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(57) Abstract

Method and apparatus providing enhanced sensitivity for
GPS receivers (400, 500, 600, 700) by allowing coherent integra-
tion of a correlation over several code periods of a GPS signal
in one embodiment, and by performing a time to frequency do-
main conversion to the output from a correlation processor (507)
in a second embodiment. In the case in which coherent integra-
tion is performed over several code periods, advantage is taken
of the fact that CDMA cellular telephone base stations transmit
information that allows the receiver to determine GPS time before
beginning a GPS signal acquisition process. The integration can
be expanded to include code periods from more than one bit pe-
riod, if the GPS receiver (400, 500, 600, 700) takes advantage of
the fact that known bit patterns are transmitted at particular times
within the transmission from a GPS satellite. If no base station is
within range, then the output from a correlator (507) that integrates
a correlation over one code period is used to generate values that
are input to a discrete time domain to frequency domain transform
processor (511). The output from the transform processor (511)
will indicate the presence of a signal from a particular satellite and
the offset between locally generated signal and the received GPS
signal.
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METHOD AND APPARATUS FOR INCREASING THE
SENSITIVITY OF A GLOBAL POSITIONING SATELLITE
RECEIVER

BACKGROUND OF INVENTION

Technical Field

This invention relates to a method and apparatus for determining the
position of a device based on information broadcast from a satellite, and
more specifically to a method and apparatus for increasing the sensitivity of

a global positioning system receiver.

Background Art

The use of a global positioning system (GPS) to determine the
location of people and objects is becoming wide spread. Automobiles,
wireless telephones and other devices are being designed to include global
positioning system receivers. These receivers are used to receive signals
from satellites. These received signals provide information that allows the
receiver to determine the receiver’s location on earth with relatively great
accuracy. The signals that are received from the satellites are typically
rather weak. Therefore, in order to determine the position of the receiver,
the receiver must be sufficiently sensitive to receive these weak signals and
interpret the information that is represented by them.

In accordance with the format that is used for one such GPS, the
signals transmitted by each satellite are encoded to distinguish the signals
transmitted by one satellite from the signals transmitted by the other
satellites in the system. The codes that are assigned to each satellite are
selected such that the receiver can apply a received signal that includes a
signal transmitted from a particular satellite and a particular code
associated with the particular satellite to a “correlator” and have only the
energy of the signal that is encoded with that particular code emerge from
the correlator.

Figure 1 is an illustration of the timing of a portion of a signal 101
transmitted from a global positioning satellite, such as those in common use
today. The transmitted signal 101 shown in Figure 1 is encoded with a
particular code having a duration of 1 millisecond (i.e., the “code period”).
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The signal is modulated with the code (i.e., the code and the information
signal to be transmitted are logically exclusively ORed) every code period.
Initially, the receive determines whether signal being transmitted from a
particular satellite is being received. This is commonly referred to as
“acquiring” a satellite. This is done by attempting to “correlate” the
received signal with the code associated with that particular satellite (i.e.,
inputting the received signal and the particular code to the correlator to see
if any of the energy in the received signal was encoded with the particular
code). In order for the input signal and the code to be correlated, the code
period of the signal being received and the code to which the received
signal is being compared must be very closely aligned in time. Figure 1
show three attempts to correlate the received signal 101 with a code
associated with a particular satellite. In the first attempt, the code 102a
starts after the beginning of the code period 103 of the received signal 101.
Therefore, this first attempt to correlate the received signal with the
particular code will fail.

In a second attempt to correlate the received signal 101 with the
particular code 102b (which has the same value as the code 102a, but is
shifted in time), the code is shifted to a point later in time with respect to
the beginning of the code period 103. However, the beginning of the code
period of the received signal and the beginning of the code 102 are still not
aligned. Therefore, even though the correct code is being compared to the
received signal, the timing is not aligned. Accordingly, the attempt to
correlate the received signal with the particular code fails again.

