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Abstract

In the past two decades, radio-frequency (RF) controls
< have improved by two orders in magnitude achieving
gmeanwhile sub-10 fs phase stabilities and 0.01% ampli-
Stude precision. Advances are through improved field
2 detection methods and extensive usage of digital signal
= .

£ processing on very powerful field programmable gate
£ arrays (FPGAs). The question rises, what can be achieved
£1n the next 10 years? In this paper, a review is given of
£ existing systems and strategies, current stability limita-
Ztions of RF control systems and new technologies with
£ the potential to achieve attosecond resolutions.
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RF CONTROLS WITH FS-PRECISION

Pump-and-probe experiments at Free-Electron-Lasers
£ with 10 fs resolution require ultra-short electron beams
2 with excellent longitudinal phase space and time jitter
-2 stability. This requires multiple bunch compressor stages,
% short- and long-term stable RF field in the accelerating
%modules and a precise reference distribution system.

of this work

RF -Controls Noise Contributions

In this section, the main noise contributions caused by
© the RF-control and their impact on the additional timing
J itter are derived. Operating the accelerating structures at
£, the arrival time jitter after a bunch com-
> pressor is given by [1]

c-1\2( oo \2 . 1)\
+(5) (m) +(@) ot O

with oyin and o ou the incoming and outgoing arrival
time jitter, g4 and g, the RF amplitude and phase stabil-
ity, C the compression factor and Rss the momentum
compaction factor of the chicane. To achieve a timing
Jltter in the order of 10 fs the relative RF amplitude stabil-
'O ity and phase stability of the RF-control system with re-
5 = spect to the reference must be typically in the order of
20.01 %, respectively 0.01 deg at 1.3GHz cavity frequency.
:‘z
g Neglecting cavity effects like micro-phonics, Lorentz-
zforce detuning and beam-loading, the cavity regulation
E system can be solved algebraically within a small signal
_ganalysis in the Laplace-domain [2] or numerically for
z -, amplitude and phase. Assuming only white noise contri-
":butlons from the field detection S, opwc and actuator
g € chain S¢,0,4cT> Proportional gain g, and cavity bandwidth
£ f1z, the minimum integrated jitter within the effective
S noise bandwidth g, f;, with (9,10) from [2] leads to
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According to (2) cavities with smaller bandwidth pro-
duce less jitter. The loop latency is limited by cable prop-
agation of 5.5 ns/m and FPGA processing delays to about
tp=1 us, which limits for high bandwidth cavities of 100
kHz the gain to 1...5, requiring an actuator chain jitter in
the order of 10 fs...20 fs. Low bandwidth cavities in the
order of 100 Hz benefit from gains of more than 100 to
suppress actuator noise. The demands on the field detec-
tion are less than 10 fs within the pulse repetition rate and
effective noise bandwidth, typically [10 Hz, 100 kHz].

Field Detectors

The requirements on the field detectors in the GHz-
range for superconductive cavities with less than 10 fs
resolution for amplitude and phase are demanding.
Amplitude and phase detection with 360deg

e Short-term stability <0.01%,<0.01° [10Hz,10MHz]
e Long-term stability <0.01%,<0.01° [forever,10Hz]
e Nonlinearity <-60dBc, <1% error

e Channel crosstalk < -80dB...-100dB

e Overall latency <100ns

[ ]

No AM to PM, no PM to AM conversion

Even though the LLRF community profits from the tel-
ecommunication industry, it was clear at that time, that
such kind of detectors did not exist. This leads to the main
features: 360 deg detection, short-term stability, channel-
to-channel crosstalk, latency and no PM to AM conver-
sion. Today widely used is the non-IQ sampling, which
combines the advantages of existing technologies with
phase noise power densities varying between 150 and 160
dBc/Hz provide sub-10fs resolution in various form-
factors. The performance and spectral purity can be veri-
fied by splitting a reference into the detector providing
zero differential phase noise. Since the amplitude detec-
tion is absolute the reference must have sufficient low
amplitude noise. Such fingerprint is shown in Fig. 1 for a
commercial detector in MicroTCA.4 crate form factor.
The down-converter (DRTM-DWCI10) operates at 1.3
GHz, with an intermediate frequency of 54.167 MHz,
which is non-IQ sampled in a 16-bit digitizer
(SIS8300L2V2) with a sampling rate of 81.25 MHz. Its
spurious free raw data wideband and narrow band spec-
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trum show the high quality of the system’s signal-
integrity in the range of sub-10fs. The resolution can vary
depending on the packaging and electromagnetic compat-
ibility (EMC). The cumulative jitter for 0 dBm input
power results in an amplitude stability of 0.004 %, re-
spectively 0.002 deg (4.2 fs) within a 200 kHz bandwidth.
With -115 dBFS white noise floor the ADC performance
is nearly reached.

