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SDR FOR NAVIGATION WITH
CELLULAR CDMA SIGNALS

Related Application and Priority Claim
{0001} This application 1s related and claims priority to United States
Provisional Application No. 62/294,758, filed on February 12, 2016 and entitled
“NAVIGATION CELLULAR CDMA SOFTWARE-DEFINED RADIO,” the

entirety of which is incorporated herein by reference.

Statement of Government Sponsored Support
{0002} The subject matter herein was developed with Government
support under Grant {or Contract} No. N0O0(014-16-1-2305, entitled “A
Collaborative Opportunistic Framework for Restlient and Accurate Navigation
in GPS-Challenged Environments,” awarded by the by the Office of Naval

Research. The Government has certain rights to the subject matter herein.

Background
{06003} Global navigation satellite system (GNSS) position solutions
suffer from a high vertical dilution of precision {(VDOP) due to lack of satellite
vehicle (SV) angle diversity. Common metrics used to assess the quality of the
spatial geometry of GINSS SVs are the parameters of the geometric dilution of
precision {GDOP); namely, horizontal dilution of precision (HDOP), time
dilution of precision (TDOP), and VDOP. GNSS navigation solutions may be
improved by selecting a GNSS SV configuration to reduce or minimize the
GDOP. While additional observables from GNSS S§Vs generally improve a
(GNSS navigation solution, the solution’s VDOP is generally of worse guality
than the HDOP. GNSS solutions may be augmented by terrestrial transmitters
that transmit GPS-like signals that reduce VDOP, such as by using Locatalites.
However, these terrestrial transmitters often require installation of additional
proprietary infrastructure. It is desirable to provide an improved GNSS solution

without requiring installation of proprietary infrastructure.

Brief Description of the Drawings
{0004 Fi(3. 1 is a diagram of a signal of opportunity (SOPs) GNSS

system, in accordance with at least one embodiment.
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{6005] FiGs. 2 includes VDOP reduction graphs, in accordance with at

feast one embodiment,

10006} FIG. 3 includes DOP graphs, in accordance with at least one
embodiment,
{0007} Fi(3. 4 includes an unmanned aerial vehicle (UAV) trajectory, in

accordance with at least one embodiment.

{0008} FIG. 5 depicts a field experiment configuration, in accordance
with at least one embodiment.

{6009} FIG. 6 depicts an experimental setup GPS SV sky plots, in
accordance with at least one embodiment.

{0010} FIG. 7 depicts experimental setup tower locations and ellipsoid,
in accordance with at least one embodiment.

{0011} FIG. 8 is a block diagram of a forward-link modulator, in
accordance with at least one embodiment.

{0012} FIG. 9 1s a block diagram of a forward-link sync channel encoder,
in accordance with at least one embodiment.

{0013} FIG. 10 1s a block diagram of a sync message structure, in
accordance with at least one embodiment.

{0014} FiGG. 11 is a block diagram of a forward-link paging channel
encoder, in accordance with at least one embodiment.

10015] FIG. 12 is a block diagram of a paging channel message structure,
in accordance with at least one embodiment.

{6016} Fi(3. 13 1s a block diagram of graphs of carrier wipe-off and
correlation stages, in accordance with at least one embodiment,

{0017} FIG. 14 includes graphs of synchronized code correlation peaks,
in accordance with at least one embodiment.

106018} FIG. 15 includes a CBMA signal acquisition front panel, in
accordance with at least one embodiment.

{0019} FIG. 16 15 a graph of an autocorrelation function, in accordance
with at least one embodiment.

{06020} FIG. 17 1s a graph of tracking loops in the navigation cellular
CDMA receiver, in accordance with at least one embodiment.

{0021} FIG. 18 includes graphs of cellular CDMA signal tracking, in

accordance with at least one embodiment.
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{0022} Fi(G. 19 includes graphs of Sync and paging channel timing, in
accordance with at least one embodiment.

10023} FIG. 20 includes long code mask structure, in accordance with at

least one embodiment.

10024} FIG. 21 depicts sync channel bits, in accordance with at least one
embodiment.
{0025} FIG. 22 depicts LabVIEW stages, in accordance with at least one
embodiment.
{0026} FIG. 23 depicts an SOP environment, in accordance with at least

one embodiment.

{0027} FIG. 24 depicts a multiple cell solution, in accordance with at
least one embodiment.

{0028} FIG. 25 depicts an experimental configuration, in accordance
with at least one embodiment.

{0029} FIG. 26 depicts a resultant navigation map, in accordance with at
least one embodiment.

10030} FIG. 27 18 a block diagram of a computing device, according to

an embodiment.

Pescription of Embodiments
10031} FIG. 1 is a diagram of a signal of opportunity {(SOPs) GINSS
system 100, in accordance with at least one ernbodiment. SOP GNSS system
100G provides various technical solutions to technical problems facing GNSS
implementations. System 100 includes a vehicle 110, such as an unmanned
aerial vehicle or other mobile vehicle. System 100 includes at feast a first GNSS
satellite 120 and second GNSS satellite 130, though additional GNSS satellites
may be used. Similarly, system 100 includes at feast one SOP transceiver 140,
though additional SOP transceivers may be used. SOPs may enhance or enable
otherwise unavailable navigation, such as whenever GNSS signals become
inaccessible or untrustworthy.
{06032} Terrestrial SOPs are abundant and are available at varying
geometric configurations, and may be used to improve GNSS by reducing
VDOP. The vehicle 110 recetves GNSS signals from the first GNSS satellite

120 and calculates a first range 125, where the first range provides an estimated

(75
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radius for a first range arc 125, Similarly, vehicle 110 calculates a second range
arc 135 based on the second GNSS satellite and calculates a third range arc 145
based on the SOP transceiver 140. The VDOP may be understood to be the
overlap between the first range arc 125 and the second range arc 135, While the
first range arc 125 and second range arc 135 are shown as narrow dashed lines,
the uncertainty within these estimated ranges results in wider range arcs, which
creates substantial vertical overlap between the first range arc 125 and second
range arc 135, This VDOP may be reduced by exploiting existing terrestrial
SOPs, particularly cellular code division multiple access (CDMA) sigoals, which
have inherently low elevation angles and are free to use. While the present
subject matter 1s described with respect to CDMA, other SOPs may be used,
such as other cellular signals {e.g., 4G LTE, etc.) iridium satellite signals, digital
television signals, Wi-Fi signals, or other SOP signals. As shown in FIG. 1, the
third range arc 145 intersects the first range arc 125 and the second range arc
135 at the location of the vehicle 110, which may significantly reduce the
estimated VDOP,

10033} In GINSS-based navigation, the states of the SVs are readily
available. For S0OPs, however, even though the position states may be known a
priori, the clock error states are dynamic, and therefore the clock error states
must be continuously estimated. The states of SOPs can be roade available
through one or more receivers in the navigating receivers’ vicinity. Each GNSS
receiver makes pseudorange observations on multiple GNSS satellite vehicles
and multiple terrestrial SOPs, and combines these observations through an
estimator. The GNSS VDOP may be reduced by adding a varying number of
celluiar SOPs, where the SOPs are at low elevation angles. The use of the
additional GNSS observables is more effective at reducing VDOP than adding
GNSS SV cbservables.

{0034} To supply additional SOP observables, terrestrial cellular signals
may be used. A software-defined receiver (SDR) architecture may be used to
process readily available terrestrial cellular signals, where the SDR may provide
GNSS observables based on available cellular CDMA signals. The SDR uses
models for the transmitted and received signals, where the models are based on

the cellular forward-link signal structure. The SDR uses cellular information
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that can be extracted and subsequently exploited for navigation and timing
PUrposes.

10035] There are differences between a typical GPS receiver and the
proposed celiular CDMA recetver, as shown and described herein. To an
embodiment, the GNSS framework is based on a mapping or navigating receiver
scheme that provides improved navigation in a cellular CDMA environment.
The receiver employs an analysis of the position and timing errors arising due to
estimating the base transceiver station clock biases in different cell sectors. The
SDR receiver provides a VBOP improvement, where the improvement roay
include a mean distance difference of 5.51 m compared to a GPS-only
navigation solution. While the navigation solution iraprovement is described
with respect to improvements on GPS-only navigation solutions, further
navigation improvement may be possible by integrating additional sensors, such
as inertial sensors {e.g., accelerometers, gyroscopes), local ranging sensors (2.2,
LIDAR), optical sensors {(e.g., cameras), or other sensors.

