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Generation of Ultralow Jitter Optical Pulses
Using Optoelectronic Oscillators With Time-Lens
Soliton-Assisted Compression

Yanne Kouomou Chembo, Abdelhamid Hmima, Pierre-Ambroise Lacourt, Laurent Larger, and
John M. Dudley, Fellow, OSA

Abstract—In this paper, we propose a new approach for the
generation of ultralow jitter optical pulses using optoelectronic
microwave oscillators. The short pulses are obtained through
time-lens soliton-assisted compression of sinusoidally modulated
prepulses, which are self-started from a conventional single-loop
optoelectronic oscillator. The inherent ultralow phase noise of
optoelectronic oscillators is converted into ultralow timing jitter
for the generated pulses. We provide a time-domain model for
the dowly varying amplitudes of the microwave and optical
oscillations, and our analytical study is confirmed by numerical
simulations and experimental measurements. We demonstrate the
generation of 4.1 ps pulses along with a microwave whose phase
noise is —140 dBc/Hz at 10 kHz from the 10 GHz carrier, with
2.7fsjitter in the 1-10 kHz frequency band.

Index Terms—Microwave generation, nonlinear optics, non-
linear oscillators, optical pulse compression, optoelectronic
devices, phase noise, timing jitter.

|I. INTRODUCTION

ptoel ectronic oscillators (OEQs) are knownto provide ul -
O trapure microwaves with ultralow levels of phase noise
[1],[2]. Their high quality factor isobtained through the storage
of laser light energy in an optical fiber delay line instead of
microwave storage in a high-finesse resonator. However, be-
side the generation of ultrapure microwaves in the RF range,
OEO-like systems can also be used to generate optical pulses
in the optical frequency range. The advantage of OEQs, in this
case, is that their intrinsically low phase noise is equivaent to
extremely low timing jitter for the generated pulses. Several ar-
chitectures have been explored aong that line, such as coupled
mode-locked fiber laser OEOs [ 3], [4], €l ectroabsorption OEOs
[5], phase-modulation OEQOs [6], or mutually coupled OEOs
with intracavity fiber parametric amplification [7].
In this paper, we propose an efficient optoel ectronic system
that is able to generate short optical pulses with reduced timing
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jitter at a10 GHz rate. The architecturerelieson the single-mode
OEO, with two modulation branches: an intensity modulation
for the formation of sinusoidal “prepulses’ and a phase mod-
ulation to chirp them. The train of chirped prepulses is then
strongly amplified by an erbium-doped fiber amplifier (EDFA)
and subsequently launched into asingle-mode optical fiber. Due
to the combined effects of dispersion and self-phase modula-
tion, the prepulses are optimally compressed with a compres-
sion factor that may be as high as 20, following a scenario
referred to as time-lens soliton-assisted compression [8]. This
self-starting train of short pulses are converted back to an elec-
trical signal, and then, they are filtered around the fundamental
frequency (= 10 GHz) before being used to close the feedback
loop through the two af orementioned modulation branches. The
system therefore generates, at the same time, short, regularly
spaced optical pulsesin the optical domain, and an ultrapure mi-
crowaveinthe RF domain. With thisarchitecture, thefiber delay
line therefore plays two distinct and equally important roles: it
stores optical energy asin conventional OEQOs, and moreover, it
compresses the sinusoidally modulated laser beam to atrain of
short pulses.

The outline of the paper is the following. In Section I,
we present the system under study, and we build a related
time-domain model for the optical and microwave variablesin
Section I11. The stationary states and their stability are inves-
tigated in detail in Section 1V, and using the split-step Fourier
algorithm, we will numerically evidence the efficiency of the
pulse compression. Section V presents the experimental results,
and the final section provides some concluding remarks.

Il. SYSTEM

A schematic representation of the OEO under study is dis-
played in Fig. 1. The oscillation loop consists of the following
elements.

1) A continuous-wave (CW) DFB semiconductor |aser

of optical power P,, whose centra wavelength is
Ao = 1550 nm.

2) A wideband integrated optics 1.iNbO3 phase modulator
(PM) characterized by ahalf-wave voltage V., = 4 V.

3) A wideband integrated optics LiNbO; Mach—Zehnder
(MZ) intensity modulator (IM) characterized by the
half-wavevoltages V;,. = 6.6 Vand V;, = 4.2 V.

