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Q)

Basic Phone Call

Short Message Service

o

Multimedia Message Service

SPEED

TECHNOLOGY

How fast will 5G be?
(To Download a 1 GB HD Video episode)

1997 1998 2001 2009
B0 Kbps 250 Kbps 384 Kbps 150 Mbps
GPRS EDGE 3G 4G
36 hours
24 minutes
32 seconds 43 seconds
4 hours
7 hours 44 minutes
16 miputes 27 seconds

b4 seco nds

2018~

10 Gbps

5G

| 0.8 seconds

Ultra-high Speed
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WRC15 WRC19
Requirement >500MHz - 45GHz available
for IMT-2020 for future Cellular Access and Self-Backhaul
A _ A

e N [ ~
Cellular \';_'s': -

Bands ight
‘|||||||||||||‘I|||||||‘IIII‘|||I|IIII|||||||II‘||||‘IIII‘ |11 |||||||||‘||||||||| ||||||||| ||||||||| ||||||||| ||||||||| ||||‘|||| ||||‘|||| ||||‘

1 2 z] 4 5 6 10 20 30 40 50 60 70 80 90
GHz
\ J

5G Primary bands 5G Complementary Bands for Capacity, 45GHz available
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A\

High Security

o No RF EMI
Ubiquitous

Green Technology el DR REE

High Location Accuracy
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Dimming

Y

Driver

0

Data

Emitter

| Channel | Receiver

NEW MEXICO TECH

SCIENCE « ENGINEERING « RESEARCH UNIVERSITY




A RCEEENREREM - _EATEERR?

 Uplink of VLC is a challenge.
* Incorporate RF uplink could be a solution.

Wired Interconnection |

w Optical wireless channel

I (I)) q_Wi-Fi wireless channel "

Router and Wi-Fi
Access Point
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* In the following video, we show a testbed using visible light
communication (VLC) to connect to the Internet.

The client that is
connected to the Internet

The receiver The controller for

software-defined VLC

B\ Bias Tee | o Ll
7 Power Supply B\
.//"_\

The light source
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VLC Connect to the Internet



WA W6+ WiFi- R M T 28 N 2%

————- VLC downlink
— ———-» Wifi uplink

Wired cable

The coexistence of LiFi and
WiFi leverage ubiquitous
LiFi luminaire to alleviate
the wireless radio channel
congestion and provide better
quality of experience to the
end users.
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Conventional Symmetric VLC Ultra-low-power Asymmetric Retro-VLC
Light Sensor [ Light Sensor (©: LED 2 LCD shutter j
SN -
A Reflected Retro-reflector o
VLC "
VLC v Upllnk nergy
Uplink LC harvestin
Downlink VLC VSN
Downlink
LED v DL
(Several Watts) 0 T Solar Panel
Retro-tag (Hundreds of uW)
¢ High power ¢ Ultra-low-power uplink transmission
¢ Miss uplink alignment  Uplink alignment ensured by retro-reflectivity
X Potentigl uplink glaring * No diffl_Jsed upli.nk glar?ng light NEW MEXICO TECH
X BUlky SlZe +»» Small size and ||ght Welght SCIENCE + ENGINEERING + RESEARCH UNIVERSITY
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 Twisted Nematic shutter:
* Low voltage (~ 3.3 V) - .
 Low frequency (~ 200 Hz) e —

« Pi-cell shutter: rORE:
 High voltage (> 10 V) & jg
a8 &

 High frequency (up to 5 kHz)

Let’s do some experiments:

—

Wi
d

LED
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Modulation Frequency

1 Trigger

2 Hz

Value Mean Min dax Std Dev
@D Peak—Peak 2.56V 2.41 120m . 575m . |
@ Amplitude 2.36 V 2.22 120m . 526m PSS S S S S S S S S S S N S S S S W S S S
@D Frequency 999.4mHz 260.5 974.9m . 1.248k 400ms ‘ 2.50KkS/s ‘ ‘ @& 5 142 V‘
&P Low 720mv  841m 640m ) 513m . JI10k points ||
&P Mean 1.90V 1.92 727m . 429m ) )
&P High 3.08V 3.06 800m . 211m (13 Nov 2015

(@FRVS 223V 220 727m 308 39om L04:43:27 ) NEW MEXICO TECH

SCIENCE « ENGINEERING « RESEARCH UNIVERSITY
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Modulation Frequency

10 Hz

@D Peak—Peak . 120m . 261m . . |
&P Amplitude 2.36 V 120m 239m — R e
@ Frequency 5.450 Hz 42.44  974.9m 469.7 ‘400ms HZ 2.50k575 H & 5 142 V‘

