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Abstract—This work presents some progress in thermal noise
measurements of quartz Bulk Acoustic Wave resonators. A
simple system based on low-noise broadband operational
amplifiers demonstrates the ability to detect thermal noise of
state-of-the-art BVA quartz resonator both at room and
cryogenic temperatures.
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L INTRODUCTION

Precision frequency generation using quartz Bulk Acoustic
Wave (BAW) resonators has been extensively studied over the
last half a century. Most of the aspects of fabrication and
behavior has been carefully analyzed and taken into account.
Thus the question has arisen if this technology is capable of
further improvement. Since performance of many state-of-the-
art quartz oscillators is limited by their own phase noise,
improvement can be achieved either by providing higher Q.f-
products or lower self-noise. One of the attempts to answer this
question is to investigate quartz BAW devices at cryogenic
temperatures. Demonstration of record high Q-factors and Q.f-
products [1-3] have been recently achieved. In addition, some
new sources of nonlinearities [4] and impurities [5] have been
discovered at low temperatures. However, it is also necessary
to understand the resonators own phase noise with the aim of
reducing its level. Despite extensive measurements of quartz
resonator phase noise in the recent years, its mechanism is still
unknown. The intrinsic limit of the resonators self-noise
normally observed in many dissipative system is thermal noise,
and despite a long history of quartz BAW resonators
development, the thermal noise limit has never been measured.
Moreover, another motivation for thermal noise measurements
comes from the area of quantum measurement, where
characterization of noise and fluctuations in mechanical
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systems is an important milestone towards observation of
quantum ground states in such systems.

IL

The reason why thermal noise of high-frequency BAW
quartz resonator devices has never been directly observed
experimentally is due to its challenging nature, whereby one
requires an amplifier with low current noise, high input
impedance and low stray input capacitance in order to prevent
low-pass filtering of the thermal fluctuations. It is difficult to
satisfy these technical requirements in the relevant frequency
range (5-10 MHz). By comparison, thermal noise in low-
frequency (10-100 kHz) tuning-fork mechanical quartz
resonators can be observed by using readily available high
input impedance amplifiers.

In this work, the measurement problem is solved by
implementing a high input impedance amplification stage,
based on a low noise and ultra-high speed Operational
Amplifier ADA 4817 (LFCSP package). The gain-bandwidth
product of this amplifier is 500 MHz. The amplifier current
and voltage noise are 2.5 fA/rtHz and 7 nV/rtHz respectively.
The stray capacitance at the input port of the amplifier is
approximately 8.5 pF. This stray capacitance, along with the
large resistance of the BAW resonator (~30 kOhm), sets the
upper boundary of the accessible resonant frequencies to
approximately 10 MHz.

The Device Under Test (DUT) in this work is an SC-cut
BVA quartz resonator. Motional parameters of this particular
device have been investigated earlier [1-2]. In particular,
extremely high values of the quality factor for different
overtones (OT) of the longitudinal mode have been achieved
at milli-kelvin temperatures. Nevertheless, in this work we
investigate only the 3™ OT of the C-mode, partially due to its
convenient frequency (about 5 MHz), and partially due to the
high electro-mechanical coupling factor at room temperatures.

PRELIMINARY MEASUREMENTS
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Noise measurements systems used for observations of thermal fluctuations in the 5 MHz BVA quartz resonator.

Fig. 1.

In order to find out whether the system is able to detect the
thermal noise arising from a quartz BAW, one can compare
measurements made with 50 Ohm and 30 kOhm loads, where
the latter load matches closely the impedance of the quartz
BVA resonator at the frequency of its anti-resonance. Thus,
the ratio between noise amplitudes of these measurements is
able to predict a signal-to-noise ratio. The one channel noise
measurement system is shown in Fig. 1 (a). The corresponding
measurement results for the two values of loading are shown
in Fig. 2; according to these voltage noise spectra the expected
height of the thermal noise peak at 5 MHz above the
background noise is close to 3 dB.

The signal-to-noise measurements in this system can be
improved by implementation of the double channel
measurement scheme shown in Fig 1 (b). In this case, the
measurement apparatus calculates the spectral densities of the
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Fig. 2. Voltage noise spectra at the output of a single-channel noise

measurement system with different loads at the input of the operational
amplifier.
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individual processes, as well as their cross-spectrum. This
scheme has a well-known advantage over the single channel
approach: the uncorrelated noise of amplification stages can
be removed from the final spectrum. For this purpose two
identical amplifiers were built. The spectral resolution of the
dual-channel noise measurement system was measured to be
approximately 5 dB better relative to the single-channel
system. This relatively modest improvement was due to the
increased low-pass filtering of the input signal: parallel
connection of the front ends of two operational amplifiers
doubled the input stray capacitance. The results of preliminary
measurements at room temperature are shown in Fig. 3

III. QUARTZ THERMAL NOISE MEASUREMENTS

Since the double channel measurement system is able to
reliably detect thermal fluctuations of a resistor corresponding
to the quartz device anti-resonance at 5 MHz, it was
implemented for both cryogenic and room temperature
measurements. A series of measurements were made at room,
liquid nitrogen and liquid helium temperatures. For the
cryogenic cases, the first amplification stage is also cooled to
about 77 K. Two identical amplification stages were used to
realize a cross-correlation type of measurement, which allowed
us to detect noise coming from a BAW resonator at its working
frequency near 5 MHz. The measured noise peaks precisely
coincide with the measured anti-resonance of the mode, where
the device exhibits a very high impedance. The result is shown
in Fig. 3 where both one and two channel results for room
temperature preliminary measurements are shown.

Next the entire measurement system was cooled down. The
Device Under Test was put at the lowest temperature stage
reaching 4 K, the amplifiers were placed at the intermediate 50
K stage of the cryocooler. The gains of the LNAs were found
to be almost independent of physical temperature down to 80
K. We observed almost no noise floor improvement from
cooling the amplifiers down. Futhermore, both amplifiers did
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Fig. 3. Voltage noise spectra at the output of a single-channel and dual-

channel noise measurement systems at 293 K.

not operate below 50 K; this is most likely related to the carrier
“freeze-out” effect in silicon.

The measurement results of noise from the quartz BVA
resonator in liquid nitrogen (55-77 K) and liquid helium (4.5
K) temperature ranges are shown in Figs. 4 and 5
correspondingly. As the BAW device is cooled the frequency
of the anti-resonance decreases. While the physical
temperature of the BAW resonator has been reduced, the
impedance at the anti-resonance increases. The net result is
that the level of thermal noise generated by the BAW resonator
at cryogenic temperatures does not decrease as much as one
might initially expect. As such, we are still clearly able to
resolve the signal with both measurement systems.

IV. FUTURE PERSPECTIVES

For cryogenic applications of quartz BAW resonators the
ultimate sensitivity in noise measurements could be achieved
using superconducting technology. Indeed application of
SQUIDs (superconducting quantum interference device) in
many areas of physics proved their high sensitivity and low
noise performance. This approach allows nearly quantum-
limited characterization of these extremely low loss devices.
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Fig. 5. Cut-view of the cryostat and voltage noise spectra at 4 K: LNA

current ~ 20 mA, LNA heating power ~ 1.4 W. FFT resolution bandwidth 300
mHz
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Early work at 4 K with a commercial DC SQUID amplifier and
a single-channel measurement system indicates a 12 dB
improvement in sensitivity relative to the single-channel
measurements involving the JFET low-noise amplifiers utilized
in Figs. 3-5.

Cross-spectra of voltage fluctuations at 77K.
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