


INTRODUCTION

The Test Measurement Division of ISA proudly presents Advances in Test
Measurement; Volume 5, which is the proceedings of the 5th International ISA
Symposium on Test Measurement, held in conjunction with the 23rd Annual ISA
Conference. In keeping with the conference highlight, ‘‘New Technologies in
Instrumentation,’’ the papers assembled in this proceedings in general, reflect
the newest in measurement technology. To help bring these new advancements
in technology into proper perspective, several sessions also programmed state-
of-the-art and tutorial papers.

It has always been the intent of the Test Measurements Division to bring be-
fore the conference, the latest that has been done throughout the immediate
past in the field of test measurement technology. To this extent it has been
considered extremely important to bring together the man with a measurement
problem and the man who may have an answer to that problem. Even if the en-
counter doesn’t provide an answer, it can at least stimulate the thinking nec-
essary to bring it about, rather than expending excessive effort in pedantic
thetoric or extensive review coupled with a rigid and formal format of presen-
tation. The timeliness of the material presented, together with a free exchange
of ideas, is more important than the often over-emphasized ‘‘classic’’ nature
of the material. Consequently, some papers in these proceedings may be of
only fleeting importance, while others may be extensive, lasting works of
authority. However, at the time of presentation, each paper represented meas-
urement problems which were of importance to a group or groups of individuals
working in that particular discipline.

The papers cover a broad range of measurement disciplines extending from
strain, shock vibration measurements; through temperature, heat flux, and
. thermophysical property measurements; to electro-optical measurements and
measurements for nondestructive testing. In addition, four workshop sessions
covering ‘‘Vibration Measurements’’ and four workshop sessions covering
‘‘Strain Gage Applications and Techniques’’ were conducted by manufacturers’
representatives.

It should be obvious to anyone who attended the symposium or who reviews
these proceedings that the papers are the result of extensive effort on the

part of many individuals. In addition to the time invested by the many au-
‘ ithqr_s ‘who prepared the papers, endless hours were spent in developing the
se'ssi‘idn(sT reviewing manuscripts, together with the planning and organizing
time that is required to program a symposium of this magnitude. I offer my sin-
cerest thanks to those who participated to make this symposium a reality, and
I hope that each may be rewarded by a sense of accomplishment that will en-
courage others to join with us in future symposia.

Dieter Rall*, Director
ISA Test Measurements Division

*Trans-Met Engineering, La Habra, California.
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LONG LINE WIDE-BAND USE OF THE ZERO DRIVE

By: Alfred G, Ratz, MB Electronics
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SUMMARY

.

The zero-drive principle was conceived as a
method of overcoming certain basic defects of
charge and voltage instrumentation amplifiers,
These defects are related to the influence of
the input cable on amplifier performance: e.g8.,
increased noise and cross-talk effects with
increased cable length, The frequency range of
original interest was that associated with con-
ventional vibration and acoustic work. However,
the principle can be extended to deal with sig-~
nals having spectra approaching the video, even
when the length of cable between piezo-electric
transducer and amplifier is very long,

In this paper, the basic theory is outlined,
covering the extended use of the zero-drive.
The essential design relationships are also
developed. Experimental results are described,
confirming the theory,

THE ZERO DRIVE PRINCIPLE

The zero drive amplifier was originally develop-
ed for use with self-generating transducers of
the piezoelectric typel, 1Its basic principle
has been described elsewhere?, and can be sum-
marized briefly, using the simplified schematic
of Figure 1,

The signal from a self-generating transducer is
fed directly into the input of a field-effect
transistor (FET), This transistor is part of an
integrated circuit, mounted close to the trans-
ducer, and therefore remote from the terminal
amplifier. The Integrated circuit is called the
"line-driver" part of the zero-drive system.