4) An EDFA of gan G, = 24 dB.

5) An optica filter (bandwidth ~1 nm around Xy) in order
to reject the amplified spontaneous emission noise of the



Fig. 1. Experimental setup for the optoelectronic pulse generator. The gray line represents the optical path and the black line represents the electrical path.

EDFA generated far from the central wavelength of the
laser diode.

6) A thermalized single-mode fiber (SMF) of length L =
4 km, whose main characteristics are, respectively, the fol-
lowing: the group velocity of the laser light v, = 1/51 =
¢/n4 (c being thevelocity of light in vacuum and n, = 1.5
being the group refractive index); the group velocity dis-
persion (GVD) parameter 35 = —20 ps2/km; the linear
fiber loss parameter « = 0.2 dB/km (or equivaently,
exponential power decay factor of 0.046 km™'); and the
nonlinear self-phase modulation (SPM) parameter v =
1.1 W1 /km. Thisfiber delay line performs atime delay
of Tp = L/v, = 20 us onthemicrowavesignal carried by
the optical beam, and generates ring-cavity modes whose
free spectral range is Q2 /2r = 1/Tp = 50 kHz.

7) An optical attenuator in order to reduce the optical power
below the upper limit tolerated by the subsequent optoel ec-
tronic components.

8) A fast photodiode with a conversion factor S = 20 V/W
and bandwidth 0-18 GHz.

9) A narrowband microwave RF filter intended to select the
frequency range for the amplified modes; its central fre-
quency is €y /27 = Foe. = 10 GHz and the —3 dB band-
width is AQ /27 = 50 MHz, so that the related quality
factoris@ = Qo /AQ = 200.

10) Two microwave amplifiers with gain G. are required to
closetheloop to the phase and IMs. The corresponding RF
signals may be attenuated in order to either vary the overall
feedback gain (intensity modulation branch) or the strength
of the chirp (phase modulation). A variable time-delay is
also introduced in the phase modulation branch in order to
control the phase shift between thetwo modul ating signals.

The main difference between this pulse generator and the

classical single-loop OEO is twofold: first, there is a phase
modulation cascaded with intensity modulation, and second,
an EDFA isincluded in the loop to strongly amplify the optical
field in order to induce significant nonlinear effectsin the fiber
delay line.

1. MODEL

The dynamics of this system is defined by two variables. The
first variable is the electric field E(z,¢) of the optical signal
in the fiber, which depends on the time ¢ and the longitudinal
dimension » of the fiber (such that 0 < » < L). The second
variable is the input voltage V (¢) of the MZ modulator, which
is only time dependent. All the typical distances of the system
can be neglected relative to the fiber length, except when they
induce qualitatively significant phase shifts.

Instead of working directly with thereal variables E(z, ¢) and
V' (1), we use their complex slowly varying amplitudes (SVAS)
E(z,t) = |E(z,1)]e#ED and V(1) = [V(t)|e¥*) defined by

! : 1 4
E(Z,t) = §S(Z,t)e7'w0t + 58*(Z,t)6_7'w0t
1 . 1 )
V(t) = §V(t)6LQOt + §V*(t)€_LQOt (l)

where wy and 2y are the angular frequencies associated with
the 1550 nm IR laser beam and the 10 GHz microwave signal,
respectively.

The SVA of the optical beam at the output of the laser diode
simply reads &, = +/P,. This beam is phase and amplitude
modulated with a driving RF signal V' (¢) = |V(¢)| cos[t +
1(¢)], and then amplified with the EDFA: the SVA of the optical
field at the input of the optical fiber is therefore

8(07 t) =V KJ,,G,,PO COs {gw‘/(—t” Ccos [Qot‘l‘w(t)]—l—ﬁ Vs }

2 Vi,
X exp {zww cos [Qot—l—w(t)-i-AG]} 2

Tp

where x,, synthetically gathersall the optical losses between the
output of thelaser and theinput of the optical fiber, V5 isthebias
voltage of the MZ modulator, ¢ is a dimensionless parameter
measuring the amplitude ratio between the phase and intensity
electro-optic modulations, while A# is the time-delay-induced
phase shift between the phase and intensity modulations. We
have assumed that the optical filtering for noiseregjectioniswide



enough in order not to induce a dynamics of the optical field in
the frequency range of interest.

