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satellite is calculated according to an algorithm which is a function of an estimate of
the mean and an estimate of the variance of a correlation signal. Improving the ac-
curacy of measuring the energy potential may be achieved by improving the variance

estimate. The variance estimate may be determined from measurements of the corre-
l lation signal over long time intervals during operation of the receiver. The variance
estimate may also be determined during a calibration procedure, or by mathematical
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TITLE OF THE INVENTION
Measurement of Energy Potential (Signal-To-Noise Ratio) in Digital Global
Navigation Satellite Systems Receivers

BACKGROUND OF THE INVENTION

[0001] The present invention relates generally to satellite navigation systems,
and more particularly to satellite navigation receivers.

[0002] Global navigation satellite systems (GNSSs) are widely used to accurately
determine position with the aid of navigation receivers. Examples of GNSSs include the
Global Positioning System (GPS) [USA] and Global Orbital Navigation System
(GLONASS) [Russia). Other GNSSs, such as Galileo [European], are being planned.

[0003] In GPS, a constellation of satellites transmit radio signals at a fixed carrier
frequency. The two principal carrier frequencies are 1.57542 GHz (L1 carrier) and
1.22760 GHz (L2 carrier). The L1 carrier is modulated with a coarse acquisition (C/A)
pseudorandom (PR) code, which is inversely modulated by binary information symbols.
The PR code transmitted from a specific satellite uniquely identifies the specific satellite.
Information carried in the radio signal includes the orbit position of the satellite. A single
satellite channel refers to a (carrier, PR code) pair. A GPS receiver on Earth receives a
satellite channel and decodes the information. From the delay time between the time of
transmission of the PR code by the satellite and the time of reception of the PR code by
the receiver, the distance between the receiver and the satellite may be calculated if the
velocity of the radio signal is known. By calculating the distances between the receiver
and several (typically four) satellites whose positions are known, the position of the
receiver may be calculated.

- [0004] The carriers are also modulated by precision encrypted P(Y) codes
(herein called P code). The L1 carrier is modulated by the P1 code. The L2 carrier is
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modulated by the P2 code. The C/A code may be decoded by any user. The P codes,
however, are high-security codes, which may be decrypted only by select organizations,
such as US defense agencies.

[0005] Note that the transmission time of the PR code is referenced to the clock
In the satellite, but the reception time of the PR code is referenced to the clock in the
receiver. Since the two clocks are not synchronized, the delay time calculated from the
simple difference between the reception time and the transmission time yields a pseudo-
delay time, and the distance calculated from the pseudo-delay time is referred to as the
pseudorange. More precise measurements of the delay time may be calculated from the
full-phase difference between the signal transmitted from the satellite and the signal
received by the receiver. The fuili-phase difference may be calculated as the total integer
number of complete cycles plus a fractional cycle of the carrier wave transmitted during
propagation of the signal from the satellite to the receiver. Measuring the fractional cycle
may be performed in a straightforward manner, but tracking the total number of complete
cycles is more difficult. Errors resulting from improper tracking of the total number of
complete cycles are referred to as integer ambiguities.

[0006] In a GPS system, then, the delay time between the transmission time and
the reception time of the signal may be characterized by an unambiguous, but relatively
low-accuracy delay time derived from the PR code and a relatively accurate, but
ambiguous, delay time derived from full-phases of the carrier. Both delay times are
measured with signal processing loops. A delay-lock loop (DLL) is used to track delay
times derived from PR codes (code delay). A phase-lock loop (PLL) is used to track
carrier phase. Multiple signal processing loops of each type may be used to improve
accuracy and reliability.

[0007] At the receiver, the received (input) signals are first processed by a
series of linear operations in an integrated (common) single radiofrequency path. The
linear operations include amplification, frequency conversion, and filtration. The
processed signals are then sampled by an analog-to-digital converter (ADC). In the ADC,
there is non-linear signal conversion to quantized levels. Different embodiments of
receivers may use two-level or three-level quantization. Typically, a single ADC is used to
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sample multiple input channels. Each sample is multiplied by a reference carrier and a
reference code, and successive multiplication products are accumulated. The reference
camer and the reference code are generated by the receiver. The reference carrier is
typically generated in digital form and corresponds to the carrier of the received channel.
The reference code corresponds to the PR code of the received channel. Processing
units that perform multiplication and accumulation are referred to as correlators. Herein,
the process performed by a correlator is referred to as correlation of two signals (input

signal and reference signal).

[0008] There are several schemes for processing a channel. For example, a
channel may be processed by three correlators, in which the reference carriers (one for
each cormrelator) are coherently generated. The first correiator calculates the in-phase
correlation signal I". This signal may be obtained if the first reference carrier is in-phase
with the input signal carrier. The reference code is a copy of the PR code modulating the

input signal. When there is a phasing error of the reference carrier ¢ and a time offset of

the reference code ¢, then the signal I' may be represented as:

I'=uU,Ry(£)cos, (E1)

where,

u 1S the binary information symbol;

U; Is the amplitude of the received signal; and

Ro(¢) I1s the cross-correlation function of the PR code (after passing through a
receiver filter) and the reference code (which is a locally generated replica of the

PR code for the input signal).
The signal I” is used to extract information symbols and normalize the PLL and DLL

discriminators.
[0009] The second correlator calculates the quadrature correlation signal Q"

This signal may be obtained if the second reference carrier is shifted by z/2 from the first
reference carrier. The reference code is the same as the one used in the first correlator.

