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Abstract— In this paper, it is shown that the amplitude-
frequency effect, a well known phenomenon in quartz crystal
resonator, questions the short-term stability results of quartz
crystal resonators computed from phase noise measurement in
passive interferometer systems. This equipment allows one to
measure the inherent phase stability of quartz crystal resonators
in a passive circuit without the noise usually associated with an
active oscillator. The short-term stability of the resonator given
by the Allan standard deviation is usually computed with the
Leeson frequency. A new method to characterize the short-term
stability of crystal resonators by a phase bridge system is given.

I. INTRODUCTION

High-stability quartz oscillators are needed in a number of
space applications. Highest stabilities have been observed on
5 MHz and 10 MHz bulk acoustic-wave resonators [1]. Since
1975, researchers try to distinguish the resonator noise in the
crystal oscillator by means of passive systems [2-5]. Some
models have been tested in order to distinguish the resonator
and the oscillator noises [6-8].

Carrier suppression techniques to characterize the inherent
phase stability of ultra-stable quartz crystal resonator were
demonstrated at the beginning of the 21% century [9-10].
Recently, an advanced version of this instrument has been
implemented at FEMTO-ST, in collaboration with the CNES
and with the major European manufacturers of high stability
resonators [11-14].

The instrument is based on the synchronous detection of
the noise sideband after suppressing the carrier by vector sum
of an equal and opposite reference signal. The detected noise
is measured with a fast Fourier transform analyzer. Since a
reference source of noise lower than that of the resonators
under test is not available, we use a symmetric scheme that
compares two equal resonators, rejecting the noise of the
source.
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The usual way to calibrate the system is to inject in one
arm of the bridge a sideband of known frequency and
amplitude. The instrument gain is calculated from the
amplitude of the detected signal. Then, the short-term stability
of the resonator is deduced from the resonator filter effect. We
observed that this practice may be incorrect when the drive
power level of the resonator is increased. The reason is that
the non-linearity, inherent in the quartz lattice, warps the
shape of the frequency response, breaking the symmetry
between upper and lower sidebands. Consequently, the quartz
is no longer described by a 2™-order linear differential
equation. This phenomenon is definitely not negligible at the
power levels of interest. The measurement of a few batches
from different manufacturers reveals inconsistencies
correlated to power. After reviewing the state of the art, this
article proposes a new calibration method.

II.  REVIEW OF THE MEASUREMENT BENCH

A. Bench Principle

The bench principle uses carrier suppression technique
[9-10]. The general idea of this passive method (Fig. 1)
consists in reducing the noise of the source as much as
possible.
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Figure 1. Principle of the measurement bench.

Indeed, when resonators exhibit a very weak noise, the
noise of the source is always higher than that of the quartz
crystal resonator. Thus, the direct feeding of the driving source
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signal through only one resonator does not permit to extract
the resonator noise from the output resulting noise. On the
other hand, the source signal can be subtracted when passing
through two identical arms equipped with identical resonators
(the devices under tests: DUT). Then the contribution of the
source is cancelled while inner noise of both resonators is
preserved because one resonator noise is different from the
other one. When the carrier suppression is achieved (less than
-75 dBc is acceptable), the resulting signal only made up noise
from both resonators, is strongly amplified and mixed with the
source signal to be shifted down to the low frequency domain
and processed by the spectrum analyzer. In such a way, noise
to be measured from both resonators can be brought up at a
higher level than the driving source noise. Moreover, the noise
floor of the bench can be measured with resistors substituted
for crystal resonators. Fig. 2 shows the measurement system.

Figure 2. Measurement bench of resonator phase noise.

Calibration of the measurement system is obtained by
injecting a known side band on one of the arms of the bridge.
The noise of the DUT, as seen on the fast Fourier transform
analyzer, is corrected using the calibration factor determined
with the side band.

The input power of the bench comes from a synthesizer
referenced to an ultra-stable OCXO. It is used at a typical
power level. The power adjustment in the bench is realized by
step attenuators. The crystal dissipated power can be moved
from a few uW to approximately 200 uW. Each resonator is
driven in the bench arm through an input resistance network
matched to 50 Q impedance. This network is composed of two
resistances and depends on the motional resistance of the
resonator. They are welded near the resonator and inside the
oven. The resonator is associated with a tuning capacitor to get
the resonance of the resonator at the source frequency. But, in
our configuration, the frequency tuning can be done also with
the synthesizer frequency at a constant tuning capacitor. The
tuning method can be chosen according to the observed
phenomenon. To get 200 uW inside the resonator, the input
power of the bench should be sufficient to take into account
the insertion loss.

The noise floor of the bench has been studied according to
the output power of the driving synthesizer. DUTs are
resistors. The DUT dissipated power is maintained constant by

tuning the input attenuator of the bench. Fig. 3 shows the one-
sided power spectral density of the phase fluctuations Z(f)
versus the Fourier frequency with the synthesizer output
power as a parameter. Measures are given at 10 MHz.

