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A Flexible Electronics System
for Radiotracer Imaging

Introduction & Overview Bill Moses
Detector Board Carl Jackson
Support / Coincidence Board Seng Choong
Programming Tools / Environment  Qiyu Peng
Schedule Carl Jackson
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General-Purpose Electronics & Software
for Nuclear Medical Imaging Cameras

Open Source
Hardware, Firmware, and Software
Schematics, Gerbers, BOM,...
Active User Community
Share Software and Expertise
‘Module, Calibration, DAQ, Display,...

grecesy m http://OpenPET.LBL.gov sens|




All Detector Outputs Look the Same

Extract Timing Signal Extract “Energy” from
from Leading Edge Area Under the Curve
Voltage |
100mV -2V
Time

*Tremendous Variation in How Outputs Are Combined
—Combine Outputs in Firmware




Electronics System Requirements

High-Performance
# of Channels, Rate, Energy, Timing, ...
Very Flexible
*Type of Detector, Camera Configuration,
Event Word Definition
User-Modifiable
Schematics, Source Code, Knowledge Base
User-Friendly
‘Instructions, Documentation, Can Buy Boards

Like Open Source Software




OpenPET System Architecture

32 Analog & 16 Digital
Signals In 8 Boards In |8 Boards In 8 Boards In
= = |- |- |
=l = Detector Support Multlplexer Coincidence
5= Board [TT Board TP (Optional) "')
=5 pP | 3 i s
Detectors - - T |
Data i Host PC
Control ——

*Supports 512 Block Detectors (4096 With Multiplexers)
‘PSB + 8 DPBs Makes Nice Test Stand (64 Block Detectors)




Changes in the Last Year

Detector Board

*16=» 32 Channels per Board

*16 Differential Digital 10 Lines per Board
Support Board

*More Interface Options (RS-232)

*‘More Memory (2 GB)
Coincidence Board

‘Now Same Hardware as Support Board

(programmed with different FPGA equations)

Most in Response to User Suggestions—Thanks!!!




Form Factor Defined
Same as 12-Slot VME 6-U Crate

Connectors in Different Locations
*Avoid accidently plugging in VME boards!

8 Input Slots

‘Detector Boards if acting as Support Board
Support Boards if acting as Coincidence Board

4 Slots for “Plug-In” Boards
‘Interface to Host PC
‘Interface to Coincidence Board
‘User IO

‘Debugging SenSI_
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Tidbits...

Web Site Recently Updated
‘New Version of Specification
Another Version Expected Soon
*Copies of Publications & Presentations

Seeking Collaborator for Software Librarianship
*Organize Software & Firmware
‘Moderate Modifications, Additions,
and Variants

— : http://OpenPET.LBL.gov
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10392UuU0) AepA-08 ODAL
10322UU0)) 22e9jU| 1032232

10303Uuo0) Aepp-0F ODAL

Detector Support Board

High Speed
Serial Sigma-Delta
free running ADC

10309UU0) O]

y . (ADC12EU050)
Connector used to interface Low Pass Filter 96-way
to all 32 detectors (AD8132) jofs \ Connector
10f4 + LVDS Data
4 x Gain 54\%2 f;;;ect LVDS Bit Clock S diea &
Network Werd ol oc ice Out
61 LVDS Word Clock >
+ Optional AC Word Clock Clock | Slice |
G2 Coupli oc ice In
o IN (40MHz) ¢
] 63 R e FPGA
W G4 I_ TRIGOUT ALTERA Single Events
Differential CYCLONEIN
Receiver Fast Shaper FAMILY
(AD8129) (AD8038)
Leading Edge
F—IPower Discriminator > X 32
[> R R Offset Comparator
ADCMP600 Configuration
Temperature = C ( ) Saktinge and
[> Status
Dual DAC for
Threshold Control SPIBus
(LTC1446)
Configuration Settings ¢ Power
|
Detector ID | Config from Serial E2PROM
16 x LVDS General Purpose II0 . 8 MBytes
L] / Memory



DSB Key Features

Connections

e DSB is VME ‘B-size’ with 96-way connector for interfacing to
OpenPET bus

* Front panel has 2 connectors:

80-way for analog inputs from detectors, power,
low-speed digital communication, and bias voltage (x100V)

40 way for 16 user definable LVDS digital I/O ports

N
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Analog Inputs

e 32 Differential analog inputs from detectors (PMT, SPM etc)

e Each input has fast shaper for event detection and TDC
time-stamping

* Each input has fast free-running ADC readout for energy
measurement

NOTE:

The 32 analog lines can be configured for 32 individual
detector inputs or up to 16x16 cross-wire matrix readout

N

/\ /\
frreereer

|||‘
BERKELEY LAB

senst




FPGA functions

FPGA implements TDC (at present 0.5ns). Can be improved
to < 100ps

FPGA responsible for configuration of DACs etc via
commands from backplane

FPGA responsible for detecting events and reporting
position, energy + TDC value

FPGA passes single event data to OpenPET backplane

* 8 MBytes of memory available. FPGA can use for ROl lookup
tables etc.

