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Abstract

The Superconducting RF system of Hefei Advanced
Light Facility (HALF) can provide an accelerating electric
field for the beam, and its stability is required to be of RMS
<0.1% in amplitude and RMS < 0.1° in phase. To achieve
this, a LLRF controller is being prepared for the control of
the HALF Superconducting RF system. This LLRF con-
troller mainly consists of three modules of RF front-end,
signal processing and the motor drive. The RF front-end
downconverts the RF signal to the IF of 31.2375MHz
(499.8/16), and then up converts the IF to the RF after be-
ing processed by the digital board. The LLRF includes four
channels of down conversion (cavity sampling signal Py,
forward power signal Py, reflected signal P, and the refer-
ence signal Prr) and one channel of up conversion (power
source drive signal). LLRF can realize three control loops
and one interlock protection, namely cavity frequency tun-
ing loop, cavity field amplitude control loop and cavity
field phase control loop. The project progress of the HALF
LLRF system will be introduced in this manuscript in de-
tail.

INTRODUCTION

A superconducting RF cavity will be used in the storage
ring of Hefei Advanced Light Facility (HALF). Compared
with a normal RF cavity, the superconducting RF cavity
has many advantages, such as its low power loss, large
beam aperture, good higher-order mode suppression per-
formance [1], which has been widely used in other ad-
vanced light sources [1-2].

During the operation of superconducting RF system, the
stability of its operation will be affected due to the exist-
ence of microphonics effect and beam load effect [3]. The
excellent performance of the HALF superconducting RF
cavity depends on the stable operation of the RF system, in
which the stability of the accelerating voltage mainly de-
pends on the control of the Low Level RF system. Accord-
ing to the physical design requirements of HALF storage
ring, the amplitude stability of the cavity pressure RMS <
0.1%, and the phase stability RMS < 0.1°. At present, the
project progress of the HALF LLRF for the Superconduct-
ing RF system is shown as follows.

WORKING PRINCIPLE AND
COMPOSITION OF HALF LLRF

The 499.8 MHz superconducting RF system of the
HALF storage ring is planned to adopt the digital Low
Level RF system (LLRF), which is responsible for meas
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uring and feedback control of the high frequency acceler-
ating electric field in the superconducting cavity and the
central frequency of the superconducting cavity, mainly

composed of RF front-end, digital processing board, etc [4].

The composition of the whole LLRF control system is
shown in Figure 1.
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Figure 1: Overall structure diagram of HALF LLRF.

HALF LLRF can first perform analog down-conversion
of the incident signal Py, reflected signal P, cavity sam-
pling signal P; and reference signal Prs from the signal
source. After the intermediate frequency band-pass filter-
ing, the high-speed ADC performs high-precision digital-
to-analog conversion of the intermediate frequency (IF)
signal, and then performs digital I/Q quadrature demodu-
lation and CORDIC phase demodulation to obtain the am-
plitude and phase of the IF signal of P, . After comparing
the above signal with the IF signal of P,.f, the FPGA digital
processing circuit conducts PI adjustment on the P; IF sig-
nal, and then the DAC outputs the adjusted IF signal. After
band-pass filtering, the RF front-end circuit performs the
analog up-conversion to obtain a new drive signal, which
is input into the solid-state power source for power ampli-
fication.

Table 1: Main technical parameters of HALF LLRF

Serial Technical cpe e 1.
Specific indicators
number  parameter
Closed-loop feedback con-
1 Phase loop  trol accuracy can reach
RMS <0.1° (within 1s)
Amplitude closed-loop feedback con-
2 100 trol accuracy can reach
p RMS < 0.1% (within 1s)
Tuning range can reach
N .
3 Autotune 200kHz, tuning accuracy

can reach 10Hz, and work-
ing bandwidth is 48Hz

At the same time, the FPGA signal processing circuit
uses CORDIC phase discrimination to obtain the phase of
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Prand P, for comparison, to obtain the detuning angle, and
then drives the motor for the frequency tuning to adjust the
frequency of the superconducting cavity, so that it works
at the center frequency of 499.8MHz.

According to the requirements of the physical design of
HALF storage ring, the main technical parameters of su-
perconducting main RF LLRF system and interlocking
protection system are listed in Table 1.

DEVICE TYPE SELECTION OF THE KEY
MODULE COMPONENTS

RF Front-end

For devices for the RF front-end, especially mixers and
amplifiers, it is necessary to carefully consider SNR, noise
figure and other requirements to select appropriate types,
and determine operating points of the mixer and amplifier
according to the calculation of noise figure.

