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Abstract 

Remote transfer of an ultralow-jitter microwave frequency reference signal 

is demonstrated using the pulse trains generated by the mode-locked fiber 

laser. The timing jitter in a ~ 30 m fiber link is reduced to sub-40 attosec-

onds (as) integrated over a bandwidth from 1 Hz to 10 MHz via active stabi

lization which represents significant improvement over previously reported 

jitter performance, results. An all-optical generation of the synchronization 

error signal and an accompanying out-of-loop optical detection technique 

. are applied to verify the jitter performance. 
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C h a p t e r 1 

Introduction to remote 
synchronization 



Chapter 1. Introduction to remote synchronization 

he traditional method for transferring frequency standards uses 

the Global Positioning System (GPS) [1]. Long averaging times 

(~days) are necessary in this approach to average out environ

mental fluctuations in signal paths from satellites. However, these GPS-

based systems will not be able to leverage the high-stability, low-averaging 

times of next generation optical atomic clocks [2],[3]. A good candidate 

for remote distribution of frequency references derived from optical atomic 

clocks is optical fiber links. Such transmission facilitates the comparisons of 

relative instability and systematic drifts between different frequency stan

dards. In a word, the most important motivation of this work is to keep 

the stability of transferring the optical and radio frequency standards above 

the stability of the state-of-the-art optical clock. There are also a number 

of applications that would benefit from the transmission of ultra-low jitter 

timing signals. One such application is long-baseline interferometry for ra

dio astronomy [4]. Low-jitter transfer of a frequency reference from a maser 

oscillator could be used to distribute it to each telescope in an array of ~ 60 

radio telescopes over a distance of ~ 20 km. This would enable all telescope 

in an array to collect data phase-coherently, therefore, simulating a single 

telescope with a very large aperture. In this application, the phase noise of 

< 38 fs over a bandwidth from 1 Hz to 10 MHz for transferring a signal in 

the frequency range of 27 ~ 142 GHz is required. Low-jitter transfer can be 

also used for distribution of timing signals throughout a linear accelerator fa

cility used to produce ultrashort X-ray pulses for time-resolved pump-probe 
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Chapter 1. Introduction to remote synchronization 

experiments [5]. A < 5% x pulsewidth timing jitter1 is expected for the 

pump-probe experiment. Several other applications, including gravity wave 

searches and occultation science [6] would also benefit from low-jitter trans

fer. Previous work [7] has utilized techniques based on microwave detection 

in order to detect and cancel the noise added during transit down the dis

tribution fiber. However, while working in the microwave domain several 

sources of noise conspire to limit the achievable jitter to approximately 10 

fs including Johnson noise, shot noise, amplifier flicker (1 / /) noise and 

amplitude-to-phase conversion in the detection, amplification, and mixing 

of the signals. In general, for low signal strength thermal noise and am

plitude noise will dominate, and for higher signal strength shot noise and 

amplitude-to-phase conversion take over [8] . 

Some of the limits inherent in using microwave detection can be circum

vented by turning to optical detection for generation of the synchronization 

error signal. This is in part due to the huge lever arm 2 available when op

tical detection is utilized. A balanced optical cross-correlation setup was 

used to derive a dispersion-type error signal for local synchronization of a 

fs ThSapphire laser with a fs CnLiSAF laser [9]. Alternatively, a narrow-

linewidth cw laser (stabilized to a high-finesse optical cavity) was employed 

at NIST to optically synchronize two local fs Ti:Sapphire lasers [10]. While 

in principle both of these techniques could be used to derive an error sig-

'For example, the timing jitter is expected to be smaller than 5 fe for a 250 fs pulse. 
2The huge lever arm means the considerable magnification of ~ 105 on the synchro

nization error signal provided by the index number of the optical frequency comb. 
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Chapter 1. Introduction to remote synchronization 

nal for remote synchronization, their implementation in this setting would 

be rather complex. In the former case, near-perfect chirp compensation 

of the transmitted pulse would be required. The latter case would require 

stabilized transmission of an optical frequency standard [11]. 

In my thesis work, two different approaches to all-optical synchronization 

which are more suitable to applications involving remote synchronization are 

presented. One of the techniques is also a simple and robust method to syn

chronize two local femtosecond (fs) lasers as long as there is good spectral 

overlap between them. Two different all-optical techniques for distributing 

an ultra-low jitter frequency standard are demonstrated. A high-stability, 

low jitter rf signal is transmitted over a round-trip ~ 60-m fiber link with a 

jitter of 11.4 as (1 Hz to 10 MHz) using spectral leveraging scheme. The 2 n d 

scheme, simple optical heterodyne, displays a transmitted jitter of 12.1 as 

(1 Hz to 10 MHz). This performance is measured by an out-of-loop inter

ferometric cross-correlation setup (ICC) with a greatly reduced noise floor 

(to 9.7 as) of both the error signal generation and measurement techniques, 

compared to the technique working within rf regime [7]. The physics in 

these synchronization and measuring techniques will be explained in detail 

in chapter 3, 4 and 5. 
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C h a p t e r 2 

B a c k g r o u n d 



Chapter 2. Background 

n this chapter, a background introduction to various facilities 

and techniques that are used in my experiment is given. It 

starts with the mode-locked Er 3 +-doped fiber laser (EDFL), 

which runs at 1550 nm and is used as the pulse source in my experiment. 

The mode-locking scheme for E D F L , polarizing additive pulse mode-locking, 

and how we measure the dispersion of the fiber is going to be talked. In 

the section 2.2, the femtosecond frequency comb, which is used as carrier 

for the radio frequency standards in our experiment, is demonstrated. In 

the next section, I will introduce several methods for microwave and optical 

frequency distribution. Two previous experiment on remote synchronization 

are also briefly described herein. The definitions and application regimes of 

two classes of the characterization of the stability of a frequency source will 

appear in the last section. 

2.1 Mode-locked E D F L 

Although fiber amplifiers were constructed as early as 1964 [12], their exten

sive use did not begin until the late 1980s when the techniques for fabrication 

and characterization of low-loss, rare-earth doped fibers were perfected. A 

rare-earth group consists of a group of 14 elements with atomic numbers in 

the range from 58 to 71. When these elements are doped into silica, fluo

ride or other glass fibers, they become triply ionized. The rare-earth doped 

fiber lasers are attractive due to many advantages. They are solid-state 

and do not need to be water-cooled, and they can be pumped easily with a 
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Chapter 2. Background 

Ion Host As (um) A p (pm) 
Tm Fluoride 0.8 0.875 
Nd Silica 1.08 0.78 
Yb Silica 1.08 0.89 
Pr Fluoride 1.3 1.01 

Tm Fluoride 1.46 1.2 
Er Silica 1.55 0.98, 1.48 

Er:Yb Silica 1.55 1.06 
Tm Silica 1.9 0.79 

Ho:Tm Fluoride 2.054 0.89 

Table 2.1: Rare-earth doped fiber amplifiers: A s is the operating wave
length; Ap is the practical pumping wavelength. 

wavelength division multiplexing (WDM) fiber coupler and a compact elec

trical pumped diode pump laser [13]. They are compact and cost-effective. 

And due to the recent develop of the optical metrology with, the optical fre

quency comb, the long-term stability of the mode-locked doped fiber laser 

also makes itself a great candidate for novel metrological devices such as 

optical atomic clocks [14]. A table of the properties of different types of 

doped fiber amplifiers are given in Table 2.1. 

Of the fiber laser, the EDFL has attracted special attention from scien

tists and engineers as its wavelength matches the 1.55 pm telecommunication 

window, where propagation losses of a = 0.2 dB/km are standard. 

2.1.1 P - A P M 

EDFL can operate in both CW and mode-locking modes. In our experiment, 

we expect it to run in the latter case, where the output of the EDFL is going 

to be a train of pulses with a width of ~100 fs. 

7 



Chapter 2. Background 

0.53 um 
0.55 um 

2Hi1;2 

Figure 2.1: Energy level of E r 3 + doped silica fiber. Two possible pump 
wavelengths are 980 nm and 1480 nm, which are shown in this figure. The 
laser transition 4 / 1 3 / 2 — • 4 / 1 5 / 2 terminating in the ground state of the E r 3 + 

ion generates the laser radiation at 1.54 nm. i 

IT 
Figure 2.2: The photo of Erbium-doped fiber laser (EDFL) used in this 
experiment and mode-locked by Polarization Additive Pulse mode-locking 
(P-APM). The glowed green light from the E r 3 + doped fiber is the up-
convcrsion emission due to excited-state absorption (ESA). 

Fig. 2.2 shows the setup of my EDFL, which is a unidirectional ring 

cavity fiber laser and applies the so-called polarization additive pulse mode-

8 



Chapter 2. Background 

locking (P-APM) scheme to realize mode-locking [15],[16],[17]. The A P M 

technique employs a nonlinear interferometer to realize pulse shortening. 

The beam is split into two arms with an nonlinear element in one arm. The 

pulse is recombined at the output of the interferometer and pulse shortening 

occurs through the coherent addition of the phase-modulated pulses. Thus 

the phase modulation is transformed to be a amplitude modulation. A P M is 

easily realized in fiber lasers due to strong nonlinear effects such as self phase 

modulation (SPM) that arise from the small mode field diameter of the fiber. 

The special scheme used in fiber laser is called polarization additive pulse 

mode-locking since left- and right-hand circular polarization components 

experience different nonlinear phase shift and are added together at the final 

polarizer. The orientation of the polarization is rotated by the nonlinear 

medium. The amount of rotation depends on the intensity of the light. 

Therefore by lining up the polarizer with the polarization of the central 

peak of the pulse, pulse shortening is achieved (see Fig. 2.3). 

In the passive mode-locked fiber laser, the laser will evolve into the 

pulsed mode on its own without an external perturbation or trigger. This 

is called self starting, meaning that the pulses start up from an initial noise 

fluctuation. It has been shown experimentally and theoretically that the 

mode-pulling and spatial hole burning will make the self-starting difficult. 

By configuring unidirectional ring fiber laser [19], the etalon that possibly 

exists between one end of fiber and an end mirror in the linear cavity is ex

tinguished and the resulting standing wave due to the interference between 

9 



Chapter 2. Background 

Figure 2.3: Realization of pulse shortening in a E D F L through polarization 
additive pulse mode-locking (P-APM). A pulse is initially linearly polarized 
and then made elliptically polarized with a quarter-wave plate. The light 
then passes through an optical fiber when ellipse rotation occurs and the 
peak of the pulse rotates more than the pulse wings. At the output of the 
fiber, the half-wave plate orients the pulse so that the peak of the pulse 
passes through the polarizer while he wings of he pulse are extinguished, 
thus achieving pulse shortening [18]. 

the forward and backward propagating beams in the linear cavity is also lim

ited. So it is easier to get a self passive mode-locked fiber laser self started 

in the unidirectional ring cavity laser, which we used in our experiment. 

