FIG.
7C, except that FIG. 7D substitutes S708 and S710 for steps S808 and S810 of FIG. 7C,
respectively.

In step S708, data processor, a selector, or one or more multiplexers (e.g., second
multiplexer 29 for each received channel) select a set of BOC correlations in accordance
with a BOC correlation function for the sampling period if the primary amplitude exceeds or
equals the secondary amplitude for the sampling period. For example, the second
multiplexer 29 selects a set of BOC correlations (e.g., via the BOC selection signal 123
provided to multiplexer 29) in accordance with a BOC correlation function for the sampling
period if the primary amplitude exceeds or equals the secondary amplitude for the sampling
period.

In step S710, if the primary amplitude is less than the secondary amplitude or if the
secondary amplitude exceeds the primary amplitude, the data processor, selector, or one or
more multiplexors (e.g., second multiplexer 29 for each received channel) select a set of
QBOC correlations in accordance with a QBOC correlation function for current sampling
period to generate the error estimations to drive the code (CD) and carrier (CR) feedback
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loop. In one embodiment, the zero crossing point for the QBOC correlation function is offset
1

by approximately against the zero crossing point for the BOC correlation function.

4'NBUC

FIG. 8 is a graph of a BOC correlation function (e.g., for a BOC(1,1) signal) and
QBOC correlation function (e.g., for a QBOC(1,1) signal) using a closed-formula
representation. In FIG. 8, the vertical axis provides the correlation output or amplitude and
the horizontal axis is in time (e.g., chips). The BOC correlation function (e.g., for a BOC(1,1)
signal) is shown by solid line 701, whereas the QBOC correlation function (e.g., for a
QBOC(1,1) signal) is shown by dashed line 702.

FIG. 9 is a graph of decision-directed selection (DDsel) amplitude derived from
either the BOC or the QBOC signal components, and is representative of an aggregate
correlation function (of BOC and QBOC correlations over multiple sampling periods without
simultaneous use of BOC and QBOC correlations for any received channel during any single
sampling period or any single epoch). An aggregate correlation function means a dual-
correlation function (of BOC and QBOC correlations over multiple sampling periods, without
simultaneous use of BOC and QBOC correlations for any received channel during any single
sampling period or epoch), a decision-directed correlation function (of BOC and QBOC
correlations over multiple sampling periods, without simultaneous selection of BOC and
QBOC correlations for any received channel)), or intermittently alternating correlation
functions over multiple sampling periods resulting from either BOC or QBOC correlation at
each sampling period or epoch. The vertical axis represents amplitude, whereas the
horizontal axis represents time in chips. For example, zero on the time axis represents a
perfectly correlated BOC signal with the local replica of the BOC signal at the receiver during
one or more sampling intervals, for example.

FIG. 10 illustrates a method of selecting or identifying a pull-in mode or a steady
state mode for operation of any receiver, system or method described in this document. The
method of FIG. 10 begins in step S701.

In step S701, a receiver is initialized, turned on or powered up and has the pull-in
mode as the default or starting mode of operation. The pull-in mode is a pre-alignment state
in which the receiver is attempting to align the code, phase and frequency of the local replica
signal with the received composite signal to track and demodulate effectively, reliably the
received composite signal. In the pull-in mode the demodulated energy may be divided

between the BOC component and QBOC component of the received signal, making it more
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difficult to accurately, reliably recover or decode the modulation on the received composite
signal. In contrast, in the steady state mode, the demodulated energy mostly concentrated in
BOC component.

In step S717, a data processor or a digital receiver portion 192 determines if a
counter value (e.g., counter A) or register (e.g., of a decision augmentation module 220 or
counter) is greater than or equal to M. For the received composite BOC signal, if the primary
amplitude continuously exceeds the secondary amplitude for a threshold number of
consecutive sampling periods or M epochs, the receiver (11) or the digital receiver portion
192 switches to or is determined to be in the steady state mode, otherwise the receiver
remains in or is determined to be in the pull-in mode. In one configuration, the threshold
number or M may be any whole number or integer greater than three. However, the
threshold number or M may be any suitable number that is determined by empirical
evidence, operational tests, factory setting, programmable setting or otherwise of the
receiver that reliably indicates operation of the receiver in the steady state mode for one or
more received channels of the composite BOC signal. If the counter value is greater than or
equal to M, the method continues with step S724. However, if the counter value is not
greater than or equal to M, the method continues with step S702.

In step S702, a first detector 201 (e.g., in FIG. 1, FIG. 3 and FIG. 4) or data
processor detects a primary amplitude of the BOC component. Step S702 may be executed
in accordance with various techniques, which may be applied alternately or cumulatively.

Under a first technique, the first detector 201 or data processor detects or measures
the signal energy or aggregate power of the BOC component comprising in-phase BOC
component and a quadrature-phase BOC component.

Under a second technique, the first detector 201 or data processor applies the
correlation Pgoc®" of Equation 3 to provide an amplitude (e.g., an ideal amplitude) estimate
for a BOC component of the received composite signal during a sampling period or a time
interval. For example, the first detector 201 applies a correlation Pgoc!®" of Equation 3 to

provide ideal amplitude estimation for BOC component: Amp(Y) = /I_Y2 +Q.Y?

,where
[_Yis the in-phase BOC component, and
Q_Yis the quadrature-phase BOC component.
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Under a third technique, the first detector 201 or the data processer uses the linear
approximation Equation 4 to simplify or replaces the calculation of Equation 3. In one
embodiment, the linear approximation of Equation 4 has a bias that is acceptable and
facilitates rapid estimation of the primary amplitude. Under the third technique, the
estimating or detecting of the primary amplitude or the secondary amplitude (e.g., by
detectors 201, 211) for the sampling period is based on the following equations that use
linear approximation separately for the BOC and QBOC signal components:

AmpPPreX(Y) & max(|1_Y|,|Q_Y]) + pmin(|/_Y1],1Q_Y])

, where

Y = PX,

1 is a selected scale or a constant scaling factor (e.g., 0.5),

W, is the window size of the correlator,

[_Y is the in-phase xBOC component, and

Q_Yis the quadrature-phase xBOC component,

xBOC refers to the BOC or QBOC signal component of the received composite
signal. In the above equation, for instance, the first detector 201 detects the BOC signal
component and substitutes the BOC signal component for xBOC.

In step S704, a second detector 211 (in FIG. 1, FIG. 3 and FIG. 4) or the data
processor detects a secondary amplitude of the QBOC component. Step S704 may be
executed in accordance with various techniques, which may be applied alternately or
cumulatively.

