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Swiss Light Source (SLS) Upgrade, the SLS 2.0 project
• Replacement of the SLS storage ring, providing up to 60-fold higher brightness for hard X-rays.

• Modernization of aging systems, including the bunch-by-bunch feedback:

▪ RFSoC as platform to implement the SLS 2.0 multi-bunch feedback (MBFB) .

• 1st SLS 2.0 beam is planned for 1/2025 [1] .

Introduction: SLS Upgrade – The SLS 2.0

Figure 1 - Interior view of the Swiss Light Source 

(SLS) In user operation since 2001.
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• SLS 1.0 MBFB system:
• PSI-design, commissioned in 2006

• Stabilize beam and avoid beam loss due to coupled bunch-instabilities (ion instabilities, resistive wall 

impedance, cavity HOM, etc.)

• Diagnostic tool:

▪ Coupled Bunch Mode (CBM) spectrum display (find source of beam instabilities)

• SLS 2.0 MBFB system:
• 1st Milestone:

▪ Replacement of the old VME-based ADC/FPGA/DAC MBFB system* with RFSoC-based solution [1].

• 2nd Milestone:

▪ Replace analog down/upconverter for BPM/kicker signals with digital solution.

▪ Advanced Diagnostic tools:

o Add Excitation-damping measurement

o Add Parasitic (X/Y/S) tune measurement

o Other ideas (vertical emittance control/feedback, …)

Introduction: Multi-bunch Feedback Upgrade
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SLS 1.0 MBFB system:
• PSI Design*

• RF frond-end:

▪ Commercial analog front-end with down-

converter (from 1.5± 0.25 GHz to 

baseband).

• Digital back-end:

▪ 500 MS/s 8-bit VME-based ADC and DAC 

cards with MBFB algorithm deployed on a 

Xilinx Virtex 2.

• Analog DAC signal-conditioning:

▪ For the longitudinal MBFB plane, an 

analog up-converter transforms the 

baseband (0-250 MHz) DAC signal to 

1.25-1.5 GHz for the power amplifier of the 

longitudinal kickers.
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RF System-on-Chip (RFSoC Gen1)

• Integrates:

▪ Multiple CPUs

▪ Resourceful FPGA Fabric

▪ GHz-range ADCs and DACs

▪ Various data storage and communication 

interfaces

• Low ADC to DAC Latency

▪ 8xADCs (12-bit up to 4.0 Gs/s): ~46-101 ns

▪ 8xDACs (14-bit up to 6.5 Gs/s): ~24-116 ns

▪ Loop-back latency: ~70-217 ns

▪ Stable and reproducible

▪ (i.e. after a power cycle).*

• Stable temporal sample alignment among 

ADCs and DACs

▪ Multi-tile synchronization (MTS) mode.
Zynq® UltraScale+™ RFSoC Gen1 [3] 

Page 8*with suitable firmware & software design.



ZCU111 Evaluation Kit

Xilinx/AMD ZCU111 Evaluation Kit featuring the RFSoC Gen1 (XCZU28DR)

Page 9*Adaptation of the ZCU111 evaluation board

Zynq® UltraScale+™ RFSoC

Gen1 XCZU28DR

Add-on card breaks 

down the RFSoC 

ADCs/DACs 

inputs/outputs to 

SMA connectors

Ethernet for 

communication with 

control system 

network

Machine reference clock 

input (𝑓RF = ~500 MHz) 

synchronizes data 

converters and 

programmable logic (PL)*

RF-FMC connector

FMC-XM-500
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SLS2.0 MBFB : Hardware – Milestone 1 

VME-based ADC/FPGA/DAC hardware of SLS 1.0 MBFB.
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SLS2.0 MBFB : Hardware – Milestone 1 

Hardware setup for testing the RFSoC-based MBFB at SLS 1.0.
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SLS2.0 MBFB : Hardware – Milestone 1 

Comparison of the open-loop response (horizontal plane) between 

the RFSoC and the VMEbus-based MBFB system (Lab Tests).
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SLS2.0 MBFB : Hardware – Milestone 2  

SLS2.0: transverse 

strip line kickers (400-

500MHz) & longitudinal 

kicker (1.5-1.75 GHz)

Hardware setup for testing the RFSoC-based MBFB at SLS1.0 with direct sampling.
Page 14

RFFE front-end

prototype

Button BPM

BPM

Pickup Kickers

ZCU111 Evaluation Kit

A B CD

Y XS

ADC2

ADC1

ADC0

DAC2

DAC1

DAC0

FMC-XM500

ZCU111

RF Amplifiers

Control System 

Network

RFFE

(DSP)
PL

(EPICS)
ARM



Page 15

SLS2.0 MBFB – Hardware for direct sampling

New RF Front-end (Prototype) New Digital Back-end (Prototype)
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SLS2.0 MBFB: Hardware – Milestone 2

New RF Front-end (Prototype) New Digital Back-end (Prototype)



SLS2.0 MBFB : Hardware – Milestone 2 
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Beam test with only

one single bunch in 

SLS 1.0 storage ring

Oscilloscope measurement of signals for MBFB with old & new RFFE:

• Blue: X output of new direct sampling RFFE (optional lowpass removed)

• Red: X output of legacy MBFB (down converting) RFFE
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SLS2.0 MBFB: Firmware & Software
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MBFB ADC/DAC clock 

period = 1/8 of nominal 

bunch spacing.

