IEEE Open Journal of
cag Circuits and Systems

Received 20 March 2021; revised 24 May 2021; accepted 18 June 2021. Date of current version 13 September 2021.

Digital Object Identifier 10.1109/0JCAS.2021.3093373

Review of Resonator’s Q-Factor Measurement With

Focus on Design of Analog and Mixed Circuits for

In-Situ Measurement
MING ZHANG 1 (Member, IEEE), AND NICOLAS LLASER?

1 Faculty of Science Orsay, University of Paris Saclay, 91405 Orsay, France
2Department of Computer Science, College LPO Dorian, 75011 Paris, France
CORRESPONDING AUTHOR: M. ZHANG (e-mail: ming.zhang @ u-psud.fr)
This work was supported in part by the European "Design for Micro and Nano Manufacture" Patent Network of Excellence

and in part by the French Eiffel Doctoral Program.

ABSTRACT A resonator is one of the important components in electronic systems. It is often used in
an electronic system to give an accurate time reference. But it can also be used as a highly sensitive
physical parameter sensor especially with the rapid development of fabrication technology for Micro
Electro Mechanic System (MEMS) sensors. One of the parameters used to describe the performance of
a resonator is its quality factor, also called Q-factor for short. Knowing the Q-factor of a resonator can
make sure the performance of the system in which the resonator will be used. For applications in which
a resonator is used as a sensing device, it is crucial for the Q-factor to be surveyed and measured in
real time. In this paper, a review of a resonator’s quality factor (Q-factor) measurement is given. Three
major approaches can be identified from the literature: frequency domain, time-frequency domain and time
domain. Both advantages and limitations of each approach are presented. Based on the published results,
a comparison of the three approaches is conducted. As the time-domain measurement is the only way to
present the potential for an in-situ Q-factor measurement but it is relatively less exploited compared with
others, a special focus on the time-domain measurement is granted with two time-domain circuit designs.

INDEXTERMS CMOS integrated circuit, frequency domain, mechanical resonator, Q-factor measurement,

time domain.

. INTRODUCTION

RESONATOR is among the most often used com-
Aponents in an electronic system. It is a device that
can produce a mechanical vibration movement. The two
major parameters used to describe the performances of a res-
onator are the quality factor, also called Q-factor for short,
and the resonance frequency. Having a high Q-factor for
a resonator means that the resonator disposes of a highly
stable resonance frequency and that it can be used as
an accurate time reference in an electronic system. The
well-known Quartz-based resonator disposes of a Q-factor
reaching as high as 10°. This is the major raison that
it is widely used as a time reference within electronic
systems.

However, in spite of its high performance, a Quartz-
based resonator can hardly be integrated on an integrated
circuit chip due to its nature, a discrete component mea-
sured 13.5mm x 1Ilmm x 4mm such as shown in Fig. 1
(a), which results in an irreducible system size. By com-
parison, a MEMS (Micro-Electro-Mechanical-System) based
resonator, being naturally an integrated device, has the advan-
tages of not only having a miniaturized size, 8mm x 4mm x
400pm such as shown in Fig. 1(b), but also being possible
to be integrated on the same chip as an integrated circuit,
reducing considerably a system size. Its quality factor can
also reach as high as that of a Quartz-based resonator if it
is packaged under vacuum condition. This is why MEMS
resonators have found more and more applications [1].
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FIGURE 1. Examples of a resonating device: (a) Quartz-based resonator; (b) MEMS
resonator; (c) toroidal micro-resonator [9].

Being also an integrated resonator, an optical resonator
with diameter 120pm, as shown in Fig. 1(c), compared to
a MEMS resonator, exhibits even more advantages such as
ultra-high-Q (108-10'"), spectral efficiency, energy efficiency
as well as accurate frequency spacing when used for comb
of frequency [9]-[12].

Apart from being used as a time reference in an electronic
system, a resonator can also be used as a sensor for its high
sensitivity to physical parameters with either its Q-factor or
its resonance frequency such as environmental parameters
(temperature, humidity, pressure), gyroscope, viscosity, satel-
lite positioning system, and electrical nose [2]-[12]. In the
literature, there are also reports in which a micro cavity can
be used as a resonating test structure to measure material’s
properties such as a material’s rigidity, photo-conductivity,
magnetic susceptibility and dielectric parameter sensing by
way of Q-factor measurement [7], [13]-[15].

