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1
SYSTEMS AND METHODS FOR
TRANSPARENCY MAPPING USING
MULTIPATH SIGNALS

CROSS-REFERENCE TO RELATED CASES

This application claims priority to and the benefit of U.S.
Provisional Patent Application No. 60/977,519, filed on Oct.
4, 2007, which is incorporated by reference as if set forth
herein in its entirety.

This application also claims priority to and the benefit of
U.S. Provisional Patent Application No. 60/973,314, filed on
Sep. 18, 2007, which is incorporated by reference as if set
forth herein in its entirety.

This application is also a continuation-in-part of U.S.
patent application Ser. No. 11/335,160, filed on Jan. 19, 2006,
which is incorporated by reference as if set forth herein in its
entirety.

This application also incorporates by reference the disclo-
sure of U.S. Pat. No. 6,693,592, issued on Feb. 17,2004, as if
set forth herein in its entirety.

This application further incorporates by reference the dis-
closure of U.S. Pat. No. 6,934,626, issued on Aug. 23, 2005,
as if set forth herein in its entirety.

FIELD OF THE INVENTION

In various embodiments, the present invention relates to
mapping techniques, and more specifically to systems and
methods for transparency mapping using multipath signals,
such as remote interior and exterior three-dimensional trans-
parency mapping of urban environments and building struc-
tures.

BACKGROUND OF THE INVENTION

With conventional mapping techniques, an observer (or his
equipment) typically has to have a direct line of sight to an
object to be mapped. If a portion of the object is out of sight,
it may not be represented in a final map generated with the
conventional techniques. This is true for existing mapping
techniques such as land survey (with total stations), photo-
mapping, photogrammetry, and remote sensing methods.

Many remote-sensing exterior mapping techniques rely on
direct reflection of radio-frequency (RF) signals, microwave
signals, or other type of signals to detect the presence of
objects and to map their locations. For example, an RF signal
may be transmitted from a source and directed towards an
area of interest, and objects in that area may reflect the RF
signal back towards the source. The reflected signals can be
collected at the signal source and their time of arrival (TOA)
may be used as a basis for determining a relative distance
between the source and the reflective objects. This is the
general operating principle for radar and sonar. More com-
plex operations might employ two or more transceivers to
triangulate object locations.

These remote-sensing mapping techniques, however, suf-
fer from a number of deficiencies. For example, to be
accounted for in a final map, an object generally must be
within line of sight of at least one transceiver. Even within line
of sight, object surfaces that do not reflect a transceiver’s
signal directly back to that transceiver are effectively “invis-
ible” to the transceiver and therefore will not be charted in the
map. Typically, anything other than narrow-angled, single-
reflection signals is either not detected or filtered out as noise.
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2

As a result, a substantial portion of signals that bounce off an
object end up not contributing any geometric information to
the final map.

In mapping techniques that are based on a coordinated
deployment of signal source(s) and receiver(s), one or more
receivers (e.g., transponder tags) may move across an area of
interest and simultaneously detect signals from one or more
sources. Based on the detected signals, the receivers’ coordi-
nates at different locations in the area may be calculated and
synthesized into a map. Again, the receiver or tag must typi-
cally have a direct line of sight to the signal source(s) in order
to accurately determine its own location. In a cluttered envi-
ronment, such as an urban canyon or an enclosed structure,
the receiver or tag may lose direct sight of signals, making it
difficult to use direct-path signals for mapping. In this
approach, the reflected signals are typically treated as
unwanted noise.

Therefore, it has been difficult, if not impossible, to employ
conventional mapping techniques in a cluttered environment,
such as an urban canyon, or an enclosed structure, such as a
building. Such environment or structures tend to generate
multipath signals (i.e., signals experiencing one or more
reflections between source and detection), making it difficult
to rely on direct-path signals alone for the mapping. FIG. 1
illustrates exterior mapping for an exemplary urban environ-
ment cluttered with Buildings A, B and C. TC1 and TC2 are
two externally located RF transceivers, which may be fixed or
mobile transceiver devices. As illustrated in FIG. 1, it may be
difficult to employ TC1 and TC2 to map Building C based on
existing mapping techniques. Since Buildings A and B are
much taller than Building C, the transceivers TC1 and TC2
may have a difficult time gaining an unobstructed sight of
Building C. Thus, it is difficult for either TC1 or TC2 to detect
any RF signal reflected by Building C. In addition, RF signals
from TC1 and TC2 may be reflected one or more times by
Buildings A and B (or other objects) before reaching Building
C. Therefore, it is also difficult for RF receivers or transpon-
ding devices placed on, near or inside Building C to detect
direct-path RF signals from TC1 or TC2. In these circum-
stances, the existing mapping approaches would be incapable
of mapping the exterior or interior of Building C, because
those approaches either cannot fully exploit geometric infor-
mation in multipath signals or simply discard multipath sig-
nals as unwanted noise. Signals reflecting from the interior
surfaces of the building structures are even more difficult to
incorporate into the overall mapping process for the same
reasons.

Accordingly, there is a need for improved systems and
methods that can map a cluttered environment, such as an
urban canyon, or an enclosed structure, such as a building,
without the aforementioned problems or deficiencies.

SUMMARY OF THE INVENTION

In various embodiments, the present invention relates to
systems and methods for mapping a cluttered environment,
such as an urban canyon, or an enclosed structure, such as a
building. The structure-penetrating capability of many RF
signals can provide information about interior surface dis-
tances as well as building exterior surface distances. The
exemplary systems and methods described herein recognize
that substantial information is available in multipath signals
even when a direct-path signal is absent or undetected.

One object of the invention is to use radio frequency (RF)
signals or other wireless signals to map a cluttered exterior or
interior environment, wherein multipath signals may be ana-
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lyzed to identify objects or surfaces not in direct line of sight
to a signal source or a receiver.

In general, in one aspect, embodiments of the invention
feature a method for mapping a structure. The method may
include: detecting, at a receiver, a first wireless signal trans-
mitted directly from a satellite; deriving, from the first wire-
less signal, a location of the satellite; detecting, at the receiver,
a second wireless signal transmitted by the satellite and
reflected by a structure; determining a time difference of
arrival (TDOA) between the second wireless signal and the
first wireless signal; and mapping at least one reflection point
associated with the structure. The mapping may be based on
the TDOA, a location of the receiver, and the location of the
satellite.

In general, in another aspect, embodiments of the invention
feature a system for mapping a structure. The system may
include a receiver at a known location and one or more signal
processing elements operatively coupled to the receiver. The
receiver and the signal processing elements may be config-
ured to: (i) detect a first wireless signal transmitted directly
from a satellite, (ii) derive, from the first wireless signal, a
location of the satellite, (iii) detect a second wireless signal
transmitted by the satellite and reflected by a structure, (iv)
determine a time difference of arrival (TDOA) between the
second wireless signal and the first wireless signal, and (v)
map at least one reflection point associated with the structure.
The mapping may be based on the TDOA, the location of the
receiver, and the location of the satellite.

In various embodiments, the receiver and the signal pro-
cessing elements are further configured to derive, from the
first wireless signal, a code sequence and a data message. The
receiver and the signal processing elements may also be con-
figured to perform data wiping and coherent integration on
the second wireless signal before determining the TDOA. In
another embodiment, the receiver and the signal processing
elements are configured to: (1) detect a signal having the first
wireless signal and the second wireless signal mixed
together; (ii) synthesize a replica of the detected signal by
varying a first delay applied to the code sequence and mixing
the resulting delayed code sequence with the code sequence
until the resulting mixed code sequence matches the detected
signal; and (iii) correlate the replica with the detected signal
by varying a second delay applied to the replica until a cor-
relation peak occurs between the delayed replica and the
detected signal.

In still another embodiment, a plurality of first wireless
signals and a plurality of second wireless signals both origi-
nating from one or more satellites may be detected, and the
receiver and the signal processing elements may be further
configured to (i) isolate, from the pluralities of wireless sig-
nals, a subset of wireless signals that originate from a same
satellite and (ii) identitfy, from the subset of wireless signals,
a direct path signal and at least one corresponding multipath
signal that has reflected off of the structure. In addition, the
receiver and the signal processing elements may be further
configured to determine a delay between the at least one
corresponding multipath signal and the direct path signal.

In general, in yet another aspect, embodiments of the
invention feature another method for mapping a structure.
The method includes detecting a plurality of wireless signals
that comprise at least one multipath signal that has experi-
enced at least one reflection against a portion of a structure
prior to the detection. The plurality of wireless signals may be
received from one or more sources and be detected with at
least one receiver. The method may also include analyzing the
plurality of wireless signals to estimate reflection points for
the at least one multipath signal. In addition, the method may
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4

include generating a map of at least the portion of the struc-
ture based on the estimated reflection points.

In general, in still another aspect, embodiments of the
invention feature another system for mapping a structure. The
system includes at least one receiver for detecting a plurality
of'wireless signals originating from one or more sources. The
plurality of wireless signals include at least one multipath
signal that has experienced at least one reflection against a
portion of a structure prior to the detection. The system may
also include a processor, associated with the at least one
receiver, for 1) analyzing the plurality of wireless signals to
estimate reflection points for the at least one multipath signal
and ii) generating a map of at least the portion of the structure
based on the estimated reflection points.

The one or more sources may include, for example, one or
more mobile transmitters (such as satellites moving in space),
or at least two transmitters at known terrestrial locations. The
at least one receiver may move along a known trajectory
within or near the structure, or it may move along an unknown
trajectory within or near the structure and the system may be
configured to track a location of the receiver. Tracking the
location of the receiver and generating the map may take
place at substantially the same time and in recursive steps.