The signal Q" is then calculated as follows:
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O'= uUs Ry(€)sing . (E2)

The quadrature signal Q" is used in the PLL discriminator. The signals Q" and I are also
used for estimating the energy potential (see below) of the received channel.

[0010] The third correlator calculates the correlation signal dI” used for controlling
the DLL. To obtain this signal, the first reference carrier (in phase with the input carrier) is
used. The reference code consists of short strobe pulses corresponding to the changes
in the sign of the input PR code elements (chips). Note that the sign of a strobe pulse
matches the sign of the chip which follows the next strobe pulse.

[0011] To make the DLL and PLL of each channel in the receiver lock on to a
signal, there are system modules that search for delay and frequency. The delay seaich
system module sets an initial delay of the reference code as close as possible to the input
PR code delay. If the setting error of the initial delay does not exceed the limits of the
DLL lock-in range, then the DLL settles on the steady balance point. The frequency
search system module sets an initial frequency of the reference carrier with an error not
exceeding the PLL lock-in range (capture range). When the DLL and PLL are operating in
the tracking mode, the corresponding errors may be small, and the following
approximations hold:

Q =Ng ; (E3)
[ =uU,+N;

where Np and N, are the noise at the outputs of the corresponding correlators.

[0012] Tracking systems (DLL and PLL) output PR code delay measurements,
carrier phase measurements, and navigational parameters for each channel. For
example, each GPS satellite transmits three signals: the C/A (coarse/acquisition) PR
code on the L1 carrier, the P1 PR code on the L1 carrier, and the P2 PR code on the L2
carrier. There is a pseudorange and a full-phase measurement associated with each of
these signals. Therefore, for each satellite, there is a set of six total measurements for
pseudoranges and full phases. Pseudorange and full-phase measurements from different
satellites, along with the information being conveyed by the information symbols x, are
processed in a navigation processor to determine the coordinates and speed of the user
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(herein, user refers to a person holding the receiver or to an object, such as a vehicle, on
which the receiver is mounted). Reference time bases are also established by the
navigation processor. In addition to pseudoranges and full phases, the receiver measures
the energy potential. The energy potential is the ratio C/N, , where C is the signal power
of the carrier, and N, is the single-side spectral density of wideband Gaussian noise (that
IS, the noise power in a 1-Hz bandwidth). The value C/Nyis measured in Hz. The signal-

to-noise ratio (SNR) is measured in dB-Hz:

SNR=10 log;o[C/N,] dB-Hz. (E4)

[0013] As discussed above, the output correlator signal is modulated with binary

information symbols x(f) =+1. The duration of a symbol is T; = 207T,, where T, is the

accumulation time in the correlators. For GPS receivers, 7. is the same as the C/A signal
period (epoch); therefore, 7,=10> s. The boundary of each symbol coincides with the
boundary of one of the epochs. The signal amplitude (U;), and its corresponding power, IS
needed to determine C/Ny. The value C/Ny could be obtained from (E3) by averaging, if

the symbol modulation is first removed. If u in the receiver were exactly known, then the

modulation coul'd be removed by multiplication, using the operations:
=l (ES)
O=uQ".
[0014] Since, however, the value of x in the receiver is not a priori known, an

estimate z2 is used instead of the true 1. There is then a probability of estimate error; that

IS, the probability that 4 #4. Instead of (ES), the following operations are then used:

(E6)

The simplest estimate is 4= sgn I, where sgn I is the sign (-1, +1) of I. This estimate may

be used in the acquisition mode even when the boundaries of the binary symbols have
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not been determined, but PR-code synchronization has been achieved. If the receiver
has already defined the boundaries of the binary symbols, however, then a more reliable
estimate (with smaller error probability) may be:

p=sgnd I , (E7)

i=]

in which all the components of " within the duration of each symbol (that is, 20 ms) are
summed.

[0015] A key factor which impacts the performance of methods for determining
SNR is the digital processing for generating the correlation signals; in particular, at low-
level quantization. Two modeis for representing the orthogonal components 7 and O have
been developed. The first model [described in A.J. Van Dierendonck and G.McGraw,
R.Coker, Determination of C/A Code Self-Interference Using Cross-Correlation
Simulations and Receiver Bench Tests, ION GPS 2002, 24-27, Sept. 2002] corresponds
to a linear channel in which the expected values of these components are defined only by
the signal and their variances are defined only by noise. The second model [described in
GLONASS, Design and operation concepts, 3™ edition, ed. By F. Perov and V. Kharistov,
Moscow, Radiotechnika, 2005 (in Russian)] describes a “normalized channel”’ in which the
power at the correlator input is considered to be fixed. Since the noise power always
exceeds the signal power in the receiver, the noise power may be considered to be fixed.
The expected values of the correlation components then depend on the signal-to-noise
ratio, and their variances are determined by parameters of a particular processing
algorithm.

