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Outline

• Introduction

• RD53 Collaboration
• What is the mission of the collaboration and what is the final 

result

• Verification
• What is verification and how is it used

• Verification of the RD53B Chip
• Structure of the verification workbench in the case of RD53B
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RD53 Collaboration

• Focused R&D to develop pixel chips for both ATLAS and CMS upgrades

• Established recognizing that HL-LHC pixel requirements were extremely challenging, 
yet very similar for both experiment, and a joint effort was the best way to meet 
them

• At the request of the experiments, last year the mandate of RD53 was extended to 
design the final production chips for ATLAS and CMS

• Keep the design team together.

• Pursue as much as possible a common design to                                                  
serve the needs of both experiments.

• RD53 has 22 collaborating institutes and many Guests

• Roughly 20 designers on RD53B Chip (next slide)

• ~100 conference talks/proceedings/papers to date 4



RD53 
Collaboration

• US Institutes:
• Lawrence Berkeley 

National Laboratory

• University of 
California, Santa 
Cruz

• Fermi National 
Laboratory

• University of New 
Mexico
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Picture of RD53A, B-ATLAS, B-CMS
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RD53A Chip

RD53B-ATLAS Chip RD53B-CMS Chip

384x400 336x432192x400



RD53B Chip Design

• Read-Out ASIC for 
both experiments 
which communicates 
with Pixel Matrix and 
DAQ system

• Analog portion of chip 
done the standard 
way.

• Digital part is 
extremely 
complicated and 
makes up most of the 
design.
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Example of Digital Complexity: I/O

• Three main signals necessary for 
chip operation:

• Bunch Crossing Clock

• Trigger (Synchronous)

• Commands (Configuration)

• In order to eliminate massive 
amounts of service lines, 
designed a scheme that sends all 
three in one serial stream.
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Structure of the Serial Stream
• Designed encoding scheme to make sure signals are synchronous to BC Clock, DC 

Balanced (AC coupling compatible due to serial power)

• Trigger/Commands sent in 16 bit frames made of 2 8-bit symbols

• Each Trigger/Command has a encoded symbol which defines it (52 total encoded 
symbols)

• Will comment later on how chip decodes this bit stream
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Output: Aurora Encoding
• Output to DAQ is asynchronous

• Encode multiple signals using Aurora 
64b/66b encoding.

• Industry standard encoding protocol 
similar to ethernet protocol

• Makeup of Aurora Frame designed to 
be efficient
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Digital Chip Design is a Software Project

• System Verilog is a hardware 
verification and description language 
similar to C++ but with built in 
abstractions for hardware objects, 
ability to manipulate time, and 
dynamically allocate memory.

• Built from Verilog which was similar 
to C. Verilog is missing C++-style 
objects, assertions and coverage 
groups.

• UVM (Universal Verification 
Methodology) is a pre-built library 
written in SV with a full verification 
testbench structure in place 
inherited by UVM classes.

• Through Verilog, SV & UVM you can:
• Write up the logic and parts that make 

up the chip (DUT).
• Write up the testbench to stimulate 

the DUT and analyze the results.
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** The Chip Design for 
RD53B is all software!!**

• Digital Code in the Chip:

• There are 123 different SystemVerilog
files and each file corresponds 
(mostly) to one module.

• 87% of files written in SystemVerilog

• There are ~20k lines of code.

• Verification Code:

• There are 392 different SystemVerilog
files

• 90% of files written in SystemVerilog

• There are ~120k lines of code.



Example: Verifying a FIFO Design

• The top of the workbench is the 
test.

• Sample test can be as follows:
• Write to FIFO (Driver)

• Check state and size of FIFO before 
and after write (Monitor)

• Read from FIFO (Driver)

• Check state and size of FIFO before 
and after read (Monitor)

• Verify it matches expectation 
(Scoreboard)

• I.E. First In – First Out
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RD53B Chip UVM Testbench

• Top Test instantiates multiple 
Universal Verification 
Components (UVCs).

• Each UVC is created to test 
certain blocks of the chip design.

• Each UVC contains its own 
environment, agent, scoreboard, 
etc.

• Will show an example of 
verifying the “CMD” block of the 
chip
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Input

Clear

• Encoded Serial Stream 
is received by the 
Command Decoder

• Command Decoder 
takes 16 bit frame and 
decodes each 8 bit data 
symbol back to original 
5 bit value

• Symbol assigned to one 
of 52 pre-defined 
symbols 
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Command Decoder

Finite State Machine

…010101010101011000111010…0101011001011010

{[0101_1010], [0110_1010]}

0101101001101010

{[Clear], [ChipID = 0]}

An Example: Verifying the Command Decoder



cmd_monitor

Input

Clear

16

Command Decoder

Finite State Machine

…10100110011001010010010…0101011001011010

{[0101_1010], [0110_1010]}

0101101001101010

{[Clear], [ChipID = 0]}

Add Clear Cmd to Cmd Fifo

Sent to DUT by cmd_driver

Introducing Verification Structure: UVM Monitor and Driver

All of this is done in 
simulation!!



cmd_decoded_monitor

Clear
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Command Decoder

Trigger

Read Trigger

Cal Edge

Cal Aux

Global Pulse

Write Reg

Read Reg

Add Clear Cmd to Decoded 
Cmd Fifo

Introducing the Second UVM Monitor



Command Decoder

cmd_monitor cmd_decoded_monitor

cmd_scoreboard

Input Output
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Testing Correct Behavior: UVM Scoreboard



cmd_monitor cmd_decoded_monitor
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CMD FIFO CMD DECODED FIFO

CMD SCOREBOARD

Clear

Write Reg

Global Pulse

Write Reg

Read Reg

...

