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Analysis of Noise Mechanisms Limiting the
Frequency Stability of Microwave Signals
Generated With a Femtosecond Laser

Eugene N. Ivanov, Scott A. Diddams, and Leo Hollberg

Abstract—Excess phase noise is observed in the spectrum of theColorado) indicate that the residual fractional frequency insta-
microwave signal extracted from a photodetector illuminated by bijlity on the optical comb from a phase-locked femtosecond
a train of ultrashort light pulses from the femtosecond laser. This laser can be close to-60~ ' over 1 s of averaging [7], [8]

noise affects the stability of frequency transfer from optical to mi-

crowave domains with the femtosecond laser. Some contributions "’,md thus such lasers are able to support the best present op-
to the excess phase noise are related to intrinsic beam-pointing fluc- tical standards. On the other hand, the direct measurements of
tuations of the femtosecond laser and optical power fluctuations of the frequency stability of microwave signals synthesised with
the detected light. These factors contribute to excess phase noise afemtosecond lasers have failed to confirm the above results, in-
the harmonics of the pulse repetition rate due to power-to-phase jcating more than an order of magnitude worse noise perfor-
conversion in the photodetector, spatially dependent time delays, . . . )

and photodiode nonlinearities that distort the pulse shape. With mance [8]. The main reason for such ad|§crepe}ncy is believed to
spatial filtering of the laser beam and active control of its power, D€ related to excess phase noise that arises with the photodetec-
the additional fractional frequency fluctuations of pulse repetition tion of optical pulse trains and, thus, the conversion of a highly
rate associated with the excess noise of the photodetection processtable optical signal into an electrical signal. In this work, we

14 - —15
were reduced from 6-10™"" to approximately 3-10~"" over 1s 555 our present understanding of some of the basic noise
of averaging. The effects of other noise mechanisms, such as laser, hani ffecting the f tability of a 1-GH .
shot noise and phase noise introduced by a microwave amplifier, mechanisms afiecting the frequency Stability or a 1-Hz mi-

were also examined but were found to be at a less significant level. Crowave signal produced with a femtosecond laser. These in-
clude the laser shot noise, phase noise of the microwave am-
plifier, power-to-phase conversion in photodetectors, and laser
beam-pointing fluctuations.

Index Terms—Femtosecond lasers, frequency stability, optical
clocks, optical frequency metrology, phase noise.

I. INTRODUCTION
Il. SYNTHESIS OF MICROWAVE SIGNALS WITH

IGH repetition rate passively mode-locked femtosecond FEMTOSECONDL ASERS

lasers are a key element of a coherent link between op-

tical and microwave frequency domains [1]-[3]. Such alink has As was experimentally established [1], [3], [7], [9], the
already enabled measurements of optical frequencies with stpectrum of a femtosecond laser consists of equidistant spectral
tistical uncertainty near the limit of the current microwave statiines: f,, = nfr + f,, wheren is an integer on the order of 40
dard—the Caesium fountain clock [4]. Using a mode-lockefl; and f, are the pulse repetition rate and offset frequency,
laser, it is also possible to transfer the frequency stability of aaspectively [1]. A phase-coherent connection between optical
optical frequency standard to radio and microwave frequenciasd microwave domains is achieved by stabilizing frequencies
These developments are an enabling technology for frequerfgy and f,, either with respect to a microwave standard, for
standards based on optical transitions, which promise greaglyample a hydrogen maser, or an optical frequency standard,
improved stability and accuracy for atomic clocks of the futurieased on cold atoms or ions. The latter approach was chosen in
[5], [6]. the construction of the optical frequency synthesiser at NIST

The phase-coherent connection from optical to microway#0].
frequencies is realized by referencing a femtosecond laser t\ schematic diagram of the NIST optical frequency synthe-
an optical standard and extracting a microwave signal at onesider is shown in Fig. 1. It is based on the Ti:sapphire mode-
the harmonics of the pulse repetition rate. Recent experimenttoaked laser that emits a train of optical pulses~&5-fs du-
National Institute of Standards and Technology (NIST, Bouldettion at the repetition rat¢r ~ 1 GHz. The spectrum of

the optical pulse train is broadened 4800 THz in a pho-
tonic microstructure fiber. Such a broadening occurs due to the
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fo fr foeat @andf, are tightly phase-locked to the respective RF oscil-
control control lators, the error term is reduced to
—> fs- LPF error _ 1
sriaser Of™ =~ E{‘SfRFl + 6 fpmr + 6 frr2 + £ (2)

whered frr1,rr2 correspond to frequency fluctuations of the
first and second RF oscillators, ad@t Ll ands fFLT are the

