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(57) ABSTRACT

A real-time locating system (RTLS) for localization using
satellite navigation signals in a Distributed Antenna System
includes Off-Air Access Units (OAAUs), each being oper-
able to receive an individual satellite navigation signal from
a satellite and to route signals optically to a digital access
unit (DAU). Remote digital remote units (DRUs) are located
at Remote locations and are operable to receive signals the
DAUs. Each individual satellite navigation signal can be
appropriately delayed (in a manner that accounts for a
DRU’s location). For each antenna, a separation distance
between a mobile station and a DRU can be estimated based
on a signal receipt time at the station. In combination, these
distances can be used to estimate the mobile station’s precise
indoor position.

AT
(2]#& 1“‘&, HE‘\‘-;AJJZIEQ
7 ;"‘sl; J\—Hﬁz# i

o
TSl
bt

o
50
el
R,
o%e; vtetitotetinatel
oS

el

e

Némm

Optical

QOptical Cable
103

Cable
124

Optical
Cable
125

Optical
Cable

Optical
Cable

Server
150



Patent Application Publication

Aug. 23,2018 Sheet 1 of 19

OAAU 1
120

Optical
Cable
123

OAAU 2
121

US 2018/0239025 A1l

103

AN

B I

L

Optical
Cable
124

Optical Cable

Optical
Cable

QAAU 3
131

DAU 1

L

Optical
Cable
125

DAU 2
108

:El—

DAU 3

Server
150

FIG. 1

Optical
Cable



Patent Application Publication  Aug. 23, 2018 Sheet 2 of 19 US 2018/0239025 A1

OAAU 1 / / // W "/ \? - \;‘;'—

/, V ]
. — / 7
7 MV W// Y
\ % 4.'15 < 2
A, L, . >/
Optical Cable /
224 ; o/
: Y
@ \[\ Optical Cable
225
||||h
O’;’;"‘; 3 Opticza\; 7Cable
L=
Optical
Cople Optical Cable
Optical Cable
DAU 1
202 p—
1
DAU 2
208
1
DAU 3
—
Server
240

FIG. 2A



Patent Application Publication

600

Aug. 23,2018 Sheet 3 of 19

Down Stream Data Serialized

into Frames

SAT1

SAT2

SAT3

FIG. 2B

US 2018/0239025 A1l

SATN




Patent Application Publication  Aug. 23, 2018 Sheet 4 of 19 US 2018/0239025 A1

T EAR
b AT
YELEETERY
/0 SEERRTITET
/ | 7
i T T T -
N7 e A
/{ \/ X \
f oy ¥ NN
LA L L ' 2l 1
\H ESTTEXN,Y r 4
NELLUT A7
/. \\ //
‘||ii|i§iiil" ot}
} )
7 7
'
-
ST iy
%W@ (S
Sy (S
\I\ RRRIAEL

) b Je!:ﬂgﬁav SR AE
R isbis’ v L)

R S
e N N . o
[osasdbahds, BRI LN
e eteetetettatoliooten tetate
K BBUOBC BRI BN 200
S TR R sssy
BRSNS t‘éﬁpg% SRS

N RS S

s Ny 5
*“%‘%”%i@g&

R )

AT selety

IS e

o~

R

Cable
303

Optical
@ Cable
\I\ Optical

DAU 1
— 302
OAAU 2
® 331 |
: | DAU 2 Optical Cable
Optical Cable 308
—
DAU Optical Cable
N
D\ —
Server
350
llll
Optical Cable
OAAUN
341
L

FIG. 3



US 2018/0239025 A1l

Aug. 23,2018 Sheet 5 of 19

Patent Application Publication

v 'Old
(e7)11e%g)
2op| oS |e——p  leuoiedo
Aun 1soH /0¥ aJoway
Busull | gy
~——P| | WOod ¥I3d NNYod X3 ————W 5, U an >
N od P [ PON _mo_mmr_n_ oA meg
°
°
JIOMIBN 71 Je}noy |20 ¢ o
[eando <> 704 NV nzuod¥a =" 550N [eaish .............m.....v.v_s._:
az Hod 3 AIMHvIII PON [E91SAUd U UMoQ
o
< o] | pog NV N} HOd XT e %
190)74 al Mod X3 ‘.Iwwo-mlll SPON _wo_w>r_n_ < Ul umo(]
LOY 00t 14017
dl
90t
M

