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Introduction

« A DSP based digital LLRF developed around 2003 at CERN using a
BNL developed motherboard and CERN developed daughter cards
and other modules has been successfully used to operate LEIR at
CERN since 2005 [1,2,3,4]

- A Leading-edge hardware family! for LLRF and diagnostics?
applications in CERNSs synchrotrons has now been developed to
succeed this previous (prototype) generation.

Similar from a conceptual viewpoint

Entirely redesigned using recent components

Adheres to recent industry standards [5,7]

Extensive use of novel technologies

Application of novel on-chip communication architecture [9]

Computer to firmware interfaces now defined by a common database [10]
Fully remote reconfigurable

1 See poster ID#45 LLRF 2013 «A Leading-edge...»
2 See poster ID#46 LLRF2013 «LLRF & Longitudinal Diagnostics Implementation for CERN’s ELENA Ring»
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Digital LLRF Principle

The original DSP based Beam Control system [1, 2, 3, 4]
Successfully operational in LEIR since 2005

4 __ Frequency program, radial Phase Cavity voltage/phase

% # Controls loop & trains generation & synchro loops loops (hgr = 1&2)

= middleware &

S application

UX programs

£ h h VMEG4x bus

: - = T —

o DSP |FPGA DSP | FPGA

2 ¥ Legend

£ 5

8 m m m = 10 MHz ref. clock

g —p Timing pulses
yY

- H._ —p» MDDSC

o ““" Nu T ;I tl'f =—p Linkports

£ TPU RF Bup Phase  Extraction Gap return

o 1&2 trains Bpown PU reference (hre=1,2) HLRF C::) VME64x J2/P2

Weak points:

. Inter DSP communication through panel mounted link-ports

. DSP memory and VME share the same bus (conflicts operation)

. Moderate DSP “Fast loop” cycle time 15 ps (DSP Clock 80 MHz + Assembly programming).
. RF Clock and TAG distribution through external distribution

. The electronics has become obsolete (DSP FPGAs ~2003)

. Non standard mezzanine solution with (too) limited on-board FPGA resources
J.C. Molendijk - LLRF 2013 5



Digital LLRF Principle

New RF Low Level system

Frequency Program Beam Phase loop Cauvity Drive
& Radial loop Injection & extraction & returns
B Field synchro loops
| VME 64x |

| AN A \Ks 4

DSP FPGA DSP FPGA DSP | FPGA
HDDC >DDC MDDS| 'DDC K DDC >SDDS
| | | | v
Characteristics: fransvers Pickups Beam Phase Pickup Gap refuins Cavity drive
' 4XT&A Ext. references C02, C04,C16 C02, C04, C16

Full PPM operation including cycle parameter archiving

Unlimited inter DSP communication through Standard VXS [5] backplane

All players DSP etc. have independent control interfaces

DSP “Fast loop” cycle time 5 ys (DSP Clock 400 MHz + C programming).

RF Clock and TAG distribution through VXS fabric

Recent electronics (DSP FPGAs etc.)

Standard FMC [7] mezzanine solution using powerful carrier FPGA resources (DSP specialized Virtex 5 XC5VSX95T)

Firmware built-in remote flashing capability for both the FPGAs as well as the DSP code
J.C. Molendijk - LLRF 2013 6
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VXS Standard @

W
m VXS = VMEbus Switched Serial Standard %5-

1 Standard VITA 41.0 [5] (2006 - now)

1 Dual star backplane interconnect from payload slots to switch slot(s)
m High-speed Multi-Gig RT-2 connectors PO
» High bandwidth up-to 6.4 Gb/s supported
m Low latency point to point
m Reduced real-estate for interconnects

Payload
Port 1

Payload
Port 4

Payload
Port 8

VXS Topology

Payload
Port 5

Payload
Port 7

J.C. Molendijk - LLRF 2013
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VXS backplane
2 (A and B) x 4 full-duplex Giga-bit Serial links per payload slot
Switch Slot A connects to all “A” links of all Payload slots.
Similar for switch slot B
16 full-duplex interconnects between both Switch Slots (not shown)
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VXS Boards

TOP HANDLE

No VME interface

Figure 3-1 VXS Payload Board Overview Figure 4-1 VXS Switch Board Overview

The High-speed Multi-Gig RT-2 connectors support:
m 8 Channel full-duplex High-speed differential signaling +
= |2C [6] Control link (Payload to Switch board)

