US 20130149974A1

a9 United States

a2y Patent Application Publication o) Pub. No.: US 2013/0149974 A1l

LORENZ et al.

43) Pub. Date: Jun. 13,2013

(54)

(735)

(73)

@
(22)

(60)

SYSTEMS AND METHODS FOR
INTEGRATING CELLULAR AND LOCATION
DETECTION FUNCTIONALITY USING A
SINGLE CRYSTAL OSCILLATOR

Inventors: Robert LORENZ, Menlo Park, CA
(US); Kamesh Medapalli, San Jose, CA
(US); Frank Van Diggelen, San Jose,
CA (US); Charlie Abraham, [.os Gatos,
CA (US)

Broadcom Corporation, Irvine, CA
us)

Assignee:

Appl. No.: 13/492,311

Filed: Jun. 8, 2012

Related U.S. Application Data

Provisional application No. 61/494,841, filed on Jun.
8,2011.

Publication Classification

(51) Int.CL
HO4W 4/02 (2006.01)
(52) US.CL
[ SR HO4W 4/02 (2013.01)
1613 G 455/75
(57) ABSTRACT

Embodiments of the present disclosure use shared oscillator
for cellular communications and location detection in a com-
munication device. The communications device estimates a
frequency offset of one of its subsystems. The communica-
tions device determines a frequency offset that results from
drifting of this shared oscillator, typically caused by aging
and/or changes in temperature, voltage, humidity, pressure,
and/or vibration to provide some examples, from the fre-
quency offset this subsystem. The communications device
provides various compensation parameters to its various sub-
systems to compensate for the frequency offset that results
from drifting of the oscillator.
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500

ESTIMATE FREQUENCY OFFSET OF A
CELLULAR SUBSYSTEM

502

e

DETERMINE FREQUENCY OFFSET
THAT RESULTS FROM DRIFTING OF
AN OSCILLATOR

504

S o

PROVIDE VARIOUS COMPENSATION
PARAMETERS TO VARIOUS
SUBSYSTEMS TO COMPENSATE FOR
THE FREQUENCY OFISET TIIAT
RESULTS FROM DRIFTING OF THE
OSCILLATOR

FIG. 5
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SYSTEMS AND METHODS FOR
INTEGRATING CELLULAR AND LOCATION
DETECTION FUNCTIONALITY USING A
SINGLE CRYSTAL OSCILLATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 61/494,841, filed on Jun. 8,
2011, whichis incorporated by reference herein in its entirety.

FIELD OF THE INVENTION

[0002] This invention relates to signal processing and more
specifically to frequency offset cancellation.

BACKGROUND OF THE INVENTION

[0003] Many mobile devices include both cellular commu-
nications functionality (e.g., according to the Long Term
Evolution [“LTE”] standard) and location detection function-
ality (e.g., using Global Positioning System [“GPS”] or Glo-
bal Navigation Satellite System [“GNSS”’] technology). Tra-
ditional mobile devices utilize separate and discrete
integrated circuits (“ICs”) to implement the cellular commu-
nications functionality and the location detection functional-
ity. Each of these separate and discrete IC traditionally has
used its own dedicated crystal oscillator (“X0O”) for genera-
tion of a reference signal that is used for signal processing.
[0004] Cellular communications systems and GPS/GNSS
systems have differing performance requirements for their
respective XOs which typically precludes using a single,
shared XO for both of these systems. For example, many
GPS/GNSS systems use a temperature-compensated crystal
oscillator (“TCX0O”) to increase frequency stability over tem-
perature. Whereas, many cellular communications systems
have strict phase noise requirements that may be difficult to
meet a TCXOs. The competing requirements are discussed
further below.

[0005] GPS/GNSS systems perform long coherent integra-
tions to increase sensitivity and to improve the signal to noise
ratio (“SNR”) of signal measurements. To properly perform
these long coherent integrations, a typical GPS signal (e.g., at
1575 MHz) should ideally remain coherent over a typical
integration period of a high sensitivity receiver (e.g., fifty
milliseconds to a few hundred milliseconds). To maintain
high sensitivity, a frequency drift should ideally accumulate
to a small fraction of a cycle within these timeframes. Without
temperature-compensation, a crystal is generally not able to
support the high level of sensitivity required for GPS/GNSS
systems, especially in cases where thermal dynamics have a
significant impact on sensitivity.

[0006] Many cellular communications systems have strict
phase noise requirements that require a very high reference
frequency that often requires the use of a frequency doubler
with the XO. More specifically, there is a limit to the oscilla-
tion frequency that can be generated with a fundamental
mode crystal, where the frequency limit is approximately 50
MHz. Therefore, a frequency multiplier, such as a doubler to
provide an example, is necessarily applied to the output of an
“ordinary” XO for use by the cellular communications sys-
tems to improve the phase noise. However, the output of a
TCXO may be clipped, and/or include small DC offsets that
can cause a duty cycle variation in its output, both of which
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preclude the use of the frequency multiplier in conjunction
with the TCXO in cellular communications systems.