N
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Support Board

2 MB Interface
SRAM 4 MB DDR2 ~To
SRAM SDRAM Coincidence
Board
Detector Board 0 - p Timing
Slave Signals In
Detector Board 1 > FPGA -
>, Timing
Detector Board 2 > Signals Out
Master FPGA
Detector Board 3 = X /
16y 316 Embedded ~ BusiO
Detector Board 4 > Processor
> RS232
Detector Board 5 >l Slave >User I/O
Detector Board 6 ,| FPGA : USB fHos ¢
Detector Board 7 > AAAAAAAA AAAAAAAA Ethernet PC
64 MB SD
o 2 MB FLASH Card
l::}‘ ‘Q SRAM sen SI_

BERKELEY LAB



Plug-In Boards

1. Host PC Interface

The front panel of this board would have an Ethernet connector, USB
connector, SD card connector, reset switch, and a few basic LEDs

2. Coincidence Board Interface

The front panel of this board would have a connector that would attach to a
cable that goes to the coincidence board.

3. Userl/O

The front panel would have connectors for two RS-232 cables, an External
Clock input, and 32 External Digital 10 lines.

4. Debugging

The front panel would have a JTAG connector, two connectors for logic
analyzers, and lots of LEDs.

N
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Detector Board to Support Board Bus IO

Detector Board Support Board

Clock In

Time Slice Boundary In
Clock Out

Time Slice Boundary Out
Control

A A

Y Yy

A

/4

CONFIG
FPGA LA

Programming DATA0 N
CONF_DONE g

A A A

Singles Event Word

~
Y

N~
Y

Singles Event Word 7

Singles Event Word 7 >

v

Singles Event Word 7

Spare Digital Lines

A
~
A4

+5V
Power +3.3V]
-5V

GND

A A

Yy Y Y vy

A A




Connector Between Detector Board and
Support Board

A B C Color Group Description
1 DO+ GND D1+ LVDS Data to DB FPGA &
2 DO- 3.3V D1- Coincidence Board
3 D2+ GND D3+ H Clock & Slice INJOUT
4 D2- +5V D3- Undefined pins between DB FPGA
5 D4+ GND D5+ & DSB FPGA
6 D4- -5V D5- Slow control SPI interface signals
7 D6+ GND D7+ DB FPGA serial programming pins
8 D6- 3.3V D7- No connection
9 D8+ GND D9+ Power & GND
10 D8- +5V D9- Detector Bias Voltage (100 V max.)
11 D10+ GND D11+
12 D10- -5V D11-
13 D12+ GND D13+
14 D12- 3.3V D13-
15 D14+ GND D15+
16 D14- +5V D15-

Connector is
96 pin VME Connector

GND On DB
SPAREO+ SPARE1+ SPARE2+ Vector Electronics REG6MSR-062
25 SPAREO- SPARE1- SPARE2- (Digi-Key part # V1235-ND)
26 SPARE3+ SPARE4+ SPARE5+
27 SPARE3- SPARE4- SPARES5- On PB
= 28 SPAREG6+ SPARE7+ CTRL CS Vector Electronics RES6FSP
A 29 SPARES- SPARE7- CTRL_CLK (Digi-Key part # V1240-ND)
% n 30 | CTRL_DO CTRL_DI
\ 31 DCLK | DETECTORBIAS |  DATAO Sens
32 nCONFIG 3.3V CONF_DONE




Support Board As Coincidence Board

2 MB
SRAM 4 MB DDR2
SRAM SDRAM
Support Board 0 >
Slave
Support Board 1 | FPGA
Support Board 2 >
Master FPGA
Support Board 3 T /
U Sy 1 Embedded
Support Board 4 > Processor
>RS232
Support Board 5 ”| Slave >User 1/O
Support Board 6 ,| FPGA : USB . Host
Support Board 7 > IYVYVVVVVY IYVYVVVVVY Ethernet PC
64 MB SD
- 2 MB FLASH Card
— sensl
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Programming Tools / Environment

