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Applications for OWC / VLC [=]INS m

Indoor: usage of blue light
spectrum of white LEDs
for down stream.

Up stream: seems to be
neglected in literature.

L.U. Khan, Digital
Communications

and Networks 2016 (@ ) )))) 3 Outdoor: Strong ambient
) light. OWC / VLC difficult.

First camera receivers
at about 50Mb/s introduced.

VLC for vehicular networks C2C/V2V, C2X/V2X



Indoor Light Sources
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In-door light intensity (arb. unit)
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Fluorescent lamps
leave wide wavelength
ranges for OWC.

White LEDs: 450nm may
be not a good idea for
the upstream.

Halogen lamps seem to
be a problem for OWC.
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Optical Wireless Communication
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« High power demand
* Bulky set-up
* Multi lenses receiver

European project OMEGA
Le Minh et al, IEEE PTL, vol. 22, no. 21, 2010
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Focusing
unit

 Power efficient

* Monolithic integrated PIN-photodiode
optical receiver in 0.35um BiCMOS
« Simple optical set-up
P. Brandl et al, IEEE PTL, 2013; IEEE JSTQE 2014 5
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APD receiver in 0.35um BiCMOS
With APD, no receiver lens is necessary. -> large RX FOV

Limiting-
amplifiers Buffer 0000000000000 0

__DTIA out+
: S>1 .
>DZ{> out-
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VSUB I\ ®
h/ ummy ! :
E:_E! TIA | | | :
T T 0000000000000
-32.2 dBm at 2Gb/s with Chip photo of 800um
200um APD, 122 pJ/bit incl. diameter APD receiver

50Q) driver [Opt. Expr. 2015]
Chip area with 400um diameter APD: 960umx=1540um
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Transmission distance (m)

Maximum transmission distances with
APD receivers

A 1Gb/s BiCMOS
® 2Gb/s BICMOS
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No receiver
optics;

No optical filter;
BER=10"°

HV CMOS RX
is with ARC.

2GDb/s only with

BiCMOS RX
possible.

CONTEL 2019
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Maximum illuminance of ambient light (lux)
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Maximum ambient light illuminance for
different light sources with APD receivers
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MLED
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APD diameter (um)

1000

Transmission
distances close
to the maximum
distances

BER=10"°

Halogen lamps are
not a problem
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BER with linear-mode APD receiver in
dependence on light incidence angle

Measured BER HV-CMOS 0.35um
10 ' - -
200um APD diameter
10-4 I ++ ]
/ With ARC:
& 10° | / 1 Total incidence angle
d (FOV) for BER=1e-9:
10° | * 1 68°
0L .+-—-+---+""+"FF , . I -
107 b=t P -~ =0 Distance: 3m
Rotation (degree)
[PTL 2019] Data rate: 1Gb/s
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BER with linear-mode APD receiver in
dependence on light incidence angle

BiICMOS 0.35um
Measured BER

108 400um APD diameter
1.E-04 i
i « . A/'/ No ARC

& 1E-07 /"“\ M\ v’” V Total incidence angle
o 3 (FOV) for BER=1e-9:
LE-10 7/ 18° (with ARC: 68°,
i:i; [PTL 2015])

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Rotation (°) Distance: 11m

J. Eng. 2017
Data rate: 2Gb/s 10
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Thick SPAD Thin SPAD
Electric field Anode Cathode Multiplication zone Cathode Anocde Multiplication zone Electric field
| ] ! 5
E g-} deep n-well %E
= OS5 = = 2
ERANR L N g =2
] Depleted absorption zone o cw®
1
A\ A

Thick fully depleted absorption
zone -> high photon detection

probability (PDP) for red and
near-IR light

PIN-photodiode CMOS with
thick low-doped epitaxial layer

Thin multiplication zone
acting also as absorption

zone -> low PDP for red and
near-IR light

Usually triple-well CMOS (DNW)
or twin-well CMOS (NW)

1



Thick SPAD
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Properties of SPAD in 0.35um CMOS

—Vq = 6.6V
—_— Vq =3.3V

O Laser, A=635nm, V q- 6.6V
) o Laser, A=635nm, Vq = 3.3V

400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Properties for an integrated
cascoded active quencher
and a dead time of 9ns:

« 3.3V excess bias:
PDP=22%
DCR= 21,500s"
APP= 0.95%

* 6.6V excess bias:
PDP=36.7%
DCR=35,500s""
APP=5.1%

Sci. Rep. 2017
12
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If we eliminate electronic noise (thermal and shot noise) of
amplifiers and excess noise of APDs, the final physical limit
Is photon noise, because common LEDs and laser diodes

are Poissonian emitters.
P (K)=mK/k! e™m

s QL for 670nm

m=20, BER=10"°
m=5.5, BER=2x10-3

100 1000 10 000
Data rate (Mb/s)

How close can SPADs bring us to the QL?