[0007] Thus, conventional implementations for mobile
devices with both cellular communications and location
detection functionality use separate crystal oscillators to meet
the divergent needs for cellular communications and location
detection. This dual-XO implementation strategy has draw-
backs, however. For example, using two XOs is more expen-
sive than using a single, shared XO due to the cost of the
additional XO and the cost of additional supporting circuitry.
Further, the oscillations of any one XO can introduce
unwanted interference into circuitry supported by the other
XO. Negating the impact of this interference can also require
additional circuitry, which can also add to cost and semicon-
ductor real estate. Finally, the use of two XOs complicates the
sharing of precise knowledge of time and frequency between
the GPS/GNSS and cellular systems.

BRIEF DESCRIPTION OF THE
DRAWINGS/FIGURES

[0008] The accompanying drawings, which are incorpo-
rated in and constitute part of the specification, illustrate
embodiments of the disclosure and, together with the general
description given above and the detailed descriptions of
embodiments given below, serve to explain the principles of
the present disclosure. In the drawings:

[0009] FIG. 1A isadiagram illustrating an exemplary com-
munication system according to embodiments of the present
disclosure;

[0010] FIG. 1B is a block diagram illustrating a communi-
cations device that may be used within the exemplary system
in accordance with embodiments of the present disclosure.
[0011] FIG. 2 illustrates an exemplary cellular subsystem
that can be used in the communication device in accordance
with embodiments of the present disclosure;

[0012] FIG. 3 illustrates an exemplary location detection
subsystem that can be used in the communication device in
accordance with embodiments of the present disclosure;
[0013] FIG. 4 illustrates an exemplary digital signal pro-
cessor (DSP) that can be used in the exemplary location
detection in accordance w'th embodiments of the present
disclosure; and

[0014] FIG. 5 is a flowchart of exemplary operational steps
for compensating for drifting of an oscillator according to an
aspect of the present disclosure.

[0015] Features and advantages of the present invention
will become more apparent from the detailed description set
forth below when taken in conjunction with the drawings, in
which like reference characters identify corresponding ele-
ments throughout. In the drawings, like reference numbers
generally indicate identical, functionally similar, and/or
structurally similar elements. The drawing in which an ele-
ment first appears is indicated by the leftmost digit(s) in the
corresponding reference number.

DETAILED DESCRIPTION

[0016] In the following description, numerous specific
details are set forth to provide a thorough understanding of the
disclosure. However, it will be apparent to those skilled in the
art that the disclosure, including structures, systems, and
methods, may be practiced without these specific details. The
description and representation herein are the common means
used by those experienced or skilled in the art to most effec-
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tively convey the substance of their work to others skilled in
the art. In other instances, well-known methods, procedures,
components, and circuitry have not been described in detail to
avoid unnecessarily obscuring aspects of the disclosure.
[0017] References in the specification to “one embodi-
ment,” “an embodiment,” “an example embodiment,” etc.,
indicate that the embodiment described may include a par-
ticular feature, structure, or characteristic, but every embodi-
ment may not necessarily include the particular feature, struc-
ture, or characteristic. Moreover, such phrases are not
necessarily referring to the same embodiment. Further, when
aparticular feature, structure, or characteristic is described in
connection with an embodiment, it is submitted that it is
within the knowledge of one skilled in the art to affect such
feature, structure, or characteristic in connection with other
embodiments whether or not explicitly described.

1. OVERVIEW

[0018] Embodiments of the present disclosure provide
solutions for the above described problems caused by dual-
XO implementations in mobile communication devices that
both cellular communications and location detection func-
tionality. By addressing the implementation-specific XO
needs for cellular and location detection technology with a
single shared XO, embodiments of the present disclosure
provide low-cost, high-performance systems and methods for
integrating cellular communications and location detection
technology.

[0019] Embodiments of the present disclosure provide a
system that includes a cellular communications subsystem
and a location detection subsystem. The cellular communi-
cations subsystem and the location detection subsystem each
operate using a single shared XO. Typically, the single shared
XO meets phase noise requirements for cellular communica-
tions. However, the single shared XO may not support the
high level of sensitivity required by the location detection
subsystem. To do so, the system compensates for a frequency
offset that results from drifting of the XO, typically caused by
aging, and/or changes in temperature, voltage, humidity,
pressure, and/or vibration to provide some examples. Specifi-
cally, the cellular system measures a frequency offset of the
cellular communications subsystem, namely a difference
between an actual frequency of the cellular communications
subsystem and its expected or theoretical frequency. The cel-
Iular communications system can measure the frequency oft-
set of a received signal by measuring the difference in the
phase between symbols of the received signal and dividing
this difference by a difference in time between the symbols.
The system then estimates a frequency offset of the XO that
results from its drifting, namely a difference between an
actual frequency of the XO and its expected or theoretical
frequency, and uses this estimate to compensate for the drift-
ing of the XO within cellular communications subsystem and
the location detection subsystem.