Photonic ;

Optical
crystal

standard

fiber ¢ noise floors of the PLLs controlling,... and f,. By utilizing
LPF ; ‘%.@ frr1 (2), one can estimate the effect of phase fluctuations of each of
S s H—P the RF oscillators on the stability of the pulse repetition rate in
PDL e the following manner:
* PD2 fRFl
fo ORR = ORF1 (3
L1 extraction ME Jopt
system whereorp andogy; are Allan deviations of fractional fluc-
LNA tuations of the pulse repetition rate and RF oscillator 1, respec-
T tively. Assuming thafrr; ~ 100 MHz andogr;(15) ~ 10713
fre2 Microwave (which is the instability of a good quality synthesizer referenced
output to a hydrogen maser as used in these experiments) results in a
very low numberogr(1s) ~ 2-1072°. Thus, the RF oscillators
fuw = n fr and phase locks of Fig. 1 do not present a significant limit to the

stability of the repetition rate. And, in fact, a quartz oscillator
with ogr; (1s) ~ 10719 would be more than adequate.
Secondly, we estimate the effect of laser shot noise on the

with its original green part. The extracted beat nfités phase frequency stability of the extracted signal. Assuming the shot

locked to a radio-frequency oscillator (RF oscillator 2 in Fig. 10is€ contributes to the instability as white phase noise, and

by controlling the pump power of the femtosecond laser. éexpressing it in terms of the AIIar_1 variance of fractlona_l fre-
Another beat note is produced by the photodetector PIFY¥ENCY fluctuations of pulse repetition rate, one can derive the

(Fig. 1). It results from the interference between the optici!loWing:

frequency standard and the closest spectral line of the fem-

tosecond comb. The phase of the beat note is compared to that oot (1) & 1 3 Fshot

of the stable RF oscillator 1, and the resulting error signal is Y 277N fR \| Puignal

filtered, amplified, and fed back to PZT mirror mounts of the

laser resonator to control the pulse repetition rate [11]. TH¢1€rer is the integration time anlgy.; is the power of the ex-
closes the phase-locked loop (PLL) stabilizing the beat ndi@cted microwave signal at frequendyf. Parameters o =
frequency: foear = nfr + fo — fopt = fur1, Wherefo,, 2¢/AfRisthe shot-noise power, wherds the electron charge,

and frr, are frequencies of the optical standard and first REiS an average photocurrenk f is the bandwidth of a filter
oscillator, respectively. used for the signal extraction, artlis the load impedance of

With both frequenciesfi,... and f,) stabilized, the optical & photodete_ctor. For a typical high-spged photodetector (GaAs
frequency synthesiser can serve as a source of microwave §§¥ photodiode Ortel PDOS0-OMwe find Psignar ~ 0.3 MW
nals with potentially the same fractional frequency stability &/ ~ 3 MA and fr ~ 1 GHz. By assuming thak ~ 502
that of an optical standard. Such signals are produced at #RdAS ~ 100 kHz, we obtawv;“_“(ls) ~ 10772, which can
harmonics of the pulse repetition rate and can be extracted - further improved by decreasing the filter bandwidth or im-
ther from the “internal” (PD1) or “external” (PD2) photodetecProving the photodiode performance.

tors. Below, we analyze the noise mechanisms affecting the frePhase fluctuations introduced by the microwave amplifier
quency stability of the extracted microwave signals. (LNA in Fig. 1) in the path of the extracted signal were also
studied. The resulting noise spectra measured at different levels

of amplifier input powerP,,,;, are shown in Fig. 2. They show
[1l. NOISE MECHANISMS AFFECTING THESTABILITY OF THE  the increase in the magnitude of phase fluctuations from the
PULSE REPETITION RATE amplifier with input power resulting from the saturation of the
amplifier. At P, ~ —15 dBm the limitimposed by the ampli-
Rer phase fluctuations on the frequency stability of the extracted
microwave signal was evaluated to bg(1s) ~ 3 - 10716,
8 fopt ’ This limit is almost two orders of magnitude less than that
= ——— +0fg™" (1)  associated with the photodetection process (see below).

Fig. 1. NIST optical frequency synthesiser.

