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Wireless Localization

Applications:
* Navigation: outdoors (GPS) and indoors (e.g., museum)
* Location based services: Tagging, Reminder, Ads

* Virtual Reality and Motion Capture

Gestures, writing in the air

Behavioral Analytics (Health, activities, etc.)

Locating misplaced items (keys)

Location based security

Delivery drones



Wireless Localization System Architecture

Device based: a device leverages Network based: Networked "anchors”
incoming signals from multiple “anchors” (Access Points) leverages signal emitted by
(Satellites) to determine its own location the mobile device to determine its location
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Method 1: RSSI| based |localization

* Higher received signal power -> Closer to the signal emitter

* Lower received signal power

- Further away from the signal emitter

Signal strength
decades with distance
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Method 1: RSSI| based |localization

* Higher received signal power -> Closer to the signal emitter

* Lower received signal power -> Further away from the signal emitter

RSSI
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Method 1: RSSI| based |localization
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Method 1: RSSI| based |localization




Method 1: RSSI| based |localization

iBeacon

Indoor navigation



Method 1: RSSI| based |localization

* Pros:

 Cons: Highly inaccurate!

RSSI \
Small error at .
high RSSI range \\
[ |

Small
distance error
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Method 1: RSSI| based |localization

* Pros: ae/P2x(t — 1,)

ae/P1x(t —1q)

* Cons: Highly inaccurate!

ase/P3x(t —13)

Doesn’t work with multipath fading!

h=h{+h,= iejzndl//'l + iejzndz/l
RSSI | . dy d
Signal @ f; = 2.4GHz, 1, = 12cm
2 ST
\ h=0.12e’3 +0.113e’3 =~ 0.006
Signal @ f, = 5GHz, A, = 12cm
\ 5T 5T
N h=0.06e’3 +0.05e’3 ~0.116
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Method 1: RSSI| based |localization

* Pros: ae/P2x(t — 1,)

ae/P1x(t —1q)

 Cons: Highly inaccurate!

ase/P3x(t —13)

Doesn’t work with multipath fading!

h=h{+h,= iejzndl//'l + iejzndz//l
RSSI | . dy d
Signal @ f; = 2.4GHz, 1, = 12cm
2 ST
\ h=0.12e’3 +0.113e’3 =~ 0.006
Signal @ f, = 5GHz, 1, = 12cm
\ 5T 5T
N h=0.06e’3 +0.05e’3 ~0.116

Any solutions?
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Method 1: RSSI| based |localization

Solution: Fingerprinting

Measure and record RSSI at each location (war-driving)
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RSSI,
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| [RSSIy, RSy, RSSIs, RSSI,]

* Pros:

e Cons: Changes in environment/movement —> Changes in RSSI
Continuously update the fingerprint database! Significant maintenance effort



Method 2: AoA based solution

AoA: angle of arrival




Method 2: AoA based solution
Estimating the AoA
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Method 2: AoA based solution
Estimating the AoA

h o I.— Phase
|

» Amplitude

Vd = s-cos@
Vd

/ VO =2hy — 4h, = 2m—

0 0
A
sl lee S
hy h, A

*  Pros:

* Cons: Cannot work in presence of multipath



Method 2: AoA based solution
Estimating the AoA
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Method 2: AoA based solution
Estimating the AoA
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Method 2: AoA based solution
Estimating the AoA

hy = a,ei®OD) | g, eiPu(62)
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hk — z alef¢k(91) If there are L multipaths
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Method 2: AoA based solution
Estimating the AoA

How to estimate the AoA of the multipath signals?



Method 2: AoA based solution
Estimating the AoA

MUSIC algorithm: MUItiple Slgnal Classification

hz Input Output
H=| ™! p | 2
hy

. hy

Channel measured from all antennas

AoA of multipaths

180° 0’



Method 2: AoA based solution
Estimating the AoA

MUSIC algorithm: MUItiple Slignal Classification
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Method 2: AoA based solution
Estimating the AoA

MUSIC algorithm: MUItiple Slignal Classification
Which one is the LoS path?
()

Direct path / Line-of-
sight (LoS)

180° 0’




Method 2: AoA based solution
Estimating the AoA

MUSIC algorithm: MUItiple Slignal Classification

Hint 1: strongest path
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Method 2: AoA based solution
Estimating the AoA

MUSIC algorithm: MUItiple Slignal Classification

Hint 1: strongest path

()
i Not always true, if the LoS
W o path is blocked

180° 0’




Method 2: AoA based solution
Estimating the AoA

MUSIC algorithm: MUItiple Slignal Classification

Hint 1: strongest path

w Hint 2: mobility

Hint 3: shortest path
‘ 04 - smallest Time of Flight (ToF)

180° 0’




