photonics

lJep ESPROS Photonics Corporation

Calibration and Compensation of
Time of Flight Sensors

Christof Peyer

19 June 2018 © by ESPROS Photonics Corporation 1
Confidential



photonics

Foundation and fab vision

Foundation

= established in 2006 by
Beat De Coi

= privately held corporation

= 70 million CHF initial
investment

= photonics chip design and
manufacturing
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Locations
= Headquarters:

= Sargans, Switzerland
= regional offices

= Minneapolis, USA

= Shanghai, China
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Facilities

= 600m? class 1 cleanroom for
backside processing

= 360m? class 100 cleanroom for
testing and backend

= 80m? qualification facilities
according JEDEC standards

= 60'000m? space built into solid
rock for further expansion
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o dia ESPROS' offerings

Imager Chips

TOF imagers
1x1
8x8
160 x 60
320 x 240

line imagers
1024 x 1

spectral sensing

ASIC and Foundry

150nm CMOS process
8” wafer size

up to 6 metal layers

1 poly layer

pixel design

TCAD simulation

IP building blocks
floor planning

tape out

project management

Modules

Evalkits / Cameras
TOFRANGEG00
TOFSCANG11
TOFCAMG635
SPM64

more to come...
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TOF Imager Product Family

epc611 epc635 epc660
8x8 pixel 160x60 pixel 320x240 pixel
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Key Business Markets

ESPROS serves high-profile customers / partners across a broad range of end-markets and specific application

Building Automation m Mobile Robotics Consumer Electronics
Z :

&

Key markets

Applications e obstacle recognition e light curtain e range finder e TOF ADAS solutions e miniature spectral sensor
e distance control e gesture control e camera o full sunlight e smart watch sensing
e passenger approach e collision avoidance o SCANNING cameras e mid range 30m (cwTOF) ¢ VR/AR TOF solutions
e people counting e object recognition o full sunlight (130kLux) e long range >100m (pTOF) e gesture control TOF
e passenger monitoring e object dimensions e ground distance control * night vision
o traffic control e spectral sensing e collision avoidance ¢ vehicle interior monitoring
e people safety e gesture control
e BIRCHER A nerma T s
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ESPROS’ products have successfully been deployed into several other markets like medical diagnosis, mass spectroscopy, science and research

hy d
SPECIALISED = GEpixelc. 1
@ sne T @1 Thermofisher
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Our Technology
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ESPROS imaging technology
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ESPROS Technology Advantages
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ESPROS offers a unique combination of high Quantum efficiency in near infrared
(NIR) and fast charge collection and signal processing on a single substrate.
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Quantum efficiency (%)

Quantum Efficiency

100%
ESPROS
80%
Conventional
60% CMOS
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cwTOF function principle
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cwTOF Principle

3D Camera

NIR EmitterSZ%

TOF Sensor
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cwTOF Principle

3D Camera

NIR EmitterSZ%

TOF Sensor
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cwTOF Principle

3D Camera

NIR EmitterSZ%

TOF Sensor
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cwTOF Principle

3D Camera

NIR EmitterSZ%

TOF Sensor

c AP

Distance ="
lstance 22T[f
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cwTOF Principle

Integration Time

< >
Radiated Signal _| .
Reflected Signal _I I_
\
DCSO0 Q, Q, Q,
DCSH Q, Q, % 4 single
DCS2 Q, Q, Q, Images
DCS3 Q, Q, Q, y
0;—0, . c A
A p=arctan2( ) Distance=— ¢
0,—0, 22 f

Q : amount of accumulated charge in pixel
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TOF Pixel Readout

’
.
.
-
o
.
-

= 2 storage gates
= High full well capacity

= Differential readout

= Ambient light suppression

= High gain
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it son

| sl

led_mod |||||||||I|||| ||||||||| ||||| |:

- mgal :
1 DCS0: mga 0°; mgb 180°
- mgbh0

saturation detection

ul

—{ >

saturation detection

> | sar

Integration Difference SGA - SGB and saturation detection Digital read-out
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Some facts

= The speed of light is 30 cm/ns.
= On-chip delay of electrical signals on tracks is 1ns/cm.

