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Digital low-level radio frequency system and cavity simulator
for 1.3 GHz continuous-wave superconducting
radio-frequency cavity
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Abstract: A highly precise low-level radio-frequency (LLRF) system for a 1.3 GHz continuous-wave (CW)
superconducting radio-frequency (RF) cavity is required to stabilize the electromagnetic field of cavities. However,
because of the high loaded quality factor and wide electromagnetic frequency band of the 1.3 GHz CW RF cavity, the
RF cavity has a small electromagnetic bandwidth in the frequency domain. The small electromagnetic frequency
mismatch between the RF power source and RF cavity can easily cause ponderomotive instabilities in the generator
driven resonator control system, eventually resulting in variations in the electromagnetic field of the cavity. In this
study, a self-excited loop (SEL) control system was developed to prevent the occurrence of ponderomotive instabilities
and compensate for the effects of microphonics noise. In addition, a digital 1.3 GHz RF cavity simulator, which can
easily verify the designed algorithms of the LLRF system, was developed. The recorded measurements show that the
SEL control system can ensure stability of the cavity field even when the RF cavity is detuned by 5 Hz. The
comparison and validation have verified that the cavity simulator is a reliable platform to test the new algorithms.

Key words:  RF cavity simulator, self-excited loop, generator driven resonator, low-level RF system
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The Shanghai high repetition rate X-ray free electron laser and extreme light facility (SHINE) provides ultra-short and
high lightness coherent X-ray pulses with the wavelengths less than 0.1 nm. It's a gigantic super-microscope that even can be
used to observe the movements of the atoms during the chemical reactions. Because of these characteristics, the hard X-ray free
electron laser has a great improvement to the development of materials physics, chemistry, biochemistry, structural biology,
plasma physics, etc!'?.To obtain the ultrashort X-ray pulses for observing fast movement, the high repetition rate of electron
bunches is necessary. As the traditional pulse-operated radiofrequency (RF) cavity can not be qualified to this work, the SHINE
is operated at repetition rate of 1 MHz and is driven by a 1.3 GHz continuous-wave (CW) superconducting linac®*.

For 1.3 GHz CW-operated radio-frequency (RF) cavities, the high loaded quality factor (about 107) and ultra high
frequency (UHF) band lead to an extremely narrow electromagnetic bandwidth. A small detuning frequency of the RF cavity
results in a sizable change in the amplitude and phase of the cavity field. The steady Lorentz force detuning can be easily
compensated for by pre-detuning the cavities over a mechanical tuner; however, mechanical microphonic noise of the cavities is
difficult to remove®. In this study, a digital low-level radio-frequency (LLRF) control system with a generator driven resonant
(GDR) mode and a self-excited loop (SEL) mode was developed to operate the RF cavity and avoid the occurrence of
ponderomotive instabilities. The locked SEL could also be used to compensate for the effects of microphonics noise. In

addition, an RF cavity simulator was developed and implemented on digital hardware.

1 Principle behind LLRF control system

For CW-operated TESLA cavity, there are many detuning sources than will detune the cavity, such as Lorentz force
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detuning (LFD) due to large electromagnetic field and the wall current. The LFD incorporates in several mechanical
eigenmodes, as well as couples external mechanical noises. The second order model of dynamic LFD in time domain is given
by

2
A () + — A (1) + QP Awy () = -2 K VEAV(2) (1)
Tk

where Awy(?) is frequency shift of the electromagnetic that contribute by mechanical mode %, 7; is the damping time constant of
each mode, &, is the eigenfrequecy of mechanical mode &, K is lorentz force coefficient, and AV(¢) is the variation of cavity
field voltage. From the research of Neumann!®), the steady LFD is easy to be compensated by pre-detune of the cavities over
mechanical tuner. And LFD also occurs less after the feedback suppresses to field amplitude.

For CW-operated TESLA cavity, the major error sources are the mechanical microphonics of the cavity, for example,
helium pressure fluctuations, vibrations of vacuum pump and water cooling pump, and “ random” broadband machinery
noise!™. The influences of microphonics not only cause the phase shift of cavity field, but also are amplified by dynamic Lorentz
force detuning Eq.(1), resulting in the large variations of amplitude of cavity field. In RF feedback loop, this can lead to
ponderomotive instabilities.

