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Lecture outline

» LLRF functions and accelerating-field regulation
« Superconducting cavities
» Feedback-loop structure and design

 Facility implementations and hardware platforms

Outline



SECTION 01/ 04

LLRF functions and accelerating field

Define the field quantity, measurement path and control objective.
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Notatki do prezentacji
Section transition. Define the field quantity, measurement path and control objective.


LLRF /01

What an Low Level Radio Frequency (LLRF) system controls
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ASENIS Source: [1]

beam direction

Source: [2]

Measure and regulate the complex accelerating field: amplitude and phase (or In-phase & Quadrature).

Synchronize RF with the reference, timing system and beam.

Compensate beam loading, detuning and RF-source disturbances.

Coordinate resonance tuning, diagnostics and machine protection.

[1] Vivoli, A et al., EFFECT OF CAVITY COUPLERS FIELD ON THE BEAM DYNAMICS OF THE LCLS-Il INJECTOR *
[2] TESLATDR
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Low-level radio-frequency control sits between an accelerator's timing and control infrastructure and its high-power RF equipment. Its output is a small RF drive signal; the klystron or solid-state amplifier supplies the energy. Nevertheless, the small signal determines the accelerating voltage that the beam experiences. A useful first picture is a precision instrument connected to a power actuator.

We will follow the signal from the cavity probe through a digital receiver and controller back to the amplifier. We will also follow a second path through the mechanical tuner. These paths control different quantities on different time scales. Our objective is to explain why different accelerators choose different arrangements even when they use similar superconducting cavities. The hardware section introduces the platform components before comparing individual facilities.


Sources:
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The basic LLRF feedback loop

Set-point r(t)
+

:\Z

€ LLRF controller
C(s)

Measured field y(t)

\ 4

RF amplifier | RF
A_RF(s)

\ 4

Cavity
G _cav(s)

Accelerating field V(t)

e(t) = r(t) = y(1)

Probe / I/Q measurement
H(s)

A

v

Controller — RF power amplifier — cavity — probe/IQ measurement — negative feedback.

Fast field loop: deterministic processing and latency.

Slower supervisory layer: calibration, optimization, alarms and recovery.

Field stability is meaningful only with a measurement bandwidth and time window.
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The graphical diagram shows the complete basic negative-feedback loop. The positive input receives the desired complex field r. The negative input receives the measured field y. The difference e drives controller C(s), whose command u controls the RF power amplifier A_RF(s). The amplifier excites cavity G_cav(s); the probe and I/Q measurement H(s) return the field measurement to the summing junction. The RF amplifier supplies power; the LLRF controller computes the correction. All these signals are envelopes in the complex I/Q representation, so this single drawing describes both amplitude and phase control. The simplified diagram omits feedforward, reference/timing distribution, tuner control and interlocks to keep the main loop clear.

The cavity probe measures a quantity proportional to the field. Forward and reflected signals help estimate detuning, power balance and abnormal conditions. They are not interchangeable with the probe: coupler directivity, cable phases and calibration matter. The reference supplies the phase origin, while timing defines pulse boundaries and the beam window.

A general-purpose computer can configure and analyze the system, but the immediate field correction usually runs in FPGA logic. The protection path must remain effective when the regulator saturates or the software fails. Not every protection function belongs inside the field-control algorithm.

Ask the audience what “0.01 percent stability” means. Is it pulse-to-pulse, within a flat-top, or integrated over a frequency band? Does it describe a vector sum or an individual cavity? These distinctions will become essential when comparing facilities.


Sources:



SECTION 02/ 04

Superconducting cavities

Connect RF modes, filling time, beam loading and mechanical detuning to practical SRF
cavity designs.

Miahium Cavwity
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Source: https://commons.wikimedia.org/wiki/File:SRF_Cavity_Diagram_1.jpg
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Section transition. Connect RF modes, filling time, beam loading and mechanical detuning to practical SRF cavity designs.
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The accelerating voltage

Standing Wave (SW) acceleration Traveling Wave (TW) acceleration

» RF electric fields transfer energy to particles at the appropriate phase.
 Effective voltage includes transit time:
Accelerating voltage V.= fEZ(z) el?? 7 Energy gain visible by beam AFE = qRe{Vaccej‘b”}
» Use a slowly varying complex envelope: V() = I(t) + jO(1).
* Amplitude A = |VI; phase ¢ = atan2(Q, I).

*The envelope approach removes the GHz carrier frequency while retaining control dynamics.
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The voltage experienced by a particle is not simply the electric field at a probe. It is an integral along the particle trajectory, including the phase advance during transit. A probe becomes an operational proxy only after calibration. For multicell cavities this also assumes an acceptable field distribution.

The complex envelope represents the carrier's amplitude and phase in a frame rotating with the RF reference. A vector rotating in this frame indicates a frequency difference; a stationary vector indicates a constant phase relative to the reference. This representation is computationally efficient and matches digital I/Q processing.

For small perturbations around a real operating voltage V0, amplitude error is approximately $\frac{\delta I}{V_0}$ and phase error in radians is approximately $\frac{\delta Q}{V_0}$. At large phase excursions, use the exact magnitude and argument. Phase becomes undefined when the field is zero.


Pierwszy wzór wyznacza zespolone napięcie przyspieszające, które „widzi” cząstka podczas przejścia przez wnękę:
\[ V_{\mathrm{acc}}=\int E_z(z)\,e^{j\omega z/v_b}\,dz \]
\(E_z(z)\) to zespolona amplituda osiowej składowej pola elektrycznego wzdłuż wnęki.
\(z\) oznacza położenie wzdłuż osi, a \(v_b\) — prędkość cząstki.
\(\omega=2\pi f\) to częstość kątowa RF, a \(j=\sqrt{-1}\).
Czynnik \(e^{j\omega z/v_b}\) uwzględnia zmianę fazy RF w czasie, gdy cząstka przemieszcza się przez wnękę: przy położeniu \(z\) dotarła tam po czasie \(z/v_b\).
Dlatego napięcie zależy od pola wzdłuż całej wnęki i od prędkości cząstki. Jeśli cząstka nie zdąży przejść przez kolejne obszary pola w odpowiedniej fazie, część przyspieszającego wpływu może się wzajemnie znosić. Całka sumuje te wkłady i uwzględnia ten efekt, nazywany czynnikiem czasu przejścia.
Drugi wzór przelicza to napięcie na zmianę energii cząstki:
\[ \Delta E=q\,\operatorname{Re}\!\left\{V_{\mathrm{acc}}e^{j\phi_b}\right\} \]
Tutaj \(q\) jest ładunkiem cząstki, a \(\phi_b\) — jej fazą przyjścia względem pola RF. Mnożenie przez \(e^{j\phi_b}\) uwzględnia tę fazę, a część rzeczywista wybiera składową pola, która wykonuje pracę na cząstce. Dla napięcia o amplitudzie \(|V_{\mathrm{acc}}|\) zmiana energii zależy więc od rzutu na fazę cząstki:
\[ \Delta E=q|V_{\mathrm{acc}}|\cos\!\left(\arg V_{\mathrm{acc}}+\phi_b\right) \]
Na fazie przyspieszającej przyrost energii ma największą wartość; w kwadraturze jest zerowy. Znak i dokładna definicja \(\phi_b\) zależą od przyjętej konwencji fazowej oraz znaku ładunku.

Sources:
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Standing-wave and travelling-wave structures

Standing wave (SW) Travelling wave (TW)

Resonant mode stores energy RF envelope propagates along a structure
Fixed spatial pattern; oscillating field Phase advance per cell; net power flow
Loaded Q sets envelope decay Group velocity sets propagation/filling time
Single-mode model often useful near resonance Distributed or coupled-cell model required
TESLA-type SRF cavities in the case studies Common in normal-conducting linacs

* Phase velocity provides synchronism; group velocity transports energy.

« SW/TW, normal/superconducting and pulsed/CW are separate classifications.
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In a standing-wave cavity, the accelerating mode is a spatial eigenfunction. In a travelling-wave structure, power enters at one end and propagates through coupled cells, usually toward a matched output load. The phase velocity is selected for beam synchronism, while the group velocity determines how quickly the envelope fills the structure. These velocities should not be confused.

Our four main case studies focus on standing-wave superconducting linac cavities. Their original normal-conducting injectors or other subsystems need not share the main-linac architecture. A travelling-wave example is included to establish the physics and simulator limits, not to imply that the European XFEL main linac is travelling-wave.

Sources: [S1], [S2].


Sources:
F. Tecker, *RF Systems*, CERN Accelerator School, 2018. SW/TW and filling concepts. Lecture (https://cas.web.cern.ch/sites/default/files/lectures/archamps-2018/rf-systems-basic-2018.pdf).
E. Jensen, *RF Cavity Design*, CERN Accelerator School contribution, 2016. Equivalent circuits, beam loading and multicell structures. Paper (https://arxiv.org/abs/1601.05230).


.

LLRF /07 11-14 min

Pulsed RF and continuous-wave RF

Pulsed operation CW operation

Fill - beam flat-top — decay Persistent equilibrium with disturbances
Repeated Lorentz-force transients Microphonics and slow drift dominate tuning
Timing-aligned feedforward and learning Continuous regulation and resonance tracking
Integrator gating and pulse-state logic Power overhead and long-term drift management

* RF duty factor is distinct from bunch repetition rate.
» High-gradient SW pulsed operation can need fast piezo compensation.

» Narrow-band CW SRF can need substantial reactive RF power for small detuning or fast piezo tuners
feedbacks implementations .
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Pulsed operation is not simply CW with a switch. During filling, the field is deliberately changing. During the flat-top, the regulator must reject disturbances while supplying beam power. At turn-off, the cavity rings down and the mechanical structure continues to vibrate. Pulse-state logic controls setpoints, feedforward and the integrator.

In CW, a nearly constant field makes Lorentz-force detuning partly a static tuning offset. Microphonics remain dynamic. If the loaded bandwidth is only tens of hertz, a detuning of similar size can significantly increase the required drive.

