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Source of timing jitter for accelerators / FELs
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Low-Level-Radio-Frequency (LLRF) Control

High-frequency regulation — main noise sources: ACT, DWC, MO
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Noise Contributions from LLRF-Subsystems

Noise Transfer Functions:
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Induced Timing Jitter [fs]

Beam timing Jitter:
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Noise Contributions from LLRF-Subsystems

Noise Transfer Functions:
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Induced Timing Jitter [fs]

Beam timing Jitter:
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European

XFEL

LLRF-Systems — European XFEL

m XFEL 48-channel LLRF station:

CM2 CM3 CM4

Cavity patch panel A A i e [ - | [=
LLRF _ KLYSTRON LLRF
Drift Compensation master BEAM slave
(DCM, 2U 197)
RF cm1 cM1 cM1
from PREF  PFWD PRB
LS cm2 | cm2 | cme
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RF 818

LO-Generation

(LOGM, 1U 197) LOGM |«
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Low-noise Digitizer M Ul¥llc 222|288 )2] Mle

(ADC, AMC)

*  MicroTCA.4 complete suite: LLRF/Diag./Interlocks/HOM

Challenges:
» Total: 27 RF station / 800 cavities / >3000 RF signals

+ Stability requirements < 0.01% & 0.01deg
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LLRF-Systems — Signal Conditioning, Digital Processing XFEL
= High frequency Down-Converter = Multi-Channel fast ADC Digitizer
(DRTM-DWC10) l';'iil‘.ﬁ?"c Jone 3 Clacs A (SIS8300L2) ;;gg;ggvc

Signal Transmission
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- 10 channel field detection - 10 channel ADCs (125Msps, 16-Bits)
- S-band (700MHz - 4.0GHz) - FPGA (Virtex6) pre-processing partial cavity vectors
- Resolution, 0.004%, < 10fs - Low latency links via MTCA-backplane
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LLRF-Systems
Channel Performance

Spectral purity :
(non-1Q Sampling scheme)

« Mainly ADC limited System'’s

Receiver broad-band raw data, spectral purity
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> SINBAD
. \_i'r’ »
L L RF -SySte ms - ACtu ato r N o Ise Short Innovative Bunches and Accelerators at DESY

TWS Structure (3GHz, f,,=500kHz BW) : Beam timing Jitter : Gain Limitation :
1
i Input iming jitter §j = Ofs =
GUN o Twst TWSZ ey BC Experiments o — F::.l gl ']I Imax Tpres
AT ETT —|/(R|Tmmlm)\l— O N U 11 S e Total tming jitter

: R R I R A E RS Amplituge jitter induced ~2..5
RF compressor max. energy * 10Hz (30 Hz)rep.rate = | i oboiiiinn [ eeee- Phase jitter induced
¢ =-90 deg. ¢ =0 deg. + RFpulse =4.5ps - ; T

+ Bunch charge few pC

VM+PA+KLY Stability (additive jitter):

Latency Budget t, m

RF-cables (5.5ns/m) 280

Field detection 80
=

-> MOD/KLY @850V (20ppm), 10MW O AN EY AT N LLINE Gomiale: 00
REGAE, XFEL TDS (PM, AM) 5 IR R Tl e G 1o
1. KLY MOD % . . Specification:

1/f-noise : 13.79fs, ~0.049%, [min,1MHz] % L <10fs jitter
2. Power Amplifier 8 i, LRI

1/fnoise  : 3.4fs, ~0.0039%, [min,1MHz] E 7~

3. Vector-Modulator

1/f-noise : 2.9fs, ~0.0063%, [min,1MHZz] In NC RF-Controls the

stability is limited by the
actuator chain (mainly
modulator) and latency.

High-power chain : /
-> 14 .5fs, 0.049%, -165dBc/Hz

Loop Gain Courtesy of M.Hoffmann
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LLRF Systems CW-Operatlon with an SRF-Cavity ELBE.