[0016] For both models in the tracking mode, the following typical algorithm is
executed over a time interval T)s . The expected value (MI) of value I is first calculated.
The variance (DI) of value I is then calculated. The energy potential is then calculated as:

2
cNyg= LMD" o, (ES)
2T DI
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where T is the accumulation time in the correlator (for the C/A signal in GPS,
7.=107s). Then,

2
SNR = 1010g10[—1——-(M) ] dB-Hz (E9)
2T. DI

[0017] Other estimates of C/N, use both the in-phase correlation signal 7 and the
quadrature correlation signal QO to reduce the impact of tracking errors. The algorithm
described above is robust, and may be applied to any receiver. Its computational
parameters do not depend on the radiofrequency (RF)-path performance. In particular,
they do not depend on the RF-bandwidth Bz and the sampling frequency f;. The
algonthm, however, requires reliable estimates of MI and DI over a short time interval 7), .
Note that, in a real receiver, the energy potential is measured just after the ADC and
digital correlator, but not in a linear receiver path. Therefore, the equivalent energy
potential (C/Ny). is actually estimated in the digital receiver according to (E8) and (E9).
Therefore, instead of (E8) and (E9), the following relationships hold:

(C/No). = L { Hz (E10)
2T. D,
SNR. =10 log)o(C/Ny)e dB-Hz (E11)

where 1, is the arithmetic mean obtained using the selection of n I-samples
(readouts) at the correlator output over time interval 7, , and D, is the variance of
the samples. The sample mean is used as an estimate of the true mean. The

sample vanance is used as an estimate of the true variance. Herein, D, is
referred to as the variance estimate.

[0018] Since the correlators use digital signals, the measured (C/Ny). value will
differ from (C/Ny) by a proportionality coefficient whose value depends on the quantization
conditions for sampling the signals and on other processing parameters. In addition, the
values 7, and D,, calculated from the limited number of samples will differ from the true
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expected value and variance. Errors in calculating the values of 1, and D, may be of
significance when fast changes in signal power does not allow a long time interval Tj,.

[0019] The estimate of equivalent energy potential for a satellite channel, along
with current coordinate measurements, may be used to solve a variety of practical
problems. For example [as discussed in the handbook “Digital radio-receiving systems”
Ed. by M.Zhodzishsky, Moscow, “Radio and Svyaz”, 1990 (in Russian)], when estimating
PLL and DLL noise errors, the estimate of equivalent energy potential, may be used to
take into account losses due to quantization during analog-to-digital conversion.
Estimates of equivalent energy potential may also be used to detect loss of
synchronization in PLLs and DLLs and to detect loss or corruption of binary information
symbols during reception. As another example, in statistical processing of navigation
information, the detection and corresponding reduction of the weight of a channel with
sufficiently low values of (C/Ny). may substantially improve the accuracy of coordinate
measurements in a number of situations. |

[0020] Measurement of C/N; is also of interest for applications outside of satellite
navigation systems. For example, measurement of C/N,is used for analyzing radio-wave
propagation in the atmosphere. Note that different algorithms define C/N, in different
ways, depending upon operational conditions and receiver channel structures. The
accuracy of the estimates of these measurements may also vary depending on the
specific application. For example, the measured signal power C may vary not only due to
signal attenuation during wave propagation, but also as a result of interference with
reflected signals. If the measurement process is used to investigate the conditions of
radio-wave propagation, multipath may be treated as an interference that may distort
analytical results. If a threshold value of SNR is used as an alarm condition for tracking
loss, however, then the measurement process may execute its task by checking the drop
In energy potential due to interference/hashing.

[0021] What are needed are method and apparatus for determining the SNR of a
receiver simultaneously with coordinate measurements. A method which measures the
SNR within a short observation time is advantageous.
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BRIEF SUMMARY OF THE INVENTION

[0022] In an embodiment of the invention, the energy potential in a receiver
receiving signals from navigation satellites is determined according to the algorithm

SNR. = 20logio(ly) - Ke- 7 dB-Hz ;

wherein SNR. Is an estimate of the energy potential; K. is a characteristic constant which
is a function of receiver design; and 7 is an energy loss based on digital processing.
The received signals are first digitized, and information symbols are removed. A
correlation signal 7 is calculated and averaged over a first time interval to obtain an
estimate 1, of an expected value MI. The characteristic constant is calculated from the
variance estimate D, of the correlation signal 7 over a second time interval. The variance
estimate may be calculated during operation of the receiver, wherein the second time
interval greatly exceeds the first time interval. The variance estimate may also be
measured during a calibration procedure for the receiver, or calculated by mathematical
modelling of the receiver.

[0023] These and other advantages of the invention will be apparent to those of
ordinary skill in the art by reference to the following detailed description and the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Fig. 1 shows an equivalent schematic for a receiver;

[0025] Fig. 2 shows a high-level schematic of a computational system in a
navigation receiver; and

[0026] Fig. 3 shows a flowchart of steps for calculating energy potential,
according to an embodiment of the invention.