Ask whether a machine delivering a million bunches per second must have pulsed RF. The answer is no: bunch repetition and RF duty factor describe different things. We will revisit this distinction for LCLS-II.


Sources:
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Superconducting cavity resonator Loaded Q, bandwidth and filling
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Intrinsic Q describes dissipation in the walls. External Q describes energy leaving through the power coupler, and loaded Q combines these losses. A very high intrinsic Q does not imply an equally narrow loaded bandwidth because the coupler may dominate.

For the field amplitude, the decay time contains a factor of two relative to stored energy. A ring-down of the complex voltage gives the amplitude time constant. A ring-down of power or energy gives half that time. This is a common source of errors in identification and tuning.

As a numerical example, at 1.3 GHz with QL equal to three million, the half-bandwidth is about 217 Hz and the field time constant about 0.735 milliseconds. At QL equal to forty million, they become 16.25 Hz and about 9.79 milliseconds. These are illustrative values, not a universal operating prescription.


Sources:
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Loaded Q, bandwidth and filling

Cavity Voltage and Energy time constant 7y = ;11 = 2(%, = g_g

Cavity amplitude

2.16

1.58

Amplitude (norm.)

V() = Ved1 —e™"™)

Time (ms)

= Field [v| === Input amplitude

» SW filling is asymptotic; 95% field needs about 37y at fixed drive.
- TW filling: #mn = /5.

V
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Intrinsic Q describes dissipation in the walls. External Q describes energy leaving through the power coupler, and loaded Q combines these losses. A very high intrinsic Q does not imply an equally narrow loaded bandwidth because the coupler may dominate.

For the field amplitude, the decay time contains a factor of two relative to stored energy. A ring-down of the complex voltage gives the amplitude time constant. A ring-down of power or energy gives half that time. This is a common source of errors in identification and tuning.

As a numerical example, at 1.3 GHz with QL equal to three million, the half-bandwidth is about 217 Hz and the field time constant about 0.735 milliseconds. At QL equal to forty million, they become 16.25 Hz and about 9.79 milliseconds. These are illustrative values, not a universal operating prescription.


Sources:



CAVITY /01

TESLA-type 1.3 GHz cavities

Nine-cell niobium cavity; the TESLA geometry is used at FLASH and
European XFEL and is the basis of the LCLS-II 1.3 GHz linac.

The m-mode field accelerates the bunch in each cell.

A near-relativistic electron travels about half an RF
wavelength per cell. The cavity geometry is shared,
while coupling and operating points vary by facility.

Parameter
RF frequency
Accelerating cells

Active length

Operating
gradient

Intrinsic Qp at 2 K
Loaded Q

Operating regime

FLASH / TESLA type
1.3 GHz
9

1.038 m

15-24 MV/m at FLASH
>1x 10"

= 3 x 10° reference

Pulsed SRF

LCLS-lICW

1.3 GHz

9

1.038 m

16 MV/m

>2.7x10"

<4 x107

CW SRF

The table compares facility operating values and one TESLA reference coupling point. Q; depends on the input coupler and machine configuration; values are not

maximum cavity test results.

Sources: DESY Photon Science; DESY TTF CDR; SLAC LCLS-II CDR.
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Image: DESY Photon Science, “The Quality Factor of a Cavity,” Chapter 2, page 16; cavity photo cropped from the page figure. https://photon-science.desy.de/e58/e186104/e186305/e186344/e186398/PIF_eng.html?preview=preview

FLASH operating gradient 15–20 MV/m, 1.3 GHz, niobium at 2 K and Q0 > 10^10 are given on the same DESY Photon Science page. The TESLA reference coupling Qext ≈ 3 × 10^6 and R/Q and active length are from the DESY TTF Conceptual Design Report: https://flash.desy.de/sites2009/site_vuvfel/content/e1549/e1506/e1520/infoboxContent1523/CDR_TTF.pdf

LCLS-II values are nominal CDR parameters for the 1.3 GHz CW SRF linac: 16 MV/m, 1.038 m active length, Q0 > 2.7 × 10^10, QL < 4 × 10^7, 2 K. Source: SLAC, LCLS-II CDR, Table 7, https://www.slac.stanford.edu/pubs/slacreports/reports09/slac-r-1092.pdf. Values are facility design/operating points, not measurements of the pictured individual cavity.


CAVITY /02 15—-16 min

ESS elliptical cavities: medium and high beta

Parameter Medium beta High beta
RF frequency 704.41 MHz 704.41 MHz
Geometric B 0.67 0.86
Accelerating cells 6 5
Operating gradient 16.7 MV/m 19.9 MV/m
ESS medium-beta elliptical cavity prototype. The six-cell cavity design is Cavities in linac 36 84
selected for Bgeo = 0.67. ]
ESS uses two cell geometries as proton velocity Design Qo at 2 K o x 10° o x 10°
rises along the_ linac. The m_edlum-b_eta section has Peak RF power / MW MW
six cells; the high-beta section has five. Both use cavity up to 1. up to 1.

704 MHz RF and operate in superfluid helium.

ESS public design material lists 704.42 MHz in its 2016 prototype specification; the current ESS linac page lists 704.41 MHz. The slide uses the current value and
rounds design parameters as published.

Sources and image: ESS Linac; Bosland et al., ESS Indico, 2016, slide 7.
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Image: Pierre Bosland and Christine Darve, “Elliptical prototypes, couplers and cryomodules,” ESS Indico presentation (2016), slide 7; the cavity photograph is extracted from the slide image. https://indico.ess.eu/event/527/contributions/3992/attachments/3981/5474/Elliptical_prot_cav_couplers__cryom_P_Bosland.pdf

Current ESS linac page: 704.41 MHz; medium beta 0.67 with 6 cells and 16.7 MV/m; high beta 0.86 with 5 cells and 19.9 MV/m; 36 medium-beta and 84 high-beta cavities; duty cycle around 4%; up to 1.1 MW power per cavity coupler. https://ess.eu/accelerator/linac

The 2016 ESS prototype requirements report lists 704.42 MHz, 2 K, medium beta 6-cell βgeo=0.67, high beta 5-cell βgeo=0.86, nominal gradients 16.7/19.9 MV/m, Q0=5×10^9 reference, and peak RF power 1.1 MW. The frequency difference reflects revisions/rounding between sources. https://indico.ess.eu/event/527/contributions/3992/attachments/3981/5474/Elliptical_prot_cav_couplers__cryom_P_Bosland.pdf
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Electrical model: from RLC to an envelope

Table 3.1 Relations between the cavity parameters and the parallel RLC circuit parameters

Input
Coupler

Circulator

Pcf){\: er ]@1

Source

Parallel circuit convention.

* One resonant mode — one damped complex state.

» Coupled cells — coupled RLC circuits or modal states.

Cavity parameter Notation Relation with circuit parameters
Resonance frequency @y wo =1/ VLC

Unloaded quality factor Qo 0y = f;oW — woRC = %0
External quality factor Ot Q. = “;;’EV = won*ZyC
Coupling factor Jij p= gjx: — Q%L — PR?U

Loaded quality factor 0L = Er_(}}

Normalized shunt impedance rQ R=1(r/Q)Qy

Loaded resistance R; RL=R/(1+p)=%(r/0)0,
Half-bandwidth @12 w2 = %

Source: S. Simrock, Z. Geng ,,Low-Level Radio Frequency Control Systems”

 Beam is an additional current source with a signed phase.

» Port calibration maps measured waves to cavity voltage and drive.
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The circuit is an equivalent model of a field mode, not a literal lumped capacitor installed in the accelerator. Electric and magnetic energy correspond to the capacitor and inductor, while wall loss and coupling appear as resistive loading. Different shunt-impedance conventions introduce factors of two, so a derivation must state whether its voltage is peak or RMS.

Near one isolated resonance, we retain one complex state. A multicell structure has a passband of modes; the single-mode approximation is valid only when the controller does not significantly excite the others. This is why practical LLRF systems include filters or notches for neighbouring modes.

For today's numerical experiments, normalized units make the drive and beam terms unambiguous. Absolute watts and amperes would require an additional port and geometry calibration.


Sources:



.

LLRF /09

A consistent normalized cavity model - first-order system
Cavity voltage equation % =(—a+jAw)v +a(gh—b)

% — a)amp(udelayed - h)

AW = Wyres — Wref = 2TAS

. cavity field decay rate (related fo half bandwith a = 2af.r).
. identified steady-state actuator-to-field gain on resonance.

: normalized complex beam-loading voltage; positive real b opposes acceleration.

: amplifier output envelope; delay precedes amplifier dynamics.

[ )
cC SO T «Q O

- normalized control command.

* On resonance, no beam: Vo = 8gU,

agu
a—jAw:"

» Off resonance: veo =
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We choose a rotating-frame convention in which positive detuning adds a positive imaginary term. Another reference convention may reverse every detuning sign; that is acceptable if it remains consistent. Here a positive beam term removes an in-phase contribution to the accelerating voltage.

The amplifier is a first-order envelope model. Real power sources may have AM-to-PM conversion, compression, ripple and frequency-dependent dynamics. Our command limit represents finite drive headroom, with normalized forward power proportional to the squared magnitude of the amplifier envelope.

For a fixed detuning, the steady-state field is a complex number. Increasing drive amplitude alone cannot generally restore the desired phase. The regulator needs both quadratures, or equivalent amplitude and phase actuators.


Sources:
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Mechanical model and electromechanical coupling

Cavity mechnical model equation X, + 2¢,,,€2,,X,, + Qrznxm = Q}zn[—K,,,,llvl2 + D]

Cavity detuning equation Af = Afaic + D Xm + Afmicro(?)
m

» xm: modal detuning contribution in Hz; Km: Hz per normalized |2.

» Lorentz pressure scales with field squared and deforms the cavity.