Under a first technique, the second detector 211 or data processor detects or
measures the signal energy or aggregate power of the QBOC component comprising in-
phase QBOC component and a quadrature-phase QBOC component.

Under a second technique, the second detector 211 or data processor applies a
correlation Pagoc®" of Equation 3 to provide ideal amplitude estimation for QBOC

component: Amp(Y) = [I.Y? +Q_Y? ,where

[_Yis the in-phase QBOC component, and
Q_Yis the quadrature-phase QBOC component.
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Under a third technique, the linear approximation Equation 4 simplifies or replaces
the calculation of FIG. 3. In one embodiment, the linear approximation of Equation 4 has a
bias that is acceptable and facilitates rapid estimation of the primary amplitude. Under the
third technique, the estimating or detecting the secondary amplitude (e.g., by the second
detector 211 or data processor) for the sampling period is based on the following equations
that use linear approximation separately for the QBOC signal components:
AmpPPreX(Y) & max(|1_Y|,|Q_Y]) + pmin(|/_Y1],1Q_Y])

, where

1 is a selected scale or a constant scaling factor (e.g., 0.5),
W;is the window size of the correlator,

[_Yis the in-phase QBOC component, and

Q_Yis the quadrature-phase QBOC component.

In step S706, a decision unit 35 or electronic data processor determines whether or
not the primary amplitude is greater than or equal to the secondary amplitude for a sampling
period. For example, in step S706 does the primary amplitude exceed the secondary
amplitude? In step S706, if the primary amplitude is greater than or equal the secondary
amplitude, the method continues with step S720. However, if the primary amplitude in not
greater than or equal to the secondary amplitude, the method continues with step S722.

In step S722, the data processor or digital receiver portion 192 resets the counter
(e.g., counter A), register or data storage device associated with the decision augmentation
module 220 and then returns to step S717. For example, the data processor or digital
receiver portion 192 sets the counter (e.g., counter A), register or the data storage device to
zero.

In step S720, the data processor or digital receiver portion 192 increments the
counter (e.g., counter A), a register or data storage device associated with the decision
augmentation module 220. For example, the data processor or digital receiver portion 192
increments by one the counter (e.g., counter A), a register or data storage device associated

with the decision augmentation module 220.
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The methods of FIG. 11 through FIG. 14, inclusive, may incorporate by reference
techniques, processes, features or elements from any other methods or systems disclosed
in this document. For example, any method in FIG. 11 through FIG. 14, inclusive, may
incorporate one or more embodiments or variations of any similar steps disclosed in FIG. 7A
through FIG. 10 and the accompanying text. Like reference numbers shall refer to like
elements in all drawings. As the context requires, like terminology can refer to like elements
or features in the drawings.

FIG. 11 discloses a method of receiving a composite signal. The method of FIG. 11
is similar to the method of FIG. 7A, except the method of FIG. 11 replaces step S711 with
S751. Like reference numbers in FIG. 7A and FIG. 11 indicate like steps or procedures.

Step S751 may be executed after step S708 or S710. In step S751, the data
processor or digital receiver portion 192 processes the selected correlations (e.g., selected
substantially prompt BOC correlations or substantially prompt QBOC correlations) to track a
carrier of the received composite signal for estimation of a range between a receiver
antenna and a satellite transmitter that transmits the received composite signal.

FIG. 12 discloses a method of receiving a composite signal. FIG. 12 refers to FIG.
12-1 and FIG. 12-2 collectively. The method of FIG. 12 is similar to the method of FIG. 7A,
except the method of FIG. 12 replaces step S711 with step S811. Step S811 comprises
steps S752, S753 and S754. Like reference numbers in FIG. 7A and FIG. 12 indicate like
steps or procedures.

In step S752, the data processor or digital receiver portion 192 processes the
selected correlations (e.g., selected substantially prompt BOC correlations or substantially
prompt QBOC correlations) during the sampling period, or both correlations (e.g.,
substantially prompt BOC and QBOC correlations) over successive sampling periods, to
track a carrier of the received composite signal. For example, the data processor or digital
receiver portion 192 processes a first subset of the selected set of correlations to track a
carrier of the received composite signal for estimation of a range between a receiver
antenna and satellite transmitter that transmits the received composite signal. In one
embodiment, the first subset comprises the prompt BOC correlation or the prompt QBOC
correlation.

In step S753, the data processor or digital receiver portion 192 processes the
selected correlations (e.g., selected substantially early and late BOC correlations or
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substantially early and late QBOC correlations) during the sampling period, or both
correlations (e.g., substantially early and late BOC correlations and substantially early and
late QBOC correlations) over successive sampling periods, to track a code of the received
composite signal. For example, the data processor or digital receiver portion 192 processes
a second subset of the selected correlations during the sampling period. The second subset
comprises a BOC pair of an early BOC correlation and a late BOC correlation, or QBOC pair
of a respective early QBOC correlation and a respective late QBOC correlation, where each
of the pairs of the correlations has a first chip spacing to drive the code tracking. The data
processor or digital receiver portion 192 is capable of processing the second subset of the
selected set of correlations to form a first code error.

In step S754, the data processor or digital receiver portion 192 estimates a range
between a receiver antenna and satellite transmitter that transmits the received composite
signal based on the tracked carrier, the tracked code, or both.

As indicated by the dashed lines, steps S752, S753 and S754 may be collectively
labeled as step S811. In certain embodiments, step S811 is somewhat similar to step S711
of FIG. 7A and aspects or features of S711 may be applied to step S811.

FIG. 13 discloses a method of receiving a composite signal. FIG. 13 refers to FIG.
13-1 and FIG. 13-2, collectively. The method of FIG. 13 is similar to the method of FIG. 7A,
except the method of FIG. 13 replaces step S711 with steps $752, S755, S756, and S754.
Like reference numbers in FIG. 7A, FIG. 12 and FIG. 13 indicate like steps or procedures.

In step S752, the data processor or digital receiver portion 192 processes the
selected correlations (e.g., selected substantially prompt BOC correlations or substantially
prompt QBOC correlations) during the sampling period, or both correlations (e.g.,
substantially prompt BOC and QBOC correlations) over successive sampling periods, to
track a carrier of the received composite signal.

