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FM DETECTION SYSTEM FOR USE WITH VARIABLE-FREQUENCY TRANSDUCERS
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ABSTRACT

An FM quadrature detection system for use with variable-frequency transducers is described. The signal from the
wransducer oscillator is mixed with the signal from a crystal-controlled reference oscillator to produce an intermediate
frequency signal which is amplified and input to an FM quadrature detector chip. The result is a high-resolution (to
10 ), high linearity (+0.5%), low-noise detection system for use with variable-capacitance or variable-inductance
transducers. Applications include displacement, pressure, and vibration measurements.

INTRODUCTION

The effective excitation of a variable-capacitance or variable-inductance transducer is frequently a smali
mechanical displacement of a dielectric or ferromagnetic core relative to fixed capacitor plates or an inductance coil.
Actual excitation need not be a mechanical displacement, but only a stimulus that can be converted to such a
displacement. The transducer element so established (variable capacitor or inductor) is used in the frequency-
determining circuit of an electronic oscillator, such that a change in frequency of oscillation occurs when ' the
transducer is excited. The transducer-3ystem output is thus a frequency-modulated signal, for which historically,
many different detection schemes have been proposed. These include FM limiter-discriminator methods, marginal
oscillators, and frequency-to-voltage convertors. The method described herein incorporates an available FM
quadrature-detector microcircuit chip to produce a very linear, high-sensitivity, low-noise transducer signal-detection
system, This system exhibits a better signal-to-noise ratio than can be obtained using marginal-oscillator methods,
and has a considerably higher resolution than can be obtained by the use of conventional frequency-to-voltage

convertor chips. It does not require a balanced-discriminator transformer associated with limiter-discriminator
methods,

SYSTEM IMPLEMENTATION

Figure 1 is a block diagram of the basic system. Figure 2 is the complete circuit schematic less power
supplies. Both oscillators use the Colpitts configuration. The crystal-controiled reference oscillator is a common-
emitter circuit with a small amount of emitter degeneration (negative feedback) to stabilize the circuit and improve
output wave form. This is accomplished by the use of the unbypassed 330-0 resistor in the emitter circuit. The
transducer oscillator is a common-base configuration with the output taken from the emitter. This arrangement
produces good frequency stability against cutput-load fluctuations. The trimmer capacitor (C1) fine-tunes the
oscillator, such that when there is no transducer excitation, the output frequency is 10.7 MHz above the reference-
oscillator frequency. :

The base frequencies of the two oscillators are not critical. The only requirement is that they differ by 10.7
MHz, For this project, 2 6.144 MHz crystal was used only because it was available, but this frequency has no
theoretical significance. Normally one would attempt to select a transducer-oscillator frequency such that Af is
maximized with respect to AC or AL.

The prototype system described herein uses a variable-inductance element, simply for calibration convenience.
Use of a dual-gate MOSFET as a mixer promotes good mixing action with conversion gain, and circuit simplicity.
Gate 1 (transducer-oscillator input) is operated at 0 VDC via a 100k discharge resistor. Gate 2 is operated at 0.8
VDC, which optimizes mixing action (as determined experimentally for the 3N211). The mixer output transformer
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serves as both the 10.7 MHz output-tuning circuit for the mixet, and the impedance-matching network to the first [F
amplifier. The two-stage IF amplifier is a modified version of a circuit recommended by the Radio Corporation of
America (Linear Integrated Circuits manual) for use with the CA3189N quadrature detector.

With reference to Figure 2, note that all of the radio-frequency stages have been isolated from the 12-VDC bias
supply by radio-frequency chokes and bypass capacitors. This is very important to ensure circuit stability.
Conventional 10.7 MHz ceramic filters, which require no tuning, designed for use in FM receivers are used in the IF
amplifier. The circuit configuration for the 3189 chip has been modified to some extent from the design
recommended for FM receiver use by RCA. The 3189 chip provides several functions for FM receiver use (delayed
AGC output, muting control, signal-strength-meter output, AFC output) which are not required in the present
application. Deletion of these functions required several circuit-configuration changes. The double-tuned coil in the
phase-shifting circuit of the quadrature detector provides lower harmonic distortion than can be obtained with a

single-tuned coil. The purpose of this coil is to provide the 90" signal phase shift that is the basis for quadrature
detection

CIRCUIT ADJUSTMENTS

The following adjustments are necessary after the circuit has been constructed: The unit is supplied with +12
VDC and an oscilloscope probe is connected to pin 1 of the 3189 chip. The two trimmer capacitors are adjusted
until 2 maximum and stable 10.7 MHz signal is obtained. The actual frequency may differ slightly from 10.7 MHz
depending upon the exact center frequency of the ceramic-filter combination. The output signal levels from the two
oscillators should be in the range from 3 to 5 volts peak-to-peak. The signal level at pin 1 should be in the range
from 2 to 3 volts peak-to-peak.

