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This article reports on the use of an FPGA platform for local ultra-stable optical frequency distribution through a 90 m-
long fiber network. This platform is used to implement a fully digital treatment of the Doppler-cancellation scheme
required by fiber links to be able to distribute ultra-stable frequencies. We present a novel protocol that uses aliased
images of a digital synthesizer output to directly generate signals above the Nyquist frequency. This approach signif-
icantly simplifies the set-up, making it easy to duplicate within a local fiber network. We demonstrate performances
enabling the distribution of an optical signal with an instability below 10−17 at one second at the receiver end. We
also use the board to implement an original characterization method. It leads to an efficient characterization of the
disturbance rejection of the system, that can be realized without accessing the remote output of the fiber link.

I. INTRODUCTION

Optical atomic oscillators can reach the 10−19 level of in-
stability after 105 s averaging time1. Together with optical
clocks uncertainties that can be below the 10−18 level2, this
paves the way to numerous applications, ranging from new
GNSS architecture3 or improved geodesy4 to advances in fun-
damental science, such as the measurement of the relativistic
redshift5,6, or searches for dark matter7.

Fibers links have proven to be the most robust8,9 and effi-
cient way to transfer ultra-stable signals over distances up to
thousands of kilometers10–18. Long-distance fiber networks
now connect many European laboratories using dedicated in-
frastructures17,19. Here, we focus on stable frequency dis-
tribution within an institute, where several experiments dis-
tant by typically tens to hundred meters may require access to
ultra-stable optical signals. Fractional frequency instabilities
that can be reached in research facilities range from 10−15 to
10−17 at one second20,21. This sets the targeted frequency in-
stability of the local distribution fiber network discussed in
this paper. Fibers can guide an optical signal over distances
with limited power loss, but the purity of the signals can be de-
graded while propagating because of thermal and mechanical
perturbations affecting the optical length of the fiber. Phase
noise induced in fiber links is usually tracked and compen-
sated for by Doppler cancellation techniques22,23 in a phase-
locked loop (PLL). These traditionally relied on analog elec-
tronics for tracking and correcting the induced phase noise.
Powerful alternatives to analog devices are digital electronics.
They are very suited to ultra-stable frequency dissemination
within an institute, as they are less sensitive to environmental
perturbations and possess the advantages of versatility, recon-
figurability, and easy duplication24–27.

In this paper, we demonstrate a fully-digital and open-
source Doppler cancellation platform based on a Red Pitaya
SDRlab122−16 (RP16) board for a 90 m fiber link at 1542 nm
(194 THz) for frequency dissemination within the FEMTO-
ST institute. Longer links can also be compensated using
this setup, at the price of a reduced lock bandwidth. We
make use of the capabilities of the open-source FPGA plat-
form oscimpDigital, available on github under the CeCILL

licence28. First, we assess the performances of the newly
available RP16 and compare them with the previous Red
Pitaya STEMlab125−14 (RP14). We then explore the effects
of a fully-digital signal treatment using the analog-to-digital
(ADC) and digital-to-analog (DAC) converters of RP16. In
particular, we make a novel use of aliasing at the output of
a direct digital synthesizer (DDS) and characterize the delays
due to different blocks of the set-up and their contribution to
the PLL bandwidth. Lastly, we present an automatic method
to measure the disturbance rejection of the PLL in order to
reach the best noise-cancellation performances.

II. DIGITAL PLATFORMS

Ultra-stable frequency dissemination through fiber links
has already been performed using an RP14 board and showed
promising results26,29,30. An RP16 board recently became
available with a more powerful FPGA to embed more logi-
cal functions and increase processing capabilities. It is ex-
plicitly designed for radio frequency instrumentation, with an
analog front-end design targeted towards using higher Nyquist
zones and a readily accessible external reference input port.
A schematic view of the constitutive blocks of RP16 is shown
Fig. 1. Extra key characteristics of RP16 and RP14 are in-
dicated in Table I, as well as critical resource use for the
schemes used in this article.
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FIG. 1. Schematic description of the relevant blocks of RP16.