JIOMISN
44



US 2018/0239025 A1l

Aug. 23,2018 Sheet 6 of 19

Patent Application Publication

HIOMIBN 4

S OlId

Jsindwon

SUTT an .
¢ AU UMo(

9poN |edisAyd

sjuiod

SS800Y SSojRUIM

605 mmmmmmww A.|||||.||.||«< )

—1

SUrTan »
¢ AU UMo(]

SpON [eolsAyd

gog *urTTRoT

opoN [ea1sAud

L0g

Youmg
S0S | jewswy3
jsuisyig
809
e e I P EE] I HOd ¥33d [P
fafreerremeennend  (IN MO X
]
)
)
¥ Joynoy Jojeaday
bl (12 1O X
e m—
e Gzrouna Z Hod NV
109
o] (1} WO IXT | Uod NY1 AIINIOImIV
A.ll@dwll al vod X3
00¢

s}JomjeN
leondo



Patent Application Publication  Aug. 23, 2018 Sheet 7 of 19 US 2018/0239025 A1

Receiving at each off-air access unit (OAAU) /- 610
a GPS radio frequency (RF) signal from a
GPS Satellite (SAT)

612
Converting the GPS signal from RF to digital /

y
Performing Signal Processing on the digital /- 613
signal (e.g., filtering, introducing a time delay,

frequency transiation, etc.)

A

Transporting the digital signal through an / 614
optical cable to a digital access unit (DAU)

616
Time multiplexing the digital signals -/

Y

Routing the multiplexed signals from the DAU _/ 618
to at least one digital remote unit (DRU)

A 4

Performing Signal Processing (e.g., /- 619
introducing time-delay offsets) on the digital
multiplexed signals to estimate a GPS position

!

620
Converting the GPS signal from a digital /
signal to a RF signal

FIG. 6



Patent Application Publication  Aug. 23,2018 Sheet 8 of 19 US 2018/0239025 A1

\\h

OAAU 1

p— 720
SAT
2 \J\
|||'
Optical Cable

724
OAAU 2
721
SAT
1
Optical Cable
725
—— ||]l|- Y
DRU1
OAAU 3 702
722 .
| —
Optical Optical Y
Cable Cable
DRU 2
726 727 || 703
Optical
Cable
728 Y
| |DRU3
Server
740

FIG. 7



Patent Application Publication  Aug. 23,2018 Sheet 9 of 19 US 2018/0239025 A1

T A
/e )
T ™
1 \v A N N
0,7 7 ik b )
% \ —\d el \ y
ér' \. A Vi ; N
VY Z f N\ /
/ » /' ‘ #“T\ p 13 _;I/
4541,
© >
\ o 2 v it o " 'b ‘ R
T ?’..:5 e
N, wt%* SRR SR
805 *‘* S ;;;;g&
A. .
\® llll ||l| c]ll 't:"
@ OAAU 1
820
Optical
Cable
823
Optical Cabie
803
Optical
Cable
Optical
DAU 1 Cable
802 e
|
DAU 2
808
—
DAU 3
—
Server
850

FIG. 8



Patent Application Publication  Aug. 23, 2018 Sheet 10 of 19  US 2018/0239025 A1l

s
OAAU 2 -u

OAAU 1 922
921 .
Optlcsll‘;’;able E OAAU 3
i 923
: opfical Cable \le\rb
A 942 \ @
DRU 1
931 /k * * * e.,xe\q’
RF Cable \
Opfical Cable 951
943
DRU 2 Qe\'\
| X \ )\ A @
RF Cable
952
GPS Device
962

FIG. 9



Patent Application Publication  Aug. 23, 2018 Sheet 11 of 19  US 2018/0239025 A1l

Down Stream Data Serialized

1000 into Frames
SAT 1 SAT 2 SAT 3 ses SATN _—
1020
1010
SAT 1 ———»  Delay 1
\ 1030
1021
1011

SAT2 p—p Delay?2

1012 SATN |——p DelayN

1022

FIG. 10



Patent Application Publication  Aug. 23, 2018 Sheet 12 of 19  US 2018/0239025 A1l

Down Stream Data Serialized

1100 into Frames
SAT 1 SAT 2 SAT 3 Ll SATN  ——
1120
110 SAT 1 »| Delay1 p——m—m>» DRU 1
1121
1111
SAT2 p—p| Delay2 p———-o—>p DRU?2
* [ ]
: H
1112 SATN p———p DelayN p——epp DRUN
1122
/ e
1133
R1

e

1

DRU1
1132

GPS Devi E]
114ezvme% \

DRU
N

FIG. 11



Patent Application Publication  Aug. 23, 2018 Sheet 13 of 19  US 2018/0239025 A1l

Down Stream Data Serialized
1200 into Frames

SAT 1 SAT 2 SAT 3 eoo SATN —

SAT 1 p—»{ Delay 1

1210

SAT2 | Delay 2 DRU 1

SAT 3 p—»{ Delay 3

SAT4 |—| Delay 4
1211
SAT5 |—»{ Delay 5 > > DRU 2
SAT6 |—»| Delay 6
> .

