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1. Description

The SPAD LiDAR Evaluation board provides the SPAD2L192 sensor with dedicated control system consisting of
a sensor carrier PCB (Sensor-Board] and a SoC board (FPGA-Board). The custom-made carrier PCB includes
reference and supply voltage and two delay lines to adjust the trigger delays (optional use). All control signals
are generated by the SoC which is connected to the sensor PCB through FMC connector.

The whole system is supplied by SoC board’s +12V DC jack and has a USB 3.0b socket for communication
(only USB 2.0 is supported). All control functions and data are accessible via address over USB test and measu-
rement protocol.

Sensor-Board FPGA-Board
DDR
SPAD Sensor |« Paralle
DAC « ! > SoC <
T:;g/grtler < Delay line < T =
aspl UsB20 | .
= Flash PHY B » USB2.0
DC T
A +12V DC
Figure 1: Block diagram of SPADLIDAR Evaluation Board
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The PLCC socket for the sensor and two trigger pin headers are located on the top of the PCB (Figure 2). The
sensor is placed into the socket so that the sensor’s position mark shows to the right side of the board (green ar
row). Around the PLCC socket four M3 spacers red circles) are affixed for e.g. mounting an optical lens in front
of the sensor. The chip is arranged in a CQFJ84 housing.

é

LiDAR-Demonstr atar U1.1

e
%Dr].:]???!\?
InS
3U3

T2

Figure 2: SPAD eval board top view
blue: triggers, red: opfical fixture and green: positioning mark

Two frigger output pin headers (blue circle) offer a 15 V DC supply, GND, and a frigger pulse with 5 V
amplitude. The width of trigger output pulse is configurable by software. The following table shows (Table 1)
the allocation of each pin header.

Pin Description
] na.
GND
Trigger
GND
15V DC (max. 500 mA)

oMW IN

nc.

Table 1: Allocation of trigger pin header

The SoC board is already connected to the sensor PCB and should not be dismantled.

The USB connection on the SoC board (blue circle, Figure 3) is used for communication with the PC.

The connector is USB 3.0 b standard but technically only USB 2.0 is supported, so that a USB 3.0 cable
won't provide a velocity advantage. To operate the system, connect the SoC board to the PC with @

USB 2.0 A to B cable.
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The DC jack (red circle) is suitable for 2.1 x 5.5 mm plugs with a supply voltage of 12 V and a minimum
current of 1.5 A. All other connectors are nonfunctional, but could damage the SPAD-Line Eval Board if they
are plugged.

Figure 3: SPAD eval board side view (connectors)

4. Construction and Dimensions

The eval board can be mounted by four M3 spacers in the corners of the PCB and four M3 spacers around
the PLCC socket. The focal plane of the chip is about 1.5mm shifled backwards in the PLCC socket. Here,
production-related deviations can arise. In the next two figures you can see the dimensions of the connectfors on

the FPGA side and the arranged M3 spacers on the top of the PCB.
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Figure 4: SPAD eval board side view (dimensions)
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Figure 5: SPAD eval board top view [dimensions
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Figure 6: SPAD eval board side view with CQF) 84 package (dimensions
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Figure 7: CQFJ 84 package with chip in the middle (dimensions
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5. Software Alternatives

The SPAD LiDAR evaluation board can be used either with the provided software for communication and
visualization (LabView executable file) or with an own specific control software to directly access the FPGA
firmware.

The LabVIEW executable provides the full communication and visualizing without any need fo generate an own
program.

Optional the communication can be programmed with an own specific software which allows then to integrate
own analysis and data processing for specialized applications.

In section 6 the option for the LabVIEW executable and in section 7 the option for the selfprogramming code is

described.

5.1 Driver

A Driver for "USB Test and Measurement Devices” from IVl Foundations is needed. It is included in National
Instruments and also available from Agilent for instruments communication and the” Keysight Connection Expert”.

6. LabVIEW Executable

In the following section the installation of the LabVIEW runtimes, the use of the executable and the software hand-
ling will be described.

6.1 Software Installation

The software to control the SPAD LIDAR Evaluation board is written in LabVIEW. To run the control program
several LabVIEW-Runtimes have to be insfalled. The actual program based on the LabVIEW 2017 version.
A 32bit version is available.

6.1.1 LabVIEW-Runtime

The following Runtimes hast to be installed:
1. NI LabVIEW RuntTime Engine
2. NIVISA Runtime

For the runtime no payed license is needed.

The installation files of the runtime can be found at the National Instruments website http://www.ni.com
A free account has fo be created to download the setup files from NI. Follow the insfallation instructions during
the installation of the runtimes.

