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[57] ABSTRACT 

Disclosed is a transducer incorporating a piezoelectric 
device for converting physical forces into an electrical 
signal. A high input impedance, low output impedance 
voltage operated amplifying device, preferably in the 
form of a P-c'hannel enhancement MOS transistor, is 
combined with the piezoelectric element and supplied 
over a conventional single coax or two-wire cable 
from a remote power supply. The MOS transistor may 
be connected‘ t'o*~the coaxial cable through a junction 
transistor. 

13 Claims, 6 Drawing Figures 
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1 . . . 

‘ PIEZOE‘LECTRIC TRANSDUCER 

.. Matter enclosed in heavy. brackets I: 1 appears in the 
original patent butlorms no part- of this‘ reissue specifi 
cation; matter printedin italics indicates the additions 
made, by reissue. > 

This application is a continuation of copending appli 
cation Ser. No, 471,934 ?led July 14, 1965., now 
abandoned. .; , .- . ‘ . 

This invention relates to transducers for converting 
physical forces-into an electrical. signal‘ and more par 
ticularly to piezoelectric devices of this type'suitable 
for useas accelerometers, as blast and-‘rocket motor 
pressure;monitors, for measuring vibration shock, for 
use. in, force gauges, and for awidevariety of other ap 
plications involving force measurementsThe unit of 
the present invention isparticuiarly adapted to take ad 
vantage of the/desirable ,properties of piezoelectric ' 
quartz materials and provides a high level voltage out 
put at. an extremelylow impedance, making it possible 
to transmit signalsovera single coaxial connector to a 
remote station at distances of as much as a quarter of 
a mile- or‘ more. , . . 

Transducers ofthe self-generating, piezoelectric type 
are very popular since they. may have a high natural fre 
quency, good rigidity, andoffer simple construction. 
However the signal from these devices is somewhat dif 
?cuitto handle since the basic’ output is a charge, nor 
mally necessitating the use of high; impedance cabling, 
connections, andvampli?ers. The cathode follqwer was 
among the firsttype of ampli?er used to follow piezo 
electric transducer ontput signals. The cathode fol 
lower has the advantage of possessing'a relatively high 
input impedance, (approximately 109 ohms) but re 
quires a voltage input. In the past this voltage input has 
generally been provided by adding a capacity between 
thelinput to the cathode follower and the ground refer 
ence. Thus, the input voltage to the cathode follower 
is equal to theinput charge dividedby the inputsource 
capacity. Usually the input capacity is furnished by the 
source capacity of the transducer’ itself along with the 
capacity‘ of the ‘cable connecting the transducer to the 
cathode follower ampli?ein, One'jof the serious“ disad 
vantages attendant to the use of a cathode follower lies 
in the fact that if the input cable" between the trans 
ducerand ampli?er is lengthened, a de'c as‘e in'voltage 
is applied to the cathode follower; ' t ‘the overall 
voltage gain of the system‘i's' seriouslyr dependentupon 
cablelength. Additionalvproblems'in the vuse of cathode 
follower-sis the limited low frequency response “‘due to 
limited input impedance, the fact that the low fre 
quency ir'espgns‘e isv dependent 'o‘nf cable leakage, low 
voltage ampli?cation ('usually'abou't 0.9),vthe require 
ment'that?thercathode follower be located close vto the 
transducer to prcl'iibit“ voltage attenuation, and ?nally 
poor linearity._' ' ‘ ‘ '0 i ’ ' a 

Some of the problems'iin the‘ use of cathode followers 
may be removed applying" afeedback voltage to the 
ground lead?of the piezoelectric transducer.’ in this 
manner,‘tlie'input'calile be lengthened without se 
vere attenuation- although the noise threshold does in‘ 
crease; However this partial solution presents its own 
problems, includingfthe fact ‘that the transducer must 
be isolated, from ground, ‘the feedback signal must be 
applied to a large capacitive load requiring large peak ‘ 
current for high frequency response, the low frequency 
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responsefis'still‘ limited by shunt resistance, a'triaxial 
‘cable is required ‘and the stability of the feedback signal 

' in order to‘avoid some of the problems ‘of cathode 
followers, it was proposed to follow the output signal of 
the piezoelectric transducer by means of a capacitive 
feedback or charge ampli?er as ‘first disclosed in Swiss 
Pat. No. 267,431 published Jun. 16, 1950. With- this 
technique, the effective’ input capacitance appears as 
the'kfeedb’ack capacity multiplied: by substantially the 
ampli?er “gain. In this arrangement, changesin source 
capacity have little effect if ‘the loop gain highqThe 
low‘ frequency response is improved since source leak 
age is shunted ‘by this high input capacity and since the 
voltage across‘ the transducer is'maintained near zero 
55, the‘ feedback action of'the charge ampli?er, little 
currentflows' through source leakage. in addition, the 
charge amplifier has good linearity and good sensitivity 
as' the output voltage depends‘on the value'of feedback 
capacity which may be made ‘small, stable ‘gain since 
the output voltage depends‘ mainly on the stability'of 
the feedback‘ capacity which can be made good by 
proper selection, and finally the charge ampli?er pres 
ent‘s good frequency response. ' I ' I ' ' ‘ 

