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The improvement of sensitivity in quartz crystal microbalance (QCM) applications has been ad-
dressed in the last decades by increasing the sensor fundamental frequency, following the increment
of the frequency/mass sensitivity with the square of frequency predicted by Sauerbrey. However, this
sensitivity improvement has not been completely transferred in terms of resolution. The decrease of
frequency stability due to the increase of the phase noise, particularly in oscillators, made impossible
to reach the expected resolution. A new concept of sensor characterization at constant frequency has
been recently proposed. The validation of the new concept is presented in this work. An immunosen-
sor application for the detection of a low molecular weight contaminant, the insecticide carbaryl, has
been chosen for the validation. An, in principle, improved version of a balanced-bridge oscillator
is validated for its use in liquids, and applied for the frequency shift characterization of the QCM
immunosensor application. The classical frequency shift characterization is compared with the new
phase-shift characterization concept and system proposed. © 2011 American Institute of Physics.

[doi:10.1063/1.3598340]

. INTRODUCTION

Acoustic sensing has taken advantage of the progress
made in the last decades in piezoelectric resonators for
radio-frequency (RF) telecommunication technologies. The
so-called gravimetric technique is based on the change in
the resonance frequency experimented by the resonator due
to a mass attached on the sensor surface;' it has opened
a great deal of applications in bio-chemical sensing in
both gaseous and liquid media.>”'" This characteristic al-
lows using the gravimetric techniques based on acoustic
sensors for a label-free and a quantitative time-dependent
detection.

The classical quartz crystal microbalance (QCM) has
been the most used acoustic device for sensor applications.
However, other acoustic devices such as surface generated
acoustic wave (SGAW) (Ref. 4) and film bulk acoustic res-
onators (FBAR) (Refs. 8 and 11-14) have been, and are being
used, for the implementation of nano-gravimetric techniques
due to the feasibility of obtaining much higher resonant
frequency in these devices than in classical QCM resonators.
The absolute frequency/mass sensitivity, given by the ratio
between the resonant frequency-shift Af and the surface
mass density shift Am: S, = Af/Am, theoretically increases
with the square of the fundamental frequency;' absolute
sensitivities of a 30 MHz QCM reach 2 Hz cm? ng’l, with
typical mass resolutions around 10 ng cm™2.'> A resolution
improvement down to 1 ng cm™2 seems to be feasible by
optimizing the characterization electronic interface as well
as the fluidic system. Consequently, much higher sensitivity
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is expected at higher resonant frequencies. However, the in-
crease in frequency-shift/mass sensitivity has not been paired
with the expected improvement in terms of limit of detection
(LOD). Effectively, thin film electroacoustic technology has
made possible to fabricate quasi-shear mode thin FBAR,
operating with a sufficient electromechanical coupling for
being used in liquid media at 1-2 GHz;'>'® however, the
higher frequency and the smaller size of the resonator result
in that the boundary conditions have a much stronger effect
on the FBAR performance than on the QCM response. A
higher mass sensitivity is attained, but with an increased noise
level as well, thus moderating the gain in resolution.'>!’
So far only publications of network analyzer based FBAR
sensor measurements have been published in the literature,
which show that the FBAR mass resolution is very similar if
not better than for oscillator based QCM sensors.'* '8 On the
other hand, the mass sensitivity of Love mode SGAW sensors
has been evaluated.'”?! Kalantar and coworkers reported a
sensibility of 95 Hz cm? ng~! for a 100 MHz Love mode
sensor, which is much better than the typical values reported
for low frequency QCM technology.”> However, Moll and
coworkers reported a LOD for a Love sensor of 400 ng cm~2,
this reveals once again that an increase in the sensitivity does
not mean, necessarily, an increase in the LOD.? Moreover,
these results have been compared with typical 10 MHz
QCM sensors; recently, an electrodeless QCM biosensor
for 170 MHz fundamental frequency, with a sensitivity of
67 Hz cm™2 ng~!, has been reported;>* this shows that
the classical QCM technique still remains as a promising
technique. The main challenges remain on the improvement
of the sensitivity, but with the aim of getting a higher mass
resolution, multi-analysis, and integration capabilities and
reliability.

© 2011 American Institute of Physics
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This analysis makes clear that increasing the resonant fre-
quency of the sensor is not the only aspect to keep in mind
for resolution improvement; the configuration setup has an
important role, including the fluidic system and electronic
characterization interface. Once all the care has been taken
in optimizing the fluidic aspects, the role of the electronic in-
terface is of maximum relevance.

In practice, focusing on in-liquid QCM applications,
the sensor characterization techniques provide, among other
relevant parameters, the resonance frequency shift of the
sensor:>>2% network or impedance analysis is used to sweep
the resonance frequency range of the resonator and deter-
mine the maximum conductance frequency,”’-?® which is al-
most equivalent to the motional series resonance frequency
of the resonator-sensor; impulse excitation and decay method
techniques are used to determine the series-resonance or the
parallel-resonance frequency depending on the measuring set-
up;2%-30 oscillator techniques are used for a continuous mon-
itoring of a frequency which corresponds to a specific phase
shift of the sensor in the resonance bandwidth,>'=3° this fre-
quency can be used, in many applications, as reference of the
resonance frequency of the sensor; and the lock-in techniques,
which can be considered as sophisticated oscillators, are de-
signed for a continuous monitoring of the motional series res-
onance frequency or the maximum conductance frequency of
the resonator-sensor.>**? In order to assure that the frequency
shift is the only parameter of interest, a second parameter pro-
viding information of the constancy of the properties of liquid
medium is important, for instance, in piezoelectric biosensors;
this parameter depends on the characterization system being:
the maximum conductance or the conductance bandwidth in
impedance analysis, the dissipation factor in decay methods,
and a voltage associated with the sensor damping in oscillator
techniques.

For high frequency resonators only impedance analysis
provides accurate results, but its high cost and large dimen-
sions prevent its use for sensor applications. Consequently,
oscillators are taken as alternative for sensor resonance fre-
quency monitoring; the low cost of their circuitry as well as
the integration capability and continuous monitoring are some
features which make the oscillators to be the most common
alternative for high resonance frequency QCM sensors. How-
ever, in spite of the efforts carried out to design oscillator
configurations suitable for in-liquid applications**=! the poor
stability of high frequency QCM systems based on oscilla-
tors has prevented increasing the limit of detection despite the
higher sensitivity reported.’>>°

A higher sensitivity is necessary when a higher resolution
is required. This happens in those applications where very tiny
changes in the sensor resonant frequency, due to the perturba-
tion process to be monitored, are expected. These very small
frequency shifts, in the order of tens of hertz, and mainly due
to a mass transfer effect over different kind of coatings with
different contacting media, must be monitored under very dif-
ferent damping conditions which depend on the physical and
geometrical properties of the coating and contacting media.
For instance, in piezoelectric biosensors the coating can be
considered, in general, like an acoustically thin layer and the
contacting media is a water-like solution which provides a
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relatively small damping on the sensor. On the contrary, in
other cases like, for example, in some electrochemical appli-
cations where polymer coatings are involved, these tiny fre-
quency shifts must be monitored under much higher damping
conditions. Continuous monitoring of very small frequency
shifts at very high resonance frequencies can be easily per-
formed with well-designed oscillators; however, when the
quality factor of the resonator-sensor is relatively low, cir-
cuits able to oscillate under these special conditions have to be
performed.