The oscilloscope probe is now shifted to pin 6 (output) of the 3189 for adjustment of the phase-shifting coil.
At this point, the transducer should be driven sinusoidally (somewhere in the range from 0.1 to 1 kHz is preferred).
The primary-coil tuning slug is adjusted until an undistorted sinusoidal wave form is obtained. The secondary-coil
tuning slug is then adjusted for maximum output. If an audio distortion analyzer is available, it should also be
connected to pin 6 and the two coil-adjusting slugs adjusted for minimum harmonic distortion in the output signal.
This completes the alignment procedure.

SYSTEM CALIBRATION

Since the system described in this paper is a prototype, careful calibration was required. The "transducer”
element is a single-layer close-wound solenoid composed of 22 turns of #24 AWG varnish-coated copper wire on a
0.280 inch diameter (outside diameter) nylon form (Bell Industries 4200 series) The coil tuning element is a
cylindrical ferrite bead 0.070 inch in diameter by 0.20 inch long. The bead is cemented to the end of a glass capillary
tube, the other end of which is attached to the shaft extension of an electromechanical driving transducer, The bead is
located coaxially at the approximate center of the solenoid. The general calibation system is shown schematically in
Figure 3.

The purpose of the external driving transducer is for calibration only. It simulates a mechanical input to the
variable-inductance transducer, and facilitates driving the ferrite bead sinusoidally. The device selected was a Pye-
Ling Type V47 vibration-generator manufactured by LTV Ling Altec, Ltd. in England. The drive-shaft of this unit
is connected to the armature of a Hewlett Packard (Waltham Division) 7DCDT-050 DC-DC LVDT, which monitors
the mechanical exictation (vibration) produced by the V47. This procedure provides verification that the V47 is
producing linear sinusoidal motion of the drive shaft. The LVDT has a maximum stroke range of £0.050 inches
with linearity of £0.5%. The glass capillary tube is attached to the armature of the LVDT. The LVDT requires a 6-
volt DC bias supply and generates an internal AC carrier signal, which is internally rectified to produce (with some
10 kHz ripple) a DC ouput signal that is proportional to the position of the armature. The V47, which has an input
impedance of 3 £, was driven by a custom-made low-distortion power amplifier (PA in Fig. 2). A Wavetek model
148A function generator provided the signal source for the power amplifier and V47. This portion of the
experimental setup simply provided a monitored mechanical sinusoidal excitation for the ferrite bead to displace it
vertically (and coaxially) within the solenoid. The result is a sinusoidally-driven linear change in inductance of the
"ransducer” coil as the ferrite bead is displaced mechanically,

To obtain data relating to mechanical-displacement versus drive-voltage-amplitude, the shaft displacement was

2
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measured using a dial gauge (Figure 4) while the V47 was excited with both DC and low-frequency AC (< 1 Hz)
voltages. This step provided both static and dynamic calibration for the V47 and the LVDT, and verified calibration
repeatability. The results are presented in Figure 5, which shows that the LVDT output is indeed linear with respect
to displacement. The polarity shift (negative ouput voltage for positive displacement), relates only to the electrical
excitation of the LVDT and has no significance. The slight offset at 0 is produced by the armature not being at the
electrical center of the LVDT under conditions of zero excitation. This is not a problem associated with the LVDT,
but rather a mechanical positioning problem associated with the extended shaft assembly. The displacement range
was limited to +0.040 inch which is less than the maximum operating range of the LVDT monitor (stroke range =
+0.050 inch). The slope-characteristic of the LVDT was determined as 46.15 volts/inch (static) and 47.0 volts/inch
(dynamic). The response slope is a function of the extemal electrical load placed on this unit.

The next step was the frequency-shift (deviation) calibration for the system, The V47 was driven to produce
known displacements based upon the previous calibration procedure. As is also shown in Figure 5, the frequency-
deviation curve is smooth, but not linear with displacement. This is to be expected, since for a resonant circuit:

f= [2,((11_(:)1!2}—1
AL = - UrCL/2)-1L-312
/3C = - [4nLV2)-1C-3/2

Based upon actual measurements, the frequency deviation of the transducer oscillator is linear (to three significant
figures) for the displacement range: - 0.005 inch — + 0.010 inch, and this is a function of the electrical placement
of the ferrite bead (in this case) within the solenoid. The 9f/dL (or 9f/dC) nonlinearity presents no difficulty, since
by its operation, the quadrature detector corrects for this sitation.

