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[Continued on next page]



WO 2018/125333 A2 |00 000 00

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
—  of inventorship (Rule 4.17(iv))

Published:
—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2018/125333 PCT/US2017/053002

SDR FOR NAVIGATION WITH
LTE SIGNALS

Related Application and Priority Claim
{0001 This application is related and claims priority to United States
Provisional Application No. 62/398,403, filed on September 22, 2016 and
entitled “PERFORMANCE CHARACTERIZATION OF POSITIONING IN
LTE SYSTEMS,” and is related and claims priority to United States Provisional
Apphication No. 62/561,023, filed on September 20, 2017 and entitled
“MITIGATING MULTIPATH FOR POSITIONING IN LTE SYSTEMS,” the

entirety of which are incorporated herein by reference.

Statement of Government Sponsored Support
06002} The mvention was made with Government support under Grant
MNo. N000O14-16-1-2303, awarded by the Office of Naval Rescarch-N99914.

The Government has certain rights in this invention.

Background
[O003] Global navigation satellite system (GNSS) navigation may be
aided using or replaced with signals of opportunity (SOPs). Using SOPs with or
instead of GNSS navigation requires determining observability and estimability
of the SOPs landscape for a different number of receivers, a different number of
SOPs, and various a priori knowledsze scenanos. The SOPs may provide
recerver localization and timing. Cellular 50OPs may be used to leverage a large
number of base transcetver stations in envircnments where GNSS signals are

typically challenged.

Brief Description of the Drawings

{0004] FIG. 1 is a diagram of a signal of opportunity (SOPs) GNSS
system 100, 0 accordance with at least one embodiment.
HEEEY FIG. 2 15 a diagram of an LTE Frame Structure, in accordance

with at least one embodiment.
{0005} FlGs. 3A-3B arc graphs of LTE correlation, in accordance with at

least one embodiment.
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{007 FIG. 4 15 a block diagram of an LTE receiver architecture, in
accordance with at least one embodiment.

[0008] FIG. 5 is a block diagram of an LTE receiver acquisition block, n
accordance with at least one embodiment.

HEERT FIG. 6 1s a block diagram of a downlink physical channel, in
accordance with at least one embodiment.

{8010} F1G. 7 1s a system information extraction block diagram, in
accordance with at least one embodiment.

EBRE FIG. 8 15 a signal tracking block diagram, in accordance with at
least one embodiment.

{86612} FiGs. 9A-9D are graphs of tracking performance, in accordance
with at least one embodiment.

{0613} F1G. 10 1s a timing information extraction block diagram, in
accordance with at least one embodiment.

[6014] FIG. 11 1s a block diagram of an expermental configuration, in
accordance with at least one embodiment.

[06015] FIG. 12 1s an experimental receiver trajectory map, in accordance
with at ieast one embodiment.

{6816} FI1G. 13 1s an extended Kalman filter block diagram, n
accordance with at least one embodiment.

[0017] FI1G. 14 15 an LTE receiver architecture block diagram, in
accordance with at least one embodiment.

[(3018] FIG. 15 15 3 block diagram of a computing device, according to

an embodiment.

Bescription of Embodiments
{0019} F1G. 1 s a diagram of a signal of opportunity (SOPs) GNES
system 100, in accordance with at least one embodiment. SOP GNSS system
100 provides various technical sohutions to technical problems facing GNSE
unplementations. System 100 mcludes a vehicle 110, such as an numanned
acnial vehicle or other mobile vehicle, Systerm 100 macludes at least a first GNSS
satellite 120 and second GNSS satellite 130, though additional GNAS satelhites
may be used. Similarly, svstem 100 includes at least one SOP transceiver 140,

though additional SOP transceivers may be used. SOPs may enhance or enable
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otherwise unavailable navigation, such as whenever GNSS signals become
inaccessible or untrustworthy,

6024} Terrestrial SOPs are abundant and are avatlable at varving
geometric configurations, and may be used to improve GNSS navigation. The
vehicle 110 receives GNSS signals from the first GNSS satellite 120 and
calculates a first range 125, where the first range provides an estimated radius
for a first range arc 125 Sinularly, vehicle 110 calculates a second range arc
135 based on the second GNSS satellite and calculates a third range arc 143
based on the SOP transceiver 140, The SOP transceiver 140 may be used to
mmprove navigation reliability whenever GNSS signals become inaccessible or
unrehiable.

6621} The S5OP transceiver 140 may include a cellular long term
evohition {L'TE) tower. LTE has become a prominent standard for fourth
generation {(4G) communication systems. LTE provides multiple-input multiple-
output (MIMO) capabilities, which allows higher data rates to be achieved
compared to the previous gencrations of wireless standards. The high
handwidths and data rates employed in LTE systems have made LTE signals
attractive for navigation. In LTE Release 9, a broadcast positioning reference
signal (PRS} was introduced to enable network-based positioning capabilities
within the LTE protocol. However, PRS-based positioning suffers from a
number of drawbacks: (1) the user’s privacy 1s compromised since their location
is revealed to the network, (2} localization services are limited only to payving
subscribers and from a particular cellular provider, (3) ambient LTE signals
transmitted by other cellular providers arc not exploited, and (4) additional
bandwidth is required to accommodate the PRS, which caused the majority of
cellular providers to choose not to transmit the PRS in favor of dedicating more
bandwidth for traffic channels. To address these drawbacks, user equipment
(UE}-based positioning approaches may use the cell-specific reference signal
(CRS).