A phase-shift monitoring at a constant frequency in the
sensor resonance bandwidth has been recently proposed as an
alternative characterization method for high resolution QCM
applications.’” In the present article this alternative method is
validated in a real application, and compared with an, in prin-
ciple, improved version of a balanced-bridge oscillator.?>>!
The comparison is made with relatively low frequency sen-
sors (10 MHz), where the performance of the oscillator circuit
can be considered nearly ideal.

Il. THEORETICAL ASPECTS

For a great deal of in-liquid QCM applications, as it
is the case of QCM biosensors, Martin’s equation (Eq. (1))
is generally applied,® which combines the additive contri-
bution of the mass effect (Sauerbrey') and the liquid effect
(Kanazawa):>’

2f2

cq

Af = —

(me+mp). ey

In the former equation, f, is the fundamental resonant
frequency, Z., is the characteristic acoustic impedance of the
quartz, m, is the surface mass density of the coating and m,,
= p181/2 where p; and 8, = (ni/mf,pr)"?, n, being the lig-
uid viscosity, are respectively, the liquid density and the wave
penetration depth of the acoustic wave in the liquid: my, is, in
fact, the equivalent surface mass density of the liquid, which
moves in an exponentially damped sinusoidal profile, due to
the oscillatory movement of the surface of the sensor.

According to Eq. (1), the frequency shift, associated
with a certain mass change, increases directly proportional to
the square of the fundamental resonance frequency. Conse-
quently, the most relevant parameter used up to date for the
characterization of microbalance sensors has been the sen-
sor resonance frequency-shift. However, the great efforts per-
formed to improve the sensitivity of the sensor are useless if
they are not accompanied with an increase in the limit of de-
tection. As mentioned, the increase of the sensor frequency
has not carried a parallel improvement in the mass resolu-
tion. Effectively, the sensitivity will not be improved if the
frequency stability is not improved as well. In oscillators, the
origin of the frequency instability is the phase instability,>>>’
and a direct relationship can be obtained between a phase shift
and the corresponding frequency shift, through the definition
of the stability factor Sy of a crystal resonator operating at its
series resonance frequency f,:

—fo=20, @)
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where Afis the frequency shift necessary to provide a phase

shift Ag in the phase-frequency response of the resonator,

around f;,, and Q is the series quality factor of the resonator.
According to Eq. (2) the frequency noise Af; associated

with a phase noise in the circuitry Ag, is

_Jfo
=50

Consequently, because the quality factor of the unper-
turbed resonator is normally reduced proportionally to 1/f,,
the frequency instability is increased in relation to the square
of frequency. Moreover, the phase response of the electronic
components of an oscillator gets worse with increasing the
frequency, which increases, even more, the noise. Further-
more, if the limit of the detection is assumed to be three times
the level of noise (A@nin = 3A@,), the minimum detectable
surface mass density change of a QCM, according to the

definition of the absolute frequency/mass sensitivity S, and
Eq. (3), will be

Afa

Agy. 3

L A Pmin- (4)

Amyin = 2 08

The former equation seems to indicate that for a given
minimum detectable phase of the measuring system, the sur-
face mass limit of detection does not depend on the frequency.
Fortunately this is not completely true; the liquid medium has
not been taken into account in the obtaining of the previous
equation.

lll. FREQUENCY-SHIFT VS PHASE-SHIFT

Following a similar mathematical development described
elsewhere,’’ the next generalized approximated equation for
the phase-shift of a signal, of constant frequency very close
to the motional series resonant frequency of the resonator-
sensor, to small changes both in the coating mass and liquid
properties, is found:

Am.+ Amp

Ag (rad) = — pe——
q L

®

In the former equation m, = Z./4f,Q, and my, pre-
viously defined in Eq. (1), can be written as follows my
= Zcql4f5 01, where Q, = ces/wony is the series quality factor
of the unperturbed resonator, ces and nq being, respectively,
the shear modulus and the effective viscosity of the quartz
crystal, and o, the angular resonant frequency; and Qy is the
series quality factor of the resonator under liquid loading con-
ditions, which is given by the following equation:

Zcqﬁ 1 1
2 \/E«/:OLWL'

In many in-liquid QCM applications m;, can be assumed
to be constant and in most of them m, < my; thus Eq. (5)
reduces to

0L =

Am,
Ap~ — ) (©)
mp,

which was previously obtained by the authors elsewhere.”’
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According to Eq. (6) the limit of mass-change detection
Ampin corresponding to the phase-shift detection limit of the
system Ag@mni, Will be given by: Anmipin & —mp A@min. Con-
sequently, the mass resolution increases (Amiy,, decreases)
with the decrease of m, ; therefore, because m;, decreases pro-
portionally to 1/f!/2, the resolution in the detection of surface
mass density changes increases with £/ for a given Agpi,.

This is not in contradiction with Eq. (4); simply the ef-
fective reduction of the quality factor of the sensor is propor-
tional to 1/f'? instead of to 1/f when the contacting liquid is
considered. This is not true in air because the approximation
my < my, made in Eq. (5) to obtain Eq. (6) is not acceptable. In
air, an increase in frequency does not improve the limit of de-
tection unless the stability and the phase detection limit of the
measuring system are improved. Curiously, this also happens
when only changes in the liquid properties occur. Effectively,
when the aim is to monitor changes in the properties of the
liquid in contact with the sensor: A(n;p;)"?, the phase shift
related to these changes is, according to Eq. (5), given by

Amy _ AYpLiL
mr A/ PLIL '

Ap ~ — (7)

Therefore, it is not possible to increase the resolution in
the detection of changes in the liquid properties by increasing
the frequency. According to the previous considerations, it is
important to check the limits for which the approximation m,
<« my is acceptable:

The parameter m, is independent of the frequency, and
a reference value of m, = 2.2:107% kg m~2 is obtained for a
real 10 MHz AT-cut quartz crystal sensor with a typical Q,
around 103 (see definition below Eq. (5) with Z., = 8.838833
10% N s m~?). The approximation can be considered accept-
able for ratios of m,/m; < 0.1. This ratio is given by

M _»ns. 10-6«/47{& <0.1. (8)
mp VPLIL

The former equation indicates that for a given liquid the
ratio my/m; only depends on the frequency; the worst case
occurs for low density-viscosity liquids like, for instance,
water where 1,07 = 1. In this case the maximum frequency
for which the approximation m, < my, is acceptable is around
165 MHz. Moreover, Eq. (5) also indicates that when my
decreases to a value much smaller than mg, no further
improvement in the resolution can be obtained by increasing
the frequency; this happens for ratios m,/m; > 0.9 which
are obtained, under the previous conditions, for frequencies
higher than 10 GHz.

