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We report the detailed characterization of 2.3 GHz AIN-Sapphire high-overtone bulk acoustic reso-
nators (HBARSs), with a typical loaded Q-factor of 25-30 x 10%, 15-20 dB insertion loss, and reso-
nances separated by about 10 MHz. The temperature coefficient of frequency of HBARs is
measured to be about —25 ppm/K. We observe at high-input microwave power a significant distor-
tion of the HBAR resonance lineshape, attributed to non-linear effects. The power-induced frac-
tional frequency variation of the HBAR resonance is measured to be about —5 x 10~ '%/uW. The
residual phase noise of a HBAR is measured in the range of —110 to —130dBrad®/Hz at 1Hz
Fourier frequency, yielding resonator fractional frequency fluctuations at the level of —205 to
—225dB/Hz at 1 Hz and an ultimate HBAR-limited oscillator Allan deviation about 7 x 102 at
1s integration time. The 1/f noise of the HBAR resonator is found to increase with the input micro-
wave power. A HBAR resonator is used for the development of a low phase noise 2.3 GHz oscilla-
tor. An absolute phase noise of —60, —120, and —145 dBrad®/Hz for offset frequencies of 10 Hz,
1kHz, and 10kHz, respectively, in excellent agreement with the Leeson effect, is measured.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972102]

I. INTRODUCTION

Micromachined Bulk Acoustic Wave (BAW) resona-
tors,"” including thin-film bulk acoustic wave resonators
(FBARs), solid-mounted resonators (SMRs) or high-
overtone bulk acoustic resonators (HBARs), are well-
adapted for the design and development of monolithically
integrated, miniaturized and low-power consumption devi-
ces, high-Q filters, sensors or low-phase noise oscillators.
Their low size, weight, and power (SWaP) properties make
them of great interest for numerous industrial applications
including telecommunication, sensing, radar signal process-
ing, and defense systems. Billions of these components are
spread each year around the world due to their specific func-
tionalities and the maturity of their related technologies.

HBARSs are known to provide at microwave frequency
the highest Q-factor (Q) of any known acoustic resonator,
demonstrating quality factor-frequency products up to 10'*
(Refs. 1-3) and making them well-suited for the develop-
ment of ultra-low phase noise oscillators.*® A HBAR,
which can be seen as an acoustic analogy to the optical
Fabry-Perot interferometer, is obtained by stacking a thin
piezoelectric transducer above a thick low-loss acoustic
substrate. The piezoelectric film generates acoustic waves
that propagate in the whole material stack. According to
normal stress-free boundary conditions, stationary waves
are obtained between top and bottom free surfaces. The
complex electrical response of a HBAR presents a large
spectrum envelope, induced by the thin film modes, modu-
lated by the substrate discrete resonant modes whose repeti-
tion frequency f;, inversely proportional to the round trip
transit time in the substrate, is fixed by c¢,/t; where ¢ is the
wave acoustic velocity in the substrate and ¢, is the substrate
thickness.
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The loaded Q-factor (Q;) of the resonator, important fig-
ure of merit in low noise oscillator applications, is often
measured as

Yo

L=

(1)
with v, the resonant frequency and Av, the resonance full-
width at half maximum (FWHM) (—3 dB-linewidth). In a
different approach, the same parameter can be measured as

OL=z—1p ()

with dg/dvy, the resonator frequency discriminator-based
phase-frequency slope. In this paper, we will name QL|(1>
and QL\(Z) the loaded Q-factor defined from Eqs. (1) and (2),
respectively. Taking into account the resonator transmission
S, parameter at resonance, the unloaded Q-factor Qg can be
defined from Q; by*

