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(= Introduction: SLS Upgrade — The SLS 2.0

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) .
« 1stSLS 2.0 beam is planned for 1/2025 [1] .

Figure 1 - Interior view of the Swiss Light Source
(SLS) In user operation since 2001.
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= Introduction: Multi-bunch Feedback Upgrade

«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, ...)
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(=

5 Introduction: SLS 1.0 Multi-bunch Feedback

I-tech RFFE VME-base_d ADC/DAC cads
SLS 1.0 MBFB system: E eyl with FPGA
« PSI Design* . £ Z 77 mEm- o

* 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.

T

Baseband Signal
(500MHz)

Correction Signal

Wideband
Signal

Pickup > Kicker

Functional block diagram of the SLS1.0 MBFB
*M. Dehler, P. Pollet, G. Marinkovic et al. [2]
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(== RF System-on-Chip (RFSoC Gen1)

* Integrates:
= Multiple CPUs

Processing System
g Sy = Resourceful FPGA Fabric

DisplayPort

Quad-Core e i 088 3.0 » GHz-range ADCs and DACs
Corg: A53 > OoRe) Fanctions pc::,.z = Various data storage and communication
- interfaces
BalCore e CAN « Low ADC to DAC Latency
Arm K Pover Bty P = 8XADCs (12-bit up to 4.0 Gs/s): ~46-101 ns

Management SD/eMMC

Cortex-R5

= 8XDACs (14-bit up to 6.5 Gs/s): ~24-116 ns
» Loop-back latency: ~70-217 ns
Programmable Logic osP 336 Transosivers = Stable and reproducible

Embedded RAM 25G/100G Ethernet . (i.e_ after a power Cyc|e)_*

RF-ADCs SD-FEC RF-DACs « Stable temporal sample alignment among

Zyng® UltraScale+™ RFSoC Genl [3] ADCs.a.nd DACs o
= Multi-tile synchronization (MTS) mode.

NAND

*with suitable firmware & software design. Page 8
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(F= 7ZCU111 Evaluation Kit

RF-FMC connector

Machine reference clock
input (frr = ~500 MHZz)
synchronizes data

Add-on card breaks
down the RFSoC

converters and ADCs/DACS
programmable logic (PL)* inputs/outputs to
SMA connectors

Zyng® UltraScale+™ RFSoC Ethernet for

Genl XCZU28DR HE w (S Wl o) communication with
! "t | control system
network

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

*Adaptation of the ZCU111 evaluation board Page 9
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=

SLS2.0 MBFB : Hardware — Milestone 1

Down-converter:
1.5+ 0.25 GHz to

baseband

I-tech RFFE
front-end

Button BPM

VME-Based digital-backend

VME-based ADC/FPGA/DAC hardware of SLS 1.0 MBFB.

Control System

@ Network

Up-converting mixer:
baseband (0-250 MHz) to
1.25-1.5 GHz

RF Amplifiers

Kickers

SLS1.0: 2 transverse
strip line kickers (0-250
MHZz) & longitudinal
kicker (1.25-1.5 GHz)
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= SL.S2.0 MBFB : Hardware — Milestone 1

Up-converting mixer:

ZCU111 Evaluation Kit baseband (0-250 MHz) to
15i 025 GHZ tO """""""""""""""" 125_15 GHZ

Down-converter:

baseband FMC-XM500
ADCO DACO :
ADCl DACL RF Amplifiers
ADC?2 DAC2
I-tech RFFE I
front-end ZCuU111
CARM SLS1.0: 2 transverse
t(EPICS) &l strip line kickers (0-250
I TRl MHz) & longitudinal
1, O kicker (1.25-1.5 GHz)
Button BPM | B! | 0 teeeeeeereeeeeeeeeeieeoollS

Kickers

Hardware setup for testing the RFSoC-based MBFB at SLS 1.0.
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(F= SL.S2.0 MBFB : Hardware — Milestone 1

Bunch-train Bunch-gap

———rh

100 | | 0r |
— MBFB (RFSoC-based)
- 20 — MBFB (VME-based)
i) <)
S E
= 0 =
z z
L >
-50 )
-100 ; ; ; 0 , , ,
0 500 1000 1500 2000 0 500 1000 1500 2000
ns ns

