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INTRODUCTION

The generation of microwave signals with MEMS batloustic wave (BAW) resonators is an exciting eraje. Such
resonators allow the development of high-perforreamicrowave sources combining low power consumptiomall
size, autonomy and ultra-low phase noise perforemmaking them well-suited for applications suchradars,
embedded electronics systems, telecommunicatioambedded sensors.

In the family of MEMS acoustic resonators, high«tgee bulk acoustic (HBAR) resonators [1,2] areuahle
candidates by demonstrating a possible direct tiparfrequency of a few GHz, state-of-the-art Qdguicts up to 1%
[3,4] and high-potential for wafer-level fabricatio

In this paper, we propose the description and ceriaation of AIN-sapphire HBAR resonators. Adaiital details are
reported in [5]. Some detailed investigations aported on a HBAR mode of interest at 2.3 GHz. \&fgort the
measurement of S-parameters, temperature coeffiofefnequency, typical loaded Q-factor, sensiivitf the HBAR
frequency to the input microwave power highlightitige existence of non-linear effects and residussp noise
measurements of the HBAR. The residual phase radiske HBAR is found to increase with the input roiwave
power. A residual phase noise of -130 dBfidd is measured at 1 Hz offset frequency at 2.3 Gdizlow input
microwave power (~6Bm). The HBAR resonator is itesgin a 2.3 GHz oscillator loop, allowing the dersivation of
excellent phase noise performances at the level48 dBrad/Hz at 10 kHz offset frequency, in excellent agream
with the Leeson effect. In the last section of thenuscript, the HBAR-oscillator prototype (not mated) is used as a
local oscillator in a microcell-based coherent dapan trapping (CPT) Cs atomic clock laboratorpyotype. For this
purpose, a low noise frequency doubling stage gamented to up-convert the HBAR oscillator 2.3 Glinal to 4.6
GHz (half of the Cs atom frequency). Fine tuningtleé oscillator frequency to the atomic transitfioequency is
performed by adjusting of the HBAR temperature amglementation of a voltage-controlled phase shitéCPS) in
the oscillator loop, preventing the use of a poa@msuming direct digital synthesis (DDS). The HBA&:illator is
successfully stabilized to the atomic transitidigveing to demonstrate when locked to the atomgrediminary clock
short-term fractional frequency stability at thedeof 7 10" 2 up to about 10 s, limited by the detected atomic
resonance signal to noise ratio.

DESCRIPTION AND CHARACTERIZATION OF THE HBAR RESONATOR

Figure 1 shows the architecture of the HBAR resamatesigned by CEA-LETI, Grenoble, France.
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Figure 1: Architecture of the AIN-Sapphire HBAR oesitor.

It consists of a substrate made of sapphire witlickness of 55@m, a width of 170Qum and a length of 87pm. On
this substrate is found a piezoelectric film mafl&ld material with a thickness of lm. This resonator is a dual-port
resonator and allows to operate in the transmissiode [6]. The idea is to ensure the coupling afuatic waves
between two adjacent resonators, achieved by ingiiéing two resonators close to one another, allgwior
evanescent waves between the resonator electrode&tlap. The HBAR is connected through SMA commescand
the ensemble is implemented in a small duralumokaging box (see figure 2). A thermistance andihgaesistance
are implemented in order to ensure the thermalabaf the resonator at the mK level.



Figure 2: Photograph of the HBAR resonator.

Figure 3 reports the gparameter (magnitude and phase) of the HBAR réspmaode at about 2.3 GHz. The HBAR
exhibits two well-visible eigenmodes, explained tmg dual-port structure of the HBAR resonator. lessef the
resonator are about 16 dB at resonance.
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Figure 3: $1 parameter (magnitude and phase) of the HBAR réspnaode at about 2.3 GHz.

Figure 4 reports the HBAR mode frequency and loaQefactor Q versus the HBAR temperature. The HBAR
temperature coefficient of frequency (TCF) is meaduo be -24.7 ppm/K. While such a TCF appeageland might
prevent high stability oscillator operation, we Ivattually benefit from this high sensitivity byring the oscillator
frequency to an atomic transition by selectingt®AR temperature: the HBAR mode spacing of 10 Méztermined
by the low acoustic loss sapphire substrate thiggns swept around 2.3 GHz by tuning the temperdtua 180 K
range. The loaded Q-factor is in the range of 28 &d found to increase slightly with temperatueéneen 40 and

90°C.
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Figure 4: Frequency and @actor of the HBAR versus the temperature.