First install the main LabVIEW Run-Time Engine 2017:
32bit hifp:

www.ni.com/download/labview-runtime-engine-201//6819/en

Second install the NIWVisa 17.0 Run Time Engine:

www.ni.com/download/ni~visa-runtime-engine /6647 /en

http:
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6.1.2 Eval board program

The eval board program called “"SPAD-Line Eval Board” is an executable file and do not need to be installed. It
has to be copied fo any point of the computer. From there the .exe file in the folder can be executed to run the
software.

6.2 Set up

Plug in the eval board with the USB A to B cable to the computer and connect the power supply. Make sure that
the power supply is 12V.

After this the device "SPAD-Line Eval Board" should appear in Control Panel > Hardware and Sound > Devices
and Printers (Figure 8). With the first connection, the automatic driver installation may take a litile time.

Geraite und Drucker durchtochen

Pl |
= - ©

* Hardware und Sound » Gerdte und Drucker » -

Sosndtgn tuaehrEisure ©: Devices and Printers

Drucker und Faxgerdte (6)
+ Gerate (4)

BN

« Nicht angegeben (1)

SPAD-Line Eval
Board

; 11 Elemente
S ‘Ji

Figure 8: Devices and Printers

If the eval board icon appears in Devices and Printers, it is ready fo use.

6.3 Software documentation

The program can be used to display the photon defection rate of every pixel. Therefore a real time plot and
everal hisfory plots are available. In addition export functions allow the external analysis of data. The seftings
give extensive options fo adjust the count of measurements, the accumulation time or the coincidence level. In
addition trigger settings are available fo trigger two external trigger signals.

6.3.1  Main window

6.3.1.1 Counting Mode

In Figure @ a screenshot of the main window in counting mode is shown. It will be visible directly after sfart of
the program. The main window gives in three different plots an overview about the counted photon events in

every pixel of both SPAD2L192 lines.
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Figure @: main window — counting mode'

The measurement can be started and stopped with the “run2” bush button. The “Stop” control (shown here in
Figure 3) will stop the whole communication fo the eval board and closes the program. LabVIEV has also a
functionality to use a red dot in the menu bar to kill the program. This functionality should only be used if the
“stop” button does not work.

The "frames/s" indicator shows the reached repetition rate of the measurements depending also on the computer
engine. In addition, a sequential number of the displayed measurement is in “#measurement” shown. With the
"save rate” and “save history” buttons it is possible o save the measurement data (see section ©.3.3). The “open
seffings” button will open an extra window to make different seftings [see secfion 6.3.2).

The upper plot displays the real time rates of every pixel (x-scale). The y-scale is a logarithmic plot of the photon
detection rate and will be automatically scaled. The red and the white plot each represent one SPAD line of the

sensor SPAD2L192.

The other three plots in the main window are hisfory plots. In the graph on the left single pixels with “row” and
"pixel” can be addressed to record the photon detection rate in a history plot over several measurements. With
the control “x-scale” the last x measurements can be displayed.

The plofs on the right record the photon detection rafe from each line separately. It is a color plot where the
x-scale is the past fime in history measurement data, the y-scale represents the pixel number of the SPAD line and
the photon detfection rate as “zscale” is color coded and automatically scaled. The color from black over blue
fo white means low rafes in black o high rafes in white. With the “clear history” button the recorded history data
can be reset and the three history plots will be cleared.

! An additional optic is needed fo see an image in the color plot
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6.3.1.2 Timing Mode

In Figure 10 a screenshot of the main window in timing mode is shown. The timing and counting mode window
can be changed via the tabulator “Counting Mode / Timing Mode”. The upper plot displays the timing data
histogram of one selected pixel. The bin size in the plot corresponds to 312.5 ps. The displayed range can be
changed by the “range” control. The lower plot shows a color plot of all pixels timing data. The x-axis shows the
pixel number where pixel O-191 are the first and 192-383 are the second row. The y-axis shows the bin value
and the z-axis corresponds as color to the counts in the bin. The color form back over blue fo white represents to
the counts.

* @

Zi Fraunhofer

(LU

e | 1
. femnrin

SPAD-Line Eval Board ) [

it bt T bt

| | cem

Figure 10: main window — fiming mode?

6.3.2 Settings

The settings window (Figure 11) is grouped info four boxes. In “measurement sefting” the duty cycle can be set in
6.25 ns steps. This is inverse proportionality to the duty frequency. Also, the measurement count for accumulation
can be chosen. The "duty (approx.)” indicator shows the resulting duty cycle with all limitation settings.