Thetrain of prepulseswhoseinitial temporal profileisdefined
in (2) then travel sthrough thefiber, and its dynamicsis governed
by the following propagation equation:

08 (z,1) 0E(z,t) [)’2 O2E(z, 1)
a9z ot o e
FivlE D e (B

= —%S(z,t) -

from which we can obtain the output train of pulses through
E(L,t), knowing £(0,¢) from (2). The previous equation can
be reduced to a nonlinear Schrédinger equation (NLSE) with
losses if rewritten in the moving frame.

The equation for the dynamics of the microwave signal at the
input of the MZ is[9]

0 /V(s)ds— K ke GoS [E(L, D).

to

V(t) L)

Vi) + — AQ

AQ di
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Ontheother hand, G, istheélectrical gainintheintensity mod-
ulation branch (the gain is then oG, in the phase modulation
branch), . isthe overall electrical losses in either modulation
branch, while «., is the optica attenuation between the output
of the optical fiber and the input of the photodiode. This equa
tion therefore rules the conversion of the output optical power
|€(T.,t)|? into amicrowave voltage by the photodetector and its
subsequent filtering around €2y. Thisoptical power can be spec-
trally decomposed as

E(L, )| :—Co(t +Z{ Cu(t) 1“9°f+cc} (5)

where “c.c.” stands for the complex conjugate of the preceding
term.

The mathematical determination of the dowly varying
Fourier components C,,(t) is not straightforward, as the defini-
tion of a dowly varying variable requires a rigorous definition
of the time scalesinvolved in the globa dynamics under study.
In our case, and according to (5), it means that the output power
of the fiber has afast time scale associated with the microwave
frequency €2, and possibly a much slower time scale attached
to C,.(¢). We formally introduce the fast time scale under the
dimensionless form 7 = ¢ for mathematical conciseness,
then the slowly varying components C,,(¢) can be computed
using the Fourier scalar product

Ca(t) = /|€(L ) e dr

<em“°f| L) ©)

Note that in the synthetic bracket formulation, the fast time
scale T is implicit. Due to the resonant nature of the RF filter
of the central frequency 2o, only the spectral component C; (¢)
of the optical signal |£(1.,¢)|* detected at the photodetector is
allowed to travel through the RF branch. Hence, the bandwidth
of the photodetector should imperatively pass the fundamental
frequency of theincoming pulsetrain, whichisprecisely F,.. =

10 GHz in our case. Therefore, assuming Qr <« AQ < g,
the microwave envelope at the input of the MZ obeys[9]

/
A2Q e k! &EG€S<eiQ°t| |E(L, 1) |2>
(1)
The filter parameters of this equation are, respectively, the re-
duced bandwidth and the filter-induced phase shift defined as

A ®)

V1+[1/2Q)

where @ = Qo /AQ isthe quality factor of the RF filter. Earlier
works have shown that the two approximations AQ2’ ~ A and
¥ ~ 0 are sufficient for the study of the deterministic dynamics
when @ > 100 [9], [10]; however, only the first approximation
isvalid for the study of the stochastic dynamics (phase noise),
asevenavery smal & ~ 1/(2@Q) doesplay animportant rolein
the presence of multiplicative noise [11]. We will then use these
approximations, depending on the deterministic or stochastic
nature of the analysis.

The model is therefore made up of two coupled evolution
equations, namely, (3), whose temporal initial condition is (2),
and (7). These equations, respectively, rule the dynamics of the
optical field along the optical fiber and the microwave signa
generated in the RF branch. The next section discusses the sta-
tionary states and their stability.

dV(t) A

a9
o 5 ¢ V(t)+

ALY = and ¥ = arctan [

]

IV. STATIONARY STATES AND THEIR STABILITY

A. Weak-Sgnal Regime

When the signal power circulating in the loop isweak, GVD
and SPM are not relevant because their characteristic lengths
(the dispersion length Lp = 717,../|8=| and the nonlinear
length Ly, = 1/('y|8|12)eak) respectively) are significantly
greater than the delay line length L. Thisis due to the fact that
Tpuise iStoo large (~50 ps) and | €| Deak istooweak. Then, asfar
asthefiber isconcerned, we can simply consider attenuation and
time-delay effects, leadingto |E(L, )2 = e=*L|£(0,t—Tp)|?,
where « is the linear attenuation parameter. Hence, using (2),
it can be shown that (7) may be rewritten as

AQ 4
d‘;_z(f) - —TV(t) — AQTe™¥%TD Joy
V(t

X { |(V7)|] V(it—-Tp) (9)

Trf

where

’ P —al

r= Wﬁo&g&ei;ﬁjs 0¢ sin |:7T ‘Zij (10

can be defined as the overall loop gain of the oscillator, while
QoT'p isthe round-trip phase shift of the microwave and Jey is
the Bessel-cardinal function defined as Je; (z) = Jq(z)/z.