Receiver narrow-band amplitude noise
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Figure 1: Field detector narrow-band phase noise with
0.002 deg, 4.2 fs (100 Hz - 200 kHz), respectively 0.004
deg, 9.2 fs(100Hz - 1 MHz) @ 1.3 GHz.

The LO-generation has an additive jitter of 2.6 fs within
[10 Hz, 10 MHz]. The channel scaling behaviour shows
for 8 channels the expected reduction in amplitude noise
by a factor of V8. Due to the correlated noise from com-
mon LO-signal and ADC clock distribution the phase
noise stability reduced only by factor of 1.5. Due to the
phase conservation of front-end mixers the input jitter is
‘magnified’ depending on the frequency ratio frr/fiF,
which relaxes the clock jitter requirements for ADCs to
about 100 fs.

Direct sampling for field detection is wideband and
flexible. The cavity signal is sampled directly, front-end
receivers are not needed. Over the last decade modern
interleaved ADC architectures with sample rates of 4Gsps
(e.g. Xilinx, UltraScale RFSoC) combined with powerful
FPGAs approach the amplitude stability of non-IQ detec-
tors. Spur calibration is offered on-chip. But due to the
high input frequency the sampling clock and ADC aper-
ture jitter still degrades the phase noise performance.

LLRF Systems

As an example for superconductive RF (SRF) opera-
tion, the EuXFEL accelerator at DESY based on super-
conductive cavities at 1.3GHz uses several cavities in a
vector-sum per klystron [3]. In total 27 RF stations, 800
cavities and over 3000 RF signals are processed. Figure 2
shows the schematic of a LLRF station, which houses
MicroTCA.4 multi-channel-down-converters (uUDWC),
digitizers (uADC) for vector-sum pre-processing, a main
FPGA controller (uTC) and an up-converter (uVM) driv-
ing the pre-amplifier with klystron. The LO-Generation
housed in a 19” module or extended rear transition mod-
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ule (eRTM) on a managed RF-backplane within a Mi-
croTCA.4 19” crate. To achieve the long-term stability a
drift calibration module (DCM) injects the reference into
the LLRF-station. The short-term stability is achieved per
channel to 0.004 %, respectively 0.002 deg, as described
before. The overall measured rms arrival time jitter before
the SASE stations for 600 pulses is 12.9 fs [4].
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Figure 2: Schematic of a LLRF system of the Eu-XFEL.

For example, normal-conductive RF (NRF) operation,
e.g. at the SINBAD or REGAE facility at DESY, use high
bandwidth structures above 60 kHz for acceleration and
RF-pulses below 10 us duration. The low-noise high-
power chain adds with the up-converter 2.9 fs, pre-
amplifier 3.4 fs and klystron with modulator 13.9 fs in
total 14.5 fs, respectively 0.049 % amplitude stability
with a floor of -165 dBc/Hz within the range of minutes
to 1 MHz bandwidth. With a total latency of about 700 ns
a 10 fs arrival time is expected with a maximum gain of
about 3. A Smith predictor feedback algorithm helps to
overcome the gain limitation drawbacks as a consequence
of the fundamental latency issue. To gain an improvement
of a factor of 10 which would allow for 1 fs rms field
stability in phase, the high power amplifier chain requires
significant improvements in their 1/f-noise e.g. by choos-
ing superior technologies and removal of all spur lines.

Contrarily, CW-operated SRF cavity e.g. at the
ELBE accelerator facility at HZDR, is shown in Fig. 3.
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Figure 3: Cavity phase noise spectrum at ELBE.
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The probe phase noise spectrum is here measured di-
rectly with a commercial phase noise analyser in correla-
2 tion. The cavity roll-off at the effective bandwidth of
about 15 kHz, pass band modes and the reference 1/f-
s noise is clearly visible.

® LLRF Digital-Processing

In the last decade low-latency powerful FPGAs have
3 been widely used in the LLRF community. In combina-
= = tion with CPUs numerous control algorithms can be real-
Zized to reduce repetitive disturbances

e [terative learning control
Fundamental mode filters
Beam loading compensation
Set-point optimization
Loop gain/phase correction

