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Abstract. Surface acoustic wave (SAW) resonators electrically behave like LCR circuits, their frequency can

be influenced by temperature, pressure and torque. When they are used for passive wireless sensing on rotating
machinery, they can also be influenced by the angular variations of the coupling between the coupler 2lements
and the receiving coupler element impedance. This parasitic frequency shift is known as the “gtelitig e

In this paper, we present a capacitive coupler based on open coplanar strip lines for physical measurements on
a small diameter rotating shaft. This approach allows a single 434 MHz resonator angular frequency pulling
lower than 200 Hz (0.46 ppm) and 100 Hz (0.23 ppm) in fiedéntial configuration. This is more than 10

times lower compared to frequency pulling obtained using couplers based on circular and electrically shorted
transmission lines. RADAR-based interrogation, finite element method (FEM) simulation, coupler parameters
and frequency pulling measurements results are presented to demonstrate the performances of the complete
system.

1 Introduction ful for measurements in dielectric media such, as tires as dis-

cussed irDixon et al.(20086.

Beyond the physical quantityffect on the acoustic ve-

Surface acoustic wave (SAW) devices have been largely usefbcity and hence resonance frequency change due to the
for filtering radio frequency (RF) signals such as in mobile phenomena under investigation, parasitic impedances will
phone applications and analog signal processing as discuss@gtjuce an impedance change of the probed circuit. It in-
in Campbell(1989, Royer and Dieulesain2010. For the  cludes the resonator and the transmission line made of the
last 20yr, SAW transducers have also been used as wireleggansceiver and coupler receiver element as well as the near-
sensors in harsh environments such as for temperature megeld space in-between. Since a basic model of the sensor
surements as reported Reindl and Shreng004), Friedt s a series inductors and capacitors, adding a transmission
et al. (2011, Fachberger et a(2006. They have also been |ine whose characteristics varies with angular position will
used for torqueReckley et al. 2002 Kalinin and Brown  vary the global circuit impedance and hence the resonance
2010, strain Pohl et al, 1999 Friedt et al, 2012, pres-  frequency detected by the reader. This unwanted frequency
sure Reindl et al, 1998 Buff et al, 1997, chemical Dong  change is called the “pullingkect” since it will always yield
et al, 2001, Wang et al. 2009 and moisture level measure- frequency decrease with respect to the resonator resonance
ments Kawalec and PasternaR008. Due to the deeper frequency. Although classically used to tune oscillator fre-
penetration depth of electromagnetic waves at low operatguency in closed loop circuits, it is an unwanted parasitic
ing frequency, the interrogation of SAW sensors is mainly effect in wireless sensor interrogation.
focused on the European industrial, scientific and medical In this paper, a Capacitive Coup|er based on open Cop|anar

(ISM) band centered in 434 MHz whose narrow bandwidth strip lines for the interrogation of 434 MHz SAW resonators
is only compatible with a resonator configuration. It is help-
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mounted on a 3cm diameter shaft is presented. Due to th@.2 Near-field couplers

detuning of the coupler elements to the sensor resonance frel_-h _ . f SAW devi ki 434 MH
quency (i.e., low coupling), low angular variations of coupler e integration o evices working at zona

parameters in the sensor frequency range are possible. Ther@—W centimeter diameter rotating shaft in a metallic envi-

fore, the coupling system allows for a low parasititeet on ronment is compromised by the size and the sensitivity of

the sensor. The paper is organized as follows: In Sect. 2, théhe antennas, especially' for far'—field communications when
state-of-the-art on SAW resonator sensors is given, followed* 360 anlgularhcovgig'\ilf r_ethl)lred.7I(r)1 facti_;[he Corres_porlld-
by the review of near-field couplers. In Sect. 3, the wireless'Nd wavelength at Z s about 70 cm. Hence, a circular

interrogation principle based on a pulsed RADAR Strategynear—field.coupk_ar s more su.it.able, wh(_ere t.he energy i_s trans-
is summarized. Further, the use of ceramic antennas as régrred by mduptlve or cap_acmve C°“'°'”Tg in the reactive re-
ceiving elements followed by the description of a capacitiveg'oRn’ as d(;s':cnbedllBalanls(deIQ?), Ldetl:_klldedr(IZé)gg.' S
coupler based on open coplanar strip lines are discussed. Sec- qtaryd G_ﬁ(ounggsuogs I?Ie an q Enf. 3 200l an(;
tion 4 presents finite element method (FEM) simulation of acct an IIKEsS § Beckley and Kalinin § an