[6622] To use signals provided by an LTE tower, vehicle 110 may
mclude a receiver capable of extracting navigation obscrvables from LTE
signals. In particular, vehicle 110 may include a LTE-compatible software-
defingd radio (SDR)Y. There are several challenges associated with navigating

with such proposed SDRs, which rely on tracking the primary synchronization
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signal (PSS} transmitted by the L'TE base station, or eNodeB. The first
challenge results from the near-far effect created by the strongest PSS, which
makes it difficult or impossibic for the receiver to individually track the
remaining ambient PS5s. Though the SPR could track only the strongest PSSs
{up to three), this would give nise to a second challenge: the number of mtra-
frequency eNodeBs that the receiver can simultaneously use for positioning ig
limited. Alternatively, other cell-specific signals can be tracked, m which case
the receiver must obtain high level mformation of the sumrounding eNodeBs,
such as their cell 1D, signal bandwidth, and the namber of transmit antennas. A
third challenge is that LTE information 1s assumed to be known a prior,
however m practice the vehicle 110 SDR must be able to obtain this information
in unknown environments.

16623} The systems and methods described herein address the challenges
described above. In particular, these systems and methods provide fora
navigation cellular LTE SDR architecture with low-level signal models for
optimal extraction of relevant navigation and timing information from recetved
signals. In an embodiment, when vehicle 110 enters an unknown L'TE
environment, the first step it performs to establish communication with the
network is synchronizing with at least one surrounding cNodeB (e.g., SOP
transceiver 140}, This is achieved by acquiring the primary syachronization
signal (PS8} and the secondary synchronization signal (SS5) transmitted by the
eMNodeB. Steps taken by the vehicle 110 to acquire these LTE signals are
described below with respect to FIG. 2.

{00241 FIG. 2 i1s a diagram of an LTE Frame Structure 200, in
accordance with at least one embodiment. An LTE frame, which is a major
component it LTE communication, is a two-dimensional grid representing time
and frequency. The elementary block of an L'TE frame is a complex symbol,
defined as a resource element (RE). The frequency mndex of an RE maps to an
LTE subcarner, and its time index maps to an LTE symbol. The REs are
grouped into resource blocks (RBs), which are further grouped into resource
grids (RGs). The R(s are then grouped mito slots, which constitute a type |
LTE frame. This type of frame 1s suitable for frequency division duplex (FDI)
transmission. A frame consists of 20 slots of duration 0.5 ms each.

Subsequently, an LTE frame will have a duration of 10 mgs, and an L'TE
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subframe, which 1s defined as two consecutive slots, will bave a duration of |
ms.

6025} The subcarriers in an L'TE frame are typically scparated by Af=
15KHz, and the total number of subcarniers, Ve, is set by the operator. This
mmplics that different L'TE systems may have different bandwidths, which are

summarized in Table I Unused subcarriers create a guardband between LTE

bands.
TABLE | LTE system bandwidths and number of subcarricrs.
Total number Number of
Bandwidth (MHz) | of subcarriers | subcarriers used

1.4 128 72
3 256 180
5 512 300
16 1024 600
15 1536 00
20 2048 1200

[6026] To transmit a data, data symbols are first mapped onto the frame

REs. An inverse fast Fourner transform (JFFT) 1s applied to cach LTE symbol
across all the subcarriers. The resulting signal 1s senalized and appended with a
cyclic prefix (CP) before transmission over the wireless channel. This process
may be referred to herein as orthogonal frequency division multiplexing
(OFDM). The LTE receiver will then reverse these steps in order to reconstruct
the L'TE frame. However, the LTE rocetver must first deteroune the frame
timing, which is achieved by acquinng the PSS and 885, as it will be discussed
below.

6627} FIGs. 3A-3B are graphs of LTE correlation 300, 10 accordance
with at least one embodiment. The PSS may mclade a length-62 Zadoff-Chu
sequence mapped to 62 subcarriers in slot 0 of the LTE frame, and repeated in
slot 10. Due to the orthogonality properties of Zadoff-Chu sequences, a peak in
the correlation can be seen when the eNodeB’s and UE’s PSS sequences maich,
such as shown in FIG. 3A. By detecting these peaks, the UE will be able to
determine the LTE symbol timing as well as the integer No®. The DC
subcarrier and the remainder of the subcarriers in the symbols where PSS 1s
transmitted are filled with zeros. Each eNodeB’s sector tranamits one of three

possible PSS sequences, each of which maps to an integer between G and 2,
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denoted by Nip®. The UE correlates the received LTE signal with all three
possible PSS sequences that are generated locally.

16028} As shown in FIG. 3B, 555 is detected in a similar way as PSS,
5SS 15 also a length 62 orthogonal sequence, obtained by concatenating two
maximal-length sequences scrambled by a third orthogonal sequence generated
based on Vit 5SS is transmitted only once in the symbol preceding the PSS
directly, either in slot 0 or 10, There arc 168 possible SSS sequences, cach
mapped to an integer between 0 and 167, denoted NooD. Once the PSS and S88

are detected, the UE can produce an estimate of the frame start time £, as well

¢ L Y 25
e ATAE
w SN B AT

as determine the celf ID, which is given by<Y; After obtaining
the frame timing, the UE estimates the frequency shift, or Doppler frequency,
using the CP in the received signal #(»). The Doppler frequency estimate fp, is

given by

where (- ¥ 15 the complex conjugate operator, Nepis the set of CP indices, and 7
is the sampling terval.

{06029} FIG. 4 15 a block diagram of an LTE roceiver architecture 400, in
accordance with at least one embodiment. The LTE receiver architecture 400
shows various functional blocks within the LTE receiver, including the
acquisition block to provide detection of the PSS and the S88 descnbed below
with respect to FIG. 5.

106301 FIG. 5 15 a block diagram of an LTE recetver acquisition block
504, in accordance with at least one embodiment. The acquisition block 500
recetves baseband data and detects the PSS and 8§58, which are used to calculate
the cell IB. Once the PSS and $88 are acquired, the UE needs to determine
several parameters of the LTE network in order to successfolly conumumicate
with the eNodeBs, such as determining downlink physical channels described
below with respect to FIG. 6.