= |f we want to achieve 1.5cm accuracy, we have to control
all distance measurement signals on-chip in total to better
than 100ps!
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Error sources in TOF sensors
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Error sources in TOF sensors

= Fixed Pattern Noise (FPN)

two main effects:

= Dark Signal Non-Uniformity (DSNU)
Offset in pixel without illumination

=  Photo Response Non-Uniformity (PRNU)
Variation of the gain how the pixel responds to light

= Depending on architecture of sensor stripes are visible
due to row and column addressing variation.

= Differences of single column ADCs also contribute to
this effect

Source: Stanford University, Lecture EE392b

= FPN is fixed for a given sensor, but varies from sensor to sensor.

— FPN can be corrected

19 June 2018 © by ESPROS Photonics Corporation 19
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epc ~ Error sources in TOF sensors

= Temperature drift 40°C__+85°C
- Electron mobility decreases with rising "> [ 1.
temperature : .
= Affected by temperature drift in a TOF 107 - 2a 8 sl 1
camera system are: — fo
Circuit Delay | Distance Drift ::f '
[ps/K] [mm/K] 510'¢ .
Pixel 86.00 12.90 2
Driver 18.00 2.70 5
=107 ¢ .
DLL Stages 4.00 0.60 :
1[:]2 1] I I II””I1 I I II“”IE I III””E
10 10 10 10

Temperature T (k)

Source: http://www.ioffe.ru/SVA/NSM/Semicond/Si/electric.html

= Temperature drift is a linear effect.

— Temperature drift can be corrected

19 June 2018 © by ESPROS Photonics Corporation 20
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Error sources in TOF sensors

= Flat field error

= TOF pixels consume significant power
during demodulation due to the high
demodulation frequency. Resulting in
a temperature gradient with highest
temperature in the center.

This effect is heavily dependent on the
thermal connection of the chip.

= Lengths of the control signals for different
pixel locations vary. Pixel closer to the
modulator will report shorter distances.

= Flat field error is fixed for a given system.

— Flat field error can be corrected

19 June 2018 © by ESPROS Photonics Corporation
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Error sources in TOF sensors

= Ambient Light

19 June 2018

Increased noise due to ambient
light shot noise

— can be reduced only with more powerful
illumination. No correction possible

Change of absolute distance due to
pixel non-linearity

= Offsets in DCS0 and DCS1

— can be compensated by measuring ambient
light and correct pixel by pixel.
This is a linear effect.
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%0 OP=SHO, MODE TOF BG= 100% IntTil me Step, M dF reg=. lOMH ABS on

00000

%0 OP=SHO, MODE=TOF, BG= 100% IntTis me Step, M dF reg= lOMH ABS on

00000

Distance Error vs. Set distance — ROI((76,33)-(95,52))
103220046 / SE6ASLT / WaENw08 / epc635_001 / PixVer=109

Set distance [mm]

Di istance - ROI((76,33)-(95,52))
W032 CO46 / S6A917 / W fN 08 / epc635_001 / PixVer=109

nce [mm]
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Error sources in TOF sensors

epcC

1.0
= Demodulation os ]
=  Modulation and demodulation are ]
rectangular functions o2
-1.0 4
= Demodulation is a trigonometric function (atan) -10 05 00 05 10
— 4™ order harmonics N
.
, |
n_ T T T T
1] 500 1000 1500
0.05 1
= Demodulation error is fixed for a given 0.00-
system and modulation frequency. 0.05
— Demodulation error can be corrected 0 500 1000 1500
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epc " Summary Error Sources: DRNU

DRNU: Distance Response Non-Uniformity

Flat field error (physics)

A MMWWWNW w

Column ADC differences (chip design)

-=-a;==-l Row addressing differences (chip design)

i Pixel fix pattern noise (manufacturing process)

4th order harmonics (demodulation algorithm)
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cwTOF Calibration and Compensation
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cwTOF Calibration and Compensation
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e 60° FOV
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— 5.77m x 4.33m Target!
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Camera Calibration

A simple box can be used for camera calibration!

