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Abstract
The stabilization of radio-frequency (RF) reference phase for long distance

transmissions is very important for stable machine operation, especially in large
accelerator facilities such as SuperKEKB. This thesis is devoted to stabilizing the
RF reference phase of the SuperKEKB injector linear accelerator (LINAC) for
stable RF operation and compensating the phase drift between the LINAC master
oscillator (LMO) and ring MO (RMO) for stable beam injection.

The injector LINAC comprises 600 m beam lines that have eight sectors (sector
A-C,1-5). A 2856 MHz RF reference signal is distributed from the LINAC MO
to each sector using phase-stabilized optical fiber (PSOF). The requirement of the
RF reference phase stability is 0.2° (rms) at 2856 MHz corresponding to 195 fs,
including the short-term timing jitter and long-term phase drift. The timing jitter
was measured to be less than 150 fs (rms) such that the long-term phase drift is re-
quired to be stabilized within 100 fs (rms). The PSOF is distributed in the LINAC
gallery, where the temperature is stabilized within ±1 ◦C using air conditioner but
the humidity is not controlled, with a fluctuation from 10%RH to 50%RH during
one year. Owing to temperature and humidity fluctuations, a phase drift of several
degrees was observed during long transmissions (such as 380 m from LMO to sector
5) at the injector LINAC without phase regulation. To satisfy the requirement,
several schemes of RF reference phase stabilization system using optic circulator
or wavelength division multiplexing (WDM) devices were proposed and their per-
formance were evaluated. The RF reference phase can be stabilized to the 50 fs
(pk-pk) level, which fulfilled the requirement.

The injector LINAC that has a positron damping ring (DR) delivers low emit-
tance electron and positron beams to the main rings. The beam injection phase
from the LINAC to the rings should be stabilized to ±0.1° at 571.2 MHz for the
long-term stable beam injection. The frequencies of LMO and RMO are 571.2 MHz
and 508.9 MHz, respectively. These two different frequency signals are monitored
using the direct sampling technique with a common sampling rate. A phase drift
of several degrees was observed between the LMO and RMO. For stable beam
injection, a phase drift compensation system is implemented at the LINAC. The
system performance was evaluated through beam energy stability after the bunch
compression system (BCS) from DR to LINAC (RTL).
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Chapter 1

Introduction

1.1 SuperKEKB Injector LINAC

The SuperKEKB accelerator is a 7 GeV electron-4 GeV positron double-
ring collider aiming at seeking new physics beyond the Standard Model. It
has been upgraded from KEKB for a peak luminosity of 8 × 1035cm−2s−1,
which is 40 times higher than that of KEKB [1]. High-current and low-
emittance beams are required in the SuperKEKB. As shown in Fig. 1.1, the
SuperKEKB accelerator consists of a 7 GeV electron (e−) ring (high-energy
ring, HER), a 4 GeV positron (e+) ring (low-energy ring, LER), and an
injector linear accelerator (LINAC) with a 1.1 GeV positron damping ring
(DR) [2]. The DR is designed and constructed to make the emittance of the
injected positron beam small enough for the aperture of LER [3, 4]. The
electron and positron beams collide at the interaction point and are detected
using the Belle II detector [5].

The layout of the radio frequency (RF) drive system for injector LINAC
is shown in Fig. 1.3. The J-shaped LINAC consists of straight lines with
lengths 124.8 m and 488.3 m. They have eight sectors (sector A-C and 1-5).
Sector A consists of two sub-harmonic bunchers (SHB): SHB1 operated at
114.24 MHz and SHB2 operated at 571.2 MHz, a pre-buncher, and a buncher
operated at 2856 MHz (S-band) [6]. The other seven sectors are also operated
at 2856 MHz as the regular accelerating sectors that comprise an amplifier,
high-power klystron, pulse compressor (SLAC energy doubler, SLED [7]),
and normal conducting accelerator structure, as shown in Fig. 1.2. In each
sector, a 60 kW sub-booster klystron (SB) is installed as an amplifier to drive
several klystrons (max. 8) as shown in Fig. 1.2(a). In some places, where
the RF phase is required to be changed individually, a 600 W solid-state
amplifier (SSA) is installed to drive one klystron, as shown in Fig. 1.2(b). A
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Figure 1.1: Layout of SuperKEKB facility.

40 MW klystron feeds the RF power to an accelerating unit, including four
accelerating structures [8].

At injector LINAC, many devices are distributed along 600 m long beam
lines for RF control, monitoring, and beam diagnostics. All distributed de-
vices require a common timebase for stable beam operation. The LINAC
master oscillator (LMO) is operated at 571.2 MHz, which is generated by a
signal generator (Keysight, E8663DHY2). Three reference signals (114.24 MHz,
571.2 MHz, and 2856 MHz) are generated by the reference signal generator
(RSG) based on LMO. The 114.24 MHz and 571.2 MHz reference signals are
delivered to the bunching section by the coaxial cable. The 2856 MHz ref-
erence signals are distributed to each sector through phase-stabilized optical
fiber (PSOF). In this system, there is no phase regulation for the RF refer-
ence signals between MO and each sector. The reference phase drifts due to
the temperature and humidity fluctuations in the environment. Thus, the
reference phase drift has a significant effect on the beam performance. Thus,
the stabilization of the RF reference phase becomes a critical issue at injector
LINAC.
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Figure 1.2: Configuration of RF power driver for each accelerating unit.

1.2 Requirement of Phase Stability for RF

Reference

In the SuperKEKB project upgraded from the KEKB facility, many com-
ponents at injector LINAC have been upgraded for the low-emittance and
high-current beam. The required injector beam parameters of KEKB and
SuperKEKB are listed in Table 1.1 [9, 10]. For SuperKEKB, the requirement
of energy spread at the end of injector LINAC is higher and a more stable
reference phase is required. So far, the requirement for RF reference phase
is not clear. In this section, the RF reference phase requirement is estimated
based on the requirement of the electron energy spread (0.07%) at the end
of injector LINAC.

Table 1.1: Required injector beam parameters of KEKB and SuperKEKB (final).

Stage KEKB SuperKEKB

Beam e+ e− e+ e−
Energy 3.5 GeV 8.0 GeV 4.0 GeV 7.0 GeV
Energy Spread 0.125% 0.125% 0.16% 0.07%
Bunch Charge 1 nC 1 nC 4 nC 5 nC
No. of bunch / pulse 2 2 2 2
Repetition rate 50 Hz 50 Hz 50 Hz 50 Hz
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For the total energy spread (σtotal), the following main sources are consid-
ered: intra-bunch energy spread caused by wake-field (σwake), high voltage
fluctuation in the klystron (σkhv), low level RF (LLRF) control unit (σllrf ),
and RF reference phase (σref ). The total energy spread should be less than
0.07%. The RF reference phase requirement can be calculated as

σref =
√
σ2
total − σ2

wake − σ2
khv − σ2

llrf (1.1)

� Intra-bunch energy spread caused by wake-field

The longitudinal wake-field causes an energy spread within a bunch
as well as a decrease in the average energy, depending on the bunch
length (BL) and acceleration beam phase [11]. To estimate the effects
of the longitudinal wake-field, formulas with several beam parameters
were obtained in [12]. The rectangular beam with 4 nC bunch charge
will be accelerated in the near future. Accordingly, the energy spread
caused by the bunch length and acceleration beam phase is calculated
in Fig. 1.4. The optimum bunch length and acceleration beam phase
are 7.34 ps and −10° off-crest, respectively. The energy spread was
evaluated to be 0.0223% (rms).

Figure 1.4: Relation between beam phase and energy spread for each length of
rectangular bunch shape.

� High voltage fluctuation of the klystron
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The klystron high voltage fluctuation (∆V
V

) is 0.05% (rms). The RF
field error caused by the high voltage fluctuation per klystron can be
calculated as

∆A

A
=

5

4
· ∆V

V
= 0.0632% (1.2)

∆θ = − 4

%
· ∆V

V
= −0.2° (1.3)

where ∆A
A

and ∆θ are the amplitude error and phase error of the RF
field, respectively.

The energy spread is estimated to be 0.088% (rms) at −10° off-crest.
In the injector LINAC, there are 50 klystrons for electron. Assum-
ing that the power supplies are uncorrelated, the uncorrelated energy
spread caused by the klystron high-voltage fluctuation is compressed
to 0.0124% by 1/

√
N (N is the number of klystrons).

� LLRF control unit

The RF operation point is located at the RF saturation point of the
klystron to ensure that the RF field is insensitive to the amplitude
error. Only the phase error is considered here. There is no feedback
control to the RF filed due to the short pulse beam. The phase stability
of the LLRF control unit is 0.1° (rms). The energy spread due to
the LLRF control unit is 0.031% (rms). The LLRF control unit is
located at each sector and there are eight sectors for the electron beam.
The uncorrelated energy spread caused by the LLRF control unit is
compressed to 0.011% by 1/

√
8.

Thus, the requirement of the RF reference phase is estimated as

σref =
√

0.07%2 − 0.0223%2 − 0.0124%2 − 0.011%2 = 0.0642%

Assuming that the amplitude and phase error are in Gaussian distri-
bution, the influence of small correlated amplitude and phase error on the
energy spread is given by the formula [13]

σtotal =
1

cosφb

√
1

2
(1 + cos 2φb)(

σA
A

2

) +
1

2
(1− cos 2φb)σ2

φ +
1

4
(3 cos 2φb − 1)σ4

φ

(1.4)
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where φb is the optimum acceleration beam,
σA
A

is the relative amplitude

error in rms, and σφ is the phase error in rms.
The amplitude error and phase error of the RF reference signal can be

evaluated according to the required energy spread (0.0642%), as shown in
Fig. 1.5. The amplitude is insensitive to the energy spread, thus, the reference
phase requirement is up to 0.2° corresponding to 195 fs (rms) at 2856 MHz,
including the short-term timing jitter and long-term phase drift over days.
The timing jitter is less than 150 fs (rms) (see Section 3.1), therefore, the
required long-term phase drift is less than 100 fs (rms) at 2856 MHz.

Figure 1.5: Amplitude error and phase error of the RF reference signal with the
energy spread requirement of 0.0642%.

1.3 Motivation of this Study

The goal of this thesis is to stabilize the RF reference phase for SuperKEKB
injector LINAC and compensate the phase drift between LINAC MO and
ring MO for stable beam injection.

First, the delivery of a stable RF phase reference over optical fiber from
MO to each sector at the SuperKEKB injector LINAC is dealt with. A
special optical fiber, called phase stabilized optical fiber, is used to deliver
the reference signal at injector LINAC and its thermal propagation time
delay is as low as 5 ps/km/◦C. The PSOF is distributed in the LINAC gallery
where the temperature is stabilized within±1 ◦C using air conditioner but the
humidity is not controlled. The reference signal suffers a phase drift during
long transmissions. In the case of 380 m PSOF from MO to sector 5, the
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2° phase drift at 2856 MHz is caused by the ±1 ◦C temperature fluctuation.
Furthermore, humidity also contributes to the reference phase drift. This
phase drift cannot fulfill the requirement of 0.1° (rms) at 2856 MHz.

First, the reference phase drift should be measured at the LINAC gallery.
The causes of this phase drift, such as the temperature and humidity depen-
dency, should be analyzed. To estimate the phase drift, the temperature and
humidity coefficients of the optical components (e.g., PSOF) should be mea-
sured. Finally, a RF reference phase stabilization system should be proposed
to fulfill the requirement. Several techniques or designs have been developed
that can fulfill the given stability requirements. However, they are relatively
complex and often use some self-built components, which are not available
commercially. This makes the stabilization system very expensive and diffi-
cult to implement. A new phase stabilization system should be specific to the
current system at injector LINAC. It should be simpler to implement and
have low cost using commercial components. A reference phase stabiliza-
tion system using optic circulator and the wavelength division multiplexing
(WDM) technique was implemented in the test hall and its performance was
evaluated. In this case, the transmitted reference phase stability was ob-
served using a phase monitor system with high precision. Some methods
were implemented to reject the phase drift in the monitoring system.

Second, the phase drift between LMO and RMO should to compensated.
The injector LINAC that includes the positron DR delivers low-emittance
electron and positron beams to the main rings. The LMO is operated at
571.2 MHz and located in the LINAC gallery. The DR MO and MR MO are
operated at 508.9 MHz and located in the SuperKEKB control room, which
is several hundred meters away from LINAC gallery. The LMO, DR MO, and
MR MO are synchronized with the 10 MHz trigger. The DR MO and MR
MO (collectively called RMO) are phase locked within ±0.1° at 508.9 MHz;
however, the LMO and RMO are not phase regulated. This MO phase drift
significantly affected the beam energy stability after the bunch compression
system from LINAC to DR and beam injection phase tuning from LINAC to
MR had to be conducted frequently, because the beam injection background
has been a critical problem for the SuperKEKB Belle II detector. To main-
tain a stable beam injection, an MO phase drift compensation system was
developed. The phase stability between LMO and RMO was required to be
less than ±0.1° in peak to peak (pk-pk) at 571.2 MHz.
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1.4 Structure of Thesis

The thesis consists of eight chapters. A brief introduction to each chapter is
given below.

� Chapter 2 gives an overview of the RF reference distribution system
for different large facilities in operation. The RF reference distribution
over the optical link and coaxial cable are introduced. The schematic
design and long-term performance are summarized.

� Chapter 3 details the measurement result of the phase noise and phase
drift in the RF reference signal at each sector. A new phase monitor
using the oversampling technique is implemented and the contribution
of phase drift is analyzed.

� Chapter 4 discusses the causes of phase drift (e.g., temperature, hu-
midity). A test system is constructed to measure the temperature and
humidity coefficients of the RF components.

� Chapter 5 describes the phase drift of the monitoring system and its
causes. Three methods (two-tone calibration, drift compensation mod-
ule, and reference tracking) are introduced to suppress the system phase
drift and their long-term performances are compared.

� Chapter 6 demonstrates the different schemes of the RF reference phase
stabilization system using the WDM technique and optic circulator.
The schematic design and long-term performance is shown.

� Chapter 7 illustrates the principle of the direct sampling technique and
implementation of the phase drift compensation system for stable beam
injection. The long-term performance is evaluated using the beam en-
ergy stability at DR.

� Chapter 8 summarizes the thesis and proposes the possible configura-
tion of the RF reference phase stabilization system for the SuperKEKB
injector LINAC.
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Chapter 2

Overview of RF Reference
Distribution System

Several techniques have been implemented to send stable reference signals
over optical fiber with average uncertainties of several hundred femtoseconds
to under 10 fs [14, 15, 16, 17, 18, 20]. The phase stabilization system over
the coaxial cable has been demonstrated [21, 22, 23, 24]. Next, we pro-
vide an overview of the SuperKEKB ring, SPring-8 Angstrom compact laser
(SACLA), and European X-Ray free-electron laser (XFEL). Those RF ref-
erence distribution systems were implemented with different techniques and
are currently being operated at the facilities.

2.1 RF Reference Distribution at SuperKEKB

Ring

The SuperKEKB main ring is a storage ring that consists of a HER for
electrons and LER for positrons, and each ring has a circumference of 3016 m.
The accelerating frequency of MR is 508.9 MHz with continuous wave (CW)
operation. The requirement of the RF referenec phase is ±0.3° (pk-pk) at
508.9 MHz [14]. However, the target of the RF reference phase stability is
±0.1° (pk-pk). The RF reference is distributed in a star topology from the
MR MO to seven RF stations and DR optically by PSOF with a maximum
distance up to 2 km. Over long distance transmission, the reference phase
drifts of the optical link owing to the effects of temperature and humidity.

A reference phase stabilization system with the WDM technique was im-
plemented to compensate the slow drift of each transmission line. This sta-
bilization method was established in [16, 17] and successfully applied at the
SuperKEKB MR [14]. The 508.9 MHz reference signal is generated by the
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Figure 2.1: RF reference phase stabilization system for SuperKEKB MR [14].

signal generator (SG) and converted to the optical signal with a wavelength
of 1551 nm using an electrical/optical converter (E/O). The optical signal is
amplified and fed into a 16-channel optical splitter. The split optical signals
are distributed to different locations and received by an optical/electrical
converter (O/E) as the reference to the LLRF system at the receiver side.
To measure the phase drift of the optical link over long distance transmission,
two WDM devices with wavelengths of 1551 nm and 1531 nm are installed.
The transmitted electrical signal is converted to the optical signal by an-
other E/O with 1531 nm wavelength, which is different from 1531 nm in the
forward path. This optical signal is transmitted to the transmitter side by
WDM and converted to the electrical signal again by another O/E at the
transmitter side, as shown in Fig. 2.2(a). The O/E with peltier for stable
temperature and the WDM device are assembled into a module based on the
nuclear instrument module (NIM) standard. By using the WDM technique,
the forward and backward optical signals with wavelengths of 1531 nm and
1551 nm, respectively, can be multiplexed and transmitted over the same
optical fiber. The returned signal experiences the round-way optical paths,
thereby doubling the phase drift.

To reduce the monitor system phase drift, the RF phase is detected us-
ing the direct sampling method based on a filed programmable gate array
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(FPGA) board [26]. In this method, the RF signal is directly measured using
an analog-to-digital converter (ADC) without the down-conversion stage to
reduce the long-term measurement error of the monitor system. Further-
more, the transmitter and receiver systems are placed in the 19-inch rack
where the temperature is controlled within ±0.1 ◦C by air conditioner. The
RF phase is calculated by the in-phase component (I) and quadrature-phase
component (Q). The measurement error can also be reduced by the aver-
aging effect of the IQ algorithm. The direct sampling method with non-IQ
detection is explained in Section 7.2. In the case of SuperKEKB ring, the
508.9 MHz RF signal is directly measured by a 14-bit ADC (ADS5474, 400
MSPS speed, 1.4 GHz bandwidth) with a sampling clock (212 MHz). To im-
prove the phase stability, an infinite impulse response (IIR) low-pass filter
(LPF) is applied. Phase drift is observed in the optical link with round-trip
paths.

(a) NIM module: O/E with peltier for sta-
ble temperature and the WDM device.

(b) VODL (Santec Corp., ODL-340)
driven by a stepping motor, equipped with
two position limit switches.

Figure 2.2: Optical devices used in the phase stabilization system of SuperKEKB
ring [14].

The PSOF is located in the tunnel and the temperature fluctuation is
±5 ◦C during one year. According to the temperature coefficient of PSOF
(< 1 ppm/◦C) [25], the returned phase drift is as large as ±9° over a trans-
mission of 2 km. To compensate the slow phase drift caused by temperature
and humidity fluctuations, a wide-range variable optical delay line (VODL)
is used. The delay range is up to 340 ps corresponding to 62° phase range
at 508.9 MHz. This VODL is driven by a stepping motor, as shown in
Fig. 2.2(b). According to the measured phase drift with the round-trip path,
the pulse train is sent to the stepping motor to adjust the optical path length
to ensure that the phase drift is compensated.

A 100 m normal optical fiber with a thermal coefficient of 1.7°/100 m/◦C is
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tested in the laboratory. The feedback system is installed and the transmitted
phase is monitored by a vector volt meter (VVM), as shown in Fig. 2.3. The
temperature is changed from 40 ◦C to 10 ◦C and up to 40 ◦C. With the
feedback, 0.2° phase jump was found between 20 ◦C and 30 ◦C, as shown in
Fig. 2.3(a). After optimizing the working position of the VODL, the delay-
offset is avoided. Finally, a stability of ±0.1° (pk-pk) at 508.9 MHz was
obtained, which fulfilled the requirement, as shown in Fig. 2.3(b).

(a) (b)

Figure 2.3: Transmitted phase stability at SuperKEKB ring [14].
(a) Transmitted phase measured by VVM (red solid line), pulse count of the step-
ping motor to move the VODL (blue dashed line), with the VODL control.
(b) Transmitted phase stability with the same measurement setup but the position
of the VODL was optimized to avoid the delay-offset.

2.2 Optical Timing and RF Reference Distri-

bution System at SACLA

SACLA is a facility of XFEL for generating coherent X-rays with a peak
power of more than 10 GW and a very short pulse below 30 fs [27]. Usu-
ally, the pump-probe experiments require synchronization between the pulsed
lasers and the RF accelerating fields. The timing stability of such synchro-
nization is required to be 50 fs throughout the 700 m long SACLA facility [18].
A 5712 MHz RF reference signal is generated by an MO and distributed to
each acceleration component by PSOF with a propagation time delay as low
as 5 ps/km/K. To minimize the phase drift in the PSOF due to environ-
ment change, these PSOFs are situated in the water-cooled thermal ducts
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with regulated temperature within 0.4 ◦C (pk-pk). All electronics are also en-
closed in the water-cooled 19-inch racks with regulated temperature within
0.4 ◦C (pk-pk). A timing drift of more than 100 fs has been observed by many
instruments at SACLA. To achieve the required timing stability of 50 fs, an
RF reference phase stabilization system using a wavelength region of 1550 nm
was developed to mitigate the environmental effects on the optical links, such
as temperature and humidity changes.

