Ultra-low noise microwave extraction from fiber-based optical frequency comb.
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INTRODUCTION

Low phase-noise, microwave signals with high loggrt stability and reliability are of prime importanin a variety of
scientific and technological fields, such as, fo@ample, atomic frequency standards, radar and eeraetsing,
communications and navigation, high-speed eleatspniery long baseline interferometry and high-iiea timing
distribution and synchronisation (see [1] and rfiees therein). At present, the lowest noise miax@isources are
based on cryogenic sapphire oscillators [2]. Howehese sources are not commercially available tzange high
maintenance costs. In recent times the stabilizatib lasers to highly stable optical cavities ha&tdme a well
established technology and reliable devices basednd vibration-immune cavities show a fractionegguency
stability that is routinely about 1xI®from 0.1s to 100s or better [3-5]. At the sameetifemtosecond laser optical
frequency combs have emerged as the ultimate loisenoptical-to-microwave frequency divider deliveyithe
potential for low noise microwave generation [6ly Bombining an ultra-stable laser with this frequemivision
technique it should be possible to generate a kigith a phase noise performance that surpassegxating
microwave sources over a broad range of the Fosgectrum. In this paper we demonstrate the dexsdop of a
highly reliable all-fiber optical system that demstrates low-phase noise microwave signal generadioe low
frequency instability. The NIST group have demaatsil outstanding results on Titanium-Sapphire-ba3ptcal
Frequency Comb (TSOFC), with residual phase nosséow as -107 dBr&tHz at 1Hz for a carrier frequency of
10 GHz as well as a frequency instability of 6.5X1@t 1s [7, 8]. In addition the same group has itigated the
mechanisms of excess noise in microwave signaaetitn from optical pulse train (see [9,10] ancerefhces therein).
Despite these outstanding results the TSOFC suffens an insufficient long term operational reliétlyi necessary for
many applications. Fiber-based Optical Frequencyni@o (FOFC), on the other hand, are suitable fottimoous
operation and have already demonstrated rathemplmge noise signal generation for cesium atomiatéon clocks
operation [11-13].

EXPERIMENTAL SET-UP

In our experiment we use of 250 MHz repetition r@itg) FOFCs that includé-2f interferometers for measuring the
carrier-envelope offset frequency (Menlo Systemsb@8mM-Comb +P250+XPS1500). A mode of the FOFC iaggh
locked to an ultra-stable cw laser , which allowstkesis of microwave signals through photodetectid the light
pulses (which provides.f and its harmonics within the detector's bandwidtbye to the phase lock loop, the
repetition rate of the laser is phase-coherent thi¢hoptical reference signal but divided downrggtiency by a large
factor (~800000). It has the same frequency inktpland time jitter as that of the optical refecen with a small
unavoidable noise added by the division process.iWestigate the impact of this added noise to ftegquency
instability as well as to the phase noise of thetlsysized microwave signals. Our setup is describdelg. 1: two
guasi-identical FOFCs are independently phase-tb¢&ea shared and common optical reference congisti a cw
fiber laser at 1542.14 nm stabilized onto an wdtedble cavity. The setup is tuned such that botRE©have the same
frep(Nence exhibiting exactly the same division fadtom optical to microwave). Since the intrinsic s@iof the optical
reference is common mode, comparing the 2 microveayals generated by the FOFCs completely chaiaesethe
phase noise added by the optical to microwave idiviprocess. The lock technique used to stabilieerépetition rate
of the FOFC, shown on Figure 1, is an improved iversf the one described in [13]. The whole arranget makes
use of fiber pigtailed single mode optical compdeegritical components, in particular power splist and Optical
Add and Drop modules (OADM), were selected to mirarphase noise.
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Figure 1: Set-up schematic (OADM: Optical Add/Dnidpdule, AOM: Acousto Optic Modulator, DDS: Direigital
Synthesizer, USCW: Ultra Stable Continuous Waverla8C: Polarization Controller.