SAT7 |—»| Delay 7

1212

DRU 3

SAT 8 »| Delay 8

SAT9 |—»| Delay 9

/ T
R2 DRU 2
1233
R1
//‘—'
Y GP?;ezvice%ﬁ RN
232

1

DRU 3
1234

FIG. 12



Patent Application Publication

Aug. 23,2018 Sheet 14 of 19  US 2018/0239025 Al

Down Stream Data Serialized

FIG. 13

1300 into Frames
SAT 1 SAT 2 SAT 3 oce SATN —_—
DRU
1320 1300
1310 SAT1 p——» Delay1
+ \ 1330
, 1321
1311 X
SAT2 |— |Delay2 UPC
i
: | A :
* — * 1340
1312 SATN |——p |DElay N
— 1322
K,
I i
| leeel
1370 I | 1350
P 1 ]
Adaptive GPS
up —p|  Algorithm < Receiver
A 1360
Server 1380



Patent Application Publication  Aug. 23, 2018 Sheet 15 of 19  US 2018/0239025 A1l

1420 #

—»{ Dejfay 1

4
.' 1421
> De}éy 2 +
j ‘
A 1422
> Delléy N
' v
Measured GPS
! position
Send Alarm 1460 (Latitude, Longitude,
if error > Height)
threshold LMS Algorithm
R (adapt delays to minimize |a— 1430
1470 error)
1440
Position
1450 error

Known GPS position
(Latitude, Longitude,
Height)

FIG. 14



Patent Application Publication  Aug. 23, 2018 Sheet 16 of 19  US 2018/0239025 A1l

1501
GPS 1 GPS 1
1502
GPS 2 GPS 2
1503
GPS 3
1504
GPS 4 e
time
.
RF cable
Anﬁ_g;a 1 Antenna 2

Y 1522
RF cable ¢

&
m)
R1
2 R2

Antenna 4 GPS Device
1524 GPS 4 GPs 4 1542
] Gprg 3
Orss Antenna 3
RF cable 1523

]

DRU 1
1532

RF cable

FIG. 15



Patent Application Publication

Aug. 23,2018 Sheet 17 of 19

] 1690

y

Measured GPS
position
(Latitude, Longitude,
Height)

4
—»{ Deféy 1
1620 4
| Dejéy 2
71621 4
- De}éy?;
f 1622 4
> De‘}éy4
f 1623
Send Alarm 1660
if error >
threshold LMS Algorithm
S R— (adapt delays to minimize |«
1670 error)

1650

Known GPS position
(Latitude, Longitude,
Height)

Position
error

1630

1640

FIG. 16

=)

US 2018/0239025 A1l



Patent Application Publication  Aug. 23, 2018 Sheet 18 of 19  US 2018/0239025 A1l

1701
GPS 1 1702 GPS 1

1703

GPS 3 1704
GPS 5 1706
1709 | GPS6 |
1708
GPS 8

707

time

Antenna 1
1721

)

O

GPS Device

e / Y

/o\

Antenna 8

Antenna 4
1724

Y\

Antenna 7
1727

Antenna 3

Antenna 2 Antenna 5
1722 1725

T T

O

Antenna 6

1723 1726

T

Antenna 9
1728 1729

T

FIG. 17



Patent Application Publication  Aug. 23, 2018 Sheet 19 of 19  US 2018/0239025 A1l

Receiving at user a time synchronized GPS
signal from each surrounding antenna _~— 1810
bi={xi,yi,zi} at ti, i=1,2...m

l

Determine the time difference of arrival / 1812
di1=c*i-c*t1, i=2...m

l

Formulate cost function di=||s-bil| / 1813
where s={x,y,z} is the unknown position

l

Solve nonlinear hyperbolic equations for |~ 1814
unknown position s

FIG. 18



US 2018/0239025 Al

REAL-TIME LOCATING SYSTEM USING
GPS TIME DIFFERENCE OF ARRIVAL
WITH DIGITAL OFF-AIR ACCESS UNITS
AND REMOTE UNITS

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/257,209, filed on Apr. 21, 2014;
which claims priority to U.S. Provisional Patent Application
No. 61/815,023, filed on Apr. 23, 2013. Each of these
references is hereby incorporated by reference in its entirety
for all purposes.