the coupler fields distributions using high frequency struc-CirCUIar microstrip c_oupler§ Beckley .et al. 2009 have
tural simulator (HFSS, Ansys). Further, the coupler electri-0€€n used for the wireless interrogation of SAW resonators

cal parameters measurements are given and the sensitivity &Bnamly strain sensors) on small diameter shafts and several

the mechanical setup and the surrounding environment ar8_OUplerS were patented. The common designs remain on two

assessed. The results of calculated and measured angular ﬂ%[cular and eledctrlca;]IIy;shorted trans:jm_ssmr;lmes. Tpehse de-
guency pulling and fisets at dferent gaps between the cou- vices are tuned to the frequency and impedance of the res-

pler elements are given, followed by moisture level measure 2"ator o provide a sficient couplln_g. Qn the other hand,
the resonator sensor frequency pulling is due to the high cou-

ments. X .
pling, receiver coupler element resonance frequency, qual-
ity factor and impedance variations as discussetbirette

2 State-of-the-art (2010. These parameters are a function of angular position
in rotating machinery application. Typical single resonator

2.1 SAW resonators sensors frequency pulling is over 2 kHz (4.6 ppm at 434 MHz) if no

SAW sensors are based on monitoring theet of an ex- de-coupling resistor or capacitor is add&aiinin, 2009.

ternal physical quantity under investigation on a mechanical

wave propagation velocity. Interdigitated transducers (IDTs)3 Designs

patterned on a piezoelectric substrate convert through the in-

verse piezoelectricfiect an electric signal to a mechanical The diagram of the SAW resonator interrogation principle

wave. The propagation in the crystal has been described ilhased on RADAR strategy is shown in Fig.In this section,

White and VoltmeK1965. The mechanical wave is then con- the interrogation electronics are described, followed by two

verted back on the same or another set of IDTs to an electrimear-field coupler concepts.

signal by the direct piezoelectri¢tect. Single crystal piezo-

electric substrates are favored for sensing applications sincg 1

detailed modeling is possible thanks to the availability of sets

of constantsBallandras et al2009. In this work, frequency domain measurements by searching
For the resonator configuration, in which the transductionthe maximal insertion were used loss, as describdefigdt

IDT is surrounded by Bragg mirrors, the acoustic energy iset al.(2010. Pulses long enough for their spectral width to

confined in a cavity. It provides the means for a narrowbandbe narrower than the resonator bandwidth transfer all incom-

and compact deviceBeckley et al, 2002 and most signif-  ing energy to the resonator at a known accurate emitted pulse

icantly exhibiting low losses. Hence, low electromechanicalfrequency. In this case, the recorded quantity is the returned

coupling codicients substrates such as quartz are frequentlypower. Since the SAW resonator behavior is linear, there is

used. This material exhibits several cuts of low temperatureno need to recover frequency information. Therefore a wide-

sensitivity. The characteristic measured quantity is the resoband power amplifier and detector followed by an analog to

nance frequency and exponential decay time constant whickligital converter is enough on the reception stage.

is equal toQ/x periods. Typical quality factors for Rayleigh- ~ An important hardware characteristic defining the interro-

mode SAW transducers packaged at atmospheric pressure agation range is the isolation between the emission and re-

in the range of 10000 for 434 MHz devices. Despite low ception stages. Here, three duplexers are used to connect the

temperature sensitivity, a dual resonator approach in whiclsource to the antenna during the loading stage, and the an-

two acoustic waves propagate alonffelient directions ona tenna to the receiver during the listening stage. A 80 dB iso-

common substrate is mandatory for reducing the temperaturtation has been measured experimentally. With a quality fac-

influence on a wide operating-temperature range as describedr Q of 10000, the time constant of a 434 MHz resonator

in Buff et al.(1997). loading and unloading is = Q periods, equal to aboutys.

Interrogation electronics
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Figure 1. Diagram of the resonator interrogation principle based on the RADAR strategy.

