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(57) ABSTRACT 

A method and apparatus for measuring the frequency of a 
desired resonant mode of a crystal arrangement, or other 
tWo-port device, during an automated operation. The crystal 
arrangement, or other tWo-port device, is placed into a test 
circuit and subjected to a sinusoidal test signal of knoWn 
frequency. Based upon the output response of the crystal 
arrangement to the test signal, the frequency of the test 
signal is changed such that the test signal rapidly converges 
on a desired mode of operation of the crystal arrangement. 
This is accomplished by ?rst noting a desired increase in 
amplitude of the output response of the crystal arrangement, 
folloWed by measuring an error signal related to the desired 
crystal arrangement mode of operation. When the error 
equals a predetermined value the frequency of the sinusoidal 
test signal is the frequency of the desired mode. 
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METHOD OF DETERMINING A RESONANT 
FREQUENCY OF A MECHANICAL DEVICE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to frequency mea 
surement and, more particularly, to frequency measurements 
of various quartZ crystal resonant modes. 

[0003] 2. Description of the Prior Art 

[0004] It is often desirable to determine the resonant 
modes of a quartZ crystal arrangement Where the frequency 
information may be used in scienti?c study, for example. 
Frequency characteristics of interest may include resonant 
frequencies, inharmonic overtones, and harmonic modes of 
the crystal arrangement. 

[0005] Historically, methods of measuring resonant modes 
of a crystal include sWept frequency sinusoidal analysis and 
crystal oscillator testing. The sWept frequency sinusoidal 
analysis involves applying a sinusoidal signal to the crystal 
arrangement and sWeeping the frequency of the sinusoidal 
input signal through a frequency range of interest. Based on 
the response of the crystal arrangement to the sinusoidal 
input, certain frequency characteristics can be obtained. The 
sWept frequency sinusoidal analysis, hoWever, is often 
tedious and overly time consuming, and often requires 
repetitive cycles of: providing an input signal to the crystal 
arrangement, changing the frequency of the input signal, 
measurement of the response of the crystal arrangement, 
comparison of the gathered information, and determining 
the input signal to be applied to the crystal arrangement for 
a subsequent measurement based on the current cycle mea 
surement. Typically, for a high accuracy measurement very 
precise and expensive measurement equipment must be 
used. HoWever, even When measurements are taken With the 
very precise and expensive equipment, errors may still arise 
due to human intervention during the analysis. 

[0006] The crystal oscillator testing method for measuring 
a resonant mode of a crystal involves placing the crystal in 
an electronic oscillator circuit and measuring the oscillator 
signal frequency. Due to the resonant properties of a crystal, 
the electronic oscillator circuit Will converge to the crystal’s 
resonant frequency. While crystal oscillator testing is a 
reasonable method to determine the principal resonant fre 
quency of a crystal, it is an undesirable method Where 
additional resonant modes are to be measured. 

OBJECTS OF THE INVENTION 

[0007] It is one object of this invention to provide a 
method and apparatus to rapidly and accurately determine 
the frequency of a desired resonant mode characteristic of a 
crystal arrangement, or other tWo port device, under test 
Without the use of complicated and expensive test equip 
ment. 

[0008] It is another object of this invention to provide a 
method and apparatus to rapidly determine the frequency of 
a desired resonant mode of a crystal arrangement, or other 
tWo port device, under test as part of a fully automated 
operation. 
[0009] It is another object of this invention to provide a 
method and apparatus to rapidly determine the frequency of 
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a desired resonant mode of a crystal arrangement under test 
While discriminating betWeen several different modes of 
oscillation of the crystal. 

[0010] It is another object of this invention to provide a 
method and apparatus for measuring multiple, closely 
spaced resonant frequencies of a crystal arrangement, or 
other tWo port device, under test. 

[0011] It is another object of this invention to provide a 
precision, linear crystal-controlled oscillator utiliZing an 
inexpensive crystal and a voltage controlled oscillator. 

SUMMARY OF THE INVENTION 

[0012] The foregoing and other problems are overcome 
and the objects of the invention are realiZed by methods and 
apparatus in accordance With embodiments of this invention. 
In accordance With one embodiment of the invention an 
apparatus and method are provided for measuring desired 
resonant modes of a crystal arrangement, or other tWo-port 
device. First, based upon calculated operating parameters 
related to a desired resonant mode of the crystal arrange 
ment, the apparatus and method measure the passive 
response of the crystal arrangement to a sinusoidal input of 
a knoWn frequency. The passive response of the crystal 
arrangement is measured by sWeeping the frequency until 
the amplitude of the response is above a calculated threshold 
value. Second, the apparatus and method measure an error 
signal. The error signal represents the difference in fre 
quency betWeen the sinusoidal input and the desired reso 
nant mode, generated, in part, as a result of the desired 
resonant mode of the crystal arrangement. Additionally, the 
apparatus and method ?ne tune, or closed-loop feedback 
adjust the frequency of the sinusoidal input such that the 
error signal rapidly converges to a predetermined value. 
When the error signal reaches the predetermined value, the 
frequency of the sinusoidal input is the frequency of the 
desired resonant mode of the crystal arrangement. 