2.1.2 Non-soliton regime and dispersion management 

As for the unidirectional ring fiber lasers that apply P-APM scheme to 

realize mode-locking, they can run in soliton and non-soliton regime. The 

word soliton refers to a special kind of wave packets that can propagate over 

a long distance without distortion [20]. In fiber optics, the solitons exist 

due to a balance between SPM and anomalous dispersion. Fig. 2.4 shows 

the setup sketch of the stretched pulse laser, which runs in the non-solition 

regime and is used in our experiment to generate ~ 100 fs pulse trains. The 

10 



Chapter 2. Background 

EDF 80 

Pump Diode 

HWP BF QWP 

Figure 2.4: Experimental configuration of E r 3 + doped fiber ring cavity 
laser. EDFL, erbium-doped fiber laser; EDF, erbium-doped fiber; SMF28, 
single mode fiber; W D M , wavelength division multiplexer; QWP, quarter-
wave plate; HWP, half-wave plate; BF, birefringent filter; PBS, polarizing 
beam splitter. 

lasers that operate in the soliton regime have inherent practical limits on 

their pulse width and pulse energy due to spectral sideband generation and 

saturation of the A P M [18]. There is a tendency to enter multiple-pulse 

operation with increased pump power due to quantization of soliton pulses 

in a system with excessive gain. The product of the peak amplitude AQ and 

the pulse width r is fixed by the average dispersion and nonlinearity: 

where D is the total group velocity dispersion (GVD), and 6 is the S P M 

contribution of the Kerr medium. 

in the non-soliton lasers, the lengths of large positive- and negative-

(2.1) 
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Chapter 2. Background 

dispersion fiber cause the pulses to be alternately stretched and compressed 

as they circulate in the cavity. Thus the average peak power in the laser 

is lowered significantly. As a result, the net nonlinear phase shift per pass 

is lower. The total cavity dispersion of this kind of configuration is slightly 

positive. Because the total dispersion in the cavity is oscillating back and 

forth from strongly positive to strongly negative, the pulse that is dumped 

may have a large chirp, which is, however, highly linear. Therefore, the 

chirp can then be compressed with an external dispersion delay line using 

either fiber, prisms or gratings as the compensation mechanism. As shown 

in Fig. 2.4, the stretched pulse, which has a width of ~ 1 ps is dumped out 

from one output of the PBS. As discussed in Chapter 3, section 4.2 this 

pulse is compressed to ~ 100 fs using a short piece of anomalous dispersion 

fiber. 

When building the E D F L that I used in my experiment, we want the 

total cavity dispersion to be slightly positive and to oscillate between large 

positive and large negative so that the mode-locked fiber laser will operate 

in the non-soliton stretched-pulse regime. In the cavity of the E D F L , three 

types of fibers are used. They are single mode fiber (SMF-28), Corning 

Flexcor 1060 fiber and erbium-doped fiber. The GVDs of former two types 

can be calculated from the combination of their material and waveguide 

dispersion and also the Sellmeier equation [21] , which gives the refractive 

index n as a function of wavelength 3 . And the refractive index can be 
3Some Sellmeier equations are also temperature-dependent. 
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Chapter 2. Background 

related to the G V D by its definition: 

0 (w) = n (« ) -c = fa + (3' (w - w0) + ^ " (w - wo)2 + • • • (2.2) 

where /?(u>) is the mode-propagation constant and expanded in a Taylor 

series about the frequency u>o at which the pulse spectrum is centered; /?' 

and py1 are denned as the reciprocal of the group velocity vg and 2 n d order 

G V D parameter, which is responsible for pulse broadening. /?" is usually 

given in units of ps2/km. The 2 n d order G V D parameters of SMF-28 and 

Corning Flexor 1060 fiber at 1550 nm are —22 ps2/km and —6 ps2/km [22], 

respectively. The G V D of the erbium-doped fiber needs to be measured for 

every time a new piece of fiber is going to be used, because the variation of 

the core size and different amount of dopant from fiber to fiber will result 

in the the different value of the G V D parameters. Since we know the G V D 

parameters of the other two types of fiber, that of the erbium-doped fiber 

is able to be judged by measuring the total dispersion of the whole cavity. 

Ref. [23] gives a method to measure the total dispersion of the whole cavity 

by measuring the cavity round-trip time at different wavelengths. Given the 

length of a special medium / and the total cavity length L, the accumulated 

round-trip phase is 

= -{L+[n(u)-l]} (2.3) 
c 

where w is the circular frequency at which the laser runs; c is the speed 

of light in vacuum; n (w) is the frequency-dependent refractive index of the 

13 



Chapter 2. Background 

medium 4 . Now the group delay is simply defined as the frequency derivative 

of the round-trip phase, 

m <9$ L-l , d \ , s u 
OUJ c OUJ L c. 

However, the group velocity (or the /?') is defined as 

(2.4) 

d_ n (u>) u) 

therefore 

(2.5) 

(2.6) 

The GVD parameter has been given in the Eq. 2.2 as the frequency derivative 

of the reciprocal of group velocity. So 

0" duj (4) >?_d_ 
2-rTC d\ 

(2.7) 

Then by measuring the wavelength derivative of the cavity round-trip time, 

we directly obtain total dispersion: 

(2.8) 

If the whole cavity consists of several types of media, the equation above 

will be rewritten as 

2-KC 

IF (2.9) 

The right-hand-side of Eq.. 2.9 is the product of a constant (2TTC/\ ) and 

4There isn't a factor of 2 in the front of the $ (ui)'s expression because of the ring 
cavity configuration of our laser. 

5Although there is a small change of the central wavelength (A) during the process of 
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Chapter 2. Background 

the total dispersion of the cavity. The left-hand-side of Eq. 2.9 is the wave

length derivative of the round-trip time. Given there is a linear relationship 

between the round-trip time and the central wavelength, the wavelength 

derivative of the round-trip time is just the slope of the round-trip time 

versus central wavelength curve. Therefore, by measuring the round-trip 

time at different wavelengths and then linearly fitting the data, the wave

length derivative of the round-trip time (the right-hand-side of the Eq. 2.9) 

is obtained. Then the total dispersion of the whole cavity can be calcu

lated from Eq. 2.9. In practice, we let the fiber laser run in a not very well 

mode-locking mode. In other words, the spectrum of the fiber laser is just 

several nanometers wide, which makes it easier to decide the central wave

length. By adjusting the wave-plates and birefringent filter in the cavity, the 

central wavelength is able to be changed in a range of 40 nm. The central 

wavelength is measured by the optical spectrum analyzer and the round-trip 

time is measured by the photodetector. The measured data and the fitted 

line is shown in Fig. 2.5 The calculated total dispersion from this curve is 

(-1.9357 ± 0.0060) x I O - 5 sec/m. We have known the G V D parameters of 

the SMF-28 and Corning Flexor 1060 fiber and the lengths of these two fiber 

and erbium-doped fiber, the G V D parameter of the erbium-doped fiber that 

we use is calculated to be +61 ps2/km. 
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FT- 1 1 1 1 1 : T 

1.565 1.570 1.575 1.580 1.585 1.590 1.595 

Wavelength (urn) 

Figure 2.5: Round-trip time (T) of the EDFL vs. wavelength (A) at which 
it runs in continuous-wave mode. Red crosses spot the measured data. The 
blue line gives the linearly fitted line. Its slope is the right hand side of the 
Eq. 2.9, which is proportional to the total dispersion of the whole cavity. 

2.2 Femtosecond frequency combs 

The frequency comb is not a new concept already. It is often used to measure 

the energy levels of different elements transitions. More than 20 years ago, 

the frequency comb of a mode-locked picosecond dye laser was first used as 

a ruler in the frequency domain to measure the 4d fine structure splitting 

of sodium [24]. The frequency comb is the representation of the output 

of mode-locked laser in the frequency domain. Generally, it is easier to 

comprehend the output, which is a train of pulses with regular intervals, in 

the time domain as shown in Fig. 2.6(a). The interval between two adjacent 

measuring the total dispersion, it is still appropriate to use a constant number of 1550 nm 
for it. 

16 



Chapter 2. Background 

a. Pulse train (time domain) 

Figure 2.6: The representation of the ultrashort pulse in the time domain 
(pulse train) and frequency domain (frequency comb). In a, the green curve 
(Gaussian shape) is the envelope of the pulse trains and the red curve (os
cillating curve) represents the carrier underneath the envelope. Due to the 
difference of the group velocity than the phase velocity, there is a phase 
shift of A<f> between them after each pulse. In frequency domain in b, it 
corresponds to the carrier-envelope-offset frequency / c e o . 

pulses r is the period of the pulse train. 1/T is its repetition rate / r e p . The 

envelopes of pulses are drawn in green curve in F ig . 2.6(a). The underlying 

carrier with optical frequency, corresponding to the infrared light at 1550 nm 

in our case, is represented by the red curve. Due to the difference between 

the group velocity and the phase velocity in the cavity, there is a phase 

shift of Acf> between the carrier and envelope after every pulse. This phase 

shift is proportional to the carrier-envelope-offset frequency / c e o , which is 

17 
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given in frequency domain in every frequency components' expression, vn = 

^•/rep "I" /ceo-

The concept of femtosecond frequency combs is especially useful in the 

optical metrology, because narrower pulse corresponds to a wider spectrum. 

And a frequency spectrum extending over one octave is desired for realizing 

carrier-envelope phase control, which is one of the most important aspect 

for making direct absolute optical frequency measurements [25]. 

Although, in our experiment we don't have such rigorous demands on 

the width of the pulse, a narrow pulse is still wanted for two reasons. First, 

you will see the scheme 1 for remote synchronization in Chapter 3. The 

pulse will be spread by the grating and a photodiode will be used to receive 

the signal at each extreme of the spectrum. A bigger difference in optical 

frequencies between the signals received by two photodiodes is desired for 

getting a bigger nominal central frequency, which is inversely proportional 

to the timing jitter. Second, the total output power of the mode-locked fiber 

laser is merely ~ 50 mW, which will be split and shared by both the reference 
) 

and transmission arm. Also because of the loss at many optical elements 

and optical fiber during the transmission process, the optical power of the 

pulse when it arrives the measuring setup is quite low and no more than 

2 mW. A narrow pulse means a larger peak power, which could guarantee 

successful interferometric cross-correlation measurement of the timing jitter 

(see Chapter 5). 
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2.3 Remote synchronizat ion techniques 

2.3.1 Microwave and optical frequency distribution 

There are varieties of methods for microwave and optical frequency trans

mission. Amplitude modulation (AM) and frequency modulation (FM) can 

be applied to transfer the rf standard through the global positioning sys

tem (GPS) [1] for example. Optical fiber can be used to transfer an optical 

frequency standard from the C W laser [26]. The advantages of the mode-

locked laser for frequency transfer can be generally summarized in three 

points. First, it provides a method for simultaneously transmitting the op

tical and radio frequency references. As shown in Fig 2.6, the repetition rate 

of the transmitted pulse trains from the mode-locked laser (/rep) represent 

a rf reference, while the positions of frequency comb lines from mode-locked 

laser represent an optical frequency reference (vn = nfiep + fceo). Second, 

the transmitting laser can be directly stabilized to an optical frequency stan

dard, even when using its radio frequency reference. Third, short pulses from 

the mode-locked laser provide a very sensitive way to measure and control 

timing jitter introduced during transmission by cross-correlation setup. This 

will be covered. 

2.3.2 Previous experimental schemes and setups 

As early as 1994, researchers in Colorado had used optical fiber to dissemi

nate the optical frequency signal to a remote site with passive cancellation 

of noise [26]. The scheme that they used was to pre-modulate the phase of 
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the input light beam to the fiber with the negative of the fiber noise so the 

beam can emerge from the far end noise-free relative to the laser source. 
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Accurate Cancellation of Phase Noise 
(induced by Optical Fiber or other time-varying path) 

Figure 2.7: Frequency shifter AOM1 (acousto-optic modulator) at a re
mote site is double passed, so the frequency of the returned optical beam 
is offset by 2A. In this fiber-based example, one-way momentary phase 
induced by the fiber is $f, becoming 23>f when the beam returns to the 
source end. The regenerated beat signal is cos (2At + 2<PC), which is fre
quency/phase divided by 2 and filtered to be the driving source for the 
phase-noise compensator AOM2. With ideal phase locking, the correction 
phase $ c closely matches $f, so noise cancellation is nearly perfect. Xtal 
V C O , voltage-controlled crystal oscillator. 