This equation is identical to the one describing the classical
single-loop OEO [9], [10]. Thetrivia equilibrium point V(¢) =
0and £(z,t) = Oisstablefor |T'| < 1, whilefor1 < |T'| <
2.31, a stable microwave of fixed amplitude and phase is gen-
erated, along with a sinusoidally modulated laser beam in the
optical output.



However, this equation loses validity well before the critical
vaueI'., = 2.31, because in the optical section, the signal is
amplified by the EDFA, and L, and Ly, aresignificantly short-
ened so that the combination of GVD and SPM effects invali-
dates the simple hypothesis |E(L, t)|? = e~*¥|£(0,t — Tp)|?.
Therefore, (9) is an approximation, which is only valid under
threshold or when the overall gain |I'| is only dlightly greater
than 1.

B. Srong-Sgnal Regime

As the overal gain is increased, the optical signal ampli-
fied by the EDFA becomes powerful enough to generate com-
bined GVD and SPM effects in the fiber. More specifically,
the cos® temporal profile of the modulated laser beam can be
considered as a train of prepulses, whose full-width at half-
maximum (FWHM) duration is approximately 50 ps, i.e., half
the period Tosc = 27/ = 100 ps of the modulating mi-
crowavesignal. Time-lens soliton-assi sted compression consists
of chirping these prepulsesin the sign oppositeto the one of dis-
persion, sothat asthey travel, they are, at the sametime, linearly
compressed by chirp compensation and nonlinearly compressed
by solitonic effectsinduced by GV D and SPM [8]. At the output
of thefiber, theinitial 50 ps prepul ses can be compressed down
to few picoseconds, and the ultralow phase noise of the OEOs
is here converted in ultralow temporal jitter between the pul ses.

For the sake of simplicity, let us introduce the nonlinear op-
erator C, here referred to as compression operator

E(L,t) = CE0,t —Tp). (11)

This operator is, in fact, the formal solution of the propaga
tion equation explicitly represented in (3), and transformsatrain
of prepulsesinto atrain of shorter compressed pulses. Here, we
restrict ourselves to time slots of duration A7 = 100 ps cor-
responding to the period of the 10 GHz microwave, so that the
compression operator describes how a single prepulse is com-
pressed during its propagation in the fiber.

This interpretation of C is consistent with the numerical al-
gorithms for solving the propagation equation, where the prop-
agation of only one prepulse is simulated. This hypothesis also
assumes that the propagating pulses do not interact with each
other. Therefore, C, which depends on the parameters (attenua-
tion, GVD, and SPM) of the propagation equation and the input
prepulse (temporal profile, chirp), isnumerically determined by
comparing the temporal profile of the output pulse with the one
of the input prepulse.

As we have seen in the precedent section, when the gain is
weak, this operator simply becomes proportional to the identity
operator, following C ~ e=(*L/2) 1. In fact, the same relation
holds during the transient rising-up process becausein this case,
the signal is weak, regardless of the value of the overall gain
I". It is, however, naturally expected that for strong signals, the
compression operator should significantly differ from identity.

From (2), it appears that the prepulses whose profile varies
monotonously from a minimum equal to zero to a single max-

imum are achieved for a bias voltage Vi and a steady-state mi-
crowave amplitude |V, | obeying

Vol Ve 1

= = . 12
Voo Voo 2 (12)
In this case, the input energy of aprepulseis
Tose )
Wi, = / 1£€0,8)|% dt = 570G PoTose (13)

0

while the output energy of the compressed pulse may simply
be evaluated as W, = e~*LW;,,. Hence, the peak power of a
compressed output pulse of duration AT,,; may be estimated
as

P CWout

—alL
peak — ATout = CW’K‘ZOGO POC

(14)
where the factor ¢ is the energetic fraction of the input pre-
pulse energy that is effectively compressed into a pulse (the re-
maining part 1—¢ islost into the so-called pedestal, whichisthe
small temporal ripple around central peak), and the factor » =
AT, /AT, isthe compression factor of the pulse, measuring
the efficiency of the time-lens soliton compression process. The
previous equation also indicates that independent of the var-
ious compression regimes, the ratio Ppeax/(C7) should remain
constant.