An input signal causes a change in the impedance
of the FET, The terminal amplifier drives the
line with a circuit exactly like a high-precision

dynamically-controlled voltage regulator., Con-
stant steady-state dc voltage i1s maintained on
the line. Thus, when the impedance of the FET
varies, the voltage on the line cannot vary,

The current in the line must vary, This varia-
tion in current must ultimately be derived from
the main power supply: a series resistor appro-
priately located can be used to extract a signal
proportional to the current variation, and hence
to the original signal,

The desired signal can now be conditioned, as
required, in the main amplifier, For exampla,
amplifier circuits may be needed to normalize
the final output, power a front-panel meter, or
drive a tape tecorder and/or a galvanometer, etc,

Zero-drive input circuits can be arranged to deal
with the i{nput signal in the form of either volt-
age or charge,

The fact that the long line from terminal ampl{i«
fier to line driver is driven by s regulated
supply, means that the line is terminated by a
very low dynamic impedance (a small fraction of
an ohm), Hence, the system is impervious to
many types of electrical pick-up,

The zero-drive amplifier also solves for once and
all the problem of cable triboelectric noise.
Triboelectric noise is the component of electri-
cal noise generated in a cable when the cable is
mechanically flexed or vibrated, It is discussed
in Appendix A, Very small cable motions produce
this noise component, With charge or voltage
amplifiers, it is a serious effect when fairly
low-level signals are being amplified, Equation
A-(16) illustrates the dramatic i{mprovement when
zero drive is used: the input impedance of the
zero drive is 0.1 ohms, typically; for a conven-
tional amplifier, sn input impedance in excess of
10 megohms is required, The reduction in triboe-
lectric noise in going to a zero drive system
would therefore be in excess of 80 db.

Exemination of Equations A-(17) and A-(19) indi-
cates an even more dramatic effect in the tribo-
electric noise spectrum, With the charge or vol-
tage amplifier, the triboelectric noise has its
spectrum concentrated in the low-frequency region,
In other words, not only is the totsl rms level
of noise much higher than for the zero-drive amp~
lifier, but the noise is comfined to a narrow
spectral region,
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If the amplifier is used as part of a vibration
control system, this low-frequency region is dis-
placement limited: thus, the acceleration signals
are at levels that are significantly less than
those obtained at the higher frequencies, A
better noise level is needed to deal with accel-
eration signals at these low frequencies, not a
worse one,

With the zero-drive system, the spectrum of the
triboelectric noise is spread over a frequency
range extending from zero Hz to well above the
video: however, there is also a drastic decrease
in spectral level that renders the noise com-
pletely ineffectual at any frequency,

The freedom from triboelectric noise means now
that the amplifier system is freed from the use
of expensive low-noise cable, Standard coaxial
cables can be used without reservation, and the
way is open to a wide extension of the applica-
tion of the zero-drive principle to solve long-
line data-transmission problems.

The zero-drive amplifier also has a very desir-
able effect on the level of conventional elect-
rical noise, It has been shown experimentally
that the noise level is almost independent of
cable length.2 This can be contrasted with the
noise performance of the conventional charge
amplifier, as discussed in Appendix B, Here the
noise increases linearly with cable length: and
thus, as the cable gets longer it very quickly
becomes difficult to recover low-level signals
with any accuracy,

The independence of zero-drive performance on
the length and quality of the transmission cable
makes the zero-drive principle worthy of invest-
igation for use with piezoelectric signals
approaching the video (i.e.,, covering the range:
zero frequency to 2 mHz) , even when the distance
between transducer and amplifier is quite long,
It offers a practical economical alternative to
the complex and expensive telemetry schemes that
must otherwise by employed,

HIGH-FREQUENCY PERFORMANCE WITH LONG LINES:
MATCHING

Figures E-1, E-2 and E-3 summarize the explora-

tory tests carried out concerning the high-fre-

quency long-line performance of the zero drive,

They are explained in further detail in Appendix
E,

Figure E-1 shows the results of the first ex-
ploratory experimental attempts to use the zero-
drive system with frequencies beyond the audio.

