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m UNIVERSITE WORKING PRINCIPLE: AVERAGING OF MEASUREMENTS @ ELEGTRONICS &

BRUSSEL INFORMATICS

Correlation Assisted direct Time-of-Flight (CA-dToF):

* Principles
* Chip demonstrator
* Measurements
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2 ways of averaging-out incoming samples:

4 Simple Moving Average (SMA):
e averaging the last n-samples
* keep a list of values in memory ®

Vk _ i k [

\

WORKING PRINCIPLE: AVERAGING OF MEASUREMENTS

4 Exponential Moving Average (EMA):
* modifying last average value
» keep only the last average ©
29 k—1 1

J

ko _ k
\ Vema = 20 Vema + 20 View

\

Example: US dollar versus Yen /

Notice:

SMA and EMA are very similar in their averaging outcome.

IPY, 240 mun « US Dollar vs Japanese Yen

&
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Exponential Moving Average (EMA):

* Keep only one average value (voltage)

e Easy circuit implementation

e Superfast, by charge-sharing the sampled value

VEMA
n—1 revious 1 Vew O_‘—T
£ o VEI;VIA +z.VneW Vhext @—‘—‘_XE—'—' Cintegrate
Pulse every time a [
n = Sintegrate 4 4 o |ESNSESEREREE Fsegvvg?liifsrement + | % .
) - % Cs
Notice:

* You can tell when the sample needs to be taken (e.g. when relevant data is present)
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Low-pass filter:
1

fi M=
Vi £ S\ Vout Vin fs-Cs Vout
e 1 ——e/\/\/\~e ? g EEK
—— Cint ~ R1 S—
~J Cint
Ce—— GND
D
1 _ [ Cs

J-sap = 2m R, Cint 2w Cint

Notice:
Switching frequency f, can be varied to achieve certain goals
. . . Cint
Can also be seen as an averaging stage with averaging: |n = .
S
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Counting pulses:

* Reset first (by pulsing V.. high)

* Then apply pulses, to be counted(doesn't have to be a regular clock signal)
* Non-linear counter (in this example)

' _ T _ T >V
1V = C—a— >—0-| — Cint
% Pulses to be Vres %
counted
——Cs
P

/
/
/

»
>

—> Number of pulses

| n = Cine
1 step per pulse ;J'—'—F G
Also “clock feedthrough” J_I—HJ.J- Such as "RC Time Constant"
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CA-DTOF: EMA + LOW-PASS

Gate
R, E(?l f3as
I_'_ UL —
o2 L

AN S
$SPAD ¢ U
¢10 ¢20 [} ®

TSIN C1$ CP1$ Czi Cpan

V7'

L Viz
\ J J
Y Y
1st stage 2nd stage
Assuming Cp1 Cpy
* photons spread statistically, Nay1 = A 200; Ngy2 = o 400
* f,45 at best position, \ J

Y
_ _ 4
Nayt = Ngp1-Ngpz = 8 x 10

- total averaging capacity:

&
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at Time of Arrival:
=>» toggle clocks

TCOS

b qu f3dB
IS
|-.4 oL 1K, 3T /_/\
G IR 43 94
SPAD g 0
1 $21

e e vy

1n

V,
C(i Cmi
- v -

1st stage

C?I an
< -

v
2nd stoge

0.9 1
0.8 -
0.7 1
0.6 1
0.5 1
0.4 1

TSIN, TCOS (V)

0.3 1
0.2 1
0.1 4

Simulated
18-ns delay

Notice:

E
R
B

0 5 10 15 220 2% 32 35 40

40-ns cycle

* The averaging can’t clip or saturate
* 11, Q1 amplitudes get reduced by a factor (1+ASR)

Conditions:
Number of Ambient photons: A =5000 - 1 photon per 25 cycles
Number of Signal photons: $=1250 -> 1 photon per 100 cycles

Duration 125.000 cycles of 40 ns - 5 ms for the full frame
A
S 055 ASR = = 4
(%]
O
2 0.50+
i
n
t5 0451
[J]
oo
o
0 0.40+
<
0.354
o 0 20000 40000 60000 60000 100000 120000
» f245= 800 kHz ! f,45= 80 kHz _
0| |
£ x| | estimated del
= estimated delay First: Quick for accuracy (reset)
§ L I D RE— Then: Slow for precision
L 15 - : \ . | —> Like simulated annealing
2
10 1 Ground-truth
. 18-ns delay
0