10k points ||

[ 1 JI 720my 735m 640m 187m
@ Mean 1.92v 1.89 727m 212m ) )
&P High 3.08V 3.07 800m . 165m (13 Nov 2015

@D RMS 224y 2.20 727m ) 215m | 104:43:59 NEW MEXICO TECH

SCIENCE « ENGINEERING « RESEARCH UNIVERSITY
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Modulation Frequency

-

40 Hz

Value Mean Ai dax Std Dev
@D Peak—Peak 2.56V . . . 21.6m .
@ Amplitude 2.36 V . . . 0.00 S S S S S S W S S S S S S
@D Frequency 20.06 Hz . . . 84.22m ||40.0ms ‘ 25.0kS/s
& Low 720mv 0.00 J110k points J|
&P Mean 1.94V . . . 289m
&P High 3.08V ) ) ) 0.00
@ RMS 2.23V ) ) ) 225m |

NEW MEXICO TECH
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Modulation Frequency

100 Hz

' ) Mean Ai dax Std Dev |
@D Peak—Peak 2.52V 2.54 . . 22.3m

@ Amplitude 2.36 V 2.34 . . 24.9m S
@D Frequency 49.88 Hz 41.37 . . 11.02 H .
&P Low 720mv  728m 16.3m e Ju
@ Mean 1.89Vv 1.92 . . 108m ) )
&P High 3.08V 3.07 .04 . 17.4m (13 Nov 2015

SCIENCE « ENGINEERING « RESEARCH UNIVERSITY

" & 5 —'1.'-42'\:""
10k points ||
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[P Trigger
A

(@) 1.00V

@D Peak—Peak
&P Amplitude
@D Frequency
[ 1 JI

&P Mean

&P High

@D RMS

Value
248V
2.29V
71.12 Hz
760my
1.84 V
3.00V
2.04V

hean
2.48
2.25
71.86
760m
1.82
3.01
2.02

R Y N Y N R VIV v

Std Dev :

16.7m
19.8m
4.270
0.00
28.7m
19.8m
34.0m

20.0ms ‘ (50.0kS5/s ‘ ‘ D 5 —'1.'-42'\:""
\+¥0.000000s |10k points ||

13 Nov 2015
04:46:08 |

Modulation Frequency

140 Hz
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Modulation Frequency

200 Hz

(@) 1.00V

@D Peak—Peak 2.249V . 2.24 . 88.7m . . . |
@D Amplitude 2.249 v . 2.00 . 93.3m A T
@D Frequency 102.0 Hz 88. 61.50 ) 12.60 20.0ms ‘ 50.0KkS/s H @ 5 142 V‘

Value Mean Min dax Std Dev :

&b Low 720myv 680m 49.1m \5+¥0.000000s J|10k points ||
&P Mean 1.75V . 1.73 . 34.8m

@D High 2.96V . 2.84 .04 55.3m 13 Nov 2015]

SCIENCE « ENGINEERING « RESEARCH UNIVERSITY
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(@ 1.00V

@D Peak—Peak
&P Amplitude
@D Frequency
[ 1 JI

&P Mean

&P High

@D RMS

Value Mean
1.80V

1.80V

155.3 Hz
920my

1.76 V

2.72V

1.82V

Min
1.80
1.80
115.5
760m
1.72
2.72
1.81

Std Dev

81.0m . . |
81.0m I — RS S S S S S S S S S S —
10.26 20.0ms ‘SU.UKSKS H [ 1 s —1.42\#‘
36.6m \+¥0.000000s J[10K points ||
35.3m

51.4m 13 Nov 2015
43.1m | 04:48:31 J

Modulation Frequency

300 Hz
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Modulation Frequency

400 Hz

(@) 1.00V

: Mean Min dax Std Dev

@D Peak—Peak 1.4 . 240m . 171m . . ]
@D Amplitude 1.4 . 240m . 171m - -
@D Frequency } } 115.5 } 864.1 20.0ms ‘ 50.0KkS/s H & 5 142 V‘
&P Low ) ) -80.0m 1. 159m \5+¥0.000000s J|10k points ||
@ Mean . . 45.4m . 196m ) )
@D High . .74 160m . 265m (13 Nov 2015]

(@PRMS 199V 1.92  49.4m 1.9 197m | 04:52:08 NEW MEXICO TECH

SCIENCE « ENGINEERING « RESEARCH UNIVERSITY
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P Trigger