To compensate the phase drift, the OptRef system using the Michelson
interferometry method [28] was developed, as shown in Fig. 2.4. This system
uses two length standards for two optical length control loops. One is the
coarse length control loop based on the wavelength of a 91.4 GHz RF signal,
which is the difference between two optical wavelength signals of 1552.15 nm
and 1552.89 nm. It has a wide dynamic range of 3.3 mm corresponding to
11 ps. The other is the fine length control loop based on an optical wave-
length of 1548.96 nm, with a narrow dynamic range of 1.5 µm corresponding
to 5 fs [18, 27]. In the coarse control loop, an external cavity laser diode
(ECLD) generates a reference light of 1552.52 nm, further modulated by a
45.7 GHz RF signal, which is generate by 8 times of 5712 MHz signal, to get
two side-band light beams (λ+ = 1552.15 nm and λ− = 1552.89 nm). The
frequency difference between them is 91.4 GHz (millimeter wave). In the fine
control loop, a frequency stabilized laser generates the reference light with a
wavelength of 1548.96 nm (193 THz).

The procedure of measuring the phase drift in the PSOF is as follows. The
lights are split into two parts: one part is modulated by an acoustic optical
modulator (AOM) with 238 MHz as reference light, the other passes through
a polarization beam splitter (PBS) and piezo-driven fiber stretchers (PDFS),
and are then fed into the PSOF for transmission. This transmitted optical
signal is reflected back by a Faraday rotating mirror (FRM) at the remote
station, with an orthogonal polarization with respect to the forward reference
light. In the interferometer, the reference and reflected lights are mixed using
an optical coupler. The optical signals with different length standards are
separated by a band-pass filter (BPF) and detected using a photo-diode
(PD). A 238 MHz beat signal is obtained from the PD as an interferometry
signal. The optical phase of the fine loop is reproduced as the phase difference
between the beat signal and the AOM input signal from MO. The phase of
the millimeter-wave signal in the coarse loop is detected by comparing the
phases of the PD signals from the two optical signals, f+ and f−. The phase
of the 238 MHz beat signal is detected using a phase frequency discriminator
(PFD). The detected phase is fed into each optical fiber stretcher to stabilize
the optical length of the PSOF. A proportional–integral–derivative (PID)
controller is applied for precise control.
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Figure 2.4: Block diagram of the optical fiber length stabilization system with
interferometer, including a coarse length control and fine length control subsys-
tems [18].

A 5712 MHz RF signal is converted to the optical signal by E/O and
transmitted through the OptRef system with stable phase. This optical
signal is converted to the electrical signal and sent to a phase detector. The
output signal (5712 MHz) of the optical RF receiver is also sent to the phase
detector. The detected phase drift is used to drive a piezo-electric fiber
stretcher before the receiver. The optical length drift is compensated by this
stretcher and a very precise stable reference is obtained for the RfRef system.

(a) Timing stability of the RF reference for
400 m long PSOF [18].

(b) Beam arrival time drift at the end part
of beam line 3 [19].

Figure 2.5: Long-term performance of the RF reference and the beam arrival time
drift at beam line 3.

Figure 2.5 represents the long-term timing stability of the RF reference
system and the beam arrival time drift at the experimental hall. Figure 2.5(a)
shows the performance of 400 m PSOF regulation. Only the fine feedback
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loop is applied and the coarse loop is used as a monitor. The timing stability
detected by the fine loop is suppressed within 2 fs for two weeks. However,
the timing stability detected by the coarse loop is 50 fs (pk-pk). Thus, we
can conclude that the timing stability of the RF reference can achieve an
accuracy of 50 fs with several hundreds meters long PSOF. In Fig. 2.5(b),
the beam arrival time drift is observed at beam line 3 in the experimental
hall. The drift is less than 1° at 4760 MHz for three days corresponding
to 580 fs. These data include the long-term drift of the timing system, the
LLRF system, and the beam position monitor (BPM) detection circuit.

2.3 RF Reference Distribution at European

XFEL

Future accelerators require high accuracy reference signal to synchronize the
RF stations and experimental devices over long distance, especially for the
free-electron laser (XFEL). The European XFEL [29] was constructed at
Deutsches Elektronen-Synchrotron (DESY) and consists of an injector, a
booster, the main LINAC, undulators, and photon beam lines with the length
of 3.3 km. There are ∼ 30 RF stations (RFS) and 32 cavities in each RF
station. A very stable 1.3 GHz phase reference signal has to be distributed
to each RF station and several thousands of RF and optical devices should
be synchronized, such as the LLRF system at each RF station, BPMs at the
undulator, and photon beam lines. The required phase stability at 1.3 GHz
for each location is listed in Table 2.1. It requires an extremely stable phase
and time synchronization. Most critical subsystems are located in the injector
area with high requirements of 10 fs for short-term and 100 fs for long-term.
The synchronization requirement between X-ray and pump-probe laser is
60 fs and 10 fs point-to-point [22].

Table 2.1: Phase stability requirement at 1.3 GHz for European XFEL [22].

Location Short-term Long-term

Injector 10 fs 100 fs
Booster (L1,L2) 30 fs 300 fs
Main LINACS (L3) 100 fs <1 ps
Cavity BPM 60 fs not specified
Reentrant BPM 5.8 ps <10 ps

Figure 2.6 shows a simplified layout of the RF reference distribution for
synchronization. The synchronization system consists of four subsystems:

17



the RF MO system, optical synchronization system with the master laser
oscillator (MLO), RF phase reference distribution system (PRDS), and the
timing distribution system [22]. All systems are synchronized and phase
locked to the RF MO. The MLO distributes the reference signal using the
optical link with a stability of less than 10 fs. Owing to the high cost of such
a system, femtosecond stable optical links are only limited to the most phase
critical accelerating sections, arrival time diagnostics, and optical lasers such
as the photo-injector laser and the pump-probe laser. In each remote loca-
tion, a laser-to-RF (L2RF) module [31] is developed as a precise phase detec-
tor to synchronize the RF signal to the optical pulses. Due to the complexity
of this optical stabilization system, high reliability cannot be guaranteed.
Therefore, RF coaxial cable distribution with interferometer is redundantly
used in the most critical subsystems with a short-term jitter of sub-100 fs
and long-term drift of sub-1 ps. The same coaxial cable distribution system
with interferometer is also utilized in local distribution with two different
RFs (1.3 GHz for injector and booster, 216 MHz for main LINAC).

Figure 2.6: Simplified layout of the RF phase reference distribution system for
European XFEL [22].

2.3.1 Optical Link-based Distribution

Laser based synchronization systems are based on the stabilized short pulse
MLO to deliver the pulse trains with femtosecond accuracy [30]. Figure 2.7
shows the simplified diagram of the laser synchronization scheme. The MLO
is synchronized and phase locked to the RF MO. The reference light is split
into several channels by free-space distribution (FSD). The reference phase
of each channel is stabilized by the link stabilization unit (LSU). The output
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of LSU is used as a reference for the bunch-arrival-time monitors, L2RF
stations, and laser-to-laser synchronization modules. All optical components
are located in a humidity- and temperature-stabilized synchronization room
to minimize the system phase drift.

Figure 2.7: Laser synchronization scheme [30].

Figure 2.8 shows the optical phase stabilization with LSU. The polarized
light from MLO is split into two: the coupled portion is used as the reference
light and the main portion is used for transmission. The reference light in
one direction (red line) is distributed through a long polarization-maintaining
(PM) optical fiber to the far-end station. Part of the light is reflected back to
LSU by a semitransparent mirror in the orthogonal direction (green line) with
respect to the reference light. The remaining light is delivered as a stable ref-
erence to the synchronize stations. The reflected light and the reference light
coupled at the LSU are compared using a balanced optical cross-correlator
(OXC). This signal is used to compensate the phase drift of the long PM
fiber. To control the optical length, a self-built optical delay line (ODL) is
used for coarse control with a wide dynamic range of 4 ns and a piezo-driven
fiber stretcher is used for fine control with a narrow dynamic range of 3.5 ps
but high resolution. A spool of matched dispersion-compensating fiber is
also used.

Figure 2.9 shows long-term stability with the out-loop measurement at
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Figure 2.8: Optical phase stabilization with LSU [30].

the European XFEL [32]. The temperature fluctuation was 1 ◦C (pk-pk) and
the phase drift of the optical link was observed to be 200 ps. With LSU
compensation, the timing jitter was less than 500 attoseconds and the slow
drift was less than 3.3 fs (filtered raw data) for 24 hours.

Figure 2.9: Long-term stability with out-loop measurement at European
XFEL [32].
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2.3.2 Coaxial Cable-based Distribution

Beside optical fiber, coaxial cables are commonly used to distribute the refer-
ence signal over a large facility to synchronize electronic systems. The PRDS
based on the coaxial cable is used to distribute the stable reference of Euro-
pean XFEL at both remote and local location. The most challenging task
is to overcome the phase drifts in the long cable due to the environmental
effect and power loss during long transmission.

The original idea of the phase averaging reference line (PARL) design
concept was proposed by J. Frisch, D. Brown, and E. Cisneros in [21]. The
schematic diagram of PARL for NLC is shown in Fig. 2.10. The RF refer-
ence signal is phase locked to the RF MO through the optical stabilization
system. At each station, where a stable reference phase is required, the cou-
pled forward and backward signals are combined. The average of the forward
and backward phase should not depend on the phase changes caused by the
changes in the length of the coaxial cable. However, the reflections from the
directional couplers degrade the accuracy of system, which has not yet been
calculated.

Figure 2.10: Orignal idea of the phase averaging reference line design concept for
Next Linear Collider (NLC) [21].

This study was continued by Brian Chase and Ed Cullerton in [33, 34,
35, 36]. Figure 2.11 shows the 1.3 GHz phase averaging reference line for the
Fermilab superconductiong RF beam test facility. It consists of directional
couplers and coaxial cables. The reference line is shorted at the end of the
line to provide reflected signal for phase average. At each directional coupler,
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the coupled forward and backward signals are summed by a combiner. To
minimize the impedance mismatches between the directional coupler and
the coaxial cable, a 3 dB attenuator and a variable attenuator are inserted
in the forward and backward lines, respectively. Simulation were conducted
to verify the design procedure. The performance of the reference line are
limited by two key factors:

� Impedance mismatches between the directional coupler and the coaxial
line

The cable length between the directional couplers should be carefully
adjusted such that the averaged signals are on a peak of the phase
ripple caused by the reflections and impedance mismatches.

� Phase drifts in the combiner circuit

The combiner circuit consists of a directional coupler, a power com-
biner, a 3 dB attenuator, and a variable attenuator. Careful selection
for the critical parameter and proper arrangement of each component
are requested.

Figure 2.11: 1.3 GHz phase averaging reference line for Fermilab superconductiong
RF (SRF) beam test facility [36].

It demonstrated that the phase drift of the long coaxial cable can be
significantly suppressed. The long-term RF reference phase stability at one
tap point of the Fermilab SRF beam test facility achieved 150 fs (pk-pk)
in [35]. The performance was limited by the power loss in the cable and the
isolation of the coupler. The main disadvantage [37] of the concept is

� The cable length has to be adjusted manually between the adjacent
directional couplers and very precise work has to be done to set up the
link. Furthermore, it is very time consuming and difficult to adjust
in the tunnel with many taps (e.g., ∼ 70 tap points in total at the
European XFEL)
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� There is no control on the settings of the reference line after its opera-
tions have started. All setup and adjustment depend on the operation
point. During machine operation, too many factors (such as aging,
temperature, and humidity variations) could influence the component
parameter, which could decrease the performance of the reference line.

Figure 2.12: Concept design of the interferometric phase stabilization system over
coaxial cable [37].

A prototype of the active phase stabilization system based on the inter-
ference phenomenon is proposed and developed to provide fully automatic
adjustments of parameters and more reliable operation. It allows setting the
interferometer link to an operating point with a maximum suppression factor
(SF), which is defined as the ratio of unsuppressed to suppressed phase drift
values, and adjusting it anytime. We evaluate the system performance from
the SF. Figure 2.12 shows the concept design of the interferometric phase
stabilization system over coaxial cable. The interferometric phase stabiliza-
tion system is composed of a transmitter called an InCon (Interferometer
Controller) and a receiver called a TapPoint. A phase reference signal from
the source is distributed through the InCon, Cable 1, TapPoint, and Cable 2
(main coaxial cable) to the GND short at InCon. This is the forward signal,
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which is reflected from the GND short and then goes back to the TapPoint,
where fractions of the forward and reflected signals are coupled out from the
main line by couplers C4 and C5. Both signals interfere an RF power com-
biner to cancel the phase drifts appearing in the main coaxial cable (Cable 2
between InCon and TapPoint). The adjustment procedure, hardware design,
and algorithm are explained in detail in [37].

Figure 2.13: Interferometer test results: main coaxial cable phase drifts and inter-
ferometer output phase drifts vs. time [37].
a) Results over entire 85 h test.
b) Results picked from phase change cycle at 21th h.
c) Results picked from phase change cycle at 21th h with zoomed output phase
drifts.
d) Results picked from phase change cycle at 83rd h.
e) Results picked from phase change cycle at 83rd h with zoomed output phase
drifts.

The main cable was located inside the climate chamber to ensure that
the RF phase of the cable drifts due to the temperature fluctuation. During
the test, the phase drift in the main coaxial cable was roughly 10 ps from
the operating point, which is comparable to the real phase drift of 12.3 ps in
the accelerator tunnel for two days. The long-term (85 hours) measurement
result is shown in Fig. 2.13. It is evident to see that the phase drift in the
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main coaxial cable is significantly suppressed by monitoring the phase drift
in the interferometer link output. It is less than 50 fs (pk-pk) corresponding
to a suppression factor of 200.

In comparison to the demonstration at Fermilab, the improvements of
the automatic interferometer are

� Precise and automatic cable length adjustment

The appropriate cable length between the directional couplers (C4 and
C5) of InCon and TapPoint can be adjusted by a phase shifter (PhS2)
in the TapPoint.

� Equal amplitude and phase adjustment for the forward and backward
signals

Equal amplitudes and phase shifts against the signal source of the for-
ward and reflected signals can be adjusted using a variable attenuator
(Att2) and variable phase shifter (PhS4) at the TapPoint, respectively.

� Isolation improvement for coupler C4 and C5

The isolation of the directional coupler significantly influences the sys-
tem performance. High isolation (> 30 dB) is required in C4 and C5
(typical isolation in the market is between 20 dB and 30 dB). Isola-
tion can be improved by using two switches (SW1, SW2) and a circuit
consisting of a phase shifter (PhS3), attenuator (Att1), and directional
coupler (C6) used as a power combiner. The details can be found
in [37].

� Phase relationship measurement without disconnection

In the phase averaging reference line of Fermilab, the phase relationship
between the forward and backward signals are adjusted manually and
the link had to be disconnected at the right side input of the C5 coupler.
This leads to the errors from this disconnecting and not suitable for
practical machine operation. By adding a coupler (C3), which provides
a fraction of the forward signal to the TapPoint, the coupled forward
and reflected signal parameters can be adjusted.

An advanced phase stabilization system with interferometer is successfully
developed and the prototype in the laboratory shows that the phase drift in
the long coaxial cable can be automatically calibrated with a stability of
sub-100 fs. It can be used into the European XFEL facility and can also be
implemented as a good solution for other large facilities.
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2.4 Comparison of RF Reference Distribu-

tion Systems

For remote reference distribution over several hundreds of meters and a few
kilometers, most phase stabilization systems are based on optical fiber and
many techniques are applied to achieve a stability of sub-10 fs to hundreds
femtoseconds level. Table 2.2 shows a comparison of the design scheme and
system performance for the RF reference distribution system over optical
fiber at SuperKEKB ring, SACLA, and European XFEL. The phase stabi-
lization system is applied in the operated machines instead of being demon-
strated in the laboratory or the test stand. The RF reference distribution
scheme varies from facility to facility. The advantages and disadvantages of
the different schemes are also discussed in Table 2.2. According to the re-
quirement, there is a trade-off between cost, complexity of implementation,
commercialization of devices, and performance. For local reference distribu-
tion, the coaxial cable is widely used for different facilities. A popular so-
lution is based on the ”phase averaging” method. An interferometric phase
stabilization system is proposed and demonstrated by DESY. A stability of
less than 50 fs (pk-pk) is achieved and the suppression factor is up to 200.

Table 2.2: Comparison of RF RDS over optical fiber.

Facility SuperKEKB ring SACLA European XFEL

Requirement ±1.5 ps (pk-pk) 50 fs (pk-pk) 10 fs (rms)
Operation Mode CW Pulse Pulse
RF Frequency 508.9 MHz 5712 MHz 1300 MHz
Dist. Length 1000 m 700 m 3400 m
Trans. Medium PSOF PSOF PM fiber
Temp. fluctuation ±5 ◦C ±0.2 ◦C ±0.5 ◦C
Technique WDM Interferometer Interferometer
Actuators VODL PDFS ODL+PDFS
Feedback Loop 1 2 (coarse+fine) 2 (slow+fast)
Performance ±546 fs (pk-pk) 50 fs (pk-pk) 3.3 fs (rms)

Advantages and
simple complicated very complicated

Disadvantages
commercialized commercialized self-built
low cost high cost very high cost
lower stability high stability very high stability
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Chapter 3

RF Reference Phase Drift
Measurement at Injector
LINAC

3.1 Phase Noise

Figure 3.1: SSB phase-noise power spectrum of the transmitted signal at each
sector (A-C and 1-5).

As shown in Fig. 1.3, the 2856 MHz reference signal (REF) is generated
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by the reference generator based on LMO (571.2 MHz). For sector A-C and
sector 1, the reference signal is distributed by the coaxial cable because they
are close to MO. For sector 2 to sector 5, this electrical reference signal is
converted to the optical signal by the E/O and distributed by PSOF. The
transmitted optical signal is converted to the electrical signal by the O/E
at each sector. The distance between two adjacent sectors is approximately
80 m. Thus, the length of the PSOF from MO to sector 2 to 5 is 140 m,
220 m, 300 m, and 380 m, respectively. The phase noise is measured using a
signal source analyzer (E5052B, Agilent Technologies). Figure 3.1 shows the
single side band (SSB) phase-noise power spectrum of the transmitted signal
at each sector (A-C and 1-5). The result of integral bandwidth from 10 Hz
to 10 MHz is shown in Table 3.1. All values of the timing jitter are less than
150 fs (rms).

Table 3.1: Integral timing jitter of the transmitted signal.

Signal Jitter [fs] Phase Noise [deg.]

2856 MHz REF 106.08 0.109
Sector A Output 103.03 0.106
Sector B Output 98.66 0.101
Sector C Output 90.99 0.094
Sector 1 Output 93.13 0.096
Sector 2 O/E Output 134.67 0.138
Sector 3 O/E Output 127.06 0.131
Sector 4 O/E Output 148.98 0.153
Sector 5 O/E Output 135.48 0.139

3.2 RF Phase Detection

3.2.1 Down Conversion

To measure the long-term phase drift in the reference signal, a phase detector
with high accuracy and long-term stability is required. Several techniques
of RF phase detection are applied in the accelerator field, which has been
detailed in [38]. With the development of ADCs technology, although a band-
width of a few GHz is available, a 2856 MHz RF is still too high for ADCs.
Thus, the RF frequency is down-converted to the intermediate frequency (IF)
using a local oscillator (LO). The IF signal is sampled by the oversampling
technique to detect the RF phase.

Assuming that the RF signal yRF (t) and LO signal yLO(t) are two cosine
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signals with amplitudes ARF ,ALO and frequencies fRF ,fLO. The IF signal
yIF (t) can be represented as

yIF (t) = yRF (t) · yLO(t)

= ARF cos(2πfRF t+ φRF ) · ALO cos(2πfLOt+ φLO)

=
1

2
ARF · ALO · (cos[(2πfRF + 2πfLO)t+ (φRF + φLO)]

+ (cos[(2πfRF − 2πfLO)t+ (φRF − φLO)])

With down conversion, the input RF signal is transmitted to the upper
(fRF + fLO) and lower (fRF − fLO) side band signals. The frequency of the
IF signal is much lower than that of the RF and LO signals. The lower side
band signal is extracted with a suitable LPF or BPF. The IF signal is given
as

yIF (t) = AIF cos(2πfIF t+ φIF ) (3.1)

(3.2)

where the frequency, amplitude, and phase of the IF signal are defined as

fIF = fRF − fLO

AIF =
1

2
ARF · ALO

φIF = φRF − φLO

The phase change in the RF signal is the same as that in the IF signal with
a constant LO signal (constant ALO and φIF ). Furthermore, the phase noise
or timing jitter at the RF signal are exactly translated to the IF signal.

3.2.2 Principle of IQ Detection

IQ Definition

The RF signal is down-converted to a lower IF signal, which can be digitized
using an ADC. The continuous IF signal can be converted to a series of
discrete sample points in time domain, which can be processed in the digital
system. The IF signal is digitally processed in Cartesian coordinates (I/Q)
instead of the polar coordinates (amplitude/phase).

