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Abstract
The Shanghai Hard X-ray Free Electron Laser (SHINE) facility utilizes high-Q
1.3GHz superconducting radio-frequency (SRF) cavities for particle acceleration.
These cavities, with an ultra-narrow bandwidth of approximately 32 Hz, are
highly susceptible to Lorentz force detuning (LFD) and microphonics, which can
destabilize the cavity resonance frequency and compromise system performance.
This paper presents a novel detuning compensation scheme that combines an
autoregressive least-mean-square (LMS) adaptive filter and active noise control
(ANC) in a parallel configuration to mitigate microphonic-induced detuning. A
real-time simulation model, incorporating the cavity’s mechanical eigenmodes,
was developed to evaluate the proposed approach. Simulation results demon-
strate significant reductions in amplitude and phase errors by approximately
90% and 75%, respectively, compared to the open-loop tuning configuration,
achieving the stringent operational requirements. This study introduces an in-
novative detuning compensation strategy for high-Q SRF cavities, providing a
robust framework for optimizing RF system design and ensuring stability in
complex noise environments.
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The Shanghai Hard X-ray Free Electron Laser (SHINE) facility utilizes high-Q
1.3 GHz superconducting radio-frequency (SRF) cavities for particle acceler-
ation. These cavities, with an ultra-narrow bandwidth of approximately 32
Hz, are highly susceptible to Lorentz force detuning (LFD) and microphonics,
which can destabilize the cavity resonance frequency and compromise system
performance. This paper presents a novel detuning compensation scheme that
combines an autoregressive least-mean-square (LMS) adaptive filter and active
noise control (ANC) in a parallel configuration to mitigate microphonic-induced
detuning. A real-time simulation model incorporating the cavity’s mechani-
cal eigenmodes was developed to evaluate the proposed approach. Simulation
results demonstrate significant reductions in amplitude and phase errors by
approximately 90% and 75%, respectively, compared to the open-loop tuning
configuration, achieving the stringent operational requirements. This study in-
troduces an innovative detuning compensation strategy for high-Q SRF cavities,
providing a robust framework for optimizing RF system design and ensuring sta-
bility in complex noise environments.

Keywords: Microphonics, RF cavity model, Tuning Loop

Introduction
SRF cavities are widely employed in modern particle accelerators [?, ?, ?]. Their
high Q-factor design significantly reduces the operational costs of high-power
systems but also introduces the risk of detuning due to their extremely narrow
bandwidth [?, ?]. Under high-load operating conditions, even minor frequency
deviations can substantially impact the amplitude and phase stability within
the cavity, leading to a significant increase in power demands [?, ?, ?]. In such
scenarios, greater attention must be directed toward the tuning loop, requiring
faster response times to compensate for detuning frequencies caused by external
disturbances.

Cavity detuning primarily arises from two factors: LFD and microphonics. LFD,
caused by the interaction between the electromagnetic field and wall currents,
deforms the cavity and excites mechanical modes. However, when operating in
continuous-wave (CW) mode, LFD can be effectively mitigated by pre-setting
cavity detuning compensation in advance [?, ?]. Microphonics, on the other
hand, which has a significant impact in CW mode [?], includes deterministic
disturbances such as those from cryogenic systems and vacuum pumps. These
can be compensated using ANC, a method validated in facilities like LCLS-II [?].
For stochastic factors such as ground vibrations, adaptive filters are currently
the most viable compensation approach. These detuning challenges demand
fast response capabilities from the tuning loop. Taking SHINE as an example,
the target is to maintain the RMS detuning frequency below 1.5 Hz [?].

Of course, there are also other methods, such as disturbance observer-based
control (DOB) and iterative learning control (ILC) [?, ?], feedforward-based
control [?], and active disturbance rejection control (ADRC) [?, ?], among oth-
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ers. To verify the effectiveness of various control measurements and algorithms
in meeting the voltage stability requirements within the RF cavity, it is neces-
sary to establish a real-time cavity simulation [?]. In addition to incorporating
the cavity equivalent model and amplitude-phase feedback loops, it is crucial to
develop a comprehensive and accurate tuning loop model. The tuning actuators
responsible for compensating cavity detuning frequencies include stepper motor
for slow tuning and piezo for fast tuning [?, ?]. Both the piezo and the me-
chanical eigenmodes of the cavity are considered in the model. Using SHINE’s
accelerating cavities as an example, control parameters are ultimately adjusted
to achieve an RMS voltage amplitude stability of less than 0.02% and an RMS
phase stability of less than 0.02°.

