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Trends in Low Level RF Control
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control

• Demodulations and Modulations
• Signal processing hardware

– FPGA and DSP
• Self Diagnostic

– JTAG Boundary Scan
• Adaptive Control

– Self-tuning Regulator
• Advances in software

– Multi-tasking and multi-threading
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Difference between Digital Feedback Control and Signal 

Processing

Feedback Control Signal Processing
Signal Bandwidth sf < 1MHz > 10 MHz

Transport Lag 

sf10
1<

< 100 ms

Sampling rate
sf10> sf2≥

Signal Strength Strong weak
Phase noise <0.01o < 2o

Digital feedback is digital signal processing with some special requirements



A Basic Low Level RF Feedback Control System

Regulate : To control the RF voltage and phase in the cavity.
Safety :     Protect personnel and equipment.
Info :        Tell what is going on



RF Demodulation Schemes



Quadrature Sampling and undersampling
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• Direct Conversion from RF – no analogue baseband
• Quantization noise 

– 8, 10 bit ADC – significant quantization noise.  0.08%, 0.046o

– 14, 16 bit ADC – quantization noise not a factor.  0.001%, 0.0007o

• Quadrature sampling – I/Q channels separation in digital form

• Use undersampling to reduce sampling rate.
• Sampling clock needs to be phase locked to signal
• Requires sampling clock with high sampling rate and very low jitter/phase 

noise :

Direct Digital Conversion
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• using down converter
– Less stringent requirement on ADC, sampling clock,
– But local oscillator needs to be phase locked.

• Highly complicated frequency generation.

Direct Digital Conversion, ctnd



Some state-of-art ADCs



Some state-of-art Clocks



Phase noise resulting from jitter and signal frequencies

• Aperture jitter – 60 fs
• Clock jitter – 275 fs

0.014o72 dBc140 MHz

0.007o78 dBc70MHz

0.025o67 dBc250 MHz

0.003o85 dBc30MHz

0.0005o101 dBc5 MHz

Phase
accuracy

SNRSignal
Frequency



How important is phase noise to accelerator control?

• For non-separated turn cyclotron – not important
• For short linacs –important
• For separated turn cyclotrons, storage rings and long linacs – very important
• ERLs, FELs – very very important

• The phase noise requirement + clock generation + mode of operation (self-excited 
vs driven) determines whether Direct Digital Conversion is suitable or not.



RF Modulation Schemes



Merits of different Modulator Schemes

Amp/Phase Modulator I/Q modulator Direct Digital Synthesis
Large phase control range

-90o to +90o
Small phase control range

-45o to +45o
Large phase control range

infinite
Large cross-talk

AM-PM, PM-AM 
conversion

Small cross-talk
Incorrect quadrature

No cross talk

Subject to thermal drift Subject to thermal drift Not subject to thermal drift
Suitable for self-excited 

mode
Suitable for self-excited 

mode
Not suitable for self-excited 

mode
Uses external frequency 

reference
Uses external frequency 

reference
Requires external frequency 
that is rational fractions of 

reference frequency
Low phase noise Low phase noise High phase noise
Low data latency Low data latency High data latency
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Some feedback induces instabilities that affect 
the choice of modulation schemes



Instabilities from Limit cycle oscillations
Lorentz detuning
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Which Modulation/Demodulation Scheme?

• Lorentz Force is strong when
– High field strength (>2MV/m)
– Soft metal (e.g. Nb)
– Driven mode operation may introduce limit cycle instability.

• Cannot use DDS.
• Cannot use Direct Digital Conversion

• AM-PM conversion is high when
– Amplifier not operating in Class A

• High phase dependence on power.
– I/Q modulator with feedback may introduce limit cycle instability.

• Cannot use I/Q modulation.



Using DDS in LLRF Modulator

•Advantages of DDS applicable to LLRF control
-All digital, no analogue degradation
-Perfect I/Q channel balance
-Can generate extremely precise quadrature signals
-High frequency bandwidth
-Sawtooth generator

•Advantages of DDS not applicable to LLRF control
üVery fine frequency resolution
üNo phase discontinuity
üFrequency agile

•Disadvantage of DDS applicable to LLRF control
-Spurs from

•DAC nonlinearity
•Finite word length

•Output
•Phase truncation

-Requires high performance clock
-Not suitable for self-excited mode operation.