[0013] In accordance With the present invention, a crystal 
resonant frequency sensor includes a controller Whose out 
put is responsive to values measured at a minimum of tWo 
inputs, a voltage-controlled oscillator adapted to provide a 
signal Whose frequency is responsive to a command signal, 
a phase shifter, a ?rst and second multiplier and a ?rst and 
second ?lter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The above set forth and other features of the 
invention are made more apparent in the ensuing Detailed 
Description of the Invention When read in conjunction With 
the attached DraWings, Wherein: 

[0015] FIG. 1 is a schematic diagram of an embodiment 
of a crystal resonant frequency sensor in accordance With 
this invention. 

[0016] FIG. 2 is a graph that illustrates tWo signals of a 
crystal resonant frequency sensor, plotted With respect to 
normaliZed frequency. 

[0017] FIG. 3 is a How chart depicting a ?rst part of a 
method in accordance With this invention. 

[0018] FIG. 4 is a How chart depicting a second part of a 
method in accordance With this invention. 
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[0019] FIG. 5 is a How chart depicting a third part of a 
method in accordance With this invention. 

[0020] FIG. 6 is a graph that illustrates a ?rst signal, the 
amplitude squared of oscillation, of a crystal resonant fre 
quency sensor, plotted With respect to time. 

[0021] FIG. 7 is a graph that illustrates a second signal, 
the error or detuning in frequency, of a crystal resonant 
frequency sensor, plotted With respect to time. 

[0022] FIG. 8 is a graph that illustrates a normaliZed 
signal, h of a crystal circuit, plotted With respect to fre 
quency. 

[0023] FIG. 9 is a schematic diagram of a tWo-port 
mechanical structure Whose resonant characteristics can be 
measured by the present invention. 

[0024] FIG. 10 is a graph that illustrates a normaliZed 
signal, h of a tWo-port mechanical system, plotted With 
respect to frequency around the ?rst resonant peak. 

[0025] FIG. 11 is a graph that illustrates a normaliZed 
signal, g of a tWo-port mechanical system, plotted With 
respect to frequency around the second resonant peak. 

[0026] FIG. 12 is a graph that illustrates a normaliZed 
signal, g of a tWo-port mechanical system, plotted With 
respect to frequency around the second resonant peak. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0027] Referring to the accompanying draWings, FIG. 1 
depicts an embodiment of a crystal resonant frequency 
sensor. Speci?cally, FIG. 1 depicts a crystal resonant fre 
quency sensor 10 comprising a controller 14, a voltage 
controlled oscillator (VCO) 16, a phase shifter 18, a ?rst 
multiplier 20, a second multiplier 22, a ?rst ?lter 24, and a 
second ?lter 26. A crystal arrangement 12 to be character 
iZed is shoWn connected betWeen the output 12a of the phase 
shifter 18 and a ground 12b. The voltage e2 is measured With 
respect to ground at the output 12a of the phase shifter 18. 
The crystal arrangement 12 has an input 12a and an output 
12b. The crystal arrangement 12 may comprise a crystal 
element Which inherently comprises stray capacitance (Cd), 
series capacitance (C), a value Q representing a relationship 
betWeen energy stored and energy dissipated per cycle, and 
at least one resonant mode. The crystal arrangement 12 may 
be modeled as a one mode equivalent circuit, as shoWn, 
comprising stray capacitance (Cd) coupled in parallel to a 
series combination of inductance (L), parallel capacitance 
(C) and resistance (r), or the crystal arrangement 12 may 
generally comprise components forming a circuit Which has 
at least one resonant mode. 

[0028] The controller 14 further comprises a ?rst input 
14a, a second input 14b, and an output 14c. Optionally, the 
controller 14 may further include an input 14d for user 
inputted parameters. The ?rst multiplier 20 and the second 
multiplier 22 both further comprise a ?rst input 20a, 22a, 
and a second input 20b, 22b, and an output 20c, 22c, 
respectively. The output 14c of the controller 14 electrically 
communicates With a control signal input of the VCO 16. 
The output e1 of the VCO 16 is electrically coupled With an 
input to the phase shifter 18, and the ?rst input 22a of the 
second multiplier 22. The output 12a of phase shifter 18 is 
electrically coupled to the second input 22b of the second 
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multiplier 22, the ?rst input 20a of the ?rst multiplier 20, and 
the second input 20b of the ?rst multiplier 20. The crystal 
arrangement 12 under test is electrically connected in shunt 
With the phase shifter 18, betWeen the phase shifter 18 and 
the multipliers 20, 22 as shoWn. Thus, the signal e2 is 
generated, in part, by the passive response of crystal 
arrangement 12 to the output signal e1 of the VCO 16. 