Repulsive
magnetic forces

Attractive
electric forces

Source: S. Simrock, Z. Geng ,,Low-Level Radio Frequency Control Systems”

» Piezo and helium-pressure forces excite mechanical modes.
» Field — force — deformation — detuning — field: a coupled nonlinear system.

» Simulator: one mechanical mode plus prescribed sinusoidal microphonics.

Modal freanencies of the 650 MHz R=0.9 S-cell cavi

Source: M. Awida, et al.,”Multiphysics analysis of frequency detuning
in superconducting RF cavities for proton particle accelerators”

Mech Modes Identification

System1LLRF2-4

Ready

imeouts:  Notimeouts

wm
25
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A mechanical mode has inertia, stiffness and damping. Rather than retaining its displacement in metres, our reduced model uses its contribution to resonance frequency in hertz. This makes the coupling easy to interpret while preserving second-order dynamics.

At a fixed normalized field of one, the static Lorentz contribution of a mode is minus Km hertz. Pulsed excitation can ring the mode because the force rises and falls. The feedback loop can also alter the field, and therefore the mechanical force, creating an additional interaction.

This is a teaching model. A predictive cavity model needs measured modal frequencies, damping, modal force coefficients, piezo transfer functions and pressure sensitivity. Different mechanical modes may have different signed sensitivities. A scalar static detuning coefficient alone cannot reproduce all transients.


Sources:
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Demonstration 1: open-loop cavity response

* Open simulator 1 — Cavity physics.

» SW, step, zero detuning, K,, =0, b =0: compare with | — ¢=.

Select pulsed RF; enable Lorentz detuning and a beam step.

Change to TW: observe entrance, exit and integrated accelerating field.

Compare SW exponential storage with TW finite propagation filling.

Live demonstration: open LLRF-simulators.html separately.

Apply +100 Hz detuning: observe reduced amplitude and phase rotation.
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Spend three minutes on the live experiment. Start with the “On-resonance step” preset. Read the displayed half-bandwidth and field time constant and estimate the field after one time constant before revealing the trace. It should be close to 63 percent when the amplifier is much faster than the cavity.

Apply detuning and ask which quadrature changes first. Then select the pulsed electromechanical preset. Locate the filling interval, the beam step and the decay. The mechanical detuning need not disappear at RF turn-off.

In the TW preset, a wavefront moves through a matched, constant-parameter structure. The integrated voltage rises over its transit time. Explicitly point out that mechanical resonator dynamics are disabled in this distributed example. The TW demonstration neglects beam-induced fields and reflections; those require additional distributed source terms and boundary conditions.


Sources:



SECTION 03/ 04

Feedback-loop structure and design

Build the digital field loop from calibrated 1/Q measurement through the controller and RF
actuator.

Accelerating field V(t)
Set-point r(t)
+ 3 e LLRF controller |Y RF amplifier RF R Cavity R
A\ C(s) 1 A RF(s) 1 G_cavs) ]

Measured field y(t) Probe / I/Q measurement |,

H(s)

e(t) = r(t) = y(1)
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LLRF /12

Feedback controls the complex vector

| Vector Modulator

L : ’ Amplitude Set-point Error signal

Sq;p ut rotation r= Asetej(ljse[? €e=r— Vmeasured
;\_@ B K

’ DWC-RTM
o, & | S —() —%) —X Héx) H&) g@l@ Hé) Controller command ouput signal
. 54 Mz . dVimeasured ]

Gain tables : Slsliiigo uraw — MFF + er + KI’ /e dt Kd dt fﬂtel‘ed

UQ';» 9 81.25 MH

) ‘ 1/Q detection
i e Controller out. limit (high power limit, input coupler
Set Point | /Q : . .
=T 1
A s limit etc.)

u = magnitude_limit(u,,y )

VS rotation matri

» Feedforward supplies the predicted nominal command.
« Two quadratures regulate amplitude and phase near the operating point.

» Detuning couples | and Q; calibration rotates drive and measurement coordinates.

Pl is a practical starting point; D is optional and noise sensitive. 1rhaz
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In an I/Q implementation, both controller channels use the same units and the error is a complex vector. Around a real operating point, this controls amplitude and phase. With detuning, the cavity rotates the vector, so the channels are coupled. A large detuning can make independent scalar tuning misleading.

A polar implementation directly controls amplitude and phase and may use a drive vector aligned with the instantaneous cavity field. This can improve decoupling in particular architectures, but it needs careful phase handling and acquisition logic when the field is small.

Feedforward supplies the predicted nominal command. Feedback corrects the residual. The simulator uses a basic on-resonance feedforward r/g, so a PI loop has to supply beam and detuning corrections. It does not implement facility-specific adaptive feedforward.


Sources:
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~ Realization of the digital field loop .

| Vector Modulator

| uTC

! DAC I/Q offsets ( _B

T

2

Output rotation
matrix

B

b a

2

A_out,
P_out

Feed Forward

caaromer, )

2

Gain tables
11Q.
—

R RYe)

Set Point | /Q
P19
A +

5 Vector Sum
1/1Q
VS rotation matrix
-b

——{ pac—!

Shared clock and coherent reference;
deterministic pipeline.

. Total latency includes conversion, filtering,
FPGA processing, links and
the actuator path.

Vcavl
1.3 GHz

Vcav3

Vcav4

» Choose decimation, fixed-point widths
And filters together with loop bandwidth.
Monitor probe, forward and reflected
channels separately.

DWC-RTM

Sml) —0) () ) —0) —R —B) —(

Error signal |

54 MHz
S|58300 Y y Y Y A\ y
) A A A A A A A A
16bit/
81.25 MHE D D D D D D D D
C C C C C C C C
1/Q detection and rtoation matriIes
a-b a-b a- a-b a-b a-b a-b a-b
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Digital downconversion multiplies the sampled intermediate-frequency signal by a numerical oscillator and filters it to baseband. Some designs use special sampling ratios to simplify the I/Q extraction. Either way, scaling, phase rotation and channel alignment are essential before feedback is closed.

Latency is a physical control parameter. A faster FPGA clock is not enough if the receiver filter, converter pipeline or optical link adds delay. Conversely, removing filtering can increase noise or allow a nearby cavity mode to be excited.

The regulator's arithmetic must preserve dynamic range. Saturation, rounding and overflow should be deliberate behaviours, not accidental fixed-point artefacts. The computer-facing diagnostics can run at a much lower data rate than the field loop without slowing the FPGA correction path.


Sources:
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Configuration and operating sequence (OPTIONAL)

1. Verify signal polarity, reference phase and RF-inhibit path.

2. Calibrate probe and forward/reflected signals; determine loop rotation.
3. Identify QL, detuning, gain, amplifier bandwidth and total delay.

4. Start with low gain and adequate power headroom.

5. Enable P, then I; assess noise, disturbance rejection and saturation.
6. Gate/reset the integrator across RF states; use anti-windup.

7. Add feedforward, tuner compensation and automation after validation.
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These are engineering configuration steps rather than a machine-specific commissioning procedure. The first closed-loop test should not depend on an unknown sign or phase rotation. A gain error changes bandwidth; a phase error can turn intended negative feedback into positive feedback.

When the drive saturates, the integrator can continue accumulating error. Anti-windup feeds the difference between limited and unlimited drive back to the integrator, or conditionally stops integration. During pulsed turn-off, integration must not attempt to restore a field that the sequencer deliberately removed.

Reference noise and probe drift require out-of-loop diagnostics. A very small error on the controller display does not prove that the actual accelerating field is equally stable: the loop can write measurement errors onto the cavity.


Sources:
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Demonstration 2: feedback responses

» Open simulator 2 — Field feedback.

Compare Open, P, Pl and filtered PID for the same beam step.

Observe field amplitude, phase, command and saturation.

Increase delay and P gain: faster response can become oscillatory.

Live demonstration: open LLRF-simulators.html separately.

Increase detuning or reduce command limit: regulation needs headroom.
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Spend four minutes on this comparison. Use the beam-step preset with zero mechanical coupling to isolate the electrical loop. The open loop shows the disturbance. P reduces the error but generally leaves a residual. PI can remove a constant residual if sufficient power and stability remain.

Then add detuning. The required command moves into the quadrature direction. Reduce the drive limit until the requested field becomes unattainable. This is a power limitation, not a problem solved by a larger integral gain.

Enable measurement noise and compare PI with filtered PID. Discuss whether the improvement in transient response justifies the noise in the drive. Finish by increasing delay and gain. Use the Bode laboratory next to explain the oscillatory behaviour rather than guessing from the transient alone.


Sources:
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Identify before tuning

Loaded Q estimation Static detuning estimation

dinlv] _ _ dargV _

dt da, dr =Aw
Q — %0
L= 724

Cavity response evaluation and gain, amplifier bandwith, delay etc detection

& = (—a+jAw)V +a(gh — b)

Decay observation gives bandwidth and detuning, over a region with adequate signal.

Step or swept modulation identifies gain, amplifier pole and delay.

Repeat around the actual field, tuning and beam operating point.

Calibration errors, beam current and rapidly varying detuning can bias fits.

211742


Prezentator
Notatki do prezentacji
Lecture timing: 34–36 min

Ring-down is especially useful because the drive contribution disappears. If there is no beam and the detuning is approximately constant, the magnitude decays exponentially and the phase advances linearly. Fit the magnitude logarithm and unwrapped phase over a suitable interval.

Mechanical motion can make phase non-linear, and a quench can change losses during the trace. At low signal the logarithm and phase become unreliable. Do not fit the entire record simply because the data-acquisition system provides it.

In the tuning laboratory, enter identified parameters manually. This is not an automatic fitting tool. Its role is to turn an identified model into predicted frequency and time responses. A physical port calibration is needed to convert the resulting normalized gains into hardware register values.