While the charge ampli?er constitutes a substantial 
improvement over the earlier cathode follower devices 
used to follow the output signal of a piezoelectric trans 
ducer, the charge amplifier is not without certain disad 
vantages. These include the factv that although the ~input 
‘gain does not decrease appreciably with increase of 
input capacity the noise does increase’ in proportion to 
capacity increase. Likewise although good low fre 
quency response is achieved in the charge ampli?er 
with source leakage resistance,‘ the bias and thus'the 
DC stability is affected by source leakage. This usually 
necessitates the use of a feedback resistance in order'to 
maintain the output bias level; Finally, in charge ampli 
fiers the high frequency stability is dif?cult to maintain 
because of the initial phase lag due’ to: the capacitive 

feedback. ‘ ' ' All'of the known ‘systems previously described suffer 

from certain common disadvantages in that all of the 
systems require low leakage cables'that do not generate 
charge signals when ?exed. The use of such cables ‘in 
environments where moisture and mechanical stress is 
encountered is I prohibited. ‘While charge amplifiers 
have been combined with‘the transducers, Le. incorpo 
rated in the same package, this requires multiconduc 
tor cabling'to the power supply, increases the size of 
the ‘transducer package, limits the temperature envi 
ronmerit of the transducen'an‘d makes low frequency 
‘response dif?cult. 

" In order to avoid the above-mentioned difficulties as 
well as others‘, the present invention provides a novel 
piezoelectric“? transducer wherein a high‘input impe 
dance voltage operated amplifying device is combined 
'witliit'he‘transduccr element in the transducer package 
and supplied vover a conventional single coax‘ or two 
wire c'abIe'A‘frOma remote power supply. The device of 
'the'i'presen't 'invention in'addition to eliminating the 
above-mentioned difficulties provides for static‘ re 
sponse, permits a decreasein‘Tthe insulation of the 
transducer since this does not cause divergent" drift of 
the output,‘ and makes-use‘of cables‘ha'ving'an insula 

Htion resistance of down‘to' 100,000 ohms. Charge gen 
eration due to ?exing of the cables doesnot seriously 
affect the device and changes in cable capacity do not 
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produce any signi?cant changes in the voltage gain of 
the system. In addition, the device of the present inven 
tion provides a good frequency response (50 , kc or 
more) for large cable capacities (50,000 picofarads or 
more),_the noise of'th‘e output signal does not increase 
with cablev length, and at the same time the device per 
mits a transducer temperature environment which may 
vary from —300 to+300° F. v . ' 

The above characteristics are met by incorporating 
in a quartz crystal package a high input imped 
ance voltage operated transistor and preferably a 
metal oxide insulated gate transistor commonly re 
ferred to as an MOS device. This transistor is con 
nected directly across the output plates of one or more 
quartz crystal waferszand the device is characterized by 
a highinput, resistance typically greater than 10“ ohms 
and a low input capacity. Since it is located at the trans 
ducer the input capacity to the ampli?er is the capacity 
of, the transducer plus the input capacity of the MOS 
(approximately 4 picofarads). Thus, high transducer 
voltage sensitivities can be realized since no cable ca 
pacities are present between the transducer and the 
ampli?er. The power supply to operate the device is 
located at the remote station and since the load resist 
ance may be located at the remote station also, only 
two wires or a single coaxial cable suffices to connect 
the transducerto the remote station. I s 

It is therefore one object of the present invention to 
provide a novel piezoelectric transducer. 7 
Another ‘object of the present invention is to provide 

a transducer capable of taking advantage of the opti~ 
mum properties and characteristics of quartz and simi 
lar piezoelectric materials. ‘ 
Another object of ‘the present invention is to provide 

a. piezoelectric transducer having increased voltage 
sensitivity. ‘ _‘ 
Another object of the present invention is to provide 

‘a piezoelectric transducer having a high output voltage 
and a low output impedance for coupling to remote 
monitoring or other output equipment." 
Another object of the present invention. is to provide 

a novel transducer ampli?er system which makes it 
possible to monitor all types of force phenomena of rel 
,atively low magnitude at remote locations substantial 
distances from the location of the transducer. 
Another object of the present invention is to provide 

a transducer ampli?er combination having good fre 
quency response, one that’ is substantially independent 
of the type or length of cable used to connect to a re 
mote power supply, and one which may be used in se 
vere environmental ‘situations. _ , ‘ 

Another object of the present invention is to provide 
a novel monitoring system including a locallpiezoelec 
tric transducer and amplifier: combination in conjunc 
tion with a remote source, which may be coupled'to 
gether over substantial distances by means of a conven 
tional single. coaxial cable or two wire conductor. This 
is made possible by connecting the piezoelectric‘ ele 
ment directly to a high input impedance voltage oper 
ated. semiconductor located at the source in such a 
manner as to develop a high voltage output with a‘l'ow 
output impedance usable over a wide' frequency ‘and 
temperature range. In the preferred embodiment, the 
semiconductor or solid state device takes the form of 
an MOS or insulated gate field effect transistor. " 
These and further objects and advantages of ‘the “in 

vention ‘will be more apparent upon reference to the 

20 

25 

30, 

35 

40 

45 

50 

55 

65 

Re. 28,596 
4 

following speci?cation, claims and appended drawings 
wherein: ’ . 

‘FIG. 1 is a circuit diagram of a piezoelectric trans 
ducer' and remote source constructed in accordance 
with the present invention; ‘ 
FIG. 2 is a more detailed showing of a preferred ar 

rangement of the transducer and remote source con 
structed in accordance with the present invention; 
FIG. 3 shows the transducer of FIG. 2 coupled to pro 

vide either a voltage output or a charge output or both; 
FIG. 4 is a circuit diagram showing a'modified em 

bodiment of the present invention where the trans 
ducer acts as a current‘rather than voltage source; 
FIG. Sis a circuit diagram of a further modi?ed em 

bodiment similar to FIG. 4 in that the transducer acts 
as a current source; and 

' FIG. 6 is a vertical‘cross section through a piezoelec~ 
tric ‘transducer constructed in accordance with the 
present invention and incorporating the electrical fea 
tures of the preferred embodiment of FIG. 2. 