19 June 2018 © by ESPROS Photonics Corporation
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Camera
illumination

Camera
PCB

epcoxx
chip

Black plastic tube
(can be dull or glossy,
no receiver lens)

= Conditions:

-

Camera Calibration

Calibration offset o_, = 300mm

200mm

100mm

-l -
Lagiian

Lambertian reflector
(screen built of white
copy paper)

k diffuse backscattered
light from screen

Light from camera light
source (homogeneous light)

backscattered light
producing flat field
lllumination on the
receiver chip

Black housing to shield
ambient light

= No lens on imager chip for good flat field illumination
=  TOF amplitude shall be in a range of 1000 to 1500 DN

= Temperature stable environment. Chip temperature
must not change more than +0.5K during calibration.

© by ESPROS Photonics Corporation
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48 49

48

-

Selector

o |- N |w

Y VY Y

— Out

f

SPI

= The DLL unit allows to delay the LED/LD in 49 steps of approx. 2ns.

= One step represents a virtual distance shift of approx. 30cm to the screen in

the calibration box

= Since we create a flat field illumination, all pixels of the imager chip “see” the
object in the same virtual distance and with the same signal strength

= The signal strength remains the same if we change the virtual distance

19 June 2018 © by ESPROS Photonics Corporation
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Go step by step from 0 to 49 DLL steps:

19 June 2018

red distance [m]

Measu

1.

—g- O <

Camera Calibration: LUT per DLL Step

Measured distance vs. set distance

15.0

120

11.0

10.0
9.0

8.0

6.0

5.0
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3.0

2.0
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0.3m / DLL step
[

] \ \ \ \ \ ~
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image per dot (DLL step) prdd
P 4 e)/
~
/ 4} N
/ ~ ol TN
/'/
/]S
"
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
Set distance [m]

\ "

-

Iy
©

y

\\H\\\\\\I/N

X

DRNU

C
x,y,DLLStep_E*

L t n(DCSS—DCS1)_

2xTref bcs2-boso) "¢

DLL ™ Ozero

For each DLL step setting take the average of 100 TOF images by
acquiring 4 DCS per pixel.

. Calculate the distance per pixel from the DCS values. The result is a
signed integer value.

Subtract this TOF distance from the "set” distance given by the number
of DLL steps used.

. Store the result into an array DRNU_LUT(x,y,DLL_Step). This is the
calibration array which will be used during runtime for compensation.

© by ESPROS Photonics Corporation
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L
o) 5000 10000 15000 20000 o] 5000 10000 ispoo0 20000

t, , too high (2.00ns): tp , correct (2.055ns):
Increasing slope Horizontal slope
--> Check that the DRNU_LUT looks like in the right image <--
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Runtime Compensation: Global Procedure

Step #1

Calculate ambient light compensation on DCS0 and DCS1
pixel by pixel

Step #2

Calculate the raw distance

Step #3

Calculate compensated distances by using DRNU_LUT
and interpolation

Step #4

Apply Formula to remove temperature drift

Step #5

Add absolute distance offset

© by ESPROS Photonics Corporation
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Step #1 Ambient Light
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= DCSO0 and DCS1 have to be compensated
= DCS2 and DCS3 are not affected

= Kk is a global correction value

BG, ,*k
=DCS0/1, ——7L

int

DCSO0/1

x,y,BGComp

19 June 2018 © by ESPROS Photonics Corporation
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Step #2: Raw distance calculation
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= Use the well known formula:

DCS3, ,—DCS1
c xatan ( B

_c, x,y,BGComp)
Rawx,y ™ 2" 2411+ f DCSZX’y—DCSO

D

x,y,BGComp

19 June 2018 © by ESPROS Photonics Corporation
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Step #3: DRNU Error Compensation
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= Determine the indices for the DRNU LUT:

