5] Brookhaven

National Laboratory

Data Acquisition in ASIC
testing

Piotr Maj on behalf of ASIC group

Date 10/19/2023 WK1 () @BrookhavenLab



Data Acquisition

For ASIC testing
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DAQ System Overview

Data Acquisition (DAQ)

the automatic collection of data from sensors, instruments, and
devices in a factory, laboratory, or in the field.

Purpose

To measure an electrical or physical phenomenon such as voltage,
current, temperature, pressure, or sound
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DAQ System Overview
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Signal Classification
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Analog Signals

 Continuous signal

« Can be at any value with respect
to time

* Three types of information

 Level
» Shape /\/\/
* Frequency
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Analog Signals
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Digital Signals

\
Two possible levels: R
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5 Ways to Measure the Same Signal




DAQ Hardware Overview

 DAQ hardware

« Can acquire and generate analog and digital signals
» Transfers signals to and from DAQ software through a bus (e.g. PCle, USB)

Sensor
/
Signal

DAQ DAQ

Hardware Software
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Data Acquisition Hardware

Physical Transducer Signal Analog - Digital Computer
System Sensor Conditioning Converter P
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DAQ Device

st DAQ devices have:
« Analog Input
« Analog Output
* Digital I/O
« Counters

Specialty devices exist for specific
applications |
 High speed digital 1/0 | © Artisan Technology Group
* High speed waveform generation
* Dynamic Signal Acquisition (vibration, sonar)
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B. Components of a DAQ Device

 Data Transfer Bus _
- Connects the DAQ DAQ Device

device to the computer Analoglnput

» Can be a variety of bus - Data Transfer Bus

Analog Output

structures
« USB, PCI Express, Dlgltal

Synchromzatlon
Bus (optlonal)

« Synchronization Bus

« Used to synchronize
multiple DAQ devices

 Allows sharing of timing and trigger signals between devices
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C. Choosing Appropriate DAQ Hardware

» Bus Considerations
 Signal Considerations
« Accuracy Considerations




Bus Considerations

How much data will | be streaming across this bus?
« Bus bandwidth

What are my single-point I/O requirements?
« Bus latency and determinism

Do | need to synchronize multiple devices?
« Bus synchronization options

How portable should this system be?
How far will my measurements be from my computer?
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Signal Considerations

 How many channels?
* Choose DAQ device(s) with enough channels

« How quickly do you need to acquire/generate samples of the signal?
« Choose DAQ device with fast enough sampling rate

« What are the expected minimum and maximum measurements?
« Choose DAQ device with appropriate range

« What is the smallest change in your signal that you need to detect?

* Choose DAQ device with a small enough code width

 To calculate the code width, you must know:
* Resolution
« Device input range
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Calculating Code Width — Resolution
Example

 4-bit resolution can represent 16 voltage levels
 16-bit resolution can represent 65,536 voltage levels
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Calculating Code Width — Amplification
and Device Input Range

DAQ devices have a built-in amplifier
« Amplifies the signal to better fit the range of the ADC
 Better utilizes the ADC resolution

«)%
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Grounding Issues

« To get correct analog input measurements, you must properly
ground your system

« How the signal is grounded affects how you should ground
the instrumentation amplifier on the DAQ device

« Steps to proper grounding of your system:
1. Determine how your signal is grounded
2. Choose a grounding mode for your Measurement System

Signal Measurement
Source ° ) " System
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Signal Source Categories

Signal Source

/ \

Grounded Floating (ungrounded)

g e g




Measurement System
Measurement

* Three modes of System
grounding for your
Measurement System

« Differential

« Referenced Single-
Ended (RSE)

 Non-Referenced
Single-Ended (NRSE)

« Mode you choose will
depend on how your
signal is grounded
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Differential Mode

« Two channels used for each signal
* Rejects common-mode voltage and common-mode noise

ACH (n)
VS
ACH (n + 8)
O
® AISENSE T
VM
AIGND
o :

Measurement System JT—
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Referenced Single-Ended (RSE) Mode

