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Abstract

Integration & Performance

Cavity Emulator Design

The goal of a LLRF system is to control an actual RF cavity with beam. While 
digital simulations have a place, having an analog circuit to stand in for the 
cavity can be tremendously helpful in validating hardware+firmware+software 
under development. A wide range of cavity emulators have been developed in 
collaboration with SLAC, and LBNL. Cavity emulators are typically based on 
quartz crystals and frequency conversion hardware. The choice of crystal 
frequency and coupling mechanism depends in part on the bandwidth and 
coupling of the cavity it’s intended to emulate. Examples of bandwidth range 
from 800 Hz (SLAC) as a stand-in for a SRF cavity, to 31 kHz (LBNL) for a room-
temperature accumulator-ring cavity. An external LO is used to tune the 
emulated cavity frequency. The coupling properties are also of interest if the 
scope includes emulating reverse power waveforms. LLRF system checks such 
as closed-loop bandwidth, and determining cavity detuning can be performed 
interactively and as part of a Continuous Integration (CI) process. This paper 
describes the design, implementation, and performance of the cavity 
emulators.

Crystal resonance frequency (LBNL) (span = 600 kHz)

Complex frequency response with curve-fitting

Cavity Emulator PCB at LBNL

Componentized cavity emulator at SLAC 

Cavity Emulator integrated with the LLRF system

 Deployed for Continuous Integration (CI)
 Automated tests to test changes to hardware/firmware/software
 LLRF code-base is always tested and ready for deployment
 Includes bringing up the emulator and closing RF feedback loop
 Measure closed-loop BW and total group delay
 Characterize cavity detuning function by changing LO
 In-loop stability analysis met for SLAC and LBNL LLRF systems  

Conclusion

Cavity emulators designed and built in collaboration with SLAC, 
and LBNL. 

Offer a good benchtop evaluation for testing LLRF systems.

Train system engineers to understand the loop parameters better.

Emulation of different RF cavities can also be achieved with the 
existing system by using a different crystal, coupling mechanism, 
and up conversion bandpass filters.

 An analog cavity emulator consists of two components:
 Crystal resonator
 Frequency conversion chains

 Resonator is a commercial quartz crystal, with additional passive 
components. Crystals are modeled as a series RLC circuit (mechanical 
vibrations) with a parallel Capacitor (electrodes attached to the 
crystal).

 All crystal parameters, such as Equivalent Series Resistance (ESR), 
Shunt Capacitance (C0), Motion Inductance (Lm), Motion Capacitance 
(Cm), Series Resonance Frequency (fs), and Quality factor (QL) 
characterized using the measured transfer function (S21) to achieve the 
desired bandwidth and minimize broadband coupling.

 Broadband coupling is reduced: adding compensating inductance in 
parallel with the crystal (cancels the crystal’s parasitic shunt 
capacitance).

 For trimming : use a variable inductor (SLAC), or use a fixed inductor 
with an additional variable capacitor (LBNL). 

 Bandwidth adjustment - a series resistance. If it increases, the signal 
strength decreases and the bandwidth increases. 

 Some loss in the signal strength is acceptable, because the up-
conversion chains need to be designed to handle forward and reverse 
signals attenuated by the directional coupler.

 The frequency conversion hardware:
 Single down-conversion chain - convert the incoming RF cavity drive 

signal to the crystal resonance frequency
 Three up conversion chains

 The emulated cavity output is then up converted to RF. Forward and 
reverse signals are also be produced with a directional coupler at IF, 
and then up converted. 

 Addition of well-defined bandpass filter to remove any spurs/leakage 
after the up-conversion chains. 

 An external signal source (LO) to tune the emulated system’s 
resonance frequency.

Measured loaded QL: 1341
Full-bandwidth: 31 kHz
Insertion loss: 23 dB


