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Phase Drift Compensating RF Link for
Femtosecond Synchronization of E-XFEL.

Dominik Sikora, K. Czuba, Member, IEEE, P. Jatczak, M. Urbanski, H. Schlarb, F. Ludwig and
H. Pryschelski

Abstract—Modern high-energy particle accelerators and Free-
Electron Lasers incorporate large quantities of sensitive RF and
microwave frequency devices distributed over kilometer distances.
Such devices require extreme stable phase and time
synchronization by means of high frequency signal distributed
along the accelerator facility.

Coaxial cables are commonly used to distribute the reference
signal over the large machine to synchronize electronic systems
and they are the main source of undesirable phase drifts in the
synchronization system. Signal phase drifts in cables are mainly
caused by temperature and humidity variations and their values
usually exceed required phase synchronization accuracy by more
than order of magnitude.

There are several approaches to reduce signal phase drifts in
coaxial cables. This paper describes the realization of active phase
stabilization system based on interference phenomenon. A phase-
locked signal from the transmitter is reflected at the end of a
coaxial cable link. Directional couplers placed along the cable pick
up the forward and reflected signals and interfere them to cancel
out the cable phase drifts. Distributed hardware including
interferometer controller/transmitter and receiver modules were
built to demonstrate system concept and performance. Link input
and output devices used FPGA 1I/0 boards with Ethernet interface
to control system operation. Specialized firmware and software
was developed to calibrate and control the system.

This paper describes the concept of interferometer link,
designed hardware, basic control algorithms and performance
evaluation results. The link prototype was built to distribute
1.3 GHz signal through a coaxial cable. Measured phase drift
suppression factor value exceeded level of 100.

Index Terms—Phase drift, phase-lock loop, synchronization
system.

I. INTRODUCTION

ROPEAN XFEL which is a modern Free Electron Laser

facility [1] requires extreme stable phase and time
synchronization [2]. A long term phase stability of the RF
synchronization system has to be in a femtosecond scale.
Coaxial cables, which are commonly used as a distribution
media for the phase reference signal are the main source of
phase drifts [3] and their values usually exceed requirements
by more than two orders of magnitude. This leads to necessity
of using a reference signal distribution system with an active

This paragraph of the first footnote will contain the date on which you
submitted your paper for review. This work was supported by Polish Ministry
of Science and Higher Education, founds for international co-finance projects
for year 2017.

phase drift compensation.

The phase averaging reference line concept [4-7] shows that
phase drifts from coaxial lines in synchronization systems can
be significantly suppressed. The main disadvantage of the
concept is manual and very precise work that has to be done to
set the link up. Another drawback is that there is no control on
the link settings after starting of its operation. There are factors
(e.g. aging, temperature and humidity variations) that could
influence on the link parameters and thus, on the operating
point, which should be set very precisely and maintained
unchanged during entire operation of the link. Component
parameter changes can simply decrease the link performance
which can be represented by a phase drift Suppression Factor
(SF), which is defined as a ratio of unsuppressed to suppressed
phase drift values.

The interferometer link concept was developed to provide
fully automatic adjustments of parameters and more reliable
operation. It was very desirable for the E-XFEL because all
synchronization system components were supposed to be
placed in the tunnel with very limited access. The new concept
allows to set the interferometer link to an operating point with
a maximum suppression factor and to adjust it in any time.

II. INTERFEROMETER LINK CONCEPT

A simplified schematic of the new link concept is shown in
Fig. 1 a). The interferometer link consist of a transmitter called
an InCon (Interferometer Controller) and a receiver called a
TapPoint. A phase reference signal from the source is
distributed forth and back through the InCon (as a forward
signal), the Cable 1, the TapPoint and the Cable 2 (main coaxial
cable) to the GND short at InCon. Signal reflected from the
GND short goes back to the TapPoint, where fractions of the
forward and reflected signals are coupled out from the main
line. Both signals interfere there in an RF power combiner to
cancel out the phase drifts appearing in the main coaxial cable
(between InCon and TapPoint).

This concept requires fulfilling three basic conditions to
achieve large (few hundred) SF values:

1. Phase lock of the signal at the GND short to the
reference signal source — performed by a Phase-Lock
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Loop in the InCon,

2. Equal amplitudes and phase shifts against the signal
source of forward and reflected signals at the
TapPoint’s RF combiner. They are adjusted by a

3. Appropriate electrical length between InCon and
TapPoint’s directional couplers (C4 and C5) to
minimize influence of link error signals.— It can be
adjusted by the main line phase shifter PhS2 in the

variable attenuator Att2 and a variable phase shifter TapPoint.
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Fig. 1. a) Simplified schematic of the interferometer RF link, b) Basic behavior of forward and reflected signals at the link output.

