
(12) United States Patent 
Elwell, Jr. et al. 

US008279119B2 

US 8,279,119 B2 
Oct. 2, 2012 

(10) Patent N0.: 
(45) Date of Patent: 

(54) 

(75) 

(73) 

(21) 

(22) 

(65) 

(63) 

(60) 

(51) 

(52) 
(58) 

SYSTEMS AND METHODS FOR 
TRANSPARENCY MAPPING USING 
MULTIPATH SIGNALS 

Inventors: John M. Elwell, Jr., Sudbury, MA (US); 
Donald E. Gustafson, Lexington, MA 
(US); J. Arnold Soltz, Brookline, MA 
(Us) 

Assignee: The Charles Stark Draper Laboratory, 
Inc., Cambridge, MA (US) 

Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 377 days. 

Appl. No.: 12/212,480 

Filed: Sep. 17, 2008 

Prior Publication Data 

US 2009/0102711 A1 Apr. 23, 2009 

Related US. Application Data 

Continuation-in-part of application No. 11/335,160, 
?led on Jan. 19, 2006, noW Pat. No. 7,679,561. 

Provisional application No. 60/645,390, ?led on Jan. 
19, 2005, provisional application No. 60/973,314, 
?led on Sep. 18, 2007, provisional application No. 
60/977,519, ?led on Oct. 4, 2007. 

Int. Cl. 
G01S 5/04 (2006.01) 
G01S 19/22 (2010.01) 
H04B 7/185 (2006.01) 
US. Cl. .................. .. 342/453; 342/353; 342/357.61 

Field of Classi?cation Search ................ .. 342/353, 

342/453, 357.61 
See application ?le for complete search history. 

(56) References Cited 

U.S. PATENT DOCUMENTS 

3,537,008 A 10/1970 Lakatos 
3,869,673 A 3/1975 Close 
4,433,334 A 2/1984 Caputi, Jr. 
4,667,202 A 5/1987 Kammerlander et al. 
4,675,880 A 6/1987 Davarian 
4,812,991 A 3/1989 Hatch 
4,888,593 A 12/1989 Friedman et a1. 
4,916,455 A 4/1990 Bent et a1. 
4,975,710 A 12/1990 Baghdady 
5,063,560 A 11/1991 Yerbury et al. 
5,216,429 A 6/1993 Nakagawa et al. 
5,293,642 A 3/1994 Lo 
5,296,861 A 3/1994 Knight 

(Continued) 

FOREIGN PATENT DOCUMENTS 

EP 1143652 10/2001 

(Continued) 

OTHER PUBLICATIONS 

Balboni et al., “An Empirical Study of Radio Propagation Abroad 
Naval Vessels,” Proceedings of Antennas and Propagation for 
WirelessCommunications, Nov. 6-8, 2000, 4 pgs. 

(Continued) 

Primary Examiner * Gregory C Issing 
(74) Attorney, Agent, or Firm * Goodwin Procter LLP 

(57) ABSTRACT 

Systems and methods for mapping a structure detect Wireless 
signals, including at least one multipath signal that has expe 
rienced at least one re?ection against a portion of the structure 
prior to the detection. The Wireless signals are analyzed to 
estimate re?ection points for the multipath signal(s), and a 
map of at least the portion of the structure is generated based 
on the estimated re?ection points. 

31 Claims, 15 Drawing Sheets 

00 

interest 

Position receiver(s) at known 
location(s) in relation to structure of 

Detect wireless signals that originated 
from source(s) at known location(s) 

l 
Distinguish and associate direct-path 

signals and multipath signals 

l 
Calculate specular point(s) based on 

multipath time-of-arrival model 

l 
Synthesize and filter specular point(s) 

to generate map of the structure 



US 8,279,119 B2 
Page 2 

US. PATENT DOCUMENTS 6,593,883 B2 7/2003 Johnson et a1. 
5,347,286 A 9/1994 Babitch 6’608’593 B2 8/2003 Holt - 
5 390 339 A 2/l995 B k 1 6,611,232 B1 8/2003 Wunderl1ch et al. 
5,414,432 A 5,1995 Pm 6? ettai 6,634,959 B2 10/2003 Kuesters 
5,414,729 A 5,1995 Penny’ r' 61 a' 6,693,592 B2 * 2/2004 Dowdle etal. .............. .. 342/453 
5,590,043 A 12,1996 hing)“ at” 6,744,408 B1 * 6/2004 Stockmaster ............... .. 342/453 
5592180 A 1,1997 Yoiegfggl 6,744,442 B1 6/2004 Chan et al. 

’ ’ . ' 6,745,038 B2 6/2004 Callaway, Jr. et al. 

