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& Agenda

Today

v Background

v’ Spacely

v Spacely Workflows & Integrations
v ASICs Tested with Spacely
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2= Fermilab Microelectronics Division

Mission: Leverage novel microelectronics
to solve the mysteries of matter, energy,
space, and time for the benefit of all.

Portfolio including:

Detectors for collider experiments
(> 1Grad ionizing radiation, 1000x
higher than outer space)

Deep cryogenic electronics for dark
matter + Quantum Information Science
(SNSPDs, Skipper CCDs, TES, etc.)

Supeconducting (TWPAs, JPAS),
integrated photonics (cryo-MRMS)

Low-volume hybrid integration + co-
design

Al-on-chip, edge compression / data
sparsification.

Cryogenic operation
Large channel count

Pico-second timing s
Photon resolving N )Q:‘
. . Position resolution [— W
Particle tracking and ID >
D_ark Matjer . Power optimization
Single y imaging Multiplexing
Spectroscopy Impedance matching

Material science Discrimination

Event selection and
feature extraction
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ENERGY DISTRAUTION
OF THE UNIVERSE
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Integrated
sensing

Low-power, low-noise
front end

Hybrid bonding ===
Monolithic integration

Superconducting interconnect technology
(Indium BB + superconducting multi-chip interposer)

|i- CMS Experiment
40MHz caII|5|an rate

~I1B detector channels

et FPGA filter stack
~us latency
’ Pb/s
YT 40MHz
/ ":' * A\ /

\ L 1 msy
. -5 kHz S
. = 10s Tb/s Worldwide
& computing grid
Exabyte-scale
datasets
On-prem CPU/GPU

filter farm
~100 ms latency

! superconducting
electronics and detector
Edge computing and feature extraction
Data buffering and high-speed links

On-detector
ASIC compression
~100ns latency
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2= Problem Statement

- anunuaonooooooosn [HEH = [F ‘
;'. i C 20020 | SEE T ) )
E et  [Hhae We design a lot of chips.

| BEOBANUOONBODORDE

These are not incremental revisions:
different technologies, operating
conditions, and specs.

Limited time and resources for test.
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| r Primary stakeholders (scientists) are
= not experts in chip design or test.
S E R EE R, | e m~ : TO get Ch|pS tested on t|me
| ER I * (1) Multiply small pool of expert
resources.

* (2) Pull in as much non-expert help as
possible.

* (3) Reuse everything.




& What is Spacely?
Spacely is:

* An open-source, Python-based test
automation framework

# Spacely ready to
take commands (see

“help” for details)

s Spacely contains:
Tinker Friendly

A core Python Github repository

Instrument Libraries
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o spacely

Reusable Firmware

8 L) |
. e B « Recommended design flows
8- & il
. Spacely is for:
T .
Non-Expert Use Reuse By Design . gmgal| ASIC design teams in research /
academia

* Non-expert (i.e. scientific) users
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& What is Spacely?
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User-Defined Files
(spacely-asic-config)

MyASIC_Config.py
Define bias voltages, instrument setup.

MyASIC_Routines.py
Define test routines.

MyASIC_iospec.txt
Define digital pinout of your ASIC
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# Spacely ready to
take commands (see

“help” for details)
>

Core Spacely Terminal
(spacely) o

Hardware Interface Libraries

(py-libs-common)

&

Arbitrary Lab
Equipment
(via VISA, IP interfaces, etc.)

&

Peary Server

(Caribou)

&

>

Spacely Firmware Blocks

(spacely-caribou-common-blocks)

J

Users write a config file which is
used by Spacely to initialize
benchtop instruments.

Test routines are recorded as native
Python routines.

« Documents the procedure to obtain a
result.

Spacely idioms allow quick control
of the DUT via the terminal.

Spacely interfaces to benchtop
Instruments via VISA/GPIB/etc in
addition to FPGA targets (more on
that later).
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& Why Spacely?

Bespoke in-house

/" testsystems =\

X Need in-house expertise to
build + maintain.

x Can’t be reproduced
elsewhere.

x Only work for one specific

\ ASIC or architecture. /

Commercial

/ Products \

x Expensive upfront +
license costs.

x Locked into vendor
offerings, may not be easy
to network with other tools.

