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Direct Time-of-Flight Method

* Detect direct time difference (TOF)

IR Emitter
° DEPth = C/2 x TOF (C ~ 3x108 [m/S])
\ * * 4_, * The sensor's receiver utilizes a single-
. TOF |_| photon avalanche diode (SPAD)
< > * * i ;
Depth

SPAD
Sensor Array
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A Direct TOF Sensor

* 4 Primary Components

---------------------------------------------------------------------------------------

(1) SPAD array, analog front-end (AFE)
and signal combiner
(2) Time-to-digital converter (TDC)
: (3) Histogramming and digital signal
Tasianal | processing
rrocessms | (4) Timing controller

Controller

B
S
°

---------------------------------------------------------------------------------------
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; i i% z Corﬁibs:::lion H
| '

-----------------------------------------------------------

------------------

* To predict the accuracy of the TOF sensor
* we need a SPAD model that simulates the physical and statistical characteristics
* A simulation platform is essential
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XMODEL: Accurate Simulation in SystemVerilog

« XMODEL: plug-in extension to SystemVerilog developed by Scientific Analog

* xbit type can express precise timing information without being limited by the
timestep of SystemVerilog simulation

Time precision in SystemVerilog

| |

Desired SPAD
pulse timing

Quaﬁtized by time precision

SPAD pulse timing / \

in reg/wire type : : : : ;

. , , : i  Time offset

SPAD pulse timing )\

in xbit type ; : : ol ;
— .
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SPAD & AFE Operation

ISPAD

VBD+VeXx A

Geiger

+ l Mede e SPAD functions in Geiger mode
VSPAD ISPAD — ~ VSPAD
BD

Vanode
Vout A . .
Vanode4l>°—|>°— vex|------ /\ * Upon the incidence of a photon on
. > t

the SPAD, a digital pulse is generated

R : :
} vour : * The width of the digital pulse is
VDDT_ _____  Jdead referred to as the SPAD dead-time
= | > t (Tdead)




SPAD Characteristics

e Dark count rate (DCR), Dead-time (Tdead)
* Photon detection probability (PDP)

Dark
electron Photon

Events I%{ Qﬁ” & > t
Pulse ninl H > t \/

DCR, Tdead PDP
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SPAD Modeling

* Calculates the generation time of noise pulse and photon-induced pulse
through a Poisson process

* Generates output pulses with a user-defined pulse width of Tdead

( 1) pulse_shape R
Discretize input light pulse
pulse_shape interval I;deaf
— ’."; ‘ \ v 1 inte 1_#51, detect Single Iﬁ;llﬁe
.| ,ToF Tph 97 .| Pulse . ° Pro posed SPAD
- {/ INT E Gen. Tph - Gen.
(" 2) TOF and INT /por g Slice d | . f .
o1 o0 W< w2 modeling performs:
Tdead
INT1 ., Photon-induced Pulse Generator Mull . H
s pead Time | L . L * Noise pulse generation
708 ‘ 1 Wizl Controller [ "3 SPAD_pulse
TOF1 Tdead I o on .
4 ¥ | |
INT2 o integﬁs Single noise_pulse ¢ PhOtOn'| nd Uced pu |Se
F Tnoise + »| Pulse .
- ocr b Gen. [Tome o Lo Teen | Gen generation
s delay: Tdead/2
Dark Count Generator ° Dead t|me Control
Noise Pulse Generator
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Noise Pulse Generator

* Thoise Generator generates the randomized timing of noise pulse initiation, Tnoise

 The mean frequency of noise pulse generation is DCR RS TE
* Single Pulse Generator creates noise_pulse ek —
with a width of Tdead _ | ekt tocka
Toise e
ESEF Tl 2T i By
Irdead psi I B s e RN B AR N - 4
! l 2 ] | l | P
: s ] integ é, Single noise_pulse | I Tdead/?
I Tnoise + ,| Pulse o | > e
: X s~ L. een| G I
: DCR .| Gen. | Tnoise Slice en. - gen | i
I delay: Tdead/2 : . . ; ; ; .
: Dark Count Generator I . TDCR[0] | TDCRI1] § TDCR[3] |
I ) ! 5 : TDCR[2] < Tdead
: Noise Pulse Generator I ' i i
| —1 . H
e ———— : noise_pulse _J
H ,4?. H : i
Tdead
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Tnoise Generator

* Tnoise is ascertained from the Poisson process with a rate of A

* The probability that the first dark count generation time, X;, exceeds time t

 P(X; >t) = P(no dark count generation between 0 and t) = e M

* The probability that the first dark count generation occurs within the time t
e P(X;<t)=1—eHM
In(1-P(X;<t))
-2

e The interarrival time t =
e t - Thoise
* P(X, <t) =2 rand_uniform(0,1) function
e A - DCR
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Tnoise Generator (2)