2 An additional optic is needed to see an image in the color plot
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alaom | 62505 | 10kHz 200 - 62505 [5s
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|
total conting time
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o]

countmaode with trigger

o |

Trigger settings

Tiggrmode
o

Coincidence settings

coimcidence depth

Pretrigger

Trigger length coimcidence time - 1,505 |
oL o

SPADs enabled {4 SPADs

Left trigger Right trigge
Ex +0.25ns i _ +0.25ns

Left trigger Right Trigger

fos | Ons

Figure11: seffings window

Among “counting settings” the counting time in one measurement frame can be set in which the photon events
are counted. It is also specified in ©.25 ns sfeps. The infegrated counter in the pixel has only 8 bit and so on the
maximum number of counts in one period is 255. If 255 is counted and there will be a further event, the counter
will reset to O without an overflow flag. A counting time of 800 (5 ps) is a good choice to not overflow also af
high rafes. The total counting time results by the counting time multiplied with the measurement count per frame.
By acfivating the setting “countmode with trigger” the timing mode will be disabled and at the beginning of a
counting measurement the Trigger Channels are triggered (see Figure 23).

The "trigger settings” are important when combining the evaluation board with an external laser source. Two
different sources (right and left) can be operated. In the frigger mode the right, the left channel, both channels or
no channel can be chosen. With the “prefrigger” control the trigger signal can be changed in negative -6.25 ns
steps for both channels simultaneously. In addition to the “pretrigger” each channel can be time adjusted sepa-
rately in ,left frigger” and “right trigger” in positive 0.25 ns steps. The trigger length of the two channels can be
controlled by “Trigger length” control in 6.25 ns steps.

In the bottom left box, the “coincidence settings” allow to sef the coincidence circuit of all pixels. The coinciden-
ce function is based on Fraunhofer IMS IP which firstly can be used with SPAD2L192 and this evaluation board.
Especially with high background light by the sun during outside measurements the coincidence levels should be
adjusted for an optimum sunlight suppression.

Each pixel of the detector consists of four SPADs for the coincidence detection. If a cerfain number of photos,
called coincidence depth, detected by the different SPADs within the pixel and a cerfain time, called coinciden-
ce fime, a coincidence event is defected (Figure 12).
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1L

Coincidence Detection

R - 9,
JL

Signal Photon

Single-Photon Detector

Figure 12:
Simple illustration for the defection of coincidence events. If the output pulses of the detectors with a width corresponding to
the coincidence fime overlap, a coincidence event is defected.

At every sfart of the program the default settings are loaded. All changes in the settings can be saved by using
the “save seftings” button. With the “load settings” butfon these configurations can be easily loaded and used.

6.3.3 Export data

It is possible fo save the data of the plots in a .csv file. The “save rate” bution in the main window will save the
actual photon detection rate of both lines. A window like in Figure 14 will appear and you can save the .csv
file.

In format of the file will be:
line O pixel O; line O pixel 1; ...; line O pixel 191
line 1 pixel O; line 1 pixel 1; ...; line 1 pixel 191

To save the recorded history data press the “save history” butfon. It can save up to 100,000 history measure-
ments which is not limited to the displayed values in the plots. The window in Figure 13 will appear and the
dafa source can be selected: the history data of the selected single pixel, the history data of the whole line O
(upper) or the whole line 1 (bottom). A multi selection is possible. For each selection a separate file save dialog
will appear (Figure 14).

43 save selectvi —-—-—ﬂa

[ save pixel background rate?
("] save background rate row 07

(" save background rate row 17

Figure 13: save select
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The format of the .csv for the single pixel is:
Measurement O; measurement 1; ...; measurement n

The format of the whole row selection is:

Measurement O pixel O; measurement O pixel 1; ...; measurement O pixel 191
Measurement 1 pixel O; measurement 1 pixel 1; ...; measurement 1 pixel 191
Measurement n pixel O; measurement n pixel 1; ...; measurement n pixel 191

Measurement O is the oldest measurement and measurement n is the newest one.

| » Computer » NoBackup (x) » data

Organisieren v Mewes Ordner = 0 @

Name Anderungsdstum  Typ GroBe

W Favoriten
Bl Deskicp
& Downloads

o Musik
2 Zuletzt besucht i

4 Bibliotheken
| Bilder
4 Dokumente
o Musik

- Videos

) testdata.cov 17.05.2019 12:37 M 0KB

% Computer
& System ()
a NoBackup (D)

€ Netzwerk

Dateipame: ~ [CoV-Datei ") -l

[ Y

Figure 14: file save

6.4 Error handling

Fehler -1073807343 bei VISA Find Resource in
owl-sys create without config.vi->LIDAR Eval
Board.vi

VISA: (Hex 0xBFFFD011) Insufficient location information
or the device or resource is not present in the system.

Figure 15: error no LIDAR camera

The error in Figure 15 appears if the connection of the SPAD-line Eval Board is not correct. Close the software;
unplug the USB cable and the power supply. Then connect the USB cable and power supply again, check
whether “LiDAR sensor control board” appear in Control Panel > Hardware and Sound > Devices and Printers
(Figure 8) and start the software again.
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7. Programming Specific Software

In the following sections the communication to the FPGA, the access fo the firmware and the sensor timing will be
explained in defail. For consideration in chapter 8 the known bugs are listed.