The schematic setup is shown in Fig. 2.7. The 532 nm laser source is 

a frequency-doubled Nd:YAG non-planar ring oscillator. A 25 m jacketed 

fiber, which is designed to be polarization-maintaining, is used to show the 

fiber contribution to the noise in a realistic context. The 75 MHz AOM1 

(acousto-optic modulator) is double passed with retro-reflecting beam split

ter Ri at the remote end. Thus twice of the fiber phase information appear as 

phase shifts on the 150 MHz beat note detected by the avalanche photodiode 
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(APD) at the source end. The reference signal shown as cos (2At + 2$f) in 

Fig. 2.7 is used by a precision phase-locking circuit that controls the phase of 

a voltage-controlled crystal oscillator. So its output phase 2$ c is accurately 

equal to the fiber noise reference 2$ c . The oscillator's output is divided 

by 2 and bandpass filtered, amplified and sent to the AOM2, located at 

the source end, to precancel accurately the phase to be added on the light 

transmitted by the fiber. With the help of this setup shown in Fig 2.7, a 

mHz accuracy of the cancellation of fiber-induced degradation is achieved. 

Otherwise the bandwidth of the optical output of the C W laser would suffer 

a relative ~ 100 Hz broadening. 

In 2005, researchers transferred the pulse trains generated by the mode-

locked fiber laser through several kilometers laboratory-based fiber link and 

got the rms timing jitter of 20 fs via passive noise cancellation over the 

bandwidth from 1 Hz to 100 kHz [7]. The setup used to measure and actively 

cancel the fiber transmission noise is shown in Fig. 2.8. The output of the 

free-running fiber laser is split into two portions. One portion provides the 

reference against which noise introduced by the transmission link is to be 

measured. The second portion is transmitted through the fiber-transmission 

link and an adjustable delay line. The reference and transmitted signal pulse 

trains are each detected on two photodetectors and then filtered to select 

the desired harmonic of the laser repetition frequency. The jitter introduced 

during transmission is measured by mixing the reference and transmitted 

signal at the 81 s t harmonic (7.84 GHz) in quadrature. The measured phase 
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Figure 2.8: Schematic of the setup for detecting and stabilizing jitter 
introduced during the transfer of fiber-laser pulses. The single mode fiber 
is preceded by the D C F or the D S F . The signals from the upper pair of 
detectors are set in quadrature with the phase shifter and mixed to determine 
the phase noise of the transfer. The phase error is fed to the adjustable delay 
line for noise cancellation. The lower set of detectors is used for out-of-loop 
determination of the frequency instability of the transfer. 

noise is fed back to the adjustable delay line to cancel the fiber noise, the 

other two signals arc compared outside the locking loop at the 8 t h harmonic 

(774 M H z ) . 

To my knowledge, for transferring the optical frequency signal through 

optical fiber to the remote user, Ma's experiment [26] had canceled the 25-

meter-fibcr-induccd degradation of a clean input with millihertz accuracy. 

The fiber-induced degradation would otherwise cause hundreds-of-hertz ad

ditional bandwidth. For transferring the radio frequency signal through op

tical fiber to the remote user, Holman's experiment in 2005 [7] reduces the 

timing jitter for transferring the signal through a 6.9-(4.5-) k m round-trip 

fiber network to 37(20) fs over the bandwidth from 1 Hz to 100 kHz . Hud

son's experiment in 2006 [27] has further reduced the timing jitter during 

transmitting v ia a 7 km fiber link to a level of 16 fs. 
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2.4 Standard measurement techniques of jitter 

There are typically two classes of characterization of a frequency source [8], [28], 

which are used separately in different situations. The first involves mea

suring how much the fractional frequency fluctuations of the source signal 

vary as a function of the time over which the frequency is averaged and is 

expressed using Allan deviation [29]. It is often applied when characteriz

ing the signals long-term stability. The second method for characterizing 

the frequency stability is to measure the phase noise, which represents how 

much the phase of the signal is jittering. This approach is often used when 

considering the signals' short-term stability. 

2.4.1 A l l a n deviation 

The Allan deviation [29], (ry(r), can be computed from a series of consecutive 

frequency measurements, each obtained by averaging over a period of time r. 

This averaging time corresponds to the gate time of a frequency counter used 

to make the frequency measurements. In order to know how <JV{T) can be 

computed from these frequency measurements, it is necessary to introduce 

several definitions. The signal from the frequency source can be expressed 

as 

V(t) = V0 cos[27ri/0r. + <p(t)} (2.10) 

where Vb is the amplitude of the signal, VQ is its nominal center frequency, 

and <j>(t) represents time-varying deviations from the nominal phase 2nvot. 
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The instantaneous frequency is then given by 

„(t) = v0 + ±-±4>(t) (2-11) 

and the instantaneous fractional frequency deviation from the nominal cen

ter frequency is given by 

The Allan deviation for an averaging time r is then denned as 

/ 1 \ 1 / 2 

^y(r) = ^[y(t + T)-y(t)}2) (2-13) 

where () indicates an infinite time average and y represents the time average 

of y(t) over a period T [30]. 

2.4.2 Phase noise spect ra l densi ty 

In practice, one of the methods for characterizing the synchronization stabil

ity is to measure the phase noise of the error signal which tells us how much 

the delay between two synchronized signals is jittering in phase [7],[28]. The 

phase noise is determined by measuring the phase fluctuation of a signal 

with respect the phase of the reference signal. If the frequency of the refer

ence signal, the nominal central frequency of the measured signal is UQ, and 

<J)Q is the arbitrary fixed phase of the reference, <j>(t) represents the phase 

deviation of the measured signal from the 2nvot, then the reference signal 

is oc cos [27t̂ ot + </>o] and the measured signal is oc cos [27n>ot + (j> (t)\. In 

order to get the phase difference term in the mixing product of these two 
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signals. They are mixed together using a mixer and the required term is 

isolated with a low-pass filter (LPF), which will produce a signal that can 

be expressed as 

where AQ is the amplitude of the mixer output and depends on the ampli

tudes of two mixed signals. Generally, a phase shifter will be used in the 

reference signal arm (see 3.2) to set </>o = 7r /2 , which simplify A (t) to 

Typically, the phase deviations, A(f>, of <j> (t) from zero are sufficiently small 

to estimate the ratio of phase deviation to the amplitude deviation of the 

measured signal from zero by 

The amplitude of the mixed signal, A Q , can be determined by tuning the 

phase shifter in the reference arm to adjust 0o from 0 to n and measuring the 

maximum and minimum output voltage level from the mixer. The difference 

between the max. and min. is the peak-to-peak value of the mixer output, 

namely twice of the amplitude. Then a Fourier transform is performed over 

the time domain measured signal, A(t), to give the A(v), which repre

sents the root-mean-squared (rms) fluctuation of A (t) about zero at each 

measured frequency component in a bandwidth of 1 Hz and has a unit of 

fs/v/Hz- The amplitude density (A (i/)) from the mixer could be determined 

A (t) = A0 cos [<t> (t) - 4>0] (2.14) 

A(t) = A0sm[<j>(t)} (2.15) 

(2.16) 
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by measuring through the fast Fourier transform (FFT) spectrum analyzer 

directly or transforming from the time signal from a digital oscilloscope (see 

the description in the Section 5.1.3 for the process of F F T on time signal). 

2.4.3 T i m i n g j i tter 

Intrinsically, phase noise and timing jitter are the same thing. For analyzing 

the remote transfer of. a microwave frequency reference, it is common to 

express this as timing jitter, which will also be mainly used in this document. 

The quality of the remote transmission is often reported as the timing jitter 

integrated over a certain frequency range. The method of determination of 

the phase noise has been given in the previous section. The timing jitter is 

related to the phase noise through Eq. (2.17), 

f second] 
8 f { u ) = mv)_ A(V) 

H z 1 / 2 
(2.17) 

2-KVQ 2-KVQAQ 

More specifically, the jitter spectral density 5T (u) of the error signal 

represents the rms timing jitter at each frequency in a 1 Hz measurement 

bandwidth and is proportional to the rms phase fluctuation 8<j>(y), where 

A (u) is the measured error signal as a function of frequency, AQ is the half 

peak of the unlocked sinusoidal error signal and UQ is the nominal center 

frequency of the reference and transmission signals. In order to calculate 

the total rms timing jitter (T r m s ) , ST (v) is integrated over a frequency range, 

2 
second (2.18) 
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where v\ and are the integration lower limit and higher limit, which are 

determined by the specific application for which the frequency reference is 

being transferred. 

2.4.4 Intensity cross correlation: non-collinear approach 

In a specific situation where the pulse trains from two mode-locked fiber 

lasers or from the same mode-locked fiber laser where one is used as a ref

erence signal locally and the other is transmitted to the remote location for 

some specific application and retro-reflected back to be synchronized, an al

ternative all-optical method for detecting the timing jitter between the two 

pulse trains (or two optical frequency combs) is available [31, 32, 33, 34]. 

This approach uses the similar setup for measuring the pulse width by the 

intensity auto-correlation (IAC). It involves measuring the cross-correlation 

signal between the two pulse trains by overlapping the pulse trains tempo

rally and spatially in a nonlinear crystal and detecting the sum-frequency 

generation. It is common to arrange the two pulse trains crossing through 

the nonlinear crystal non-collinearly and receiving the sum-frequency gen

eration by a photo-multiplier tube (PMT) in a direction different from the 

incident direction of either pulse train as shown in Fig. 2.9. Once the rep

etition rates of the two pulse trains are locked, adjusting the time offset 

between them to overlap them at nearly the half maximum of the intensity 

level will give the maximum slope point on the curve of the signal. That 

results in the most sensitive measurements of the timing jitter possible by 

taking the product of the slope and the voltage fluctuation of the intensity 
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A Lens Optical intensity 
cross-correlation 

^3 = Vl + v2 

Figure 2.9: Schematic setup for the timing jitter measurement by intensity 
cross-correlation. Two beams with optical frequency of v\ and 1/2 arc focused 
non-collincarly onto a nonlinear crystal. The 3 r d beam with the frequency 
of 1/3 = v\ + i/2 is generated through sum-frequency generation (SFG) in a 
direction other than that of the two input beams. Given two input signal arc 
two pulse trains, by measuring the intensity fluctuation of the S F G signal, 
the timing jitter between two input pulse trains is able to be calculated. 
The maximum sensitive measurement is obtained when two input pulses are 
adjusted to overlap at half-maximum position. 

cross-correlation signal at that point. This is a very sensitive approach for 

measuring the t iming jitter given a ~ 10 - 100 fs pulse width and unchirped 

pulse. It is better than the microwave detection approach by mixing the 

harmonics of repetition rates of two pulse trains which is discussed in the 

section 2.3.2, because intensity cross-correlation is an independent and out-

of-loop measurement and exempt from the extra noise introduced in by the 

phase shifter, the free-space photodiodes for detecting the repetition rates, 

the mixer and the rf amplifiers which are necessary for amplifying the signals 

to the required level by the mixer and P Z T driver. 
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Although the intensity cross-correlation approach is very good at measur

ing the timing jitter, the collinear interferometric cross-correlation approach 

provides an even better sensitivity. This will be discussed in Chapter 5. 
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Chapter 3. All-optical synchronization by spectral leveraging 

j nique) for actively canceling the noise induced during transmit-

5 ting the pulse trains through the optical fiber link. The physics 

his chapter explains our scheme 1 (spectral leveraging tech-

underneath this technique, the experimental setup and the measured in-loop 

jitter after active cancellation arc described in sequence. 

3.1 Spectral leveraging technique (scheme 1) 

Figure 3.1: All-optical generation of an error signal for synchronization of 
two pulse trains (or two fs frequency combs). When the combs are close in 
repetition rate, we can express one (the slave) as having a slight amount of 
frequency noise on its repetition rate (8f) as compared to the master comb. 
In this figure we denote the optical and detected electrical frequencies as 
delta functions. In spectral leveraging (Scheme 1), the master and slave 
combs are combined collinearly and then resolved at two extremes of the 
spectrum. After detection the indices (A:, /, p and q) represent the respective 
detection optical bandwidths of the two combs. B y filtering the resulting 
heterodyne beat signal at a harmonic of the / r e p i and mixing the result, the 
dependence on the different in offset frequencies ( / 0 i and / 02 ) is eliminated 
and a spectrally leveraged error is produced. 