{0036} Consider an environment comprising a receiver, M GNSS SV,
and N terrestrial SOPs. Hach SOP will be assumed to emanate from a spatially-

stationary transmitter, and its state vector will consist of its position state

N 1t
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where ¢ is the speed of light, “"Fxis the clock bias, and ®%sop. is the clock drift,
where =1, N

{0037} The recetver draws pseudorange observations from the GNSS

§ G . ) N N
SVs, denoted 3. ey, and from the SOPs, denoted 90,

{us1. These
observations are fused through an estimator whose role is to estimate the state
vector of the receiver x,, where r, [Xy, vy, z/} and &t; are the position and clock
bias of the receiver, respectively. The pseudorange observation made by the
receiver on the m™ GNSS SV, after compensating for ionospheric and
tropospheric delays, is related to the receiver states by
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where, % ™ Sea 7 Moes 7 Mropo; fyvm and Stevm are the position and clock bias

states of the m™ GNSS SV, respectively; Stiono and Stwopo are the ionospheric and
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tropospheric delays, respectively; and vem 18 the observation noise, which is
modeled as a zero-mean Gaussian random variable with variance ow m. The
pseudorange observation made by the receiver on the n SOP, after mild
approximations discussed in, is related to the receiver states by

T
e

Bl :_f.:‘ﬂv - ﬂis,ctvp_‘:ui T Figan

where vsep, 18 the observation noise, which is modeled as a zero-mean Gaussian
random variable with variance ..
{6038} The measurement residual computed by the estimator has a first-
order approximation of its Taylor series expansion about an estimate of the
receiver’s state vector Xr given by

Az = HAX + v,
where Az z — Z, i.e., the difference between the observation vector z,
[olc oo Sy Ssm, e v 2y [T and its estimate 2, Ax, %, — xr, i.e., the difference

between the receivers’ state vector X, and ifs estimate Xr; v,

wpy s By |70 and H is the Jacobain matrix evaluated at the
estimate xr. Without loss of generality, assume an East, North, UP (ENU)}
coordinate frame to be centered at xr. Then, the Jacobian in this ENU frame can

be expressed as
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where o} and s(-} are the cosine and sine functions, respectively, elsy, and azs,
are the elevation and azimuth angles, respectively, of the m™ GNSS SV, and
elsop. and azsop,are the elevation and azimuth angles, respectively, of the
terrestrial SOP as observed from the receiver. To simplify the discussion,
assume that the pseudorange observation noise 1s independent and identically
distributed, i.e., cov(v) = ¢°, then, the weighted least-squares estimate Xr and

associated estimation error covariance Pyy are given by
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{6039} The matrix \ 7 18 determined by the receiver-to-SVY and

receiver-to-SOP geometry. Hence, the quality of the estimate depends on this
geometry and the pseudorange observation noise variance. The diagonal
elements of G, denoted &;, are the parameters of the dilution of precision (BOP)

factors:

VDOR =

Therefore, the DOP values are directly related to the estimation error covariance;
hence, the more favorable the geometry, the lower the DOP values. I the
observation noise was not independent and identically distributed, the weighted
DOP factors must be used.

{0040} The VDOP may be reduced through the use of SOPs. With the
exception of GNSS receivers mounted on highflying and space vehicles, GNSS
SVs are typically above the receiver, 1.¢, the elevation angles in Hy.° are

the lowest elevation angle to some elevation mask, elsy min, 50 to ignore GNSS
SV signals that are heavily degraded due to the ionosphere, the troposphere, and
multipath. As a consequence, GNSS SV observables lack elevation angle
diversity and the VDOP of a GNSS-based navigation solution is degraded. For
ground vehicles, elg min is typically between 10° and 20°. These elevation angle
masks also apply to low flying airerafts, such as small vnmanned aircraft
systems (LA Ss), whose flight altitudes are limited to 500t (approximately
152m) by the Federal Aviation Adounistration (FAA).

{0041} When GNSS and SOP signals are combined in navigation, the
elevation angle span may effectively double, specifically —90° < elgopn < 90°.
For ground vehicles, useful observations can be made on terrestrial SOPs that
reside at elevation angles of elgopn = 0°. For aertal vehicles, terrestrial SOPs can
reside at elevation angle as low as elspn = ~90°, e.g., if the vehicle is flying
directly above the SOP transmitter.

{0042} FIG. 2 includes VDBOP reduction graphs 200, in accordance with

at feast one embodiment. To illustrate the VDOP reduction by incorporating

~3
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additional GNSS SV observations versus additional SOP observations, an
additional observation at elyeyw 15 tntroduced, and the resulting VDOP{elsew) 13
evaluated. To this end, M SV azimuth and elevation angles were computed
using GPS ephements files accessed from the Yucaipa, California station from

Garner GPS Archive, which are tabulated 1n Table 1 below:

M=4 M=S5 M=6 M=7

(m) AZsve Elsvm |aZovm Clovn [8Zovn Elsve [8Zove elsim

i 185 79 | 18% 66 | 46 40| o1 2l

ipl
Z

60 1 73 69 1 161 58 57 49

¥4
NI

3 326 52 1320 411173 390174 30
4 242 47 56 27 1 185 38 179 66

5 | - - 261 310278 67269 31
6 | - -1 - - 1314 411218 56
70 - -1 - - - - 133 62

Table 1. 8V Azimuth and Elevation Angles (Degrees)
For each set of GPS SV, the azimuth angle of an additional observation was
chosen as a random sample from a uniform distribution between 0° and 360°,
i.e., aznew ~U(0°, 360%). The corresponding VDOP for introducing an
additional measurement at a sweeping elevation angle —90° < elyew < 90° are
plotted in the sub-figures in FIG. 2 for M =4, 7, respectively.
{0043} The VDOP reduction graphs 200 reveal various advantages to the
combination of GNSS and SOPs. First, while the VDOP 15 always improved by
introducing an additional measurement, the improvement of adding an SOP
measurement is much more significant than adding an additional GPS SV
measurement. Second, for elevation angles inherent only to terrestrial SOPs,
1.6, —90° <elypn < 0°, the VDOP 1s monotonically decreasing for decreasing
elevation angles.
{6044} FiG. 3 includes BOP graphs 300, in accordance with at least one
embodiment. In particular, DOP graphs 300 show (a) associated number of
available GPS SVs, (b) VDOP, (¢) HDOP, and (d) GDOP for a twenty-four hour
period starting from midnight, September 1, 2015 Each plot shows navigation
solution using GPS only, GPS + 1 SOP, GPS + 2 SOPs, and GPS + 3 SOPs.
DOP graphs 300 demonstrate the potential of exploiting cellular CDMA SOPs
for VDOP reduction. To compare the VDOP of a GNSS only navigation
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solution with a GNSS + SOP navigation solution, a receiver position expressed
in an Earth-Centered-Earth-Fixed (ECEF) coordinate frame was set to rr =
(100 [—2.431171,—4.690750,3. 553778]T. The elevation and azimuth angles of
the GPS SV constellation above the receiver over a twenty-four hour-period was
compuied using GPS SV ephemeris files from the Garner GPS Archive.

{0045} The elevation mask was set t0 elsy min = 20°. The azimuth and
elevation angles of three SOPs, which were calculated from surveyed terrestrial
cellular CDMA tower positions in the receivers vicinity, were set to aZsop =
[42.4°,113.4°230.3°1T and elsop = {3.53°,1.98°,0.95°]T. The resulting VDOP,
HDOP, GDOP, and associated number of available GPS SV for a twenty-four
hour period starting from midnight, September 1, 20185, are plotted in FIG. 3.
These results were consistent for ditferent receiver locations and corresponding
GPS SV configurations.

{06046} The following can be concluded from FIG. 3. First, the resulting
VDOP using GPS + N SOPs, for N > 1, 1s expected to be less than the resulting
VIXOP using GPS alone. Second, using GPS + N SOPs, for N > 1 reduces or
prevents large spikes in VDOP when the number of GPS SVs drops. Third,
using GPS + N SOPs, for N> 1 also reduces both HBOP and GDOP.

{6047} Fiz. 4 includes an unmanned aerial vehicle (UAV) trajectory
400, in accordance with at least one embodiment. The initial position of an
aerial receiver, e.g., a recetver mounted on a UAV, was set to rr = (106) - [-
2.504728, -4.65991, 3.5512031T. The receiver’s true trajectory evolved
according to velocity random walk dynamics. Pseudorange observations on all
available GPS SVs above an elevation mask set 10 else min = 20° and three
terrestrial SOPs were generated using a MATLAB-based simulator. The
sirnulator used SV trajectories that were computed using GPS SV ephemeris
files from September 1, 2015 10:00 AM t0 10:03 AM. The positions of the

SOPs were set to

Taopt = (106) - [-2.504953, -4.659550, 3.551292]",
faop2 = (106) - [-2.503655, -4.639645, 3.552050] ©, and

which are the locations of surveyed cellular towers in the UAV s vicinity. The
UAV s true trajectory, navigation solution from using only GPS 8V

pseudoranges, and navigation solution from using GPS and SOP pseudoranges
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are illustrated 1n the upper portion of FIG. 4. The corresponding 95th-percentile
uncertainty ellipsoids for a sample set of navigation solutions are itlustrated in
the lower portion of FIG. 4, where the GPS-only navigation solution uncertainty
ellipsoid 1s substantially larger than then corresponding uncertainty ellipsoid of
GPS + SOP navigation solution,

{0048} The following can be noted from UAV trajectory 400. First, the
accuracy of the vertical component of the GPS-only navigation solution is worse
than that of the GPS + SOP navigation solution. Second, the uncertainty in the
vertical coraponent of the GPS-only navigation solution is larger than that of the
GPS + SOP navigation solution, which is captured by the yellow and blue
uncertainty ellipsoids, respectively. Third, the accuracy of the horizontal
component of the navigation solution is also improved by incorporating celiular
SOP pseudorange observations alongside GPS SV pseudorange observations.
{0049] FIG. 5 depicts a field experiment configuration 500, in
accordance with at least one embodiment. A field experiment was conducted
using software-detined receivers (SDRs) to demonstrate the reduction of VDOP
obtained from including SOP pseudoranges alongside GPS pseudoranges for
estimating the states of a receiver. To this end, two antennas were mounted on a
vehicle to acquire and track: (i} multiple GPS signals and (i) three cellular base
transceiver stations (BTSs) whose signals were modulated through CDMA. The
GPS and cellular signals were simultaneously downmixed and synchronously
sampled via two National Instruments R universal software radio peripherals
(USRPs). These front-ends fed their data to an SDR implemented tn LabVIEW,
which produced pseudorange ohservables from five GPS L1 C/A signals in
view, and the three cellular BTSs.