A basic audio system incorporating RG58/U coax-
ial line was used unmodified for the test, The
curves of Figure E-1 plot the transfer-admittance,
Y, defined by Equation D-(4). They confirm the
theoretical results summarized in Equations

D-(23) and D-(31): in particular, they verify

the predicted resonances,

Similar resonant effects are obtained using
charge or voltage amplifiers. Obviously, some

501

form of impedance matching is essential, Unlike
the latter amplifiers, the zero-drive amplifier

readily lends itself to the necesgsary modifica-

tions,

For example, by matching the line-driver to the
cable, the plot of Figure E-2 is obtained, The
effect of the matching is obviously to remove the
resonant peaks,

The same effect is produced by inserting a match-
ing resistance at the amplifier end of the line:
here a resistance Z, equal to Z,, i8 placed in
series with the line,

Simultaneously matching both ends of the line, in
conformity with Equation D-(29), permits slight
termination mismatches, without any resonant
ripples whatsoever, Pigure E-3 {llustrates,

Note for each length of line, x, the frequency
response is flat until the skin effect begins

to exert its influence, as predicted by Equation
D-(33), The experimental results indicate that

£ x% = 1,25 x 1012 Hz - ft2 (6))
Here, of course, f; 1is the highest frequency
possible for a 1 db drop in the transfer-im-

pedance characteristic,

EXTENSION OF FREQUENCY RANGE

Equation (1) permits a considerable extension of
performance, in respect to both the frequency
range and the length of line that can be handled,
For example, if we have a shock pulse with signi-
ficant frequency components up to 100 kHz, we can
pass it over a line of RG58/U cable that is at
least 3500 feet long. We can pass a 1 mHz signal
over a line that is at least 1100 feet long.

Tests show that in practice, the signal wave-forn
will be preserved, even if it has frequency com-
ponents significantly ingexcess of f;, However,
it is possible to extend the frequency range even
further, by completely removing the droop repre-
sented by Equation D-(32), This can be done,
using a frequency equalization network at the
output of the terminal amplifier,

A typical equalization scheme is {llustrated by
the block diagram of Figure 2, An amplifier A
has a four-pole equalization network, N, in its
feed-back loop. The network, N, can be either
passive or active in form, The circuit of Figure
3 illustrates the passive form; that of Figure 4
illustrates the active form, The networks are
iterative in nature; the number of resistance and
capacitance values chosen determines the closeness
of the fit the transfer characteristic of network
N to the curve of Equation D-(25).

The use of the isolation emitter-followers (EF)
gives the circuit of Figure 4 a certain edge with
regard to design flexibility. The curve of Equa-=~
tion D-(25) can easily be fitted with no more thanm
40.3 db error.
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The equalization circuits, of course, have some
phase shift associated with their amplitude vari-
ations, while the amplitude change associated
with Equation D-(25) has none. However, the cir-
cuits can be designed to confine the phase error
introduced by them to d' degrees, where:
-10° < d' < + 10° 2
Equalization can be used to give quality trans-
mission to frequencies in excess of 10f;. Typi-
cally, we can pass with little phase or amplitude
distortion a signal containing frequencies up to
at least 1.0 mHz over a line 5000 feet in length,

The equalization method is a good technique,
since it does not involve any changes to either
the coaxial line or the amplifier., It requires
“only the addition of a small circuit operating
on the amplifier output signal,

CONCLUSION

The low output impedance of the terminal ampli-
fier of a zero-drive system was originally aimed
at reducing noise and pick-up in the range of
frequencies associated with vibration and audio
wark, so that measurements with piezoelectric
transducers would nqi&be subject to the diffi-
culties associated with charge and voltage amp-
lifiers, This same low output impedance intro-
duces a flexibility into the transducer-ampli-
fier system, that opens the way to extending the
upper end of the frequency range to the high
‘ultrasonic region, even if long 1ines are needed
between transducer and amplifier,