13
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Dark counts Afterpulsing
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Dark count rate (kcps)
Afterpulsing probability (%)

0 0.5 1 1.9 2 29 3
Excess bias voltage (V) Veer V)

Afterpulsing -> BER > 2x10-3, if only one SPAD is used.
Example: 4 SPADs with a photon detection in each for a ,1"
may be enough, if APP=10% -> BER,pp = (APP)*=10-4< 2x10-3

14




4-SPAD Receiver
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0.35 um CMOS IC with 6.6 V active quenchers:
-55.7 dBm sensitivity at 50 Mbit/s [Sci. Rep. 2017]
-46.3 dBm at 100 Mbit/s [IEEE JSTQE 2018 (invited)]

50 Mb/s over 2 m OWC distance with 635 nm laser with
external modulator having <1uW transmitter power [IPC 2017]

15



OWC with 4-SPAD RX
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BER of 4-SPAD receiver over 2m distance

10"

—50 Mbit/s, NRZ
= = =2E-3 BER limit

10

500 1000

1500

2000 2500 3000

Output laser optical power (nW)

635 nm laser with external
modulator:;

Collimator with 0.01° beam
divergence;

NRZ;

Interference filter Thorlabs
FL635-10.

A laser output power of less than
1um was sufficient for BER<2e-3.

[IPC 2017]
16
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Light sources:
e 635 nm CW laser with modulator
e 650 nm RC-LED

Interference filter in optical window
of dark box with AA =10 nm, FWHM

Mirror for doubling the distance

17
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BER for different OWC distances

107 | | | | 650 nm RC-LED: 1.1 mW;
~ Datarate: 50Mb/s Collimator with 0.038 rad

beam divergence;
NRZ;

Max. OWC distance
at 500 Ix room light: 5.3 m;

Max. ambient light 2 kix at
5 m OWC distance

Distance [m] [CS NDSP1 8]

18



OWC with 4-SPAD RX
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Influence of duty cycle

107~

=75 Mbit/s

Distance: 3m —50 Mbit/s

-5

12.5 25 37.5 50 62.5 75 87.5 100
Duty cycle (%)

OWC distance: 3 m;

650 nm RC-LED;

RZ, 500 Ix room light

Data rate raised to 75 Mb/s
Duty cycles around 50%

are best.

[COBCOM 2018]

19
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P = R(T)+P(0)
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Y
/ Statistical characterization of parasitics
based on dark measurement

Photo-count statistics modeling (DCR, APP, OCTP)
H. Mahmoudi et al., IEEE Photonics J.
Vol. 10, pp.1-11, 2018 H. Mahmoudi et al., IEEE T-ED,
Vol. 66, 497-504, 2019
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0 A = 635nm

Measured (light coupled 10 ey

via an optical fiber, oo ¢ _Experiment]|

perpendicular light g 10 R

incidence) and model Q; ,

fitting results of the BER 5 1

performance at 50Mbit's  Z
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g4 ! OFAT sensitivity analysis
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B Al probabilities of parasitics
0 L — .'
Dark-count Afterpulsing Crosstalk
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BER Model Results (Angle) (SIS [
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Optical transmission 1
through isolation and

A = 635nm

Photon Transmission
Photon Detection
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= i
= 107 ! BER model including
| angular-dependent PDP
10 (DCR, APP and OCTP held

0 10 20 30 40 50 60 70 80
Incident Angle (Degree)

constant.)

Total incidence angle (FOV) for BER=2e-3 is 30 degree.
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Sensitivity (dBm)

APD RX: BER=10"

SPAD RX: BER=2x10"

APD RX achieve gaps
to the quantum limit of

20dB at 1 and 2Gb/s.

SPAD RX achieve

gaps to the quantum
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 limit of 12.7dB [BG 2018]
and 12.2 dB [JK 2019]
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In-door OWC is well possible with APD and SPAD receivers.
Maximum OWC distances of 27m at 1Gb/s and 16.5m

at 2Gb/s are possible with APD receivers in 0.35um
technologies without receiver lens and without optical filter.
SPAD receivers are not so mature yet.

The data rate with SPAD receivers is much smaller than that
of APD receivers. Optical filters are necessary for OWC with
SPAD receivers. Error correction is necessary for SPAD RXs.
BER of SPAD receivers without anti-reflection coating
suffers from non-perpendicular light incidence.

Dark counts, afterpulsing and optical crosstalk represent

a barrier for further improving the sensitivity and for
increasing the data rate of SPAD receivers.

25
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