Any cosine radio-frequency signal y(t) can be represented using the am-
plitude/phase or I/Q components. This signal can be decomposed into its
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sine and cosine components as follows [38]:

y(t) = A cos(ωt+ φ0)

= A cosφ0︸ ︷︷ ︸
I

cos(ωt)− A sinφ0︸ ︷︷ ︸
Q

sin(ωt)

= I · cosωt−Q · sinωt (3.3)

where A is the amplitude, ω is the RF angular frequency, and φ0 is an initial
phase of the RF signal. The amplitudes of the cosine and sine components are
defined as I andQ components, respectively. The polar representation and its
Cartesian representation can be transformed into each other. Consequently,
the phase of the RF signal can be calculated by

I = A cosφ0 (3.4)

Q = A sinφ0 (3.5)

φ0 = arctan(Q/I) (3.6)

A =
√
I2 +Q2 (3.7)

Sampling Methods

The IF signal can be digitized using an ADC with a suitable sampling rate
(SR). According to the Nyquist sampling theorem, a signal must be sam-
pled at a rate greater than the Nyquist sampling rate (twice the maximum
frequency component of the measured signal) to reconstruct the signal [39].
If the Nyquist criterion is not met, aliasing will occur. The RF signal in-
formation can not be extracted from the IF signal. However, based on the
Nyquist-Shannon theorem, the sampling rate only needs to be twice the sig-
nal bandwidth, instead of the maximum frequency component. In this case,
the signal can be measured using a sampling rate lower than the Nyquist
sampling rate. There are three possibilities for sampling the IF signal using
an ADC: IQ sampling, oversampling, and undersampling.

To calculate the phase of the RF signal, the sampling rate of the ADC
must be synchronized with the measured RF frequency. The sampling rate
fs and the measured IF frequency fIF must satisfy [38, 41]

fs =
fIF

K +
N

M

,K = 0, 1, 2, 3... (3.8)

where M is an integer greater than 3. N and K are integers. M and N
are prime to each other.
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When K = 0 and M > 2N , the sampling rate is higher than the Nyquist
rate (fs > 2fIF ), which is called the oversampling technique. Specially, with
the condition K = 0 and M = 4N , the sampling rate is four times greater
than the IF signal (fs = 4fIF ) and the phase advance is fixed to 90°. This
technique is called IQ sampling. Detailed explanations for each sampling
method are given in [38].

In comparison to IQ sampling, the advantage of the oversampling tech-
nique is that (1) more sampled data are collected in one period; thus, the
measurement error can be reduced by averaging over M samples as shown in
Eq. 3.10 and 3.11. (2) The requirements of the ADC bandwidth and aper-
ture jitter are not so stringent owing to the low frequency of the input signal,
which implies low cost. However, the down-conversion stage is required in
this method to ensure that the long-term stability of the phase detector is sen-
sitive to the temperature and humidity fluctuations. This method is applied
in the phase monitoring system of the RF reference signal at injector LINAC
because the 2856 MHz RF is too high for most ADCs (see Section 3.4).

When K > 0, the sampling rate is lower than the Nyquist rate (fs < fIF ),
which is called the undersampling or direct sampling technique [40]. By us-
ing this technique, the signal is directly sampled by the ADC without the
down-conversion stage. Thus, it makes the phase detector much simpler and
the monitoring system is less affected by the slow temperature and humid-
ity variations. The advantages also include lower requirement of the ADC
sampling rate, lower data processing rates to digital signal processor (DSP)
or the FPGA board, lower power consumption, and lower costs. However,
the signal-to-noise ratio (SNR) of the ADC is very sensitive to the clock jit-
ter in high-frequency applications and the RF frequency is limited by the
sampling rate of ADC [42]. This method is applied to the phase monitor
system between the LMO and RMO and its detailed explanation is given in
Section 7.2.

IQ Detection

Figure 3.2 shows the block diagram of IQ detection where an RF signal is
first down-converted to the IF signal and then digitized by an ADC with a
suitable sampling rate. The sampling rate and the IF satisfy Eq. (3.8) and
the phase advance ∆ϕ between the two adjacent samples can be represented
by

∆ϕ = (K +
N

M
) · 2π =

fIF
fs
· 2π (3.9)
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Figure 3.2: Block diagram of phase detection with analog down-conversion and
digital IQ detection.

The I and Q baseband components of the measured IF signal can be
calculated by the following equations [41].

I =
2

M

M−1∑
n=0

x[n] cos

(
2π ·N
M

· n
)

(3.10)

Q = − 2

M

M−1∑
n=0

x[n] sin

(
2π ·N
M

· n
)

(3.11)

where x[n] is the nth ADC sampled data.
The IQ values are evaluated in the digital down conversion (DDC). The

procedure of this algorithm is explained as follows. First, the IF signal is
digitized by the ADC, which is then down-converted to the base band by
a digital mixer. The local oscillators are supplied by numerically controlled
oscillators (NCOs), which generate a stream of sine and cosine samples ac-
cording to the relationship between the input IF and the sampling rate. The
digital mixer is realized as an ideal multiplier; thus, the digitized IF signal
samples are multiplied by the NCOs. The outputs of the digital mixer are
summed and the IQ value is evaluated using Eq.(3.10) and Eq.(3.11). The
LPF shown as the final block in DDC is an anti-aliasing filter that aims to
suppress the sum of the frequency components. Finally, the phase of the IF
signal is calculated by using Eq.(3.6).

The sampled data of the IF signal is shown in Fig. 3.3 when fIF =
14.28 MHz, fs = 114.24 MHz,M = 8andN = 1.
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IF signal
(14.28 MHz)

Figure 3.3: 14.28 MHz IF signal sampled using the oversampling technique. x[n]
is the sampled data. Data from eight samples data are collected in one IF period.

3.3 LO and Clock Generation

2856 MHz REF
LPF

14.28 MHz 

2856 MHz

BPF
LO 

(2870.28 MHz)

Clock (114.24 MHz )

RF = 2856 MHz
Fs = RF/25 = 114.24 MHz = 8*IF
IF = Fs/8 = 14.28 MHz
LO = RF + IF = 2870.28 MHz
BPF : 2870.28 ± 5 MHz
LPF : DC -15 MHz

FD1

1/25

FD2

1/8

Figure 3.4: LO and clock generation.

Considering the ADC sampling rate limitation (130 MSPS, see Section 3.4)
and the availability of IQ algorithm implementation (M = 8, N = 1) in the
digital board, the sampling rate (fs) is eight times greater than that of the
IF signal (fIF ). The block diagram of the LO and clock (SR for ADC) is
represented in Fig. 3.4. First, the 2856 MHz REF signal (fRF ) is divided by
25 to obtain the sampling rate (fs). Then, the fs is divided by eight and
filtered by LPF to obtain the IF signal (fIF ). It is mixed with fRF to obtain
another frequency fRF ± fIF . Finally, this output frequency is filtered by a
BPF to obtain the LO frequency (fLO) fRF + fIF or fRF − fIF . In our case,
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relationships between the RF, LO, IF, and SR are represented as

fRF = 2856 MHz

fs = fRF/25 = 114.24 MHz

fIF = fs/8 = 14.28 MHz

fLO = fRF + fIF = 2870.28 MHz

Two same frequency dividers (FD, AD9516, Analog Devices) are used for the
LO generation. The bandwidth of LPF is 15 MHz. The center frequency of
BPF is 2870.28 MHz and its bandwidth is± 5 MHz. The integral timing jitter
is measured using a signal source analyzer (E5052B, Agilent Technologies).
Figure 3.5 shows the SSB phase-noise power spectrum of the RF and LO
signals. The result of the integral bandwidth from 10 Hz to 1 MHz is shown
in Table 3.2. The induced jitter is from 10 Hz to 100 Hz.

10 100 1k 10k 100k 1M

Frequency Offset (Hz)

-140

-120
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-40
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dB
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H
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2870.28 MHz LO

Figure 3.5: SSB phase-noise power spectrum of RF and LO signals.

Table 3.2: Integral timing jitter of RF and LO signals.

Signal Frequency [MHz] Jitter [fs] Phase Noise [deg.]

REF 2856 168.17 0.173
LO 2870.28 191.44 0.198

3.4 Phase Monitor System Implementation

The current status of the RF reference distribution system is described in
Chapter 1. To monitor the RF reference phase drift in each sector, two
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problems arise. (1) The transmitted signal is physically several hundred
meters away from the REF signal at the MO side, which makes it difficult
to measure the phase drift between them. (2) It is impossible to touch the
RF reference line during the operation of SuperKEKB LINAC. An example
of signal distribution between REF and Sector 5 is shown in Fig. 3.6. The
transmitted signal had to be sent back with another pair of O/E and E/O
modules and the same length and same type of PSOF. A 2856 MHz returned
signal is obtained at the MO side. The returned signal is down-converted
to the IF signal and then the IQ components are calculated using Eqs.(3.10)
and (3.11). The phase drift of returned signal is expected to be twice of the
transmitted signal.

2856 MHz REF
O/E

LLRF Control Unit

Sector 5

E/O

Master2  Chamber

O/E

E/O

Test Chamber

Phase Monitor System

A
D

C

Sector 5 Chamber

PSOF 380 m

A
D

C

A
D

C

Down conversion

RF = 2856 MHz

LO

IF Clock

A
D

C

LO/Clock 
Generation

Figure 3.6: Phase drift monitoring between REF to Sector 5.

A phase monitor was implemented in the digital board based on the Micro
Telecommunications Computing Architecture (µ TCA) standard. The µTCA
chassis is shown in Fig. 3.8. An advanced mezzanine card (AMC) was used
as shown in Fig. 3.7. This board is equipped with Xilinx Virtex-5 FXT
FPGA, four 16-bit ADCs (130 MSPS high-speed, 700 MHz input bandwidth,
LTC2208), four 16-bit digital-to-analog converters (DAC, 500 MSPS high-
speed, AD9783), and digital input/output (DIO) channels.

To monitor the phase drift in each sector, the short optical link (E/O+1m
PSOF+O/E), system phase drift, and two digital boards are necessary owing
to not enough ADC channels. The full diagram of the phase monitor system
is shown in Fig. 3.9. The 2856 MHz REF is split into two as the reference
signal for both digital boards. All 2856 MHz signals are down-converted to
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Figure 3.7: Digital board used to implement the oversampling technique.

Figure 3.8: µTCA chassis.

IF signals. The returned signals from sector 2 and 3 are measured by board1
and the returned signals from sector 4 and 5 are measured by board2. The
phase drift of the short optical link is monitored by board1. The injector
LINAC is operated in the pulse mode and the reference phase of the injector
is changed depending on the injection mode of HER/LER at 50 Hz. The
short-term and long-term data recordings should be synchronized with a
50 Hz beam trigger, and should exclude the phase changing timing. Thus,
1 ms short-term averaged raw data are used to measure the long-term phase
drift. To improve the accuracy of phase detection, a digital LPF with a
bandwidth of 100 kHz is applied [43].

The short-term phase stability with digital LPF (100 kHz bandwidth) is
presented in Fig. 3.10 and the results are summarized in Table 3.3. All short-
term phase stabilities are less than 0.1° (rms), which fulfills the requirement
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of 0.2° (rms).

Table 3.3: Short-term phase stabilities of REF, short optical link (SOPTR), and
returned (SBxOPTR) signal at Sector 2 to 5.

Signal Stability [deg.(rms)]

REF 0.027
SOPTR 0.024

SB2OPTR 0.065
SB3OPTR 0.068
SB4OPTR 0.064
SB5OPTR 0.076
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Figure 3.10: Short-term phase stabilities of of REF, short optical link, and returned
signal at Sector 2 to 5.
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3.5 Long-term Phase Drift Measurement

Figure 3.11: Explanation for the contributions of phase drift.

The long optical links from REF to each sector consist of one pair of E/O and
O/E modules and different lengths of PSOF. To analyze the contributions of
phase drift, the following setup is illustrated, as shown in Fig. 3.11. As men-
tioned above, the RF signal is first down-converted by the ADC, composed
of frequency dividers, mixers, BPF, amplifiers, and coaxial cables of different
lengths. These RF components and cables have a phase drift so that the 2856
MHz REF signal is measured by ADC1 to indicate the monitor system phase
drift (REF: ADC1, ∆φ1). To estimate the phase drift of the E/O and O/E
modules, the short optical link, which consists of 1 m PSOF and one pair
of E/O and O/E modules, is measured by ADC2 (∆φ2). Thus, the phase
difference between ADC2 and ADC1 indicates the phase drift of one pair of
the E/O and O/E modules (SOPT = ADC2 - ADC1), omitting the effect
of 1 m PSOF. The long optical link, which is composed of different lengths
of PSOF and two pairs of E/O and O/E modules, is monitored by ADC3
(∆φ3). Therefore, the PSOF phase drift can be estimated by
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∆φREF = ∆φ1 (3.12)

∆φSOPT = ∆φ2 −∆φ1 (3.13)

∆φSBxOPT = ∆φ3 −∆φ1 − 2 ·∆φSOPT (3.14)

∆φSBxTRN =
1

2
(∆φ3 −∆φ1) (3.15)

In our monitor system, the correspondence is

∆φ1 = ∆φREF

∆φ2 = ∆φSOPTR

∆φ3 = ∆φSBxOPTR

3.5.1 Transmitted Phase Drift at Each Sector

The long-term phase drift of the 2856 MHz REF, short optical link, and
returned signals from sector 2 to 5 are measured by the phase monitor system
during LINAC RF operation. Seven-day phase drifts are directly observed
by ADCs, as shown in Fig. 3.12 and the results are summarized in Table 3.4.
The phase drift of the transmitted signal (TRS) is estimated in Table 3.5.
In this section, all phase drifts are discussed in pk-pk. The phase drift of
the transmitted signal at each sector is more than 5°, which cannot fulfill the
requirement.

Table 3.4: Long-term phase drifts of REF, E/O+O/E, and returned signal at
sector 2 to 5.

Signal Phase Drift

REF1 4.45
REF2 3.97

SOPTR 3.08
SB2OPTR -7.96
SB3OPTR -6.32
SB4OPTR -9.35
SB5OPTR -9.18

Table 3.5: Long-term phase drifts of the transmitted signal at sector 2 to 5.

Signal SB2TRS SB3TRS SB4TRS SB5TRS

Phase Drift -5.76 -5.22 -6.22 -6.16

41



Figure 3.12: Long-term phase drift for each channel including system drift.

The phase drift of the reference signal is 4.45° and 3.97°, observed by digi-
tal board1 and board2, respectively. The system phase drift is very large and
different; therefore, the sources and the solution are discussed in Chaper 5.

3.5.2 Contribution of Phase Drift

The contributions of the transmitted reference phase drift consist of long
PSOF and E/O and O/E modules. Their phase drifts are shown in Fig. 3.13
and summarized in Table 3.13. The phase drift of the E/O and O/E modules
is −1.47°, which is in the opposite direction of the system phase drift. The
phase drift of PSOF varies from −7° to −10° in the same direction of the
E/O and O/E modules. This drift is not proportional to the length of PSOF
because of the following two reasons.

(1) Monitoring system phase drift
As shown in Fig. 3.12, the system phase drift is as large as 4.5° and it is

different for each board. The phase drift of the PSOF is a calculated value,
which is affected by the measurement error.

(2) Different phase drifts of the E/O and O/E modules at each sector
In our estimation, we assumed that the phase drift of the E/O and O/E

modules at each sector is the same as that of the short optical link. However,
phase drift can be different in each sector owing to the different humidity fluc-
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tuations in the environment, despite temperature stabilized. (see Chapter 4).
(3) Effects of different temperature and humidity fluctuations on PSOF

in the gallery
The phase drift of PSOF is mainly caused by the temperature and humid-

ity fluctuations in the gallery. The phase drift is proportional to temperature
and inversely proportional to humidity. In reality, the temperature and hu-
midity fluctuations at each sector are very different. Thus, it is difficult to
precisely estimate the phase drift.

Figure 3.13: Phase drifts of the E/O and O/E modules, different lengths of PSOF.

Table 3.6: Long-term phase drift of the E/O + O/E + different lengths of PSOF
at sector 2 to 5.

Signal Phase Drift PSOF Length

SOPT -1.47 1 m
SB2OPT -8.78 280 m
SB3OPT -7.75 440 m
SB4OPT -9.77 600 m
SB5OPT -9.67 760 m
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Chapter 4

Causes of Phase Drift in
Optical Link

The reference phase drift in the optical link depends on the characteristics
of the E/O and O/E modules and the optical fiber.

4.1 Optical Components

4.1.1 E/O and O/E Modules

The E/O (EOC-144) and O/E (OEC-1041) modules are customized by TAM-
AGAWA Electronics Inc. [44] owing to their lower phase noise [45]. The speci-
fication are listed in Table 4.1. The electronics and optical components inside
the modules are affected by the temperature and humidity fluctuations.

Table 4.1: Specification of EOC-144 and OEC-1041 modules.

Item EOC-144 OEC-1041

Optical power +7.8 dBm +7.0 dBm
RF input/output range 10 3000 MHz
RF input/output level -20 dBm (max. 0 dBm)
Typical Wavelength 1310 nm/1550 nm
Temperature range -10 ◦C to +40 ◦C
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4.1.2 Phase-stabilized Optical Fiber

Light undergoes the group delay when passing through an optical fiber. The
group delay can be represented as [46]

τ =
L

c
(n− λdn

dλ
) (4.1)

where τ is the group delay, L is the length of optical fiber, c is the light speed
in vacuum, n is the refractive index at core center, and λ is the wavelength.

In the jacketed optical fiber, the temperature, humidity, and the longitudinally-
applied mechanical tension acting on the fiber (such as the jacket tension)
bring changes in both fiber length and refractive index, each of which affects
the group delay [46, 47, 48, 49, 50]. The phase drift (at degree) caused by
the group delay at a certain frequency (fcrf ) can be represented as

φ = 2πfcrf · τ · 360° (4.2)

From Eq. (4.1), the group delay is also depending on wavelength, thereby
resulting in the chromatic dispersion in the single-mode optical fiber. Wave-
length dispersion will be explained in Section 4.1.2. A special optical fiber
called phase-stabilized optical fiber was widely used for RF reference dis-
tribution in SuperKEKB injector LINAC and rings. In comparison to the
standard silica optical fiber with positive thermal expansion coefficient, the
silica glass of the PSOF is coated with a liquid crystal ploymer (LCP) with
negative thermal expansion coefficient [51]. Thus, the thermal coefficient of
the PSOF is reduced to be less than 5 ps/km/◦C. Accordingly, the humidity
coefficient of the PSOF is also changed owing to the LCP coating. Nowadays,
only Furukawa Electric Co., Ltd. [53] can provide the PSOF.

Wavelength Dispersion

According to Eq.(4.1), group delay not only depends on the length of op-
tical fiber, refractive index, but also wavelength. The propagation velocity
through a dielectric medium depends on the optical angular frequency or
wavelength [54]. The most often used parameter for measuring the chro-
matic dispersion is the dispersion coefficient D, which is defined as

D =
dτg
dλ

[
ps

nm · km
] (4.3)

where dτg is the group delay per unit length and λ is the optical wavelength.
In optical fiber, the chromatic dispersion consists of material dispersion

and waveguide dispersion. Material dispersion depends on the refractive in-
dex of the core and cladding on the optical wavelength. Waveguide dispersion
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depends on fiber-design parameters such as core radius and core-cladding in-
dex difference. This waveguide dispersion is also defined as the dependence
of the effective refractive index on light wavelength. Thus, the chromatic
dispersion coefficient, including the contributions of material dispersion and
waveguide dispersion, are typically modeled using the Sellmeier formula [55]

D(λ) =
S0

4
(λ− λ0

4

λ3
) (4.4)

where S0 is the chromatic dispersion slope at the zero dispersion wavelength
λ0. Thus, the chromatic dispersion coefficient is dependent on the wave-
length.

4.2 Temperature and Humidity Dependency

at Injector LINAC

In Section 3.5, several degrees of phase drifts were observed in the optical link
at the LINAC gallery owing to the temperature and humidity fluctuations in
the LINAC gallery, where the temperature is stabilized within ±1 ◦C by air
conditioners but there is no humidity control. The 2856 MHz REF is close
to sector 1; therefore, the PSOFs are distributed from sector 1 to sector 2-5
in the gallery. The RF phase of PSOF is affected by the gallery temperature
and humidity. To reduce the temperature effect on the phase monitor system,
the RF components, E/O and O/E modules, and digital boards are situated
inside the temperature stabilized chamber (TC) with more precise control
of ±0.1 ◦C. Therefore, the E/O and O/E modules are mainly influenced by
the humidity due to the small temperature fluctuation. All temperatures
and humidities are measured at the same time with the phase drift in the
transmitted reference signal. All fluctuations are discussed in pk-pk.