Sources:
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Plant, controller and loop transfer

ACTUATOR CAVITY PLANT MEASUREMENT

T s c . RE if c Veav(s) i b Measured field y(s)
ontroller amplifier avit Fie ro I-
5 P y ield probe / 1-Q .
x C(s) ARr(S) Geav(s) Himeas(s)

Beam loading b(s

Set-point r(s)

L(s)
. P(s) = Are(S)Geav(s) ¢ L(S) =C(S)P(S)Hmeas(s) ¢ T(S)=——r=
Plant (actuator + cavity) Neamtive feedbact (o) o — 30 1+L(s) Controller
_ ®amp —sT — E Kys
P (S) S+Cl+_]AC!) S+wampe C(S)_Kp-l_ A +l+S/0)D
1/Q field envelope: amplitude decay and phase drift
L, =CP Sy =t~ Ti=1
i i ) i 1 + Li ) i 1 + Li Q {Whatdothefand—branchos mean?
I { h+ A=—a+jA J
» The x branches are eigenchannels of the real 1/Q plant at fixed detuning. S
» Resonance: the branches coincide; scalar Pl tuning is then useful. e
« Sensitivity S: disturbance rejection; complementary sensitivity T: tracking/noise trade-off.

The lab evaluates the sampled, zero-order-held electrical plant and discrete controller.
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The familiar scalar first-order cavity model appears only on resonance or in a suitably simplified decoupled setting. With detuning, the two-by-two real I/Q plant has two complex eigenchannels. An identical controller on both quadratures can be assessed through both branches.

The continuous equation on the screen explains the physics. The simulator uses exact held-input discretization of the cavity and first-order amplifier, backward-Euler integration, a filtered backward-difference derivative and an integer-sample delay. Its Bode calculation therefore respects the selected sample period, not just an added analog delay.

These are local electrical-loop predictions. The linearization freezes detuning and excludes saturation, measurement noise and Lorentz/mechanical feedback. Use the nonlinear time demonstration and a measured plant to check those effects.


Sources:
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Selecting P, |
« Start with Pl on resonance: place its zero near the cavity pole.

%(1

el

sz—\/1+ wamp

* Reduce wc when delay or amplifier phase erodes margin.

» Use both detuned branches, all unity crossings and noise/headroom checks.

» Suggested targets: roughly 45-60° phase margin; validate against uncertainty.
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Placing a PI zero near the cavity pole approximately cancels the electrical pole in the nominal open-loop model, leaving an integrator and the amplifier dynamics. This gives a transparent initial estimate, but it is not exact pole cancellation in a real cavity with changing parameters.

The laboratory's “Suggest PI” button uses this estimate, constrains the target bandwidth against sampling and delay, and then evaluates the discrete model. The recommendation sets D to zero. It is a starting point for exploration, not a guaranteed stable hardware setting.

Derivative action is useful only when there is a reason to add lead and a verified noise budget. Filtering is essential because an ideal derivative has unbounded high-frequency gain. Use small gain variations and parameter changes to evaluate robustness, especially for detuning and latency uncertainty.


Sources:
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Demonstration 3: Bode-based tuning

* Open simulator 3 — PID / Bode laboratory.

Enter fO, QL, g, amplifier bandwidth, sample period and delay.

Suggest PI; inspect [L|, phase, |S| and |T| for both eigenchannels.

Increase Kp; move the crossover and watch phase margin.

Increase Ki; inspect low-frequency rejection and peaking.

Live demonstration: open LLRF-simulators.html separately.

Add filtered D, then detuning; inspect both branches and the step response.
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Spend four minutes tuning. Begin at zero detuning and read the suggested crossover and controller gains. The two eigenchannels coincide. Point to the zero-decibel crossover and compare the phase with minus 180 degrees. The displayed phase margin is the minimum over the observed gain crossings.

Add delay and keep the gains unchanged. The magnitude may look similar while the phase becomes more negative. Then introduce detuning and inspect the second branch. A single on-resonance Bode plot would miss this difference.

The gain-margin estimate includes observed odd-180-degree phase crossings within the plotted band. If no crossing is found, the tool says so rather than asserting infinite stability. Multiple crossings and phase wrapping require a Nyquist or pole analysis before hardware use. Transfer the gains to the nonlinear feedback tab and check the requested operating conditions.


Sources:


UPDATED SIMULATOR MODELS AND OPERATING GUIDE

The three laboratories share a self-contained JavaScript numerical engine. Parameter values are illustrative unless entered from measurements. Fields and actuator signals use normalized units, not volts or watts. Beam loading is entered as an equivalent normalized in-phase voltage disturbance, not beam current in amperes. Absolute power requires R/Q, coupling and calibrated forward-wave conventions.

Laboratory 1 — Cavity physics. Choose SW or TW. SW offers step, pulse, phase step and sinusoidal amplitude drives, beam loading, static detuning, mechanical Lorentz-force detuning and sinusoidal microphonics. TW is a matched constant-parameter transport model with an attenuated propagating envelope. Its entrance, exit and longitudinally integrated envelopes are distinct. It omits reflection, dispersion, variable group velocity, electromechanics and distributed beam loading. The TW integrated voltage is normalized to unit steady response for a unit input.

Two-level fill and plateau pulse. Choose Two-level fill + plateau pulse, or the corresponding demonstration preset in Laboratory 1 or 2. Set Fill time, Plateau / beam duration, and Amplitude ratio U_fill / U_plateau. The normalized drive/feedforward level equals R during filling, 1 during plateau, then 0. R is an amplitude ratio; the corresponding power ratio is $R^2$. In the SW model, the beam loads the cavity exactly during the plateau window, from T_fill to T_fill + T_plateau; the separate Beam start and rectangular RF pulse width controls are disabled for this excitation. The extra beam trace makes this window visible. The programmed fill interval does not guarantee a filled cavity: the field depends on bandwidth, detuning, beam, drive ratio, amplifier dynamics and command limits. With a fast amplifier, no beam and zero detuning, $R=\frac{1}{1-e^{-aT_{\mathrm{fill}}}}$ gives unit field at the transition to a unit-drive plateau. T_fill must be expressed in seconds in this formula.

In Laboratory 2, two-level excitation shapes feedforward drive independently of the desired field trajectory. The set-point rises with the nominal cavity time constant $\tau_V=\frac{2Q_L}{\omega_0}$. During filling, $r(t)=\frac{1-e^{-t/\tau_V}}{1-e^{-T_{\mathrm{fill}}/\tau_V}}$, so the exponential joins $r=1$ continuously at the effective sampled fill boundary. It remains 1 on plateau and becomes 0 after RF-off. A zero fill duration gives a unit step. This is the natural resonant single-mode filling shape, scaled to reach the requested unit plateau at the scheduled time. Its assumed nominal model excludes amplifier lag, RF delay, detuning and beam; those effects can produce tracking errors. The other excitation modes multiply their command waveform by the unnormalized natural rise $1-e^{-t/\tau_V}$ to obtain the reference. Small-signal Bode step tests retain their prescribed equilibrium step.

Feedback now works during both filling and plateau, using $e=r-y$ with y the measured complex field including the configured measurement noise. The amplitude and phase plots display the set-point, and the controller-error plot displays |e|, its I component and its Q component. CSV exports contain these same reference/error arrays; fieldError separately records the noise-free tracking error $|r-v|$. Feedforward retains the selected drive waveform. Feedback corrections can therefore change the final command ratio. RF turns off and the integrator resets at the end of the plateau. Boundaries take effect at the first sample at or after their requested times. In TW mode, the same two-level waveform drives the entrance with fill and plateau times expressed in µs; beam loading and feedback remain outside that transport model. Increase the record duration to include the complete fill, plateau and subsequent decay.

Laboratory 2 — Field feedback. Compare Open, P, PI and PID. Both I and Q receive the same gains. The derivative acts on measurement and is low-pass filtered. A circular command limit and back-calculation anti-windup model headroom. For pulsed operation the integrator and derivative states reset while RF is off. Measurement noise is seeded and repeatable. Mechanical feedback is enabled only through the specified model; no piezo-control loop or SEL is simulated.

Laboratory 3 — PID/Bode. Enter identified parameters; the tool does not fit measured data. It displays the two electrical eigenchannels, sampled open-loop Bode magnitude/phase, sensitivity and complementary sensitivity, plus a small-signal setpoint step. Parameters and gains can be copied to Laboratory 2. Its exact held-input linear electrical plant is coupled to the same discrete PI and derivative recurrence used by the time engine. The amplifier pole and integer delay are included. The recommended PI starts from pole cancellation on resonance, limits the target frequency against delay, amplifier and sampling constraints, and sets $K_d=0$. Recommendations should be checked with both detuned branches and nonlinear simulation.

Gain units. Kp is dimensionless for the normalized drive/field coordinates; Ki is s⁻¹; Kd is seconds. The derivative pole is entered in Hz. A hardware regulator may use different scaling and sample conventions. Recompute register values accordingly.

Discrete electrical model. Let $p=-a\pm j\Delta\omega$, $q=\omega_{\mathrm{amp}}$, $E=e^{pT_s}$, $F=e^{-qT_s}$, $A_{12}=ga\frac{E-F}{p+q}$, $B_1=ga\left[\frac{E-1}{p}-\frac{E-F}{p+q}\right]$. Then $v[k+1]=Ev[k]+A_{12}h[k]+B_1u[k-N]$; $h[k+1]=Fh[k]+(1-F)u[k-N]$. The plant is $P(z)=\frac{B_1+\frac{A_{12}(1-F)}{z-F}}{z-E}\,z^{-N}$. A limit formula handles coincident poles. The simulator rounds T/Ts to N samples and displays the effective delay.

Discrete feedback. $i[k]=i[k-1]+K_iT_s e[k]$; $d[k]=\alpha d[k-1]+(1-\alpha)\frac{y[k]-y[k-1]}{T_s}$ with $\alpha=e^{-2\pi f_D T_s}$. Before anti-windup, $u=u_{\mathrm{FF}}+K_p e+i-K_d d$. For loop analysis, $C(z)=K_p+\frac{K_i T_s}{1-z^{-1}}+\frac{K_d(1-\alpha)(1-z^{-1})}{T_s(1-\alpha z^{-1})}$. Derivative-on-measurement has this feedback transfer but a different setpoint numerator; the time simulation implements that distinction.