The emitted pulse is tuned to be narrower than the width at
half height of the resonator by selecting an emission time of
57. Furthermore, each successive measurement is indepen-
dent from the previous by a delay of 5T hus, the resonator is
fully unloaded before starting the next interrogation step. The
interrogation routine repeats this measurement 128 times and
sweeps along the whole ISM band. A frequency step of one
third of the width at half height of the resonator is optimal
for the following digital signal processing. Since a frequency
sweep using frequency steps equal to the aimed frequency
resolution — sub-kHz — would require excessive sweep dura-
tion, the ISM band is swept using coarse frequency steps.
The measured insertion loss is fitted by a second order
polynomial, whose maximum position provides an accurate dual resonator
estimate of the resonance frequency within 7 ms sweep time. SAW sensors
The resolution is almost equal to the signal-to-noise ratio on
the returned power measurements. However, a bias has be'e:p 5 Mulii ic ant ted to doubl
observed due to the application of the parabola fit to the ac- gure 2 viayer ceramic anehnas connected fo double feso
nance SAW temperature sensors on steel clamps.
tual resonator modeled by a Butterworth—-van Dyke model.
This bias is eliminated by using a 3-point strategy in which
the interrogation frequency comb is no longer fixed but trackst
the last resonance frequency estim&eWith such proce- lower thans2 dB.
dure, the measurement focuses on the last resonance fre-
quency computation using the parabola fit and the next mea-
surement is performed & andfo+ Af. Thanks to this strat- 3.2 Ceramic antennas as receiving elements
egy, the bias is kept constant throughout the measurement
and the resonator must only be visible from the interrogationCeramic antennas exhibit reduced dimensions with respe¢
unit for a duration of 42@ss. to the wavelength of the electromagnetic wave in free space
Under such conditions, in our setup the asynchronous (RSthanks to high permittivity materials as used @hnimus
232) serial communication limits the measurement band-€t al.(2010. They are made by low temperature co-fired ce-
width to 10 values per second. Nevertheless it provides théamic (LTCC) technology or chip capacitor process as dis
highest resolution with respect to a digital to analog volt- cussed irZhang(2011) and contain interconnected metallic
age output with an update rate of 2400 Hz. Moreover, a 1meanders or coil configurations. Therefore, they can be used
to 32 dB programmable attenuator (located before the powetfo reduce the size of the receiver element compared to simp
180 duplexer on the emission stage) is used to increase th@1tennas.
dynamic range in order to avoid saturation of the received Figure2 shows two types of multilayer ceramic antennas
signal. However, the automatic gain control of our hardware(Rainsun AN1603-433 and Yageo 4313121200431B) conr
cannot compensate fast signal variations. The short-time dyfected to double resonator temperature SAW sensors and
namic range is 4 dB. Therefore, in order to guarantee the fulfixed on steel clamps. The substrates are made of 1 mm thigk
interrogation coverage in rotating machinery applications usR-4 epoxy. A strip line connected to the ground is placed

ing this hardware, the coupler should be designed in ordefn parallel to the antenna. Their radiation is poor in this con-
figuration due to the presence of the clamp, but it is enough

ceramic
antennas

hat the angular variation of transmission amplituBe is

0]
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Figure 3. 3-D model of a capacitive coupler based on coplanar strip reader element

lines, placed around a 3 cm diameter shaft and connected to a SAW
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for near-field transmissions in the centimeter range. As it hassigure 4. Picture of the manufactured coupler elements on 1 mm
been reported iBoccard and Reind2012, a printed loop  thick FR-4 epoxy substrates.

connected to the reader unit can be placed in parallel to the

clamp system around the shaft. However, in this configura-
tion the angular variation of transmission amplitude is higher
than 10 dB, which is due to the non-uniform current distribu-
tion around the loop. Therefore, the full interrogation cover-
age of a sensor around the shaft using our setup is comprc
mised. Moreover, the high quality factor of ceramic anten-
nas increase the sensor angular frequency pullliogrette
2010.