The previous analysis allows concluding the following
important remarks: (1) the sensitivity of a QCM always in-
creases with increasing the frequency; however, the mass res-
olution, which is the parameter of interest, only increases with
the frequency if the noise is, at least, maintained constant or
reduced. Moreover, this increase in the mass resolution is only
valid for in-liquid QCM and not for in-gas QCM; and (2) once
all the cares have been taken into account to reduce the pertur-
bations on the resonator-sensor such as temperature and pres-
sure fluctuations, etc., the mass resolution is only depending
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FIG. 1. (a) Description of the phase-shift characterization versus the
frequency-shift method, (b) implementation block diagram.

on the interface system, its stability, and its phase detection
limit.

Consequently, unlike in oscillators for RF applications,
in oscillators based on QCM sensors, the resonator is not in-
cluded in the circuitry with the aim of stabilizing the oscillator
system, although evidently it does it; just on the contrary, the
oscillator circuitry should be as ideal as possible for not in-
fluencing the shifts in the sensor phase due to the monitoring
processes. Unfortunately, the implementation of an ideal os-
cillator for high frequency QCM sensors, keeping in mind the
low quality factors reached by these sensors under liquid con-
ditions, and the very low phase noise that it is necessary, is
not an easy task.

By keeping in mind the previous considerations, a dif-
ferent approach was recently proposed:>’ taking into account
that the expected frequency shifts in those QCM applica-
tions where a high resolution is necessary, for example, in
biosensors, are very small, it could be possible to interrogate
the sensor with an appropriate constant frequency signal, in
the sensor resonance bandwidth, and then measure the change
in the phase response of the sensor, while maintaining the
frequency of the testing signal in the resonance bandwidth;
Fig. 1(a) depicts the frequency-shift versus the phase-shift
characterization methods.

A similar approach has been already applied under dif-
ferent conditions by some authors.®*-°! The advantage of this
approach is that the sensor is interrogated with an external
source which can be designed to be very stable and with ex-
tremely low phase and frequency noises, even at very high
frequencies. Moreover, a very simple circuit can be used
for the phase-mass characterization approach as depicted in
Fig. 1(b), where a mixer based phase detector is used. In the
next paragraph two practical systems are described which will
be useful for validating the phase-shift against the frequency-
shift characterization. An improved version of the balanced-
bridge oscillator proposed elsewhere? is extensively tested
under different damping conditions showing the effects of the
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FIG. 2. Schematics of the balanced-bridge oscillator proposed.

non-ideal behaviour of oscillators to monitor the frequency-
shifts under different damping conditions. Nonetheless, for
constant damping conditions and low frequency sensors
(10 MHz AT-cut quartz resonators), the oscillator can be used
for resonance frequency shift monitoring and therefore be
used to validate the phase-shift method by comparison of the
results.

IV. DESCRIPTION OF THE SYSTEMS
A. Improved balanced-bridge oscillator

The proposed interface is shown in Fig. 2, and is based on
the balanced-bridge oscillator presented elsewhere,’! where
the transistors have been replaced by operational transconduc-
tance amplifiers or diamond transistors (OTA 1-2). The mixer
circuit based on the integrated circuit (IC) AD835, with two
differential inputs, allows the implementation of a differen-
tial amplification with automatic gain control (AGC), which
minimizes the nonlinearities of the active devices and pro-
vides information about the sensor damping. This configura-
tion allows, in principle, a parallel capacitance compensation
which ideally provides oscillation at zero-phase loop condi-
tion; the parallel circuit Lo-Ce is included to drastically re-
duce the loop-gain for undesired frequencies. For ideal com-
ponents and parallel capacitance compensation the oscillation
frequency should be the motional series resonant frequency of
the sensor under different damping conditions, and the AGC
voltage would provide information about the resonator mo-
tional resistance.

Effectively, the input voltage u; is transferred to the
emitters and the emitter currents are non-inverted voltage-
converted to the collectors into u#; and u, as follows:

uy =u;YxZc, (9a)

ur =u;¥Yc,Zc, (9b)

where Yy = jwC,+1/Z,, is the admittance of the QCM sensor
formed by the so-called static capacitance C, in parallel with
the so-called motional branch whose impedance Z,, is formed
by a R, L, C,, series equivalent circuit, being Z,, = R,
+j(Lnw — 1wCy); Yo, = joCy, Ze = Re + j(Lew — 1/wCo)
and w is the angular frequency.
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The voltages at the collectors are differentially amplified
with one of the high input impedance differential amplifiers
of the AD835, and the output signal is level controlled with
a multiplier giving the following output signal #’; which is
fed-back to the input:

1
u; = ADk (Z— + ja)(Co - Cv)) ZCui‘ (10)

m

Because #'; = u; the final loop condition results:

1
Apk ( + jw(C, — cv)) Ze = 1. (11)

Under ideal conditions, it is assumed that the parallel
circuit Z¢ has been designed to resonate at the oscillation
frequency, therefore Z¢ & R(; the parallel capacitance has
been compensated, C, = Cy; and the OTAs and the multi-
plier do not produce phase-shifts, it is to say Ap and k are real
numbers. Consequently, the loop-phase condition given by
Eq. (11) indicates that, under the previous conditions, the os-
cillation frequency corresponds to the motional series reso-
nant frequency at which Z,, = R,,, and the loop-gain at the
oscillation frequency reduces to

ApkRe 4 12
pkp-=1 (12)
Therefore the automatic gain control voltage, &
= R, JApRc, is proportional to the value of the motional
resistance R, for given values of the differential gain Ap and
the resistance Rc. The objective of the AGC is to maintain
constant the amplitude of the signal u;; with this purpose a dc
signal, associated with the amplitude of the sinusoidal signal
uy, is obtained by low pass filtering the output of a multiplier
whose inputs are connected to u;.
Experimental results will provide the level of fulfilment
of the previous equations regarding the degree of ideal perfor-
mance of the components of the oscillator.