Q_ 1
Or 110/

The spectral purity of an oscillator can be described
from the measurement of the power spectral density (PSD),
or phase noise spectral density S, (f), of its phase fluctua-
tions ¢. The PSD of fractional frequency fluctuations S,(f)
can be derived from S, (f) by S,(f) :f;—iS(ﬂ(f) with f the
Fourier offset frequency. In many cases, the frequency
flicker of an oscillator, which appears as a l/f3 line in the
phase noise spectral density, and as a floor on the Allan devi-
ation plot, originates from conversion of the amplifier phase
flicker noise of the sustaining amplifier’ into frequency
flicker noise through the Leeson effect.*” In some other
specific cases, including state-of-the-art metrological BAW

3)
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quartz crystal oscillators, it has been demonstrated that the
fluctuation of the resonator natural frequency (resonator 1/f
noise) can be the dominant effect.'®'" The physical origin of
the 1/f noise in resonators is still disputed but generally
admitted to be related to the crystal phonons vibration.'?
Phonons, submitted to a high-level microwave signal, change
the ultrasound propagation parameters of the crystal, making
the resonant frequency fluctuate. More recently, the fluctua-
tion dissipation theorem was used to evaluate the contribu-
tion of internal damping of thickness fluctuations to the level
of noise for bulk acoustic wave cavities.'

In the presence of flicker, i.e., S, (f) = b_;/f, the Allan
deviation ay,(7), stability of the resonator frequency, i.e., the
time-domain stability of an oscillator in which the resonator
is the only source of frequency instability, is given from

2In(2)
7D = g7

Different studies have focused on the flicker noise measure-
ment of metrological HF quartz crystal resonators. In this
domain, for instance, Rubiola et al. have reported phase
noise measurements at the level of —131dBrad’/Hz at
f=1Hz,'" yielding, with Q,=1.5x10° a,(t)~ 1.1
x10713 at 1s integration time. At the opposite, until now,
very few data have been published on the noise of MEMS
BAW resonators. Bailey ef al. have reported thick 640 MHz
ZnO-YAG HBAR resonators, with Q; ~ 72 000, with excep-
tional b_, = —133 dBrad*/Hz, yielding a,,(t) ~2 x 10”27
In Ref. 14, the FM noise of 2 GHz AIN-Sapphire HBAR res-
onators, with Q; ~ 20000, was measured yielding a,,(7) in
the region of 1.1—3 x 10~ "". Gribaldo ef al. reported resid-
ual 1/f noise of 2.3 GHz FBAR resonators, with Q; ~ 300,
such that b_; =—110 to —125 dBrad*/Hz, yielding oy,(7) in
the region of 1—6 x 102,17

In this article, we investigate the residual 1/f noise
of high-Q AIN-Sapphire 2.3 GHz HBAR resonators. In
Section II, the architecture of HBAR resonators is presented
and S-parameter characterization is reported. Careful atten-
tion is focused on the dependence of the HBAR resonance
on temperature and input microwave power. In Section III,
the resonator noise experimental setup and residual noise
performances of resonators are reported. The impact of the
carrier microwave power on the residual noise of the resona-
tor is studied. In Section IV, a HBAR resonator is used as an
ovenized frequency-control element towards the develop-
ment of a low phase noise 2.3 GHz oscillator. Experimental
results are found to be in excellent agreement with the
Leeson effect.

b_i. )

Il. HBAR RESONATOR DESCRIPTION

In the present study, two quasi-similar HBAR resona-
tors, named HBAR1 and HBAR2, were studied. Figure 1(a)
shows a schematic of these dual-port HBAR resonators.
Their basic principle, detailed in Ref. 16, consists of cou-
pling acoustic waves between two adjacent resonators,
achieved by setting two resonators close to one another,
allowing for evanescent waves between the resonator
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FIG. 1. (a) Schematic of a dual-port AIN-Sapphire HBAR resonator.
(b) Photograph of the resonator HBAR1 before packaging.