[0020] By applying the estimated frequency offset at a fre-
quent interval, the uncorrected frequency offset and drift are
significantly reduced and stability requirements of the loca-
tion detection subsystem are met, and any potential issues in
frequency stability experienced by the location detection sub-
system are overcome. Embodiments of the present disclosure
advantageously meet these frequency stability requirements
using an XO that is shared with the cellular communications
subsystem. Further, because these frequency stability
requirements of the location detection subsystem are met
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without requiring a more expensive TCXO, embodiments of
the present disclosure advantageously result in additional
cost savings by allowing the use of an inexpensive XO to
support the location detection functionality.

2. SYSTEMS
[0021] Exemplary Communication System
[0022] FIG. 1A is adiagram illustrating an exemplary com-

munication system according to embodiments of the present
disclosure. In FIG. 1A, a user 100 holds a device 102 (e.g., a
communications device, such as a mobile phone or portable
computing device) that supports cellular communications
functionality and location detection functionality with a
single crystal oscillator (“X0O”). Device 102 receives satellite
signals from a satellite 104 to provide location detection
services, such as GPS or GNSS, and also communicates with
a cellular base station, shown as a cellular base station 106, to
provide cellular communications from a cellular service pro-

vider. Satellite 104 has a velocity vV 105 as it orbits around the
Earth and distance to device 102 represented by radius r 107.
While FIG. 1A illustrates device 102 as a communications
device, it should be understood that embodiments of the
present disclosure can be implemented on any device having
a cellular subsystem and a location detection subsystem sup-
ported by a single, shared XO. Additionally, while FIG. 1A
shows a single cellular base station 106 and a single satellite
104, it should be understood that device 102 can communi-
cate with any number of mobile phone towers and/or satel-
lites.

[0023] The single, shared XO represents any suitable free
running oscillator that drifts in frequency over time, typically
as a result of aging, and/or changes in temperature, voltage,
humidity, pressure, and/or vibration to provide some
examples. The device 102 estimates frequency offsets that are
caused by this drifting of the single, shared XO and compen-
sates for these frequency offsets to allow the device 102 to
provide the location detection services and the cellular com-
munications.

[0024] Exemplary Communication Device that can be
Used in the Communication System

[0025] FIG. 1B is a block diagram illustrating a communi-
cations device that may be used within the exemplary system
in accordance with embodiments of the present disclosure. A
device 102 includes a cellular subsystem 108 for providing
the cellular communications functionality and a location
detection subsystem 110 for providing the location detection
functionality. The cellular subsystem 108 and the location
detection subsystem 110 each share a common, free-running,
oscillator (“X0”) 112 that can be characterized as providing
a signal that is subject to drifting in frequency over time. For
example, let f, denote the nominal frequency of the XO and
let £ (1) denote its actual frequency at time t. Then, fy,(t)-
fo(1+€(t)), where €(t) is the frequency offset.

[0026] The device 102 includes a frequency compensation
module 114 to estimate frequency offset €(t) within the cel-
Iular subsystem 108 that is caused by the drifting of this
reference signal. The frequency compensation module 114
provides various compensation parameters to the cellular
subsystem 108 and the location detection-subsystem 110
based upon a frequency offset 8 to compensate for the drifting
of the XO 112.

[0027] The cellular subsystem 108 receives a cellular com-
munications signal 150 from a cellular base station, such as
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the cellular base station 106 to provide an example, and
processes the cellular communications signal 150 using a
reference signal 152 to provide a cellular data stream 154.
Similarly, the location detection subsystem 110 receives a
satellite communications signal 160 from a satellite, such as
the satellite 104 to provide an example, and processes the
satellite communications signal 160 using the reference sig-
nal 152 to provide a location data stream 162. Typically, the
cellular subsystem 108 and the location detection subsystem
110 frequency translate a frequency of the reference signal
152 in accordance with a compensation parameter 156 before
frequency translating the cellular communications signal 150
from a cellular band of communication to baseband, or near
baseband and a compensation parameter 158 before fre-
quency translating the satellite communications signal 160
from a satellite band of communication to baseband, or near
baseband, respectively.

[0028] The XO 112 represents any suitable electrical,
mechanical, or electro-mechanical device that provides the
reference signal 152 that can be characterized being subject to
drifting in frequency over time. The XO 112 can be charac-
terized as being free-running which is responsive to environ-
mental changes within the device 102, such as aging, and/or
changes in temperature, voltage, humidity, pressure, and/or
vibration to provide some examples. These environmental
changes cause the frequency of the reference signal 152 to
drift over time. As a result of this drifting, an actual frequency
value of the reference signal 152 will differ from its expected
or theoretical frequency value. This difference between the
actual frequency value and the theoretical frequency value
can cause difficulty in processing of the cellular communica-
tions signal 150 by the cellular subsystem 108 and/or pro-
cessing of the satellite communications signal 160 by the
location detection subsystem 110. In some embodiments, the
XO 112 does not include any electrical, mechanical, and/or
electro-mechanical circuitry for adjusting the reference sig-
nal 152. In other embodiments, the XO 112 can be imple-
mented using a digitally compensated crystal oscillator.