7.1 Communication

The SoC functions can be accessed over USB test and measurement class profocol via address and, where
required, dafa input.

For easy integration into software the following tools are recommended:
= National Instruments Measurement & Automation Explorer (MAX] or
»  Matlab Test & Measurement Tool available in different Toolboxes.

If one of these tools is installed on your PC the SPAD-LIDAR Evaluation Board should be automatically recognized
as USB test and measurement device on USB port af first startup. In the device and printer window of the PC
"SPAD LiDAR Eval Board” should be displayed.

The confrol commands of the Eval Board exist of an address and — if necessary — followed by data. All addres-
ses are listed in section 7.3 were an 8 bit address is separated in a base and offset address. Base addresses
are 4 bit long and classify the offset addresses (4 bits|. A multiplication {logical OR) of base address and offset
address will give the complete address to be send to the Eval Board.

If data is required in addition to the address data, it will follow in a multiple of bytes, even if the relevant data
bits are less than a byte.

0 7 15
command | | [ | | [ 1 | [ [ [ [ [ 1
offset addr. base addr.

I |
ol e
Data (lenght dependend on command)

Figure 16: Bitmap of command

Frame data acquired during the measurement is buffered in DDR memory and has to be downloaded regularly
while measurement is running. This is done by a request of the USB host (PC|. Each data packet has 768 and
384 bytes, respectively, additional to a 4 byte header including frame count and acquisition mode information.
If no data is available a zero length packet will be responded.

A packet transfer starts with the header (Figure 17). It shows in the first 16 bits the frame counter of the measure-
ment, in bit 16-18 the counter of backlight (BL) measurement and in bit 29-32 the acquisition mode.

31 23 15 7 0

Header| | | N N N N N O O

Mode BL count Shift count Frame counter

Figure 17: Bitmap dafa packet header
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The following data length differs by acquisition mode and is indicated by three bits. The following Table 2 shows
the mode and amount of data bytes.

Bit mask Mode Data bytes
0Ob0O1 Test 0

Ob010 Backlight 384
Ob100 Normal 768

Table 2: Acquisition mode bit mask

In backlight acquisition mode BL count displays the actual backlight measurement.

In normal acquisition mode pixel data is transferred with rising pixel number every 2nd byte. Each pixel data is
separated into 4 bit Stop and 4 bit Start followed by 8 bit coarse values (Figure 18).

Data

31

23

15

Coarse

Start Stop
Pixel n+1

Figure 18: Bitmap data packet normal mode

Coarse

Pixel 0

In backlight acquisition mode pixel data is transferred with rising pixel number every byte and consists only of
coarse value (Figure 19).

Data

Header
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Figure 20: Bitmap data packet test mode
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A description of coarse, start and stop values can be found in section 5.2.3.
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Coarse Coarse Coarse Coarse
Pixel n+3 Pixel n+2 Pixel n+1 Pixel 0
Figure 19: Bitmap data packet backlight
In test mode only the header is transferred with the data in the least 15 bits (Figure 20).
31 23 15 7
|| | | [ I I I I | [ 1 [ |
Mode Coarse Start Stop

The readout order starts with pixel 1 of the lower row up to pixel 192 and continues with pixel 193 of the upper
row up to pixel 384 in one sequence (see Figure 21).
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Figure 21: Chip drawing with readout order

08/21 /VO5 / MaHHF / manuals/diverse-spad/evaluation-board-spad2l192

N

Germany and Other Countries
Laser Components Germany GmbH
Tel:  +49 8142 2864-0

Fax: +49 8142 2864-11
info@lasercomponents.com
www.lasercomponents.com

7.2 Firmware

25 ns trigger pulse length in mode O

= Sensor in timing mode
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After system startup (power on) the supply and reference voltages are activated and the sensor is hold in reset
state. After this the user has to initialize the system by setting the MEAS_RESET address. This initials the system tfo:
= 400 measurements
10 kHz repetition rate

The MEAS_RESET command ha to be sent before all other commands. In this stafe the measurement can be
started by writing the MEAS_START address. By sending this signal the system will do a measurement, readout
the sensor data and - if SENSOR_BLMEAS (counting mode) is set — also perform a measurement without frigger.
This cycle is repeated as long as MEAS_COUNT is higher than cycle count (Figure 22).
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Figure 22: State diagram of firmware
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The configuration registers in the SoC provide the opportunity fo change functions like timing, reference voltages
and sensor mode different to initial state.
Table 3 to Table 10 show a list of addresses to access the registers. The tables contain base and offset

addresses, respectively, name, description for the specific function with relevant bits in brackefs and data length

that have to be send behind the 8 bit address.