Out-of-loop absolute phase noise spectrum (FSWP)

Courtesy of

-80 - mmm e meme e e e R 111 M.Kuntzsch,
‘ Reference‘ : K.Zenker

i ) D LLRF
controller
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« High precision out-of-loop measurement 200 —HHi L e
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- Direct investigation of noise sources Frequency [HZ]
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Digital-Signal-Processing — In-loop Regulation Performance

it //jddd-xfeldesy.de/}ddd /XFEL/LLRF/SC_modules XUURF Rfstation main i xrzn_kr/u.nr.mu-rmmm.:i/m RF field regulation
LLRF CONTROL A9.L3
Repetitive disturbances
I — e — * Beam loading compensation Regulation performance:
Voltage 694 .01 [ Master Slave Coupler . ey .
Yoy oy i i b + Adaptive feed forward - In-loop within the specs (0.01%, 0.01 deg)
Phase 5039330 | ek sk + Set-point optimization - Out-of-loop using BAMs ~25fs
e e + Fundamental mode filters
(] Statonon @ FsMon _FSM| o . . .
2 M g U — Loop gain/phase correction 61 VS Amplitude for 50 pulses
i Foediomeard . 1stModule  2nd Module 3rdModule  4thModule R station StOChaStiC diSturbanceS individual pU|SES
‘%]‘g:;:l:a\icmrcorrecnon et % % . MIM O COI‘\tI’O" er selec;ed pulse
[v] Feedforward correction %‘ % . . - setpo' nt
ﬂLearmngFF ol o) i Gain schedullng —mean of ind. pulses
] Beam loading compensation C6 C6 . g
o fe »  Drift compensation | oA/A = 0.0066%
i Anpitce g e * Intra-train beam based FB
161.55
600 30.0 . - - -
\ Limitations and security thresholds S
400 10.04 = - — :
= - Limiters on all control tables = e b,
100 2001 \_/ * Final output limiter = |
00 200 | 600 | 1000 1400 1&05? .30'0.0 "abo | sbo | 1200 1&05(]3 . Ind|V|dua| Cavrty ||m|ters 1615
* Communication link error detection |
\ |
Resonance control |
» Slow motor tuners
» Fast Piezo tuners 161.45L L 1 1 . . .
Courtesy of C.Schmidt 700 800 900 1000 1100 1200

t (us)
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Why is this important ? -> Robust machine operation

m Distributed down converter (non-IQ-sampling scheme)

8,=0.2%/C, 8, =0.2TC

Lo S ol {22

Sfs/kim. ..

900fs/Kim | o nput ADC clock |

R i

Master- i
Oscillator |

~‘ LO and CLK (%eneralion
1

Y cables,
dividers,
amplifiers,
filters...

- Distortions are in the order of pico-seconds.

(Water penetrates slowly into the PCB/cable dielectric)

- Long-term stability depends on temperature and strongly on humidity.

Long-term Stability — Depends on Temperature and Humidity

- ’

= No stabilization
(+/-) Fully rely on beam-based feedbacks

m Passive stabilization

(+) Simple method
(--) Requires rack stabilization <0.2K_pp
(-) Requires rf-packages with sealing

= Reference tracking

LYVYVYVYLL Field Detector
Reference @

LO, CLK Gen

(+) Works quite good on PCB integrated detectors
(--) Depends strongly on external cable symmetry

m Reference injection (2nd-tone)
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Long-term Stability — Drift-Compensation-Module  couresyof sPiekarsi

= Reference injection :
(only for pulsed machines)