DETAILED DESCRIPTION

[0027] In the discussions below, the Global Positioning System (GPS) is used as
an example of a global navigation satellite system (GNSS). One skilled in the art may
develop embodiments of the invention applied to other GNSSs, such as the Global Orbital
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Navigation System (GLONASS). in an embodiment of the present invention, a new
algorithm is used to calculate equivalent energy potential SNR. in the tracking mode:

SNR6=20 loglo(I,,) - Kc dB-Hz . (E12)

where I, is calculated as the arithmetic mean value of a selection of I-samples
collected during a limited time interval Ty, and K. is a constant characteristic of a
specific receiver design.

[0028] The characteristic constant K. is a function of the variance of 7 and may be
estimated using the variance estimate D,. The characteristic constant K. may be
determined either in advance during caiibration of the receiver or during operation of the
receiver. Herein, a time interval during operation refers to a time interval during which the
recelver is being used for actual field measurements of coordinates. Herein, a time
interval during calibration refers a time interval during which the receiver is not being used
for actual field measurements of coordinates. Herein, a process (such as calculation or
measurement) performed “in advance” refers to an operation performed prior to placing
the receiver into operation.

[0029] If K¢ is calculated during operation, then the time interval for calculating D,
may considerably exceed the time interval for calculating 7,. This longer time interval may
be needed since D, may vary much slower than 1,, with I, being dependent on signal
amplitude. In general, if a function varies rapidly with time, a short measurement interval
IS used to capture the dynamic behavior. If a long measurement interval is used, the
vanations are smoothed out, and short term variations are lost. For a function which
varies slowly with time, however, the value of the function may be nearly constant over
short measurement intervals. In this instance, a long measurement interval is used to
capture the variation.

[0030] For various navigation receivers, for example, it has been experimentally
determined that short term variations in 7, may be captured over a time interval 7,, of ~300
— 1000 ms, while long term variations in D, may be captured over a time interval Tp of ~5 —
10s. The time interval T,, and the time interval Tp are user-specified values. [In general,
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Tp> T, and, typically, Tp >> T, . The specific ranges are dependent on the receiver
design and on user-specified values for allowable measurement errors.

[0031] There are various methods for determining the characteristic constant K,
(for a specific receiver design). In one embodiment of the invention, detailed
measurements of a receiver may be performed. In another embodiment of the invention,
mathematical analysis may be performed if there is a sufficiently detailed mathematical
model of the receiver structure. The results may then be applied to all receivers of the
same design. These two approaches are discussed in further detail below.

[0032] If a detailed mathematical model (equivalent schematic) of the receiver is
known, D, may be replaced with a calculated constant, which is a function of receiver
characteristics. These characteristics inciude radio-path bandwidth, the receiver ADC, the
number of quantization levels of reference oscillations, and the discretization (sampling)
frequency. For a specific receiver design, these characteristics are similar and
approximately constant. Therefore, the value K. may be determined in advance and
stored in the receiver memory to use during operation. If the equivalent schematic of the
receiver is known, then K, may be calculated under the following conditions:

e Input to the digital receiver is the signal plus white noise;

e |nthe tracking mode, the carrier phase and the code delay tracking errors
are negligibly small; ‘

e Information symbols are ideally compensated:;

e [n the correlator, harmonic reference carrier and reference code with
rectangular pulse shapes are used;

e Amplitude-frequency characteristic of RF path has a rectangular shape
with a bandwidth B;x for low frequencies and a bandwidth B = 2B, for
intermediate frequencies;

e Distortion of the edges of the modulating PR code pulses caused by
transmission through the RF path is negligible;

e Sampling frequency f; = B;r= 2B;r; and

e A binary ADC is used for digitization.
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[0033] The statistical characteristics of the 7 component may then be calculated
according to the schematic shown in Fig. 1. Satellite signal 101 and additive white noise
103 are fed into a synchronous/in-phase detector 102, which uses reference carrier 107.
The output of synchronous/in-phase detector 102 is fed into filter 104, which has a
rectangular amplitude-frequency characteristic (AFC). The output of filter 104 is fed into
operator 106, which demodulates the PRN code. The reference code is indicated in Fig.
1 as reference code 113. The output of operator 106 is fed into a binary analog-to-digital
converter (ADC) 108, with a sampling frequency £ 121. The output of ADC 108 are
samples Z; 123 which may have the values +1 or -1. The samples Z; 123 are then fed into
sample accumulator 110, whose output 125 is the stored (accumulated) value I,
coiresponding to the vaiue in expression (E10).

[0034] Therefore, for the receiver modelled in Fig. 1,

| 1 (MI)’
SNR. =10lo —
g10( T DI

1 2
= 101 /N,
0g10{ oT (MI)°/N,}
= 20log;o(MI) -10logo(2T,N,) dB-Hz .

From (E12) and (E13), with MI replaced by its estimate 1, it then follows that:

) (E13)

K= -10logio if ) (E1D
where N, is the number of samples which ise stored for a specific 7, .
The terms of the expression for K. are parameters of the receiver and may be defined in
advance.