In step S755, the data processor or digital receiver portion 192 forms a first code
error using a set of BOC correlations with a first chip spacing and a second code error using
another set of BOC correlations with a second chip spacing, where the first and the second
chip spacings are different. In one embodiment, the first chip spacing is within a range of
approximately .25 chips to approximately .5 chips. In one embodiment, the second chip
spacing is within a range of approximately .125 chips to approximately .25 chips.
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In step S756, the data processor or the digital receiver portion 192 combines the first
code error and the second code error (e.g., into a third code error) to drive the code tracking.

In step S754, the data processor or digital receiver portion 192 estimates a range
between a receiver antenna and satellite transmitter that transmits the received composite
signal based on the tracked carrier, the tracked code, or both.

FIG. 14 discloses a method of receiving a composite signal. The method of FIG. 14
starts in step S700. Like references in FIG. 14 and other drawings indicate like elements,
steps or procedures.

In step S700, a receiver 11 (e.g., satellite navigation receiver) or a digital receiver
portion 192 receives a binary offset carrier (BOC) modulated signals to extract a BOC
component by mixing or combining with a local BOC replica, and to derive a quadrature
BOC (QBOC) component by combining with a local QBOC replica. In one embodiment, the
BOC component comprises an in-phase BOC component and a quadrature-phase BOC
component and the QBOC component comprises in-phase QBOC component and a
quadrature-phase QBOC component. For example, the receiver 11 comprises a code mixer
42 (FIG. 1) for mixing or combining the BOC signal with the local BOC or QBOC replica from
one or more signal generators (e.g., multiplexed output of a first signal generator 32 and
second signal generator 31).

In step S702, a first detector 201 (e.g., in FIG. 1, FIG. 3 and FIG. 4) or data
processor detects a primary amplitude of the BOC component during a sampling period or
interval. Step S702 may be executed in accordance with various techniques, which may be
applied alternately or cumulatively, as more fully described in conjunction with FIG. 7A.

In step S716, the data processor or digital receiver portion 192 determines if a
receiver is in a steady-state mode. Step S716 may be executed in accordance with various
techniques, which may be applied alternatively or cumulatively.

Under a first technique, the data processor or digital receiver portion 192 determines
that the receiver is operating in a steady-state mode if the detected primary amplitude equals
or exceeds a threshold amplitude value over one or more sampling periods (e.g., over one or
more previous sampling periods prior to a current sampling period.) For instance, the
threshold amplitude value may be based on the primary amplitude or signal strength of the
received signal that indicates a majority or most of the energy of the received signal lies
within the BOC component versus the QBOC component for a sampling period.
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Under a second technique, the data processor or digital receiver portion 192
determines that receiver is operating in the steady-state mode by determining that the
primary amplitude is continuously greater than the secondary amplitude for equal to or
greater than a threshold duration, wherein the steady-state mode is mutually exclusive to a
pull-in mode. The threshold duration may equal one or more sampling periods or epochs or
may comprise a generally continuous duration of sampling periods or epochs in which the
primary amplitude is greater than the secondary amplitude.

In step S716 if the receiver is in a steady-state mode, the method continues with step
S708. However, if the receiver is not in the steady-state mode or is in the pull-in mode, the
method continues with step S801.

In step S708, the data processor or digital receiver portion 192 selects a set of BOC
correlations (e.g., in accordance with a BOC correlation function) for a sampling period (e.g.,
current sampling period).

In step S801, the data processor or digital receiver portion 192 selects BOC or
QBOC correlations that correspond to the signal component of the received composite
signal with the greatest amplitude during a sampling period or with a greatest amplitude
(e.g., mean or average amplitude) over one or more previous sampling periods.

In step S802, the data processor or digital receiver portion 192 processes the
selected correlations (e.g., BOC correlations for steady state mode, or BOC or QBOC
correlations for pull-in mode) during the sampling period to track a carrier of the received
composite signal.

In step S803, the data processor or digital receiver portion 192 forms a first code
error using the selected correlations (e.g., BOC correlations for steady-state mode, or BOC
or QBOC correlations for pull-in mode) with a first chip spacing to drive the code tracking.

In step S754, the data processor or digital receiver portion 192 estimates a range
between a receiver antenna and satellite transmitter that transmits the received composite
signal based on the tracked carrier, the tracked code, or both.

The method and system disclosed in this document uses a decision-directed
selection (DDSel). Under the decision-directed selection, the method and system of this
disclosure uses the either BOC or QBOC terms, whichever component retains more signal
energy to process both code and carrier acquisition or pull in, instead of using both BOC and
QBOC. Because the method and system of this disclosure uses decision directed selection

58



WO 2015/105544 PCT/US2014/057681

(DDSel), the method and system is well suited for reducing computational load as it either
processing BOC or QBOC terms based on the selection, as opposed to processing both
BOC and QBOC terms. In the method and system disclosed in this document, DDSel can
promptly, reliably select the proper BOC or QBOC processing to acquire or pull-in the BOC
signal at the receiver, where a wide correlator can employ a half-chip spacing delay line
during pull-in or acquisition because of the absence of zero crossing points in the aggregate
correlation function. Further, DDSel supports unambiguous determination of frequency error
and phase error by eliminating or reducing their dependency on the code error through using
dot-product carrier error function. DDSel uses an unambiguous DDSel frequency error term
for carrier pull in or acquisition of the received signal. The method and system is well suited
for providing faster pull-in performance than certain prior art because uses the error
component (BOC or QBOC error component) with better signal-to-noise ratio (SNR), which
helps to reduce the loop measurement fluctuation resulting from the noise.

For the input of BOC(m,n) or QBOC(m,n), the DDSel technique can apply within
context of a wide correlator, a narrow correlator, a window correlator, or an combination of
the foregoing correlators. DDSel can constrain the window/chip spacing to pull in or acquire
the code of the received signal. DDSel uses envelope amplitude estimation to determine
how to process the received signal in accordance with alternate BOC or QBOC processing
paths. The method and system disclosed in this document can simplify the amplitude
estimation with an approximation equation, as previously explained. In certain
configurations, such as with the use of the above appproximation equation, DDSel is
capable of providing amplitude detection speed that is commensurate with a received BOC
signal input applied to a half-chip spacing delay line.

An alternate embodiment of a method for receiving the composite signal combines
two BOC early-minus-late code errors with different chip spacing to drive the code tracking.
Under such an alternate operating mode, however, DDSel still provides the carrier tracking
and amplitude estimation .

In another alternate embodiment, receiver operation mode can be switched from
DDsSel for acquisition mode, to single-window BOC (SWin-BOC) for lock in or post
acquisition mode.