BACKGROUND OF THE INVENTION

[0002] Real-time locating systems (RTLS) are used to
automatically identify and track the location of objects or
people in real time, usually within a building or other
contained area. Currently, no standard for an RTLS has been
adopted in a widespread manner, adversely impacting
deployment.

[0003] ARTLS typically relies on anchors with known
positions rather than relying on satellites, since satellite
signals are not typically available at indoor positions as a
result of signal attenuation resulting from roofs and other
building structures.

[0004] Despite the progress made in RTLS design and
implementation, there is a need in the art for improved
methods and systems related to localization.

SUMMARY OF THE INVENTION

[0005] Embodiments of the invention generally relate to
wireless communication systems employing Distributed
Antenna Systems (DAS) as part of a distributed wireless
network. More specifically, embodiments of the present
invention relate to a DAS utilizing a digital Off-Air Access
Unit (OAAU). In a particular embodiment, the present
invention has been applied to receive GPS signals at the
OAAUS that can be configured in a star configuration or a
daisy chained configuration. The methods and systems
described herein are applicable to a variety of communica-
tions systems including systems utilizing various commu-
nications standards.

[0006] Satellite navigation systems, including the Global
Positioning System (GPS) can have diverse applicability,
such as assisting with traffic management, navigation, medi-
cal emergency services as well as location-based services for
handsets. GPS is discussed herein as an exemplary satellite
navigation system, although other systems, including GLO-
NASS (Russian), Galileo (Europe), QZSS (Japanese), and
BeiDou (Chinese) are included within the scope of the
present invention and should be understood to fall under the
umbrella of systems collectively referred to as GPS herein.
Although GPS positioning is prevalent in outdoor applica-
tions, indoor localization using GPS is not common, likely
due to large signal attenuation caused by the building walls.
Most indoor positioning solutions require unique infrastruc-
ture that is complicated and expensive to deploy. The indoor
positioning architecture provided by embodiments of the
present invention uses existing GPS Satellite infrastructure
and can be used with standard handsets that contain GPS
receivers. One of ordinary skill in the art would recognize
that the present disclosure is also applicable to environments
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where there are no line-of-sights with the GPS satellites,
including but not limited to tunnels, subways, underpasses,
undergrounds, caves, outdoor areas with physical overhead
covers or obstructions (e.g., an outdoor area surrounded by
tall buildings).

[0007] A DAS provides an efficient means of distributing
signals over a given geographic area. The DAS network
comprises one or more digital access units (DAUs) that
function as the interface between OAAUs and digital remote
units (DRUs). The DAUs can be collocated with the
OAAUSs. Under certain embodiments, the OAAUSs are not
collocated with the DAUs. OAAUSs can be used to relay GPS
Satellite signals to one or more DAUSs or directly to one or
more DRUs. One or more OAAUs can be used to commu-
nicate with one or more Satellites. The OAAUs can thus
relay RF GPS signals between the Satellite and the coverage
area.

[0008] According to an embodiment of the present inven-
tion, a method for localization using satellite navigation
signals in a DAS is provided. The method includes receiving
a signal that originated from a satellite, introducing a delay
to the signal, and transmitting the signal to an antenna.
[0009] According to an embodiment of the present inven-
tion, a system for indoor localization using satellite naviga-
tion signals in a DAS is provided. The system includes a
plurality of OAAUs. Each of the plurality of OAAUSs is
operable to receive an individual satellite navigation signal
from at least one of a plurality of satellites and operable to
route signals optically to one or more DAUSs. The system
also includes a plurality of remote DRUs located at a
Remote location. The plurality of remote DRUs is operable
to receive signals from a plurality of local DAUs. The
system further includes an algorithm to delay each indi-
vidual satellite navigation signal for providing indoor local-
ization at each of the plurality of DRUs. A mobile station can
then receive a set of signals, e.g., during different time
intervals. Using data from the signals, the mobile station can
identify—for each signal—a source location and time delay.
The locations and time delays can then be collectively
analyzed to estimate a current location of the mobile station.
[0010] According to an embodiment of the present inven-
tion, a method for localization using satellite navigation
signals in a DAS is provided. The method includes receiving
a first signal that originated at a first satellite and receiving
a second signal that originated at a second satellite. The
method also includes transmitting a first portion of the first
signal to an antenna while a switch is in a first position and
transmitting a second portion the second signal to the
antenna while the switch is in a second position.