Figure 5 shows the evolution of the HBAR frequen@rsus the microwave input power. Experimental dae
correctly fitted by a linear function with a slop&-1350 Hz/mW {5.9 10'%uW in fractional value). These values are



close to typical amplitude-frequency coefficienlues, of few 16°to 10°/ uW for quartz resonators [7]. As detailed in
[5], we think that the HBAR frequency variationhiere caused by non-linear effects and not by pameereed thermal
heating of the HBAR resonator. Indeed, with inceshamput microwave power incident on the HBAR inpott, we
observed a clear and significant distortion of tksonance curve away from the Lorentzian line shapehis
experiment, the resonance shape was found to diglglanalogous to lineshapes induced by springesofg Duffing
non-linearity phenomena [8] frequently observeMiBMS or NEMS resonators.
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Figure 5: Frequency of the HBAR resonance versgisribut port microwave power.

We measured the residual phase noise of the HBA&hetor. The setup description is the following2.B GHz source
(Keysight E8257D) is power-split into two arms. Tfiest arm involves a microwave amplifier and thé3AR
resonator. The second arm only contains a microyghese shifter to adjust the quadrature conditetwéen arms of
the phase noise measurement system. Both armsracéed to a microwave mixer operating as a phasector. The
output of the mixer is low pass-filtered, dc amiplif and sent to a FFT analyzer. In this singlesmatar bridge
configuration, an issue is that the frequency flatibns of the source can be converted into pHastutions through
the resonator-based frequency-phase converterhigher the Q factor, the higher the contributiorthe source noise
to the overall output noise. Figure 6 reports t®dual phase noise of the HBAR resonator for s¢weput microwave
power values. The contribution of the source iswshan grey and is shown to be the main limitatioh tiee
measurement for f > 2 kHz. The noise of the mixasedal setup is shown in black and is at the level4® dBrad/Hz
at 10 Hz offset frequency. The HBAR residual phasise is clearly visible for 10 Hz < f < 1 kHz arsdfound to
increase with increased input power. It is foundhat level of -120 dBrafHz at 1 Hz offset frequency for an input
power of 9.5 dBm.
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Figure 6: Residual phase noise of the HBAR resarfatosarious values of the incident microwave powe
For an input power of 6.5 dBm, we measured a phaise of -130 dBraHz at f = 1Hz. In the presence of flicker, the

Allan deviationoyq (1), stability of the resonator frequency, i.e., time-domain stability of an oscillator in which the
resonator is the only source of frequency instghils given from:
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with b.; the flicker phase noise value at f = 1Hz. Fromexperimental phase noise data, with=h-130 dBrad/Hz, we
estimate that the Allan deviati@gq (t = 1 s) is about 6.7 16.

DEVELOPMENT OF A HBAR-BASED LOW PHASE NOISE OSCILLATOR

We have developed a low phase noise 2.3 GHz ascilb@sed on the HBAR resonator. Figure 7 showsitbleitecture
of the oscillator. The HBAR resonator is associatea feedback loop with two sustaining amplifiefgotal gain ~ 25
dB, a microwave isolator, a band pass filter apthase shifter to satisfy Barkhausen conditions. HBAR resonator
can be finely temperature controlled. Moreoverphliage-controlled phase shifter is implementechanfeedback loop.
On the one hand, it is used for fine tuning ofakeillator output frequency (DC bias). On the othand, it allows to
create modulation sidebands needed for locking$edlator on the atomic transition frequency.
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Figure 7: Architecture of the HBAR-based 2.3 GHeiltestor

Figure 8 shows the absolute phase noise of the HBgdlator at 2.3 GHz The phase noise of the suisig amplifier
is reported for information. The phase noise flobthe oscillator is in good agreement with thegghaoise floor of the
amplifier [9], in excellent agreement with the aifipt thermal noise FkT/Pin where F is the amptifimise figure, kT
the thermal energy and Pin the amplifier input po@&3 dBm). The output oscillator signal phaseseas in excellent
agreement with the Leeson effect [10] withasfope for 5 Hz < f < 1 kHz, a*fslope for 1kHz < f < 40 kHz (with
vo/(2QL) = 40 kHz the Leeson frequency, the resonator Wwaltt). The HBAR-based oscillator exhibits excetlphase
noise performances at the level of -145 dBitdd at 10 kHz. Phase noise performances of the HBA&Ilator are
better than those of a state-of-the-art 100 MHz @CHeally frequency-multiplied to 2.3 GHz [11]. Thare also
significantly better than those of a conventionahll oscillator [12] used in miniature atomic cleMACS) (see figure
8).
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Figure 8: Phase noise of the sustaining amplifiet HBAR-based oscillator at 2.3 GHz. The lattecasnpared with
the absolute phase noise of a state-of-the-artMi99 OCXO ideally frequency-multiplied to 2.3 GHzlsA, the phase
noise at 2.3 GHz of a conventional MAC LO [12]éported for comparison.