-100 —+ [T ] {
L —+—+13,5dBm
-110 —+-+14,5dBm
L =-+15,5dBm
=120 = *-+17 dBm
E B
s -130
Q B
S N
= -140
3 l 1 ‘
-150 n\;\'\,‘ &
[ e - 3 B
-160 !
-170
0.1 1 10 100 1000 10000 100000

Fourier Frequency (Hz)

Figure 3. Noise floor of the measurement system according to the input
power.

Below 100 Hz, the noise floor goes up when the output
power of the synthesizer increases. The synthesizer output
power must be under 15.5 dBm to get a floor below
-140 dBc/Hz at an offset frequency of 1 Hz. The insertion loss
between the bench input and the resonator input has a
minimum value of -8.2 dB. Thus, with a synthesizer output
power of +15.5 dBm, the maximum input power into the
resonator is 7.3 dBm. If the motional resistance of the
resonator is around 50 Q, the maximum of the crystal
dissipated power is about 215 uW.

B.  Classical determination of the resonator short-term
stability

Classically, the floor of the short-term stability of the
resonator is given by the Allan standard deviation, cy(t) [3].
The Allan deviation calculated this way represents the Allan
deviation of an oscillator containing the tested resonator in
which the only source of flicker frequency noise is the tested
resonator. In the case of Flicker frequency noise, relation
between the Allan standard deviation and the power spectral
density (PSD) of relative frequency fluctuations Sy(f), is given

by:

oy foor = V228, (1Hz) (1)

Sy(f) is given by the PSD of the phase fluctuations,
S¢(1 Hz), and the half bandwidth also called the Leeson
frequency F:

res.

S, (1Hz) = { i T S,(1Hz) 2)

with f,,, the resonant frequency of the resonator.

The Leeson frequency is obtained with the asymptotic
crossing of the resonator filtering effect (Fig. 4). The resonator
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is considered as a low pass filter. The transfer function of the
resonator is given by the injection of a white noise source at
the resonator input.

Sk
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Figure 4. Transfer function of the resonator measured with white noise.
QL is the loaded quality factor of the resonator.

The relationship between the Leeson frequency and the
loaded quality factor Q of the resonator is given by:

Fr = Jres. 3)
20,

As an example, the measured <£f) of both 5 MHz
resonators is shown in Fig. 5. The Leeson frequency could be
determined by <) curve at the intersection of the /™ and f~
asymptotes but the precision is better by means of resonator
transfer function.
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Figure 5. Typical <{f) of 5 MHz SC-cut resonators.

In this case, the drive power level of the resonator is
20 pW. F is about 1.3 Hz and the floor of the short-term
stability G, goor is equal to 1-1077.

III. RESONATOR DRIVE POXER INFLUENCE

A. Resonator amplitude frequency effect

The measured resonators are 5 MHz SC-cut crystals. Drive
power level Py, of the resonators can be varied from 20 pW
to 200 uW. The variation of the Leeson frequency is shown in
Fig. 6 for these both extreme cases. The Leeson frequency is
approximately divided by two.

Consequently to the <£(f) measurements, table 1 sums up
the Gy foor Obtained with the method described before. The

short-term stability of the resonator seems to be really better at
200 pW than at 20 pW. Unfortunately, a simple calculus
shows that the method to obtained oy goor is not realistic.
Typically, a 5 MHz ultra-stable resonator exhibits an unloaded
quality factor of about 2.5-10°. By means of (3), the loaded
quality factor goes from 1.9-10° to 4-10°. The loaded Q could
become higher than the unloaded Q for resonator dissipated
power up to 100 pW.
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Figure 6. 5 MHz SC-cut Resonator transfer functions
at 20 uW and 200 pW.
TABLE L. Oy floor ACCORDING TO THE RESONATOR DISSIPATED POWER,
Pyxrar. RESONATORS ARE 5 MHZ SC-CUT QUARTZ CRYSTALS
Py (1 Hz) Fy Gy floor oL
(W) (dBc/Hz) | (Hz) (109
20 -121.49 1.31 3.67-10 1.9
60 -126.74 0.96 1.47-10% 2.6
100 -128.53 0.79 9.84-10™ 3.1
150 -129.81 0.68 73110 3.7
200 -129.96 0.62 6.55-10™" 4

In the noise measurement bench, the transfer function of
the resonator is obtained at Fourier frequency. Thus, the noise
spectrum is fold up around the carrier frequency. To analyze
the phenomenon, function transfer of the resonator must be
observed at the carrier frequency with a network analyzer.
Resonators have been measured in their impedance matching
(PI) network by means of 4195A network analyzer.