Different approaches have been reported in the literature
to perform Q-factor measurement. Generally speaking, they
can be distinguished as three major approaches: frequency
domain, time-frequency domain and time domain. Whatever
the approach is, they share the similar excitation to achieve
a mechanical vibration and excited vibration detection tech-
niques, such as electrical, magnetic even acoustical ways.
But they do have fundamental differences among the three
approaches.

For frequency-domain Q-factor measurement, a frequency
sweeping is necessary. The steady response of the resonator
to different frequencies is measured and with the help of
expensive and cumbersome instruments [16]-[20]. Moreover,
the measurement must be conducted with the resonator taken
out of its application context, i.e., ex-situ. The measurement
accuracy depends on that of measurement instruments as
well as the frequency step taken. The smaller the step is, the
better the accuracy will be, but the longer the measurement
will last. Besides, more memory will be needed for more
data storing, too. Usually, frequency domain can be used for
a wide range Q-factor measurement. An accuracy in the order
of 10™* can be expected with some modern instruments.
Both Q-factor and resonance frequency can be extracted from
frequency measurement.

To simplify the frequency-domain measurement, the mixed
approach is proposed [7], [13]-[14]. A single frequency
operation is used instead of a frequency sweeping. Then
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TABLE 1. Comparison of Q-factor measurement techniques.

Parameter Frequency Mixed Time
Accuracy 10 10° 10
Data storing yes yes no
Frequency GHz MHz MHz
Q-factor 10° 10 10°
Time consuming minute second real time
Instrument yes yes no
Measurement ex-situ ex-situ in-situ

the vibration is left in free oscillation state, i.e., ring-down
oscillation, and the ring-down signal is detected in time
domain and in transient state. However, the Q-factor of
the resonator is extracted in frequency domain, for which
a Fourier transformation of the transient signal is necessary.
Still a large memory is needed to store the digitalized tran-
sient signal along with the signal processing in frequency
domain. Therefore, this approach benefits the same high
Q-factor as the frequency domain measurement and mea-
surement accuracy can even be better, i.e., in the order of
1075.

Finally, time-domain measurement is performed with an
acquisition of transient response of the resonator under
test to a single frequency excitation but the extraction of
Q-factor is carried out by using a specific designed circuit
or a specific signal processing in time domain via a PC com-
puter [21]-[27]. If the circuit is implemented on the same
chip as the resonator, the Q-factor measurement can be made
in-situ and even during the application of the resonator. The
experimental results achieved in [25] show a Q-factor mea-
surement accuracy in the order of 10™#, which is comparable
to that obtained in frequency-domain measurement and for
most applications, this accuracy is good enough. The mea-
sured Q-factor can reach as high as 10°. Both Q-factor and
resonance frequency can be measured in time domain, as
demonstrated in [21].

A general comparison of the three measurement tech-
niques is given in Table 1. We can see from Table 1 that for
resonators with ultra-high Q-factor and GHz frequency, the
frequency-domain measurement is the only available tech-
nique. However, for resonators with relatively low Q-factor
but high frequency, it is preferable to use mixed technique
because by recording the ring-down oscillation with high
precision, after FFT, the Q-factor can be identified with suf-
ficient accuracy in frequency domain. Indeed, it can benefit
the advantages from both frequency and time domain mea-
surement. Finally for resonators with performances lying
in-between, both time-domain and mixed can be exploited.
But time-domain measurement is evidently the only approach
that can be performed in-situ in real time with low cost and
low power.

As a resonator in a large sense has been playing an
important role in an electronic system, in material characteri-
zation as well as in physical parameters sensing, knowing the
Q-factor along with its resonance frequency both accurately
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FIGURE 2. General diagram of a resonator’s Q-factor measurement system.

FIGURE 3. Excitation by an electrostatic force [24].

and quickly becomes crucial. Also, each approach has its
own application domains, its advantages and its limitations.
A review of different approaches is given in this paper, which
can help users to choose an adequate approach according
to different application requirements. For further details on
implementing these particular methods, readers can refer to
the cited references. A special focus of this paper will be
granted on the design of analog and mixed circuits for time-
domain Q-factor measurement because we believe that it is
the only way to offer an in-situ Q-factor measurement but
not sufficiently developed yet.