[0631] FIG. 6 is a block diagram of a downlink physical channel 600, in
accordance with at least one embodiment. The downlink physical channels may
mclude control, broadcast, or shared chamnels. The downlink physical channels
provide the system parameters in two information blocks: the master information

block (MIB) and the system information block {81B).
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066321 A downlimk physical channel corresponds to a set of REs carrymg
high level system information or commumication data. There are typically seven
physical channels in the LTE downlink. The MIB is transmitted on the phvsical
broadcast channel (PBCH), and the SIB 1s transmitted on the physical downlink
shared channel (PDSCH). The physical control format indicator channel
{PCFICH) and the physical downlink control channel (PDCCH) is also decoded
to extract the SIB, as explained below.

j3333] As shown in FIG. 6, cach ot the downlink physical channels are
processed in a stnilar fashion before transmission. The codewords are first
scrambled and mapped for modulation, which can be cither quadrature phase-
shift keving (QPSK), 16 guadrature amplitude modulation (QAM]}, 64QAM, or
256QAM. Laver mapping for spatial and transmit diversity is then performed,
and the resulting layers are pre-coded for transmit diversity. Finally, the blocks
of symbols are mapped to REs, from which the OFDM signal is geverated.
Although all the physical channels have the same general structure, cach step in
FIG. 6 differs from one channel to another.

[0034] Because there is no unique bandwidth for LTE systems, itis
important for the UE to determine the bandwidth of the system it 1s trving to
connect to. Furthermore, to provide increased transmission rates, LTE systems
employ a multiple mput multiple output (MIMO} structure where the number of
transmit antennas could be either 1, 2, or 4. To decode the L'TE signal correctly,
the UE must be aware of the actual transmission bandwidth. Information about
the number of transmit antennas and the actual transmission bandwidth is
provided to the UE m the MIB, which is transmitted in the second slot of the
first subframe. The MIB 1s mapped to the first 6 RBs around the carmer
frequency and the first four symbols of the slot. The MIB symbols are not
transmitted on the subcarners reserved for the reference signals, as discussed
below.

J3335] FIG. 7 15 a system information extraction block diagram 700, in
accordance with at least one embodiment. The system information block (SI1B)
transmitted by the eNodeB contains information on the ccll it is servicing, on
mter-frequency and mitra-frequency neighboring cells, on neighboring cells from
other networks (UMTS, GSM, and CDMAZ000), and other warning and alert

system information. The transmitted SIB can be in the form of one out of
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seventeen blocks, numbered SIB1 to SIB17. SIBI 18 transnutted 1n subframe 5
of every even frame, and it contains scheduling information for the other SiBs,
which can be subsequently decoded. Decoding the $IB involves several steps,
which are summarized and histed herein in the order in which the UE executes
the steps, as shown 1n FIG. 7. To decode the SIB, the UE first decodes the
control format information (CFL) from the PCFICH. The UE then decodes the
downlink control information (DCI) from the PDCCH, which will allow it to
extract the SIB bits from the PDSCH. Finally, an Abstract Svntax Notation One
{ASN. 1) decoder 18 used to recover the system information sent by the eNodeB.
{0036} The CF1is transmitted on the PCFICH. It indicates the number of
OFDM symbols dedicated for the downlimk control channel, and can take the
values 1, 2, or 3. In order to decode the {UF1, the UE first locates the 16 PCFICH
REs and demodulates them by reversing the steps in FIG. 6, resulting in a
sequence of 32 bits. This sequence can be only one of three possible sequences,
cach of which is mapped to a CF1 value.

{6037} Knowing the CFl, the UE can identify the REs associated with
the PDCCH and demodulate them, resulting in a block of bits corresponding to
the DCI message. The packing of these bits can take one of several formats, and
is not communicated with the UE. A blind scarch over the different formats 1s
performed by the UE to unpack these bits. The “candidate” formats are either on
the common search space, or on the UE-specific search space, though there are
two candidate formats and are both located on the common search space. A
cychic redundancy check (CREC) is obtained to identity the right format.

{0038} The DCT is next parsed to give the configuration of the
corresponding PDSCH REs carrying the SIB, which are then demodulated.
Next, the received bits in downlink-shared channel (BL-SCH) are decoded,
resulting in the SIB bits. Subsequently, these bits are decoded using an ASN 1
decoder, which will extract the system information senf on the SIB by the
eNodeB.

{6039] During signal acquisition. the frame timing and the eNodeB cell
1D are deternuned. Then, the MIB is decoded and the bandwidth of the system
as well as the frame number are extracted. This will allow the UE to demodulate
the OFDM signal across the entire bandwidth and locate the SIB1 REs. The UE

moves on to decode the SIB1 message, from which the scheduling for S1B4 is
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deduced and. subsequently, decoded. SIB4 contains the cell ID of intra-
frequency neighboring cells as well as other mformation pertaining to these
cells. Decoding this information gives the UE the ability to simultancously track
signals from different eNodeBs and produce time-of-armival (ToA) estimates
from cach of these eNodeBs. Signal tracking and ToA cstimation is described
below.

{0040] F1G. 8 15 a signal tracking block diagram 800, in accordance with
at least one embodiment. The signal tracking block diagram 800 may provide
tracking of the PSS or 885, which enables the UE to stay synchronized with the
eNodeB and continucusly reconstruct the LTE frame. Because there are 3
possible PSS sequences, there will be high level of interference from
neighboring cells. The interference level is much lower for the 58S, which can
be one of 168 possible sequences. The signal tracking block diagram 800
thercfore tracks the 888 instead of the PSS, The components of the signal
tracking block diagram 800 tracking loop used to track the 855 may mclude the
frequency-locked loop assisted (FLL-assisted) phase-locked loop (PLL) and the
carrier-aided delay-locked loop (DLL).