In one embodiment, the system also includes a Rake filter
for processing a multipath signal in order to correlate the
multipath signal with a corresponding direct path signal. The
processor may be configured to (i) determine a time delay
between the multipath signal and the corresponding direct
path signal and (ii) estimate one or more parameters associ-
ated with a multipath delay model. In another embodiment,
the receiver is configured to assign one of the plurality of
wireless signals to a corresponding signal path. The processor
may be further configured to distinguish the at least one
multipath signal from a corresponding direct-path signal, to
associate the at least one multipath signal with a correspond-
ing direct-path signal, to iteratively estimate one or more
multipath parameters associated with a multipath delay
model, to distinguish single-reflection multipath signals from
multiple-reflection multipath signals, to identify one or more
true reflection surfaces responsible for producing the at least
one multipath signal based on a statistical inference, and/or to
eliminate one or more erroneous mapping points that result
from a proximity effect. The one or more multipath param-
eters for a multipath signal may include an angle-of-arrival
from a last reflection experienced by the multipath signal.
According to still another embodiment, generating the map
may be based on both direct-path signals and multipath sig-
nals in the plurality of wireless signals.

The foregoing and other features and advantages of the
present invention will be made more apparent from the
description, drawings, and claims that follow.

BRIEF DESCRIPTION OF DRAWINGS

The advantages of the invention may be better understood
by referring to the following drawings taken in conjunction
with the accompanying description.

FIG. 1 illustrates exterior mapping for an exemplary urban
environment cluttered with Buildings A, B and C.

FIGS. 2A-C illustrate the geometry associated with one or
more specular reflections in accordance with embodiments of
the present invention.

FIG. 3 shows a flow chart illustrating an exemplary method
for mapping based on multipath signals in accordance with an
embodiment of the present invention.
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FIG. 4 shows a process flow diagram illustrating an exem-
plary method for mapping using multipath signals in accor-
dance with an embodiment of the present invention.

FIGS. 5A-C show a floor plan of a building to illustrate one
exemplary method for mapping using multipath signals in
accordance with an embodiment of the present invention.

FIG. 6 shows a floor plan of a building to illustrate exem-
plary mapping simulation results using multipath signals in
accordance with an embodiment of the present invention.

FIG. 7 illustrates a system for mapping using multipath
signals in accordance with an embodiment of the present
invention.

FIG. 8 illustrates the structural geometry for enhancing
satellite-based signals through data wiping for transparency
mapping in accordance with an embodiment of the present
invention.

FIG. 9 shows a block diagram illustrating an exemplary
system for satellite-based transparency mapping in accor-
dance with a data wiping embodiment of the present inven-
tion.

FIG. 10 shows a block diagram illustrating an exemplary
multipath signal resolution method for satellite-based trans-
parency mapping in accordance with an embodiment of the
present invention.

FIG. 11 shows exemplary waveforms for signal resolution,
PRN generation, and signal autocorrelation processes in
accordance with an embodiment of the present invention.

FIG. 12 is another depiction of the geometry associated
with a single specular reflection.

FIG. 13 is another depiction of the geometry for two con-
secutive specular reflections.

In the drawings, like reference characters generally refer to
corresponding parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead being
placed on illustrating the principles and concepts of the inven-
tion.

DETAILED DESCRIPTION OF THE INVENTION
A. The Exploitation of Multipath Signals

In brief overview, embodiments of the present invention
provide signal detection and processing techniques for indoor
or transparency mapping applications. Rather than treating
multipath signals as noise and attempting to mitigate multi-
path-induced errors, these techniques decode and exploit geo-
metric information within multipath signals. Embodiments of
the present invention rely on well-established wireless signal
transmission and receiving means to perform two-dimen-
sional (2-D) and/or three-dimensional (3-D) mapping of clut-
tered outdoor and/or indoor environments. In a generalized
setting, one or more signal sources may be configured to
transmit signals at known locations within or near an indoor
or outdoor environment, while one or more receivers (e.g.,
detectors or transponding tags) may receive the resultant
wireless signals within or near the environment. The signal
sources may be transmitters at fixed or variable locations
within or near a building. The receivers may be moving along
a certain trajectory or be in a fixed position inside or outside
the building.

Typically, at least one of the signal sources or the receiver
is in (scanning) motion to provide some perspective of the
mapped object. Wireless signals received by a receiver may
include both direct-path and indirect path (i.e., multipath,
reflected) signals. In one embodiment, the multipath time-of-
arrival or time-of-flight measurements are processed with a
parametric model of indirect path length (or a multipath delay
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model) which contains angle-of-arrival as well as distance
information. The parametric model is developed by ray-trac-
ing one or multiple reflective paths and is based on the geom-
etry of ideal specular reflections. With the parametric model,
estimated locations of the last reflection points are calculated.
True RF reflection surfaces (facets) can be established by
statistically distinguishing single-reflection paths from mul-
tiple reflection paths. The estimated reflection points and
facets, as well as a priori information (e.g., partial map), if
any, can then be synthesized to provide geometric details of a
cluttered environment. The direct-path time-of-flight mea-
surement is useful for establishing a current position of the
receiver and to initialize multipath parameters.

Embodiments of the invention have potentially important
commercial and military applications. These include, for
example: (1) providing real-time indoor infrastructure infor-
mation to first responders (e.g., policemen, firemen, and anti-
terrorist personnel) when maps may not exist or may have
changed due to fire/explosions, etc.; and (2) efficient and
inexpensive real-time mapping of warehouses, hospitals, etc.
(including updating of current maps to address recent move-
ment of significant objects such as large equipment, storage
cabinets, etc.). In both scenarios, the indoor infrastructure or
layout may have recently changed, rendering current maps
obsolete; in this case, the real-time capability of the exem-
plary embodiments described herein allows timely updating
of the maps.

In connection with these developments, it has been deter-
mined that the indirect-path distance for specular reflections
from planar surfaces can be modeled using only two param-
eters in two dimensions and three parameters in three dimen-
sions, no matter the number of specular reflections. Using this
model, as discussed in more detail below, relevant parameters
may be estimated in real time or in batch, thereby providing a
basis for establishing reflection points.

B. Multipath Mapping Concept

In one embodiment of the multipath mapping concept, one
or more Rake filters (or similar or equivalent means) are used
to isolate a direct-path signal and its corresponding multipath
signals. In another embodiment, time delay measurements of
the direct and indirect multipath signals are processed using
one or more of data association, initialization, parameter esti-
mation, and tracking filters. A data association algorithm may
be used to enhance tracking of intermittent direct and indirect
path measurements. In yet another embodiment, a particle
filter is used to reduce the initial receiver position uncertainty
to a region where an extended Kalman filter can be used for
both indirect path parameter estimation and tracking. In fur-
ther embodiments, dead-reckoning sensors or other naviga-
tion aids are used to slow error growth in measurements or to
aid in the data association process.

FIGS. 2A-C illustrate the geometry associated with one or
more specular reflections in accordance with embodiments of
the present invention. As shown in FIG. 2A, a wireless signal
may be transmitted initially from a source s and experience
multiple specular reflections before being detected by a
receiver r.

With reference to FIG. 2B, which shows a single specular
reflection, the derivation of a multipath delay model may
begin by assuming ideal specular reflection from a single
planar surface. The following equation describes the relation
between indirect path length T=d,+d,; and receiver location
vector r:

W =r+E5-2u,c,
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where w, is a unit vector; s is the location of the signal source;
u, is the unit vector defining the reflecting plane orientation;
c, is the scalar satisfying u, 71 r,=c,, such thatr, is any point in
the reflecting plane; and E,=2u,u,”-1, which represents the
transformation (or reflection) matrix associated with the
reflection plane (and where [ is the identity matrix).

Assuming that the reflecting plane and the source s are
fixed, the indirect path length at time t satisfies:

T(Ow (D=r(D+E 5-2u c1=r(D+po
wherein p, is constant. Thus:
w(t)=w, KO +po/=wi T Or()+10(r) M

If the signal source is not too close to the reflecting plane,
then the four multipath parameters w, (1) (i.e., a vector includ-
ing three parameters) and t,(t) (i.e., a single scaler parameter)
are essentially constant if r(t) is assumed to be confined to a
suitably small region. This allows the estimation of w, and T,
within the region using standard filtering or estimation tech-
niques if substantially simultaneous measurements of t(t) and
r(t) are available and the receiver is in motion.

These multipath parameter estimates can subsequently be
used to track r(t) using indirect path measurements when
other measurements of r(t) are unavailable (for example,
when the direct path is lost). Since r(t), w,(t) and T,(t) are
random variables and measurement of T(t) is subject to error,
anonlinear filter may be used to accurately track tag location
r(t).

Alternatively, assuming that the reflecting plane and the
receiver r are fixed, the indirect path length at time t satisfies:

T(Ow (O=r+E s(t)-2u c | =E s(t)+p,
wherein p, is constant. Thus:

(=w FOLE s+ 1 /2w, (O E @)+, () L=
While this analysis is presented for a single multipath
bounce, the results are applicable independent of the number
of multipath reflections that take place, although the four
multipath parameters have a different analytical form. For
example, FIG. 2C presents the generalized three-dimensional
multipath geometry for two specular reflections. The geom-
etry is similar to that illustrated in FIG. 2B, with the inclusion
of a second reflecting surface defined by a unit vector u, and
a scalar value c,. The following equation describes the rela-
tionship between indirect path length tv=d,+d,+d, and tag
location vector r:

Twy=r—ESE \s+2E50 u,-2c515
wherein

E=2uu,7-1.

and E, represents the transformation (or reflection) matrix
associated with the second reflection plane c,.