Having described the preferred embodiment, it will become apparent that various
modifications can be made without departing from the scope of the invention as defined in
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the accompanying claims.
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The following is claimed:

1. A method for receiving a received composite signal, the method comprising:

receiving a composite signal, comprising binary offset carrier (BOC) modulated
signals, to extract a BOC component by combining with a local BOC replica, and to derive a
quadrature BOC (QBOC) component by combining with a local QBOC replica, the BOC
component comprising an in-phase BOC component and a quadrature-phase BOC
component, the QBOC component comprising in-phase QBOC component and a
quadrature-phase QBOC component;

detecting a primary amplitude of the BOC component;

detecting a secondary amplitude of the QBOC component;

determining whether the primary amplitude exceeds the secondary amplitude for a
sampling period;

selecting a prompt BOC correlation for the sampling period if the primary amplitude
exceeds or equals the secondary amplitude for the sampling period;

selecting a prompt QBOC correlation for the sampling period if the secondary
amplitude exceeds the primary amplitude for the sampling period;

processing the selected prompt BOC correlation or selected prompt QBOC
correlation during the sampling period, or both correlations over successive sampling
periods, to track a carrier of received composite signal;

forming a first code error using a set of BOC correlations with a first chip spacing and
a second code error using another set of BOC correlations with second chip spacing, where
the first and second chip spacing are different;

combining the first code error and the second code error to drive the code tracking;
and

estimating a range between a receiver antenna and satellite transmitter that transmits

the received composite signal.

2. The method according to claim 1 wherein the processing of the selected prompt BOC or
QBOC correlations further comprises using BOC correlations for:
determining a first carrier frequency error in accordance with a frequency error

function; and
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determining a first carrier phase error in accordance with a phase error function, if the
primary amplitude exceeds the secondary amplitude for the sampling period.

3. The method according to claim 2 wherein the first code error function uses a BOC pair of
early BOC correlations and late BOC corrections with a first chip spacing for the first code

error.

4. The method according to claim 3 wherein the first chip spacing is within a range of

approximately .25 chips to approximately .5 chips.

5. The method according to claim 3 wherein the second code error function selects a BOC
pair of early BOC correlations and late BOC corrections with a second chip spacing for the
second code error for the second code error, where the first chip spacing is different from the

second chip spacing.

6. The method according to claim 5 wherein the second chip spacing is within a range of

approximately .125 chips to approximately .25 chips.

7. The method according to claim 1 wherein the first code error has the first chip spacing of
approximately .25 chips and comprises a first-early-minus-late error function and wherein the
second code error has the second chip spacing of approximately .125 chips and comprises a

second early-minus-late error function.

8. The method according to claim 1 wherein the processing of the selected prompt BOC
correlation or QBOC correlations further comprises using QBOC correlations for:
determining a second carrier frequency error in accordance with a frequency error
function; and
determining a second carrier phase error in accordance with a phase error function, if

the primary amplitude is less than the secondary amplitude for the sampling period.

9. The method according to claim 8 wherein the second phase error function comprises a
QBOC early-minus-late function that has a chip spacing of approximately .4 chips.

62



WO 2015/105544 PCT/US2014/057681

10. The method according to claim 1 further comprising:

executing the above selecting, detecting and determining steps during a pull-in
mode;

identifying a steady state mode of the receiver after pull-in or acquisition of the code
and phase of the received composite signal; and

selecting only the BOC correlations for the steady state mode and using only a BOC
error function during the steady state mode for an epoch during the steady state mode for an

epoch, unless a cycle slip occurs.

11. The method according to claim 1 wherein the selecting of the primary amplitude or the

secondary amplitude for the sampling period is based on the following equations that use

linear approximation separately for the BOC and QBOC signal components:
AmpPPTeX(Y) £ max(|1_Y|, |Q_Y]) + pmin(|/_Y],[Q_Y])

, where
Y = TAPX.,
1 is a selected scale or constant scaling factor,
W;is the window size of the correlator,
[_Y is the in-phase xBOC component, and
Q_Y is the quadrature-phase xBOC component,
xBOC refers to the BOC or QBOC signal component of the received composite

signal.

12. The method according to claim 1 wherein the primary amplitude comprises the
combined signal power of the BOC in-phase component and the BOC quadrature phase
component; and wherein the secondary amplitude comprises the combined signal power of

the QBOC in-phase component and a QBOC quadrature-phase component.

13. The method according to claim 1 wherein the zero crossing point for the BOC amplitude
1

function offsets by approximately against the zero crossing point for the QBOC

4Npoc

amplitude function, where Ngq( is equal to m/n of BOC (m,n),where m is f./f; and n is f./f;, fr,
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is a first subcarrier frequency, f, is the actual chip frequency, and 1. is the reference chipping
rate,

14. The method according to claim 1 further comprising:

for each successive sampling period in a carrier phase loop, the xBOC correlations,
with greater amplitude, form the carrier phase error estimation, wherein the cross-product
using the in-phase and quadrature phase component resolves the ambiguity from sine or
cosine of BOC misalignment, where xBOC means BOC or QBOC.

15. The method according to claim 1 wherein:

selecting the prompt BOC correlation in accordance with a BOC correlation function
for the sampling period, and combining with a prompt BOC correlation for the previous
sampling period to form a BOC cross-product carrier frequency estimation if the primary
amplitude exceeds or equals to the secondary amplitude for the present sampling period, or

selecting the prompt QBOC correlation in accordance with a QBOC correlation
function for the sampling period, and combining with a prompt QBOC correlation for the
previous sampling period to form a QBOC cross-product carrier frequency estimation if the

secondary amplitude exceeds the primary amplitude.

16. The method according to claim 1 further comprising:

after code acquisition of the received signal and during a steady state mode in which
a local code replica and a local carrier replica is synchronized with a phase, or respective
code and carrier, of the received signal over one or more sampling periods that meet or
exceed a threshold duration, only use the set of BOC correlations to drive the code and

carrier tracking.