4.2.1 Humidity Dependency

The humidity sensors are only installed inside the chamber at each sector
instead the gallery. However, the humidity change trend inside the chamber
can indicate that in the gallery. There is only a slight difference between
them. Figure 4.1 represents the phase drift in each part and the changes
in humidity around them. It was found out that phase drift depends on
humidity and is negatively correlated to it. Humidity varies from 13 to
37%RH (relative humidity) over seven days. The changes in humidity at
each sector is summarized in Table 4.2. The maximum (max.) humidity
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change is 24%RH. Furthermore, the humidity effect on the components or
PSOF is as slow as several hours, implying that phase drift lags behind the
changes in humidity by several hours. Furthermore, the phase drifts of the
E/O and O/E modules are very smooth but there are some glitches in the
PSOF phase drift due to the temperature of the gallery.

Figure 4.1: Humidity inside the chamber at each sector for seven days. SBnH:
humidity inside the chamber at sector n.

Table 4.2: Humidity change at each sector.

Sector SB2H SB3H SB4H SB5H

Humidity [%RH] 24.1 17.4 14.7 13.7

4.2.2 Temperature Dependency

The temperature sensors are installed in the gallery and inside the chamber
at each sector. The temperature fluctuations inside the chamber at sector
1 to 5 are ±0.1 ◦C. Figure 4.2 shows the gallery temperature fluctuations
from sector 1 to 5. Although the gallery temperature is controlled within
±1 ◦C, the fluctuation varies in each sector. The PSOF is distributed from
sector 1 to sector 2-5 to ensure that it is affected by the gallery temperature
in different sectors. The PSOF distributed to sector 2 is affected by the
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gallery temperature in sector 1 and 2. However, the PSOF distributed to
sector 5 is affected by the gallery temperature in sector 1,2,3,4,and 5. The
effect is accumulated by all the temperature fluctuations where the PSOF
goes through. It is difficult to determine the temperature dependency from
Fig. 4.2 because the humidity effect is included. Thus, we focus on the
glitches and discuss the temperature effect individually in each sector.

Figure 4.2: Phase drift in PSOF vs. temperature fluctuation at LINAC gallery.
SBnGT: temperature in LINAC gallery in sector n.

Figure 4.3, 4.4, 4.5 and 4.6 show the phase drift in PSOF and sum of the
gallery temperature fluctuations in sector 1-2, 1-3, 1-4, and 1-5, respectively.
The data are taken from the first two of the seven days in Fig. 4.2. It
was found that the phase drift is negatively correlated to the sum of gallery
temperatures.
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Figure 4.3: Phase drift in PSOF vs. sum of gallery temperature fluctuations in
sector 1 to 2.

Figure 4.4: Phase drift in PSOF vs. sum of gallery temperature fluctuations in
sector 1 to 3.
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Figure 4.5: Phase drift in PSOF vs. sum of gallery temperature fluctuations in
sector 1 to 4.

Figure 4.6: Phase drift in PSOF vs. sum of gallery temperature fluctuations in
sector 1 to 5.
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4.3 Temperature and Humidity Characteris-

tics

The phase drifts in the PSOF and E/O, O/E modules are caused by the
temperature and humidity fluctuations in the environment.

4.3.1 Measurement Setup for PSOF

Figure 4.7: Configuration of the test system for PSOF.

According to Eq.(4.1), an exact calculation is impossible because the material
parameters are not fully provided by the cable manufacturers and their values
in the literature are widely different. To estimate the transmission time delay
of PSOF, the temperature and humidity coefficients are measured using a 4-
port network analyzer (NA, E5071C, Agilent Technologies). The setup of
the test system for PSOF is shown in Fig. 4.7. The 2856 MHz RF signal
from port 1 of NA is converted to optical signal by E/O. The optical signal is
transmitted by 120 m PSOF, which is placed in the temperature and humidity
controlled chamber (THC). The optical signal is converted to electrical signal
by O/E and received by port 2. Thus, the phase change in the S21 parameter
is measured when the temperature and humidity are changed near the PSOF
inside the THC. To reject the system phase drift, a coaxial cable of the same
length and the same pair of E/O, O/E modules (1 m) are used as reference.
Additionally, the E/O and O/E modules, coaxial cables, and NA are situated
inside the temperature stabilized chamber with temperature 28±0.1 ◦C. The
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Figure 4.8: Temperature and humidity control range for THC.

120 m PSOF is not convoluted on the spool but free to stretch in space
such that phase change is only caused by the temperature and humidity
fluctuations without other external forces.

In LINAC gallery, the temperature is controlled at 28±1 ◦C and the rela-
tive humidity varies from 10%RH to 50%RH. To avoid the influence of tem-
perature and humidity, the test temperature and humidity range are carefully
chosen for the device under test (DUT). The temperature and humidity con-
trol range of THC are illustrated in Fig. 4.8. The standard control range is
in the grey area. When the temperature is fixed to 28 ◦C as the temperature
in LINAC gallery, the relative humidity only can be controlled only above
30%RH. Relative humidityIt cannot be set from 10%RH to 30%RH. Consid-
ering the temperature and humidity in LINAC gallery, the control range of
THC, and the operation range of PSOF, the temperature is changed from
20 to 35 ◦C with fixed humidity at 50%RH to measure the temperature co-
efficient and the relative humidity is changed from 30 to 30%RH with fixed
temperature at 28 ◦C to measure the humidity coefficient.

Typically, optical fiber systems operate in the second (approximately
1310 nm) or third (approximately 1550 nm) telecommunication windows, where
the fiber attenuation is as low as≤ 0.5 dB/km and≤ 0.2 dB/km, respectively.
To confirm the temperature and humidity characteristics of the optical fiber
in the second and third windows, the temperature and humidity coefficients
are measured at both optical wavelengths of 1310 nm and 1550 nm.
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Measurement Result of Temperature Coefficient

The temperature is changed by 2 ◦C every 2 h from 20 to 35 ◦C. The phase of
PSOF (SIG) is measured by the RF phase of S21 and the system phase drift
(REF) is measured by the RF phase of S43. The calibrated phase drift (CAL)
is obtained by subtracting REF from SIG (CAL = SIG - REF). Temperature
and humidity sensors are installed inside the TC and THC to ensure the real-
time temperature and relative humidity are monitored. Figure 4.9(a) shows
the measurement result of the REF and SIG phase drift in PSOF with an
optical wavelength of 1310 nm. The REF phase drift is as small as 0.055°
and the SIG phase drift is changed owing to the PSOF temperature change.
Figure 4.10(b) represents the CAL phase drift of PSOF and temperature
change inside THC. The CAL phase has strong negative correlation with the
temperature inside THC. The linear fitting equation is shown in Fig. 4.9(c).
The temperature coefficient is -0.2612◦/120 m/� which corresponds with the
transmission time delay of -2.1168 ps/km/� at 2856 MHz.

The same setup is adopted to measure the temperature and humidity
coefficients of PSOF with a wavelength of 1550 nm. The result is shown in
Fig. 4.10. The temperature coefficient is -0.2365◦/120 m/�, which corre-
sponds with the transmission time delay of -1.9169 ps/km/� at 2856 MHz.
The temperature coefficient difference is 0.0247◦/120 m/�, corresponding to
0.2 ps/km/� at 2856 MHz, as shown in Fig. 4.11.

Figure 4.11: Thermal transmission time delay of PSOF with 1310 nm and 1550 nm.
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(a) REF, SIG phase of PSOF vs. temperature inside THC.

(b) CAL phase of PSOF vs. temperature inside THC.

(c) Linear fitting between 2856 MHz CAL phase and temperature.

Figure 4.9: Temperature coefficient measurement of PSOF with a wavelength of
1310 nm. 55



(a) REF, SIG phase of PSOF vs. temperature inside THC.

(b) CAL phase of PSOF vs. temperature inside THC.

(c) Linear fitting between 2856 MHz CAL phase and temperature.

Figure 4.10: Temperature coefficient measurement of PSOF with a wavelength of
1550 nm.
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Measurement Result of Humidity Coefficient

Considering the standard control range of THC, the humidity is changed
from 30 %RH to 70 %RH with a fixed temperature of 28 ◦C to measure the
humidity coefficient. The moisture needs more time to affect the optical
fiber. Thus, the relative humidity is changed 10 %RH per 10 h from 30 %RH
to 70 %RH. The measurement result is shown in Fig. 4.12. The CAL phase
of PSOF has positive correlation with relative humidity. Unfortunately, the
temperature is not controlled well from 30 %RH to 50 %RH, as shown in
Fig. 4.12(b). The temperature fluctuation is up to 1.5 ◦C which induces exter-
nal phase drift. This temperature induced phase error (TPE) is estimated to
be -0.39◦ based on the measured temperature coefficient -0.2612◦/120 m/�.
This error is removed from the CAL phase. The corrected CAL phase is
used to estimate the humidity coefficient of PSOF. The humidity coefficient
is 0.0799◦/120 m/%RH, which corresponds the transmission time delay of
0.6475 ps/km/%RH at 2856 MHz.

With the same setup and data analysis method, the result of measuring
the humidity coefficient with a wavelength of 1550 nm is shown in Fig. 4.13.
The TPE is also rejected from the CAL phase. The humidity coefficient is
0.7◦/120 m/%RH, which corresponds with the transmission time delay of
0.5674 ps/km/%RH at 2856 MHz. The humidity coefficient difference is
0.0099◦ /120 m/%RH, corresponding to 0.08 ps/km/%RH at 2856 MHz, as
shown in Fig. 4.14. The difference between the coefficient of temperature
and humidity is due to the optical wavelength difference of 240 nm (1310 nm,
1550 nm), which is explained in detail in Section 4.1.2.

Figure 4.14: Transmission time delay (humidity) with wavelengths of 1310 nm and
1550 nm.
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(a) CAL (SIG-REF) phase vs. temperature/humidity inside THC.

(b) Inside temperature induced phase drift.

(c) Linear fitting between CAL phase (corrected) and humidity.

Figure 4.12: Humidity coefficient measurement of PSOF with a wavelength of
1310 nm.
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(a) CAL (SIG-REF) phase vs. temperature/humidity inside THC.

(b) Inside temperature induced phase drift.

(c) Linear fitting between CAL phase (corrected) and humidity.

Figure 4.13: Humidity coefficient measurement of PSOF with a wavelength of
1550 nm. 59



4.3.2 Measurement Setup for E/O and O/E modules

The E/O and O/E modules are mostly used as one pair. The setup of
temperature and humidity coefficient measurement for one pair of E/O and
O/E modules is shown in Fig. 4.15. A short optical link including one pair
of E/O and O/E module with 1 m optical fiber is situated inside the THC to
change the temperature and humidity near the E/O and O/E module. The
phase change is measured by ports 3 and 4 of NA (S43). To reject the system
phase drift, the same length of coaxial cable is adopted and its phase drift is
monitored by ports 1 and 2 (S21) for reference. Only the 1310 nm wavelength
is measured to analyze the contribution of E/O and O/E modules to the long
optical link at SuperKEKB injector LINAC.

Figure 4.15: Configuration of the test system for one pair of E/O and O/E modules.

Measurement Result of Temperature Coefficient

The optic components of E/O and O/E modules are covered by a sealed
box, indicating that temperature requires time to show any effects. The
temperature inside THC is changed by 5 ◦C per 5 h from 25 to 40 down to
25 ◦C with a stable relative humidity of 50%RH. The phase of SOPT (SSIG)
and the reference coaxial cable (SREF) are measured by S43 and S21 of NA,
respectively. The calibrated phase drift of SOPT (SCAL) is obtained by
subtracting SREF from SSIG (SCAL = SSIG - SREF). Figure 4.16(a) shows
the measurement result of the SREF and SSIG phase drifts of SOPT with
an optical wavelength of 1310 nm. A part of the reference cable is inside the
THC so that the SREF phase drifts by 0.3° due to the temperature change
inside THC. The SIG phase drifts 9.73°. As shown in Fig. 4.16(b), the SCAL
phase has strong negative correlation with the temperature inside THC. The
linear fitting equation is shown in Fig. 4.16(c). The temperature coefficient
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is -0.6327◦/� corresponding to -0.6154 ps/� at 2856 MHz.

Measurement Result of Humidity Coefficient

For humidity coefficient measurement, it is necessary to keep the temperature
very stable when the relative humidity is changed. As shown above, the
temperature coefficient of the E/O and O/E modules is very large such that
the temperature stability will significantly influence the observed phase drift.
To maintain a stable temperature, the relative humidity is changed between
40 %RH and 70 %RH with a fixed temperature of 30 ◦C; however, it is
different from the normal operation status. The relative humidity is changed
by 10 %RH per 10 h from 40 %RH to 70 %RH down to 40 %RH. The
measurement result is shown in Fig. 4.17.

As shown in Fig. 4.17(a), the SCAL (SSIG-SREF) phase has negative
correlation with the relative humidity inside THC. However, there are two big
phase jumps in the dotted circle line when the relative humidity is changed
from 40 %RH up to 50 %RH and 50 %RH down to 40 %RH. To analyze
the source of the phase jump, the temperature inside the THC is illustrated
in Fig. 4.17(b) and it is evident that there are temperature fluctuations of
−0.8 ◦C at the phase jump points. The temperature induced phase error
of SOPT (STPE) is estimated to be +0.51◦ according to the temperature
coefficient -0.6327◦/�. This phase jump is well compensated, as represented
via black lines. The corrected SCAL phase (CSCAL) is used to estimate the
humidity coefficient of the E/O and O/E modules. As shown in Fig. 4.17(c),
the humidity coefficient is -0.0352◦/%RH, corresponding to -0.0342 ps/%RH
at 2856 MHz.

4.4 Summary of Temperature and Humidity

Coefficients

The temperature and humidity coefficients of PSOF at wavelengths of 1310 nm
and 1550 nm and one pair of E/O and O/E modules at 1310 nm are mea-
sured. The temperature and humidity coefficients and the test environment
are summarized in Tables 4.3 and 4.4, respectively. The humidity coefficient
is much smaller than the temperature coefficient. However, the temperature
is stabilized within ±1 ◦C and the humidity is not controlled in the LINAC
gallery. Although the humidity coefficient is very low, large relative humidity
fluctuation was monitored from 10-50%RH during one year (May 2017-2018).
Therefore, the phase drift due to the humidity fluctuation becomes serious.
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(a) SREF, SSIG phase of SOPT vs. temperature inside THC.

(b) SCAL phase of SOPT vs. temperature inside THC.

(c) Linear fitting between SCAL phase and temperature.

Figure 4.16: Temperature coefficient measurement of E/O and O/E modules with
a wavelength of 1310 nm.
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(a) SCAL (SSIG-SREF) phase vs. temperature/humidity inside
THC.

(b) Inside temperature induced phase drift.

(c) Linear fitting between CSCAL phase and humidity.

Figure 4.17: Humidity coefficient measurement of E/O and O/E modules with a
wavelength of 1310 nm.
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As mentioned in Section 4.2, the humidity and temperature fluctuations
were monitored to be 24%RH and ±1 ◦C, respectively, in the LINAC gallery.
The outside humidity was roughly the same as the inside humidity. According
to the temperature and humidity coefficients with a wavelength of 1310 nm,
the phase drift of 600 m PSOF is roughly estimated to be 9.6◦ by humidity
fluctuation and ±1.3◦ by temperature fluctuation. Therefore, the total phase
drift is estimated from 8.3◦ to 10.9◦. The measured phase drift of 600 m
PSOF in Section 3.5.2 is 9.77◦, which is located in the estimation range.
The E/O and O/E modules are located inside the temperature stabilized
chamber, where the temperature is controlled within ±0.1 ◦C. The phase
drift of the E/O and O/E modules is estimated to be 0.845◦ by humidity
fluctuation and ±0.063◦ by temperature fluctuation. Therefore, the phase
drift is 0.9◦. The measured phase drift of the E/O and O/E modules is 1.47◦.
The estimated phase drift almost matches with the measured result but not
precisely. One possible reason is that the measured value is calculated by
data analysis including the measurement error. Another possible reason is
that the humidity and temperature fluctuations are not accurate. Finally, the
humidity and temperature range of the temperature and humidity coefficients
are not exactly the same as the real environment in the LINAC gallery. We
can use the temperature and humidity coefficients to roughly estimate the
phase drift. It is very useful for the phase stabilization system.

For PSOF, it is found out that the temperature and humidity coeffi-
cients are different at different operation wavelengths (1310 nm, 1550 nm).
The wavelength difference affects the transmitted phase stability in the RF
reference phase stabilization system.

Table 4.3: Temperature Coefficient of PSOF, E/O and O/E modules. WL: Wave-
length, TEMP: Temperature, HUMI: Humidity.

WL TEMP HUMI Coefficient Time Delay

PSOF 1310 nm 20-35 ◦C 50%RH -0.2612◦/120m/� -2.1168 ps/km/�
PSOF 1550 nm 20-35 ◦C 50%RH -0.2365◦/120m/� -1.9169 ps/km/�
E/O+O/E 1310 nm 25-40 ◦C 50%RH -0.6327◦/� -0.6154 ps/�

Table 4.4: Humidity Coefficient of PSOF, E/O and O/E modules.

WL TEMP HUMI Coefficient Time Delay

PSOF 1310 nm 28 ◦C 30-70%RH 0.08◦/120m/%RH 0.6475 ps/km/%RH
PSOF 1550 nm 28 ◦C 30-70%RH 0.07◦/120m/%RH 0.5674 ps/km/%RH
E/O+O/E 1310 nm 30 ◦C 40-70%RH -0.0352◦/%RH -0.0342 ps/%RH

64



Chapter 5

Drift Compensation for Phase
Monitor System

Phase detectors with high stability and accuracy are required by many sys-
tems in particle accelerators, such as the LLRF system and the RF reference
phase distribution system. The RF phase must be measured with high accu-
racy on the scale of tens of femtoseconds or even sub-10 fs for several hours
or days. The long-term measurement stability of a phase monitoring sys-
tem is mainly affected by environmental changes such as the variations in
temperature and humidity.

The RF signal with very high frequency (such as 2856 MHz) is usually
down-converted to an IF signal, digitized, and processed in an FPGA board.
In the synchronization system, the phase monitoring system is used to mea-
sure the phase drift between a reference signal from MO and the RF signal
distributed to a remote location. Many RF components are used in the
front-end circuit such as mixer, BPF, power splitter, and coaxial cables.
Temperature and humidity drifts of these RF components are not perfectly
correlated, and they induce long-term measurement error.

In this chapter, the phase drift of the phase monitoring system is pre-
sented. The sources of phase drift are analyzed. Several solutions for phase
drift compensation are proposed, such as two-tone calibration (TTC) im-
plemented by the Lawrence Berkeley National Laboratory (LBNL) and drift
compensation module (DCM) developed by DESY. A method called reference
tracking (RTC) is used at the SuperKEKB injector LINAC. The long-term
performance is evaluated. Finally, the performance of RTC and DCM is
compared.
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5.1 Monitoring System Phase Drift

Several techniques are applied to detect the RF phase [38]. At Injector
LINAC, the 2856 MHz RF phase is detected using the oversampling tech-
nique, as described in Chaper 3. The down-conversion stage is necessary.
Two different FPGA boards are applied to measure the phase drift of four
optical links at LINAC. As shown in Fig. 3.9, the 2856 MHz RF reference sig-
nal is split into four: two are used for LO generation for both FPGA boards
and the other two are used as references to the two FPGA boards, individ-
ually. These two reference signals are measured by an ADC of two FPGA
boards, which enables the evaluation of the monitoring system phase drift.
The long-term phase drift of each monitoring system is shown in Fig. 5.1.
The time slot is the same as in Section 3.5. The phase drifts in REF1 and
REF2 indicate the phase drift of the monitoring system based on FPGA
board 1 and FPGA board 2, respectively. The system drifts of board 1 and
board 2 are 4.45° and 3.97°, respectively. Although the same LO is used,
a phase difference of 0.48° was observed between the two monitors. The
monitor system is situated inside the temperature stabilized chamber with a
stability of ±0.1 ◦C at sector 1 but there is no humidity regulation. Thus, the
humidity fluctuation at sector 1 is observed as 26%RH presented in Fig. 5.1.
It was found that the system phase drift depended on humidity and the phase
drift lagged behind the humidity change for ∼ 7 h. Coaxial cable (Candox
5B-008X-23-23-10000) and a normal cavity-type BPF were used.

Figure 5.1: Long-term phase drift of the monitoring system at injector LINAC.
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5.2 Sources of Phase Drift

The sources of such large system phase drift are the front-end circuit (e.g.,
mixer, BPF, LPF, attenuator, and coaxial cable) and the FPGA board (e.g.,
chips, electric components, and printed circuit board (PCB) routing). They
are very sensitive to the fluctuation in temperature and humidity. It was
found that the system phase drift is suppressed by the changes in the type
of coaxial cable and BPF.

