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Abstract

Ultra-low phase noise microwave extraction from mode-locked lasers.

This project was undertaken to design a balanced optical-microwave phase detector (BOMPD)
for sub-femtosecond synchronization between optical and microwave sources. Those hy-
brid phase detectors form a constituent part of a large-scale synchronization system for
future free-electron lasers (e.g. the European XFEL). The goal is achieved with 0.5 fs
RMS jitter integrated from 1 Hz to 20 kHz. Furthermore, a microwave interferometric
phase noise measurement system was created for high precision characterization of the
synchronization system.

Erzeugung von Mikrowellen mit extrem niedrigem Phasenrauschen mittels
modengekoppelter Laser.

Das Ziel dieser Arbeit war die Entwicklung von Phasendetektoren für die Synchronisation
von ultrakurzen Laserpulsen und Mikrowellengeneratoren (BOMPD) mit einer Sub-
Femtosekunden-Präzision. Der BOMPD ist ein wesentlicher Bestandteil des
Synchronisationssystems für zukünftige Freie-Elektronen Laser wie z.B. der European
XFEL. Die Synchronisation durch die BOMPD-Phasenregelschleife erzielte ein Jitter von
0,5 fs (quadratischer Mittelwert). Weiterhin wurde eine interferometrische Messaparatur
zur hochpräzisen Charakterisierung des Phasenrauschens im Synchronisationssystem
realisiert.
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1 | Inroduction

The main goal of the following Master’s Thesis is to cover the subject of microwave gen-
eration from the laser frequency comb and to present the development of a balanced
optical-microwave phase detector (BOMPD) for ultra-low jitter synchronization of a tun-
able microwave signal source to a femtosecond mode locked laser. Additionally, the setup
with capabilities to measure the synchronization jitter of BOMPDs is presented.

1.1 Laser Frequency Comb

The Nobel Prize in Physics 2005 was shared by John Hall and Theodore Hänsch for the
development of optical frequency comb technique [1] which had a direct impact in the
fields of optical frequency metrology and optical clocks.

The first step in generation of optical frequency combs is locked in constructing of the
periodic train of ultrashort pulses with high repetition rate, which is generated by a mode-
locked laser. This pulse train has the frequency spectrum that consists of regularly spaced
sharp lines. Such a frequency spectrum is, actually, an optical frequency comb. For exact
prediction of the form of the frequency comb, let us first analyze a train of completely
identical pulses with fixed repetition rate fr. By usage of the Fourier transform one
can see that this train generates a comb of regularly spaced Fourier transforms of pulse
envelope functions, where the space is equal 1/fr (see Fig. 1.1). If one measures such a
spectrum with a resolution sufficient to differentiate the comb lines, one will not be able
to differentiate the pulses in time. It will result in the positive interference of successive
pulses inside the interferometer that occurs at nfr, where n is integer.

Now we need to take into account the fact that the carrier envelope phase φ is not
constant, but evolving with time. The phase shift from pulse to pulse ∆φ = φ2 − φ1 is
constant and leads to a global offset f0 of the whole frequency comb. The comb offset
depends on phase shift as f0 = (1/2π)∆φfr. Thus the frequencies of the comb lines are
νn = f0 + nfr.

In an experiment the frequency nfr could be measured in a straightforward way by
counting pulses by a fast photodiode and dividing their number by the time of the mea-
surement. The absolute measurement of the comb shift f0 is more complicated and
requires interferometric measurements. However, if the frequency comb spans an octave
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Figure 1.1: Time and frequency domain correspondence for a pulse train with evolving carrier-
envelope function; (left) Time Domain, (right) Frequency Domain [2].

in frequency (i.e., the highest frequencies of the comb are a factor of two larger than
the lowest frequencies), measurement of f0 is significantly simplified. In this case one
can use second harmonic crystal for doubling of a low frequency comb line and analyze
its interference with the high frequency comb line of about doubled frequency. Thus, if
one stabilizes both the repetition rate fr and the carrier-envelope offset frequency f0 of a
laser frequency comb, it will be possible to control positions of the comb lines extremely
precise.

1.2 Stabilization of an octave spanning Ti:Sapphire
frequency comb

Since it is possible to generate an octave spanning spectra directly from a Ti:sapphire
laser [3], this class of mode-locked lasers became very attractive as a base for ultra-stable
laser frequency comb generation. Suppose, we have one with a configuration shown in
Figure 1.2.

Figure 1.2: Example schematic of an octave Spanning Ti:Sapphire laser. The length of the ring
cavity could be slightly corrected by moving of the DCM7B flat mirror with a piezo attached
on the back side of it [4].

In this scheme a ring configuration of the mode-locked laser is presented. The cavity is
built from two curved and two flat mirrors. One of the curved mirrors is semi-transparent
and the system is pumped by a CW laser through it. One of the flat mirrors could be
slightly moved by driving the piezoelectric transducer crystal. The Ti:Sapphire crystal
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works as an active media, while the BaF2 plate compensates group delay dispersion of
the light pulses in mirrors, Ti:Sapphire and air. The BaF2 wedge is a double-purpose
element: first, it is used for fine tuning of dispersion correction, second, it plays a role of
the output coupler.

