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Overview

1. Goal and overall structure

2. Installation
3. Hands-on exercises
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Goal and overall structure

~ 30 mins
Understand how detectors are designed I
Learn how to prototype ASIC architectures \ ) I~ 10 mins
for future experiments 4 h
~ 100 mins
. . . A J
Gain experience in: , I
o ~ 10 mi
* Modeling a Front-End from input charge to S e = e
digitized packet
~ 100 mins
» Data transfer with TLM for readout
communication ~ 2
~ 10 mi
 Building a full readout chip and extract metrics - < I "
for architectural studies
~ 100 mins
- J
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Installation

GitLab repository — —

Follow the documentation in pixesi/-4-school/README.md

ssh:/lgit@gitlab.cern.ch:7999/iod/pixesl-group/pixesl-4-school.git
1. Clone the PixESL4school or

https://gitlab.cern.ch/iod/pixesl-group/pixesl-4-school.git

2. Navigate to the project root pixesl-4-school/

3. Open the repository with an IDE (e.g. VScode)

4. Install all required dependencies make all -C install/setup/
5. Use Bash shell

6. Activate the virtual environment venv/bin/activate
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https://gitlab.cern.ch/iod/pixesl-group/core
https://gitlab.cern.ch/iod/pixesl-group/pixesl-4-school

Hands-on exercises

~ PINESL-4-MAPS [SSH: LNXMICB]

b « The model/ directory contains hands-on exercises categorized into
» config .
three sections:

¢ Front-End

o Exercise 1- basics of AFE modelling
o Exercise 2 - AFE with triangular shape
o Exercise 3 - AFE from library with pile-up effect

README.md o Exercise 4 - Front-End node

~ network

isel

« TLM

,Qit;eep o Exercise 1 - basics of TLM

README.md o Exercise 2 - Front-End node with TLM - generate the "maps_node_front_end" package

~ tlm

o Exercise 3 - Front-End node and Readout node connection
* Network

o Exercise 1- generate a Pixel Column
o Exercise 2 - generate a Pixel Matrix with a DataConcentrator at the periphery
o Exercise 3 - architectural exploration with Metrics Analyzer

.gitlab-cl.yml
.gitmodules
.pre-commit-config.y:

= Pion requirements Use the suggestions of each exercise without shame

README.md
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Front End

Front-End 6. TDC model
2. Input file 7. Output packet
3. Analog Front-End core 8. Front-End node
4. Pile-up effect
5. AFE wrapper
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Front-End

Circuits connected to the detector that acquire, amplify, shape, and digitize the initial
signal for further processing and readout

Pixel array

Readout
Network

Pixel Packet
J—
o N Address
i [ TDC » Time-of-Arrival

Time-over-Threshold

Off-chip link
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Front-End

The Front-end (AFE) model encapsulates the pixel detector behaviour from the preamplifier
to the time-to-digital converter (TDC).

Front-end node

Dispatcher

Pixel wrapper

AFE
core
params

(C\ER“@? Francesco E. Brambilla | PixESL at MAPS 2026 - Hands-on | SLAC, Stanford, USA 28-4 Jul-Aug 2026



Input file

This file contains the property of each particle hitting the pixel detector.

# cycle, addr x, addr y, h time, gin
1,8,8,288,168

1,0,8,369,200

« cycle: Clock cycle at which the hit occurs. This is typically an integer and defines the simulation or
hardware clock tick when the event is injected.

* addr _x: X address of the hit (pixel column). This identifies the horizontal position of the pixel hit.
* addr_y:Y address of the hit (pixel row). This identifies the vertical position of the pixel hit.

« h_time: Hit time or timestamp of the hit in finer resolution than cycle. This can be used for sub-cycle
timing precision or time-walk correction.

« qin: Input charge (in electrons), representing the strength of the signal at the pixel. This value drives the
AFE's response (e.g., amplification, shaping, threshold comparison).
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Analog Front-End Core B

/

C++ only:
Does not consume
simulation time

The AFE core models the response of the Front-End to a particle,
and particularly the discriminator of the pixel detector.

Input:

Charge generated by particle on the sensor
* qin: Incoming charge
* h_time: Time of pixel hit

$

Output Threshold L — — — — — T

Digital Asynchronous Pulse ;
 tr: Time of Rising edge
- tf: Time of Falling edge R
 ToT: Time over Threshod L __f= A

Charge ,

g -

breturn Time

=
&

3
5
<t
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Pile-up effect

Pile-up refers to the overlapping of signals from multiple hits arriving close in time
such that the detector cannot resolve them as distinct events.