[0029] The ?rst ?lter 24 and the second ?lter 26 both 
comprise an input and an output. The output 20c of the ?rst 
multiplier 20 is electrically coupled to the input of the ?rst 
?lter 24. The output 22c of the second multiplier 22 is 
electrically coupled to the input of the second ?lter 26. 
Additionally, the output of the ?rst ?lter 24 is electrically 
coupled to the input 14a of the controller 14. The output of 
the second ?lter 26 is electrically coupled to the input 14b 
of the controller 14. The input 14a of the controller 14, 
denoted h in FIG. 1, represents a signal Which is propor 
tional to the amplitude or modulus of the signal e2. The input 
14b of the controller 14, denoted g in FIG. 1, represents an 
error directly related to the phase relationship of the signal 
e1 With respect to the signal e2. 

[0030] In operation, the sensor 10 operates in either an 
open-loop mode or a closed-loop mode. The sensor 10, after 
an initialiZation sequence, operates in the open-loop mode. 
As a precursor to initiating the open-loop mode of operation 
a user inputs one or more parameters related to a desired 
resonant mode of the crystal arrangement 12 under test. The 
inputted parameters may include values of Q, a ratio of 
capacitance representing a relationship betWeen stray 
capacitance (Cd) across the crystal and crystal series capaci 
tance (C), and the approXimate value of the resonant fre 
quency related to the desired resonant mode. The user may 
input the parameters using any suitable means, such as 
keypad 14d that forms a part of controller 14, or a computer 
(not shoWn) in serial communication With a data port of the 
controller 14. Based on the user input, the controller 14 
calculates operating parameters Which may comprise a gain 
(K) Which the controller 14 applies to the input value of h 
and g, a threshold value (hth) Which is to compared to the 
input value of h, and sWeep parameters, including initial and 
peak oscillator voltage values corresponding to the desired 
frequency range of operation along With a starting point 
frequency and a frequency sWeep rate. It has been discov 
ered through testing that only approXimate values of the 
above parameters are needed in order to acquire the fre 
quency of the desired mode of a crystal arrangement 12 
under test. HoWever, the ability of the crystal resonant 
frequency sensor to rapidly converge on the frequency of a 
desired mode is directly related to the calculated parameters, 
as Will become apparent. 

[0031] The controller 14, the VCO 16, the phase shifter 
18, the ?rst multiplier 20, the ?rst ?lter 24, and the crystal 
arrangement 12 comprise a control loop during the open 
loop mode of operation. In the open-loop mode the input 14a 
(h) of the controller 14 is enabled and input 14b (g) of the 
controller 14 is ignored. Generally, in the open-loop mode a 
sinusoidal signal e1 With a frequency Within the calculated 
frequency range is provided, by Way of the phase shifter 18, 
to the crystal arrangement 12. In response to this sinusoidal 
input, the crystal arrangement 12 passively provides an 
output signal e2. The ?rst multiplier 20 and the ?rst ?lter 24 
generate a signal h Which is proportional to crystal arrange 
ment 12 output signal e2. The frequency of the sinusoidal 
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signal e1 is then adjusted until the magnitude of the value of 
h exceeds the calculated threshold value hth. An increasing 
value of h is an indication that the sinusoidal frequency of 
signal e1 is approaching the desired resonant frequency of 
the crystal arrangement 12. Thus, When the value of h 
eXceeds the predetermined threshold value hth the corre 
sponding frequency of signal e1 is assumed to be approach 
ing the desired resonant frequency of the crystal arrange 
ment 12, and the controller 14 initiates the closed-loop mode 
of operation. 

[0032] More speci?cally, the controller 14 initiates the 
open-loop mode by providing a signal 14c to the VCO 16 
commanding the VCO 16 to output a sinusoidal signal e1 at 
a frequency Which is Within the calculated frequency range 
such that the value of h initially does not eXceed the 
calculated threshold value hth. Typically, the initial fre 
quency of sinusoidal signal e1 is at a limit of the calculated 
frequency range, the loWer frequency limit of the range, for 
eXample. While the phase shifter 18 is physically in the path 
of the open-loop mode of operation, it is of little concern 
during the open-loop mode of operation since the amplitude 
of the output signal e2 of the phase shifter 18 is unchanged 
by the phase shifter 18 itself. HoWever, in response to the 
signal e1, the crystal arrangement 12 passively provides the 
signal e2. Thus, signal e2 is related to the frequency char 
acteristics of the crystal arrangement 12. 

[0033] The ?rst multiplier 20 and the ?rst ?lter 24 Work 
together to act as an amplitude demodulator for the signal e2. 
One skilled in the art of electronics Will recogniZe that the 
multiplier produces signals near Zero frequency and at tWice 
the input frequency that are proportional to the amplitude of 
the input signal. The loW-pass ?lter alloWs a direct current 
(DC) representation of the signal to be available for the 
further operations. In a preferred embodiment, the ?rst ?lter 
14 is a loW pass ?lter. The loW pass ?lter has a cutoff 
frequency for h set at a fraction of the resonant frequency 
(000). Note, the speci?c design of the sensor 10 determines 
the cutoff frequency of the loW pass ?lter, Which must 
eXclude (no and 2000, and must be large enough to pass the 
frequency sWeep rate transients. The controller 14 then 
measures the signal h and compares the measured value of 
h With the predetermined threshold value hth. If the mea 
sured value of h is less than the threshold value hth, the 
controller 14 adjusts the output 14c to command the VCO 16 
to adjust the frequency of the signal e1 such that the value of 
h approaches the threshold value hth. 