Piezoelectric transducers, because of their rugged 
ness and other desirable characteristics are widely used 
‘for transducing a wide variety of force phenomena into 
electrical signals. Only a few of the many applications 
of these devices include use as piezoelectric accelerom— 
eters, force gauges, pressure measuring devices, etc. 
They are used for measuring vibrations, rocket thrusts, 
thermonuclear and other blast pressures and as strain 
gauges in many ?elds and in many environments. 

In addition to the dif?culties inherent in adapting 
these charge sources to voltage and current responsive 
output devices, many of the applications require that 
thefp‘hen'omena being measured or detected be moni 
tored from a remote location. For example, when mea 
suring the thrust developed by a rocket engine or when 
measuring the overpressure of a thermonuclear shock 
wave, it is highly desirable that the readout equipment 
which normally does not possess the ruggedness and 
resistance to damage of the transducer itself be posi 
tioned as far as possible from the transducer. In situa 
tions of this type, as well as in many other applications, 
the ‘readout equipment may be most desirably located 
as much as several thousand feet and more from the pi 
ezoelectric transducer. This requires connecting cables 
vof substantial‘ length which cables customarily have a 
very serious affecfon the monitoring system in terms 
of noise, bandwidth, attenuation, etc. In addition to the 
often deleterious‘? affects of the, coupling cable, the 
monitoring‘ system must satisfactorily deal with the 
problem of matching, the relatively high impedance of 
the transducer to the normally much lower impedance 
of the readout or monitoring device such'as an oscillo 
scope or the like. 
" Although quartz and other self-generating piezoelec 
tric materials possess many desirable transducer prop 
erties including high signal sensitivity so as to make 
them capable of detecting very small force signals, this 
has in the past been to a great extent counteracted by 
'the adverse affects of the capacity of the cable nor 
mally used to couple the transducer to the readout de- . 
vice or load. As a result, many of the more recent pi? 
e'zoelectric transducers have incorporated'ceramic ma 
terials exhibiting a higher source capacitance in an at 
tempt to minimize the I: affects] effects of cable ca 
pacitance.v However, even though these transducers 
may‘u'tilize stacked arrangements of many ceramic ele 
ments, the voltage sensitivities of the transducer remain 
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small since the increase in charge or coloumb sensitiv 
ity of the piezoelectric source is counteracted by the 
accompanying increase source capacity. That is, the 
voltage sensitivity of the transducer as given by the 
equation . 

_ e=Q/C‘ 

illustrates that the increase in total charge Q generated 
by the transducer in response to a given force obtained 
by incorporating the more charge sensitive ceramic pi 
ezoelectric materials is counteracted by the accompa 
nying increase in capacity C of the ceramic transducer 
materials. _ 

While the system of the present invention is usable 
with all types of piezoelectric materials including piezo 
electric ceramics, it makes possible the utilization of 
the more desirable quartz as the force responsive mate 
rial of the transducer. By rendering the system substan~ 
tially insensitive to cable capacitance, it is possible to 
obtain increased voltage sensitivities from cheaper and 
more desirable materials and to transmit signals at ele 
vated voltage or currentJ-evels for substantial distances 
over standard untreated coax or two wire transmission 

cables. ' 

Referring to the drawings, FIG. 1 illustrates the over 
all System of the present invention generally indicated 
at 10 including as major components a piezoelectric 
transducer 12, ampli?er 14, coupling cable 16 and load 
resistor 18. The transducer 12 and ampli?er l4-are in 
corporated in a single transducer shielding jacket or 
package as more fully described below and are located 
at the source of the force phenomena to be measured 
as indicated by the dashed line at 20. The signals are 
transmitted from the transducer package by way of co 
axial cable 16 to a remote station 22 which may be situ 
ated as much as 2000 feet or more from transducer 12 
and amplifier 14. The load impedance 18 labeled RL 
may form the internal impedance of the remote station 
power supply illustrated by the‘ battery 24 which 
supplies power to transducer ampli?er 14 by way of 
cable 16. A voltage output signal is developed at the re 
mote station across output terminals 26 and 28 to a 
suitable load device which by way of example only may 
be an oscilloscope. Alternatively, a charge output is de 
veloped at the remote station acfoss terminals 27 and 
28 by coupling charge output terminal 27 to voltage 
terminal 26 by way of a suitable capacitor 30. 
An important feature of the present invention resides 

in the fact that the amplifier 14 comprises a high ‘input 
impedance voltage operated semiconductor device and 
in the preferred embodiment consists ofa metal oxide 
insulated gate field effect transistor having a gate elec 
trode 32, a source 34 and a drain 36. These transistors 
are generally referred to as MOS devices, and may take 
any one of four possible forms, namely (1) N channel 
depletion type, (2) P channel depletion type, (3) N 
channel enhancement type, and (4) P channel en 
hancement type. These devices are all further charac 
terized by the fact that the conduction between the 
source and drain electrodes is under the control of an 
electrostatic ?eld developed at the gate 32 such that 
the device exhibits an extremely high input impedance 
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(high input resistance and small input capacitance) ' 
with the input resistance on the order'of 1014 ohms and 
higher. While the system of the present invention is op 
erable with ?eld effect semiconductors having an input 
resistance of as low as 1010 ohms, the'higher input resis 
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6 
tance insulated gate or MOS devices are preferred for 
reasons more fully discussed below. 
The piezoelectric transducer 12 which may be of any 