[0029] The frequency compensation module 114 estimates
the frequency offset €(t), the difference between the actual
frequency value and the theoretical frequency value of the XO
112 to provide an frequency offset estimate €, and provides
the compensation parameter 156 and the compensation
parameter 158 to the cellular subsystem 108 and the location
detection subsystem 110, respectively, based upon the fre-
quency offset estimate €. Specifically, one or more symbols
S(0) through S(i) of the cellular data stream 154 includes one
or more pilot symbols. The frequency compensation module
114 determines a ratio of an angle of a phase offset, which is
a complex value, between two or more symbols within the
cellular data stream 154 having pilot symbols and a time
between these two or more symbols to estimate a cellular
subsystem frequency offset e. For example, to estimate a
phase difference A0 between a first symbol, denoted S(k),
having at least one pilot symbol, and a later arriving, second
symbol S(1), having at least one pilot symbol, the frequency
compensation module 114 determines:

A0—angle([SE) C®) /ST M

where C(k) represents a modulating code of a first cell that
corresponds to the symbol S(k), C(1) represents a modulating
code of a second cell, which can be the same as the cell, that
corresponds to the symbol S(1), and the operator angle( )
represents an angle of the quantity [S(k)C(K)]“IS(CA)]
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which is a complex number. Afterwards, the frequency com-
pensation module 114, can estimate the frequency offset esti-
mate € by determining a ratio of the phase difference A8 and
a time between the first and the second symbols, namely:

—~ A

=%

>

@

where At represents a duration in time between symbols S(k)
and S(1), namely a product of a symbol period of the symbols
S(0) through S(i) and a number of other symbols between the
first symbol and the second symbol. Next, the frequency
compensation module 114 normalizes the cellular subsystem
frequency offset e to provide the frequency offset estimate €
by evaluating:

7 3

T =
fcell ’

where f__,, represents an operational frequency of the cellular

subsystem 108.

[0030] In some situations, the cellular subsystem 108 and
the location detection subsystem 110 each include frequency
synthesizers that are implemented using one or more phase
locked loops (PLLs). The one or more PLLs of the frequency
synthesizer of the cellular subsystem 108 frequency translate

the reference signal 152 by a fractional ratio N__,,, sometimes
referred to as a cellular divide ratio, denoted as:
Jeett @)

Neet =

Joll+®)’

where f,, represents the theoretical frequency value of the XO
112, namely a frequency of the reference signal 152 absent
any drifting of the XO 112. This fractional ratio N__, can be
calculated by the frequency compensation module 114 and
provided to the cellular subsystem 108 by the frequency
compensation module 114 via the compensation parameter
156.

[0031] Likewise, the one or more PLLs of the frequency
synthesizer of the frequency compensation module 114 fre-
quency translate the reference signal 152 by a fractional ratio
N; oc- Additionally, this fractional ratio N, can also be
used to compensate for any Doppler effect caused by the
motion of satellite 104. For example, the estimated frequency
of a satellite k can be given by the equation:

fLoc,k—fLoc(l"'Ak)a 3)

where f, - represents a standard operational frequency for
satellite positioning, typically approximately 1575.42 MHz,
Ak represents the Doppler effect or Doppler shift relating to

the projection of the velocity V 105 of the k,, satellite (e.g.,
satellite 104) onto a vector from the k,, satellite to the user
(e.g., user 100). The Doppler effect Ak can be approximated
as:



US 2013/0149974 Al

O ) fsatE center (6)

Ak =~
Irle

where {7z 0.0 rEpresents the center frequency of satellite

104, c represents the speed of light (about 3x10% m/s), v
represents the velocity 105 of satellite 104, and r represents
the radius 107 from satellite 104 to device 102. In an embodi-

ment, the quantities Vv 105 and r 107 are known parameters
from satellite orbit parameters transmitted to device 102.
Thus, Ak and f; -, can be calculated, based on these known
parameters, by the frequency compensation module 114.
Accordingly afractional ratio N ., sometimes referred to as
a location divide ratio, can by determined by:

_ Jrock @)

N, =
8T Rol+®)

This fractional ratio N, - can be calculated by the frequency
compensation module 114 and provided to the location detec-
tion subsystem 110 by the frequency compensation module
114 via the compensation parameter 158.

[0032] Exemplary Cellular Subsystem that can be Used in
the Communication Device

[0033] FIG. 2 illustrates an exemplary cellular subsystem
that can be used in the communication device in accordance
with embodiments of the present disclosure. A cellular sub-
system 200 receives the cellular communications signal 150
from a cellular base station, such as the cellular base station
106 to provide an example, and processes the cellular com-
munications signal 150 to provide the cellular data stream
154. The cellular subsystem 200 includes phase locked loop
(PLL) 202, an analog front end 204, an analog to digital
converter (ADC) 208, and a digital signal processor (DSP)
210. The cellular subsystem 200 can represent an exemplary
embodiment of the cellular subsystem 108.