(@D 500mv

@D Peak—Peak
&P Amplitude
&P Frequency
&P Low

&P Mean

&P High

@D RMS

Mean
765m
765m
363.3
1.54
1.89
2.30
1.90

|

Min
620m
620m
208.3
1.25
1.86
2.21
1.88

fob s
f fh

Std Dev
2090m

209m e
65.68 20.0ms

16.1m
108m
15.9m

‘ W‘ ‘m‘
104m \»¥0.000000s J[10k points ||

d

13 Nov 2015
04:54:41 |

Modulation Frequency

800 Hz
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Modulation Frequency

P Trigger

1600 Hz

‘¢ 200mv """
I Mean Min ]
@D Peak—Peak 295m 280m . . ]
&P Amplitude 295m 280m . o S S WS, .
&P Frequency 822.3 735.3 48. 10.0ms ‘ 100kS/s ‘ ‘ a0 - —224I‘I‘I\-‘"
&P Low 8¢ 1.85 1.81 ) ) \§+¥0.000000s 110k points ||
& Mean . 1.98 1.95 . ) .
&P High .14 2.14 2.1 . . (13 Nov 2015]

(@-rvs  Tlo7v s Tes 202 12.2m | loa:56:47 ) NEW MEXICO TECH

SCIENCE « ENGINEERING « RESEARCH UNIVERSITY
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* Instead of using one shutter,
multiple smaller shutters form
the pixelated Retro-VLC tag.

« Smaller LCD shutters has
faster switching speed.

« Multi-level optical signals are
enabled.

 PAM, OFDM modulation
schemes are possible.

Carner or PWM
h
VLC
AP MR

Single-pixel

OOK
.

Multilevel; PAM or OFDM Pixelated

NEW MEXICO TECH
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RetroVLC tag

A square wave signal from RetroVLC tag

‘ .
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MCU controlled pixelated RetroVLC Light Source + Avalanche PD M‘
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Light Infrastructure

AN
£ N

Photodiodes

~
S
~
S
~
S
~
S

RETRO Tag o

5 1 4

Mobile Human Instrument

—)

Controller

» N

Q ¢

Instrument

e

Human

Y
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« RSSI and Trilateration based

Localization | — |
PD \ Effective
« Key Feature: When retro-reflector | Reflecting
changes its location and orientation, Left View Area (ERA)
(System)

the received optical power on each

PD will change.
Corner-cube
retro-reflector
v . . Effecti
% Correlate the effective reflecting area oy L Ref?gclt\i/ﬁg
' I op View
2
'J\ with the location of retroreflector? (LED panel) \ Area (ERA)

PD

NEW MEXICO TECH
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A Derjye FifsctiveBsfiecting Area (ERA
will be retro-reflected. _ _
Step 1: Map the overlapped region to the light source plane.

Light source plane P - photodioc_le _
P’ — symmetric point

Step 2: Rotate the overlap region around P.

Step 3: Trajectory of P’ bounds ERA.

NEW MEXICO TECH
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1 Derive Effective Reflecting Area (ERA)

NEW MEXICO TECH
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 Derive Effective Reflecting Area (ERA) Z L
o If the front face of the retroreflector is not parallel /% tilted light source plane
to the light source plane / 7 /
: PD
Light source O y / % light source plane
X i
< ERA on the tilted light source plane

Oblique projection to the original light source plane

tilted retroreflector 4Z

plane
Corner-cube y >Y

retro-reflector > % P
X NEW MEXICO TECH
retroreflector p|ane SCIENCE + ENGINEERING » RESEARCH UNIVERSITY
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Centimeter-level location accuracy

wh=1m

===-h=1.5m

—h=75cm | |

h=1.25m

2 4
Location error (¢cm)

6

1

0.8 ¢

0.6

F(x)

== _ocation error

0.4 B9 == Angular error

028

0% : : : :
0 2 4 6 8 10
Location/Angular error (cm/degree)
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* This device is developed by my collaborator Dr. Abdallah Khreishah from New
Jersey Institute of Technology.

Corner Cube
Retroreflector

Driver
Circuit

J . NEW MEXICO TECH
New Jersey Institute SCIENCE * ENGINEERING « RESEARCH UNIVERSITY
of Technology

Solar Cell
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@2 e " VLC Downlink
<

P
<

»

Reflected VLC Uplin'k
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46 oo Joint Tracking & Communication

Central Controller

Reflected
VLC
Uplink

VLC
Downlink
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Wireless Router Internet
Smart Grrid

TLS/SSL
Sensitive data
Low data rate

Private Key

Insensitive dats
High data rate

Hacker NEW MEXICO TECH
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Downlink
Uplink

= reMm

(W8 Gl forridl

6TRJZLL

dmv.ca.gov /|

CRASH ALERT

Forward crash warning

/ <® .2 : @
I LCD shutter

Positioning — / Z

@ Precise-to-lane positioning

Downlink
Uplink
<= RPM

NEW MEXICO TECH
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(x,y.2) Global 3D coordinates
of landmarks
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