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Abstract: Free-Electron Laser in Hamburg (FLASH), first launched in 2005, was the first
free-electron laser that provided ultrashort radiation pulses in extreme ultraviolet and
soft X-ray spectral range. In 2017, it was decided to improve the existing FLASH facility
within the FLASH2020+ project, which led to upgrading the existing linac with variable
gap tunable undulators in the FLASH1 line and refurbishing two cryomodules to achieve a
beam energy increase to 1.35 GeV. It was also a perfect opportunity to completely redesign
and rebuild the radio frequency (RF) phase reference generation and distribution system.
This paper presents the design and parameters of new, custom-made phase reference
signal generation and distribution modules, successfully installed in FLASH. These are the
main oscillator, the RF distribution module, and the frequency conversion modules. The
new instrumentation presents a significant improvement in terms of RF reference signal
parameters, state-of-the-art phase noise performance (an improvement in the total jitter of
the 1.3 GHz RF signal from 55.9 fs to 10.7 fs in the integration range from 10 Hz to 1 MHz),
module compactness (size reduction from three fully occupied rack cabinets to four 192

modules only), and serviceability. The presented Main Oscillator system design is foreseen
for easy modifications, making it suitable for applications in other accelerator facilities or
hardware platforms.

Keywords: RF reference; synchronization; phase noise; main oscillator; RF distribution;
frequency conversion; FLASH

1. Introduction
The scientific case for the upgrade program of the FLASH facility took shape during

a user workshop in 2017, where crucial end-user requests and plans were defined [1].
A requirement for a refurbishment and an upgrade of the accelerator arose, as some of
its components had been in operation for 15 years. The FLASH2020+ project included
replacing the fixed gap undulators in the FLASH1 line with variable gap ones, which led
to the possibility of wavelength tuning and a significant reduction in accelerator tuning
time and, thus, an increase in available user time. Next, the upgrade program included
the application of external seeding to achieve fully coherent pulses of Free-Electron Laser
(FEL) light and gain the ability to control the temporal shape and phase of the pulses at
the same time in the extreme ultraviolet and soft X-ray spectral range [2]. An upgrade has
been performed to achieve a maximum beam energy increase from 1.25 GeV to 1.35 GeV.
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The shutdown was a perfect time to remove the old Main Oscillator (MO) modules and
replace them with new, more compact ones that are used in linac control, instrumentation,
and timing. The new modules are compatible with the European XFEL (E-XFEL) MO
structure and diagnostic system, and are far easier for maintenance and service repairs.
They provide better phase noise performance than previous designs created for FLASH
and E-XFEL. To the best of the authors’ knowledge, only a few papers cover the MO
design at the same or comparable operating frequencies and with comparable phase noise
performance. In [3], the MO is based on a 10 MHz crystal oscillator and a 1.3 GHz phase-
locked loop (PLL). The other frequencies are synthesized in a series of frequency dividers.
Compared to the solution presented in the paper, the 1.3 GHz performance is worse in
the whole frequency test range and there is no information on other frequencies. In [4,5],
MO uses the GPS signal as a 10 MHz reference signal. A 704 MHz signal is synthesized
with a PLL and other frequencies with a distribution unit. The solution in [6] is based
on a 119 MHz signal source and RF frequency multipliers units for the 2856 MHz and
404.6 MHz signals. The last two references do not include phase noise measurement results.
The main oscillator in the SINBAD-ARES facility [7,8] offers similar performance to the
presented system. It is made of several 192 modules, separate for the 1000 MHz synthesis,
3000 MHz DRO, and the high power amplifier. The closest match to the presented solution,
both in terms of application and achieved results, is published in [9,10]. The mentioned
system synthesizes and distributes the 476 MHz reference signal over 1.5 km length to
16 receivers. Receivers are fitted with ultra-low noise Dielectric Resonator Oscillators
(DROs) that are used to upconvert the signals to 2856 MHz, while maintaining low phase
noise of the reference signal. The total price of the system, due to multiple DROs, is high,
and the final performance in terms of phase noise is slightly worse when frequency-scaled
and compared to the upgraded FLASH system (approx. 14 fs total jitter in the integration
range from 10 Hz to 10 MHz, compared to 10.84 fs in FLASH in the same integration range).
Other designed and installed phase reference distribution systems and components [11–15]
should also be referenced.