{6050} The pseudoranges were drawn from a receiver located at rr =

(106) [-2.430701,-4.697498,3.553099]", expressed in an ECEF frame, which
was surveved using a Trimble 5700 carrier-phase differential GPS receiver. The

N . .
==, were collaboratively estimated by

3

corresponding SOP state estimatesiFoss, |
receivers in the navigating recetver’s vicinity. The pseudoranges and SOP
estimates were fed to a least-squares estimator, producing X, and associated Py,
from which the VI2OP, HDOP, and GDOP were calculated and tabulated in
Table 2 for M GPS SVs and N cellular CDMA SOPs:

(M) SVs. (V) 14,000 44, 10 14,20 1 {433 (5,00 {5 131 45,

2
NI
o

{5.3}

10
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SOPs: {MN}
vDOP 3773 0 L5361} L2610 | O8O | 3.330 1 1495 1.241 | 1.013
HDOP 2.246 1 1823 | L1120 { LO73 | 1L.702 | 1381 1.135 | LOG7
GDOP 5393 12696} 1.933 | 1654 | 4565 2294 1 1.880 | 1.566
TABLE II: DOP values for M Svs + N SOPs
{0051} FIG. 6 depicts an experimental setup GPS SV sky plots 600, in

accordance with at least one embodiment. The left sky plot depicts a four-8V

configuration, which includes a sky plot of GPS SVs 14,21, 22 and 27. The

right sky plot depicts a five-SV configuration, which includes a sky plot of GPS
SVs 14, 18 21,22, and 27.

{0052 FIG. 7 depicts experimental setup tower locations and ellipsoid
700, in accordance with at least one embodiment. The upper portion of FIG. 7
depicts cellular CDMA SOP tower locations and receiver location. The lower
portion of FIG. 7 depicts a larger uncertainty ellipsoid of navigation solution
from using pseudoranges from five GPS SVs, and depicts a smaller uncertainty
ellipsoid of navigation seolution from using pseudoranges from five GPS SVs and
three cellular CDMA SOPs. The uncertainty ellipsoids represent a 95th-
percentile estimation uncertainty ellipsoids of xr for {M,N} = {5,0} and {53}
The corresponding vertical error was 1.82m and 0.65m respectively. Tu this
embodiment, adding three SOPs to the navigation solution that used five GPS
SVs reduced the vertical error by 64.5%. Although this is a significant
improvement over using GPS observables alone, improvements for aerial
vehicles are expected to be even more significant, since they can exploit a full
span of observable elevation angles as demonstrated in the simulation section,
{0053} The combining of SOPs and GNSS SVs in calculating a
navigation solution may be tmproved further by selection and processing of
specific SOPs. In an embodiment, the SOPs navigation solution may be
improved using a software-defined receiver (SDR) architecture for processing
cellular CDMA SOPs. SOP signals generally may include AM/FM radio
signals, iridium satellite signals, cellular signals, digital television signals, Wi-Fi
signals, or other signals. There are various considerations in selecting an SGP
for navigation, including observability and ability to estimate the signal

landscape map for a different number of receivers, a different number of SOPs,

i1
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and various a priori knowledge scenarios. An SOP may also be selected based
on an intended receiver localization and timing navigation solution.

10054} There are two main challenges associated with using SOPs for
navigation: (1) the unavailability of appropriate precise, low-level signal models
for optimal extraction of states and parameters of interest for navigation and
timing purposes and (2) the absence of published receiver architectures capable
of producing navigation observables. The use of cellular CDMA signals as
described herein provides technical solutions to these technical problems.

{0055} CDMA signals are abundant, are transmitted at high power, and
have a structure that is similar to the well-understood GPS signals, which
renders them good candidates for navigation. Unlike GNSS, the states of a
cellular CDMA base transceiver station (BTS) are unknown to a navigating
receiver and need to be estimated. Although, the 1S-95 standard states that a
CDMA BTS should transmit its position, local wireless providers do not usually
transmit such information. Hence, the position of the BT Ss need to be manually
surveyed or estimated on-the-fly individually or coliaboratively. Nevertheless,
while the position states of a BTS are static, the clock error states of the BTS are
dynamic and need to be continuously estimated via (1} a mapping receiver,
which shares such estimates with the navigating receiver or {2} by the navigating
receiver itself by adopting a simultaneous localization and mapping approach.
{00561 As described herein, whether it is for navigation or mapping
purposes, a specialized receiver may be used to process the received cellular
CDMA signal and extract relevant positioning and timing observables. Cellular
CDMA receivers may be implemented in hardware in mobile phones; however,
hardware implementations limits the ability to extract or modify information
within the receiver. As such, the use of a software-detined radio (SDR) as
described herein provides various advantages when implementing a cellular
CDMA recetver for navigation purposes. For example, the use of an SDR
provides several advantages: (1) flexability: designs are hardware independent,
(2) modularity: different functions can be implemented independently, and (3)
upgradability: minimal changes are needed to improve designs. Although some
SDRs are used in post-processing applications, the processor-specific
optimization techniques described herein allow for real-time operation. As

shown and described below, graphical programming languages such as
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LabVIEW and Simwulink offer the advantage of a one-to-one correspondence

between the architectural conceptualization of the SDR and software

implementation.
{00571 The SDR architecture as described herein provides various

advantages. This SDR architecture presents a detailed and reproducible
navigation cellular CDMA SDR architecture along with precise, low-level signal
models for optimal extraction of relevant navigation and timing information
from received signals. This SDR architecture also provides a navigation
framework in which a mapping receiver estimates the states of BTSs and shares
such estimates with a navigating receiver, which navigates exclusively with
cellular CDMA signals. This SDR architecture reduces the induced error in the
navigation solution due to having the mapping and navigating receivers listening
to different sectors within a BTS cell. As described below, experimental results
comparing the trajectories corresponding to a navigation solution from GPS and
that of the proposed cellular CDMA SDR show a mean distance difference (e g,
location improvement} between the trajectories of 5.51 m with a standard
deviation of 4.01 m and a maximum difference of 11 11 m.
{0058 Fi(3. B is a block diagram of a forward-link modulator 800, in
accordance with at least one embodiment. In a cetlular CDMA communication
system, 64 logical channels are multiplexed on the forward link channel: a pilot
channel, a sync channel, 7 paging channels and 55 traffic channels. Input data
m{t) data transmitted on the forward link channel 1o cellular CDMA systems
{i.e, BTS to mbile) is fed into the forward-link modulator 800. The data is
modulated through quadrature phase shift keying (QPSK) and then spread using
direct-sequence CDMA (BS-CDMA). For the channels of interest the in-phase
and quadrature components, [ and @, respectively, may carry the same message
m{t} as shown in forward-link modulator 800. In an embodiment, the spreading
sequences ¢ and cq, called the short code, are maximal-length pseudorandom
noise (PN} sequences that are generated using 15 linear feedback shift registers
(LFSRs), where the length of crand cois 215 — 1 = 32,767 chips. The
characteristic polynomials of the short code [ and Q components, Py} and
Po(D), are given by
PADYy = DU+DCL DDA D+ D+
Po(D)y = DistDhrt DDt Det-DstDatDs+,

i3



WO 2017/192195 PCT/US2017/017438
where D is the delay operator. An extra zerc may be added after the occurrence
of 14 consecutive zeros to make the length of the short code a power-of-two. In
order to distinguish the received data from different BTSs, each station may use
a shifted version of the PN codes. This shift, known as the pilot offset, is unique
for each BTS and ts an integer multiple of 64 chips. The cross-correlation of the
same PN sequence with different pilot offsets can be shown to be negligible.
Each individual logical channel is spread by a unique 64-chip Walsh code.
Therefore, at most 64 logical channels can be multiplexed at each BTS.
Spreading by the short code enables multiple access for BTSs over the same
carrier frequency, while the orthogonal spreading by the Walsh codes enables
multiple access for users over the same BTS. The CDMA signal is subsequently
filtered using a digital pulse-shaping filter that limits the bandwidth of the
transmitted CDMA signal according to the 15-95 standard. The signal is finally
modulated by the carrier frequency wc to produce s(t}).

{0059} FIG. 9 1s a block diagram of a forward-link sync channel encoder
900, in accordance with at least one embodiment. In an embodiment, the
message transmitted by the pilot channel includes a constant stream of binary
zeros and is spread by Walsh code zero, which also consists of 64 binary zeros.
Therefore, the modulated pilot signal inchudes the short code. The proposed
receiver uses the pilot signal to detect the presence of a CDMA sigoal and then
track it, as discussed below. Because the pilot signal is data-less, a longer
integration time may be used. The receiver differentiates between the BTSs
based on their pilot offsets.

{0060} The sync channel may be used to provide time and tframe
synchronization to the receiver. The cellular CDMA system uses GPS as the
reference timing source and the BTS sends the system time to the recetver over
the sync channel. Other information, such as the pilot PN offset and the long
code state, are also provided on the sync channel. The long code may include a
PN sequence used to spread the reverse-link signal (i.¢, receiver to BTS) and the
paging channel message. The long code has a chip rate of 1.2288 Mcps and may
be generated using 42 LFSRs. The output of the registers are masked and
modulo-two added together to form the long code. The latter has a period of

more than 41 days; hence, the states of the 42 LFSRs and the mask are
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transmitted to the receiver so that it can readily achieve long code
synchronization.