To assess these boards for metrology purposes, we first
measured their output phase noise at 10 MHz with either
their internal (temperature-compensated crystal oscillator –
TCXO) or an external (AD9915 DDS clocked by an active
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RP14 RP16
ADC 14 bits 16 bits

ADC effective
number of bits 11.8 12.5

Measurement
bandwidth 52 MHza 550 MHz

DAC 14 bits 14 bits
FPGA Xilinx Zynq 7010 Xilinx Zynq 7020

Resource use
Dual PLL29 75 % of DSPb 27 % of DSP
PLL with

characterization
(see Fig. 6)

94 % of BRAMc 44 % of BRAM

Quartz crystal
(TCXO) FXO HC735-125 MHZ ABLNO-122.88MHz

Clock frequency 125 MHz 122.88 MHz
a The measurement bandwidth can be increased to reach the ADC

track-and-hold bandwidth of 750 MHz by removing the anti-aliasing filter
before the ADC.

b Digital Signal Processing
c Blocks of Random Access Memory

TABLE I. Key characteristics of RP14 and RP16 boards

hydrogen maser) clock reference. The results are shown in
Fig. 2. In agreement with the specified "low-noise" character-
istics of RP16 TCXO, its phase noise shows a 15 dB improve-
ment close to 1 Hz with respect to RP14. However, below
0.1 Hz, the phase noise of −10 dBrad2=Hz is similar for the
two boards. Such performances of the boards in a Doppler-
cancellation scheme for fiber links limit the relative instability
of the frequency transfer to the 10−15 range31, similar to the
degradation of the signal stability we measured when prop-
agating through 90 m-long optical fibers in a noisy environ-
ment. Clocking the boards with a stable external reference
is therefore mandatory for most metrological applications. It
should be noted that both the RP14 and the RP16 present spu-
rious signals at 80 and 170 kHz with an amplitude of about
−91 dBrad2=Hz (see squared area Fig. 2). These are gener-
ated by the DAC voltage regulators and cannot be removed
easily32. When the boards are used within a PLL, they may
induce oscillations at these frequencies.

Regarding the physical board, the RP14 ADC has a low-
pass, anti-aliasing filter that is not present on the RP16. This
makes possible for the RP16 direct undersampled detection
of signals at a frequency higher than fclock=2 (where fclock
is the clock frequency, see Table I): an incoming signal at
fin > fclock=2 is detected at a frequency f ′in = | fin−n× fclock|,
where n is an integer such that 0 < f ′in < fclock=2.

Undersampling has already been used in the context of fiber
links29 with an RP14 that had to undergo ADC input circuit
modification, while the use of an RP16 leads to a much sim-
pler implementation.

FIG. 2. Phase-noise of a 10 MHz signal generated by Red Pitaya
boards when clocked by their internal TCXO oscillator or by an
external reference derived from an active hydrogen maser. Green:
RP16 with external reference. Red: RP 16 with internal TCXO.
Purple: RP14 with external reference. Brown: RP14 with internal
TCXO. Yellow: hydrogen maser. The squared area indicates the spu-
rious signals coming from the DAC voltage regulators.

III. FULLY-DIGITAL CANCELLATION OF FIBER LINKS
NOISE

We performed Doppler cancellation of the phase noise aris-
ing from a 90 m-long fiber due to thermal and mechanical
fluctuations. We first measured the phase noise of the system
with and without the 90 m-long fiber and found that the pres-
ence of the fiber leads to a noise increase in the 1 Hz−10 kHz
range by up to 40 dB (at 1 Hz). Our Doppler-cancellation set-
up is based on a heterodyne Michelson interferometer as de-
picted in Fig. 3 and signal treatment is done with RP16. It is
fully-fibered with single-mode non polarization-maintaining
fibers. One arm of the interferometer is a short fiber ended
by a Faraday mirror (FM1) and plays the role of a reference
arm. The second arm is composed of a fiber-coupled acousto-
optic modulator (AOM33) driven at fAOM = 110 MHz fol-
lowed by the fiber link and a second fiber-coupled Faraday
mirror (FM2). We measure the noise arising from the fiber
link by generating a beatnote between the signal reflected by
FM1 and the signal reflected by FM2 that is twice frequency
shifted by the AOM at fbeatnote = 2× fAOM = 220 MHz. The
resulting beatnote is then detected on a photodiode (PD1) for
the aim of the external phase disturbance correction. For char-
acterization purposes, the 90 m-long fiber does a round-trip,
with the output of the link located within a few centimeters
from its input. Part of the link output interferes with the signal
coming directly from the master laser, and the resulting beat-
note at 110 MHz is detected by a second photodiode (PD2)
and carries the uncompensated noise (see Fig. 3).

The 220 MHz beatnote that is detected and the 110 MHz
correction signal that needs to be generated are outside the
ADC and DAC baseband (between 0 and fclock=2). For the
ADC, one can perform an analog treatment of the signal: us-
ing a 200 MHz signal from a reference, the 220 MHz beat-
note can be downconverted to 20 MHz (see Fig. 3.a) so that it
is sampled by the ADC. Alternatively, it has been shown29
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