The structure of this paper is as follows: It begins with a detailed discussion of
the sources of detuning in high-Q RF cavities, focusing on the characteristics
of microphonics and its impact on cavity stability. Section II evaluates various
tuning loop control strategies and selects the LMS algorithm as the core for
detuning compensation, analyzing potential instabilities in combination with
system characteristics. Section III establishes a real-time simulation model in-
corporating the mechanical eigenmodes of the cavity to verify the effectiveness
of different control strategies, with an in-depth analysis of the combined ef-
fects of ANC and LMS on suppressing amplitude and phase errors. Section IV
concludes the paper.

II. Control Strategy
A. Cavity Detuning Frequency and Changes in Control Strategies

In traditional normal conducting RF cavities or low-Q superconducting RF cav-
ities, the tuning loop response frequency is typically designed to be relatively
low to avoid coupling with the amplitude-phase loop [?]. For instance, the SSRF
500 MHz superconducting cavity has a half-bandwidth of approximately 1.25
kHz. In such cases, detuning of a few Hz has minimal impact on the amplitude-
phase stability of the accelerating field inside the cavity. Therefore, a slow
tuning loop with a response frequency of about 1-10 Hz is sufficient, while the
amplitude-phase loop bandwidth generally ranges from 0.1-4 kHz [?].

In contrast, the SHINE main accelerating cavity has a resonance frequency
of 1300 MHz and a loaded Q-factor as high as 4$×10^{7}$, resulting in a half-
bandwidth of only about 16.25 Hz [?]. Under these conditions, detuning of just a
few Hz can significantly degrade the amplitude-phase stability of the accelerating
field, necessitating real-time compensation via fast tuning loop. However, simply
increasing the tuning loop bandwidth may result in coupling with the amplitude-
phase loop, and when the bandwidth reaches the scale of hundreds of Hz, it can
even lead to system instability [?, ?].

We conducted open-loop tests on the SHINE RF cavities, utilizing the widely
adopted Schilcher cavity model based on state-space representation to inversely
calculate the cavity detuning frequency [?, ?, ?]:
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where 𝑉𝐶 and 𝑉𝑓 represent the cavity voltage and input voltage, respectively.
The subscripts 𝑟 and 𝑖 indicate the real and imaginary components. 𝜔1/2 repre-
sents the cavity half-bandwidth, Δ𝜔 is the cavity detuning angular frequency,
and 𝛽 is the coupling coefficient, which is typically much greater than 1 in high-
Q loaded cavities. Under CW operation mode, the cavity detuning angular
frequency at a steady state at time 𝑛 can be expressed as:

Δ𝜔[𝑛] = 𝛽 + 1
𝑉 2

𝐶,𝑟[𝑛] + 𝑉 2
𝐶,𝑖[𝑛] (𝑉𝐶,𝑖[𝑛]𝑉𝑓,𝑟[𝑛] − 𝑉𝐶,𝑟[𝑛]𝑉𝑓,𝑖[𝑛])

Under steady-state operating conditions, the time-domain and frequency-
domain plots of cavity detuning frequency are shown in Fig. 1 [Figure 1: see
original paper]. Since the impact of LFD under steady-state CW operation is
negligible [?], the detuning is primarily caused by microphonics. By analyzing
the spectral plot of the detuning frequency, its primary characteristics can be
identified. First, prominent spectral components are observed at DC and spe-
cific frequency points. Noise source testing indicates that these components are
primarily caused by mechanical devices, such as cryogenic systems and helium
pressure fluctuations, which generate significant detuning at these frequencies
and their vicinities [?]. When these devices are turned off, the corresponding
noise levels are significantly reduced. This suggests that optimizing noise
sources to minimize mechanical vibrations is an effective mitigation strategy.
Additionally, control algorithms targeting specific frequency points, such as
ANC, can be employed to further suppress these noise components.