[0034] The PLL 202 frequency translates the reference sig-
nal 152 in accordance with the compensation parameter 156
to provide a local oscillator signal 250. Specifically, the PLL
202 receives the fractional ratio N, from a frequency com-
pensation module, such as the frequency compensation mod-
ule 114 to provide an example, via the compensation param-
eter 156. Typically, the frequency compensation module has
a priori adjusted the fractional ratio N_,;, from its theoretical
value to an actual value that accounts for drafting of a fre-
quency of the reference signal 152. The PLL 202 multiplies a
frequency of the reference signal 152 by the fractional ratio
N_. to provide the local oscillator signal 250.

[0035] The analog front end 204 performs various analog
signal processing upon the cellular communications signal
150 to provide a baseband cellular communications signal
252. For example, this analog signal processing can include
frequency translating the cellular communications signal 150
to baseband, or near baseband. As shown in FIG. 2, the analog
front end 204 includes a mixer 206 to frequency translate the
cellular communications signal 150 using the local oscillator
signal 250 to provide a baseband cellular communications
signal 252. Although not illustrated in FIG. 2, those skilled in
the relevant art(s) will recognize that the analog signal pro-
cessing can include any other suitable analog processing,
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such as filtering or amplifying to provide some examples,
without departing from the spirit and scope of the present
disclosure.

[0036] The ADC 208 converts the baseband cellular com-
munications signal 252 from a representation in the analog
domain to a representation in the digital domain to provide a
baseband cellular communications sequence 254. The ADC
208 can use a clocking signal derived from the XO 112 which
has been adjusted by the XO frequency offset € to compensate
for the drifting of the XO 112 or any other clocking signal that
will be apparent to those skilled in the relevant art(s) without
departing from the spirit and scope of the present disclosure.
[0037] The DSP 210 performs various digital signal pro-
cessing upon the baseband cellular communications
sequence 254 to provide the cellular data stream 154. This
digital signal processing can include interpolating the base-
band cellular communications sequence 254 or any other well
known digital processing that will be apparent to those skilled
in the relevant art(s) without departing from the spirit and
scope of the present disclosure. The DSP 210 can use a
clocking signal derived from the XO 112 which has been
adjusted by the XO frequency offset € to compensate for the
drifting ofthe XO 112 or any other clocking signal that will be
apparent to those skilled in the relevant art(s) without depart-
ing from the spirit and scope of the present disclosure.
[0038] Exemplary Location Detection Subsystem that can
be Used in the Communication Device

[0039] FIG. 3 illustrates an exemplary location detection
subsystem that can be used in the communication device in
accordance with embodiments of the present disclosure. A
location detection subsystem 300 receives the satellite com-
munications signal 160 from a satellite, such as the satellite
104 to provide an example, and processes the satellite com-
munications signal 160 to provide the location data stream
162. The location detection subsystem 300 includes a phase
locked loop (PLL) 302, an analog front end 304, an analog to
digital converter (ADC) 308, and a digital signal processor
(DSP) 310. The location detection subsystem 300 can repre-
sent an exemplary embodiment of the location detection sub-
system 110.

[0040] The PLL 302 frequency translates the reference sig-
nal 152 in accordance with the compensation parameter 158
to provide a local oscillator signal 350. Specifically, the PLL
302 receives the fractional ratio N, . from a frequency com-
pensation module, such as the frequency compensation mod-
ule 114 to provide an example, via the compensation param-
eter 158. Typically, the frequency compensation module has
a priori adjusted the fractional ratio N, . from its theoretical
value to an actual value that accounts for drafting of a fre-
quency of the reference signal 152. The PLL 302 multiplies a
frequency of the reference signal 152 by the fractional ratio
N, oc to provide the local oscillator signal 350.

[0041] The analog front end 304 performs various analog
signal processing upon the satellite communications signal
160 to provide a baseband location communications signal
352. For example, this analog signal processing can include
frequency translating the satellite communications signal 160
to baseband, or near baseband. As shown in FIG. 2, the analog
front end 304 includes a mixer 306 to frequency translate the
satellite communications signal 160 using a local oscillator
signal 350 to provide a baseband location communications
signal 352. Although not illustrated in FIG. 2, those skilled in
the relevant art(s) will recognize that the analog signal pro-
cessing can include any other suitable analog processing,
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such as filtering or amplifying to provide some examples,
without departing from the spirit and scope of the present
disclosure.