Selection Table

VHF/UHF 
operation
(30MHz –
3GHz)

Tight phase 
tolerance

Lorentz
force 
detuning
(self-excited 
mode)

Driven mode 
operation

High AM-PM 
conversion
(Class C 
amplifier)

Direct digital 
conversion

Need 
Phase 
locked down 
converter

Sample 
clock jitter

No 
frequency 
info

ü ü

Hybrid I/Q 
demodulator

ü ü No 
frequency 
info

ü ü

Hybrid 
Amp/phase 
demodulator

ü ü ü ü ü

DDSM High clock 
frequency

spurs Slow 
response

ü Use 
Amp/Phase
Instead of I/Q

I/Q modulator ü ü ü
Zero-th order
correction

ü Limit cycle 
oscillation

Amp/Phase 
modulator

ü ü ü Higher PM-
AM 
conversion

ü



Signal Processing:
FPGA vs DSP

• FPGA-lots and lots of logic gates
• Faster

– No microcode
– Higher clock speed

• Dedicated hardware for each task
– Each task is assigned its own resources and runs 

concurrently.

• Difficult to program
– Steeper learning curve

• Suitable for system with data rate exceeding few 
MHz and requires little program branching

• DSP-specialized microprocessor
• Designed for complex math operations
• Program branching and decision making
• Slower

– uses microcode
– Uses shared resource
– lower clock speed

• More efficiency use of resources
• Program branching

• Easier to program
– Steep learning curve

– Suitable for system requiring complex math 
operation and program branching

FPGA and DSP represent two very different approaches to signal processing – each good at different things. 
There are many high sampling rate applications that an FPGA does easily, while the DSP could not. Equally, 
there are many complex software problems that the FPGA cannot address.
As a result, the ideal system is often to split the work between FPGAs and DSPs.



TRIUMF ISAC VXI DSP board



TRIUMF ISAC 2 FPGA phase detectors



Hardware Self Diagnostic



Self-Diagnostic
A growing problem

• Chips are getting more complex with 
many I/Qs and different functions 
within a chip.

– Test points are not available to 
functions inside a chip.

• More and more components are being 
packed into the same area.

– Difficult to insert a test probe into the 
board.



Self-diagnostics

Joint Test Action Group (JTAG)
• IEEE 1149.1 standard entitled Standard Test Access Port and Boundary-

Scan Architecture for test access ports used for testing integrated circuits 
and printed circuit boards using boundary scan. 

• Use 4 serial lines to scan almost every chip on a board.



JTAG Boundary Scan

• Scan access to chips, boards and systems
– Design verification
– Debug
– Hardware/software integration
– Commissioning test
– Field diagnostics
– Field firmware upgrade
– Remote diagnostic
– Remote firmware upgrade

• JTAG makes self-diagnostic much easier but need software support.



Adaptive controls



Who needs them?

• Different operating conditions
– Beam loading
– Different operating frequencies

• Different operating modes
– Pulse/CW
– Tuner acquisition and tracking

• Component aging
– Tube amplifiers



Normal and Adaptive Controls

Cavity field control

Cavity resonance control
Acquisition phase

Cavity resonance control
Tracking phase



Performance of Self-Tuning Regulator in TRIUMF ISAC 2 
cavity



Advances in software
Multi-tasking

Multi-threading



Advantages of Multithreading

• When a program is broken up into threads, each unit is less complex than the 
whole. As a result, the program is generally simpler, more maintainable and 
scalable than if it was not threaded. 
– A supervisory control consists of several independent tasks that runs in 

parallel.
• Prevent Blocking – Synchronous calls are assigned separated threads.  The rest 

of the program does not need to wait.
• Increase Responsiveness- Interrupt driven asynchronous calls are assigned 

different priorities.  Time critical calls are assigned highest priority.
– Highest priority – Exception handling
– High priority – Operator interface
– Normal priority – scheduled tasks (read/write Status)

• Maximize Multiprocessor Performance- different threads are running in 
different processors.



Disadvantages of Multithreading

• Debugging & testing
– It is impossible to simulate real time events.
– Event interaction is difficult to test.
– Debugging code can affect timings.

• managing concurrency
• porting existing code



Multi-tasking and Multi-threading in TRIUMF ISAC 2 Low 
Level RF Control



Conclusion

•Advances in hardware and software enable LLRF controls to be 
built using mostly digital component
•Fully digital system sometimes is not feasible.  Certain systems
require the use of hybrid system
•Self diagnostic made easily with JTAG.  New designs should 
incorporate JTAG in the system level.
•Use of adaptive control can enhance tuner performance.
•Use of multi-threading in a true multi-tasking OS make the LLRF 
control much more time-responsive.