[0035] In another embodiment, the characteristic constant K, is experimentally
determined by a receiver calibration procedure using a suitable source for the navigation
signal. A signal from a real navigation satellite may be used, if the satellite has a high
elevation which is easily received in open sky, and if there are no reflected signals. In the
SNR measurement algorithm, the values I, and D, of the 7 component are first calculated.

Then K; is calculated from (E9) — (E12), yielding the result:
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Kc=201og,0(1,,)—[-2lT (g)z] . (E15)

To obtain good accuracy, it is important to choose the right experimental conditions under
which the energy potential is nearly constant over a sufficiently long time interval T’ to get
estimates 1, and D, as close to their true values MI and DI as possible. In an
advantageous embodiment, the time interval T is selected from the range of 10 — 30
minutes. For some instances, it may be expedient to use a standard satellite signal
simulator as a source of satellite signals.

[0036] Note that both embodiments (derived from mathematical analysis or
derived from experimental measurements) of determining the characteristic constant K.
may be applied, leading to good correlation of results by successive improvements of the
mathematical model and experimental measurements.

[0037] The actual SNR at the receiver input for the GPS C/A signal may be
represented as SNR.+7 , where SNR. is a directly measured value, and 7 is energy loss
due to digital processing. Typically, =1 -3 dB. For an ADC with binary quantization

(Fig. 1), n=1.96 dB. Therefore
SNR. = 20log;o(Z,) - K.- » dB-Hz. (E16)

[0038] Fig. 3 is a flowchart summarizing the steps for calculating the energy
potential according to an embodiment of the invention. In step 302, signals from
navigation satellites are received by the receiver. In step 304, the received signals are
digitized. In step 306, the information signals are removed. In step 308, an estimate I, of
the mean of a correlation signal is calculated from a measured sample of n-values. In
step 310, the variance estimate D, is calculated from the samplie. In step 312, the energy
potential is calculated according to (E16).

[0039] In another embodiment, SNR is measured for a three-level ADC. The
ADC parameters are determined by a threshold I1. The output value Z then has three
possible values: +1 if the input value exceeds IT; -1 if the input value is smaller than —IT;
and 0 otherwise. Note that the expected/mean value of the output at high noise in the
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band of the intermediate-frequency amplifier is mainly defined by the signal-to-threshold
ratio, and variance is mainly defined by the noise-to-threshold ratio. The same holds true
for the expected value and variance of the 7 component. Therefore, the noise-to-threshold
ratio for the experimental conditions under which the constant K. is determined should be
the same as the noise-to-threshold ratio under real operating conditions.

[0040] To satisfy this condition, a noise stabilizer is used in the receiver. In one
embodiment, adjustment of the noise power is provided according to a user-specified
threshold by varying the amplification. The principle of operation of this stabilizer is
similar to automatic gain control (AGC) for analog-to-digital design. In another
embodiment, the threshold is adjusted according to the actual noise power. Automatic
tuning of ADC threshold is impiemented, typically via digital processing. The core of this
tracking system is a discriminator which produces an error signal when the noise-to-
threshold ratio [more precisely, the ratio of root-mean-square (RMS) noise to threshold I]]
R, deviates from a user-specified value of probability R,. The discriminator (which may be
implemented using digital components) contains a counter of Z samples (g,) whose
absolute value does not exceed the threshold IT over a user-specified time interval T, .
The ratio of g, to the total number of samples T, f; is an estimate of the probability that the
measured value is less than the threshold (and, therefore, an estimate of the probability
that the measured value does not exceed the threshold). Herein, the probability that the
measured value does not exceed the threshold is referred to as the non-exceedance
probability. By assigning a user-specified value R, (for example, Ry = 0.5) and measuring
the actual value R,=(g,/ T.f;), the error signal proportional to (R, — Ry) may be obtained.
This error signal modifies the threshold I1 in the tracking system according to the changes
In noise power and thereby stabilizes their ratio. In an advantageous embodiment, Ry is
selected from the range of 0.4 — 0.6, and the sampling frequency f; is selected from the
range of 40 — 50 MHz.

[0041] All the above considerations apply in the case of negligibly small PLL
tracking errors. They may not be valid, however, during the acquisition mode (frequency
pull-in) and during events in which large dynamic effects are encountered and the phase
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tracking error ¢ is large. In this case, instead of the 7 component in the calculation of

SNR, an embodiment uses S = /17 + Q* =U,R, (&), which does not depend on ¢.
[0042] Substituting S for 7 in (E16) then yields

SNR=20log0o(S,) - Ks - dB-Hz; (E17)

where S, is the arithmetic mean obtained from 1, samples and O, samples
at the correlator output over time interval 7y,, and K; is a constant
characteristic of a specific receiver design.

Substituting S for 7 in (E15) then yields

2
K&=-10 loglo{-z—lf (i;) ]+ 20log,,(S)) . (E18)

where Ds is the variance estimate of S.

[0043] One skilled in the art may adapt embodiments of the invention for other
types of digital receivers by maintaining operating conditions such that (E12) remains
valid. The value K. is constant for a specific receiver design. As discussed above, K. may
be derived mathematically or measured experimentally for a specific receiver design.