Second, the remaining spectral components are mainly distributed below 250 Hz,
where scattered random noise dominates. This frequency range also coincides
with the mechanical eigenmodes of the cavity. The next section will focus on the
use of real-time adaptive filters to suppress noise within this frequency band.

In summary, the proposed control logic block diagram is presented in Fig. 2
[Figure 2: see original paper]. Here, ‖𝑎‖ denotes the magnitude, and ∠𝑎 repre-
sents the phase angle. The amplitude-phase loop employs PID control, while
the tuning loop adopts a real-time adaptive filter combined with ANC for better
suppression of cavity detuning. Regardless of the source of noise, the process
ultimately applies forces to the cavity, causing deformation and resulting in
changes to the cavity’s resonant frequency. This process is modeled in the Cav-
ity Mechanical Model block, which will be discussed in greater detail in Section
III. The Lorentz force generated by RF fields is referred to as 𝐹𝑖𝑛𝑡, while the
force caused by microphonics is denoted as 𝐹𝑒𝑥𝑡. The feedback loop applies a
force through the piezo, which is labeled as 𝐹𝐹𝐵.
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B. Control Algorithm

An adaptive filter is a dynamic filter capable of automatically adjusting its pa-
rameters based on changes in the input signal. Its core functionality lies in
minimizing the error signal through iterative algorithms, enabling effective sig-
nal extraction and noise suppression. Unlike traditional fixed-parameter filters,
adaptive filters do not require pre-defined filtering parameters. Instead, they
utilize algorithmic optimization techniques to dynamically update filter coeffi-
cients in real-time, allowing them to adapt to time-varying signal environments
[?].

If cavity frequency detuning is considered as interference noise, suppressing this
noise typically requires a reference noise signal that is correlated with the target
noise to be suppressed. In the RF cavity operating environment, the reference
noise signal can be selected as the previously suppressed noise from the last time
step, implementing an uncommon autoregressive strategy.

To evaluate the effectiveness of this control strategy, this study uses a single-tone
20 Hz signal with a signal-to-noise ratio (SNR) of 30 as the test signal. The signal
is subjected to autoregressive suppression using three different adaptive filtering
methods: least-mean-square (LMS) adaptive filter, recursive least squares (RLS)
filter, and Kalman adaptive filter.

The filter implementation follows these equations:

w𝑛 = [𝑤0(𝑛), 𝑤1(𝑛), ⋯ , 𝑤𝑁−1(𝑛)]𝑇

x𝑛 = [𝑥(𝑛), 𝑥(𝑛 − 1), ⋯ , 𝑥(𝑛 − 𝑁 + 1)]𝑇

𝑥(𝑛 + 1) = x𝑇
𝑛 w𝑛

𝑒(𝑛) = 𝑑(𝑛) − 𝑥(𝑛)

where w𝑛 represents the filter coefficients at step 𝑛 with a length of 𝑁 , and x𝑛
represents the reference noise signal with a depth of 𝑁 . It can be observed that
the filter output is composed of a step-by-step combination of noise suppressed
in previous iterations.

The LMS update equation is:

w𝑛+1 = w𝑛 + 𝜇𝑒(𝑛)x𝑛

where the only parameter requiring initial configuration is the learning rate 𝜇.

The RLS algorithm is represented by:
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⎧{
⎨{⎩

K𝑛 = P𝑛x𝑛
𝜆+x𝑇𝑛 P𝑛x𝑛

w𝑛+1 = w𝑛 + K𝑛𝑒(𝑛)
P𝑛+1 = 1

𝜆 (P𝑛 − K𝑛x𝑇
𝑛 P𝑛)

where P𝑛 denotes the covariance matrix at step 𝑛. If the initial P0 is relatively
large, the filter tends to be more conservative in the initial stages, with a slower
learning rate, while smaller P0 allows faster weight adjustments. The parameter
𝜆 is the forgetting factor, typically within the range of 0 to 1. When there is a
higher reliance on historical data, 𝜆 should be closer to 1.