A basic signal flow in the TapPoint and behavior of the
signals at the TapPoint’s RF combiner is shown in Fig. 1.
Directional couplers C4 and C5 pick up parts of the forward and
reflected signals into the TapPoint circuits. Variable attenuator
Att2 and variable phase shifter PhS4 are used to adjust both
signals phases and amplitudes to fulfil the 2™ basic condition
(see Fig. 1 b) left). Adjusted signals are summed in the RF
combiner. The output signal has two times higher amplitude
and the same phase as the combined forward and reflected
signals. The first basic condition ensures that any phase drift A
appearing in the Cable 2 changes the phase of the forward signal
by the same value but in opposite direction than the phase of the
reflected signal (-Ag) at outputs of C4 and C5 couplers (see
Fig. 1 b) right). Therefore the phase of the combiner output
signal (which is the TapPoint output) related to the input signal
source does not change. It is still the same as before the phase
drift appeared. That is the basic mechanism of canceling out the
main coaxial cable phase drifts at the interferometer link output.

B
S

0

Suppression factor [ ]

0 90 180 270 360 450
Normalized electrical length [deg]
Fig. 2. Basic simulation results of suppression factor

A simulation was performed to plot the SF against the
electrical length of the cable between the InCon and TapPoint.
Derived plot is shown in Fig. 2. It happens in two ranges per
each 180°, but not exactly every each 90°, that the SF value is
very large. Unfortunately, the SF peaks are quite narrow. The
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position and shape of SF peaks and also the bottom level of the
SF plot depend on values of the error signals in both C4 and C5
directional couplers. Placing TapPoint operating point within
one of those SF peaks is performed by fulfilling the 3™ basic
condition, which is in fact a way to minimize the impact of error
signals.

III. MAIN ERROR SOURCES

As it was mentioned above the main issue of the
interferometer concept are the error signals that appears in the
combined forward and reflected signals at the coupled outputs
of C4 and C5. They appear due to a finite isolation of couplers
C4 and CS5 and RF mismatches at ports of all the signal chain
components. The forward signal error in the coupler C4 and the
reflected signal error in the coupler C5 are shown in Fig. 3
(green and red arrows). The phase of each error signal is
changing in opposite direction than the phase of the coupled
signals (Fig. 4). This causes that the resultant phase drifts of the
forward and reflected signals that are combined together are not
precisely equal (A@ror # A@rer) and therefore a phase change
of the combined signal may appear. It significantly lowers the
drift Suppression Factor value.

Phase
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Fig. 3. Errors issue and isolation improvement circuit.
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Fig. 4. Example of error and coupled signals behavior on phase drift.

It must be noticed, that the level of the forward signal error

(Fig. 3) can be significantly high when compared to the usable
reflected signal at the C4 coupler output. This is because the
reflected signal must go forth and back through the Cable 2 and
all the remaining components including a lossy GND short.
Therefore the C4 coupler must be selected with as high isolation
as possible. Typical coupler isolation values range between 20
and 30 dB, which was found to be insufficient for this link to
achiveve required performance.

IV. ISOLATION IMPROVEMENT

Relatively high level of the forward error signal causes
significant errors in the TapPoint adjustment and operation. For
this reason the isolation improvement circuit is added (Fig. 3)
made of a variable attenuator Attl, a phase shifter PhS3 and a
directional coupler C6 used here as a power combiner. The
isolation improvement requires turning off the reflected signal
at TapPoint input. It is done by the switch SW1 in InCon (Fig.
1) which can be used to terminate the end of main line link with
a 50 Qload. In this state of SW 1, the reflected signal disappears
and only the forward and forward signal error are present in the
TapPoint. In the coupler isolation improvement procedure, the
switch SW2 in TapPoint is set to deliver C6 output signal to the
power detector PwD1, which is used to measure the resulting
error level. The phase shifter PhS3 and the attenuator Attl are
tuned to deliver an additional signal to C6, which is in
counterphase to the forward signal error and can reduce the
resultant error at C6 output. Both Attl and PhS3 are adjusted
until the level of the error signal at C6 output reaches level of
down to 50 dBc below the reflected signal.