Qiyu Peng
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Firmware and Software Requirements

Detector Support Coincidence | Host
Board Board Board PC
FPGA Firmware X X X
Embedded Microprocessor
Sof'twarep X X
PC X
Software

X: Altera free design tools

X: NI LabWindows/CVI ($2,599)

 Hardware requirements:
v PC

debugging)

v Altera USB-blaster download cable (for downloading and




Tasks of FPGA Firmware

> Detector Board
e Read out ADCs

* Read out TDCs
e Combine ADC and/or TDC information to form single event words

»Support Board

* Multiplex Single event words to coincidence board
e Configure, control and test detector board
»Coincidence Board

 |dentify coincident signals

 Format coincidence words

e Send data to Host PC

N
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Functionalities of Software

> Support Board (Nios Il Embedded Microprocessor)
e Configure, test, calibrate, and monitor detector board
e Test, control and monitor support board

»Coincidence Board (Nios Il Embedded Microprocessor)

e Configure, control and monitor detector board
* Multiplex single event words to coincidence board

>»Host PC

* High level control, configuration, calibration and monitor of all the boards
e Receive data flow from the coincidence board

N
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FPGA Firmware

e Design Software: Quartus Il Web Edition 10.0 (Free)
https://www.altera.com/download/software/quartus-ii-we

* Design Language: Schematic and VHDL

33? TestDemo.vhd™
= Edit View Project Assignments Processing Tools Window Help RS
- N 1 o TR AT AR AR ARAARAR AR AR AR AR AR ARAR AR AR AR AR AR AR AR AT A A
DELUD & @& | o o [ossocanpeme <M s @YES T (>0 uD b @02 e & L = 3
Project Navigator “ X £2) BlockDemo.bdf I a4 3 -- Routine Swmwary: -
Entity = A 4 - entity: PQY BUFFER -=
&y Suati IIl: EP3SL1SOF1152C3ES | B3 — 5 - - -
# DE3_SD_Card_Demo g3 5 A {} 6 -- Description: -
o 7 - Buffer the motor position data -
D 8 - Buffer length: -
171 9 - -
== 10 -- Modification History: -
=5 @ Nios _System_with SD _Card 11 - 8/12/2010  PQY- initial revision -
o Ik 12 - —
o # et _n 13 e R R AR AR AR AR AR AR A AR AR AR AR AR AR AR AR AR AR R A RRE AR AR ARAR AR
b_SD_cmd_to_and_from_the_Interface S —— L L 14 X X
Tasks ax b_SD_dst3_to_and_from_the_nterface T e 15 library ieee;
Flow: | Compilation < b_SD_dat_to_and_from_the_lnterface QUIPIL[— SO_dat 16 use ieee.std_logic_1164.all;
T | oo 0_SD_clock_from_the_Interface SUTPUT 5D _clock 17
asl . N
= W Compie Design N inst 18 Eentity Test is
Analysis & Syntt 19 generic
] Edit Setting 20 = (
ER View Repor 21 DATA_WIDTH : natural 24; --24 bhits
D Analysis & E - & 2z ADDR_WIDTH : natural := 4 --2°4=16
> Parition Me = 23 )
a Lmm u.w;:e‘: - 23
— — < > 25 port
%[ Type [Message | 26 = (
27 datallriteClk : in std_logic: —-— tigger to latch data into the buffe
= 28 dataln : in std logic_vector (DATA_WIDTH-1 downto 0); -- data to
L3 29 bufferFullFlag : out std_logic: —-— no data will be wrote into the buff
g,’. System /i Processing ), Extralnfo ), Info j Waming }, Criical Waming }, Eror , Suppressed J Flag /. 30
§|Messagez 3 | J 31 reset : in std_logic: —— clear all buffer v
< >
For Help, press F1 % B Idie NUM Y — —~




Embedded Microprocessor Software

e CPU Design Software: SOPC, comes with Quartus Il
Web Edition 10.0 (Free)

* Design Language:

N/A

™ Altera SOPC Builder - DEIl_70_SOPC.sopc* (D:\HDM\EE145M\CLifADE270_Media_Computer\DEIl_70_SOPC.sopc)

File Edt Modue System View TIools MNosll Help

System Contents | System Generation

Legacy Componerts

Memories and Memory Control
(45-DMa,
Flash

o CompactFlash Inte

» EPCS Serial Flash

| use Module Name Description

WTAG UART

jtag_uart

uart UART (RS-232 Serial Port)
> Flash Memory Inte | |= pio_green_jea IO (Parstel 10)
& On-Chip pio_red_led PIO (Parallel 110)
 So | o POl
- SRAM PIO (Parallel 1O)
oo | e
Irterval Timer
LR —— | il