B. Phase-shift characterization interface

A schematic interface for the phase-shift characteriza-
tion method was proposed elsewhere®’ and it has been im-
plemented now for its validation. The core of the interface
is the sensor circuit which is depicted in Fig. 3. Two paral-
lel branches form a differential circuit. Because the testing
signal u, has constant frequency f;, the only element in the
circuit which contributes to a change in the phase shift be-
tween the reference signal u; and the signal u, is the change in
the phase-frequency response due to the sensor perturbation.
Therefore, this phase-shift can be continuously monitored by
a phase-detector. The IC AD8302 from Analog Devices has
been used for this purpose; it includes a mixer and the low-
pass filter (LPF), connected in series behind the signals u; and
uy, which act as a phase detector for small phase-shifts around
90° between the input signals.®” Thus, for a proper operation
it is convenient to phase-shift 90° the testing signals in each
branch of the sensor circuit; for this purpose the networks
formed by R; and C; at the inputs of the sensor circuit have
been included. The phase-shifting networks formed by R; and
C; must be designed coherently with the resonant frequency of
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Sensor Circuit

FIG. 3. Schematics of the phase-shift characterization system.

the sensor in order to obtain two signals 90° phase-shifted and
of similar amplitude. The IC-AD8302 additionally includes
a block, formed by logarithmic amplifiers, which provides a
voltage proportional to the decibel ratio of the input signals u;
and u,. Both the phase detector and the logarithmic amplifier
block have responses Vpys and Vyag, centred at 900 mV for
90° phase-shift and 0 dB power ratio between the signals u,
and u,. These transfer functions are re-centred around 0 mV
with additional differential amplifiers with appropriate volt-
ages at the reference inputs Vier; and Vi.p, obtained from a
very stable and low noise voltage reference; this allows pro-
viding an additional amplification of signals Vpys and Vyag-

Wide bandwidth operational amplifiers OPA1-4 are used
to isolate the sensor and the reference network Rc-Cc from
the rest of the circuit. At motional series resonance frequency
(MSREF) the sensor reduces to a motional resistance R,, in par-
allel with the so-called static capacitance Cy; therefore for op-
timum operation it is convenient to select R¢ and C¢ similar
to R,, and Cy, respectively. Effectively, under these conditions
and at the MSRF of the sensor, the voltages u, and u, cor-
responding to the phase-shift and to the decibel ratio of the
input signals u; and u,, respectively, should be, ideally, zero;
this provides a way to calibrate the system.

Additionally, far from resonance the sensor behaves like
the parallel capacitance Cy, and the network formed by the
resistance R, and the sensor reduces to a low-pass filter
R;-Cy of very high cutoff frequency around several megahertz.
Consequently slow phase noises in the input testing signal are
equally transferred to both branches and eliminated by the dif-
ferential system, and then improving the stability.

V. MATERIALS AND METHOD
A. Sensors and accessories

10 MHz fundamental frequency AT-cut quartz sensors,
with 13.67 mm blank diameter and 5.11 mm of Cr/Au elec-
trode diameter (100 A of Cr and 1000 A of Au), were used in
the experiments. Two home-made cells were used, one with
a volume capacity of 200 wl for the experiments done in-
batch with different concentrations of glycerol in water, de-
scribed elsewhere,*? and a different one for the experiments
in flow with 30 wul volume capacity (Fig. 4). Other instru-
ments associated with the experiment were: Impedance An-
alyzer HP4291A, frequency meter HP53181A, multimeter
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FIG. 4. (Color online) Flow cell.

HP34401A, RF signal generator model HP8664A, and data
acquisition system AWSense IP/AQ-1 from AWSensors Inc.

B. Circuit implementation

The circuits for both systems were made follow-
ing recommendations applicable to high frequency layout
design®® and implemented in four-layer surface-mount
technology. The following ICs for the main parts of the os-
cillator were used: OPA860 for the OTAs and AD835 for the
implementation of the automatic gain control and differential
amplification. The value of R¢c must be appropriately selected
to assure the fulfilment of the loop-gain condition, according
to Eq. (12), for given values of Ap and k, and for the expected
range of values of R,,, which mainly depends on the damping
media in contact with the sensor. In this particular case a value
of Re = 1 K has been selected for an R,, range between
10 and 1.2 K, keeping in mind the reachable values of k
(0 <« 1,2) and Ap ~ 1. Lc-Cc filters have been selected
matched and for a resonance at 10 MHz when using 10 MHz
AT-cut quartz resonators. The implemented design is shown
in Figs. 5(a) and 5(b).

For the phase-shift characterization interface, phase-
shifting networks formed by R; and C; were designed for a
cut-off frequency (—3dB) at 10 MHz in order to obtain two
signals 90° phase-shifted and of similar amplitude; 500 MHz
unity-gain bandwidth operational amplifiers based on the IC
OPA656 from Texas Instruments were used for OPA1-4; In-
strumentation amplifiers based on the IC AD623 from Ana-
log Devices were used for a further amplification of the re-
centred signals Vpys and Vyag, obtaining a final phase and
magnitude amplifications of 100 mV/° and 300 mV/dB, re-
spectively. The values for the components of the reference
network R¢ and C¢ were selected similar, but using standard
values, to the motional resistance and parallel capacitance of
the 10 MHz sensor under the liquid load conditions presented
in the immunosensor application, where phosphate buffered
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FIG. 5. (Color online) (a) Implemented circuit boards of the oscillator,
(b) the final oscillator.

saline (PBS) was used as main working liquid; these values
were measured with the TA and standard values were selected
for Rc = 3202 and C¢ = 10 pF; in the experiments R, was
selected equal to R¢. The implemented design is shown in
Figs. 6(a) and 6(b).

C. Experimental methodology

1. Calibration and tuning of the phase-shift
characterization system

Before the monitoring, a calibration step of the phase-
shift characterization system can be performed easily. In this
step an appropriate frequency is selected in the RF genera-
tor source (10 MHz, for instance, when using 10 MHz sen-
sors), the sensor is removed and substituted with a Rc-C¢ ref-
erence network, in such a way that both differential branches
in the system are identical, and the signals at the inputs of the
AD8302 should be, ideally, of the same amplitude and phase-
shifted 90°. Under this configuration the voltages Vs and
Viet2 are varied for setting the outputs u, and u, at zero volts;
these voltages should be near 900 mV. After calibration, the
sensor is placed again in its original position and loaded with
the working liquid medium, and then the frequency of the RF
generator is varied to find again zero volts at the output u,,.
From then on the system is ready for continuous monitoring
of the voltages u, and u,, which for small sensor resonant
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FIG. 6. (Color online) Implemented phase-shift system: (a) upper side,
(b) lower side in the customized box.

frequency changes can be directly related to the sensor phase-
shift and damping, respectively.