(o spacely \

v/ Open-source software +
hardware

v/ Python dev environment +
FPGA performance.

v/ Standard process flows +
customization with scripts.

v/ Share results — and scripts —

\with non-expert coIIaboratoy
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{& Spacely + Caribou

Open-source Python-based ~ Open-source te_st
test automation framework. ‘ia spacely T Mﬁf}b hardware and firmware.

\

Caribou Breakout & = . : .. =
] Board (Optional) |t R § el Other Test
7 (.S.) i} : sl : Instruments [

Caribou Control-
and-Readout
(CaR) Board (O.S.)

E \7 .
7 i ™ =
Xilinx :
/ ZCU102 \_/

Curious about

Caribou?

Caribou is a versatile data
acquisition system for
silicon pixel detectors

including custom open-
source hardware,

firmware and software.
https://caribou-

project.docs.cern.ch/

Developed By:

~

© @W

A g Carleton
Brookhaven g0k Rine | Cageton |

FERMINATIONALACCELERATORLABORATORY


https://caribou-project.docs.cern.ch/
https://caribou-project.docs.cern.ch/

JE : - - &
aF Spacely + Caribou: Firmware Integration :
o
3
« Spacely integrates w/ Caribou \ é
software (Peary) to access full (J Software %
suite of mixed-signal test i O Firmware i
capabilities: ADCs, DACs, [ Hardware S
current/voltage sources... =
. { \ CaR Board Voltage & <z(
* Provide a repo of reusable E [ Peary Server } - —  CurrentSources, |l (to asic) f—z
firmware blocks to simplify | ; Lnux12C ADCs, etc. <
firmware design. \Zoutoaps | \AMIBWS A \ =
»  https://github.com/SpacelyProject/ !'/ ZCU102PL ‘ \‘: i
spacely-caribou-common-blocks E [ 5 e e ] i
« Common AXl interface - Plug & 5 5 !
play w/ Vivado Block Designs E ! !
« Use dr_gth block to access : [ Reusable Firmware (Common Blocks) ]4—11—» SFP+ [«—>(to asic)
10.24 Gb/s SFP+ Optical TX/Rx  ~._______. I _______________________________________________ 2
Ve CMOS & LVDS I/Os

(to asic)



https://github.com/SpacelyProject/spacely-caribou-common-blocks
https://github.com/SpacelyProject/spacely-caribou-common-blocks

{& Spacely + National Instruments

* NI-PXI: Industry-standard
extensible slots for test
equipment.

» High-bandwidth FPGA cards...
but need LabView to program ®

« Spacely Pattern Generator:

« Single generic IP, use NI FPGA as
a high-bandwidth Python-
programmable pattern generator.
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Contents of Glue Wave file:

0,894,413, 9,5...

« Export VCD from digital - -+
. Current Value (dec):

testbench or generate natively >

in Python. em:[0 1 o[ 1

Pattern Generator Hardware (FPGA) t=0 t=-1 t=-2 t=-3

0

Digital

—— =— Qutput

1 0 0 0 Signals

1 0

Pattern Runner
k (Software)

Pattern Generator Internal Shift Register




{& Spacely + Digital Twin

T Problem:
Host | 6(:011) Hc:;é
PC| t 111 * FPGA Test Vectors # RTL
D ‘ - simulation
est | |
ASIC RTL - Controﬁeri i °
% Flrmware Blocks N Firmware Blocks | Issues may Crop up due to
------------------------ N ;, " . the FPGA infrastructure,
e B causing delays
mputoutputs, - Digital | ‘ 5 ‘ ii Test PCB g delays.
. . Twin | ASIC RTL | ] .
. oy diorant o by W Solution:
actually interact with the chip in N e ____. -7
Spacely Digtal Twi IR « Full digital twin — simulate
Co-simulate ASIC and the FPGA %E% .
controlling it FPGA firmware w/ Cocotb +
= Switch between Spacely Digital | ~SlE L
Twin and hardware test by Hardware Test AXI

changing one variable. . Ultimate objective

* One-click switch between
running on hardware vs
digital twin.
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____________________________________________________________________