4)

In general, fluctuations of the pulse repetition rate of the o
tical frequency synthesizer in Fig. 1 can be expressed as

6fr

where 5f0pt corresponds to frequency fluctuations of the op- lyuse of specific product trade names is for scientific purposes only and does
ical standard and ferr ch teri th bined effect got constitute an endorsement of these products by NIST. Similar products from
tical standard an fR characterizes the combinead efrect Obiher manufacturers may posses the same properties and be equally or better

all other noise mechanisms. By assuming that both frequenciesed for the work described herein.

n
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Fig. 2. Spectra of phase fluctuations of a 1-GHz bipolar transistor amplifi€ig. 3. Experimental setup for measurement of differential frequency
for two different input power levelsP.,, = —25 dBm (curve 1),P.,, = fluctuations in time domain.
—15 dBm (curve 2). Noise spectra were measured at frequency 1 GHz a for a

bipolar amplifier AM-1551 manufactured by Miteq. . . . .
P P y e First, the differential frequency fluctuations between the

1-GHz signal extracted from the “internal” photodetector PD1
The study of the noise properties of the photodetection systeimd the RF synthesizer were measured. These experiments

was initially performed in the time domain with the experidid not detect any noise above the measurement floor for a
mental setup shown in Fig. 3. Here, one of the photodetectessige of integration times we employed (0.1-30 s). At the
(PD1)is used for phase locking of the pulse repetition rate, whidame time, comparison of the 1-GHz signals from PD2 and
another (PD2) enables measurements of the excess noise a#goRF synthesizer revealed a frequency fluctuation of.la@

ciated with the photodetection process. Assuming that the puisel s of averaging, indicating an additional noise associated
repetition rate is controlled by a high-gain PLL, phase fluctugvith the photodetectors. Furthermore, differential frequency
tions of signals extracted from PD1 and PB&%) and&gog), fluctuations between signals directly extracted from PD1 and

respectively) are given PD2 were also measured (see Fig. 3), resulting in a frequency
1) fluctuation close to 6@:Hz in 1 s of averaging. In such a case,
0pR’ R 0pose + OppLL (5:1)  there was no need to stabilize the pulse repetition rate of the

505 % 6pose + bpLL + (%gd _ 5<P$1)d) (5.2) femtosecond laser. Its fluctuations being common for both arms
of the measurement system did not contribute to the instability
wheredp.s. anddpprr, denote the phase fluctuations of thef the beat note. Stated another way, these experiments show
RF oscillator and intrinsic phase noise of the PLL. The last twbat two photodiodes detecting what is apparently the same
terms in brackets correspond to additional fluctuations of pulpelse train emitted by a femtosecond laser could show fluctu-
repetition rate introduced by the photodetectors. It should h#ons in the measured frequencies of about six parts A 10
noted that pulse repetition rate fluctuations of a free-runninig 1 s of averaging.
laser are not present in (5.1) and (5.2) due to the assumptioiMeasurements in the time domain were complemented by
of a high loop gain. the measurements in frequency domain carried out with the
These measurements involve: offsetting the frequency of theperimental setup shown in Fig. 4. It enabled simultaneous
extracted signal from photodiode 2, recombining it with thmmeasurements of spectral densities of residual phase fluctua-
signal from the RF synthesiser in a mixer, and counting the friéens of two extracted signals relative to the master oscillator.
quency of the beat note. Following the above procedure, one ¢auring these measurements, the phase sensitive tuning of
also measure the differential phase fluctuations between two &xe readout system based on mixer 1 was maintained by the
tracted signals as shown in Fig. 3. In such a case, there is no nBet. The phase sensitivity of the second measurement system
to stabilize the pulse repetition rate of the laser; its fluctuatiolssed on mixer 2 was optimized with a variable phase shifter
being common for both arms of the measurement system do potIn tuning the second measurement system one should
contribute to the instability of the beat note, as long as the timemember that power fluctuations of the femtosecond laser
delay between the tow arms is reasonably well balanced. may represent a problem when measuring the phase noise. For
The fractional frequency resolution of the measuremetitis reason, attention must be paid to reduction of the residual
system in Fig. 3 was measured to be near'fOover 1 s AM-sensitivity of the second measurement system. There
of integration time. This was achieved due to the use ofaae various approaches to this problem. First, we connected
low-noise frequency shifter, as well as the application of thbe photodetector PD2 to the local oscillator (LO) port of
direct digital synthesiser (DDS) referenced to the hydrogenixer 2. This takes advantage of the reduced sensitivity of the
maser for generation of the offset frequency. The latter wdsuble-balanced mixer to amplitude fluctuations at its LO port.
chosen to be 10 kHz to minimize the triggering error of th8econdly, an AM-modulated signal was generated with the RF
frequency counter. synthesiser and an amplitude response of the second mixer was