2,283,478? 2 5x33; K‘gnone, 5‘ 6,795,019 B2 9/2004 HOlt 
5,623,429 A , 4,1997 Fgrst‘fme et al 703/3 6,892,055 B2 5/2005 Rosenfeld etal. 

5:630:208 A 5/1997 Enge etal. 2322222 5; $882 $315‘ 31' 
5,646,964 A 7/1997 Ushlrokawaeta1~ 7,064,660 B2* 6/2006 Perkins et al. ......... .. 340/539.13 
5,689,431 A 11/1997 Rudow et al. 7 205 933 B1 4/2007 Snod rags 
5,689,812 A * 11/1997 Takahashi ................ .. 455/67.16 ’ ’ g 
5 710 977 A V1998 Nak 1 7,212,159 B2 5/2007 Dooley 

’ ’ azawa at” 7,212,160 B2* 5/2007 Bertoniet ................... .. 342/453 
5,717,406 A 2/1998 Sanderford et a1. 7 313 403 B2 00007 G 1 
5 719 584 A 2/1998 Otto ’ ’ 911g eta? 
5’724’047 A 3/l998 L. . t 1 7,492,314 B2 * 2/2009 D1Esp0st1etal. ..... .. 342/357.61 

5729659 A 71998 15352318 58888888888 £8 38883 rsahey?rblaieia" 
’ ’ . ' ow ee a. 

gig/8;‘? 2 341332 gal“ ettall' 2002/0196186 A1 12/2002 HOlt 
5,760,909 A 6,1998 Nilgl‘f‘f a' 2002/0196187 A1 12/2002 HOlt 
5,771,456 A 6,1998 pm 0 S 2002/0196188 A1 12/2002 HOlt 
5,796,773 A 8,1998 si’lgynblat 2003/0052821 A1 3/2003 HOlt 

’ ’ 2003/0069024 A1 4/2003 Kennedy 

gig/23,9, 2 13/1332 £6,111.11“ 2005/0179591 A1 8/2005 Beneni etal. 
5,883,595 A 3,1999 (33111559 2008/0198072 A1 8/2008 Elwell etal. 

2 ghisholm er 91- FOREIGN PATENT DOCUMENTS 
, , on 

5,917,445 A 6/1999 Schipper et al. 5; 38893313223 13/588? 
5,918,161 A 6/1999 Kumar et al. 
5,926,113 A 7/1999 Jones et a1. W0 ‘VG-0181941 11/2001 
5,926,133 A 7/1999 Green, Jr. W0 WO-02052225 7/2002 
5,936,573 A 8/1999 Smith WO WO-03096055 11/2003 
5,949,364 A * 9/1999 Katzberg etal. .......... .. 342/25A W0 WO 2006088599 A1 * 8/2006 

5,950,140 A 9/1999 Smith 
5,963,601 A 10/1999 Pon etal. OTHER PUBLICATIONS 
5,974,039 A 10/1999 Schilling “ - - - ,, - - 

5,982,322 A “H999 Bickley et a1‘ Drane etal, Pos1t1on1ng GSM Telephones, IEEE Commun1cat1ons 

5,986,575 A 11/1999 Jones et a1. Magailner 141111998, (1111 46-591 d 
5,991,345 A 11/1999 Ramasastry Gusta son et a ., “In oor Geo ocation an Mapping Using RF 
5,999,131 A 12/ 1999 Sullivan Multipath,” Charles Stark Draper Laboratory, Cambridge, MA, 
6,002,361 A 12/ 1999 Schipper DARPAUrbanPropagationWorkshop, San Diego, CA, Oct.5,2006, 
6,026,304 A 2/2000 Hilsenrath et al. 23 pages, 
6,031,601 A 2/2000 Mccusker et 31' Gustafson et al., “Innovative Indoor Geolocation UsingRF Multipath 
6,031,881 A 2/2000 Welll et a1~ Diversity,” Contract N0. FA8650-06-C-7642, CWINS&Draper Pro 
6,054,950 A 4/2000 Fontana _ prietary Feb 27 2007 81 pages 

2 g??ilztzilet al' Howard et al., “Measurement and Analysis of the Indoor Radio 
R’E36’79l E 70000 Heller ' Channel in the Frequency Domain,” IEEE Transactions on Instru 
6,084:546 A 7/2000 W21X et a1‘ mentation and Measurement, vol. 39, No. 5, Oct. 1990, pp. 751-755. 
6,084,927 A 7/2000 pon Krishnamurthy, “Analysis and Modeling of the Wideband Radio 
6,094,168 A 7/2000 Duffett-Smith et 31, Channel for Indoor Geolocation Applications,” Ph.D. Dissertation, 
6,112,095 A 8/2000 Wax et al. Worcester Polytechnic Institute, Aug. 2, 1999, 172 pages. 
6,114,989 A 9/2000 FOHteS et al. Pahlavan et al., “Indoor Geolocation Science and Technology,” IEEE 
6,150,921 A 11/2000 Werb et a1~ Communications Magazine, Feb. 2002, pp. 112-118. 