Ponderomotive instabilities consist of monotonic instability and oscillatory instability. The monotonic instability is a
phenomenon that amplitude drop of cavity electromagnetic field increase or decrease exponentially until limited by nonlinear
effects. The oscillatory instability comes from the interaction between cavity electronmagnetic field and LFD effect and also
oscillated at an exponential rate until limited by nonlinear effects™?.

The LLRF control system has three main types of control systems. The first is the GDR control system, whose resonator is
driven by an external RF reference and is modulated by the control system. For simplification, only one type of amplitude and
phase feedback control system is presented in Fig.1. The GDR system is best suited for a low-loaded quality factor cavity in the
pulsed operation when the cavity is resonant or has a low detuning frequency. The system exhibits a fast and predictable rise
time and good performance in vector sum control; however, its power up may be easily hampered because of the

ponderomotive instabilities"".

RF cavity
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Fig. 1 Simplified diagram of the GDR and SEL system

The second is the SEL system, which was first presented as an analog form by Delayen!'"). As shown in Fig.1, SEL uses an
RF cavity, phase shifter, limiter, and amplifier to form an oscillator loop; this is called a free SEL. These elements ensure that

the loop gain is larger than 1, the loop phase is a multiple of 2w, the amplitude is limited, and the loop oscillates constantly.
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Eventually, the frequency of the SEL loop can be used to track the frequency of the RF cavity in real time, even if the cavity has
detuned many bandwidths. Once the loop oscillates, the amplitude of the RF cavity can be locked to a set point after switching
on the amplitude feedback loop. When the frequency of the RF cavity is sufficiently close to the resonant frequency after tuning
using the mechanical tuning system and if the phase feedback loop is turned on, the SEL would practically resemble a phase-
locked loop (PLL) system, and the frequency of the loop would be locked to the reference frequency!”. This is referred to as
locked SEL. Such an SEL is suited for high gradient, high loaded quality factor, and very narrow bandwidth cavities that
operate in the CW mode. It can push the ponderomotive instabilities arbitrarily far using amplitude feedback and is unaffected
by Lorentz detuning at power up!.

The third is the PLL system, Jefferson Lab’s research found that while PLL system can also track the resonant frequency
of a continuous-wave cavity, SEL systems is easier to follow in real time and arbitrarily adjust the gradient and even phase of

the cavity field. And, the SEL system is more effective at mitigating microphone noise in the superconducting cavity!**.

2 Digital LLRF control system for 1.3 GHz CW RF cavity

The electromagnetic frequency band of the 1.3 GHz RF cavity is very high. Thus, it cannot be directly sampled by an
analog-to-digital converter (ADC). In the LLRF system, the down-conversion technique is adopted by an analog front-end,
which mixes the RF signal with a local oscillator (LO) signal and then removes the high-frequency part using an analog low-
pass filter. Then, an intermediate frequency (IF) signal is obtained. The local oscillator generator module (LOGM) receives an
input of 1300 MHz RF signal from a master oscillator and provides a 1300 MHz reference signal (REF), 1354 MHz LO signal,
81.25 MHz clock to micro rear transition module (mRTM), and an advanced mezzanine card (AMC) board. The mRTM is
mostly used as an analog front-end for the AMC and is responsible for the down-conversion and up-conversion of RF signals.
The AMC usually includes the digital part including a field programmable gate array (FPGA) chip, ADC, digital to analog
converter (DAC), and data planes. The zone connector is used to connect the mRTM with the AMC. Because of the separated
design of the digital parts and analog front-end parts, the module can be easily upgraded. On some advanced AMC boards, the
central processing unit (CPU), graphics processing unit (GPU), and solid state disk (SSD) can be integrated into the boards!.