Assuming that both reflecting planes and the signal source
are fixed, the indirect path length at time t can be described as:

T(OWo(H)=1()—E5E | S+2E5u ¢ (= 2usco=r (D +P oo

wherein pg, is constant. Thus:

(@) = Wi (O[r(D) + per] = Wh (Or(D) + Te2 (1) @

which is of the same form as the one reflection case (i.e.,
Equation (1)).

Equations (1), (1)* and (2) are in the form of a measure-
ment equation that can be used by an appropriate filter (e.g.,
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an extended Kalman filter, a nonlinear filter, a particle filter)
to simultaneously estimate the receiver position r and the four
multipath parameters {w,, Ty, }.

As discussed in Appendix A, the single-reflection and
double-reflection cases may be generalized to formulate an
expression for indirect path length as a function of receiver
location and four parameters for any number of specular
reflections. For n reflections, the four parameters are {w,,
Ton}, Where w,, is the unit vector in the direction of the path
from the last reflecting surface and t,,, is the scalar geometry-
dependent offset. Since w,, can be expressed as a function of
two angles, there are only three independent parameters to be
estimated.

The mathematical framework as detailed above and in
Appendix A is useful for both navigation (or tracking of
receiver) and mapping applications. When the locations of the
source and the receiver are known or otherwise determinable,
the last reflection point (or facet) for each multipath signal
may be calculated. Those reflection points (or facets) may
then be synthesized to map a structure and/or objects respon-
sible for generating the multipath signals. Secondary (deeper)
facets may be determined by bootstrapping from last-reflec-
tion facets based on two-reflection and n-reflection models
described below.

Ithas been empirically determined from simulation that the
most robust model (i.e., four-parameter or three-parameter) is
application-dependent.

C. Multipath Delay Processing

FIG. 3 is a flow chart of an exemplary processing method
300 for mapping based on a multipath delay model in accor-
dance with an embodiment of the present invention.

In step 302, one or more receivers may be positioned at
known or determinable location(s) in relation to a structure or
object ofinterest. The structure or object to be mapped may be
a building or a group of buildings (e.g., a building complex).
According to one embodiment of the present invention for
mapping the interior of a building, a single receiver such as a
transponding tag may be placed inside the building sequen-
tially at a number of known locations. Or, the single receiver
may be moving along a known trajectory within the building.
Alternatively, two or more receivers may be placed at fixed
known locations inside and/or outside the building.

In step 304, wireless signals that originated from one or
more sources may be detected. The one or more sources may
also have known or determinable locations. The one or more
sources may be either fixed or moving. According to one
embodiment, the sources may include RF transceivers carried
by manned or unmanned aerial vehicles or satellites. Alter-
natively, the sources may be wireless signal transmitters at
fixed locations near the building to be mapped. Preferably,
each signal source transmits wireless signals that can be reli-
ably associated with that source or distinguished from other
sources. Therefore, it may be desirable to encode wireless
signals from different sources with distinguishable data, pat-
terns and/or waveform shapes.

The wireless signals detected in step 304 may include both
direct-path and multipath signals that are mixed together. In
step 306, the detected signals may be processed and/or fil-
tered to distinguish and associate the direct-path and multi-
path signals. That is, for it to be useful, each multipath com-
ponent of the detected signal should be isolated or identified
and then matched up with its corresponding direct-path sig-
nal. Part of the goal is to determine indirect path lengths (or
multipath delays) from which geometric information of the
building can be derived.
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In step 308, specular points responsible for producing the
multipath signals may be calculated based on a multipath
delay model. The multipath delay model may be developed
on the assumption that multipath signals result from ideal
specular reflections only, as shown herein and in Appendix A.
The location of a specular point (e.g., last reflection) is just
one set of variables in the multipath delay model to be solved.
When the other variables, such as source location and receiver
location, are known or estimated, the specular point may be
solved for each individual instance of multipath signals.

In step 310, the specular points calculated in step 308 may
be synthesized and filtered to generate a map of the structure
of interest. According to some embodiments, the specular
points calculated or estimated with the multipath delay model
may contain false positives (i.e., extraneous map points) due
to imperfection or inaccuracies in signal processing and/or
mathematical assumptions. A statistical inference method
may be used to distinguish true facets (typically associated
with single-reflection paths) from false reflection points
(typically associated with multiple-reflection paths). It has
been discovered that estimated points associated with a single
reflection tend to cluster along the true RF reflection surfaces
(facets), while estimated points associated with multiple
reflections tend to map into large, poorly defined, clusters.
This phenomenon allows the single-reflection paths and true
reflection points to be discriminated from the multiple-reflec-
tion paths and false reflection points.

In some of the above-described steps, certain known infor-
mation about the structure may be used to enhance the signal
processing and map generation. For example, a partial map of
the building of interest may be available and can be usetul for
enhancing or correcting the mapping results. It may also be
hypothesized that most of the building walls are substantially
vertical and the floors/ceilings are essentially horizontal. If it
is known that a portion of the building has changed recently
(e.g., due to fire or explosion), less of a weight may be placed
on a prior map or floor plan of that portion.

D. Multipath Mapping Algorithm Development

For a transponding tag roving in a cluttered environment,
the signal received at a node after reception and retransmis-
sion from the tag may be modeled as:

YO = ) ait —27,(0) - 74) + n(D),

m
i=0

wherein z(t) is the transmitted signal, subscript i refers to the
i path (i=0 is the direct path, and i>0 is an indirect path), c.,(t)
is the complex attenuation factor, T,(t) is the path delay, n(t) is
noise, m is the number of indirect paths, and T, 1s the process-
ing delay within the tag, which is assumed to be known. The
direct path delay is t,(t)=||r(t)-s|l/c, where r(t) is the tag loca-
tion, s is the node location and c is the signal propagation
speed. In the following, the tag state vector at time t will be
denoted by x,. At a minimum, X, contains the tag position r,.
Tag position will be expressed in the following asr,=H x,. The
tag dynamics may be modeled using a linear discrete-time
equation:

xt:q)t,t—lxt— 1+Bt,t— b 1+rt,t— 191

wherein @, ,_, is the state transition matrix, B, ,_, is the con-
trol influence matrix, b, is a known control, I, ,_, is the noise
influence matrix, and q, is Zero-mean discrete white Gaussian
process noise with covariance matrix Q,, and is independent
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of x, and w,. In the following, it is assumed that ®,,_;, B,,_,,
and I',,_, are known, and the initial state x, is Gaussian with
mean X, and covariance matrix Py, thus a Gauss-Markov
process.

Time delays ,(t) have been converted into distances using
aknown signal propagation velocity and a single indirect path
is considered. The indirect path distance after a sequence ofm
specular reflections off planar surfaces is derived as follows.
Referring to FIG. 2A (the m-reflection geometry), the rel-
evant equations are, fori=1,2, ..., m

i
pi=s +Zdjwj
=

T

ui pi=b;

= Ewiy, B =1 = 2uud , B = E Y
Wi = LiWi, £ = Wil , Lp = L7

u‘Tw; = —cosf;

7= P+ Qo 1 Wine 1

wherein p, is the specular point on the i” plane, d, is the
distance from the source to p,, {d; i=2,3 . .., m} is the
distance from p,_, top,,d,,,, is the distance fromp,, tor, w, is
the unit vector along the incident ray, b, is the distance of the
plane to the origin of the reference frame, v, is the unit vector
normal to the plane, and d is indirect path length. These may
be solved for the indirect path length:

m
d=wh, r—wis— ZZ bjcost;,
J=1

which can be written in the form

®

— T
d =W, 1 F+Cp

wherein

m
Cm = —w{s - ZZ b;cosb;
=1

is a scalar offset distance that contains contributions from all
m reflections. In Equation (3), w,, . ; is the unit vector from the
last specular point to the tag and contains potentially useful
information regarding the geometry of the indoor space.

The multipath parameters {w,,,,, c,} vary as the tag
moves through the indoor space (e.g., from Point A to Point
B). If the variations are too large, the parameters may be
essentially unobservable, resulting in poor performance.
Generally, the variations decrease as the node moves away
from the tag and are relatively small for representative indoor
geometries.

The indirect path parameter set {w,,, ,c,,} contains three
unknown parameters in three-dimensional (3D) space and
two unknown parameters in two-dimensional (2D) space.
Importantly, the form of Equation (3) is independent of the
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number of reflections, although the offset distance is signifi-
cantly different. Hence, it does not matter that the number of
reflections is unknown in practice, and the accuracy of esti-
mating {w,,,, ¢,, } is not affected by the number of reflec-
tions. For this reason, the reflection subscript m is dropped in
the following description.