[0044] The algorithm represented in (E12) is advantageous because it reduces
the statistical errors in calculation of the variance over short sampling intervals. If the
energy potential is high enough, the accuracy gain achieved may be on the order of tens
of dB. In addition, the sensitivity of the algorithm to external interference (and other
undesired signals that affect the variance) drops. The determination of SNR with a
preliminary estimate of K, removes the need to analyze the effect of external interference
on estimating variance D,, but requires calibration for each receiver design. The
determination of SNR with calculation of variance over a sufficiently long time interval in
the process of operation may be used for receivers with any configuration of RF and
digital paths and does not require preliminary calibration. In this case, however, the SNR
algorithm appears to be more sensitive to some types of external interference.

[0045] An embodiment of a computational system for calculating the energy
potential may be implemented within a navigation receiver, as shown in the high-level
schematic of Fig. 2. The steps shown in the flowchart of Fig. 3 may be performed by the
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computational system. In Fig. 2, the received RF signals 201 are first processed by a
series of linear operations in an integrated (common) single RF path 202. The linear
operations include amplification, frequency conversion, and filtration. In some
embodiments, a noise stabilizer may be included in RF path 202.

[0046] The processed signals are then sampled by an analog-to-digital converter
ADC 204. inthe ADC 204, there is non-linear signal conversion to quantized levels.
Different embodiments of receivers may use two-level or three-level quantization. The
output of ADC 204 is fed into application specific integrated circuit ASIC 206. In some
embodiments, ASIC 206 may be a very large scale integrated circuit (VLSIC). In ASIC
206, the output of ADC 204 is processed in a set of navigational digital channels (NDCs).
in Fig. 2, M channeis, NDC1 203A — NDCM 203M are shown. The output of the M
channels are the corresponding correlation components 7 and Q, which are processed by
a central processing unit (CPU) 208, which is connected via a bus to random access
memory RAM 210 and non-volatile read only memory ROM 212 (which may be flash
memory, for example). CPU 208 operates under control of software which defines the
overall operation of the computational system. In an embodiment, the software may
comprise firmware stored in ROM 212.

[0047] CPU 208 executes program instructions which define the overall
operation and applicatiOns. The program instructions may be stored in ROM 212 and
loaded into RAM 210 when execution of the program instructions is desired. The method
steps shown in the flowchart in Fig. 3 may be defined by program instructions stored in
RAM 210 or in ROM 212 (or in a combination of RAM 210 and ROM 212) and controlled
by the CPU 208 executing the program instructions. For example, the program
instructions may be implemented as executable code programmed by one skilled in the
art to perform algorithms implementing the method steps shown in the flowchart in Fig. 3.

Accordingly, by executing the program instructions, the CPU 208 executes algorithms
implementing the method steps shown in the flowchart in Fig. 3.

[0048] The computational system may further comprise a set (one or more) of
user interfaces 214, such as, for example, a serial interface or a network interface.
Computed values of SNR may be outputted to a user 216 via user interfaces 214.
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[0049] The foregoing Detailed Description is to be understood as being in
every respect illustrative and exemplary, but not restrictive, and the scope of the
iInvention disclosed herein is not to be determined from the Detailed Description, but
rather from the claims as interpreted according to the full breadth permitted by the
patent laws. It is to be understood that the embodiments shown and described herein
are only illustrative of the principles of the present invention and that various
modifications may be implemented by those skilled in the art. Those skilled in the art

could implement various other feature combinations.
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CLAIMS:

1. A method for measuring energy potential in a receiver receiving signals
from a plurality of navigation satellites, comprising the steps of:

digitizing, by a central processing unit, said received signhals;

removing, by the central processing unit, information symbols from said
digitized received signals;

calculating, by the central processing unit, a correlation signal /,

averaging, by the central processing unit, said correlation signal / over a
time interval 7, to obtain an estimate 7, of an expected value M/

calculating, by the central processing unit, a variance estimate D, of said
correlation signal 7 over a time interval 7p, wherein the time interval 7, is greater
than the time interval 7, and

calculating, by the central processing unit, an estimate SNR. of

energy potential according to the algorithm
SNR. = 20logo(/,) - K- » dB-Hz ;

wherein:

K. is a characteristic constant based at least in part on said
variance estimate D,, and r is an energy loss based on

digital processing.

2. The method of claim 1, further comprising the steps of:

measuring said variance estimate D, during operation of said receiver; and
calculating said characteristic constant K. based at least in part on said

measured variance estimate D,

3. The method of claim 2, wherein:
said time interval 7}, is selected from a range of 300 — 1000 milliseconds;

and

said time interval T is selected from a range of 5 — 10 seconds.
18
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4. The method of claim 1, further comprising the steps of:

generating a mathematical model of an equivalent schematic of said
receiver; and

calculating said characteristic constant K. based at least in part on said

mathematical model.

5. The method of claim 1, further comprising the steps of:

measuring said variance estimate D, during calibration of said receiver;
and

calculating said characteristic constant K. based at least in part on said

measured variance estimate D,

6. The method of claim 5, wherein said calibration is performed with said
received signals during a time interval 7, wherein reflected signals and interference are

absent and wherein said energy potential is constant.