2 i £5111 Pahlavan et al., “Wideband Radio Propagation Modeling for Indoor 
’ ’ Ose Geolocation Applications,” IEEE Communications Magazine, Apr. 

6,198,765 B1 3/2001 Cahn et al. 1998 pp 60_65 

"""""""" " 342/453 Peterson et al., “Measuring GPS Signals Indoors,” The British 

632363365 B1 5/2001 LeBlanC et a1‘ Library, previously published at the US. Institute of Navigation 
6,243,648 B1 6/2001 Kilfeather et Conference, ION GPS ,97, Sep. 1997, 8 pages. 
6,255,992 B1 7/2001 Madden Rappaport et al., “Position Location Using Wireless Communica 
6,2 59,401 B1 7/2001 W00 tions on Highways of the Future,” IEEE Communications Magazine, 
6,259,404 B1 7/2001 Parl et al. Oct. 1996, pp. 33-41. 
6,263,208 B1 7/2001 Chang et a1. Tingley et al, “A Comparison of Two Techniques for Parameter 
6,272,350 B1 8/2001 Teklnay Estimation of an Indoor Radio Channel,” Proceedings of Wireless 
6282426 B1 8/2001 Wang ’99, Calgary, Alberta, Canada, Jul. 12-14, 1999, pp. 94-101. 
6,285,318 B1 9;200l 59:15)‘? et 1 Turin, “Introduction to Spread-Spectrum Antimultipath Techniques 
6’292’665 B1 9 2001 H} e ran et a ' and Their Application to Urban Digital Radio,” IEEE Proceedings, 
6,300,903 B1 10/2001 Richards et al. V01 68 NO 3 Mar 1980 pp 328653 

$335152? et 31' Watson et al., “Investigating GPS Signals Indoors with Extreme 
634143634 B1 7/2002 Tekinay High-Sensitivity Detection Techniques,” Journal of the Institute of 
6,473,038 B2 10/2002 patwari et 31‘ Navigation, vol. 52, No. 4, Winter 2005-2006, received Jun. 2005, 
6,522,296 B2 2/2003 Holt revised Feb. 2006, pp. 199-213. 
6,541,950 B2 4/ 2003 Townsend et al. Werb et al., “Designing a Positioning System for Finding Things and 
6,580,393 B2 6/2003 Holt People Indoors,” IEEE Spectrum, Sep. 1998, pp. 71-78. 



US 8,279,119 B2 
Page 3 

Yousef et al., “Robust Time-Delay and Amplitude Estimation for 
CDMA Location Finding,” IEEE Proceedings of the Vehicular Tech 
nology Conference, Fall 1999, vol. 4, Delft, The Netherlands, Sep. 
1999, pp. 2163-2167. 
International Search Report for PCT Application No. PCT/US06/ 
001811, mailed Jun. 19, 2006, 2 pages. 
Written Opinion for PCT Application No. PCT/US06/001811, 
mailed Jun. 19, 2006, 5 pages. 

Examination Report for European Patent Application No. 06748164. 
8, mailed Mar. 19, 2009, 3 pages. 
International Search Report for PCT Application No. PCT/US2008/ 
076652, mailed Jun. 4, 2009, 3 pages. 
Written Opinion for PCT Application No. PCT/US2008/076652, 
mailed Jun. 4, 2009, 6 pages. 

* cited by examiner 





US. Patent 0a. 2, 2012 Sheet 2 0115 US 8,279,119 B2 

source 
FIG. 2A 



US. Patent 0a. 2, 2012 Sheet 3 0115 US 8,279,119 B2 

UN .9“ UHF-Dom 

mm .9“ 

623mm wohjom 







US. Patent 0a. 2, 2012 Sheet 6 0115 US 8,279,119 B2 

mm 



US. Patent 0a. 2, 2012 Sheet 7 0115 US 8,279,119 B2 

mm .9“ 



US. Patent 0a. 2, 2012 Sheet 8 0115 US 8,279,119 B2 

Om .0? 



US. Patent 0a. 2, 2012 Sheet 9 0115 US 8,279,119 B2 



US. Patent 0a. 2, 2012 Sheet 10 0115 US 8,279,119 B2 

§§ max“ i... 
$2mumm mum. 