In the third attempt, the beginning of the code 102c is aligned with
the beginning of a code period 103. The particular code is the same as the
code with which the received signal was encoded and the code period 104 is
aligned with the code 102c. Therefore, the correlation between the
particular code and the received signal will be successful, assuming that the
signal that was encoded with the particular code is being received with
sufficient strength to allow the correlation to be detected.

However, in many cases, the signal being transmitted from a satellite
is not sufficiently strong. This may be due to the fact that the amount of
interference is too great or the signal is attenuated by obstructions, such as
buildings, foliage, etc. Therefore, the correlation may not be detected, even

when the timing is correct and the correct code is selected.
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One way that has been proposed for improving the sensitivity of the
receiver is to add the power that is transmitted in several code periods
together and then attempt to correlate the sum of these code periods with
the particular code of interest. In addition to the lack of sensitivity, the time
at which the code periods begin is not known. Therefore, the same
searching function must be performed as was illustrated in Figure 1 and
described in the accompanying text. This searching requires a relatively
large amount of time.

One method that has been proposed for dealing with the amount of
time required to determine the alignment of the code periods requires that
several samples be taken for a number of “code sample periods”. A code
sample period is a period of time that is equal in duration to the code
period, but which may not be aligned to a code period. The same number
of samples are taken for each code sample period (e.g., 1 millisecond).
Corresponding samples from each of these 1 millisecond code sample
periods are then summed together to form a composite code sample period
of 1 millisecond. Figure 3 is an illustration of four code periods 301, 302,
303, 304 that are sampled 15 times each. The 15 samples from each of the
four code periods 301, 302, 303, 304 are summed to form a composite code
sample period 30 5. It should be understood that each such period 301, 302,
303, 304 must begin an integer number of code periods apart and preferably
each such period is adjacent in time to one of the other such periods to form
a contiguous stream of samples.

The composite code sample period is then transformed from the time
domain to the frequency domain. That is, a time domain to frequency
domain transform, such as a Fourier transform, is performed on the
samples that make up the composite code sample period. The frequency
domain result is then multiplied by a frequency domain representation of
the particular code to which the received signal is to be correlated. A
transform from the frequency domain to the time domain, such as an
inverse Fourier transform is then performed on this product. The time
domain result provides an indication as to relative time difference between
the beginning of the code sample periods and the beginning of the actual
code periods of the received signal, assuming that the received signal has
sufficient energy which has been encoded with the particular code.

One problem with this approach is that the information that is
represented by the received signal, changes the state of the received signal
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at regular intervals which are several times longer than the code period.
For example, in the GPS system commonly used in the United States, the
content of a signal transmitted from a satellite has a bit length of 20 code
periods (i.e., 20 ms). This has the effect of potentially inverting the state of
the energy that is represented by the codes every 20 milliseconds. Figure 2
illustrates the timing of a bit with respect to a code period. If energy in the
signal received during a code period when the bit value is equal to a logical
“one” is added to the energy received when the bit value is equal to a
logical “zero”, the total energy will be equal to zero. Therefore, “bit
boundaries” 201 must be known in order to sum the energy of more than
one code period. In addition, if the clock (oscillator) that is used to
determine when to take the samples from each code sample period is not
extremely stable, then the correlation will not be very good in the frequency
domain. This will result in a loss of sensitivity, since the composite code
sample period will not correlate well with the particular code of interest.
The present invention provides a method and apparatus which
increases the sensitivity of a GPS receiver with less need for an extremely
stable clock than is required in the case in which composite code samples
periods are generated. In addition, the present invention provides a
method for determining the location of bit boundaries within the received

signal.

SUMMARY OF THE INVENTION

The disclosed method and apparatus provides enhanced sensitivity
for GPS receivers by allowing coherent integration of a correlation over
several code periods of a GPS signal in one embodiment, and by
performing a time to frequency domain conversion to the output from a
correlation processor in a second embodiment.