electrodes to overlap and hence to yield mode coupling con-
ditions. This system exhibits two eigenmodes with slightly
different eigenfrequencies: a symmetric mode in which the
coupled resonators vibrate in phase and an anti-symmetric
mode in which they vibrate in phase opposition. The bottom
electrode is shared by the two resonators and is accessed
through dedicated bias connected to ground. The HBAR sub-
strate, made of sapphire, is 550 um-thick, 1700 um-wide, and
875 pm-long. The piezoelectric film, made of the AIN mate-
rial, is 1 um-thick. Figure 1(b) shows a photograph of the
HBARI resonator before packaging. Following this step,
the HBAR is enclosed in a duralumin box with output SMA
connectors. Dedicated high-precision temperature electron-
ics, inspired from Ref. 17, are used to stabilize the HBAR
frequency at the mK level. This allows us to tune both reso-
nators at about the same frequency.

We have investigated the HBAR resonator response ver-
sus the resonator temperature and the input microwave power.
These measurements were performed using a vector network
analyzer (VNA Agilent N5230A). Figure 2(a) shows the trans-
mission parameter S,; for both resonators on a large span of
100 MHz. The frequency splitting between adjacent modes is
about 10 MHz. Figure 2(b) shows a zoom on the studied mode
at 2.3 GHz for both resonators. Both S, and S,; transmission
parameters are shown to highlight the correct symmetry of the
resonator. For the resonator HBAR1, Q; is 28 600 and inser-
tion losses at resonance are about 16.0dB. For the resonator
HBAR2, O, is 25600 and insertion losses at resonance are
about 18.5 dB. The frequency splitting between both eigenmo-
des is about 124 kHz. Figure 2(c) shows the phase response in
transmission for both resonators. Figure 2(d) shows reflexion
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parameters Sy and S,, for both resonators. These curves high-
light the fact that input and output ports of these resonators
are not-well 50Q impedance-matched. For HBAR2, the port 2
impedance matching is better than for the port 1.

Figure 3 shows the resonance frequency versus tempera-
ture for HBAR1 and HBAR?2. Experimental data are well-fitted
by a linear function. The temperature coefficient of frequency
(TCF) is measured to be —56.9kHz/K (—24.7 ppm/K) for
HBAR1 and —63.5kHz/K (—27.6ppm/K) for HBAR?2.
An effective permittivity calculation of stratified media'®
considering a 1-um thick c-axis AIN film, sandwiched between
two 100-nm thick Al electrodes, over a 500-um c-plane
sapphire substrate yields a temperature sensitivity of —28.5
*02ppm/K, in correct agreement with the experiment.
Figure 4 plots Oy | (1) versus the temperature for both resonators
HBAR1 and HBAR2. For both resonators, QL|<1> is found to
increase slightly with temperature. We have also recorded the
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FIG. 3. Frequency of the resonators (HBAR1 and HBAR?2) versus the reso-
nator temperature. The HBAR input microwave power is —10 dBm.
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evolution of QL|(2) with temperature. The dependence on tem-
perature of Q| (,) was found to be similar to the one of Q| ;).
The value of Qy | (2) Was measured slightly higher than the value
of Q¢(;)- We did not observe any variation of the resonator
insertion losses (S, parameter) between 40 and 95 °C. No vari-
ation of the reflexion parameter S;; was observed in this tem-
perature range.