Mechanical integration. The modal state has detuning x and velocity xdot. It is integrated with RK4 at the control period, holding the field-squared force for that interval. The electrical update holds detuning fixed for the same interval. This is a split reduced-order integration; reduce Ts to check convergence. The tool rejects excessive step counts and grossly under-resolved mechanical or microphonics settings.

Stability interpretation. Crossings are estimated on a dense frequency grid below Nyquist. The lab reports the minimum observed phase margin across unity crossings and the minimum observed gain margin at odd-180° phase crossings for each eigenchannel. A missing crossing is reported as not observed in the plotted band. These indicators do not replace closed-loop pole/Nyquist analysis, especially with multiple crossings, unmodelled modes or mechanically coupled dynamics. The simulated time response is an additional diagnostic, not a stability proof.

Suggested exercises. (1) Recover τV from a step and ring-down. (2) Compare +Δf and −Δf; amplitude is symmetric but phase changes sign. (3) Compare electrical-only and coupled pulsed responses. (4) Remove a constant beam disturbance with PI and demonstrate failure at insufficient drive. (5) Reduce the sample period and verify numerical convergence. (6) Increase delay and compare Bode margin with ringing. (7) Apply gains identified at zero detuning to a detuned plant. (8) Compare command noise with and without D.
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Fast Resonance controls
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Source: J.P. Charrier et. al,” 704 MHZ HIGH POWER COUPLER AND CAVITY DEVELOPMENT FOR HIGH POWER PULSED PROTON LINACS”

» Lorentz force can detune cavity during pulse operations by
hundreds of Hz (bandwiths)

« Cavity mechanical tuning done by step motors: extensive range
but slow dynamics.
« Up to complex control needed including: Adaptive FF, Pl, ANC,

» Essential for ,next to saturation” operation and narrow band. cases
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Full LLRF setup example
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Facility implementations

Compare the RF control and hardware choices at FLASH, European XFEL, ESS and LCLS-II.
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Four systems, two control topologies

Example Main-linac regime

FLASH Pulsed SRF, standing wave
European XFEL Pulsed SRF, standing wave
ESS Pulsed proton linac, NC + SRF
LCLS-II CW SREF, standing wave

* Vector sum: regulate the calibrated net accelerating voltage.

Control architecture emphasized
Multiple cavities and vector-sum control
Large-scale vector-sum stations
Individual SRF-cavity field control

Single source, single cavity; SEL capabilities

+ Individual control: dedicate an independent RF actuator to a cavity.

« Hardware and performance statements below refer to the cited configurations.
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Use this table as the architectural map for the hardware and facility comparisons that follow. FLASH and European XFEL demonstrate shared-source regulation. ESS and LCLS-II illustrate individual superconducting-cavity actuation in different duty regimes. Individual control does not mean that every diagnostic or chassis is dedicated to only one cavity.

The key question is the number of independent actuators, not the number of processors. One common RF source cannot independently cancel arbitrary disturbances in every cavity. In contrast, an individual source can regulate its cavity directly, at the cost of more independent RF channels.

Sources: [S3]–[S9].


Sources:
C. Schmidt et al., *Real Time Control of RF Fields Using a MicroTCA.4 Based LLRF System at FLASH*, IEEE-NPSS RT2014, DOI 10.1109/RTC.2014.7097430. DESY publication record and links (https://msk.desy.de/veroeffentlichungen/konferenzbeitraege/index_ger.html).
L. Doolittle et al., *High Precision RF Control for SRF Cavities in LCLS-II*, SRF2017, FRXBA02, DOI 10.18429/JACoW-SRF2017-FRXBA02. Paper (https://proceedings.jacow.org/srf2017/papers/frxba02.pdf).
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Platforms used by the four example systems

System Hardware organization Documented technology / integration

FLASH MTCA .4 digitizers, RF RTMs, controller and FPGA field processing; shared-source control; DOOCS
CPU

European XFEL MTCA. 4; distributed measurement and central  SIS8300 family, DWC RTMs, uTC/TCK7 examples;
station control optical links; DOOCS

ESS MTCA digitizer, CPU and event receiver SIS8300 FPGA; PCle + trigger lines; EPICS;

protection and piezo modules

LCLS-II Dedicated receiver / RF-station / resonance ADC/DAC and FPGA carriers; optical I/Q transport;

chassis EPICS

 FMC is a mezzanine interface; MTCA .4 is a crate/platform architecture.
» FPGA family, converter board and control topology are different design choices.

 Historical modules and development carriers are identified by source and date.
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The table compares organization rather than ranking the platforms. FLASH and XFEL use a modular crate ecosystem. ESS also integrates the digitizer and event receiver with CPU control in MTCA. LCLS-II's published cavity controller uses dedicated chassis with an isolated precision receiver.

FMC, the FPGA Mezzanine Card interface, allows converter or I/O hardware to attach to a carrier. It should not be compared with MTCA.4 as though the two were competing complete systems: an FMC can itself be hosted on an AMC. Similarly, a Kintex or Virtex designation names an FPGA family, not the RF architecture. The next slides connect each hardware arrangement to its control requirements.

Sources: [S4], [S8], [S9], [S11], [S17], [S18].


Sources:
M. Omet et al., *Operation Experiences with the MicroTCA.4-based LLRF Control System at FLASH*, IPAC2015, MOPHA029, DOI 10.18429/JACoW-IPAC2015-MOPHA029. Paper (https://proceedings.jacow.org/IPAC2015/papers/mopha029.pdf).
G. Fedel et al., *LLRF and Timing System Integration at ESS*, ICALEPCS2023, THPDP051. Paper (https://proceedings.jacow.org/icalepcs2023/papers/thpdp051.pdf).
L. Doolittle et al., *High Precision RF Control for SRF Cavities in LCLS-II*, SRF2017, FRXBA02, DOI 10.18429/JACoW-SRF2017-FRXBA02. Paper (https://proceedings.jacow.org/srf2017/papers/frxba02.pdf).
G. Huang et al., *Low Noise Digitizer Design for LCLS-II LLRF*, NAPAC2016, TUPOA40, DOI 10.18429/JACoW-NAPAC2016-TUPOA40. Paper (https://proceedings.jacow.org/napac2016/papers/tupoa40.pdf).
J. Branlard, *Looking Back over 10+ Years Experience with MTCA.4 LLRF Systems at DESY*, 6 December 2023. Particularly European XFEL crate occupancy and optical station arrangement. Presentation (https://www.desy.de/~branlard/talks/OTHER/2023_12-MTCA_WS-10yearsMTCA_LLRF.pdf).
DESY MicroTCA Technology Lab, *Hardware*. AMC, RTM and FMC modular interfaces. Documentation (https://innovation.desy.de/technologies/microtca/hardware/index_eng.html).
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- L ;1

MicroTCA.4: the hardware platform J '““”'"""1 i
Component Function in an LLRF station | i
AMC — Advanced ADC/DAC, FPGA processing, timing or CPU |

Mezzanine Card

RTM — Rear Transition RF conditioning, downconversion, modulation or

Module tuner 1/0

MCH — MicroTCA Shelf management and configured switched fabrics

Carrier Hub

Digital backplane PCle, Ethernet, clocks, triggers and point-to-point
links

RF backplane / LO Precision RF/clock distribution in a compatible

module implementation

Power and cooling Managed supplies, monitoring and heat removal

modules

« FLASH and XFEL: MTCA.4; ESS: documented MTCA-based LLRF.

« AMC/RTM pairing separates digital processing from the analog interface.

» Platform management is separate from the real-time feedback calculation.
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Read the crate from front to rear. An AMC plugs into the digital backplane; its associated RTM provides the rear interface. The CPU and FPGA cards exchange configuration or acquisition data through the selected fabric. The MCH manages the shelf and may provide switches, depending on its configuration.

An RF backplane is an additional precision distribution implementation; it is not the same signal path as PCI Express. The 2023 DESY review documents its use with the uLOG module at XFEL. Module management can monitor temperatures, supplies and module state. Hot-plug capability does not imply that a running RF station can be serviced without a controlled machine sequence.

Sources: [S15], [S17], [S18]. More detail is in the hardware supplement.


Sources:
Ç. Gümüş, *Introduction to MicroTCA*, DESY PIER Workshop, 1 June 2023. Platform components, fabrics and FPGA/CPU roles. Presentation (https://indico.desy.de/event/38759/contributions/144506/attachments/82340/108491/introduction_to_mtca.pdf).
J. Branlard, *Looking Back over 10+ Years Experience with MTCA.4 LLRF Systems at DESY*, 6 December 2023. Particularly European XFEL crate occupancy and optical station arrangement. Presentation (https://www.desy.de/~branlard/talks/OTHER/2023_12-MTCA_WS-10yearsMTCA_LLRF.pdf).
DESY MicroTCA Technology Lab, *Hardware*. AMC, RTM and FMC modular interfaces. Documentation (https://innovation.desy.de/technologies/microtca/hardware/index_eng.html).

DETAILED HARDWARE SUPPLEMENT

This section provides the longer explanations behind slides 20–23 and the facility schematics. In the 60-minute delivery, summarize the four new hardware slides in four minutes; use the supplement for preparation or follow-up discussion. Board specifications describe documented capabilities or dated configurations. They are not a claim that every installed channel uses the same board revision or sampling clock.

## 1. MicroTCA.4 and the mixed-signal crate

MicroTCA provides a modular managed shelf for Advanced Mezzanine Cards. The MTCA.4 extension supports rear transition modules, allowing an RF or other analog interface to sit behind its digital processing card. An LLRF crate therefore combines several functions: receiver/digitizer AMCs, a station-controller AMC where required, a CPU, timing, protection, and matching RF or actuator RTMs. The AMC-to-RTM interface must match the supported connector assignment and electrical class; the form factor alone does not make arbitrary modules interchangeable. [S15], [S18].