In chapter 1 we have briefly introduced our new approach to all-optical 

(a) Spectral Leveraging B e a m splitter 
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synchronization. This method is best described in the frequency domain 

where fs pulse trains can be described as frequency combs [35]. The two fs 

pulse trains that are to be synchronized are combined collinearly and then 

spectrally resolved. The resulting frequencies as detected by the photodi-

odes are shown in Fig. 3.1(a) where the indices k & / {p & q) represent the 

summation of the respective combs over the optical detection bandwidth of 

the red (blue) side of the combined spectra. The optical heterodyne beat 

between the two pulse trains produces a set of harmonics spaced by / r e p i in 

the rf domain along with "noise" sidebands on these harmonics. As indi

cated in Fig. 3.1, it is these sidebands that contain the optically leveraged 

error signals. To access these signals, each heterodyne beat is filtered at 

/repi (or a harmonic thereof) and then mixed together. The result is an 

error signal is produced that is proportional to the comb spacing difference 

between the two lasers (6fn) times the spectral separation between the two 

optical beats. This spectral leveraging technique is denoted as scheme 1. 

As the difference between the indices k and p can be as high as ~ 105 for 

reasonable separation (~ 50 nm), a corresponding 105 increase in sensitivity 

of the error signal is realized. This approach is similar in motivation to using 

a high microwave harmonic (such as the 100th) when individually detecting 

each pulse train for conventional synchronization [32]. In this case we are 

effectively detecting at the ~ 105 harmonic. Another key point is that by 

taking the difference between the two heterodyne beats, the generated error 

signal is independent of the offset frequencies of each comb. An advantage 
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this approach has over any time-domain based correlation technique is that 

perfect chirp compensation is not necessary as the error signal is not de

rived from the cross-correlation overall envelope. However, it is helpful to 

match the chirp (as close as possible) in the two signals as this enables more 

comb lines to simultaneously contribute to the overall error signal thereby 

increasing its signal to noise. 

In the previous paragraph, we discussed the principle of the spectral 

leveraging scheme for error signal generation in the simplified expressions. 

Next we will talk about it in the full mathematical expressions and still 

in the frequency domain. The electrical field of each pulse train could be 

represented in the complex format in the frequency domain as 

T712 

E — YI A m G X P ( m /rep + /ceo)] (3.1) 
m—mi 

where the index of the combs of the spectrum ranges from mi to m-2, Am is 

the amplitude of the corresponding frequency component; / r e p is the repe

tition frequency of the pulse train and / c e 0 is the offset frequency. 

Let's focus on the red side of both spectra and just consider the five 

consecutive frequency combs of each spectrum. The summation of them is 

given by, 
fc+5 

Ek = Ak Y, e X P t* (™/repl + fol)\ (3-2) 
m=fc 

This is the expression for one of the pulse trains, where we assume that 

every frequency component has the same amplitude Ak. For the other one, 

we substitute the subscript k, repl and ol with 1, rep2 and o2, respectively. 
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Due to the noise during transporting to the remote site in optical fiber, the 

transmitted pulse train has the slightly different repetition rate and offset 

frequency. The two pulse trains interfere with each other optically before 

they are detected by the photodiode. The intensity of the interference signal 

can be expressed as 

Ie = (E£ + £ f ) (Ek + Ei) 

2 [2ClAl + C2AkAi + 2C$Af] (3.3) 

where * represents the complex conjugate, Ci, C 2 and C 3 are defined as 

(3.4a) 

5 5 

c2 = E zZcos + Q ) / " p i - (' + P) + - *> (3-4b) 
Q = 0 / 3 = 0 

C 3 = COB ( ^ ) + cos (2*32*) + cos ( ^ ) (3.4c) 

The coefficient of the cross term in Eq. (3.3) contains the repetition rate 

difference between the reference and the transmitted pulse trains. The rep

etition rate of the transmitted pulse train (/repi) is able to be expressed as 

having a slight amount of frequency noise {6fn) as compared to the repeti

tion rate of the reference pulse train (/ r ep2), namely / r e p 2 = / r e p i + <5/n- So 

the Eq. (3.4b) can be rewritten as 

5 5 

C a = £ £ o o B { [ ( * + a - J - / J ) / r e p i -(1 + 8) 6fn + ( / o l - /o 2)] t) (3.5) 
a=0/3=0 

The phase of each cos term is a product of time and frequency term. Every 
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frequency term is a sum of a integer multiple of / r e p i , a integer multiple of 

frequency noise and a offset frequency difference. The Eq. (3.5) is derived 

for the red side of the interference signal. For the blue side, there is a similar 

expression, which is given in Eq. 3.6, 

5 5 

c2 = YI zZcos AG* + Q - « - 0) /repi - ( « + £ ) Sfn + (fol - fo2)) t} 
0=0/3-0 

(3.6) 

In Eq. (3.5), the coefficient (k + a — I — 0) is a very small positive integer, 

because 0 < a, 0 > 5 and k and I are the indices corresponding to the same 

frequency part in their own combs. When mixing the red and blue side 

optical heterodyne signal together, the / r e p i term and difference of the offset 

frequencies term are cancelled out between two sides. Only the frequency 

noise term, which is multiplied by the coefficient of l—p of 120,000, survives. 

So through the spectral leveraging approach, the frequency noise is amplified 

by a factor of 105. 

3.2 experimental setup for spectral leveraging 
measurement 

We have experimentally demonstrated the all-optical error signal genera

tion with spectral leveraging technique by detecting and canceling the noise 

added when a pulse train from a mode-locked fiber laser is propagated 

through a round-trip ~ 60-m fiber link. The specific setup of the spec

tral leveraging approach (scheme 1) is shown in Fig. 3.2. The rejection 

port (chirped) output from an mode-locked erbium-doped fiber laser [18] is 
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Figure 3.2: Experimental setup of optical heterodyne jitter cancellation 
with the optical heterodyne detection at two spectral extremes (Scheme 
1). E D F L , mode-locked Erbium-doped fiber laser; B S , beam splitter; D C F , 
dispersion compensating fiber; SMF-28, single mode fiber; P Z T , piezo
electric transducer; P B S , polarizing beam splitter; H W P , half-wave plate; 
Q W P , quarter-wave plate; F P D , free-space photodiodc; B P F , band-pass fil
ter; Amp, radio frequency amplifier; O S A , optical spectrum analyzer; P L L , 
phase-locked loop. 

split into two paths by a 50/50 non-polarizing broadband plate beamsplit

ter coated for 1100 — 1600 nm. One portion is saved for the reference signal 

and passed through a 83 cm of SMF-28 fiber to produce a compressed pulse 

width of 154 fs at full-width half-maximum ( F W H M ) . The other portion is 

pre-compensatcd with 7.9 m of dispersion compensating fiber ( D C F ) before 
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being launched into a 52 m spool of standard telecom fiber. In this case 

the resulting pulse-width is 197 fs with an accompanying single pre-pulse 

with an intensity of 42% of the main pulse that is typical of uncompensated 

third-order dispersion [36]. The reason why we launch the pulse through the 

D C F fiber first and then through the standard telecom fiber is that the out

put of the E D F L is positively chirped and the SMF-28 fiber has the negative 

dispersion while DCF fiber has the positive dispersion. So if SMF-28 fiber 

is located in front of DCF fiber, the pulse will pass the soliton point (zero 

chirp), and the resulting strong non-linear effect due to the high peak power 

of the pulse will make the resulting chirp highly non-linear and difficult to 

compensate. The compressed reference pulse passes through a quarter-wave 

plate (QWP) and a half-wave plate (HWP), which are adjusted to maximize 

transmission through the PBS. The PBS works as a polarizer which linearly 

polarizes the reference pulse train. In the other arm, the re-compressed 

transmitted pulse coming out of 60-m link is reflected by a delay line first. 

The delay line is a right angle prism sitting on the translating stage and can 

adjust the optical length of the transmission arm by up to several centime

ters in order to make the difference between the optical lengths of reference 

and transmission arms to be an integer multiple of the distance between two 

consecutive pulses in the train. After the light is reflected off at an angle of 
6In an actual implementation of remote synchronization, a portion of the delivered 

signal would be retro-reflected back and compared with the reference signal. The noise 
during a one-way transit is assumed to be equal to twice the round-trip and the error 
signal is simply divided by 2. For experimental convenience we stabilized the round-trip 
signal, which is equivalent to a remote transfer of 30-m. 
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45° by a piezoelectric transducer (PZT) , H W P is used to rotate the polariza

tion of the pulse train to increase the transmission rate at the next P B S as 

much as possible. The horizontally polarized component of the pulse train 

wil l be transmitted through the P B S and wil l be reflected back by the fast 

P Z T . The pulse train wi l l pass back and forth through the Q W P a total of 

two times, resulting in a 90° rotation of the polarization. So the originally 

horizontally polarized pulse train wil l become polarized vertically and wi l l 

be reflected in the other direction when it comes back to the P B S again. 

Right now, the reference and transmitted signals are polarizing orthogo

nally. Both the reference and transmitted pulse trains were compressed in 

an effort to match their relative chirp and increase the overall signal-to-noise 

ratio. These two signals are then collinearly combined [37] and then passed 

through a 50/50 beam splitter (BS). One output of the beam splitter is used 

for measurement of the jitter (discussed in the chapter 5). The second output 

is passed through a polarizer to get the polarizing components of two arm's 

signal in the same direction and then reflected off a grating (600 lines/mm) 

and the optical heterodyne beat is detected at 1523 nm and 1573 nm with a 

bandwidth of ~ 1.8 nm at each spectral extreme (see Fig . 3.3). For scheme 1 

the spectral separation was 50 nm. W i t h this spectral separation (~ 6 T H z ) 

and the repetition rate of the lasers (50 M H z ) , our implementation gener

ates an error signal that is a weighted sum centered at approximately the 

125,000 t h harmonic. Each heterodyne beat is filtered at the third harmonic 

and then mixed together to produce the spectral leveraged error signal for 

38 



Chapter 3. All-optical synchronization by spectral leveraging 

synchronization. A phase-locked loop (PLL) is then utilized to pre-cancel 

the noise by actuating two free-space PZTs. The slow one (sec the setup in 

Fig. 3.2) with 45°-incidence is in charge of the low frequency noise from dc 

to ~ 300 Hz and has a long dynamic range of 9.1 ± 1.5 ^m. The fast one 

(see the setup in Fig. 3.2) is responsible for the high frequency noise with 

a relative short dynamic range. To obtain the high frequency response the 

fast PZT is glued by two component Torr Seal onto a copper cylinder with 

a aluminum core and then mounted on to a heavy stage. 

t i i I I I I I ^ I I I I i i M 

1500 1520 1540 1560 1580 1600 
wavelength (nm) 

Figure 3.3: The green (with filled square) and purple (with filled circle) 
curves show the spectra of reference and transmission paths, respectively. 
The self-phase modulation due to transmission through ~ 60-m fiber results 
in the slightly wider spectrum in the transmission arm with respect to the 
reference arm. The blue (with open circle) and red (with open square) 
curves are the spectra of the received signals at two spectral extremes. Each 
spectral slice has a bandwidth of ~ 1.8 nm. The black curve (with open 
triangle) is the stable interference pattern of combined signal when P L L is 
activated. 
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Fig. 3.3 shows the pulses' spectra of the reference and transmission paths, 

the received signals at each spectral extreme and a stable interference pat

tern of the combined signal (when the PLL is activated for scheme 1). The 

high frequency interference fringes on all of the traces are due to Fabry-

Perot effects within a glass slide (which wasn't anti-reflection coated) used 

to sample the various signals. 

