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Abstract

Implementing digital signal processing (DSP) solutions on FPGAs is a challenging task that requires technical knowledge of the system and the functionality of algorithms. Using High-Level
Synthesis (HLS) tools for handling DSP tasks accelerate the implementation process and reduce the development stage. Moreover, HLS solutions decrease FPGA verification time and provide
flexibility for configuring design parameters with extensive iteration capabilities. In this paper, hardware accelerator units are introduced to correct the driven Radio Frequency (RF) signals in
Low-Level RF (LLRF) multi-cavity controller systems. In RF stations, a portion of the injected signal into cavities is reflected due to the mismatch in the frequency of the forward signal and the
resonance frequency of cavities. The presented design improves the forward signal in multi-cavity stations by real-time removal of the cross-coupling effect from the signal. This is achieved
using the concepts of pipelining, parallelism, and the proper usage of FPGA resources for DSP calculation. Moreover, the paper introduces a real-time monitoring system for RF systems.
Proposed units are used for detecting anomalies in the system by comparing the actual probe signal from each station with the virtual probe calculated based on the input signal. The main
benefits of this solution are real-time calculation of corrected signals using DSP techniques and the introduction of an anomaly detector. Furthermore, this design reduces the workload from
other parts of the system by off-loading the correction and monitoring of the RF cavities, leading to better performance of the overall system.

The structure of RF signals in RF cavities Firmware implementation

The structure of Multi Cavities and Cryogenic Modules The implementation of cross-coupling removal and monitoring system in FPGA
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Figure 1) The structure of a single resonant cavity with 9-cells

Figure 3) The instance of measured and corrected Forward and Reflected signals

* This paper focuses on the FPGA implementation of a Real-Time cross-correction entity that | - Inputs for the MVX are the measured Forward and Reflected signals, and the produced

removes the Cross-Coupling of Forward (F) and Reflected (R) signals. Then another FPGA outputs are the corrected values of the equivalent signals for each cavity. The coefficient
IP is introduced as a monitoring mechanism of the Probe (P) signal. values are determined through a system identification process.

» The Forward signal refers to the propagated signal drive the cavity, the Reflected signal is * The correction of input signals is achieved through the parallel multiplication of the input
the signal that gets reflected back due to impedance mismatches or other physical factors vector (Forward and Reflected signals) with a user-defined coefficient matrix. The
within the cavity. The Probe signal is intentionally introduced into the cavity for the feedback computation is performed in a few hundred of ns in most of the configurations.
system in LLRF controller and it is also used for diagnostic purposes. - Customized HLS MVX and VP IPs calculates
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- The second FPGA IP in this work is named as the » The following table shows the experimental results of synthesizing MVX and VP |Ps using
Virtual Probe (VP) and it is reSponSible for CaICUIating AMD Vitis HLS 2022 [3] This eXperlment uses Xilinx Kintex 7 [4] famlly (DAMC'TCK7 [5])
Probe values for cavities via the corrected Forward * The design parameter HLS unroll [6] improves the performance of system by using more
and Reflected signals from the previous stage. FPGA resources. It create N copies of the loop body and reduces the number of iterations.
* The feedback signals from the waveguide distribution » There are linear relations among Unroll factor, Clock Period and DSP usage. With
=) system, i.e. Forward and Reflected signals associated considering the maximum latency and FPGA resource, a generic design is created.
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ormalism, this corresponds to decoupling o digita HLS VP 4 6.1 67 4 39 5K -6 K
signals. Therefore, our solution is capable to perform a HLS VP 1 12.2 281 16 8 ~4 K ~5 K
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_ — 32 by 32 matrix multiplication of the measured signals. HLS VP 4 122 134 4 39 5K -6 K
Figure 2) SIS8300-L2 digitizer MTCA Table 1) Performance vs Resource usage of HLS MVX and VP IPs on the targeted FPGA device
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- Forward and Reflected cavity signals are
measured using directional coupler placed
on the RF waveguide.

- MSK ADC boards sample multiple RF signals in
parallel [7].

* Due to the finite RF isolation, the ADC readings

are affected by RF signals of other channels. * Due to the final directivity of the couplers, the

measured signal on both channels is a linear
combination of the Forward and Reflected
signals.

* The measured RF cross-talk among channels can
have a magnitude up to -73.7 dB.
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- The cross-talk can be measured in Real-Time

- By deriving the coupling parameters [9, 10], it
using the Drift Compensation Module [8].

iIs possible to calculate the true Forward A
- Then the channel decoupling can be expressed and Reflected cavity signals in Real-Time.

with a complex matrix multiplication.
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