2. Performance of the oscillator in liquid media

The compensation of the parallel capacitance of the
resonator is useful under heavy load conditions.*? In order
to test the effective compensation of the parallel capacitance,
measurements of the oscillating frequency and the voltage k
associated with the motional resistance R, in the oscillator
were made, using liquid solutions of different volume
concentrations of glycerol in water (0%, 5%, 15%, 25%,
35%, and 45%); this allows covering a density-viscosity
product (pn) ranged from 1 to 5.2 kg Pa s 17!; data for the
density and viscosity of the different solutions were taken
from Weast and Astle (1980).%° Different compensation
capacitors C, were used, with values around the expected
parallel capacitance of the sensor (6.8, 10, and 15 pF), to
evaluate the parallel capacitance compensation effect. The
oscillating frequency and the voltage k associated with the
motional resistance R,, were compared with the maximum
conductance frequency and the reverse of the conductance
peak at resonance obtained from the impedance analyzer with
the different liquids. For a complete analysis of the sensor, the
conductance, susceptance, impedance phase and impedance
modulus plots, and the equivalent parameters R,,, L,, Cp,
and Cy, obtained with the impedance analyzer around the res-
onance bandwidth, were registered for the sensors in all the
liquids and in air, this last taken as reference. Frequency shifts
related to the frequency in air were taken with the oscillator
and the impedance analyzer for each liquid: the frequency
shift in the oscillator Afosc = fosc(liquid)—fosc(air) and the
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FIG. 7. (Color online) Graphical representation of the impedance phase of
the sensor from the plot of the impedance magnitude, knowing the oscillation
frequency.

frequency shift obtained from the impedance analyzer Afia
= fia(Gmax — liquid) — fia(Gpax—air), where Gp,x indicates
the frequency at maximum conductance. The phase of the
sensor at the oscillating frequency was obtained starting
from the impedance phase plot, obtained with the impedance
analyzer for the sensor in contact with each liquid, as depicted
in Fig. 7. With the aim of performing a detailed study of
the compensation effect of the differential branch formed by
the OTA2 and the capacitor C,, all the measurements, which
were repeated three times and averaged, were made as well
under three different configurations of the oscillator: (a) the
oscillator without compensation branch (Fig. 8), (b) oscillator
with the compensation branch and without the capacitor
C, (the same as Fig. 2 without Cy), and (c) oscillator with
different values of C, (Fig. 2). Results are presented and
detailed discussed in a subsequent paragraph.

3. Immunosensor

A comparison between the classical technique based on
frequency shift monitoring and the new one based on phase
shift monitoring, using the systems described, under the same

o
AL
=

IO

[

|1

FIG. 8. Oscillator configuration without the differential branch.
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experimental conditions, was performed by implementing a
real application based on the detection of low molecular
weight pollutants; only with this purpose, a piezoelectric im-
munosensor for the detection of the pesticide carbaryl, as
a validation model, was developed. The following protocol
described elsewhere was followed:® the AT-cut quartz crys-
tals were functionalized by immobilizing BSA-CNH carbaryl
hapten conjugate on the sensor surface through the forma-
tion of a thioctic acid self-assembled monolayer. The crys-
tal was placed in a custom-made flow cell (Fig. 4) and in-
cluded in a flow-through setup, controlled by a peristaltic
pump (Minipuls 3, Gilson), with the injection loop and solu-
tions at the input of the flow cell exchanged by manual Rheo-
dyne valves (models 5020 and 5011, Supelco), according to
the flow system described elsewhere.®® The whole fluidic sys-
tem and the sensor characterization circuit with the sensor cell
were placed in a custom made thermostatic chamber and all
the experiments were performed at 25 °C £ 0.1 °C. To avoid
unwanted disturbances the chamber was placed on an anti-
vibration table.

The immunoassay developed to determine carbaryl was
an inhibition test based on the conjugate coated format, in
which the hapten-conjugate was immobilized on the sensor
surface. A fixed amount of a specific monoclonal antibody
was mixed with standard solutions of the analyte and pumped
over the sensor surface. Since the analyte inhibits antibody
binding to the immobilized conjugate, increasing concentra-
tions of analyte will reduce the phase shift induced on the
piezoelectric sensor and the corresponding demodulated volt-
age.

Different standard concentrations of carbaryl were pre-
pared by serial dilutions in PBS, from a 1 mM stock so-
lution in dimetylformamide at —20 °C. The standards were
mixed with a fixed concentration of the monoclonal antibody
LIB-CNH45 (from I3BH-UPV (Ref. 67)) in PBS. Analyte-
antibody solutions were incubated for 1 h at ambient tem-
perature, then loaded (250 ul) into the injection loop in the
chamber, and finally, when tempered, injected onto the sensor
surface. The phase-shift was monitored in real-time for each
analyte concentration during 12 min, as the binding between
free antibody and the immobilized conjugate took place. Re-
generation of the sensing surface was performed using diluted
hydrochloric acid, 0.1M HCI, to break the antibody-hapten
linkage, at a flow rate of 280 wul/min for 4 min, and then
with the working buffer solution — phosphate buffered saline
—0.005% tween 20 (PBST) — for 2 min at the same flow rate.
Stabilization of the initial signal was achieved again at a flow
rate of 30 ul/min for 2 min. A complete assay cycle took
20 min. This protocol was performed with both characteri-
zation systems and the results are discussed in a subsequent
paragraph.

VI. RESULTS AND DISCUSSION
A. Performance of the oscillator in liquid media

1. Results

A linear correlation was found between the motional re-
sistance R,, values, obtained from the impedance analyzer,

Rev. Sci. Instrum. 82, 064702 (2011)

and the voltage k values, obtained from the oscillator, with a
correlation coefficient higher than 0.998 in all the cases. Aver-
age deviations between the value of R,, obtained from the lin-
eal regression, under the restricted condition of R,, being O for
k = 0, to be coherent with Eq. (12), and those obtained from
the IA, were smaller that 5.5%, reaching the value of 1.1% for
the highest values of R,,; a uniform reduction of the deviation
is observed as the R,, values increase. This can be explained
taking into account that the OTA1 operates at higher current
gains for smaller liquid loads, and that the operation of the
amplifier gets farther from the ideal behaviour as the gain in-
creases.

Figure 9(a) collects the frequency shifts obtained with
the oscillator (Afosc = fosc(liquid)—fosc(air)) and the
impedance analyzer (Afia = fia(Gmax—liquid)—fia(Gmax
—air)) for all the liquids and with the different circuit set-
ups and compensation capacitors C,. Figure 9(b) shows the
impedance working phase of the sensor, obtained as ex-
plained, under the different liquid loads and for the different
oscillator set-ups and compensation capacitors C, depicted in
Fig. 9(a). The R, values in Figs. 9(a) and 9(b) are only in-
cluded as reference and are near but not necessarily equal to
the corresponding R,, values obtained from the impedance an-
alyzer with the corresponding liquids; however these values
for R,, were used in the numerical calculations performed in
the discussion below.