Comparison of the open-loop response (horizontal plane) between
the RFSoC and the VMEbus-based MBFB system (Lab Tests).
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=

RFFE front-end
prototype

Button BPM

SLS2.0 MBFB : Hardware — Milestone 2

RF Amplifiers

FMC-XM500

5 ADCO

; DACO

v ADC1

' DAC1

. ADC2

' DAC?2
S Y X E

; Cu111

Sy ARV

Control System
s Network

Kickers

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.
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= SLS2.0 MBFB — Hardware for direct sampling

RF-hybrids Network RF-Amplifier[i]
:“;K'S:“': [13dm] ZCU111 (RFSoC)
i DS ; [0.5-4000MHz] REFEI FMC-XM500
: : = [
: REFE[]n | L, | I o RFFE[0],,. —|ADCO (BPMy)
L [C>— T | :é | DACO | DACs >
: E} : DSAOQ[I] DSALJI] RFFE[1]ose ~—ADC1 (BPMy)
= ; [0-31.5dB] [0-31.50B] DACI (— DACx >
[DC-4200MHz] [DC-4200MHZz] RFFE[2]o.: >——ADC2 (BPMy)
i = [SYX] DAC2 [—DACy

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

Page 15



PAUL SCHERRER INSTITUT

(= SLS2.0 MBFB: Hardware — Milestone 2

New RF Front-end (Prototype) New Digital Back-end (Prototype)
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= SL.S2.0 MBFB : Hardware — Milestone 2

Beam test with only
one single bunch in
SLS 1.0 storage ring

100

%Full-scale

N

0 ———— !
—=_]
—new RFFE
——old RFFE
RFSoC MBFB Ci |—

-50
-5 0 5
ns

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
« Yellow: RFSoC DAC output for X MBFB with new direct sampling RFFE
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= SLS2.0 MBFB: Firmware & Software

ADC/DAC PL data

= :
—~ stream 8 samples in Sampling scheme
parallel @ 500MHz increases the effective
sampling rate of a single
AXI_BUS ADC. (By means of
EEVR trigger the , AX_DACH] A . Interlef'slv)i/ng)
system and provides
information for bunch == - = EEVR "
- : <« DACQ MBFB ADC/DAC clock
indexing Ao : :
REDC = period = 1/8 of nominal
- weon o (Xilinx IP Core) [ T == bunch spacing.
P anist] - i A (fS =8 X fRF = ~4GS/S)
Bunch-charge ] BB
. ’. <= Sem AXIS_ADC[2
Bunch-Arrival time 8 T qiqua,:g_./ ADC / DAC data
calculation on the - - PEEN -l{_AXIS_ADC[i]X'SDAC@I:J—-' .
RPU — - A EPICS IOC running
: SD_CARD : e MBFB(S) on the APU
{ | —L T AXIS_ADC[0]
\4 AXIs_DAClimE—~
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=

= SI.S2.0 MBFB: Firmware & Software

User interface
configures the MBFB

eriemer | PS 4 Feedback via EPICS
«—> |OC channels running
AXI_BUS on RFSOC ARM CPU
RFDC DAC[0:2] -
AXIS_DAC[0] AXIS_ADC[0]
/ 8 Samples (12-bit) @ approx. 500MHz
\ 4

=

MUX
(1/8)

MBFB —1 Dimension

/1 @ ap prox.125MHz

/1 @ ap prox.125MHz

/1 @ ap prox.125MHz

/1 @ approx.125MHz

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

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

SLS2.0 MBFB: Firmware & Software

300Hz-20KHz BP

DDS
20KHz 1IR
fl}/ Gain
16-Tap FIR Up-sampling
= ilﬁ—P%—D—}T16—+—)
LP Gain Combiner

Down-sampling

Digital Filter - Longitudinal dimension - S

20KHz 1IR
HP
8-Tap FIR

DDS

Gain

ily!