Base address Name Description

Ox10 DAC Digital fo analog converter for reverence voltages

0x20 DELAY Delay lines for trigger signals

0x30 MEAS Measurement configurations

0x40 SENSOR SPAD line sensor configurations

Ox50 TRIGGER Trigger configurations

Ox/0 TEST Sensor fest configurations

Table 3: Base addresses

Address  Name Description Data length

offset

0x00 MEAS_COUNT Number of measurements per Frame (16 bits) 2 b\/tes

0x01 MEAS_DUTY Length of duty cycle, 1 bit correlates to 6,25 ns 2 byfes

0x02 MEAS_PREENSPAD Time SPADs are activated before Gate, 1 bit correlates to 6,25 ns (10 bits) 2 bytes

0x03 MEAS_CT Coincidence time*

Ox04 MEAS_CD Coincidence depth* Q6 bytes
g 0x05 MEAS_SN SPAD enable*
% 0x06 MEAS_CVSET Set coincidence values and SPAD enable to sensor 0 byte
E 0x07 MEAS_GATEWIDTHCM Gate width in counter/backlight mode, 1 bit correlates to 6,25 ns (13 bits) 2 b\/tes
'% 0x08 MEAS_START Starts on measurement for one frame 0 byte
E Ox09 MEAS_STOP Stops measurements in infinity run mode 0 b\/te
% OxOA MEAS_RESET Resets and initializes the sensor 0 byfe
% OxOB MEAS_INFINRUN Infinity measurements are done from start fo manually set stop signal (1 bit) 1 byte
é 0x0C MEAS_MTIMEGATECOUNT  Repetition number of clock shifts which is applied to Gate. 1 b\/te
% OxOD MEAS_TIMEGATECOUNT Number of clock shifts which is applied to Gate. 1 byte
EO OxOE MEAS_DELTATIMEGATE Width of clock shifts on Gate in clocks. (6 bits) ] b\/te
% OXOF  MEAS_CONTCOUNTMODE 'm”gtife*r:eenctznn”d”f;ﬁ;’j[”;?gb’i\r’)\oo'e which is used for effective 1 byte
~
g Table 4: MEAS offset addresses

*The first written data is applied 1o pixel O of row O. For each pixel two bits are required, whereby the first written bit is MSB.
The following Table 5 shows the binary values and the corresponding parameters.
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Value Coincidence Time Coincidence Depth Active SPADs
00 1.5ns 1 (disabled) 1
01 4.0ns 2 2
10 8.0ns 3 3
11 16.0 ns 4 4

Table 5: Description of CT, CD & SN values

Address offset Name Description Data
length

Sensor mode (1 bit)

0x00 SENSOR_MODE O: timer mode 1 byte

1: counting mode

Measurements without trigger (3 bis)

0x01 SENSOR_BIMEAS 0: off 1 byte

1 = 3: amount of BL measurements

Sensor powersave mode (1 bit)

0x02 SENSOR_POWERSAVE 0: off 1 byte

1:on

Sensor Read/Write frequency (1 bit)

0+03 SENSOR_REWRFREQ 0: 20 MHz 1 byte
1: 40 MHz

Table 6: SENSOR offset addresses

Address offset Name Description Data
length

Trigger mode (2 bits)

O: normal; both trigger at same fime

0x00 TRIGGER_MODE 1: speed; alternating friggers, double speed 1 byte
2: separate; only one trigger depending on addr. TRIGGER_LR
3: off
If in trigger mode 2 (1 bit)

Ox01 TRIGGER_LR O: left 1 byte
1: right

Trigger pulse width

08/21 / VOS5 / MaH-F / manuals/diverse-spad,/evaluation-board-spad?2!192

2 TRIGGER_PULSEWIDTH 1 byt
0x0 GGER_PULSEWY 1 bit correlates to 6,25 ns (8 bits) byte

0x03 TRIGGER_PRETRIG Trigger ime before gate 1 byte

- 1 bit correlates to 6,25 ns (8 bits)
Table 7: TRIGGER offset addresses
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Address offset Name Description Data
length

0x00 DELAY_LEFT 1 bif correlates to 250 ps (8 bits) 1 byte

OxO1 DELAY_RIGHT 1 bif correlates to 250 ps (8 bits) 1 byte

Table 8: DELAY offset addresses

Address offset Name Description Data
length
sensor fest mode (1 bit)
0x00 TEST_ENTESTMODE 0: off 1 byte
1: enable
Ox01 TEST_START Starts one test cycle 1 byte

Time of shifting TDCStart signal (8 bits)

