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Abstract

Nowadays the designer of a new rf control system has
access to a wealth of powerful digital, analog, and rf cir-
cuitry. The requirements for the rf control system have
changed from only controlling the amplitude and phase of
the accelerating field to the required degree to stability.
Additional tasks include exception handling and extensive
build-in diagnostics while pursuing issues related to reli-
ability, operability, and maintainability. Also operation
close to the performance limit must be supported while
maximizing the availability of the accelerator. With many
accelerator projectsin planning or under construction sev-
era state-of-the art rf control designs have evolved. This
paper will present an overview of this new technology and
discuss its performance.

INTRODUCTION

The architecture of atypica RF control system is shown
in Figure 2. A power amplifier provides the rf power nec-
essary for establishing the accelerating fields in the cavi-
ties. The cavity field is measured and the compared to a
setpoint. The resulting error signal is amplified and fil-
tered and drives a controller for the incident wave to the
cavity. A frequency and phase reference system provides
the necessary rf signals. The requirements for the stability
of the accelerating fields range from 1% in amplitude and

1 degree in phase for high power H™ accelerators to 0.01%
in amplitude and 0.01 degree in phase for the critical sec-
tions such as compressors in XFELs. Since many of the
present and near future accelerator based facilities are
employing superconducting cavity technology this review
will focus on rf control systems for sc-cavities. Accelera-
tor projects making use of the present state of the art tech-
nology include SNS, JPARC, CEBAF upgrade, RIA, the
European X-FEL, the BESSY soft X-Ray Laser, the Cor-
nell ERL, and many others. Descriptions of the design of
the lIrf system that have been developed recently for the
various accelerator projects can be found in [1-21].

RF CONTROL SUBSYSTEMS

The subsystems shown in the architecture of the rf system
in Figure 2 are shown in more detail in Figure 5. Most
recent advances in technology have been achieved in the
area of the digital controllers including high speed analog
I/0 and powerful signal processing, the area of field detec-
tion, frequency conversion and actuators for field control,
fast piezoelectric and magnetostrictive cavity frequency

tuners, low noise reference frequency oscillators and
highly stable frequency distribution systems.

CAVITY FIELD DETECTION

The cavity field detection can be accomplished with tradi-
tional amplitude and phase detectors or with |Q detectors
which operated directly at the rf operation frequency or at
an intermediate IF frequency which contains the ampli-
tude and phase information. Another possibility if the a
scheme employing digital 1Q detection where the IF (or
the RF signal) is sampled directly by an ADC which usu-
aly samples aternating the real and imaginary compo-
nents of the cavity. This of course reguires correct timing
of the data acquisition.
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Figure 1. Field detection schemes. a) amplitude and
phase detection, b) |Q detection, ¢) digital 1Q detection.

With the rapid development of the telecommunication
market industry had developed a variety of single chip
solutions for amplitude detection, phase detection, and 1Q
detection based on analog multipliers. Examples are:

* AD8343 analog multiplier

* RF2411 analog multiplier

« AD8361 linear video detector (temperature stabilized)
* AD8302 logarithmic video detector and phase detector
* HMC 439 digital phase detector
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Figure 2: Typical configuration of an RF control system using digital feedback control.

* AD8347 1Q detector
The same circuits are also used to detect the incident wave
and reflected wave vectors usually described as forward
and reflected power. Examples of the excellent perfor-
mance of these detectors are shown in Figure 3. The
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Figure 3: @) Temperature stability of the amplitude
detector AD861 and b) linearity of 1Q detector AD8347.

ACTUATORSFOR FIELD CONTROL

Similar circuits as used for field detection are a so used for
the control of the incident wave. Since analog multipliers
can be also used for control of the amplitude of an rf wave
they can be used in upconverters and for amplitude con-
trol. The digital downconversion scheme can also be used
in an upconversion mode where the frequency f, (discrete

samples) written to the DAC which is clocked at f, gener-
ates a sideband (among many others) of f,+f, which con-
tains the control vector and is filtered and upconverted to
the operating frequency of the cavity. Examples for vector
modul ators are:

* RF 2480
» AD8346

* HMC 495 and 497
The linearity of avector modulator is shown in Figure 4.
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Figure 4: Linearity of the vector modulator RF 2480.

DIGITAL RF CONTROL

The key elements of a digital feedback system are the
ADCs for the measurement of the detector signals for the
cavity field and forward and reflected power, the DACs



Proceedings of LINAC 2004, Liibeck, Germany

A Frequency generation
(1) Stable reference frequency oscillator
(2) Phase locked Oscillator (various frequencies)
(3) Power supply
(4) Diagnostics
(5) Control system interface

H. Machine Protection System
|. Personnel Safety System
J. Control System Interface

' |

(1) Detectorsfor accelerating field
(a) amplitude detector
(b) phase detector
(c) I/Q detector
(2) Controllersfor amplitude and phase
(a) pin-attenuator
(b) multiplier
(c) phase-shifter
(d) vector-modul ator
(3) Field error detector
(4) Feedback loop gain stages with filters
(5) Interlock system
(6) Diagnostics
(7) Interface to control system

(c) Magnetostrictive
(d) piezoelectric
(e) coupled variable reactance (VCX tuner)

C. Cavity Field Control (LLRF) %

G. Cavity Frequency Tuning System
(1) Cavity tuner (fast and/or slow)
(a) Ferrite loaded
(b) Motor tuner )

B. Frequency and Reference Phase Distribution
(1) Phase stable transmission line
(2) Temperature stabilization
(3) Power distribution (directional couplers)
(4) Phase stability monitoring and correction

D. High Power Amplifier
(1) RF power source
(2) Power supply
(3) Interlocks
(4) Diagnostics
(5) Interface to control system

!