5.2.1 Coaxial Cable

The delay stability of the coaxial cable is very sensitive to temperature and
humidity. In LO generation, several coaxial cables are used to connect the
RF components and the phase drift from the coaxial cable can make signifi-
cant contributions to the system phase drift. Initially, a type of coaxial cable
commercialized by Candox system Inc. (Candox 5B-008X-23-23-10000) [56]
was used, as shown in Fig. 5.2(a). The result in Fig. 5.1 is based on this
type of coaxial cable and the system phase drift is very large. The detailed
data on delay stability caused by temperature and humidity are generally
not available to the manufacturers. To choose a coaxial cable with low tem-
perature and humidity coefficient, five types of cables, commonly used in
our laboratory, were ordered and tested. Their performances are shown in
Appendix A.

(a) Coaxial cable commercialized by
Candox system Inc., initially used in the
monitoring system.

(b) Coxial cable commercialized by
HUBER+SUHNER, newly selected to
reduce the monitoring system phase drift.

Figure 5.2: Coaxial cable used in the monitoring system.

A similar test system, as shown in Section 4.3, is constructed. The coax-
ial cable is located inside the temperature and humidity controlled chamber.
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By changing the temperature with stable humidity, the temperature coeffi-
cient is calculated at 2856 MHz. Similarly, by changing the humidity with
stable temperature, the humidity coefficient is estimated. The detailed data
and measurement result is summarized in A. The temperature and humidity
coefficients of the Candox cable are 145 ps/km/◦C and −23 ps/km/%RH, re-
spectively. Its delay stability is the most sensitive to both temperature and
humidity, in comparison to other four types. The temperature of the moni-
toring system is stabilited but the humidity remains uncontrolled. To reduce
the phase drift from the coaxial cable, a coaxial cable (S0472B) commer-
cialized by HUBER+SUHNER [57] is chosen owing to its lowest humidity
coefficient −0.25 ps/km/%RH and its second lowest temperature coefficient
−30 ps/km/◦C. The temperature and humidity coefficients are improved by
five and 92 times, respectively.

The newly selected HUBER+SUHNER cable is used to connect the RF
components instead of the Candox cable. Figure 5.3 describes the phase drift
of the monitoring system using the HUBER+SUHNER cable with temper-
ature and humidity fluctuations. The temperature is well stabilized but the
humidity fluctuation is 18%RH. The phase drift of the monitoring system is
improved from 4.45° (∆H = 26%RH) to 0.45° (∆H = 18%RH).

Figure 5.3: Phase drift of the monitoring system using HUBER+SUHNER cable.

5.2.2 Band Pass Filter

The other main source of the system phase drift is the BPF used in LO gen-
eration. Figure 5.4 shows the photo of cavity-type BPF with narrow band-

68



width. The center frequency is 2870 MHz and the bandwidth is ±5 MHz.
In the beginning, a normal type is initially used in the monitoring system,
as shown in Fig. 5.4 (a). The temperature and humidity coefficients are
−1.82°/◦C and −0.11°/%RH at 2870 MHz, respectively. It is very sensitive
to humidity. This phenomenon was first found in the LLRF system of the
compact energy recovery LINAC (cERL) at KEK [45]. The system phase
drift is suppressed after enclosing the BPF with desiccant (silica gel) in a
box. Thus, a waterproof BPF is customized to reduce the monitoring sys-
tem phase drift. The temperature and humidity coefficients are measured to
be −1.73°/◦C and −0.0037°/%RH at 2870 MHz, respectively. The sensitiv-
ity to the temperature is almost the same but it is insensitive to humidity
fluctuation.

Figure 5.4: BPFs used in the monitoring system. (a) Customized waterproof type
BPF to reduce the monitoring system phase drift, (b) normal cavity-type BPF,
initially used in the monitoring system.

5.3 System Phase Drift Compensation

In addition to the coaxial cable and BPFs, there are many other RF com-
ponents such as mixer, power splitter, attenuator, and amplifier that are
also used in the monitoring system. It is difficult to measure and compare
the temperature and humidity coefficients one by one and change all compo-
nents. Howerve, some components that are highly sensitive to environment
changes can be sealed but a small phase drift still remains. A few methods to
compensate the monitoring system phase drift have been proposed for CW
and pulse machine. The schematic design and long-term performance are
presented and compared.
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5.3.1 Two-Tone Calibration for CW Machine

In the synchronization system, the phase monitoring system measures the
phase drift between a reference signal and the RF signal distributed to a
remote location to evaluate the performance of the phase stabilization sys-
tem. The RF signal is down-converted to an IF signal and the RF phase is
measured. As shown in Fig. 5.5, a CW double side-band suppressed carrier
signal (DSB-SC) is added to the RF signal as a common mode between both
channels, which is called a calibration signal (CAL). The phase drift in the
front-end circuit is measured by this CAL signal and the system phase drift
can be compensated. This method is proposed by LBNL and known as two-
tone calibration [58]. This technique can be applied in the synchronization
system, LLRF system, and potentially other accelerator subsystems.

Figure 5.5: Schematic diagram of the two-tone calibration method [58].

At the receiver side, the signal from a voltage-controlled crystal oscillator
(VCXO) (SIG) should follow the stable reference (REF) from the fiber link.
To measure the phase drift between SIG and REF, the front end circuit
with TTC contains two down-converted channels (REF, SIG) and one up-
converted channel (CAL). The DSB-SC signal with the frequency of 1 MHz
(cal) is synthesized by a DAC and up-converted to a CAL signal with the
frequency of RF±cal by a mixer. The CAL signal is split into two: one is
combined with the RFF signal and propagated from C to D, the other is
combined with the SIG signal and propagated from E to F. In the sync head,
the phase delay in the signal path inside the splitter and combiners are not
common to both signals and cannot be canceled; thus, the sync head is well
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temperature stabilized within a stability of 0.01 ◦C. The algorithm and the
signal processing are explained in detail in [58]. The phase accuracy of the
monitoring system achieved 15 millidegrees (rms) at 2856 MHz corresponding
to 13 fs.

This method is further studied and applied at DESY. It is applied in the
phase detection at 1.3 GHz using the undersampling technique [59] and can
be extended to a measurement bandwidth of up to 3.0 GHz or 3.9 GHz using
the oversampling technique [60]. Figure 5.6 shows the simplified scheme of
the phase drift detector at 1.3 GHz using the undersampling technique with a
two-tone calibration circuit. The phase detector is located in a temperature
controlled chamber. As shown in Fig. 5.7(a), the temperature is changed
from 18 ◦C to 33 ◦C and down to 18 ◦C with 1 ◦C per 30 min. The relative
humidity fluctuation is ∼ 10%RH. During the measurement, the calibration
circuit consisting of a power splitter and two combiners was temperature
stabilized within ±0.1 ◦C and humidity stabilized within ±0.1%RH.

Figure 5.6: Simplified scheme of the phase drift detector at 1.3 GHz using under-
sampling technique with a two-tone calibration circuit [59].

The long-term stability with and without the TTC circuit is shown in
Fig. 5.7(b). Without the TTC circuit, the system phase drift depended on
the temperature change and a phase drift of 0.023° (pk-pk) was observed
corresponding to 50 fs at 1.3 GHz. With TTC circuit, the phase drift is sup-
pressed within 0.01° (pk-pk) corresponding to 22 fs. It is concluded that the
system phase drift can be smaller without the down-conversion stage (sys-
tem phase drift is in hundreds of femtoseconds level with down-conversion at
injector LINAC but in tens of femtoseconds level without down-conversion),
and the TTC circuit is effective in compensating the system phase drift for
CW machines. However, the TTC method is very complicated in the algo-
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rithm and implementation (programming).

(a) Temperature and humidity change in-
side the chamber.

(b) Long-term stability with/without
the two-tone calibration circuit.

Figure 5.7: Long-term stability with/without the two-tone calibration circuit and
the environment change where the phase detector is located [59].

5.3.2 Drift Compensation Module for Pulse Machine

In the pulse machine, the reference signal is not always required. A drift com-
pensation module with an RF switch is developed to compensate the mon-
itoring system phase drift at DESY for pulse machine [61]. The schematic
diagram of DCM used for the LLRF system is shown in Fig. 5.9. An RF
switch is applied before the LLRF system.

Figure 5.8: Schematic diagram of drift compensation module [61].

The procedure of phase drift compensation consists of two stages:
(1) Before the filed detection, the RF switch is connected to position

À (reference signal) to measure the system phase drift. This phase drift is
calculated and compensated inside the FPGA board.
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(2) After phase drift compensation, the RF switch is connected to position
Á to detect the cavity field.

Figure 5.9: Principle of DCM operated for pulse machine [61].

By using this method, the system phase drift and cavity filed are detected
by the same front-end board and signal processing board, respectively. This
can avoid the phase difference between different ADC channels. However,
the phase drift of the RF switch cannot be measured and canceled. The
RF switch is carefully sealed with temperature stabilization within 0.005 ◦C
and humidity stabilization within 1%RH. The LLRF system is inside the
temperature stabilized rack.

To evaluate the performance of DCM, a test system is constructed, as
shown in Fig. 5.10 [62]. A 1.3 GHz RF signal is split into two by a power
spliter, which is passive stabilized: one is used as the reference and the other
is used as the signal that needs to be measured (e.g., cavity signal). All test
systems are located inside the rack. Ideally, the phase drift between the two
signals is approximately zero with DCM.

Figure 5.10: Test system for DCM [61].

Figure 5.11 presented the measurement result. By changing the temper-
ature (∆T = 5 ◦C) inside the rack, the phase drift was suppressed from 5°
(pk-pk) to 0.02° (pk-pk) at 1.3 GHz. However, this phase stability included
the phase drift of the power splitter because it is only passive stabilized. By
changing the humidity (∆H = 40%RH) inside the rack, the phase drift of the
LLRF system was suppressed from 3.3° (pk-pk) to 0.02° (pk-pk) at 1.3 GHz.
Thus, it can be concluded that phase stability using DCM can achieve be-
low 0.02° (pk-pk) at 1.3 GHz corresponding to 43 fs. This method is very
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simple and easy to implement. However, it should be noted that excellent
packaging/sealing is required for the RF switch. Detailed information can be
found in [60, 62]. This module is already used in the Free Electron Laser in
Hamburg (FLASH) at DESY.

(a) Phase stability with/without DCM by changing temperature.

(b) Phase stability with/without DCM by changing humidity.

Figure 5.11: Phase stability with/without DCM by changing temperature and
humidity [61].

5.3.3 Reference Tracking

As shown in Fig. 5.12, the reference signal is used for LO and clock (CLK)
generation. The reference signal is measured by an ADC and the signal to
be monitored is measured by another ADC. The LO and CLK generation
is common to both signals. As mentioned above, the phase drift of the
reference signal indicates phase drift of the monitoring system. To reject
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the system phase drift, the reference phase is directly subtracted from the
monitored phase. This method is called reference tracking. It is efficient
only for symmetric structures and the RF cable used to connect the RF
components should be carefully selected.

Figure 5.12: Schematic diagram of the reference tracking method for system drift
compensation at SuperKEKB injector LINAC.
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Figure 5.13: Four-channel reference tracking at the test stand.

The method is used in the phase monitoring system at SuperKEKB in-
jector LINAC. To evaluate the long-term performance of RTC, four-channel
reference tracking is constructed in the test stand. Figure 5.13 describes the
configuration of the 4-channel reference tracking. The 2856 MHz reference
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signal is split into three by a four-port power splitter (ZA4PD-S+) from
Mini-Circuits [63]. Two signals (REF5, REF6) are used for LO and CLK
generation. One (REF0) continues to split into four (REF1, REF2, REF3,
REF4). These signals are down-converted to an IF signal by four split LO
signals and then measured by four ADCs. The configuration is symmetric
and HUBER+SUHNER coaxial cables with 1 m length are used. The system
is located inside a chamber that was temperature stabilized with ±0.1 ◦C but
the humidity is not controlled.

Figure 5.14 shows the long-term phase stability with/without the RTC
method and environment changes in the monitoring system. The temper-
ature is stabilized within 0.1 ◦C (pk-pk) and the humidity fluctuation is
11%RH. The system phase drift can be evaluated as 1.3° at 2856 MHz from
the phase drift in the reference signals (REF1 to REF4), as shown in Fig. 5.14.
It is mainly affected by changes in humidity. Using the TRC method, the
system phase drift is significantly suppressed by subtracting the REF1 phase
from the phases of other signals.

RTCn = REFn−REF1 (5.1)

The long-term (80 h) phase drift is suppressed from 1.3° to 0.03° at 2856 MHz
corresponding to 28 fs, as presented in Fig. 5.15. Thus, the phase stability
with reference tracking method is comparable with two-tone calibration and
DCM using good coaxial cable and symmetric structure.

As presented in Fig. 5.15, a small phase drift still remained and the phase
drift between ADC4 and ADC1 was smaller than that between ADC2 and
ADC1, ADC3, and ADC1. Furthermore, it was found that the residual phase
drift was influenced by changes in humidity. The possible source is the phase
difference between the four ports of the power splitter and the PCB routing
path of the digital FPGA board. Figure 5.16 shows a photo of the structure
of the four-port splitter used in the test system. The routing paths between
ports 1 and 4 and ports 2 and 3 are symmetric. However, the routing path
between port 1 and port 2 is not symmetric. Thus, the path is not exactly
the same for the four ports and the time delay caused by the environment is
a little bit different for each to port.

In conclusion, the reference tracking method is very simple and easy to
implement but it is only effective in a symmetric structure. The RF coaxial
cable should be carefully selected and some important RF components (such
as the power splitter) should be well sealed. The disadvantage is that it can
suppress only the correlated noise, not the uncorrelated noise.
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Figure 5.14: System phase drift with/without RTC method and environmental
changes inside the chamber.
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Figure 5.15: System phase drift compensation with RTC method (zoomed data of
Fig. 5.14).
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Figure 5.16: Four-port power splitter.

5.3.4 Comparison of System Phase Drift Compensa-
tion using DCM and RTC at DESY Test Stand

In the laboratory, both RTC and DCM are demonstrated to compensate the
monitoring system phase drift. To compare the long-term performance, a
test system using DCM and RTC is constructed at the DESY test stand.
Figure 5.17 shows the setup of the test system. A 1300 MHz reference signal
is generated by a signal generator. A coupled portion is used to generate the
LO and CLK signals with a 2 m coaxial cable (Type 3). The main portion
of the reference signal is split into two: one is fed to the DCM module as a
reference (REF) and the other is used as the signal that needs to be monitored
(SIG). The Type 1 0.5 m coaxial cable is used. The REF signal is split into
seven channels and the RF switch is kept on the lower side for the reference
tracking mode except channel 1. The SIG signal is fed to channel 1 in the
DCM mode. All reference signals are fed to the down converter through the
1 m coaxial cable (Type 2) and the RF phase is detected by the LLRF system
used at the European XFEL. The RTC and DCM are not effective exactly at
the same time. This test system is operated in pulse mode. It works in the
RTC mode in the first RF pulse and then changes to the DCM mode in the
next RF pulse. The two modes are operated interchangeably. The duration
of the RF pulse is 100 ms. The temperature and humidity induced system
phase drift is much slower than the pulse duration. The same system phase
drift should be compensated using RTC and DCM.
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Figure 5.17: Setup of phase drift compensation using DCM and RTC at DESY
test stand.

The measurement result of the RTC between the seven channels and the
DCM is presented in Fig. 5.18. The system phase drift (REF1) is observed
to be 1.94° at 1300 MHz with open rack. This drift can be suppressed to
50 millidegrees (pk-pk) level using the DCM or RTC method. As shown in
Fig. 5.19, the system phase drift can be compensated within 47.8 millidegrees
(pk-pk) with DCM and controlled between 27.9 millidegrees (pk-pk) to 46.7
millidegrees (pk-pk) with RTC. The performance is comparable. However,
the residual phase drift with DCM can be affected by the external unsealed
splitter. The stability is expected to be improved by sealing the splitter. The
residual phase drift using the RTC method has a different direction than that
with DCM. In the setup, the seven-channel splitter and RF switch are well
sealed with stable temperature (0.005 ◦C) and humidity (1%RH). Thus, the
possible source of the residual phase is the uncorrelated noise, RF cables,
and some unbalanced PCB routing in the digital board.
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Figure 5.18: Long-term phase drift compensation of the monitoring system using
DCM and RTC.
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Figure 5.19: Comparison of long-term performance using DCM and RTC (zoomed
data of Fig. 5.18).
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Chapter 6

Demonstration of RF Reference
Phase Stabilization System for
Injector LINAC

Several techniques have been developed to stabilize the reference phase with
femtosecond precision. A phase stabilization system should be specific to
the current system at the injector LINAC, with low cost using commercial
components that are simple to implement. A reference phase stabilization
system using optic circulator and WDM technique are considered.

6.1 Phase Stabilization System with WDM

Technique

The WDM technique multiplexes several optical signals into a single optical
fiber with different light wavelengths (λ). It can be subdivided into coarse
WDM (CWDM) and dense WDM (DWDM). The CWDM technique is char-
acterized by the nominal central wavelength range from 1271 nm to 1611 nm
and wider central wavelength spacing of not less than 20 nm, as defined in
the ITU standard [64]. In contrast, the DWDM technique is characterized
by narrower central wavelength spacing (1.6 nm, 0.8 nm, 0.4 nm, or 0.1 nm),
as defined in the ITU standard [65].

In the early stage, the CWDM technique with two nominal wavelengths
of 1310 nm and 1550 nm are used in the phase stabilization system. The
wavelength of 1310 nm is applied for the transmission from the transmitter
to the remote receiver (λ1) and the wavelength of 1550 nm is used to send
the slow phase drift back through the same PSOF from the receiver to the
transmitter (λ2). Here, λ1 and λ2 denote the wavelength for forward path
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and the backward wavelength, respectively. As described in Section 4.1.2,
the group delay depends on the wavelength. Therefore, the transmitted
phase was found to depend on the wavelength difference (∆λ =240 nm) using
this feedback system [66]. Thus, the DWDM technique with wavelengths of
1550.12 nm and 1551.72 nm is considered (∆λ =1.6 nm).

To compensate the phase drift in the long optical link, the mechanical
VODL and PDFS are widely used for optical length control. VODL is driven
by a stepping motor with low resolution but large optical delay, with a range
of up to hundreds of millimeters. PDFS is driven by a piezoelectric ceramic
(PZT) with high resolution but small optical delay, whose range is limited
to several millimeters. Thus, it is recommended to apply VODL for coarse
control and PDFS for fine control in the phase stabilization system. In our
case, the measurement result with PDFS compensation are presented in this
chapter.

6.1.1 Schematic Design

Figure 6.1 shows the schematic diagram of the DWDM technique with PDFS
compensation. The 2856 MHz reference signal generated by the SG is split
into four using a four-port power splitter: (1) the reference signal from port
1 (REF) is directly measured to indicate the monitoring system phase drift,
(2) the reference signal from port 2 is used for LO and clock generation, (3)
the reference signal from port 3 is sent to one E/O module (at 1551.72 nm)
for reference distribution and feedback control, and (4) the reference signal
from port 4 (REF4) is directly measured by another ADC to confirm the
phase drift from the monitoring system.

For this system, the electrical signal is converted to the optical signal
with one wavelength (λ1) by an E/O. Then, the optical signal is transmitted
through 120 m PSOF, which is located inside the temperature and humidity
controlled chamber to ensure that the temperature and humidity can be
changed independently. To guarantee the free extension of the PSOF, the
fiber should be unbound in all measurements.

Finally, the optical signal is converted to the 2856 MHz electric signal by
an O/E. This setup is the same as that in the LINAC gallery. Thus, the
TRS phase drifts owing to the effects on temperature and humidity on the
PSOF. Physically, the REF and TRS signals are several hundred meters away
(e.g., 380 m from the MO to sector 5). To monitor the long-term TRS phase
drift, the electrical signal is sent back through the same PSOF using another
pair of E/O and O/E modules with another wavelength (λ2). The E/O
and O/E modules with special wavelength are customized by TAMAGAWA
Electronics Inc. [44]. Two WDMs are applied to combine and split the two

82



optical signals in the forward and backward paths. The phase drift of the
returned signal (RTN) is expected to be twice that of the TRS signal. This
phase drift is compensated by the piezo-driven fiber stretcher by adjusting the
optical path length. An integral (I) controller is applied for precise feedback
control. The TRS phase is monitored to evaluate the system performance.
To reduce the system phase drift, all rf/optic components are situated inside
the temperature stabilized chamber with a stability of ±0.1 ◦C.
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Figure 6.1: Schematic diagram of the DWDM technique with PDFS compensation.

The phase of the REF, RTN, TRS, and REF4 signals are monitored by
ADC1, ADC2, ADC3, and ADC4, respectively. After rejecting the system
phase drift, the phase drift of each signal can be represented as

∆φRTN = φRTN − φREF (6.1)

∆φTRS = φTRS − φREF (6.2)

∆φRTC41 = φREF4 − φREF (6.3)

∆φTRS = 1/2 ·∆φRTN
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where φREF is the system phase drift, φRTN is the phase drift of the RTN
signal, φTRS is the phase drift of the TRS signal, and φRTC41 is the phase
drift between ADC1 and ADC4, which indicates the phase stability of the
monitoring system by applying the reference tracking method described in
Section 5.3.3.