The MicroTCA Carrier Hub performs shelf management and provides the supported communication-fabric functions in its particular implementation. Power modules and cooling units support the electronics. Module-management controllers expose state and monitoring to the platform-management system. These services support availability and maintenance; the field correction itself runs in FPGA application logic. PCIe is commonly used for register access and bulk acquisition between the CPU and FPGA, while dedicated point-to-point links can serve the fast processing path. [S15].

The digital backplane and a precision RF backplane have different purposes. The former carries digital fabrics, timing or other assigned signals. A compatible RF backplane distributes LO, reference or clocks with attention to isolation and phase stability. The 2023 DESY review documents uLOG-supported RF-backplane distribution in the European XFEL hardware arrangement. A crate standard specifies interfaces; the complete RF performance depends on the implemented modules, clock tree, calibration and thermal design. [S17].

## 2. Receiver, ADC and DAC technologies

A heterodyne receiver uses a mixer and local oscillator to translate a cavity signal from RF to IF. RF and IF filters, gain/attenuation settings, image rejection, impedance matching and shielding establish the usable measurement range. Digital downconversion then extracts I/Q. The reverse path reconstructs a drive waveform using a DAC and either upconversion or a vector modulator. Directional-coupler forward and reflected measurements need their own complex calibration and directivity assessment.

ADC resolution is only one contributor to effective precision. Thermal noise, clock phase noise, distortion, interchannel crosstalk, gain drift and offset also matter. A nominal 16-bit ADC does not guarantee 16 noise-free bits. Likewise, a high DAC rate does not remove the need for reconstruction filtering and drive-chain characterization. Strong feedback can transfer measurement noise into the actual cavity field, making receiver quality a control-system parameter.

The vendor lists the SIS8300 family as ten-channel, 125 MS/s, 16-bit MTCA.4 digitizers, with different FPGA generations: SIS8300 uses Virtex-5; SIS8300-L/L2 use Virtex-6; SIS8300-KU uses Kintex UltraScale. These are family capabilities. Do not infer an ESS or DESY installation's exact FPGA from the unqualified family name “SIS8300,” or assume that the board's maximum sampling rate equals the selected operating rate. [S16].

In the LCLS-II digitizer-development example, AD9653 ADCs and an AD9781 DAC support an eight-ADC-channel, two-DAC-channel converter board. It uses coherent receive/transmit IFs and clocks; the published values are 20 MHz receive IF, 145 MHz transmit IF, 94.3 MS/s ADC and 188.6 MS/s DAC. The BMB7 Kintex-7 carrier is identified as a development/test platform in that paper. FMC connectors carry the converter-to-FPGA interface; the system paper notes that its converter board does not follow the standard FMC mechanical outline. [S11], [S9].

## 3. FPGA, SoC and firmware architecture

The FPGA is a hardware pipeline rather than a CPU executing one software instruction after another. Parallel receiver channels can demodulate, calibrate and filter simultaneously. DSP blocks perform multiply–accumulate operations; local memories hold feedforward tables, filter state and waveform buffers. The controller can compute I/Q errors, apply PI/PID terms, handle drive limits and generate actuator samples in a deterministic sequence. Pipeline depth, selected clocks and communication delays determine the loop latency.

Different FPGA generations change available DSP, memory and transceiver resources, supported tooling, power consumption and lifecycle. Upgrading the device is therefore also a firmware-maintenance task. A reusable framework separates the board-support layer from application functions and makes register maps, data transfer, clock/reset handling and automated verification easier to maintain. DESY's FWK presentation provides an example of this approach. [S13].

An FPGA SoC adds processor cores alongside programmable logic. The processor may run configuration and control software while the deterministic field loop remains in the logic. RFSoC additionally integrates high-speed converters. This can reduce external converter interfaces or analog mixing, but only after assessing signal bandwidth, alias filtering, jitter, spurious products, latency, power and thermal behaviour. Direct RF sampling and RFSoC are development options, not an asserted universal replacement for the documented four systems. [S12].

## 4. Timing, reference phase and communications

Three clocks or timing concepts must be distinguished. The RF phase reference defines the phase seen by the beam. The converter/FPGA sample clocks define when signals are acquired and processed. The event system defines pulse boundaries, beam markers and other machine actions. They must have the required relationships, but an event trigger alone is not a low-noise RF phase reference.

For a sinusoidal input, a small sampling-time error produces an approximate phase error $\delta\phi=2\pi f_{\mathrm{input}}\delta t$. A heterodyne receiver samples at the IF, while direct sampling encounters the RF input frequency; the complete receiver still includes LO phase noise and reference-distribution effects. Cable temperature changes and phase drift must be evaluated over the relevant observation time. Thermal stabilization and calibration complement clock quality.

Fast optical links can move I/Q or partial vector sums between FPGA pipelines while isolating chassis electrically. Their latency and synchronization still need to be measured. PCIe transfers CPU configuration and acquisition data. Ethernet integrates operator controls and services. Event/permit paths carry timing or protection semantics. These are logical functions: a particular implementation can share physical infrastructure, but its deterministic behaviour and failure handling must still be established.

## 5. How these technologies appear in the four systems

FLASH. The documented MTCA.4 deployment separates multichannel RF acquisition, FPGA field regulation and CPU supervision. It is a useful example of bringing a modular platform into operation: thermal monitoring, radiation conditions, diagnostics and recoverability affect availability as well as the nominal precision. The lecture's 2013/2015 configuration is a historical example, not an installation inventory for 2026. [S3], [S4].

European XFEL. The 2023 DESY hardware review lists SIS8300 digitizer slots with DWC10 RTMs, a TCK7 control slot with vector-modulation hardware, CPU, timing and protection functions, and uLOG RF distribution. It describes a manager/subordinate arrangement over optical links and 32-cavity vector-sum control. This makes the fast interconnection and station-level aggregation concrete. The 2013 SIS8300L/uTC examples remain explicitly dated. [S17], [S5].

ESS. The 2023 implementation describes FPGA firmware in the Struck SIS8300 card and an EPICS controller on a Concurrent Technologies CPU in the same MTCA system. PCIe carries CPU–digitizer data, while trigger lines link acquisition and interlock actions with the event receiver. Local protection, LO and piezo-driver hardware support the station. The important distinction is between fast field firmware and software-layer supervisory/learning functions; no specific SIS8300 suffix is asserted from that report. [S8].

LCLS-II. The documented SRF cavity-control architecture uses a precision receiver separated from RF-station hardware and connected by optical digital transport; resonance electronics drive piezo and stepper actuators. Converter boards attach to FPGA carriers using FMC-style connections. This chassis organization prioritizes isolation of the precision probe measurements. It should be described separately from other facility-wide instrumentation platforms, and the cited BMB7 development carrier should not be treated as a complete production hardware specification. [S9], [S11].

## 6. Actuator and protection electronics

The field loop sends an RF drive command to the high-power chain. Resonance control uses a different actuator chain: a high-voltage piezo driver provides fine dynamic tuning, and a stepper-motor driver provides larger, slower changes. Their electrical limits, mechanical transfer functions and noise contributions must be identified separately. A piezo driver's voltage command is not directly equivalent to a cavity-frequency change without the measured actuator/mechanical transfer function.

Interlocks and local protection supervise abnormal RF power, permits and other relevant conditions and can inhibit RF or beam. They need defined response and reset behaviour even when the field regulator saturates. Platform health monitoring detects module or thermal problems, but it does not replace the machine's RF and beam protection. In a shared-source station, individual cavity limits remain essential even if the vector sum is correct.

## 7. Selection criteria and questions for a hardware review

Evaluate the complete measurement and actuator chain rather than selecting a platform by converter bits or FPGA model alone. Measure end-to-end delay; specify noise and drift over a defined bandwidth; assess crosstalk under realistic drive excursions; verify calibration and usable power headroom. Check how the design transports references, synchronizes channels, handles failure and captures diagnostic data. Finally, consider firmware compatibility, spare modules, tooling and support over the expected accelerator lifetime.

The teaching simulator's amplifier pole, sample period, delay, gain, noise and saturation fields correspond to these practical choices. Its parameters are independent controls for explaining effects; a real board or firmware change usually changes several of them at once.




LLRF /24
RF reception, conversion and coherent clocks

Probe » RF filtering / gain -» mixer + LO - IF filter - ADC
-» digital downconversion - calibrated I/Q
I/Q drive » DAC - reconstruction / upconversion - amplifier

Reference » LO generation + sample clocks + phase comparison

» Heterodyne conversion moves the carrier to a manageable intermediate frequency.

» Converter bits describe quantization; noise, linearity and crosstalk determine precision.

« Clock jitter produces phase error: 64 ~ 2finpui0:.

» Struck example: SIS8300-L, 10 channels, 16-bit, 125 MS/s, Virtex-6.

» Direct sampling is an alternative with its own clock and alias-filter requirements.
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The analog receiver determines what the FPGA is able to measure. Filtering suppresses unwanted mixing products and aliasing, while gain places the signal within the ADC range. A coherent LO and sample clock maintain a repeatable phase relationship. For jitter, f_input is the frequency at the converter input: normally the IF after downconversion, or the RF for direct sampling.

The SIS8300-L figures are vendor capabilities, not proof that every facility runs at that sample rate. LCLS-II's documented development uses a different converter chain. After conversion, digital filtering and decimation define an effective control rate distinct from the raw ADC sample rate. A stable reference and receiver calibration remain necessary regardless of converter resolution.

Sources: [S11], [S16].


Sources:
G. Huang et al., *Low Noise Digitizer Design for LCLS-II LLRF*, NAPAC2016, TUPOA40, DOI 10.18429/JACoW-NAPAC2016-TUPOA40. Paper (https://proceedings.jacow.org/napac2016/papers/tupoa40.pdf).
Struck Innovative Systeme, *µTCA/ATCA Product Page*. SIS8300 family converter and FPGA specifications. Vendor documentation (https://www.struck.de/xtca.html).
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FPGA processing and three communication paths

Path Typical contents Main requirement

Fast field loop 1/Q, filters, controller, limits and DAC command Bounded latency and deterministic execution

Timing / protection RF-start, beam markers, permits and RF Defined event timing and failure behaviour
inhibit

Supervision / DAQ Registers, waveforms, calibration, archive and  Throughput, traceability and maintainability
alarms

FPGA: parallel logic, DSP multipliers, local memory and serial transceivers.