B&W Pictures source:
VITA AV41DOTO

J.C. Molendijk - LLRF 2013 10
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VXS Switch Boards

VME 64x VXS
Moot [ Switch Board A VXS Crate
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VXS Switch Boards @

VXS Switch B
RF Clock & TAG [ 1 RF Clock & TAG
Monitoring ~
FPGA
Front panel
RF Clock and TAG
istributors
Source Select output
1
Front panel
VXS B ports RF Clock & TAG
RF Clock and TAG RF Clock and TAG |e-SATA — 0 s . RF Clock & TAG
in and outputs lafeid €
e-SATA
1
12 RF Clock & TAG 1« RF Clock & TAG
> 1
PP1- X-bar Switch
PP12 5 72X 72
M21141]
12 RF Clock & TAG 1 RF Clock & TAG
N
Legend
> Example X-bar route
1 o RFCIock & TAGy ot ook e TAG
point to point routing
L AP CIEERE TAG; Unused RF Clock &
TAG routing

Typical Clock & TAG routing Configuration
1. The Payload ports with the MDDS is driving RF Clock and TAG towards the X-bar switch
2. RF Clock & TAG is driven to all used Payload ports by X-bar switch (Multicast)
3. RF Clock & TAG distributors (eSATA outputs) driven by X-bar switch

J.C. Molendijk - LLRF 2013 13
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FMC Standard

1 FPGA Mezzanine Card standard VITA 57.1 [7]

1 Two flavors

= Low-pin count connector
o 160 pins = 34 diff pairs* (68 single-ended) single bank IO voltage.

m High-pin count connector
0 400 pins = Bank A: 58 diff pairs* AND Bank B: 22 diff pairs* with separate 10 voltage per Bank
m FMC Bank A 10 (and FPGA VCCO) programmable voltage is supplied by the FMC
Carrier (Vadj) as requested by mezzanine IPMI [8] ROM.
m FMC Bank B 10 (and FPGA VCCO) is powered from the FMC mezzanine
(VIO_B_M2C). Also declared by the mezzanine IPMI ROM.

Notes:
* Or: single-ended = 2 * number of diff pairs W h
IPMI = Intelligent Platform Management System %y, =,

J.C. Molendijk - LLRF 2013 14
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FMC Modules

1 High Pin Count FMCs Developed [11]
m ADC 16 bit 125 MS/s (DDC)
m DAC 16 bit 250 MS/s (SDDS)
m DDS (can be used as Master Direct Digital Synthesis)

Notes:
DDC = Digital Down Converter
SDDS = Slave Digital Direct Synthesizer

g - - ™~
E Il ‘2 B :§
¢, B ¢ [ g2 IO ;i

%
gi.

J.C. Molendijk - LLRF 2013



ADC (DDC) FMC

m ~
(04)
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300 —3
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Characteristics:

m General purpose 4 channel, 125MS/s acquisition module with 16bits architecture.
m Provides signal conditioning with an analogue front-end featuring DC coupling, low

noise, low distortion and gain switching (equivalent to 3 LSBS).

m DC to 40MHz (oversampled) bandwidth. Can be extended by a factor of 10.
m SNR > 77dB (12.5 ENOB), SFDR > 70dB

J.C. Molendijk - LLRF 2013 16
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DAC (SDDS) FMC

Characteristics
2 x 16bit Dual DACs (AD9747), Fs <= 250MS/s -> 4 identical CHs
DC coupled output, 40MHz analog bandwidth, peak output voltage 3.6 Vp-p

400-pin FMC connector for parallel data interfacing

Low noise and low distortion amplifiers

Compact front-panel for heat dissipation and 3-color status indication LEDs

Unique PCB identification by silicon ID chip and a system monitor chip

IPMI EEPROM with HW specific information (FMC type, Version number, operating voltage etc.)
Programmable 18 dB analog gain switch < 30 ns for dynamic range shift

Measured wideband SFDR > 60 dB

J.C. Molendijk - LLRF 2013

17



gl LLRF 2013 i
DDS FMC

- S 6 7 8 3
8 7

0 O -

Characteristics:
- High quality compact clock and synchronism generator.
. Integrated random time jitter: 674 fs RMS

. Can generate a clock signal from 62.5 MHz to 125 MHz, and the associated revolution
synchronism signal at any FRev sub-harmonic from 1 to 16535.