17. A system for receiving a received composite signal, the system comprising:

a receiver front end for receiving a composite signal comprising binary offset carrier
(BOC) modulated signals;

a first signal generator for generating the chip replica for any sampling period;

a second signal generator for generating a local BOC replica or a quadrature BOC
replica for any sampling period;
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an electronic data processor adapted to extract a BOC component by combining with
the local BOC replica and to derive a quadrature BOC (QBOC) component by combining
with the local QBOC replica, the BOC component comprising an in-phase BOC component
and a quadrature-phase BOC component, the QBOC component comprising in-phase
QBOC component and a quadrature-phase QBOC component;

a first detector for detecting a primary amplitude of the BOC component;

a second detector for detecting a secondary amplitude of the QBOC component;

an evaluator of the data processor determining whether the primary amplitude
exceeds the secondary amplitude for a sampling period;

a selector of the data processor for selecting a prompt BOC correlation in
accordance with a BOC correlation function for the sampling period if the primary amplitude
exceeds or equals the secondary amplitude for the sampling period;

the selector is adapted to select a prompt QBOC correlations in accordance with a
QBOC correlation function for the sampling period if the secondary amplitude exceeds the
primary amplitude for the sampling period wherein the selected xBOC correlations with
greater amplitude supports unambiguous code acquisition of the received signal; where
xBOC means BOC or QBOC;

a tracking module of the electronic data processor for processing the selected
correlation or correlations to track a carrier of the received composite signal;

a data processor for forming a first code error using a set of BOC correlations with a
first chip spacing, the data processor adapted to form a second code error using another set
of BOC correlations with a second chip spacing, distinct from the first chip spacing, and the
data processor adapted to combine the first code error and the second code error to drive
the code tracking; and

a data processor for estimating a range between a receiver antenna and satellite

transmitter that transmits the received composite signal.

18. The system according to claim 17 wherein the tracking module is adapted to use BOC
correlations to:
determine a first carrier frequency error in accordance with a frequency error

function; and
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determine a first carrier phase error in accordance with a phase error function, if the

primary amplitude exceeds the secondary amplitude for the sampling period.

19. The system according to claim 17 wherein the first code error has the first chip spacing
of approximately .25 chips and comprises a first-early-minus-late error function and wherein
the second code error has the second chip spacing of approximately .125 chips and

comprises a second early-minus-late error function.

20. The system according to claim 17 wherein the tracking module is adapted to select
prompt BOC correlation or QBOC correlations further comprises using QBOC correlations
to:

determine a second carrier frequency error in accordance with a frequency error
function; and

determine a second carrier phase error in accordance with a second phase error
function, if the primary amplitude is less than the secondary amplitude for the sampling

period.

21. The system according to claim 17 wherein the second phase error function comprises a

QBOC early-minus late function that has a chip spacing of approximately .4 chips.

22. The system according to claim 17 wherein the data processor is adapted to:

execute the above selecting, detecting and determining steps during a pull-in mode;

identify a steady state mode of the receiver after pull-in or acquisition of the code and
phase of the received composite signal; and

select only the BOC correlations for the steady state mode and using only a BOC
error function during the steady state mode for an epoch during the steady state mode for an

epoch, unless a cycle slip occurs.

23. The system according to claim 17 wherein the selector or the data processor is adapted
to select of the primary amplitude or the secondary amplitude for the sampling period based
on the following equations that use linear approximation separately for the BOC and QBOC

signal components:
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AmpPProX(Y) £ max(|1_Y],1Q_Y]) + pmin(|I_Y],1Q_Y]

, where

Y = TAPYX.,

1 is a selected scale or constant scaling factor,

W, is the window size of the correlator,

[_Y is the in-phase xBOC component, and

Q_Y is the quadrature-phase xBOC component,

xBOC refers to the BOC or QBOC signal component of the received composite
signal.

24. The system according to claim 17 wherein the primary amplitude comprises the
combined signal power of the BOC in-phase component and the BOC quadrature phase
component; and wherein the secondary amplitude comprises the combined signal power of
the QBOC in-phase component and a QBOC quadrature-phase component.
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S700 —

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA,
AND TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT
AND A QUADRATURE-PHASE BOC COMPONENT, THE QBOC
COMPONENT COMPRISING IN-PHASE QBOC COMPONENT AND
A QUADRATURE-PHASE QBOC COMPONENT.

S702 ™
DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.
S704 —~

DETECT A SECONDARY AMPLITUDE OF THE QBOC
COMPONENT.

S706 —~

DOES THE PRIMARY AMPLITUDE EXCEED THE \ NO
SECONDARY AMPLITUDE FOR A SAMPLING PERIOD?/

S708 —~ YES

SELECT A SET OF BOC CORRELATIONS IN ACCORDANCE
WITH A BOC CORRELATION FUNCTION FOR THE SAMPLING
PERIOD.

S710\ V

SELECT A SET OF QBOC CORRELATIONS IN ACCORDANCE
WITH A QBOC CORRELATION FUNCTION FOR THE SAMPLING
PERIOD.

S711\

PROCESS THE SELECTED CORRELATIONS TO TRACK CODE,
CARRIER OR BOTH OF THE RECEIVED COMPOSITE SIGNAL
FOR ESTIMATION OF A RANGE BETWEEN A RECEIVER
ANTENNA AND SATELLITE TRANSMITTER THAT TRANSMITS
THE RECEIVED COMPOSITE SIGNAL.

FIG. 7A
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S700 ~

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA, AND
TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT AND A
QUADRATURE-PHASE BOC COMPONENT, THE QBOC COMPONENT
COMPRISING IN-PHASE QBOC COMPONENT AND A
QUADRATURE-PHASE QBOC COMPONENT.

S702 ™\
DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.
S704 —~
DETECT A SECONDARY AMPLITUDE OF THE QBOC COMPONENT.

S716 —~
IS A RECEIVER (E.G., ONE OR MORE RECEIVER \ YES
CHANNELS) IN A STEADY STATE MODE? /
S706 ™ NO
DOES THE PRIMARY AMPLITUDE EXCEEDS THE NO
SECONDARY AMPLITUDE FOR A SAMPLING PERIOD?
YES
S708 ™\

SELECT A SET OF BOC CORRELATIONS IN ACCORDANCE
WITH A BOC CORRELATION FUNCTION FOR THE SAMPLING |
PERIOD.

S710\

SELECT A SET OF QBOC CORRELATIONS IN ACCORDANCE
WITH A QBOC CORRELATION FUNCTION FOR THE
SAMPLING PERIOD.

FIG. 7B-1
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M

S7T12 —~

PROCESS THE SELECTED BOC CORRELATIONS BY:
DETERMINING A FIRST CODE ERROR IN ACCORDANCE WITH
A FIRST EARLY-MINUS-LATE FUNCTION;

DETERMINING A FIRST CARRIER FREQUENCY ERROR IN
ACCORDANCE WITH A DOT-PRODUCT FREQUENCY ERROR
FUNCTION USING THE PROMPT BOC CORRELATION AND
THE PROMPT BOC CORRELATION AT PREVIOUS EPOCH.