This paper is organized as follows. An overview of
a general Q-factor measurement system is presented in
Section II. Then three major measurement approaches are
reviewed and compared in Section IIIl. To better under-
stand how the Q-factor can be extracted in time domain,
in-situ time-domain Q-factor measurement circuit design is
illustrated in Section IV, followed by conclusion in Section V.

Il. GENERAL Q-FACTOR MEASUREMENT DESCRIPTION
A conceptual diagram of a resonator’s Q-factor measurement
is shown in Fig. 2. Around the resonator under test (RUT),
an external force excitation source, on one side, is used to
put the resonator into mechanical vibration and the gener-
ated mechanical vibration, on the other side, is sensed by
a detection circuit in form of electrical or optical signal with-
out direct contact with the RUT. Once the sensed vibration
is transformed into an electrical signal, adequate signal pro-
cessing will be practiced to the electrical signal in order to
extract both Q-factor and resonance frequency.

A. EXCITATION

Several excitation ways have been reported in the literature:
by an electrostatic force generated by an electrical field [24]
(Fig. 3), with an acoustic wave generated with an acoustic
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FIGURE 5. Principle of LASER-based Interferometer used for measuring the
displacement of the resonator under test (RUT) [8].

source [6] and by electromagnetic force generated by an
electromagnetic field [28].

B. DETECTION

Different detections can be identified from the literature:
capacitive detection [4], laser-based Doppler [4] or inter-
ferometer [6]-[7]. By capacitive detection, the capacitive
variation due to the resonator’s vibration is sensed and trans-
formed into voltage variation based on using a specifically
designed circuit (Fig. 4). The resonator is coupled to the
detection circuit by a capacitor. So, there is no direct physical
contact with the RUT.

An optical detection can also be used for detection of the
vibration of a resonator. The displacement of the resonator
is measured by means of frequency change in case of laser-
based Doppler [4] or two optical beams’ interference to
get the image of the mechanical vibration indirectly with
the principle diagram shown in Fig. 5. This image is then
converted to an electrical signal.

C. SIGNAL PROCESSING
Before signal processing, the electrical signal will be first
sampled and converted from analog into digital signal.
A computer, an oscilloscope, a network analyzer and even
a circuit can be used to make the necessary signal process-
ing depending on the measurement approach used. From the
literature, three approaches can be distinguished: frequency
domain, time-frequency mixed domain and time domain.
For frequency domain measurement (Fig. 6), the spectrum
of the resonator can be obtained by frequency sweeping
(Fig. 7), from which both Q-factor and resonance frequency
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FIGURE 6. Principle diagram for frequency domain measurement.
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FIGURE 7. Frequency domain measurement.

can be directly deduced. While for time domain measure-
ment, after being put into vibration, the resonator is then left
to free ring-down vibration (Fig. 9). As the ring-down time
constant depends on the resonator’s Q-factor, the Q-factor
can be deduced from the transient response in time domain.
With mixed measurement, the ring-down transient response
is transformed back into frequency domain by Fourier trans-
formation, from which the Q-factor is then extracted just like
frequency-domain measurement. More details will be given
in the following.

lll. REVIEW OF Q-FACTOR MEASUREMENT
A. FREQUENCY Q-FACTOR MEASUREMENT
The principle diagram for frequency domain measurement
is shown in Fig. 6. As indicated previously, by sweeping
the excitation source’s frequency, the frequency response
of the resonator is measured in steady state. The frequency
sweeping can be achieved either by continuous sweeping [17]
or stepped frequencies as in network analyzer. The vibration
under different frequencies can be sensed either by capacitive
detection or optical detection as mentioned previously. In
both cases, the mechanical vibration is converted into an
electrical signal. Both Q-factor and resonance frequency can
be extracted.

Based on frequency response (Fig. 7), different extrac-
tions are proposed in the literature [16]. —3dB bandwidth
measurement is one of the commonly used as given by (1)

_fo
0=" (1

where fj is the resonance frequency and B the —3dB band-
width of the resonator, which will be extracted from the
measured frequency response.
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FIGURE 8. Principle diagram for mixed time-frequency domain measurement.