[0042] The ADC 308 converts the baseband location com-
munications signal 352 from a representation in the analog
domain to a representation in the digital domain to provide a
baseband location communications sequence 354. The ADC
308 can use a clocking signal derived from the XO 112 which
has been adjusted by the XO frequency offset € to compensate
for the drifting of the XO 112 or any other clocking signal that
will be apparent to those skilled in the relevant art(s) without
departing from the spirit and scope of the present disclosure.
[0043] The DSP 310 performs various digital signal pro-
cessing upon the baseband location communications
sequence 354 to provide the location data stream 162. This
digital signal processing can calculate various signals from
the baseband location communications sequence 354 to
determine location of the device 102, such as Early, Punctual,
and Late GPS or GNSS location signals, from the baseband
location communications sequence 354 or any other well
known digital processing that will be apparent to those skilled
in the relevant art(s) without departing from the spirit and
scope of the present disclosure. The DSP 310 can use a
clocking signal derived from the XO 112 which has been
adjusted by the XO frequency offset € to compensate for the
drifting ofthe X0 112 or any other clocking signal that will be
apparent to those skilled in the relevant art(s) without depart-
ing from the spirit and scope of the present disclosure.
[0044] Exemplary Digital Signal Processing Module that
can be Used in the Location Detection Subsystem

[0045] FIG. 4 illustrates an exemplary digital signal pro-
cessor (DSP) that can be used in the exemplary location
detection in accordance with embodiments of the present
disclosure. A DSP 400 can calculate various Early, Punctual,
and Late GPS location signals from the baseband location
communications sequence 354 to determine location of the
device 102. The DSP 400 includes numerically controlled
oscillators (NCOs) 402.1 through 402.i, multipliers 404.1
through 404., and correlators 406.1 through 406.i. The DSP
400 can represent an exemplary embodiment of DSP 310.
[0046] The numerically controlled oscillators (NCOs)
402.1 through 402.i provide satellite offset compensation
signals 454.1 through 454./ that are used to compensate for
different frequency offsets of different satellites. The NCOs
402.1 through 402.7 generate the satellite offset compensation
signals 454.1 through 454./ using a reference clock 450 that is
derived from an oscillator, such as the XO 112. The reference
clock 450 can be adjust by the NCOs 402.1 through 402.;
using satellite offset compensation parameters 452.1 through
452.i. The satellite offset compensation parameters 452.1
through 452.i represent parameters that are used by the NCOs
402.1 through 402.i to compensate for the different offsets of
different satellites as well as the drifting of the XO. Typically,
the satellite offset compensation parameters 452.1 through
452.i can be represented by:

_ Ay (3)
k ferknvou(1+2)

where &, represents one of the satellite offset compensation
parameter 452.1 through 452.i that corresponds to the k”
satellite, A, represents a frequency offset of the k¢ satellite,
Terx vonsrepresents an expected or a theoretical frequency of
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the reference clock 450, and € represents the XO frequency
offset €. The XO frequency offset € can represent an offset of
the oscillator that is used to derive the reference clock, such as
the XO 112, that results from drifting of the XO, typically
caused by aging, and/or changes in temperature, voltage,
humidity, pressure, and/or vibration to provide some
examples.

[0047] The multipliers 404.1 through 404.; frequency
translate the baseband location communications sequence
354 using the satellite offset compensation signals 454.1
through 454.i to provide compensated baseband location
communications sequences 456.1 through 456..

[0048] The correlators 406.1 through 406.i correlate the
compensated baseband location communications sequences
456.1 through 456.; with a reference code to provide various
Early, Punctual, and Late signals that can be used to deter-
mine location of the device 102.

3. METHODS

[0049] FIG. 5 is a flowchart of exemplary operational steps
for compensating for drifting of an oscillator according to an
aspect of the present disclosure. The invention is not limited
to this operational description. Rather, it will be apparent to
persons skilled in the relevant art(s) from the teachings herein
that other operational control flows are within the scope and
spirit of the present invention. The following discussion
describes the steps in FIG. 5.

[0050] In step 500, a frequency offset of a cellular sub-
system of a device is estimated using equations (1) and (2).
[0051] In step 502, a frequency offset that results from
drifting of an oscillator, typically caused by aging, and/or
changes in temperature, voltage, humidity, pressure, and/or
vibration to provide some examples, is determined from the
frequency offset of a cellular subsystem using equation (3).
[0052] In step 504, various compensation parameters are
provided to various subsystems of the device to compensate
for the frequency offset that results from drifting of the oscil-
lator. These various compensation parameters can correspond
to those parameters determined in equations (4) through (8).

4. ADVANTAGES

[0053] in addition to the cost savings described above, sys-
tems and methods according to embodiments of the present
disclosure can also result in several other advantages. As
previously discussed, the hardware design of systems accord-
ing to embodiments of the present disclosure can be reduced
when compared to dual-XO implementations because addi-
tional circuitry is not needed to compensate for additional
interference caused by using two or more XOs (i.e., there are
fewer clock harmonics to deal with).