We should now determine the spectral coefficient Cy(¢) that
isreinjected into the RF branch of the feedback loop. The high
compression factors we are expecting enable to consider in first
approximation that the train of compressed pulses at the output
of the optical fiber are not significantly discernible from atrain
of Dirac peaks (see Fig. 3)

+oc
|g(Lat)|2 = Cwout Z 6[t - nTosc]

(15)
leading to [using the scaling property 6(t) = Q08(7)]
it 2\ _ 2CW011t
(e e ) = = (16)

It can, in fact, be shown that as long as the pulsewidth is sig-
nificantly shorter than that of the half-period of the microwave
(= 50 ps), theDirac pulsetrain approximationisexcellent. This
is due to the fact that when the pulsewidth 7 is taken into ac-
count, the right-hand side of (16) should be multiplied by aterm
approximately equal to sinc[{2y7], where g isthe angular fre-
quency of the microwave. Aslongas T < To,../2 = 50 ps, we
have 2o — 0, so that thissinc term can be safely equated to 1.
in this case, the Dirac peaks approximation is sufficiently accu-
rate. Therefore, using the assumption of steady-state oscillation
(dV/dt = 0), the evolution (7) givesthefollowing value for the
amplitude of the microwave:

Vo = ChigtihkieGoGoSPoe L. (17)
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Fig. 2. Numerical simulation of the propagation of a pulse, evidencing time-
lens soliton-assisted compression. The parameters are V, = 2.1 V, Vp =
3.3V,p = 1.5, and A8 = 7, and they fulfill (12). The input peak power at
z = 0is0.5W whileitis5.3W at z = 4 kin. The pulse is compressed from
an FWHM of 50 ps down to 2.7 ps with an energetic efficiency ¢ = 0.76. The
thick lines are the successive profiles of the pulse, which isfinally extracted at
z = 4 km, whilethethin lines display subsequent snapshots of the virtual pulse
that would have propagated in alonger optical fiber. The initia energy of this
pulseis W;, = 25 pJd.

Using the definition of the overall feedback gain of (10) aswell
as (12), it can be shown that the previous equation provides the
following optimal value for the feedback gain:

4¢

which thereby exclusively depends on the energetic efficiency ¢
of the pulse compression. This optimal gain directly originates
fromaclosure (or self-consistency) condition, which simultane-
ously assumes steady-state operation, high compression factor
(quasi-Dirac output), and quasi-sinusoidal prepul se modul ation.
Since the condition T" > 1 isrequired for any oscillation to be
triggered, it therefore arises that the condition ¢ < (pax = 7/4
should be absolutely fulfilled. In fact, this maximal value al-
lowed for ¢ to vary according to the operating point of the MZ
modulator, but this analysis, however, surprisingly shows that
imperfect pulse compression is necessary for a regular pulse
train to be sustained.

We have implemented a split-step Fourier algorithm to sim-
ulate the propagation of the prepulses in the optical fiber. In
Fig. 2, the propagation of a pulse is displayed in three dimen-
sions. It can be observed that as the pul se propagates along the
fiber, it is progressively compressed and the optimal compres-
sion is attained at the distance z = L = 4 km. If the pulseis
left to propagate any further, it breaks down into two, and then,
three subpul ses with significantly smaller peak power values.