0 = p1
Pile-up generates: ! “@” e
 Aliasing of nearby hits ,
» Distorted timing ’
« Altered ToT L
9 p1 p2
tr tr tf tf
4
p2
tr tf

- o " " o o 1

0 =

p1

tr

o Ir

p1

tf tf

Ll

tf tf

p1 p2

tr tf itr tf

CE/RW
\

N
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Pixel wrapper

AFE Wrapper
PP _ B3

SystemC module:
discrete event simulation

In PiIXESL, the AFE wrapper translates the AFE outputs into SystemC events:
« Forwards input hit data (e.g H;;,,, and Q,,) to the core processing stage.

Receives one {t )} pair for each injected pixel hit.

Filters out low-charge signals and merges overlapping events.

Translates AFE output t, . and t;,, into the SystemC simulation:

« Manages timing events by pushing rise and fall times into event queues.

« Triggers event creation and updates signal outputs based on timing.

» Drives the AFE discriminator output (digital asynch. pulse) and its rise/fall events,
* Connects to the next module (TDC) in the detector hierarchy.
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Pixel wrapper Pixel wrapper

TDC model

« The Time-to-Digital Converter (TDC) is an
electronic circuit that converts a digital
pulse’s length into a digital value.

* In PixESL, it receives packets and event
information provided by lower-level C++
modules (AFE cores). discr out 1 TDC
« Depending on the pixel detector design,

multiple pixels may share a single TDC — )

« In a shared TDC, the first pixel whose e, —

event_ID
kt_out 4
type_ID pit_

discriminator signal rises gains control and | rsecteta
can send its packet along with a hitmap of I 1
the Others discr_out 3 pkt_out 3
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TDC Output packet

BXx, COL, ROW, TOA, TOT, HITMAP, LOG TIME,

2, 1, 11,2512, 11267, ©02602000000000011000001,

This packet format is ready to be transferred from the Front-End to the readout network:

« BX: Bunch crossing number; indicates the time slot or cycle in which the event occurred.

« COL: Column index of the pixel that registered the hit.

« ROW: Row index of the pixel that registered the hit.

« TOA: Time-of-Arrival; the timestamp (in ps) when the hit was detected.

« TOT: Time-over-Threshold; the duration (in ps) that the signal stayed above threshold, related to the
charge deposited.

« HITMAP: Binary map indicating which pixels in a region registered hits during this event; each bit
represents a pixel

1123 1123
0[M|4 Hitmap: [ k(4
71615 11000001 Ok S

b7bsbsb4bsb2b1bo
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Front-End node

* The front-end node in PixESL is a
specialized component derived from
the node_base class

* Nodes are the basic elements
forming the pixel matrix and
readout network.

* Itis designed to receive hit data and
generate packets

* |tincludes:
* AFE core
* AFE wrapper
e TDC

Front-end node

I

AFE
core
params
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Front-End node parameters

1 25800 # in ps
01
: 1

 The readout node parameters are defined in a YAML file 122

1 25068 # in ps
: 8

4

* You can define:
* Size 2
* Clock period
 Number of transactions in input
* Number of transactions in output 8 S
* FE shape || o, s smeammize
« TDC parameters '
* AFE parameters

5000 # in ps

* Look at model/front-end/exercise4/config/school_node front end.yaml
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TLM

TLM definition
2. TLM ports

3. TLM transaction flow
4. Front-End node with TLM

&

Readout node
Readout node parameters

Front-End node and readout node
connection
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TLM definition

* Transaction-level modeling (TLM) is an
approach to data communication modeling
that abstracts the transfer protocol away
from the its implementation, focusing on
the functionality of the transfer rather than
the details of the protocol itself.

* PixESL implements TLM 2.0 library to
create TLM ports:
* Event-driven
e Push-based protocol
* Multi-passthrough sockets

node_readout

target_push

Process Requests

(Arbitration)

{}sc_intf::write()

Memory

initiator_push

{}sc_intf::read()

Target Selection P

— [nitiator

Socket
oc%e TLM Binding

node_readout
p—

initiator_push

Target Selection

sc_inlf::read(){}

Memory

sc_intf::write(
target_push

Targe
Socke\E

Process Requests
(Arbitration)
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TLM ports

node_readout node_readout
p— p—

e TLM ports are modules made up by TLM
sockets

=
e TLM ports can be either TLM initiators or

TLM targets {}Sc‘mwmeo Sc_imf::readoﬁ}
« TLM ports need to be bound to a memory i -
element (FIFO)

o sc_intf::read() sc_intf::write(
initiator_push target_push

— Initiator Targe
Socket Socke
== TLM Binding
) S | Process Requests
Target Selection P | E (Arbitration)
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TLM transaction flow

Transaction phases:

1.