In(1—rand_uniform(0,1) )

e Thoise =

—DCR
e Tnoise is updated every time gen has a falling edge
* Considering Tnoise = Tdead RSTB
module Tnoise_gen TDCRI0]
TDCR = $In(1-random_dark) / (-DCR); TI_ZiaRég +1'-|'[|):)CCRI'2[[2:!] i
Tnoise T e
always @(posedge RSTB) begin while(TDCR < Tdead) begin :
random_dark = rand_uniform(0,1); random_dark = rand_uniform(0,1); : :
TDCR = SIn(1-random_dark) / (-DCR); TDCR = TDCR + SIn(1-random_dark) / (-DCR); Tt;eacglfz
end end ! e
TDCR = TDCR — (Tdead/2); gen _
always @(negedge gen) begin end ‘ - ] _..__
TDCR = 0; random_dark = rand_uniform(0,1); assign Tnoise = TDCR; D TDCR[0] o TDCR[1] g ‘g ";DCVI'R[:;] '
endmodule TDCRI[2] < Tdead
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Photon-induced Pulse Generator

* Tph Generator calculates the photon-induced pulse generation time, Tph
* Inputs: the light pulse shape (pulse _shape), TOF, light intensity (INT), and PDP

: (" 1) pulse_shape R : RSTB
1 Discretize input light pulse 1
1| pulse_shape interval Tdead 1
I I [ I
I — W ER 4 d Single e 1
1 . . integ —» etect ph_puise 1
" " TOF Tph :F » Pulse 1
1\ j/ INT Gen. Tph sii Gen. i
> ice
: (" 2)ToFandiNT Y [PPP :
| | TOF1 < TOF2, INT1 < INT2 Photon Detector " Tph
| |
| INT1,. Photon-induced Pulse Generator |
1 5, RSTE K I
I L e e [ I S —— [ N TN JR—
I TOF1 Tdead 1
1|t .. !
1 . 8 detect
|
I |
| 1
I |
I |
I |
I |
I |
I |
i —1
I |
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Tph Generator

* |t takes the light pulse shape (pulse _shape), photon arrival time (TOF),
light intensity (/INT), and photon detection probability (PDP) as inputs

g 1) pulse_shape \( 2) TOF and INT A A

Discretize input light pulse TOF1 < TOF2, INT1 < INT2

pulse_shape .i_n_t_erval INT2 ..

H— INT1,., AN
— 'r' ., S "‘.‘ ‘!' “o‘
. . } ;" S » t >t
< > TOF1 TOF2

- AN / J




Toh Generator (2)

* 1. pulse _shape disc is obtained by discretizing the input pulse shape
e 2. pulse _shape intis achieved by normalizing pulse_shape disc and multiplying
it by INT

* Tres: resolution time of pulse_shape_int

module Tph_gen

for(j=0; j<(pulse_len/interval)+1; j++) begin
always @(posedge RSTB) begin if(pulse_shape_disc[j]<0) pulse_shape_disc[j] = 0;

signal_sequence = 0; pulse_sum = pulse_sum + pulse_shape_disc]j];
Tph =0; end
pulse_sum =0; for(k=0; k<(pulse_len/interval)+1; k++) begin
pulse_shape_int[k] = pulse_shape_disc[k] / pulse_sum * INT;
end

Tres = 0.02 * interval;
for(i=0; i<(pulse_len/interval); i++) begin
pulse_shape_disc[i+1] = pulse_shape[i*interval+int’(interval/2)+1];

end
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Toh Generator (3)

3. Use the cumulative distribution function (cdf) of the Poisson process
to calculate at which point within pulse_shape_int (1) the SPAD reacts.

—A 3k
_wvn e "4
* cdf = Yk=0—

* The value of k increments by one until cdf > thres_cdf (=rand_uniform(0,1))
* The derived k: the number of photons successfully reaching the SPAD

for(i=0; i<(pulse_len/interval)+1; i++) begin
k =0; cdf =0; kfactorial =1; thres_cdf = rand_uniform(0,1);
while (1) begin
cdf = cdf + Sexp(-pulse_shape_int[i]) * Spow(pulse_shape_int][i], k) / kfactorial;
if(cdf <= thres_cdf) begin




Toh Generator (4)

e 4. Given the SPAD’s PDP, a determination is made as to whether each photon’s

arrival instigates an avalanche
 If the derived k = 2, the comparison between thres pdp and PDP is performed twice
* If the PDP criterion is met for the first time at the i-th datum of pulse _shape int,
Tph = TOF + i x Tres (Tres: resolution time of pulse_shape_int)

if(signal_sequence != 0) break;

thres_pdp = rand_uniform(0,1);
if(PDP > thres_pdp) begin
signal_sequence =i * Tres;
break;
end
k = k+1; kfactorial = kfactorial * k;
end
else break;
end

end

if(signal_sequence !=0) Tph = TOF + signal_sequence;
end
endmodule




Dead Time Controller

 Compares noise_pulse and ph_pulse
e Qutputs the final SPAD pulse

----------------- ‘
1
L e I RSTB
: | : : : : F
1 .
! ] noise_pulse | |
! e il >
:— Dead Time J_L | ; : Td d'/ E
o UiE Controller [ I SPAD_pulse Pl , ldea
1L 1 B
i] s : ph_pulse
I : P : !
! | SPAD pulse | I_I
!_ I ; 4 > ' ._
e o e o e e e e e e | Tdead
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SPAD-Based Sensor Modeling