We have investigated experimentally the impact of the
input microwave power on the HBAR resonator response
using the VNA. For these tests, a microwave amplifier
(Minicircuits ZX60-272LN-S+), with a gain of 15dB, is
placed at the direct output of the VNA port 1. The HBAR
input port is connected to the amplifier output and the HBAR
output port is directly connected to the VNA port 2. The
VNA source power is tuned to change the microwave ampli-
fier output power, i.e., the power at the HBAR input port,
from —15 to 18 dBm. For these measurements, the HBAR
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FIG. 4. Loaded Q-factor (QL\(I)) of the resonators (HBAR1 and HBAR2)
versus the resonator temperature. The input microwave power is —10 dBm.
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resonator is temperature-stabilized. For several values of the
HBAR input microwave power, the S,; parameter (magni-
tude and phase) and the S;; parameter (magnitude) are
recorded on a frequency span of 150kHz. For each new
input microwave power value, a delay of about 3min is
taken before data recording to ensure a stable and stationary
regime of the HBAR resonator thermal behavior. Figure 5
shows the HBARI1 resonance shape (S, parameter) for dif-
ferent values of the HBAR input power. With increased input
microwave power, we observe a clear and significant distor-
tion of the resonance curve away from the Lorentzian line
shape. This behavior is to our knowledge reported here for
the first time in HBARs. Non linear, amplitude-frequency or
isochronism effects have already been observed in quartz
crystal resonators'®?® and are known to depend on mechani-
cal and energy trapping parameters. In our experiment,
contrary to what is generally observed in quartz-crystal reso-
nators,'? the resonance shape is here more analogous to those
induced by spring-softening Duffing non-linearity phenom-
ena.”’ > Such resonance shapes have already been reported
in several types of MEMS or NEMS resonators, which due
to their smaller size, can store less energy and are often
driven into non-linear regimes at much lower excitation
amplitudes than quartz crystal resonators. These properties
have already been exploited to surpass fundamental limits of
oscillators using nonlinear resonators®® or amplifier noise
evasion techniques in feedback loops.?” Rigorous explana-
tion would require here further theoretical investigations but
this study remains out of the scope of this paper.

Figure 6 shows the HBAR resonance frequency versus
the HBAR input microwave power for both HBARSs.
Experimental data are well-fitted by a linear function with a
slope of —1350Hz/mW (—5.9 x 10~ '%/uW in fractional
value) for HBAR1 and —1060 Hz/mW (—4.6 x 10710//1W in
fractional value) for HBAR2. These values are close to typi-
cal amplitude-frequency coefficient values, of few 10 to
some 10°/uW, reported for quartz resonators.'”*® We
believe in the present study that the HBAR frequency varia-
tion is caused by the above-suggested non-linear effects and
not by power-induced thermal heating of the HBAR resona-
tor. For explanation, let’s assume a very basic thermal model

24 1.

5 17.4

18.4

S, (dB)

T T
2.2992 2.2993

Frequency (GHz)

T
2.2991

FIG. 5. HBARI resonance shape (S,; magnitude parameter) for several val-
ues of input microwave power (in dBm).
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FIG. 6. Frequency of the resonators (HBAR1 and HBAR?2) versus the
HBAR microwave input power. The HBAR temperature is stabilized.

of the resonator HBAR1. The HBAR resonator substrate,
550 pum-thick, is made of a sapphire material with a thermal
conductivity ¢ of about 25 W m ™' K~'. This yields a thermal
resistance R, described as R, = %é, with /, the unit length
and S, the HBAR cross-section area, equal to 40 K/W. In our
experiment, the total variation AP;, of the microwave power
at the HBAR input is 70 mW. Only a fraction (~11%) of this
power is actually absorbed by the resonator because of
HBAR input port impedance mismatch (see S1; ~ —1dB on
Fig. 2(d) for HBAR2). Therefore, we estimate that the
total variation of the input microwave power actually seen
by the HBAR resonator is about 7.7 mW. From the R, value
and the HBAR TCF value of —63.5 kHz/°C, this power vari-
ation would induce a HBAR frequency variation of about
—19.5kHz whereas here, in Fig. 6, we measure a HBAR fre-
quency variation of about —50 kHz, about 2.5 times bigger.
We have noted for each input microwave power value
the loaded-Q, QL|(1) and QL|(2). The corresponding results
are reported in Fig. 7 for HBARI1. Q, values are found to
decrease slightly up to a few mW and found to rise again for
higher microwave powers. The important point is to observe
that for microwave powers higher than a few mW, both O,
values diverge significantly. Both approaches (1) and (2) to
define the loaded Q are often assumed to be equivalent, as
derived from the elementary properties of the Lorentzian
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FIG. 7. Loaded Q-factor (QL\(I) and QL|(2)) of HBARI versus the micro-
wave input power. The HBAR temperature is stabilized.
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line shape. However, in the presence of non-linearities, the
resonance is warped, for (1) and (2) are no longer equivalent.
One side of the line-shape is steeper than the other and QL|(2)
gets larger than QL| (1)> s reported in Ref. 21. It should be
noticed that the Leeson effect,® which rules the oscillator sta-
bility as a consequence of the phase noise in the loop, relies
on Eq. (2) and not on Eq. (1). For a microwave power of
17.5dBm, we obtain QL| 2) = 60000, yielding a Qv prod-
uct of 1.38 x 10", We note that we observed a rapid and sig-
nificant degradation of the HBAR input port impedance
matching for microwave powers higher than 45-50 mW.
This degradation explains the increased insertion losses at
high input power of the HBAR resonator shown in Fig. 5.