+

Combiner

>

Digital Filter - Transverse dimensions — X and Y

- ZCU111 |y DAC
AXIS_DAC[0]
AXIS_ADC[0]

 ADC to DAC latency: 128.5 ns

U Long. MBFB Latency: 16’438 us
U Total: 16.566 ms

O Trans. MBFB: Latency: 328ns
U Total: 456.5 ns
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Real-time software -

A -

= SLS2.0 MBFB: Bunch-charge & Bunch-phase

64 GS/s effective
sampling rate

running on the RFSoC GUI cemner | PS
ARM CPU —
/AR A BUS
PL
4= ADC3] :l RFDC HH DACQ
AXIS_ADC[ 3] =] AXI_ADCI[3]
v

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)
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=

%FS range

60

58 1
56

52 |

50
48

46 |

= SLS2.0 MBFB: Bunch-charge & Bunch-phase

|
0 N i 7 ] i
0.5xA, 0.5%A;  0.5%Auq | | [0.5%A;

% 10/ | |
7 | |
= | | |
%20 | |
| I
30+ | I

-40 — | I '

0 50 100 150 200 250

#samples

Page 22



PAUL SCHERRER INSTITUT

—= SLS2.0 MBFB: Bunch-charge & Bunch-phase
0 25 _

Algorithm 1 Algorithm 1

Algorithm 2 2 H Algor?thm 2 |
100+ Algorithm 3 | Algorithm 3 M1
200

05"

3000 #bunch 429 05 o 100

Bunch arrival-time measurement and RMS error of the
measurements with different algorithms.
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=

SLS2.0 MBFB: Python GUI

X MainWindow
RFDC System

RFDC PLL Status

O
x

RFDC State

Multi-Bunch Feedback

Longitudinal = Transversal X | Transversal Y

Reset
RFFE
Configuration
ADC
ADC Sample Select 5 -
Show ADC data
IR
® Enable
FIR
FIR Coeficients
FIR GAIN
Generic Gain 2~ (|43 =i
Bunch Gain 2~ (|51 =11
Bunch Index 511 =
DAC
Trigger delay 280 s ns
DAC Sample Select 750ps -

Show DAC data

Advanced Tools

Bunch excitation

> MBFB_RFFE.ui

MBFB-T-X - RF front-end (RFFE)

-DSAO0——

*44
vwv v dB
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(M= SLS2.0 MBFB: Python GUI

> MainWindow -0Ox
RFDC System
RFDC PLL Status _
pultiBunch Fesdhack X ADC MBFB Transversal X e
Longitudinal = Transversal X | Transversal Y Plot
Reset )
[
stop AeEd> Q=B X=7.08e+03 y=95.3
RFFE
Configuration 100
ADC
ADC Sample Select 5 - e
Show ADC data 50
IR
® Enable
FIR
FIR Coeficients
FIR GAIN
Generic Gain 2~ (|43 =i
Bunch Gain 2~ (|51 = 1
Bunch Index 511 = | : ! ! : ! .
DAC 5000 10000 15000 20000 25000 30000
Trigger delay 280 s ns
DAC Sample Select 750ps -
Show DAC data
Advanced Tools
Bunch excitation
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==

SLS2.0 MBFB: Python GUI

X MainWindow

RFDC System

RFDC PLL Status

RFDC State

O
x

Multi-Bunch Feedback

Longitudinal = Transversal X | Transversal Y

Reset

Stop

RFFE

ADC

ADC Sample Select

IR

® Enable

FIR

FIR GAIN

Generic Gain
Bunch Gain

Bunch Index
DAC

Trigger delay

DAC Sample Select

Advanced Tools

Configuration

5

Show ADC data

FIR Coeficients

2~ ( 43
2~ (|51

511

280
750ps
Show DAC data

Bunch excitation

X MainWi...