A scalar path length measurement at time t may be denoted
with y, and the measurement history may be denoted with
Y=y, Vs -, ¥ =1y 1, v,}. The scalar measurement y, may
be a direct path measurement, a measurement from an indi-
rect path in the current library, a measurement from a new
indirect path, or an erroneous measurement (not from any
path). The path identity is unknown. A direct path measure-
ment from a source at location r to a tag at location r, may be
modeled by y,=||r,~r*”|[+n,, where n, is measurement noise,
which will be modeled throughout as zero-mean Gaussian
white noise with rms value o,,. In two horizontal dimensions
the multipath parameter vector is

|:w:| |:cosw:|
o= N w = . 5
c sinys

wherein 1 is an angle-of-arrival (azimuth), while in three
dimensions

W cosyycost
a=|0 | w=| sinfcosd |,
¢ sinf

wherein 6=angle-of-arrival (elevation). In the following, a
measurement from the i” indirect path from the s source at
time t is expressed as

yt:Wt(Si)THr‘xt+Ct(Si)+nt'

Thus, the objective is to simultaneously estimate tag posi-
tion r, and the multipath parameter vector o for each detected
indirect path. The indirect path measurements for this prob-
lem are non-linear. However, the bilinear form does allow a
simplification in the estimation problem: the indirect path
measurement y, conditioned on o, ©? is linear in tag state
vector x,. Conditioning over a sufficiently rich set of hypoth-
esized multipath parameters allows the bilinear estimation
problem to be solved using a set of optimal linear estimators
(e.g., Kalman filters).

E. Process Flow Illustration

FIG. 4 shows a process flow diagram illustrating an exem-
plary method 600 for mapping using multipath signals in
accordance with an embodiment of the present invention.
This exemplary mapping method 600 may involve one or
more signal sources transmitting wireless signals and at least
one transponding tag roving in an area of interest (e.g., inside
a building). Inputs to the exemplary process illustrated may
include real-time locations of transmitting node(s) (signal
source(s)) and receiving node(s). The location of these nodes
may be established by deliberately placing them in known
locations, by measuring their locations through an RF TDOA
process, or by using other sensor systems such as an inertial
measurement unit.

Direct and indirect RF signal paths can be separated using
algorithms such as MUSIC or by a hardware means such as a
Rake filter (Step 602), which may be implemented as a front-
end pre-processing unit. MUSIC is a known algorithm that
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detects frequencies in a received signal by performing an
eigen decomposition on the covariance matrix of a data vector
of multiple samples obtained from that received signal. A
Rake filter is a device that can isolate, from a received signal,
individual signal components which are delayed versions of
an original signal. Once the direct-path signals and multipath
signals have been isolated, the individual signal components
may be detected and an estimate the time of arrival (TOA)
may be generated for each of them (Step 604). The accuracy
of'the TOA will be dependent upon the system bandwidth and
the TOA processing model (e.g., single-pulse, overlapping
pulses, etc.) selected. Additionally since the angle of arrival
will be calculated, receiver directivity and source directivity
will be factors in establishing the accuracy of the mapping
process.

The TOA data may then undergo a data association process
(Step 606) such that a multipath signal may be associated with
a corresponding direct-path signal. According to some
embodiments, data association may be developed using poly-
nomial projection. In one embodiment, this correlation may
have already been completed with the Rake filter in Step 602.
In other embodiments, the association may be based on the
identification of a direct-path signal and associating it with
multipath signals detected within a limited time window fol-
lowing the TOA of that direct-path signal.

As mentioned above in connection with Equations (1), (1)*
and (2), an appropriate filter (e.g., an extended Kalman filter,
a nonlinear filter, or a particle filter) may be applied to the
TOA data to simultaneously estimate the receiver (tag) posi-
tion and multipath parameters, which may take place here in
Step 610. The type of filter most suited to a particular appli-
cation depends on the details of the application. Ifthe error in
the initial tag position is relatively small, then an extended
Kalman filter alone may suffice. However, initially, tag loca-
tion errors may be outside the linear range of an extended
Kalman filter as the multipath parameters are unknown.
Accordingly, the roving receiver or tag location may be ini-
tialized using a particle filter (Step 608) to bring the location
errors to within the linear range of an extended Kalman filter
that recursively performs simultaneous location and multi-
path parameter estimation in Step 610. Path persistence may
be desirable in order to obtain stable multipath parameter
estimates, and source directivity can be used to enhance the
data association process as reduced beamwidth reduces the
number of possible indirect paths.

The indirect path parameters are three unknown param-
eters in three-dimensional (3D) space and two unknown
parameters in two-dimensional (2D) space, independent of
the number of reflections. It does not matter that the number
of reflections is unknown in practice, as the accuracy of
estimating location is unaffected by the number of reflections.
In one embodiment, the mapping function is performed by
utilizing single bounce data only. An important issue then is to
discriminate single bounce multipath from multiple bounce
multipath in order to perform the mapping function. Simula-
tion of the mapping function has shown that single bounces
tend to proceed along surfaces as expected, whereas multiple
bounce effects fall elsewhere, often where there are no sur-
faces, and tend to cluster, providing a means for discrimina-
tion. In addition, reflections that take place when the distance
between the transmitter and receiver is small exceed the lin-
earity assumptions in the multipath algorithm and can result
in proximity distortions that are rejected. Based on these
observations, a local facet model may be employed, in Step
614, to distinguish single-reflection specular points, which
tend to be true facets, from those multiple-reflection specular
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points, which tend to be false facets. The local facet model
may also filter out false specular points arising from the
proximity distortions.

The local facet model may further enhance accuracy and
robustness, speed convergence in estimating multipath
parameters, and provide mapping information. Facets are
regarded as fixed in space, and provide an attractive set of
invariants. Building constraints or a priori information, such
as preferred orientations and partial maps, can be employed to
enhance performance of the local facet model (Step 616).
Non-real-time estimation (smoothing) techniques may be
used to iteratively improve facet estimates. The use of stored
data and backward smoothing techniques may further correct
for the effects of past data association errors. Thus, the TOA
data association can be further improved with feedback from
the tracker and multipath parameter estimation (Step 610) as
well as the local facet model (Step 614). In an embodiment
where the trajectory of the tag is not known or predetermined,
one or more navigation aiding mechanisms may be employed
(Step 612) to assist in tracking the tag’s location and in
multipath parameter estimation, particularly when a direct
path is unavailable. Exemplary navigation aiding mecha-
nisms include dead reckoning methods and inertial naviga-
tion systems.

F. Multipath Parameter Estimation

An exemplary use of an extended Kalman filter is
described below in connection with a statistical model. The
statistical model may consist of a state vector, a statistical
propagation model, and a statistical measurement model. If
the state vector is x(t), then the statistical model may be, for
example:

)

where v(t) is tag velocity.

Assuming the state vector definition of Equation (4), a
possible statistical model for propagating the state vector
from time t, is to time t,,; is:

Xti) =P+ 1, Dx(n;) + ) + q(1;)
I 1 —5)
O . 1) =
(ti+1, 1) 0 I }
where ®(t,, ,, t,) is the state transition matrix, u(t,) is a known

control input, I is the identity matrix, and q(t;) is a zero-mean
white driving noise used to model uncertainties in the knowl-
edge of the true propagation model. This model is generally
applicable for small time steps t,, ,-t; and relatively constant
tag velocities.

Within the filter, the estimated state is propagated using:

F(0 ) =P, 1)R(1)+u(Z;) ®
The filter also carries an estimate of the error covariance
matrix P(t,)=E{e(t,)e(t,)”}, where e(t,)=X(t,)=x(t,), and super-
script T denotes matrix transpose. The error covariance
matrix is propagated in the filter using:

Pt )=® (10 1, 1P )P (11, 1,1)+0(8) (6)

where Q(t,)=B{q(t)q(t,)”}, and where E{@®} denotes math-
ematical expectation of the quantity within the brackets.
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Under the assumed model, two distinct measurements are
available: direct path delay measurements and indirect path
delay measurements. A direct path delay measurement from a
transmitting node to the tag at time t; is modeled as:

DreasE)=F(1)=s|+n4(2) M

wherein s is the known location of the transmitting node, |||
denotes the length of the vector z, and the measurement noise
nft,) is modeled as a zero-mean white noise with variance
o,2(t,=E{n(t,)}. An indirect path delay measurement from
a transmitting node to the tag may be modeled as:

Tneas(E) =W @)@ )01 ®

wherein n(t,) is zero-mean white noise with variance o, (t,).
As noted previously, this model for an indirect path measure-
ment is applicable for any number of specular reflections.

Successful navigation in multipath environments might
require accurate estimates of the multipath parameters and
the state vector simultaneously in real time. For mapping
purposes, the tag may be configured to collect or re-transmit
the detected data first, and the processing of the data may be
delayed or postponed and performed in batch. The above-
described extended Kalman filter formulation allows these
goals to be realized by using well-known tools of nonlinear
filtering theory. In particular, the bilinear form of the indirect
path measurements lends itself to particularly simple recur-
sive nonlinear filter mechanizations.

Consider the process of updating the state vector estimate
and error covariance matrix estimate using a direct path mea-
surement. This is a straightforward application of standard
nonlinear filtering methods, including extended Kalman fil-
tering and particle filtering. For simplicity, the following dis-
cussion assumes the use of an extended Kalman filter.

The direct path measurement is given by Equation (7).
Accordingly, the filter’s estimate of this measurement is:

@ seans &)= (&)=l ©
where a prime ( )' is used throughout to denote association
with the value of a variable just prior to measurement updat-
ing. A standard extended Kalman filter is then used to update
the state vector estimate and the error covariance matrix esti-
mate using the following equations:

)= )+K v at) (10)

P(t)=P'(t)-K ) H 5)P'(;) an

wherein v (t,)=d,_ .. (t)-d",..(t) is the measurement
residual, and the measurement matrix H'(t,) is:

O s (I , , 12
i) = 222280 1 1) =57 0]

and K (t,) is the extended Kalman filter gain given by:

K= OH T () AP ()H (1) +0,7(1) (13)

Consider next updating the state vector estimate and error
covariance matrix estimate using an indirect path measure-
ment. The indirect path measurement is given by Equation
(8). From this, the filter’s estimate of the measurement is:

Toeas(8)=W T ()P (1)+0'o(1) 14

Using Equations (8) and (14), the measurement may be
written as:

Tneas( )T rmeas()=1 (1), ()W T (1) () e, T(1)e,
(t:)-e"o(t)+n(t)

(15)
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wherein e',(t,)-r'(t,)-r(t,) is the error in the a priori estimate of
tag position r(t), €', (t,)=w'(t,)-w(t,) is the error in the a priori
estimate of the unit vector w(t), and ' _(t,)=T'y(t,)-To(t,) is the
error in the a priori estimate of the offset parameter t,(t,).