The Kalman filter formulation is:

⎧{{
⎨{{⎩

P𝑛|𝑛−1 = P𝑛−1|𝑛−1 + Q
K𝑛 = P𝑛|𝑛−1x𝑛 (x𝑇

𝑛 P𝑛|𝑛−1x𝑛 + 𝑅)−1

w𝑛+1 = w𝑛 + K𝑛𝑒(𝑛)
P𝑛|𝑛 = (I − K𝑛x𝑇

𝑛 ) P𝑛|𝑛−1

where P𝑛 is the covariance matrix at step 𝑛, Q is the process noise covariance
matrix, and 𝑅 is the observation noise covariance matrix. Increasing Q allows
the filter to respond more quickly to changes in the signal, while increasing 𝑅
reduces the influence of observation noise.

The test signal is subjected to autoregressive suppression using the three adap-
tive filters described above, with results shown in Fig. 3 [Figure 3: see original
paper]. The outputs and errors demonstrate that the LMS method reaches op-
timal suppression more slowly compared to RLS and Kalman filters. However,
regardless of how the parameters of RLS and Kalman filters are adjusted, the
final suppression effectiveness is nearly identical across all three methods. This
conclusion is further supported by the FIR tap coefficients, which eventually
converge to the same value across all methods. While RLS and Kalman filters
can achieve rapid convergence in a short time, they involve matrix multipli-
cations and inversions, which typically consume significant resources in FPGA
implementations. Under these constraints, this study selects the LMS algorithm
as the adaptive filter’s core algorithm.

The above discussion focuses on using adaptive filters to suppress uncertain
noise. In contrast, a 2019 solution proposed by Cornell University introduced
an ANC approach for RF cavities [?], which effectively suppresses noise at fixed
frequencies:
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⎧{{{
⎨{{{⎩

𝑢𝑚(𝑡) = 𝐼𝑚(𝑡) cos(𝜔𝑚𝑡) − 𝑄𝑚(𝑡) sin(𝜔𝑚𝑡)
𝑢𝐴𝑁𝐶(𝑡) = ∑𝑚 𝑢𝑚(𝑡)
𝐼𝑚(𝑛 + 1) = 𝐼𝑚(𝑛) − 𝛾 ⋅ 𝛿𝑓𝑐𝑜𝑚𝑝(𝑛) ⋅ cos (𝜔𝑚𝑡 − 𝜙𝑚(𝑛))
𝑄𝑚(𝑛 + 1) = 𝑄𝑚(𝑛) + 𝛾 ⋅ 𝛿𝑓𝑐𝑜𝑚𝑝(𝑛) ⋅ sin (𝜔𝑚𝑡 − 𝜙𝑚(𝑛))
𝜙𝑚(𝑛 + 1) = 𝜙𝑚(𝑛) − 𝜂 ⋅ 𝛿𝑓𝑐𝑜𝑚𝑝(𝑛) ⋅ [𝐼𝑚(𝑛) sin (𝜔𝑚𝑡 − 𝜙𝑚(𝑛)) + 𝑄𝑚(𝑛) cos (𝜔𝑚𝑡 − 𝜙𝑚(𝑛))]

The subscript 𝑚 indicates that ANC suppression can be applied at different fre-
quency points. 𝛾 and 𝜂 are the learning rates for 𝐼𝑚/𝑄𝑚 and 𝜙𝑚, respectively.
Here, the adaptation of 𝜙𝑚 is designed to compensate for the phase of the ac-
tuator at the corresponding frequency point. It is worth noting that when 𝜙𝑚
is nonzero, the closed-loop transfer function formed by ANC may exhibit loop
gain greater than 1 at the set frequency. This results in the unintended ampli-
fication of noise at the surrounding frequencies, even though ANC significantly
suppresses noise at the set frequency.