E
(=) University Program

System ID Peripheral
o External Clocks for DE

oy
3
B
3

-Audio & Video ‘ sd_cmd PIO (Parallel 110)
8 Bridges | sd_dat IO Paralel 10)
&-Communications ~ sd_dat3 PIO (Parallel 110)
< > | P ‘PLL
sdram_32M_ut ISDRAM Cortroller
3 | @ Sram o Sorau Controler

¥ Componert Library ~ T St
Nios Il Pracessor Device Family| Cyclone I Name Source
= Eridges and Adapters clkc_50 External
& Memory Mapped Pll_c0_cpu piLco
& Streaming pll_c1_mem 1
& Itertace Protocols Pll_c2_audio pilc2

™= Nios Il Processor - cpu

“ Nios II Processor

. Warning: pio_button: PIO inputs are not hardwired in test bench. Undefined values will be read from PIO inputs during simulation.
. Warning: pio_switch: PIO inputs are not hardswired in test bench. Undefined values will be read from PIO inputs during simulation.
. Warning: sd_cmd: PIO inputs are not hardswired in test bench. Undefined values will be read from PIO inputs during simulation,
*. Warning: sd_dat: PIO inputs are not hardwired in test bench. Undefined values will be read from PIO inputs during simulation.
£, Warning: sd_dat3: PIO inputs are not hardwired in test bench. Undefined values will be read from PIO inputs during simulation
., Warning: gpio0: PIO inputs are not hardwired in test bench. Undefined values wil be read from PIO inputs during simulation.
Warning: gpio0_clkin: PIO inputs are nat hardwired in test bench. Undefined values will be read from PIO inputs during simulation

g

Core Nios Il

Select a Nios Il core:

and Memory Interfa

MMU and MPU

ONios Ii/e ONios Il/s |®Nlos 17,4
. RISC RISC RISC
Nios Il 32-bit 32-bit 32-bit
Selector Guide Instruction Cache Instruction Cache.
Family: Cyclone Il n Branch Prediction
Hardware Muttiply Hardiyware Mutiply
Tsystem: 100.0 MHz Hardware Divide Harcware Divide
Barrel Shifter
@ 0
P Cache.
amic Branch Prediction
Performance at 100.0 MHz Up to 3 DMPS Up to 50 DMPS Upto 101 DMPS

Logic Usage 600-700 LEs
Memory Usage.

Hardware MUtioly: Empedded Mutipirs v

Two Maics (or equiv.)

12001400 LEs
Two Mdis + cache.

Hardware Divide

1400-1800 LEs
Three MdKs + cache

Reset Vector: Memory: ofi_flash

Exception Vector: Memory: [ ssram_2m

| offset: [ox0
v |offset:[oxz0

0x00000000
0x00a00020

[ inclucte MU

Only include the MMU when using an operating system that explicitly supports an MMU

Fast TLB Miss Exception Vector: Memory:

[ include MPU.

Offset

We will design the p-processor. You shou
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Embedded Processor Software

e Design Software: Altera Nios Il Embedded Design Suite v10.0
(Free)

https://www.altera.com/download/service-packs/sps-nios-ii.jsp#10.0-sp1

* Design Language: Standard C

s Il C/C++ - De2_70_medi

EiIeAgdit Refac;orruavigaf:‘e Se?ch Eljln Evolject Tools Window Help - We WiII prOVide Hardware
SMECICRE NN = Abstract Layer (HAL) APL.

B niios 11 C/C++ Projects 52 = = B[ 8= outline £2
o & ¥ || #include "Dez_70_EE14SM_labid.h" ~ 3 R o
= {22 DE2_70_media_PC_145M Bl 4inciede "pez 70 EE14SH & . = pez_70_media_PC_145M.h ~
< Binaries include Thmz 0 - CIE10 - = pez_70_EE145M_labl.h

2 Includes . = pez_70_EE145M_labz.h

(= Debug S " =1 Dez_70_EE145M _lab3.h
[h) Dez_70_EE145M_demo.h int main() = pez_70_EE145M_lab4.h

. .
*
B : S| EEEes We will implement a JTAG
[ Dez_70_EE145M _lab10.h = pez_70_EE145M_labé.h
[h) Dez_70_EE145M_labS.h s pnedgtonggingsvlied) @ Make Targets 52 =0 i II
processor. So you wi be
[B) Do2_70_EE145M_labs.h /* LCD, LED and host PC display # 25 BlkconWithR232Clean