1062 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9, NO. 4, JULY/AUGUST 2003

To FFT Spectrum

Analyser laser. This was accomplished by stabilizing the laser power with

an acousto-optical modulator (AOM) and altering the gain of the
power servo. A schematic diagram of this experiment is shown
in Fig. 6. To our initial surprise, we did not see any effect of
< RF the power control system on the additional phase noise. Also,
b synthesiser we found that under some circumstances stabilizing the optical

power in one arm of the optical readout system could raise the
[:(ﬂ l:-l?tse intensity of power fluctuations in another arm by a factor of two.
shiiter

fr
control

fs-laser

IV. DISCUSSION

0 @ RE A. Light Power Fluctuations
i The “anomalous” behavior of the power control system de-
To FFT Spectrum scribed in the preceding paragraph suggests that power fluctua-
Analyser tions of the extracted signals:

. . _ 1) originate from the same source;
Fig. 4. Experimental setup for measurement of phase fluctuations of extracted L .
microwave signals. 2) have similar magnitudes;

3) vary in opposite phases.
Power fluctuations alone do not satisfy the above description;
they cause synchronous fluctuations of power in both arms of
-80 the optical readout system. Polarization fluctuations of the laser
light have also been ruled out as a possible cause of the induced
intensity noise. Insertion of a polarizer between the AOM and
] beamsplitter did not have any effect on the intensity of the output

100 Voltage noise (Fig. 6).

i There are two reasons to consider the intrinsic beam pointing
fluctuations of the femtosecond laser as being primarily respon-
sible for the “anomalous” behavior of the power control system.
First, due to the angular dependence of the reflection coefficient
of the dielectric, angular fluctuations of the laser light incident

: ‘ on the beamsplitter are converted to power fluctuations. Sec-
ol 1 o 100 1000 ondly, such power fluctuations have opposite signs for the re-
flected and transmitted beams, as illustrated by Fig. 7.

In the general case, when both the power and direction of
Fig.5. Spectra of voltage fluctuations at the output of “internal” (curve 1) arif1e light beam incident on the beam-splitter fluctuate, power
“external” (curve 2) phase detectors. fluctuations of the reflected and transmitted bedfsandd P,

respectively, are given by

-100

rms voltage (dBV/rHz)

-120

120

frequency (Hz)

canpelled by the f|.ne tuning qf the _vanable phas_,e shifter §P, = R6Poe + P 2988 6.1)
Typically, such tuning results in a slight degradatienl (%) .
of the phase sensitivity of the second measurement system. 6Py = (1 = R) 6Pine — Pincltg60 (6.2)

Spectra of voltage fluctuations at the output of the phase noﬁﬁere 5P, denotes the power fluctuations of the laser light

measurement system are shown in Fig. 5. They indicate hatiyent on the beam-splittef¢ is the beam-pointing fluctua-
the intensity of the low-frequency voltage noise at the outpyl s andr andr, are the reflection coefficient and its deriva-

of the “external” mixer 2 (curve 2) is much higher than that alve with respect to the angle of incidence.
the output of the “internal” mixer 1 (curve 1). This confirms the \yhen the power control loop from PD 2 in Fig. 6 is closed

time-domain observgtions regarding the excess noise_z aSSOCiﬁ power fluctuations of the reflected and transmitted beams
with the photodetection process. In relation to the noise specglallock and§ Pk become

in Fig. 5, it is worth noting that the divergence of two noise

spectra at Fourier frequencies below 20 Hz does not mean that §Plock — R6 Pine

the bandwidth of the PLL is that low. At frequencigs< 20 Hz 1+

fluctuations of the pulse repetition rate are strongly suppressed, Y (1 n R L) (7.1)
and the excess noise of the photodetectors becomes easily mea- inctt 1-R1+7 '
surable. The bandwidth of the PLL used in these experiments o (1= R) 6P

was close to a few kilohertz, which was primarily limited by the OPy™ = ?

frequency of the lowest mechanical resonance in the PZT mirror -
PincRgdb
mount of the femtosecond laser [11]. 4+ ==
To understand the origin of the additional phase noise we L+
varied the magnitude of power fluctuations of the femtosecomehere~ is the gain of the power control loop.