The main objective of using the balanced-bridge os-
cillator is the parallel capacitance compensation under the
ideal assumptions made in Sec. IV A. The results shown in
Figs. 9(a) and 9(b) allow making the following remarks:

(a) If the parallel capacitance was compensated with an ap-
propriate value of compensation capacitance C,, the os-
cillation frequency shift should be in coincidence, or
at least to be very near to the MSRF shift given by
the impedance analyzer; however the results depicted in
Fig. 9(a) show that none of sets of the oscilla-
tor frequency shifts for the different liquids fits the
MSREF shifts of the analyzer, only the set of frequency
shifts corresponding to the compensation capacitor C,
= 6.8 pF seems to be parallel to the results obtained with
the impedance analyzer which are taken as reference.
The averaged value of the static parallel capacitance Cy
obtained from the impedance analyzer for all the liquids
was 7.37 pF, with a maximum deviation of 1.5%, it is to
say very near to 6.8 pF. This could make to think that a
kind of compensation occurs; however this is not reason-
able by taking into account the following remark.

(b) According to Fig. 9(b), the sensor working phase for C,
= 6.8 pF shows nearly a constant working phase for the
whole range of liquid loads (average of —28° with a de-
viation of 0.4°). This is in contradiction with the tracking
of the MSREF, since different sensor phases correspond to
different MSRFs associated with different liquid loads.

In any case, the behaviour depicted in Figs. 9(a) and 9(b)
should be explained in the following aspects:

(a) Why is there a sensor working phase at which the
oscillation frequency shifts in the working liquid
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FIG. 9. (Color online) (a) Frequency shifts measured with the oscillator and
the impedance analyzer between the sensor in contact with liquid and in con-
tact with air under different liquids, configuration setups, and compensation
capacitors. The frequency shifts measured with the IA were taken at conduc-
tance peak; (b) phase of the sensor impedance under the different conditions
depicted in (a).

solutions, with regard to air, have a parallel behaviour
to those associated with the MSREF shifts, obtained from
the impedance analyzer?

(b) Why does exist, in the proposed balanced-bridge oscilla-
tor, a compensation capacitance C, at which the working
phase of the sensor in the oscillator is nearly constant for
a relative wide range of liquid loads? Moreover, is there
some relation between this value of compensation capac-
itance and the static parallel capacitance of the sensor
Cy, or the very close values are only a coincidence?

2. Discussion

In relation to the first question previously posed, some
authors have already described the fact that there are certain
working phases of the sensor at which the obtained frequency
shifts with regard to the sensor in air have a similar trend
to those obtained for the MSREF shifts, depending on the
range of loads considered.?*3%6%% Figures 10(a) and 10(b)
show this statement. In Fig. 10(a) the frequency shifts of
the sensor under different loading conditions, with regard to
the sensor in air, are plotted together with the MSRF shifts
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FIG. 10. (Color online) (a) Comparison made by numerical simulation
among the frequency shifts corresponding to a certain phase of the sensor
impedance, with respect to the frequency of the unperturbed sensor (Aw,
= wy — wop), and the motional series resonant frequency shifts under the
same conditions (Aws = ws — wp); (b) Frequency deviation between the fre-
quency of the sensor under a certain phase of the sensor impedance and the
motional series resonance frequency (Awys = wy — ws).

for the same loading conditions; in Fig. 10(b) the difference
between the frequency shifts, at a given phase of the sensor,
and the MSREF shifts in Fig. 10(a) are shown for a better visu-
alization. The plots in Fig. 10(a) have been obtained through
the corresponding mathematic equations which are derived
in the Appendix for non-disturbing the attention of the
reader. The plots have been obtained for different phases of
a sensor with a 10 MHz series resonance frequency in air,
with different R,, associated with the different loads and with
the constant motional and static capacitances of 31.5 fF and
7.37 pF, respectively, obtained with the sensor used in this
work. As can be observed in Fig. 10(a), and previously
discussed from other authors, different working phases of
the sensor are more appropriate for certain ranges of loads
and, additionally, can extend the operation range of the
oscillator. Thus, for extending the application to heavy loads
a working phase between —30° and —40° is advisable. It can
be observed as well that for a range of loads between 300 and
600 2 of R,,, a working phase of —28° provides a frequency
shift approximately parallel to the MSRF shift, which is the
behaviour observed in our experiment. The question now
is: why does it occur for a compensation capacitance of C,
= 6.8 pF. In order to clarify this aspect a deeper analysis of
the proposed oscillator shown in Fig. 2 is necessary, which is
derived next.
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Voltages u; and u, in the circuit depicted in Fig. 2 can be
mathematically expressed in polar form as follows, where the
phase of the input voltage u; is taken as zero reference:

uy = ui|YX||ZRLC|(¢OTA1+<.0RLC—¢ZX)’ (13a)

uy = ;| joCyl1ZRLc lipor aatoric+r/2) > (13b)

where ¢ora; 1s the phase shift provided by the OTA1, @74z is
the phase shift given by the OTA2, g ¢ is the phase shift pro-
vided by the Rc-L¢-Ce parallel branch, ¢zx is the phase shift
associated with the sensor impedance Zy, Yx = 1/Zy is the ad-
mittance of the sensor, Zg, ¢ is the impedance of the Rc-Le-Ce
parallel branch, and jwC, is admittance of the compensation
capacitor C,.

On the other hand, the phase shift associated with the dif-
ferential amplifier in the AD835 should be very small, be-
cause the voltage peak is maintained constant thanks to the
AGC, the frequency is always around 10 MHz for all the lig-
uid loads, the differential gain Ap is 0 dB (Ap = 1), and the
differential error phase is very small;’® therefore, under the
configuration setup depicted in Fig. 8, where the differential
branch associated with the OTA2 has been removed, the volt-
age u;’ can be expressed as follows:

u: = uik|YX||ZRLC|(</’OTAI+‘/7RI_C_</)ZX>’ (14)

where the phase shift associated with the AD835 has been
neglected.