The usual method of transmitting wide-band ultra-
gsonic or video signals is via an intermediate
telemetry link, involving either PDM, PCM, or FM
modulation, Ultra-high-frequency or microwave
carriers are required, By means of the simple
technique described here, it is possible in many
cases to completely avoid the use of telemetry,
with consequent savings in cost, system complex-
ity, and maintenance,
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APPENDIX A
TRIBOELECTRIC NOISE

The basic work on triboelectric noise in cables
was carried out by Perls, as part of an investi-
gation into noise effects in pilezoelectric instru-
mentation.4 Triboelectric noise is generated
when a cable is subjected to the flexing due to
shock and/or vibration.3 It arises whenever two
conductors are separated by a dielectric, and one
or both of these conductors can have a small mo-
tion with respect to the dielectric. Even a very
small relative motion can yield triboelectric
noise, it only being necessary to have a tempor-
ary loss of electrical contact between dielectric
and conductor over a small area, H,F. Richards
reported as early as 1920 that an electrostatic
charge is present on the surface of the dielectric
with an opposite charge bound to the conductor,
Under some conditions, potentials of the order of
thousands of volts can be achieved.

Suppose separation occurs between one conductor
of a coaxial line and its dielectric, Let s be
the surface charge density gemerated (coulombs
per square meter), Let A be the area of the
affected surfaces, Let C; be the small air cap-
acitance formed between the surface charge on the
dielectric and the bound charge on the separated
conductor, Let C; be the capacitance of the
dielectric charge through the dielectric to the
other conductor of the coaxial line, If Q; is the
final charge on Cy and Qp is the final charge on
Cy, we see that:
Q +Q = sA A-(1)
Therefore, the charge that must pass through the
input to any amplifier connected across the cable
is Qy:
sAC2
@ = T

In consequence of the movement of this charge, a
voltage, VI, is generated across the inmput resis-
tance, R, of the amplifier:

A-(2)

1. @ t
V= g . exp - T ) A-(3)

where C, is thé parallel capacitance of the cable,
the transducer and the amplifier input.



Now, if the cable is subjected to continuous
mechanical motion, separation occurs at random
times, with random effect, However, each time

separation occurs, C; is much less than C. Hence
we can write:
+oo0
1
V() = Z Vp (t-t,) A-(4)
n = - oo

where V1 is contribution to the final output V
due to the n-th separation.

Q
Val®) = o= exp. (- ) A-(5)

RCo
Q1 Q275 Qy3, etc., all represent independent
random variagles having the same probability
distribution, Calculating the appropriate semi-
invariants of V-, and converting from these to
statistical moments, we can now calculate V and
Vo, where V is the average of V(t) and Vo is the
rms level of V(t). It turns out that

V=kRQ, A-(6)
where 6; is the average of Qp and k is the num-
ber of separations per second.

)
2 2k Q2 RC,

- =2 )
Also v, o= c2 + (k QR) KR, A-(7)
o
h h
where P = T A-(8)
00 y
h= [ p(yexp - T A-(9)

o

p(y) is the probability distribution of the in-
terval of time, y, occuring between successive
separations,

A representative form for p(y) 184:
P(y) = k exp (- ky) A-(10)
Whence:
2 2
V- T‘“;[zazz+ @n? . p} A-(11)
o
- _kR 2 .32
=< [2Q2 + KRG, (Q) ] A-(12)
The ac component of Vo, V, 18 given by:
2 2kR i
v = co . Q2 A-(13)
= 2 kre (VD) A-(14)

.
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Vo is the initial voltage induced in the ampli-
fier input by a single separation.