0x02 TEST_TDCSTART 1 bit correlates to 6,25 ns 1 byte
Table 9: TEST offset addresses
Address offset Name Description Data
length
0x00 DAC_VSELDT
Ox01 DAC_VENPLL
0x02 DAC_VPLL2 DAC value[12 bits), 1 bit correlates to 805.9 pV 2 bytes
0x03 DAC_VPLLT16
0x04 DAC_VRESET
o
§ Table 10: DAC offset addresses
8
.
o]
2
5 a)
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T Laser pulse Laser pulse
2 A A
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g
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Figure 23: a) measuring procedure CONTCOUNTMODE=0

21 b) measuring procedure CONTCOUNTMODE=1
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7.4 Timing description

Start a time measurement (Figure 24| by setting the Gate signal high. This enables the SPADs and the output of

the front end circuitry. From this point on the TDC can be triggered by detected photons. The measurement ends
after 1.28125 ps by sefting the Gate signal low. By closing the Gate no further detection signal are transferred
fo the TDC preventing the measurement data from getting invalid.

reference

|
. |
I
- =

Gate measurement window ~1,28 s

. |
| |

- Variable 0...~6.39 :
EnSPAD ariapble 0...76. Us X I
I I
: ; :
| |
. I
X ¢ . |
Trigger Variable 0..~1.59 ps | !
Pretrig ! . |
| ! |
I
! Veriable 0...63,75 ns :
Trigger | :
delay line ! .

Figure 24: Timing of fiming mode

To start a counting or BL measurement (Figure 25) Gate signal is to set high to enable the SPADs and the output
of the front end circuitry. From this point on photon detection are counted by the integrated 8-bitcounter. Please
nofe: no overflow profection is infegrated. The counting ends with reaching the value MEAS_GATEVWIDTHCM
and setting Gate signal low. By closing the Gate no further detection signal are transferred to the counter.

reference
: |
~ ind 0..~51.19 -
measurement window 0...~51. us

Gate |
. |
| I
I |

<

EnSPAD Variable 0..76.39 ps |
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Figure 25: Timing of counting mode
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Optional in both measurement modes: EnSPAD signal can be set high prior to the Gate signal. Depending on
MEAS_PREENSPAD it enables the SPADs and ensures that the reset phase of the SPADs, which takes about

10 ns time, is shiffed out of the measurement window. With this the SPADs are ready for photon detection at the
rinsing edge of the Gate signal.

Also optional in both measurement modes: The two trigger signals (left and right) can be set prior or post the
gate signal. How long trigger signal is set high prior to the Gate signal depends on TRIGGER_PRETRIG value for
both triggers. To set the Trigger signal high post Gate signal or for fine tuning, in combination with pre triggering,
an individual delay for each of the two triggers can be set by DELAY_LEFT and DELAY_RIGHT values.

For TDC characterization a fest mode (Figure 26) in pixel one is implemented. If test mode is enabled pixel one
is connected permanently to the sensor output. In test mode the TDC s triggered by the external signal TDCStart
instead of the SPADs. To start a test Gate signal is set high for 1.28125 ps. Within the measurement window
TDCStart is set high depending on the TEST_TDCSTART value. With the rising edge of the event the TDC value is

stored.

reference
| |
¢ >
Gate measurement window ~1,28 s

| i
. |
. |
| Variable 0...1,28 us :
< |

|

TDCStart | ! I

X |

Figure 26: Timing of test mode

7.5 Time data

The two-stage TDC gives a 12-bit value representing the measured time. The final time value delivered from the
sensor consists of three components which have to be combined off-chip.

Coarse is the time value measured by the coarse stage of the TDC. It is an 8-bit value representing the 8 MSB of
the final 12-bit time value.

Start is a 4-bit value generated by the startinterpolator. It represents the time between the on-chip photon-
generated startsignal (event) and the next rising edge of the coarse clock, at which the coarse TDC stage takes
over the further measurement.

Stop is a 4-bit value generated by the stop-inferpolator. It represents the time between the off-chip generated
stop-signal and the next rinsing edge of the coarse clock, af which the coarse TDC stage stops the measurement.
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Coarse
0x00 OxFF OxFE OxFD OxFC OxFB
counter

Figure 27: Timing diagram for time values description

= Ox00

coarse

To be noted: If N__ = Ox00 then no event is detected and equation below can be ignored. If N
all the outputs need to be inverted first before starting post processing.

- Ncourse = l (Ncoarse)
- Nsrort = l(Nsrort)
- I\Jstop = ( stop)

The N__ s binary coded and can be used directly in the equation below. The N and N__are grey coded

coarse start stop

and need fo perform grey code to binary conversion.

- Nbinstort = greyTObinOry(Nstuﬂ)

“ Ny, = greytobinary (N )

The final time value is given by

T={4095-(16(N__ _+1)+ N

coarse binstart

N 3T

binstop LSB
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8. Known bugs / Corrections

8.1 Change DAQ Value of DAC_VSELDT to 2000

For a better sensor performance in correlation to coincidence set the DAC_VSELDT (Ox10) to decimal 2000 DN.
It will adjust the deadfime of the SPADs.