[0034] Referring momentarily to FIG. 2, a typical nor 
maliZed steady-state response of h versus frequency is 
graphically shoWn. For clarity the curve representing h is 
shoWn as a dashed line. As described above, the initial 
frequency selection for signal e1 is calculated to produce an 
initial value of h Which is beloW the calculated threshold 
value hth, point A on the graph, for eXample. As the 
controller 14 sWeeps the frequency of signal e1 toWards the 
desired resonant frequency of the crystal arrangement 12 
under test, the value of h Will approach the value of hth, 
depicted by point B, in the direction of arroW hl. When the 
value of h surpasses the value of hth, depicted by point C, the 
crystal resonant frequency sensor enters the closed-loop 
mode of operation. While this eXample depicts the response 
of the present invention to an initial value of h corresponding 
to a frequency Which is loWer than the frequency of the 
desired mode, the outcome Would be similar for an initial 
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value of h Whose corresponding frequency is greater than the 
frequency of the desired mode. As discussed above, the 
controller 14 commands the VCO 16 to adjust the frequency 
of the signal e1 such that the value of h approaches the 
threshold value hth. If the initial value of h corresponded to 
a frequency Which Was greater than the frequency of the 
desired mode of crystal arrangement 12, shoWn as point A1, 
the controller 14 Would then command the VCO 16 to 
decrease the frequency of signal e1. The decrease in fre 
quency of signal e1 causes the value of h to move toWards 
the value of hth along the path indicated by arroW h2. As 
discussed above, When the value of h surpasses the value of 
hth the crystal resonant frequency sensor enters the closed 
loop mode of operation. 

[0035] It is important to note that the controlled operation 
of the VCO 16 can be utiliZed in preliminarily determining 
parameters of different crystal arrangements. For eXample, 
for particular crystal arrangements Where the crystals are in 
contact With a liquid or suspended in a liquid, the oscillator 
can be commanded to sWeep through a frequency range and 
the corresponding value of h can be measured. This infor 
mation can be used during a subsequent measurement of a 
resonant mode frequency by the crystal resonant frequency 
sensor. The negative feedback nature of the crystal resonant 
frequency sensor is an advantage since it is less sensitive to 
varying parameters of crystal arrangements, such as the one 
described above, than a positive feedback system, such as an 
oscillator. 

[0036] Turning back to FIG. 1, the controller 14, the VCO 
16, the phase shifter 18, the second multiplier 22, the second 
?lter 26, and the crystal arrangement 12 comprise the control 
loop during the closed-loop mode of operation. In the 
closed-loop mode the controller 14 adjusts the frequency of 
the VCO 16 in order to drive g toWards Zero. As the 
measured value of g approaches the predetermined value, 
the corresponding frequency of the VCO 16 approaches the 
resonant frequency of the crystal arrangement 12. 

[0037] More speci?cally, as stated above, once the value 
of h as measured by the controller 14 is greater than the 
predetermined value hth, the closed-loop mode of operation 
is initiated. During the closed-loop mode of operation the 
controller also enables input 14b This signal (g) is the 
primary control signal, but 14a (h) is used during the 
closed-loop mode to test for convergence. When the fre 
quency of signal e1 approaches the resonant frequency of the 
crystal arrangement 12, the phase of signal e2 With respect to 
signal e1 approaches 90° and the resultant output 20c (g) of 
the second multiplier approaches a Zero value. The output 
22c of the second multiplier 22 is then provided to the input 
of the second ?lter 26 Where unWanted frequency compo 
nents of the signal are ?ltered. In a preferred embodiment 
the second ?lter 26 is a loW pass ?lter Whose cutoff fre 
quency for g must pass the same requirements as h but 
additionally be signi?cantly larger than the bandWidth of the 
servo loop. The output of the second ?lter 26 is provided as 
input 14b (g) to the controller 14. When the absolute value 
of the input signal 14b (g) of controller 14 is measured to be 
less than some convergence value, the corresponding fre 
quency of signal e1 is the desired resonant frequency of the 
crystal arrangement 12 under test. The resonant frequency 
can be determined, for example, from the voltage used for 
controlling the VCO, or from measurements of the output of 
the VCO using a counter. For loW accuracy applications, the 
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resonant frequency can be determined from the VCO control 
voltage, after calibration of the VCO. For high accuracy 
applications, one of tWo methods for determining resonant 
frequency can be utiliZed. First, an expensive VCO is used 
Where the VCO voltage is calibrated and the resonant 
frequency measurement is derived from the VCO voltage. 
Second, an ordinary VCO is used With a precise counter 
Which can determine the resonant frequency. 