A schematic diagram of the LLRF framework is presented in Fig.2. On the mRTM card, the RF signal from the cavity
field is down-converted to IF, then is attenuated, and transferred to the ADC on the AMC card via zone 3. The up-conversion
process is also completed on the mRTM card. On the AMC card, the LLRF algorithms mainly run on the FPGA. The non-1Q
technique can demodulate the IF to the in-phase (/) and quadrature (Q) signals and can use the coordinate rotation digital
computer (CORDIC) algorithm to convert the IQ to amplitude and phase signals. Then, the signals are processed by the SEL
and GDR control algorithm and are converted to IQ from the amplitude and phase by CORDIC. The hexagonal box presents an
additional phase feedback loop in the IQ loop, which is developed to compensate for the effects of microphonics.

In the modern ADC of the digital LLRF system, a small differential nonlinearity will generate high harmonics of the input

carrier!'”. However, the non-IQ technique can ensure most alias harmonics remain out of the baseband signal by slightly

LO: 1 354 MHz — m/n=2/3 FPGA
o attenuator CLK: 81.25 MHz 1,
RF Cavity signal ————» ADC » non-1Q 0, CORDIC

< >
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IF: 54 MHz

-

aml phl

0° Y Y
REF: 1 300 MHz — ph3 SEL
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A \

CORDIC

mRTM card AMC card

Fig. 2 Schematic diagram of LLRF system framework

084005-3



weOoW s 5 Ol TR

changing the sampling rate. Assuming that m and n are integers corresponding to sampling m IF periods with n samples. The

sampling rate can be described as:

n . 2
2 J;,— -5 (2)
where, Ag is the phase advance between two consecutive ADC samples. In this study, the LLRF system applies m =2 and
n=3.
The non-IQ algorithm calculates the in-phase and quadrature components of the envelope vector of IF signals based on the

last # samples by!”!

2 i
Ii=- Z yisin(kAgp)
n k=i—-n+1 ( 3 )

2 i
0=~ Z Y cos(kAg)

k=imn+1
where y; is the kth ADC sample of the IF signal. In the digital LLRF system, the non-IQ algorithm can be easily implemented
with a moving-average finite impulse response (FIR) filter and the coefficients exist as a look-up table.

The IQ, amplitude, and phase can be transformed to each other by the CORDIC algorithm in the digital system. In
addition, the transformation needs to be rapid, precise, and continuous for perfectly realizing the function of the SEL. To the
accuracy of the CORDIC algorithm, the phase error is more evident than amplitude error, but it can still be less than 0.05% after

[18,19]

18 iterations in theory provide an iterative method of vector rotation to calculate the transcendental function by arbitrary

angles using only shifts, multipliers, and adds in Eq.(4).
X = Ki[x; = yidi27]
Vi = Kilyi + x,di27'] (4)

Zir1 = z; —d;arctan(27)

where K; =1/ VI+22 , d; = 1. The CORDIC algorithm is limited to rotation angles between [-7/2,7/2] due to the use of 2°
for the tangent in the first iteration. To meet the function of the SEL control system, the sign of 1Q value also need be
considered and added into the CORDIC algorithm to expand the rotation angles to [-m,m]. Moreover, the inherent CORDIC
block of the system generator can not process large and rapidly changing loop phase. In the future, a new CORDIC block which
can overcome this disadvantage will be developed to substitute the old one.

To satisfy the high requirements of the modern digital LLRF system, micro telecommunications computing architecture
(MicroTCA.4) was developed to afford a high measurement precision, low latency, parallel processing, compact standard, high
reliability, and availability of a digital system. Its essential parts include a crate with a backplane, a power supply module (PM),
a cooling unit (CU), a MicroTCA carrier hub (MCH), an AMC, and an mRTM!"*. In this study, the LLRF system was
developed and implemented based on MicroTCA.4 at the digital lab of the MSK group in Deutsches Elektronen-Synchrotron
(DESY).

A. Structures of SEL and GDR control system

The structures of the SEL and GDR systems are presented in Fig.3. The 54 MHz IF signals first were sampled using a
81.25 MHz sampling frequency; the signals then went through the non-IQ block and CORDIC module, and were transferred to
amplitude and phase signals. The multiplexers were chosen to expediently switchover the following three modes.

In the GDR mode, proportional-integral-derivative (PID) controllers are used in amplitude and phase feedback loops.
Practically, the LLRF control system only uses a proportional-integral (PI) controller; the PI can be adjusted to obtain an open-
loop system. The GDR mode is basically fit for operating in the resonant frequency that is highly close to the RF reference
frequency.