The Initiator waits until the memory notifies a write event, which means that a new packet is

available

. The Initiator packages a new transaction with the packet from memory, and selects one of

the Targets bound to the socket.

. The Initiator sends the transaction to the chosen Target ( nb_transport_fuw(...) ), which could

Initiator

Target

Francesco E. Brambilla | PixESL at MAPS 2026 - Hands-on | SLAC, Stanford, USA
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immediately refuse the incoming transaction, for example in case the Target's memory is full. FIFO e um available)
o ) . ) Hans—0 nb_transport_fw(...)
- This is repeated until all packets, Targets are exhausted, or the maximum amount of pending  F="= pop(trans_ 0) |—|PI1F’e:asytal:O§5(13rI;;R§O > um_availabie) > 05 mrg
transactions in the Target is reached. trans_2 =0 pr—
i ——Returns: TLM_ACCEPTED} =
. On the Target side, all accepted transactions are sorted in a queue based on their priority
Target
token, generated by the target based on its arbitration algorithm. Latency 2‘099\/
\\(
o
. After a certain Target Latency, all the transaction in the priority queue are ready to be nb_transport_bw(... Q@“P
Phase: BEGIN_RESP |
resolved: Status: TLM_OK_RESPONSE| A
T=0
. . . . . R . o) ¥
. The first transactions in the queue, up to the maximum number of transactions per cycle, are Retums: TLM_COMPLETED) »
accepted by calling nb_transport_bw(...) with status TLM_ok_RESPoNSE , and their packet
written to the Target's memory.
. The other transactions are refused and written back in the original memory elements by the
Initiators.
28-4 Jul-Aug 2026 20




Front-End node with TLM

e TLM formatter receives the
packets from TDC, converts them
to TLM payload, and writes them
into memory

* Memory element to store data

e TLM initiator monitors the

From neighbors'
pixels/nodes

-

memory; as a new data written
into the memory, it will take it and
push it into the network.

Dispatcher

Pixel wrapper

Front-end node

TLM
Initiator

TLM
formatter

core

params

params
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Readout node

* The readout node in PixESL is a
specialized component derived
from the node base class

* It represents a node in the
network

* It read from its memory and
transmits to the other nodes using
TLM-based communication

* Itincludes:
* TLM target
* Memory
* TLM initiator

Readout node

TLM

TLM target Initiator

I

Readout
params
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Readout node parameters

. . Readout node
 The readout node parameters are defined in a

YAML file
* You c.an define: TLM target .niTtl{::or
* Sijze

* Clock period

 Number of transactions in input
 Number of transactions in output
* FIFO depth

e Look at model/tim/exercise3/config/node_readout.yaml| I

Readout
params

: 25888 # in ps

1
o |
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Front-End node and readout node connection

e Connect the TLM initiator of the Front-End node to the TLM target of the readout node

my_school node front_end.m_init Direction my_node_readout.m_targ Direction

e EXxercise model/tim/exercise3/

Hit
Dispatcher
i
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Directions of TLM connections

 The TLM connection between an initiator and a target can be either:
* CHILDREN — PARENTS
 SIBLING — SIBLING

Readout 1 Readout 1 Readout 1 Readout 1

Readout 2 Readout 2 Readout 3
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Network

1. Layers
2. Network
3. Configuration files

4. Connections
5. Model generation
6. Simulation
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Layers

( )
 Heterogenous nodes are grouped into
Iayers tO manage: FE node FE node FE node FE node
e Instances: size of the node array. Craners, Cwranpers, Cwranpers, Cwtanpers,

* Parameters: All nodes in a layer share ) - - -

the same values.
e Connections: how each node is

FE node FE node FE node FE node

connected to other nodes in the same {TDC, pixels, {TDC, pixels, {TDC, pixels, {TDC, pixels,
I | wrappers, wrappers, wrappers, wrappers,
ayer or an external one. ) ! .} !

» Different classes of layers contain different
nodes.