[0038] Turning momentarily back to FIG. 2, the transi 
tional phase betWeen the open-loop mode and the closed 
loop mode of operation can be more easily understood. 
When the value of h at the input of 14a of controller 14 
exceeds the value hth, denoted as point C of the graph, the 
controller 14 enters the closed-loop mode and ignores input 
14a (h) While enabling input 14b It should be noted that 
While the point C is shoWn clearly above the value of hth, this 
is done for purposes of clarity. The actual location of point 
C is dependent on the resolution of the acquisition of h by 
the controller 14, de?ned in part by the gain of the 
system. The controller 14 measures the initial value of input 
14b (g) at this time, denoted gint at point D of the graph. As 
shoWn, the signal g is an approximately linear function over 
the crystal resonant bandWidth. The controller 14 then ?nely 
adjusts the frequency of signal e1 such that the measured 
value of g at input 14b of controller 14 rapidly approaches 
a Zero value, denoted point E of the graph. As discussed 
above, When the value of g is measured to be approximately 
Zero, the frequency of the signal e1 represents the desired 
resonant frequency of the crystal arrangement 12 under test. 

[0039] If, hoWever, the initial value of h corresponds to a 
signal e1 frequency greater than the desired resonant fre 
quency, the initial value of g Will be positive. The controller 
14, attempting to minimiZe g, decreases the frequency of 
signal e1. 

[0040] At this point it is important to note that the phase 
shifter 18 may be replaced by a generaliZed netWork in order 
to determine the desired resonant modes of other tWo-port 
resonant devices. Like the crystal arrangement discussed 
above, such tWo-port devices Would comprise an input 
Which receives the e1 signal from the generaliZed netWork, 
and an output Which Would be measured to determine the 
signal e2. The loop dynamics Would be consistent With that 
stated above Wherein the signal g represents an error func 
tion of the frequency error betWeen the resonant frequency 
and the oscillator frequency With the value equaling a 
predetermined value, such as a Zero value, at Zero error. The 
generaliZed netWork Would be designed such that the error 
function converges to the desired predetermined value. 

[0041] Additionally, it Would be apparent to one of ordi 
nary skill in the art to combine all or a part of the elements 
described above into a single element. For example, micro 
controllers or other similar microprocessor based devices 
have become more readily available in the past decade. Such 
devices, for example a controller chip from the Motorola 
M68HCXX family of products, typically have standard 
features that provide I/O for receiving digital and analog 
information and memory for user programs and standard 
functions. The selection of a particular controller chip, for 
example an eight bit chip (M68HC11) versus a sixteen bit 
chip (M68HC16), depends on the accuracy required for the 
frequency command to the VCO 16. Once selected, the 
controller chip could be programmed to provide a command 
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to the VCO 16 to excite the crystal With a sinusoidal signal 
of a given frequency. As such, a suitable digital signal 
processor (DSP) device can be used to implement a number 
of the discrete functions shoWn in FIG. 1. 

[0042] Assuming a purely capacitive phase shifter With 
capacitance, CO, the crystal arrangement 12, Which as shoWn 
is an equivalent representation of an actual crystal device, 
may be modeled by the folloWing normaliZed ?rst order 
equations Which describe the four element resonant circuit 
of the crystal arrangement 12: 

4-- 2g 2% ‘1) 
dz 

@ _ (2) 
dz _ 

_ (C061 —q) (3) 

_ (C0 + Cd) 

[0043] Where: 

[0044] CO=the capacitance across phase shifter 18; 

[0045] The variables q, v, el, and 000 may be further 
de?ned as folloWs: 

[0046] Where the variables E and 11 describe a response 
envelope of the crystal arrangement 12. Substituting the 
de?ning equations (4) for q and v into the differential 
equations of (1) and (2) above results in a pair of differential 
equations in terms of the envelope parameters E and 11. The 
envelope variables E and 11 are then assumed to vary sloWly 
compared to a period of oscillation and the folloWing 
differential equations for the envelope are obtained: 
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[0047] Where: 

[0048] The error signal g and the signal h, can be char 
acteriZed in terms of the response of the crystal arrangement 
12 to the voltage-controlled oscillator 16 excitation by the 
folloWing: 

[0049] The control dynamics of the voltage-controlled 
oscillator 16 can be modeled as a sinusoidal signal With a 
given phase, as folloWs: 

e1=E1 cos((nt+q)) (7) 

[0050] Where: 

[0051] u) is a constant “nominal frequency” param 
eter; and 

[0052] e1 is the voltage-controlled oscillator output 
voltage. 

[0053] Further, the change of phase, since the phase is a 
sloWly varying function of time as compared With the period 
of oscillation, can be represented by: 

dgo (8) 

[0054] Where: 

[0055] Q is the command to the voltage-controlled 
oscillator in radian frequency; and 

[0056] Qn is the frequency noise referred to the input 
of the voltage-controlled oscillator 16. 

[0057] The feedback control laW corresponding to the 
closed-loop mode of operation around the error signal g is 
de?ned as: 

M] (9) 

[0058] Where K is the gain of the feedback loop. 