- It features two independent channels, synchronized to the same reference, with
synchronization pulse (tag) generators.

. 32bit DDS core: 232 mHz frequency step resolution.
. Compatible with LPC and HPC FMC standard.

J.C. Molendijk - LLRF 2013 18
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VXS DSP FMC Carrier

A VMEG64x board with VXS
m VXS bank A banks fully equipped with 4 full-duplex channels, bank B with 2
m Raw link-speed either 2 Gb/s.

Two High-pin count FMC sites

m Sites have independently programmable Vadj

m 4 FPGA IO banks (~20 diff pairs/bank) per FMC site.
3 FPGA IO banks for FMC Bank A, 1 FPGA |10 bank for FMC Bank B.

m 4 full-duplex Serial Giga-bit links to FMC_FPGA per FMC site.
Two Virtex5 FPGAS: XCVSX95T-1FF1136 & XC5VLX110T-1FF1136

m FMC_FPGA hosts the FMC DSP intensive code, interfaces with both FMCs, communicates to the
Main_FPGA via 8 Serial Giga-bit links and a parallel bus.

s Main_FPGA manages the communication with: VXS, FMC_FPGA, VMEG64x, DSP.

A Sharc DSP 400MHz: ADSP-21369 FMC FPGA Main FPGA DSP
m Al16 /D32 interface with Main_FPGA.
m Alternate Serial ports connected to Main_FPGA.
Memory Banks
m Two4 Mx18 @ 100 MSPS (CY7C1472V33)
m TwolMx4x18 @ F-RF MSPS (CY7C1474V33)

RF Clock and Tag distribution.

J.C. Molendijk - LLRF 2013 FMCs 19
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VXS DSP FMC Carrier
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VXS DSP FMC Carrier Powering
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2 * FPGA_CONFIG

XCF32P)
V-Secondary 5
I-Primary SPI Interface
Monitor
16 channel
2* FPGA
XC5VLX110T-1FFG1136C
XC5VSX95T-1FFG1136C
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H = Charge Pump Drive (+12V ="on")
OC = Open Collector Drive
L = Logic Level Drive (5V ="on")
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FMC FPFA Power Domains @

£ XILINX. FF1136 Package—FX70T, SX95T, FX100T, LX110T, and LX155
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Figure 3-14: FF1136 Package—FX70T, SX95T, FX100T, LX110T, and LX155T SelectlO Bank Diagram
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Firmware Architecture Communications

FMC Carrier
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Wishbone @

SoC! Interconnection Architecture for Portable IP Cores [9]

e Simplifies design reuse & integration
¢ Common standardized GP interface .}OpenCores
» Decouples IP cores & waww.opencores.org
 Divide & Rule: more control interfaces easier to manage
» Easily extendable to seamlessly interconnect FPGAs

« Enables individual software driver (per core) support —EONE
cONPATIBLE
VXS-DSP-FMC Carrier
Memory map VME SYSCON
N Master [ St N Slaves
Main FPGA 0 L
RST I BT RST I
DSP 1 K 1 [ CIK it
g ADR 0() MR AR IO S
g - DiR(31..0) | = 8
g DAT I() DAT I() E
Individual . VME ¢ DRD(31..0) .
Memory maps / \, Wishbone é’ DAT 0() — MO0 F
Register control — > Switch Control |4 | Slaves eac?h % SELWE_{? o :EH:II{} g
per WB slave §‘ EMC FPGA : 64k x 32 bit 2 Tamo izi o 1 ;
= AxI ACK 0
FMC 0 IP-core | 6 CYC_O [—>X UNUSED cye I
FMC 2 IP-core | 7 WISHBONE INTERCON - ICNOOOla

1 SoC: System on Chip J.C. Molendijk - LLRF 2013 24
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Memory Map management

The Cheburashka memory map configuration tool [10] has been created to

achieve:

 Common definition of memory maps for FPGAs, CPU Software, DSPs

 Automatically generate the memory map VHDL package as well as the register control
block VHDL (using GENA [10]).