In the free SEL mode, the SEL loop can obtain positive feedback by appropriate adjustment of the shifter. The amplitude
loop can switch to the amplitude set-point or the PID feedback loop to achieve a value which is closer to the amplitude set

point. Using the SEL mode, the system can rapidly track the cavity frequency even when the cavity is detuned by many
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Fig.3 Structures of the SEL and GDR control algorithm
bandwidths. In the I and Q domains, they perform as sinusoids, while the amplitude remains constant and the phase is up to the
detuning frequency of the cavity.
In the locked SEL mode, an additional feedback loop-based phase error is added to the IQ loop. Compared with the
CORDIC, the IQ loop decreases the resource and loop delay. The locked SEL mode is developed to compensate for the effects
of microphonics detuning of the cavity based on Eq.(5); therefore, it is called a microphonics compensator®”. Notably, the

locked SEL mode is only turned on while the cavity amplitude is kept constant, and the cavity is tuned to approximately the

[; ]z(—;hs pih )( fi) (5)

,,,,,

reference frequency.

B. Models in the system generator

The System Generator”'! is a software that can run the data processing algorithm and control system by joining graphical
elements from the toolbox and can eventually generate a very high-speed integrated circuit hardware description language
(VHDL) or Verilog HDL netlist. Then, the netlist can be downloaded into the FPGA hardware and can efficiently verify the
designed algorithm and control system.

The SEL and GDR control systems can be easily built by the add, multiplier, and delay blocks of the system generator. To
eliminate the influence of integral saturation in the PI controller, a reset port is placed in the delay block. For the non-IQ
algorithm, because the coefficients of the inherent FIR filter in the system generator cannot change with the clock, a moving-
average FIR filter is placed with the delay, adder block, and a cycled counter which distribute the in-phase coefficients of the
non-IQ to different ADC samples. To the CORDIC block, an inherent CORDIC 5.0 block is added to translate the in-phase and
quadrature to the amplitude and phase in the system generator.

In the MicroTCA.4 firmware, the “ make file” function can transfer these ports to the register map; thus, they can be

arbitrarily read or written.

3 RF Cavity Simulator

The 1.3 GHz 9-cell continuous-wave TESLA type superconducting cavity is used in the SHINE’s main accelerator. The
TESLA cavity has 9 passband modes in the frequency domain, which are ©/9 2m/9, --- , m. The TESLA cavity operates in the
7 mode, which is far away from other modes in practice, and the low-level system has bandfilter function, only the ® mode can
be considered in the simple model analysis. An simplify equivalent ®# mode LCR circuit can be used to research the
characteristics of the RF cavity in the LLRF system.

To build a digital RF cavity model, Ref. ¥ gave discrete-I model shown in Eq. (6). However, the discret-I model only
perform well in © mode, and also requires a detuning frequency much smaller than the sampling frequency. The detuning

frequencies of other modes are likely not satisfied in 1.3 GHz superconducting cavity.
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Vc,i(n) Vc,i(n - 1) uc,i(n - 1)
_ + (6)
Vc,q(n) Vc,q(n - ]) uc,q(n - 1)

1-T, —TA
A = wl/z “ ( 7 )
T,Aw 1-TAw
_ Tswl/z 0
B _( SO ) (8)

Based on the RF cavity baseband mathematics model in the continuous time domain derived by T. Schilcher™, Ref.[23]

built mathematical discrete-II models shown in Eq. (9) in the discrete time domain to implement the cavity model into digital

( Vei(n) ]:C( Vei(n=1) )+D( Uei(n—1) ) (9)
Vc,q(n) Vc,q(n - l) uqq(n - 1)

hardware.

C- e:“"“ Cf)s(TsAw) —?’T\‘”"z sin(T,Aw) (10)
e Tnsin(TAw) e T cos(T,Aw)
l—eTes 0
D—( 0 | —e-Ton ) (11)

In our RF cavity simulator, the mathematics model is implemented on boards whose type is the same as the GDR and SEL
control systems. Therefore, they can directly connect with each other and afford a real-time platform to test new algorithms of

the LLRF control system.