* Some nodes require special methods FE— FE node — —
TDC, pixels, TDC, pixels, TDC, pixels, TDC, pixels,
to ConneCt them- {Wrapzers, {Wrapzers, {Wrapr))ers, {wrapzers,

.} ! ! !

e Layer and node type in a network can be
configured through files 2 no need to look
into layers for this tutorial.

7
&
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Network

A pixel detector consists of:
* Front-End nodes
* Readout network
e Off-chip data links
* Each set of nodes is arranged in a
square grid, represented in a layer.
* PixESL contains templates and basic
models of these components.
* The user can simply re-use,
overwrite, and contribute to the
library.

FE node
{TDC, pixels,
wrappers,

.}

FE node
{TDC, pixel:
wrappers,

)

FE node
{TDC, pixel:
wrappers,

FE node FE node FE node
{TDC, pixels, {TDC, pixels, {TDC, pixels,

Readout layer 1

Readout Readout Readout
node node

Readout
node node

Readout layer 2
Readout
Readout node
node

Readout
node

Periphery and post processing
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Configuration files

e PixESL defines and runs a simulation through configuration files:
* Layer parameters:

* node_frontend.yaml v config
* node_readout.yaml v
— y 8 stimuli.csv
e connection.yaml: v layer_pars
. . . . . EndOfColumn.yaml
« defines the hierarchical and geometric connections rontendyaml
between layers in a network. SuperPixels.yami
. connections.yaml
°n etWO r k ya m | . network.yaml
* defines the structure and connections of layers in a S
network.

e simulation.yaml:
e configures simulation parameters, testbench settings,
stimuli input, and monitoring sinks for data flow and
occupancy tracking.
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Connections

* The connections are defined in a YAML file. o srantind o 1e conected o et

* For each connection block, you can define:
e Layer source: layer where the data is sent from. _ . |
e Layer target: layer where the data is received in. e et e e (et comeced s
Connection type:
e SC: used for connections with SystemC ports.
* TLM: used for connections with TLM ports.
Block size: x-y size of the repeating pattern.
Link mode: how to connect each node to its target.
* Relative: target is defined relative to the source.
* Absolute: target address is explicitly defined.
Block: 3D array to specify row-column-link.

e Look at model/network/exerciseX/config/connections.yaml|
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Connections - link mode

* Link mode specifies the mode of linking:

s N N N [ N
° rel_s using a string pointing to an address relative to the source node T(f;,g;‘ (3,3)
* n|s|e| w:respectively point to the target addresses in JAN )
directions north, south, east and west N ~
e x:used to leave a node unconnected
e a:used to connect to the “above” node
* Each direction can be used multiple times < ; <
* (nnww) would point to a node 2 addresses above and 2 to the left Source
 rel_i for relative connections using an integer address; 1)
* (-2 2) would point to a target node 2 addresses above and 2 to the (\, < ; ::
left ,
) (0, 0) Generic (3,0)
° abS_I for absolute connections using an integer address; Node
* 0 3)” connects to node with the address corresponding to that - 7 g
value.
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Model generation

 The DUT is generated through a template DUT
e Look at model/network/exerciseX/config/network.yaml|

network.yaml

: pixel column
: layer_pars/

: FrontEnd
: layer front_end
: inc/impl/layer/layer_front_end.hpp
: maps_node_front_end
: inc/maps_node front_end.hpp

: SuperPixels
: node_readout
. SuperPixels
g 1l readout
: inc/impl/layer/layer readout.hpp
: node_readout
: inc/impl/node/node_readout.hpp

: SuperPixels
: node_readout
: EndOfColumn
: node_readout

ayer_readout
: inc/impl/layer/layer readout.hpp

: node_readout

: inc/impl/node/node_readout.hpp

network/lib/gen_network/templates/network_base.hpp.jinja

DUT generator
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Simulation

* The simulation parameters are defined in a YAML
file

* You can define:
* Clock period
e Simulation time
e Stimuli file
e Latency threshold (for metrics)
* Logging files for monitoring (for metrics)
e Enabling occupancy logging (for metrics)

e Look at model/network/exerciseX/config/simulation.yaml

: 25868
. 1egeose
: ../config/data/stimuli.csv
: 28 # cycles

: packets SuperPixels IN from_children.csv
: SuperPixels

: CHILDREN

: INPUT

: packets output EndOfColumn.cswv

: End0fColumn

: CHILDREN

: INPUT

: false
: true
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Metrics

1. Metrics in PixESL
2. Metrics generation flow
3. Metrics Analyzer
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Metrics in PixESL

PixESL includes a Python-based Metrics Analyzer to examine the metrics information logged by the
SystemC model

Charge, ToA, position, ...