C. Potential Instabilities

Adaptive filters employing autoregressive strategies must pay particular atten-
tion to potential instability issues. These primarily arise due to the absence of
an external reference signal, as filter coefficient adjustments rely on historical
estimation data derived from the autoregressive process. This makes the perfor-
mance heavily dependent on the dynamic changes in noise and the rate of filter
tap coefficients update. Specifically, if the loop delay is too large, the autoregres-
sive non-standard reference signal may exhibit weak correlation with the current
external noise signal, leading to degraded filtering performance. Additionally,
the rate of change of the filter tap coefficients must be carefully considered. If
the rate is too small, the filter may struggle to accurately track and suppress
noise. Conversely, if the rate is too large, it can result in self-excitation and
instability.

Specific parameters that need to be configured include the order of the FIR filter
𝑁 , the LMS update frequency 𝑓𝐴𝐹 , and the LMS learning rate 𝜇. Using the
cavity detuning data shown in Fig. 1 as the test noise, the following analysis
focuses solely on the LMS single-loop configuration. When the filter order is
higher and the LMS update frequency is lower, the filter achieves higher resolu-
tion within the specified frequency band, resulting in better noise suppression
performance, as demonstrated in Fig. 5 [Figure 5: see original paper].

The NLMS algorithm is proposed to address the issue of uneven coefficient up-
date rates caused by the LMS algorithm. By dynamically adjusting the learning
rate based on the energy of the autoregressive signal, the convergence speed can
be increased when the signal energy is low and decreased when the energy is
high. The update equation for NLMS is as follows:
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w𝑛+1 = w𝑛 + ̃𝜇
‖x𝑛‖2 + 𝐶 𝑒(𝑛)x𝑛

Similarly, the cavity detuning data mentioned in Fig. 1 is used as the test
noise for simulation testing, with results shown in Fig. 6 [Figure 6: see original
paper]. The learning rate 𝜇 in LMS has a narrower range of variability com-
pared to NLMS, making it more prone to instability and causing divergence in
the tap coefficients, as indicated by the dashed lines at 1s and 16s in the fig-
ure. Additionally, NLMS exhibits an almost linear progression before reaching
stability.

From the above results, it can be observed that LMS has limited effectiveness
in suppressing noise at specific frequency points within a certain timeframe. In
such cases, ANC can compensate for the insufficient gain.

III. Simulation Model and Test Results
A. Mechanical Eigenmodes of the Cavity

The mechanical characteristics of the cavity determine the extent to which ex-
ternal forces can couple to the eigenmodes of the nine-cell structure, potentially
exciting unwanted oscillations. In piezo-based detuning control, it is crucial
to measure the transfer function between the piezo drive signal and the cavity
detuning [?]. The smoothed test results for the SHINE cavity are shown below
in Fig. 7 [Figure 7: see original paper], which illustrates the cavity frequency
detuning response to sine wave excitations of different frequencies on the piezo.

The response transfer function can be modeled using a first-order low-pass filter
combined with several second-order systems [?]:

𝐻(𝑠) = 𝐻0(𝑠) + ∑
𝑖

𝐾𝑖 ⋅ Ω2
𝑖

𝑠2 + Ω𝑖𝜏𝑠 + Ω2
𝑖

The second-order systems correspond to the mechanical eigenmodes of the cav-
ity. What is observed in the control loop is the process that starts with the
piezo drive signal, followed by the force applied to the tuner, resulting in cavity
deformation, and ultimately causing a change in the cavity’s resonant frequency.
The cavity stiffness 𝑘𝑆 = 3 × 106 N/m, and the process is illustrated in Fig. 8
[Figure 8: see original paper].

In mechanical dynamics, cavity deformation can be decomposed into a set of me-
chanical modes. When a specific mode is excited, it produces the corresponding
mode displacement. Since the applied forces remain within the cavity’s lin-
ear elastic limit, these modes can be represented as a set of damped harmonic
oscillators:
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𝐺𝑖(𝑠) = 𝑘𝑖 ⋅ Ω2
𝑖

𝑠2 + Ω𝑖𝑠 + Ω2
𝑖

Considering that the piezo response is relatively flat below 1 kHz, meaning
that the force applied under the same voltage is nearly constant across different
frequencies, and assuming that cavity deformation is linearly related to cavity
frequency detuning (𝜀 ≈ 3.4 × 108 Hz/m), from the equation:

𝐻(𝑠)|𝑠=0 = 𝛾 ⋅ ∑
𝑖

𝐺𝑖(𝑠)|𝑠=0 ⋅ 𝜀 → ∑
𝑖

𝐾𝑖 = 𝛾 ⋅ 𝜀/𝑘𝑆

we can derive the gain 𝛾, and further obtain the transfer function 𝐺 with the
modal gains 𝑘𝑖.