E. Power Transmission System

(1) Transmission line (coaxia,
waveguide)

(2) Circulator, Isolator
(3) Power dividers
(4) Directional coupler (Monitor)
(5) Waveguide (coaxial) window
(6) Pressurisation system

F. Accelerating System
(1) Cavity
(2) Fundamental Coupler
(3) Higher Order Mode Coupler

Figure 5: Breakdown of RF Control Subsystems and some choices for implementation.

which drive the actuators for field control, and the signal
processing unit(s). The signal processing is performed by
powerful FPGAs and DSPs dlow low latencies from
ADCs clock to DAC output ranging from a few 100ns to
several us depending on the chosen processor and the
complexity of the algorithms. Gigabit Links the high data
rates between a large number of analog IO channels and
the digital processor as well as for communication
between various signal processing units. Typical parame-
ters for the ADCs and DACs are a sample rate of 65-125
MHz at 14 bit resolution (example AD6644). For the sig-
nal processing one has the choice of FPGAs with severa
million gates, including many fast multipliers cores and
even with power PCs on the same chip such as Virtex2Pro
from Xilinx or the Stratix GX from Altera. More complex

agorithm are implemented on slower floating point DSPs
such as the C6701 from Texas Instruments or the Sharc
from Analog Devices. Typical configurations of the digital
feedback hardware can are documented in [1-21].

ALGORITHMSAND PROCEDURES

The algorithms and procedures implemented in the digital
feedback system should support automated operation with
minimal operator intervention. A list of possible ago-
rithms is shown figure 6. The feedback algorithms should
be optimized for best field stability (i.e. lowest possible
rms amplitude and phase errors) while being robust
against parameter variations, alow for fast trip recovery,
and support exceptional handling routines. Beam based
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A. FIELD CONTROL ALGORITHMS
(1) Feedback
(a) PID filter
(b) Kalman filter
(c) adaptivefilters
(c) Smith predictor
(d) optimal controller
(2) Feedforward
(a) beam loading compensation
(b) beam energy feedback
(c) bunch length feedback
(3) Klystron linearization
(4) Exception handling
(a) quench detection and handling

D. High level procedures
(1) Adaptive feedforward
(a) response matrix based
(b) transferfunction based
(c) robust
(d) different beam modes
(1) System identification
(a) beam phase and current
(b) loaded Q
(c) incident phase
(3) Waveguide tuner control
(4) Momentum management system
(5) Field control parameters optimization
(6) Operation at different gradients
(7) Operation at the performance limit
(a) maximize avail ability
(b) maximize field stability
(8) Hardware diagnostics
(9) On-line rf system modelling

B. LLRF System Measurement Algorithms
(1) Loop phase rotation matrix
(2) Field cdibration rotation matrix
(based on rf, beam based transients, and
spectrometer)
(a) gradient calibration
(b) phase calibration
(3) Vector-sum calculation
(4) Measurement of incident phase (vector-sum !)
(5) Beam phase measurement
(6) forward/reflected power calibratio
(a) correct for directivity of couplers
(7) Cavity detuning
(a) average during pulse
(b) detuning curve during pulse
(8) Loaded Q

C. Cavity Resonance Control

(1) Slow tuner
(a) maintain average resonance frequency
(b) maximize tuner lifetime

(2) Fast tuner (ex. piezoelectric tuner)
(8) dynamic Lorentz force compensation
(b) microphonics control
(c) minimize rf power required for control

E. Miscelaneous
(1) RF System Database
(a) calibration coefficients
(b) subsystem characteristics
(2) Alarm and warning generation
(3) Automated fault recovery
(4) Finite state machine

Figure 6: Algorithms and procedures required for an automated digital feedback system.

feedforward will further enhance the field stability. Also
important is the automated control of the resonance fre-
guency of the cavities with slow motor controlled tuners
and fast piezo actuator based tuners for Lorentz force
compensation in pulsed rf systems.

REFERENCE FREQUENCY SYSTEM

With the increasing demands on the emittance and bunch
length of the electron bunches for linear colliders and X-
FEL s the requirements for amplitude and phase stability of
the accelerating fields have also become more stringent.
Freguency distribution systems for linear colliders must
provide a phase stability of better than 1 ps while X-FELs
may require as much as 10 fs stability. This seemsfeasible
with a combination of fiber laser oscillator and actively
stabilized fiber optic distribution systems. This level of
stability has been demonstrated successfully in the lab

environment and is expected to be available in accelerator
within the next 2 years.

SUMMARY

The rapid advances in digital technology allows the
designer of an rf control system to employ real time digital
feedback control with latencies in the range of afew hun-
dred ns to a few us at sampling frequencies of up to 100
MHz at 14-bit resolution which is sufficient for regulation
to the 1e-4 level for amplitude and better than 0.1 deg. for
phase. The powerful signal processing capability of
FPGAs and DSPs support the implementation of complex
agorithms which support a high degree of automation of
operation. Recently alarge number of detectors and actua-
tors for amplitude, phase and in-phase and quadrature-
phase (1Q) components, and up- and downconverters have
been developed which simplify the design of the field
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detectors drastically while guaranteeing low noise perfor-
mance. These detectors are usually based on analog multi-
plies using Gilbert cell technology. In the area of low
noise oscillators and highly phase stable rf reference fre-
quency distribution system the application of laser oscilla-
tors and actively stabilized fiber distribution system it is
expected that short and long term stabilities of the order of
some 10 fswill be achieved in the next years.
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