* Automatic creation of the Linux CPU device driver configuration

e Automatic creation of a debug FESA (middleware) class

e Support for construction nested (by reference) memory maps

« Support for interface reversal (read-only to read-write and vice-versa)

 Automatic creation of DSP header files

* Integrated documentation: XML files from Cheburashka can be displayed on a web
browser

rfPulseGenerator Memory Map

B
o
it
b
o

...........

i
£

P ———
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Project Status

e Hardware
e Laboratory and successive tests on CERN PSB Ring 4 with a 2 board system,
built in V1 hardware (VXS-DSP-FMC Carrier and VXS-Switch) have
successfully demonstrated the feasibility of the new digital Low-level RF
system.
 The pre-series of V2 hardware has been validated
* At present the 3 board system (V2 hw) has been transferred to a MedAustron
test stand for specific MedAustron software developments
 Firmware
« The FPGA firmware developments are nearing completion
 Remote updating of FPGA firmware and DSP now available
e |PMI for FMC developments has started
e Software
 Test DSP code has demonstrated successful. Code now well advanced for the
MedAustron / PSB system
e The device drivers and test FESA classes generated with help from
Cheburashka work nicely in synchronism with the firmware
e A control room application will be created this year.

J.C. Molendijk - LLRF 2013 26
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Planning (non exhaustive)

 MedAustron
e Cavity test-stand commissioning, Oct. Nov. 2013
o System Deployment in Austria Feb. 2014 onwards
 PS Booster 4 rings
o System deployment and commissioning from April 2014
 Finemet tests from late 2014 and onwards
e LEIR
 Upgrade to the new LLRF in 2015
e ELENA! LLRF + Longitudinal diagnostics + Beam orbit system
o Systems to be deployed and commissioned in 2016
« AD? LLRF + Longitudinal diagnostics system
 Upgrade to the new hardware in >= 2017

1 ELENA: Extra Low ENergy Antiproton synchrotron [13]
2 AD: Antiproton Decelerator [14]

J.C. Molendijk - LLRF 2013 27



oY LLRF 2013 (e}

Conclusion

 The developed standardized hardware opens the way to many alternative
applications beyond the scope of LLRF alone

 The novel modular approach using the wishbone bus has shown very
efficient in a multi developer environment

 The tool used to guarantee coherent memory-maps between the software
and hardware world has been essential for the success of this project

 The automatic register bank VHDL code generation tool is saving lots of
time allowing to largely cut the firmware development time

e The built in remote FPGA and DSP reconfiguration tool simplifies machine
development and operation

1 ELENA: Extra Low ENergy Antiproton

synchrotron J.C. Molendijk - LLRF 2013 28
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Thank you for your attention.
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DDC Overview

ANALOG FRONT-END (one channel)

- LNA, G = +18dB
-3dB BW = 40Mhz

RF_Input -3dB BW = 40Mh
_Inpui z 6;\0_ ADC RF Clock from

= ~ ° Master DDS
5098 - '<

+10dBm Full Scale
+21dBm Surge Protected

A

ﬂ I FMC Connector ]]

The down converter is oot g
an homodyne receiver FPGA: IP-CORE (one channel)
that converts the R
selected beam Gain correction
revolution harmonic
into a baseband 1/Q ]
signal. e o [
w Baseband I/Q >
It features a multi-rate : - X oo ] e | 8
5 = X p-| [Frequency > £
fast signal processing E o e £
hardware embedded = o . - 8
into the FPGAIP core. | = e e o D g
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DC Overview

The narrowband dynamic range is controlled by an
automatic gain control, maximizing the SNR when
the input signal power does not fill the ADC range. It
adds 18dB to the effective analog dynamic range.
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| |
| |
| |
| |
| |
||
| Gain |
| |
| |
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| |
| |
| |
l |
| |
| |
| |
ol
hl

| |
| |

Frqun;v e e S -
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Front-End Dynamic Ran,

Frong-End Dynamic Range
Effective Dynamic Range |

Noise floor variation
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\

-
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Further improvement is obtained with process gain:

Frequency response Frispuncy msponsie
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A - L . i i 50 | i i i i H i i ;
n a1 02 ni 04 as 0 0fs 01 015 02 026 03 03 04 04 05
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DAC FMC Overview