 Measurement made with respect to system ground
* One channel used for each signal
* Does not reject common mode voltage

ACH (n)

@
_‘_ ACH (n +8)
@
VS
@ NSENSE t
AIGND
- 3

Measurement System J__
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Non-Referenced Single-Ended (NRSE) Mode

* One channel used for each signal
« Measurement made with respect to AISENSE not system ground
« AISENSE is floating

ACH (n)

@

ACH (n + 8)
Vs @

e AISENSE

AIGND

Brookhaven

National Laboratory

I Measurement System
©



Choosing Your Measurement System

Signal Source

Grounded Floating
O L— o
Measurement System Measurement System

Differential RSE NRSE Differential RSE NRSE




Options for Grounded Signal Sources

ACH(+) D
@1 | -~ > Better
- | i + Rejects common-mode voltage
an Differential ""° 1 — Cuts channel count in half
ACH + Not Recommended
@1 | | > — Voltage difference (Vg) between the two grounds
R F Ve - ° makes a ground loop that could damage the device
an RSE —I—
ACH
@1 AISENSE >€‘ GOOd .
9 y + Allows use of entire channel count
o _T_ — Does not reject common-mode Vvoltage
/7];7 NRSE AIGND _L




Options for Floating Signal Sources

ACH(+) A

oY o >4-: Best

> % R ; + Rejects common-mode voltage
AIGND

— Cuts channel count in half
— Needs bias resistors

ACH + Better
AIGND | >*9 + Allows use of entire channel count

- + Do not need bias resistors

RSE —L — Does not reject common-mode voltage

Differential =

¥ [

Good
ACH > + Allows use of entire channel count

AISENSE — Needs bias resistors

¥ [

NRSE ?
AlGNDl




Bias Resistors

Signal Source Measurement System

R b Bias current injected
into system by the

instrumentation amp

— AIGND

* Needed with floating signal source and floating
measurement system (Differential or NRSE)

 Bias resistors provide a return path to ground for
Instrumentation amplifier bias currents

« Recommended value is between 10 k2 and 100 kQ
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Parallel sampling

 Used when time relationship between signals
IS Important

* to synchronize the taking of samples

Channel O
[ ]
[}

[ )
Channel n

Channel O —>@

[ ]

[ ]

— &3 :
Channel n —>@

chamett | VN N\, cramert | YN/ N\
Channel2 :(i\.\/\/ Channel2 :(\/\/
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Data Transfer for an Input Operation

Onboard FIFO Memory

i RS ox O . |

Input Rate B o)
= s .y |
| . ASIC PC ADE (Application)
Transfer Buffer Memory

PCIl BUusRate

Software




Software for DAQ

Short introduction to graphical programming
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Software Architecture

General purpose input/output
— interface to the firmware

- Low-level software for high-
speed input/output operations

- High level software / data
storage / data analysis



High-level software

Data acquisition

Instrument control

Offline analysis

Data presentation

Data Storage

Ethernet Sync.

Extensible
functionality

Classical design
patterns



LabVIEW for DAQ

DEMO 1 — Program Structure

DEMO 2 — Data Acquisition + Lab\ / | EW

DEMO 3 — State Machine




Embedded systems
programming

with LabVIEW Real-Time and FPGA




FPGA

FPGA (ang. Field Programmable Gate Arrays)
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CPU vs FPGA vs ASIC

CPU / GPU FPGA
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Embedded system

@ ticks |

I% 200MHz [~}

i

B ConnectorC/DIOSS|..

0 e 0

Run

" Acceleration X.Read

» Wait Until Done (F)

v Mumber of Elements

¥ Timeout {ms)

Data

Acceleration

B

Elements Remaining ¥

‘o MEE.