[0011] According to another embodiment of the present
invention, a non-transitory computer-readable storage
medium comprising a plurality of computer-readable
instructions tangibly embodied on the computer-readable
storage medium is provided, which, when executed by one
or more data processors, cause the one or more data pro-
cessors to: determine a position of a switch, cause a first
portion of a first signal to be transmitted to an antenna while
a switch is in a first position, the first signal having origi-
nated at a first satellite, and cause a second portion the
second signal to be transmitted to the antenna while the
switch is in a second position, the second signal having
originated at a second satellite.

[0012] According to yet another embodiment of the pres-
ent invention, a mobile station for localization using satellite
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navigation signals in a DAS is provided. The mobile station
includes a receiver operable to receive a wireless signal from
an antenna, the signal including a first portion received at the
mobile station during a first time period and a second portion
received at the mobile station during a second time period,
the first portion identifying a first satellite, and the second
portion identifying a second satellite. The mobile station
also includes a non-transitory computer-readable storage
medium comprising a plurality of computer-readable
instructions tangibly embodied on the computer-readable
storage medium, which, when executed by one or more data
processors, cause the one or more data processors to: simul-
taneously or concurrently analyze the first portion of the
signal and the second portion of the signal, and estimate a
location of the mobile station based on the simultaneous or
concurrent analysis.

[0013] In an embodiment, the mobile station comprises a
mobile phone, direction-providing device or portable com-
puter. The estimation of the location can include refining an
initial estimate of the location based on the simultaneous or
concurrent analysis. The wireless signal can include a GPS,
GLONASS, Galileo, QZSS, or BeiDou signal. The instruc-
tions, when executed by one or more data processors, further
cause the one or more data processors to estimate a location
of the antenna in an embodiment. As an example, the
location can be estimated based on minimizing a cost
function. The instructions, when executed by one or more
data processors, further cause the one or more data proces-
sors to determine a time difference between a first time when
the wireless signal was transmitted from the antenna and a
second time when the wireless signal was received at the
mobile station in an embodiment. In a particular embodi-
ment, the receiver is further operable to receive a second
wireless signal from a second antenna and the simultaneous
or concurrent analysis further analyzes the second signal.

[0014] According to a particular embodiment of the pres-
ent invention, a non-transitory computer-readable storage
medium comprising a plurality of computer-readable
instructions tangibly embodied on the computer-readable
storage medium is provided, which, when executed by one
or more data processors, cause the one or more data pro-
cessors to: access a first portion of a wireless signal, the first
portion having originated at a first satellite and having been
received at a mobile station at a first time, access a second
portion of the wireless signal, the first portion having
originated at a second satellite and having been received at
a mobile station at a second time, the second time being
different than the first time, and estimate a location of the
mobile station based on a simultaneous or concurrent analy-
sis of the first portion, the second portion, and the first time
or second time.

[0015] According to another particular embodiment of the
present invention, a method for localization using satellite
navigation signals in a DAS is provided. The method
includes accessing a first portion of a wireless signal, the
first portion having originated at a first satellite and having
been received at a mobile station at a first time, accessing a
second portion of the wireless signal, the first portion having
originated at a second satellite and having been received at
a mobile station at a second time, the second time being
different than the first time, and estimating a location of the
mobile station based on a simultaneous or concurrent analy-
sis of the first portion, the second portion, and the first time
or second time.
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[0016] According to a specific embodiment, a mobile
station for localization using satellite navigation signals in a
DAS is provided. The mobile station includes a receiver
operable to: receive a first wireless signal from a first
antenna at a first time, the first signal including a first portion
having originated at a satellite and receive a second wireless
signal from a second antenna at a second time, the second
signal including a second portion having originated at the
satellite. The mobile station also includes a non-transitory
computer-readable storage medium comprising a plurality of
computer-readable instructions tangibly embodied on the
computer-readable storage medium, which, when executed
by one or more data processors, cause the one or more data
processors to: simultaneously or concurrently analyze the
first portion of the first signal and the second portion of the
second signal and estimate a location of the mobile station
based on the simultaneous or concurrent analysis. The
mobile station can include a mobile phone, direction-pro-
viding device or portable computer. The estimation of the
location can include refining an initial estimate of the
location based on the simultaneous or concurrent analysis.
Each of the first wireless signal or the second wireless signal
can include a GPS, GLONASS, Galileo, QZSS, or BeiDou
signal. The instructions, when executed by one or more data
processors, can further cause the one or more data proces-
sors to estimate a location of the first antenna and a location
of the second antenna. The location can be estimated based
on minimizing a cost function. The instructions, when
executed by one or more data processors, can further cause
the one or more data processors to determine a first time
difference between a third time when the first wireless signal
was transmitted from the first antenna and the first time and
a second time difference between a fourth time when the
second wireless signal was transmitted from the second
antenna and the second time. Additionally, in an embodi-
ment, the first signal includes a third portion having origi-
nated from a second satellite, the second signal includes a
fourth portion having originated from the second satellite,
and the third and fourth portions are further analyzed during
the simultaneous or concurrent analysis.