From Equation A-(14):

/ , 2
v = [ 2kRC, , [v2

The quantity v represents the triboelectric noise
passed through the instrumentation amplifier,
Here, of course, the quantity C, actually in-
cludes the transducer capacitance and input cap-
acitance of the amplifier: if we assume for com-
parison's sake that the amplifier input capaci-
tance 1s negligible, and that we are working with
the same cable and transducer, we can write that
the  improvementsin S/N ratio of the zero-drive
amplifier over the conventional high-input charge
or voltage ‘amplifier is given by r in:

r = F’
a

where R is the input resistance of the zero drive
and R, is the input resistance of the conventional
amplifier,

A-(15)

A-(16)

Turning now to the power spectral density, W(f),
it can be shown that W(f) is given by:
4 RCqo v2

NB = (were, ¥

A-(17)

At frequencies less than 1/(29r RC,), W(f) reduces

to:
W (£) = 4 RC,v? A-(18)

2 v 2
8 k% c2 | v, A-(19)

APPENDIX B
NOISE IN CHARGE AMPLIFIER SYSTEM

For definiteness the following discussion relates
to the use of a charge amplifier with a piezo-
electric accelerometer., The conclusions are
easily adapted to the charge amplifier used with
other types of piezoelectric transducer,

For the present purpose, the schematic of Figure
B-1 is suitable. Here represents the total
capacitance presented at the amplifier by the
coaxial line and the piezoelectric transducer,

The charge amplifier itself is represented by the
combination of feedback capacitor, Cp, plus high-
gain amplifier, A,

If H is the gain of the amplifier A, the output
noise level is given by N, in:

-1
cg+e | B

Cp H

o . F*a |,

N, Cr H




Np is the level of the internal noise generated
in A; Ny is the level of this noise measured at
the output of A,

H is usually quite large, so that Equation B-(1)

reduces to:
CL
Cr

Cg are set by the amp-
H t]

Np

m o

B-(2)

N, = i

The quantities N, H, and

lifier, The quantity (Np/ of course, is the
amplifier noise referred to its input. ¢C; is
given by:

CL = Cp + xC B-(3)

where x is the length of cable, The noise level
of a charge-amplifier system, therefore, inheren-
tly reduces to the form:

Ny = Ky + Ky . X B-(4)

APPENDIX C
RG 58/U COAXIAL CABLE

The constants per foot of RG58/U are:

R = 0,014 ohms

C = 30 mmfd

G =0

L = 0,078 microhenrys
Z, = 50 ohms

R
fT = -y = 28.6 kHz

D = diameter of inner conductor
= 0,020 in,
APPENDIX D

THEORY OF LONG-LINE EFFECTS OF THE ZERO-DRIVE

A coaxial line can be represented by the linear
two-port of Figure D-1, Currents and voltages
are defined in the Figure: the relationship be-
tween the input voltage and current (Va,ia) and
the output voltage and current (Vy,ip), for the
cable only, is given as follows:/

D-(1)

Vg = 2ga 15 + Zab 1y

Vp = Zgp 1a + Zpp iy D-(2)
The Thévenin equivalent circuit for the line-
driver is represented by the voltage, E, and
series impedance, Z,; while Z, represents the

dynamic impedance of the amplifier.

The output current iy is the means whereby the
data intelligence is transferred. Hence, we are
interested in the transfer-admittance:

- P-(3)

Y=- —
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Combining Equation D-(1), et seq., we get:8

Yy = Zab D- (4)
22 + 29 Zp + 2,,(2y+29)
where 22 =12, 2, -2,° D-(5)
(o] aa “bb ab
= 2,2 (sinh cx)? D-(6)
Zga = 2o coth cx D-(7)
= be D'(S)
c=a+ jb D-(9)
c2 = (R+jLw) (GH+iwC) D-(10)
R+iL:
z5 = ‘G+jc: ) Dp-(11)
In the above, x is the line length, Zp is the
characteristic impedance of the line, The para-

meter c¢ is the propagation constant of the line,
a is its attenuation constant, and b its wave-
length constant, The line parameters are given
in terms of the line properties, R,L,G,C, which
represent, respectively, the unit length series
resistance, series inductance, leakage conduct-
ance and shunt capacitance, For most lines, G
can be neglected.