20000 40000 60000 80000 100000 120000
125.000 cycles of 40 ns =5 ms

(-5
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ANALYTICAL MODEL: PRECISION @ %gggnwcl)pr}:gg&

STDV contributions (precision), assuming that we are overaveraging (S+A < N ,;):

a)

b)

Laser pulse width:

SPAD timing jitter:

Slaser

200-ps after 25 signal photons
(0.5% of 6 m)

5 € Ospap
SPAD = 5
2 \/?t

300-ps : original laser pulse

60-ps after 25 signal photons
(0.15% of 6 m)

total number of signal photons

/
S¢ = ngs. S = total signal photons
\ \

\

number of signal photons/subframe

number of subframes
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m 11 . ANALYTICAL MODEL: PRECISION @ i S—

. . . . total number of ambient photons
c) Ambient photons and their noise (triangle case):

/4
S, ~ Ay = ngr. A = total ambient photons
SNR = — Vo
Ay / \
3 number of ambient photons/subframe
Effective value: number of subframes
Triangle-wave 2 3
Sine-wave 22 At /
> - :
Sambient T4 X S
Unambiguous

(’ distance

[ 1
6ambient — Z m

J

Notice:

* Typically, ambient noise is main contributor,

* Second order effects are not considered here,

* Model is compared to reality in the following measurements.

_ 2 2 2
Stotal - \/Sambient + SZaser + SSPAD

10
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m 11 . STATISTICAL MODEL: ACCURACY @ o S

Considerations on Accuracy*:
* Laser pulse shape > not crucial =2 it is the center-of-mass that counts

OK OK OK

Triangle’s corners = small effect (see measurements)

1400

200

[ ]
Counts

—200

=)
Amplitude [mV]

=400

System dead-time, TDC dead-time = not present ©

-400. . | 2 g |
0 5 /'« S | 25 30 35 40

/4 Time [ns]

SPAD’s dead-time:
* Signal Photons = shadowing the ambient photons } mitigation

e Pile up of the Signal Photons themselves \
*  Multipath: generates accuracy errors like in iToF!
2x2

*Morsy A, Vrijsen J, Coosemans J, Bruneel T, Kuijk M. Noise Analysis for Correlation-Assisted 3%x35S ixel
Direct Time-of-Flight. Sensors. 2025; 25(3):771. https://doi.org/10.3390/s25030771 x 3 SPADs/pixe

11
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i Coo —
|\ ~ J \ ~ J
15t stages 2" stage

12
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Correlation Assisted direct Time-of-Flight:

e Chip demonstrator
e Pixel Circuit
e Camera Top Level

13
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m UNIVERSTEn CAMERA SYSTEM AND CHIP @ i T
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PC T T T 1
USB3 : :0;";." 850 nmJ VCSEL array !
3D camera 1 |Supplies :
A ! L ¥ 4| Driver !
| 3 T 5

: FX3 controller < N Subdivides the 40-ns cycle into

: g1 64 equal parts on a 625-ps grid
11 1
| Image Sensor 50 MHz |Reset |Gate |[®3 :

- v v vy oy R /‘

! i DLL Timing Generator dis E
o [TITTIT T 7 : 1
i TSIN, TCOS, GATE parallel buffer !
! i TSIN | TCOS Reset | Gate| 03| ¢4 : :
X : v 4 4 \ 4 \ 4 4 1 :
[ : 1
' ] oy
1 — : !
. B |
o § B )
RN 320 x 240 QVGA X
'l 2 SPAD Pixel Array E !
RN 180-nm XFAB-HV |
! 3
2 |
! !
::ZOOMH T T ::
P T 11-bit Column ADC — |
1 I L
' 50 MH Pl
L Column Decoder «—
L !
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Measured internal triangle waveforms

M Thu Novemnber 09 18

RIGOL

50 MHz 100 MHz

800mV

Test platform:

* Internal analog signals can be selected on chip,
and be monitored outside (high speed)