The 30 mW output (100 fs duration pulses) from thede-locked laser oscillator was sent through ansation
controller to an OADM (three port interference ogtifilter centered at 1542.14 nm with bandwidtB ©m). The
spectrally narrow filtered output is combined witle CW light from the ultra stable laser (of optir@quencyv,y).
The resulting beat-note sigrigkv..,—Nxfe—fo (WhereN is a large integer arfgis the carrier envelope offset frequency)
is detected on nGaAs photodiode. From th&2f built-in interferometer we obtain a sigrfglwhich is mixed withfy
and filtered to produce a frequency signal-Nxf¢, independent of,. This signal is filtered by a tracking oscillatmd
then digitally divided by 128. Finally this dividesignal is compared to a reference synthesized avitlirect digital
synthesizer (DDS1 see Fig. 1) to produce a phase signal. This signal, processed in a simple @p&dop filter, then
controls the pump power of the femtosecond lasbe Jervo bandwidth is about 120 kHz, which allossust and
reliable phase locking to the reference cw laser.
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Fig. 2: Phase noise power spectral density of itierence of the two 11.55 GHz microwave signatdi¢sred line),
measurement floor (photodetection+amplificationeggline).

To generate a signal at the repetition rate (atldrmonics) the other output of the OADM, whicimtains nearly all
of the mode-locked oscillator power (~10mW), iseiipd into a high-speed InGaAs pigtailed photodi(i@iscovery
model DSC40S, 20 GHz bandwidth). The second FORGcked with a similar technique but due to thela€ a fast
pump power control port the bandwidth is limited2@-30 kHz.For both FOFC systems, the low levepousignal
(about -30 dBm) of the microwave extraction phooaid is filtered by a very low insertion losses mwave filter
centered at 11.55 GHz and amplified using veryfiicker phase noise amplifiers. One of the outpsitfurther filtered
and amplified up to a power of 5 dBm to saturatelt® port of a double balanced microwave mixer.



The RF port is driven with -8 dBm from the otherFRDsystem. Figure 2a shows the measured relati@sephoise of
the microwave signals at 11.55 GHz for two indegandsystems (black solid line) as well as the néésel of the
readout system (photodetection,amplifiers and mitasished grey line). The detection floor was mesiby driving
both detection photo-diodes with the same FOFC.réhkiglual phase noise of the amplifiers is sligh#jow that of the
complete readout system. As can be seen on Figtire easured noise is limited by the measurematerm below
~100Hz Fourier frequencies. Nevertheless we achieveery low phase noise level of about -108flogBrad/Hz for

1 Hz<<100 Hz for the two systems.
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Figure 3: Top plot: relative timing jitter betwetdre two microwave signals at 11 11.55 GHz over (28300, 10s
samples). The measurement is performed by samgplengoltage DC output of the microwave mixer (measent
bandwidth 5 Hz). Bottom plot : residual fractiofi@quency stability of the generated microwave aigtaled to one
system (overlapping Allan deviation, 263000 1s das)p

It is also important to note the very low level sfurious peaks in the spectrum and that no poat{olaicessing or
filtering has been used to produce this result.dBeyl00 Hz the limited control bandwidth of onetlod combs does
not allow us to investigate the ultimate lower litai the microwave generation process.

We have evaluated the fractional frequency stgb{iFS) of the generated microwave signals by semgphe low
pass filtered (5 Hz) voltage output of the microeawixer. The top plot of figure 3 shows the relattiming jitter of
the generated microwave signals over 72h. The oot of the same figure shows FFS (overlappinigmteviation)
against the measurement time from a 74 hours datds®ntinuous operation. The FFS for a singleesysis about
1.6x10" (at 1 s-10 s) scaling down to about 3%i@t 65536 s. To evaluate the accuracy of opticaintorowave
generation we have used the standard techniquedafcithg the frequency offset from the timing dtfip of fig. 3)
The data shows a conversion accuracy of Z%1@hich is compatible with zero within the erromrdalefined by the
FFS shown in Fig. 3 [14].