US. Patent Oct. 2, 2012 Sheet 11 01 15 US 8,279,119 B2 

1006 
1004 FIG. 8 

& 
1010 

1002 







US. Patent Oct. 2, 2012 Sheet 14 01 15 US 8,279,119 B2 

E. .QE 

mmmcmmm guma?wnwa EM 335 05 Sum 
“3mm ?masmn? wmwmamm?q 

Him 525 

imam.“ Q5 2% was 

1.1.1.... P 55 ?mammu? 



US. Patent 0a. 2, 2012 Sheet 15 0115 US 8,279,119 B2 



US 8,279,119 B2 
1 

SYSTEMS AND METHODS FOR 
TRANSPARENCY MAPPING USING 

MULTIPATH SIGNALS 

CROSS-REFERENCE TO RELATED CASES 

This application claims priority to and the bene?t of US. 
Provisional Patent Application No. 60/977,519, ?led 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 bene?t of 
US. Provisional Patent Application No. 60/973,314, ?led 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 US. 
patent application Ser. No. 11/335,160, ?led 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 ofU.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 ofU.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 speci?cally 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 ?nal 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 re?ection 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 re?ect the RF 
signal back toWards the source. The re?ected 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 re?ective 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 de?ciencies. For example, to be 
accounted for in a ?nal 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 re?ect 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 
re?ection signals is either not detected or ?ltered out as noise. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
As a result, a substantial portion of signals that bounce off an 
object end up not contributing any geometric information to 
the ?nal 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 
di?icult to use direct-path signals for mapping. In this 
approach, the re?ected signals are typically treated as 
unWanted noise. 

Therefore, it has been di?icult, 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 
re?ections betWeen source and detection), making it di?icult 
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 ?xed or 
mobile transceiver devices. As illustrated in FIG. 1, it may be 
di?icult 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 dif?cult time gaining an unobstructed sight of 
Building C. Thus, it is dif?cult for either TC1 or TC2 to detect 
any RF signal re?ected by Building C. In addition, RF signals 
from TC1 and TC2 may be re?ected one or more times by 
BuildingsA and B (or other objects) before reaching Building 
C. Therefore, it is also di?icult 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 re?ecting from the interior 
surfaces of the building structures are even more di?icult 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 de?ciencies. 

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 obj ect 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 ?rst Wireless signal trans 
mitted directly from a satellite; deriving, from the ?rst Wire 
less signal, a location of the satellite; detecting, at the receiver, 
a second Wireless signal transmitted by the satellite and 
re?ected by a structure; determining a time difference of 
arrival (TDOA) betWeen the second Wireless signal and the 
?rst Wireless signal; and mapping at least one re?ection 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 con?g 
ured to: (i) detect a ?rst Wireless signal transmitted directly 
from a satellite, (ii) derive, from the ?rst Wireless signal, a 
location of the satellite, (iii) detect a second Wireless signal 
transmitted by the satellite and re?ected by a structure, (iv) 
determine a time difference of arrival (TDOA) betWeen the 
second Wireless signal and the ?rst Wireless signal, and (v) 
map at least one re?ection 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 con?gured to derive, from the 
?rst Wireless signal, a code sequence and a data message. The 
receiver and the signal processing elements may also be con 
?gured 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 con?gured to: (i) detect a signal having the ?rst 
Wireless signal and the second Wireless signal mixed 
together; (ii) synthesiZe a replica of the detected signal by 
varying a ?rst 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 ?rst 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 
con?gured to (i) isolate, from the pluralities of Wireless sig 
nals, a subset of Wireless signals that originate from a same 
satellite and (ii) identify, from the subset of Wireless signals, 
a direct path signal and at least one corresponding multipath 
signal that has re?ected off of the structure. In addition, the 
receiver and the signal processing elements may be further 
con?gured 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 re?ection 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 re?ection 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 re?ection 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 re?ection 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 i) analyZing the plurality of Wireless signals to 
estimate re?ection 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 re?ection 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 
con?gured 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 ?lter 
for processing a multipath signal in order to correlate the 
multipath signal With a corresponding direct path signal. The 
processor may be con?gured 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 con?gured to assign one of the plurality of 
Wireless signals to a corresponding signal path. The processor 
may be further con?gured 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-re?ection multipath signals from 
multiple-re?ection multipath signals, to identify one or more 
true re?ection 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 re?ection 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 re?ections in accordance With embodiments of 
the present invention. 

FIG. 3 shoWs a ?oW chart illustrating an exemplary method 
for mapping based on multipath signals in accordance With an 
embodiment of the present invention. 




