3.3 Capacitive coupler based on coplanar strip lines

3.3.1 Design ) ) )
Figure 5. Sketch of electrical field coupling between the coupler

Figure 3 shows the model of a circular capacitive coupler elements.

comprising one static and one rotating element. Both ele-

ments are based on open coplanar strip lines as described in

Knorr and Kuchle(1975, DiPaolo (2000, Suh and Chang  ©ON the connected resonators. The coupler elements operate
(2002). These arrangements are frequently used for filter-be€low resonance to assure minor dependence on rotation an-
ing and signal transmission. The rotating part is mounted orflé caused by the small electrical field variation along the
a 3cm diameter shaft using nonmetallic fixations (such adines. The capacitive coupling between the disks is sketched
polyamide or ceramic) on a steel clamp and is connected t&? Fig. 5. The capacitive coupling current is induced by the
one or several resonators working in the 434 MHz range. Thdadial part of the electrical field. The inductive currents are
static part is connected to the reader unit and is a cutj120 Neglected since they cancel each other in large part. A dou-
from the first element but could also be a complete circu-ble resonator temperature SAW sensor is connected to the
lar element. In this balanced configuration, the coupling isféceiver coupler element using a Hirose WFL-2LP-04N2-A
mainly due to the electrical field portion which is orthogonal 202 coaxial cable which has a length of 3cm.

to the circular transmission line.

Figure 4 shows the manufactured coupler elements. The3_
conductors are 2 mm wide, separated by 1.5 mm and printed
on asingle layer of 1 mm thick FR4 epoxy. The receiver outerThe linearized equivalent circuit model of the previously pre-
ring has a length of 14 cm, which corresponds to an electricabented capacitive coupler connected to a SAW resonator and
length of 7 cm due to the symmetry. This is smaller than thein the 434 MHz range is shown in Fi@. This schematic
quarter wavelength at the sensor resonance frequency. Thie used to analyze the angular parasititeet on a con-
receiver element is resonating at 840 MHz and the reader elrected resonator due to the coupler electrical parameters
ement at 1.6 GHz. Both coupler elements are detuned fronvariations in a specific working frequency range. The cou-
434 MHz in order to achieve low parasitic frequency pulling pler schematic is represented by the three capadigr€,

3.2 Equivalent circuit model

J. Sens. Sens. Syst., 2, 147-156, 2013 WWW.j-sens-sens-syst.net/2/147/2013/



J.-M. Boccard et al.: Near-field interrogation of SAW resonators on rotating machinery 151

it gives the solution shown in Eq6). This resonance fre-
reader receiver guency will be used to calculate the sensor frequency pullin

| -
| o ! depending on the coupler variablgs andCs.
i I G i
i | i R'i P = C2+C3+C4+C5+C2C5L1$2
! | i i + CgCsl1S+CyCsls S (5)
@ > VRS «J 3"
: iy i iy ! is is i _ \/Cz +C3+C4+Csg (6)
i i i —F i res 27T\/(C2+C3+C4)XC5XL1
i 1 i : Equations 7) and @) give the expressions df, and
e J; —-oeeest e i I ! Cs depending on Im{z;) (transmission susceptance) and

= = Im(Y2y) (receiver element susceptance) of the coupler with

Figure 6. Simplified linearized equivalent circuit model of the ca- Out connected resonator. These equations are based on {
pacitive coupler connected to a SAW resonator. pi-network formulas.
Im(Y21)
Co=——— )
2rf

andCs, respectively corresponding to the reader element, the
coupling and the receiver element. The losses are not mod-
eled since their influence is negligible. The resonator is mod-~ _ Im(Y22) —Im(Y21) ®)
eled according to Butterworth—van Dyke with the static ca- 8- 2rf

pacitorC, (4 pF). The circuit holding the antenna connected

in parallel to the sensor adds another 1.8 pF, yielding a to4 Results and discussion

tal static capacitance of 5.8 pF. The other model components

are the motional capacitan@g (0.6 fF), the motional induc- 4.1 FEM simulation results

tor Ly (224uH) and the dissipation resist&; (38Q) which

will be neglected in the following equations. The series res-

onance is approximately/@r yL1Cs). Refering to the par- order to avoid the resonator sensor frequency pulling. Therg

allel resonance, the coupler capacitors valbgandC; have S .
. P P L 3 fore, the generated electrical fiel)(by the receiver element
to remain the most constant as possible in order to reduce the

- P must be uniformly distributed so that the angular capacitive
sensor parasitic frequency pulling(is neglected due to the coupling variation is low. FEM simulations have been done
small value of coupling capacit@,). Low parameter vari- ping '

ations are possible if the couplers elements are not tuned tg>"9 HFSS. In order to avoid disturbances due to the pres

the sensor frequency, providing a low coupling as discusse nce of the metallic clamp (i.e., capacitiéeet, Eo!dy cur
in Tourette(2010). rents), the gap between the clamp and the receiver eleme

has been set to 1cm. The cables and connectors that 4
1 1 used during the experiments have not been included. Figure