In our case, two close optical wavelengths of 1550.12 nm and 1551.72 nm
with a smaller optical wavelength difference (∆λ = 1.6 nm) are adopted for
the forward and backward paths (λ1 = 1550.12 nm, λ2 = 1551.72 nm).

6.1.2 Piezo-driven Fiber Stretcher

The PDFS (FST-001-B) with large delay range, high speed, low insertion loss
and analog/digital control was provided by General Photonics Inc. [69]. Its
optical delay range is up to 3 mm. The piezoelectric ceramics are packaged
in a metal enclosure including the piezo driver, as shown in Fig. 6.2. The
device is controlled by four independent PZTs such that there is an option
to drive each PZT individually for high resolution or collectively for large
stroke. In addition, each PZT can be controlled either with an analog sig-
nal (e.g., DC voltage) or a 12- bit transistor-transistor logic (TTL) signal.
Under analog control, the piezo driver acts as a 4-channel (CH) voltage am-
plifier with 30 V/V amplification. During digital control, the output voltage
can be controlled using a computer equipped with a digital I/O card or a
microprocessor.

Figure 6.2: Photo of PDFS (FST-001-B).

The main parameters are listed in Table 6.1. The phase change sensitivity
is 810π/V at 1550 nm in the case of analog input with four channels. Thus,
the time delay sensitivity can be calculated as

∆tdsen =
∆Pdsen
2π · fopt

=
∆Pdsen

2π
· λ
ν

=
810π/V

2π
· 1550 nm

3× 108
= 2.09 ps/V (6.4)
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where ∆tdsen is the time delay sensitivity, ∆Pdsen is the phase change sen-
sitivity, fopt and λ are the frequency and wavelength of the optical signal,
respectively, and ν is the speed of light (ν = 3× 108 m/s). The phase sensi-
tivity is 2.15°/V at 2856 MHz. In our case, the PDFS is driven by a 16-bit
DAC via analog control and four PZTs are collected for the large stroke. The

resolution of DAC output voltage can achieve
1

215
V. Thus, the resolution of

the PDFS time delay is 0.064 fs, which corresponds to 0.066 millidegrees at
2856 MHz.

Table 6.1: Specifications of the PDFS (FST-001-B).

Parameter Performance

Optical delay range > 3 mm
Phase change sensitivity 810π/V at 1550 nm (4 CHs)
Max. voltage on PZT 140 V
Internal voltage amplification 30 V/V
Analog input 4 CHs (max. 4.7 V for each CH)
Digital input 20-pin digital connector, 12-bit TTL
Operation Temperature 0 to 50 ◦C
Resonance frequency 2.2±0.3 kHz
Wavelength range 1260 to 1620 nm
Fiber type SMF-28 standard
Insertion loss <0.2 dB
Insertion loss variation <0.1 dB
Return loss >65 dB
Polarization dependent loss (PDL) <0.05 dB

To confirm the phase range and sensitivity of the PDFS at 2856 MHz,
the input voltage of PDFS is changed from 0 V to 4.7 V and the TRS phase
change is measured by ADC3. Figure 6.3 shows the relationship between
the RF phase change and the input voltage of PDFS. The phase change is
up to 10.5° at 2856 MHz with the maximum input voltage of 4.7 V, which
covered the phase drift of optical link in the gallery (max. 6°). The measured
sensitivity is 2.36°/V, including the measurement error and the hysteresis
effect of the PZT. This measurement result is consistent with the specification
(2.15°/V).

6.1.3 Timing Jitter

To confirm the short-term performance of the optical link, the integral timing
jitter is measured by the signal source analyzer (E5052B, Agilent Technolo-
gies). Figure 6.4 shows the SSB phase-noise power spectrum of the MO,
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Figure 6.3: Phase change at 2856 MHz as a function of the input voltage of PDFS.

TRS, and RTN signals from 10 Hz to 10 MHz. The measurement result is
summarized in Table 6.2. All jitters are found to be less than 100 fs (rms)
and the phase noise is less than 0.1° (rms) from 10 Hz to 10 MHz.
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Figure 6.4: DWDM scheme: SSB phase-noise power spectrum of the MO, TRS,
and RTN signals.

6.1.4 Short-term Stability

As shown in Fig. 6.5, short-term stability (10 ms) of each signal without
digital LPF is measured. The phase range is the same for all signals. The
result is summarized in Table 6.3. The phase stability of the reference signal
is 0.02° (rms). Owing to the insertion of the E/O, O/E modules and the long
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Table 6.2: DWDM scheme: Timing jitter of MO, TRS, and RTN signals at
2856 MHz.

Signal Power [dBm] Jitter [fs] Phase Noise [deg.]

MO -1.27 72.71 0.075
TRS -6.60 77.38 0.080
RTN -8.82 95.35 0.098

PSOF, the phase stability of the SOPT and TRS signal is gradually increased
to 0.046° (rms) and 0.05° (rms), respectively. However, the phase stability
of the RTN signal is as large as 0.108° (rms); thus, a digital IIR LPF with
bandwidth of 10 Hz is applied to reduce the ADC noise. The phase stability
of all the signals is improved to less than 0.004° (rms). Then, the short term
data of 10 ms are averaged for the long-term measurement.

Figure 6.5: Short-term (10 ms) phase stability without digital LPF.

Table 6.3: Short-term (10 ms) phase stability without digital LPF.

Channel ADC1 ADC2 ADC3

Signal REF RTN TRS

Stability (rms) 0.020° 0.108° 0.05°

6.1.5 Long-term Performance Evaluation

Long-term Phase Stability with Temperature Change

To estimate the phase drift of the transmitted signal, the temperature inside
THC is changed from 20 ◦C to 40 ◦C and down to 20 ◦C at a stable relative
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humidity of 40%RH as before. A step of 5 ◦C per 2 h is used. Without the
phase stabilization system, the phase drift of the transmitted signal due to
the temperature change is shown in Fig. 6.6. By changing the temperature
to 20 ◦C, the phase drifts of the TRS and RTN signals were 5.33° (pk-pk)
and 10.73° (pk-pk), respectively. The feedback loop was not adopted and the
DAC output was kept at 0 V.
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Figure 6.6: Temperature change: long-term phase drift of the RTN and TRS
signals without compensation using 1550.12 nm and 1551.72 nm.

To evaluate the system performance, the phase stabilization system is ap-
plied. The MO and transmitted signals are directly measured by the ADCs,
as shown in Fig. 6.7. The system phase drift is estimated to be 0.4375° and
0.4489° from ADC1 and ADC4, respectively. The phase difference between
ADC1 and ADC4 is as small as 0.0114° corresponding to 11 fs at 2856 MHz.
Thus, the system phase drift can be suppressed by subtracting the phase
drift in the REF or REF4. The system phase drift is caused by the environ-
mental change (humidity/temperature fluctuations) effect on the RF com-
ponents (e.g., power splitter, LO generation), RF cables, and PCB routing
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of the FPGA board; however, all components are located in the temper-
ature stabilized chamber. The temperature (SYSINTEMP) and humidity
(SYSINHUMID) inside the TC, where the feedback system is located, are
monitored by the sensors. As shown in Fig. 6.8, the temperature stability is
controlled within 0.17 ◦C (pk-pk) and the relative humidity is not controlled
with the fluctuation of 2.52%RH (pk-pk). It is found that the REF phase
drift depends on the temperature and humidity inside TC. The correlation
coefficient between the REF phase and SYSINTEMP is 0.89 and that be-
tween the REF phase and SYSINHUMID is -0.66. Thus, the REF phase has
high correlation with SYSINTEMP and strong correlation with SYSINHU-
MID. All phase drifts directly detected by ADC include the system phase
drift. To reject the system phase drift effect on the performance evaluation,
the REF phase drift is subtracted from the TRS and RTS phases in the
following data analysis. Each phase is calculated at 2856 MHz.
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Figure 6.7: DWDM scheme with feedback under temperature change: phase drift
measured by ADC directly.
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Figure 6.8: DWDM scheme with feedback under temperature change: REF phase
and temperature/humidity fluctuation inside the TC (feedback system located).

Figure 6.9 describes the temperature change near PSOF and the long-
term phase stability with the PDFS compensation. It is evident that the
DAC output voltage is correlated to temperature change such that the TRS
phase drift is compensated by adjusting the optical path length. As shown
in Fig. 6.10(a), the RTN phase is suppressed from 10.73° (pk-pk) to 0.68
millidegrees (0.66 fs) (rms); however, the TRS phase is suppressed from 5.33°
(pk-pk) to 59 millidegrees (57 fs) (pk-pk). This TRS phase stability includes
a large spike in noise between 2 to 4 h as represented in Fig. 6.10(b). To
find the source of this spike, the phase difference between ADC4 and ADC1
is calculated as shown in Fig. 6.11. It is evident that the noise spike in
the phase difference between the two channels matched with that of the
phase difference between TRS and REF. Thus, this spike in noise is caused
by the measurement error instead of the feedback system. Therefore, we can
conclude that the TRS phase is stabilized within 35 fs (pk-pk), which fulfilled
the requirement.

As discussed in [66], the TRS phase stability is seriously effected by the
wavelength difference (240 nm) between the forward and backward paths. In
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Figure 6.9: Temperature change near PSOF and long-term phase drift of the RTN
and TRS signals with PDFS compensation using 1550.12 nm and 1551.72 nm.
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(a) RTN phase stability for 18 h.
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Figure 6.10: DWDM scheme with feedback under temperature change: RTN and
TRS phase stability for 18 h with feedback.
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Figure 6.11: DWDM scheme with feedback under temperature change: phase
difference between TRS and REF vs. phase difference between REF4 and REF,
the spike in the noise is caused by the measurement error.
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Figure 6.12: DWDM scheme with feedback under temperature change: correlation
between TRS phase and temperature change near PSOF (INTEMP(PSOF)).
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Figure 6.13: Temperature and humidity inside the TC where the RF components
and optical devices are located.

the current setup, wavelengths of 1550.12 nm and 1551.72 nm are adopted
and the difference between the forward and backward paths is found to be
as small as 1.6 nm. As shown in Fig. 6.12, the TRS phase still depends
on the temperature changes near PSOF inside the THC (INTEMP(PSOF)).
The correlation coefficient is 0.5, which ensure a moderate correlation. Fur-
thermore, the temperature in the LINAC gallery is controlled within ±1 ◦C,
which is much smaller than the measurement setup in the laboratory (20 ◦C).
In conclusion, the wavelength difference effect is successfully suppressed by
adopting two wavelengths with a smaller difference to the forward and back-
ward paths. Even though it is not completely eliminated, it is small enough
to fulfill the requirement for the injector LINAC.

As mentioned above, all components are located inside the temperature
stabilized chamber. However, there is no control for the humidity. A small
phase drift still remains in the RF components (e.g., power splitter, ampli-
fier, LO generation) and optical devices (e.g., O/E and E/O modules, WDMs,
PDFS) owing to the humidity effect. It is also included in the TRS phase
drift. The TRS phase drift and the temperature and humidity fluctuations
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inside the TC are shown in Fig. 6.13. The temperature is stabilized within
0.17 ◦C and the correlation between the TRS phase and temperature is weak
with a coefficient of 0.14. The humidity fluctuation is 2.51%RH and the cor-
relation between the TRS phase and humidity is also weak with a coefficient
of -0.11.

Long-term Phase Stability with Humidity Change

The phase drift of the PSOF is affected by the changes in temperature and
humidity. The relative humidity inside the THC is changed from 30%RH
to 60%RH at a stable temperature of 30 ◦C, as shown in Fig.6.15. Owing
to the control range of the THC, the humidity range for this test (30%RH
to 60%RH) only covers part of the humidity change (20%RH to 50%RH)
at the LINAC gallery during one year. However, the humidity fluctuation
(∆H = 30%RH) is the same; therefore, a comparable phase drift can be
induced. In comparison to the temperature effect, it takes longer to let the
moisture go inside the PSOF; hence, the step is set to 10%RH per 10 h.
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Figure 6.14: DWDM scheme with feedback under humidity change: phase drift
measured by ADC directly.

As shown in Fig. 6.14, the reference, RTN and TRS signals are directly
measured by four ADCs as before. The reference signals from the same

94



MO but different ports of the power splitter are measured by ADC1 (REF)
and ADC4 (REF4). The system phase drifts in REF and REF4 are 0.5086°
and 0.5049°, respectively. The phase difference between them is as small as
0.0037° at 2856 MHz corresponding to 3.6 fs. Thus, the system phase drift
can be suppressed by subtracting the phase drift of REF or REF4. The TRS
and RTN phases also followed the reference phase well. As mentioned before,
the system phase drift is rejected from the phase drift of TRS and RTN in
the data analysis.

Figure 6.15 shows the humidity change and temperature stability near
PSOF and the long-term phase stability of the RTN and TRS signals with the
PDFS compensation. The relative humidity and temperature are monitored
by a sensor. The relative humidity is changed from 30%RH to 60%RH.
However, because the temperature at humidity 30%RH and 40%RH is not
well controlled, the fluctuation is 1.77 ◦C. Thus, the phase drift is caused by
humidity as well as temperature. However, it will not effect the performance
of the phase stabilization system. Each phase drift is compensated by the
PDFS. As shown in Fig. 6.15, with feedback, the DAC outputs the DC voltage
to PDFS to adjust the optical path length so that the RTN and TRS phase
drift can be well compensated. However, there is no obvious proportional
relationship between the humidity and DAC output. Because the moisture
goes inside the PSOF gradually and the humidity takes more time to affect
the time delay of PSOF. As shown in Fig. 6.16, the RTN phase is controlled
within 0.64 millidegrees (0.62 fs) (rms) and the TRS phase is stabilized to
57.5 millidegrees (56 fs) (pk-pk), which fulfilled the requirement.

To study the wavelength difference effect caused by the temperature and
humidity, the TRS phase and the humidity/temperature changes near PSOF
are compared in Fig. 6.17. The correlation coefficient between the TRS phase
and temperature is -0.57 and that between the TRS phase and humidity is
+0.54. Thus, the TRS phase has moderate correlation with both temperature
and humidity. This result is consistent with that obtained in Section 6.1.5.
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Figure 6.15: Humidity change: relative humidity change and temperature stability
near PSOF and the long-term phase drift of the RTN and TRS signals with PDFS
compensation using 1550.12 nm and 1551.72 nm.
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(a) RTN phase stability for 40 h.

0 10 20 30 40

Time [hours]

-175.75

-175.74

-175.73

-175.72

-175.71

-175.7

P
ha

se
 [d

eg
.]

TRS - REF

(b) TRS phase stability for 40 h.

Figure 6.16: DWDM scheme under humidity change: RTN and TRS phase stabil-
ity for 40 h with feedback.
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Figure 6.17: DWDM scheme with feedback under humidity change: correlation
between the TRS phase and relative humidity.

Long-term Phase Stability with Free Temperature and Humidity
Fluctuations

The phase stabilization system is located in the test hall where the temper-
ature is controlled within ±1 ◦C by air conditioner, but the humidity is not
controlled. The temperature and humidity control situation is the same as in
LINAC gallery. To let the PSOF experience the temperature and humidity
environment closest to the real situation in the LINAC gallery, the PSOF is
exposed in the test hall, instead of inside the THC.

From Fig. 6.18, it is evident that the system phase drift is 0.68° (ADC1).
The system phase drift can be rejected from the TRS phase by subtracting
the REF or REF4 phase. Figure 6.19 shows the temperature and humidity
changes in the test hall and the long-term TRS phase stability with PDFS
compensation. The temperature and humidity fluctuations in the test hall are
2.55 ◦C and 7.71%RH, respectively. With feedback, the DAC output voltage
to PDFS is 0.22 V, implying that 1.2° at 2856 MHz is compensated according
to the amplifier of 2.5 times and the phase sensitivity of 2.15°/V. As shown
in Fig. 6.20, the feedback phase is stabilized within 0.61 millidegree (rms)
2856 MHz corresponding to 0.59 fs. The long-term TRS phase is controlled
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Figure 6.18: DWDM scheme with feedback under free temperature and humidity
change: phase drift directly measured by ADCs.

within 0.0452° (pk-pk) corresponding to 44 fs, which fulfilled the requirement
0.1° (rms).
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Figure 6.19: DWDM scheme: temperature and humidity changes in the test hall
and long-term TRS phase stability with PDFS compensation for four days.

(a) RTN phase stability for four days. (b) TRS phase stability for four days.

Figure 6.20: DWDM scheme: RTN and TRS phase stability for four days with
feedback.

99



Summary for WDM Technique

So far, we evaluated the performance of the phase stabilization system by
changing the temperature (TEMP) and humidity (HUMID) near PSOF. The
performance is summarized in Table 6.4. The long-term jitter duration is
between 15 and 20 fs (pk-pk). Each TRS phase is stabilized within 56 fs
(pk-pk) corresponding to 0.6 millidegrees at 2856 MHz, which fulfilled the
reference phase requirement. This scheme can be one of the candidates for
reference phase stabilization at the SuperKEKB injector LINAC.

Table 6.4: Summary of the long-term performance with DWDM technique.

TEMP HUMID TEMP/HUMID
Change Change Change

Time [h] 18 40 96
TEMP [◦C] 20-40 30 25-30
HUMID [%RH] 40 30-60 40-50
∆T [◦C] 20 – 2.55
∆H [%RH] – 30 7.71
RTN [fs] (rms) 0.66 0.62 0.59
TRS [fs] (pk-pk) 35 56 44
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6.2 Phase Stabilization System with Optic Cir-

culator

Optic circulators can be used to send optical signals through a single fiber
in two directions. Two single mode optic circulators (SMOC) are applied
to send the phase drift back for the phase stabilization system. The WDM
technique is already used in the SuperKEKB ring; however, this is the first
time that the phase stabilization system is being implemented using optic
circulator.

6.2.1 Schematic Design

Coaxial cable line

Optical fiber line

DC Voltage

Schematic diagram for performance evaluation of optical link stabilization 

Temperature stabilized chamber (TC)

FPGA board 

Clock 
Generation

LO

Clock

DAC1

µTCA chassis

PDFS :  Piezo-Driven Fiber Stretcher

PSOF :  Phase Stabilized Optical Fiber

O/E,E/O: Optical Transmitter and Receiver

Na Liu
2019/04/24
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ADC2 : Returned signal (RTNR)

ADC3 : Transmitted signal   (TRSR)

ADC4: Short optical link (SOPTR)
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2. Scheme with same wavelength
λ1=λ2=1550 nm

Port 2

Port 1

O/E

E/O120m PSOF

Temperature & 
Humidity Chamber

(THC)

ADC2

ADC3

LO LO

Port 1

Port 3

Port 2
2856 MHz REF

Returned signal (RTN)

REF signal (REF)

ADC4

E/O

O/E
1m PSOF

Short optical link (SOPT)

DC Voltage Module

ΔФTRS 
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Figure 6.21: Schematic diagram of the phase stabilization system with SMOC.

A prototype of the reference phase stabilization system with SMOC is pro-
posed. A SMOC is located at both ends of the fiber. Each SMOC adds
a signal in one direction while removing the signal from the other. The
schematic diagram is shown in Fig. 6.21. The 2856 MHz reference signal is
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generated by a SG. The electric signal is converted to optical signal with the
wavelength λ1 using an E/O module. The optical signal is given as input
to port 1 of one SMOC (SMOC1) and received as output from port 2. It is
transmitted via 120 m PSOF, which is situated inside the temperature and
humidity controlled chamber; thus, the environment changes near the PSOF
can be simulated. Then it is given as input to port 2 of the other SMOC
(SMOC2) and received as output from port 3. The optical signal is converted
to the electric signal by an O/E module with the wavelength λ1. To send the
phase drift information back to the transmitted side, the received electrical
signal is split into two: one is monitored to evaluate the system performance
and the other is again converted to the optical signal with the wavelength λ2

by another E/O. It is given as input to port 1 of SMOC2 and received as out-
put from port 2. This optical signal is transmitted through the same PSOF
and received by SMOC1 from port 2 to port 3. Finally, the optical signal is
converted to electrical signal with the wavelength λ2 by another O/E. The
phase drift in the long optical link is detected by the phase detector. The
same PDFS is used to adjust the optical length for phase drift compensa-
tion. The phase drift in the short optical link is also measured to evaluate
the phase drift in one pair of E/O and O/E modules. The REF, RTN, TRS,
and SOPT signals are directly measured by ADC1 to ADC4. Similar to
Section 6.1, wavelengths of 1550.12 nm and 1551.72 nm are adopted for the
forward and backward paths (λ1 = 1550.12 nm, λ2 = 1551.72 nm).

6.2.2 Single Mode Optic Circulator

The SMOC is a one-directional, three-port, non-reciprocating device. An
optical circulator is analogous to an electronic circulator and both perform
similar functions.