[0054] Another advantage is an increase the performance
oflocation detection subsystem 110. For example, the time to
first fix (“T'TFF””) performance metric used in GPS and GNSS
is improved by augmenting cellular signal information
because the GPS/GNSS receiver acquires a position faster
relative to previous dual-XO implementations. Tight aiding
from cellular subsystem 108 allows location detection sub-
system 110 to receive a highly accurate estimate of frequency,
which can prevent degradation in sensitivity as stability
decreases over the short term. Sensitivity affects how long
coherent integrations can be performed, which in turn affects
frequency drifts and phase accelerations. By maintaining a
tight lock to cellular subsystem 108 in frequency, reference
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signals can be generated that stay correlated with received
signals for longer periods of time, and longer coherent inte-
grations can be performed. Thus, by removing frequency
uncertainty from oscillator, sensitivity is improved, which
enables a level of sensitivity that has not been previously
achieved.

[0055] Further, LTE/cellular scanning performance can
benefit from using location-tracking provided by location
detection subsystem 110 due to a common sense of “time”
shared by the cellular 108 and location detection 110 sub-
systems. LIE positioning pilots (e.g., as described in 3rd
Generation Partnership Project [“3GPP”] Release-9) can be
used to augment the GPS/GNSS receiver processing and
improve performance. By using information from location
detection subsystem 110, cellular subsystem 108 can know, in
advance, approximate positions of base stations (e.g., base
station 106) and can limit searching for base stations to a
range around these approximate base station positions. Fur-
ther, positioning information from base stations can be used
to augment the location detection subsystem (e.g., to get a
better GPS/GNSS estimate).

[0056] Indoor performance is also improved by embodi-
ments of the present disclosure, as the LTE/cellular signal
appears to location detection subsystem 110 as an additional
satellite. Cellular frequencies are usually relatively high and
are generally good at indoor penetration. Thus, by using the
high cellular frequencies provided by cellular subsystem 108,
location detection subsystem 110 achieves a better indoor
performance.

[0057] Additionally, if WLAN and/or Bluetooth function-
ality is also integrated into the device, synergy between cel-
Iular subsystem 108 and location detection subsystem 110
can be used to intelligently scan for WLAN and Bluetooth.
For example, embodiments of the present disclosure enable
the use of a WLAN modem (which has a stable source) and
use cellular information to provide aiding information to
location detection subsystem 110 such that short term varia-
tions at 10-100 ms are compensated by frequency tracking
loops available in the modem.

5. CONCLUSION

[0058] It is to be appreciated that the Detailed Description
section, and not the Abstract section, is intended to be used to
interpret the claims. The Abstract section may set forth one or
more but not all exemplary embodiments of the present inven-
tion as contemplated by the inventor(s), and thus, is not
intended to limit the present invention and the appended
claims in any way.

[0059] The present invention has been described above
with the aid of functional building blocks illustrating the
implementation of specified functions and relationships
thereof. The boundaries of these functional building blocks
have been arbitrarily defined herein for the convenience of the
description. Alternate boundaries can be defined so long as
the specified functions and relationships thereof are appro-
priately performed.

[0060] The foregoing description of the specific embodi-
ments will so fully reveal the general nature of the invention
that others can, by applying knowledge within the skill of the
art, readily modify and/or adapt for various applications such
specific embodiments, without undue experimentation, with-
out departing from the general concept of the present inven-
tion. Therefore, such adaptations and modifications are
intended to be within the meaning and range of equivalents of
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the disclosed embodiments, based on the teaching and guid-
ance presented herein. It is to be understood that the phrase-
ology or terminology herein is for the purpose of description
and not of limitation, such that the terminology or phraseol-
ogy of the present specification is to be interpreted by the
skilled artisan in light of the teachings and guidance.

[0061] The above systems and methods may be imple-
mented as a computer program executing on a machine, as a
computer program product, or as a tangible and/or non-tran-
sitory computer-readable medium having stored instructions.
For example, the functions described herein could be embod-
ied by computer program instructions that are executed by a
computer processor or any one of the hardware devices listed
above. The computer program instructions cause the proces-
sor to perform the signal processing functions described
herein. The computer program instructions (e.g. software)
can be stored in a tangible non-transitory computer usable
medium, computer program medium, or any storage medium
that can be accessed by a computer or processor. Such media
include a memory device such as a RAM or ROM, or other
type of computer storage medium such as a computer disk or
CD ROM. Accordingly, any tangible non-transitory computer
storage medium having computer program code that cause a
processor to perform the signal processing functions
described herein are within the scope and spirit of the present
invention.

[0062] Whilevarious embodiments of the present invention
have been described above, it should be understood that they
have been presented by way of example only, and not limita-
tion. It will be apparent to persons skilled in the relevant art
that various changes in form and detail can be made therein
without departing from the spirit and scope of the invention.
Thus, the breadth and scope of the present invention should
not be limited by any of the above-described exemplary
embodiments, but should be defined only in accordance with
the following claims and their equivalents.