conventional type, but is preferably a quartz transducer 
of the type more fully shown in FIG. 6 and described 
below, may be thought of as comprising a pair of mov 
able plates 38 and 40 which develop a charge Q pro— 
portional to the amount of force applied to the piezo 
electric elements of the transducer. The transducer 12 
is a high impedance device having an internal or source 
capacitance C8 indicated by dashed lines at 42 which 
may have a value of anywhere from in the neighbor 
hood ofl to 50,000 picofarads. Values of from 100 to 
1000 picofarads are most common for the piezoelectric 
transducer source capacitance C, Since the ampli?er 
14 is coupled directly to the transducer 12, at the loca 
tion of the transducer, no cable capacities are present 
so as to adversely affect the charge developed on trans 
ducer plates 38 and 40. That is, the MOS device 14 has 
an input capacity in the neighborhood of approxi 
mately 4 picofarads, so that‘ the input capacity to the 
amplifier, i.e., the capacity across the transducer 12, is 
quite small and the input capacity to the ‘ampli?er is 
substantially the source capacity C, Thus, while the co 
loumb or charge sensitivity (amount of charge pro 
duced by the transducer as a function of force) for the 
quartz is not as-high as for some ceramic materials, the 
source capacity C, is correspondingly small'and hence 
the voltage sensitivity 

is quite high. The charge signal across transducer plates 
38 and 40 produces an electrostatic field at the gate 
electrode of amplifier 14 so as to control the source to 
drain current flow through transistor 14 in series with 
load resistor (power supply resistance) 18 at the re 
mote station 22. 
While the circuit of FIG. 1 has been found quite satis 

factory for manyyapplications, FIG. 2 shows a preferred 
embodimenthaying an increased overall voltage gain 
and a lowerfoutput impedance. In FIG. 2, like parts 
bear like refrence numerals and this circuit again in 
cludes transducer 12 having internal capacitance 42 
and ampli?er 14 in the transducer package 20 con 
nected by wayfof cable 16 to the remote station 22. 
Load resistorlg may again comprise the internal impe 
dance of the preferably 12 volt power supply 24. As 
can be seen, the circuit of FIG. 2 is similar to that of 
FIG. 1 with the exception that the former incorporates 
an additional junction transistor 44 labeled 0,. The ad 
dition of transistor 44 serves a two-fold effect, namely 
it increases the overall voltage gain of the circuit and 
at the same timemakes it possible to decrease the out 
put impedance of the transducer package 20. In one 
embodiment constructed in accordance with the pres 
ent invention, the circuit of FIG. 2 had a voltage gain 
on the order of 0.95 and an output impedance across 
the output of transistor 44 of approximately 50 ohms. 
This produces a wide band frequency response having 
an'upper limit in excess of 50 kc. with cable capacities 
of as much as 50,000 picofarads and a low frequency 
cutoff closely approaching DC. The noise at the output 
of the circuit is less than 100 microvolts and does not 
vary with the cable capacity. Linearities of better than 
0.01 percent are possible. Typical values for the circuit 
parameters and components are given in FIG. 2 
wherein the field effect transistor 14 may take the form 
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)f a conventional MOS manufactured bythe General 
viieroelectronics Corporation of Santa Clara, Califor» 
iia, identi?ed as Model X1004. Transistor 44 is like 
wise of a conventional construction and maybe of the 
:ype identified as 2N3l28. It is of‘course understood 
:hat other conventional transistors may be substituted 
"or transistors 14 and 44 and a junction transistor man 
lfactured by the Fairchild Corporation and identified 
1s FSP42 has been successfully utilized for transistor 
14. . 

As mentioned above, it has been previously proposed 
:0 incorporate semiconductor devices in the transducer 
)ackage along with the piezoelectric element. These 
Jroposals have included not only the incorporation of 
:ube devices, but the provision of a more or less con 
lentional junction transistor, a ?eld effect semiconduc 
;or device in the form of an electrostatic field sensitive 
'esistor or junction diode and even the incorporation of 
1 charge ampli?er having a semiconductor input stage. 
v-Iowever, all of these proposed devices for incorpora 
:ion in the‘ transducer package have exhibited one or 
nore serious disadvantages. The triode or other tube 
Ievices are perhaps the most impractical clue to size 
and a lack of ruggedness. The relatively low resistance 
t‘ield effect devices suffer the disadvantage of lack of 
iensitivity and nonlinear frequency response and more 
mportantly do not provide for static response. While 
:he charge ampli?er overcame many of these problems, 
t still retained the very serious disadvantage in that it 
‘equires special nonconventional cabling including 
:hree or more wires. 

The static response offered by the novel circuit of 
:his invention is very important. It is only statically that 
2 piezoelectric transudcer can be practically calibrated 
:‘or all but a few limited applications since dynamic cali 
aration, especially at higher frequencies, imposes se 
vere requirements on the calibrating equipment. For 
:xample, dynamically calibrating a pressure sensitive 
:ransducer in the high frequency range requires com 
)licated pressure sources and fluid valving devices 
naking the cost prohibitive. Static calibration on the 
)ther hadn presents a simple method of calibrating the 
:ransducer for almost all applications in that a DC out 
)ut may be derived through the simple expedient of ap 
alying one or a series of different weights to the trans 
iucer element and recording the DC output. 
In order to obtain a static response, it is necessary 