7. The method of claim 6, wherein:

said time interval T is selected from a range of 10 — 30 minutes.

8. The method of claim 6, further comprising the steps of:
generating a test signal with a navigation satellite simulator;
receiving said test signal at said receiver; and
calculating during said time interval T said estimate /, and said variance

estimate D, based at least in part on said received test signal.

0. The method of claim 8, wherein:

said time interval T is selected from a range of 10 — 30 minutes.
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10.  The method of claim 1, further comprising the step of:
calculating said characteristic constant K. according to the algorithm:

1 ()

K.=-101lo
c glo__zTe Dn _

+20log,,({,),

wherein 7, is an accumulation time in a correlator.

11.  The method of claim 1, wherein said step of digitizing said received
signals comprises the step of:
digitizing said received signals with a 3-level analog-to-digital converter
having a threshold I1, wherein there is a noise stabilizer in front of said 3-level

analog-to-digital converter in an integrated radiofrequency path.

12. The method of claim 11, further comprising the step of:
maintaining the constancy of the root-mean-square (RMS) noise-to-

threshold IT ratio by controlling a radiofrequency-path gain.

13. The method of claim 12, wherein the step of maintaining the constancy of
the RMS noise-to threshold I1 ratio further comprises the step of:

adjusting said threshold I1.

14.  The method of claim 11, wherein said noise stabilizer operates according

to a principle of operation common to a tracking system with a discriminator producing
an error signal proportional to the difference between a user-specified value of

probability Ryp and an estimate of non-exceedance probability of said threshold I1.

15. The method of claim 14, wherein said estimate of non-exceedance

probability of said threshold II is determined as a ratio of a number of samples of said 3-
level analog-to-digital converter not exceeding said threshold II to a total sample
number (7. f;), wherein T, is a user-specified time interval and f; Is the sampling

frequency of said 3-level analog-to-digital converter.
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16. The method of claim 15, wherein:

said time interval T, is equal to said time interval 7p during operation of

said receiver;
said sampling frequency f; is selected from a range of 40 — 50 MHz; and

said value Ry is selected from a range of 0.4 — 0.6.

17. The method of claim 15, wherein:

said time interval T, i1s equal to a time interval T during calibration of said
receiver, wherein reflected signals and interference are absent and wherein said
energy potential Is constant;

said sampling frequency f; is selected from a range of 40 — 50 MHz; and

said value Ry is selected from a range of 0.4 — 0.6.

18. A method for measuring energy potential in a receiver receiving signals
from a plurality of navigation satellites, comprising the steps of:

digitizing, by a central processing unit, said received signals;

removing, by the central processing unit, information signals from said
digitized received signals;

calculating, by the central processing unit, a correlation signal /;

averaging, by the central processing unit, said correlation signal 7/ over a
time interval 7),to obtain an estimate 7, of an expected value M,

calculating, by the central processing unit, a correlation signal QO;

averaging said correlation signal O over said time interval 7), to obtain an
estimate O, of an expected value MO,

calculating, by the central processing unit, an estimate S, = [(Z,)" + (0,)]";

calculating, by the central processing unit, a variance estimate D, of S=(/

“+0"” over a time interval Tp, wherein the time interval T}, is greater than the

time interval 73, and
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calculating, by the central processing unit, an estimate SNR; of energy

potential according to the algorithm
SNR=20log;0(S,) - Ks- 7 dB-Hz,

wherein:

K, is a characteristic constant based at least in part on said
variance estimate D,, and 7 Is an energy loss based on

digital processing.

19. The method of claim 18, further comprising the steps of:

measuring said variance estimate D, during operation of said receiver; and
calculating said characteristic constant K; based at least in part on said

measured variance estimate D;.

20. The method of claim 19, wherelin:

said time interval 7), is selected from a range of 300 — 1000 milliseconds;

and
said time interval Tp is selected from a range of 5 — 10 seconds.

21.  The method of claim 18, further comprising the steps of:

generating a mathematical model of an equivalent schematic of said

receiver: and

calculating said characteristic constant K; based at least in part on said

mathematical model.

22.  The method of claim 18, further comprising the steps of:

measuring said variance estimate D, during calibration of said receiver;

and
calculating said characteristic constant K, based at least in part on said

measured variance estimate D..
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The method of claim 22, wherein said calibration is performed with said

received signals during a time interval T, wherein reflected signals and interference are

absent and wherein said energy potential is constant.

24.

25.

The method of claim 23, wherein:

said time interval T is selected from a range of 10 — 30 minutes.

The method of claim 23, further comprising the steps of:
generating a test signal with a navigation satellite simulator;
receiving said test signal at said receiver; and

calculating during said time interval T said estimate 7, and said variance

estimate D, based at least in part on said received test sighal.

26.

27

28.

The method of claim 25, wherein:

said time interval T is selected from a range of 10 — 30 minutes.

The method of claim 18, further comprising the step of:
calculating said characteristic constant K according to the algorithm:

1S,

KS: '10 10
£10 _2]; D,

+20log,,(S,) ,

wherein 7, is an accumulation time in a correlator.