Two degrees of freedom associated with the optical comb, the laser repetition frequency
fr and the carrier-envelope offset frequency f0, can be presented as

fr =vg(fc)
lc

,

f0 =fc
(

1− vg(fc)
vp(fc)

)
,

(1.1)

where lc is round-trip cavity length, vg and vp are, respectively, the average group and
phase velocities inside the cavity and fc is the spectrally weighted carrier frequency. To
control two degrees of freedom, it is required to drive at least two of presented parameters.
One of them, the cavity length lc, could be changed directly by moving the flat mirror
with use of the piezo transducer. A possibility to fix the second degree of freedom comes
from the fact that the carrier frequency fc shifts as a function of the intracavity pulse
energy, and, therefore, it can be driven by modulation of pump power [5, 6]. Variation
of the pump power can be done, for example, with use of an acousto-optic modulator
(AOM). Thus, the feedback system is complete and it possible to lock the carrier fre-
quency to zero with the self-referencing technique and, after that, lock one comb tooth
to a reference oscillator frequency, for example, hydrogen maser standard or stable CW
laser (Fig. 1.3, left).

Figure 1.3: Left: Stabilization scheme of an octave spanning laser comb in the frequency
domain. The carrier envelope frequency is locked to zero by referencing one tooth of the laser
comb to a second one of the lower frequency, which frequency is doubled. Repetition rate of the
comb is controlled by referencing of one of comb lines to a reference frequency standard. Right:
Counting record of the offset frequency and the repetition rate for the Ti:sapphire laser [7] in
the free running mode (A) and after locking (B).
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A similar technique was already applied to stabilize the laser-based optical frequency
comb with a 10-gigahertz repetition rate, whose output spectrum covers the range from
470 to 1130 nanometers (i.e. over one octave) [7]. Figure 1.3 (right, a) shows the long
term drifts of carrier-envelope offset frequency f0 and the laser repetition rate fR while
all phase-locked feedback loops are off. Easy to see that both frequencies show a large
drift. It is notable, that the the drift of the offset frequency f0 is more than three orders
of magnitude larger than the drift of the repetition rate fR. After the stabilization system
is activated, both frequencies stay within tens of mHz. These drifts correspond to the
fractional instability provided by the hydrogen maser and the synthesizers, which means
that the noise characteristics of the laser itself might be even better. Obtained phase
noise performance of the stabilized laser is presented in Figure 1.4. Integrated phase
jitter of the generated pulse train is about 0.3 rad from 10 Hz to 10 kHz, referred to
10 GHz carrier. Sharp peaks of the noise performance curve in the region around 10 kHz
correspond to the operating bandwidth of the f0-PLL. Other peaks at higher frequencies
have thermal and electronic origins. These factors increase the full integrated phase noise
which is about 3 radians from 10 Hz to 1 MHz.
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Figure 1.4: (a) Carrier envelope frequency phase noise and integrated phase noise. (b) Ampli-
tude noise characteristics of the pump laser and the 10GHz laser [7].
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1.3 Timing synchronization for large-scale facilities

As shown, a drift-free high frequency pulse train can be generated from the femtosecond
mode-locked laser, which means that it can be used as a master clock source for various
scientific experiments. However, the fact that the clocking signals are presented in the
form of ultra-short laser pulses stands it out against other types of clocking sources and
RF-signal distribution systems. These femtosecond pulses could be transported over large
kilometer-scale distances directly through optical fiber links. The laser optical clock is
very proper solution for timing synchronization between different parts of large-scale scien-
tific facilities, such as particle accelerators and X-Ray free electron lasers (FELs). One of
the FELs, the European XFEL, requires the tight synchronization between many optical
sources (such as high power laser for the electron gun, seeding laser, laser for pump-probe
experiments etc.) and microwave devices (such as pulsed clystron, accelerating modules,
bunch compressors, beam diagnostics tools and others). A proper configuration for dis-
tribution of the timing signal was proposed more than ten years ago in the framework of
the, so called, MIT Bates X-ray laser project [8].

Figure 1.5: Multilevel scheme of the laser-based synchronization system for the XFEL. First
level: Master Laser Oscillator generating a periodic stable stream of identical optical pulses.
Second level: The length-stabilized fiber-link distribution system. Third level: application-
dependent front-ends.

This scheme was adapted for the configuration of the European XFEL (see Fig. 1.5),
where all sub-systems of the FEL are referenced with a master-laser oscillator (MLO)
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which is locked to a low-noise RF oscillator or to an optical frequency standard. The MLO
is producing a train of ultra-short optical pulses centerd at a wavelength of 1550 nm [9].
This pulse train is transported to the subsystems of the FEL through optical fiber link with
stabilization system that maintain constant the round trip time for pulses propagating in
a fiber link with a feedback loop that changes its length [10]. After the optical pulses are
delivered to the end-stations or subsystems of the FEL, they will be either directly used in
high-accuracy direct timing measurements, or used for optical-to-optical synchronization
of other laser laser systems of the facility, or be converted to radio frequency (RF) signals
for referencing of accelerating modules. Issues of the optical-to-RF synchronization are
the main subject of the thesis.