Assuming that the errors are sufficiently small that the
second-order error term in Equation (15) may be neglected,
the result is then:

) T, T,
Trneas{8) = meas(l)—7" ()€, (1)~ w" (e’ (t)-e" (1) 4n

(t) {16)

for the indirect path delay measurement. Therefore, the mea-
surement residual is:

Vol s (1) s == (1), (1) - w (1) (1)~
e’ o(t)+n(t;)

The state vector may be updated using an indirect path
measurement in several different ways. The following
example assumes that the state vector estimate and the mul-
tipath parameter estimates are updated sequentially in two
separate steps. In both steps, it is assumed that an extended
Kalman filter is used.

The calculations are shown for processing a single multi-
path delay measurement from a single transmitting node;
multiple indirect path delay measurements from multiple
nodes at the same time may be processed sequentially using
the identical extended Kalman filter equation forms.

For updating the state vector estimate using an indirect path
measurement, the measurement residual v (t,) is written in
the form:

an

V{1)=H ()’ (1,)+n' (1) 18)

where H' (t)=[w'7(t,)0], €' (t,)=x'(t,)-x(t,), and the measure-
ment noise:

nI(L)==rT(1)e’, (L) ot (t) 19

is modeled in the filter as zero-mean white noise with vari-
ance:

0 (0 =r TP ()P ()40 o (1)+0,° (1) (20)

where P', (t,)=E{e', (t,)e",,7(t,)} is the error covariance matrix
for the estimate w'(t,) and o'_,*(t,) is the error variance for the
estimate T', (t;,). With this assumption, the variance of the

measurement residual is:
2 I ] + T, ) 2
O (t)=H ()P ()H ' (1)+0' (1)) (21)

The updated estimates of the state vector and the error
covariance matrix are calculated using the standard extended
Kalman filter equations:

()= K (V1) (22)

P(t)=P'(t)-K ) H (@) P'(t) (23)
wherein K_(t,) is the extended Kalman filter gain:

K (6)=P(H T (1)/0",2(2) 4

For updating the multipath parameter estimates, the param-
eter vector is defined as:

wit;) } @5

To(t;)

a(n) = [

The measurement residual given in Equation (17) is now
written as:
V(1) Ho (1)e o (1)+1' (%)

wherein H_(t,)=[r7(t)1], €' (t)=c'(t)-c(t), and the mea-
surement noise:

6

n' = wl(t)e (1) +n() @7
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is modeled in the filter as zero-mean white noise with vari-
ance:

0 (6 =w T )P (1w (6)+0,7(8) (28)

wherein P',(t,)=E{e' (t,)e",7(1,)} is the error covariance matrix
for the tag position estimate r'(t,).

Under these assumptions, the variance of the measurement
residual is:

O’ Q)=H ()P ()H [ (1)00’, (1) 29)

wherein P'.(t)=E{e',(t,)e', (1)} is the covariance matrix of
the a priori parameter vector estimation &' (t,)=c'(t,)-a(t,).
The updated estimates of the multipath parameter vector and
the error covariance matrix are calculated using the standard
extended Kalman filter equations:

Q= (K (1V(E) (30)

Po(t:)=P (1) ~K (G H ()P (t) (€)Y}
wherein K (t,) is the extended Kalman filter gain:

Ko (t)=P' ) H T (1)/0, 2 (1) (32)

G. Mlustrative Indoor Mapping Performance

These analytic derivations were employed to demonstrate
the multipath mapping process employing the model of a real
building structure to include the RF transmittive and attenu-
ative characteristics of its structural materials. FIGS. SA-C
show a floor plan of a building to illustrate one exemplary
method for mapping using multipath signals in accordance
with an embodiment of the present invention. The floor plan
represents an experimental setting in which the multipath
mapping method was tested. In this experimental setting,
most of the walls may either reflect wireless signals or allow
the wireless signals to pass through with some attenuating
effect, except that an object C is completely opaque to the
wireless signals.

Referring to FIG. 5A, there are shown two signal transmit-
ters S1 and S2 that are placed in two rooms some distance
apart. The dashed lines and arrows indicate a trajectory for a
transponding tag (not shown). The tag may have the capabili-
ties of receiving wireless signals that originate from S1 and
S2, pre-processing the signals, and optionally re-transmitting
the processed or pre-processed data to another processor for
map generation. According to one embodiment, the tag may
start detecting signals at Point A and finish detecting at Point
B.

FIGS. 5B and 5C show ray trace data based on the floor
plan, the tag track A-B, and the locations of transmitters S1,
S2 and of Object C. Exemplary rays of wireless signals are
shown as solid lines with arrows. In FIG. 5B, portions of walls
that can reflect or attenuate wireless signals from the trans-
mitter S1 are marked with dotted oval circles (indicating
single reflection surfaces) and dotted rectangular boxes (indi-
cating attenuating layers) respectively. Similarly, in FIG. 5C,
portions of walls that can reflect or attenuate wireless signals
from the transmitter S2 are marked with dotted oval circles
(indicating single reflection surfaces) and dotted rectangular
boxes (indicating attenuating layers) respectively. It can be
noted that, between FIGS. 5B and 5C, most of the walls along
the tag track between Point A and Point B can potentially
serve as single-reflection surface for at least one of the trans-
mitters S1 and S2. However, due to the obstruction of the
opaque Object C, a portion of the walls between Point A and
Point B does not reflect wireless signals from either transmit-
ter. The ray trace data illustrated and described herein may
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later be used to verify the multipath mapping results achieved
with the tag and the signal sources (i.e., transmitters S1 and
S2).

FIG. 6 shows a floor plan of a building to illustrate exem-
plary mapping results using multipath signals in accordance
with an embodiment of the present invention. This floor plan
is the same as the one shown in FIG. 5A with a similar setting
of two transmitting sources (S1 and S2) and a single roving
receiver (not shown). The mapping results were obtained
based on the methodology illustrated in FIG. 4. For single
reflections, the “x” symbols indicate vertical reflection
points, and the “O” symbols indicate horizontal reflection
points. For clarity, only vertical multiple reflection points are
shown (as indicated with “A” symbols). With reference to
FIGS. 5B and 5C, it may be seen that the wall surfaces are
clearly mapped as they coincide with the single-reflection
points. Referring again to FIG. 6, the multiple-reflection sig-
nals result in artificial reflection locations elsewhere within
the building, generally clustered into groupings that are iden-
tifiable (e.g., cluster 702). Proximity effects (e.g., false reflec-
tion points 704) can be observed in the vicinity of S2 because
the tag has moved too close to the source S2.

H. Satellite Based Transparency Mapping Example

FIG. 7 shows a layout of an exemplary system for satellite-
based urban and indoor mapping using multipath signals in
accordance with an embodiment of the present invention. In
one embodiment, the satellite-based mapping is implemented
with one or more receivers that are augmented with a Rake
processor and implanted in fixed locations close to an area of
interest. The receivers may be GPS, Iridium, or other type of
receivers. For ease of description, it is assumed that a GPS
receiver is employed, as shown in FIG. 7, to map the indoor
space of a building.

The GPS receiver may be positioned outside the building to
be mapped and at an elevated location, or where an unob-
structed sight of the building and at least one GPS satellite is
available. In the setup shown in FIG. 7, the GPS receiver is
located on the roof of another building. Only two GPS satel-
lites, SAT-1 and SAT-2, are shown although more satellites
may be beneficial. GPS signals originating from the satellites
may be received by the GPS receiver in a number of ways,
such as via a direct path, via a single-reflection multipath after
bouncing off an exterior surface of the building, or via a more
complex multipath after penetrating the building’s exterior
walls and experiencing one or more reflections inside the
building. The GPS receiver may gather both the direct-path
signals as well as all those multipath signals having time
differences consistent with the area to be mapped. The satel-
lite constellation’s motion provides a desirable dynamic
scanning of the infrastructure. The direct-path and multipath
time differences are then processed to produce 3-D transpar-
ency maps of the building. Because both the direct-path and
multipath signals, subsequent to structural penetration and
reflection, are received by the same receiver, the timing syn-
chronization that typically limits coherence techniques is less
important.

While many frequencies, such as [.-band, are well suited
for structural penetration, these signals are normally consid-
ered too weak for detection subsequent to multiple internal
reflections and upon exiting a building structure. However, in
this case, there are very short time differences between the
reception of the direct-path and the multipath signals, which
enables the use of special RF coherence techniques (e.g., data
wiping, as described below) to enhance such signals to the
required levels of detection.
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RF signals that enter a building are subject to multiple
interior reflections and, upon exiting the building, will be
detected by a receiver exterior to that building. For GPS, these
signals are normally down approximately 156 dBW to start
with and may suffer an additional 40 dB or more attenuation
before exiting the building. Given this level of attenuation,
this might seem to be a hopeless task. However, coherent
processing techniques have demonstrated the reception of
indoor GPS signals as much as 60 dB below their reference
signal levels outdoors.