[ Dez_70_EE145M_lab2.h int mai ia ' Dez_70_EE145M lab7.h H
13 bez_70_Eei4sh o it main(roid) R = debug module in the u-
[ Dez_70_EE145M_lab4.h ¢ =
[ De2_70_FE145M_labs.h unsigned char counter=0;
[ Dez_70_EE145M_lab7.h
’ < i "

DisplayWelcomeMessages(1,1,1); #-1=> BlkconwithR232Clean_syslib
[ Dez_70_EE145M_labg.h 125 BlkconWithR232CleanTOFAS a e O e u se rea
[A] Dez_70_media_PC_145M.h

{0 T R R R R R R R R T R R R R R

[©) De2_70_media_PC_145M_driver.c rad ) the program never returns from this point®/ & IDZ BIkconwithRZFiZCIeanTOFAS_syinb - -
9 oo 7 o e e point, single step, check/set
) application.stf { \iJ bc DE2_7D_r.ned|a_PC_145M_syshb , ,
B) readme.txt /% read the switches®/ @ IDc De2_media_PC_145M -
5 55 DE2_70_media_PC_145M_syslib [DELL. sw_led=IORD_32DIRECT(PIO_SWITCH_BASE,O): v =5 De2_media_PC_145M_syslib va r I a b I e va I u e a n d etc ) o n -
=125 De2_media_PC_145M s - 2 - -
< Binaries Problems | & Console 52 Properties | Debug | Search ® f ‘ #7B-rg5- =0 - H
&= Debug DE2_70_media_PC_145M Nios II ISS configuration [Nios IT Instruction Set Simulator] Nios II Instruction Set Simulator (11/3{10 B:EQM) I I n e u S I n g a n A I te ra U S B =
@ [h De2_media_PC_145M_backup.h |||+ Welcome to EE145H * =
#- [h Dez_media_PC_145M.h +* Hello from Nios II! *
© [0 Doz mode . 145 1 blaster download cable
=1 application.stf v v
< >

o® Writable Smart Insert 23:30




PC Software

e Design Software: NI LabWindows/CVI 9.0 ($2,599)
e Design Language: Standard C

&1 g:\0penPET\LabWindow\OpenPetDataAnalysis.cws - [OpenPetDataAnalysis.c
File Edit View Buld Run Instrument Lbrary Tools Window Options Help

OpenPET Data Analys:

=)

FEELIETY IR \ \
= |¢] |OpenPetD ataAnalysis| OpenPetDatadnalysis.uir | OpenPetDatadnalysis.c * x
= 5 User Interface Files T - - -
T . finclude < to.h>
OpenPetD atadnalysis. Jinclude Soviauto.d, A BoardID | AIADC | AITDC | Individual ADC || Individual TDC | FloodMap | Crystal Energy || Crystal Time |
Source Files t nclude é?lility.h;>
] OpenPetDatasnalysis. S 1nclucs Sfornat jo-
Ed . f; nclude <analysis.h> ] ] DPE board ID: Create Data File
v ; :
7/ Title: OpenPetDatatinalysis DPE O v
;; Purpose: A short description of the application.
/4 Analyze Data
i ated on:  9/18/2009 at 1 lock || analy:
77 Copyright:  Lawrence Berke Il Rights Reserved.
D e eemmteemmeeemseemeiemeseeeseessemssseesseesssesssesssecssscosss BLK 0 (CHO™3) ¥

Display flood map
Display lookup table

<ansi_c.h>
<evirte.h>
sde <userint.h>
- "OpenPetDatadnalysis.h”
wlude “toolbox.h”

77 Static global variables

Draw Boundary
static int panelHsndle; [
static int BoardlDcounter [8],2ADCcounter (2561 , sTDCcounter [25615 )
tetic int elndividumieabbeaunter (18T 58] =

static int glndividualgTDCcounter [8]
static int sFloodMap[8] [4] [612] [512]:
static unsizned char slookUpTable[8][4] [512][512];

19/2607 B3 C/S Ins| BE < >

We will provide lower-level data communication API for both high-speed data
buffering and low-speed data/command communications.



Schedule

e Circuit Board Schedule

—Board design complete Mid Dec.
—Board fabrication complete Mid Jan.
—Board integration begins End Jan.
e Boards Available to Users (limited software) February

N
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the open source, standardized,
nuclear medical electronics system
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