[0017] According to another specific embodiment of the
present invention, a method for localization using satellite
navigation signals in a DAS is provided. The method
includes accessing a first signal received from a first
antenna, the first signal including a first portion having
originated at a satellite and having been received at a mobile
station at a first time, accessing a second signal received
from a second antenna, the second signal including a second
portion having originated at the satellite and having been
received at the mobile station at a second time, and esti-
mating a location of the mobile station based on a simulta-
neous or concurrent analysis of the first portion, the second
portion, the first time and the second time.

[0018] According to an embodiment of the present inven-
tion, a non-transitory computer-readable storage medium
comprising a plurality of computer-readable instructions
tangibly embodied on the computer-readable storage
medium is provided, which, when executed by one or more
data processors, cause the one or more data processors to:
access a first signal received from a first antenna, the first
signal including a first portion having originated at a satellite
and having been received at a mobile station at a first time,
access a second signal received from a second antenna, the
second signal including a second portion having originated
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at the satellite and having been received at the mobile station
at a second time, and estimate a location of the mobile
station based on a simultaneous or concurrent analysis of the
first portion, the second portion, the first time and the second
time.

[0019] According to another embodiment of the present
invention, a system for localization using satellite navigation
signals in a DAS is provided. The system comprises a DRU
operable to: generate a signal by effecting a processing,
wherein generating the signal comprises concatenating mul-
tiple signal elements together, transmit the signal to a
destination, analyze the signal elements to estimate a loca-
tion of the destination, compare the first location to a known
location of the destination, and modify the processing based
on the comparison.

[0020] The system can also include an OAAU operable to
receive a satellite navigation signal from a satellite, and
route the satellite navigation signal to the DRU, wherein the
generated signal includes the satellite navigation signal. The
system may additionally include a digital access unit (DAU)
configured to: receive the satellite navigation signal from the
OAAU and transmit the satellite navigation signal to the
DRU. In an embodiment, the OAAU is connected to the
DAU via an Ethernet cable, Optical Fiber, or Wireless Link.
The system can further include a plurality of local DAUs
coupled together via an Ethernet cable, Optical Fiber, or
Wireless Link. The processing can include introducing a
delay to a received signal. The DRU can be further operable
to determine a delay amount based on a feedback loop
utilizing a known location of the destination. The signal can
include a GPS, GLONASS, Galileo, QZSS, or BeiDou
signal. The DRU can be further configured to generate a
second signal by effecting a second processing, the second
processing differing from the processing. The DRU can be
further configured to transmit the second signal to a second
destination. As an example, the first signal element of the
multiple signal elements can originate from a first satellite
and a second signal element from the multiple signal ele-
ments can originate from a second satellite.

[0021] According to yet another embodiment of the pres-
ent invention, a method for localization using satellite navi-
gation signals in a DAS is provided. The method includes
accessing a signal generated at a DRU, the signal being
generated by effecting and a processing and concatenating
multiple signal elements together, extracting the signal ele-
ments from the signal, and analyzing the signal elements to
estimate a location of the destination. The method further
includes comparing the first location to a known location of
the destination and identifying a modification to the pro-
cessing based on the comparison.