V. LINK ADJUSTMENTS

The basic conditions requires measurements of signal
parameters (e.g. amplitude and phase) of the forward, reflected
and output signals. In the phase averaging reference line
concept [4-7] the measurements of signal’s phase relationships
are done manually at each TapPoint before link operation. The
link was disconnected at the right side input of C5 coupler and
a 4-port VNA device was used to measure and adjust phase and
amplitudes at coupled outputs of the C4 and C5. It is a very
laborious procedure and leads to errors from disconnecting and
connecting cables at C5 coupler.

We have found out, that it is possible to adjust coupled
forward and reflected signal parameters by introducing a C3
directional coupler, which provides a fraction of a forward
signal to the TapPoint. Assuming that the adjustment procedure
is short enough to neglect the temperature induced phase drifts
in the main cable and that the InCon phase lock works properly,
the C3 output signal can be treated as phase stable against the
signal source (and the GND short) and can be used by the
TapPoint as a temporary phase reference for measurements. It
is sufficient to measure phase changes of the forward and
reflected signals against this temporary reference signal to
properly adjust the TapPoint.

VI. BASIC CONTROL ALGORITHM

Basic controls of the interferometer calibration was mainly
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implemented in a PC server as a Python script. Few procedures
that requires many read and write operations with the RF
hardware were implemented in the FPGA I/O board to
minimize the time between the signal parameter measurements
and to speed the procedures up.

A basic control algorithm is shown in Fig. 5. Briefly it is
scanning of the electrical length between the short and the
TapPoint C4 and C5 couplers with a calculations of the phase
drift suppression factors to find the best operation point (finding
one of peaks shown in Fig. 2). The maximum step of the sweep
depends on the phase range where the suppression factors are
greater than desirable value. Otherwise the algorithm may not

find the proper operating point.

[ InCon phase-lock loop adjustments ]

(PhD1, PhS1)

v

> Electrical length sweep
(PhS2 = n)

v

Isolation improvement
(SW1, PwD1, PhS3, Att1)

Reflected signal measurement
(PwD2, PhD2, SW2, SW3)

v

Forward signal adjustment
(PwD2, PhD2, SW2, SW3, PhS4, Att2)

v

Forward and reflected signals sum
(SW2, SW3)

v

Simulate phase drifts
PhS2 = n +/- A®

v

Supression factor calculation
SF = f(PhS2)

DATA
Store data ,< i

Select best PhS2 with SF max |

v

Fig. 5. Basic control algorithm of automatic adjustment

At the beginning the InCon phase-lock loop is run with
proper settings of the phase detector PhD1 and the phase shifter
PhS1. It is important because the phase-lock loop needs to have
enough phase shift margin to compensate full scanning of the
automatic adjustment and also to compensate the phase drifts
from the Cable 1.

After that the electrical length scanning is started using the
main line phase shifter PhS2 in the TapPoint. The consecutive
position of the phase shifter is set and the isolation
improvement procedure is done to minimize the error on the
reflected signal. The procedure is done at each electrical length

because the PhS2 regulation changes own matching and
transforms the C3 mismatch in different way, so the forward
signal error changes too.

Then the reflected signal amplitude and phase are measured
with proper configuration of switches SW2 and SW3 that pass
only the reflected signal and close the forward signal. Next step
change the switches configuration to measure amplitude and
phase just of the forward signal. The phase shifter PhS4 and the
attenuator Att2 are regulated to get the forward signal equal to
the reflected signal measured before. The equalization in the
interferometer concept is more accurate because the phase and
amplitude are measured directly at the output, so the phase and
amplitude unbalances of the combiner are taken into account.

In reality the isolation improvement and the forward signal
adjustment to the reflected signal procedures are more complex
than in Fig. 5. It is not done in the straight 3 steps. The PhS4
and Att2 regulation causes matching variations at the switch
SW3 input, so it has impact on the additional signal generated
in the isolation improvement procedure. In fact these steps are
done alternately that at the end the isolation improvement is
done at final position of the forward signal adjustment.