* The overall block diagram of a SPAD-based sensor configured as a proximity sensor

TOF INT PDP DCR PLL_CLK
V64 ,.’3 ( )
, ! : - L  TDC IN toggles whenever 64 SPADs
Model SPAD_pulse S
_SPAD I'\_n‘lodel J_L read Ct
RN S SPAD Model wih T Fip Fiop «) * TDC digitizes the timing of TDC IN
( & ) e TDC 318 b < . -
in Column ( - )  toggles using PLL_CLK
XOR Tree A . .
o Toc M=o -If: ~ncwece | ® Using ripple counter method, up to
ontroller PLL_CLK<N> —»
T3 T Dat rom 4095 measurements can be made
iesm ol N R P e [ | * Controller adjusts the overall
::g:: - TDC_IN t aﬂ _RSTBH ) - 1 1 1
e ] Tﬂ.—. - T T e s system operation timing
ERE?:: - Histogram L JYYYVYS
XOR Tree 12b Counters
! . s zecomers | [T, Al Abbas, et al., 2018]
\ X

Count_clk0--- Count_clk?7 DONE
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Testbench for a SPAD-Based Sensor Simulation

( Environment )
[ ehes « PLL_CLK frequency: 600MHz
TOF {54 INT|_PDP| DCR|  TDC time resolution: 208 ps
TB_HIST N erertor « RMS jitter was set to 6 ps
PLL Clock Generator g o e oge B— . . .
req_to_o ] = * Timing Aligner
con:;T_xr\'}EAL | FREC PLL_CLK 5 | ] Counlt_cIKT ;:!“inQ ®* rearranges the hiStOgI‘am
600e6, L 8 ; convonr || I igner
YT Ll e o ° outputs (Count_clk0~7)
. according to their actual
T timing
p ] * saves the outputs in
plot.py ]-—[ histogram_output J: histogram output
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Timing Diagram of the SPAD-Based Sensor Modeling

* Light pulse cycle was set to 15 ns, including a reset timing of 1.66 ns
* The sensor can measure up to a distance of about 153 cm
* A total convergence time of 65 us is required to measure TOF 4095 times

Light pulse cycle =15 ns 15 ns
v Supipigigipigigigipigigigipigigigipgigh/jigigigigigigigigy
RSTB MES #1 MES #2 |_[L| MES #4095 L
‘TOF__

Lightpulse m /\_ _f /\_
SPAD_pulse<0>__ | L | I_fl | § Tdead >L [L
SPAD_pulse<63> | I [ | ff

tocon_ [ LMW1 1 11 7/ 1
TOC_data<7> [ L[ 1 I I fi | |
ADD<7> 1 L L
L
RSTB_H _| )
SEL f [
DONE [ [
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Histogram Results

* Light pulse with a dispersed shape (7.5 ns width)
 Common inputs: TOF = 1.5 ns, PDP = 0.1, DCR = 0.01 counts/ns, Tdead = 10 ns
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Histogram Results

* Light pulse with a dispersed shape (7.5 ns width)
 Common inputs: INT = 10 photons/pulse, PDP = 0.1, DCR = 0.01 counts/ns, Tdead = 10 ns

Normalized pulse_shape Histogram
0.120 2500

—@- TOF=15ns

0.072 1500

0.048 1000

0.024 500

0.000

Time (ns)

Time (ns)
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Histogram Results

* Light pulse with relatively sharp shape (3.6 ns width)
 Common inputs: INT = 1 photon/pulse, TOF = 1.5 ns, DCR = 0.01 counts/ns, Tdead =5 ns

Normalized pulse_shape Histogram
0.120 2500
—@— PDP=0.1
A
0.096 2000
0.072 1500
0.048 1000
0.024 500 | o 1 || o
o L N 0 HHH f|||||||||\||| HHW
30

Time (ns) Time Bin
||||||||||||||||||||||

Time (ns)
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Histogram Results

* Light pulse with relatively sharp shape (3.6 ns width)
 Common inputs: INT =1 photon/pulse, TOF = 1.5 ns, PDP = 0.1, Tdead = 5 ns

Normalized pulse_shape Histogram
0.120 2500
—@— DCR =0.01 countsins
+ DCR = 0 count/ns
0.096 2000
0.072 1500

0.048 1000

0.024 500

0.000 L 1 " 1 s 1 h 1 n 1 L 1 " 1 0

Time (ns)

Time (ns)
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Summary

* This work demonstrated the feasibility of system-level simulation of SPAD-
based sensors in SystemVerilog using XMODEL primitives

By utilizing the proposed statistical behavioral model of the SPAD, the
entire sensor system can be verified

* A 1.5-meter range proximity sensor completes its simulation in just 4.6
minutes, yielding 4095 histogram data points
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Questions
* Thank you
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