3.3 In-loop jitter measurement for scheme 1 

10° 10' 102 103 104 105 

Frequency (Hz) 

Figure 3.4: In-loop measurement of jitter spectral density (filled square 
and solid curve referring to left axis) and integrated jitter (filled square and 
dashed curves referring to right axis) of noise when actively canceled by the 
approach of spectral leveraging (scheme 1). The noise floor of the setup for 
this technique is also given (JSD in filled triangle and solid curve referring to 
left axis while integrated jitter in filled triangle and dashed curve referring 
to right axis). 

The stable interference pattern of the combined signal shown in Fig. 3.3 
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indicates that the transmitted pulse train is stable with respect to the refer

ence pulse train, but it is not possible to quantify the synchronization qual

ity. So the integrated timing jitter, which is explained in the Section 2.4.3, 

is measured by the in-loop measuring setup for characterizing the synchro

nization stability. The in-loop means the signal used to synchronize the 

transmitted signal to the reference one is also applied to characterize the 

synchronization stability. So voltage signal straight out of the mixer (see 

the setup in Fig. 3.2) is split into two. One is sent to the P L L for actuating 

the PZTs to realize the synchronization, while the other is used by the F F T 

spectrum analyzer to measure the power spectral density. In fact, we use 

the amplified input monitor signal from the PLL since the output of the 

mixer is too weak to make an accurate enough measurement. 

In our case measuring the in-loop jitter via the error signal is not straight 

forward. For the spectral leveraging scheme (scheme 1), the error signal 

contains many different terms (of the weighted sum of k — p, reference 

to Fig. 3.1), each with its own nominal central carrier frequency {VQ in 

Eq. (2.17)). In the worst case, the estimate of the nominal central carrier 

frequency is made using the minimum spectrum separation of 48 nm (ref

erence to Fig. 3.3) between the two signals received individually at their 

own slit (blue and red side, see Fig. 3.2) to make i>o = 5.99 THz. Using 

this value as the overall central frequency and following the prescription of 

Eq. (2.17), an integrated in-loop timing jitter, integrated over the band

width from 0.25 Hz to 102.4 kHz, of 6.2 as is measured. Since the jitter 
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spectral density (JSD) curve shown in the Fig. 3.4 levels out at IO5 Hz, it 

is reasonable to use the JSD value of 1.069 x 10 ~ 5 fs /Hz 1 / 2 at this point to 

estimate the JSD value between 105 Hz and 107 Hz. Thus the in-loop jitter, 

integrated from 0.25 Hz to 10 MHz, is 38 as. When doing this measurement, 

are always spikes at the integer multiples of 60 Hz, which could be either the 

intrinsic noise of the F F T spectrum analyzer itself or the A C power noise 

from the photodiodes, the amplifiers or the F F T spectrum analyzer. The 

JSD curve shown in Fig. 3.4 has been corrected by omitting those spikes. 

Although the number given by the in-loop measurement looks good, it 

has some intrinsic disadvantages. The most serious one is the extra electrical 

noise introduced in by the amplifiers and the photosensors. But the influence 

of the extra noise to the in-loop jitter in our experiment is not as much as in 

Holman's experiment in 2005 [7] due to the huge amplification ratio of the 

error noise. In my experiment, the transmission noise is optically amplified 

through the interference between two pulse trains before being detected by 

the photodiodes. It is equivalent to measuring at the 120,000 t h harmonic 

(5.99 THz/49.25 MHz) without amplifying the extra electrical noise.7 So the 

effect of the electrical noise is weakened by a factor of 120,000. That is why 

we obtain a much smaller in-loop jitter than Holman's work in 2005. In other 

words, in previous work the actual transmission jitter was overestimated due 

to the measurement technique itself. Even though the in-loop jitter had been 

very small, the fact that the measured JSD curve has a bowl-shape and is 
7In Holman's work in 2005, the error signal for the phase-locked loop is generated by 

mixing the 81s t harmonics of the repetition rates. 
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below the noise floor curve urges us to make an out-of-loop measurement to 

get a true measurement of the jitter. A totally new all-optical measurement 

approach will be discussed in Chapter 5 capable of performing this out-of-

loop measurement. 
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Chapter 4. All-optical synchronization by optical heterodyne 

explains our scheme 2 (simple optical heterodyne) for actively 

canceling the noise induced during transmitting the pulse trains 

through the optical fiber link in this chapter. The physics un

derneath this technique, the experimental setup and the measured in-loop 

jitter after active cancellation are described in sequence. 

4.1 Simple optical heterodyne technique (scheme 
2) 

(b) Optical Heterodyne 
(scheme 2) h(f) 

Beam Splitter <x Beam Splitter < 
g { f ) ^ _ 

£ &U~nf<epi) H r^J (gH»»{7\] y ' 

Figure 4.1: All-optical generation of an error signal for synchronization of 
two pulse trains (or two fs frequency combs). When the combs are close in 
repetition rate, we can express on (the slave) as having a light amount of 
frequency noise on its repetition rate (Sfn) as compared to the master comb. 
If the offset frequencies (/Qi = / 02 ) are approximated as equal (see text for 
discussion of this approximation), then a simple optical heterodyne will also 
produce a leveraged error signal. The heterodyne beat is mixed with / r e p i 
to avoid noise present in the photo-detection process around DC to generate 
the error signal. 

A slightly simpler approach is shown in Fig. 4.1 where an optical hetero

dyne is measured between the two combs. As before, the goal is to lock / r e p i 
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to /rep2- This scheme relies on the fact that the combs' offset frequencies are 

equal ( / Q i = /02) which isn't necessary true. In the application of delivery 

of stabilized frequency standards to remote locations, the transmitted and 

reference combs will have the same offset frequencies as long as there is not 

a rapid, time-varying change in the dispersion of the fiber link -such a con

dition will cause fQ\ ^ / Q 2 even though both combs are generated from the 

same laser. In our experimental setup the time-rate of change of the fiber 

link dispersion will not be an issue. Hence / Q i = f02 is satisfied and this 

technique will also produce a spectrally-leveraged error signal. In our im

plementation, the rf beat produced by the optical heterodyne is mixed with 

a harmonic of the / r e p i to avoid low frequency noise in the photo-detection 

process. 

4.2 exper imenta l setup for opt ica l he terodyne 
measurement 

In the optical heterodyne approach (denoted scheme 2), the experimental 

setup just needs to be slightly modified. The collinear signals (one output of 

the 2 n d beamsplitter) are directed toward a single photodetector. As indi

cated in Fig. 4.1, to generate the high-sensitivity error signal, the resulting 

optical heterodyne beat is mixed with a microwave signal / r e p i from the 

reference to avoid noise near DC. Then, similar to schemed, with this error 

signal a PLL is used to pre-cancel the noise. In fact, the setup for scheme 

2 can be easily changed to the one for synchronizing the transmitted signal 
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Figure 4.2: Experimental setup of optical heterodyne jitter cancellation 
with single optical heterodyne (scheme 2). E D F L , mode-locked Erbium-
doped fiber laser; BS, beam splitter; DCF, dispersion compensating fiber; 
SMF-28, single mode fiber; PZT, piezoelectric transducer; PBS, polarizing 
beam splitter; HWP, half-wave plate; QWP, quarter-wave plate; CPD, fiber-
coupled photodiode; BPF, band-pass filter; Amp, radio frequency amplifier; 
OSA, optical spectrum analyzer; PLL, phase-locked loop. 

to the reference signal by measuring at the high harmonic of the repetition 

rate shown in ref. [7] by lining up the polarizer with the polarization di

rection of the transmitted signal rather than at 45 degree to that. We did 

the microwave measurement by this setup and the result is compared to the 

optical measurement and discussed in section 5.2.3. 
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4.3 In - loop j i t t e r measurement for scheme 2 

Frequency (Hz) 

Figure 4.3: In-loop jitter measurement of jitter spectral density (filled 
diamond and solid curve referring to left axis) and integrated jitter (filled 
diamond dashed curves referring to right axis) of noise when actively can
celed by the approach of simple optical heterodyne (scheme 2). The noise 
floor of the setup for this technique is also given (JSD in filled circle and 
solid curve referring to left axis while integrated jitter in filled circle and 
dashed curve referring to right axis). 

Similar to what has been done for the spectral leveraging approach 

(scheme 1), the in-loop jitter, which has been described in the section 3.3, 

is also measured for simple optical heterodyne approach (scheme 2). The 

error signal contains many different terms (of the weighted sum of k, refer

ence to Fig. 4.1), each with its own nominal central carrier frequency (VQ in 

Eq. (2.17)). In the worst case, the estimate of the nominal central carrier 

frequency is made using the minimum wavelength of the pulses' spectrum of 

1530 nm (reference to Fig. 3.3) to make VQ = 195.9 THz. Using this value as 

48 



Chapter 4. All-optical synchronization by optical heterodyne 

the overall central frequency and following the prescription of E q . (2.17), an 

integrated in-loop timing jitter, integrated over the bandwidth from 0.25 Hz 

to 102.4 kHz, of 0.507 as is measured. Since the J S D curve shown in the 

Fig . 4.3 has come to be flat at 10 5 Hz, it is reasonable to use the J S D value 

of 9.0315 x I O - 7 f s / H z 1 / 2 at this point to estimate the J S D value between 

10 5 Hz and 10 7 Hz. Thus the in-loop jitter, integrated from 0.25 Hz to 

10 M H z , is 4.2 as. The background noise spikes at the integer multiples of 

60 Hz are removed. 
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Chapter 5. Out-of-loop jitter measurement 

n the chapters 3 and 4, the in-loop measurement of the trans

mitted timing jitter when reduced by the spectral leveraging 

(scheme 1) and simple optical heterodyne. (scheme 2) are re

ported. However, the phenomena shown in Fig. 3.4 and Fig. 4.3 that the 

curves of noise floor are even higher than that of the measured in-loop jitter 

tells us that we should turn to a totally separated out-of-loop jitter measure

ment for a credible measuring of the noise performance. In my experiment, 

an all-optical out-of-loop jitter measuring setup, using APD for interferomet

ric cross-correlation (ICC), is used. This chapter will describe this technique 

and its advantage. The results for jitter measurement in scheme 1 &; 2 are 

also given. 

5.1 All-optical timing jitter measurement: 
^collinear approach 

There are several methods for measuring the timing jitter when synchroniz

ing two signals. 

• In-loop measurement at high harmonic of repetition rate 

This method has been shown in the section 3.3 and the section 3.3. 

The error signal is obtained by mixing the reference signal and the 

measured signal at a high harmonic of the repetition rate. The mea

surement setup shares the same error signal with the feedback loop, 

which is used to control the PZTs within the transmission path to 

actively cancel the phase noise. However, the unavoidable electronic 
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noise from the rf amplifier and the the mixer is a big problem. In 

addition, due to the existence of the electronic noise, the error signal 

sent to the P L L has the contributions from both the phase noise in

duced during transmission and the electronic noise from the electric 

component (i.e. rf amplifier, mixer). Therefore, the measured phase 

noise actually shows the phase fluctuation of the combination of these 

two processes. Especially, in case the electronic noise is strong enough 

to be comparable with the transmission phase noise, the interference 

between these two noises could make the measured phase spectral den

sity even lower than the noise, floor at low frequency range (see F ig . 3.4 

and Fig.4.3). 

• Out-of-loop measurement at high harmonic of repetition rate 

The only difference of this method from the previous one is a separate 

set of detectors and required electric components is used for determi

nation of the frequency instability of the transfer, which means the 

out-of-loop. Although, the second problem mentioned above is solved, 

the electronic noise still keeps the noise floor at a high level and it is not 

possible to do an accurate phase noise measurement. The schematic 

setup for this method is shown in F ig . 2.8. 

• Out-of-loop measurement using intensity cross-correlation 

This method has been introduced in the section 2.4.4. Because the 

intensity of the intensity cross-correlation signal is a function of the 
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time-delay between the two input pulses. Therefore, by monitoring 

the intensity fluctuation of the intensity cross-correlation signal, the 

timing jitter between two pulses is able to be estimated. This method 

is absolutely out-of-loop, all-optical and with high resolution. 