DETERMINING A FIRST CARRIER PHASE ERROR IN
ACCORDANCE WITH A DOT-PRODUCT PHASE ERROR
FUNCTION USING THE PROMPT BOC CORRELATION.

LT

S714 —~ V

PROCESS THE SELECTED QBOC CORRELATIONS BY:
DETERMINING A SECOND CODE ERROR IN ACCORDANCE
WITH A EARLY-MINUS-LATE FUNCTION;

DETERMINING A SECOND CARRIER FREQUENCY ERROR IN
ACCORDANCE WITH A DOT-PRODUCT FREQUENCY ERROR
FUNCTION USING THE PROMPT QBOC CORRELATION AND
THE PROMPT QBOC CORRELATION AT PREVIOUS EPOCH.

DETERMINING A SECOND CARRIER PHASE ERROR IN
ACCORDANCE WITH A PHASE ERROR FUNCTION USING THE
PROMPT QBOC CORRELATION.

S718\ v

PROCESS THE SELECTED BOC CORRELATIONS BY:
DETERMINING A CODE ERROR IN ACCORDANCE WITH A
SUITABLE EARLY-MINUS-LATE FUNCTION FOR
STEADY-STATE MODE (E.G., COHERENT DISCRIMINATOR
FUNCTION);

DETERMINING A CARRIER PHASE ERROR IN ACCORDANCE
WITH A COSTAS OR PLL PHASE ERROR FUNCTION.

S713™\

PROCESS THE DETERMINED CODE ERROR AND DETERMINED
CARRIER PHASE ERROR OF THE RECEIVED COMPOSITE SIGNAL

TO TRACK THE CODE AND PHASE OF THE RECEIVED

COMPOSITE SIGNAL FOR ESTIMATION OF A RANGE BETWEEN A

RECEIVER ANTENNA AND SATELLITE TRANSMITTER THAT
TRANSMITS THE RECEIVED COMPOSITE SIGNAL.

FIG. 7B-2
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S700 —

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA, AND
TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT AND A
QUADRATURE-PHASE BOC COMPONENT, THE QBOC COMPONENT
COMPRISING IN-PHASE QBOC COMPONENT AND A
QUADRATURE-PHASE QBOC COMPONENT.

S702 ™\
DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.

S704 ™~
DETECT A SECONDARY AMPLITUDE OF THE QBOC COMPONENT.
S716 ™

IS A RECEIVER (E.G., ONE OR MORE RECEIVER \ YES
CHANNELS) IN A STEADY STATE MODE?

S706 — NO
DOES THE PRIMARY AMPLITUDE EXCEEDS THE NO
SECONDARY AMPLITUDE FOR A SAMPLING PERIOD?

5808 — YES

SELECT A FIRST BOC CORRELATION WITH SUBSTANTIALLY | ~_
EE_IQMPT TIMING AND SUBSTANTIALLY FULL CHIP WINDOW
TING.

5810 —~ y

SELECT A FIRST QBOC CORRELATION WITH -
SUBSTANTIALLY PROMPT TIMING AND SUBSTANTIALLY
FULL CHIP WINDOW SETTING.

8812\ \l/

DETERMINE A FIRST CARRIER FREQUENCY ERROR IN
ACCORDANCE WITH A DOT-PRODUCT FREQUENCY ERROR
FUNCTION USING THE PROMPT BOC CORRELATION AND
THE PROMPT BOC CORRELATION AT PREVIOUS EPOCH. LT

DETERMINE A FIRST CARRIER PHASE ERROR IN
ACCORDANCE WITH A DOT-PRODUCT PHASE ERROR
FUNCTION USING THE PROMPT BOC CORRELATION.
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8814\ V

DETERMINE A SECOND CARRIER FREQUENCY ERROR IN
ACCORDANCE WITH A DOT-PRODUCT FREQUENCY ERROR
FUNCTION USING THE PROMPT QBOC CORRELATION AND
THE PROMPT QBOC CORRELATION AT PREVIOUS EPOCH.

DETERMINE A SECOND CARRIER PHASE ERROR IN
ACCORDANCE WITH A PHASE ERROR FUNCTION USING THE
PROMPT QBOC CORRELATION.

S715\ V

SELECT A FIRST SET OF BOC CORRELATIONS WITH FIRST
CHIP SPACING A TO FORM A FIRST CODE ERROR USING AN
EARLY-MINUS-LATE FUNCTION.

SELECT A SECOND SET OF BOC CORRELATIONS WITH
SECOND CHIP SPACING TO FORM A SECOND CODE ERROR
USING AN EARLY-MINUS-LATE FUNCTION.

DETERMINE A THIRD CODE ERROR ESTIMATION THROUGH
LINEARLY COMBINING THE FIRST CODE ERROR WITH THE
SECOND CODE ERROR.

S718\ V

PROCESS THE SELECTED BOC CORRELATIONS BY:
DETERMINING A CODE ERROR IN ACCORDANCE WITH A
SUITABLE EARLY-MINUS-LATE FUNCTION FOR
STEADY-STATE MODE (E.G., COHERENT DISCRIMINATOR
FUNCTION);

DETERMINING A CARRIER PHASE ERROR IN ACCORDANCE
WITH A COSTAS OR PLL PHASE ERROR FUNCTION.

S711\

PROCESS THE SELECTED CORRELATIONS TO TRACK CODE,
CARRIER OR BOTH OF THE RECEIVED COMPOSITE SIGNAL
FOR ESTIMATION OF A RANGE BETWEEN A RECEIVER
ANTENNA AND SATELLITE TRANSMITTER THAT TRANSMITS
THE RECEIVED COMPOSITE SIGNAL.

FIG. 7C-2
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S700 —

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA, AND
TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT AND A
QUADRATURE-PHASE BOC COMPONENT, THE QBOC COMPONENT
COMPRISING IN-PHASE QBOC COMPONENT AND A
QUADRATURE-PHASE QBOC COMPONENT.

S702 ™\
DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.

S704 ™
DETECT A SECONDARY AMPLITUDE OF THE QBOC COMPONENT.
S716 ™

IS A RECEIVER (E.G., ONE OR MORE RECEIVER \ YES
CHANNELS) IN A STEADY STATE MODE?