At low frequencies,

Lwd< R D-(12)
and the constants given by Equations D-(5) to
D-(11) reduce to:

c? = juRC p-(13)

2 - R -

z5 Tow D-(14)

a=b-= ng D-(15)
Finally, Y reduce to Yj:

1
Y, = D-(16)
Rx + 2y + 2
At high frequencies,

Lw D R D-(17)
and the constants given by Equations D-(5) to
D-(11) reduce to:

R

8 = wm— D-(18)

2Z,

b =w, /LC D-(19)



B

2wl D-(20)

Zo

= [ -
.

When the frequency becomes high enough, we can
assume R is zero in Equation D-(20).

The transition frequency region, where Lw cannot
be ignored, but where (R/Lw) is not a fraction
less than unity, is a difficult region to analyze
Fortunately, the frequency region of primary in-
terest here ig that given by Inequality D-(17),
Equation D-(4) is solved for a variety of condi-
tions for this frequency region,

Condition A: Z, =0, 20 # 0, Y = Yy,

Assume for the moment that thejattenuation con-
stant, a, is zero: Y, is now Yy

- 1 D-(21)

A

Zy cos bx

Y} is plotted in Figure D-2, Note the infinite
resonance peak at
bx =, 37 , 59, ... D-(22)

If we have a non-zero value for the attenuation
constant, Y, is now:

]
I
Y =
l A] Zl[§os‘bx cosh? ax+sin 2bx sinh? ai]”- D-(23)
3
‘YX'.ZI is plotted in Figure D-3,

If the input impedance is matched; i.e., if

2y =2, D-(24)
then YA becomes Yam:
and Z, . Yy = e X D-(25)
Condition B: 2, = Z,, Z; # 0
Here Y = YB = I

{M] cos bx + § [N] sin bx D-(26)

where [M] =2, e ax 4 Zy (1+ cos ax) D-(27)

[N] =2Z,e ax + Zy sinh ax D-(28)

A plot of Yy reveals an attenuation law of the
same form as that shown in Figure D-3,
If Z; is now matched to Z,5 i.e,, if
Z) =2, =2 =[x D-(29)
1 2 o C
Then Yﬁ becomes YBM:
1 -ax
YBM = —22;- e D-(30)
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Skin Effect: Skin effect alters the value of R
with frequency, so that the plots Yo, YZ, Yam, Y,
and Ypy actually differ from those predicted by
the equations givén above, The effect is associ-
ated with the attenuation properties of the coaxial

line: the constant a becomes al:

1= RD -

a 30 . 7, jf— D-(31)
For a given length of line, Y,, and Ygy are con-

stant, until the frequency gets high enough to
change the attenuation thus

RD
ZZO Ypy = exp{- 70 7, /f-. x}

The point where the attenuation starts to drop off
with frequency depends on the length of the line.
The -1 db point 18 given by frequency fy in:

D-(32)

2
2 Zo y
£ x* = 5,33 {W—} D-(33)

Thus, if we double x, f; is reduced by one quarter,
APPENDIX E
DISCUSSION OF EXPERIMENTAL RESULTS

The curves of Figure E-1, E-2, and E-3 summarize
the experimental work carried out on a standard
zero-drive system, to see how high in frequency
such a system can be made to function, The effacts
of frequency equalization are ignored here, since
the purpose is to illustrate the basic physical
phenamena involved. An equalization scheme (see
Figure 2), of course, can easily be used to extend
the frequency range by at least a decade, The
cable employed was RG58/U. 1Its properties are
sumnarized in Appendix C, The curves are effect-
ively plots of the transfer-admittance, Y, Equa-
tion D-(4).