:hat the input impedance of the ampli?er 14, i.e., input 
'esistance, be at least 10'0 ohms and preferably 10" 
)hms or higher. Through the use of an insulated gate 
:ransistor for amplifier 14, it is possible to obtain a time 
:onstant of months and even years, such that very good 
itatic response is obtained and'very accurate static cali 
Jration of the system may be readily effected. 
FIG. 3 illustrates the versatility of transducer pack 

age 20 of FIG. 2, wherein the output terminal 46 of the 
:ransducer package may be coupled to a voltage output 
LerminaI 48 by way of a conventional variable gain am 
Jlifier 50 having a gain adjustment potentiometer 52 or 
vo a voltage output terminal 54 through a charge ampli 
’ier indicated by the dashed box 56. The charge ampli 
ier 56 includes the usual high gain and preferablydi» 
‘ect coupled amplifier 58 heavily fed back through a 
:apacitor 60, such that its input terminal 62 constitutes 
l virtual zero potential point or ground. By connecting 
)utput terminal 46 of the transducer package to the 
:harge amplifier input terminal 62 by way of capacitor 
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64, charge is delivered to the charge amplifier 56 which 
in turn develops a voltage output at 54 proportional to 
the transducer‘signal. Thus, it can be seen that the 
transducer package 20 of the present invention is fully 
compatible with existing amplifying devices so as to be 
capable of supplying an electrical transducer following 
signal to all types of output‘ equipment currently used 
to monitor, detect or record force phenomena. 
As previously mentioned, the MOS device incorpo 

rated in the circuit of the present invention may be any 
one of four different types, i.e., negative or positive de 
pletion type or negative or positive enhancement type. 
In FIGS. l-3, the circuit of the present invention is il 
lustrated and described in conjunction with an insu— 
lated gate transistor 14 of the P channel enhancement 
type. This type of MOS device is preferred since it 
makes possible the use of a positive power supply 24 
and thus the circuit is more compatible with current 
aerospace equipment wherein positive power supplies 
are most readily available. It is to be understood, how— 
ever, that the circuits of FIGS. l-3 are equally applica 
ble. wherein an N channel enhancement type MOS de 
vice is utilized for the amplifier transistor 14. However, 
in such a case, a negative power supply source is re 
quired. 
On the other hand, depletion type MOS devices have 

been found not to be satisfactory for operation in the 
circuits of FIGS. ‘1—3. This is because the depletion 
types have the characteristic that current will flow from 
the source electrode to the drain electrode with zero 
poetential applied between the gate and source. Refer 
ring to FIG. 1, this would result in a voltage appearing 
between point A and point B for normal operation of 
the circuit. As the insulation of the transducer de 
creases due to increasing temperature,.current tends to 
flow from point A to point B through the transducer 
and gradually the voltage at point A and point C ap 
proac‘hes the voltage at point 8, cutting off a depletion 
device. 
The enhancement devices, on the other hand, require 

a signi?cant potential to exist between point A and 
point C for conduction to occur between point C and 
B. Typically the voltage from point A relative to point 
C may be the same for the circuit of FIG. 1 as that be 
tween point B and point A. Thus, the voltage at point 
A in FIG. 1 may be at ground potential as is the poten 
tial of the drain. Thus, no potential exists across the 
transducer 12 in the absence of force applied to the 
transducer, so that if the resistance of the transducer 
decreases with temperature, no change in the conduc 
tion between point C and point B occurs and the poten 
tial at point C remains stable. Thus, in the circuit of 
FIGS. 1-3, the output signal bias of the enhancement 
type MOS does not drift as the insulation resistance of 
the transducer decreases, but in fact even becomes 
more stable. 

It is possible to utilize a depletion MOS device in the 
circuit of the present invention if the transducer acts as ' 

a current source and if appropriate modifications are 
made at the remote station. Such‘ a circuit arrangement 
is illustrated in FIG. 4 with like parts again bearing like 
reference numerals. This circuit includes the trans 
ducer 12 having internal capacitance directly cou 
pled to ampli?er 14 which in this embodiment takes the 
form of an N channel depletioltMOS. It is, of tourse, 
understood that the N channel depletion type is illus 
trated because of its usability in conjunction with a pos 
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itive power supply, but that the circuit of FIG. 4 is 
equally operable if a P channel depletion device is 
substituted for the N channel depletion device illus 
trated in that FIG. The use of a current source for 
the transducer 20 is superior to a‘ voltage source in that 
it offers less amplitude attenuation of higher frequen 
cies from the cable capacity 68. In FIG. 4, the output 
of the transducer package 20 is connected by way of 
cable 16 (having cable capacitance 68) to a current 
summing junction 70 in the remote station 22. Junction 
70 is common with the source 16 and the emitter elec 
trode of a junction transistor 72. The base of transistor 
72 is connected to a 6 volt power supply by way of lead 
74, while the transistor collector is connected through 
a I000 ohm resistor 76 to ground. Transistor 72 consti 
tutes a lowirnpedance input for the current source 
transducer package 20, and, develops a voltage output 
between output terminal 78 and ground or a charge 
output, between output terminal'80 and ground. This 
latter terminal is connected to the voltage output termi 
nal 78 through capacitor 82 in a manner similar to that 
illustrated in FIG. 1., , - 

FIG. 5 shows a furthercmodi?ed circuit construction 
in accordance with the present invention with like parts 
again bearing like reference numerals. In FIG. 5, a P 
channel enhancement type device is employed with a 
load resistance 66 contained within the- transducer 
package 20. The resistance 66 [connects] converts 
the normal voltage source as provided by the trans 
ducer package 20 of FIG. 3, to a current source. Tran 
sistor 44 improves linearity and gain. The transducer 
package 20 again acts as acurrent source supplying a 
signal to the current summing node 70 of low input im 
pedance transistor 72. Summing node 70 is held at sub 
stantially-Va zero reference point by feedback in a well 
known manner. A charge output, is again available at 
output terminal 80 against ground and the voltage out‘ 
put is available at terminal-78 as in, the previous em 
bodiments. It is further understood that the current 
source circuits of FIGS. 4 and 5 as with the circuits of 
FIGS. 1 and 3 are fully compatible with existing trans 
ducer equipment and may be used to supply a conven 
tional variable gain ampli?er such as ampli?er S0 of 
FIG. 3 or a charge ampli?er such as amplifier 56 of that 
same FIG. . ' 