APPLICATIONSTO A MICROCELL-BASED ATOMIC CLOCK

The physical phenomenon of coherent populationptrap (CPT) [13], combined with the progress of MEMS
technologies and semi-conductor lasers, has allawed the last decade the development of miniadtwenic clocks
(MACs) [14] with a typical volume of 15 cina power consumption of 150 mW and a fractionadfiency stability of
10 at 1 day integration time.

Local oscillators for Cs MAC applications must shtimany stringent requirements. They should haveoatput
frequency of 4.596 GHz (half-frequency of the Genatat 9.192 631 770 GHz) to be resonant with theliahtom, a
tunable output power of -10 to 0 dBm to drive thESEL laser, modulation capabilities (frequency maton and
modulation depth up to a few kHz), a frequency s at 1-10 mHz level not to limit the clock épgency stability, a
phase noise lower than -80 dBc/Hz at f = 1 kHztoadegrade the clock short-term frequency stabdityhe level of
10* at 1 s through the so-called intermodulation &ff&6] and a free-running Allan deviation lower tha0” at 1 s.

To date, the local oscillator in a Cs MAC consiatgeneral of a 4.596 GHz voltage-controlled oatill (VCO) phase-
locked to a 10 MHz quartz oscillator through a fiatal-phase locked loop. Different designs wereppised in the
literature [12,14]. Nevertheless, it has to be dotkat today, the LO and associated frequency sgighchain
electronics represent more than 50% of the totalgpdudget of a miniature atomic clock. Phase npé&séormances of
these architectures are modest but remain to d#fieisnt. For information, Figure 8 compares thege noise of a 2.3
GHz signal ideally-generated from a classical 102WAAC LO to our 2.3 GHz HBAR-oscillator. In thatrse, we
proposed in an investigation experiment the us¢hefabove-described HBAR-oscillator as a local lzgor of a
microcell-based Cs vapour cell atomic clock basedaherent population trapping (CPT).
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Figure 9: Principle of the CPT atomic clock. The ABBLO 2.3 GHz signal is frequency doubled to 4.589#8z. This

signal drives a VCSEL laser which generates a bomlatic optical field at 895 nm. The laser beanslisped,
circularly polarized and sent into a Cs vapor mikdoricated cell filed with Ne buffer gas. Whenretlirequency
difference between both optical lines is exactlyado 9.192 GHz, atoms are pumped in a so-cakkell state which
increases the light transmission through the @¢le CPT resonance is detected by a photodiodeotitpait signal of
the photodiode is sent into two lockin amplifiek\J. LA1 is used for laser frequency stabilizatibp synchronously
modulating-demodulating the laser dc current (lakequency). LA2 is used for the HBAR LO frequenby

synchronously modulating-demodulating the VCPShim HHBAR oscillator. The output 4.6 GHz at the ouitpfithe

doubler is extracted with a coupler (not shown be figure) and compared to the 4.6 GHz signal frarhigh-

performance commercial microwave synthesizer drivgia hydrogen maser for frequency stability meas@nt. The
inset on the fight of the figure shows the enerigggchm involved in the CPT phenomenon.

Figure 9presents the Cs CPT clock experimental setup. &berlsource is a 25 MHz-linewidth custom-designed
VCSEL tuned at 894.6 nm on the Cs line, designed by Ulm University [17]. The lasejection current is directly
modulated at 4.596 GHz by the HBAR-based local llasor (frequency-multiplied by 2) to generate twbase-
coherent first-order optical sidebands frequendit-dgy 9.192 GHz for CPT interaction. The outpusda beam,
circularly polarized, is sent into a micro-fabriedtCs vapor cell [18] filled with a pressure of blgffer gas (113 Torr
at 80°C). The input power is 30N. The microcell temperature is stabilized to withimK around 84°C. The laser
power transmitted through the cell is detected hyhatodiode. The output signal is used both foerddsequency
stabilization and local oscillator frequency steaition.

The 2.3 GHz output signal of the HBAR-oscillator fiequency-doubled to 4.596 GHz with a frequencyhder
(Minicircuits ZX90-2-36S). The 4.596 GHz signabiandpass-filtered with a 50-MHz bandwidth filtedaamplified to

a power up to 10 dBm with an amplifier (MinicircslizX60-8000ES+). A variable attenuator is usechatdutput to
adjust if required the microwave power that dritles VCSEL laser. The tuning of the LO output freqmeto the



atomic line is performed in two steps. A first cemrtuning of the LO frequency is done by adjusting HBAR
temperature. Once around the Cs resonance, auifimegt of the LO frequency is performed by tuningefy the bias
voltage of the VCPS. The tuning voltage-frequenegsitivity was measured to be about 8 kHz/V arotiredchosen
set-point.