As previously described, the transmission between the col
pler elements has to remain constant at each rotation angle

Us = ﬁil_ aiZ (1) shows the generated electrical field by the receiver eIemei

at 434 MHz and at 3 mm from its surface. The open coplan

strip lines allow a circular field distribution along it without
)iz _ iig (2) drastic drops. The maximum voltage occurs at the opposit
sGs of the feeding point. Figur8 shows the generated magnetic
field (H) in the same configuration. Due to the boundary con-

. 1
U2 =——I1+

sC, (E+E+S_Ce,

Un = 1 | 1 i 1 i 3 dition, this field drops at the opposite of the feeding point
37 75G 2 + sGs + sG) 2 sgt () Wwhere there is zero current and is partly by 1pBase shifted
to the E field. Moreover, the radiatiorfigiencyn~ 3% is
1 1 1 low due to the fact that its resonance is far from 434 MHz
| _ _ L i 4 . .
Uy sC4I3 +(SC4 + G +s 1)|4 (4) and due to impedance mismatch.

Equations {) to (4) give the voltage and the current ex- 4.2 Measurement results
pres_sions from the e_quivalent circgit model (wits jw). By 421 Coupler parameters measurements
solving these equations, the admittance seen from the reader
side is calculated. It is composed of a static capacitance and@he transmission amplitud8,; between the coupler ele-
resonant term. The resonant teris given in Eq. ). By set-  ments has been measured at 434 MHz using a network a
ting this equation to zero and solving for complex frequency,alyzer and by calibrating the used connectors and coaxia
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Figure 9. Coupler parameters measurement setup. The coupler el-
ements are connected to the network analyzer using calibrated ca-
Figure 7. Simulated electrical field at 3 mm from the receiving ca- Ples-
pacitive coupler element surface.

Angle [deg]
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lumped port 1 ield (mA/m] '

. 331

Transmission S,, [dB]
)
o
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incident power: AW Figure 10. Measured angular trans_mission amplit@®Je variation
between the coupler elements afelient gaps.

Figure 8. Simulated magnetic field at 3 mm from the receiving ca-
pacitive coupler element surface. the measured susceptance variations fiedknt gaps at0

and 180 angular positions (where the variations are maxi-

mum) at 434 MHz. Figurel5 shows the angular variations
cables to 5@. The measurement setup is shown in Eig.  of the calculated coupler capacitd€s andCs. All the ca-
As shown in Fig.10, the transmission changes by less than pacitors values decrease and reach minimum values at larger
3+0.6 dB during a revolution at ffierent gaps between 2mm gaps due to the decreasing coupling. As expected, the cou-
and 10mm. According to the electrical field distribution pling capacitors are lower than the receiver coupler element
shown in Fig.7, the lowest but acceptable transmission oc- values. These variations have been used to calculate a con-
curs when the two feeding points are in front of each other.nected sensor frequency pulling andiset shown in the fol-
This position is defined as zero rotation angle. lowing section.

Figuresl1and12 show that the transmission susceptance

Im(Y>1) shifts by 58.22 % during the rotati_on at 434_, MHz and 4.2.2 Resonator frequency pulling measurements
for a gap of 3mm. The values are negative, proving that the
coupling is capacitive in this frequency range. The variationslIn this section, the resonator frequency pulling as function
near 800 MHz and between 1.6 GHz and 2 GHz observed irof the mechanical setup and thi#eets due to humidity level
Fig. 11 are respectively due to the receiver and transceivelare assessed and compared to the calculated values. E§ure
elements resonances. We assume that the small ripples comsbows the manufactured measurement bench. A step motor is
from reflections in the RF path due to impedance mismatchlinked to a 3 cm diameter steel axis. A dual resonator temper-
Figures13 and 14 show that the susceptance of the receiverature sensor (TSEAS10 sensor) in which two Rayleigh-mode
element ImY>,) is shifting only by 1.55% and is positive, SAW resonators patterned on a common quartz substrate are
proving that the characteristic of the coupler receiver ele-connected in parallel to the receiver coupler element. One
ment is capacitive in this frequency range. Tableontains  resonator is orientated at 2@ith respect to th& crystal axis
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Figure 11. Measured angular variation of transmission susceptance

Im(Yz;) in large frequency scale for a 3 mm gap.
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Figure 14. Measured angular variation of receiver susceptance
Im(Y2y) in extended ISM frequency band for a 3mm gap.