What is claimed is:

1. An apparatus, comprising:

an oscillator configured to provide a reference signal that is
characterized as having a reference frequency that is
subject to a variation in frequency over time;

a first subsystem and a second subsystem configured to
process a first communication signal and a second com-
munication signal, respectively, responsive to the refer-
ence signal;

a frequency compensation module configured:

(1) to estimate a first frequency offset present in the first
communication signal,

(ii) to determine a second frequency offset that results
from an offset of the reference signal, and

(iii) to provide one or more compensation parameters to
at least one of the first subsystem or the second sub-
system to compensate for the second frequency offset.

2. The apparatus of claim 1, wherein the first subsystem is
a cellular subsystem and the second subsystem is a location
detection subsystem, wherein the first communication signal
is a cellular communication signal that is received from a base
station, and wherein the second communication signal is a
satellite communication signal that is received from a satel-
lite.

3. The apparatus of claim 1, wherein the frequency com-
pensation module is further configured to determine the sec-
ond frequency offset before estimating the first frequency
offset.
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4. The apparatus of claim 1, wherein the oscillator is char-
acterized as being a free-running oscillator, and wherein the
reference frequency does not include circuitry to adjust the
frequency.

5. The apparatus of claim 1, wherein the oscillator is a
digitally compensated crystal oscillator.

6. The apparatus of claim 1, wherein the oscillator is char-
acterized as being a free-running oscillator, and wherein the
reference frequency is subject to change due to at least one of
aging, changes in temperature, voltage, humidity, pressure, or
vibration within the device.

7. The apparatus of claim 1, wherein the frequency com-
pensation module is further configured to estimate the first
frequency offset based upon a phase difference between a first
symbol from among the first communication signal and a
second symbol from among the first communication signal.

8. The apparatus of claim 7, wherein the frequency com-
pensation module is further configured determine a ratio of
the phase difference and a duration in time between the first
and second symbols to estimate the first frequency offset.

9. The apparatus of claim 1, wherein the frequency com-
pensation module is further configured to determine a ratio of
the first frequency offset to an operational frequency of the
first subsystem to determine the second frequency offset.

10. The apparatus of claim 1, wherein the first subsystem
and the second subsystem include a first phase locked loop
(PLL) and a second PLL, respectively, wherein a first com-
pensation parameter and a second compensation parameter
from among the one or more compensation parameters rep-
resents a first fractional ratio of the first PLL and a second
fractional ratio of the second PLL, respectively.

11. The apparatus of claim 10, wherein the first fractional
ratio and the second is given by:

fﬁrxt
Jol+%)°

where ;,,, represents an operational frequency of the first
subsystem, f,, represents a theoretical frequency value of
the reference frequency, and € represents the first fre-
quency offset.
12. The apparatus of claim 11, wherein the second frac-
tional ratio is given by:

second
fol +%)

where f,_,,., represents an operational frequency of the
second subsystem, f, represents a theoretical frequency
value of the reference frequency, and € represents the
first frequency offset.
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13. The apparatus of claim 12, wherein £, ,represents an
operational frequency of a satellite communicatively coupled
to the second subsystem.

14. A system, comprising:

a cellular subsystem of an integrated circuit (IC); and

a location detection subsystem implemented on the IC,

wherein a sole crystal oscillator (XO) is not implemented

on the IC, and

wherein the cellular subsystem and the location detection

subsystem share the XO.

15. The system of claim 14, wherein the cellular subsystem
is in communication with a base station, and wherein the
location detection subsystem is in communication with a
satellite.

16. The system of claim 14, wherein the XO is used as a
basis for providing a first reference frequency for the cellular
subsystem and a second reference frequency for the location
detection subsystem.

17. The system of claim 16, wherein a frequency offset of
the first reference frequency is determined based upon a phase
difference between symbols of cellular data produced by the
cellular subsystem.

18. The system of claim 17, wherein a second frequency
offset of the sole crystal oscillator caused by its drifting is
based upon the frequency offset.

19. The system of claim 17, wherein a third frequency
offset of the second reference frequency is determined based
upon the second frequency offset.

20. A method, comprising:

estimating a first frequency offset present in a first com-

munication signal;

determining a second frequency offset that results from

drifting of a reference signal that is used to process the
first communication signal; and

determining one or more compensation parameters for one

or more subsystems of a device to compensate for the
second frequency offset.

21. The method of claim 20, further comprising:

generating, by a free-running oscillator, the reference sig-

nal, the reference frequency drifting as a result in aging
or changes in temperature, voltage, humidity, pressure,
or vibration within the device

22. The method of claim 20, wherein the step of estimating
the first frequency offset comprises:

estimating the first frequency offset based upon a phase

difference between a first symbol from among the first
communication signal and a second symbol from among
the first communication signal.

23. The method of claim 22, wherein the step of estimating
the first frequency offset based upon the phase difference
comprises:

determining a ratio of the phase difference and a duration in

time between the first and second symbols to estimate
the first frequency offset.
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