• Out-of-loop measurement using interferometric cross-correlation 

This method shares the same physics with the intensity cross-correlation 

method for monitoring the timing jitter. It is also out-of-loop, all-

optical, but with even higher resolution. Another advantage of this 

method has over any time-domain based correlation method is that 

perfect chirp compensation is not necessary as the error signal is not 

derived from the cross-correlation overall envelope. However the dy

namic range of this measurement technique is limited by the optical 

period (in my case 5.17 fs, the optical period of 1550 nm light). This 

method is going to be described in detail in the consecutive section. 

An independent, out-of-loop measurement of the jitter was made to confirm 

this performance by an optical cross-correlation between the reference and 

transmitted pulse trains. Before reporting my special experimental config

uration and results, let's spend several sections to give a background in

troduction on the interferometric cross-correlation (ICC), using two photon 

absorption (TPA) in Si-APD and how to convert time domain measurement 

to jitter spectral density by using F F T . 
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5.1.1 Interferometric cross-correlation (ICC) 

In section 2.4.4, the intensity (non-collinear) cross-correlation [32, 38] has 

been introduced as a sensitive method for measuring the timing jitter be

tween two pulse trains, which are generated from mode-locked lasers. How

ever, the interferometric (collinear) cross-correlation measurement can pro

vide an even higher degree of sensitivity. 

In intensity cross-correlation (non-collinear), taking the sum-frequency 

generation realized by using the nonlinear crystal and P M T as an example, 

the measured sum-frequency signal has the profile which is given by 

/

+ 0 O 

/ t ( t ) / r ( t - T ) d t . (5.1) 
-oo 

where It (t) (transmitted) and IT (t — r) (reference) are the intensities of two 

pulses involved in correlation process, r is the time offset between the two 

pulse trains. 

The difference of the interferometric cross-correlation from the intensity 

cross-correlation is that the underlying two electric fields which belong to 

individual pulse trains will interfere with each other. So what is measured 

is the interference intensity of the two pulse trains. Let the electric fields of 

the two optical pulses to be written in the conventional complex form as 

Et,r{t) = yJlt,T(t)exp [-i (wflt - & , r ( « ) ) ] ( 5 - 2 ) 

where Et,r(t), It,T(t), and <At,r(i) denotes the electric field profiles, the 

intensity profiles, the carrier angular frequency and the arbitrary phases, 
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respectively. 

The interferometric cross-correlation signal could be expressed as 

G 2 ( r ) - {[Etit-^ + Erit)]2}2^ 

= A ( r ) + R e { 4 B ( r ) e i u ; o T } + R e { 2 C ( r ) e 2 i W 0 T } (5.3) 

where 

/

+oo 
{Et (t-r) + E? (t) + 4E2 (t - r) E2 (t)} dt (5.4a) 

•oo 

/

+oo 
{ E t (t - T ) ET (t) [E2 (t-r) + E2 (t)} tbXt, r)} dt (5.4b) 

-co 

/

+oo 

{E2(t-T)E2(t)iP2(t,T)}dt (5.4c) 
•oo 

V>(t,T) = exp{*[<k(*-T)-<M*)]} (5-4d) 
The purpose of the decomposition Eq. (5.3) is to show the three differ

ent frequency components centered respectively around zero, u>o and 2U>Q. 

Frequently, the correlation measurement system will act as a low pass fil

ter, eliminating all terms but the Eq. (5.4a). The interferometric cross-

correlation then reduces to the sum-frequency generation term and the back

ground. That is actually just an intensity cross-correlation. The three terms 

A (r), B (r) and C (r), which corresponds to respectively characteristic fre

quencies, could be extracted from the Fourier transform of the data. 

To be more detailed, by observing at the expression of the Eq. (5.3), it 

is not hard to find the symmetric of the curve G2 ( T ) , which is a function of 

r, the adjustable time delay between two pulses during measurement. The 
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integrations over the 1 s t and the 2 n d terms in the Eq. (5.4a) give constants 

and have nothing to do with T . The 3 r d term is basically the intensity corre

lation (labeled Ac (r) in Eq. (5.1)). Assuming the transmitted and reference 

pulse trains having the same envelop (Et = ET = E), for large time offset 

between the two pulses, the intensity correlation term vanishes, leaving only 

the background of 2 f. E4dt, which is also the dc term in the interferometric 

correlation. In case of fully overlapping (the time offset between two pulses 

r = 0), Eq. (5.4a) reduces to 6 / E4dt. Thus for the intensity correlation, the 

ratio of peak to background is 3 to 1. To take the fast oscillating terms B (T) 

and C (T) into account, the peak value becomes 16 f E4dt. Thus it results in 

the ratio of peak to background of 8:1 for the interferometric correlation. Up 

to now, there is still a critical problem to our all-optical out-of-loop interfer

ometric cross-correlation measurement method left to be addressed. In the 

Eq. 5.3 there are two oscillating terms, the 2 n d term at the optical frequency 

UJO and the 3 r d one at its second harmonic. So the final interferometric cross-

correlation function will be the sum of two trigonometric functions running 

respectively at fundamental and the 2 n d harmonic frequencies. Assuming 

the Gaussian shape pulses and using the parameters of the two pulses that 

we deal with in our experiment - reference pulse: 154 fs at 0.957 mW and 

transmitted pulse: 197 fs at 0.815 mW, the numerical integration over the 

Eq. 5.3 provides the expression of the interferometric cross-correlation signal 
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as a function of the time delay between the two involved pulses (T) as, 

G2 (r) = 340.767 + 335.455exp (-r 2/62525) + [660.264 exp (-3r 2/219914) 

-I- 686.749exp (-3r2/280286)] cos(2TTT/5.17) 

+ 670.91exp(-r2/62525)cos2(27rr/5.17) (5.5) 

This simulated expression is shown in Fig. 5.6. Once we zoom in to the 

vicinity of r = 0, as shown in Fig. 5.1(a), it can be seen clearly from the 

signal's period of 5.17 fs, which corresponds to the light with the optical 

wavelength of 1550 nm, that the interferometric cross-correlation signal os

cillates at the fundamental optical frequency but not at the frequency of 

2wn. In other words, the fundamental term dominates. However, the flatter 

valleys, compared with the peaks, in Fig. 5.1(a) indicates the existence of 

the 2wn term. This effect could be more clearly indicated in the 1 s t order 

derivative of the interferometric cross-correlation signal with respect to the 

time delay (see Fig. 5.1(b)). The 1 s t order derivative crossing zero means 

a extreme value position is passed in the original function. In Fig. 5.1(b), 

the difference between the ways that the slope function crossing the zero at 

the slope and at the valley is apparent. Even though, the existence of the 

2wn term will change nothing but push the maximum slope position slightly 

away from the middle point between two adjacent valley and peak positions 

toward the peak position. This phenomena will not affect our estimation of 

the jitter using the interferometric cross-correlation measurement. 
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Figure 5.1: (a) The numerical simulation of the interferometric cross-
correlation signal as a function of the time delay (r) between the reference 
pulse (154 fs at 0.815 mW) and the transmitted pulse (197 fs at 0.957 mW) 
in the vicinity of r — 0. (b) The numerical simulation of the 1 s t order 
derivative with respect to r of the interferometric cross-correlation signal. 

5.1.2 ICC using two photon absorption in Si-APD 

We have discussed in section 2.4.4 that interferometric cross-correlation 

(collinear) has a better degree of sensitivity than the non-collinear approach. 

The reason is a single oscillatory cycle of the collinear approach represents 

a drift of the time offset between the two pulse trains of only 5.17 fs (one 

period of optical cycle at 1550 nm, the central wavelength for EDFL) while 

that of the non-collinear approach depends on the width of the pluses to 

be measured. In my case, as shown in the Fig. 5.5, the pulse width of the 

reference and transmitted arms are greater than 150 fs. So the slope at the 

half-maximum of the collinear correlation signal is approximately 30 times 

bigger than that of the non-collinear correlation signal. Thus collinear ap

proach is about 30 times more sensitive than the non-collinear approach. 

However, this is just one of the advantages of the ICC approach for measur-
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ing the timing jitter. 

Figure 5.2: Typical silicon photodiode structure for photoconductive op
eration [39] 

Two photon absorption (TPA) is applied herein for the ICC measurement 

of timing jitter. Before listing all kinds of advantages of measuring the ICC 

by using the TPA, first of all, let us explain what avalanche photodiode 

(APD) and two photon absorption is. In the first place, APD is a photodiode 

detector, which is a p-n junction structure where photons absorbed in the 

depletion region (5.2) generate electrons and holes which are subject to the 

local electric field within that layer. Because of this field, the two carriers 

drift in opposite directions and an electric current is induced in the external 

circuit [39]. 

Photodiodes have been fabricated from many of the semiconductor el-
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(a) II III IV V VI 
B C N 
A l Si P S 

Zn Ga Ge As Se 
Cd In Sb Te 

(b) Elemental IV compounds Binary III-V 
compounds 

Binary II-VI 
compounds 

Si SiC A1P ZnS 
Ge SiGe AlAs 

AlSb 
GaN 
GaP 
GaAs 

ZnSe 
ZnTe 
CdS 
CdSe 
CdTe 

GaSb 
InP 
InAs 
InSb 

Table 5.1: Common semiconductor materials: (a) part of the Periodic 
Table where semiconductors occur; (b) elemental and compound semicon
ductors 

ements listed in Table 5.1.2, as well as from compound semiconductors. 

Devices are often constructed in such a way that the light impinges nor

mally on the p-n junction instead of parallel to it. A typical construction is 

seen in Fig. 5.2. There are three classical modes of photodiode operation: 

open circuit (photovoltaic), short circuit, and reverse biased (photoconduc-

tive). The A P D works in the 3 r d mode, in which a relatively large reverse 

bias (w 10 Volts or more) is applied across the diode. Thus the external 

circuit current is directly proportional to the incident light irradiance. With 

sufficiently large reverse bias, the electrons and holes may acquire sufficient 

large energy to liberate more electrons and holes. Therefore, the internal 
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amplification process happening in the diode is what causes it to be called 

an avalanche photodiode ( A P D ) . 

(Typ. Ta=25 "C, X^BOO nm, M=30) 
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Figure 5.3: Spectral response of the S i - A P D at 25°C 

As for the for two-photo absorption ( T P A ) , the classical definition defines 

it as the transition of an atom from its ground state to an excited state by 

simultaneous absorption of two laser photons [40]. The transition rate R 

due to T P A scales as the square of the laser intensity as 

o^I2 

R = (5.6) 

Due to its nonlinear characteristic, it was not observed until the invention 

of laser, which could provide the high enough power density to trigger the 

visible T P A process. In the case of T P A in A P D , the energy difference 

between the conduction band and valence band is approximately twice as 
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the energy of a single photon at the wavelength which is focussed on the 

A P D . For example, in our experiment, we use S i - A P D , which is sensitive 

to the wavelength around 800 nm as depicted in F ig . 5.3 8 , to receive the 

1550 nm photons dumped from the E r 3 + doped fiber laser. 