* External supplies for monitoring and testing

16
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Correlation Assisted direct Time-of-Flight:

* Measurements

17
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(L= 8507,n1?;‘i',‘ 40-nm BP) i S E I
-

® @

@ cross section (row124)

50 100

STDV measured
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Depth STDV (cm)

Q2,12

)

Measured A

Photons in subframe
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m mffgnsnm (0°, 1800) @ 25 MHz - (OO, 1800, 900, 2700) @ 100 MHz g) (EEIE(C:)TRONICS&

6 Subframe Dual Frequency:
1 laser pulse per 40 ns cycle
Demodulation first at 25 MHz @ (0°, 180°) , then at 100 MHz (0°, 180°, 90°, 270°)

25 MHz gives the approximate position, 100 MHz with four angles improves STDV by 4+/2

3D image (0-6m) .
; STDV measured (cm)
3 4
2-
Depth 15
Average Depth 0 50 100 150 200 250 300
160003 Photons in subframe |
14,000 i
12,000 Measured S [
L — 10,000 q '{\
8,000 1 I (
3 6,000 4 1
R 4,000 A o *
- . o e v S Y ()
1 @ cross section (row124) 0f----- i e & S e S I
0 50 100 150 200 250 300 0 50 I G U SR

Remarks:
e Accuracy and Precision Improve both
* Motion robustness decreases ®

19
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mﬁﬁ?femn (0°, 180°) @ 25 MHz ; (0°, 180°, 90°, 270°) @ 100 MHz ioﬁ ELECTRONICS &

BRUSSEL INFORMATICS

0.25 | 0.5 | 0.25

Applying Spatial Filter (in postprocessing on the |, Q values): |05 1 |05

0.25 | 0.5 | 0.25

STDV measured (cm)

Depth 057

\ J Average Depth ol

© 250

w1704

1684 - o
] @ +/-1cm=+/-0.16%
Sk -

>
< 1501
e
5 1004
()

o 504

‘-

:

-. T ) - .
E :

:

162 == =
@ cross section (row124) 60
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b
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o
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o
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w
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ra
2
ra
wn
(=]
w
8

Fixed Pixel Distance Noise +/-

Cycling 7 ti . .
ycling /:times 1cm (no calibration performed)

Remarks: through all colours

« STDV improves by another /4
* Accuracy improves
» Effective resolution reduces
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Using 2 Bldbframes (25 MHz) Using 6Js¢berames (100 MHz):
' Y I
3004
. . 4004 e e T
Assessing Cyclic Errors: 00| e {/"' o o] |}
* Laser Pulse is cycled through fgzﬂ '/' 3 o e/
64 positions on 625-ps grid = s, \ = u
~ oy .. i S oY
* 12 and Q2 are plotted 100 . 12 o1 ;“'.‘ O o
« Associated distance plotted 2007 e 3 150
-200 1 e~ o° » -200 4
e Accuracy Error plotted 400 *eg0e” \‘-.“,-" -250; \J e :
25 MHz demodulation T | -3003100 MHz demodulation i | —
0 50 100 150 200 250 300 350 400 450 500 550 600 Q 50 100 150 200 250 300 350 400 450 500 550 600
Remark: __ 600 | B "..._..-
. . : €
*  Cyclic error improves with S 500 il = 500 —
. (] o o
higher frequency © 400 ."......"" < 400 o
© ﬁ g
k7 ™ ~ J ."‘
.2 350 o 0O 200
()
@ 2001 — 2004
S ...".. 3 ...’..o
n : © ]
100 = ..,,."' % 100 .....,.-'
> 0 S 0 < ad
0 50 100 150 200 250 300 350 400 450 500 550 600 _ 0 50 100 450 200 250 300 350 400 450 500 550 600
€ ° -J’- § .
S 41 Vv A T T 5 R alabelule G S\t ke ot Sttt s st +3 cm= +05%
= 24 '\[ v.\' if' y q\‘ ] & f h ,"' ’\‘ -ﬂ l"‘ / \ ﬁ; '/.\ o | ,' 'q r
= \ \A T 1 o 3 ,’.-/. > 03 7 P \o 'b“ \V f \ J \ /‘-,J * [\ J \ ’. ‘
> 0 Y f\ Y, \ 1 ¥ e Y R IR, VRV s/
g VI [4 ry / J'\.,\,“ﬂ f\ 5 —— o J-__E__d-_ -k -3 cm= 05% 1
8 44 \k’l \[ ‘0" \‘\' éE) 0 50 100 150 200 250 300 350 400 450 500 550 600
< e e Ground truth (cm)
0 50 100 150 200 250 300 350 400 450 500 550 600