ork, pubhsher and D

of the

and stochastically disturbances
MIMO controller

Gain scheduling

Drift compensation

Intra-train beam based feedbacks

is work must maintain attribution to the author(
e o o o

of the LLRF system. Resonance control for slow and
£ fast piezo tuners can be realized. Especially for pulsed
% driven and vector-sum machines a flat RF-field during
ﬁbeam injection can be achieved. To qualify the perfor-
5 mance of the regulation, the in-loop signal, as depicted in
‘g Flg 4 is shown for the FLASH facility.
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Figure 4: Amplitude in-loop performance at FLASH.
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The pulse-to-pulse stability is far below the specifica-
%tion of 0.01 % for amplitude and 0.01 deg for phase. For
g large feedback gains the field detector noise is imprinted
zonto the beam within the effective noise bandwidth of the
E loop. An out-of-loop verification using bunch arrival time
g monitors showed a stability of less than 25 fs. This puts
»an upper limit on the actual achieved phase jitter in the
£ SRF cavities of 12 mdeg rms. Unfortunately, other error
gsources influencing the bunch arrival time jitter exist,
= which cannot be easily separated.
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Long-term Stability

A long-term stable machine is essential for reproducible
machine restarts, fast operation-mode changes and low
maintenance time. Long-term disturbances from various
sub-components like amplifiers, cables, mixers, splitter
etc. are in the order of picoseconds with conversion con-
stants of ~0.1 %/K, ~0.1 deg/K. The long-term stability
depends on temperature and strongly on humidity. Several
methods were developed to achieve long-term stable field
detection on the 10 fs level.

e Passive stabilization
Reference tracking
Reference injection
2-tone calibration
Reflection at the cavity

The passive stabilization requires a temperature rack
stabilization of about 0.1 K,, and a proper sealing of all
RF-circuits. Reference tracking for fully symmetric re-
ceivers can suppress correlated errors from the LO and
clock generation, but highly symmetric cable guidance is
required and in practice difficult to fulfil. Reference injec-
tion injects the reference into the detectors before fill-time
of the RF-pulse to compensate for its amplitude and phase
errors [5]. During cavity field measurement the correction
is applied. The Drift-Compensation-Module (DCM) at the
Eu-XFEL reduces long-term drifts by a factor of more
than 150 to 40 fs peak-to-peak [5]. Figure 5 shows the
applied phase correction and the humidity variations. A
sensitivity of humidity changes of about 0.1 deg/%RH has
been determined for the entire setup.
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Figure 5: EuXFEL phase corrections of a LLRF station
(top) and humidity changes (bottom) over a period of 3
weeks.

Packaging and EMC

The precision of LLRF systems with fs-resolution de-
pends strongly on its packaging. In the past 10 years the
community presented various form-factors, like conven-
tional RF-packaging, piggy-back solutions, standards and
proprietary system with different success.
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Main distortions are caused by violations of electro-
magnetic compatibility (EMC) on various levels. On the
rack, crate and PCB level, low impedance bypass struc-
tures below mOhms are required to avoid distortions and
return currents entering the electronics. Especially on the
PCB and interface level, distortions from high current
digital loads enter the sensitive parts by common imped-
ance interference coupling (CIIS) [6]. The crucial point,
that the sensitive parts for field detection, especially the
front-ends and ADCs must share the same EMC zone and
cannot be separated (except the EMC is fully under con-
trol) is often overlooked. ADCs and their low jitter clock
have to be treated as analog/RF parts and signals. Power
supply chains must have a stability in the mV range. The
identification and removal of spur lines on the active and
ground side is tedious and time consuming. To achieve
EMC on the fs-level in standards is even more difficult,
because all loads share the same ground and modules do
not have metallic bypass structures for the ground. In the
case of MicroTCA 4, after modelling the ground struc-
ture, numerous improvements were realized leading to a
spur-free detection of signals on the fs-level, as shown
before [7].

Limitations

For SRF LLRF systems, the dominant limitation using
a non-IQ sampling scheme are todays available ADCs
with noise spectral density (NSD) of ~10 nV/VHz. As
depicted in Fig. 6, since 2007 ADCs have become faster
but not lower noise. A break through would be a massive
on-chip parallelization with integrated FPGA pre-
averaging with <I nV/VHz, >16-bit, ~150 Msps, SNR
>95 dB and latency <100 ns.
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Figure 6: ADC NSD-map up to 2012.

At least in high-density form-factor a brute-force ADC
parallelization in the near baseband after front-end mixers
or the cavity channel parallelization seems feasible.

NRF LLRF systems suffer still from the limited short-
term stability in the range [10 Hz,10 MHz] of power am-
plifiers and modulators. Power amplifier manufacturers
should use components with lowest 1/f-noise in first in-
ternal stages. In addition the spectral verification for
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pulsed systems is a problem. A CW diagnostic for inter-
mediate internal stages would be beneficial.

TOWARDS AS-PRECISION

Entering 100as-resolution for SRF operation requires
cavity bandwidths in the order of 10 Hz, field detectors
with a phase noise of <-175 dBc/Hz, reference sources <-
175 dBc/Hz and high power chains with <-140 dBc/Hz.