The method of claim 18, wherein said step of digitizing said received

signals comprises the step of:

digitizing said received signals with a 3-level analog-to-digital converter

having a threshold I1, wherein there is a noise stabilizer in front of said 3-level

analog-to-digital converter in an integrated radiofrequency path.
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29.  The method of claim 28, further comprising the step of:

maintaining the constancy of the root-mean-square (RMS) noise-to-
threshold IT ratio by controlling a radiofrequency-path gain.

30. The method of claim 29, wherein the step of maintaining the constancy of

the RMS noise-to threshold IT ratio further comprises the step of:
adjusting said threshold I1.

31. The method of claim 29, wherein said noise stablilizer operates according
to a principle of operation common to a tracking system with a discriminator producing
an error signal proportional to the difference between a user-specified value of

probability Ry and an estimate of non-exceedance probability of said threshold I1.

32. The method of claim 31, wherein said estimate of non-exceedance
probability of said threshold II is determined as a ratio of a number of samples of said 3-
level analog-to-digital converter not exceeding said threshold I1 to a total sample
number (7.7;), wherein T, is a user-specified time interval and f; is the sampling

frequency of said 3-level analog-to-digital converter.

33. The method of claim 32, wherein:
said time interval 7, i1s equal to said interval T during operation of said

receiver; and
sald sampling frequency /,is selected from a range of 40 - 50 MHz; and

said value Ry is selected from a range of 0.4 — 0.6.

34. The method of claim 32, wherein:

said time interval 7, is equal to a time interval T during calibration of said
receiver, wherein reflected signals and interference are absent and wherein said

energy potential is constant;
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said sampling frequency f;is selected from a range of 40 — 50 MHz; and

said value Ry is selected from a range of 0.4 - 0.6.

35. An apparatus for measuring energy potential in a receiver receiving
signals from a plurality of navigation satellites, comprising:

means for digitizing said received signals;

means for removing information symbols from said digitized received
signals;

means for calculating a correlation signal /,

means for averaging said cotrelation signal 7 over a time interval 7y, to
obtain an estimate 7, of an expected value M/,

means for calculating a variance estimate D,, of said correlation signal /

over a time interval 7p, wherein the time interval T I1s greater than the time

interval 7),;, and
means for calculating an estimate SNR. of energy potential

according to the algorithm
SNRe = 20]0g10(]n) - KC -7 dB-Hz ,

wherein:

K. is a characteristic constant based at least in part on said
variance estimate D,, and » is an energy loss based on

digital processing.

36. An apparatus for measuring energy potential in a receiver receiving
signals from a plurality of navigation satellites, comprising:
means for digitizing said received signals;
means for removing information signals from said digitized received
sighals;
means for calculating a correlation signal /
means for averaging said correlation signal / over a time interval T),to

obtain an estimate /, of an expected value M,
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means for calculating a correlation signal O,

means for averaging said correlation signal Q over said time interval 7),to
obtain an estimate O, of an expected value MO,

means for calculating an estimate S, = [(1,)* + (0,)]":

means for calculating a variance estimate D, of S = (I *+Q%)” over a time
interval 7p, wherein the time interval 7 is greater than the time interval 7),, and

means for calculating an estimate SNR; of energy potential according to

the algorithm
SNRS==2Ologm(Sn) = KS ~ N dB-—HZ,

wherein:

K, is a characteristic constant based at least in part on said
variance estimate D;, and n is an energy loss based on

digital processing.

37. A non-transitory computer readable medium storing computer instructions
for measuring energy potential in a receiver receiving signals from a plurality of
navigation satellites, which, when executed on a central processing unit, cause the
central processing unit to perform operations comprising:

digitizing said received signals;

removing information symbols from said digitized received signals;

calculating a correlation signal /;

averaging said correlation signal 7 over a time interval T),to obtain an
estimate J, of an expected value M,

calculating a variance estimate D, of said correlation signal 7 over a time
interval 7, wherein the time interval T is greater than the time interval T}, and

calculating an estimate SNR. of energy potential according to the

algorithm

SNR, = ZOIOglo(ln) - K¢ - n dB-Hz :
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wherein:

K. 1s a characteristic constant based at least in part on said

variance estimate D,, and »nis an energy loss based on

digital processing.

38. A non-transitory computer readable medium storing computer instructions
for measuring energy potential in a receiver receliving signals from a plurality of
navigation satellites, which, when executed on a central processing unit, cause the
central processing unit to perform operations comprising:

digitizing said received signals;
removing information signals from said digitized received signals;

calculating a correlation signal /;

averaging said correlation signal / over a time interval 7, to obtain an

estimate 7, of an expected value M,

calculating a correlation signal Q;

averaging said correlation sighal O over said time interval Ty, to obtain an

estimate O, of an expected value MQ;
calculating an estimate S, = [(I,)* + (0.)]":
calculating a variance estimate D, of S = (I *+Q°)” over a time interval 7,

wherein the time interval 7 Is greater than the time interval T, and

calculating an estimate SNR; of energy potential according to the algorithm

SNR=20log0(S,) - Ks- »  dB-Hz,

wherein:

K, is a characteristic constant based at least in part on said variance estimate D,

and 7 is an energy loss based on digital processing.
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