Reference

@

cavity

FATATATATATATATAYAY
TAAMAANANS Switch @ Field Detector,

e.9.non-1Q-Sampling

pips {)
Reference @ g * g s \/\/» \/\/\’/
£ 2
LO, CLK Gen 5 =2
[1:]
© 22
(0] 05 1 15 2 25 3 35
time [days]
o "\;‘{'ﬂf\%ﬂ g L — uncalibrated . s
‘:p\,“xm'q:ubxru+ Swich () Field Detector, 5 Tos —calbrated | et e b et
= e g.non-1Q-Sampling § £ /'-‘-V-A"“\. - N
m © 0
L £
(0] 05 1 15 2 25 3 35
Reference @ time [days]
Lo Chcon 4 | g [ catbrmed]
Apme > _ 1 MMy o
_(c“; _§) 0 '.I.'w o % mlﬂ | LY ﬂfli“l F\'I"mﬂ v1m|1|3n W»«‘ i 1»\. I rvwﬁmm | ii ']-]I"Ln.-’-I I)"k} qﬂ!q‘ lh\_W Jy
] LY H = X ] T M i L
8 E '!l.-ﬂ{lJ'.au'W\l W nnwl!ﬁl' W *‘ i u L' ! W W
=
Factor of phase and amplitude reduction >150 = 1% 05 ) 5 2 25 3 35
<40fspp over 3 days (1 3GHZ) FLASH injector hutch ACC1’ operation time [days]

DESY.| RF Controls Towards Femtosecond and Attosecond Precision | IPAC 2019, Melbourne, Australia | Dr. Frank Ludwig, 23.05.2019 Page 14



Long-term Stability — DCM in Action XFEL

Hist:XFEL.RF/LLRFE.DCM/C1.M1.A3.L2/CORR.P

e [deg] C1.M1.A3.L2/CORR.P
0.8

DCM Correction

Humidity induced phase drifts
dominates and compensated
by using the injection reference.

Rule of thumb @ 1.3 GHz:
1% Humidity change

~ 0.1deg Phase change 8. 9.8. 11.8. 13.8. 15.8. 17.8. 19.8. 21.8. 23.8. 25.8. 27.8. 29.8. 31.8.
2018 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018

£3 Hist:XFEL.RF/LLRF.REFMOPT/TMCB.M12.A3.L2/HUMIDITY.CRATE o8

Humidity

. 8. 9.8. 11.8. 13.8. 15.8. 17.8. 19.8. 21.8. 23.8. 25.8. 27.8. 29.8. 31.8.
CourtesyofT.Lamb 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018
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fs-Precisi . Qotvices & XILINX.
s-Precision — Limitations X3 Texas INSTRUMENTS

Commercial ADCs : Limited ADC Performance:
40 B khhééﬁlﬁi’kg‘gﬁééiéﬂob{1'[;\,200 N N IMARARAAS S ] . | |
L caoc B3 "ADSS48E-SP - ADCs become faster, but no improvement in NSD since 2007
X AbREEn reaDRRSP ABE8EB1530GM
fﬁBE*ﬁﬁgggg;j;ggggw ADC Parallelization (SRF):
30 o :Agggggiiégﬁﬂ%" b Goal: 100 ADCs (,IF-Sampling“ type) + internal averaging:
[ Aok 2 ’ <1nV/sqrt(Hz), 16-bit, ~150Msps, SNR >95dB, latency <100ns

20

Noise voltage spectral density [nV/sqrt(Hz)]

g A9%0434-370
82889 §
B *ADBB49:830 FTITTITT T ST uij
i 543420 : i .
C . -> OnChip . % -> in Standards
B 212P50 » .
:*Angfw it ABE 18818380 SP -> Chip Industry S -> LLRF Community
0E i _1:2008,..2019 _%m_m.&
: A e High-power chain (NRF-pulsed):
O T Analog Devices ]
- 40925210 T Tovas Incttumonta + (Natona) - - Modulator . Stability of power supplies
- *AD9262-5  ADB267 T Inter.sil : L )
- AD9262 | Maxim ] - Power Amplifier : 1/f-noise & spurs,
78900 23 4 s eTES 2% e Missing CW-diagnostic for internal stages

Sampling Rate [Msps]
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RF-Controls
towards as-Precision




Towards as-Precision — Options (Field Detection)

Options to increase the measurement resolution <100as (real time):

;S‘(:p
-140

-150
-160
-170
-180
-190
-200
-210

=220

DESY.| RF Controls Towards Femtosecond and Attosecond Precision | IPAC 2019, Melbourne, Australia | Dr. Frank Ludwig, 23.05.2019