Figure 9(a) shows that the sensor phase in the con-
figuration set-up where the differential branch is removed
(Fig. 8) changes with the liquid load, as follows (phase shift
and the reference R,, value are written in couples as: R,
wzx°): 220 Q, —22° 300 2, —19°; 340 @, —18°; 440 ,
—16° 640 2, —13°; and 750 €2, —10°. The phase shift in-
creases with increasing the gain (decreasing the load) as it
was expected. Because i, is fed-back to the input, u;/ = u;
and Eq. (14) reduces as follows:

k1Yx||ZrLcl = 1. s)

Yora1+PRLC—PZy )

Consequently, the loop-phase oscillation condition im-
poses that ¢ = @zx, where o¢ = @ora1 + @roc; that is, the
phase of the sensor compensates the phase shift due to the
rest of the elements of the oscillator. Therefore the different
working phases of the sensor depicted in Fig. 9(b), for the
configuration setup without differential branch, give us the
phase shift value due to the oscillator circuitry, mainly due
to the OTA1, for the different liquid loads as follows (R,
©c): 220 @, —22°; 300 2, —19°; 340 2, —18°; 440 2, —16°;
640 2, —13°; and 750€2, —10°.

When the differential branch is added, the phase shift as-
sociated with the OTA2 depends on the value of C,, since the
gain of OTA2 changes approximately from 0.5 to 1 for values
of C, from 6.8 pF to 15 pF, respectively; however this phase
shift is much smaller than in the OTA1 because the smaller
change in the gain. Therefore the voltage u, can be expressed
as follows:

> = uil joC | Zrecl 17y (16)

where ¢'¢c = Qo2 + @rLC
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Under this configuration the voltage 1, can be written as
follows:

Uy = uy — Uy = ui(|YX||ZRLC|(‘ﬂ0TA|+<,0RL(‘—(ﬂZX)
—JoCl|ZrLcligp+n/2)) 7

or alternatively:
uy = |uol(e), (18)

where lugl = A2+B>2AB cos(8 — «) and tang = (Asina
— Bsing)/(Acosa — BcosB); A, B, o« and B being: A
= lui|YxlZrecl, B = lu;i||jwCy || Zpecl, @ = ¢c — ¢z and B
=¢'c+m/2.

Therefore u;’ = u; = klugl.,~ and the loop-phase con-
dition establishes that ¢ must be zero for oscillation. Conse-
quently, now it is possible to check if there is a value of C,
which makes tan ¢ = 0O for a relatively constant value of the
sensor phase for all the liquid loads in the working range. For
that the following expression must be fulfilled:

sina — Zsin B

tang = ——a—— =0, (19)

where B/A = wC,/IYxl.

The modulus of the admittance |Yx| and the value of the
reactance X,, depend on the phase of the sensor and can be
written, as a function of the admittance phase of the sensor
@yx = —@zx and R, as follows (derived from Egs. (A1) and
(A2) in the Appendix):

Ry+/1 + tan? gy,

¥l = =P, (200)
1 1\2 Ry tan gy
o~V ag) H4(Toe " — Ra
X, = 2 (5e) 5 T ) (20b)

Now, a numerical calculation can be performed in order
to obtain the values of ¢zx = —@yx which make ¢ = 0 in
Eq. (19), for the different liquid loads and for the different
values of C,. For that, the following data were taken into
account:

(a) Values for ¢ were taken from the results obtained with
the configuration set-up without the differential branch
(Fig. 8), indicated above, for each reference value of R,,
associated with a certain liquid load.

(b) The value of ¢’ was assumed to be constant for the dif-
ferent values of Cy and equal to the value of ¢ fora R,
= 750 €, this is ¢’c = —10°; the reason is because the
gains for OTA2 changed approximately from 0.5 to 1 for
values of C, from 6.8 pF to 15 pF, and the gain for OTA1
with a liquid load corresponding to R,, = 750 2 was 1.3
(®Rc/R,); therefore similar phase shifts are expected for
similar gains.

(c) The value for the angular frequency w was taking for a
frequency of 10 MHz, and the value for the static capac-
itance was taken from the averaged values obtained with
the impedance analyzer, Cy = 7.37 pF.
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FIG. 11. (Color online) Results of the numerical simulation derived from
Eq. (19).

The results of this analysis are presented in Fig. 11. As
it can be observed they follow almost the same trend as the
ones obtained in Fig. 9(b) for the different values of C,; a
phase ¢zy = —26.8° with a deviation of 0.5°, very close to the
one obtained in our experiment, results for all the values of R,,,
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FIG. 13. (Color online) (a) Evolution of the frequency shift in the oscillator,
at different flow rates, under the appropriate conditions for maximum signal,
and (b) evolution of the voltage associated with the phase-shift in the phase-
shift characterization system, at different flow rates, under the appropriate
conditions for maximum signal.

with the compensation capacitor C, = 6.8 pF, while the sensor
phase changes, with the same trend, for a different value of C,.

In order to confirm the previous results and to demon-
strate that the very close values between the value of C,
= 6.8 pF, at which frequency shifts for a constant phase of
the sensor are nearly parallel to MSRF shifts, and the value
of Cyp was only a coincidence, an additional experiment was
performed in which the parallel capacitance of the sensor was
changed to 12 pF by an external parallel capacitor. Fig. 12(a)
shows how the results for the oscillation frequency shifts leave
the parallelism to those from the MSRF shift obtained from
the TA, while the sensor phase is maintained relatively con-
stant for all the liquid loads (Fig. 12(b)).

These results indicate that the expected compensation of
the parallel capacitance is not provided by the implemented
balanced bridge oscillator; the non-ideal behaviour of the os-
cillator elements and mainly of the OTAs, despite their ex-
pected good performance at 10 MHz, prevailed on the ex-
pected ideal operation of the oscillator circuit. However, the
differential branch with the compensation capacitor can be
used to compensate the non-ideal behaviour of the oscillator
circuit, in such a way that the phase of the sensor can remain
relatively constant in a certain range of liquid loads. The value
of the capacitor Cy for this purpose depends on the sensor and

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



064702-12  Montagut et al. Rev. Sci. Instrum. 82, 064702 (2011)
9.977900
i -} 300
9.977800 PBST b 250
MAh MAb+lOy.g 1 C.:rbaryl MAb+2ng ICarbaryl MAb+IOO|Ag ICarbnryl MADb +
9.977700 Seoug! 200
Carbaryl

SiHz)

R ()

l L 150

9.977600 HCI

- 100
9.977500 L 59
9.977400 10

00:1 01:18 01:38 01:58 02:18 02:38 02:58
— t (HH:mm)
— R
0,2 PBST
MAb MA b+10 pgll Carbarvl MADb+20 pgll Carbaryl MADb+100 pgll Carb:\rvl MAb
0,1 +500 pgll
' Carbaryl

At (V)

:f: \Wﬁﬁm

01:00

02:00 03:00

FIG. 14. (Color online) Real time piezoelectric immunosensor response to different concentrations of analyte: (a) with the balanced-bridge oscillator, and

(b) with the phase-shift characterization system.

on the behaviour of the oscillator circuit and can be obtained
if the phase responses of the OTAs versus the gain are known.