[0059] Equation (9) provides an integration so that a 
constant error in frequency g is integrated With respect to 
time and thus increases the command Q to the voltage 
controlled oscillator 16 until feedback decreases the error g 
and the command Q settles to a constant value. The com 
mand Q represents a proportional frequency change in the 
output signal e1 of the voltage-controlled oscillator 16. 
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[0060] In order to determine hoW close the voltage-con 
trolled oscillator 16 output frequency is to the resonant 
frequency of the crystal arrangement 12 the steady state 
response of the crystal resonant frequency sensor 10 is 
calculated from equations (5) through In steady-state the 
phase 4) advances With constant frequency Q5 and the value 
of the error signal g is equal to Zero. Using classical 
sinusoidal methods, equations (5) through (9) above are 
solved to obtain the steady state condition for the error signal 
gl 

9. ]_ (10) 

[0061] Equation (10) then must be solved for £25 in order 
to determine the corresponding resonant frequency of the 
crystal arrangement 12. 

[0062] Referring noW to FIG. 3, FIG. 4, and FIG. 5, a 
How chart 30 is shoWn depicting a method in accordance 
With this invention. Speci?cally, FIG. 3 shoWs an initial 
iZation part of the method depicted in the How chart 30 
initiated With a ?rst start step 32. Step 32 is folloWed by a 
step 34 Where the user enters one or more parameters, as 
described above, into the controller 14 via an input device 
such as the keypad 14d. Upon receiving the user input the 
controller 14 calculates the operating parameters in a step 
36. Once the operating parameters are calculated the open 
loop mode of operation is initiated in a step 38. 

[0063] FolloWing the circled-1 to FIG. 4, in a step 40 the 
controller 14 commands the VCO 16 to provide the signal e1 
at a given frequency Which Was determined in step 36. The 
value of the amplitude signal h is then measured by the 
controller 14 in a step 42. In a step 44 the controller 14 
compares the value of h With a predetermined value hth 
calculated in the step 36. If the value of h is less than the 
value of the signal hth the controller 14 commands the VCO 
16 to adjust the frequency of signal e1 in a step 46. Steps 42, 
44, and 46 are repeated until the value of the signal h is 
greater than the value of the signal hth. If, during the step 44, 
the value of signal h is determined to be greater than the 
value of the signal hth by the controller 14, the controller 14 
initiates the closed-loop mode of operation in a step 48. 

[0064] FolloWing the circled-2 to FIG. 5, in a step 50 the 
controller 14 measures the value of the error signal g. In a 
step 52 the controller 14 determines Whether the absolute 
value of the error signal g is less than the convergence value 
calculated in step 36. If the absolute value of the error signal 
g is found not to be less than the convergence value of the 
controller 14, the “NO” path is folloWed from step 52 to a 
step 54. In step 54, the controller 14 adjusts the control input 
to the VCO 16 such that the frequency of the signal e1 is 
adjusted in proportion to the signal g, but in the opposite 
polarity to create a negative feedback control system Well 
knoWn to those Well-versed in the art. 

[0065] Steps 50, 52 and 54 are repeated until the absolute 
value of the error signal g is less than the convergence value. 
If, during the step 52, the absolute value of the error signal 
g is determined to be less than the convergence value by the 
controller 14, the controller 14, in step 56 determines if the 
closed-loop system has truly converged. For eXample, if the 
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controller 14 measures the value of the signal h to be less 
than three times the predetermined value hth then the con 
troller Will recalculate the operating parameters and reini 
tiate the open-loop mode of operation, as depicted by 
following the circled-3 of FIG. 5 to the step 36 of FIG. 3. 
If the controller 14 determines that the closed-loop system 
has properly converged (for example h>3 hth), the controller 
14, in a step 58 stops the adjustment of the frequency of 
signal e1. 

[0066] Next, referring to FIG. 6 and FIG. 7 an example of 
a typical response of the crystal resonant frequency sensor 
10 is shoWn. For this example the crystal arrangement 12 is 
considered to have a Q of 10,000 and a resonant frequency 
fO of 10 MHZ. The calculated threshold value hth for this 
example is 200 (the units of FIGS. 6 and 7 are normaliZed 
units Which represent a digital count). As is shoWn in the plot 
of FIG. 6, the crystal arrangement 12 may have several 
resonant modes. HoWever, once the threshold value hth is 
achieved the closed-loop mode of operation is initiated and 
the amplitude of the signal e2 increases as the output signal 
e1 of the voltage controlled oscillator 16 approaches the 
resonant frequency of crystal arrangement 12. 

[0067] FIG. 7 shoWs the frequency error in HZ converging 
from an initial value of 4 kHZ to a ?nal value of approxi 
mately Zero HZ. The slope discontinuity of the curve in FIG. 
7, at about time=1600 microseconds, coincides With the 
closure of the loop. 