T P A in G a A s P photodiode [41], A l G a A s light emitting diode [42] and Si 

avalanche photodiode (S i -APD) [43] [44] have been used in 1997 for the auto

correlation measurement of femtosecond Thsapphire laser pulses at 800 nm 

(former two) and mode-locked semiconductor laser pulses at 1.5 pm (last 

one). Here we borrow the T P A process, but to measure the t iming jitter 

instead of measuring the pulse width. Although we do a different measure

ment, but we stil l share all the advantages of the T P A process for the I C C 

measurement. Primarily, there are three advantages of using A P D instead of 

the conventional nonlinear crystal and P M T combination. In the first place, 

the nonlinear crystal approach is based on the second harmonic generation 

(SHG) which requires stringent phase-matching conditions and is hard to 

align. Secondly, due to the small conversion efficiency of the S H G over the 

short path length of the nonlinear crystal, P M T is needed to detect the 

generated harmonic signal. This dramatically increases the degree of com

plexity and the cost. Thirdly, the low resistance of the thin metallic film 

(that is used to replace the p-type or n-type layer in the p-n junction) and 

small sensitive area results in the small R C time constant thereby increasing 

the response speed of the detector. In our case, the S i - A P D has a cut-off 

8 Reference to Hamamatsu datasheet of APD module C5460 series 
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frequency of 10 MHz. So far, we have not counted in the advantages of APD 

such as better stability , greater dynamic range and so on. 

5.1.3 Fast Fourier transform on time signal 

It has been introduced in section 2.4 that the synchronization stability in 

long distance transportation through optical fiber is often characterized by 

the integrated timing jitter over a certain frequency bandwidth. For getting 

the integrated jitter, we need to measure the jitter spectral density that is 

converted from phase spectral density by Eq. (2.17). In practice, we have 

two approaches to measure the phase spectral density. It can be measured 

directly by the F F T spectrum analyzer (Stanford Research Systems, Model 

No. SR780), but this only works in the frequency range from dcup to 

102.4 kHz. However, a meaningful integrated jitter requires to be integrated 

up to the order of magnitude of Nyquist frequency of the fiber laser, which 

is used to generate the pulse trains. In our case, the Nyquist frequency 

is 25 MHz, half of the repetition rate. Therefore, for the frequency range 

between 102.4 kHz and ~ 10 MHz 9 , the data needs to be collected by the 

oscilloscope in time domain and then transformed into frequency domain 

manually. So in this section in the following, we will talk about the general 

process of this transformation. Because, in reality, data collected at a certain 

sampling rate (set by the oscilloscope) are discrete, but not continuous. We 

will apply discrete Fourier transform (DFT) on the time scale measurements. 

9Merely measuring up to 10 MHz is due to the cut-off frequency of 10 MHz of APD 
that I use. 
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Eq. (5.7) shows the F F T [45], which is one of the kinds of D F T . 

F , = i t { / „ . exp 
2ni (r - 1) (s - 1) 

(5.7) 

where / t r is a series of data in the time domain, r is the index of them, F„ s 

is the corresponding series of data in the frequency domain, s is the index 

of them, n is the total number of data in the series. 

In the follow step, we average the value of each discrete frequency com

ponent over the next interval between two adjacent frequency components 

to convert the discrete series into continuous density function [46]. In the 

Eq. (5.8), t\ and tn are the starting time and ending time of the mea

surement, respectively. Therefore the minimum frequency component (the 

interval between frequency component as well), at which the signal strength 

can be derived by Fourier transform, is 1/ |'tn — ti\ F (u) gives the spectrum 

strength at each Fourier frequency v in a measurement bandwidth of 1 Hz 

and has a unit of Volt/Hz. 

F(y) 
Volt 
Hz 

(5.8) 
l / | * n - * l | 

From the spectrum expression F (u), we can compute the one-side power 

spectral density (PSD), PSD (v) in Volt 2/Hz as 

psDM = ^ M _ = i M a 
Volt/ 

Hz 
(5.9) 

| * n - * l | 

where A(y) is defined in the Eq. (2.17) as the measured error signal as a 

function of frequency, from which we can compute the jitter spectral density 
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(JSD), and then the integrated jitter. The factor of 2 in the definition of 

PSD is due to adding the contributions from both positive and negative fre

quencies. The physical meaning of PSD is that divides the total power of one 

pulse of the train (optical frequency comb). We can clearly see this from the 

integration of PSD over its entire one-sided frequency domain (Eq. (5.10)). 

5.1.4 All-optical jitter measuring setup 

The experimental setup for the all-optical jitter measurement is depicted in 

the Fig. 5.4. One output of the beam splitter is sent to this jitter measuring 

setup for the independent all-optical out-of-loop jitter measurement by the 

interferometric cross-correlation with Si-APD. Because the reference beam 

is passed through the polarizing beam splitter (PBS) while the transmitted 

beam is reflected back by the PBS, so they are vertically and horizontally 

polarizing respectively. Therefore they can be decoupled 1 0 and split into 

two arms again by the first PBS in the jitter measurement alignment. The 

delay line located in one of the arm could adjust the time offset between 

the two pulse trains. The delay line is basically a translation stage. A P Z T 

located under the translation stage and between the micrometer head and 

the movable part provides the capability of fine adjustment. At the 2 n d 

PBS they are re-coupled and then forced to the same polarization by the 

10Extinction ratio of the PBS that I use is 500 : 1. 
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Jitter Measuring Setup 
^ Reference 

A Transmission Delay LJlie 

FFfT-J 
Figure 5 . 4 : Experimental configuration of the interferometric cross-
correlation (ICC) measurement of the transmission timing jitter of the trans
mitted signal with respect to the reference signal. BS, beam splitter; PBS, 
polarizing beam splitter; APD, avalanche photodiode; F F T , fast Fourier 
transform spectrum analyzer. 

polarizer afterwards. In this way, the interference between the two pulses is 

maximized. In fact, a convex lens is located between the polarizer and the Si-

APD to focus the beam onto the its sensitive face. This method will greatly 

improve the ICC signal strength from the Si-APD due to the nonlinear 

characteristics. The spectral density from dc to 102.4 kHz is measured by 

the F F T spectrum analyzer and higher frequency part is measured by the 

oscilloscope at different time scales. 
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5.2 Experimental results 

-1200 -800 -400 0 400 800 1200 

Time Delay (fs) 

Figure 5.5: Intensity auto-correlation measurement of the pulse widths 
of the reference arm (red curve with filled square) and transmission arm 
(blue curve with open circle). One arm of the auto-correlator used to do 
the measurement is periodically scanning back and forth over the length 
of the other arm. That results in the symmetric curves measured. Given 
the Gaussian shape of pulses in the time domain, the pulse widths of the 
reference and transmission arms are 154 fs and 197 fs, respectively. 

As shown in the Fig. 5.5, the pulse widths of reference and transmitted 

pulses are measured through the intensity auto-correlation. The length of 

one arm of the auto-correlator is scanning back and forth over the length 

of the other arm by rotating a pair of parallel motor-driven mirrors, which 

continuously and periodically change the optical length of the arm that they 

are located in. The pulse widths of the reference and transmitted pulses 

are 154 fs and 197 fs, respectively, while the transform limit pulse width 
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(spectrum ranging from 1520 nm to 1580 nm) is 57 fs given the Gaussian-

shaped pulse (Ai/ AT > 0.441 [38]). So the pulses are far from perfectly 

compressed back to the transform limit. This can also be seen from the 

shoulders in the intensity auto-correlation pattern of the transmission signal 

in the Fig. 5.5 and even the reference signal as well. 

5.2.1 Scheme 1: spectral leveraging 

In previous remote transfer experiments, the perfect envelope shape is quite 

important for conducting the intensity cross-correlation jitter measurement, 

because the slope of the envelope line is used to calculate the timing jitter. 

On one hand, we want to compress it back to a better shape (e.g. Gaussian 

shape) because we need to assume a shape of the envelope of the pulse so 

that with using the parameters, such as the pulse width and peak intensity, 

the slope for calculating the timing jitter can be worked out from the model. 

On the other hand, the better the pulse is compressed, the narrower and 

higher the pulse is hence larger slope, which is preferred for getting the 

timing jitter with high accuracy. While in the measurement approach using 

ICC, we needn't to worry too much about compressing the pulse back to 

the non-chirped transform limit pulse, we still need to compress the pulse 

as short as possible to get a bigger signal to noise ratio. I simulated the 

ICC signal in Mathematica using the Gaussian shape pulses and the single 

frequency spectrum corresponding to 1550 nm. The electric field of the pulse 
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can be expressed as, 

Et,r{t) = A t , r exp 
t2 ' 

exp i(u)0t - <k,r(t)) (5.11) 

where the subscript t and r represent transmitted and reference signals, AitT 

the peak amplitude, <7t,r is the full width at half maximum (FWHM) of the 

Gaussian-shaped pulse, LOQ is the carrier frequency, <j>tt r (t) is the random 

phase. 

-600 -400 -200 0 200 

Time (fs) 
400 600 

Figure 5.6: The simulated interferometric cross-correlation pattern of a 
154 fs pulse and a 197 fs pulse without considering the possible existing 
chirp in pulses. The pcak-tc-background ratio of ~ 7.6, but not the usual 
8 [38], is due to considering the different intensities of two interfering pulse 
trains. The envelope of the interaction pattern is represented by the red 
solid line. The inset shows the zoomed-in pattern around the offset of 0. 

In the section 5.1.1, we have introduced the mathematical derivation of 

the interferometric correlation. However, as considering the different intcn-
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sities (pulse widths) of 0.957 m W (154 fs) and 0.815 m W (197 fs) of the ref

erence and transmitted pulses, the peak-to-background ratio reduces slightly 

from 8 to 7.6 as depicted in the F ig . 5.6. The inset in the F ig . 5.6 zooms 

in to the position around the peak. The uneven look of the curve is due to 

the not high enough sampling rate and it is supposed to look smooth. The 

oscillatory cycle of the I C C pattern (interval between two adjacent peaks) 

is 5.17 fs, which is the oscillating period of the 1550 nm infrared radiation. 

We can find the approximate period from the inset's horizontal axis, which 

is in femtosecond. In fact, the spectrum is not just a single frequency and 

ranges from ~ 1520 nm to ~ 1580 nm. Also, the existence of the chirp and 

sequentially the pre-pulse of the measured I C C pattern with S i - A P D cause 

the pulse to no longer have the Gaussian shape. But what we are going to 

use is any one single oscillating peak around the main peak as shown in the 

insets of Figs. 5.6 as long as the synchronization scheme is good enough that 

it could limit the timing jitter smaller than 5.17 fs, the interval between two 

adjacent peaks of the I C C signals. A problem appearing due to the multi-

frequencies existing in the spectrum is that it is possible for the time interval 

between two adjacent peaks to be slightly different from 5.17 fs. But since 

the spectrum is not very wide (1520 nm ~ 1580 nm), the largest possible 

relative error is only 2%. 

The synchronization quality between the reference and the transmitted 

signals is always reported as an integrated timing jitter over a bandwidth 

from several mHz or several Hz to the same order of magnitude as the 
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Figure 5.7: Time domain traces of the interferometric cross correlation 
signal between the reference and transmitted pulses. The green (with filled 
circle) and blue (with filled triangle) curves show the noise measured respec
tively for 10 s and 1 ms intervals when it is actively canceled by the approach 
of spectral leveraging (scheme 1). The equivalent time scale is shown on the 
right axis. The red curve is the free-running noise. 

repetition rate of the pulse trains. The ICC signal from the Si-APD is 

measured by the F F T spectrum analyzer and oscilloscope as well depending 

on the frequency range in which the signal is to be measured. In order 

to cover the whole frequency bandwidth in which we are interested, the 

oscilloscope is set at the sampling rate of 103 per division. And the ICC 

signal is recorded at the time scales of 1 second/div, 0.4 second/div, 4 x 

10 - 2 second/div, 4 x 10 - 3 second/div, 10~3 second/div, 10 - 4 second/div 

and 5 x 10~5 second/div. A few representative time domain traces from 

the APD as recorded on a digital oscilloscope are shown in Fig. 5.7. The 
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unlocked signal is shown in red with filled diamond and its amplitude is 

normalized to 1. A t t=0, the pulses are overlapped and then drift apart due 

to environmental perturbations in the ~ 60-m optical fiber path length. In 

this signal, a single oscillatory cycle represents a drift of 5.17 fs (one period 

of an optical cycle at 1550 nm). As the pulses drift away from maximal 

overlap, the (nonlinear) T P A signal goes down, leading to a reduction in the 

peak amplitude after every cycle. When the P L L is activated using spectral 

leveraging (scheme 1), the measured I C C signal is shown by the blue and 

green traces corresponding to two difference time scales. In both of these 

traces the init ial t iming offset is adjusted to approximately the half intensity 

level of the I C C signal for maximum sensitivity. It is clear from these traces 

that a tight lock is established. 