Y

Iteration.Read

Iteration.Read

v Mumber of Elerments
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Data ¥
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Data ¥
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RT-OS

Desired Loop Time 2.8

2.0 ms
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Execution
Time(ms) F=1=—T=—rM~=|==—|—

Iterations

Jitter Range
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RT-OS

Data acquisition

Closed-loop

Instrument control

General
Purpose

OS  / oifline analysis

Extended run time

Data presentation Headless operation

Increased reliability

Smaller physical

footprint of hardware
40
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Hello World in FPGA

E—i: Front Panel on First example - O X

File T Project Operate Tools Window

s &))@ [ 15pt Aral TUR O, P

~
String
Hello, World! |
& Hello.vi Block Diagram on First exampl...  — O X
File § Project Operate Tools Window Help ‘
B )@ 15pt. <, B¢
v ~
[First example.lvproj/FPGA Target| <
String
Hello, World!
w
First example.lvproj/FPGA Target < >
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File : ew  Project  Operate Tools

P @ | 15pt Arial TUR

[First example.lvproj/FPGA Target| <
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— O X
Window
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File i iew  Project  Operate  Tools Window Help 3
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w
First example.lvproj/FPGA Target < >
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FPGA I/O

/O Configurable
A Interconnections

National Laboratory

Logic Blocks
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FPGA 1/O

/0O

Configurable
interconnections
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Logic Blocks

Simple FPGA Program in infinite loop
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FPGA - 1/0O

E Couse Project.lvproj * - Project Expl... - O

x

File Edit View Project Operate Tools Window Help

EEE IR

@ -

Al

ltems  Files

%' Dependencies

‘% Build Specifications
=- B9, NI-myRIO-1900-03069837 (172.22.11.2)

B+ @8 Chassis (myRIO-1900)

i~ @ Real-Time Scan Resources
Ol COCA Tarcad TDIOWY e DO TGN
= [/ Onboard I/0
- g, System Reset

- f, AccelerationY
- g, AccelerationZ
- %_, Scan Clock
E—J-E:J Connectorh
B[ Analog
- #, Connectorf/ACD

-~ &, Connectorf/A01
- %_, ConnectorA/AID
- &, Connectorfi/All
g;_, ConnectorA/Al2

- &, Connectorf/Al3
= [ DIOT:0

- %_, ConnectorA/DIO0
- #, ConnectorA/DIO
g;_, ConnectorA/DI02
[-R

Connectord/DIO3

- ConnectorA/DIC4
- H, ConnectnrNDIOS

L:.‘ Brookhaven

National Laboratory

I/O terminals are available in a project window

Boolean

Bans Button0

B AccelerationX

[D'M ConnectorA/a00®

S T RTTY TR LS ]

i [ Real-Time Scan Resources

E| ﬁ EPGA Tapmst OO0 o
_ ] Onbo Mew
& I:j'] Conn Start IP Generator...
& [ Conn
= [/ Conn Select Execution Mode »
=8 An
EJ = RIO Device Setup...
Add 3

Find Project Items...

Arrange By
Expand All
Collapse All

Remove from Project

Rename...

F2

Help...

Properties

g

|
Vi

Virtual Folder

Type Definition
Library
Class

Interface

FPGA I/O

FPGA Base Clock
Register
Handshake
Memory

FIFO

Component-Level IP
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Single Operation Time

What's the program speed?

& Couse Praject.vpraj * - Project Expla...  — O X
File Edit View Project Operate Tools Window Help

oSl x o X]|Ew m-&

ltems  Files

= E; Project: Couse Project.lvproj ~

E} B My Computer

© oL [ml Windows Main.vi

B+ = Dependencies

‘% Build Specifications

! =), MNI-myRIO-1900-03069837 (172.22.11.2)

2 B8 Chassis (myRI0-1900)

= f&] Real-Time Scan Resources

-

&+ Onboard I/O

- [ ConnectorA

H-[J ConnectorB

= [ ConnectorC

- Analog

B DIOTD0

%,, ConnectorC/DICD

g;_, ConnectorC/DICT

- gy, ConnectorC/DIO2

- &, ConnectorC/DIO3

gh ConnectorC/DIC4

g;_, ConnectorC/DIOS

g;_, ConnectorC/DICG

- &, ConnectorC/DIOT
%h ConnectorC/DIOT:0

[ Audic

- ¥ 40 MHz Onboard Clock

- |l FPGA Mainwi

- [, clocking.vi

- 2" Dependencies

- ?&_ Build Specifications

. [l RT Mainvi

- 55 Dependencies

.. 4 Ruild Snecifications

N * National Laboratory

File Edit View Project Operate Teols Window Help
o & 0 15pt Application Font  ~ <4 W

Couse Project.vpro)/FPGA Target <

1. “Not” functions requires one clk cycle to execute
2. Outputing a value to physical pin takes one clk cycle
3. While Loop requires two clk cycles to execute
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What'’s the program speed ?