-0X

MBFB Transversal
FIR Coeficients

[00] |-3027

[01] 9444

[02] -14307

[03] 16817
[04] |-16561
[05] | 13580

[06] |-8366
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X MainWindow
RFDC System

RFDC PLL Status

RFDC State

O
x

Multi-Bunch Feedback

Longitudinal = Transversal X | Transversal Y

Reset

Stop

RFFE

ADC

ADC Sample Select

IR

® Enable

FIR

FIR GAIN

Generic Gain
Bunch Gain

Bunch Index
DAC

Trigger delay

DAC Sample Select

Advanced Tools

Configuration

5 -

Show ADC data

FIR Coeficients

2~ (43 =l
2~ (|51 =] )
511 -
280 2l ns

750ps -

Show DAC data

Bunch excitation

(M= SLS2.0 MBFB: Python GUI

» DAC MBFB Transversal X - 0OX
Plot

zoom rect

T

5000 10000 15000 20000 25000 30000

Page 27



PAUL SCHERRER INSTITUT

(=]

SLS2.0 MBFB: Python GUI

X MainWindow
RFDC System

RFDC PLL Status

O
x

RFDC State

Multi-Bunch Feedback

x M'B-FB'_burich-_exci'ta-tlon;JI

MBFB-T-X - Bunch Excitation
-DDS

Longitudinal = Transversal X | Transversal Y

Reset

Stop

RFFE

ADC

ADC Sample Select

IR

® Enable

FIR

FIR GAIN

Generic Gain
Bunch Gain

Bunch Index
DAC

Trigger delay

DAC Sample Select

Advanced Tools

Configuration

5 -

Show ADC data

FIR Coeficients

2~ (43 = ]
2~ (|51 =] )
511 -
280 2l ns

750ps -

Show DAC data

Bunch excitation

Frequency

Start Phase

Gain

Bunch Selection:

AAAAAAALAAALAA
+ 249800
VVVVVVIVVVVVYVY

VAN NP ANYANYA NPT AN é}
+

VVVVVVVVVVVYVY
AL AALAALAAAA Ai;zﬁ.&i

‘7 VVVVVVVVY ‘7‘!7 ‘7
(HEX)

|oxffffffff

|oxffffffff

|oxffffffff

loxffffffff

|oxffffffff

lexffffffff

|exffffffff

[oxffffffff

[oxfrefffff

loxfffffeff

|loxffffffff

|oxffffffff

|oxffffffff

[oxfreerere

|oxffffffff

%

Index
BIT [031:000]
BIT [063:032]
BIT [095:064]
BIT [127:096]
BIT [159:128]
BIT [191:160]
BIT [223:192]
BIT [255:224]
BIT [287:256]
BIT [319:288]
BIT [351:320]
BIT [383:352]
BIT [415:384]
BIT [447:416]
BIT [479:448]
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B

5 Status & Outlook

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 15t 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, ...).
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ESi

Thank you!
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(= Appendix 1: RFSoC ADC Analog Characteristics

Parameter Comments/Conditions HEH

Analog Inputs
Resolution 12 — — Bits
Sample Rate Devices using quad ADC tile channel 0.5 — 2058 G5/s
Devices using dual ADC tile channel 1 — 4096 GS5/s
Full-scale Input Input 100Q on-die termination 3 — 1 - VEePD
— 1 - dBm
Analog Input Bandwidth  Full-power bandwidth (-3 dB) 2 — 4 - GHz
Common mode voltage*  AC coupling mode with internal bias - 125 - Vv
Crosstalk isolation Fin = 240 MHz - =70 - dBc
between channels ° Fiy=1.9 GHz - 70 - dBc
Fin=2.4 GHz - | =70 - dBc
Finy=35GHz - =70 - dBc
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F= Appendix 2: RF data-converter ADC IP — Processing Path

I STATUS_ADCO[15:0]
. = o | Decimation E
VINO_N aMcC = | and Q o :
ok aoc | 3 g N corverace M & || e 25 |l paTAADCO[127:0]
“a - Q Decimation =
ﬁ_- CONTROL_ADCO[15:0]
|

Ei1R2E&Om 117
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—

(=]

—

Appendix 3: RFSoC DAC Analog Characteristics

Parameter

Analog Outputs
Resolution
Sample Rate
Maximum Qutput
Power

Analog Bandwidth

On-die Termination

Crosstalk isolation
between channels 4

Comments/Conditions

20 mA mode, Vpac_avtt = 2.5V, 100Q
termination

32 mA mode, Vpac_ayrr = 3.0V, 1000
termination

Full power bandwidth (-3 dB)
Single-ended on-die termination to external
2.9VI3V Vpac_avTT 3