Figure E-1 plots the response of an unmodified
zero-drive amplifier, The line-drive impedance,
Z7, is much larger than the characteristic im-
pedance of the 1line, Z,. (21 = 2000 ohms, Z, = 50
ohms) . The amplifier Impedance, (Z;) 1is effect-
ively zero, Curves A, B, and C are plots of Y
corresponding to line lengths, x, as given in

Table E-1, These plots correspond to the theoret-
ical plots of Equations D~(21) and D-(23),
TABLE E-1
Curye Line length (x) in feet

A 3000

B 2000

c 1000

D 25

Note that the horizontal asymptote at the low-
frequency end of the plots has a smaller intercept
on the ordinate axis, as the line lengths increas-
ed. This effect, of course, is as predicted by
Equations D-(16) and D-(23).

With increased line length, a given value for the
quantity bx is reached at a lower value of freqency,



(See Equations D-(19) and D-(21).) Hence the
resonant effects occur sooner for curve A than
for curve C,

Figure E-2 illustrates what happens when a match-
ing resistor is put in parallel across the line-
driver output. Now Equation D-(24) is satisfied.
The impedance Zj is obtained by using a resistor
which is ac-coupled across the line-driver output.
The small ripples on the plot are the result a
slight mismatch between Zy and Z,. Otherwise

the predictions of Equations D-(25) and D-(31)

are completely satisfied, Curves A, B, and C
follow Table E-1.

Figure E-3 1s for full matching at each end of

the cable. Equation D-(29) is satisfied, Curves
A, B, and C follow Table E-1, once again, These
curves are completely flat, except for the droop-
off at high frequencies due to skin effect, Once
again, the signal attenuation increases with in-
creased line length, Equations D-(16) and D-(30),
of course, predict this, For example,

1
L7 T R E-(1)

which decreases as x increases, Also, if ax is
small, as it is in this case:

1

Ypy = 57, (1-ax) E-(2)
From Equation A-(18):
1
Yau — E-(3)
e 2]
Hence, Y; = Ygy E-(4)

and the plot for a given value of x is flat with
frequency, The plot of Figure E-3 confirms
Equation E-(4), Skin effect, of course, effects
the plot at the higher frequencies.
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ABSTRACT

The properties and characteristics of a diffused
silicon diaphragm pressure transducer are presented.
Emphasis is placed upon the design goals, problems,
method of fabrication, need, utilization and areas
of improvement. The diffused diaphragm pressure
transducer is one of the few devices specifically
developed as a transducer and not the by-product of
some other requirement. The simplicity of design
and mass production capabilities make it a unit
ideally suited for the industrial-commercial market
due to a low selling price with built-in reli-
ability and dependability. In addition, the unit
can be packaged to meet military requirements and
will have a strong appeal for the aerospace and
airéraft industry requiring these same character-
istics.

INTRODUCTION

During the past thirty-five years strain gages have
emerged from a laboratory curiosity to an indis-
pensable tool of the structural analyst.

Considerable development was necessary before the
strain gage was capable of reaching this position
of importance. After the introduction of the un~
bonded wire strain gage there were four major
improvements or additions: direct mounting of the
wire gage to the surface being measured, premounted
wire on suitable carriers, the foil strain gage and
the semiconductor gage. 3

These improvements and innovations have had a
considerable impact on the technical society. Many
new and varied uses were quickly found for these
devices; one of the most significant has been in
transducer technology. Very few of the develop-
ments or improvements have been made with the
transducer specifically in mind; therefore, it was
only a by-product of other needs or requirements.
Fortunately, these by-products had yielded some
very fine results for transducer designs. The time
has arrived when there no longer appears to be any
major improvements coming in strain gage technology.
But the requirements for improved transducers and
new transducer technology has grown at an ever
increasing pace, both for the military as well as
the industrial user: the military user in the more
exotic spacecraft and aircraft requirements, and
the industrial user in trying to keep up with the

Mountain View, California

ever demanding requirements of automation and
computer input needs as well as the ever expanding
consumer market with its vast potential for many
and varied products.