{06041} The signal tracking block diagram 800 includes a FLL-assisted
PLL, which includes a phase discriminator, a phase loop filter, a frequency
discriminator, a frequency loop fiiter, and a numerically-controiled oscillator
{NCO). Because no data 1s modulated on the $85, an atan2 phase discriminator,
which remains linear over the full input error range of +x, could be used without
the risk of ntroducing phase ambiguitics. A third-order PLL mayv be used to

track the carrier phase, with a loop filter transfer function given by

(1}
where @y is the undaroped natural frequency of the phase loop, which can be
related to the PLL noise-equivalent bandwidth Burii by Buper = 0.7845a 5. The
output of the phase loop filter is the rate of change of the carrier phase error

27 pi, expressed in rad/s, where [oeis the Doppler frequency. The phase loop
filter transfer function m (1} is discretized and rcalized i state-space. The
noise-equivalent bandwidth By reir is chosen to range between 4 and 8§ Hz, The
PLL is assisted by a seccond-order FLL with an atan? discriminator for the

frequency. The frequency error at time step £ is expressed as
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where Spe= Ipr+ jUpr1s the prompt correlation at time step £, and 7wp=0.01s 18
the sub-accumulation period, which is chosen to be one frame length. The

transfer function of the frequency loop filter is given by

(2)

where w15 the undamped natural frequency of the frequency loop, which can
be related to the FLL noise-equivalent bandwidth Borir by Bura = 0.53ws, The
output of the tfrequency loop filter 1s the rate of change of the angular frequency
2xf pr, expressed in rad/s?. Tt is therefore mtegrated and added to the output of
the phase loop filter. The frequency loop filter transfer fimetion in (2) 1s
discretized and realized in state-space. The noisc-equivalent bandwidth By is
chosen to range between 1 and 4 Hz

0042} The signal tracking block diagram 800 also mcludes a carrier-
aided DLL, which may use a non-coherent dot product discriminator. To
compuie the 888 code phase crror, the dot product discriminator uses the
prompt, early and late correlations, denoted by Spr, Ser, and Si, respectively. The
early and late correlations are calculated by correlating the received signal with
an early and a delayved version of the prompt 588 sequence, respectively. The
time shift between Serand Si-is defined by an carly-minus-late time fews,
expressed i chips. The chip interval 7 for $88 (and PSS), can be expressed as
o= wiv, where BW is the bandwidth of the synchronization signal. Since the
555 and PSS occupy only 62 subcarriers, 8Wis calculated to be BW =62 x 15 =
930 KHz, which gives o= 1.0752us. The autocorrelation function of the
transmitted LTE S88 153 wide at its peak and thercfore a wider femsis preferable in
order to have a significant difference between Spe, Ser, and Si.

[0043] The DLL loop filter may include a simple gain & with a noise-
equivalent bandwidth B.oie = 5 ¥ €5 Hz, The output of the DLL loop filter
voiLis the rate of change of the SSS code phase, expressed in s/s. Assuming

low-side mixing, the code start ime 1s updated according to

2 2 . fb k
- == ¥ — 4 R
isk.p.j sy (L’DLL,R i ) Tsub
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Finally, the S88 code start time estimate 1s used to reconstruct the transmitte
LTE frame.

{0044] FiGs. 9A-SD are graphs of tracking performance 900, in
accordance with at least one embodiment. The tracking performance 900 show
the performance of various components of the signal tracking block diagram
800. FIG. 9A shows the carrier phase error, and FIG. 9B shows the code phase
error. F1G. 9C shows the doppler frequency, and FIG. 9D shows the in-phase
and gquadrature-phase correlation.

[B045] FIG. 10 1s a timing information extraction block diagram 1000, in
accordance with at least one embodiment. In LTE systems, the PSS and 555 are
transnutted with the lowest possible bandwidth. Consequently, the timing
resclution obtained from these signals 1s low. For more precise navigation using
LTE signals, the cell-specific reference signal ({CRS} is used. The timing
mformation extraction block diagram 1000 includes the CRS, which provides
the ability to determune timing mformation. The CRS is a pseudo-random
sequence which 1s uniguely defined by the eNodeB s cell ID. The CRS s spread
across the entire bandwidth and is transmitted mainly to estimate the channel
frequency response. The CRS subcarrier allocation depends on the cell 1D, and
it 1s designed to keep the interference with CRSs from other eNodeBs to a
minimom. The transmitted OFDM signal from the u-th eNodeB at the &-th

subcarrier, ¥ ¥(k), can be expressed as

where S®(k) is the u-th eNodeB’s CRS sequence, A® is the set of subcarriers in
which S¥Xk) is transmitted, and Dk) represents some other data signals.
Assuming that the transmitted signal propagates in an additive white Gaussian

noise {AWGN) channel, the received signal will be

where HU9k) is the channel frequency response at the 4-th subcarrier and wi{(k)

is an AWGN.,

11
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[B046] The timing information extraction block diagram 1000 includes
an estimation of the channel impulse response. The channel frequency response

estimate of the desired eNodeB, «, is obtained according to

)
where
&g ‘__>§{=a',‘:-.‘ B 303

and
From the propertics of the CRS sequence,

R
hence

s FV R

{6047} The data transmitted by cach eNodeB 1s scrambled by a pseudo-

random sequence that is orthogonal to the sequences of other eNodeBs, which
means that 7% must be zero. However, since the DU component of the
transmitied data is removed, the orthogonality between different pscudo-random
codes 18 lost, and the resulting correlation can be modeled as a zero-mean

QGaussian random variable. Letting

then

where I'(h) 15 a zero~-mean Gaussian random variable as well. The channel

impulse response estimate is given by

{4}

12
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06048} In general, a multipath channel can be modeled as

where ¢{/} and n"({) are the attenuation and the delay of the /-th path to the u-
th eNodeB, respectively. Estimating #%(/) is achieved through the following

hvpothesis test

N
1
1
1
3

where it can be shown that 1% A has a Rayleigh distribution under He, and a
Rician distribution under A1 To increase the probability of detection, the
channel impulse response estimates at different slots can be added mecherently.
Similarly, the channel impulse response estimates for different transmit antennas
can also be added incoherently, assuming that they have the same line-of-sight
(LOS} path. In this paper, the channel frequency response estimates are
accumulated across the entire frame to improve the detection performance.