Table 1. Measured coupler transmission I¥a{) and receiver
Im(Y>,) susceptance variations forfidirent gaps at 434 MHz.

Gap [mm]  Im(rz1) [%]  Im(Y22) [%]
2 54.98 2.49
3 58.22 1.55
4 39.67 2.08
5 47.85 0.78
6 38.71 0.56
7 34.90 0.43
8 41.07 0.30
9 34.42 0.20
10 36.05 0.65

propagation direction and is therefore temperature dependept
(f; at 433.5 MHz); the other resonator is used as a referenge
(fy at 434.2 MHz) with a turnover temperature close to room
temperature. The sensoffdrential temperature sensitivity is
2.5kHz K™ (5.7 ppm K1) when operating betweer20°C
and+160°C. All the following measurements have been re-
alized in a climatic chamber Weiss WK340, at’Z5and at
55% of humidity. Figurel7 shows the angular frequency
pulling results for a 3 mm gap between the coupler elements.
Four revolutions have been realized using the stepper motor
(3.6° steps at 1 Hz rate). The automatic gain control, con
trolling the radiofrequency emission power was activated, s
that the return power is at mid-scale of the analog to digita
converter. Moreover the values are averaged 16 times. Dig
tal post processing using a median filter reduced the resul
ing standard deviation frons 550 to~ 10 Hz. The observed
pulling effect due to the angular rotation on both resonators
is below 160 Hz (0.37 ppm). FigurE8 shows that a dier-
ential measurement4-f;) can further reduce the frequency
difference pulling fect to below 100 Hz (0.23 ppm).

Figure 19 shows the calculated (equivalent circuit model
used) and the measured frequendisets (using the refer-
ence resonatof,) at @ and 180 rotation angles and using
a reference gap of 2 mm. In this case, the frequertsed

J. Sens. Sens. Syst., 2, 147-156, 2013
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Figure 15. Calculated coupler capacito@s (transmission) an@s
(receiver element) variations atfidirent gaps.
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Figure 16. Picture of the bench used for frequency pulling mea-
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Figure 19. Calculated and measured frequendisets at dierent
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surements. A step motor is coupled to a 3 cm diameter steel axis. A
dual resonance temperature SAW sensor is fixed on a clamp system

and is wirelessly interrogated using the capacitive coupler.
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is defined by the frequency shift occurring for a specific an-
gular position when the gap between the coupler elements
is increased. Figur@0 shows that the expected and mea-
sured frequency pulling decreases when the gap is increased,
since the coupler capacitors decrease. THemince is about

120 Hz for a 2 mm gap and both curves reach similar values
for larger gaps. The observed discrepancy between calcula-
tion and measurement of Figkd and20 may come from the
cables and connectors and must be further analyzed.

As discussed irEl-Sa’ad et al(1990, FR-4 epoxy ma-
terial is highly sensitive to the surrounding moisture level,
changing the substrate permittivity. In our setup, the coupler
receiver element properties may change fiedent humidity
level, disturbing a connected sensor. In order to measure this
effect, the humidity has been increased each 30 min in five
steps from 55 to 98 % and with a gap of 3 mm between the
coupler elements. Figuil shows a low linear fiset below

Figure 17. Measured angular frequency pulling obtained from a 190 Hz (0.23 ppm) for the reference resonatoand at two

dual resonator temperature SAW sensor (gap: 3 mmC25

J. Sens. Sens. Syst., 2, 147-156, 2013

angular positions. This is in the same order than the measured
angular frequency pulling measurements.
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600 and 100 Hz (0.23 ppm) in aflierential configuration are pre-
sented. FEM simulations show that the variation of the elect
— 500 - : : ; )
= trical field along the lines does not drop drastically. More-
ED 400 over, frequency pulling calculations from the equivalent cir-
= ) cuit model are presented which are in close agreement with
8 300 - the measurements. Furthermore, tiieats of diferent mois-
§ 200 \ ture levels are also investigated which showed a frequency
g offset below 100 Hz from 55 to 98 %.
& 100 | o —
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