& Couse Praject.vpraj * - Project Expla...  — O X

Top-Level Clock =40
MHz

File Edit View Project Operate Tools Window Help

oSl x o X]|Ew m-&

ltems  Files

= E;. Project: Couse Project.lvproj ~
E} B My Computer

Eﬂ Windows Main.vi

G+ %' Dependencies

‘% Build Specifications

! =), MNI-myRIO-1900-03069837 (172.22.11.2)

2 B8 Chassis (myRI0-1900)
= f&] Real-Time Scan Resources

I
IlPJ'LI'L[ Cl:unnecturC_a’DIGZE'|I

B[ Onboard /0
- [ ConnectorA
H-[J ConnectorB
E

- Analog

B DIOTD0

%,, ConnectorC/DICD

g;_, ConnectorC/DIO1
ConnectorC/DIO2
ConnectorC/DIO3

R
- g, ConnecterC/DIO4
R

ConnectorC/DIOS
- ConnectorC/DICG
- &, ConnectorC/DIOT
- g, ConnectorC/DIOT:0
[ Audic
- ¥ 40 MHz Onboard Clock
- |l FPGA Mainwi
- [, clocking.vi
- 2" Dependencies
- ?&_ Build Specifications
. [l RT Mainvi
- 55 Dependencies
.. 4 Ruild Snecifications
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What'’s the program speed ?

& Couse Praject.vpraj * - Project Expla...  — O X

File Edit View Project Operate Tools Window Help

HEd kb DX SR EE

ltems  Files

Top-Level Clock =40
MHz

J

= E;. Project: Couse Project.lvproj ~

E} B My Computer

Eﬂ Windows Main.vi

G+ %' Dependencies

‘% Build Specifications

= =), MNI-myRIO-1900-03069837 (172.22.11.2)

2 B8 Chassis (myRI0-1900)

= f&] Real-Time Scan Resources

: FPGA Target (RIO0, myRIO-1900)

B[ Onboard /0

@[ ConnectorA

H-[J ConnectorB

= [ ConnectorC

- Analog

B DIOTD0

%,, ConnecterC/DIOD

g;_, ConnectorC/DICT
ConnecterC/DIO2
ConnecterC/DIC3

R
- g, ConnecterC/DIO4
B

R

Connectorl/DIOS

Il |
: I[E‘J'LI'L[ ConnectorC/DIOTE

- ConnectorC/DICG

- &, ConnectorC/DIOT
- g, ConnectorC/DIOT:0

[ Audic

- ¥ 40 MHz Onboard Clock

- |l FPGA Mainwi

- [, clocking.vi

- 2" Dependencies

- ?&_ Build Specifications

. [l RT Mainvi

- 55 Dependencies

.. 4 Ruild Snecifications

=

6.67 MHz

47




TIMING Iin FPGA

Counter units

Counter units Ticks bl
Ticks W J Ncks
uSec i
Size of internal counter
32 Bit = m5ec
4 32 Bit
. I
16 Bit =P
2 Bit
32-bit 1 do 4,294,967,296 1 ys do 71 minut 1 ms do 49 dni
tikow
16-bit 1 do 65,536 tikow 1 us do 65 ms 1msdo65s
8-bit 1 do 256 tikéw 1 ys do 256 ps 1 ms to 256 ms
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TIMING IN FPGA - example