[0049] The LTE signals cam be used to extract pscudorange
o1

measurements. The receiver state is defined by x» , where =

bxr, vz} is the recetver’s position vector, - is the receiver’s clock bias, and ¢ is
the speed-of-light. Sinularly, the state of the i-th ¢NodeB s defined as

. -

. where ¥s 7

is the eNodeB’s posttion vector
and of 15 its clock bias. Subsequently, the pscudorange measurement to the i-th
eNodeB at time £, p,, can be expressed as

b
P ST D S S,
1 §4

where v 1s the measurement noise, which is modeled a zero-mean Gaussian
random variable with variance o7, By drawing pseudorange measurements to
four or more eNodeBs, the UE can estimate its state, provided that the position
and the clock bias of the eNodeBs are known. The SOP position can be mapped
with a bigh degree of accuracy collaboratively or non-colaboratively.
Additionally, the location of LTE base stations can be obtained from online

databases, ground surveys, satellite imagery, or other sources, which may
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provide a rehable estimate of the position of the eNodeBs to the UE. However,
the clock bias of these base stations 15 a stochastic dynamic process, and needs to
be continually estimated. In an embodiment, only the difference &1, ot — dfwis
considered, though additional embodiments may consider the receiver and
eNodeB’s individual clock biases. This difference is modeled as a first order
polynomual, t.e., 86{1) = a: 1 + by, where @18 the clock drift between the receiver
and the i-th eNodeB and 515 the corresponding constant bias. The coefficients
of J1; are calculated from the GPS data and the measured pseudoranges using a
least-squares (LS} fit. The pseudorange at time ¢ 1s rg-oxpressed as pi = iy {1y, To)

b3 oAy

+ Vi, where H3¥re Vs I3 5%

|2
S
H
~
%

¢. By making pseudorange
measurements to & > 3 eNodeBs with known position states, the recetver can
estimate its position state using an iterative weighted nonlincar LS (WNLS)

solver. The receiver’s position cstimate update at the /-th iteration 1s given by

Se HTRTEYTHIRS (p - R

mmrai

where

o4

et

Sroirorocd

is the measurement noise covariance matrix, and H is the Jacobian matrix with
respect to the receiver’s position, given by

ot
oy,

tbssrrssss
[Srsassesend

HEERS ] The timing information extraction block diagram 1000 may
provide improved performance in the presence of multipath signals. As
described above, the LTE receiver may be used to track the SS8, however the
transmission bandwidth of the 558 is less than 1 MHz, leading to low TOA
accuracy in a moltipath environment. However, the 855 can provide
computationally low-cost and relatively precise pseudorange information using
conventional delay-locked-loops (BLLs}. A cell-specific reference signal (CRS)

recetver may be used to track a channel impulse response (CIR), which may be
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used to improve the result of the SS8 tracking. The CRS 1s a reference
sequence, which may be used to estimate a channel between an eNodeB and the
UE. The CRS may provide increased accuracy in estimating the TOA due to its
higher transmussion bandwidth. The CIR tracking may be mmproved further by
applying an adaptive threshold for the CRS recetver, sach as deseribed below.
{0651} An adaptive threshold may be determined through the use of
constant false alarm rate (CFAR). An mnitial threshold may be dependent on the
noise variance, or’, however the noise variance continuously changesina
dvnamic environment, and the threshold must be updated accordingly.

Changing the threshold to keep a constant prais defined as constant false alarm
rate ({CFAR}. Cell-averaging CFAR (CACFAR) is an example CFAR technigue.
In CA-CFAR each cell is tested for the presence of a gignal. For a given ¢ell
under test ({CUT). a functional of Nr training cells separated from the CUT by Ny

guard celis is computed. In a square-law detector, this functional will be the sum

where xmis the functional evaluated at the m-th training cell. A threshold can be
obtained by multiplving P. by a constant K, hence = KPP, which can be shown
to have a noncentral chi-square distribution with 2¥-degrees of freedom. The

probability of false alarm for a specitied threshold is

3]

i:.i

N6

Pra= ¢

The prain CA-CFAR can be obtamed by taking the average of above over all

o

possible values of the decision threshold. This vields

which is used to compare the desired cell’s value to the noise floor.

'
£

w

p

HEEYY To improve the probability of detection while maintaining a
constant pra, a non-coherent integration can be ased. For this purpose, it is
proposed to integrate squared envelopes of 70 n} at different slots and for
different transmitting antennas {(assuming that they have the same LOS path) m
one frame duration. Defining n:as the nomber of non-coherent integrations,

averaging 1s performed over miNstraining cells. Therefore, after integration, the
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threshold will bave a noncentral chi-square distribution with ZnmiN: degrees of
freedom. By taking the average of the probability of false alarm given the

threshold over the new pdf of this threshold, it can be shown that

. e L s oAy e
i P B T I
. RAEEAS 3
g e e I . -
: {1 J el bt B Pin Ny AH S

where K can be solved for numerically, and the threshold will be determined
from n = KPx.