ADVANCED NOISE REDUCTION TECNIQUES

To explore the ultimate performance of our optiosnticrowave division system, we need to use aradiigh
sensitivity phase comparison scheme which we realith a carrier suppression noise measuremergray§ESNMS)
[14] as shown on Fig. 4. The electric signals masylfrom pulse trains photodetections are dired¢tethe two input
ports of a 180-degrees hybrid junction through owave isolators preventing unwanted feed-back tffen the
photodiodes. A variable attenuator in front of mfehese ports allows amplitude equalization of sigmals. When
phase matching is realized for a given carrier fesgy, the difference output port of the hybridgtion exhibits
destructive interference and every remaining sigver the carrier frequency is resulting from phasemplitude
differential noise at the input ports. Note thaagé matching can conveniently be adjusted by chgrthe phase of the
RF reference in one of the FOFC's phase-lock lodps. sum and difference output ports of the hyluitttion are
filtered near 11.55GHz with the same filter usethia previous experience. The difference signafterward amplified
and sent to the RF port of a microwave mixer. Tina signal passes through a variable phase shgtamplified and
saturates the LO port of the mixer. The outputhef inixer is low-pass filtered, amplified by a lowise DC amplifier



and sent to a fast Fourier transform (FFT) analyzedigital voltmeter as in Fig. 4. Since no cariiie present on the
dark port (difference output of the hybrid juncfipthe associated amplifier and the mixer operatemall-signal

regime where flicker noise is greatly reduced [1@ptimal phase and amplitude tuning produces att I€&dB of

carrier suppression in the dark port leading towegr lower than -100dBm before amplification.
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Figure 4: Set-up schematic which highlights the @8\ and the power lock.
FOFC: Fiber-based optical frequency comb; USCWatstable continuous wave laser ;VCPS: voltagerotiad
phase shifter ; FFT: fast Fourier transform.

The bright port (sum output of the hybrid junctias)used to synchronously demodulate the dark aothe carrier

frequency, thanks to the mixer and low-pass filBepending on the relative phase between the datkbaght port,

the near-DC output of the mixer is proportionaheitto the phase or amplitude difference betweenlth55GHz

harmonics at the input of the hybrid junction. Tgtease noise added in the bright port is common namdiedoes not
impact the final measurement. The readout noismeasured by replacing the input of the dark portaby00Ohm

termination (see figure 5 curve 3). The FFT is usedtheasure phase noise power spectral densitifee ahicrowave

generation process. For the long timescales, wé¢hesallan standard deviation, measured by recortlie phase at the
output of the CSNMS with a digital voltmeter ovetended period of time. The carrier suppressiotesyss perfectly

stable over several hours of continuous measurenémiemphasize that we didn’t use any kind of a&cstabilization

(automatic or human-based) of the amplitude or @aatching of the CSNMS.
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Fig. 5: Phase noise power spectral density (PSE)eoilifference of the two 11.55GHz microwave slgmrtracted
from FOFCs. Curve 1: No noise reduction technigas applied; Curve 2: with VCPS phase correctioa {sgt) and
stabilization of the optical power incident on theerowave generating photodiode (both AOM and pyrower feed-