10061} Forward-link sync channel encoder 900 shows sync message
encoding betore transmission. The initial message, which 1s at 1.2 Kbps, is
convolutionally encoded at a rate r = (1/2) with generator functions go = 753
{octal) and g1 = 561 (octal}. The state of the encoder is not reset during the
transmission of a message capsule. The resulting symbols are repeated twice
and the resulting frames, which are 128-symbols long, are block interleaved
using the bit reversal roethod. The modulated symbols, which have a rate of 4.8
Ksps, are spread with Walsh code 32.
{0062} FIG. 10 1s a block diagram of a sync message structure 1000, in
accordance with at least one embodiment. The sync message structure 1000 is
divided into 80 ms superframes, and each superframe is divided into three
frames. The first bit of each frame is called the start-of~-message (SOM}. The
beginning of the sync message is set to be on the first frame of each superframe,
and the SOM of this frame is set to one. The BTS sets the other SOMs to zero.
The sync channel message capsule is composed of the message length, the
message body, cyclic redundancy check (CRC), and zero padding. The length of
the zero padding is such that the message capsule extends up to the start of the
next superframe. A 30-bit CRC s computed for each sync channel message
with the generator polynomial

2(x¢) = xz0+ X9+ xu + X+ x5+ X3 A b T xS L
The SCOM bits are dropped by the receiver and the frames bodies are combined
to form a sync channel capsule.
{0063} FIG. 11 is a block diagram of a forward-link paging channel
encoder 1100, in accordance with at least one embodiment. The paging channel
transmits all the necessary overhead parameters for the receiver to register into
the network. Some mobile operators also transmit the BTS latitude and
fongitude on the paging channel, which can be exploited for navigation. The
major cellular CDMA providers in the United States, Sprint and Verizon, do not
transmit the BTS latitude and longitude. US Cellular used to transmit the BTS
iatitudes and longitude, but this provider does not operate anymore.
{0064} A paging chanoel message is input to the forward-link paging

channel encoder 1100, where the initial bit-rate of the paging channel message is
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either 9.6 Kbps or 4.8 Kbps and is provided in the sync channel message. Next,
the data 13 convolutionally encoded in the same way as that of the sync channel
data. The output symbols are repeated twice only if the bit rate is less than 9.6
Kbps. After symbol repetition, the resulting frames, which are 384 symbols
jong, are block interleaved one frame at a time. The interleaver ts different than
the one used for the sync channel because it operates on 384-symbols instead of
128-symbols. However, both interleavers use the bit reversal method. Finally,
the paging channel message is scrambled by modulo-two addition with the long
code sequence.

{0065] Fiz. 12 1s a block diagram of a paging channel message structure
1200, in accordance with at least one embodiment. The paging channel message
structure 1200 is divided into 80 ms time slots, where each slot is compaosed of
eight half-frames. All the half-frames start with a synchronized capsule
indicator (SC1) bit. A message capsule can be transmitted in both a
synchronized and an unsynchronized manner. A synchronized message capsule
starts exactly after the SCL 1o this case, the BTS sets the value of the first SCI
to one and the rest of the SCls to zero. If by the end of the paging message
capsule there remains less than 8 bits before the next 8CI, the message is zero
padded to the next SCI Otherwise, an unsynchronized message capsule is sent
immediately after the end of the previous message.

10066} in an embodiment, the pilot signal (i.e., the PN sequence) is used
to acquire and track a cellular CDMA signal. Demodulating the other channels
becomes an open-toop probiem, since no feedback is taken from the syne,
paging, nor any of the other channels for tracking. Since all the other channels
are synchronized to the pilot, only the pilot needs to be tracked. In fact, itis the
18-95 specification specifies that coded channels are synchronized with the pilot
to within +50 ns. Although signals from multiple BTSs could be received
simultaneously, a receiver could associate each individual signal with the
corresponding BTS, since the offsets between the transmitted PN sequences are
much larger than one chip. The normalized transmitted pilot signal s{t) by a

particular BTS can be expressed as
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where s = {8 # B{t] and (1 = rolth» 20 g the continuous-time
impulse response of the pulse shaping filter; ¢ and cg are the in-phase and
quadrature PN sequences, respectively; wc = 2atc with fc being the carrier
frequency; and A is the absolute clock bias of the BTS from GPS time. The total
clock bias A is defined as

Af} = 64 - (PNusse L) + 9141},

where PNt 18 the PN offset of the BTS, - = “ﬁ%‘? s 1s the chip interval, and
dts 15 the BTS clock bias. Since the chip toterval is known and the PN offset can
be decoded by the receiver, only 6t needs to be estimated. The cdma2000
standard indicates that the BTSs clock will be synchronized with GPS to within
10 ps, which translates to a range of approximately 3 km (the average cell size).
This restriction is sufficient to reduce or eliminate 1nterference between the short
codes transmitted from different BTSs, and enables maintaining the CDMA
system’s capability to perform soft hand-offs. The clock bias of the BTS can
therefore be neglected for communication purposes. However, ignoring 6ts in
navigation applications can significantly reduce the positioning accuracy, so the
present solution specifies that receiver knows the BTS clock bias.

{6067} In an embodiment, the transmitted signal has propagated through
an additive white Gaussian noise channel. A model of the received discrete-time
signal r{k] after radio frequency (RF} front-end processing includes
downmixing, a quadrature approach to bandpass sampling, and quantization,

The quantization may be expressed as

EEY PO gt T SEEIER R SN T S R o
el ity =t el He -8 (0 e ™ ], (1

where 7{fx) , otror +A{fx ~otfror) 1s the PN code phase of the BTS, @ = 475 is the
sample time expressed in receiver time, 7,15 the sampling pertod, éfroris the
time-of-flight (TOF) from the BTS to the receiver, 6{¥} is the beat carrier phase
of the received signal, and n{k] = njfk} + jnglk] with sk and nplk] being
independent, identicaliy-distributed (i.1.d.) Gaussian random sequences with
zero-mean and variance o,

{03068] FIG. 13 is a block diagram of graphs of carrier wipe-off and
correlation stages 1300, in accordance with at least one embodiment. Given
samples of the baseband signal exiting the RF frontend, defined in (1), the
cellular CDMA recetver first wipes-off the residual carrier phase and match-

filters the resulting signal. The output of the matched-filter can be expressed as
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x[k] = bk} - e/00% « Bi—k], (2)

where & is the beat carrier phase estimate and /#{4] is a pulse-shaping filter,
which is a discrete-time version of the one used to shape the spectrum of the
transmitted signal, with a finite-impulse response specified in. Next, x{k] is
correlated with a local replica of the spreading PN sequence. The resulting
correlation 1s used as a measure of the quality of the code phase and the beat
carrier phase estimates. In the present digital receiver, the correlation operation

may be expressed as

Y |
al ; S I S S 1] N T e
Qp o & st qopily = Ll b ol = Ll iy, (3
i

where S, is the /" subaccumulation, N;is the number of samples per
subaccumulation, and £(#) is the code start time estimate over the /
subaccumuiation. The code phase can be assumed to be approximately constant
over a short subaccumulation interval Ty, bence, (1) = fy. Itis worth
mentioning that Tas can be made arbitrarily large, theoretically, since no data is
transmitted on the pilot channel. Practically, T 1s mainly limited by the
stability of the BTS and receiver oscillators. In an embodiment, 7y is set to
one PN code period. The carrier phase estimate is modeled as 6(z) = 2nfniti +
fo, where foiis the apparent Doppler frequency estimate over the /%
subaccumulation, and &g is the initial beat carrier phase of the received signal.
As in a GPS receiver, the value of &y may be set to zero in the acquisition stage
and subsequently maintained in the tracking stage. The apparent Doppler
frequency may be assumed to be constant over a short 755, Substituting for r{4]

and x{4], defined in (1)-(2), into (3}, it can be shown that
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where K. is the autocorrelation function of the PN sequences crand cg, Afy, fsi —
{15 the code phase error, A1), 0(t) — 1) is the carrier phase error, and 71, 1y
+ jngiwith ry; and #1g; being 1.1.d. Gaussian random sequences with zero-mean
and variance Nyo,*. The expression of 8, in (4) assumes that the locally
generated ¢ and cp have the same code phase. To ensure this, both sequences
may be selected to begin with the first binary one that occurs after 15

consecutive zeros, otherwise,

Si| will be halved.
10069} FIG. 14 includes graphs of synchronized code correlation peaks

1400, in accordance with at least one emnbodiment. The cellular CDMA receiver
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consists of three main stages: signal acquisition, tracking, and decoding.
Synchronized code correlation peaks 1400 result from the correlation process in
the cellular CDMA navigation receiver. The synchronized code correlation
peaks 1400 include (a) |5 for unsynchronized crand cp codes and (b) |5)* for
synchronized crand cp codes. These code phases may be shifted by 34 chips.
As shown in FIG. 14, the correlation peak for the synchronized codes may be
approximately four times the peak for the unsynchronized case.

{6070} FIG. 1S includes a CDMA signal acquisition front panel 1500, in
accordance with at least one embodiment. Front panel 1500 corresponds to the
tront panel of the acquisition stage of the LabVIEW cellular COMA SDR

2 along with £y, i, PN offset, and carrier-tonoise ratio C/N for a

showing |5
particular BTS. In an embeodiment, the SDR architecture determines which
BTSs are in the receiver’s proximity and to obtain a coarse estimate of their
corresponding code stait times and Doppler frequencies. For a particular PN
oftset, a search over the code start time and Doppler frequency is performed to
detect the presence of a signal. To determine the range of Doppler frequencies to
search over, the present SDR compensates tor the relative motion between the
receiver and the BTS and the stability of the receiver’s oscillator. For instance, a
Doppler shift of 122 Hz will be observed for a celiular CDMA carrier frequency
of 822.75 MHz at a mobile receiver with a receiver-to-BTS line-ofsight velocity
of 150 km/h. Furthermore, a Doppler shift up to 250 Hz was experimentally
observed for a stationary receiver equipped with a poor temperature-
compensated crystal oscillator (TCXQO). Therefore, the Doppler frequency
search window is chosen to be between ~-500 and 500 Hz at a carrier frequency of
882.75 MHz. The frequency spacing Afp may be selected to be a fraction of
Vs, which implies that Afp <« 37.5 Hz, if Ty 18 assumed to be one PN code
pertod. In an embodiment, Afpis chosen to be between 8 and 12 Hz. The code
start time search window may be chosen to be one PN code interval with a delay
spacing of one sample.