lll. HBAR RESIDUAL NOISE MEASUREMENTS

Figure 8 describes the HBAR residual phase noise mea-
surement setup principle. A 2.3 GHz frequency source
(Keysight E§257D) is power-split into two arms. In the first
arm, a HBAR resonator is implemented followed by a
microwave amplifier to compensate for losses of the resona-
tor. In the second arm a phase shifter is placed. Attenuators
are placed in each arm to control the microwave power.
Saturated by two signals of power of 5-10dBm in quadra-
ture with one another, a Schottky-diode double-balanced
mixer (Minicircuits ZFM-4212-+) works as a phase detector.
The mixer output is low-pass filtered, amplified by a low-
noise dc amplifier and sent into a fast Fourier transform
(FFT) analyzer (HP3561A). The apparatus may employ a
single HBAR in an unbalanced bridge arrangement as
described above or two HBARs in a balanced bridge. The
advantage of the single-HBAR measurement is its simplicity
and to ensure that there is a single resonator contributing
to the measured noise. Nevertheless, in this configuration,
the frequency fluctuations of the source can be converted
into phase fluctuations through the resonator. The higher
the Q factor, the higher the contribution of the source noise
to the overall output noise. In a balanced bridge system
with 2 HBARs, the contribution of the synthesizer noise to
the total output noise can be rejected. This assumes to be
able to match the frequency of both HBARs (with tempera-
ture in our case) and to ensure to have identical loaded
Os (phase-versus-frequency slopes). A Q-mismatch within
10% warrants an oscillator noise rejection of 20dB. Most
of our measurements were performed in the single-resonator
unbalanced bridge scheme. This method allowed us to
detect the 1/f noise of HBARSs for Fourier frequencies up to
f~1kHz and HBAR driving powers down to about 5 dBm.
For measurements of the HBAR noise under extended

FFT

FIG. 8. HBAR resonator residual phase noise measurement setup. ¢ is a
phase-shifter. A microwave mixer is used as a phase detector.
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conditions, a dedicated phase noise setup inspired from Ref.
10, using carrier suppression techniques (to reduce the sus-
taining amplifier and mixer detection stage noise) and two
resonators in a balanced bridge scheme (to reject the
source frequency noise contribution), could be imple-
mented. The sensitivity of the phase detector to amplitude
noise (AM noise) can be reduced using the technique
described in Ref. 28.