� One directional, three-port

It allows the light to travel in only one direction. It means a signal
entering port 1 will exit port 2 with minimal loss and a signal entering
port 2 will exit port 3 with minimal loss. The light that enters port 2
experiences a large amount of loss at port 1 and the light entering port
3 experiences a large amount of loss at ports 2 and 1.

� Non-reciprocating

This means that any changes in the properties of light caused by pass-
ing through the device are not reversed by traveling in the opposite
direction.
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Owing to its high isolation and low insertion loss, optical circulators are
widely used in advanced communication systems and DWDM systems. A
SMOC with a center wavelength of 1550 nm and a fiber-optic connector
(FC)/ angled physical contact (APC) fiber connector is provided by Thorlabs
Inc. [70] and the specification is listed in Table 6.5.

Table 6.5: Specification of the single mode optic circulator.

Specification Value

Wavelength Range 1525-1610 nm
Insertion Loss 0.8 dB Typ./1.0 dB Max.
Isolation >40 dB
Directivity (port 1 to port 3) >50 dB
PDL ≤40 dB
Return Loss ≥ 50 dB
Max. Optical Power 500 mW
Operating Temperature 0 to 70 ◦C
Operating Relative Humidity 5% to 60%
Fiber SMF-28
Connector (each port) FC/APC

6.2.3 Timing Jitter

The integral timing jitter is measured by the signal source analyzer (E5052B,
Agilent Technologies). Figure 6.22 shows the SSB phase-noise power spec-
trum of the MO, E/O, and O/E modules as well as the TRS and RTN signals
from 10 Hz to 10 MHz. The measurement result is summarized in Table 6.6.
All jitters are found to be less than 103 fs (rms) and the phase noise is less
than 0.105° (rms) from 10 Hz to 10 MHz. The performance is comparable
with the phase stabilization system using the WDM technique.

Table 6.6: SMOC scheme: Timing jitter and phase noise at 2856 MHz.

Signal Power [dBm] Jitter [fs] Phase Noise [deg.]

MO -1.27 72.71 0.075
E/O+O/E 3.16 75.80 0.078
TRS -8.09 77.17 0.079
RTN -10.7 102.05 0.105
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Figure 6.22: SMOC scheme: SSB phase-noise power spectrum of MO signal, E/O
and O/E modules, TRS signal, and RTN signal.

6.2.4 Short-term Stability

As shown in Fig. 6.23(a), the short-term phase stability of 100 ms without
digital LPF is measured by four ADCs. The result in time domain is sum-
marized in Table 6.7. The phase stability of REF is 0.018° (rms). After
one pair of E/O and O/E modules, the phase stability is increased to 0.027°
(rms) (SOPT signal). After inserting two SMOCs and one PDFS, the phase
stability is again increased to 0.046° (rms) in a single path (TRS signal) and
0.071° (rms) in a round-way path (RTN signal). From the frequency domain,
as shown in Fig. 6.23(b), the phase stability is increased from REF, SOPT,
TRS, and RTN signals. The result is consistent with that obtained in the
time domain. Moreover, there is no spurious in fast Fourier transform (FFT)
result. The short-term raw data is averaged and used for the long-term phase
drift measurement. Usually, the phase drift in the optical link is very slow
in the order of several minutes or hours. To improve the accuracy of the
long-term phase drift, a digital IIR LPF with a narrow bandwidth of 10 Hz
is applied to reduce the ADC noise.

Table 6.7: SMOC scheme: short-term phase stability without digital LPF.

Channel ADC1 ADC2 ADC3 ADC4

Signal REF RTN TRS SOPT

Stability (rms) 0.018° 0.071° 0.046° 0.027°
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(a) Short-term raw data in time domian.

(b) Short-term raw data in frequency domain.

Figure 6.23: SMOC scheme: short-term phase stability without digital LPF.

6.2.5 Long-term Performance Evaluation

Long-term Stability with Temperature Change

As shown in Fig. 6.21, a PSOF of 120 m is located inside the THC. To evalu-
ate the system performance with temperature change, the temperature inside
the THC is changed from 20 ◦C to 40 ◦C and down to 20 ◦C at a stable rel-
ative humidity of 40%RH as before. The step used here is of 5 ◦C per 2 h.
The phase drifts in the TRS and RTN signals without phase drift compen-
sation are described in Fig. 6.24. Due to the 20 ◦C temperature change, the
phase drift in the TRS and RTN signals was 4.93° (pk-pk) and 9.76° (pk-pk),
respectively. Without feedback, the DAC output was kept at 0 V.

With the same temperature change procedure, the phase stabilization
system is applied. As shown in Fig. 6.25, the REF, RTN, TRS, and SOPT
signals are directly measured by the ADCs. The system phase drift is esti-
mated to be as small as 0.21° at 2856 MHz from ADC1 for 18 h. To reject
the system phase drift effect on the performance evaluation, the REF phase
drift is subtracted from the TRS and RTS phases.

Figure 6.26 describes the phase drift compensation result under the tem-
perature change. The temperature near PSOF is changed from 20 ◦C to 40 ◦C
and down to 20 ◦C. The TRS and RTN phase drifts according to the tem-
perature. With the PDFS compensation (DAC output voltage), the RTN
phase drift is compensated from 9.76° (pk-pk) to 0.69 millidegrees (rms) at
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2856 MHz, which corresponds to 0.67 fs. The TRS phase is suppressed from
4.93° (pk-pk) to 57 millidegrees (pk-pk) at 2856 MHz corresponding to 56 fs,
which fulfilled the requirement. This phase stability (56 fs) includes the slow
phase drift as well as the short-term jitter of about 10 fs (pk-pk). The zoomed
data are illustrated in Fig. 6.27. Even though the phase stability of the TRS
signal already fulfilled the requirement, the small phase drift still remains,
as shown in Fig. 6.27(b).
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Figure 6.24: SMOC scheme: long-term phase drift of the RTN and TRS signals
with 20 ◦C temperature change without compensation.

Figure 6.28 indicates that the residual TRS phase drift depends on the
temperature near PSOF. The correlation coefficient between the residual
TRS phase drift and the temperature near PSOF is 0.91, which implies that
they have high correlation. Thus, this residual TRS phase drift is caused by
the wavelength difference (∆λ = 1.6 nm) between the forward path (λ1 =
1550.12 nm) and backward path (λ2 = 1551.72 nm).
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Figure 6.25: SMOC scheme under temperature change: phase drift measured by
ADC directly with SMOC scheme.

0 2 4 6 8 10 12 14 16 18

Time [hours]

-92.37

-92.36

-92.35

-92.34

-92.33

-92.32

-92.31

-92.3

P
ha

se
 [d

eg
.]

TRS - REF
INTEMP(PSOF)

20

25

30

35

40

45

50

55
IN

T
E

M
P

 [d
eg

.C
]

Figure 6.28: SMOC scheme under temperature change: correlation between the
TRS phase and the temperature change near PSOF (INTEMP(PSOF)).
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Figure 6.26: SMOC scheme under temperature change: Temperature change near
PSOF and the long-term phase drift of the RTN and TRS signals with PDFS
compensation.
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(a) RTN phase stability for 18 h.
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Figure 6.27: SMOC scheme under temperature change: RTN and TRS phase
stability for 18 h with feedback.
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In this case, different wavelengths are used for the forward path (λ1)
and backward path (λ2). The optical length is exactly the same for both
paths. According to Eq. (4.1), the transmission time delay is influenced by
the wavelength. Owing to the wavelength difference between the two paths,
the phase change in the forward path (∆φfor) is different from that in the
backward path (∆φback). The phase difference (∆φdiff ) and the wavelength
difference (∆λ) between them is

∆φdiff = ∆φfor −∆φback (6.5)

∆λ = λ1− λ2 (6.6)

The TRS and RTN phase drift can be represented as

∆φTRS = ∆φfor (6.7)

∆φRTN = ∆φfor + ∆φback

= 2∆φfor −∆φdiff (6.8)

With feedback control, we have ∆φRTN = 0; thus, the TRS phase drift can
be derived as

∆φTRS =
1

2
∆φdiff (6.9)

In conclusion, the residual TRS phase drift is determined by the phase
difference between the forward and backward paths. According to Eq.(4.1),
the group delay has a negative correlation with the wavelength. In our setup,
∆λ is less than 0; therefore, ∆φdiff is more than 0. Thus, the residual TRS
phase drift is more than 0, which is consistent with the measurement result
shown in Fig. 6.28.

To confirm the wavelength effect on TRS phase stability, wavelengths of
1548.57 nm and 1551.69 nm are applied to the forward and backward paths
in the reference phase stabilization system. The setups are presented in
Table 6.8. Figure 6.29 describes the transmitted phase stability with com-
pensation under the same temperature change. Compared to setup 1 (purple
line) and setup 2 (red line), the transmitted phase stability has positive cor-
relation with the wavelength difference between the two paths. Compared
to setup 2 (red line) and setup 3 (blue line), the same wavelength differ-
ence was applied, and almost the same TRS phase stability was achieved.
However, the forward wavelength and backward wavelengths were switched
and the direction of the residual TRS phase drift was also changed. The
small phase fluctuation at setup 3 is caused by the measurement error of
the phase monitor system, not the real fluctuation of the TRS phase. Thus,
smaller wavelength difference is recommended to improve the transmitted
phase stability.
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Figure 6.29: Transmitted phase stability using different wavelengths for the for-
ward and backward paths with feedback control.

Table 6.8: Transmitted phase stability using different wavelengths.

Symbol Unit Setup 1 Setup 2 Setup 3

λ1 nm 1550.12 1548.57 1551.69
λ2 nm 1551.72 1551.69 1548.57
∆λ nm -1.6 -3.12 +3.12
∆φTRS fs +56 +126 -127

Long-term Stability with Humidity Change

The same humidity change is considered as in Section 6.1.5. The relative
humidity inside the THC is changed from 30%RH to 60%RH at a stable
temperature of 30 ◦C with the step of 10%RH per 10 h. The same feedback
parameters as in Section 6.1.5 are applied. The REF, TRS, RTN, and SOPT
signals are measured by four ADCs, as shown in Fig. 6.30. The system phase
drift is 0.36° (pk-pk). With phase drift compensation, the TRS and RTN
phase followed the REF phases very well.

Figure 6.31 shows the relative humidity change, temperature stability, and
the long-term phase drift of RTN and TRS signals with PDFS compensation.
The relative humidity was changed from 30%RH to 60%RH (∆H=30%RH)
with small fluctuation at 40%RH. The temperature at humidity from 40%RH
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Figure 6.30: SMOC scheme under humidity change: phase drift measured by ADC
directly.

to 50%RH is not well-controlled and its stability is 1.7 ◦C, which is consistent
with Section 6.1.5. With phase drift compensation, as shown in Fig. 6.32,
the RTN phase is controlled within 0.65 millidegrees (0.63 fs) (rms) and the
TRS phase is stabilized to 43.7 millidegrees (42.5 fs) (pk-pk), which fulfilled
the requirement.

The possible source of the residual TRS phase drift is the temperature
and humidity fluctuation effect on the feedback system (e.g. SMOCs, PDFS,
power splitter, amplifier, attenuator) and the long PSOF. In Fig. 6.32(b),
there is a large phase jump (30 fs) between 10 h and 20 h. It is found that it
is caused by the temperature and humidity fluctuations inside the TC (in red
circle) where the feedback system is located, as shown in Fig. 6.33. Moreover,
the long-term slow drift in the negative direction was found to depend on the
humidity and the small temperature fluctuation near the PSOF, as presented
in Fig. 6.34. The correlation coefficients of the TRS phase and humidity, and
the TRS phase and temperature are as high as -0.87 and +0.8, respectively,
which is due to the wavelength dispersion.
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Figure 6.31: SMOC scheme under humidity change: relative humidity change and
temperature stability near PSOF and the long-term phase drift of the RTN and
TRS signals with PDFS compensation using 1550.12 nm and 1551.72 nm.
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(a) RTN phase stability for 40 h.
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Figure 6.32: SMOC scheme under humidity change: RTN and TRS phase stability
for 40 h with feedback.
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Figure 6.33: SMOC scheme under humidity change: correlation between TRS
phase and relative humidity and TRS phase and temperature change inside TC
where the phase stabilization system is located.
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Figure 6.34: SMOC scheme under humidity change: correlation between TRS
phase and relative humidity and TRS phase and temperature change inside THC
(near PSOF).
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Long-term Stability with Free Temperature and Humidity Change

In this experiment, the PSOF is exposed in the test hall where the tem-
perature is controlled by air conditioner and the humidity is not controlled.
Figure 6.35 shows the temperature and humidity changes in the test hall and
the long-term TRS phase stability with PDFS compensation. The temper-
ature and humidity fluctuations in the test hall are 2.11 ◦C and 10.74%RH,
respectively. The feedback phase (RTN-REF) is stabilized within 0.62 mil-
lidegree (rms) at 2856 MHz corresponding to 0.61 fs. The long-term TRS
phase is controlled within 46.5 millidegrees (pk-pk) corresponding to 45 fs,
which fulfilled the requirement of 0.1° (rms).

Figure 6.35: SMOC scheme: temperature and humidity changes in the test hall
and the long-term TRS phase stability with PDFS compensation for three days.

In Fig. 6.35 demonstrates that the TRS phase includes the smooth slow
drift as well as the oscillated phase drift (yellow boxes). The oscillated phase
drift is caused by switching the working state of the air conditioner. In the
yellow boxes, the air conditioner works as a cooler to control the temperature
within ±1 ◦C and it is fluctuated. Otherwise, the air conditioner works as a
heater and the temperature is neither fluctuated nor controlled.
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For the oscillated phase drift, both the temperature and humidity fluc-
tuations affected the PSOF. The correlation coefficients of the phase and
temperature and phase and humidity are -0.24 and -0.09, respectively, which
means the correlation is very weak. In contrast, the feedback system is only
temperature stabilized, not humidity controlled. As shown in Fig. 6.36, the
humidity fluctuation inside the TC influenced the RF/optical components
used for the phase stabilization system. The correlation coefficient between
the phase and humidity is -0.58. Although the humidity fluctuation is only
2.76%RH, they are moderately correlated.

The smooth slow drift is caused by the temperature fluctuation inside
the TC. The temperature fluctuation is as small as 0.13 ◦C, however, the
correlation coefficient between the phase and temperature is up to -0.46,
which indicates that they are moderately correlated.
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Figure 6.36: SMOC scheme: temperature and humidity changes in the test hall
and the long-term TRS phase stability with PDFS compensation for four days.
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Summary for SMOC Scheme

We evaluated the performance of the phase stabilization system by chang-
ing the temperature (TEMP) only, humidity (HUMID) only, and both tem-
perature and humidity near PSOF. The measurement result is summarized
in Table 6.9. The long-term jitter is as small as 10 fs (pk-pk). The TRS
phase is stabilized within 56 fs (pk-pk) corresponding to 0.57 millidegrees at
2856 MHz, which fulfilled the reference phase stability requirement. The per-
formance of the SMOC scheme with different wavelengths is comparable with
the scheme with the WDM technique. This scheme can also be one of the
candidates for the reference phase stabilization of the SuperKEKB injector
LINAC.

Table 6.9: Summary of the long-term performance of the SMOC scheme.

TEMP HUMID TEMP/HUMID
Change Change Change

Time [hour] 18 40 72
TEMP [◦C] 20-40 30 25-30
HUMID [%RH] 40 30-60 35-45
∆T [◦C] 20 – 2.11
∆H [%RH] – 30 10.74
RTN [fs] (rms) 0.67 0.63 0.61
TRS [fs] (pk-pk) 56 43 45
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6.3 Comparison of Different Techniques

The phase stabilization system with WDM technique and optic circulator is
implemented and tested under temperature and humidity change. Table 6.10
shows a summary of the different techniques. In conclusion, both CWDM
technique and circulator scheme with different wavelength and PDFS com-
pensation can achieve high stability of 50 fs (pk-pk) level, which fulfilled the
requirement of SuperKEKB injector LINAC. Both are easy to implement and
the cost is almost the same. The WDM technique is already applied in the
SuperKEKB ring; however, this is the first time that a phase stabilization sys-
tem is proposed and implemented using circulator with high stability. Both
schemes are recommended for the SuperKEKB injector LINAC. Although
the PDFS can compensate most of the phase drift, it is recommended to use
VODL for coarse control and PDFS for precise control.

Table 6.10: Summary of the long-term performance with DWDM technique and
circulator (wavelength: 1550.12 nm, 1551.72 nm, PDFS for length control).

Scheme Item TEMP HUMID TEMP/HUMID
Change Change Change

Time [h] 18 40 96
TEMP [◦C] 20-40 30 25-30
HUMID [%RH] 40 30-60 40-50
∆T [◦C] 20 – 2.55
∆H [%RH] – 30 7.71

CWDM
RTN [fs] (rms) 0.66 0.62 0.59
TRS [fs] (pk-pk) 35 56 44

SMOC
RTN [fs] (rms) 0.67 0.63 0.61
TRS [fs] (pk-pk) 56 43 45

The wavelength difference between the forward and backward paths in-
duced an unbalanced phase drift between the forward line (φfor) and back-
ward line (φbak). It implies the forward phase is unequal to the backward

phase (φfor 6= φbak 6=
1

2
φrtn). Although the returned phase can be compen-

sated perfectly, a small residual phase still remains in the TRS phase. To
avoid this, a small difference between the forward and backward paths is
recommended. In our case, wavelengths of 1550.12 nm and 1551.72 nm are
selected.
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Chapter 7

Phase Drift Compensation
between Injector LINAC
Master Oscillator and Ring
Master Oscillator for Stable
Beam Injection at SuperKEKB

Results presented in this chapter have already been published in [71].

7.1 Introduction and Motivation

The SuperKEKB injector LINAC that includes the positron damping ring
delivers low emittance electron and positron beams to the main rings. The
beam injection phase from LINAC to the rings should be stabilized for long-
term stable beam injection. Low emittance beams are produced and delivered
by the injector LINAC [2]. As shown in Fig. 7.1, the injector LINAC has two
electron guns: a photo-cathode RF gun for low emittance electron beams
and a thermionic gun for positron production. The beams are accelerated
by 2856 MHz RF accelerating structures to 7 and 4 GeV for electrons and
positrons, respectively. The 1.1 GeV positron damping ring was constructed
in the middle of LINAC for low emittance beams. The positron beam ex-
tracted from the DR is reinjected into the 2856 MHz RF accelerating struc-
tures. To shorten the bunch length and precisely put the beam on the phase
at 2856 MHz, the bunch compression system comprising a 2856 MHz acceler-
ating structure and an arc section is placed on the beam transport line from
DR to LINAC.
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Figure 7.1: Block diagram of synchronization system for LINAC, DR, and MR.
PS: phase shifter, MOPS: master oscillator phase shifter, RF-Dist.: RF reference
distribution system.

Figure 7.1 describes the synchronization system for the injector LINAC,
DR, and MR. The injector linac, DR, and MR have their own independent
MO that belong to the commercial Agilent E8663 series [72]. They are syn-
chronized with a 10 MHz trigger generated by the main MO (MMO) signal
of 510 MHz by dividing with 51. The MMO, DR MO, and MR MO are lo-
cated at the SuperKEKB center control room. The DR MO and MR MO
are operated at 508.9 MHz and the phase drift between them is controlled
within ± 0.1° (pk-pk) by a phase-locked loop (PLL) [14]. DR MO and MR
MO are collectively called RMO in this chapter. The RF reference signals
are distributed to the DR and MR through PSOF.

The LMO is operated at 571.2 MHz and located in the LINAC gallery.
The 2856 MHz RF reference signal is generated by the LMO [73]. A 510 MHz
signal from the MMO is transmitted to LINAC with the coaxial cable for syn-
chronization. The phase drift of the long coaxial cable is compensated by
PLL [74]. However, LMO and RMO are only synchronized with the 10 MHz
trigger but without phase regulation. A phase drift of several degrees was ob-
served between the two MOs by the phase monitor [72]. This MO phase drift
significantly affected the beam energy stability after the BCS cavity in RTL
owing to a five times larger phase for 2856 MHz. Furthermore, the beam in-
jection phase tuning from the LINAC to MR had to be conducted frequently
because the beam injection background has been a critical problem for the
SuperKEKB Belle II detector [75]. To maintain a stable beam injection,
the MO phase drift compensation system is developed. The phase stability
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between the LMO and RMO is required to be less than ± 0.1° (pk-pk) at
571.2 MHz.

7.2 Direct Sampling Technique

For the long-term phase drift measurement, the long-term stability of the
phase monitor system is more important than the phase detection bandwidth
and response latency. To remove the effects of temperature and humidity
drift in the measurement system, it is important to make the measurement
system common for signals with different frequencies. The direct sampling
technique, therefore, is adopted for phase detection. In this method, the
input analog RF signal is directly digitized by an ADC. After the digital
down-conversion, the IQ components of the RF signals are obtained [38].