…

…

Clear

Write Reg

Global Pulse

Write Reg

Read Reg

…

…

…

Does Clear = Clear ???

Yes No

MATCH MISMATCH

Compare Next 
Command

Raise an ERROR

Our Monitors feed the 
scoreboard which judges chip 
code exactness



Create a Test: Do 
we see a match?

• 2000 Randomly generated 
commands sent + extra 
commands to set up chip

• The data sent with each 
command is also randomly 
generated (within allowable 
values)

• Command Checker finds a 
match between Decoded 
and Encoded monitors for 
every command sent.
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Over 2000 commands sent to the Command Decoder
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Example of Verification Catching Bugs: 
Command Error Test

• I create a Command Error by sending a command with an invalid 
frame.

• When the following is sent instead of a Cmd Error raised, the 
command is sent:

• [WrReg, ChipId][Data, Data][Data, Data][Data,Invalid]
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Verification of Full 
RD53B Chip

• What does it take to verify a full 
chip?

• A large number of tests written
• REMEMBER: Over 119K lines of 

code written just for verification

• Large number of tests necessary 
to ensure complete code 
coverage.

• Overall 96% of code covered
• Excluded Analog (vcd/ams) 

verification
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Conclusion

• RD53 Collaboration is working on the production read-out chips for 
ATLAS and CMS

• ATLAS Chip Submission on Jan. 15, CMS a few months later

• Verification is a cornerstone of chip design and fabrication

• Making up 60-70% of the chip design, a comprehensive and flexible 
verification methodology is necessary

• Universal Verification Methodology and SystemVerilog used to ensure 
the proper behavior of the chip design

• Extensive simulation and verification program essential for the design 
of the final chip
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Backup
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RD53B New Features
• Selected Diff. Front End for ATLAS, Lin. FE for 

CMS

• Added edge, top, and corner pixel biases

• Upgraded calibration injection & corrected 
column variation

• New hit synchronization and ToT with 6b-to-
4b compression

• Redesign of the startup and generation of 
reference voltages

• Improvement of SLDO and addition of low 
power mode

• Addition of overcurrent and overvoltage 
protection

• Redesigned PLL for lower jitter and robust 
locking

• Added trigger tags and new readout format with 
compression

• Added 2-lever trigger for ATLAS and self-trigger

• Added suppression of low charge isolated hit 
backgrounds

• Added data aggregation between chips

• Changed reset scheme to synchronous and added 
CMD activity reset

• Extensive triplication and SEU hardening

• Added new resistive temperature sensors and E-
fuses for SN

• Added precision ToT and ToA

• Enlarged wire bond pads  

26



27



One Core

One flat synthesized circuit

~ 200k transistors

64 pixels in 16 “analog islands”

Whole core is stepped
and repeated to make the 
pixel matrix

Hand-drawn transistors

“compiled software”
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New Feature Highlight
• Encoding with lossless compression used to send data off chip.

• Custom serial stream encoding to achieve compression AND be tolerant of 
corrupted fragments

• Important because, thanks to serial power, services volume (and mass) is dominated 
by data cables.  

margin
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(note compressed data 
is independent of 
pixel shape)

CMS Example
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Channel Synchronizer
• In order to lock to a frame alignment we use a Channel Synchronizer

• It receives a “sync” command from the input bitstream

• C.S. then lines up with the start of the frame (align itself to frame 
boundaries). 

• Sync command sent multiple times to ensure locking of frame alignment.

• Once locked, C.S. starts command transmission to the Command Decoder
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Why Verification is so Important?

• Increasing complexity of IC 
design means much higher 
chance of  errors and bugs 
present in final product.

• Verification ensures (to an 
extent) the design is bug free 
and behaves as expected.

• This results in an overall faster 
design process which avoids 
major errors that could mean 
product recalls, time syncs, 
etc.
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What is Verification?

• Ensure the design of the chip 
is accurate to 
specification/function/applic
ation.

• Basic Steps of Verifying the 
Design Under Test (DUT):

• Generate stimulus
• Apply stimulus to the DUT
• Capture the response
• Check correctness of response
• Measure progress against 

overall verification goals
• Ensure maximal coverage

39
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Universal Verification Methodology (UVM)

• Created in 2011 by Accellera to be used by all three major electronic 
design automation (EDA) companies: Cadence, Mentor, Synopsis

• Pre-built library and extensive documentation as guidance to reach 
greatest coverage in verification in a highly efficient manner. 

• Contains many useful features:
• Standard sets of base classes for data and environment

• Utilities for managing log files and inter-process communication

• Highly customizable reporting features.

• Design for reusability
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Top-down design of UVM 
Library

41

• Classes inherited from 
uvm_object

• uvm_component: Used 
for structural classes

• Part of the framework for 
the full simulation run 
time.

• Ex: uvm_driver, 
uvm_monitor, etc.

• uvm_transaction: data 
item or sequence item

• Multiple instances created 
and deleted during 
runtime.
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