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Hardware/Software Co-Simulation of a Zyng SoC inside the
CROME Measurement and Processing Unit

« Whatis CROME?
« HW/SW Co-Simulation

« Short Demo
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Introduction HW/SW Co-Simulation

CERN Radiation Monitoring Electronics (CROME)

New in-house developed and produced radiation monitoring system
for CERN Radiation Protection

= Real-time monitoring of the ambient dose equivalent rate over 9 decades
(from nSv/h to Sv/h)

= Alarm and interlock functionality with a probability of failure down to 10e-7 (Link)

= Edge computing (an SoC FPGA based system)

Detector
(lonization chamber in this picture)

= Long-term, permanent reliable data logging CMPU - Electronice

rocessing Unit)

= Unified solution for RP and environmental monitoring

"~ Russ - Ethernet
/ LEMO M - Alarm Unit
LEmo m - CROME UPS

LEMO M - Interlocks
TOWARDS A NOVEL MODULAR ARCHITECTURE FOR CERN RADIATION MONITORING LEMO M — IN/OUT

Radiat Prot Dosimetry. 2017 Apr; 173(1-3): 240-244. (Spare — 2n¢ CROME CMPU,

Access system ...)
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Introduction

Radiation & Environmental Monitoring System at CERN

CROME 2021
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Currently we have replaced :

ARCON replacement by CROME EHN2
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Introduction

CERN Radiation Monitoring Electronics (CROME)
Highly Integrated Solution :

HW/SW Co-Simulation

SoM cooling

Acquisition

| TH —
lonization chamber
l l l (not modeled here)
= Measurement chamber
Supervision 1TA 1o 2UR

x200 Parameters High Voltage |
x8 measurement (0 —2000V)
channels el Zynq 7000 based SoM

Gt

R o/a

36 Millions of possible
combinations

» Interlocks

Alarm Units
communication

Wall mounting system

Linux Operating
System :

Data storage and
management
Supervision

Safety Critical part :

*  Measurement algorithms

* Real Time temperature compensation
* Dose rate calculations

+  Cumulated dose calculation

* Interlock generation

Fault Resilient Design for 28nm ZYNQ SoC based Radiation Protection Monitoring System Fulfilling Safety Integrity Level 2

First System-on-Chip Workshop — CERN = June 12, 2019

\/RW 23/11/2021
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https://indico.cern.ch/event/799275/contributions/3413731/attachments/1860611/3058764/CROME_SoC.pdf

Introduction

HW/SW Co-Simulation

CERN Radiation Monitoring Electronics (CROME)

Highly Integrated Solution :

Processing
System

ARM

Programmable
Logic

FPGA

Software
Watchdog

Embedded Userspace

Hardware
Process

App

Supervision
Process

IP-Network
ROMULUS-
Protocol

Supervision

118 GPIO
(MIO/EMIO)

x 64bits input pipelined registers

ADCs

High Voltage.

Electranics

Voltages Inputs
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AXI-BUS

(BRAM)

16 PL/PS
Interrupts

abits status
register

PL (Programmable Logic)

CAU Alarms
Controller [

cups  RETT

Various Control Signals
Charge Measurement
Low Voltagg Measurements

High Voltage Measurements
Interlocks
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Introduction § CROME System § HW/SW Co-Simulation

Hardware-/Software Co-Simulation

e What?
 Simulation of software and hardware at the same time

« Why?
« System level verification
« Simplifies development because of visibilty of signals
* Much faster than simulation of CPU in RTL - feasible

« Virtual Prototyping. Hardware does not need to be available yet (not
applicable for us)

« How?
« Two simulators connected together to allow for simulation of entire system,
so: one for Software and one for Hardware

 QEMU simulating Linux and Questa for RTL
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23/11/2021

Linux OS

S

Protocol

} Supervision

TCP

Emulated Hardware Devices
BRAM Interrupt-Controller

Remote-Port (TLM)

— cowd ]
 covuaior ]
PL — .