[0068] Using crystal oscillators to detect the presence of 
various chemicals is knoWn in the art. For example, in US. 
Pat. No. 5,179,028 (Vali et al.) a high Q crystal oscillator is 
used to measure concentrations of speci?c chemicals of 
interest in the general vicinity of the high Q crystal oscil 
lator. It can be appreciated that the operation of the crystal 
resonant frequency sensor 10 of this invention can be 
applied to advantage in the determination of chemical con 
centrations as described in Vali et al., since the crystal 
resonant frequency sensor 10 ef?ciently determines the 
resonant modes of the high Q crystal oscillator, representing 
the presence of a chemical of interest. That is, the teaching 
of this invention can be employed to determine resonator 
properties Which are in?uenced by an external agency, such 
as a change in mass due to the presence of a chemical species 
of interest, a change in temperature, a change in pressure, 
and other factors that can in?uence the resonant modes of a 
resonator. 

[0069] In FIG. 8, a normaliZed input signal is plotted With 
respect to frequency. FIG. 8 illustrates the oscillatory prop 
erties of a device under test by a frequency sensor in 
accordance With the present invention. As shoWn, there are 
three points at Which the signal goes to Zero. The three points 
represent three, closely spaced resonant frequencies of the 
device under test. The later tWo points represent spurious 
resonance and are generally undesirable. While undesirable, 
measurements Which detail the spurious resonance of a 
device under test reveal information about the transverse 
oscillatory properties of the device. Thus, reducing the 
transverse oscillatory properties improve the design of the 
device. It is possible, by varying the phase shifter 18, to 
improve the selectivity of the later tWo points and thus 
improve the precision of the estimates of all three frequen 
cies. Such variations might include varying the capacitance 
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of a purely capacitive phase shifter or including other 
passive elements such as an inductor or a combination of 
passive elements. 

[0070] In FIG. 9, a schematic diagram of a tWo-port 
mechanical structure Whose resonant characteristics can be 
measured by the present invention is shoWn. As in the above 
discussion of the Vali et al. patent, the resonant character 
istics of a highly oscillatory system, either mechanical or 
electrical, can be measured With the crystal resonant fre 
quency sensor 10 and the evaluation method as outlined 
above. Thus, the teachings of this invention can be employed 
to determine resonator properties Which are in?uenced by an 
external agency. That is, the sensor can measure an accel 

eration a1, determined by masses m1 and m2, springs k1, and 
k2, dampers b1 and b2, and an applied force F1. 

[0071] Accordingly, an electrical signal from the VCO 
may be sent to a linear, electro-magnetic actuator, such as a 
BEI model LA-30-27-001 Which is capable of producing a 
desired force for a desired current. The resultant acceleration 
of the mass could be measured using a variety of acceler 
ometers such as an Entran Model EGCS-A1-2/Z1/L2M/RS, 
Which provides a voltage proportional to acceleration. The 
output of the phase shifter 12a may be used to drive the 
linear actuator. The signal e2 Would be the output of the 
accelerometer. OtherWise, the operation of the sensor 10 
proceeds substantially as described previously. 

[0072] As an example of the response of this mechanical 
system, FIG. 10 shoWs the magnitude of the acceleration of 
mass ml for constant amplitudes of force at various signals. 
The graph in FIG. 10 shoWing the response of the mechani 
cal system has more than one resonant peak. Using a purely 
capacitive phase shifter as before, the expected error signal 
g may be calculated. This is shoWn in FIG. 11 for the ?rst 
peak and FIG. 12 for the second peak. This signal provides 
a very linear region around the resonant point of the system. 

[0073] Though the present invention has been described 
With particular reference to the crystal resonant frequency 
sensor 10, the teachings of this invention may be used in a 
precision, linear, crystal-controlled oscillator. In this case, 
the controller Would continue to operate continuously in the 
closed-loop mode. Here, the convergence value may signal 
that the circuit Was oscillating stably at the desired fre 
quency. The output of the VCO provides the output of the 
system that could be used for a variety of applications. This 
approach greatly relaxes the manufacturing tolerances on 
crystals for use in precision oscillators. 

[0074] Thus, While the invention has been particularly 
shoWn and described With respect to preferred embodiments 
thereof, it Will be understood by those skilled in the art that 
changes in form and details may be made therein Without 
departing from the scope and spirit of the invention. 

What is claimed is: 
1. A sensor for measuring the frequency of a desired 

resonant mode of a crystal arrangement, comprising: 

a voltage-controlled oscillator having an input and an 
output, said oscillator being adapted to provide an 
oscillating output signal Whose frequency is responsive 
to a command signal at said input of said oscillator; and 

a phase shifter having an input and an output, said input 
of said phase shifter electrically coupled to said output 
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of said voltage-controlled oscillator wherein an error 
signal is generated Which is proportional to a phase 
difference betWeen said input of said phase shifter and 
said output of said phase shifter, said crystal arrange 
ment electrically connected in shunt With said output of 
said phase shifter; 

Wherein said voltage-controlled oscillator and said phase 
shifter form part of a control loop, Wherein When said 
output of said phase shifter eXceeds a predetermined 
threshold value and a value of said error signal that 
equals a predetermined value the frequency of said 
oscillating output of said voltage-controlled oscillator 
is correlated With the frequency of said desired mode of 
said crystal arrangement. 