S706 — NO
DOES THE PRIMARY AMPLITUDE EXCEEDS THE NO
SECONDARY AMPLITUDE FOR A SAMPLING PERIOD?

S708 — YES

SELECT A SET OF BOC CORRELATIONS INACCORDANCE |~
ng”F-{lI_IOAE\)BOC CORRELATION FUNCTION FOR THE SAMPLING

S710\ \l/

SELECT A SET OF QBOC CORRELATIONS IN ACCORDANCE | _
gvéETO%QBOC CORRELATION FUNCTION FOR THE SAMPLING

8812j \l/

DETERMINE A FIRST CARRIER FREQUENCY ERROR IN
ACCORDANCE WITH A DOT-PRODUCT FREQUENCY ERROR
FUNCTION USING THE PROMPT BOC CORRELATION AND
THE PROMPT BOC CORRELATION AT PREVIOUS EPOCH. LT

DETERMINE A FIRST CARRIER PHASE ERROR IN
ACCORDANCE WITH A DOT-PRODUCT PHASE ERROR
FUNCTION USING THE PROMPT BOC CORRELATION.
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8814\ V

DETERMINE A SECOND CARRIER FREQUENCY ERROR IN
ACCORDANCE WITH A DOT-PRODUCT FREQUENCY ERROR
FUNCTION USING THE PROMPT QBOC CORRELATION AND
THE PROMPT QBOC CORRELATION AT PREVIOUS EPOCH.

DETERMINE A SECOND CARRIER PHASE ERROR IN
ACCORDANCE WITH A PHASE ERROR FUNCTION USING THE
PROMPT QBOC CORRELATION.

S715\ V

SELECT A FIRST SET OF BOC CORRELATIONS WITH FIRST
CHIP SPACING A TO FORM A FIRST CODE ERROR USING AN
EARLY-MINUS-LATE FUNCTION.

SELECT A SECOND SET OF BOC CORRELATIONS WITH
SECOND CHIP SPACING TO FORM A SECOND CODE ERROR
USING AN EARLY-MINUS-LATE FUNCTION.

DETERMINE A FIRST CODE ERROR ESTIMATION THROUGH
LINEARLY COMBINING THE FIRST CODE ERROR WITH THE
SECOND CODE ERROR.

S718\ V

PROCESS THE SELECTED BOC CORRELATIONS BY:
DETERMINING A CODE ERROR IN ACCORDANCE WITH A
SUITABLE EARLY-MINUS-LATE FUNCTION FOR
STEADY-STATE MODE (E.G., COHERENT DISCRIMINATOR
FUNCTION);

DETERMINING A CARRIER PHASE ERROR IN ACCORDANCE
WITH A COSTAS OR PLL PHASE ERROR FUNCTION.

S711\

PROCESS THE SELECTED CORRELATIONS TO TRACK CODE,
CARRIER OR BOTH OF THE RECEIVED COMPOSITE SIGNAL
FOR ESTIMATION OF A RANGE BETWEEN A RECEIVER
ANTENNA AND SATELLITE TRANSMITTER THAT TRANSMITS
THE RECEIVED COMPOSITE SIGNAL.

FIG. 7D-2
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S701
_J
MODE = PULL IN
S717
-~ YES
< IS COUNTER(A) >= M?
NO
S702
k\

DETECT A PRIMARY AMPLITUDE OF A BOC COMPONENT

S704
g\

DETECT A SECONDARY AMPLITUDE OF A QBOC COMPONENT

S706
\

<IS PRIMARY AMPLITUDE >= SECONDARY AMPLITUDE?

YES
S720

C

S722
L\

INCREMENT COUNTER (A) BY 1

RESET COUNTER (A)=0

MODE = STEADY STATE

FIG. 10

S724
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S700 —~,

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA,
AND TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT
AND A QUADRATURE-PHASE BOC COMPONENT, THE QBOC
COMPONENT COMPRISING IN-PHASE QBOC COMPONENT AND
A QUADRATURE-PHASE QBOC COMPONENT.

S702 ™\
DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.
S704 —~

DETECT A SECONDARY AMPLITUDE OF THE QBOC
COMPONENT.

S706 —~

DOES THE PRIMARY AMPLITUDE EXCEED THE \ NO
SECONDARY AMPLITUDE FOR A SAMPLING PERIOD?/

S708 —~ YES

SELECT A SET OF BOC CORRELATIONS (E.G., IN
ACCORDANCE WITH A BOC CORRELATION FUNCTION) FOR A
SAMPLING PERIOD (E.G., CURRENT SAMPLING PERIOD)

S710j V

SELECT A SET OF QBOC CORRELATIONS IN ACCORDANCE
WITH A QBOC CORRELATION FUNCTION FOR THE SAMPLING
PERIOD.

S751™\

PROCESS THE SELECTED CORRELATIONS (E.G., SELECTED
SUBSTANTIALLY PROMPT BOC CORRELATIONS OR
SUBSTANTIALLY PROMPT QBOC CORRELATIONS) TO TRACK
A CARRIER OF THE RECEIVED COMPOSITE SIGNAL FOR
ESTIMATION OF A RANGE BETWEEN A RECEIVER ANTENNA
AND SATELLITE TRANSMITTER THAT TRANSMITS THE
RECEIVED COMPOSITE SIGNAL.

FIG. 11
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S700\

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA,
AND TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT
AND A QUADRATURE-PHASE BOC COMPONENT, THE QBOC
COMPONENT COMPRISING IN-PHASE QBOC COMPONENT AND
A QUADRATURE-PHASE QBOC COMPONENT.

S702 ™\
DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.
S704 —~

DETECT A SECONDARY AMPLITUDE OF THE QBOC
COMPONENT.

S706 —~

DOES THE PRIMARY AMPLITUDE EXCEED THE \ NO
SECONDARY AMPLITUDE FOR A SAMPLING PERIOD?/

S708 —~ YES

SELECT A SET OF BOC CORRELATIONS (E.G., IN
ACCORDANCE WITH A BOC CORRELATION FUNCTION) FOR A
SAMPLING PERIOD (E.G., CURRENT SAMPLING PERIOD)

S710j V

SELECT A SET OF QBOC CORRELATIONS IN ACCORDANCE
WITH A QBOC CORRELATION FUNCTION FOR THE SAMPLING
PERIOD.