{0653} Using the proposed method for tracking the TOA, the probability
of false alarm in detecting the first peak means that noise is erroncousty detected
as a valid signal, which can cause significant errors and potentially loss of track.
To resolve this problem, a low-pass filter is applied after the CFAR detector,
which removes sudden changes in the estimated TOA. The localization error
with the proposed method is acceptable for medium to high bandwidth LTE
signals {e.g. above 10 MHz). For lower bandwidths, other methods could be
exploited. Afier detecting 49 (0), the residual TOA, 1 = Tsd ®(0), is fed-back
to the tracking loops to improve the estimated frame start time .

[054] FIG. 11 15 a block diagram of an experimental configuration
1000, in accordance with at least one embodiment. The experimental
configuration 1000 may be used to evaluate the performance of the proposed
LTE SDR, such as by conducting a field test real LTE signals in a semi-urban
enviromment. The experimental configuration 1000 includes a mobile ground
receiver equipped with three antennas to acquire and track one set of GPS
signals and two different bands of LTE signals from ncarby eNodeBs. The
experimental configuration 1000 includes LTE receiver antennas, such as
consumer-grade 800/1900 MHz cellular ommidirectional antennas, and the GPS
antenna includes a surveyvor-grade Leica antenna. The LTE signals may be
stranltancously down-mixed and synchronously sampled via a dual-channel
universal software radio peripheral (USRP) driven by a GPS-disciplined
oscillator. The GPS signals may be collected on a separate single-channe] USRP
also driven by a GPS-disciplined oscillator. The LTE receiver may be tuned to
739 and 1955 MHz carrer frequencies, both of which are allocated tor AT&T.
Samples of the received signals may be stored for off-line post-processing. The

GPS signal may be processed by a Generalized Radio-navigation Interfusion
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Device (GRID) SDR and the LTE signals may be processed by the proposed
MATLAB-based LTE SDR.

[055] FIG. 12 1s an experimental receiver trajectory map 1200, in
accordance with at least one embodiment. Map 1200 shows 3 eNodeBs tracked
i an example experiment, inchiding the eNodeBs histed in Table I

TABLE II: eNodeB characteristics

fe veren | Bandwidth | Number of
eNodeB (N{Hz) e (MHz) antennas
1 739 288 10 2
1955 | 216 20 2
3 739 232 10 2

The position states of these eNodeBs were previously mapped, and are shown on
map 1200, As shown on map 1200, all measurcments and trajectorics were
projected onto a two-dimensional (2-D) space, which shows the true and
cstimated receiver trajectories. Subscquently, only the horizontal position of the
receiver was being estimated. As shown i FIG. 12, the navigation solution
obtained fiom the LTE signals follows closcly the navigation sclution obtained
using GPS signals. In this example, the root mean square (RMS) error between
the GPS and LTE navigation solutions along the traversed 1.42 km trajectory
was caleulated to be 11.96 m with a standard deviation of 6.83 m and a
maxionn error of 4042 m.

{0056} Map 1200 shows 3 eNodeBs tracked m an example experiment,
however various numbers of nodes may be tracked to improve the navigation
solution. To estimate the position of the receiver in a two-dimensional (2-1)
plane using a static estimator, the pscudoranges to at feast three eNodeBs are
requited and can be obtained by tracking the signal of each eNodeB. However,
tracking all signals is computationally mvolved and can prohibit real-time
unplementation. The reccived signal from an eNodeB can be highly attenuated,
and therctore it may not be possible to track all ambient S58s. Inan
embodiment, the frequency reuse factor of six in the LTE CRS signals mav be
used to extract the pseudorange of multiple eNodeBs while tracking only one

eNodeB.
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{6057 The received symbol at the UE can be written as

I P RV
R
AR

3._\»'"«“.«\\ s
v s {red

where r({n} is the received symbol from the main eNodeB, r{n} is the
recetved signal from the u-th eNodeB at time n, and w{n} 1s modeled as an
additive white Gaussian noise with variance 07 . Defining the received time
delay of the u-th eNodeB as (0, which in effect measures the TOA and the
clock biases, the signal will be received 1n one of three possible scenarios. The
first scenario happens when the difference of the distances to the main eNodeB
and 1o the neighboring ¢NodeB is less than the duration of the CP. Fora CP of
length 4.69 us, this difference mast be less than 1406 m. In the second scenario,
the difference 18 more than the length of a CP. In the third scenario, the
neighboring eNodeB is closer to the receiver than the main eNodeB. In the
second sconario, the neighboring eNodeBs are significantly far, and it is
assumed that the received signals from these eNodeBs are highly attenuated. It
is also assumed that the third scenario does not happen since the main eNodeB s
defined as the eNodeB with the highest power, which is usually the closest

eNodeB to the receiver.

IETS]

[0058] Defining #s *, nt{0) - n(U{0] as the time delay difference

between the u-th eNodeB and the mam eNodeB, it can be concluded that for

By taking the FFT of r{n) and using Ri(k) and r“%n}, the received signal in the

frequency-domain becomes

e
7%

EBenIe,

Therefore, the CFR of the main eNodeB can be obtained from
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After obtaining A ¥ the method proposed above can be exploited to

determine the first peak of R " The u-th eNodeB TOA

can be calculated as

It is worth mentioning that in this method, the phase and frequency offsets of the
neighboring eNodeBs are not tracked. One of the challenges in using this

method 1s that it depends on the relative location of the main eNodeB and the

neighboring eNodeB, and 1t is applicable only when the condition § <
ts satisfied.