Considering the parameters and functional requirements
to be achieved, AD8342 active mixer is selected as the core
device of the RF front-end circuit, with the main frequency
range of 1MHz~3.8GHz, the maximum input
P145=8.3dBm, and the IP3 crossover point of 22.7dBm. In
terms of interface, RF and LO can be easily converted to
single-ended access, while IF port is the output of open col-
lector and requires DC bias, the circuit of which is shown
in Figure 2 [5].

The IF amplifier of RF front-end uses ADA4938. It is a
low-noise, ultra-low distortion, high-speed differential am-
plifier, which is very suitable for driving high-performance
ADC with resolution up to 16 bits, DC to 27MHz or reso-
lution up to 12 bits, DC to 74MHz.
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Figure 2: AD8342 bias circuit.

The RF amplifier for the up-conversion uses the PMA-
5454+ low-noise single-ended amplifier of Mini-Circuits.
Its bandwidth and noise figure are also considered in the
selection. At the same time, it can also be replaced between
different types of the same package and devices with the
same pin electrical properties according to the actual needs.

After the working points of the mixer, IF amplifier and
other main components are determined, the cascaded noise
coefficient of the selected device is calculated. Then the
SNR can be controlled in the range of 70~90dBc within the
range of —10~10dBm RF input signal, which can leave a
certain margin for the noise of the digital processing cir-
cuit. If the noise introduced by the digital system is ig-
nored, the minimum value of the input RF signal can be
further expanded to —18dBm.

THPA115
4230

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2023-THPA115

Signal Processing Board

Clock distribution circuit

According to the overall structure of HALF LLRF in
Figure 1, the frequency of IF signal is 499.8/16 =
31.2375MHz, and the frequency of system LO is 499.8/16
+ 499.8 = 531.0375MHz. As to meet the requirements of
the I/Q orthogonal sampling, the ADC sampling frequency
should meet the formula of 4 / (4N+1) x fir. So when N=0
is brought in this formula, 4 x fir = 124.95MHz is obtained.
Similarly, the DAC recovery frequency is also set to 4 x fig
= 124.95MHz.

The clock distribution circuit is proposed to use the
output clock generator chip AD9520. Its internal VCO
frequency range is 2.53~2.95 GHz. Each three outputs
share one output divider. The frequency division ratio is
adjustable from 1 to 32. The frequency change caused
by temperature change is generally in the order of tens
to hundreds kHz [6].

Digital signal processing board based on FPGA

ADC sampling of the IF signal, digital signal processing
and DAC recovery functions are all completed by the
FPGA digital signal processing board. The main control
chip of the board is Xilinx ZYNQ 7100. ZYNQ 7100 chip
have a dual-core ARM Cortex-A9 processor and integrated
a 28nm FPGA of high performance to achieve power con-
sumption and performance level far higher than that of dis-
crete processors or FPGA chips [7].

The ADC of the digital signal processing board adopts
two LTC2185 chips with dual channels, 16bit bit width,
and the maximum sampling rate of 125Msps. Its DAC
adopts one ISL5927 chip with dual-channel, 14bit bit and
has a maximum sampling rate of 260Msps. It can be seen
that the selection of the above devices both can meet the
requirements of ADC sampling and DAC recovery [8-9].

FREQUENCY TUNING AND AMPLITUDE
AND PHASE CONTROL ALGORITHM

The control of HALF LLRF on the superconducting RF
system mainly includes frequency tuning and amplitude &
phase control. The realization of these controlling is based
on the closed-loop feedback control, which includes fre-
quency tuning loop and amplitude & phase control loop
[10].

The Frequency Tuning Loop

The phase difference between the input RF signal Prand
the sampling signal P, on the cavity is called the detuning
angle ¢ of the RF cavity, which has the following relation-
ship between Prand P..

tan(p=2QL(w"_w”J ()
[0

c

From this equation, it can be seen that the detuning state
of the superconducting RF cavity can be obtained by meas-
uring the detuning angle ¢ [11].
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When the detuning angle exceeds the set threshold,
HALF LLRF will control the tuner to perform cavity fre-
quency mechanical tuning on the superconducting RF cav-
ity. The axial range design value of the tuner of the HALF
superconducting RF cavity is + 200kHz, with a sensitivity
of 10Hz.

Amplitude and Phase Control Loop

The amplitude and phase of the RF acceleration field in
the superconducting cavity are controlled by the LLRF am-
plitude and phase control loop. The reference signal Prr
and the cavity sampling signal P; are downconverted with
the RF front-end of the LLRF system, then the bandpass
filtering is used to remove their higher-order harmonics,
and then converted into a digital signal after ADC sam-
pling. Four orthogonal I/Q components are obtained using
the I/Q orthogonal demodulation algorithm, which can cal-
culate the amplitude and phase of the intermediate fre-
quency signals of Py and Py.