Lorentzian fitting is also one of the commonly used meth-
ods. By Lorentzian fitting, we mean the magnitude fitting
by a mathematic formula. Then by means of this formula,
the Q-factor can be identified. Under the condition that SNR
is high enough, phase fitting can give the best accuracy for
both Q-factor and resonance frequency [16]. Based on the
transmission parameter Sy; measured with Network analyzer,
three other methods are available [16]. As in all instrumen-
tation, Q-factor measurement is also quite sensible to noise.
The higher the Q-factor is, the more sensible the measure-
ment will be. Therefore, an average is usually conducted
among several measurements in order to filter out the impact
from high frequency noise on frequency measurement.

Frequency domain measurement can be used to mea-
sure both high Q-factor and high resonance frequency, as
illustrated later in comparison. But for a high Q-factor, B
will be very small. More frequency sweeping is needed
in order to achieve a good accuracy. Therefore, frequency
domain measurement is rather time consuming. Also, expen-
sive and cumbersome instruments are necessary to make the
measurement.

As those measurement instruments are cumbersome, the
measurement cannot be carried out in-situ. It can only
be conducted in the laboratory where the measurement
instrument is installed.

B. MIXED TIME-FREQUENCY DOMAIN Q-FACTOR
MEASUREMENT

By mixed time-frequency domain, we mean that the
Q-factor measurement is conducted in both time-domain
and frequency domain. The principle diagram for mixed
time-frequency domain measurement is shown in Fig. 8. As
illustrated, both excitation of vibration and the acquisition
of ring-down vibration are performed in time-domain. They
can be done by way of optical or electrical measurement as
mentioned above.

The mixed time-frequency domain Q-factor measurement
is introduced to simplify the frequency-domain measurement.
A single frequency excitation is used to put the resonator into
vibration, which can be done either by an external pulsed
source in an open loop [21] (Fig. 9) or by a feedback system
in a closed loop [14] (Fig. 10) by using a signal amplifier
to ensure certain phase shift requirement. The advantage of
the feedback system is that no external signal generator is
necessary. Once the vibration reaches its steady state, the
excitation source is removed leaving the resonator in its free
ring-down vibration whose displacement amplitude denoted
by A, follows an exponential law given by (2). The ring-down
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FIGURE 10. Simplified feedback system for resonator’s excitation [22].

constant is directly linked to the Q-factor (3).

A() = Ag-e /T (2)
O=m-fo-t 3)

where Ay is the initial displacement of the resonator, t ring-
down constant and f the resonator’s resonance frequency.

Compared with frequency-domain measurement, there
is no frequency sweeping. Therefore, mixed measurement
enhances the measurement efficiency, decreases the equip-
ment cost and reduces the measurement time considerably.
This is why mixed Q-factor measurement is gaining more
utilities.

Besides, with mixed measurement, high Q-factor measure-
ment can be expected. However, the conversion from time
domain to frequency domain still needs one additional step.
The ADC, before FFT, degrades the measurement accuracy
inevitably. In addition, with the current measurement system
proposed in the literature, a large memory is also needed
to store the transient response as long as the measurement
takes in order to make the FFT more accurate. The need
of instrument to make FFT operation prevents it from an
in-situ Q-factor measurement.

C. TIME DOMAIN Q-FACTOR MEASUREMENT

By time-domain Q-factor measurement, we mean not only
the acquisition of a resonator’s ring-down vibration but also
the extraction of Q-factor is performed in time domain,
as illustrated in Fig. 11. To do so, a specific electronic
circuit should be designed to implement the Q-factor mea-
surement in time-domain [21]-[27]. After the detection of
the mechanic vibration, the corresponding ring-down voltage
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can be expressed by (4), as shown in Fig. 12.

_9 1
V(t):Voe< )| cos wot |1 — —
402

+ ! i t /1 !

—————sin| wy - —

407 — 1 40

“)

where Vq is the initial voltage corresponding to the res-
onator’s initial displacement, wg = 27 fo and Q the Q-factor
of the resonator.

Even though the ring-down signal acquisition is sensed
in the same way as mixed Q-factor measurement, different
techniques have been proposed in the literature to extract
Q-factor directly in time domain. A straight exponential fit-
ting in time domain is proposed in [24]. A better accuracy in
time domain is observed compared with frequency domain
measurement.