e Emulated “ZCU102"
* r Emulated “SPROCKET3” e ————————
I + P r k D r m = "’— ) ) o ’
“ I SP3 SPI I FW Arbitrary
P Peri T T Pattern G
eripheral 1 1 attern Gen
3 1 : 1 H
(@) [ 1 H
> H l H 1
- 1 H 1
3 i 1| sP3 Digital SP3 Photonic | | [MGT Firmware
S 1| ser+Enc [ Transmitter ! Emulated 1 |__IP Rx / De-ser
i (Mockup) : “las i
1 1
\ J ! i
R g ! Frame
1
Peys Jajs 78 Ja 78 7o 78 Do 4 [ O( :Otb \ Capture
Ps e 7676768767675 76 7o 4 ,
Ps 667676876 7575 76 7o 4 . M eemmmmeme” g
= s 676767676 76 76 764 N Y M e T T T T

SPROCKET

« SParkDream is Fermilab’s internal program to
develop silicon photonic capabilities.

« Complex demonstrator involving CMOS ASICs,
photonic integrated circuits, lasers, and FPGA
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readout.
BER vs Supply Voltage Deviation (from Nom. 1.2V) y SpaCG'Y integrates all parts of the SyStem,
1 allowing us to easily sweep supply voltages and
-0.4 -0.3 -0.2 -0 01 O 0.1 0.2 .
L oo measure bit error rates (left).
g R —e—vOD « When chips were delayed, Spacely’s Digital
8 g —e—vDDTX Twin Flow was used to simulate the entire
5 " iEo0s —e—SFP_3V3_Cld readout path (top).

1E-09 brd
1E-10 —&—VDDRX
1E-11

1E-12
Supply Voltage (rel. to nominal)




{& Spacely + CMSPIX

« CMSPIX ASIC currently under design for the
Phase Il Upgrade of the Large Hadron Collider

« Smaller pixels / greater trigger rate needed to
accommodate increased luminosity + pileup.

» Developed by the Smartpixels Collaboration
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Beyond (multiple universities + Fermilab):
Currently 2030:What _ _ .. : :
being we are « How to enable university partners to participate in testing?
Installed investigating - How to ensure consistent results across test setups?
Technology 65nm CMOS 28nm CMOS | .
Pixel ROIC size 50x50 pm? 25x25 pm? » Spacely-based test stand:
Pixel Sensor size 100x25 50x12.5 pm?
Pixels 394x400 = 157.6k 788x800 = 0.63M
Detection threshold | ~1000e- ~500e-
Hit rate < 3GHz/cm? < 3GHz/cm? : -
Trigger rate 1MHz 40MHz (?) T ““““t?f;_[
Digital buffer 12.5 ps (?) e sy
Readout 1-4 links @ 1.28Gbps || Photonic link @ 30-100 St | E
data rate Gbps T m:’”:}}E
Radiation tolerance 500Mrad at -15°C 1Grad at -15°C fry ‘ e
Power 1 W /cm? 1 W /cm? Python Inteface Zynq UltraScale+ Caribou Board
W ewiBoard . DAG Systom) Custom ASIC CMSPIX ASIC

board




3¢ Spacely + CMSPIX: Current Status easured Resuits

Qry (Extracted 60.6e-)

LN [ S S S E S A

Current status: Four test stands running at three different institutions S OmaTiel = —gml., -

. . . . . . - 2 BEAL T (445.85,60.57)

with eight people (students, researchers, engineers) involved in testing. 3: e 1
[

=z -

2= Fermilab

P | IV S ST W S N S S—t
0 400 800 1200 1600 2000
S-Curve Half Max [e7]
ENC (Extracted 48.9e-)
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e R TR e ey |

z | SmartPixels — o
: i ussian Fit
'c\j 120 _ :i? :>C LR e T (48.75,10.08) _
90 1
60 | ]
=73 THE UNIVERSITY OF |
</ CHICAGO ol _
ol . n

bl P | | WA LR RO BB
0 80 160 240 320 400
S-Curve o [e7]




3= Let’s Collaborate!

Read the docs on Github:
https://github.com/SpacelyProject/spacely-docs

Chat with us at ISCA ‘25
Continuously looking to onboard new users / developers.
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OR send us guestions by email:
Spacelydevelopers [at] fnal [dot] gov



https://github.com/SpacelyProject/spacely-docs
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