Fout = 240 MHz

Four =19 GHz

Four =24 GHz

Four=35GHz

14
05

+1

+5

Bits

6.054 G5/s

dBm

dBm

GHz
0

dBc
dBc
dBc
dBc
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=)= Appendix 4: RF data-converter IP - DAC Processing Path

STATUS DACO[15:0] mm

DATA_DACT[255:0] e

CONTROL_DACD[13:0] wemy

|
-

| Interpolation g VOUTO_P

FEIECT
||
S UL

o
g

Q44
XCQIESD)

P
O CUE |
JBQEEDIT
BEEUL/UIED
IR

0 Interpol ation 3 VOUTO_M

e e e
I l

XNEeE0EEN
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(F= Appendix 5: Bunch charge noise measurement

Bunch charge measurement for an
homogeneous filling pattern with
bunch gap generated by DAC

%FS range

0 500 1000 1500 2000
time(ps)

Noise of charge measurement
measured with RFSoC, using DAC
to simulate BPM signal.

0.25

Normalized charge
(@»]
o = o
= (@] N

o
o
a1

o

RMS
(Normalized Charge)

O L NN W P> O OO N 00 ©

0 429 479

#bunch

0 429 479

#bunch Page 37
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(F= Appendix 6: Bunch arrival time noise measurement

Bunch arrival time measurement
for a bunch train with bunch gap
and equally spaced bunches (2ns)
generated by DAC

%FS range

0 500 1000 1500 2000
time(ps)

Noise of bunch arrival time
measured with RFSoC, using DAC
to simulate BPM signal.

0.8

06

© o
N M~

Arrival time (ps)
S O O
o A N O

O
o

16
14
1.2 ¢

RMS
time(ps)
H

0.8 |
06 }

0.4

429

o

#bunch

o lele} 0O
o O

O O O

O o
(@]

o)

o

&34 O O0®O0 @ wmo O do 0&30 ®
o 0 O 000 @

@ o0 OO0 @ OO O@ TOO@

DO W-%@@@%@MOOW@ @m% 0@9

oo® B8 @ oL oo W ° B

O [6]©)

o

0 429

#bunch
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==

X MBFB_RFFE.ui

MBFB-T-X - RF front-end (RFFE)

-DSA O -DSA1
aaa
+ 4.% A - —®
vv'w r v v
BPM(S) s " ADC[0]

X MBFB_bunch_excitation.ui _ox
MBFB-T-X - Bunch Excitation
- DDS
o [AAAAASZARSAS .
VYVVVVVIVVVVYVY
start Phase +AAAAAAAAAAA% Dégraes
VYVVVVVVVVVVYVY
Gain +AAAAAAAAAA?% %
VVVVVYVVVVVVVYVY
Bunch Selection: (HEX) Index
[oxfEFFFFff BIT [031:000]
|oxffffffff BIT [063:032]
[oxfffeffff BIT [095:064]
[oxffffffff BIT [127:096]
[oxffffffff BIT [159:128]
[exfEFfFfff BIT [191:160]
|exfEfFfFffff BIT [223:192]
[oxfFFfffff BIT [255:224]
[oxfFFFFFT BIT [287:256]
[oxfefefeef BIT [319:288]
loxffffffff BIT [351:320]
loxffffffff BIT [383:352]
|oxffffffff BIT [415:384]
|oxfffffff BIT [447:416]
[oxffffffff BIT [479:448]
Start | Stop | [ ]

Appendix 7: Python GUI

X MainWindow - Ox
RFDC System

RFDC PLL Status
RFDC State

Multi-Bunch Feedback

Longitudinal | Transversal X | Transversal ¥

Reset
RFFE
Configuration
ADC
ADC Sample Select 5 -
Show ADC data
IR
® Enable
FIR
FIR Coeficients
FIR GAIN
Generic Gain 2~ ( 43 .: )
Bunch Gain 2~{ |51 =l
Bunch Index 511 =
DAC
Trigger delay 280 s ns
DAC Sample Select 750ps -
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