Particle hits
Pixel Pixelj Pixel Pixel
Readout Readout
Node Nod
Pixel Pixel } Pixel Pixel
( \V4
Architecture Pixel PixelH Pixel —[Pixel .
. , — | Metrics Analyzer
configuration Readout Readout
Node Node
p o /J A
Pixel PixelH Pixel H Pixel
Periphery J { Periphery ‘
node node
Data aggregator J
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Metrics generation flow

PixESL includes a Python-base Metrics Analyzer to examine the metrics information logged by the
SystemC model

results from simulation metrics

Metrics
Analyzer

&
&
&
55
55|
&
&
i2
&
22
2
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Metrics Analyzer

Metrics Analyzer generates metrics for:
e Performance
* Input analysis
* Qutput analysis
* Memory occupancy
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Metrics Analyzer — performance

Metrics Analyzer generates metrics for:

¢ Performance #H#H SUMMARY OF GROUPS (avg & std dev. of hits/packets per BX) #iH#

* Logs performance metrics, efficiency, latency, - —
and packet statistics pixel_inject.csv

master_ lost.csv

H wrapper_out.csv
d Input anaIySIS veto lost.csv
tdc_lost.csv

* OQutput analysis dc_out.cov

tlm_formatter memory_in.csv
tlm_formatter lost.csv
¢ Mem Ory Occupan Cy packets_output.csv

##H Efficiency of end-to-end PixESL model #iHH

R e - L

- efficiency: 61 / 61 (180.0%)
#HHHE PERFORMANCE #HHHF

Average latency (overall): 7 cy.
Under th. latency: 7 cy.
Over th. latency: @ cy.

Max latency: 18 cy.

Readout efficiency (input_ro -»> output_ro): 100.8 %
Under th. efficiency: 106.@ %
Over th. efficiency: 6.8 %

Missing packets (RO): @
Lost in model packets

Std Deviation

DR DD MND N
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Metrics Analyzer — input analysis

Metrics Analyzer generates metrics for:
* Performance
* Input analysis

*Compute and plot the pixel hits VS BX histogram of injected hits

*Overall map of the injected pixel hits (it sums all the frames)

*Overall map of the probability of injected pixel hits (hits/cycle) in log10

*Cross-section cumulative plots along rows and columns of each layer

*Cross-section cumulative plot (for the pixel column with MAX hits) along rows of each layer

e Output analysis
* Memory occupancy

BX count

Injected pixel hits map

o

200

w

150

IS

w

100

N

50

=

0 50 100 150 200 250

Hits per BX distribution

1
,,,,,
T
,,,,,,,,,

Avg =42.4

”””””””” Std = 10.7

,,,,,,,,,,,,,,,,,,,,

777777777777777777777777777777777777

10 20 30 40 50 60 70 80 90
Hits per BX
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Metrics Analyzer — output analysis

Latency distribution of output packets

1 1
: I\;ax lat. = 429 cy.
i Packets over 95% = 3332
Metrics Analyzer generates metrics for: - v e
2 53 2
* Performance 3 G
2 LS 1<
' 3 5 ¥
* Input analysis E g
< 10000 - L,® I ©
. 3 B2 i
* Output analysis : - E
z fin >
*Overall map of the missing pixel hits 5000 : o i o
*Plot of output packets per cycle (output channels saturation) ! !
*Plot of latency distribution of output packets i i
*Map of over-latency-threshold packets ot 5 " L - e : o

Latency [cycles]

* Memory occupancy

Number of output packets per BX

| _MAX: 1032 packets/BX __ _ _ o ___ Lomemeee e
1000 i
i
1
1
800 A :
1
1
w0 1
§ 600 A :
o 1
©

o 1
5 i
g 1
3 400+ :
1
1

iz
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Metrics Analyzer — memory occupancy ...........omw

. . 12 >
Metrics Analyzer generates metrics for: )
10
* Performance .
3
* Input analysis .
. 2
e Output analysis :
1
* Memory occupancy ’
*GIF of memory occupancy of each layer 0 o
*Overall map of memory occupancy of each layer 0 20 40 60 80
OVERALL region memory occupancy
i i i i 12000
. SRR | -
N
2T N T S—
10 1 777777777 8000
 ANRRREY | [ —
i 6000
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Thank you!
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