2
(f) dBrad“Hz
Y,
llr""w State of the art LLRF-controls (<10fs)
N a g, N0y,
AR
N \l"’e,,- e saturated mixer
Copy N,
Tefy KM,
Sat'\ \IP
"esiy RN
Uy : ~
Leg, l'(x, interferometer
Sl
"e:-.dafl . & by S : ~
‘E. Rubiola et. al. “Advanced Interferometric Phase and
Amplitude Noise Measurement,” Rev. Sci. Instrum., vol.
73 n0.6 pp 2445-2457, 2002.
1 10 102 103 104 105

@ Increase the RF-power:

- PN, AN linear in RF-power
- Carrier Suppression Interferometer
- High level mixer

Reduce the noise floor:
- ADC/Channel parallelization, ~\sqrt(N)
T Star Lo

Correlation techniques

@ Reduce the cavity bandwidth:

- Use >16-bit ADCs with better NSD
(higher latency, SAR, Sigma-Delta)
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High-Q, Cavity Operation — CW Operation

= Increasing the cavity external quality factor:

(+) Less power required to achieve same gradient
(+) Reduced effective noise bandwidth
(--) More sensitive to microphonics

09 1
08 ﬂ QL = 6e7 1
. BW.~11Hz |

o
[=2]
L

o
B
1

Normalized amplitude
o
(4]

Q, = 3eb
03 r 4|
BW.~220 Hz
02+ 4
0.1 1
1.299999 1.3 1.300001
Frequency [Hz] %«10°
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®m Suppress microphonics: 1

08

——ANC off Af=1.7 Hz RMS
——ANCon Af=0.2HzRMS| |

- Apply Active Noise Cancellation
to notch measured frequencies

etuning [a.u.]
o
[#2]

- Suppression > 20 dB can be achieved 04r

d

“FPGA-Based RF and Piezo controllers for SRF Cavities in w 021
CW Mode”, R. Rybaniec et al. IEEE TRANSACTIONS ON
NUCLEAR SCIENCE, VOL. 64, NO. 6, JUNE 2017

o

100 150 200
Frequency [Hz]

= Results for high Q, high gradient, vector-sum :

- CW operation in vector sum
- using piezo and RF feedbacks

Eacc [MV/m] 200 205 203 20.6 201 19.0

QL [x1e7] 6.2 6.2 6.3 6.1 6.1 6.2

dA/A ~ O 007% dP ~ 0 01 5 deg Excluded from VS due
) ’ - - to Ql max < 6e6

Courtesy of J.Branlard
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Towards as-Precision — LLRF Component Requirements

m SRF-Cavity (1.3GHz, Q, 3108, BW 200Hz) : ® LLRF Component Requirements :

Master reference (MO) : <-170dBc/Hz
Actuator chain (ACT) : <-140dBc/Hz
Field detectors (DWC) : <-175dBc/Hz (-150dBc/Hz)

PM, AM Specifications

100 T T T I

410 f--

120 - Db ]

30 -

140 |-

150 -

Integrated Time Jitter [fs)

160 |--

A70 |-

SSB phase noise, amplitude noise [dBeHz)

180 f--

10 10 10° 10* 10° 10°
Offset Frequency [Hz]

Loop Gain
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Towards as-Precision — Carrier Suppression-Interferometer

Carrier-Suppression-Interferometer Prototype :

Interferometer Post IQ-System
(here MicroTCA.4)
Reference
» DUT 17dBm‘ > o ’S\TA AM RF F e —p
X: X: ’ LO AN
< 7L‘ VL‘ 2| A
% 0° o8 L (p | 0° % PM LO PN
critical parts
M& ‘ AN [ ATK
fo Lo T
(+) No carrier -> no 1/f-noise from LNA, DUT noise pass the system <
(+) PN, AN scales with RF-power Poster
(--) Needs a carrier tracking for destructive interference THPRBO21