Later the switches configuration are set that TapPoint
combine the forward and reflected signals to get the output
signal. The next algorithm step simulate the phase drift in the
main line by using the phase shifter PhS2 which is the second
feature of the phase shifter. The best would be to simulate the
phase drift by a significant value like the real phase drift in the
accelerator [8] to have direct answer of the link performance
based on the real-like disturbances. The bigger phase drift
simulation would also be better to have possibility to measure
the suppressed phase drifts at the output significantly above the
noise. Unfortunately the phase drift simulation has to be small
because the PhS2 regulation changes the forward signal error
which has influence on the interferometer calibration. The
phase drift at the TapPoint output is then measured and the
algorithm calculate the suppression factor for the actual
electrical length and store this result. Then the consecutive
electrical length point is set and previous steps are done again
to the last position of the main line phase shifter PhS2.

At the end of the calibration the stored date are analyzed and
the PhS2 position is selected with the best suppression factor.

VII. DESIGNED HARDWARE

The interferometer concept was developed for European
XFEL synchronization system. The link components are
designed to operate with 1.3 GHz signal which is a main
reference signal frequency in the facility. Components used in
the hardware design are commonly

The adjustments accuracy in the interferometer link is very
important, so stability of environment conditions is very
critical. To minimize system own phase and amplitude drifts
caused by the humidity variations the RF sub-modules are
closed in sealed aluminum enclosures with O-rings. TapPoint
module shown in Fig. 6 is an example of that solution.
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Fig. 6. TapPoint module

To reduce own drifts caused by the temperature changes the
temperature of all RF sub-modules is stabilized.
To demonstrate the system concept and make the

performance tests a 19” module was built which can be easily
installed in the accelerator tunnel. The 19” module is divided
into 2 layers to isolate digital electronics from the RF parts.
Bottom one contain the FPGA 1/0O board and other digital
boards. The top layer which is shown in Fig. 7 contain InCon
and TapPoint modules on the left and right side respectively.
The entire top layer is temperature stabilized.

interferometer link

Fig. 7. 19" module wi

VIII. INTERFEROMETER TEST RESULTS

The RF interferometer link prototype was tested in the
laboratory, what is shown in Fig. 8. The 19” module with the
RF sub-modules are placed close to the climate chamber. The
long main coaxial cable was located in the climate chamber to
get the real cable phase drifts forced by the temperature
variations for the performance verification. At the beginning of
the test the interferometer calibration was done to set the best
operating point. The entire test took more than 80 hours when
the temperature was changing in many cycles to obtain similar
phase drifts in the cable like in the E-XFEL tunnel.

Fig. 8. Interferometer link prototype test stand

Additionally to the interferometer link schematic a
directional coupler and 3-way power divider and phase
detectors were added for the performance verification of the
real suppression factor (Fig. 9). The phase detectors were used
to measure the main coaxial cable phase drift and the
interferometer link phase drift. The 3-way power divider was
used to distribute the reference signal to the RF link prototype
and to both phase detectors. The directional coupler was placed
in the main line between the coaxial cable and TapPoint for the
cable phase drift measurement. All these components were
loosely placed at top layer of the 19” module where the
temperature was stabilized. This action stabilized the out of
loop detectors below 300 fs of phase drift accuracy.

Cable 1

@ 1
@

—
Source Slitter N .
/—'— InCon TapPoint
s 2 Cable 2
@ h *
} PhD2

Fig. 9. Interferometer prototype tests schematic.

For the accelerator purpose where the extreme stable time
synchronization is required and to become independent of
signal frequencies the phase drifts results are represented by
time delay drifts. The maximum phase drifts measured in the
tunnel were roughly 12.3 ps during the accelerator running up
from 2 days downtime [8]. The performance test results are
shown in Fig. 10. During the tests the main coaxial cable phase
drifts were roughly 10 ps peak-peak, +4.6 ps and -5.7 ps from
the operating point. The phase drifts at the interferometer link
output are significantly suppressed. They are less than 50 fs
peak-peak what is correspond to the suppression factor of 200.
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Fig. 10. Interferometer test results: main coaxial cable phase drifts and interferometer output phase drifts vs. time. a) Results over entire 85 h
test, b) Results from phase change cycle at 21 h, ¢) Results from phase change cycle at 21 h with zoomed output phase drifts in, d) Results from
the cycle at 83 h, ¢) Results from the cycle at 83 h with zoomed output phase drifts in.

IX. CONCLUSION

The interferometer link prototype shows that the new
distribution link concept can be automatically calibrated.
Therefore it is more advanced solution compared to the
previous concept. It also shows that the level of the E-XFEL
phase drifts can be suppressed to the sufficient values.
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