{6071} Similar to GPS signal acquisition, the search could be
implemented either serially or in parallel, which in turn could be performed over
the code phase or the Doppler frequency. The proposed receiver performs a

paraliel code phase search by exploiting the optimized efficiency of the fast
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Fourier transform (FFT). If a signal is present, a plot of |Si]* will show a high

peak at the corresponding code start time and Doppler frequency

estimates. A hypothesis test could be performed to decide whether the peak
corresponds to a desired signal or noise. Since there is only one PN sequence,
the search needs to be performed once. Then, the resulting surface is subdivided
in the time-axis into intervals of 64 chips, each division corresponding to a
pasticular PN offset. The PN sequences for the pilot, sync, and paging channels
could be generated off-line and stored in a binary file to improve processing
speed.

{6072} Fi(z. 16 1s a graph of an autocorrelation function 1600, in
accordance with at feast one embodiment. In particular, FIG. 16 shows the
autocorrelation function of the cellular CDMA PN code as specified by the [8-95
standard and that of the C/A code in GPS. Tt can be seen from FIG. 9 that for few
< 0.5 chips, RA{7) in the 1S-95 standard has approximately a constant value,
which is not desirable for precise tracking. In an embodiment, a fomsof 1 to 1.2
chips is chosen.

{6073} After obtaining an initial coarse estimate of the code start time
and Doppler frequency, the receiver refines and maintains these estimates via
tracking loops. In the present SDR architecture, a phase-locked loop (PLL) may
be used to track the carrier phase and a carrier-aided delay-locked loop (DLL) 18
used to track the code phase.

{6074] In an embodiment, the PLL consists of a phase discriminator, a
lpop filter, and a numerically-controlied oscillator (NCO). Since the receiver is
tracking the data-less pilot channel, an atan2 discriminator, which remains linear
over the full input error range of +7, could be used without the risk of
introducing phase ambiguities. In contrast, a GPS receiver does not use this
discriminator unless the transmitted data bit values of the navigation message are
known. Furthermore, while GPS receivers require second- or higher-order PLLs
due to the high dynamics of GPS sateliite vehicles (SVs), lower-order PLLs
could be used in cellular CDMA navigation receivers. The present SDR receiver
eastly tracks the carrier phase with a second-order PLL with a loop filter transfer

function given by
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where® = U915 the damping ratio and @, is the undamped natural frequency,

which can be related to the PLL noise equivalent bandwidth 5, PLL by B, PLL

. t Ch g
— ATy T
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The output of the loop filter verL is the rate of change of the

carrier phase error, expressed in rad/s. The Doppler trequency is deduced by
dividing verr by 2. The loop filter transfer function 1n (5) is discretized and
realized in state-space. The notse-equivalent bandwidth is chosen to range
between 4 and 8 Hz.

{6075] The carrier-aided DLL employs the non-coherent dot product
discriminator. In order to compute the code phase error, the dot product
discriminator uses the prompt, early and late correlations, denoted by Sy, Sei, and
Su, respectively. The early and late correlations are calculated by correlating the
received signal with an early and a delayed version of the prompt PN sequence,
respectively. The time shift between S.; and ) 15 defined by an early-minus-late
time feny, expressed in chips. Since the autocorrelation function of the
transmitted cellular COMA pulses is not triangular as in the case of GPS, a wider
fomiis preferable in order to have a significant difference between Sy, Sei, and S,
{6076} FIG. 17 1s a graph of tracking loops in the navigation cellular
CDMA receiver 1700, in accordance with at least one embodiment. The DLL
loop filter is a simple gain K, with a noise equivalent bandwidth B, oL

= § = 05Hz The output of the DLL loop filter vprr is the rate of change of
the code phase, expressed in ¢/s. Assuming low-side mixing, the code start time
is updated according to fsi+1 =15i — (WDLL.7 + fDi/fc) - NsTs.

{6077} FIG. 18 includes graphs of cellular CDMA signal tracking 1800,
i accordance with at least one embodiment. In particular, FIG. 18 graphs depict
(a) code phase error (chips), (b) carrier phase error (degrees), (¢} Doppler
frequency estimate (Hz), (d) prompt, early, and late correlation, {e) measured
pseudorange (m), and (f}) correlation function. In a GPS receiver, the
pseudorange is calculated based on the time a navigation message subframe
begins in order to eliminate ambiguities due to the relative distance between GPS
SVs. This necessitates the decoding of the navigation message in order to detect
the start of a subframe. These ambiguities do not exist in a cellular CDMA
systern. This follows from the fact that a PN offset of one translates to a distance

greater than 15 km between BTSs, which is beyond the size of a typical cell.
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The pseudorange can therefore be deduced by multiplying the code start time by
the speed of light.

{6078} FIG. 19 includes graphs of Sync and paging channel timing
1900, in accordance with at least one embodiment. Demodulating the sync and
paging channel signals is performed similarly to the pilot signal but with two
major differences: (1) the locally generated PN sequence 1s furthermore spread
by the corresponding Walsh code and (2) the subaccumulation period is
bounded by the data symbol interval. In contrast to GPS signals in which a data
bit stretches over twenty C/A codes, a sync data symbol comprises only 256 PN
chips and a paging channel data symbol comprises 128 chips. After carrier
wipe-oft, the sync and paging signals are processed in the reverse order of the
steps illustrated in FIG. 9 and FIG. 11, respectively.
{66791 As shown in FIG. 19, the start of the sync message coincides
with the start of the PN code and the corresponding paging channel message
starts after 320 ms minus the PN offset (expressed in seconds). The long code
state decoded from a sync message is valid at the beginning of the
corresponding paging channel message. The long code may be generated by
masking the outputs of the 42 registers and computing the modulo-two sum of
the resulting bits. In contrast to the short code generator in cellular CDMA and
to the C/A code generator in GPS, the 42 long code generator registers are
configured to satisfy a linear recursion given by

pxy =42 +x35 +x33 + 131 +x27 +x25 + x22 +x21 +x19 -+ x18 +x17 +

¥16 +x10+x7 P+ + ¥ +x +x + L

{6080] FIG. 20 includes long code mask structure 2000, in accordance
with at least one embodiment. The long code mask ts obtained by combining the
PN oftset and the paging channel number p as shown in FIG. 20. Subsequently,
the sync message is decoded first and the PN offset, the paging channel number,
and the long code state are then used to descramble and decode the paging
message. In an embodiment, the long code 1s first decimated at a rate of 1/64 to
match the paging channel symbol rate.
{6081} FIG. 21 depicts sync channel bits 2100, in accordance with at
least one embodiment. In particular, the left portion of FIG. 21 includes the
demodulated sync channel signal, and the right portion of FIG. 21 includes BTS

and system information decoded from sync and paging channels. Note that the
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Verizon BTS position information (latitude and longitude} are not broadcasted.
As note that the last digit in the BTS 1D corresponds to the sector number of the
BTS cell.

{6082} FIG. 22 depicts LabVIEW stages 2200, in accordance with at
least one embodiment. The acquisition, tracking, and signal decoding stages of
the cellular CDMA navigation SDR were developed in LabVIEW. FIG. 22
shows (a) acquisition, (b} tracking, and () signal decoding. Fach stage was
expressed as a separate virtual instrument (VI), whose inputs and outputs are
iflustrated in FIG. 22

{6083 Fiz. 23 depicts an SOP environment 2300, in accordance with at
least one embodiment. In particular, environment 2300 includes a mapping
recetver and navigating receiver. By making pseudorange observations via the
cellular CDMA navigation SDR to 4 or more BTSs, the present SDR
architecture may estimate the position and clock bias of the SDR, provided that
the BTS locations and their clock biases are known. The present SDR
architecture accounts for the observability of environments comprising multiple
receivers making pseudorange observations on terrestrial SOPs, and accounts for
the estimation of unknown cellular CBMA SOP states.

{6084] In an embodiment, the SDR architecture framework includes two
receivers. a mapping receiver and a navigating receiver, each equipped with the
proposed cellular CDMA SDR. The mapping receiver is assumed to have
knowledge of its own state vector {(by having access to GPS signals, for
example) and is estimating the states of the unknown SOP BTS. These estimates
are shared with the navigating receiver, which has no knowledge of its own

states.

{B085] The state of the receiver is defined as x; er et ] L where 1, =
[xrynzr]! is the position vector of the receiver, 84 is the receiver’s clock bias, and
c is the speed of light. Similarly, the state of the /" BTS is defined as

Xsi , el i»‘iif-se]T, where 1y = [y Vs.24] T is the position vector of the /% BTS and
Sty is the clock bias. The pseudorange measurement to the 78 BTS, p;, can be
therefore expressed as pi = f(xr,xq) + vi, where 7, x5}, ki — rok2 + ¢ - {68, —
dts] and v, 1s the observation noise, which is modeled as a zero-mean Gaussian

random variable with variance 0. Assuming that the receiver is drawing
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pseudoranges to N > 4 BTSs with known states, the receiver’s state can be
estimated by solving a weighted nouvlinear least-squares (WINLS) problem.
{6086} The SOP environment 2300 includes a mapping recetver with
knowledge of its own state vector {(by having access to GPS signals, for
example). The mapping recetver’s objective is o estimate the BTSs’ position
and clock bias states and share these estimates with the navigating receiver
through a central database. If the mapping receiver has been estimating the SOP
BTS¢’ states for a sufticiently long period of time, the position state estimate
uncertainties will be negligible. Moreover, the position state estimates are
physically verifiable (through surveying or satellite images, for example), at
which point these estimnates are assumed to match the true states and are
subsequently stored in the database. Unlike the position state estimates, the
clock bias state estimates are more difficult to verity and are time-varying.
Therefore, in the sequel, it 1s assumed that the mapping receiver is only
estimating the BTSs clock bias states.