FIG 6 is a vertical cross section through the trans 
ducer'package 20 constructed in accordance with the 
present invention and incorporating the electronics il 
lustrated in FIG. 2. The transducer is of circular cross 
section and comprises'a pair of quartz wafers 80'and 82 
each of generally circular configuration and each pro 
vided with a central aperture such as that illustratedat 
84. Positioned between the quartz wafers ‘and’ in good 
electrical contact with the positive charge ‘developing 
surface of each wafer is an active electrode86 in the 
form of a ‘thin copper or gold disc. Soldered or. other 
wise suitably connected in electrical contact with ‘the 
disc 86 is a conductive lead 88 received in insulating 
sleeve'90-and passing upwardly around MOS ampli?er 
14 to one ‘of the ampli?er terminals, i.'e., terminal 92, 
connected to the gate electrode of the insulated gate 
transistor 14. This'transistorjs in turn coupled in the 
manner illustrated in FIG. 2 to a second or junction 
transistor '44 illustrated in FIG.‘ 6. Transistor l4 sup 
ports transistor 44 and is in turn received by the flange 
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98 of ‘transistor 14 ~connected to the MOS source elec 
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trode is coupled by way of lead 100 to a female connec 
tor pin 102. This connector pin is provided with an an 
nular ?ange 104 squeezed between a pair of insulating 
sleeves (preferably of Te?on) 106 and 108. Once the 
female pin and retaining sleeves 106 and 108 have been 
inserted in the transducer case or jacket 110, the end 
of the‘jacket is turned over, as at 112, to tightly retain 
female coaxial connector pin 102 under stress between 
the sleeves, the sleeve 108 being formed with a shoul 
der 114 bearing against a similar shoulder formed in 
the jacket 110. The end of transistor lead 100 is prefer 
ably curled around the pin and soldered thereto, as il 
lustrated at 1.16. . 

Sleeve 96 receiving the MOS device 14 is made of 
suitable insulating material, such as nylon, and is in 
turn received in a suitable cavity in the end of a seismic 
mass 118 forming part of a preloaded quartz assembly, 
generally indicated at 120. A stainless steel preloading 
sleeve 122 is provided with an enlarged end 124 re 
ceived over shoulder 126 of the seismic mass and the 
other end of the preloading sleeve is preferably spot 
welded, as at 128, to the base 130 of the quartz assem 
bly. ‘Finally, the quartz assembly includes a pair of 
stainless steel temperature-compensation discs 132 and 
134, one on each side of the stacked quartz wafers 180 
and 182. During assembly the quartz wafers are prefer 
ably aligned with their optical axes in the same planes, 
so that they uniformly expand and contract under the 
in?uence of temperature variations to which the trans 
ducer is subjected. Stainless steel discs 132 and 134 _ 
further help to minimize excessive stresses built up in 
the crystals as. a result of temperature variations by 
more nearly matching the temperature coefficients of 
the quartz wafers to the adjacent metal materials form 
ing the ‘seismic mass 118 and the quartz assembly base 
130. In addition, stainless steel discs 132 and 134 con 
stitute ground electrodes for the quartz wafers, which 
electrodes are grounded to the jacket 110 through the 
preloading sleeve 122 and assembly base 130 by way of 
transducer base 136. This latter is threaded into the 
quartz assembly base 130, as illustrated at 138, and is 
in turn internally threaded at 140 for mounting the en 
tire transducer package on the element to be tested or 
monitored. This latter base, i.e., transducer base 136, 
is suitably secured to the lower end of jacket 110. The 
upper end of the jacket is externally threaded, as at 
142‘, for connection to the outside or ground wire of a 
suitable coaxial cable connector such that an output 
voltage signal is developed between jacket 142 
(ground) and female coaxial connector pin 102. 

It is apparent from the above that the present inven 
tion provides a novel transducer assembly incorporat 
ing several important commercial advantages over 
known constructions. In the preferred embodiment of 
the present invention, the transducer package is capa 
ble of producing an output voltage at the female con 
nector pin 102 of :5 volts independent of cable capac 
ity with a linearity as good as .01 percent. The overall 
voltage gain of the transducer package is approxi 
mately .95 with a high frequency cutoff of greater than 