In the direct sampling technique, the sampling rate fs and the measured
RF signal fRF must satisfy [38, 41, 40]

fs =
fRF

K +
N

M

,K = 0, 1, 2, 3... (7.1)

where M is an integer greater than 3, N and K are integers, and M and N
are prime to each other. The phase advance ∆ϕ between the two adjacent
samples can be represented as

∆ϕ = (K +
N

M
) · 2π =

fRF
fs
· 2π (7.2)

In our case, two different frequency signals should be detected by the
same sampling rate. The sampling frequency should satisfy

f1

fs
= K1 +

N1

M1

(7.3)

f2

fs
= K2 +

N2

M2

(7.4)

where subscripts 1 and 2 denote LMO and RMO, respectively. The frequency
ratio of LMO (571.2 MHz) and RMO (508.9 MHz) is 55:49; thus, f2 can be
expressed by f1 as

f2

fs
=

49

55
· f1

fs
=

49

55
· (K1 +

N1

M1

) (7.5)

Under the condition that K1M1 + N1 = 55, we have f1/fs = 55/M1 and
f2/fs = 49/M1.

The I and Q components are calculated using Eqs. (3.10) and (3.11),
respectively. The RF phase is obtained by φ = arctan(Q/I).
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7.3 Sampling Clock Generation
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Figure 7.2: Block diagram of sampling clock generation for direct sampling tech-
nique.

Figure 7.2 shows the block diagram of sampling clock generation for the
direct sampling technique [77, 78]. First, the RF signal (fRF ) generated by
MO is divided by X to obtain fRF/X. Then, fRF/X is mixed with fRF to
obtain another frequency fRF ·(X±1)/X. This output frequency is filtered by
a BPF to obtain the frequency fRF · (X + 1)/X or fRF · (X − 1)/X. Finally,
the selected frequency is divided by Y using another frequency divider to
generate the required sampling rate fs, which can be represented as

fs =
fRF
XY

X ± 1

(7.6)

where X and Y are both integers.
In our case, the sampling clock is generated based on LMO. From simul-

taneous Eqs. (7.3) and (7.6), it can be concluded that K1M1+N1 = XY = 55
and M1 = X ± 1. Thus, X and Y are either 5 or 11. The possible combi-
nations of the sampling rate are summarized in Table 7.1. According to the
non-IQ algorithm [79], the coefficients K1,2, N1,2, and M1,2 for IQ estimation
are listed in Table 7.2. Combination 2 with M1 = 2 and N1 = 1 does not
satisfy the IQ sampling condition.

The sampling clock is generated by two frequency dividers (AD9516, Ana-
log Devices, Inc.) and the ADC performance is very sensitive to the clock
jitter. According to the non-IQ algorithm, the clock-jitter-induced measure-
ment errors can be digitally reduced by averaging over M samples [38]. Thus,
the 124.63 MHz sampling rate is chosen for the phase monitor system owing
to lower jitter and larger M (M1 = M2 = 12 > 6, 4). The integral jitter of the
sampling clock is measured using the signal source analyzer (E5052B, Agi-
lent Technologies) in the laboratory and then applied to the injector LINAC.
Figure 7.3 shows the SSB phase noise power spectrum of the 124.63 MHz sam-
pling clock. The integral jitter is 126.48 fs corresponding to 5.7 millidegrees
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from 10 Hz to 10 MHz. The center frequency of the BPF used for the clock
generation is 623 MHz and the bandwidth is ±10 MHz. It is a waterproof-
type BPF that relatively reduces the humidity effect on the phase monitor
system. It is customized by Sogo Electronics, Inc. [76].

Table 7.1: Possible combinations of the sampling rate.

Combination Mixer X Y M1 Clock [MHz]

1 + 11 5 12 124.63
2 - 11 5 10 103.85
3 + 5 11 6 63.31
4 - 5 11 4 41.54

Table 7.2: Possible combinations for the coefficients of non-IQ algorithm for LMO
and RMO.

Combination M1 K1 N1 M2 K2 N2

1 12 4 7 12 4 1
2 2 5 1 10 4 9
3 6 9 1 6 8 1
4 4 13 3 4 12 1
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Figure 7.3: SSB phase noise power spectrum of sampling clock.

7.4 Phase Monitor System

The configuration of the phase monitor system is shown in Fig. 7.4. The
571.2 MHz signal generated by the SG, which is split into two: one is for sam-
pling clock generation and the other is fed to the MO phase shifter (MOPS)
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used for the beam injection phase adjustment to HER or LER [80]. The out-
put signal of MOPS is monitored. The MOPS and phase monitor system are
situated inside the temperature stabilized chamber with 28±0.1 ◦C to reduce
the phase drift of the RF components.

SG

571.2 MHz

Clock Generation

ADC2 DDC

I2

Q2

Clock

Ethernet

Phase Monitor 

RMO

LMO

EPICS IOC372 m PSOF 

from Ring MO

DDC

I1

Q1

O/E

ADC1

MOPS

Temperature Stabilized Chamber

PS1    PS2

Figure 7.4: Phase monitor system for LMO and RMO.

The RF reference signal of the RMO is delivered from the DR control
room to the LINAC gallery through the 372 m phase stabilized optical fiber
(PSOF). The PSOF is provided by Furukawa Electric Co., Ltd. [53] with
excellent thermal propagation time delay, as low as 0.4 ppm/◦C from 25 ◦C
to 30 ◦C [81]. This range covers the temperature changes in the LINAC
gallery. A majority of the PSOF is distributed inside the gallery where the
temperature is regulated at 28±1 ◦C by the air conditioner. The PSOF phase
drift caused by the temperature fluctuation is estimated to be less than 1.5 ps
(pk-pk) corresponding to 0.27° for RMO. The optical signal from the RMO
is converted to the electrical signal by an O/E and then monitored.

The phase monitor was implemented in a digital board based on MTCA.0
standard. The same board is used in [14, 78, 82, 83]. This board is equiped
with Xilinx Virtex-5 FXT FPGA, two 14-bit ADCs (400 MSPS high-speed,
1.44 GHz input bandwidth, ADS5474), and embedded with an input/output
controller (IOC) application based on Experimental Physics and Industrial
Control System (EPICS). The LMO and RMO signals are digitized by ADCs
with a sampling rate of 124.63 MHz. The ADC samples for the LMO and
RMO are described in Fig. 7.5. Finally, the IQ components are obtained by
DDC based on Eq. (3.10) and (3.11).
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(a) ADC samples for LMO signal.

(b) ADC samples for RMO signal.

Figure 7.5: ADC samples for LMO and RMO signals.

7.4.1 Short-term Stability

Short-term phase stability without digital filter is presented in Fig. 7.6. The
phase stabilities of LMO (571.2 MHz) and RMO (508.9 MHz) are 0.078° (rms)
and 0.064° (rms), respectively. To improve the phase stability, a digital LPF
with a bandwidth of 100 Hz is applied to suppress the clock jitter and ADC
noise [43].
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Figure 7.6: Short-term phase stability of LMO and RMO.
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7.4.2 Long-term Phase Drift

The long-term MO phase difference is shown in Fig. 7.7. The RF phases
of LMO (φLMO571) and RMO (φRMO509) are calculated at 571.2 MHz and
508.9 MHz, respectively. After the RMO phase is normalized to the LMO
frequency, the phase difference (φDIFF571) is calculated as

φRMO571 = 571.2/508.9 · φRMO509 (7.7)

φDIFF571 = φRMO571 − φLMO571 (7.8)

where φRMO571 is the RMO phase represented at 571.2 MHz.
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(a) Phase drift of LMO (blue) and RMO (orange).
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Figure 7.7: Phase difference between LMO and RMO for three days.

As shown in Fig. 7.7(a), the LMO phase drift is 0.39° (pk-pk) at 571.2 MHz
and the RMO phase drift is 7.31° (pk-pk) at 508.9 MHz. Because the sam-
pling clock was generated by LMO, the phase drift of LMO is much smaller
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than that of RMO. The phase difference between LMO and RMO is observed
to be 8.16° (pk-pk) over three days, as shown in Figure 7.7(b). The period
of the phase difference varies from 1 to 5 h. As mentioned above, the RMO
is located in the KEKB control room where the temperature is controlled
within ±1 ◦C by the air conditioner. However, a strong periodic temperature
fluctuation is caused by the working condition of the air conditioner. In ad-
dition, the period of this temperature fluctuation matches that of the MO
phase difference. Thus, the MO phase difference is correlated with the room
temperature of the KEKB control room.

7.5 MO Phase Difference Effects on Beam

Performance at BCS

The layout of the beam transport lines between the injector LINAC and the
DR is shown in Fig. 7.8 [84]. Figure 7.9 shows the horizontal beam positions
of two BPMs. BPM1 is located at the first arc section after DR extraction.
BPM2 is located at the second arc section after the 2856 MHz accelerating
structure of BCS. There is no slow drift at BPM1; however, it shows a clear
slow drift at BPM2. As shown in Fig. 7.8, the extracted positron beam
from the DR is accelerated by the BCS cavity operated at 2856 MHz. This
2856 MHz signal is generated by LMO but the RF of the DR is provided by
the RMO. It is found that the slow drift of the horizontal beam position at
BPM2 depends on the phase difference between LMO and RMO.

BCS Cavity

BPM1 (BPM before BCS cavity in RTL)

BPM2 (BPM after BCS cavity in RTL)

DR

RTL (BCS)

Sector 2 Sector 3

Positron Target

Sector 1

Figure 7.8: Layout of beam transport lines between injector LINAC and DR.
Locations of two BPMs are marked in the beam transportation line.

To confirm the relationship between the BCS RF phase and the horizon-
tal beam position, the RF phase was scanned. Figure 7.10 shows the mea-
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Figure 7.9: Horizontal beam position at BPM1 and BPM2 (top) and the phase
difference between LMO and RMO (bottom) without phase drift compensation
system for 9 h.

surement result. The slope of the linear fitting equation is −0.517 mm/° at
2856 MHz. In Fig. 7.9, slow drift in the horizontal beam position is observed
approximately at 6 mm. The 6 mm deviation corresponds to 11.6° BCS phase
change at 2856 MHz (pk-pk). Meanwhile, the observed MO phase difference
is 2.3° at 571.2 MHz (pk-pk), which corresponds to 11.5° at 2856 MHz. These
two results are consistent. The MO phase difference is too large to satisfy
the requirement of ± 0.1° (pk-pk) at 571.2 MHz; therefore, the phase drift
compensation system is developed.

7.6 Phase Drift Compensation

The LINAC RF phase should be shifted based on the injection mode of
HER and LER at the 50 Hz repetition rate. However, a fast phase change is
not allowed for the laser system of the photo cathode RF gun, as shown in
Fig. 7.1. MOPS is installed to satisfy the requirement of the laser system and
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Figure 7.10: Horizontal beam position as a function of 2856 MHz RF phase of BCS
cavity. The slope is −0.517 mm/°.

the injection phase adjustment [80]. MOPS consists of two phase shifters,
PS1 and PS2. PS1 is located upstream and fixed at the HER injection phase.
The PS1 output signal is sent to the laser system. PS2 is located downstream
and is changed every 20 ms depending on injection modes. For MO phase
drift compensation, the LMO phase is changed to follow the RMO phase
using MOPS.

As mentioned above, MOPS is used for beam injection phase adjustment
as well as phase drift compensation. Thus, the monitored phase drift of LMO
includes the injection phase change. For phase drift evaluation, the amount of
injection phase change is removed by calculation. The MO phase difference
is fed back to MOPS through the EPICS record. A proportional–integral
(PI) controller is applied for precise feedback control. Figure 7.11 shows
the long-term phase difference between LMO and RMO with compensation.
The LMO successfully follows RMO and the phase difference between them
is compensated within 0.018° (rms) at 571.2 MHz, which fulfilled the phase
stability requirement of ± 0.1° (pk-pk).

The horizontal beam position results with MO phase drift compensation
are shown in Fig. 7.12. The large slow drift of the horizontal beam position
at BPM2 is compensated. The energy jitter with the stability of 0.7 mm
(rms) still remains, however, it is not caused by the MO phase difference.
The possible sources are the klystron high voltage fluctuation, the LLRF
control unit and the measurement error of BPM2. Thus, the slow drift of
the beam energy is stabilized by the MO phase drift compensation system.
This system is successfully used in the SuperKEKB operation.
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(a) Phase drift of LMO (blue) and RMO (orange).
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Figure 7.11: Phase difference between LMO and RMO with compensation.
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Chapter 8

Summary and Future Prospects

This thesis mainly consists of two parts, i.e., the phase drift compensation
system for the RF reference distribution system with optical link at Su-
perKEKB injector LINAC and the phase drift compensation between LINAC
MO and RMO.

RF Reference Phase Stabilization at injector LINAC

� The requirement of RF reference phase stability was estimated to be
as 0.2° (rms) at 2856 MHz according to the requirement of the energy
spread at the end of injector LINAC, which is 0.07%. The long-term
phase drift requirement was 0.1° (rms) at 2856 MHz corresponding to
100 fs.

� The timing jitter and the long-term phase drift in the optical link were
first measured at injector LINAC. A phase drift of 5° to 6° was ob-
served in the transmitted phase at each sector, which cannot fulfill the
requirement.

� It was found that the humidity effect was quite significant. The temper-
ature and humidity coefficients of the PSOF, E/O, and O/E modules
were measured. These coefficients can be used to estimate the phase
drift caused by the temperature and humidity fluctuations.

� Reference tracking method was applied to compensate the phase drift of
the monitor system. The long-term stability can achieve 0.03° (pk-pk)
at 2856 MHz corresponding to 28 fs.

� A RF reference phase stabilization system using WDM technique or
optic circulator was implemented and the performance was found to be
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comparable. With PDFS compensation, the RF reference phase was
stabilized to 50 fs (pk-pk) level, which fulfilled the requirement.

In the near future, the RF reference phase stabilization system will be
implemented in injector LINAC and both schemes (WDM technique, optic
circulator) of the phase stabilization system can be the candidates. The
possible configuration of the RF reference phase stabilization system for Su-
perKEKB injector LINAC is shown in Fig. 8.1.
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Figure 8.1: Possible configuration of the RF reference phase stabilization system
for SuperKEKB injector LINAC.

� For optical length control, VODL is recommended for the coarse control
and large phase adjustment range in real RF operation.

� The optical components should be temperature stabilized and sealed
with stable humidity to improve the transmitted phase stability.

Phase Drift Compensation between LINAC MO and RMO

� A phase monitor system was implemented. The LMO (571.2 MHz)
and RMO (508.9 MHz) were directly sampled by ADC using the direct
sampling technique with a common sampling rate. A phase drift of
more than 8° (pk-pk) was observed between the LMO and RMO.

� A phase drift compensation system was implemented and the MO phase
drift was stabilized within 0.018° (rms) at 571.2 MHz, which fulfilled
the requirement of ±0.1 MHz (pk-pk). The system performance was
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confirmed by the beam energy stability after the BCS cavity. This
system is successfully used in SuperKEKB operations.

133





Appendix A

Temperature and Humidity
Coefficients Measurement of
Coaxial Cables

The coaxial cable is widely used for transporting high performance measure-
ment signal (e.g., phase monitor system) and stable machine synchronization
signals (e.g. RF reference distribution). The RF signal suffers time delay
while passing through the coaxial cable. The characteristics of the coax-
ial cable directly affect the propagation time delay (phase drift) due to the
fluctuations in temperature and humidity. A coaxial cable with a small prop-
agation time delay is necessary for abhigh precision phase monitor system.

Phase drift is a slow change in the phase length of the coaxial cable. It
can be expressed in degrees by

∆φcoax =
360fl

√
εr

c
(A.1)

where φcoax is the phase drift in degrees, f is the signal frequency, l is the
cable length, c is the light speed in vacuum, and εr is the dielectric constant
of the dielectric material filling the space between the center and the outer
conductor of the coaxial cable.

To measure the temperature and humidity coefficients of the coaxial cable,
a similar setup, as shown in Fig. A.1, is used. The coaxial cable (10 m) is
situated inside the temperature and humidity controlled chamber to change
the temperature and humidity. The phase change is measured by port 3 and
port 4 (S43) of the network analyzer, which is located inside the temperature
stabilized chamber. To reject the system phase drift, a same length (5 m) of
coaxial cable is adopted and its phase drift is monitored by port 1 and port
2 (S21) for reference.
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Figure A.1: Measurement setup for coaxial cables.

Several types of coaxial cable, which are widely used in our laboratory, are
purchased from different manufacturers. The measurement result is shown
in Table A.1. The property of the Andrew cable and the HUBER+SUHNER
cable are very good in comparison to others. The HUBER+SUHNER cable
is widely used in the phase monitor system at injector LINAC owing to its
flexural characteristics.
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Abbreviations

rms Root mean square
pk-pk Peak to peak
RF Radio frequency
LINAC Linear accelerator
MO Master oscillator
LMO LINAC master oscillator
PSOF Phase-stabilized optical fiber
WDM Wavelength division multiplexing
DR Damping ring
RMO Ring MO
HER High-energy ring
LER Low-energy ring
SHB Sub-harmonic buncher
SLED SLAC energy doubler
SB Sub-booster klystron
SSA Solid state amplifier
RSG Reference signal generator
BL Bunch length
SACLA SPring-8 Angstrom compact laser
CW Continuous wave
SG Signal generator
E/O Electrical/optical converter
O/E Optical/electrical converter
LLRF Low level radio frequency
NIM Nuclear instrument module
FPGA Field programmable gate array
ADC Analog-to-digital converter
I In-phase component
Q Quadrature-phase component
IIR Infinite impulse response
LPF Low-pass filter
VODL Variable optical delay line
VVM Vector volt meter
ECLD External cavity laser diode
AOM Acoustic optical modulator
PBS Polarization beam splitter
PDFS Piezo-driven fiber stretcher
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FRM Faraday rotating mirror
BPF Band-pass filter
PD Photo-diode
PFD Phase frequency discriminator
PID Proportional–integral–derivative controller
XFEL X-Ray free-electron laser
DESY Deutsches Elektronen-Synchrotron
RFS RF station
BPM Beam position monitor
MLO Master laser oscillator
PRDS Phase reference distribution system
L2RF Laser-to-RF
FSD Free-space distribution
LSU Link stabilization unit
PM Polarization-maintaining
OXC Optical cross-correlator
ODL Optical delay line
PARL Phase averaging reference line
NLC Next Linear Collider
SF Suppression factor
REF Reference signal
SSB Single side band
IF Intermediate frequency
LO Local oscillator
SR Sampling rate
DSP Digital signal processor
SNR Signal-to-noise ratio
DDC Digital down conversion
NCO Numerically controlled oscillator
FD Frequency divider
µTCA/MTCA Micro telecommunications computing architecture
AMC Advanced mezzanine card
DAC Digital-to-analog converter
DIO Digital input/output
REFn Reference signal of boardn
SOPTR Returned signal of the short optical link
SBnOPTR Returned signal of the optical link at sector n
SOPT Phase drift of the short optical link
SBnOPT Phase drift of the optical link at sector n
SBnTRS Transmitted phase drift of the optical link at sector n

140



LCP Liquid crystal ploymer
RH Relative humidity
SBnH Humidity inside the chamber at sector n
SBnGT Temperature in LINAC gallery at sector n
BBB Beagle Bone Black
NA Network analyzer
THC Temperature and humidity controlled chamber
TC Temperature stabilized chamber
DUT Device under test
CAL Calibrated phase drift
SIG Signal to be measured
TPE Temperature induced phase error
SREF Reference of the short optical link
SSIG Phase drift of the short optical link
SCAL Calibrated phase drift of the short optical link
STPE Temperature induced phase error of the short optical link
CSCAL Corrected SCAL phase
TTC Two-tone calibration
LBNL Lawrence Berkeley National Laboratory
DCM Drift compensation module
RTC Reference tracking
PCB Printed circuit board
cERL Compact energy recovery linac
DSBSC Double side-band suppressed carrier
VCXO Voltage-controlled crystal oscillator
FLASH Free Electron Laser in Hamburg
CLK Clock
REFn Reference phase measured by ADCn
RTCn Reference tracking between ADCn and ADC1
CWDM Coarse wavelength division multiplexing
DWDM Dense wavelength division multiplexing
TRS Transmitted signal
RTN Returned signal
I Integral controller
PZT Piezoelectric ceramics
TTL Transistor-transistor logic
CH Channel
PDL Polarization dependent loss
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SYSINTEMP Temperature inside the TC (feedback system located)
SYSINHUMID Humidity inside the TC (feedback system located)
INTEMP(PSOF) Temperature inside the THC (POSF located)
INHUMID(PSOF) Humidity inside the THC (POSF located)
TEMP Temperature
HUMID Humidity
SMOC Single mode optic circulator
FC Fiber-optic connector
APC Angled physical contact fiber connector
FFT Fast Fourier transform
BCS Bunch compression system
RTL DR to LINAC
PS Phase shifter
MOPS Master oscillator phase shifter
RF-Dist. RF reference distribution system
MMO Main master oscillator
PLL Phase-locked loop
EPICS Experimental Physics and Industrial Control System
PI proportional-integral controller
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