TO 000 0000000000000 O00DOn 1 0000000000000 00000000000000000

C t(us Count{uSec) Il I
. I:L'IIEEEEI ' ||_PJ'LI'L[ ConnectorC/DIO2"||

1 0000000000000 0000000000000000 0

[

a

100 0000000000000 0000000000000°T¢C

Count{usec) | I
|_PJ'LI'L[ Cu:unnectu:urC_a’DIGBE'"
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SINGLE-CYCLE TIMED LOOP

ticks
viomr [Default ||
g

A=)




SCTL

I;‘ﬁ"rﬂ' MHz Onbeard Clock |v|

N

ticks

v [Default [

I;‘ﬁ 40 MHz Onboard Clock |v|

ticks

S

el

A3

l

Il_P NI ConnectorC/DIO25

ticks
b Gw I ] 7
R
[L“er Cunnectan;‘DIDDE"
ticks
i

B [Default 1
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SCTL

©
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L 40 MHz Onbeard Clock |+

ticks
Lr CEins [

| g

|L',:"ILI'L[ ConnectorC/DICO"™

0[5:;, ......... et et e e

|LF'J1.I'LI ConnectorC/DIO1®

............................. .@.‘:{E.::)
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SCTL

©

L 200MHz [»
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m ADC Value 2
.
g ?|

A
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SCTL

L 200MHz [w|~

A

BN ConnectorC/DIOSS

National Laboratory

L".‘ Brookhaven

E Compilation Status

Build Specifications ~
BoY Cotier (Coe Prosectivprd

- O d
Status
Timing error
Reports
Summary ~ Investigate Timing Viclation...
LabVIEW FPGA: The compilation failed due to timing viclations. ~

Click the Investigate Timing Violation button to display the Timing Viclation Analysis window.

Compilation Time

Date submitted: 8/19/2021 2:32 PM

Date results were retrieved: 8/19/2021 2:57 PM
Time waiting in queue: 00:09

Time compiling: 05:14

- Generate Xilinx P; 00:00

- Synthesize - Vivado: 02:13

- Optimize Logic: 00:21

- Place: 00:59

- Optimize Timing: 00:14

- Route: 00:52

- Generate Programming File: 00:26

- Finalize Programming File: 00:03 w7

@ Atiming error occurred,

Close |w Help %
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SCTL

L 200MHz [w|~

A

BN ConnectorC/DIOSS

National Laboratory

L".‘ Brookhaven

E Compilation Status

Build Specifications ~
BoY Cotier (Coe Prosectivprd

- O d
Status
Timing error
Reports
Summary w Investigate Timing Viclation...
LabVIEW FPGA: The compilation failed due to timing viclations. ~

Click the Investigate Timing Violation button to display the Timing Viclation Analysis window.

Compilation Time

Date submitted: 8/19/2021 2:32 PM

Date results were retrieved: 8/19/2021 2:57 PM
Time waiting in queue: 00:09

Time compiling: 05:14

- Generate Xilinx P; 00:00

- Synthesize - Vivado: 02:13

- Optimize Logic: 00:21

- Place: 00:59

- Optimize Timing: 00:14

- Route: 00:52

- Generate Programming File: 00:26

- Finalize Programming File: 00:03 w7

@ Atiming error occurred,

Close |w Help %
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E Tirning Violation Analysis (Counter.vi on Couse Project.lvproj/FPGA Ta...

Timing Information

Add

In Range and Coerce 0.63 0.63
Mon-diagram component 0.92 0.31
Mon-diagram component 1.22 0.31

Paths Total Logic  Routing  Max A
Del Del Delay  Fanout

344 63.00
1.93 2,00

133 2.00
0.60 1.00
0.00 1.00
0.61 4.00
0.90  63.00

Show Element Show Path

Brookhaven

National Laboratory

play the Timing Violation Analysis window.