2. A sensor as in claim 1, Wherein said predetermined 
value is Zero. 

3. A sensor as in claim 1, Wherein said phase shifter is 
comprised of a capacitor. 

4. A sensor as in claim 1 further comprising: 

a ?rst multiplier circuit having at least tWo inputs and one 
output, tWo of said inputs of said ?rst multiplier being 
electrically coupled With said output of said phase 
shifter, Wherein a passive response of said crystal 
arrangement is ampli?ed; and 

a second multiplier circuit having at least tWo inputs and 
one output, one of said inputs being electrically 
coupled With said output of said voltage-controlled 
oscillator, said second of said inputs being electrically 
coupled to said output of said phase shifter, said output 
of said second multiplier de?ning said error signal 
related to said desired resonant mode. 

5. A sensor as in claim 1 further comprising a controller 
having at least tWo inputs and at least one output, said 
controller being a part of said control loop Wherein said 
output is electrically coupled to said input of said voltage 
controlled oscillator for providing said command signal, one 
of said inputs is electrically coupled to said output of said 
phase shifter, and a second of said inputs is electrically 
coupled to said error signal. 

6. A sensor as in claim 4 further comprising: 

a ?rst ?lter circuit electrically disposed Within said control 
loop, said ?rst ?lter circuit being electrically coupled to 
said output of said ?rst multiplier, said ?rst ?lter circuit 
having an input and an output and being responsive to 
said output of said ?rst multiplier applied to said input 
of said ?rst ?lter circuit for providing a ?ltered output 
signal to said control loop; and 

a second ?lter circuit electrically disposed Within said 
control loop, said second ?lter circuit being electrically 
coupled to said output of said second multiplier, said 
second ?lter circuit having an input and an output and 
being responsive to said output of said second multi 
plier applied to said input of said second ?lter circuit 
for providing a ?ltered output signal to said control 
loop. 

7. A sensor as in claim 4 further comprising a controller 
having at least tWo inputs and at least one output, said 
controller being a part of said control loop, Wherein said 
output is electrically coupled to said input of said voltage 
controlled oscillator for providing said command signal, one 
of said inputs is electrically coupled to said output of said 
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?rst multiplier, and a second of said inputs is electrically 
coupled to said output of said second multiplier. 

8. A sensor as in claim 7 further comprising: 

a ?rst ?lter circuit electrically disposed betWeen said 
output of said ?rst multiplier and said controller, said 
?rst ?lter circuit having an input and an output and 
being responsive to said output of said ?rst multiplier 
applied to said input of said ?rst ?lter circuit for 
providing a ?ltered output signal to said ?rst input of 
said controller, said output of said ?rst ?lter circuit 
de?ning a signal proportional to an amplitude response 
of said crystal arrangement to said oscillating output 
signal of said voltage-controlled oscillator; and 

a second ?lter circuit electrically disposed betWeen said 
output of said second multiplier and said controller, 
said second ?lter circuit having an input and an output 
and being responsive to said output of said second 
multiplier applied to said input of said second ?lter 
circuit for providing a ?ltered output signal to said 
second input of said controller, said output of said 
second multiplier de?ning an error signal indicative of 
a desired resonant mode of said crystal arrangement. 

9. A sensor as in claim 8, Wherein said controller is 
programmable, and further comprising means for program 
ming said programmable controller. 

10. A sensor as in claim 9, Wherein said means for 
programming said programmable controller includes an 
input device for passing user inputted parameters to said 
programmable controller. 

11. A sensor as in claim 1, further comprising: 

a microprocessor having at least tWo inputs and one 
output, one of said inputs being electrically coupled to 
said output of said phase shifter, a second of said inputs 
being electrically coupled to said output of said volt 
age-controlled oscillator, said output of said micropro 
cessor providing said command signal at said input of 
said voltage-controlled oscillator; 

Wherein said voltage-controlled oscillator, said phase 
shifter, and said micro-processor form said control 
loop, said microprocessor monitors said output of said 
phase shifter and said error signal to adjust said com 
mand signal such that said output of said phase shifter 
approaches said predetermined threshold value and 
said error signal approaches said predetermined value. 

12. A sensor for measuring the resonant frequency of 
multiple, closely spaced modes of a crystal arrangement, 
comprising: 

a voltage-controlled oscillator having an input and an 
output, said oscillator being adapted to provide an 
oscillating output signal Whose frequency is responsive 
to a command signal at said input of said oscillator; 

a programmable phase shifter having an input and an 
output, Wherein an error signal is generated Which is 
proportional to a phase difference betWeen said input of 
said programmable phase shifter and said output of said 
programmable phase shifter, said input of said pro 
grammable phase shifter electrically coupled to said 
output of said voltage-controlled oscillator, Wherein 
said crystal arrangement being electrically connected in 
shunt With said output of said programmable phase 
shifter; 