back give the same result). Curve 3: readout syfitean



We initially realize a phase comparison betweerromvave signals directly generated by two FOFCs figgee Fig.5
curve 1, basically identical whether we implemér CSNMS or a classical detection described ab@véjst striking
figure is a relatively large noise bump between B20and 80 kHz. This figure is due to the limiteh®-bandwidth
(20kHz) available on one of the FOFCs. We have estdd this issue by implementing, on this FOFChase
correction on the microwave using the residuabiogl error signal of the phase-lock-loop. A voltagatrolled phase
shifter (VCPS) is inserted after the fast photoctetePD 2 associated with the low correction banitlwiFOFC. The
control input of the VCPS is driven by a signalided from the in-loop residual error through a sienpoltage divider
resistive network. The division ratio is choserasaio realize a phase ratio between the phasddogpkresidual error
signal and the microwave VCPS correction equal 1®4THz/64)/11.55GHz, with 194THz and 11.55GHz being
respectively the optical and microwave frequendies,factor 64 being due to the frequency dividethie phase-lock
loop. This corrects from residual noise due to fifigient gain in the main phase-lock loop. In asgrthis technique is
an analog equivalent to the “transfer oscillatocheme, developed by the PTB group, which uses tditagtal
synthesizers (DSS) to digitally realize the corrdistision factor. It proved useful to consideralbgduce the phase
noise spectral density above 300Hz as can be sdguie 5 curve 2.
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Fig. 6. Fractional frequency stability (FFS, measupy Allan standard deviation) and time devia{idbBEV) for a
single optics-to-microwave FOFC system. Top comtirauline: FFS with power stabilization on AOM; diamnas and
circles: respectively FFS and TDEV with power dfabtion on pump current control ; bottom continadime: FFS

floor of the measurement system.

A second feature of the noise spectral densitygiaré 5 (curve 1) is the fthoise behavior between 1Hz and 200Hz.
Studies on Titanium Sapphire based optical frequermmbs at NIST [7-10] demonstrated that this belramear
carrier was due to AM-PM conversion in the photedgbn process. We have implemented two differeawey
stabilization techniques. In both cases, the D@uubf the bias-tee following the fast photodiodedmpared with a
stable voltage reference and sent to an integedbgrcorrector. In the first technique, the coricsignal is applied
to the RF-power driving an acousto-optic modulgfa®M) which we added in front of the photodiodegthOM is
not represented on fig. 4 and was installed ontytHs specific experiment). In the second techejghe correction is
applied to the pump power controller of the FOF€efaoscillator (which is possible because the nphiase-lock
correction is taken care of by the PZT below a kiz). With both techniques, the power servo bantiwid larger
than 1kHz and is measured (in a separate out-@f#neasurement) to provide more than 20dB noisetiejeat 1Hz
Fourier frequency.

Both power stabilization schemes improved substiyntthe 1f-noise behavior (as seen on figure 5 (curve 2)). We
reach an unprecedented phase noise of -117&Bimadfor a single system) at 1Hz from the 11.55Qhizrowave
carrier. On longer timescales, the FFS were, howelifferent for the two power stabilization techues. The AOM-
based scheme flattens out up to 10s (see figu@n6the contrary, the pump-power-based techniqueages down
quickly, almost following ther™ slope expected for fthoise limited phase coherent systems. We belibae the
power stabilization of the optical pulses in theilbstor itself has a collateral stabilization effeon their spectral
phase (which can be coupled to pulse energy byekample, Kerr effect or temperature changes), e as
decreasing amplitude to phase conversion in theiecamvelop offset measurement unit. In the puropgr
stabilization case, the FFS reaches 1.5%H2 1000s (for a single system), residual frequenféset compatible with



zero at this level. The synchronization stabiligtvieeen the optics (i.e. the USCW laser) and onthefmicrowave
signal is characterized by the time deviation aiss¢ed with these phase measurements. We findhttoonsistently
below 100 attoseconds between 1s and 1000s (see iy [16].

CONCLUSIONS

In conclusion, we have used two FOFC-based opticaticrowave division frequency synthesizers rafeesl to a
common optically source to create 11.55 GHz micrangignals with a relative frequency stability 08410 at 1 s.
The relative phase noise spectral density at a bff$et from the 11.55 GHz carrier is measured Ht1-dBrad/Hz,
limited by the readout system noise floor. Longrtestability and accuracy down to 3xf0at 65536 s was also
demonstrated from a set of 3 days continuous measnt. These results are obtained with classiaathlddbalanced
mixers measurement scheme. By using a noise measntesystem based on the carrier suppression methdd
advanced noise reduction techniques we are ahlapgmve the results down to a phase noise spedtnasity at a
1 Hz of -117 dBratiHz and a FFS is of 1.5xt®at 1000s (for a single system).
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