SYSTEM PERFORMANCE

After calibration, to test the system, it was driven using sinusoidal excitations ranging from 0.01 Hz to
approximately 1 kHz. The upper frequency limit was imposed by the V47 external drive generator and not by the
detection system. The detector-system ouput was taken directly from pin 6 of the 3189. The ouput signals thus
obtained from the system and the LVDT were overlaid on the screen of a Tektronix 2235 oscilloscope, and were
found to track exactly over the displacement range of +0.040 inch. The output voltage obtained from pin 6 of the
3189 is to some extent a function of the individual chip tested. With reference to Figure 5, the voltage scale (on the
left side of the plot) represents the DC output or AC peak voltage ouput of the LVDT as a function of displacement.
The 3189 output voltage was exactly 55% of the LVDT output voltage. The minimum usable output voltage from
the 3189 was 20 mV peak-to-peak (10 mV peak; S/N = 10.1), which corresponds to 18.18 mV peak (or DC) relative
to the LVDT ouput. Using the dynamic slope-characteristic for the LVDT of 47.0 volts/inch, 18.18 mV translates
to a displacement of 0.000388 inch = 0.00986 mm = 10 um. Thus the practical displacement detection limit for
this system is 10 microns. The system linearity is at least as good as the HP LVDT which is rated at +0.5%.

The S/N (signal-to-noise) figures were measured at 100 Hz excitation frequency using a Keithley true-rms-
reading digital voltmeter, For a 1 V peak-to-peak output signal level at pin 6 of the 3189, S/N = 173.0:1 = 44.76
dB =45dB.

According to the RCA specifications for the CA3189, the minimum AM rejection limit is 45 dB. The typical
total harmoninc distortion (THD) for this chip when a double-tuned quadrature coil is used is 0.1% for Af = +75 kHz.
Typical system output wave forms are shown in Fig. 6. The experimental setup and circuit board are shown
respectively in Figures 7 and 8. It was necessary to use high-density-foam supports beneath the V47 assembly and
the circuit board during system evaluation to eliminate normal laboratory vibrations. This detection system is
sufficiently sensitiye in the prototype design described herein that it detects changes in air currents from the building
air-handling system.

The detector circuit is contained on a double-ground-plane printed-circuit board which measures 8.5 cm x 14 cm.
Double-ground-plane construction (both top and bottom of board) is preferable in radio-frequency design to ensure
stable circuit operation. Extra space was provided on the board for an emitter-follower output stage following the
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3189 chip, but its use was not necessary.
TYPICAL APPLICATION ~— Pressure Measuremens

Figure 9 illustrates a typical pressure-measurement application for the system described. The pressure
transducers are small cylinders with a pressure diaphragm located at one end, and they are vented to ambient pressure
at the opposite end so that changes in barometric pressure do not influence measurement. The end to which the
diaphragm is attached can be threaded, or equipped with some other coupling mechanism, so that it can be introduced
into the pressure system. A light-weight, rigid, non-metallic rod is attached to the center of the back of the
diaphragm. The opposite end of this rod is attached either to a ferrite bead which moves coaxially within a coil (as
in the calibration system described above), or to a dielectric element that moves between two capacitor plates. In
this manner, either a variable inductance pressure transducer er a variable capacitance pressure transducer is created.
These transducers are then used as the tuning elements for transducer oscillators of the type described above.

SUMMARY *

As documented in the "System Performance™ section above, the unit described in this paper provides a stable
high-sensitivity (10 pm lower limit), high-linearity (£0.5%), low-distortion (= 0.1% for Af limited to +75 kHz),
low-noise (§/N = 45 dB) detection system for variable-capacitance or variablz-inductance transducers in which
effective excitation is a mechanical displacement. The basis of operation is the hetrodyne principle using a variable-
frequency transducer oscillator and a crystal reference oscillator. A MOSFET mixer, ceramic-filter-based IF amplifier
and quadrature detector IC complete the design. '

The individual frequencies of the two oscillators are not critical; the only requirement is that they differ by 10.7
MHz in this design. Other quadrature detector chips can be used, such as the MC1357 (10.7 MHz), CA3089 (10.7

" MHz) or the MC1358 (4.5 or 5.5 MHz with appropriate ceramic filters). The circuit shown in Fig. 2 has a
component cost (including the 2-pole filter, but excluding the 12 VDC power supply) of approximately $35.00
(US). Applications of this design are limited only by the imagination of the researcher. Typical applications are:
vibration sensing; pressure transducers in which the motion of a pressure diaphragm translates to a displacement;
linear' displacemnent transducers. Actual overall system performance (linearity, sensitivity, etc.) will depend upon the
transducer configuration used

When a variable capacitance element is used as the transducer, the coil L is fixed (although it may be slug-tuned
for fine tuning of the oscillator). In this case C1; becomes the transducer element; otherwise the system remains
unchanged.
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