(𝑓S = 8 × 𝑓RF = ~4Gs/s)

ADC / DAC data 

monitors

ADC/DAC PL data 

stream 8 samples in 

parallel @ 500MHz

EEVR trigger the 

system and provides 

information for bunch 

indexing

Bunch-charge, 

Bunch-Arrival time 

and Couple Bunch 

Mode Spectrum 

calculation on the 

RPU
EPICS IOC running 

on the APU

Sampling scheme 

increases the effective 

sampling rate of a single 

ADC. (By means of 

Interleaving)



SLS2.0 MBFB: Firmware & Software

High-level block diagram of 1 dimension of the MBFB.

User interface 

configures the MBFB 

Feedback via EPICS 

IOC channels running  

on RFSoC ARM CPU.

ADC sample the position 

signals at ~ 4Gs/s, 8 

samples per bunch. 

DAC generates the 

correction signals at 

~4Gs/s, 8 samples per 

bunch, thus time 

granularity of 250ps

DSP path processes 

one out of eight samples 

and has data throughput 

of 500Ms/s

Page 19

PL
RFDC

DEMUX

(8/1)

MUX

(1/8)
DF

MBFB –   Dimension

/1 @ approx.125MHz

/1 @ approx.125MHz

/1 @ approx.125MHz

/1 @ approx.125MHz

/ 8 Samples (14-bit) @ approx. 500MHz

/ 8 Samples (12-bit) @ approx. 500MHz

AXIS_ADC[0]AXIS_DAC[0]

DAC[0:2]ADC[0:2]

AXI_BUS

PSETHERNETGUI



SLS2.0 MBFB: Firmware & Software

Digital Filter - Longitudinal dimension - S

Digital Filter - Transverse dimensions – X and Y
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❑ ADC to DAC latency: 128.5 ns

❑ Long. MBFB Latency: 16’438 us

❑ Total: 16.566 ms

❑ Trans. MBFB: Latency: 328ns

❑ Total: 456.5 ns
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Bunch-phase (bunch arrival-time):
• Proof of principle:

▪ Measurement of bunch-phase in real-time with RFSoC ( C-code )

▪ Statistics of the measurements (moving average and root mean square error)

• Planned final solution:

▪ Accelerate the phase measurement in FPGA logic for bunch-by-bunch feedback

▪ Close feedback loop: directly drive longitudinal kicker with 32 GSPS RFSoC DAC waveform (4 GSPS 

with 8x interleaving)

• Backup solution: 

▪ Use old SLS 1.0 analog down-converter & up-converter with RFSoC (Implemented)

SLS2.0 MBFB: Bunch-charge & Bunch-phase
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64 GS/s effective 

sampling rate

Real-time software 

running on the RFSoC 

ARM CPU
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SLS2.0 MBFB: Bunch-charge & Bunch-phase

Timing event from EEVR 

used for bunch indexing

BPM sum signal (S) sampled by 

RFSoC ADCs and used for bunch 

charge & arrival time calculation

Area Ai below negative pulse and 

the dynamic baseline ∝ bunch-

charge

The time ti which splits Ai in half is 

an estimate for bunch arrival-time.
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SLS2.0 MBFB: Bunch-charge & Bunch-phase
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SLS2.0 MBFB: Python GUI
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SLS2.0 MBFB: Python GUI
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SLS2.0 MBFB: Python GUI
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SLS2.0 MBFB: Python GUI
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SLS2.0 MBFB: Python GUI
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Status & Outlook
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Status:
Transverse MBFB:

• Transverse RFSoC-based bunch-by-bunch feedback demonstrated at SLS1.0

▪ Using I-tech RFFE (down-sampling the BPM signals)

▪ ADC acquisition at 4GS/s, but only 1 out of 8 samples processed (throughput 500MS/s)

Longitudinal MBFB:

• Longitudinal phase and bunch charge measurement with direct sampling in real-time (C code).

General:

• Tune excitation, coupled bunch mode (CBM) diagnostics

Outlook:
Transverse MBFB:

• Utilize all ADC samples to determine beam position (at 4GS/s)

▪ Including digital compensation of phase slippage from 1st to last bunch

Longitudinal MBFB:

• Accelerate direct sampling bunch-phase calculation in HW, replacing SW (C code) with VHDL.

• Replace analog with digital up-converter to drive longitudinal kicker amplifiers.

General:

• Automate the tunning of the feedback.

• Improve diagnostic tools (Tune measurement, excitation/damping measurement, …).



Thank you!
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Appendix 1: RFSoC ADC Analog Characteristics
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Appendix 2: RF data-converter ADC IP – Processing Path
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Appendix 3: RFSoC DAC Analog Characteristics
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Appendix 4: RF data-converter IP - DAC Processing Path
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Appendix 5: Bunch charge noise measurement
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Noise of charge measurement 

measured with RFSoC, using DAC 

to simulate BPM signal.

Bunch charge measurement for an 

homogeneous filling pattern with 

bunch gap generated by DAC
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Appendix 6: Bunch arrival time noise measurement

Noise of bunch arrival time 

measured with RFSoC, using DAC 

to simulate BPM signal.

Bunch arrival time measurement 

for a bunch train with bunch gap 

and equally spaced bunches (2ns) 

generated by DAC
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Appendix 7: Python GUI
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