High-QL Cavity Operation

According to (2) reducing the cavity bandwidth f;, re-
duces directly the beam induced jitter. In addition, follow-
ing (3), field detectors with higher latency and resolution
can be used. By increasing the cavity external factor Q; =
frr/2f12 one can achieve the same gradient with less RF-
power, which opens the window for new low-noise high-
power actuators. But consequently the cavity becomes
much more sensitive to micro-phonics. Reducing external
excitations and improving resonance is here a long-term
challenge. Applying active noise cancellation (ANC)
techniques by notching out resonances showed a reduc-
tion of micro-phonics of about 20 dB [8]. The automatic
adaptation on environmental changes is essential. At the
cryomodule test bench (CMTB) at DESY an in-loop sta-
bility in amplitude of 0.007 % and phase of 0.015 deg for
6 high-QL SRF cavities (Qu =6 107) operating above 20
MV/m in a vector-sum was demonstrated [9].

Carrier Suppression

Since 1968 the method of carrier suppression is used
and investigated by several authors, mainly for device
characterization [10,11,12]. By removing the carrier of
the cavity probe signal, its phase and amplitude noise
information can be amplified without any additive 1/f-
noise [11]. Standard post 1Q-detection systems can then
reconstruct the amplitude and phase. A laboratory proto-
type operating at 1.3 GHz shows in Fig.7 an
excellent resolution of 80 as within a bandwidth of 1
MHz and - 187.9 dBc/Hz floor without additional
correlation.
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Figure 7: Carrier suppression resolution of about 80 as
within 1 MHz, @ 1.3 GHz, +17 dBm power level (black),
currently used non-IQ field receiver (blue).

THYPLS1
3417

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



10th Int. Partile Accelerator Conf.
5 ISBN: 978-3-95450-208-0

A
el
§ To achieve destructive interference ultra-low noise
Etuneable amplitude and phase actuators, an automated
Z carrier suppression tracking and RF-sources with low
e

s amplitude noise are required. Compared to double bal-
o anced RF-mixers based on Schottky diodes in forward
° direction, promising devices are varactor diodes and RF-
0 MEM switches for by-step phase-shifters, which showed
% so far no additional jitter. Due to the tracking of the de-
3 structive interference of the carrier, this method can be
'i,much easier applied to CW-machines or very slow RF-
£ transients with non-1Q detectors in a hybrid configuration.
=} . .

< This frequency range can also be covered by 2-tone cali-
% bration or beam based feedback systems.

Q . . . .

< Using the carrier suppression method for amplitude and
‘3 phase noise instruments is less complicated due to the fact
£ that symmetric 1/f-noise from two branches in correlation
2 vanishes.

> P

= Receiver Concepts

For as-resolution, receiver concepts have to be revised.
E £ To benefit from the available high RF-power signals of
g the cavity, it is shown that hybrids of 1Q-demodulation
€ and non-1Q sampling in combination with ADC parallel-
5 ization are good candidates to achieve uncorrelated reso-
Z lutions in the order of 1...3 fs within 1MHz bandwidth
£ [13]. Far-off the carrier, a noisy LO-generation is not
o needed, but an 1Q-calibration to avoid AM to PM effects.
& S Depending on the grade of ADC parallelization a floor of
Z-160 dBc/Hz...-170 dBc/Hz seems feasible. For single

=
=

Z cavity regulation an analog and digital hybrid system
would combine advantages of both worlds, as depicted in
<Fig. 8. LLRF systems with slow RF-transients can
sicombine non-IQ detectors with carrier suppression or
S S analog detection in a hybrid configuration. LLRF systems
@Wlth fast RF-transients require a broadband hybrid for
3 s field detection. Hybrids with small signal detectors will
be a challenge.
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Figure 8: Down conversion hybrid options.

CONCLUSION

RF-Controls with sub-10 fs phase and 0.01% amplitude
5 precision is nowadays available for the accelerator com-
~ munity in modern standards like MicroTCA.4 and propri-
£ etary systems. Advances are through improved field de-
£ tection, EMC compliant packaging and extensive usage of
“’E digital signal procession on very powerful FPGAs. A
=] . . . . . . . . .

2 major limitation for improvements is still the limited
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noise spectral density of ADCs in digital systems, which
forces the community to complicated hybrid solutions. A
massive on-chip ADC parallelization would solve this
problem.

RF-Controls with sub-100as resolution for SRF sys-
tems seem feasible for high-Q cavity operation, im-
proved high power chains, hybrid field detectors based on
carrier suppression or brute force channel parallelization.
NRF systems benefit from low latency hybrids, high-
power chain stabilization loops and a further reduction of
noise in high power amplifiers.
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