S811.-_ S752
r——=-=-- L BT ———————— “\ ——————————— ‘\ ————————— =

PROCESS THE SELECTED CORRELATIONS (E.G., SELECTED | |
SUBSTANTIALLY PROMPT BOC CORRELATIONS OR !
SUBSTANTIALLY PROMPT QBOC CORRELATIONS) DURING |
THE SAMPLING PERIOD, OR BOTH CORRELATIONS (E.G., !
SUBSTANTIALLY PROMPT BOC AND QBOC CORRELATIONS) | |

|

|

OVER SUCCESSIVE SAMPLING PERIODS, TO TRACK A
CARRIER OF THE RECEIVED COMPOSITE SIGNAL.
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|

|
PROCESS THE SELECTED CORRELATIONS (E.G., SELECTED | !
SUBSTANTIALLY EARLY AND LATE BOC CORRELATIONS OR | |
SUBSTANTIALLY EARLY AND LATE QBOC CORRELATIONS) !
DURING THE SAMPLING PERIOD, OR BOTH CORRELATIONS | |
(E.G., SUBSTANTIALLY EARLY AND LATE BOC !
CORRELATIONS AND SUBSTANTIALLY EARLY AND LATE :
QBOC CORRELATIONS) OVER SUCCESSIVE SAMPLING !
PERIODS, TO TRACK A CODE OF THE RECEIVED COMPOSITE| |
SIGNAL. |
|

|

|

|

|

S754
N

ESTIMATE A RANGE BETWEEN A RECEIVER ANTENNA AND
SATELLITE TRANSMITTER THAT TRANSMITS THE RECEIVED
COMPOSITE SIGNAL BASED ON THE TRACKED CARRIER,
TRACKED CODE, OR BOTH.
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33/35 FIG. 13-1
S700\

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA,
AND TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT
AND A QUADRATURE-PHASE BOC COMPONENT, THE QBOC
COMPONENT COMPRISING IN-PHASE QBOC COMPONENT AND
A QUADRATURE-PHASE QBOC COMPONENT.

S702 ™\

DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.

S704 —~

DETECT A SECONDARY AMPLITUDE OF THE QBOC
COMPONENT.

S706 ™\
DOES THE PRIMARY AMPLITUDE EXCEED THE \ NO
SECONDARY AMPLITUDE FOR A SAMPLING PERIOD?/

S708 —~ YES

SELECT A SET OF BOC CORRELATIONS (E.G., IN
ACCORDANCE WITH A BOC CORRELATION FUNCTION) FOR A

SAMPLING PERIOD (E.G., CURRENT SAMPLING PERIOD)

S710j V

SELECT A SET OF QBOC CORRELATIONS IN ACCORDANCE
WITH A QBOC CORRELATION FUNCTION FOR THE SAMPLING
PERIOD.

S752

~

PROCESS THE SELECTED CORRELATIONS (E.G., SELECTED
SUBSTANTIALLY PROMPT BOC CORRELATIONS OR
SUBSTANTIALLY PROMPT QBOC CORRELATIONS) DURING
THE SAMPLING PERIOD, OR BOTH CORRELATIONS (E.G.,
SUBSTANTIALLY PROMPT BOC AND QBOC CORRELATIONS)
OVER SUCCESSIVE SAMPLING PERIODS, TO TRACK A
CARRIER OF THE RECEIVED COMPOSITE SIGNAL.
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FORM A FIRST CODE ERROR USING A SET OF BOC
CORRELATIONS WITH A FIRST CHIP SPACING AND A
SECOND CODE ERROR USING ANOTHER SET OF BOC
CORRELATIONS WITH SECOND CHIP SPACING, WHERE THE
FIRST AND SECOND CHIP SPACING ARE DIFFERENT.

S756
N

COMBINE THE FIRST CODE ERROR AND THE SECOND CODE
ERROR TO DRIVE THE CODE TRACKING.

S754
N

ESTIMATE A RANGE BETWEEN A RECEIVER ANTENNA AND
SATELLITE TRANSMITTER THAT TRANSMITS THE RECEIVED
COMPOSITE SIGNAL BASED ON THE TRACKED CARRIER,
TRACKED CODE, OR BOTH.
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35/35 FIG. 14
S700 ™~

RECEIVE A COMPOSITE SIGNAL, COMPRISING BINARY OFFSET
CARRIER (BOC) MODULATED SIGNALS, TO EXTRACT A BOC
COMPONENT BY COMBINING WITH A LOCAL BOC REPLICA,
AND TO DERIVE A QUADRATURE BOC (QBOC) COMPONENT BY
COMBINING WITH A LOCAL QBOC REPLICA. THE BOC
COMPONENT COMPRISING AN IN-PHASE BOC COMPONENT
AND A QUADRATURE-PHASE BOC COMPONENT, THE QBOC
COMPONENT COMPRISING IN-PHASE QBOC COMPONENT AND
A QUADRATURE-PHASE QBOC COMPONENT.

S702 ™\
DETECT A PRIMARY AMPLITUDE OF THE BOC COMPONENT.
S716

\  NO
< IS ARECEIVER IN A STEADY-STATE MODE? )
S708 —~ YES

SELECT A SET OF BOC CORRELATIONS (E.G., IN
ACCORDANCE WITH A BOC CORRELATION FUNCTION) FOR A
SAMPLING PERIOD (E.G., CURRENT SAMPLING PERIOD)

M
S801 —~ \

SELECT BOC OR QBOC CORRELATIONS WITH THE
GREATEST AMPLITUDE DURING A SAMPLING PERIOD.

S802 ™\ V

PROCESS THE SELECTED CORRELATIONS (E.G., BOC
CORRELATIONS FOR STEADY-STATE MODE, OR BOC, OR
QBOC CORRELATIONS FOR PULL-IN MODE) DURING THE
SAMPLING PERIOD TO TRACK A CARRIER OF THE RECEIVED
COMPOSITE SIGNAL.

S803 ~

FORM A FIRST CODE ERROR USING THE SELECTED
CORRELATIONS (E.G., BOC CORRELATIONS FOR
STEADY-STATE MODE, OR BOC OR QBOC CORRELATIONS FOR
PULL-IN MODE) WITH A FIRST CHIP SPACING TO DRIVE THE
CODE TRACKING.

S754 ™\

ESTIMATE A RANGE BETWEEN A RECEIVER ANTENNA AND
SATELLITE TRANSMITTER THAT TRANSMITS THE RECEIVED
COMPOSITE SIGNAL BASED ON THE TRACKED CARRIER,
TRACKED CODE, OR BOTH.
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