PCle connects the CPU and acquisition/control registers; Ethernet reaches services.

Fast FPGA links can carry partial vector sums or receiver 1/Q without a CPU round trip.

CPU software implements sequencing and automation through control systems infrastructure (EPICS, DOOCS, etc)
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An FPGA implements a pipeline whose stages operate concurrently. Digital mixers, filters and controller arithmetic use dedicated multipliers and memory. High-speed transceivers connect processing devices where a fast signal must cross a board or chassis boundary.

Distinguish data throughput from control latency. A link that transports many waveforms per second can still be unsuitable for the immediate feedback correction if its delay varies. Likewise, the network that carries an operator command is not automatically the channel that carries a protection permit.

Fixed-point scaling, reset behaviour, clock-domain crossings and firmware compatibility are part of the control design. CPU software handles tasks that can tolerate longer scheduling times. The three paths interact, but their performance and failure requirements should be specified separately.

Sources for concrete examples: [S8], [S9], [S13].


Sources:
G. Fedel et al., *LLRF and Timing System Integration at ESS*, ICALEPCS2023, THPDP051. Paper (https://proceedings.jacow.org/icalepcs2023/papers/thpdp051.pdf).
L. Doolittle et al., *High Precision RF Control for SRF Cavities in LCLS-II*, SRF2017, FRXBA02, DOI 10.18429/JACoW-SRF2017-FRXBA02. Paper (https://proceedings.jacow.org/srf2017/papers/frxba02.pdf).
M. Büchler, *FWK — An Open Source FPGA Framework by DESY*, IBIC2024. Presentation (https://proceedings.jacow.org/ibic2024/pdf/WEAI1_talk.pdf).
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European XFEL: vector-sum control at scale

Many cavity probes - digitizer FPGA partial vector sums

» fast links -» central uTC controller » RF modulator

-» common klystron -» RF distribution -» cavity group
Per-cavity limits / detuning / piezo; station-level sequencing

- Calibrated sum: V== ZW:'V:'; regulate net voltage and phase.

2013 modules: SIS8300L, 10 channels, Virtex-6; uTC controller family.

Design target: 0.01% amplitude and 0.01° phase RMS for station field.

Individual limits remain necessary even with a stable sum.

Analog RTMs: downconversion and vector modulation; MTCA.4 management.
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The defining control object is a calibrated vector sum. Each measured cavity vector receives an appropriate complex calibration before being summed. Partial sums reduce the data that must be transported to the central controller.

The 2013 hardware description includes SIS8300L digitizers and uTC controller generations based on Virtex-5 and Kintex-7. A 2023 DESY review shows SIS8300-labelled digitizer slots, DWC10 downconverters, TCK7 station-control hardware, timing and protection cards, and uLOG RF distribution. Distinguish those dated configurations from the exact installed revision of an individual board.

One cavity can increase while another decreases without changing the sum. Thus individual gradient limits, detuning estimates and tuner actions remain essential. A precision target also requires stable reference distribution and channel calibration, not merely a high-resolution ADC.

Sources: [S5], [S6], [S17].


Sources:
J. Branlard, *Update on the LLRF System for the European XFEL*, LLRF2013. Especially slides on core MTCA.4 digitizer/controller modules. Presentation (https://www.desy.de/~branlard/talks/LLRF13/LLRF13-LLRFforXFEL.pdf).
J. Branlard et al., *The European XFEL LLRF System*, IPAC2012, MOOAC01. Paper (https://msk.desy.de/localfsExplorer_read?currentPath=%2Fafs%2Fdesy.de%2Fgroup%2Fmsk%2Fwww%2Fhtml%2FPublikationen%2FReports%2FIPAC12%2FMOOAC01-2.pdf).
J. Branlard, *Looking Back over 10+ Years Experience with MTCA.4 LLRF Systems at DESY*, 6 December 2023. Particularly European XFEL crate occupancy and optical station arrangement. Presentation (https://www.desy.de/~branlard/talks/OTHER/2023_12-MTCA_WS-10yearsMTCA_LLRF.pdf).
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European Spallation Source: pulse timing and high beam loading
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Cold cavities only

LLRF for ESS: Requirements and System design,
Courtesy: Anders J Johansson

» 352 and 704 MHz RF families; pulsed operation at 14 Hz. = B
- Design beam pulse: 2.86 ms; SRF sections use individual cavity regulation. =~ = ez sy
» 2023 report: MTCA, SIS8300 firmware, Concurrent Technologies CPU, EPICS.

RF-system specification page gives 0.5% amplitude and 0.5° phase bounds.
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ESS combines normal-conducting and superconducting sections, so not every accelerating structure or power station is identical. The pulsed proton beam places strong demands on synchronization and beam-loading compensation.

The 2023 implementation report describes a Struck SIS8300 digitizer, an EPICS software controller on a CPU in the same MTCA system, and an event receiver. PCI Express carries computer data, while trigger lines carry timing and interlock interactions. Static feedforward provides a counter-beam contribution aligned with the beam pulse.

Treat the published field-error bounds as a different specification from the FEL RMS targets; their measurement definitions must be checked before numerical comparison. The 5 MW design figures on the RF overview also differ from the 2 MW installed scope reported in 2024. Do not mix those scopes.

Sources: [S7], [S8], [S10].


Sources:
ESS, *Radio Frequency Systems*. RF frequencies, original design pulse parameters and stated field-control bounds; some power inventory figures are historical. Overview (https://ess.eu/accelerator/radio-frequency-systems).
G. Fedel et al., *LLRF and Timing System Integration at ESS*, ICALEPCS2023, THPDP051. Paper (https://proceedings.jacow.org/icalepcs2023/papers/thpdp051.pdf).
ESS, *Installation and Testing of the 2 MW RF Scope Completed*, 11 October 2024. Report (https://ess.eu/article/2024/10/11/installation-and-testing-2-mw-rf-scope-completed).
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LCLS-II: CW, individual sources and low-noise reception

Probe + reference - Precision Receiver Chassis » optical I/Q link
-» RF Station Chassis / FPGA - upconversion - SSA - one cavity

\ALIIIIIIIIIIIIY
Forward / reflected » separate monitoring path in RF station :

FELACH R EOMTICY, Ereaain |

Detuning estimator - resonance chassis -» piezo + stepper \g IIIIII"'.""'

; 0000000007
EPICS, timing, machine protection and beam feedback interfaces Ih‘“‘

« 2017 design: SSSC, 1.3 GHz CW SREF, representative 0, ~4 x 10’.
» Receiver/drive separation limits RF crosstalk.

Split IF: 20 MHz receive, 145 MHz transmit; -

Hardware checkout

ADC clock =94.3 MHz. P
« Precision conversion, coherent clocks, # e e
thermal stability and optical transport.

351742


Prezentator
Notatki do prezentacji
Lecture timing: 53–54 min

LCLS-II uses an individual solid-state amplifier for each main-linac cavity. This is a natural match for CW operation and narrow-band cavities. The 2017 design separates the precision cavity measurements from forward and reflected monitoring and RF-drive hardware.

The receiver and RF station exchange data optically. The receive and transmit intermediate frequencies are different, improving filtering and isolation. The digitizer development paper describes an eight-ADC, two-DAC board and a Kintex-7-based BMB7 test carrier; the system paper identifies AD9653 conversion and FMC-style attachment. The test carrier should not be mistaken for a complete inventory of production chassis.

The engineering emphasis is that receiver noise and crosstalk can determine the achievable field noise once loop gain is high.

Sources: [S9], [S11].


Sources:
L. Doolittle et al., *High Precision RF Control for SRF Cavities in LCLS-II*, SRF2017, FRXBA02, DOI 10.18429/JACoW-SRF2017-FRXBA02. Paper (https://proceedings.jacow.org/srf2017/papers/frxba02.pdf).
G. Huang et al., *Low Noise Digitizer Design for LCLS-II LLRF*, NAPAC2016, TUPOA40, DOI 10.18429/JACoW-NAPAC2016-TUPOA40. Paper (https://proceedings.jacow.org/napac2016/papers/tupoa40.pdf).
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Self-excited and generator-driven operation

» Generator-driven resonant operation: fixed reference frequency; detuning needs correction.

Self-excited loop (SEL): RF oscillation follows the cavity resonance.

Amplitude regulation and phase locking can be layered onto SEL.

SEL supports acquisition when resonance differs from the target frequency.

Beam operation needs the specified phase/frequency relationship to the reference.
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A self-excited loop uses the cavity response as part of an oscillating loop, so it can follow resonance. This is useful when the cavity is narrow-band and initially detuned. Tracking resonance alone does not establish the required beam-synchronous phase.

Amplitude and phase constraints can progressively establish the desired reference relationship. The LCLS-II design describes this flexibility together with drive limits and tuner coordination. Today's time simulator is a generator-driven I/Q teaching loop; it does not reproduce the SEL acquisition state machine.

This distinction prevents an attractive but misleading conclusion that a resonance-following oscillator automatically solves all field-control requirements.

Source: [S9].


Sources:
L. Doolittle et al., *High Precision RF Control for SRF Cavities in LCLS-II*, SRF2017, FRXBA02, DOI 10.18429/JACoW-SRF2017-FRXBA02. Paper (https://proceedings.jacow.org/srf2017/papers/frxba02.pdf).


.

LLRF /30 55-56 min

How to compare implementations fairly

Criterion What to examine

Actuation One source per cavity or per group?