Zoomed section of the LUT DRNU.pisicaib

99m

for (1=0,1,..,49)
Ma,x,y = PRNUgalib x,y, nli]
Mp,x,y = DRNUGaiib x,y, n[i+1]

T (( Draw x,y >=Ma,x,y ) AND (Draw x,y <Mp x,y ))

Sa,x,y =1 dpLL
Sp,x,y = Sax,y *9dDLL
dcamOffset, x,y = calc Formula

end if
end for

= Calculate DRNU values for compensation:

DRNU =DRNU, +d

Calib x,y,n

*N+0

DLL Zero

= Calculate the compensated distance:

d oS

b,x,y

S

a,x,y)

CamOffset, x,y — (M

b,x,y

M

a,x,y)

*(D

M

Rawx,y

a, X,y

)+S

(0]

a,x,y ~zero

19 June 2018
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Step #4: Temperature Compensation

epcC

= During the acquisition with a grayscale image for ambient light
compensation, the current temperature T, .. can be obtained.

= Use the following formula to calculate a temperature
compensated distance:

X,y,Comp_ “CamOffset,x,y

= Temperature coefficients:

19 June 2018 © by ESPROS Photonics Corporation 36
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Runtime Compensation: Step #5: Absolute Distance Calibratfon

= Attach the receiver lens to the camera
= Point with the camera to a white target in a distance of e.g. 1m
= Read the distance of the center pixel(s) to the target

= (Calculate the difference between the set distance and the
measured distance. The result is O, which eliminated the

global camera offset:

dx,y:dx,y,Comp_i_OcaI

o_, is a global value and valid for all pixel

19 June 2018 © by ESPROS Photonics Corporation 37
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Effect of Calibration and Compensation
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Distance Error vs.

Set Distance — ROI((75/18), (94/37))
Sample=W019_C073 / S6A910 / epc635_001 / PixVer=109

Distance Error vs.

Set distance - ROI((76,30)-(95,49))

W029-C077 / S6A917 / WafN=07 / epc635_001 / PixVer=109

OP=SHO, MODE=TOF, BG=0%, IntTime=Step, ModFreg=10MHz, ABS=on
T T T T T T T

1000

IntTime=50 300 2000us, ModFreg=10MHz, ABS=on
1000 ————T—T—T—T—T—T— ———T T
IntegTime < 0.6m =50us
0.6m < IntegTime < 2m =300us
IntegTime > 2m =2000us
Max. Amplitude =1900LSB
Min. Amplitude =50LSB
TXG Settings = 0xF
500

IntegTime < 0.6m = 50us

0.6m < IntegTime < 2m = 300us
IntegTime > 2m = 2000us

Max. Amplitude = 4090LSB
Min. Amplitude = 50LSB

TXG Settings = 0x0F

set distance [mm]

et | ¢ z
e | A
(ap] b ol b ol
N o &
+ A g
+ I3
A s i
5 o B
(&)
(o)
+l
-500 |- i _s00 |
_1000 I I I I I I I -1000 - - . - L
0 1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000

Set distance [mm]

6000

7000

Results:

19 June 2018

Parameter

Uncalibrated and
not compensated

Calibrated and
compensated

Absolute distance error

+23cm

+5cm

Temperature drift at low
TOF amplitude AT=40K

60cm

5cm

Drift due to strong
ambient light

100cm

10cm

© by ESPROS Photonics Corporation
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Conclusion

= There are no perfect imagers. Fast TOF imagers are affected
even more.

= The purpose of these slides is to present a way, how distance
errors can be reduced. However, they cannot fully eliminated!

= More detailed information is available in AN10.

19 June 2018 © by ESPROS Photonics Corporation 39
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Thank you!

ESPROS Photonics Corporation
WWW.ESPros.com
info@espros.com

+41 588 411 03 00
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