1.4 Laser to RF conversion

Direct detection

The European XFEL’s timing distribution system is required, in particular, to provide
high-frequency RF signal referenced to the optical signal with sufficient output power and
femtosecond stability. A straightforward approach to extract RF signal from optical fre-
quency comb is to detect the optical signal with a fast photodiode, and then filter out the
required frequency comb line with a suitable band-pass filter (see Fig. 1.6). Afterwards
the generated weak RF signal needs to be amplified to the required power level.

Figure 1.6: Scheme of the microwave signal extraction from an optical frequency comb via direct
detection with fast photodiode.

Since fast GaAs and InGaAs photodetectors with a bandwidth over than 10 GHz
appeared on the market, they became the most cost-efficient solution for many applica-
tions in microwave extraction experiments [11]. However, there are some performance
limitations mainly caused by the effects listed below.
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The photodiodes utilize the photovoltaic effect to convert optcal power into an electri-
cal current. This current flows through the load resistor across which the output voltage
of the photodetector is measured. The thermal noise of the load resistor makes the largest
contribution into the limitation for the measurement of phase noise at high offset frequen-
cies. To increase the signal-to-noise ratio one should put as much optical power to the
photodetector as possible while it is not saturated.

Photodiodes have the internal capacitance created by PIN junction. This capacitance
depends on the design of PIN junction and spatial charge distribution in the photodiode.
It leads to the appearance of the nonlinear process of the hence the phase of the output
signal (see Fig. 1.7) which is the origin of the amplitude-to-phase (AM-PM) conversion
process in the photodiode. The AM-PM conversion factor usually varies between 1 and
10 ps/mW, depending on the type and size of the photodiode. It means that if we ap-
ply a maximum power of 10 mW on a photodiode with the AM-PM conversion factor of
1 ps/mW, then we will have to control the applied optical power within 0.1% to reach at
least 10-fs jitter level (or 0.01% for 1-fs jitter), while all other phase noise sources are not
taken into account. Such requirement it already a very complicated issue to solve.

Figure 1.7: AM-to-PM conversion through direct detection of an optical pulse with fast photo-
diodes. Due to internal non-zero capacitance of photodiodes the rise time of the electrical signal
generated by the incoming laser pulse depends on the energy of the pulse. Therefore, amplitude
noise in the optical domain converts to phase noise in the electronic domain.

Finally, the response of the photodetector depends on temperature which has a direct
impact on very slow phase drifts of the timing signal. Additionally to that, changes of
the room temperature may cause mechanical deformation of the setup and slight optical
misalignment. Temperature stabilization of 0.1◦C does not eliminate a high degree of
correlation between the photodiode temperature and the phase jitter [12]. To summarize,
the direct detection scheme requires a deep improvement of detector designs in directions
of increasing of saturation power and suppressing of the AM-PM conversion. There are
already the designs that make a phase jitter below 10fs achievable [13, 14], but for the
time present are difficult for real implementations.
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Hybrid locking of low noise RF oscillators

Alternative technique of the optical to RF conversion deviates from direct generation of
microwave signals from laser pulses, but uses the pulse train for the phase referencing of
a local RF oscillator to regenerate an ultra-low noise RF signal. This approach is well-
founded since ulta-low phase noise voltage control oscillators (VCOs) are available on the
market. These VCOs generate RF signals of microwave frequencies (1 GHz - 12 GHz)
and could be tuned only in few kHz for the whole feedback voltage range. A 10.8 GHz
commercial sapphire-loaded cavity oscillator (SLCO) was used as a VCO during the work
on the Thesis (see Appendix A). This VCO generates +12 dBm power signal with the sin-
gle sideband phase noise curve shown in Figure 1.8. The phase noize curve settles below
-150 dBc\Hz level by offset frequency over 10 kHz which results in only about 0.3 fs jitter
integrated from 1 kHz to 10 MHz [15]. This low noise performance is achieved by locking
of the VCO to a thermally and acoustically stabilized cavity inside the SLCO. However,
the phase curve rises rapidly by decreasing of the offset frequency. The only integrated
jitter from 100 Hz to 1 kHz adds 2 fs more to the total RMS jitter of the signal source.
This behavior inevitably results in phase drifts during long-term operation.

Figure 1.8: Variation of the single-sideband (SSB) phase noise of free-running SLCOs at
10.833 GHz carrier frequency with offset from carrier frequency.
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On this account, even low-noise RF sources need to be referenced to a timing distribu-
tion system. Thereto one can build a phase-locked loop (PLL) which scheme is shown in
Figure 1.9. There is a locally staying VCO which RF output signal is used in subsequent
experiments. The same signal is fed to a hybrid optical-RF detector which is sensitive to
the phase error between this RF signal and incoming optical reference pulses of the laser-
based synchronization system. The PLL is accomplished by a loop filter (for example,
PID controller) which is tuning the VCO according to the detected phase error.

Figure 1.9: Schematic diagram of a opto-electronic phase-locked loop.