In the case in which coherent integration is performed over several
code periods, the method and apparatus take advantage of the fact that
CDMA cellular telephone base stations transmit information that allows the
receiver to determine GPS time before beginning a GPS signal acquisition
process. Once GPS time is known, the GPS receiver knows when each code
period and each bit period begins. With this information, the GPS receiver
can start an integration of the output of a correlator and continue to
integrate the output from the correlator over several code periods, since the
GPS receiver knows the location of the bit boundaries. The integration can
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even be expanded further to include code periods from more than one bit
period, if the GPS receiver takes advantage of the fact that known bit
patterns are transmitted at particular times within the transmission from a
GPS satellite.

In one embodiment of the disclosed method and apparatus, a code
division multiple access (CDMA) cellular telephone is used to determine
the GPS time if a CDMA cellular telephone base station is within range. If
no base station is within range, then either a convention process for
searching for a GPS satellite signal can be used, or more preferably, the
output from a correlator which integrates a correlation over one code
period is used to generate values that are input to in a discrete time domain
to frequency domain transform, such as a discrete Fourier transform. The
output from the transform will indicate the presence of a signal from a
particular satellite and the offset between locally generated signal and the
received GPS signal.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an illustration of the timing of a portion of a signal
transmitted from a global positioning satellite, such as those in common use
today.

Figure 2 illustrates the timing of a bit with respect to a code period.

Figure 3 is an illustration of four code periods that are sampled 15
times each.

Figure 4 is a simplified block diagram of one embodiment of the
disclosed apparatus.

Figure 5 is a simplified block diagram of another embodiment of the
disclosed apparatus.

Figure 6 is a simplified block diagram of a GPS receiver that does not
have a CDMA telephone as part of the GPS receiver.

Figure 7 is a simplified block diagram of another embodiment of the
disclosed apparatus.

Figure 8 is a flowchart that illustrates one embodiment of the
disclosed method.

Figure 9 is a flowchart that illustrates another embodiment of the
disclosed method.

It should be noted that like reference numbers refer to like elements.
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DETAILED DESCRIPTION

Figure 4 is a simplified block diagram of one embodiment of the
disclosed apparatus. The embodiment disclosed in Figure 4 represents a
global positioning system (GPS) receiver 400. The GPS receiver 400
includes a code division multiple access (CDMA) cellular telephone 401, a
processor 403, a global positioning system (GPS) front end 405, a correlator
407, and memory 409.

In accordance with the embodiment of the disclosed method and
apparatus shown in Figure 4, a GPS signal is received by the GPS front end
405 from a GPS satellite (not shown). The output from the GPS front end
405 is an IF spread-spectrum signal. Alternatively, the output from the GPS
front end 405 is a baseband spread-spectrum signal. Such GPS front ends
are well known in the art. The output from the GPS front end 405 is
coupled to the correlator 407.

The correlator 407 performs a correlation function to determine the
amount of correlation between the output from the GPS front end 405 and a
predetermined locally generated signal that is encoded with a
predetermined code associated with one of the satellites in the GPS system.
It will be understood by those skilled in the art that a strong correlation
between the output from the GPS front end 405 and the locally generated
signal will indicate that the receiver 400 is receiving a signal from a satellite.
The particular satellite will be known by the code with which the locally
generated signal is encoded.

Furthermore, a strong correlation will only occur if the locally
generated signal is “aligned” with the received GPS signal. That is, as
shown in Figure 2, the GPS signal comprises a series of code periods 202.
Each code period starts at the time the previous code period ends.
Likewise, the locally generated signal is encoded with the code associated
with one of the satellites in the GPS system, such that the code period of the
locally generated signal is equal in length to the code period of the signal
transmitted by the satellite associated with that code. When the code
periods of the locally generated signal and the signal received from a
satellite associated with that code start at the same time with respect to one
another, then the two signals are said to be aligned.