The optimal dimension where the pulse is maximally com-
pressed depends on all the parameters of the input pulse: power,
profile, chirp, as well as on those of the fiber, i.e., GVD, SPM,
and attenuation. A particularly suitable parameter to tune the
optimal compression distanceisthe chirp intensity parameter o,
but it should be noted that the phase shift A between the phase
and intensity modulations also plays a critical role. In fact, we
have presented here the compression regime for A8 = =, but

(18)
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Fig. 3. Numerical simulation of the input and output pulse trains |£(z, t)|? at
z = 0 (thick line) and z = 4 km (thin line), respectively. (a) Parameters are
the same as those of Fig. 2 [case of (12)]. The pulse is compressed from 50 to
2.7 ps(n = 18.5), with a peak power of 5.3 W and an energetic efficiency
¢ = 0.76. (b) Same parameters as Fig. 2, except Vo = 2.15 V, Ve = 2.4V,
and ¢ = 1.6. The pulse is compressed from 58 to 2.4 ps (n = 24.2), with a
peak power of 7 W and an energetic efficiency ¢ = 0.72. Note that this optimal
regime yielding the maximal output peak power is only sightly detuned from
case (), fulfilling (12).

there is also amore robust compression regime for A8 = /2,
even though the related compression factor is not as high.

Fig. 3 represents input train of prepulses as well as the
simulated outputs. Fig. 3(a) shows how the four pulses (which
are simulated simultaneously as a 400 ps composite pulse) are
compressed without interacting with each other, while Fig. 3(b)
shows how a dlight detuning from the maximal extinction
condition may enable to enhance the pulse compression. In
both cases, a limited efficiency in the compression process is
evidenced as pedestals arise between the central peaks. How-
ever, our analytical study has demonstrated that the energetic
efficiency coefficient is in the correct range for a pulse train
to be steadily sustained in the system, as ¢ < (pax == 0.785;
moreover, a higher ¢ would even be incompatible with pulse
train generation. These values of ¢ (~0.7) also indicate that the
value of the overall gain I" should be around ', ~ 1.1, i.e,
only 10% above threshold. In fact, independent of the value
of I between 1 and a critical value I/, (which should be the
counterpart of ", = 2.31 inthe single-loop OEO), an ultrapure
microwave is generated at the RF output, but short pulses are
not obtained at the optical output, unlessthe optimal conditions
expressed in (12) and (18) are (at least approximately) fulfilled.
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Fig. 4. Experimental results (oscilloscope display) showing the normalized
temporal profiles of the input prepulse and output compressed pulse. The os-
cilloscope has a pulsewidth resolution of 15 ps. (a) Input pulse profile, with
approximately a 50 ps width. (b) Output pulse profile. In fact, the real pulses
have awidth, which is significantly shorter than the resolution of oscilloscope,
so that the pulsetrain actually displaystheimpul se response of the oscill oscope,
i.e, 15 ps.

V. EXPERIMENTAL RESULTS

A. Pulse Compression

At the experimental level, our task has been to monitor the
input prepulses and output compressed pulses using a fast sam-
pling oscilloscope with a wideband (60 GHz) optical to elec-
trical converter atitsinput. In Fig. 4, we have displayed theinput
and output normalized profiles of the pulses. Although the ex-
pected pul sewidth (few picoseconds) is smaller than theimpulse
response of the oscilloscope (15 ps), these time traces illustrate
the qualitative effect of the time-lens soliton-assisted compres-
sion on the incoming prepulse train.

The width of the compressed pulses has been estimated more
precisely using optical autocorrelation. The measured intensity
correlation function shownin Fig. 5is consistent with the quali-
tative form of the compressed pulse in the simulations shown in
Fig. 3, presenting acentral lobewhose FWHM isequal t06.3 ps,
superimposed on alow amplitude pedestal. Thisresult allowsus
to infer a central peak in the compressed pulse of 4.1 ps corre-
sponding to a compression factor = 12.2.

This pulse-width is, however, higher than the one obtained
from numerical simulation. Thisdiscrepancy isexplained by the
fact that avery small mismatch relative to the optimal compres-
sion parameters leads to a notable desgradation of the compres-
sion factor 7. On the other hand, cross-polarization coupling ef-
fects have not been taken into account in the model, and they
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Fig. 5. Experimental autocorrelation plot. The FWHM of the plot is 6.3 ps, sO
that by assuming adeconvolution factor equal to 1.54, the FWHM for the pulses
can be evaluated as 4.1 ps and the corresponding compression factor p = 12.2.

may also affect the efficiency of the compression process. The
possibility of fine tuning of the parameters and a better control-
lability of the physical processestaking placein the fiber would
alow values of the order of 20 for the compression factor.