Since the maximum response frequency of loop filters is limited, the presented scheme
will combine the advantages of VCO’s low phase noise characteristics at high offset fre-
quencies and drift-free performance of the laser oscillator. But it is a challenging task
to design a high-responsive optical-RF phase detector which would be not sensitive to
power and temperature drifts. One of developed hybrid phase detectors, balanced optical-
microwave phase detector or BOMPD, is discussed in the next chapter.
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2 | Balanced Optical-Microwave Phase
Detection

2.1 Operation Principle

The AM-PM conversion by the optical-RF synchronization could be significantly reduced
by use of balanced detection technique [16], where the phase offset measurement between
RF and laser pulses is moved to the optical domain. The general concept is shown in
Figure 2.1.

Figure 2.1: General scheme for microwave signal extraction an optical pulse train by transferring
phase offset information into the optical domain.

The power of the incoming optical pulse train is equally divided and guided in two
arms with amplitude modulators. These amplitude modulators driven by the same RF
signal generated by the VCO, however the phase of the one them is shifted by 180◦. Op-
tical signals generated in two arms are detected by a balanced detector. This intensity
difference depends on the phase offset between optical and RF signal and is equal to zero
only when pulses of the optical pulses are coming to the amplitude modulators simulta-
neously with zero-crossings of the RF signal. Any phase misalignment from this position
will produce a non-zero signal in the output of the balanced detector proportionally to
the phase difference. This is a sufficient condition for a loop filter operation, which will
tune the VCO to follow the phase of the reference laser pulse train.
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Thus, this hybrid detection scheme is not sensitive to the amplitude of incoming laser
pulses and will block AM-PM conversion if the PLL maintains phase equilibrium state.
However, strict stability requirements are applied to the optical part of the phase detec-
tor. Thermal drifts and mechanical vibrations of the optical components will directly led
to unbalancing of the detector and insertion of excessive phase noise to operation of the
VCO. For example, especially for this reason, hybrid phase detectors based on a Mach-
Zehnder interferometer cannot perform sub-10-fs stability [17].

Such effects are significantly reduced by using of a fiber Sagnac-loop, which is con-
structed by a 50/50 fiber coupler where the ports on one side are connected to each other
and two remaining ports are used as the input and output ports. The coupler is designed
in the way to provide 50% power coupling between the fused fibers, so each laser pulse
is divided into two equal pulses propagating through the fiber loop in opposite directions
and meet again in the coupler. Interfered signal is guided toward the output (see Fig.
2.2, left).

Sagnac-loop

Optical pulse
train

Figure 2.2: (left): Scheme of the primitive fiber Sagnac interferometer. (right): The phase
between interfered pulses is absent and the output signal amplitude is equal zero according to
the Sagnac-loop transmission function (2.2).

Since the CW and CCW propagating pulses run the same fiber length, a perfect
destructive interference occurs in the output of the Sagnac-loop. The CW and CCW
propagating paths are the two arms of the balanced detection scheme shown in Figure
2.1, which cannot be detuned by temperature or power drifts.

Suppose that the optical pulses are very short, we can describe the optical pulse train
applied to the Sagnac-loop as a sequence of delta-functions:

Pin(t) = P avg
in

1
fR

∞∑
n=−∞

δ(t− n

fR
), (2.1)
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where P avg
in is the average amplitude of the pulse train and fR is its repetition rate. The

output amplitude is given as

Pout = Pin sin2(∆θ/2), (2.2)

where ∆θ is the phase shift between the CW and CCW propagating pulses and is equal
zero in case of a simple Sagnac-interferometer (see Fig. 2.2, right). If one will implement
a phase modulator into the Sagnac-loop and will drive it with regenerated repetition
frequency divided by two (see Fig. 2.3, left), then the intensity of outgoing pulses is not
equal zero:

Pout = Pin sin2
(

Φm sin(πfRt+ ∆φ)
)
, (2.3)

where Φm is the amplitude of phase modulation by fR/2 frequency and ∆φ is its phase
relative to the pulse train. As one ca see, if the phase ∆φ = π/2 then every odd and even
optical pulses in the train are modulated with the same signal amplitude, but with phases
shifted by 180 ◦ (see Fig. 2.3, right). Results of interference for odd and even pulses are
indistinguishable and the build a train of identical pulses with repetition rate fR.
Reference signal fR/2 is driving

Sagnac-loop

Phase
mod.

Optical pulse
train

÷2

Figure 2.3: (left): Reference signal fR/2 is driving the phase modulator cut into the Sagnac-
loop. (right): Synchronized electro-optical sampling of the pulses with 180◦ phase shift results
in generation of the train of equal pulses.