Fig. 7 shows the transfer function of the resonator inserted
in the PI network for different dissipated powers. The gain and
the phase of the transfer function are given for three resonator
dissipated powers.
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Figure 7. 5 MHz SC-cut resonator transfer functions obtained around its
resonant frequency and according to Pxq,.

The well known amplitude-frequency effect of the quartz
crystal is clearly shown. The low pass filter effect of the
resonator can be characterized by the 3 dB or £45° bandwidth
defined by:

AF = F—(Voutmax N2) _F+(Vautmax /\/;) =2Fp
or 4

AF =|F_(45°) - F, (- 45°) = 2F

Where F.(Vou ma/V2) and Fi(Vou ma/V2) are the
frequencies of the transfer function which correspond with the
amplitude equal to Voy ma/N2. F.(45°) and F.(-45°) are the
frequencies of the transfer function which correspond with a
phase equal to +45°.

TABLE II. 3dB BANDWIDTH AND +45° BANDWIDTH MEASURED
AROUND THE RESONANCE FREQUENCY OF THE RESONATOR.
3dB bandwidth + 45° bandwidth
Puat | Sres(Voutmar) F. Fo | Fu | F(45°) | Fu(+45°) | Fy
(nW) (Hz) (Hz) | (Hz) | (Hz) (Hz) (Hz) (Hz)
20 4999999.10 | -1.44 | 122|133 -5 1.17 1.33
60 499999943 | -1.59 | 1.05 | 1.32
100 4999 999.79 -1.79 10.88 | 1.33 -2.5 0.81 1.65
150 5000 000.25 -2.03 ] 0.65 | 1.34
200 5000 000.66 -2.23 1045 | 1.34 2.63 0.37 1.5

In the measurement system of the resonator noise, the
spectrum folding explains that the positive half bandwidth F.
corresponds with the Leeson frequency measured by the white
noise injected in the resonator (Fig. 8). This frequency does
not represent the real value of the loaded quality factor of the

resonator. Thus, the great improvement of the short-term
stability will be not seen in oscillator stability.

1.5
5\ = F Vo V2)

1.0 ‘.;\‘\\ B F (Noise measures)
§ ] .\.\ L

0.5 —

0.0

0 50 100 150 200 250
Putar (MW)

Figure 8. Comparison of Leeson frequency obtained with the classical way
using the source noise injection and the positive half bandwidth obtained
with the network analyzer around the resonant frequency of the resonator.

The classical calculus of the short-term stability must be
done carefully with the drive level power of the resonator and
its amplitude frequency effect.

B.  New computation method

The previous method to compute the short-term stability
by means of filter effect remains available for low power drive
level. Therefore, Fig. 7b shows that the phase of the transfer
function is not really affected by the drive power around the
null phase. These curves are used in the conversion of the
flicker frequency noise of the resonator into the measured
phase noise. The Leeson frequency can be defined by the
inverse of the slope of the relationship between Sy(f) and S 4f)
as the following expressions:

%qu(f) then F; =
d¢
{ res. dfj|
d¢

Where £, is the resonant frequency of the resonator. d_

1
Ap
A

S,(f)= )

is the derivative of the phase according to the frequency.

We chose to compute the slope between £2° (Fig. 9). In
this case, the linear hypothesis of the Leeson model is
preserved. The measurement of this slope should be done in
the same context as in the noise measurement. With this new
method, the aberrant computation of the short-term stability
and the loaded Q factor is not possible.

Table 3 shows a comparison of the short-term stability of the
resonator. The noise source results are compared with the
bandwidth methods of the filter effect and with our slope
method. Better results are given with the slope method.

TABLE IIL. COMPARISON OF THE SHORT-TERM STABILITY CALCULUS IN
THE WORST CASE WITH Py, =200 uW.
<£(1Hz) Slope Bandwidth Bandwidth Noise
(dBc/Hz) (*2°) (£ 45°) (3dB) source
-129.96
F; (Hz) 1.55 1.5 1.34 0.62
Oy floor 1.64-108 1.55-108 1.43-10° 6.55-10"
QL 1612903 1700 680 1851 852 4032 258
Q./Qx 63 % 66 % 72 % 157 %
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Figure 9. Phase-frequency relationship of the typical 5 MHz resonator. The
slope of the curve is computed with + 2° for the critical case at 200 pW.

IV. CONCLUSION

Passive measurement system of resonator phase noise has
been reviewed. Several batches of different manufacturers
have been tested. Particularly, measurements revealed that the
short-term stability of the resonators observed according to the
dissipated power could be unregular. This observation has
been correlated to the amplitude-frequency effect, a well
known phenomenon in quartz crystal resonator. These
investigations have then led to reconsider the calibration
method of the kind of measurement systems. A new method to
compute the short-term stability of quartz crystal resonators is
implemented.
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