Ground truth (cm)
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Contributing elements in the power dissipation:
e Each SPAD that triggers consumes an amount of energy,

* DLL timing generator consumes some powetr,
Generation of the TSIN and TCOS voltages over the full array at 25 MHz (or 100 MHz) at the cost of some power,

e Less than digital signals, because smaller swing,

Image Sensor supply SPAD Performance System
e Image Sensor Supply 3D image Accuracy over 3607 STDV (@3.5m, 1 klux, Interface
dit f  |Supply Volt A c t | Sub-f t ADC
conditions © upply Votage Current Voltage rrayurren Hb-iramerste framerate phase 50% reflectivity) Clock
unit (V) (mA) V) {mA) ifps) {fps) +/- % {%6) {bits) {MHz)
2 subframes 61 mA 24 12 1 <0.5
. <,
EE szl:frames& L8V 98 m&, Ve 22 tllnl'::ﬂ. 24 i 0.7 0.25 10 50
su ‘rarrjes 98 mA (2.4 excess) la ux) 24 1 0.5 <01
spatial filter

Notice:
* The CA-dToF principle is inherently low power ©
e All performance parameters would improve much when having a better PDE !

22
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First assessment of higher ambient operation:

e 2lasersinstead of 1 2 on average 520-mW of ||ght The 4 curves are artificially skewed to avoid overlap and improve clarity
6 subframes with spatial filtering 700/
 20-ms subframes Eﬁoo-
e White wall moving, camera fixed 5290
* 3-stage averaging used: g 400/
5 300
©
6 o 200
Mgyt = Ngp1-Nap2-Ngyp3 = 8 x 10 o
100
‘o e e e
Notice: 0 100 200 300 400 500 600
e atpresent PDE~0.7% Ground truth [cm]
S bi f . —+— distance when 0 klux —+— distance when 17.28 klux
amplent performance can improve —+— distance when 11.52 klux  —+— distance when 22.92 klux

* More active illumination can be applied

- Work in Progress
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Dynamic exposure range experiment:

* Vary the exposure time form 100 ps to 100 ms,
 Keeping distance at 412 cm,

e Measure A and S,

* 2 subframes, with spatial filtering (nss = 8),

e 25 MHz demodulation @ (0°, 180°).

Notice:

 STDV Model with Measurement “in agreement”,
» Distance within +/- 1 % over the full range,
 Lowest S at 5 photons per subframe.

STDV (%)

Distance (cm)

Photons per subframe

ELECTRONICS &

™, o
DYNAMIC RANGE EXPERIMENTS gﬁ ELECTRONICS

10.00

1.00 |

0 | Measurement

440
430
420
0
T e e T
400
390
380

10000

—
=3
o
=]

-
(=3
(=

-
o

-

100 ps 1ms 10 ms 100 ms

Subframe Exposure Time
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CA-dToF has been explained:

* Sending short pulses to the scene (dToF),

e Correlating the ToA with two orthogonal functions: TSIN and TCQOS,

* Averaging out the sampled values of TSIN and TCOS,

* Thereby averaging out ambient photons, keeping two values representing the Time-Of-Flight,
- A model shows that ambient shot noise is the main contributor to distance’s STDV.

A QVGA Camera based on this principle has been demonstrated:
e With different modes of operation,
* Matching quite well with the precision model,

Advantages of CA-dToF have been identified:

* Low power,

e Large averaging possible, without becoming slow,
 Ambient light being inherently cancelled,

* Working also at low light levels (shot-noise limited),

* No saturation(s) occurring, large dynamic range for A and S.

Outlook:
* Increasing PDE from 0.7% to 30% can further enhance performance

25
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