A. The layout of the RF cavity simulator in hardware =23 FPGA

Based on the discrete-1I model, the cavity model is built in the 1
IF signal ADC (—# non-IQ 0, amplifier

A4

system generator, as presented in Fig.4, The model also contains

amplifiers, limiters, and cavity models. Among them, the amplifier I, 0,
i A /

is only a simple linear gain, nonlinear factors can also be added in

the future to simulate a more realistic power source output; Limiter limiter

rules the maximum power protection system used to simulate the

power source so that it does not exceed the normal output range of 5 v o

the power source. V., DAC L

The analog part of the cavity simulator is the same as that of 0, cavity model

the LLRF system. In Fig.4, only the digital parts of the 1.3 GHz RF

cavity simulator are presented. In addition to the non-IQ module, a Fig. 4 Layout of the 1.3 GHz cavity simulator

proportional amplifier, a limiter, and a crucial cavity model are also included in the AMC card.
B. The RF cavity model in the system generator

Based on the mathematical model in Egs.(9)~(11), the RF cavity model is built by adders, multipliers, and delays in the
system generator.

To study the appropriate sample bits, this paper compares the continuous model with the bode plots of the 32-bit and 48-bit

digit discrete-II model. As shown in Fig.5, the 48-bit model is more accurate and almost overlaps with the continuous model.

4 Implementation and measurements in MicroTCA.4

The hardware of the LLRF system and cavity simulator were installed in the MicroTCA.4 crate. Its cores include the
standard AMC SIS8300-L board that provides data processing and 1&Q ports, the mRTM DWC8VMI1 board which carries
mainly analog modules. The MicroTCA.4 crate also has MCH, CPU, SSD, CU, PM, internal clock, trigger distribution, and
input/output ports from the rear side, as shown in Fig.6.

To verify the performance of the designed LLRF system, the LLRF system board and the RF cavity simulator are

084005-6



Liu Kui, etal:

Digital low-level radio frequency system and cavity simulator for 1.3 GHz continuous-wave superconducting ---

110.55 110.60 110.65

300 400 500
frequency/Hz
(a) gain margin of in-phase cavity voltage(U—V ;)

100 200 600

100

»
53 _
o
3 Saof
& RN S —
5364
534t

55.0 55.5 56.0
]

200 600

300 400 500
frequency/Hz
(c) phase margin of in-phase cavity voltage(U—V, ;)

0 100

0

=50

—-100

phase/(°)

—-150

-200

L L L
107.00 107.05 107.10

100

300 400 500
frequency/Hz

200 600

(b) gain margin of quadrature cavity voltage(U—V, )

=79.50 |
=79.52 |
—79.54 |

106.50 106.54  106.58

0

100

300 400 500
frequency/Hz

200 600

(d) phase margin of quadrature cavity voltage(U—V, ,)

Fig. 5 Comparison of bode plots with different bit lengths of the 1.3 GHz continuous wave superconducting cavity

digital model (blue line: continuous model; green line: 32 bit; red line: 48 bit)

connected to each other from the rear 10 ports through RF coaxial
cables. The data of different parts in the LLRF and cavity simulator
can be picked up and transported to the CPU and SSD using the
MicroTCA .4 firmware.

Fig.7 is the diagram of address space and interfaces
connection of MicroTCA.4 firmware. All of them deliver date to
other board or outside by board interconnect and peripheral
component interface express (PCle), and they are implemented in
FPGA chips. All boards use the same backplane and have the same
zone3 or FPGA mezzanine card (FMC) connectors. In each board,
the data are processed by CPU over PCle and send to other boards
over multi-gigabit transceivers (MGT).