It should also be declared that this paper reuses some content from the PhD thesis [16]
with permission.

2. The Former FLASH RF Reference Generation and Distribution System
The old FLASH RF reference generation and distribution modules occupied three

rack cabinets in total, and delivered the following reference signal frequencies: 1 MHz,
9 MHz, 13.5 MHz, 27 MHz, 81 MHz, 108 MHz, 1.3 GHz, 1.517 GHz, and 2.856 GHz, all
based on a 9 MHz oven-controlled crystal oscillator (OCXO) signal. After over 15 years of
reliable operation, modifications, and upgrades, some of the generated frequencies were
not needed anymore. Some internal quartz crystal generators showed aging effects as they
approached their end-of-life time. This lead to reduced reliability, limited performance, and
a potential failure of the entire accelerator machine. Therefore, a completely redesigned
system was required for the RF reference signal generation and distribution.

3. Specification and Requirements for Upgraded RF Generation and
Distribution System

The most important parameters are listed in Table 1 [17].
As described in [17], the requirements for an upgraded system for FLASH were both

hard (strictly defined by end users or obtained by reverse engineering of the existing
system) and soft (defined, to be considered more as expected values of some parameters,
not always available as a direct value or explicitly specified). These are marked in Table 1
as hard-defined (H) and soft-defined (S) parameters. Having the requirements stated in
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In Formula (1) Sφtot p f q is the total phase noise PSD at the output of the MO PLL-
based synthesizer; Sre fout

p f q, SPHDout
p f q, SFDIVout

p f q, and SDROout
p f q are the contributions

of, respectively, the reference source, the phase detector, the frequency divider, and the
DRO to the total MO phase noise PSD at its output. The Gp f q, Hp f q “ 1

N are transfer
functions of the PLL forward path and the divider in the PLL feedback loop, respectively.
Sre f p f q, SPHDp f q, SFDIVp f q, and SDROp f q are the phase noise of the reference source, the
phase detector, the frequency divider, and the DRO, measured at their outputs. N is the
frequency division ratio of the divider, represented as a positive integer. Output phase noise
may be improved by replacing the frequency divider in the feedback loop with a carefully
selected frequency multiplier at the input of the PLL. There are two main factors to the
improvement. The first one is the removal of the N2 factor from the noise contribution of
the phase detector. Another one is the complete removal of frequency divider contribution,
which is usually the main limiting factor for the floor of the in-loop phase noise. While a
good frequency multiplier might be comparable with the best frequency dividers in terms
of the phase noise floor, the multiplier’s effective noise contribution SMULTp f q is not scaled
by the N2 factor. In the described system, the × 10 PLL frequency multiplier was used
to increase the GPSDO signal frequency to 100 MHz, followed by an active frequency
multiplier ×13, and finally a phase-locked DRO without a frequency divider in the PLL.
The ×10 100 MHz PLL multiplier takes the advantage of a high-performance OCXO to
multiply the 10 MHz signal frequency while filtering the far-from carrier GPSDO phase
noise. Therefore, for the solution used in the FL-MO1300, Formula (2) is more suitable
to represent the total phase noise at the output [16]. As described above, the proposed
approach results in a better overall phase noise performance of the MO output signal. It
was utilized both in the MO for the E-XFEL, the final MO design for FLASH, and may also
be used in other RF reference signal sources of ultra-low phase noise.
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Measured phase noise PSD for selected FL-MO1300 components and cascade con-
figurations are shown in Figure 3 [16]. A high-performance Rohde & Schwarz SMB100A
commercial RF synthesizer phase noise is shown for comparison. All of the plots are
normalized to 1.3 GHz frequency, and the jitter in selected frequency bands is calculated.
The GPSDO provides low phase noise in the close-to-carrier offset frequency range within
the PLL bandwidth. Outside the 100 MHz PLL bandwidth (up to 1 Hz), the low phase noise
level is determined by the 100 MHz OCXO, giving the optimum phase noise characteristic.
Next, the frequency is multiplied by ×13, and the phase noise is slightly increased by the
multiplier, which has a small impact on the MO output frequency within the 1.3 GHz PLL
bandwidth (in this case above 1 kHz carrier offset frequency). Finally, the 1.3 GHz PLL
with the DRO determines the far-from carrier PN PSD levels. The approach improves the
total phase noise PSD, especially in the middle-frequency offset range (1 kHz to 100 kHz).
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