Figure 9 shows the PSD of phase fluctuations S, (f) of
the source (Keysight E8257D) at 2.3 GHz. The absolute
phase noise of the source is —63, —102, —139, and
—151 dBrad*/Hz at f=1, 100, 104, and 107 offset frequen-
cies, respectively. Fractional frequency fluctuations of the
source, described in terms of S,(f), are reported in Fig. 9 for
additional information. In the resonator bandwidth, the
equivalent phase noise S,(f) due to the source noise at the
mixer input versus the resonator Q-factor can be written as

2f2

Sos(f) =401 (f) = 4015 S, (/). (5)

Figure 10(a) shows the residual phase noise measure-
ments of the resonator HBARI1 for several input microwave
powers in a single-resonator unbalanced bridge. For informa-
tion, the noise measurement setup floor (microwave amplifier
+ mixer 4 dc amplifier) and the calculated contribution of the
source FM noise to the system output phase noise are plotted.
For correct estimation of the latter contribution, it is important
to note that Eq. (5) is no longer valid beyond the resonator
bandwidth (~40kHz). Consequently, we measured the whole
setup transfer function H(f). For this purpose, a random white
noise generated by a FFT analyzer (HP3562A) source feeds
the FFT input channel 1 and modulates the frequency of the
2.3 GHz source. The signal at the setup output is sent into
the FFT analyzer (channel 2). The setup response was found
to be well-approximated by a first-order low-pass filter trans-
fer function, with a cutoff frequency of 41kHz, signature of
the HBAR resonator bandwidth. Thus, out of the resonator
bandwidth, the source noise contribution is evaluated by
multiplying S, (f) by H(f). For f> 1kHz, the resonator noise
measurement is mainly limited by the source noise contribu-
tion. In the 30—-100kHz range, the calculated source noise
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FIG. 9. Power spectral density of phase fluctuations and of fractional fre-
quency fluctuations of the microwave synthesizer source (at 2.3 GHz).
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FIG. 10. Residual phase noise (a) and PSD of fractional frequency fluctua-
tions of the resonator HBAR1 for several incident microwave power values.
Solid lines are fitting curves with 1/f slopes. The residual noise of the mea-
surement setup and calculated contribution of the source frequency noise are
reported for information.

contribution does not fit perfectly and is found slightly
(2-3dB) higher than the measured noise. This behavior is
still not explained and investigation is in progress. Anyway,
this region has no impact on the estimation of the resonator
frequency stability. The relative resonant frequency fluctua-
tions of the resonator, proportional to the phase fluctuations
divided by 407, are reported in Fig. 10(b). We observe that
the 1/f noise component of the HBAR resonator increases
with increased input microwave power. This behavior has
already been observed for quartz-crystal resonators'® and
FBAR resonators.'” Residual phase noise in the range of
—110 to —130dBrad*/Hz, yielding resonator fractional fre-
quency fluctuations at the level of —205 to —225dB/Hz, at
1 Hz Fourier frequency is measured. Similar results were
obtained for the resonator HBAR2 with a slightly reduced
dependence to input microwave power. For an additional test,
in order to reject the contribution of the source FM noise, we
did a resonator residual phase noise measurement by imple-
menting a HBAR resonator in each arm of the noise measure-
ment setup described in Fig. 8. Results, reported in Fig. 11 for
an input microwave power of 9.5 dBm, are in correct agree-
ment with measurements given in Fig. 10(a) for a single
HBAR resonator. In this measurement, we observe a sudden
decrease of noise after 30-40 kHz. Regarding the relative fre-
quency deviation of the resonator as the input signal and the
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FIG. 11. Residual phase noise of a pair of HBAR resonators for a micro-
wave input power of 9.5 dBm. The contribution of the source noise is largely
rejected in this setup.

measured phase as the output, the resonator is equivalent to a
low-pass filter characterized by the cutoff frequency f; = v/
20; ~40kHz. For f>f;, the resonator filters its own fre-
quency fluctuations, yielding an expected > slope on the
phase noise spectrum. This phenomenon was observed in var-
ious articles.'®®®  From these measurements,  for
So(f = 1 Hz) = —130dBrad” /Hz, the Allan deviation c,,(t)
given by Eq. (4) is calculated to be about 6.7 x 10~ at 1s
integration time.