Method 3: ToF based solution

ToF: time of flight

U o




Method 3: ToF basec so\utlon
Estimating the T
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Method 3: ToF based solution
Estimating the ToF

AoA Sensor: « S R
antenna  py1 ‘ RX2 ‘ RXJ RX4 RX5 | ... RXN

ToF Sensor: Vf
OFDM < " 1 1 1t v U v
subcarrier

Subcarrier 1 Subcarrier 2 Subcarrier 3 Subcarrier 4 Subcarrier 5 Subcarrier N



Method 3: ToF based solution
Estimating the ToF

ToF Sensor: \V/ f
OFDM < < I D N P R A A
subcarrier
Subcarrier1 Subcarrier 2 Subcarrier 3 Subcarrier 4 Subcarrier 5 Subcarrier N
h1 hz h3 h4_ h5 hN
th — 27Tf1’l'

thy, =2n(f1+Vf)T
thy =2 (f1+2Vf)T

Lhy = 21(f1+(N — DVf)T



Method 3: ToF based solution
Estimating the ToF

ToF Sensor: \V/ f
OFDM < < I D N P R A A
subcarrier
Subcarrier1 Subcarrier 2 Subcarrier 3 Subcarrier 4 Subcarrier 5 Subcarrier N
h1 hz h3 h4_ h5 hN
Phase |

V¥ = 2h,—2hy=21tVf7
VW = 2h3—2shy,= 21tVf7

. Slopeis 27T

................

Only works for a single path! Y Y Y LYY L,

What about multipath? fi fa f3 fa fs S



Method 3: ToF based solution
Estimating the ToF

MUSIC algorithm: MUItiple Slgnal Classification

h;
Input Output
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Channel measured from all subcarriers



oF and AoA: Resolution

Resolution: the capability of resolving two multipaths
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oF and AoA: Resolution

Resolution: the capability of resolving two multipaths

‘(ﬁﬁ

 We change the length of the reflection path to vary
W o, the

 We use MUSIC algorithm to estimate the ToF of
two paths



oF and AoA: Resolution
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oF and AoA: Resolution

The total number of antennas in the array

< >
AoA Sensor: « S R
antenna RX1 ‘ RX2 ‘ RXJ RX4‘

More antennas, higher spatial resolution

< The total bandwidth the subcarriers occup\L

ToF Sensor: Vf
OFDM < >
subcarrier

Why resolution is important?



oF and AoA: Resolution
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Localization-using AcA
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Localization using AoA

Array’s beam
points to
source

Antenna Array
Receiver




Localization using AoA




Localization using AoA

Location
Uncertainty

How to improve the resolution?



oF and AoA: Resolution

The total number of antennas in the array

< >
AoA Sensor: J S R I h . £ ant
N g ncrease e numper or antennas
antenna RXJ sz‘ RXJ RX4‘

More antennas, higher spatial resolution

Any other solutions? r

< The total bandwidth the subcarriers occup\L

ToF Sensor: Vf
OFDM < >
subcarrier

Increase the bandwidth

Subcarrier 1 Subcarrier 2 Subcarrier 3 Subcarrier 4



ToF and AoA: Resolution
Multi-dimensionality

Two signals are close in time

domain but far away in
6 spatial domain

Angle of Arrival

Time of Flight



ToF and AoA: Resolution
Multi-dimensionality

Two signals are close in
spatial domain but far away
in time domain

Angle of Arrival

Transmitter Receiver

Time of Flight



ToF and AoA: Resolution
Multi-dimensionality

Two signals close in both spatial
and time domain can be
separated in frequency domain
(Doppler shift)

AYT

Doppler Shift

= Time of Fli

Transmitter Receiver
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How does the algorithm work? Input/output?



ToF and AoA: Resolution
Multi-dimensionality

AoA Sensor: Y S Y Y Y
antenna gy RX2 RX3 RX4
h11 hq hqs hi4

Subcarrier 1

vf |
ToF Sensor: Subcarrier 2 h21 hZZ h23 h24
OFDM
subcarrier
Subcarrier 3 h31 h32 h33 h34

Subcarrier 4 h41 h42 h43 h44



ToF and AoA: Resolution
Multi-dimensionality

hz1 haz haz hyy Input Output

. > [ mD-Track ] .