Write command: Ox1007D0

8.2 Minimum of TRIGGER_PULSEWIDTH
The TRIGGER_PULSEWIDTH has to be >=2, otherwise with TRIGGER_PULSEWIDTH=1 the Trigger Channel is

on high level all the time.

9. SPAD2L192

9.1 Summary

SPAD2L192 is a SPAD-based line sensor for direct time-oHlight application. The sensor composes 2 x 192 pixels
with 4 SPADs each for adjustable photon coincidence defection. Time measurement is performed by a partially
in-pixel time-to-digital converter with a resolution of 312.5 ps and a full range of 1.28 ps.

9.2 Features

= Supply 3.3 V for electronics and 31 V for SPADs

= Two line 192 pixel

« Variable coincidence time, coincidence depth, and number of active SPADs
= Timing and counting mode
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9.3 Symbol and pinout

VeDLLx2Reset [ |

DataCTO | |
DataCDO D
Set D
Reset D

cathode (40v) [

Cathode (40V) .
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Figure 28: Floorplan SPAD2L192
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Table 11 Interface

Signal Pin#  Type Default Description
Reset 5 Dl 0 Resetting of the sensor
Set 4 DI 0 Enables clock signal for coarse time measurement
Gote 8 Dl 0 Eji:s(l)evilo:;zﬂg tSth)eASDPAD frontend circuit, defines measuring
Stop 11 DI Stops time measurement
EnSPAD 50 DI Enables SPAD (OR connected with Gate)
Clock 12 DI 100 MHz input clock for the DLL
EnDLL 48 DI 1 Enables control signal for in-pixel DlLs, turn off for power saving
ClkSel 62 DI Enable DLx2 bypass
EnRead 56 D Enables clock signal for dafa readout
ReW:rClk 51 Dl 20 MHz clock signal for data read and write
EnWrite 52 Dl Enables clock signal for data write
Mode 71 DI Switch between timing (O) and counting (1) mode
DataCTO/ 1 2/81 Dl 0 :q?gij;’rﬁnfsr coincidence time (CT) for the lower (O) and upper
DataCDO/| 3/82 Dl 0 Lnﬁ;;:i(ﬁf)o;geﬁ;necidence depth (CD) for the lower (O} and
5 DaiaNO/ | 83,/80 Dl 0 Lng:;:ﬂ(o]f)o;icirerﬁnmeber of active SPADs for the lower (0) and
EL Latch 49 Dl Applies input data fo pixel circuit
5 TDCTest 77 D Enables TDC test mode
é TDCStart 76 Dl Starts time measurement in TDC test mode
3
§ Signal Pin # Type  Default Description
é VeDUx2Reset 1 Al 2.0V  Reset voltage of DLx2 (clock doubling)
% Cathode 6/7 Al 31V  Cathode voltage of the SPADs
EO VeDLUReset 19 Al 1.0V Resef voltage of the DLL
% VpDLLx2 20 Al 1.3V External control voltage of DLx2
g SelDT 55 Al 2.0V  Confrols the SPAD dead time
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Signal Pin # Type  Description

Coarse 21,16, 23, 24, 27...30 DO Output of the counter

StartOut 33...36 DO Output of the start interpolator

StopQOut 39...42 DO Output of the stop interpolator

TestO/1/2 15/18/22 DO Test outputs: DLL phase 2/3 and sampling
Signal Pin # Type  Description

VeDLLOut 47 AO  Control voliage of the DLL

VeDLUx2Out 59 AO  Control voltage DLx2 output for fesfing
9.4 Timing

9.4.1 Startup

_Startup_

Reset

Figure 29: Timing sensor startup

After powering up the FPGA the Reset signal has to be sef to high. Initiated by an external control signal Reset
must swifch to low signal. Now the sensor is ready for operation.
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9.4.2 Timing Mode

e
Set — 25ns
|
| | |
| ! '
: 25ns
< B Messf 1,28 >
| t ,
Gate ! essrenster Us
| ! |
| |
| |
|
T
|
B Variabl >:
EnSPAD ariable 0...5 ps : .
| |
| | !
| | !
| |
| |
| |
Laser- ! |
trigger | | :
|
| | i
1 |
: Div. Delays = 55 ns :
g !
| |
Laser : . ;
| l |
| |
| |
|
|
|
| 10 ns
Stop :
|

Figure 30: Timing sensor operation in timing mode

Before each time measurement a short 25 ns pulse at the Set signal is necessary fo enable the 200 MHz clock
for the coarse time measurement. After a short break of 25 ns the Gate signal is set to high to enable the output
of the SPAD frontend circuit. Now SPAD generated pulses are able to start the time measurement. In standard
scenario the laser pulse should be emitted with the beginning of the measurement window defined by Gate.