{6087} Using A/ mapping receivers and NV SOP BTSs, the state vector of
the jth receiver may be denoted by x,;, the pseudorange measurement by the jth
receiver on the /% BTS by p/, and the corresponding measurement noise by v.%.
Assume v, to be independent for all 7 and j with a corresponding variance

(/Yo The set of measurements made by all receivers on the /™ BTS may be

defined as
o {4
e {&3
where
) & £ 3 T
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The clock bias o is estimated by solving a weighted least squares (WLS)

C . LT ogarg . 7 aT , .
probiem, resulting in the estimate o7 v =~ 1 Fu Wilwl  DucWz and its

associated error vanance Wl where W = diag is the weighting
matrix. The true clock bias of the /" BTS can now be expressed as oty = i ¢

+w,, where w;1is a zero-mean Gaussian random variable with variance o5” 4.
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{B088] Because the navigating receiver is using the estimate of the BTS
clock bias (which 1s produced by the mapping receiver) the pseudorange
measurement made by the navigating receiver on the /" BTS becomes

pi= hi(xsXei) + i, T

where Xy = y,r ' R’J and #;, vi— w; models the overall uncertainty in the
pseudorange measurement. Hence, the vector 11, {#1,...,sv] 1 is a zero-mean
Gaussian random vector with a covariance matrix Z=C + R, where C =
diaghos’ 51,...,0T 6£ N 1 is the covariance matrix of w , [w1,...,wy] and R = diag

The Jacobian matrix H of the set of observation functions h |

P

{7105 %1 ), (e X} ] with tespect to x5 given by H = [G 1y], where
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e Aedtd The navigating receiver’s state can now be estimated by solving a
WINLS problem, where the incremental change in the state vector estimate per

iteration is given by dx,= T, where ot and J(cd#) are the incremental change in

e

the position and the clock bias states, respectively, and dx, = TH'="H] Tz

{p —h), where p, [p1.p2....pn} and H and h are evaluated at the current iteration
of the state estimate %rand the BTS state estimates{®s Jiny

{6089} FIG. 24 depicts a multiple cell solution 2400, in accordance with
at least one embodiment. The mrultiple cell solution 2400 depicts (a) a receiver
placed at the border of two sectors of a cell, making pseudorange observations
on both sector antennas simultaneously. The receiver has knowledge of its own
states (from GPS signals) and has knowledge of the BTS position states. The
multiple cell solution 2400 also depicts (b) observed BTS clock bias for the two
sectors {after correcting for the PN offset).

{6090} A typical CDMA BTS transmits into three different sectors
within a particular cell. Ideally, all sectors” clocks should be driven by the same
oscillator, which implies that the same clock bias (after correcting for the PN
offset) should be observed in all sectors of the same cell. However, factors such

as unkoown distance between the phase-center of the sector antennas, delays due
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to RF connectors and other components (e.¢., cabling, filters, amplifiers, etc.}
cause the clock biases corresponding to ditferent BTS sectors to be slightly
different. This behavior was consistently observed experimentally and is

depicted in FIG. 24

{0091} The clock biases 5 and 4. of sectors pand g, respectively, of

the /' BTS are related through

where €79 1s a random variable that models the discrepancy between the
sectors’ clock biases. The discrepancy €, can be particularly harmful if the
mapping and navigating receivers are listening to two different sectors of the
same BTS cell. This can be mitigated by bounding the error introduced in the
navigation solution due to the sector clock discrepancy, as described below.
{6092 The pseudorange measured by the navigating receiver in sector g
of the /" BTS is given by

1 T4y L e
§~'j .f - \f RN RS

If the navigating receiver uses &7 5, which is produced by the mapping receiver

in sector p, as an estimate of 449/, the pseudorange model becomes

Generalizing this expression to the case of N SOP BTS cells with each mapping
receiver listening to a different sector than the navigating recetver yields p' = p +

&, where

and €,. The effect of € on the incremental change dx,is H'Z HI H'n-'g
In general, the discrepancy vector € can be expressed as

e=hin+y, (0)

where &, v St < = isi“ [ &p.g) 1€, and v, o S

The term 5 i3 referred to as the common error and the vector ¥ as the uncommon ereor.

It follows fror this definition that 2 ie; © 9, By replacing the expression of € in

a WNLS step, the incremental change in the receiver state estimate can be

¢k ¢ " e { A IR T A T EE A .
expressed as dx,= 6x4 + 0x(¥), where ox( =8 {H X H] THIN vis the
effect of the common error and §x0" = H' & H]l "H'Z—Yy is the effect of the

Hncomnion error.
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{6093} In an embodiment, the common error term only atfects the
receiver clock bias estimate. This can be shown by realizing that

Hed =[G 1Njed =1V, (7}

where e1= [0,0,0,1]7. Then, using (7), the incremental change due to the
common term becomes
Sx(rb) = b HTE " HY "HTE-11N = b HTEH) HTE-1Hed = bed,  (8)
which has a non-zero component only in the clock bias state. Thus, if the
individual errors €79 happen to be all equal, the receiver’s position estimate
will be unaffected.
{6094} Unlike the common error, the uncommon error will atfect all
receiver states. Next, a bound on the error introduced by the uncommon error in
the receiver’s position estimate is derived. The incremental change in the
receiver position state can be expressed as dr, = Tédx, = Téxt,? +T6x4” where
T = [1323 83x1]. By replacing dx\” with its expression from (8), the change in
position becomes

orr = bTed + Tox(riyy = Tox{ry). (9)

Taking the 2-norm on both sides of (9) yields

(10}
since kTk = 1. Replacing 6x* by its expression in the WNLS update, (10)
becomes

B {8
r. g

1505 S

% : .

where H' | Therefore, to determine the upper bound of
{11}, the term k& — b1yk, or equivalently its square, must be maximized,
feading to

3
N Trd Sy
= A=, {12}

e

2

Ly

y
= §

Motivated by experimental data collected in different BTS cell sectors and for

vartous cells, it is reasonable to assume that
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{EPD < a, Vi (13)

where o 15 some positive constant. As such, the maximization problem in (12)

becomes constrained by (13}, The function in (12) 15 convex, since it 1s the
composition of the norm with a linear mapping, and the box constraints in (13}
form a convex set. Therefore, the maximizer of (12) subject to the constraints

(13) lies on the extreme points of the feasibility region, namely

¥ i
= . N . . T . ii,"‘-"*-'??’ .
{6095} If N is even, the maximum is achieved whenever f.imi & = 0;
hence, the maximizerish > J (—1Ya Vi IfNisodd, the maximum is
achieved whenever =1 % e, the maximizer s/ -1lYo

FIEENR T
». . p §I F\a N P 'f}f e o . : .
fori=1,.. . N-1and\?® . Therefore, the maximum error introduced in

the receiver’s position is bounded by

4o o } W N ey, if NV 15 even,
ford Y i if N is odd,

{6096} FIG. 25 depicts an experimental configuration 2500, in
accordance with at least one embodiment. Navigation using the proposed
mapper and navigator framework discussed above was tested experimentally
with the present cellular CDMA SDR architecture. As shown in FIG. 25,
experimental configuration 2500 includes (1) vehicle-mounted receivers, (2)
GPS and cellular CDOMA antennas, (3) USRPs, {4) a storage device, (5} a
LabVIEW-based cellular CDMA SDR, (6) a Generalized Radio navigation
Interfusion Device (GRID) GPS SDR, and (7) a MATLAB-based estimator. The
mapping recetver and navigating receiver were equipped with two antennas each
to acquire and track: 1) GPS signals and 2} signals from nearby cellular CODMA
BTSs. The receiver CDMA antennas used for the experiment were consumer
grade 800/1900 MHz cellular antennas, and the GPS antennas were surveyor-
grade Leica antennas. The GPS and cellular signals were simultaneously down-
roixed and synchronously sampled via two universal software radio peripherals
(USRPs) driven by the same GPS-disciplined oscillator. The receivers were
tuned to a 882.75 MHz carrier frequency, which is a channel allocated for

Verizon Wireless. Samples of the received signals were stored for off-line post-
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processing. The GPS signal was processed by a GRID SDR and the cellular
CDMA signals were processed by the proposed LabVIEW -based SDR.

{6097] in an embedment, the experimental configuration 2500 used both
receivers to receive data from 3 BTSs, where the position states of the 3 BTSs
were previously mapped. The mapping receiver and the navigating receiver
were listening to the same sectors; hence, there were no additional errors due to
the discrepancies between sector clocks. The mapping receiver was stationary
during the experiments and was estimating the clock biases of the 3 known
BTSs. The measurement noise variance for the mapping and navigating

receivers was calculated from

i3 T H
wf Ldn BLE ) P B
R B 1 o

@ !j Lod .-“*:‘} K

T PN
L K e,

where (C/Ny):is the measured carrier-to-noise ratio for the / BTS and

Fee = s 1s the pre-detection coherent integration time. The weighting
matrices for the WNLS were calculated accordingly.

{6098} FIG. 26 depicts a resultant navigation map 2600, in accordance
with at least one embodiment. In particular, navigation map includes a
navigating receiver trajectory and mapping receiver and BTS locations. Because
only 3 BTSs were used, measurements and trajectories were projected onto a
two-dimensional (2-D) space. Subsequently, only the horizontal position and the
clock bias of the navigating receiver were being estirnated. The resultant
navigation map 2000 shows the environment layout as well as the true and
estimated receiver trajectories.