PL VHDL-Code

B

Various Control Signals
Charge Measurement
Low Voltage Measurements

HW-Model

Simulation Top-Level

High Voltage Measurements
Interlocks

QUESTA RTL-Simulator
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QeEMuU

« “Ageneric and open source machine emulator and virtualizer”

« “provides a virtual model of an entire machine (CPU, memory and emulated
devices) to run a guest OS”

« Translates Guest instructions dynamically to Host instructions
Our case

« Emulates the two ARM Cores and (implemented) peripherals on a desktop PC

* Runs Linux and embedded application

CERN Radiation Monitoring Electronics and its Integration Into both, CERN and ESS Supervisory Systems
System-on-Chip Interest Group Meeting — CERN — April 29t 2020

y L ]
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QeEMuU

HW - Device Tree
for QEMU

CE—

Root

——
o N

AMBA_PL

— — — —

P
CPUO INTC GPIOO M_AXI_GPO | [RP_WIRES_IN| I ~ COSIM

arm, "ot arm, e xInx, remote-port- remote-port- | remote-port I "t
cortex-a9 cortex-a9-gic zyng-gpiorp-1.0 memory-master gpio L )

/\ "virtual" Device

REG_RES | | BRAM_D

generic-uio generic-uio
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Register XGPIOPS_DIRM_OFFSET Details

This register controls whether the 10 pin is acting as an input or an output. Since the input logic is
always enabled, this effectively enables/disables the output driver.

Each bit of the bank is independently controlled.

This register controls bank0, which corresponds to MIO[31:0].

Field Name Bits Type Reset Value Description
DIRECTION_O 31:0 rw 0x0 Direction mode
0: input
1: output

Each bit configures the corresponding pin within
the 32-bit bank

NOTE: bits[8:7] of bank0 cannot be used as inputs.
The DIRM bits can be set to 0, but reading
DATA_RO does not reflect the input value. See the
GPIO chapter for more information.

Xilinx Zyng-7000 SoC Technical Reference Manual Page 1338
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éEMU GPIO Device

static uint64_t gpio dir prew(RegisterInfo *reg, uinté64 t val)

{
ZynqGPIOState *s = ZYNQ GPIO(reg->opaque);
uint32_t data = (uint32_t) val;
uint32 t data_old = *(uint32_t *)reg->data;
int bank = gpio get bank(reg->access->addr);
int width = bank==1 ? 22 : 32;
uint32_t mask = data ~ data_old; //all bits where something changed App|iC8.'[iOI’lS
gpio update pins(s, bank, 0, width, mask,
(s->regs[R_GPIO DATA X(bank)]),(s->regs[R_GPIO OEN_X(bank)]), _
data,data old); De_Vice Linux
return val; Drivers
}
\ J
AQ Emulated | QEMU
| Devices
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Overview of communication, simplified

RTL simulator receives
packet and translates it to
pin-changes

Simulator propagates
changes to design
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libsystemctim-soc / remote-port

« Communication between two simulators
« RTL: SystemC library for sending and receiving remote-port packets
 QEMU: C counterpart, “Virtual QEMU device”

e TLM semantics

« SystemC bridges, which translate packets from tIm to pin changes
« AXI, ACE, CHI, CXS, PCI
- GPIO

* Provides time synchronisation between simulators
« Uses unix-socket or tcp

23/11/2021 HW-/SW Co-Simulation - Jonas Bodingbauer
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RTL-Simulation

TCP/IP
_ . Remote- o Q E M U ..........................
 Run simulation on Top-Level Port Romulus ™.
.« Exchange the Zyng component — — — — — — — — — — e — — - - === = -
: Y
* Implement Models of Peripherals y

-~ Model of Periph | <>
e QOur Case: ADCs, Temp Sensor, Zyng PS Wrapper | |- odel of FempneraT
Measurement electronics