On the other hand, the results show that the oscillator
designed can maintain the oscillation under relatively high
damping loads, and therefore can be used for frequency shift
monitoring in in-liquid microgravimetric applications like, for
instance, in piezoelectric biosensors, where the characteristics
of the fluid medium remain constant. Therefore the imple-
mented oscillator was used, with C,, = 6.8 pF, for continuous
monitoring the resonance frequency shift of the sensor in the
immunosensor application performed to validate the phase-
shift characterization method.

B. Immunosensor
1. Results

Figures 13(a) and 13(b) show the real time monitoring of
different experiments made with both systems, with the aim
of optimizing the flow rate under maximum signal condition;
i.e., when the sample is a solution of a reference antibody
concentration without antigen.? Because the flow cell was the
same in both cases, and the optimized flow rate depends on
the cell volume, the same speed of 30 il/min was obtained for
both systems. As it can be observed a very close response was
found for both systems keeping in mind the different mag-
nitudes involved. A real time signal of the voltage u,, asso-
ciated with the phase-shift, showed an exponential decay as
soon as the molecular interaction occurred after the sample
injection; a similar behaviour was observed when the reso-
nant frequency shift was monitored.

Figures 14(a) and 14(b) show a comparison between the
real-time signals obtained for the piezoelectric immunosen-

sor, for the same experiment, with the frequency-shift
(Fig. 14(a)) and phase-shift (Fig. 14(b)) monitoring systems.
During the experiments, different concentrations of pesticide
in the sample were tested after cyclic regeneration stages de-
scribed. Only a representative part of the signals obtained in
the immunoassay, corresponding to analyte concentrations of
10, 20, 100, and 500 pg/l, are shown. As it can be observed
the resistance R,, (voltage k) measured with the oscillator
technique (Fig. 14(a)) remained constant as expected in these
applications.

2. Discussion

These results validate the new characterization concept
and the implemented interface. Moreover, a reduction of the
noise in the new system was observed as well. Effectively, the
noise level in the oscillator technique was of 2 Hz for a max-
imum signal of 137 Hz, while for the phase-shift interface
was of 1 mV for a maximum signal of 200 mV, this indicates
an improvement of three times the maximum signal to noise
ratio. Furthermore, it is important to notice that this improve-
ment has been got even with relative low frequency sensors
(10 MHz), where electronic components and circuits have a
very good performance in both, the oscillator and the phase-
detector system. Therefore a much more significant improve-
ment is expected to be found with very high fundamental fre-
quency resonators.

Vil. CONCLUSIONS AND FUTURE LINES

A new characterization concept, particularly useful for
high resolution QCM applications, based on the phase-shift
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monitoring has been compared with the classical concept
of frequency shift monitoring. A balanced bridge oscillator
has been proposed for in-liquid QCM applications and
proved to be valid for working with sensors under relatively
heavy loading conditions. It has been demonstrated that the
non-ideal behaviour of the active components which form
part of the oscillator prevent making any preliminary ideal
theoretical presumption of the expected performance under
real conditions; however, despite of the non-ideal behaviour
of the oscillators they can follow being used for QCM appli-
cations under liquid conditions, and specially for relatively
low frequency resonators. Alternatively, the following ad-
vantages are expected with the new characterization concept
based on the phase-shift monitoring at constant frequency:
(a) the sensor is interrogated passively with an external
source, which can be designed with high frequency stability
an very low phase noise, even at very high frequencies, (b)
the sensor circuit is very simple with high level of integration
capabilities, (c) the open loop configuration, in contrast to
the typical feedback configuration of the oscillator, allows a
straightforward noise analysis and minimization, simplifying
the design and implementation of the electronics, (d) sensors
working at the same fundamental resonance frequency could
be characterized, in principle, with only one source, opening
the possibility of working with sensor arrays for multianalysis
detection.

Following the results presented here, the next step is to
perform experiments with the new systems using high fun-
damental frequency BAW resonators based on inverted mesa
technology.
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APPENDIX: DERIVATION OF THE FREQUENCY SHIFT
BETWEEN THE FREQUENCY OF THE SENSOR AT A
CERTAIN PHASE AND THE MSRF

The admittance of the sensor can be expresses as follows:
1 R,
Ru+ jXn RL+ X2
N . wCo(Ry, + X2) — X
/ R2 + X2

Yy = jwCo +

(AD)

Therefore, the phase of the admittance ¢y, complies with
the following expression:
wCo(R% + X2) — X

tan gy, = R . (A2)

The reactance X,, at a certain angular frequency w,, cor-
responding to a sensor operating phase ¢ can be written as
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follows:
1
Xn=Lyw,— ——=(L,+ AL)w, — ——
» ”y q v C,0,
ALw, + —— 2% (A3)
= w X ,
¢ Cowy \ @

where it has been assumed that the change in the reactance
due to the liquid load is due to an inertial effect associated
with the increase in the motional inductance ALw, the mo-
tional capacitance is assumed to be constant and equal to the
value in the unperturbed state, C,; L, is the motional induc-
tance in air; and wy = 1/(L,C,)"? is the resonance angular
frequency in the unperturbed state (air).

For liquid loads ALw = R,,, assuming the motional resis-
tance in air is small, and the former equation can be approxi-
mated as follows:

2
Xn ~ Ry + ﬁAquv (AD)

9%
where Aw, = w, — wo.

By using Eq. (A4) in Eq. (A2), the following relationship
is obtained, which relates Aw,, with the sensor admittance
phase, the motional resistance R,, corresponding to a liquid
load, the static parallel capacitance Cp, the motional capaci-
tance C,, and the unperturbed resonance frequency wo:

t 4C() A 2 4C0&)0Rm -2
an = ——=—Aw, ——— A®,
P Cga)ng ¢ (o me(z) ¢
+2wOCORm -1 (AS)

The frequency at conductance peak, obtained from IA
measurements, corresponds, with negligible error in most of
cases, to the MSRF where X,, = 0; therefore, from Eq. (A4),
the angular frequency shift corresponding to the MSRF for a
certain liquid load with respect to the unperturbed state Aw
= wy — wyp, wWhere wy is the angular MSREF, results as follows:

an)éRm
-

Consequently, the angular frequency shift between the
MSREF and the angular frequency corresponding to a certain
sensor admittance phase, Aw,; = w, — w;, can be obtained
from the previous equations as Awyy = Aw, — Aws (Afys
= Awy/2). The previous equations have been used, for
10 MHz resonance frequency, C, = 31.5 fF and Cp = 7.37
pF corresponding to the sensor used, and for different values

of the sensor admittance phase, in the derivation of the results
shown in Figs. 10(a) and 10(b).

Aw, = (A6)
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