IV. HBAR-OSCILLATOR

We have developed a 2.3 GHz oscillator based on the
resonator HBARI1. A schematic of the oscillator is given in
Fig. 12. It combines in a circuit loop the resonator HBARI,
two sustaining amplifiers in serial configuration (Minicircuits
ZX60-8000E-S+ and ZX60-6013 G-S+) with a total gain of
about 25dB, a microwave isolator, a coupler to extract the
output signal, a phase shifter to adjust oscillation phase condi-
tions, and a 100-MHz bandwidth surface acoustic wave
(SAW) bandpass filter. A buffer output amplifier (Minicircuits
7ZX60-8000E-S+) is placed at the output of the coupler. The
absolute phase noise of the 2.3 GHz output signal is measured
using a signal source analyzer (Rohde-Schwarz FSWP).
This instrument combines cross-correlation®*~Z and software
defined radio techniques™ for enhanced sensitivity. In the
oscillator loop, the first amplifier input power is about
—13dBm, while the resonator input power is about 6 dBm.

\ 4

ZX60-8008E-S+  ZX60-6013G-S+ iso.

coupler

v

HBAR1 =] BPF ©®

FIG. 12. Schematic of the 2.3 GHz HBAR-based (HBARI1) oscillator. BPF:
bandpass filter. iso: isolator.
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FIG. 13. Phase noise performances of the 2.3 GHz HBAR-oscillator. The
residual phase noise of the sustaining amplifier stage, under identical input
power conditions, is reported for information. Solid lines are fits to the dif-
ferent phase noise spectrum slopes. The oscillator phase noise is in excellent
agreement with the Leeson effect.

Figure 13 shows the phase noise of the oscillator at 2.3 GHz.
The residual phase noise of the sustaining amplifier stage is
reported for information. The oscillator phase noise floor is
in excellent agreement with the sustaining amplifier phase
noise floor S, = FkT/P;,, where F is the amplifier noise
figure, kT is the thermal energy, and P;, is the amplifier input
power. Under our experimental conditions, it yields S,
= —159dBrad*/Hz. For f.=2kHz<f<f=f, =vo/20,
~40kHz, where f; is the Leeson frequency and f,. is the
amplifier cutoff frequency, the oscillator phase noise spectrum
slope presents a 2 slope, signature of a white frequency
noise. For f <., we obtain a frequency flicker region. In this
region, phase noise performances of the oscillator are about
10dB better than those reported in Ref. 6. This is mainly due
to the use of sustaining amplifiers with lower 1/f noise. We
claim and checked that phase noise performances in the
20kHz—-1 MHz range reported in Ref. 6 were limited by the
phase noise measurement system (Agilent E5052B). For
f< 3 Hz, the phase noise spectrum is well-fitted by a f~° slope,
signature of a frequency drift. For f > 20kHz, phase noise per-
formances of the present HBAR-oscillator are better than
those of a state-of-the-art 100 MHz oven-controlled quartz
crystal oscillator (OCXO) ideally frequency-multiplied to
2.3GHz>

V. CONCLUSIONS

We have reported the detailed characterization of
2.3GHz AIN-Sapphire HBAR resonators with a loaded
Q-factor of about 25000 and TCFs of about —25ppm/K.
Distorted resonance lineshapes were observed for input
microwave powers higher than 14-15dBm, yielding
amplitude-frequency effects at the level of —5 x 10~ '%/uW.
Residual phase noise at the level of —110 to —130 dBrad*/Hz
at 1 Hz Fourier frequency was measured, yielding a resonator
intrinsic frequency stability of about 7 x 10~'% at 1 integra-
tion time. We observed that the 1/f noise of the resonator is
increased with the microwave power. Similar behaviors were
observed on two distinct resonators of similar architectures.
We have constructed a 2.3GHz HBAR-based oscillator.
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Phase noise performances of the source, in excellent agree-
ment with conversion of the sustaining amplifier stage phase
noise via the Leeson effect, are at the level of —120
and —145dBrad’/Hz at 1 and 10kHz offset frequency,
respectively.
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