<l > —+ Model of Peripheral 2

A
Y

« Current Objective: writing a Top-Level of Project [+ Model of Peripheral 1 (<t
system-level testbench using Simulation-Top
UVM
Testbench

23/11/2021 HW-/SW Co-Simulation - Jonas Bodingbauer
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RTL-Simulation

 Replacing instance
system_proccessing_system7_0 O
with custom instance
* Exposes AXI busses GPIO and other Mﬁ%
connections to VHDL RP RP R
other AXI_GPO | [AXI_GP1 | [ IRQ_F2P
« Translates messages from remote-port to blocks RP
RTL pin changes and vice versa EMIO
_ _ zynq/_ps
* Needs Mixed Language Simulator 7ynq7_ps._wrapper
(SystemC, VHDL and/or Verilog) ovstem. i| system_processing_system_7_0_0
« Developed with Questa -
Block-Design Wrapper k
XiIir;x-IP
replaced

23/11/2021 HW-/SW Co-Simulation - Jonas Bodingbauer
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Demo Setup

* When average input current is above a threshold an alarm is triggered

SIS
« This alarm results in a pin change in hardware REMUS Sl
Zynq SoC Supervision El
» Also sent to software Processing System @;;
Configured so it onl | @5 ses
° : e
O!’] igurea so It only averages one value ...-; & =
—> instant changes
Programmable Logic
- Current JfA to uA[
o114 > Lps -
?TTE Sensor L \;D G Averaging > Threshold
righ Voltage Untt Current Calculation and <4 Alarm
temperature
T compensation -
Alarm Unit
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2021-09-07: 2: TID 3069267984 Output Hardware Loop] src/hw_loop.c:298: runHW E¥ it Mew Compie Simulate Add Layout Bookn
Loop(): Su 5 : m— - S -
[2021-09-087:1 TID 3069267984 - Output Hardware Loop] src/hw loop.c:321: runHwW = B Pl R oy E > || Layoul Simalate

Loop{}: Survived to here 5.5
[2021-09-07:13:46:06.594: TID 3069267984 - Qutput Net Loop] src/supervision loop.c:252:supe
isionLoop(): Recleve network hwloop
5.594: TID 3069267984 - Qutput Net Loop] src/supervision loop.c:2
ng hwloop
».594: TID 3669267984 Qutput Hardware Loop] src/hw loop.c:344: runHW
re 6 ‘

3.595: TID 3669267984 Qutput Hardware Loop] src/hw loop,.c:361: runHw
Loop() Ssurvived to here 7
gpio out lsw mask:; fffd data: Tffd0002 bank 6
Bank: ©
Mask: 0x2
Data: 0x2

) 0D00D0D0TC1EF

l || |
{19993 J119999 (19999 19939 (19999 _

(185C6 J185C6 (185C6 J185C6 J185C6 [
{
{

OEN: Bx
DIR - - P ng 19093
gpio out[l] set to 1 on bankoffset 1 with oe 1 and dir 1 o 3 ppicontolFunctiona Y 185C6
Done Remote t onsrolFunctior : :

Time Sync 1631022359967 kRaw -3,933907e-16 kBase 3.9339

+ T
L

1B5CE J(185C6 _J185Ce _[485C6 ) 1BSC6 _1185C6
00 (001 1001 (001 1001 Xdo?

Last

06e-08
xADC Da
dieTemp
ccPInt

vccPAuXx

il 7000 (100000 100000... {100000__ ) 100000 X 100000__{
0000, (000000, 1000000, (G00000_ 1000000, X400000 . [
{0IC.. J{01C21_ J{01Cc21_ ({piC2l.. J{01C21._ J{bic2L.. [
i} ] [ (] 30 14 {
0000... (0D0G00... ] 300000... (400000... JG00000... 1400000, [
0000 0000001000000 1000000 J.000000_ 1000000
000G, (00000, | 000000, (J00000... Y G60000.., X400000.. (i
0000 T000000_.. 1000000 )