{6099} As shown in FIG. 26, the navigation solution obtained from the
cellular CDMA signals follows closely the navigation solution obtained using
GPS signals. The mean distance difference along the traversed trajectory
between the GPS and CDMA navigation solutions was calculated tobe S.51 m
with a standard deviation of 4.01 m and a maximum error of 11.11 m. The mean
receiver clock estimate difference between the GPS and CDMA navigation
solutions was calculated to be -45 ns with a standard deviation of 23 03 ns.
100100} FIG. 27 is a block diagram of a computing device 2700,
according to an embodiment. In one embodiment, multiple such computer
systems are used in a distributed network to implement multiple components in a
transaction-based environment. An object-oriented, service-oriented, or other

architecture may be used to implement such functions and communicate between
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the multiple systems and components. In some embodiments, the computing
device of FIG. 27 is an example of a client device that may invoke methods
described herein over a network. In other embaodiments, the computing device 18
an example of a computing device that may be included in or connected to a
motion interactive video projection system, as described elsewhere herein. In
some embodiments, the computing device of FIG. 27 1s an example of one or
more of the personal computer, smartphone, tablet, or various servers.

{00101} One example computing device in the form of a computer 2710,
may include a processing unit 2702, memory 2704, reraovable storage 2712, and
non-removable storage 2714, Although the example computing device is
illustrated and described as computer 2710, the computing device may be in
different forms in different embodiments. For example, the computing device
may instead be a smartphone, a tablet, or other computing device including the
same or similar elements as illustrated and described with regard to FIG. 27,
Further, although the various data storage elements are illustrated as part of the
computer 2710, the storage may include cloud-based storage accessible viaa
network, such as the Internet.

160102] Returning to the computer 2710, memory 2704 may include
volatile memory 2700 and non-volatile memory 2708, Computer 2710 may
include or have access to a computing environment that includes a variety of
computer-readable media, such as volatile memory 2706 and non-volatile
memory 2708, removable storage 2712 and non-removable storage 2714,
Computer storage inciudes random access memory (RAM), read only memory
(ROM), erasable programmable read-only memory (EPROM) & electrically
erasable programmable read-only memory (EEPROM), flash memory or other
memory technologies, compact disc read-only memory (CD ROM)}, Digital
Yersatile Disks (DVD) or other optical disk storage, magnetic cassettes,
magnetic tape, magnetic disk storage or other magnetic storage devices, or any
other medium capable of storing computer-readable 1nstructions. Computer
2710 may include or have access to a computing environment that includes input
2716, output 2718, and a commumnication connection 2720, The woput 2716 may
include one or more of a touchscreen, touchpad, mouse, keyboard, camera, and
other input devices. The input 2716 may include a navigation sensor input, such

as a GNSS receiver, a SOP receiver, an inertial sensor {e.g., accelerometers,
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gyroscopes), a local ranging sensor (e.g., LIDAR), an optical sensor {e.g,
cameras), or other sensors. The computer may operate in a networked
environment using a communication connection 2720 to connect to one of more
remote computers, such as database servers, web servers, and other computing
device. An example remote computer may include a personal computer (PC),
server, router, network PC, a peer device or other common network node, or the
like. The communication connection 2720 may be a network interface device
such as one or both of an Ethernet card and a wireless card or circuit that may be
connected to a network. The network may include one or ruore of a Local Area
Network (LAN), a Wide Area Network (WAN), the Internet, and other
networks.

100103} Computer-readable instructions stored on a computer-readable
medium are executable by the processing unit 2702 of the computer 2710. A
hard drive {magnetic disk or solid state}, CD-ROM, and RAM are some
examples of articles including a non-transitory computer-readable medium. For
example, various computer programs 2725 or apps, such as one or more
applications and modules implementing one or more of the methods illustrated
and described herein or an app or application that executes on a mobile device or
is accessible via a web browser, may be stored on a non-transitory computer-
readable medium.

{00104} To better illustrate the method and apparatuses disclosed herein, a
nou-timiting list of embodiments is provided here.

{60105] Example 1 is a navigation system comprising: a global navigation
satellite solution (GNSS) receiver to receive a plurality of GNSS signals from a
plurality of GNSS satellites; a signal of opportunity (SOP} receiver 1o receive an
SOP signal from at least one SOP transceiver station; and a processor to:
determine a plurality of GNSS pseudorange measurements based on the received
plurality of GNSS signals; determine an SOP pseudorange measurement based
on the received SOP signal; and determine an estimated receiver position based
on the SOP pseudorange measurement and on the plurality of GNSS
pseudorange measurements.

{60106] In Example 2, the subject matter of Example 1 optionally
includes wherein determining the SOP pseudorange measurement is further

based on an SOP base transcetver staiion clock error estimate.
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{60107} in Example 3, the subject matter of Example 2 optionally
includes wherein receiving the SOP signal includes receiving the clock error
estimate from the at least one SOP transceiver station.

{060108] In Example 4, the subject matter of any one or more of Examples
2-3 optionally include a stationary mapping receiver, wherein receiving the SOP
signal includes receiving the clock error estimate at the SOP receiver from the
stationary mapping recetver,

{00109] In Example 5, the subject matter of any one or more of Examples
2—4 optionally include wherein the processor is further configured to generate
the clock error estimate based on application of a simultaneous localization and
mapping algorithm to the received SOP signal.

100116} In Example 6, the subject matter of any one or more of Examples
1-5 optionally include wherein the SOP receiver includes a hardware-defined
radio.

{00111} In Example 7, the subject matter of any one or more of Examples
16 optionally include wherein the SOP recetver includes a software-defined
radio (SDR).

{00112} Example 8 is a navigation method comprising: receiving a
plurality of GINSS signals from a plurality of GNSS satellites at a global
navigation satellite solution (GNSS) receiver; receiving an SOP signal from at
least one SOP transceiver station at a signal of opportunity (SOP) receiver;
determining a plurality of GNSS pseudorange measurements based on the
received plurality of GNSS signals; determining an SOP pseudorange
measurement based on the recetved SOP signal; and determining an estimated
receiver position based on the SOP pseudorange measurement and on the
plurality of GNSS pseudorange measurements.

{00113} In Example 9, the subject matter of Example 8 optionally
includes wherein determining the SOP pseudorange measurement is further
based on an SOP base transceiver station clock error estimate.

100114} in Example 10, the subject matter of Example 9 optionally
includes wherein receiving the SOP signal 1ncludes receiving the clock error
estimate from the at least one SOP transceiver station.

{00115} In Example 11, the subject matter of any one or more of

Examples 9-10 optionally include wherein receiving the SOP signal includes
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receiving the clock error estimate at the SOP receiver from a stationary mapping
receiver.

00116} In Example 12, the subject matter of any one or more of
Examples 9-11 optionally include generating the clock error estimate based on
application of a simultaneous localization and mapping algorithm to the received
SOP signal.

100117} In Example 13, the subject matter of any one or more of
Examples 8-12 optionally include wherein receiving the SOP signal includes
receiving the SOP signal at a hardware-defined radio.

{00118} in Example 14, the subject matter of any one or more of
Examples 8—13 optionally include wherein receiving the SOP signal includes
receiving the SOP signal at a software-defined radio (SDR).

[00119] Example 15 is at least one machine-readable medium including
instructions, which when executed by a computing system, cause the computing
system to perform any of the methods of Examples 8-14.

{00126} Example 106 ts an apparatus comprising means for performing any
of the methods of Examples 8-14.

160121] Example 17 is at least one machine-readable storage medium,
comprising a plurality of instructions that, responsive to being executed with
processor circuitry of a computer-controtled device, cause the computer-
controlled device to: receive a plurality of GNSS signals from a plurality of
GNSS satellites at a global navigation satellite solution (GNSS) receiver; receive
an SOP signal from at least one SOP transceiver station at a signal of
opportunity {SOP) recetver; determine a plurality of GNSS pseudorange
measurements based on the received plurality of GNSS signals; determine an
SOP pseudorange measurement based on the received SOP signal; and
determine an estimated receiver position based on the SOP pseudorange
measurement and on the plurality of GNSS pseudorange measurements.

{00122} In Example 18, the subject matter of Example 17 optionally
includes the instructions further causing the computer-controlled device to
determine the SOP pseudorange measurement based on an SOP base transceiver

station clock error estimate.
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{00123} in Example 19, the subject matter of Example 18 optionally
includes the instructions further causing the computer-controlied device to
receive the clock error estimate from the at least one SOP transceiver station.
{00124} In Example 20, the subject matter of any one or more of
Examples 1819 optionally include the instructions further causing the
computer-controlled device to receive the clock error estimate at the SOP
receiver from a stationary mapping receiver,

{00125] In Example 21, the subject matter of any one or more of
Examples 18-20 optionally include the instructions further causing the
computer-controtled device to generate the clock error estimate based on
application of a simultaneous localization and mapping algorithm to the received
SOP signal.

[006126] In Example 22, the subject matter of any one or more of
Examples 17-21 optionally include the instructions further causing the
computer-controlled device to receive the SOP signal at a hardware-defined
radio.

00127} In Example 23, the subject matter of any one or more of
Examples 17-22 optionally include the instructions further causing the
computer-controtled device to receive the SOP signal at a software-defined radic
(SDR).

100128} Example 24 is an interconnect apparatus comprising: means for
disposing a conductive layer on a first dielectric layer, the conductive layer
including a conductive interconnect; means for disposing a metal protection
fayer on a first portion of the conductive interconnect, wherein the metal
protection layer is not disposed on a second portion of the conductive
interconnect; means for disposing a second dielectric layer on the metal
protection layer and on the second portion of the conductive interconnect; means
for removing a portion of the second dielectric layer to expose the metal
protection layer; and means for removing the metal protection layer to expose
the first portion of the conductive interconnect.