Finally, we supplement the scheme with the RF signal source with a frequency equal
to a multiple of repetition rate, f0 = Nfr, which we want to lock to the optical reference
signal (see Fig. 2.4, left). We add the signal from the VCO to the modulation signal:

Pout = Pin sin2
(

Φm sin(πfRt+ π/2) + Φ0

2 sin(2πf0t+ ∆θ)
)
, (2.4)

where Φ0 is the amplitude of phase modulation from the VCO and ∆θ is the phase error
between the laser pulse train and the VCO signal. By substituting of (2.4) to (2.1) the
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master equation for the output signal function is deduced,

Pout = P avg
in

1
fR

∞∑
n=−∞

sin2
(

Φm sin(πfRt+ π/2) + Φ0

2 sin(2πf0t+ ∆θ)
)
δ(t− n

fR
), (2.5)

which qualitatively means that the odd and even outgoing pulses have different amplitudes
when the phase error ∆θ is not equal zero. Periodic leaps of the generated pulse train
could be interpreted as a modulation of the signal with the frequency fR/2. Amplitude
of the spectral component could be extracted from (2.6) for the small values of the phase
error ∆θ [17]:

P
fR/2
out = 2P avg

in ΦmΦ0∆θ. (2.6)

The derived equation shows that the fR/2 component of the signal which is coming
out from the Sagnac-loop is linearly dependent on the phase error between the signal of
the RF-oscillator and the optical clock. One can make a conclusion, that with proper
detection, filtering and downsampling of that component the shown scheme functions as
a hybrid optical-RF phase detector.

VCO

Sagnac-loop

Phase
mod.

Optical pulse
train

÷2

∝ ∆θ

∆θ

Figure 2.4: (left): Scheme of the BOMPD sensitive to the phase error ∆θ between RF-signal
and referencing optical signal. (right): VCO signal additionally applied to the phase detector
causes amplitude modulation of output signals proportionally to ∆θ.
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2.2 Optical-RF hybrid PLL

Basic scheme of the measurement setup

A standard experimental setup for the referencing of a VCO to the optical timing sig-
nal using a BOMPD is shown in Figure 2.5. The same scheme was taken as a base for
one of the performed experiments with BOMPD. In this experiment a commercial (One-
Five, Origami) free-running femtosecond Er-doped mode-locked laser manufactured was
generating the input pulse train centered at 1558 nm with a 216.667-MHz fundamental
repetition rate. The optical power is split into Sagnac-loop interferometer and, so called,
reference path, where the 0 dBm signal is detected with a high speed InGaAs PIN pho-
todiode (Discovery; DSC40S). After that, in the reference path, the 12.78 GHz harmonic
is extracted from the pulse train with use of a narrow band-pass filter and divided by
2 in the frequency divider (Hittite; HMC492LP3). Cascades of various low-noise and
power RF amplifiers (Hittite, Ciao Wireless) are used for maintaining of the RF signal on
required power level. Derived 6.39 GHz signal is afterwards added in the diplexer (K&
L) to 10.833 GHz signal generated by the SLCO. This signal, finally, drives the phase
modulator implemented to the Sagnac-loop (EOSpace). Important to note, that vari-
able phase shifters (ARRA) are required for setting of the relative phase offset between
the RF modulating signal and optical train in the Sagnac-loop to π/2 (quadrature bias).
The modulated pulse train at the output of the Sagnac-interferometer is detected on
the photodiode with 15GHz detection bandwidth (EOT; ET-3500F) and down-sampled
with 6.39 GHz signal from the reference path by proper in-phase tuning (ARRA), mixing
(Mini-Circuits) and filtering the frequency components below 22 MHz with the low-pass
filter (Mini-Circuits). This scheme in essence constructs the hybrid phase detector.

VCO

PI
Sagnac-loop

Phase
mod.

Optical pulse
train

÷2

∝ ∆θ

∆θ

Figure 2.5: Scheme of the Optical-RF hybrid PLL based on BOMPD (in the frame).
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Sensitivity of the constructed BOMPD is 6.0 mV/fs referred to 10.833 GHz (for the
description of phase sensitivity measurement see Appendix C), which is sufficient for direct
driving of a proportional-integral (PI) controller (Vescent; D2-125). The PI controller
tunes the VCO frequency according to the error signal with maximum locking bandwidth
of 100 kHz and performs a long-term stable lock between the mode-locked laser and the
VCO.

For performing of both in-loop and out-of-loop PLL phase noise characterization the
second almost identical BOMPD was built. This second BOMPD with phase sensitivity of
5.2 mV/fs referred to 10.833 GHz is not taking part in phase locking and is only required
for characterization of the PLL performance (see Fig. 2.6).

VCO
PI

Optical pulse
train

In-loop BOMPD

Out-of–loop BOMPD
Measurement
electronics

Figure 2.6: Scheme of the setup with two BOMPDs for in-loop and out-of-loop measurements
of the PLL phase noise performance.