= @.000000e+00 vccAux = 0.000000e+00 vccBRAM = 0.000000e+00v

= 0.000000e+08 vRefP = B.,000000e+680 vRefN = B8.00000Ce+00

Low voltage measurments:
099168e+00 minus 15v a = -1,499756e+01 ninus 12v a = -1.1930C06e+01 n
9584e+00 plus

minus Sv a

inus

S o ’ AN e ) y o 0D00... 000000 ) G00000... | 00000 ) 000000... 1400000 [
plus 5v zynqg = 4.,999168e+00 plus 3v3 d = 3 plus 5v d = 4,990168e+60 p 0 ) T {0 10 10 {
lus 12v hv = 1.199751e+01 plus 12v a = 1.199 0 1o Ta 19 1o 149 |
plus 5 = 4.999168e+00 vRef hv = 4. = 2.499584e+6808 v i) f
Ref ADC Meas = 3.209611e+00 FEEF. ) EEFEEFu AREEEEE o JGEEEE En A REFEEE  AEEEE ek

------------ - e - .- e e FFFF.. ) FFFFFF.. (FFFFFE_ ) BFFFEFF.. [ FFEFFFF_ I FFFEFE. |
Alarms ! |
alert =0 | alarm =0 | specialAlarm =9 integralAlarml = © i _— e e —
ntegralAlarm2 = 0 \ f' "0000... (D0DGO0... 1 J00000 " . J.000000... 1400000 |
T
Intermediate measurments;: FFFf'Jﬁ“TFf,fj”fff ?'ﬁT+F>}:4++F ARFFFFE.
baseValuelUncomp = 1.999998e-02 rawValuelUncomp -1.099998e-10 baseValuelB0Oms 1.999904e-02r QUOCUOOUTCIEE LU000U0.. JQOUODD00TCLEE

-1,9999942-10 adcWindowValue 2.401005e-0

awValuel®

0000... (000000... 1000000 . {000000... ] 000000... 100000 (I

30069267984 Qutput Hardware Loop] sre/hw Loop.c:262: runHYW RSN el | e

Survived to here 3

0-07:13:46:06.598: TID 3669267984 OQutput Downstream src/downstream.c:431:createPLRe

ime(): Sync Clock

07:13:46:06.599;: TID 3069267984 Output Hardware Loop] src/hw loop.c:286: runHW
1

oop(): Survived to here 4
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Results Outlook
 Working Co-Simulation for * Could likely be adjusted to
the ZYNQ and furthermore the other projects
CMPU
« If SystemC Model exists, RTL
« Currently used for debugging part could be replaced to
of additional features further increase simulation
speed
« Simulation speed is only ~30
times slower than realtime « Other open source tools like
@1MHz for our design Verilator could be interesting

to further speed up simulation
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Open Source Projects Used

« Xilinx Qemu https://github.com/Xilinx/gemu

» Xilinx libsystemctim-soc https://github.com/Xilinx/libsystemctlm-soc

« Xilinx gemu-devicetrees https://github.com/Xilinx/gemu-devicetrees

« Rick Wertenbroek, CoSimulation https://blog.reds.ch/?p=1180
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Introduction HW/SW Co-Simulation

CERN Radiation Monitoring Electronics (CROME)

Two configurations :

CROME Rack Version — High radiation Areas CROME Bulk Version — Low radiation Areas

CROME Rack-mount Version at CERN at the PS Booster m m SPS and more . CROME Bulk - Wall-Mounted Version CROME Bulk - Mobile Version

High Radiation Area

CROME at transferline (COMPASS)

Plastic Air filled ionization

AT

>

8
att
sausatt®t

-\—--

-

- W hadiation Safe Area 100 CMPUs Rack are in operation :
il bl CMPU : Core Monitoring and Processing Unit
E= Custom plastic chamber with

|2 ul : graphite coating
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