CLK max. 250MSPS

B [,

Digital Main DACT | [~ 3ManDACout | |
data CH1 AUXDAC1 | P »AUX DAC aut i ‘
1 |
Dual DAC chip .
] | _.c\ Switch l
sl . D par . L - SMC I
Digital Main DAC2 I yMain DAC out * T ~ R - ~ RF 0Ut|
data CH2 AUXDAC2 = > »AUX DAC out 1 — e - s I
|data CRZ A | ~./ - 50ohm
16 i G =1 ) Y I
DAC control via SPIqunk | G=7 Fc = 40MHz | |
! 18dB
CLK max. 250MSPS L it |
| compensation att I
|
7/ |
Digital Main DAC1 > *Main DAC out | SRR S —
data CH3 AUX DAC1 > ® AUX DAC out | |
16 |
Dual DAG chip | |
FMC | Digial Main DACZ | £ Main DAC out CH1-4
connector |data CH4 AUX DAC2 "% AUX DAC out | |
16
(HPC) » SW control
DAC control via SPI-link ‘ | v
»>
B Power good Front panel
indication LED control

Secondary IIC-bus |

1IC-bus «——— lIC-to-1-wire master

I
I
I
I
I
I
I
I
I
I
: |
I
I
I
I
I
I
I
I

1-wire
EEPROM Voltage/temp Monitor Serial number
S |
Legend
Power HPC = High Pin Count (400-pins)
distribution FMC = FPGA Mezzanine Card (Vita 57 standard)

J.C. Molendijk - LLRF 2013 34



{000

ol” LLRF 2013
DDC Overview The narrowband dynamic range is controlled by an @
automatic gain control, maximizing the SNR when

the input signal power does not fill the ADC range. It

adds 18dB to the effective analog dynamic range.

FMC FPGA: CHANNEL # SDDS PROCESSING FMC mezzanine hardware

| and Q vectors

DSP | Aw |
Azimuth
Phase offset y
Delay correction
! Digital out
summing Up-converter -+ > DAC gain ——==p
network -18/0 dB
A A A

W o1 Neo

Local oscillator
signal
Analog/Digital
VME m Gain control >

|
|
|
|
|
|
|
|
|
|
|
|
|
Phase 1Q-modulator/ ! Digital in Analog Analog output
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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SDDS Main Characteristics

» Delay corrector, Azimuth, phase offset compensation and MDDS harmonic number change
compensation features

» Selectable amplitude and phase modulations, and noise generation for the controlled beam
emittance blow-up

» Comprehensive signal observation through SRAM memory
» Highly flexible signal generator with many features
= Contains SPI, I12C, Memory, power supply and A/D gain processing controllers

= Has a direct VME, DSP and memory access but also FMC to FMC IP core link, main
FPGA to FMC FPGA link for status/faults etc., PG indication signals and many more...

= Multiple debugging options
= Amplifier offset compensation manually and automatically according to the preference

» User selectable manual/automatic amplifier DC offset compensation
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SDDS Main Characteristics

DAC mezzanine output DAC mezzanine V1 during testing
o [l 1 10 AR
e A TALUUDIII

DR ~60dB between

10 71dB_SFDR

dB
sdiv

FFT of the 16-bitNCO | o[t N A O — i
signal ~ 5MHz, peak at s , | : | i
89dB (Matlab p|0t) i A0 e OO OO SOT SOOI OO ................................ ST _|

Magnitude(d;

All measurements are
completely independent
and unrelated Frequanc i)
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MDDS Overview

Simplified block diagram:

CHANNEL 1

Tio carmhar board |

trough dedicated

FMC pivs. |

Clock distribuior and |
I

I

I

! 005 Cora TAG puss
i ADGASA dividors.

I

ADOEAD generabar lagic

&
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e3ATA Tront panel
carertor

FLL Block

AD9511
G wo CpANNRLE
CL1 0004 |_

| RF Ck |
aSATA front pansl i

| -I-Hg ocanachor
| DOS Core ~— e et & TAG pulse |
| A0GA5H — .flll‘:llgé.'-lé generatar lapic I
| |
|

Power supphy:

300, ALK 3.3V From FMC
1.3 Linsasr requlator
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MDDS Operating Principles

130

The RF Clock follows the frequency / Bl s
program (Frev) at an harmonic such that

the output frequency falls always between / //

[MHz]

MDDS harmonic #

f_clock_ADC

the maximum sampling frequency and half.