(7.2)
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Fig. 6. Phase noise measurement system with an additional control system stabilizing average power of the optical comb.

o —_p R 5 the spatially dependent temporal response of the photodetectors,
2 ne 1 which can be a large effect. As might be expected, we have ob-
% served that phase delays in the extracted microwave signal de-
pend on where the laser beam actually hits the photodetector.
This is another way in which beam pointing fluctuations can

again be coupled to phase fluctuations.

P

mc

P =Pipe %55 B. Additional Fluctuations of the Pulse Repetition Rate
d
Power fluctuations of the detected light induce additional

Fig. 7. Conversion of angle fluctuations into intensity fluctuations. phase noise in the spectra of the extracted microwave signals
at the harmonics of pulse repetition rate. This happens due

Assuming thatR ~ 1/2 and|y| >> 1, (7.1) and (7.2) are to the power-to-phase conversion in photodetectors. We first
simplified observed the power-to-phase conversion in time domain when
§PP% 2Py 60 (8.1 studying the_demodulation of_ femto_second light pulses with an

sPlock ~ 82 ultrafast oscilloscope. It manifests itself as a power-dependent

2 T (8-2) time shift between the optical and the demodulated electrical

On the other hand, from experimental observations it followpulses, as well as the power-dependent broadening of the

§P°k ~ 25P; 9) electrical pulses. While the exact physical mechanisms remain
, to be identified, this may be due in part to saturation in the
which means that photodetector, where a buildup of a space charge in the depleted
P R [66] >> R Py (10) region affects the velocity of photogenerated carriers [13].

By introducing the power-to-phase conversions of the pho-

and, therefore, (6.1) and (6.2) can be rewritten as .
todetectors PD1 and PD2 d9, /dP andd®,/dP, the addi-

0P =P incR9f59 (11.1) tional phase noise of a signal extracted from the “external” pho-
0Py = —PincRgb0. (11.2) todetector PD2 (Fig. 4) can be obtained from (5.2)
This result is consistent with the model that the intrinsic 5,  _ 5,® _ 5,0 _ %265 P, o,
beam-pointing fluctuations of the femtosecond laser can be Padd = 0Pada = Oada = gp 012 T gp 001 (12)

connected with the optical power fluctuations observed in our This equation provides an explanation for the relative inde-
experiment. pendence of the additional phase noise on the operation of the

If we assume that the beam-pointing fluctuations are the doRfWer stabilization system. Indeed, assuming that the optical
inant source of the total power noise, one can calculate the stBAWer stabilization loop is disabled and substituting (11.1) in
dard deviation of the beam angle of the femtosecond lager (12) yields
Considering a beam splitter with the refractive indexs 1.5 d®;  dPy :

L : . 00add = | == + —= | PincRe60. 13

and angle of incidencé = 45 deg, this results ino,(1s) ~ Padd ( ap T ap i (13)
5107 deg. While this estimated level of beam pointing fluc-  On the other hand, when the power control loop is closed
tuations is rather large for such solid state lasers, we note that Add .

- i i i 8add = 2~ 86
this analysis does not account for phase noise that arises from Padd = 2d—PPincR6 . (14)
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Therefore, the spectral density of additional phase noise is not <
affected by the power control system provided that photodetec- 1076
tors PD1 and PD2 have similar power-to-phase conversion effi- i:
CIenCIeS ] T T [lIlIII T T lllllll T T [lIIIII
. 2 4 68 2 4 68 2 4 68
We measured the power-to-phase conversion for both GaAs 1 10 00 1000
and Si photodetectors with the experimental setup shown in Averaging Time (s)

Fig. 6. During these experiments, the power of the laser beam

was modulated with the AOM and amplitude of the ac responE§: 9-  (a) Difference in 1-GHz photodetector signals using the measurment
f h mi d. Th dulati f system of Fig. 3 Spatial filtering and optical power control were employed to

or eac mlxer_was measured. e modulation requ_e_n?y in these results. (b) Allan deviation of these measured fluctuations.

chosento be higher than the bandwidth of the PLL stabilifing

in order to avoid the cancellation of the useful signal. Power-tg—

. ST . urier frequencies below a few hertz, which is consistent with
phase conversion was found to be a diminishing function gf

optical power. Typical values of power-to-phase conversion e model regarding the origin of the additional phase noise. As
1.5 GHz bandwidth silicon PIN photodetectors (S-5973 fro entioned above, the divergence of two noise spectra at higher

|i"?equencies is caused by the diminishing gain of the PLL and,
Hamamatst) were close to 35 and 15 rad/W Bl.. = 1 mW therefore, increased contribution of pulse repetition rate fluc-

andP,,. = 3 mW, respectively, onthe 1-GHz carrierfrequenq{,u . .
t f a free- femt dl to the total ph
At P, = 3 mW, the broad-band GaAs PIN photodetectorﬁoailslgnS ot afree-running femtosecond faser to the fotal phase