The phase difference of intermediate frequency signals
between P and P, can greatly affect the closed-loop, so
FPGA is used to construct a digital phase shifter to adjust
the phase of P, and reduce the phase difference between Prer
and P.. Then the I and Q components of P.¢ and P, are ad-
justed with the PI algorithm to obtain a new 1/Q array. With
the 1/Q array, the signal recovery algorithm is used to ob-
tain a digital sequence that can be converted into D/A, and
finally restored to an analog intermediate frequency signal
through DAC. Then, it is input into the RF front-end for
upconversion. The intermediate frequency signal is upcon-
verted as a driving signal, which is input into a solid-state
power source. The power source then outputs a 499.8Mhz
high RF power with stable amplitude and phase into the
superconducting cavity, which can generate an equally sta-
ble accelerating electric field.

PC Control Software for HALF LLRF

In the near future, referring to the interface of SSRF
LLRF (Figure 3), the PC control software of HALF LLRF
of the superconducting RF system will be compiled with
Labview for its working parameters configuration and real-
time data monitoring [12].
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Figure 3: SSRF configuration and monitoring interface.
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SUMMARY

Based on the above progress, the members of the super-
conducting main high-frequency project team will compre-
hensively promote various construction tasks, including
the detailed design, customization, processing, debugging
and installation of HALF LLRF.

ACKNOWLEDGEMENTS

The project progress on HALF LLRF mentioned above
has been supported by the Pre-research Project of Hefei
Advanced Light Source. All the authors appreciate the sub-
stantial technical support from Yu-bin Zhao, Zhi-gang
Zhang, Xiang Zheng of Shanghai Synchrotron Radiation
Facility, Zhe-qiao Geng of Paul Scherrer Institute, Feng
Qiu of Institute of Modern Physics, CAS, Wei Long of
China Spallation Neutron Source.

REFERENCES

[1] H. S. Kang, W. H. Hwang, H. J. Park, S. H. Nam. “Exact
determination of HOM frequency in storage ring RF cav-
ity”, Nucl. Inst. Methods Phys. Res., vol. 483, A(3), May
2002. doi:10.1016/50168-9002(01)01945-3

[2] A. Sharma, B. K. Sahu, S, Kar, “Baseband Modeling of Su-
perconducting RF Cavity in Digital Domain”, ECS Trans-
actions, vol. 107, no. 1, 2022.
d0i:10.1149/10701.15643ecst

[3] K. K. Singh, V.K. Jain, D. V. Ghodke, A.Puntambekar,
“A novel method for Lorentz force detuning compensation
in multi-cell superconducting RF cavity and its validation at
room temperature”, Rev Sci Instrum. 92, 063303, Jun. 2021.
doi:10.1063/5.0046548

[4] X. Fu, Z. Yin, K. Fong, T. Zhang, J. Wei, B. Ji, Y. Wang,
“LLRF Controller for High Current Cyclotron-Based BNCT
System”, IEEE Trans. Nucl. Sci. vol. 68, 10, Oct. 2021.
do0i:10.1109/TNS.2021.3097702

[5] https://www.analog.com/media/en/technical-
documentation/data-sheets/AD8342.pdf

[6] https://www.analog.com/media/en/technical-
documentation/data-sheets/AD9520-2.pdf

[7] https://docs.xilinx.com/v/u/en-US/ds191-
XC7Z030-XC7Z045-data-sheet

[8] https://www.analog.com/media/en/technical-
documentation/data-sheets/218543f.pdf

[9] https://html.alldatasheetcn.com/html-
pdf/118526/INTER-
SIL/ISL5927/774/2/1SL5927.html

[10] C.-C. Xiao, J.-Q. Zhang, J.-H. Tan, W.-C. Fang, “Design
and preliminary test of the LLRF in C band high-gradient
test facility for SXFEL”, Nucl. Sci. Tech 31, 100, 2020.

[11] M.-D. Li, “RFQ Low Level Algorithm Design and Imple-
mentation”, University of Chinese Academy of Sciences,
2018.

[12] X.-H. Tang, “The Research and Development of LLRF Ap-

plication Software”, University of Chinese Academy of Sci-
ences, 2016.

THPA115
4231

e=ga Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-THPA115

MC6.T27: Low Level RF

4231

THPA: Thursday Poster Session: THPA

THPA115

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 791.000]
>> setpagedevice