Output signals from both BOMPDs were measured with the signal source analyzer
(Agilent; E5052B) and afterward converted to phase noise spectra with use of measured
phase sensitivity coefficients. Signal amplitude level at BOMPDs’ outputs is lower than
the measurement noise floor of the SSA, therefore a low-noise preamplifier was used to
increase the power level by 40 dBm (see Appendix B). Additionally, the phase noise
performance of the mode-locked laser and microwave sources was measured by direct
detection of the optical train and mixing of the output signals of two loosely locked
SLCOs, respectively. It was investigated that the fiber-based laser produces the optical
pulse train with higher phase jitter than new stable SLCOs. Therefore, it was decided to
switch the setup to the optical-to-RF locking mode to make a deeper analysis of limits
of BOMPD performance. In this mode VCOs frequencies loosely locked and the PLL is
tuning the MLL repetition rate by driving the piezo transducer inside the laser. This
locking mode is required for referencing of the laser master clock to a local ultra-stable
RF frequency standard source.
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As would be expected, variation of the parameters of the loop filter has a direct im-
pact on the PLL performance. Gain of the PI-controller should maximized for the best
phase noise suppression. However, if the loop filter gain will be too high, self-exciting
oscillations of the loop appear or the PLL lose the lock completely. Thus, while tuning
of phase loop parameters one should find the highest gain when the PLL keeps long-term
stability. Residual phase error measurement curves for tight locking are shown in Fig.
2.7. The bandwidth of the PLL was limited to 20 kHz to avoid excitation of a resonant
peak at 30 kHz. Signals measured at outputs of in-loop and out-of-loop BOMPDs are
shown in blue and red, respectively. The integrates out-of-loop jitter is 0.5 fs for the whole
locking bandwidth from 1 Hz to 20 kHz. Additionally, in-loop photodetection noise floor
is shown in green. As one can see, performance of the phase lock is fundamentally limited
to this noise floor. Increase of the noise curve close to 20 kHz correspond to operation of
the loop filter. Various sharp peaks are excited by several environmental noise disturbers
which are discussed below.

Figure 2.7: Single-sideband (SSB) phase noise spectra at 10.833 GHz and integrated jitter of the
in-loop and out-of-loop PLL measurement (blue and red, respectively), in-loop photodetection
noise floor (green), free-running SLCO (solid black) and laser (dashed black).
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2.3 External noise sources

During adjustments of the BOMPDs for optimal operating it was found that the BOMPD
phase noise performance is very sensitive for the electrical noise generated by surrounding
equipment. A direct way for the penetration of external noise is the power supplying
of various RF-electronics of the BOMPD. In Fig. 2.8 one can see the RF-noise gener-
ated by a typical switched mode power supply was measured by capturing of the AC
signal spectrum by the SSA on the passive load supplied by DC current. Large spikes
at 50 Hz, 100 Hz and 150 Hz are induced by transformers that work on 50Hz frequency
of the standard 220 V AC power network. Various peaks below 1 kHz originate in the
operation principle of switched mode power supply where broadband noise is created by
under-damped oscillations in the switching circuit. Power supplies with high-degree out-
put noise suppression are used to avoid undesirable noise excitation. Variation of the
supplying voltage for different RF-components is managed using low-dropout (LDO) reg-
ulators. They also suppress low-frequency AC oscillations induced in long powering wires.
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Figure 2.8: Noise spectrum of a 12 V switching mode power supply. Measured with 1/100 gain.

Sharp high-frequency peaks around 100 kHz correspond to the clocking frequencies of
the digital signal processing system of the measurement electronics. Therefore, all signals
are routed through wide bandwidth RF transformers before they are measured by labo-
ratory equipment such as a spectrum analyzer or an oscilloscope.
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The same noise is also radiated in the form of electromagnetic waves and detected
by ground loops of the setup or direct pick-up from air. This electromagnetic interfer-
ence (EMI) is minimized by sufficient distancing of the noise disturbers (power supplies,
cooling fans, SLCOs) from the BOMPD and between them. Additionally, cable routing
is optimized to eliminate the most of ground loops. Thus, despite appearance of these
noise pick-ups in the phase noise error measurements (Fig. 2.7) their contribution to the
overall jitter is minor.

2.4 Dual-frequency reference path

As discussed before, further suppression of the BOMPD noise floor is limited by the pho-
todetection noise floor of the reference path of the BOMPD. Meanwhile, this limitation
could be partially bypassed by decreasing of the down-mixing frequency for the modulated
pulse train at the output of Sagnac-loop interferometer. This is a permissible modification
while the BOMPD’s maximum response frequency, which is in this case limited by the
down-sampling frequency, is much higher than the PLL bandwidth.

VCO

PI

Sagnac-loop

Phase
mod.

Optical pulse
train

÷2

∝ ∆θ

∆θ

÷2

10.833 GHz

216.666 MHz

12.78 GHz

Figure 2.9: Scheme of the BOMPD with an additional independent reference path down-mixing
of the modulated pulse train at the output of Sagnac-loop interferometer. Much lower operating
frequency of this reference path makes possible further suppression of the photodetection noise
floor without limiting of the PLL’s operating bandwidth.
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Additional reference path was built to perform down-conversion at 108.333 MHz which
is nearly 60 times lower than the modulation frequency of 6.39 GHz. As one might ex-
pect, it is possible to increase signal-noise ratio of the directly detected optical signal by
increasing of the incident optical power to +5 dBm, because of higher saturation power
for lower frequencies. VCO signal was removed and the PLL unlocked to measure the
noise floor of the BOMPD with the new reference paths’ scheme. New modified BOMPD
shows the noise floor of -161 dBc/Hz (see Fig. 2.10), which proves significant improve-
ment of the noise performance. Sources of the parasitic pick-ups from 50 Hz to 800 Hz
are discussed before. The f−3 low-frequency slope represents an overall impact of the
noise of the detection electronics. Integrated jitter riches the value just below 0.2 fs from
1 Hz to 1 MHz Despite the fact that the low-frequency reference path was built with
low-cost RF-components (Hittite, Mini-Circuits), it performs much higher resistance to
temperature-induced phase shifts, since they decrease proportionally to the operating fre-
quency.