Angle of Arrival

Time of Flight

Channel measured from all
antennas and all subcarriers

mD-Track: Leveraging Multi-Dimensionality in Passive Indoor Wi-Fi Tracking



ToF and AoA: Resolution
Multi-dimensionality

Jointly estimate both ToF and AoA for each multipath

((‘l’)) * Simultaneously ToF and AoA

e Higher resolution
* Higher accuracy

T2 Hint 3: shortest path
— smallest Time of Flight (ToF)/

ﬂ 1800




oF and AoA: Resolution

The total number of antennas in the array

< >
AoA Sensor: J S R I h . £ ant
N g ncrease e numper or antennas
antenna RXJ RX2 RX3 RX4

More antennas, higher spatial resolution

< The total bandwidth the subcarriers occup\L

ToF Sensor: Vf
OFDM ¢ g

subcarrier
Subcarrier 1 Subcarrier 2 Subcarrier 3 Subcarrier 4

Increase the bandwidth



Improving the AoA resolution:
Synthetic Aperture Radar

AoA Sensor: ) S R
antenna RX1 RX2 RX3 RX4 RX5 ‘ RX6 ‘ RX7‘




Improving the AoA resolution:
Synthetic Aperture Radar

AoA Sensor: ) S R
antenna  py1 RX2 RX3 RX4‘ RX5 ‘ RX6 ‘ RX7‘
SAR array

RXJ

h4




Improving the AoA resolution:
Synthetic Aperture Radar

AoA Sensor: ) S R
antenna  py1 RX2 RX3 RX4‘ RX5 ‘ RX6 ‘ RX7‘
SAR array
RX1 sz‘

h4 h,




Improving the AoA resolution:
Synthetic Aperture Radar

AoA Sensor: ) S R
antenna  py1 RX2 RX3 RX4‘ RX5 ‘ RX6 ‘ RX7‘
SAR array
RX1 RX2 RX3‘

h4 h, h;




Improving the AoA resolution:
Synthetic Aperture Radar

AoA Sensor: ) S R
antenna  py1 RX2 RX3 RX4‘ RX5 ‘ RX6 ‘ RX7‘
4 I

SAR array
RX1 RX2 RX3 RX4 RX5 19, RX7 ‘

_ h, hs hy hs hg h,

J




SAR array

Improving the AoA resolution:

Synthetic Aperture Radar

RX1
h4

RX2
h,

RX3
hs

RX4
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Improving the AoA resolution:
antenna switching




Improving the AoA resolution:
antenna switching

\VAVAVAV, VAVAVAV, VAVAVAWV,

Wi-Fi AP



Improving the AoA resolution:
antenna switching




Improving the AoA resolution:
antenna switching
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Improving the AoA resolution:
antenna switching

N
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Improving the AoA resolution:
antenna switching

A Y

Antenna 1 Antenna 2 Antenna 3
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Improving the AoA resolution:
antenna switching

A AN

Antenna 1 Antenna 2 Antenna 3 Antenna 4
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oF and AoA: Resolution

The total number of antennas in the array

< >
AoA Sensor: J S R I h . £ ant
N g ncrease e numper or antennas
antenna RXJ RX2 RX3 RX4

More antennas, higher spatial resolution

< The total bandwidth the subcarriers occup\L

ToF Sensor: Vf
OFDM ¢ g

subcarrier
Subcarrier 1 Subcarrier 2 Subcarrier 3 Subcarrier 4

Increase the bandwidth



Improving the ToF resolution:
FMCW

Nyquist sampling theorem: 7o truthfully recover a signal, we need
to sample at twice the highest frequency, i.e., 2f

Wi-Fi bandwidth of 20 MHz requires an ADC/DAC that can sample at 40 MS/s

A signal bandwidth of 1 GHz requires an ADC/DAC that can sample at 2 GS/s

The interval between two samples is



Frequency

A

Improving the ToF resolution:

vf|

Vt

FMCW

FMCW: Frequency-Modulated Continuous Wave

Time



Frequency

A

Improving the ToF resolution:

vf|

Vt

FMCW

FMCW: Frequency-Modulated Continuous Wave

Time

s(t) = sin(2f(t)- t + 0)

~ Frequency changes
linearly with time




Improving the ToF resolution:
FMCW

FMCW: Frequency-Modulated Continuous Wave

TX-signal RX-signal
Frequency

Tx time Rxtime



Improving the ToF resolution:
FMCW

FMCW: Frequency-Modulated Continuous Wave

sin(2ntft) ﬁ?—» sin(2rft) - cos(2nf,t) = % [sin(Zn-t) — sin(Zn-t)]

cos(2mf,t)



Improving the ToF resolution:
FMCW

FMCW: Frequency-Modulated Continuous Wave

A TX-signal RX-signal S(t) — Sin(ZT[f(t) -t + 6’)

Frequency

s(t—Vt) =sin(2rnf(t—Vt) -t +0)

>

Vt Time
Txtime Rxtime RX-signal s(t — Vt)

TX-signal s(t) —»?—» sin(2nVf -t + 0)



A
Frequency

Improving the ToF resolution:

FMCW: Frequency-Modulated Continuous Wave

TX-signal

Tx time Rxtime

FMCW

RX-signal

Frequency

A

vf

Time