[(3059] FIG. 13 15 an extended Kalman filter block diagram 1300, in
accordance with at least one embodiment. To improve upon sclutions that
model clock drift using a lincar model, an extended Kalman filter (EKF) may be
used to estimate on-the-fly the position of the recetver along with the difference
of the clock biases between the receiver and each eNodeB. The block diagram
1300 includes an LTE receiver and GPS receiver, which may be mounted on a
vehicle. The LTE receiver provides an L'TE signal to an LTE SPR, such as
described above. Similarly, the GPS receiver may provide a GPS signal to a
GRID GPS SDR. The LTE SDR may generate and provide pseudoranges to the
EKF, and the GPS SDR mayv generate and provide initialization data to the EKF.
The EKF may use the pseudoranges and initialization data to generate an L'TE
navigation solution, and the GPS SDR may generate a GPS navigation sohution.
Both the LTE and (GPS navigation solutions may be compared to calculate the

estimation error.
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0060} FIG. 14 15 an LTE receiver architecture block diagram 1400, in
accordance with at least one embodiment. As it can be seen in FIG. 14, points A
and B can be connected to the points 1, 2, or 3. These connections arc assigned
based on the stage in which the receiver is working. In the first stage, where A
and B are connected to the points numbered 1, the recetver obtains a coarse
estimate of the frame start time by acquiring the P55 and S88. In the second
stage, where A and B arc connected to points nwmbered 2, the receiver refines
the mitial estimate using ESPRIT algorithm. In the third and final stage, where
the points numbered 3 are connected to A and B, the receiver tracks the signal in
which a fine cstimate of the TOA is obtained.

0061} FIG. 1515 a block diagram of a computing device 1500,
according to an embodiment. In one embodiment, multiple such computer
systems are used in a distributed network to umplement multiple components in a
transaction-based covironment. An object-oriented, service-oriented, or other
architecture may be used to implement such functions and communicate between
the multiple systems and components. In some embodiments, the computing
device of FIG. 15 15 an example of a client device that may mvoke methods
described herein over a network. In other embodiments, the computing device is
an example of a computing device that may be inchided in or connected to a
motion interactive video projection system, as described elsewhers herein, In
some embodiments, the computing device of FIG. 15 is an example of one or
more of the personal computer, smartphone, tablet, or various servers.

10062} One example computing device in the form of a computer 1510,
may include a processing unit 1502, memory 1504, removable storage 1512, and
non-removable storage 1514, Although the example computing device is
tlustrated and described as computer 1510, the computing device may be in
different forms in different embodiments. For example. the computing device
may instead be a smariphone, a tablet, or other computing device including the
same or similar elements as illustrated and described with regard to FIG. 15
Further, although the various data storage elements arc iHustrated as part of the
computer 1510, the storage may mclude cloud-based storage accessible viaa
network, such as the Internet,

{0063} Retuming to the computer 1510, memory 1504 may melude

volatile memory 1506 and non-volatile memory 1508, Computer 1510 may
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mciude or have access to a computing environment that includes a variety of
computer-readable media, such as volatile memory 1506 and non-volatile
memory 1508, removable storage 1512 and non-removable storage 1514,
Computer storage includes random access memory {RAM), read only memory
{(ROM), erasable programmable read-only memory (EPROM) & electrically
crasable programmable read-only memory (EEPROM), flash memory or other
memory technologies, compact disc read-only memory (CD ROM), Digital
Versatile Dnsks (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 mnstructions. Computer
1510 may include or have access to a computing environment that inchudes input
1516, output 1518, and a communication connection 1520, The input 1516 may
inchude one or more of a touchscreen, touchpad, mouse, keyboard, camera, and
other input devices. The input 1516 may include a navigation sensor input, such
as a GNSS receiver, a SOF receiver, an inertial sensor (¢.g., accelerometers,
gyroscopes), a local ranging sensor {e.g., LIDAR), an optical sensor {e.g.,
camcras), or other sensors. The computer may operate in a networked
environment using a communication connection 1520 to connect to one or 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 comumon network node, or the
like. The commuanication connection 1520 may be a network interface device
such as one or both of an Ethemnet card and a wireless card or circuit that may be
connected to a network. The network may include one or more of a Local Area
Network {LAN), a Wide Area Network (WAN), the Internet, and other
networks.

{0064} Computer-readable instructions stored on a computer-readable
medium are executable by the processing unit 15302 of the computer 1310, A
hard drive (magnetic disk or solid state), CD-ROM, and RAM are some
examples of articles including a non-transitory computer-readable mediam. For
example, various computer programs 1525 or apps, such as onc or more
applications and modules mmplementing one or more of the methods llustrated

and described herein or an app or apphication that executes on a mobile device or
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is accessible via a web browser, may be stored on a non-transifory computer-
readable medium.

[0065] To better illustrate the method and apparatuses disclosed herein, a
non-hmiting list of embodiments is provided here.

{0066} Each of these non-limiting examples can stand on its own, or can
be combined in various permutations or combimations with one or more of the
other examples.

{067} Conventional terms in the ficlds of computer vision have been
used herein. The terms are known in the art and are provided only as a non-
himuting example for convenicnee 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.

[0068] Although specific embodiments have been illustrated and
described herein, it will be appreciated by those of ordinary skill in the art that
any arrangement that 1s calculated to achieve the same purpose may be
substituted for the specific embodiments shown. Many adaptations will be
apparent to those of ordinary skill n the art. Accordingly, this application is
mtended to cover any adaptations or variations.

{0069} The above detailed description inchudes references to the
accompanying drawings, which form a part of the detatled description. The
drawings show, by way of illustration, speeific embodiments that may be
practiced. These embodiments are also referred to herein as “examples.” Such
examples may include clements in addition to those shown or described.
However, the present inventors also confemplate examples in which only those
clements shown or described are provided. Moreover, the present inventors also
conteraplate examples using any combination or permutation of those clements
shown or described (or one or more aspects thereof), either with respect to a
particudar example (or one or more aspects thergof), or with respect to other
examples {or one or morg aspects thereof} shown or deseribed herein.