Figure 2.10: Noise floor of the BOMPD with dual-frequency reference signal detection.
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3 | Interferometric setup for phase
noise measurements

Development of ultra-low noise stabilization systems requires a measurement tool for
characterization of their noise performance, which measurement noise floor would be even
lower than than the noise floor of the stabilization system. In the case of developed
BOMPDs the phase noise floor of the required measurement tool for a further research
should lay below -160 dBc/Hz, referred to 10.8 GHz. In the experiments described in the
previous chapter, the out-of-loop performance of the BOMPD-based PLL was directly
observed by nearly identical second BOMPD with a lower noise floor. This measurement
scheme shows the phase noise performance relatively to the same referencing optical signal,
i.e. is not sensitive to the laser phase jitter. Alternative approach is to build two complete
BOMPD-based PLLs and to measure their residual phase jitter, which will present the
absolute noise performance of the stabilization system.

3.1 Setup scheme

To characterize residual phase offset between two loosely locked SLCOs, a high-precision
microwave interferometric setup was built basing on research of E. N. Ivanov et al. [18]
on corresponding techniques. The system is shown in Fig. 3.1, where the phase locked
VCOs are presented as devices under test (DUT). Their output signals are balanced to
have equal phase and power level with use of variable attenuators (ATM; AF066-10) and
phase shifter (ATM; P1506D). Afterwards the signals are routed to the 180◦ hybrid cou-
pler (MCLI; HJ-38) where they interfere constructively and destructively and could be
readed out at Σ and ∆ outputs, respectively. A non-zero signal at the ∆ output could
appear as consequence of a phase jitter of the VCO signals. This signal is amplified by
the low-noise RF-amplifier (Nextec-RF; NBL00437) and then down-mixed by the carrier
frequency from the Σ output. Obtained signal is then measured by spectrum analyzer.
Additional RF-signal source with a slightly different from main carrier frequency is re-
quired for calibration of the interferometric system.
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Figure 3.1: Scheme of the interferometric residual phase noise measurement system for two
loosely locked microwave signal sources.

The phase noise floor of the interferometric system is mostly defined by the effective
noise temperature of the readout system. This limitation for single-side spectral density
comes as

Lθ = kBTRS
Pinp

, (3.1)

where Lθ is the phase noise floor of the interferometric setup, kB is Boltzman constant,
Pinp is the power incident on the readout system of the setup and TRS is the effective noise
temperature of the readout system which presents as

TRS = T0 + Tamp, (3.2)

where T0 is the ambient temperature and Tamp is the effective noise temperature of the
amplifier.

3.2 Measurement results

At first glance, the scheme of the interferometric setup could appear to be not sophisti-
cated. However, this simplicity is compensated by the amount of laboratory electronic
equipment used for calibration of the setup and essentially phase noise measurements. It
is also important to note that the whole cycle of the calibration and measurement should
be done with minimal mechanical and thermal disturbance of the setup. Otherwise it
leads to a significant inaccuracy of the measurement results, due to overlap of amplitude
modulation effects on phase noise measurement.

For test purpose, two 10.833 GHz SLCOs were loosely locked by referencing of one of
these VCOs to the second one by the PI controller (NewPort; LB1005). Phase error signal
was provided by to the PI-conroller by mixing of the VCO output signals in the RF-mixer
(Mini-Circuits). The same 10.833 GHz signals were pre-amplified to the level of 20 dBm
and routed to the inputs of the interferometric system. Precision of the amplitude and
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phase balancing of the input signals could estimated by a RF spectrum analyzer (Agilent;
N9030A) connected to the ∆-output of the 180◦ coupler through the directional coupler
(ATM; C116-20). Iterative tuning of the variable attenuators and phase shifter results
in the suppression of the carrier frequency at the ∆-output to the level of -50 dBm.
In order to obtain proper in-phase mixing in the readout system, one should tune the
variable reference phase shifter and monitor the output signal by an oscilloscope. The
system will be tuned correctly, if the average DC level of the output signal is equal zero.
Afterwards, the output signal is switched to the spectrum analyzer (Agilent; E5052B) for
the acquisition of the phase noise performance.

Obtained phase noise spectrum should be converted from voltage to radian units by
calibration of the interferometric setup. Additional low-power 10.833 GHz microwave
signal generator (Agilent; E8257D) with a slight frequency offset of few kHz from the
main carrier is additionally driving one of the interferometer arms to artificially induce a
beat note with amplitude Vbeat in the output phase noise curve. Phase sensitivity of the
readout system is then given by

K = Vbeat /

√
Pc

2Pinp
, (3.3)

where Pc is the power level of the calibration signal. Phase sensitivity was measured to
be around 30 V/rad for the 50Ω input coupling of the measurement equipment. Scaled
phase noise curve is presented in Fig. 3.2 in red.

