Indoor navigation using WiFi round-trip time

Berthold K.P. Horn

e Fine Time Measurement (FTM) Round Trip Time (RTT)
e IEEE 802.1T1mc

e Background: Timing Advance (TA) in GSM and LTE

e Recovering initiator position from distances to responders
e Dilution of Precision (DOP) — a.k.a. Noise Gain

e Non-Gaussian, non-stationary measurement error

e Best spatial arrangement for responders

e Some issues, problems, and currrent limitations

e When will it happen?
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What’s is indoor location good for?

e Navigation: Turn-by-turn wayfinding. Show me the way to the meeting.

e Asset Management: Where is the fork-lift? wheel-chair? ultra-sound machine?
e Geo-fencing: Animal tagging. Child safety. Disable company laptops.

e Location based marketing: Alert consumer to nearby item or trigger coupon.
e Emergency Services: Locate situation within building. Civic address and floor.
e Internet of Things: Dim the light in the room | am in. Lock the correct door.
e Warehousing and robotics: Guide autonomous forklifts.

e Network management: Pinpoint equipment failures and activate replacements.
e Smart cities: Public parking structures, street lighting, security cameras.



Background: Timing Advance in cellular networks
e Timing Advance in GSM
e Timing Advance in LTE

Both use time-division duplex (TDD)

Unlike CDMA which uses code-division duplex (CDD)
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Background: using Received Signal Strength:

e Estimate distance based on RSSI (dBm)

Does signal strength obey the inverse square law?

e 'Fingerprinting” a venue

Tedious. Repeat when access point configuration changes
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802.11mc

e Fine Time Measurement (FTM)

e Round Trip Time (RTT)
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Clients range relative to APs/beacons

But how does that relate to ‘location’?

- Requires knowledge ot AP locations

- Requires a map with frame of
reference




WiFi Indoor L catfon Device



Android RTT FTM (API Level 28)

get permissions: ACCESS_FINE_LOCATION, CHANGE_WIFI_STATE

register BroadcastReceiver for: SCAN_RESULTS_AVAILABLE
Call WifiManager.ScanStart(...) T

receive ScanResults in BroadCastReceiver
create RangingRequest from ScanResults

Call WifiRttManager.startRanging(...) I
RangingResultsCal lBack onRangingResults

T Throttled to 4 calls per 2 minutes (and “grey listed”)
I Disabled when app is in background
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Solution Methods

ls—r;||=d; for i=1,2,...n

s is the unknown position of the initiator, and
d; is the measured distance to the responder at r;.

e Intersecting spheres (or circles)

e Reduction to linear equations & pseudo inverse

e Least squares & gradient descent

e Brute force grid search

e Extended Kalman filter — linearization & assumption

e Bayesian grid — transition & observation models



Reduction to Linear Equations

Is — 1| = d;
(s—ri)-(s—r;) =d?
s> =2r;-s+|r;)? = d?

So we have n second order equations in s.
Subtract pairwise to obtain m = n(n — 1)/2 linear equations:

(rj — 1) -s=((d} —d?) — (R} — R}))/2
where R; = ||r;|]|. We can rewrite this in matrix-vector form:
As =1t

For n = 3 we get three linearly dependent equations.
For n > 3 can obtain least squares solution:

s=(AT ) 14Tt



Reduction to Linear Equations

Is —rill = di
(s—r)-(s—r;)=d?
IsIZ2=21; -5+ |ri|? = d?

So we have n second order equations in s.
Subtract pairwise to obtain m = n(n — 1)/2 linear equations:

(rj — 1) -s=((d} —d?)— (R} — R}))/2
where R; = ||r;|]|. We can rewrite this in matrix-vector form:
As =t

For n = 3 we get three linearly dependent equations.
For n > 3 can obtain least squares solution:

s= (AT A) 14Tt
BUT: Huge noise gain!



Least Squares and Gradient Descent

Find s that minimizes sum of squares of errors

n

e=> (Is—ril —dy)*

i=1
Determine the gradient

S—T;
Is — ri]

n
Vie)y=2) (Is—rl —d)
i=1
Go downhill
I‘.(n+1) _ I‘.(n) o )/V(e)
Perhaps better yet, use Newton-Raphson
r+D — ¥ _ H(e)"1V(e)

where H(e) is the Hessian matrix of second partial derivatives.



Nature of the measurement “noise”

e Non-Gaussian

e Not “stationary”

e Unknown effects of the environment



m 1.00532 ¢ 334.956
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Horizontal: actual distance (meter)
Vertical: measured distance (meter)
red line: slope 1

green line: slope 1.2 (best fit)

blue line: slope 1.6



Relative Permittivity of Building Materials

Plasterboard 2.02
Gypsum 2.41 - 2.60
Plywood 3.67 - 3.81
Brick 3.88 -4.62
Wood 3.92 - 5.89
Glass 6.06
Concrete /.63 - 9.54
Tissue 28 - 50

(*) “Permittivity and Conductivity Measurements of Building Materials at 5.8 GHz and 41.5 GHz,”
Inigo Cuinas and Manuel Garcia Sanchez, Wireless Personal Communications 20: 93-100, 2002.