As the ring-down amplitude is linked to Q-factor through
the ring-down time constant t, the time constant can be deter-
mined by measuring the time interval corresponding to the
amplitude decrease within the predefined interval [V;, V1].
Furthermore, the time interval can be measured by count-
ing the pseudo-periods number (n) of the ring-down signal
within the interval [V;, V(]. As a result, the Q-factor can
be calculated by (5) [19].

®)

1 n-ml? _n-m
Q=g [m(k)} "~ In(k)
where k = Vl/vz, V1 and V; are two predefined voltage
references with Vy > V| > V; and n is the counting number
of signal periods.

For pseudo-periods counting, a simple comparator is used
in [21]. After comparison with two thresholds successively,
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TABLE 2. Comparison (simu/mes) of Q-factor measurement results.

Ref Q relative error  frequency tech
[16] 10%-10° 10 9.6GHz freq
[17] 25x10* 107 10GHz freq
[18] 5564 102 24.58GHz freq
[14] 10* 6x 107 20-50MHZ mixed
[7] 3x10° 2x 10" 100KHz mixed
[22] 75x 10° 8x 102 106.1Hz time
[24] 236x 10° 49x103 8KHz time
2.49x10° 1.04x 107! 8KHz freq
[21] 661 102 2MHZ time
[4] 73x10° 6.9x 103 7KHz time
[25] 10° 25x10* 10KHz time
[27] 2x10° 2x107% = 0.1-1.5MHz time

* simulation results

the difference of the two counting numbers is used for Q
calculation. An accuracy of 1% is observed for a Q-factor of
around 661. In this design, apart from the Q-factor measure-
ment, the ring-down signal is also used for the resonance
frequency measurement by using a separate counter. Another
way to count the pseudo-periods is proposed in [25]-[27], in
which a peak detector is used and each detected peak is kept
on a memory during the comparison with voltage reference.
Only the periods whose amplitudes are lying between the
two predefined references are counted for Q-factor calcula-
tion. The experimental results show an accuracy of 2.5 x
10~* for a Q-factor up to 10°, which is comparable with
frequency domain measurement accuracy.

In order to benefit a good SNR in time domain, instead of
using the ring-down signal, a constant amplitude oscillation
is proposed in [22] (Fig. 10). The constant amplitude is
kept by supplying the necessary energy to the resonator by
an external circuit to compensate its loss. The experimental
results showed an accuracy of 8% for a Q-factor of 7.5 x 10°.

As the measurement is carried out by a designed circuit,
it offers the possibility to be integrated on the same chip as
the resonator or to be packaged together with the resonator
to make an in-situ measurement.

In order to illustrate how to extract Q-factor in time
domain, two specific circuit designs aiming at in-situ
accurate pseudo-periods counting are given in the follow-
ing section.

D. COMPARISON AND DISCUSSIONS
A comparison of different approaches of Q-factor measure-
ment is made and shown in Table 2. In this table, all the
results, either simulated ones or experimental ones, are taken
into account. It aims to give an insight of the measurement
potential in terms of Q-factor value, measurement accuracy
and resonance frequency, as well as to guide the future
users to choose the adequate approach according to their
applications.

The comparison reveals that whatever the measurement
approach is, the Q-factor measurement accuracy is compa-
rable. However, we can see that frequency domain and mixed
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FIGURE 13. Time-domain Q-factor measurement principle diagram [25].

measurements can cover both low and high Q-factors and the
resonance frequency can be up to GHz when a microwave
cavity measurement is used. However, time domain mea-
surement is more suitable for intermediate Q-factors with
resonance frequency in the order of MHz up to now.

IV. IN-SITU TIME-DOMAIN Q-FACTOR MEASUREMENT
CIRCUIT

The purpose of this section is to give a tutorial illustra-
tion of how to design a circuit for time-domain Q-factor
measurement by highlighting the key design features and
giving complementary explanations to already published
contents.