70 / 70
4
250 350 450 ::“e - 650 750 850
10 MHz reference RF Clock 67.5 — 125 MHz
- PLL
——(y
o | [ —
j::: ‘ « Btrain [016] /
[CI / B Field |
§_ 00 / =‘ Frequency Program |
g 41000 /
& oo // This scheme allows the homodyne
o= ] system to track the selected Frev
et harmonic, while maintaining the

sampling rate high enough to
guarantee a minimum SNR.
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MDDS Test Results @

Divider change + Tag synch pulse 125MHz clock phase noise

1 PPhase Moise 10,0008, Ret -20.000BC/Hz
] 20,00 M Carrier 124,999993 MHz 0.55%7 dbi
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f 1200
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| 160.0
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MDDS System Clock Distribution Context
< R Clock distAbution bus >

|
| |
| T |
: Sarerx = Poe Fre- 270 |
A . | Mypps = Poge - 27 Pumes : e
—Digpos — ~Diicos
| Srrerx =My 027 | | _D | | Sarore =Moo frou 2 |
| | | X 27 | |
I 3
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| SDDS : | | | SDDS |
| v | 4 |
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| | | | | |
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| g | | Partial MDDS | | o |
14 — o
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S R ) A SR
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VXS DSP FMC Clock Distribution

GTP / FPGA / SRAM Clock Distribution

3
11 » MHz200_FMC_FPGA (2*GTP->LVPECL & 1*GC->LVDS)
00 ac-coupled 1
= MHz200 1/2 ¥ Spare (100/200MHz LVDS)
1
Qz —“ciock Distri ,
171 » MHz200_Main_FPGA (2*GTP->LVPECL & 1*GC->LVDS)
o s 1 TVDS 1
‘o__.*fgf’ 172 » » MHz100_FMC_FPGA (GC->LVDS)
o] - - » MHz100_Main_FPGA (GC->LVDS)
PSI1-0 | ispPAC-CLKS61 I'_I.H".--LI TNﬂL.‘ » M HZM_FMC_FPGA (GG—>LVDS)
L PLL Clock Distri i .
m N » MHz50_Main_FPGA (GC->LVDS)
] Clk_SRAM_Main_0 (LVCMOS)
Clk_SRAM Main_1 (LVCMOS)
Note: By choosing Fin to be 200MHz we can easily fall back from 2Ghps to 1Gbps GTP speed.if needed.
e ;
RF Clock Distribution _frsax Pd=430ps  400mVpp [—rimip RF_CLK1_FMC_FPGA (GC->LVDS)
LREso0 | AD9512BCPZ
RF_CSB 800mVpp ——<3 RF_CLK1_FMC_0 (LVPECL)
Pd = 220ps ac-coupled Clock Distri i To FMC Clocks
LVPECL 0 LVPECL /LVCMOS  B00mVpp =i RF_CLK2_FMC_0 (LVPECL)
1 MC100EP11D)
FP_RF Clk ——<—3» y_=pava Pd >= 1,33ns Clk_SRAM_FMC_0 (LVCMOS)
Ve=Gnd »1 - - -
o0 Pd =400 omvpp RF_CLK1_Main_FPGA (GC->LVDS)
“RFsbo_| AD8512BCPZ,
. TS ) ookDisti | P0Vee —<®RF_CLK1_FMC_2 (LVPECL) o MG Clock
= 220ps LVPECL / LVCMOS 1 0 S
— of 800mVpp feripe RF_CLK2_FMC_2 (LVPECL)
VXS_RF_Clk __1 deta Fecoupled
=T e VenPOY LVPECL ol Pd> = 1,33ns Clk_SRAM_FMC_2 (LVCMOS)
Note: By Connecting the 2nd Clock input to the VXS distribute the RF Clock & TAG through th Legend e
)} V;r(SGE::ckPEEe. This upﬁgfu coats 2 out of the 8 VXS Channels. e 1g Enaonecx | Title "’éi&%a’smu%‘ﬁamerl Page |
VXS resources used are: RF_Clk = PB_RX3, RF_TAG =PB_RX2. One Differential pair Designer | John G. Molendik BE/RFlcs
—p Parallel Data bus @
——» Single ended signal ! .. Date 2011/1/17 |Ver$ion |
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