In the interface connection, the internal memory access bus
(IBUS) always connect with communication interface and is used
to contact registers and memory in FPGA with CPU. The data
acquisition bus (DAQ) can read out the data streams from FPGA to

(a) 1.3 GHz RF signal generator

(b) LO signal, reference signal
and clock generator module

(c) MicroTCA.4 crate

Fig. 6 Hardware of the LLRF system and cavity simulator

external memory by first-in first-out (FIFO) buffers. The direct memory access (DMA) is used to access the data over

communication interface. Low latency links bus (LLL) is responsible for point to point communication between AMC boards

by MGT®.,

According to the RF cavity bode plot and phase shift shown in Eq.(12)"", we can obtain the theoretical value of amplitude

and phase shift when the RF cavity is detuning.

tang =20 —

(12)

To validate the cavity simulator, a constant normalized step signal is input, and the data of V', | and V ( are acquired and
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converted to amplitude and phase values. The measured values and ideal values of the cavity field under the cavity simulator
detuned at 50 Hz is present in Fig.8. The average amplitude and phases deviations between the ideal and measured values

measured for several times are AV, /V, X 100% = 0.05% and A¢ ~ 3 x 1073 (°). Because the cavity mathematical model performs

similar to a low-pass filter in the frequency domain, the measured values form a straight line.

0.398 0
— measured — measured
03979 | — ideal 66.582 —ideal
0.397 8} 66.580 |-
0.397 7+ 66.578 |
0.3976 _66.576
Z 03975} e
A S 66.574
0.397 4
039731 66.572 |
03972} 66.570 -
03971} 66.568 |-
0.3970 1 )
0 5000 10 000 0 5000 10 000
samples samples

(a) amplitude of the cavity field (b) phase of the cavity field

Fig. 8 Measured values and ideal values of the cavity field under the cavity simulator detuned at 50 Hz

In the GDR mode, the selector of GDR_SEL is set to 0, and the amplitude loop selector is 1. The gains of the
microphonics compensator need to be zero. After the gains of the phase feedback loop and amplitude feedback loop are
adjusted properly, a constant cavity field can be easily maintained. If the cavity simulator is detuned several bandwidths, the
amplitude and phase of the cavity field will be unstable.

To test the SEL mode, the cavity simulator was detuned at 5 Hz. The gains of the PI in the microphonics compensator were
set to zero, the GDR_SEL was set to 1, and the amplitude loop could switch to the PI feedback loop. The testing results are
shown in Fig.9. Note that the Ve am, Vepns Lous Qout in Fig.9 correspond to aml, phl, Iy, Qo in the Fig.3, respectively. The
results show that the SEL loop performs similar to a PLL system owing to the drawbacks of the inherent CORDIC block of the
system generator. The phase shifter of the SEL loop can offset the loop phase shift caused by the detuning cavity. The
amplitude of the cavity field is stable and unaffected by the ponderomotive instabilities. Due to the marginally detuned RF

cavity and the invariable frequency of the RF power source, the amplitude response of the cavity field in detuning cavity will be
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Fig. 9 Amplitude and phase of the cavity field and the output of the LLRF controller in the locked SEL mode when the detuning frequency is 5 Hz

lower than in the resonant cavity. To keep the amplitude of the cavity filed to the set-point, the amplitude feedback make the
output of I component in the LLRF controller slightly more than 1. The amplitude feedback loop regulates the amplitude of the
cavity field to the set point, and the stability of the amplitude of the cavity field is 0.454 8% (RMS).

5 Conclusion

A digital LLRF control system for a 1.3 GHz CW-operated RF cavity was designed and developed in this study. The
LLRF control system has three operation modes. The GDR mode is suitable for operating in the cavity, and the resonant
frequency is approximately equal to the reference frequency. The free SEL mode can track the cavity frequency and is suitable
for operating in the detuned cavity. The locked SEL mode is used to compensate for the effects of microphonics. In this study,
the system generator was applied to quickly realize and verify the new LLRF control system or algorithms. A digital cavity
simulator was also developed and implemented to decrease the risk of cavity damage during the testing process and easily test
the performance of advanced LLRF system algorithms.

The measurement results of the cavity simulator and the digital LLRF system in MicroTCA.4 are presented in Section 4.
This demonstrates that the cavity simulator performs well and has adequate ability to test new algorithms of the LLRF system.
The locked SEL can automatically compensate for cavity detuning and maintain the amplitude and phase close to the reference
values. In the future, a more efficient and accurate CORDIC block will be designed and developed. The cavity simulator will

also include the effects of Lorentz force detuning, beam loading, and microphonics to achieve a more realistic simulation of the
RF cavity.
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