To have a comprehensive description, based on the general
principle illustrated in Fig. 12, first a straight implementa-
tion principle diagram for Q-factor measurement is given
in Fig. 13. It contains two major functional blocks: peak
detector and comparator and it has three-step operations:
peak detection, comparison and reset. However, in prac-
tice, each functional block is imperfect, for instance offset
voltage exists, and the non-null offset can degrade the mea-
surement accuracy with such a design. After analyzing the
defaults of Fig. 13 [26], an improved implementation dia-
gram is then proposed and illustrated in Fig. 14. In the
improved implementation, a reconfigurable circuit based on
an unique OTA is used to implement both peak detec-
tion and comparison functions successively. As a result, the
offset of OTA is cancelled automatically after the two opera-
tions greatly improving the Q-factor measurement accuracy.
Finally, two previous designs are presented: one is designed
with a PCB circuit for an operation frequency of 10kHz and
the other with CMOS technology for a band of frequencies
ranging from 0.1 to 1.5MHz.

A. CIRCUIT DESIGN PRINCIPLE

Based on the idea illustrated in Fig. 12, a simple imple-
mentation diagram for Q-factor measurement is given in
Fig. 13(a) [25]. It consists of two major circuit blocks: peak
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FIGURE 14. Configurable implementation structure with a unique OTA for both peak
detector and comparator [25].

detector and comparator (cpj). The digital circuit is used to
generate the necessary digital control signals and the count-
ing of pseudo-periods. The clock signal used by the digital
circuit is restored from the ring-down input signal and pro-
vided by the zero-crossing circuit (cp2). The circuit aims
to measure the number of pseudo-periods whose amplitudes
are lying between the two predefined voltage references [V»,
V1]. The measurement circuit works with positive amplitude
as well as negative amplitude. We have chosen the negative
amplitude in the following design.

The measurement circuit operates in three steps during
each signal cycle, as shown in Fig. 13 (b). During the first
quarter of a period, the signal’s amplitude, i.e., peak value
is sensed by the peak detector. Once a peak is detected, it
is kept on an analog memory (Vc) and compared with the
voltage reference V| (cp;) during the second quarter of a
period. If Vc < V, the memorized peak voltage will be reset
to zero during the remaining half period, i.e., the third step.
The same operation cycle will then be repeated. However,
if Ve > Vi, the following digital circuit enables the periods
counting, replaces Vi by V; and resets the Vc. The same
operation cycle restarts as before. Every time a new peak is
sensed, the pseudo-periods counter increments, followed by
a new peak detection until Vc > Vj.

However, offset exists in both peak detector and compara-
tor. It degrades the Q-factor measurement accuracy [26]. To
prevent this, a single OTA-based reconfigurable circuit is
proposed to implement both peak detector and comparator
(cp1) successively in time (Fig. 14), which is based on the
fact that both peak detection and comparison are performed
one after the other. Therefore, there is no timely conflict.

Suppose that the offset of OTA is Vof. During the peak
detection (Fig. 14 in left dotted square), the detected peak
voltage will be stored together with Vof across the capaci-
tor C (Vc), i.e., Vc = Vpeak-Vof. During the comparison,
the spoiled peak voltage is compared with the reference
voltage (Fig. 13 in right dotted square). As the comparator
disposes of the same offset as that stored on C, the voltage
appearing at the non-inverting input (V+) of the comparator
becomes V+ = Vc + Vof = Vpeak, which is offset free. As
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FIGURE 15. PCB realization of the time-domain Q-factor measurement [25].
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a result, an offset free peak voltage is used to generate the
counting signal even though the undesired imperfection of
the designed circuit does exist.

For the third step as well as the remaining operation,
the improved circuit follows the same operation cycles as
described previously until V; is crossed, which ends the
Q-factor measurement.

Two circuits have been designed: one with discrete com-
ponents in PCB [25] and the other in CMOS 0.35um
technology [27]. Please refer to the references for more
details.

B. PCB AND CMOS CIRCUIT DESIGNS

The first design is made with discrete components under
a voltage supply of 5V. For the PCB realized circuit (Fig. 15),
even though the circuit is designed for an operation frequency
around 10 kHz, the so designed circuit has been tested up
to 30 kHz with the desired functionality, such as offset can-
celation. The experimental results, given in Fig. 16, have
shown a measurement accuracy of 0.02% for a Q-factor up
to 109.

The limitation of operation frequency mainly comes from
the discrete components used. For instance, the transition
frequency of the operational amplifier is only 38MHz. Also,
by using available functional blocks, we have are limited to
exploit the available performance of each sub-circuit rather
than to optimize the design globally. But it’s easier, quicker
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and lower expensive to make the circuit design, which can
also achieve a good performance. To further increase the
operation frequency and miniaturize the circuit, it is manda-
tory to make a full custom design with an integrated circuit
technology.