In one embodiment, with the above-described multipath
mapping concept, a direct-path GPS signal is received exte-
riorto the building infrastructure, and that signal becomes the
basis for timing the measurements of the interior reflected
signals, both in code and Doppler, and it enables the described
mapping algorithms to develop 3-D interior structural images
over an extended period of observation. This mapping con-
cept is somewhat similar to tomography in the sense that GPS
satellites” motion provides a scanning of the mapped struc-
ture. The geometry-based multipath delay model may be used
to determine points of reflection directly from the multipath
data.

In one embodiment, satellite-based transparency mapping
requires statistical analysis of reflection points and the use of
context to determine characteristics of objects or surfaces of
interest (e.g., location, size, texture, motion, etc.). At any
single instant in time, the combination of satellite position,
building infrastructure multipath reflection and transmission
characteristics, and receiver position can result in a relatively
short time interval of RF observation for diverse sections of
the infrastructure, akin to a reception of random RF pixels.
However, over time, as the satellite constellation “paints”
different structural reflection combinations from different
aspect angles, these RF pixels will eventually develop into a
3-D transparent image of the surrounding structure.

1. GPS Multipath Signal Extraction & Processing

The transparency mapping system, as illustrated in FI1G. 7,
allows the development of 3-D transparent images and maps
of'urban areas of interest. The GPS receiver, which is adapted
to receive multipath signals, may be used in determining the
relationship between the receiver location and the multipath
signals by separately identifying related multipath signals
and the direct-path signal (each signal having originated from
the same source). Because GPS signal strength detected in the
transparency mapping may be extremely low, special tech-
niques may be desirable to recover the signal. RF communi-
cation signal strength can often be enhanced by the process of
coherent integration. There are typically two different codes
embedded in a GPS signal, a PRN code at a high rate (e.g., 1
or 10 MHz) and a data message at a slower rate (e.g., 50 Hz).
The degree of coherent integration that can be achieved in a
GPS receiver is normally limited by the data message rate to
no more than 20 milliseconds as message changes will pre-
clude predictable coherent integration beyond that time inter-
val. Data wiping is a process of coherent integration of the
signal that may be used to increase the signal-to-noise ratio
(SNR) in GPS receivers. It consists of prior extraction of the
data message from the received signal, enabling coherent
integration beyond the limits imposed by the data message.

FIG. 8 illustrates an exemplary data wiping method for
satellite-based transparency mapping in accordance with an
embodiment of the present invention. According to this
embodiment, GPS data wiping is successfully performed by
processing both a reference signal (i.e., a clean GPS signal,
without multipath, directly from overhead) and those multi-
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path signals emanating from within an urban structure 1002
using a single GPS receiver 1004. By processing both signals
within the same unit 1004, the issue of timing instabilities is
resolved and GPS signals that are more than -200 dBW down
may be recovered. As depicted in FIG. 8, the GPS direct
signal 1008 is received at the GPS receiver 1004 from the
satellite constellation 1006, and the multipath signal 1010,
containing urban structural data, is also received at the same
GPS receiver 1004. Two antennas could be employed on the
GPS receiver 1004, one looking up and one looking down (at
the structure 1002). The satellite constellation 1006 provides
a scanning motion. At any single instant in time, the combi-
nation of satellite position, building infrastructure multipath
reflection and transmission characteristics, and receiver posi-
tion may result in a relatively short time interval of RF obser-
vations for diverse sections of the structure 1002. Over time,
as the satellite constellation 1006 “paints” different structural
reflection combinations from different aspect angles, these
RF pixels will develop into a 3-D transparent image of the
structure 1002.

FIG. 9 shows a block diagram illustrating an exemplary
system 1100 for satellite-based transparency mapping in
accordance with an embodiment of the present invention. For
a conceptual illustration, only one GPS satellite 1101 and one
GPS receiver 1103 are shown. The GPS satellite 1101 may
modulate both a PRN code sequence (e.g., P Code) and a data
message onto a L-band carrier wave. The resulting signal is
transmitted through an intervening medium including a free
space transmission channel and/or a structure transmission
channel (i.e., penetration and reflection within a structure).
Therefore, the signal may arrive at the GPS receiver 1103 via
two principle paths: the direct sky path and the indirect mul-
tipath via reflection from the urban infrastructure.

The GPS receiver 1103 may implement a first data path that
includes low-pass filter (LPF) 1102, analog-to-digital (A/D)
converter 1104, correlator 1106, and processor 1108. Along
the first data path, the direct path signals may be processed in
a conventional manner that includes decoding of the data
message. The indirect multipath signals arrive at the GPS
receiver 1103 delayed from the direct path signals. The indi-
rect multipath signals may be processed along a second data
path that includes low-pass filter (LPF) 1110, analog-to-digi-
tal (A/D) converter 1112, correlator 1114, and accumulator
1116. Prior to a correlation process with a delayed PRN code
reference (e.g., P Code), the indirect multipath signals may
have their data message removed. The time delay or synchro-
nization required between the direct and indirect signals is
achieved by matching the PRN code sequence through an
autocorrelator function. Delay between the direct-path and
multipath signals may be resolved within a single chip length
(a chip is the pulse width of a single pulse in a PRN code
sequence), as described in more detail below. The correlator
1114 may then pass the indirect multipath signal to an accu-
mulator 1116 that performs coherent integration necessary to
provide RF visibility into an urban structure.

J. Multipath Signal Resolution

FIG. 10 shows a block diagram illustrating an exemplary
signal resolution autocorrelation method for satellite-based
transparency mapping in accordance with an embodiment of
the present invention.

In operation, a transmitter 1200 generates a PRN code
sequence at a higher rate than a data message rate, resulting in
a spread spectrum transmission. The received signal is typi-
cally correlated in the receiver 1202 with a locally generated
replica of the PRN code sequence. When the received PRN
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code and a local PRN code match, the correlator 1204
response peaks and the message becomes observable. The
received signal, after passing through the transmission
medium 1206, can, however, become adulterated by the
reflections of the transmitted signal (multipath signal) mixing
with the received direct signal. The mixing of the direct signal
and a reflected signal is depicted in FIG. 11. This illustration
is simplified to show only a single reflected signal whereas in
reality there may be several multipath signals. FIG. 11 shows
the direct signal and a close-by multipath signal that is
delayed by an unknown T seconds. It is assumed that the
multipath signal is close to the direct signal as this is the
primary issue for CDMA systems, as multipath signals that
are beyond one chip length do not correlate with the PRN
reference signal and are rejected. The total signal received,
which is the sum of the direct-path signal and the multipath
signal, no longer has the pulse shape of the transmitted
CDMA PRN but has a new shape as shown at the bottom of
FIG. 11.

In conventional CDMA systems, this received signal (with
the new shape) is correlated with an idealized replica of the
transmitted PRN pulse shape, as shown, over a single chip
length. As the correlation process does not involve two simi-
larly shaped pulses, the correlation function appearance does
not take on the traditionally accepted triangular shape but has
a new shape, with a flatter top, making the location of the
direct signal difficult. To solve this problem, a receiver
according to embodiments of the present invention may syn-
thesize a PRN code reference that has the shape of the
received signal. As the delay T between the direct-path and
multipath signal is unknown, this requires scanning of differ-
ent values of T until the correlation function peaks. Thus,
referring to FIG. 10, an ideal PRN replica is generated in a
PRN replica generator 1208. Also, a delayed (and possibly
attenuated) version of the same code sequence is generated
through a delay element 1210. Then, the two code sequences
are added to form a new PRN shape which is correlated to the
received signal. If the correlation 1204 response does not
peak, an error signal 1212 is sent to the delay element 1210 to
further adjust the delay value t. Through this feedback
mechanism, autocorrelation between the received signal and
the synthesized PRN may continue until the delay value T is
correct. This T value represents a physical distance between
the direct-path signal and the multipath signal.

As this process adds another degree of freedom (DOF)
(i.e., two-DOF Doppler and code detection instead of one-
DOF Doppler in a standard GPS receiver) to the process of
identifying the correlation peak, there is additional process-
ing time required to come to a correct solution. Such a process
may operate well off-line, where time constraints are not an
issue, but could add some delay to a real-time solution.

In order to address the situation where there may be several
multipath components within the received signal, it may be
desirable to synthesize a PRN from several delayed codes,
each utilizing a different delay T, T,, . . . T,,. This can increase
the degrees of freedom and the computational burden rapidly
if there are a number of multipath components with signal
strengths comparable to the direct signal.

It will therefore be seen that the foregoing represents a
highly advantageous approach to mapping a cluttered envi-
ronment.

The terms and expressions employed herein are used as
terms of description and not of limitation and there is no
intention, in the use of such terms and expressions, of exclud-
ing any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifica-
tions are possible within the scope of the invention claimed.
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For example, although some of the examples presented refer
to transceivers sending signals to atag, one of ordinary skill in
the art will recognize that embodiments of the present inven-
tion also encompass a tag that sends signals to transceivers, or
any combination of transceivers and tags that simultaneously
transmit and receive signals to each other. Moreover, Doppler
measurements of the multiphase elements are also useful for
observing activity elsewhere in the building complex and
represent a useful byproduct of geolocation and mapping
activity.