Urosy Monrie

DESY.| RF Controls Towards Femtosecond and Attosecond Precision | IPAC 2019, Melbourne, Australia | Dr. Frank Ludwig, 23.05.2019

Challenges for <100as:
- Tunable phase shifters
- Tunable attenuators

Replacement:
- DUT = LLRF System

Reference Probe
TS L

DUt |= | =

Large signal detector:
- Hybrid with non-IQ

360° ‘< Csl

| f

fCOMP
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Towards as-Precision — Carrier Suppression Prototype
m Short-term performance @ +17dBm, 1.3GHz (uncorrelated): = DUT Tests in PN, AN below 1fs :

Carrier Suppression Broadband Noise

30— ‘ I A A ' I
- N : N : Phase Noise
o o : o . 30— e s e e
. Lo : R . : —_ — ase snirter (transistors
140L R B 'Stand'ard'LLR‘F"Recelver i g T s — without DUT
5 —RF MEM (switch)
N 3 _150- —— Phase shifter (diodes)
L -150} - Expected power budget: .%
2 DUT path: . +17dBm | . e -1601 1
o Insertiontloss: -(3+1)dB. @ 3
?-160 Floor @ : -174dBm : §-170* ]
0 Expected: : -187dBc/Hz D180k sl
o Measured: -187.9dB¢/Hz o8
< o _ <4udeg <80as / ? 190 | | . r
@ -170 (1. 3GHZ) 10° 10° 10° 10° 10°
'S. 4 offset frequency [HZz]
D 180 - 10° , —Cumm. Jitter
A [ Phase shifter (transistors)
@ —without DUT
S, ——RF MEM (switch)
-190 ” 3 — —— Phase shifter (diodes)
Carrler Suppressron Interferometer : T
_200 | FE i FAE ST O 5 g
’IO 10 10 O
offset frequency [Hz] OTs M 1 I T 1 S W 11| e IR W R R
. 0 1 2 3 4
Courtesy of L.Springer 10 10 10 10 10

offset frequency [Hz]
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Low-noise Receiver Concepts — Hybrids and Parallelization

Down conversion hybrid options :
(not needed for SRF, high-Q, 10Hz)

Example: CW-operation

360° Detection: Small signal detection

- Carrier Suppression

= el IeFEETRiing) - Analog detectors

—

fCOMP

Example: Broadband 360° Operation

360° Detection: 360° Detection

- non 1Q-Sampling - 1Q Demodulation

fCCMP f

DESY.| RF Controls Towards Femtosecond and Attosecond Precision | IPAC 2019, Melbourne, Australia

_ﬁ - Direct-Sampling -<

—

-

Example : FSWP R&S Courtesy of R&S

ADC vs. RF-channel parallelization
(+) No rf-power loss for splitting near baseband

Direct down-conversion (LO=REF)
-> High-offset spectral information ;

(+) No add. LO-noise contributions (>IF) /
(+) IQ-Calibration removes 1Q-90deg imperfections

i f
Non-IQ IF down-conversion (IF>0) '
-> Low-offset spectral information
(+) Avoids noise components from baseband I
(--) LO-contribution, but bandlimited (<IF) A;
(+) Low IF minimize ADC CLK influence fir f

https://www.rohde-schwarz.com/de/applikationen/1-mhz-bis-50-ghz-phasenrauschmessplatz-
mit-direkter-abwaertsmischung-und-kreuzkorrelation-application-card_56279-231872.html
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Summary and Outlook

RF-Controls with spurious free short-term amplitude and phase detection below
<10fs [1TMHz BW] is available for the accelerator community in modern standards
like MicroTCA.4 or proprietary systems.

Having 10x better ADCs would be a big milestone for the community

RF-controls with <100as field stability requires :
SREF: - High-Q, cavity operation
- Hybrid field detectors
- Brute force parallelization, preferable in standards

NRF: - Low latency hybrids
- High-power chain stabilization loops
- High-power chains, RF-amplifiers below <1fs (better 1/f-noise, no spurs)

Thanks for your attention!
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