Phase noise floor of the interferometric setup was measured by driving of the both
interferometer arms with the identical 10.833 GHz signals from the single free-running
SLCO. The single-sideband phase noise floor of the interferometric setup is shown in Fig.
3.2 in black. The noise floor curve reaches -185 dBc/Hz level at 10 MHz Fourier frequency.
The integrated phase jitter is only 0.3 fs from 10 Hz to 100 MHz (see Fig. 3.3).
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Figure 3.2: Interferometric phase error measurements for loose SLCOs locking referred to
10.833 GHz.
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Figure 3.3: Integrated RMS timing jitter corresponding to Fig. 3.2.
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4 | Conclusion and outlook

The purpose of the current study was to determine the most AM-sensitive signal paths
of the BOMPD by careful characterization of the noise behavior of several BOMPD con-
figurations. RF components and optics of the system were optimized to reduce the level
of noise generated within the BOMPD, relatively to its previous modifications. In the
series of experiments the improved BOMPD performed referencing of RF and laser sig-
nal sources. Optical-to-RF synchronization showed only 0.5 fs RMS jitter integrated from
1 Hz to 20 kHz. Construction of the additional MHz-frequency reference path significantly
suppressed the BOMPD noise floor to the level of -161 dBc/Hz. Further research might
investigate increasing of the signal-noise ratio in the reference path. More elaboration
is required to uncouple the BOMPD electronics from external environmental acoustical,
electrical and EMI disturbers.

The assembled microwave interferometric noise measurement system showed extremely
low measurement noise floor down to -185 dBc/Hz referred to 10.833 GHz carrier. This
tool provides the solution for absolute phase noise characterization of the complete chain
of a timing distribution system for future large-scale scientific facilities.
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A | Ultra-stable microwave VCO

In the experiments on precise phase locking of a VCO to the reference optical signal the
total phase stability of the synchronization system still depends on the phase noise perfor-
mance of the VCO at high-frequency offsets from the carrier, since the locking bandwidth
is restricted by several MHz or less. For the investigations described in the following thesis
two pieces of one of the best so far existing commercial microwave oscillators (10.833 GHz
Sapphire loaded cavity oscillator from Raytheon) was used. Their phase and AM noise
performance after warming up is shown in Fig. A.2. Integrated jitter of the SLCO is 2.3 fs
from 100 Hz to 10 MHz and 0.3 fs from 1 kHz to 10 MHz. [15]. Output power of the
output signal is +12 dBm. By default, the oscillator is working in the free-running mode.
When VCO input (±10V) enabled, the generator frequency could be tuned in the range of
a few kHz. Additional slow tuning of the frequency could be done manually (±200 kHz)
and by driving of the VCF input (few hundred kHz) with time constant about 30 s.

Figure A.1: Front panel of the SLCO mounted in a 19-inch utility rack.
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Figure A.2: Variation of the single-sideband (SSB) phase noise (top) and AM noise (bottom)
performance of free-running SLCOs at 10.833 GHz carrier frequency with offset from carrier
frequency.
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B | Low-noise amplifier

A low-noise preamp with a fixed linear gain was required to amplify the error signals
above the measurement noise floor. OPA847 operational amplifier was chosen as a proper
low-cost solution for the described issue. The circuit of the amplifier with gain 100 is
shown in Fig. B.1. Measured frequency response of the preamp (see Fig.B.2) shows lin-
earity of the gain up to MHz frequencies.

Figure B.1: Preamplifier’s electrical circuit and BOM.
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Figure B.3: Top side of the amplifier’s PCB Figure B.4: Bottom side

The amplifier was assembled on the designed double layer PCB, which layout is shown
on Fig. B.3 and B.4. After placing of the PCB into the aluminum case the value of the
output shot noise of the amplifier have settled on -71dBm (see Fig.B.5).
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Figure B.5: Bottom side of the amplifier’s PCB
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C | Calibration of the BOMPD setup

Phase noise performance of a BOMPD-based PLL captured by the spectrum analyzer
required to be transformed from voltage to radian units. In order to measure the BOMPD
phase error sensitivity one should manually tune the VCO close to the reference frequency
without locking of the PLL. Afterwards, BOMPD’s output signal should be routed to an
oscilloscope. Example of the scope picture captured by the oscilloscope is shown in Fig.
C.1. Due to the non-zero error frequency between the VCO and reference pulses their
phase offset is continuously growing. Thus, output signal cyclic repeats the form of the
Sagnac-interferometer transmission function. Maximum sensitivity is reached when the
equilibrium level for the loop filter is settled to the highest slope of the curve. According
to the fact that the Sagnac-interferometer transmission function covers 2π phase offset
between its maximums, calibration constant of the BOMPD is given by

KBOMPD = 2πf/∆V
∆τ , (C.1)

where ∆V and ∆τ are the slope dimensions and 1/f is the time interval between two
maximums of the captured signal.

∆τ

∆V

1/f

Figure C.1: Example of the BOMPD output signal when locking is switched off.
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