Therefore, it must be expressly understood that the illus-
trated embodiments have been shown only for the purposes of
example and should not be taken as limiting the invention,
which is defined by the following claims. The following
claims are thus to be read as not only literally including what
is set forth by the claims but also to include all equivalents that
are insubstantially different, even though not identical in
other respects to what is shown and described in the above
illustrations.

K. Appendix A
Detailed Development of Multipath Solutions

This appendix presents the basic geometry and multipath
solutions appropriate for indoor/urban mapping. The mea-
surement equations required for solving the indoor mapping
problem discussed above follow directly from the multipath
solutions.

The following discussion considers the geometry associ-
ated with indirect paths having an arbitrary number of specu-
lar reflections. The one-way distance from the source to a
receiver (e.g., a tag or transponder) is used as a measure of
path length. The first case considered is one source and one
indirect path, which generalizes trivially to any number of
sources and indirect paths.

The fundamental measurements available to an indoor
mapping system are the direct and indirect path lengths. The
pathidentities (i.e., direct and indirect) are unknown and must
be inferred from the measurements. It will be assumed
throughout this discussion that: the identity and location of all
sources is known; the locations and orientations of all reflect-
ing surfaces are unknown; and the number of reflections
associated with all indirect paths is unknown. Under these
assumptions, determininistic expressions are derived for indi-
rect path length for an arbitrary number of reflections. These
expressions form the basis of the measurement equations
used by the indoor mapping system.

The geometry for one specular reflection is shown in FIG.
12. The source is at known location s and the tag is at
unknown location r. The direct path length is d,=||s—r||, and the
(one way) indirect path length is d=d, +d,. The unit vectors w,
and w, represent the direction of the incident and reflected
signal, u is the unit vector normal to the reflecting plane, and
P is the specular point.

The equations describing the multipath geometry for one
reflection are:

p=s+d,w, (A.])

ulp=bh, (A.2)
wi=Ewy, E\=I-2uu® (A.3)
r=p+d,w, (A4)
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From (A.1) and (A.2):

4 = b —uls B ul's—by (A5)
L= ulTwy cosf
From (A.1) and (A.4):
r=s+d \w+dowo=s+d (W —wo)+dw, (A.6)
so that:
d=wyTr—w,yTs+d | (1-wyTw)) (A7)

Using E,~'=E, the result is w,=w, +2u cos 6, 1-w, w,=2
cos 0, so that:

d= wgr - wgs + 2d1c0520 (A.8)
= wgr - w%-s +2(u’s = by)cosh

=wlr—wiEys - 2bjcosf

=wlr—wls—2bjcosd

=wlr+e

The geometry for two specular reflections is shown in FIG.
13. The equations describing this multipath geometry are:

pi=s+d\w, py=s+d \w+dw, (A.9)
u"p =by, u,"p,=b, (A.10)
w=Ews, Ey=I-2uu,* (A.11)
wy=Eowy, Ey=I-2u5u," (A.12)
F=potd3ws (A.13)
d=d +d+d; (A14)
From (A.9) and (A.10):
uls— by (A.15)
cosf;
ugs —by +d, u;wl
= — -
cost,
and from (A.9) and (A.13):
r=s+dwy +doyws +dzws (A.16)
=5+ dl(Wl —w3)+ dz(W2 —w3)+ dws
d :wgr—w§s+d1(1 —w§w1)+d2(1 —wng) (A17)
T
u, wy
=wlr—wls+d |1 -wiw)+ costs (1=wliwy) |+
) T
o5l (1 —wyw2)

From (A.12), and using E,~'=E,, the result is wy=w,+2u,
cos 0,, 1-w, w,=2 cos® 8,. Thus:

d=w3Tr—wyTs+d,(1-w3Tw +2u,Tw, cos 05)+2(u,Ts-

b,)cos 6, (A.18)

Now letting wy=w,+2u, cos 0,+2u, cos 0,, the result is
1-w,%w,=2 cos® 0,-2u,"w, cos 0,, so that:
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d= wg-r - wgs +2d1cos?0; + 2(14;5 — by)cost, (A.19)

= wg-r - wgs + 2(14{5 — by)cosb + 2(14%-5 — by)cost,
=whr — (W] —2ulcosf) — 2ufcosby)s —

2b; cost) — 2bycosb;
= wg-r - w{s —2bjcost; — 2bycost,

=wlr+e

Based on (A.8) and (A.19), it can be hypothesized that the
indirect path length for m specular reflections is:

d=w,,,,Tr+c, (A.20)
where
¢,,=—w;Ts=2b, cos 0,-2b, cos 0~ ... -2b,, cos 0,, (A.21)

This is now demonstrated by induction to be true. The
relevant equations are:

i (A22)
pi=s+ Z diwj;
=1
i=1,2,... .m
ulp=b;i=1,2,...,m (A.23)
w=Ew,,, E=I-2uu’ E~E 7 i=1,2,...,m (A.24)
u w=cos 0;i=1,2,..., m (A.25)
PPt Gy 1 Wonr 1 (A.26)
i (A27)
d= dj;
=1
i=1,2, ,m
wiw=1;i=1,2, ... m+l (A.28)
From (A.22) and (A.26):
et (A.29)
r=s+ Z diw;
i=1
=5+ Z d; (Wi —Wpe1) + AWy . using (A27)
i=1
Thus:
m (A30)

T T T
d= Wm+1"—Wm+15+Zdi(1 = W1 Wi)
i1

m-1
T T T T
= m+1r—wm+ls+2d;(1 = Wy Wi) + A (1 — Wy W)
i=1
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From (A.24) and (A.25):
Wi =wi2u; cos 0, i=1,2, ..., m (A.31)
Thus:
m-1 (A32)
d=wl, r—wh, s+ Z d;(1 —wl, w;) +2d,,c0s%8,,
=1
And from (A.22) and (A.23):
i-1 (A.33)
u‘Ts - b + Z dju‘TWj
J=1 .
d; = ) 2 i=1,2,...,m
Thus:
m-1 (A34)
d=Whal —Whs+ Z di(L = wheyw) +
i=1
m-1
2luls - by, +Z dju;wj cosy,
=
= r7;1+1r_wr7;1+15+
m-1
Z a;(l - wz;,“w; + Zu;w;cosem) + Zu;s cos 6, — 2b,cosb,,
i=1
m-1
= ZHr - w;s + Z (1l - wz,-,w;) —2b,c086,,. using (A.31)
=1
Continuing:
m-2 (A.35)

d= w,c+1r—w;s+z di(1 - whw) +
i=1

Ay (1 = w;wm,l) —2b,,c086,,

m-2
=wh  r—whs+ Z (1 —whw) +2d,, 1 c0s?8,,_| — 2b,,cos6,,
i=1

m-2
= ,Cﬂr— w;s + Z ai(l - wz,-lw;) —2by cosOpy +
=1
m-2
2 uz,;,ls — by + Z djuz;l,le 08O, |
J=1

m-2
= ,Cﬂr— w;s + Z dai(1 - wz,-lw; + Zu,c,lw; co88p-1) +
i=1
2l 15C086, 1 — 2By 1 cO8B,_| — 2b,,cO86,,
m-2
T T T
= Wy F— Wy S+ Z di(1 —w,,_w;) —
i=1

2by 1 cos O, | —2b,,c080,,.
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By induction, it is apparent from (A.30), (A.34) and (A.35)
that:

k=1 m (A.36)
d=wh, r—wls+ Z (1 —wlw;)— ZZ bjcost;
-1 =
k=1,2,... ,m+1
The case of particular interest is k=1, which gives:
m (A37)
d=wh, r-wls —ZZ bjcost;
=

and verifies the hypothesis posed in (A.21). Note that the
direct path length for any number of reflections may be writ-
ten as:

d=wr+ ¢ (A.38)
c=-wls— ZZ bjcosf;
=

where w is the unit vector along the ray from the last reflecting
surface and c is a constant that depends on the source location,
the unit vector along the ray from the source to the first
reflecting plane, all of the reflection angles, and all of the
reflecting plane locations.

Equation (A.38) forms the basis of the measurement equa-
tions used in the indoor mapping system. It is worth noting
that (A.38) is a phenomenological model of the indirect path
length that explicitly contains exactly four indirect path
parameters {w, ¢} for any number of reflections. This implies
that mapping using indirect path measurements can be
accomplished if the four indirect path parameters associated
with the current measurement are known or can be estimated
with sufficient accuracy. Moreover, the four indirect path
parameters are not independent, since w is uniquely defined
by two angles. Thus, the phenomenological model of indirect
path length actually contains three independent parameters.

To simulate the performance of the indoor mapping sys-
tem, the full solution associated with all indirect paths is
calculated in the simulation. Within the simulation, the tag
location r is known, and the locations {b=1, 2, . . . , m},
orientations {u,; i=1, 2, . . ., m}, and sizes of all reflecting
surfaces are known. With this information, it is possible to
determine the full indirect path solutions under the assump-
tion that the sequence of reflections (i.e., the identity of the
reflecting planes in sequence) is known. For the simulations
used in the preliminary feasibility analysis, this assumption
will always hold. In the more general case, ray tracing (which
typically requires considerably more computing resources)
may be used.