(*) “Time-Domain Free-Field Measurements of the Relative Permittivity of Building Materials,”
C.A. Grosvenor, et al, IEEE Transactions On Instrumentation And Measurement, 58: 2275, 2009
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Horizontal: actual distance (meter). Vertical: measured distance (meter)
Red line: slope 1, Green line: slope 1.2 (best fit), Blue line: slope 1.6
Dot color code based on actual RSSI minus predicted RSSI

blue = -10dB, green =0 dB, red = +10 dB

Where RSSI prediction is based on actual distance
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Bayesian Grid Update
At each time step, measure distances and:
e Apply transition model (random walk), and

e Apply observation model (use Baye’s rule)



Bayesian Grid Update
At each time step, measure distances and:
e Apply transition model (random walk), and

e Apply observation model (use Baye’s rule)

For single position output, compute:
e Maximum likelihood (peak), or

e Expected value (centroid)



Dilution of Precision (noise gain): 1/sin(0)
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Dilution of Precision (noise gain): 1/sin(0)
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Close up (non linear) case
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Is the location accuracy high enough?

e 1IO0m- 20m X

?

O I m- 2 m

e 0.TM-0.2m \/



Will it “scale”?

e Hundreds at Honolulu Symphony trying to find their seat

e Knock out Google Wifi mesh with FTM RTT “DOS attack”

e Need “passive” “GPS-like” system

e Can be done if APs communicate and broadcast results.

e Unclear if clock synchronization can be accurate enough.



Privacy
e User needs to give app permission
e User needs to enable location services on device
e STA (phone) need not be connected to AP (WiFi)
e AP need not be connected to WLAN (internet)
e MAC address is randomized
e AP cannot determine RTT
e FTM RTT disabled when app is in background

e But: Neighbour Awareness Networking (NAN)?



What is the competition?
e BLE beacons + phased array direction measurement.
e Low cost, low power, small size.
e Not tied into Wifi AP infrastructure
o Will it work?

e Will it work accurately enough?
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® Broadcom 802.11ac Acculocate Access Point

e Intel® Dual Band Wireless-AC 8260

® Marvell AP-8964 802.11ac 4x4 WaveZ2 Concurrent Dual Band Access Point

® Mediatek MT663X 802.11abgn/ac Ref. STA

¢ Qualcomm IPQ4018 802.11ac 2-stream Dual-band, Dual-concurrent Router
® Qualcomm IPQ8065 802.11ac 4-stream Dual-band, Dual-concurrent Router
® Qualcomm Snapdragon™ 820 Development Kit

® Realtek RTL8812BU



eero inc

OpeTivtesir
Synology
HT
TP-LINK

Mojo Networks

Google, Inc.

Belkin

NETGEAR

236 FTM RTT (802.11mc) responders in Back Bay




WiFi Mesh Systems

e eero home WiFi system (Tri-band mesh WiFi)

e Google Wifi - AC1200

e Netgear Orbi - AC2200 (Tri-band mesh WiFi)

e TP-Link Deco M5 Whole Home Mesh WiFi System ?

e Linksys Velop - AC2200 (Tri-band Wifi Mesh System) ?
e Ubiquiti AmpliFi HD WiFi System ?

e Luma Whole Home Wifi (2 pack) ?

e ASUS Lyra Trio - AC1750 (Mesh WiFi System) ?

e HTC Managed Wi-Fi Service with Mesh Wifi ?
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How far along are we?
e Boston Back Bay (July 2018) 236/18008 ~ 1.3%
e Waikiki (January 2019) 37/1275 ~ 2.9%

e Google WiFi (January 2019) turned on RTT bit in beacon frame



S Wifl points

Everything looks good and 3
Wifl points are online.

® Info

Your Google Wifl just got better

Google Wifl installed an update at 1/14/2019,
1:12 PM HST. Here's what's new:

- IPv6: Support for devices on the guest
network.

- |Pv6 port opening.

- General stability & performance
Improvements.

DISMISS MORE DETAILS
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Indoor navigation using WiFi round-trip time

Berthold K.P. Horn

e Fine Time Measurement (FTM) Round Trip Time (RTT)
e IEEE 802.1T1mc

e Background: Timing Advance (TA) in GSM and LTE

e Recovering initiator position from distances to responders
e Dilution of Precision (DOP)

e Non-Gaussian, non-stationary error

e Best spatial arrangement for responders

e Some issues, problems, and currrent limitations

e When will it happen?
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Linear Equations for Four Transponders

With 4 responders we get 6 linear equations.
We can chose 3 that are linearly independent:

(ro —r)?
(ri—r)’ |s=t
(r; —r3)f

where t = (10,1,11,2,12,3)T and li,j = ((a’J2 — dl-z) — (RJZ — Rlz))/Z

Can solve 3 linear equations in 3 unknown components of s
(provided ry, ry, r», and r; are not coplanar).



Linear Equations for Four Transponders

With 4 responders we get 6 linear equations.
We can chose 3 that are linearly independent:

((ro — rl)T)
(ri—r)’ |s=t
(r; —r3)f

where t = (10,1,11,2,12,3)T and li,j = ((a’J2 — dl-z) — (RJZ — Rlz))/Z

Can solve 3 linear equations in 3 unknown components of s.
(provided ry, ry, r», and r; are not coplanar).

BUT: huge noise gain!
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