i 300 kc. when the transducer package is used without 
a cable (connected directly to an oscilloscope or other 
output device) and with a high frequency cutoff of 
about 50 kc. when used in conjunction with a .05 mi 
crofarad cable‘cap'acitance. It makes possible low out 
put impedances in the neighborhood of from 50-100 
ohms at a high voltage level output through the use of 
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a single coaxial connectorto a remote source. The de 
vice is of relatively small size and drives long cables 
over a wide frequency range at a low noise level. When 
the transducer package is used in conjunction with ca 
bles, it renders the system completely insensitive to 
cable flexure and to cable moisture, which heretofore 
affected other known ampli?er constructions. It further 
importantly improves over the charge ampli?er ar 
rangement by making possible‘the direct incorporation 
of an amplifier in the transducer package, which ampli 
fier may at the same time be powered from a remote 
source over a two'wire or single coaxial conductor 
which is not the case with a charge ampli?er incorpo 
rated in a transducer package which requires three or 
more wires for remote power. Important advantages 
distinguishing the device of the present invention over 
other transistorized transducer packages or packages 
employing ?eld effect semiconductive devices arewthe 
good static response (time ‘constants of up to years), 
extreme voltage sensitivity at high voltage levels, and 
almost linear frequency response over a wide range. At 
the same time, the device of the present invention re 
tains the optimum features of small size and weight and 
ruggedness attendant to piezoelectric materials and 
semiconductive amplifiers. The device makes possible 
the optimum combination of a transistor amplifier with 
a piezoelectric force sensor and is particularly suited 
for use with quartz crystals. It is to be understood, how 
ever, that while particularly adapted for use in conjunc 
tion with quartz, the device of the present invention 
may be utilized with any other conventional piezoelec 
tric material‘, including Rochelle salts, and the ceramic 
materials, such as barium titanate and the like. FIG. 2 
illustrates the preferred embodiment of the present in 
vention wherein the transducer package acts as a volt 
age source and utilizes a P channel enhancement MOS 
fully compatible with the positive power supplies most 
usually available in current aerospace equipment. As 
previously mentioned, however, the circits of FIGS. 
1-3 involving a voltage source are fully applicable for 
use in conjunction with N channel enhancement de 
vices where negative power supplies are available. 
Likewise, almost all of the advantages of the present 
invention may be obtained through the use of either N 
or P channel depletion MOS devices through the oper 
ation of the transducer package as a current source and 
the provision of a low impedance input at the remote 
station, preferably in the form of a current summer. 
Where slightly lower voltage gains, slightly higher out 
put impedances (5 00-2000 ohms) and some gain varia 
tion with temperature can be tolerated, transistor 44 in 
the transducer package may be eliminated and a more 
simpli?ed circuit such as that shown in FIG. 1 utilized. 
Other important features of the present invention in 

clude the fact that the device resembles the familiar po 
tentiometer of high load strain gauge instruments fully 
compatible with these and associated equipment. The 
devices of the present invention require only normal 
insulation resistance levels and their outputs drive ex 
isting coaxial cables or regular land lines. Cable capaci 
tance does not attenuate the low impedance output sig 
nals from the device‘ of the present invention and cable 
lengths of thousands of feet are practical in many in 
stances. Motion-generated electrostatic cable noise 
does not affect. the low impedancevoltage signals 
and the severe capacitance associated with long 
cables does not increase the system noiserThe high 
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level, low-impedance voltage signals are transmitted 
over great distances without appreciable degradation. 
This feature makes possible the detection of minute 
movements of remote test stands. In fact the high level 
voltages often do not need amplification. The unit con 
nects directly to meters, analyzers, recorders or oscillo 
scopes'and is compatible with either charge or voltage 
amplifiers. It eliminates cable noise, attenuation and 
insulation problems, and measures fractional G signals 
at remote test stands. A standardized exact 10 millivolt 
per G voltage sensitivity is obtainable along with a high 
mounted resonant frequency (40,000 cycles per sec 
ond), a wide operating temperature range and a re 
markable linearity, repeatability and stability. These 
are coupled with miniature size, light weight, hermetic 
sealing, and conventional microdot connectors in con 
junction with'rigid quartz'elements and mechanical iso 
lation provided by an inner preload sleeve construction 
virtually eliminating the package sensitivity to the tem 
perature, torque, force, strain, pressure and sound. 
The invention may be embodied in other speci?c 

forms without departing from the spirit or essential 
characteristics thereof. The present embodiments are 
therefore to be considered in all respects as illustrative 
and not restrictive, the scope of the invention being in 
dicated by the appended claims rather than by the fore 
going description, and all changes which come within 
the meaning and range of equivalency of the claims are 
therefore intended to be embraced therein. 

I claim: ' I ‘ 

1. YA piezoelectric transducer comprising a conduc 
tive metal electrostatic shielding jacket, a plurality of 
quartz wafers in said jacket with their optical axes 
aligned in the same plane, a seismic mass in said jacket, 
and a preloading sleeve in said jacket surrounding said 
wafers and mass and applying a preloading force to said 
quartz wafers, a P-channel enhancement MOSFET in 
said jacket having gate, drain and source electrodes, 
means in said jacket coupling said quartz wafers across 
the gate and drain electrodes of said MOSFET', a junc 
tion transistor in said jacket having a base, emitter and 
collector, means coupling the output of said MOSFET 
to the base of said junction transistor, and a coaxial 
cable connector on said jacket connected across the 
emitter-collector circuit of said junction transistor. 

2. A transducer according to claim 1 including a load 
impedance in said jacket coupling said junction transis 
for to said cable connector. 

3. An instrument transducer comprising a housing, a 
piezoelectric device in the housing for producing an 
electrical signal when deformed from a normal condi 
tion thereof,‘ means movable in response to a physical 
input to the transducer for deforming said device from 
its normal ‘condition ‘so that the device generates an 
electrical signal having a value indicativefof the value 
of said input [active circuit means ] an enhancement 
MOSFET in a common drain configuration in the hous 
ing [of suehtype to require energization thereof from 
externally of its housing] coupled to said device for 
receiving ‘generated signals from the device and for op 
erating upon the generated signals in a predetermined 
manner to provide transducer output signals‘ [and] 
MOSFE T energization and transducer output signal 
connector'terminal means carriedby thehousing and 
including only two terminal elements each of which is 
conductively connected to separate locations in said 
circuit means [.1 a coaxial cable connected at one end 
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thereof to the transducer connector terminal elements, a 
signal readout device coupled to the other end of the cable 
for receiving output signals from the transducer, and 
power supply means connected across the cable between 
the transducer housing and the readout device. 
[4. In combination with a transducer according to 
claim 3, a coaxial cable connected at one end thereof 
to the transducer connector terminal elements, a signal 
readout device coupled to the other end of the cable 
for receiving output signals from the transducer, and 
power supply means connected across the cable be 
tween the transducer housing and the readout de 
vice.] ’ 

5. The combination according to claim [4] 3 
wherein the [transducer circuit means] MOSFET 
has input terminals coupled across the piezoelectric de 
vice and output terminals coupled across the coaxial 
cable, the [circuit means] MOSFET being arranged 
so that the voltage across the output terminals follows 
substantially a voltage applied across the input termi 
nals thereof and so that the [circuit means] MOS 
FET appears to define an open circuit between the 
input and output terminals thereof. 