For one reflection, we have, from (A.3) and (A.6):

r =5 —2d|ucos + dw, (A.39)
= Ejs+2bju+ dwy. from (A.5)
The full solution is found as follows. First calculate:
d=|r-Es=2bul|, woy=unit(r-E s-2b 1) (A.40)
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Then:

uls—b (A41)

cos 0=ulwy, dy = ———,
cos 6

wy =Ejpwy, p=s+diw

For two reflections, we have, from (A.11) and (A.16):
r=s+d (W -w3)+ds(Wo—w3)+dws (A42)

Setting w,=w;=2u, cos 0,;

r=s+d(w —wy —2u, cos 0)—2dy cos brup +d ws

=s+d(w; —wy —2uy cos 8,) —
2(14;5 —by +d, u;wl Jep +d ws from (A.15)

=s+di(w; —wy —2up cos 8, — Zugwl wp) — 2(14%-5 —byur+d ws (A.43)

Then, setting w,=w,—2u, cos 0:

=
Ears + dy[-2u; cos 6; —2u, cos 6, — Zuzug(wz —2uy cos 0))]+

2byuy + dws
= Eps +dy[-2u; cos 8 +4u2u§u1 cos 61)] +2brup + dws
= Fps —2d Equy cos g + 2byup + dws
=Fps— 2(14{5 —b1)Esuy + 2byup + dws from (A.15)

=EyE s +2b E uy +2bouy + dws (A.44)

The full solution for two reflections is found as follows.
First calculate:

d=|[r-E>E s=2bE 1, =2b5u-|| (A45)
wy=unit(r-E-E s-2b | Eu1-2bytt5) (A.46)
Then:
wy=Eows, w =E W, (A47)
cos 0,=u;Tws, cos 0,=u; T, (A.48)
u{s - by ugs —by + dlugwl (A49)
dy = sy =
cos 0 cos 6
and the specular points are found using (A.9).
For m reflections, the relevant equations are:
(A.50)

m
r=s+ Z (Wi = Wiy 1) + AWy
=)

along with (A.31) and (A.33). Then:

m=1

r=s+ Z di(Wi = Wint1) + dn (Wi = Wina1) + dWins1
i1
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-continued

m-1
S+ Z di(Wi — Wins1) — 2umdy €OS Oy + dWimer using (A31)
=1

m-1
= S+Z di(Wi = Wi 1) =

=1
m-1
2u,,, u;s — b, + Z d;uz,;w; + dwpyp using (A33)
=1

m-1
=E,s+ Z ai(W; =Wy — Zumuz,;w;) + 2Dty + AWyt
=1

1
=E,s+ Z G (EgW; = Wini1) + 2Dyt + AWy 1
=)

m-1
=E,s+ E,,,Z di (W = W) + 2bity + AWt
=1

Continuing:

m=2

r=FE,s+ E”‘Z di(w; —wy,) +
=1

A1 Em(Win—1 — Win) + 2Dt + dWins1

m=2

= Eps + En . diwi = wn) -
i=1

2d 1 €08 Oy Bty 1 + 2Dty + dWyy |

m-2
=E,s+ E”‘Z d;(w; — W) + 2b i, +
=1
m-2
d - 2F, S —bmy + Y i w
Win+1 mbm—1|Um-15 = Om-1 il Wi
i=1

m2
T
=E Ep 15+ Ep § (Wi = Wi = 2ty Uy W) +
=)

2bm 1 Ethn 1 + 2bpthy + AWty

m=2
= BBy 15+ Ep Y di(Epywi = wy) +
i=1

2bm 1 Ethn 1 + 2bpthy + AWty

m=2
= BBy 15+ EnB1 ) di; = W) +
i=1

2bm 1 Ethn 1 + 2bpthy + AWty

m=2

s +Z di(W; — Wip—1)

i=1

=E,En +

2bm 1 Ethn 1 + 2bpthy + AWty

(ASD)

(A52)
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From (A.50), (A.51) and (A.52), we have, by induction:

k=1 m (A.53)
r=M; S+Z di(w; —w )| +2 ) biMig v + AWy

i=1 i=k

k=1,2,... ,m+1
where
M, = ]_[ E; (A54)
i=k
and M,,,, ,=I. One case of interest is k=1 for which:
(A55)

m
r=Mys +ZZ b;M;Hu; +d Winsl
i=1

The full solution is found as follows. First calculate:

n (A.56)
d=Ilr=Mis=23" bMiul,
i=1
Wil = uni{r - Ms— ZZ biMiu;
i=1
Then calculate:
w=Ew,, 1, cos 0,=u; w;; i=m, m-1,...,1 (A.57)
Then the distances {d,; i=1, 2, . . ., m} can be calculated

from (A.33), and the specular points {p;; i=1, 2, ..., m} can
be calculated using (A.22).

What is claimed is:

1. A method for mapping a structure, the method compris-
ing:

detecting a plurality of wireless signals that comprise mul-

tipath signals that have each experienced at least one
reflection against a portion of a structure prior to the
detection;
analyzing the plurality of wireless signals to estimate
reflection points for the multipath signals;

discriminating single-reflection multipath signals from
multiple-reflection multipath signals so as to discrimi-
nate true reflection points from false reflection points;
and

generating amap of a floor plan of at least the portion of the

structure based on the true reflection points.

2. The method according to claim 1, wherein the plurality
of'wireless signals are received from one or more sources and
are detected with at least one receiver.

3. The method according to claim 2, wherein the one or
more sources comprise one or more satellites moving in
space.

4. The method according to claim 2, wherein the one or
more sources comprise at least two transmitters at known
terrestrial locations.

5. The method according to claim 2, further comprising:

causing the at least one receiver to move along a known

trajectory within or near the structure.

6. The method according to claim 2, further comprising:

causing the at least one receiver to move along an unknown

trajectory within or near the structure; and

tracking a location of the at least one receiver.

7. The method according to claim 6, wherein the tracking
and the generating take place at substantially the same time
and in recursive steps.
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8. The method according to claim 1, wherein the analyzing
further comprises:

processing a multipath signal with a Rake filter to correlate
the multipath signal with a corresponding direct path
signal;

determining a time delay between the multipath signal and
the corresponding direct path signal; and

estimating one or more parameters associated with a mul-
tipath delay model.

9. The method of claim 1, wherein the plurality of wireless
signals are transmitted from one or more sources selected
from the group consisting of: one or more mobile transmitters
and one or more fixed terrestrial transmitters.

10. The method according to claim 1, further comprising:

assigning one of the plurality of wireless signals to a cor-
responding signal path.

11. The method according to claim 1, wherein the analyz-
ing further comprises distinguishing a multipath signal from
a corresponding direct-path signal.

12. The method according to claim 1, wherein the analyz-
ing further comprises associating a multipath signal with a
corresponding direct-path signal.

13. The method according to claim 1, wherein the gener-
ating comprises employing both direct-path signals and mul-
tipath signals in the plurality of wireless signals.

14. The method according to claim 1, wherein the analyz-
ing further comprises:

iteratively estimating one or more multipath parameters
associated with a multipath delay model.

15. The method according to claim 14, wherein the one or
more multipath parameters for a multipath signal comprise an
angle-of-arrival from a last reflection experienced by the mul-
tipath signal.

16. The method according to claim 1, further comprising:

eliminating one or more erroneous mapping points that
result from a proximity effect.

17. A system for mapping a structure, the system compris-
ing:

a) at least one receiver for detecting a plurality of wireless
signals originating from one or more sources, the plu-
rality of wireless signals comprising multipath signals
that have each experienced at least one reflection against
a portion of a structure prior to the detection; and

b) a processor, associated with the at least one receiver, for:
1) analyzing the plurality of wireless signals to estimate

reflection points for the multipath signals;

ii) discriminating single-reflection multipath signals
from multiple-reflection multipath signals so as to
discriminate true reflection points from false reflec-
tion points; and

iii) generating a map of a floor plan of at least the portion
of the structure based on the true reflection points.
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18. The system according to claim 17, wherein the one or
more sources comprise one or more satellites moving in
space.

19. The system according to claim 17, wherein the one or
more sources comprise at least two transmitters at known
terrestrial locations.

20. The system according to claim 17, wherein the at least
one receiver moves along a known trajectory within or near
the structure.

21. The system according to claim 17, wherein the at least
one receiver moves along an unknown trajectory within or
near the structure, and the system being further configured to
track a location of the at least one receiver.

22. The system according to claim 21, wherein the tracking
of'the location of the at least one receiver and the generating
of the map take place at substantially the same time and in
recursive steps.

23. The system according to claim 17, further comprising a
Rake filter for processing a multipath signal in order to cor-
relate the multipath signal with a corresponding direct path
signal, and wherein the processor is further configured to 1)
determine a time delay between the multipath signal and the
corresponding direct path signal and ii) estimate one or more
parameters associated with a multipath delay model.

24. The system of claim 17, wherein the one or more
sources are selected from the group consisting of: one or more
mobile transmitters and one or more fixed terrestrial trans-
mitters.

25. The system according to claim 17, wherein the at least
one receiver is further configured to assign one of the plurality
of wireless signals to a corresponding signal path.

26. The system according to claim 17, wherein the proces-
sor is further configured to distinguish a multipath signal
from a corresponding direct-path signal.

27. The system according to claim 17, wherein the proces-
sor is further configured to associate a multipath signal with a
corresponding direct-path signal.

28. The system according to claim 17, wherein the gener-
ating of the map is based on both direct-path signals and
multipath signals in the plurality of wireless signals.

29. The system according to claim 17, wherein the proces-
sor is further configured to iteratively estimate one or more
multipath parameters associated with a multipath delay
model.

30. The system according to claim 29, wherein the one or
more multipath parameters for a multipath signal comprise an
angle-of-arrival from a last reflection experienced by the mul-
tipath signal.

31. The system according to claim 17, wherein the proces-
sor is further configured to eliminate one or more erroneous
mapping points that result from a proximity effect.
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