{00129] In Example 25, the subject matter of Example 24 optionally
includes wherein means for determining the SOP pseudorange measurement is

further based on an SOP base transcetver station clock error estimate.
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{60130] In Example 26, the subject matter of Example 25 optionally
includes wherein means for receiving the SOP sigoal includes means for
receiving the clock error estimate from the at least one SOP transceiver station.
{00131} In Example 27, the subject matter of any one or more of
Examples 25-26 optionally include wherein means for receiving the SOP signal
includes means for receiving the clock error estimate at the SOP receiver from a
stationary mapping recetver,

100132} In Example 28, the subject matter of any one or more of
Examples 25-27 optionally include means for generating the clock error
estimate based on application of a simultaneous localization and mapping
algorithm to the recetved SOP signal.

100133} In Example 29, the subject matter of any one or more of
Examples 24-28 optionally include wherein means for receiving the SOP signal
includes means for receiving the SOP signal at a hardware-defined radio.
{00134} In Example 30, the subject matter of any one or more of
Examples 24-29 optionally include wherein means for receiving the SOP signal
includes means for receiving the SOP signal at a sottware-defined radio (SDR).
160135] Each of these non-limtting examples can stand on its own, or can
be combined in various permutations or combinations with one or more of the
other examples.

100136} Conventional terms in the fields of computer vision have been
used herein. The terms are konown 1n the art and are provided only as a non-
limiting example for convenience purposes. Accordingly, the interpretation of
the corresponding terms in the claims, unless stated otherwise, is not limited to
any particular definition. Thus, the terms used in the claims should be given
their broadest reasonable interpretation.

160137] Although specific embodiments have been illustrated and
described herein, 1t will be appreciated by those of ordinary skill in the art that
any arrangement that 13 calculated to achieve the same purpose may be
substituted for the specific embodiments shown. Many adaptations will be
apparent to those of ordinary skill in the art. Accordingly, this application is
intended to cover any adaptations or variations.

{00138} The above detailed description includes references to the

accompanying drawings, which form a part of the detailed description. The

(%)
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drawings show, by way of illustration, specific embodiments that may be
practiced. These embodiments are also referred to herein as “examples.” Such
examples may include elements in addition to those shown or described.
However, the present inventors also conteruplate examples 1o which only those
elements shown or described are provided. Moreover, the present inventors also
contemplate examples using any combination or permutation of those elements
shown or described (or one or more aspects thereof), etther with respect to a
particular example (or one or more aspects thereof), or with respect to other
examples (or one or more aspects thereof) shown or described herein.

{00139} All publications, patents, and patent documents referred to in this
docurnent are incorporated by reference herein in their entirety, as though
individually incorporated by reference. In the event of inconsistent usages
between this document and those documents so incorporated by reference, the
usage in the incorporated reference(s) should be considered supplementary to
that of this document; for irreconcilable inconsistencies, the usage in this
document controls.

{00140] In this document, the terms “a” or “an” are used, as is common in
patent documents, to include one or more than one, independent of any other
instances or usages of “at least one” or “one or more.” In this document, the
term “or” is used to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A,” and “A and B,” unless otherwise indicated. In this
document, the termos “including” and “in which” are used as the plain-English
equivalents of the respective terms “comprising” and “wherein.” Also, in the
following claims, the terms “including” and “comprising” are open-ended, that
is, a system, device, article, or process that includes elements in addition to those
listed after such a term in a claim are still deemed to fall within the scope of that

N4

claim. Moreover, in the following claims, the terms “first,” “second,” and
“third,” etc. are used merely as labels, and are not intended to impose numerical
requirements on their objects.

100141} Method examples described herein can be machine or computer-
implemented at least in part. Some exaraples can include a computer-readable
medium or machine-readable medium encoded with instructions operable to
configure an electronic device to perform methods as described 1o the above

examples. An implementation of such methods can include code, such as
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microcode, assembly language code, a higher-level language code, or the like.
Such code can include computer-readable instructions for performing various
methods. The code may form portions of computer program products. Further,
in an example, the code can be tangibly stored oun one or more volatile, non-
transitory, or non-volatile tangible computer-readable media, such as during
execution or at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, removable magnetic disks,
removable optical disks (e.g., compact disks and digital video disks), magnetic
cassettes, memory cards or sticks, random access memories (RAMs), read-only
memories (ROMs), and the like.

{00142} The above description is intended to be illustrative, and not
restrictive. For example, the above-described examples {or one or more aspects
thereot) may be used in combination with each other. Other embodiments may
be used, such as by one of ordinary skill in the art upon reviewing the above
description. The Abstract is provided to comply with 37 CF R. §1.72(b), to
allow the reader to quickly ascertain the nature of the technical disclosure and i3
submitted with the understanding that it will not be used to interpret or limit the
scope or meaning of the claims. In addition, in the above Detailed Description,
various features may be grouped together to streamline the disclosure. This
should not be interpreted as intending that an unclaimed disclosed feature is
essential to any claim. Rather, inventive subject matter may lie in less than all
features of a particular disclosed embodiment. Thus, the following claims are
hereby incorporated into the Detailed Description, with each claim standing on
its own as a separate embodiment, and it s conteruplated that such embodiments
can be combined with each other tn various combinations or permutations. The
scope of the embodiments should be determined with reference to the appended
claims, along with the full scope of equivalents to which such claims are

entitled.
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CLAIMS

I. A navigation system comprising:
a global navigation satellite solution (GNSS) receiver to receive a
plurality of GNSS signals from a plurality of GNSS satellites;
a signal of opportunity (SOP) receiver to receive an SOP signal from at
feast one SOP transceiver station; and
a processor to:
determine a plurality of GNSS pseudorange measurements based
on the received plurality of GNSS signals;
determine an SOP pseudorange measurement based on the
recetved SOP signal; and
determine an estimated receiver position based oo the SOP
pseudorange measurement and on the plurality of GNSS pseudorange

measurements.

2. The system of claim 1, wherein determining the SOP pseudorange
measurement is further based on an SOP base transcetver station clock error
estimate.

3. The system of claim 2, wherein receiving the SOP signal includes

receiving the clock error estimnate from the at least one SOP transceiver station.

4. The system of claim 2, further including a stationary mapping receiver,
wherein recetving the SOP signal includes receiving the clock error estimate at

the SOP receiver from the stationary mapping receiver.

5. The system of claim 2, wherein the processor is further configured to
generate the clock error estimate based on application of a simultaneous

localization and mapping algorithm to the received SOP signal.

0. The system of claim 1, wherein the SOP receiver includes a hardware-

defined radio.
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7. The system of claim 1, wherein the SOP receiver includes a software-

defined radio (SDR).

8. A navigation roethod comprising:

receiving a pharality of GNSS signals from a plurality of GNSS satellites
at a global navigation satellite solution (GNSS) receiver,

receiving an SOP signal from at least one SOP transceiver station at a
signal of opportunity (SOP) receiver;

determining a plurality of GNSS pseudorange measurements based on
the received plurality of GNSS signals;

determining an SOP pseudorange measurement based on the received
SOP signal; and

determining an estimated receiver position based on the SOP
pseudorange measurement and on the plurality of GNSS pseudorange

measurements.

9. The method of claim 8, wherein determining the SOP pseudorange
measurement is further based on an SOP base transcetver station clock error

estimate.

10. The method of claim 9, wherein receiving the SOP signal includes

receiving the clock error estimnate from the at least one SOP transceiver station.

It The method of claim 9, wherein receiving the SOP signal includes
receiving the clock error estimate at the SOP receiver from a stationary mapping

FeCeiver.

12. The method of claim 9, further including generating the clock error
estimate based on application of a simultaneous localization and mapping

algorithm to the received SOP signal.

13. The method of claim 8, wherein receiving the SOP signal includes

receiving the SOP signal at a hardware-defined radio.
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14. The method of claim 8, wherein receiving the SOP signal includes

receiving the SOP signal at a software-defined radio (SDR).

15, Atleast one machine-readable storage medium, comprising a plurality of
istructions that, responsive to being executed with processor circuitry of a
computer-controlled device, cause the computer-controlled device to:

receive a plurality of GNSS signals from a plurality of GNSS satellites at
a global navigation satellite solution (GNSS) receiver;

receive an SOP signal from at least one SOP transceiver station at a
signal of opportunity (SOP) receiver,

determine a plurality of GNSS pseudorange measurements based on the
received plurality of GINSS signals;

determine an SOP pseudorange measurement based on the received SOP
signal; and

determine an estimated receiver position based on the SOP pseudorange

measurement and on the plurality of GNSS pseudorange measurements.

16.  The machine-readable storage medium of claim 15, the tnstructions
further causing the computer-controlled device to determine the SOP

pseudorange measurement based on an SOP base transceiver station clock error

estimate.
17.  The machine-readable storage medium of claim 16, the instructions

further causing the computer-controlled device to receive the clock error

estimate from the at least one SOP transceiver station.

18, The machine-readable storage medium of claim 16, the tnstructions
further causing the computer-controlled device to receive the clock error

estimate at the SOP receiver from a stationary mapping receiver.

19, The machine-readable storage medium of claim 16, the instructions
further causing the computer-controlled device to generate the clock error
estimate based on application of a simultaneous localization and mapping

algorithm to the received SOP signal.

40
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20, The machine-readable storage medium of claim 15, the instructions

further causing the computer-controlled device to receive the SOP signal ata

hardware-defined radio.

41
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