By using the least-squares method, it is possible to approximate the forces
exerted on the cavity due to microphonics, as shown in Fig. 9 [Figure 9: see
original paper]. Similarly, the effect of LFD can be expressed by:

𝐹𝑖𝑛𝑡 = ∑
𝑖

𝐹𝑖𝑛𝑡,𝑖 = ∑
𝑖

𝑙𝑓𝑑𝑉 2𝑘𝑖𝜀𝐿2

where 𝑙𝑓𝑑 is the LFD constant [?], with units of Hz/(MV/m)2. This concludes
the introduction of the cavity mechanical modes and the forces applied to the
cavity.

B. Amplitude-Phase Loop and Tuning Loop in Closed-Loop Opera-
tion

During steady-state operation of the RF system, the LLRF operates in GDR
mode. This study analyzes the impact of different tuning loop configurations on
the amplitude and phase stability of the cavity voltage by experimentally observ-
ing various operating states of the tuning loop, including open-loop, closed-loop
using only the LMS algorithm, and closed-loop with LMS and ANC in parallel.

As shown in Fig. 10 [Figure 10: see original paper], the amplitude and phase er-
ror curves over a 10-second interval under steady-state conditions were recorded
and analyzed. The RMS values of amplitude error for the three configurations
were 0.0031%, 0.0004%, and 0.0002%, respectively, while the RMS values of
phase error were 0.0457°, 0.0176°, and 0.0113°, respectively. The data demon-
strate that the amplitude stability significantly improves when the tuning loop is
closed. Using only the LMS algorithm, the tuning loop effectively compensates
for noise disturbances, achieving basic amplitude and phase stability. However,
with the addition of ANC, the system’s ability to suppress noise at specific
frequency points is significantly enhanced, resulting in the lowest RMS phase
error.
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Fig. 11 [Figure 11: see original paper] provides a clearer illustration of cav-
ity detuning under different strategies. Since the ANC algorithm cannot fully
compensate cavity detuning to the zero-detuning position and is limited to com-
pensating for a few specific frequency points, both the LMS algorithm and the
widely used PID control strategy in current tuning loops can effectively suppress
cavity detuning to the zero-detuning position.

IV. Conclusion
This study addresses the high-precision operational requirements of SHINE by
proposing a detuning compensation scheme that significantly improves system
amplitude and phase stability. Through an in-depth comparison of commonly
used adaptive filtering algorithms, and considering both performance and hard-
ware implementation costs, the autoregressive LMS algorithm was selected. Its
parameter design and potential instabilities were analyzed, focusing on filter
order, update frequency, and learning rate. Simulations demonstrated the algo-
rithm’s efficiency in suppressing uncertain noise.

To accurately simulate the operating environment of RF cavities, a simulation
model incorporating the cavity’s mechanical eigenmodes was established. Com-
bined with amplitude-phase feedback and tuning loops, the performance of var-
ious control algorithms was analyzed in detail. Experimental and simulation
results showed that the parallel scheme of the autoregressive LMS and ANC
algorithm effectively suppressed microphonic detuning. Compared to the open-
loop tuning configuration, the amplitude error and phase error were reduced
by approximately 90% and 75%, respectively, meeting SHINE’s operational
requirements.

This study not only demonstrates the potential of adaptive filters in suppress-
ing RF cavity detuning but also establishes a foundational framework for fur-
ther tuning loop optimization through the construction of the cavity simulation
model. Future work will focus on enhancing the robustness of the proposed
scheme in dynamic environments, supporting the stable operation of the SHINE
facility and providing insights for the design of high-precision particle accelera-
tors.
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