[0022] According to an embodiment of the present inven-
tion, a non-transitory computer-readable storage medium
comprising a plurality of computer-readable instructions
tangibly embodied on the computer-readable storage
medium is provided, which, when executed by one or more
data processors, cause the one or more data processors to:
access a signal generated at a DRU, the signal being
generated by effecting and a processing and concatenating
multiple signal elements together, extract the signal ele-
ments from the signal, analyze the signal elements to esti-
mate a location of the destination, compare the first location
to a known location of the destination, and identify a
modification to the processing based on the comparison.
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[0023] Numerous benefits are achieved by way of the
present invention over conventional techniques. Disclosed
techniques can enable position estimation to have a preci-
sion higher than is typically available in in-door environ-
ments. For example, as compared to a process that merely
estimates a user as being co-located with an Off-Air GPS
Repeater (and thereby sacrificing position accuracy and
precision), these techniques can estimate a mobile station’s
location even between Off-Air GPS Repeaters. Further, by
optically transporting GPS signals from OAAUs to DAUSs,
multiple GPS signals from multiple Off-Air Access Units
can be collectively analyzed. Additionally, embodiments
enable the routing of the OAAU signals to one or more
remote locations. Utilizing multiple GPS signals from mul-
tiple OAAUs can provide enhanced indoor localization
accuracy.

[0024] Accurate and precise location estimation can be
useful in a variety of contexts. For example, a mobile station
can automatically transmit the estimated location to emer-
gency contacts (e.g., First Response providers (911)), such
that a user can be quickly and accurately located. For
another example, accurate and precise real-time locating
systems (RTLS) can also enable a plethora of mobile com-
merce applications in commercial centers, shopping malls,
theme parks, etc. Not only do the general multi-signal
techniques provide relatively accurate location estimations,
but a feedback mechanism can be further utilized to ensure
accuracy. One exemplary feedback mechanism involves use
of'a GPS receiver at the remote location in a closed loop with
the DRU broadcast of Off-Air GPS signals. Any significant
error between the DRU broadcast GPS position and the
stored predefined GPS position can trigger a feedback
response or an alarm (e.g., that notifies equipment mainte-
nance staff of a potential problem). These and other embodi-
ments of the invention along with many of its advantages
and features are described in more detail in conjunction with
the text below and attached figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 is a high-level schematic diagram illustrat-
ing a basic structure and an example of transport routing
based on having a 3 GPS satellites with 3 Digital Access
Units (DAUs) at a local location, 3 Off-Air Access Units
(OAAUs) at a local location and Digital Remote Units
(DRUs) at a remote location according to an embodiment of
the present invention. In this embodiment, 3 OAAUs are
connected to a DAU at the local location.

[0026] FIG. 2A high-level schematic diagram illustrating
a basic structure and an example of the transport routing
based on having a 3 Satellites with 3 DAUs at a local
location, 3 OAAU s daisy chained together at a local location
and optical interfaces to DRUs at the remote locations
according to an embodiment of the present invention.
[0027] FIG. 2B illustrates a data transport structure
whereby the various Satellite GPS signals are time-multi-
plexed into a frame according to an embodiment of the
present invention.

[0028] FIG. 3 is a high-level schematic diagram illustrat-
ing a basic structure and an example of a transport routing
based on having multiple OAAUs at local locations with
multiple DAUs at a local location, and multiple DRUs at a
remote location and optical interfaces to the Remotes
according to an embodiment of the present invention.
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[0029] FIG. 4 is a high-level schematic diagram illustrat-
ing a DAU, which contains physical Nodes and a Local
Router, according to an embodiment of the present inven-
tion.

[0030] FIG. 5 is a high-level schematic diagram an
OAAU, which contains physical Nodes and a repeater
router, according to an embodiment of the present invention.
[0031] FIG. 6 is a high-level flowchart illustrating a data
flow structure between an OAAU and a DAU or another
RDU according to an embodiment of the present invention.
[0032] FIG. 7 is a high-level schematic diagram illustrat-
ing a basic structure and an example of transport routing
based on having multiple OAAUSs at local locations with
multiple DRUs at a remote location and optical interfaces to
the Remotes according to an embodiment of the present
invention.

[0033] FIG. 8 is a high-level schematic diagram illustrat-
ing a basic structure and an example of transport routing
based on a single OAAUs with 3 receivers at the local
location with multiple DAUSs at a local location, and mul-
tiple DRUs at a remote location and optical interfaces to the
Remotes according to an embodiment of the present inven-
tion.

[0034] FIG. 9 illustrates a conceptual building layout
showing 2 OAAUS receiving GPS signals from a subset of
Satellites and transporting those signals to a DRU via optical
cables according to an embodiment of the present invention.
The remote signals at the DRUs are broadcast over the
antennas and received by a GPS receiver in this embodi-
ment.

[0035] FIG. 10 is a high-level schematic diagram accord-
ing to one embodiment of the invention illustrating a basic
structure whereby OAAU GPS signals on a Frame are time
de-multiplexed, delayed relative to one another and then
combined.