In order to increase the circuit operation frequency, we
have designed the Q-factor measurement circuit in CMOS
0.35pum [27]. The circuit is designed under these conditions:
a voltage supply of 5V, a Q-factor of almost 2000, and the
two reference voltages chosen as 0.3V for V| and 2.2V
for V.

One of the difficulties to deal with the operation frequency
increase is to guarantee the speed and the stability of the
measurement circuit at the same time. This difficulty is
further accentuated by the fact that the amplitude of the
input signal is not constant but decreases with time. On
one hand, with the operation frequency increase, the Slew
Rate (SR) dVc/dt of the designed circuit should be high
enough to be able to follow the input signal. On the other
hand, with the decrease of the input signal’s amplitude in
time, a smaller SR will be needed to guarantee the stabil-
ity of the circuit. The significant difference in required SR
combined with frequency increase makes the circuit design
quite challenging. Otherwise, it might cause instability of the
peak detection circuit. Also, along with operation frequency
increase, the circuit power consumption will increase nat-
urally. So, it might become a concern. To deal with these
concerns, several techniques have been proposed.

To balance the different requirements in SR during the
measurement, two operation modes have been designed for
the circuit. The corresponding chronograms are illustrated in
Fig. 17 [27]. For more details, please refer to [27].

Near both reference voltages V, and Vi, a fine mea-
surement mode with a reconfigurable structure presented
previously will be employed to guarantee good measurement
accuracy because it benefits all the discussed advantages
from the reconfigurable structure. However, for the mea-
surement in-between the two reference voltages, a coarse
measurement mode with only a comparator can be used.
Besides, in the fine measurement mode, to scale down the
difference in SR, which is caused by the difference in signal
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FIGURE 18. Layout of the implementation of Q-factor measurement in 0.35xm
CMOS technology with a core dimension of 278um x 316.m.

amplitudes, a new reset voltage level Vem/2 is defined
instead of the common mode voltage (Vcm = Vdd/2) before
Vi crossing. As a result, artificially the excursion for peak
detection is reduced, as illustrated by Ve, until the reference
voltage V1 crossing. Once V| is crossed, the reset voltage
level is switched back to Vecm. As a result, the difference
in SR is greatly reduced, whatever the signal amplitude is.

Once V) is crossed, the circuit operation passes to the
coarse mode, in which the peak detection is no longer
needed. Instead, only the comparator configuration is kept
with the reference voltage Vbias to monitor the signal
amplitude decrease. Meanwhile the pseudo-periods counting
continues.

However, as soon as the intermediate reference Vbias is
crossed, the circuit is switched back to the fine measurement
mode but with V; set as the reference voltage and Vcm as
the reset voltage level. The same three-step operation as
describe previously restarts until V, crossing. As the signal
amplitude decreases, the demand for SR remains almost the
same as previous one and so the same designed SR will do.

As far as the coarse measurement mode is concerned,
as we only need to know if the input signal amplitude
crosses V, or not, only a comparison operation is necessary.
Having no need of peak detection, its operation is stopped
during this mode and the reconfigurable circuit operates
merely as a comparator. Unlike peak detection, compari-
son works mostly in nonlinear regime and less power is
consumed, which not only reduces power consumption but
also facilitates frequency increase. In fact, as there is no
Slew Rate limitation for comparator, it’s easier to increase
operation frequency. The longer the coarse mode lasts, the
more efficient the power reduction will be.

The layout of the designed circuit with the core occupying
surface of 278um x 316um is illustrated in Fig. 18. The
post-layout simulations are illustrated in Fig. 19. First, we
can see that the circuit operation frequency is extended to
cover the frequency band from 0.1 up to 1.5MHz thanks to
the proposed coarse and fine mode operation. Second, within
the covered wide operation frequency range, Q-factor mea-
surement accuracy still remains under 0.2% for a Q-factor of
~2000. This is the direct result of the offset compensation
by using the reconfigurable structure combined with the

VOLUME 2, 2021



0‘ IEEE Open Journal of
cag Circuits and Systems

TABLE 3. Comparison of time-domain Q-factor extraction.