Measurement Noise, drift, crosstalk and calibration accuracy
Dynamics Loaded bandwidth, detuning, amplifier and delay
Processing FPGA latency, links, arithmetic, mode filters

Operation Timing, feedforward, tuner logic and recovery
Reliability Cooling, monitoring, spares and firmware maintenance

» Specify RMS/peak, bandwidth, beam window and sum/individual field.

» A crate standard is an integration choice; it does not determine control quality.
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All four systems use digital control, but their optimization priorities differ. Pulsed vector-sum systems place strong emphasis on synchronized multichannel acquisition and station coordination. Individual CW systems place particularly strong emphasis on noise and detuning relative to a narrow bandwidth. ESS places strong emphasis on pulse timing and beam-loading compensation.

Do not rank systems using only nominal ADC bits or a quoted amplitude number. The signal level, receiver noise, measurement bandwidth and calibration drift determine effective precision. The protection and maintenance architecture determines whether that precision remains available during routine accelerator operation.


Sources:



LLRF /31

Development directions

» Higher RF duty factor for pulsed machines: reconsider RF power, QL, tuning and heat loads together.

Direct RF sampling / RFSoC: integrate converters and FPGA processing — phase noise considerations.

Active work on the cavity tuning optimization - Adaptive resonance control and narrow-band microphonics reduction.

Early systems parameters identifications (LFD coeff., piezo coefficients, mechanical modes identification etc.)

Model-based commissioning, parameter tracking and hardware-in-the-loop testing.

« ML-assisted estimation/monitoring: validate against deterministic control baselines.

LLRF Topical Workshop on Advanced Feedback Control

Wey, Mr Ande
g 2 lercon? Wi
You percict.. i ) Wﬂ =

Getting started Jou Pt i i
with Al agents

Chat & code — what they are, how to drive them, and what to
watch out for.

Bartek Bielawski - CERN 13-15 October 2026

Source: www.amd.com
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These are research and engineering directions, not promises that every facility will adopt the same platform. Higher duty factor changes the RF and cryogenic budgets and can make the optimal coupling and resonance-control strategy very different from pulsed operation.

Direct RF sampling can simplify analog frequency conversion, but clock jitter, converter linearity, dynamic range, heat and latency still matter. A 2024 C-band RFSoC development provides a concrete example outside the four main case studies. DESY's 2024 firmware-framework presentation illustrates the push for reusable FPGA infrastructure.

Model-based commissioning can estimate gain, bandwidth and detuning systematically. Learning methods may help monitoring or optimization, but a proposed controller should be compared with conventional methods using held-out disturbances, uncertainty and reproducible tests. The most valuable progress often comes from better calibration and operational reliability as well as new algorithms.

Sources: [S12], [S13], [S14].


Sources:
C. Liu et al., *Direct RF Sampling Based LLRF Control System for C-band Linear Accelerator*, IPAC2024, MOCN2. Contribution (https://indico.jacow.org/event/63/contributions/3289/).
M. Büchler, *FWK — An Open Source FPGA Framework by DESY*, IBIC2024. Presentation (https://proceedings.jacow.org/ibic2024/pdf/WEAI1_talk.pdf).
J. A. Diaz Cruz et al., *Studies in Applying Machine Learning to LLRF and Resonance Control in Superconducting RF Cavities*, 2019. Paper (https://arxiv.org/abs/1910.07648).


LLRF /32

Summary and closing discussion

LLRF regulates the accelerating vector while coordinating RF and resonance control.
SW storage and TW propagation require different models.

Electrical and mechanical dynamics couple through detuning and field squared.

Pl is a useful baseline; tuning depends on identified dynamics, delay and noise.

Vector-sum and individual-source control reflect different actuator architectures.

Final questions:
- measurement, latency, detuning or power — which dominates?
- the first experiment You would perform on an unfamiliar cavity?
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Close by returning to the initial precision-instrument-and-power-actuator picture. A good controller cannot compensate for an uncalibrated measurement, insufficient drive power or an unstable reference. It also cannot create an independent actuator where the hardware provides only a shared source.

Ask the audience to name the first experiment they would perform on an unfamiliar cavity. A useful answer is a calibrated low-power measurement or a suitable ring-down to estimate the plant before choosing gains. Another is to measure end-to-end latency rather than infer it from FPGA clock rate.

Reserve the final minute for a question. If none arises, ask why a narrow-band cavity can require a feedback bandwidth much wider than its natural bandwidth, and what ultimately prevents gain from increasing without limit.


Sources:


FULL BIBLIOGRAPHY

All descriptions and diagrams are original teaching summaries. The hardware diagrams show functional structure and omit cables, redundancy, exact rack counts and facility-specific protection wiring.

- [S1] F. Tecker, *RF Systems*, CERN Accelerator School, 2018. SW/TW and filling concepts. Lecture (https://cas.web.cern.ch/sites/default/files/lectures/archamps-2018/rf-systems-basic-2018.pdf).
- [S2] E. Jensen, *RF Cavity Design*, CERN Accelerator School contribution, 2016. Equivalent circuits, beam loading and multicell structures. Paper (https://arxiv.org/abs/1601.05230).
- [S3] C. Schmidt et al., *Real Time Control of RF Fields Using a MicroTCA.4 Based LLRF System at FLASH*, IEEE-NPSS RT2014, DOI 10.1109/RTC.2014.7097430. DESY publication record and links (https://msk.desy.de/veroeffentlichungen/konferenzbeitraege/index_ger.html).
- [S4] M. Omet et al., *Operation Experiences with the MicroTCA.4-based LLRF Control System at FLASH*, IPAC2015, MOPHA029, DOI 10.18429/JACoW-IPAC2015-MOPHA029. Paper (https://proceedings.jacow.org/IPAC2015/papers/mopha029.pdf).
- [S5] J. Branlard, *Update on the LLRF System for the European XFEL*, LLRF2013. Especially slides on core MTCA.4 digitizer/controller modules. Presentation (https://www.desy.de/~branlard/talks/LLRF13/LLRF13-LLRFforXFEL.pdf).
- [S6] J. Branlard et al., *The European XFEL LLRF System*, IPAC2012, MOOAC01. Paper (https://msk.desy.de/localfsExplorer_read?currentPath=%2Fafs%2Fdesy.de%2Fgroup%2Fmsk%2Fwww%2Fhtml%2FPublikationen%2FReports%2FIPAC12%2FMOOAC01-2.pdf).
- [S7] ESS, *Radio Frequency Systems*. RF frequencies, original design pulse parameters and stated field-control bounds; some power inventory figures are historical. Overview (https://ess.eu/accelerator/radio-frequency-systems).
- [S8] G. Fedel et al., *LLRF and Timing System Integration at ESS*, ICALEPCS2023, THPDP051. Paper (https://proceedings.jacow.org/icalepcs2023/papers/thpdp051.pdf).
- [S9] L. Doolittle et al., *High Precision RF Control for SRF Cavities in LCLS-II*, SRF2017, FRXBA02, DOI 10.18429/JACoW-SRF2017-FRXBA02. Paper (https://proceedings.jacow.org/srf2017/papers/frxba02.pdf).
- [S10] ESS, *Installation and Testing of the 2 MW RF Scope Completed*, 11 October 2024. Report (https://ess.eu/article/2024/10/11/installation-and-testing-2-mw-rf-scope-completed).
- [S11] G. Huang et al., *Low Noise Digitizer Design for LCLS-II LLRF*, NAPAC2016, TUPOA40, DOI 10.18429/JACoW-NAPAC2016-TUPOA40. Paper (https://proceedings.jacow.org/napac2016/papers/tupoa40.pdf).
- [S12] C. Liu et al., *Direct RF Sampling Based LLRF Control System for C-band Linear Accelerator*, IPAC2024, MOCN2. Contribution (https://indico.jacow.org/event/63/contributions/3289/).
- [S13] M. Büchler, *FWK — An Open Source FPGA Framework by DESY*, IBIC2024. Presentation (https://proceedings.jacow.org/ibic2024/pdf/WEAI1_talk.pdf).
- [S14] J. A. Diaz Cruz et al., *Studies in Applying Machine Learning to LLRF and Resonance Control in Superconducting RF Cavities*, 2019. Paper (https://arxiv.org/abs/1910.07648).

- [S15] Ç. Gümüş, *Introduction to MicroTCA*, DESY PIER Workshop, 1 June 2023. Platform components, fabrics and FPGA/CPU roles. Presentation (https://indico.desy.de/event/38759/contributions/144506/attachments/82340/108491/introduction_to_mtca.pdf).
- [S16] Struck Innovative Systeme, *µTCA/ATCA Product Page*. SIS8300 family converter and FPGA specifications. Vendor documentation (https://www.struck.de/xtca.html).
- [S17] J. Branlard, *Looking Back over 10+ Years Experience with MTCA.4 LLRF Systems at DESY*, 6 December 2023. Particularly European XFEL crate occupancy and optical station arrangement. Presentation (https://www.desy.de/~branlard/talks/OTHER/2023_12-MTCA_WS-10yearsMTCA_LLRF.pdf).
- [S18] DESY MicroTCA Technology Lab, *Hardware*. AMC, RTM and FMC modular interfaces. Documentation (https://innovation.desy.de/technologies/microtca/hardware/index_eng.html).
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Close by returning to the initial precision-instrument-and-power-actuator picture. A good controller cannot compensate for an uncalibrated measurement, insufficient drive power or an unstable reference. It also cannot create an independent actuator where the hardware provides only a shared source.

Ask the audience to name the first experiment they would perform on an unfamiliar cavity. A useful answer is a calibrated low-power measurement or a suitable ring-down to estimate the plant before choosing gains. Another is to measure end-to-end latency rather than infer it from FPGA clock rate.

Reserve the final minute for a question. If none arises, ask why a narrow-band cavity can require a feedback bandwidth much wider than its natural bandwidth, and what ultimately prevents gain from increasing without limit.


Sources:


FULL BIBLIOGRAPHY

All descriptions and diagrams are original teaching summaries. The hardware diagrams show functional structure and omit cables, redundancy, exact rack counts and facility-specific protection wiring.
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