To compensate for delays the laser has to be triggered some time before Gate is set high. To avoid the SPAD
being reset during the measurement window, the SPADs can be enabled some time before the measurement
window by setting EnSPAD to high. Since EnSPAD and Gate are connected via an OR gate for SPAD acfivafi-
on, EnSPAD has to remain in high state at least till Gate is sef high. At the end of the measurement window the
Stop signal has to be set high for af least 10 ns fo stop the time measurement and transfer the time data info the
in-pixel memory ready for readout.
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9.4.3 Counting Mode

| |
Ia—— e E—
50 ns
Mode 50 ns : : |

| |

| |

- Messf 50 >

t

Gate I essfenster 50 ps |

| |

| |

| |
|
EnSPAD Variable 0...5 ps i

: :

|

10
Stop "

Figure 31: Timing sensor operation in counting mode

The count events the Mode has to be set to high. After a short break of 50 ns the Gate signal can be set high
to enable the output of the SPAD fronfend circuit. Now SPAD generated events are counted by the counter. After
the measurement window Stop has to be sef high for at least 10 ns to transfer the counter values to the in-pixel
memory. As in fiming mode the SPADs can also be enabled by sefting EnSPAD high to avoid their reset within
the measurement window.
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9.4.4 Readout

Stop
I
I
|
: 25ns
I'< - 2x192+1=385 d f ReWrClk >
+1= iti
EnRead : x positive edges of ReWr!
I
| | !
I I |
ReWrClk ] |
I I |
> 1 Readout delay
! 50ns | >

e IS0 000000

Figure 32: Timing sensor data readout

For dafa readout a short break of 25 ns between the Stop of the previous measurement has to be applied

fo transfer the data into the in-pixel memory. For readout the EnRead signal is set high af the falling edge of
the ReWrClk and kept high for 385 clock periods. 384 clocks are for connecting the individual pixels to the
readout bus while the last clock enables the internal pulldown buffers to avoid floating nets. Since the internal
pixel change happens af the rising edge of the ReWrCIk, the data should be captured at next rising edge to
give enough time to process to the output pads.
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9.4.5 Write Data

- = iti f Ik >
EnWrite 2 x 192 = 384 positive edges of ReWrC|
| |
| | o
ReWrClk . .
: : 50 ns :
|
Data !
input |
|
|
: 50 ns
:< o 25ns
Latch ;
|

Figure 33: Timing sensor data writing

To write new data for the coincidence and enable SPAD registers, the EnWrite signal is set high at the falling
edge of the ReWrClk and kept high for 384 clock periods. Since the data is internally captured af the rising
edge of ReWrClk, the applied input data should be changed af the falling edge of the clock. After all data is
written, at short pulse of 25 ns at Latch has to be applied to transfer the data from the shift register into the
infernal latches affer a short break of 50 ns.
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9.4.6 Test Mode
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Figure 34: Timing sensor operation TDC test mode

In the TDC test mode the TDCTest has be set high. This can be done by the user. The enable the clock signal for
coarse fime measurement Set has fo be set high for 25 ns before the measurements starts. The signal fo sfart the
time measurement TDCStart should be variable in time from 1,28 ps to O s before the Stop signal in steps of
312.5 ns or less. TDCStart and Stop signal must be high for at least 10 ns.

9.5 TDC Timing Calculation

The timing of the TDC is presented in Figure 35. The Start of the interpolator measures the time between start
signal and the next positive edge of the clock. The next negative edge of the clock activates the counter and
increments with the positives edges of the clock. The activation of the counter by the negative edge of the clock
is taken by the synchronization circuit and therefore timing violations will be avoided. The same procedure will
take place at the end of the measurement. The stop interpolator measures the time between the stop signal and
the next positive edge of the clock. The sfop of the counter will take place by the interruption of the clock af the
next negative edge.

By means of the sfart inferpolafor N
calculated. It results in:

start/

the stop interpolator N, and the counter N__ _ the time T, can be

start - stol
T oo e )y
meas coarse | clk

16

With the periodic duration of the clock T,,. To enable a new measurement in the next cycle the clock will be
activated before every measurement.
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The Data of N, N, and N__ _is stored inverted in the sensor. The start and the stop interpolator is grey code
coded. Thus, the data of N__, I\JSrop and N___ has fo be inverted first. Second N and NStop has to be
converted from grey code fo binary.

Start
| Gemessene Zeit l
< L
Stop ! _
[ |
| |
| |
rak a [ B
' | | | [ |
| | I | |
DFF Start l [ r i
o L
DFF Stop : ! ! ! |
l | | | [ :
| o B
Freigabe ! : | I |
| | o
! [ [ [
Interpol. (LTI [T
Zahler 0x00 Y o0x01 X o0x02 X 0x03 X 0x04

Figure 35: TDC timing diagram
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