We succeeded to stabilize the HBAR-oscillator fesgry to the atomic transition frequency. This welsieved without
the use of any additional direct digital synthg8i®S) and only with fine tuning of the VCPS. Foramarement of the
4.596 GHz LO frequency stability, a comparison eésfprmed with the 4.6 GHz signal from a commersiaithesizer
driven by a hydrogen maser.

Figure 10 reports the Allan deviation of the HBABeillator in free-running (HBAR temperature statslil) and locked
regimes. The stabilization to the atom frequendgva to improve the short-term fractional stabiliti/the LO from 2
10° to 7 10" at 1 s integration time [19]. At 1000 s integratitme, the stability of the HBAR LO is improved by
about three orders of magnitude compared to tlerfraning regime.

1E-7 5 —

E L/_.
1E-8 - ‘/I/frie-runnina

s é &

s ]

S ]

Q

S 1E-9+

C 1

(=Ei ] i

< ] _a E/:
1E-104 ——

f\'\—w/locked to the atoms

1E-11

1 10 100 1000
T(s)

Figure 10: Allan deviation of the HBAR oscillatar free-running and locked regime (to the atoms).
DISCUSSIONS

HBARs exhibit several drawbacks. First, an inhergmracteristic of HBARSs is their multi-mode spaatr (due to
materials superposition) that complicates theirinsen oscillator and forces one to filter the @sge to select a single
resonance. A second issue is the initial difficeitiytune finely the output frequency of the HBARa@rator due to the
difficulty to control accurately thicknesses of ewdls during the fabrication process. Moreovee, HBAR we used
here presents a quite high temperature sensitifigbout -24 ppm/K. Techniques exist to reduceHBARs TCF but
often at the expense of a degradation of the (Bffantd additional technological steps during tre®nator fabrication.
In this study, after detailed characterizationted HBAR, we tried to convert these drawbacks irteaatages to use
the HBAR as a local oscillator in a microcell atentlock application. Our strategy was to use bbb HBAR
temperature sensitivity and the exploitation of @RS in the oscillator loop to tune finely and diabisuccessfully the
oscillator output frequency to the atomic transiticequency. The VCPS allowed a frequency respongekHz/V. A
resolution of 1uV would then allow a frequency resolution of 8 midich is satisfying for MAC applications.

No special integration and packaging efforts wesaadin this work. Nevertheless, related activiiieghe literature
demonstrate that such HBAR-LO architectures are padible with integration at the chip level and Iqpewer
consumption requirements for MAC applications. Igeaor a MAC application, the temperature setpoaf the
HBAR should be fixed at about 90°C to support MA@sical operation temperature ranges.

Other potential obstacles exist. In standard MAfs,output useful signal frequency is 10 MHz. Ipagential HBAR-
based oscillator Cs vapor cell MAC, the LO is freqgey-stabilized at 4.596 GHz. This microwave frauyeis not
well-adapted for standard widespread applicatidiss issue would impose certainly to use a frequedivider to
down-convert the 4.596 GHz signal to about 100 @rMHz, adding certainly 10-20 mW on the total power
consumption of the system. Moreover, in the architee presented here, modulation of the VCPS atitabdHz for
tuning and stabilization of the oscillator to tHeraic frequency could appear as an undesired gmis@nal on the
useful signal to be filtered or rejected for cotrexploitation. At the end, we note that the comabion of a HBAR-LO
with stabilization to the atoms could be an inténgs solution to propose an extremely small and Ipawer
consumption source demonstrating excellent speptraty (intrinsic phase noise of the LO) and elam long-term
stability (thanks to the atoms).



CONCLUSIONS

We reported the detailed characterization of aG-& AIN-Sapphire high-overtone bulk acoustic resongHBAR),
with loaded Q-factor of about 28000 and insertiossks of 15-20 dB. The temperature coefficientexfifency of the
HBAR is about -25 ppm/K. The power-induced fractibfrequency variation of the HBAR resonance is soeed to
be about -6 1&/uW. The residual phase noise of a HBAR is measurdtd range of -110 to -130 dBrfédz at 1 Hz
Fourier frequency. This yields an ultimate HBARlied oscillator Allan deviation about 6.7 30at 1 s integration
time. The 1/f noise of the HBAR resonator is fouadncrease with the input microwave power. The HB#sonator
was used for the development of a low phase noB&Riz oscillator with a phase noise of -145 dBfdd at 10 kHz
offset frequency, in excellent agreement with tleedon effect. The HBAR LO, with the help of a freqey doubling
stage to reach 4.596 GHz, was used successfully lasal oscillator in a CPT-based Cs microcell atoaiock,
demonstrating a fractional frequency stability dfd?* at 1 s integration time.
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