parameter [22] [24] [21] [4] [25] [27]
Q-factor 7510° 236 10° 661 7310° 10° 210°
Frequency 106.1Hz 8KHz 2MHz 7KHz 10KHz 0.1 -1.5MHz
Relative error 8 1072 49107 10 6910° 2510* 2107

Date storing yes yes no yes no no
Equipment yes yes no yes no no
Measurement ex-situ ex-situ in-situ ex-situ in-situ in-situ

0.25 13
0.2

0.15

Error (%)
Power (mW)

0.1

0.05

10

0 05 1
Frequency (MHz)

15

FIGURE 19. Simulation results on power consumption and relative error versus
circuit operation frequency from 0.1 to 1.5MHz with a Q-factor of ~2000.

lead / lag circuit design technique. Third, as expected, the
simulation results have confirmed that the power consump-
tion increases with frequency. Still thanks to the proposed
design scheme (coarse and fine mode), a 7.5% reduction of
the total power consumption is achieved, i.e., 12.5mW with
power saving against 13.5mW without power saving scheme.

C. COMPARISON OF TIME-DOMAIN Q-FACTOR
MEASUREMENT

A comparison of the time-domain Q-factor measurements is
given in Table 3. According to the works reported in the
literature, three approaches can be identified: time fitting,
only comparison and peak/comparison.

For time fitting approach reported in [4], [22], [24], the
ring-down signal should first recorded. Once the acquisition
is finished, the signal ring-down envelop is then fitted by
a mathematic function to measure the time constant t. As
indicated by (2) and (3), the damping amplitude is linked to
the Q-factor, the latter can therefore be identified from the
fitting formula. It needs memory for the recording, a tool
for the mathematical fitting and one more step to identify
the Q-factor, which is done ex-sifu. A better accuracy can
be achieved but at the price of a bigger memory with more
processing time but the measurement should be done ex-situ.

As far as the only comparison approach proposed in [21]
is concerned, the circuit is relatively simple and the mea-
surement can be done in-sifu because it uses a comparator
to identify the damping amplitudes used for pseudo-
periods counting. This approach can facilitate the operation
frequency increase but the measurement accuracy is rela-
tively limited. As the comparison is made in a dynamic
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way, the comparator should be designed with quite a timing
performance.

As for the last approach peak/comparison reported
in [25], [27], a peak detector is used to precede the compar-
ison. By designing a reconfigurable circuit, the offset of the
main functional blocks can be cancelled automatically mak-
ing the comparison offset-free, which is the key element for
achieving high accuracy measurement. Moreover, the com-
parison is carried out somehow in a static way, which not
only relaxes the comparator’s design considerably but also
contributes the high accuracy measurement. Furthermore,
the only comparison is used as the coarse mode, which
allows both frequency increasing and power reduction. More
important, it offers quite a potential to make in-situ Q-factor
measurement.

V. CONCLUSION

In this paper, we have given an overview of a Q-factor
measurement system. We have also reviewed different
Q-factor measurement approaches reported in the litera-
ture with their advantages as well as limitations. Generally
speaking, frequency-domain and mixed measurements are
suitable for all Q-factors measurement while the time-domain
measurement is more adapted for intermediate Q-factors
measurement with frequency limitation.

However expensive and cumbersome instruments
are needed for frequency-domain-related measurement.
Especially in case of optical measurement, the optical
system, interferometer for instance, is fragile. Special
attentions must be paid during measurement. Therefore,
frequency domain measurement is rather reserved for those
in which there is no need for either in-situ measurement
or real time measurement, for instance, to characterize
different materials.

As far as the time domain measurement is concerned, the
measurement can be done with a specifically designed circuit
and it can be performed in real time. Since the measurement
circuit is usually small in size, it can be embedded together
with the resonator used as a sensing device for an in-situ
measurement.

As the measurement circuit is totally compatible with
CMOS technology, another advantage of time-domain mea-
surement is its potential to be integrated on the same
chip as the resonator, making the measurement system
more compact and facilitating the survey of the Q-factor
before or even during application. Benefiting from this
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prospective, time-domain Q-factor measurement will find
more applications in the near future. Further increasing oper-
ation frequencies and reduction of power consumption can
make it more attractive.
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