[0076] All publications, patents, and patent documents referred to in this
document are incorporated by reference herein in their entirety, as though
mdividually ncorporated by reference. In the event of inconsistent usages

between this document and those documents so mcorporated by reference, the
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usage m the incorporated reference(s) should be considered supplementary to
that of this document; for irreconcilable inconsistencies, the usage in this
document controls,

0671} 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 docoment, the
term “or’” is used to refer to a nonexclusive or, such that “A or B” includes “A
butnot B,” “B but not A,” and “A and B.” unless otherwise indicated. In this
document, the terms “mehuding” and “in which”™ are used as the plain-Enghish
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 mcludes elements 1n addition to those
Eisted after such aterm in a claim are still deemed o {all within the scope of that

%9 ¢t

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 obiects.

{0072} Method cxamples described herein can be machine or computer-
implemented at least in part. Some examples can melude a computer-readable
medium or machine-readable medium encoded with instructions operable to
configure an electronic device to perform methods as described in the above
examples. An implementation of such methods can include code, such as
microcode, assembly language code, a higher-level language code, or the like.
Such code can inchide computer-readable instructions for performing various
methods. The code may form portions of computer program products. Further,
in an exampie, the code can be tangibly stored on 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 {¢.g., compact disks and digital video disks}, magnetic
casscties, memory cards or sticks, random access memories {RAMs), read-ounly
memorics (ROMs), and the like.

10673} The above description 1s intended to be illustrative, and not
restrictive. For example, the above-described examples {or one or more aspects

thereof) may be used in combination with cach other. Other embodiments may
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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 is
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 Betailed Description,
various features may be grouped together to sireamline the disclosure. This
should not be interpreted as intending that an unclaimed disclosed feature is
essential to any claim. Rather, inventive subject matter may hie in less than all
featares of a particelar disclosed embodiment. Thus, the following claims are
hereby mcorporated into the Detailed Description, with each claim standing on
its own as a separate embodiment, and 1t is contemplated that such embodiments
can be combined with cach other in various combinations or permutations. The
scope of the embodiments should be determined with reference to the appended
claims, along with the full scope of cquivalents to which such claims are

enfitled.
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CLAIMS

1. A navigation system comprising:

a global navigation satellite solution (GN5S) receiver to receive a
plurality of GNSS signals from a plurality of GNSS satellites;

a long term ¢volution (LTE) signal of opportunity (8OP) receiver to
receive an SOP signal from at least one LTE transceiver station; and

a pProcessor (o

determing 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 the plurality of GNSS pseudorange measurements.

2. The system of claim 1, wherein determining the estimated receiver

position includes tracking an L'TE primary synchronization signal (PSS},

3. The system of claim 1, wherein:
determining the estimated receiver position includes tracking an LTE
secondary synchronization signal (888); and

tracking the 885 is based on the processor tracking the PSS,

4. The system of claim 3, wherein the processor determining the estimated
recerver position includes determining a coarse frame start estimate based on the
SSS and PSS

5. The system of claim 4, wherein the processor deternuning the estimated
recetver position includes determining an initial navigation estimate based on an

ESPRIT algorithm.

6. The system of claim 3, wherein the processor determining the estimated

recetver position includes determining a fine time-of-amval estimate.
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7. The system of claim 1, wherein determining the estimated receiver
position includes applying an extended Kalman filter to estimate the plurality of

recetver-SOP clock bias differences.

8. The system of claim 1, wherein determining the estimated receiver
position inchides tracking a second SOP signal based on the received SOP

signal.

9. The system of claim 1, further including a cell-specific reference signal
{CRS) receiver to receive a CRS, wherein deternmining the estimated receiver

position includes tracking a channel impulse response (CIR) based on the CRS.

10.  The system of claim 1, the processor further to:
determine that the received plurality of GNSS signals is unavailable; and
determine an updated estimated receiver posttion based on the SOP
pseudorange measurement, the updated estimated recetver position determined

without requiring the plurality of GNSS pseudorange measuroments.

i1 A navigation method comprising:

receiving a plurality of GNSS signals from a plurality of GNSS satellites
at a global navigation satellite solution {GINSS) receiver;

receiving an SOP signal from at least one L'TE transceiver station at a
long term evolation (L'TE) signal of opportonity (SOP) recetver;

determining a plurality of GNSS pscudorange 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 the plurality of GNSS pseudorange

measurements.

12, The method of claim 11, wherein deternuning the estimated receiver

position inchudes tracking an LTE primary synchronization signal {(PSS).

26



WO 2018/125333 PCT/US2017/053002

13, The method of claum 11, wherem:
determining the estimated receiver position mcludes tracking an LTE
secondary synchronization signal (855); and

tracking the 5SS 1s based on the processor tracking the PSS,

14.  The method of claim 13, wherein determining the estimated receiver
position includes determuning a coarse frame start estimate based on the 888 and
PSS,

15, The method of claim 14, wherein determuning the estimated receiver
position inchudes determining an inutial navigation estimate based on an ESPRIT

algorithm.

16.  The method of claim 15, wherein determining the estimated roceiver

position includes determuning a fine time-of-arrival estimaie.

i7. The method of claim 11, whercin deternuning the estimated receiver
position includes applying an extended Kalman filier to estimate the plurality of

recetver-SOP clock bias differences.

18.  The method of claim 11, wherein determining the estimated roceiver
position includes tracking a second SOP signal based on the received SOP

signal.

19, The method of claim 11, further including a celi-specific reference signal
{CRS) recerver to receive a CRS, wherein determining the estimated receiver

position inchudes tracking a channel tmpulse response (CIR) based on the CRS.

20, The method of claim 11, further incloding:

determuning that the received plurality of GNSS cignals is unavailable;
and

determiming an updated estimated receiver position based on the S0P
pseudorange measurement, the updated estimated receiver position determined

without requiring the plurality of GNSS pseudorange measurements.
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