021 2:52 PM
vere retrieved: 8/19/2021 2:57 PM
waiting in queue: 00:0%
ime compiling: 05:14

- Generate Xilinx P; 00:00
- Synthesize - Vivado: 02:13

- Optimize Logic: 00:21

- Place: 00:59

- Optimize Timing: 00:14

- Route: 00:52

- Generate Programming File: 00:26
- Finalize Programming File: 00:03

6 Atiming error occurred.

o v e (@
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Register

Couse Project.lvproj * - Project Explo...  — O X
E d] proj d] P
File Edit View Project Operate Tools Window Help
e = .
DS xB O X||ER|E-E
ltems  Files
£+ § My Computer ~
. [, Windows Main.vi
"= Dependencies
‘é Build Specifications
[, NI-myRIO-1900-03069837 (172.22.11.2)
£ B8 Chassis (myRIO-1900)
> [ Real-Time Scan Resources
=8 a FPGA Target (RIOD, myRIG ”Fjéw Vi
g Onboard /O N
[J ConnectorA Start IP Generator... rual relder
[J ConnectorB Tyoe Definiti
;] ConnectorC Select Execution Mode ?rpe inrten
: B Library
E-JU Audio . RIO Device Setup... Class
- &, AudioOut/Left e
&, AudioQut/Right |  Add nterface
- #, Audioln/Left - - FPGA I/O
m% Audioln/Right Find Project ltems... R (e Tl
# Bp 40MHz Onboowrd o prange y Creger |
@, FPGA Main.vi
. ) Expand All Handshake
. |, clocking for ppt.vi
-l clock outwi Collapse All Memory
- [l Al “WE-"’i ) Remove from Project A
-l clocking STCLwvi Rename.. 2 Component-Level IP
@ Counter.vi
- |l Memory.vi Help...
Stop Properties
G+ % Dependencies
s Build Specifications
- [, RTMainwvi
.. &' Dependencies

‘é Build Specifications
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B Button0f

58



I\/Iemory |

ECousePrqectlvprOJ* Project Explo.. — X
File Edit View Project Operate Tools Window Help

oSl xhoX||Sw m- &

ltems  Files

© . Build Specifications ~
= [, NI-ryRIO-1500-03069837 (172.22.11.2)

=N Chassis (myRIO-1900)
[® Real-Time Scan Resources
= ﬁ FPGA Target (RIO0, myRIO-1300) _ H .

Z5 onbowd 10 Sine Point + similar to an array
- @, System Reset
- &, ButtonD

- fs, LEDO
- &, LEDT
~ fi LED2
- &, LED3

%_, AccelerationX

- &, Acceleration

}_, AccelerationZ

= %_, Scan Clock

B[ Connectord

@[ ConnectorB -

v + can be a type defined
}_, AudioOut/Left

- #, AudioOut/Right

L, Audioln/Left

‘- %, Audioln/Right Read

E}n’n@ 40 MHz Onbeard Clock

- [l FPGA Main.vi

- |ml, clocking for ppt.vi

Eﬂ. clock out.wi

- o Al Timewi

[l clocking STCLwvi

4 Address
Data P AudiuﬂutﬁLeﬁ“\
Eﬂ. Countervi

Eﬂ. Memorynsi | =0y |F]e-
Stop

.

G+ %' Dependencies

[ h Build Specifications

- [l RT Main.vi

- %' Dependencies

't Build Specifications -

+ easy to configure

23]

+ doesn’t require contro/indicator

+ no data copies

Sine #iGH D

B

- no synchronization methods




FIFO ik

3 couse Project.lvproj * - Project Explo...  — O X

+ easy to configure

File Edit View Project Operate Teols Window Help

[hed b X|[Eh & & o "+ FFO_dik>

: (l Write
il [EA ConnectorC/ATTS Element + similar to standard FIFOs
qtNI BUillgllCS}p‘le;g[i)C;ggg;BR? (172.22.11.2) ) Timeout
=3 -im - - 22,11,
E—Jﬁ Chyassis {myRIQ-1900) Timed Qut?  » - -
L Bt 0 .- 1900) I + no control/indicator needed

& [ Onboard I/
Ej Connectord
& [ ConnectorB
=+ [J ConnectorC

+ no data copies

= E,'J Analeg
% ConnectorC/AD0 = e FIFD Ik b
ConnecterC/AOT -
Write
T oo iy Flement + may be a typedef
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