Asfar as quality factor of the OEQ is concerned, it is known
that it can be estimated as Qoro = 27F,.Ip = QTp,
where F,,. is the microwave frequency and Tp = n,L/c the
time-delay. Although thereis no direct dependence on the non-
linearity in thisequation, the dependence of oscillator Q onfiber
length and nonlinearity can indeed be understood using quali-
tative arguments. In fact, the fiber nonlinearity and length must
be matched to the required power level to ensure appropriate
nonlinear compression. Operating with a very high nonlinear
fiber would allow operation at lower powers for the same non-
linear phase shift with the same fiber length. On the other hand,
if high output power was an oscillator requirement, then highly
nonlinear fiber would likely be detrimental to oscillator Q as
it could lead to very short optimal fiber length. The important
point isthat acareful consideration of required power levelsand
desired Q should inform the selection of fiber nonlinearity and
length.

B. Phase Noise and Timing Jitter

We have determined the phase noise £(f) of the output mi-
crowave using a customized phase noise measurement bench.
Note that instrumental limitations preclude the use of direct os-
cilloscope-based characterization of thisultralow level of timing
jitter. A theory for phase noise determination in OEOs has been
proposed in [11], and globally, this theory holds for this OEO
also. However, an explicit formula for the phase noise spec-
trum would reguire an explicit determination for the compres-
sion operator €, which is not available, Fig. 6 displays the re-
sult of our phase noise measurement, and it can be seen that
for frequencies less than 10 kHz, there is an amost uniform
—30 dB/decade decrease: this is the signature of a dominant
flicker noise in this frequency range. The noise floor is remark-
ably low, around —140 dBc/Hz at 10 kHz (with a phase noise
floor of —143 dBc/Hz around 20 kHz), thereby indicating an ul-
trahigh purity for the output microwave.
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Fig. 6. Experimental phase noise spectrum of the microwave. The phase noise
floor at 10 kHz isaround —140 dBc/Hz. The peak at 50 Hz (and its harmonics)
originates from the mains supply, while the spurious peak at 50 kHz is a delay
mode peak corresponding to the round-trip frequency 1/7'p.

As explained in Section |, there is a relationship between
phase noise and timing jitter: more precisely, a very low phase
noiseisequivalent to avery low timing jitter for the microwave.
Knowing the phase noise spectrum £(f), the rms of this jitter
can be determined as follows:

1 S
2 10£(F) /104
27 Fose \/ /f[ I/

where f; and f, are, respectively, the lower and upper bound-
aries of the frequency range for which the jitter is computed.
In our case, the experimental phase noise spectrum yields a
value ¢ = 2.7 fs in the 1-10 kHz band. Such a precision for
the microwave timing jitter al'so ensures a very high regularity
for the output pulses, which may, therefore, be used in appli-
cations where a particularly high precision is required, such as
in LIDAR technologies or optical sampling. It is important to
note that the jitter is unequivocally bound to the phase noise
of the oscillator, which depends on the @Q-factor of the OEO.
Therefore, if, for example, the fiber length decreases, then the
Q-factor would also decrease, the phase noise would increase,
aswould aso do thetiming jitter. We al'so emphasize that if the
timing jitter of the 10 GHz microwave component observedin a
long time span can be aslow as 2.7 ps, then the locally observed
pulse-to-pulse timing jitter, which does not contribute to OEO
operation, is, in fact, much larger than that value.

(19)

g =

V1. CONCLUSION

In this paper, we have demonstrated a new optoelectronic
architecture for the simultaneous generation of ultrapure mi-
crowaves and ultralow jitter optical pulses. We have proposed a
theory to explain the generation of the self-starting pulse train,
and our numerical simulations have been shown to be consistent
with the experimentally observed phenomena. This dual gener-
ation is particularly useful as the microwave can directly play
therole of thetrigger signal in applications where optical pulses
have to be synchronized to a compatible external source.

It may be also interesting to extend this pulse generation
scheme with other types of OEOSs, in particular, architectures
that are able to cancedl the spurious peaks (multiloop OEQOs),
or those that can be miniaturized (whispering-gallery mode
OEOQOs). Along the same lines, special types of fibers can be used
in order to engineer the fiber nonlinearity and/or dispersion
to provide added flexibility in obtaining particular oscillator
characteristics under specified conditions [6], [12], [13]. We
anticipate that appropriate matching of fiber and source power
requirements could lead to subpicosecond optical pulse gener-
ation with still an extremely low timing jitter.
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