In accordance with one embodiment of the disclosed method and
apparatus, the CDMA cellular telephone 401 is used to receive information
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from a CDMA base station (not shown) which is part of a CDMA wireless
cellular telephone network. The CDMA base station transmits information
that indicates “CDMA system time”, which is related to “GPS time”.
Therefore, the received information is processed by the processor 403 to
determine the timing of the signals transmitted from each GPS satellite.
The processor receives information that indicates CDMA system time.
However, to accurately determine GPS time, the processor 403 must adjust
the CDMA system time received from the base station to remove an offset
that is added by the delay in the transmission of the GPS time from the base
station to the GPS receiver 400. This adjustment is made by measuring the
round trip delay for a signal being transmitted from the GPS receiver to the
base station and back. When the GPS receiver 400 is attempting to receive
signals from a particular satellite, the correlator 407 receives information
from the processor 403. The information indicates to the correlator 407
which code the locally generated signal should be encoded with, and what
the timing of the locally generated signal should be in order to aligned the
locally generated signal with the signal being transmitted from the desired
satellite. Since the timing of the signal being transmitted from the desired
satellite is known, the output of the correlator can be integrated over several
code periods. That is, as long as the processor 403 knows the timing of the
signal being transmitted from the satellite, the correlator can coherently
integrate the results of the correlation function over several code periods
(i.e., up to 20 in the currently implemented GPS system). Furthermore, the
times at which bit boundaries 201 (see Figure 2) occur in the information
bits of the signal being transmitted by the satellite transition (i.e., change
logical state) can also be determined by the processor 403 from the
information that is received from the CDMA cellular telephone 401.
Therefore, the number of code periods that can be coherently integrated is
equal to the number of code periods in one “bit time”. A bit time is equal to
the length of a bit. Figure 2 shows a bit time that is equal to 20 code
periods.

Even more advantageously, if there is a bit pattern which is known
to occur in the signal that is transmitted from the satellite, then the bit
values can be taken into account in the process of coherently integrating the
output from the correlator 407. Thus, coherent integration can occur over
more than one bit period. For example, in the GPS system that is in
common use in the U.S., an 8-bit preamble in the telemetry word in each
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subframe is a good candidate. The value of these 8 bits is known and
therefore, may be stored in the memory 413 for access by the processor 403.
Similarly, other such patterns could be used.

Figure 5 is a simplified block diagram of another embodiment of the
disclosed apparatus. The embodiment disclosed in Figure 5 represents a
GPS receiver 500. The GPS receiver 500 includes a CDMA cellular
telephone 501, a processor 503, a GPS front end 505, a correlator 507,
memory 509, and a time to frequency domain transform processor 511.

The embodiment of the apparatus illustrated in Figure 5 operates
essentially as described above in connection with the embodiment of the
apparatus disclosed in Figure 4. However, in the embodiment of the
apparatus illustrated in Figure 5, the output from the correlator 507 is
coupled to a time domain to frequency domain transform processor 511.
The output from the correlator 507 is used to form a vector of values. The
size of the vector, N, is equal to the number of code periods used to produce
the correlator output. An N point discrete Fourier transform of the vector is
taken using a fast Fourier transform or by software post-processing, as is
well known in the art. Any other method for performing a time to
frequency domain transformation would be equally useful. The output
from the transform processor 511 indicates how strongly the received signal
correlates with the locally generated signal. In addition, the particular
frequency at which the peak value occurs indicates the offset in frequency
of the locally generated signal from the signal that is received from the
satellite of interest (i.e., the satellite associated with the code with which the
locally generated signal was encoded). The process provides a processing
gain nearly equal to N.

In addition, in the embodiment of the disclosed apparatus shown in
Figure 5, the frequency offset that is determined by the frequency at which
the peak energy is detected at the output of the transform processor 511 can
be used to adjust the oscillator which determines the frequency of the
locally generated signal.