(lifDOSOttC;Nl from Orte) had ta lpciwert-'to-phase l(I:onversmn 9" Having identified some of the mechanisms of the additional
efcient that was approximately ten imes smafler. hase noise, one can think of various methods of its minimiza-
To verify the above analysis, one can deduce the spectru .gﬁ

.. : . : . . One such method is a spatial filtering of the laser output.
the additional phase noise (from the measured intensity of i 6r this purpose, an AOM followed by a piece of a single-mode
power fluctuations and power-to-phase conversion) and co '

it with th its of direct ts. Wi f Hh'tical fiber were introduced in front of the beamsplitter (Fig. 3).
pare it wi € results of direct measurements. We pertormggh,; way, beam pointing fluctuations are converted to power

such a comparison with the experimental setup in Fig. 6. Ttﬂﬁctuations at the output of the optical fiber, which are then

:!meisthe mea;urerr_lent systtemva\:/as tl:n?(:hto bE.E amghtude S€03hcelled by the power control system similar to that shown in
ve by swapping mixer ports (RF port of the mixer 2 was COlifig. 6. The results are given in Fig. 9, where it is seen that the

pled to the output of the PD2) and adjusting the phase gt fractional fluctuations of the difference frequency between the

maX|m|ze_thel mixer 2 dc voltage. T_he s_pectrum of Fhe deduc% crowave signals extracted from two photodetectors can be as
phase noise is shown by curve 1 in Fig. 8. The directly me, w as to be 310~ 1% at+ = 1 s [12], indicating more than an

sured speqtrum of the addltlo_nal phase fluctuations 'S GVEN B¥ier of magnitude improvement in the stability of the extracted
curve 2. It is seen that two noise spectra are almost identica rowave signal. As can be seen by the discrete nature of the

2Use of specific product trade names is for scientific purposes only and ddégquency excursions in Fig. 9(a), this result is near the resolu-
not constitute an endorsement of these products by NIST. Similar products fréiggn [imit of the frequency counter.
other manufacturers may posses the same properties and be equally or better
suited for the work described herein.

3Use of specific product trade names is for scientific purposes only and does V. CONCLUSION

not constitute an endorsement of these products by NIST. Similar products from db intina fl . f d be i
other manufacturers may posses the same properties and be equally or bett&fOWEr and beam pointing tluctuations were tound to be Im-

suited for the work described herein. portant sources of additional phase noise, observed when a mi-
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crowave signal is extracted from a phase-locked femtosecorjdi] E. N. Ivanov, L. Hollberg, and S. A. Diddams, “Experimental study of
laser. The effect of other noise mechanisms, such as laser shot noise properties of a Ti: sapphire femtosecond las&fE Trans. Ul-
. L . - trasonics, Ferroelectrics, Frequency Control. 50, pp. 355361, Apr.

noise, phase noise introduced by a microwave amplifier, and fre- 5455
quency fluctuations of the reference RF oscillator were also €42] L. Hollberg, S. Diddams, C. Oates, A. Curtis, S. Bize, and J. Bergquist,
amined, but were found to be at a less significant level. Having “Atomic clocks of the future: Using the ultrafast and ultrastable,” in
introd ' d tial filteri fthe | b d acti trol Proc. 13th Int. Conf. Ultrafast Phenomena XIR. D. Miller, M. M.
n !’O uced spatial nftering o e_ aser beam and active coniro Murnane, N. F. Scherer, and A. M. Weiner, Eds. Berlin, Germany, 2003,
of its power, we proved that two independent photodectors can  pp. 171-174.
measure the same repetltlon frequency Of a femtosecond Iaéé?] P.-L. LlU, K. J. WIIIIamS, Y. Frankel, and R. D. Esman, “Saturation char-

ith tainty of 310-'% over 1 s of averaging. While we acteristic of fast photodetectorsEE Trans. Microwave Theory Tech.
with uncertainty o ver 1's of averaging. While we vol. 47, pp. 1297-1303, July 1999.
view this as a necessary condition, it is not a sufficient condition
to guarantee the extraction of a stable microwave signal from an
optical clock at the level of 1107'°. A further investigation is
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