In the definition of the integrated timing jitter in E q . 2.17, the nominal 

central frequency UQ in our case is on the order of ~200 T H z (optical fre

quency of the E D F L ) leading to a substantially increased sensitivity for the 

jitter measurement. A frequency domain measurement of the I C C signal 

followed by the analysis shown by E q . (2.17) and (2.18) provides the jitter 

spectral density and total rms jitter measured out-of-loop. The results are 

shown in F ig . 5.8 for scheme 1. Also shown is the noise floor of the A P D . 

The corresponding total rms timing jitter is shown in F ig . 5.8 by the identi

cal color but dashed curve. A n rms timing jitter of 11.4 as (1 Hz to 10 M H z ) 

is measured when locked by spectral leverage setup (scheme 1). The noise 

floor of A P D (blue curve in F ig . 5.8) is 9.7 as (1 Hz to 10 M H z ) . It is easy 
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io' 102 io3 104 io5 106 107 

Frequency (Hz) 

Figure 5.8: All-optical out-of-loop measurement of power spectral density 
(solid curves referring to left axis) and integrated jitter (dashed curves re
ferring to right axis) of APD's noise floor and noise when actively canceled 
by the approach of spectral leverage (scheme 1). 

to see both schemes cancel the noise almost to the noise floor of the ICC 

measurement itself. Moreover, these out-of-loop measurements of the jitter 

compare well with the measured in-loop measurements reported earlier. It 

is also worth noting that instead of using the ICC to independently measure 

the jitter, the ICC signal itself could be employed to generate an (all-optical) 

error signal with a sensitivity and noise floor comparable to schemes 1 and 

2. 

5.2.2 Scheme 2: simple optical heterodyne 

The results arc shown in Fig. 5.9 for scheme 2. Also shown is the noise floor 

of the A P D . The corresponding total rms timing jitter is shown in Fig. 5.9 
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Figure 5.9: All-optical out-of-loop measurement of power spectral density 
(solid curves referring to left axis) and integrated jitter (dashed curves re
ferring to right axis) of APD's noise floor and noise when actively canceled 
by the approach of optical heterodyne (scheme 2). 

by the identical color but dashed curve. An rms timing jitter of 12.1 as (1 

Hz to 10 MHz) is measured when locked by the optical heterodyne setup 

(scheme 2). The noise floor of APD (blue curve in Fig. 5.9) is 9.7 as (1 Hz to 

10 MHz). It's easy to see both schemes cancel the noise almost to the noise 

floor of the ICC measurement itself. In another way, successfully actively 

locking the transmitted pulse train to the reference one proves that it is 

appropriate to assume the offset frequency keeps unchanged when traveling 

down through ~ 60 m fiber. 

Moreover, these out-of-loop measurements of the jitter compare well with 

the measured in-loop measurements reported earlier. It is also worth noting 

that instead of using the ICC to independently measure the jitter, the ICC 
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Frequency (Hz) 

Figure 5.10: Power spectral density (solid curve referring to left axis) and 
integrated jitter (dashed curve referring to right axis) of unlocked noise, 
noise floor of microwave detection and that of optical detection. Microwave 
detection is conducted at 1822.46 MHz, the 37 t h harmonic of the repetition 
rate of the mode-locked fiber laser. 

signal itself could be employed to generate an (all-optical) error signal with 

a sensitivity and noise floor comparable to schemes 1 and 2. 

5.2.3 Improvements offered by all-optical approaches 

To illustrate the improvement offered by our all-optical approaches both in 

the detection and error signal generation, we also locked the same ~ 60-

m fiber link with the standard microwave approach. Similar to Ref. [7], 

the transmitted and reference pulse signals were individually detected at 

1.822 GHz (the 37 t h harmonic). The resulting signals were mixed in the mi

crowave domain to generate an error signal. The jitter spectral density under 

various conditions is shown in Fig. 5.10. Note that the upper frequency limit 
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in this figure is only 100 kHz. The red curve shows the measured, unlocked 

jitter spectral density, which yields 760 fs (1 Hz to 100 kHz) . When this 

microwave generated error signal is used in conjunction with the P L L , the 

locked jitter spectral density (purple curve) is measured, giving a rms jitter 

of 28.5 fs (1 Hz to 100 kHz) . The fact that the locked signal is below the 

noise floor at certain frequencies indicates an out-of-loop measurement is 

required to truly measure the jitter. Nevertheless, when these curves are 

compared with the noise floor of the I C C signal, (green curve, re-plotted 

from Figs. 5.8 and 5.9) the vast improvement in the sensitivity of the jitter 

measurement by all-optical means is clear. The comparison between the two 

techniques in F ig . 5.10 provides quantitative confirmation that, as was sus

pected in previous investigations [7], a significant portion of the measured 

jitter was in fact caused by the microwave measurement technique itself. 

In addition, when the P L L is locked using these microwave signals, the 

I C C signal continues to oscillate (similar to the red curve in F ig . 5.7) with a 

increased amount of high frequency components, indicating a large amount 

(> 5 fs) of uncompensated jitter. This observation verifies the independent 

integrated rms jitter results shown in F ig . 5.10. More importantly, it also 

provides another indication of the superiority provided by the all-optical 

locking schemes shown in Figs. 3.1 and 4.1. 
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6.1 Summary 
wo different all-optical techniques for distributing an ultra-low 

jitter frequency standard are experimentally demonstrated. In 

this work, a high-stability, low jitter rf signal is transmitted over 

~ 60-m fiber link with a jitter of 11.4 as (1 Hz to 10 MHz) using spectral 

leveraging scheme representing a three order of magnitude improvement over 

previously reported results. The simple optical heterodyne scheme performs 

a transmitted jitter of 12.1 as (1 Hz to 10 MHz). These performance levels 

are measured out-of-loop by an interferometric cross correlation. The key 

for realizing this result is the vast reduction in the noise floor (to 9.7 as) of 

both the error signal generation and measurement techniques via all-optical 

methods. 

6.2 Transferring reference signal through longer 
fiber 

For this first demonstration we have transmitted over a 60-m optical fiber 

link. Future work will entail extending this distance to > 10 km and we 

are optimistic that a similar level of performance will be achieved for this 

longer transmission distance for two reasons. When we used the standard 

microwave phase detection technique, the jitter performance (Fig. 5.10) 

of this 60-m link is similar to previously reported results over distances 

of 9.1 km [7]. This indicates the 9.1-km link jitter performance is most 

certainly limited by the microwave detection method. Second, the additional 
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noise experienced along a longer transmission distance will be predominated 

environmental (i.e., low frequency, < 10 kHz) in nature. Such noise can 

be corrected by common piezo-electric transducers similar to the devices 

used in this work. However, for the all-optical approach presented herein 

to be successfully applied to longer transmission distances, the additional 

accumulated dispersion and loss experienced by the transmitted signal will 

be need to be addressed. 

6.3 Improving all-optical measurement by using 
birefringent filter 

For the current all-optical out-of-loop jitter measuring setup, even though 

the measured jitter could be as low as 11.2 as while being integrated from 

1 Hz to 10 MHz with a noise floor of only 9.7 as, there still may be ex

tra noise introduced in by the bulk optics setup (translation stage, mirror 

mounts, et al.), which always oscillate in small amount, and the air flow 

when transmitting the pulse trains from the beamsplitter to the Si-APD in 

free space (reference to Fig. 5.4). In the current setup, the light need to 

travel scores of centimeters and is reflected four to five times before being 

detected by the Si-APD using the ICC finally. In other words, we measured 

the integrated jitter of the transmitted pulse plus the extra noise introduced 

in by the measuring setup. Therefore, in order to reduce the extra noise to 

be as low as possible, we want a measuring facility with simple setup, short 

optical length and small amount of bulk optics. 
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Jitter Measuring Setup 
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• • • • © <H 
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Figure 6.1: Experimental configuration of the interferometric cross-
correlation (ICC) measurement of the transmission timing jitter of the trans
mitted signal with respect to the reference signal using birefringcnt filter. 
BF, birefringent filter; APD, avalanche photodiode; F F T , fast Fourier trans
form spectrum analyzer. 

Birefringent filter (BF) is a good candidate. As shown in Fig. 6.1, the 

BF is able to be used instead of the pair of PBSs. The BF is able to be made 

in a wedge shape. By using the translation stage located under the wedge, 

the thickness of the BF in the optical path is able to be adjusted. From the 

beamsplitter, the reference and the transmitted pulse trains are polarized 

horizontally and vertically, respectively. Because the refractive indices of the 

BF are different in the ordinary and extraordinary polarization directions, 

so the two pulse trains could be offset in time by some amount after passing 
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through the BF by lining up the BF with the polarization of one of the 

pulse trains. The two pulse trains will also be shifted in space by the wedge-

shaped BF, therefore, a convex lens is used to focus them onto the sensitive 

surface of the APD to realize the ICC measurement as done before. The 

two mirrors in Fig. 6.1 are not necessary. They just make the drawing look 

better. 

We could choose the BF which is made of crystal quartz. The commercial 

product is available from CVI and V L O C . The minimal available thickness 

is ~ 0.5 mm. From the product catalogue of CVI, the ordinary and extraor

dinary refractive indices of crystal quartz at 1550 nm are nQ = 1.52761 and 

n e = 1.53596. If the thickness of the BF is d, the time offset provided by 

that is able to be expressed, 

. \ne-n0\d (1.53596 - 1.52761) x 0.5 mm 
or = 1 — = — — —^—; — 13.9fs (6.1) 

c 2.998 x 108 m/s v ' 

where c is the speed of light in free space. We can see 0.5 mm of this type of 

crystal quartz provides time offset of 13.9 fs, which is about two oscillatory 

period of the interferometric cross-correlation signal at 1550 nm, between 

two pulse trains. So to set the thin end of wedge to be 0.5 mm and thick end 

to be 1 nm can provide a dynamic range of 13.9 fs for the time delay between 

two pulse trains by adjusting the translation stage located underneath the 

wedge-shaped BF. Therefore, when the transmitted signal is synchronized 

to the reference one, we can make the ICC signal at the half-peak value, 

where gives the highest sensitivity, by changing the thickness of BF in the 
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way of the light thus the time offset between two pulse trains. 

However, there is an intrinsic limitation of the ICC jitter measurement 

scheme. The jitter measured by the ICC is caused by two factors. One of 

them is the jitter in envelope arrival times of two pulse trains [38] while the 

other is the change in the difference of the carrier-envelope-offset frequencies 

of the two pulse trains [25]. In our case where the two combs are derived 

from the same laser, the latter factor can be neglected as it would have to 

be caused by a rapid time-varying change in the fiber dispersion. 

6.4 Lock ing repe t i t i on rates of two mode- locked 

lasers 

Lastly, while we demonstrated these new all-optical approaches within the 

context of remote frequency transfer, the spectral leveraging locking tech

nique (scheme 1 in Fig. 3.1) as well as the ICC measurement procedure 

could be easily and transparently be applied to synchronization of indepen

dent (local and remote) fs lasers as long as the difference of the two-carrier-

envelope-offset frequencies is passively stable enough such that optical het

erodyne signal won't fall out of the bandpass filter's (BPF) bandwidth (see 

Fig. 3.1) and we would expect a similar level of jitter performance. A B P F 

which has a compatible bandwidth with the repetition rate of the mode-

locked fiber lasers that we are working on is preferred in order to avoid the 

optical heterodyne signals being filtered out. 
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