In addition, the use of a time to frequency domain transform
processor provides a strong indication of correlation even when a bit
transition occurs such that some of the code periods correlate during a first
logical state, and others correlate during a second logical state. In fact, the
use of the time to frequency domain processor provides an indication as to
when a bit transition occurred within the N code periods that are correlated.
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That is, the particular pattern of side lobes which form around the peak at
the output from the transform processor 511 provide information as to
when the bit transition took place. Note that if the bit transition took place
after exactly half the code periods were correlated, such that one half of the
code periods were correlated with a logical one as the information bit
logical state, and the other half of the code periods were correlated with a
logical zero as the information bit logical state, then the output from the
correlator would essentially be a square wave. Accordingly, the output
from the transform processor would have side lobes at odd harmonics, as is
characteristic of the frequency domain representation of a square wave with
50% duty cycle.

A transform processor can be useful regardless of whether GPS time
is available to provide alignment of the locally generated signal with the
desired GPS signal. In fact, the transform processor is particularly useful
when GPS time is not available. For example, Figure 6 is a simplified block
diagram of a GPS receiver 600 that does not have a CDMA telephone as
part of the GPS receiver 600. The GPS receiver 600 includes a processor 603,
memory 609, GPS front end 605, correlator 607, and time to frequency
domain transform processor 611.

Since the GPS receiver 600 does not have a CDMA telephone, the
GPS receiver 600 cannot determine GPS time prior to acquiring the signals
(i.e., determining the timing of the signals) from the GPS satellites.
However, use of the transform processor 611 makes it unnecessary to align
the locally generated signal and the received satellite signal. This is because
there is an assumption that there will be at least some frequency difference
between the locally generated signal and the signal received from a GPS
satellite. This difference will cause the locally generated signal to “beat” in
and out of alignment with the signal received from the satellite at a rate that
is equal to the offset between the two signals. It is this offset frequency that
will be detected by the transform processor output. In addition, as noted
before, the fact that the bit boundaries are not known does not greatly
complicate the detection of the received GPS signal, since the relative
location of the bit boundaries can be determined from the output of the
transform processor 611. However, due to the presence of bit transitions,
the technique may suffer at most a 2-dB degradation compared to the
coherent integration that occurs when the timing is known from the CDMA

telephone in the other embodiments.
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It should be noted that the apparatus illustrated in Figure 5 may
determine whether GPS time can be attained from a CDMA base station. If
signals from a CDMA base station are not available, then the time to
frequency transform processor 511 may be used. However, if the GPS
receiver 500 can receiver CDMA signals and thus, can determine GPS time,
then the output from the correlator may be used directly without the need
to perform a time to frequency transform, since the GPS receiver 500 will be
able to align the received GPS signals with the locally generated signals
using GPS time. Nonetheless, the use of the transform processor 511 allows
for correction of frequency uncertainty. That is, when the frequency of the
locally generated signal differs from the frequency of the received GPS
signal, the correlation over several code periods will degrade for the later
code periods. By determining the offset between the frequency of the
locally generated signal and the signal received from the GPS satellites, this
can be corrected, either by controlling the frequency of the locally generated
signal, or by periodic corrections within the correlator.

In another embodiment of a GPS receiver 700, shown in Figure 7, a
CDMA pilot channel, sync channel, and paging channel receiver 701 are
used to detect CDMA signals which indicate the identity of a base station
from which such signals originate. This embodiment also includes a
processor 703, a GPS front end 705, a correlator 707, memory 709, and a
time to frequency domain transform processor 711.

By knowing the identity of the base station from which such signals
received by the GPS receiver 700 were transmitted, the location of a base
station can be determined by a look-up table within the GPS receiver 700.
The location of the GPS receiver is then known to within a distance equal to
the distance from which the GPS receiver 700 can receive signals
transmitted by the base station.

It should be noted that CDMA system time can be determined from
the signals received from the base station. However, GPS time cannot be
determined accurately because of the offset in time that is imposed by the
propagation of the signal from the base station to the GPS receiver. It
should be noted that this offset is accounted for in the embodiment in
which the GPS receiver includes a CDMA telephone by measuring the
round trip delay. However, without a transmitter in the GPS receiver 700,
the round trip delay between the base station and the CDMA receiver
cannot be measured. Nonetheless, the offset in time created by the
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propagation of that information from the base station to the GPS receiver is
relatively small with respect. Therefore, by receiving CDMA system time
and the location of the nearest CDMA base station that can be received, the
GPS receiver 700 can check a stored almanac. The information in the
almanac can then be used to determine which satellites are likely to be in
view (i.e., from which satellites the GPS receiver 700 is likely to be able to
receive signals). Determining which satellites are in view can greatly
reduce the amount of search time required to acquire a GPS satellite.