6. In a transducing device having a piezoelectric ele 
ment mounted within a housing, the combination com 
prising [an active circuit] an enhancement MOSFET 
in a common drain con?guration energized from exter 
nally of said housing for coupling the piezoelectric ele 
ment to a low impedance coaxial line, the [circuit] 
MOSFET including input terminal means and output 
terminal means, means for connecting the input termi 
nal means to the piezoelectric element for supplying 
signals derived from the element to the [circuit] 
MOSFET, the [circuit] MOSFET being arranged so 
that a voltage at the output terminal means follows sub 
stantially the value of a signal applied to the input ter 
minal means and so that the [circuit] MOSFET ap 
pears to de?ne an open circuit between the input and 
output terminal means, the [circuit ] MOSFET being 
mounted within the housing, [and] a two-terminal 
coaxial connector mounted on the housing and con 
nected within the housing across the [circuit] MOS 
FET output terminal means [.] , a low impedance co 
axial line connected to said connector at one end thereof, 
and a high impedance potential source coupled across the 
other end of the line for energizing the circuit, the output 
signal of the transducing device being derived across the 
coaxial line. 
I 7. The combination according to claim 6 including a 
low impedance coaxial line connected to said connec 
tor at one end thereof, and a high impedance potential 
source coupled across the other end of the line for en 
ergizing the circuit, the output signal of the transducing 
device being derived across the coaxial line.] 

8. A piezoelectric transducer comprising a jacket, a 
piezoelectric element in said jacket, a P-channel en 
hancement MOSFET in said jacket having gate, drain 
and source electrodes, means coupling said piezoelec 
tric element to the gate and drain electrodes of said 
MOSFET, a two-wire cable connector on said jacket, 
means in said jacket coupling said connector to the 
source and drain electrodes of said MOSFET, and a bi 
polar transistor in said jacket coupling said MOSFET 
to said cable connector, said bipolar transistor having 
an emitter, collector and base, said collector being cou 
pled to said MOSFET source electrode and said base 
being coupled to said MOSFET drain electrode. 
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9. A piezoelectric transducer comprising: 
a housing; 
a piezoelectric device with two electrodes in the hous 

ing for producing an electrical signal when deformed 
from a normal condition thereof,‘ 

means movable in response to a physical input to the 
transducer for deforming such device from its nor 
mal condition so that the device generates an electri— 
cal signal having a value indicative of the value of 
said input; 

means establishing an electrical ground potential in 
said housing; 

an enhancement MOSFET in said housing having 
gate, drain and source electrodes, said drain electrode 
being connected with said ground potential means 
and said piezoelectric device being connected from 
said gate to said ground potential means; and 

a coaxial cable connector on said housing having an 
inner terminal connected with the source electrode of 
said MOSF E T and an outer terminal connected with 
said ground potential means. 

10. The piezoelectric transducer of claim 9 including a 
junction transistor in said housing having a base element 
connected with the drain electrode of said MOSFET, an 
emitter electrode connected with said ground potential 
means and a collector electrode connected with the 
source electrode of said MOSF E T. 

l I . The piezoelectric transducer of claim 9 in combina 
tion with a coaxial cable connected with the cable having 
an outer conductor and a center conductor and connec 
tor, a remote station including a source of DC voltage 
having one terminal connected with said ground poten 
tial means through the outer conductor of said cable, a 
load resistor connected between the other terminal of said 
power source and the source electrode of said MOSF E T 
through the center conductor of said cable, the amplified 
output of said piezoelectric device appearing between the 
load resistor connection to the coaxial cable and the 
ground potential means. 

12. The piezoelectric transducer of claim 10 in which 
said MOSFET is a P-channel element and said junction 
transistor is an NPN element. 

13. The piezoelectric transducer of claim I I in which 
said MOSFET is a P-channel element and including an 
NPN junction transistor in said housing having a base 
element connected with the drain electrode of said MOS 
F E T, an emitter electrode connected with said ground po 
tential means and a collector electrode connected with 
the source electrode of said MOSFET, and in which said 
DC power source has its negative terminal connected 
with said ground potential means and its positive termi 
nal connected through said load resistor and the coaxial 
cable with the source electrode of said MOSFET and the 
collector element of said transistor. 

14. The piezoelectric transducer of claim 9 including a 
load impedance connected in series between the inner ter 
minal of the coaxial connector and the source electrode 
of the MOSFET. 

15. The piezoelectric transducer of claim 14 in combi 
nation with a coaxial cable having an outer conductor 
and a center conductor and connected with the cable con 
nector, a remote station including a source of DC voltage 
having one terminal connected with said ground poten 
tial means through the outer conductor of said cable, an 
other resistor connected between the other terminal of 
said power source and through the center conductor of 
said cable and the load resistor with the source electrode 
of said MOSF ET, the ampli?ed output of said piezoelec 
tric device appearing as a current at a summing point be 
tween the center conductor of the coaxial cable and said 
other resistor. 