[0036] FIG. 11 is a high-level schematic diagram illustrat-
ing a basic structure according to an embodiment of the
invention whereby a OAAU GPS signal on a Frame is time
de-multiplexed, delayed and then transmitted at one of more
DRUs according to an embodiment of the present invention.
The GPS signals for the individual satellites are transmitted
on separate DRU s such that the satellite configuration can be
replicated indoors.

[0037] FIG. 12 is a high-level schematic diagram illus-
trating a basic structure according to an embodiment of the
invention whereby OAAU GPS signals on the Frame are
time de-multiplexed, delayed relative to one another and
then combined according to an embodiment of the present
invention. Each DRU is fed a distinct combination of
Satellite GPS signals in this embodiment.

[0038] FIG. 13 is a high-level schematic diagram illus-
trating a DRU GPS transmitter in a feedback loop according
to an embodiment of the invention. Feedback can be based
on an error between the GPS Receiver position and a
predefined position that is stored on the server.

[0039] FIG. 14 is a high-level schematic diagram illus-
trating an adaptive loop according to an embodiment of the
invention used to determine Delay values for individual
Satellite GPS signals. Position error resulting from a differ-
ence between a Measured GPS position and a predefined
GPS position can be used to optimize Delays for the various
Satellite GPS signals.

[0040] FIG. 15 is a high-level schematic diagram illus-
trating a system configuration of a time-difference-of-arrival
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technique according to an embodiment of the invention,
whereby, each of 4 antennas transmits its GPS signal during
a distinct time frame.

[0041] FIG. 16 is a high-level schematic diagram illus-
trating an adaptive loop according to an embodiment of the
invention used to determine delay values for individual
Satellite GPS signals at various DRUs. Each antenna can
transmit its GPS signal when the switch is closed. The
switches are synchronized at each antenna.

[0042] FIG. 17 illustrates synchronized timing of the
individual antenna GPS transmissions according to an
embodiment of the invention.

[0043] FIG. 18 is a high level flowchart illustrating a
method for estimating a user’s GPS position based on
time-synchronized GPS signals form surrounding antennas
and their respective time delays.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0044] A distributed antenna system (DAS) provides an
efficient means of transporting signals between local units
and remote units. The DAS network comprises one or more
digital access units (DAUs) that function as the interface
between the Off-Air Access Units (OAAU) and the digital
remote units (DRUs). The DAUs can be collocated with the
OAAUSs. The DRUs can be daisy chained together and/or
placed in a star configuration and provide coverage for a
given geographical area. The DRUs are typically connected
with the DAUs by employing a high-speed optical fiber link;
however, it will be appreciated that the link between DRUs
and DAUs can be made with other types of transport,
including but not limited to wireless links, Ethernet cables
and other metal connections. This approach facilitates trans-
port of the RF signals from the OAAU to a remote location
or area served by the DRUs.

[0045] OAAUSs communicate with one of more GPS Sat-
ellites over the air. OAAUs are convenient for relaying GPS
signals between locations that are not well covered by the
GPS Satellite itself. A typical OAAU receives the Downlink
RF GPS signal from a Satellite, amplifies and filters the RF
signal and transports it to a DRU for a given coverage area.
Each OAAU utilizes a directional antenna to communicate
with a distinct subset of GPS Satellites. Typically, a mini-
mum of 3 GPS Satellites are used to triangulate and deter-
mine the receiver’s position. The relative time-delays
between the 3 GPS Satellites provide a means of identifying
the 2D position of the receiver. 4 GPS Satellite signals will
provide 3D localization of the receiver. Directional antennas
are used at the OAAUs in order to separate the 3 or more
Satellite signals.

[0046] Each GPS Satellite signal will be time multiplexed
in a data transport frame structure and sent to the remote
DRUs. It is assumed that the DRUs position is known
a-priori. The DRU’s will receive the independent GPS
satellite signals, which are independently time-delayed, for
example, by a user, in order to replicate the GPS position of
the DRUs. The GPS positional information of each DRU can
be determined from a 3D map of the given indoor venue.
One embodiment of the present invention enables a GPS
receiver to be incorporated in both the DRU as well as the
OAAUSs. The absolute GPS position of the DRUs can be
obtained be using the OAAU GPS position information and
then adjusting it to the 3D position offset inside the venue
(e.g., 4™ floor, 30 m North, 10 m West). Locating a GPS