Figure 8 is a flowchart which illustrates one embodiment of the
disclosed method. A signal is received from a GPS satellite by the GPS
receiver 400 (STEP 801). In addition, GPS timing information is received
from a source other than the GPS satellite (i.e., a “non-GPS source”, such as
a CDMA base station (STEP 803). In the case in which the GPS timing
information is received from a CDMA base station, the information is
received by a CDMA cellular telephone 401. The received GPS signal
received from the satellite by the GPS receiver 400 is correlated with a
locally generated signal (STEP 805). The timing information that is received
from the non-GPS source is used to establish the timing of the correlation
between the locally generated signal and the received GPS signal. Once the
timing of the GPS signal is known, establishing the timing between the local
signal and the received GPS signal is well known in the art. Since the
timing of the received GPS signal is known prior to acquiring the GPS
satellite, coherent integration of the correlation can be performed over
several code periods. That is, the correlation of each code period can be
added to the correlation of other code periods to provide a greater
correlation value for the collection of code periods over which the coherent
integration is performed.

By detecting the correlation of the locally generated signal to the
received GPS signal using a coherent integration over several code periods,
a determination can be made as to whether there is a correlation between
the locally generated signal and the received GPS signal. If so, a
determination is made that a signal transmitted from a satellite associated
with the particular code used to encode the locally generated signal is
present in the received GPS signal (STEP 807). ’

Figure 9 is a flowchart which illustrates another embodiment of the
disclosed method. A signal is received from a GPS satellite by the GPS
receiver 600 (STEP 901). The received GPS signal is correlated with a locally
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generated signal for one code period (STEP 903). This process is repeated
for a predetermined number of code periods (STEP 905). The output from
the correlation process is either stored or passed directly to a time to
frequency domain transform processor, such as a digital signal processor
capable of performing a fast Fourier transform. The time to frequency
domain transform processor performs a time domain to frequency domain
transform, such as a discrete Fourier transform on the output values which
are the result of each of the correlation processes (STEP 907). Accordingly,
a frequency domain representation of the output from the correlator is
generated. This frequency domain output is then analyzed to determine
whether a signal transmitted from the satellite associated with the
particular code used to encode the locally generated signal is present in the
received GPS signal (STEP 909).

Industrial Application

This invention is capable of exploitation in industry, and can be
made and used, whenever is it desired to have. The individual components
of the apparatus and method shown herein, taken separate and apart from
one another, may be entirely conventional, it being their combination which
I claim as my invention.

While I have describe various modes of apparatus and method, the
true spirit and scope of our invention is not limited thereto, but is limited
only by the following claims and their equivalents, and we claim such as
our invention.

WE CLAIM:
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CLAIMS

A method for improving the sensitivity of a GPS receiver, including

the steps of:

a)
b)

c)
d)

receiving a GPS signal from a GPS satellite;

determining whether the receiver has a source for

synchronization to GPS time;

determining the boundaries of a plurality of code periods;

determining the amount of power in the received GPS signal

encoded with a particular code associated with a particular
satellite during each of the plurality of code periods;

if there is a source for synchronization to GPS time, then:

1. summing the power received during each code period
to determine a total integrated power over the sum of
the plurality of code periods; and

2. determining that a signal was received from the
particular satellite if the total integrated power is
greater than a threshold value; and

if there is no source for synchronization to GPS time, then:

1) performing a time to frequency domain transform on
the power in the received GPS signal encoded with the
particular code associated with the particular satellite
during each of the plurality of code periods; and

2) determining whether the amount of power in any one
of the frequencies in the frequency domain is greater
than a predetermined threshold.
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