The transducer designer has had to look internally
for his next improvements in technology and design.
Although this need is perhaps more apparent for the
strain gage based transducer, it is equally true
for those using the other popular techniques for
transduction such as capacitive, differential trans-
former and variable reluctance. The designers are
dependent upon improvements by the various manu-
facturers of the basic components of their
transducers, improvements which may be metalurgical,
physical or chemical.

With these facts in mind, and after considerable
development, Fairchild Controls introduced the all
silicon diffused diaphragm FPT series transducer in
1962. (See Figure 1.) The design goals consisted
of simplicity of mechanical design, no moving parts,
no linkages, small, light weight, high output and
medium price. These goals, it was believed, were in
keeping with the requirements of our customers and
well within the manufacturing capabilities of
Fairchild Controls due to its close proximity and
corporate affiliation with Fairchild Semiconductor.

FPT SERIES PRESSURE TRANSDUCER

Design

The FPT transducer is a semiconductor strain gage
based pressure sensing device. .The sensing portion
of the transducer is a planar diffused silicon
pressure diaphragm which has four diffused strain
sensing resistive elements. These elements are laid
out in the standard four-active-arm Wheatstone
bridge. When pressure is applied to the silicon
diaphragm, a change of resistance in the strain-
sensors is produced due to the(B}ez?S?sistive effect
of the semiconductor material. 4 A voltage is
thus produced at the output terminals of the Wheat-
stone bridge which is directly proportional to the
applied pressure and excitation voltage.

Superior numbers refer to similarly-numbered references at the end of this paper.

a



Operation

The FPT transducer has two strain sensing resistive
elements located in a region of tensile strain,
thus causing the resistance to increase by an
amount AR when pressure is applied. (See Fig. 2.)
The remaining two strain sensing resistive elements
are located in a region of compressive strain, thus
causigg the resistance to decrease by an amount
AR. (4, 5 The output voltage, as a result of
pressure-induced strain, is given by the following
equation:

Eour = E1n ARR~ (1)
where EOUT equals output voltage in volts
EIN equals input voltage in volts
AR equals resistance in ohms
R equals unstrained resistance of
bridge elements in ohms

Another method 'is shown in Figure 3 in which the
transducer is excited by a constant current source
IIN amperes.

The output now, as a result of pressure induced
strain, is given by the following equation:

E

ouT = I

IN AR

(2)

Temperature

Of all the environmental conditions to which the
transducer may be subjected, temperature dependence
is the most significant since shock, vibration and
acceleration have negligible effect on a diffused
diaphragm transducer. In the FPT transducer both
the input and output impedance are equal in value
to the unstrained resistance R of one of the strain
gensitive bridge resistors. When the unit is
pressured this relationship does not change. With
temperature the resistance values do change. This
temperature dependence of resistance is shown in
Figure 4. Sensitivity, which is defined as the
electrical output less the zero offset divided by
the excitation voltage at full scale pressure, is
dependent upon temperature as follows:

With constant voltage excitation it can be
seen from equation (1) that sensitivity
varies with temperature as

ARF.S.
R
therefore
our _ ZRp.s.
EIN R
where EI is held constant through

temperature. A typical plot of E /E
is shown in Figure 5. 0 IN

503

With constant current excitation it can be seen
from equation (2) that sensitivity now varies with
temperature as

ORg s,

therefore

E

(00 - ARF s

IIN
where I is held constant through tempera-
ture.

A typical plot of E E.,, 18 shown
in Figure 6. OUQ/ IN

From Figure 5 and Figure 6 it 1s evident that the
sensitivity versus temperature curve can be
optimized even further. This can be accomplished by
the proper choice of resistors in series with a
constant voltage source or in parallel with a
constant current source.

New Design

The introduction of the diffused diaphragm trans-
ducer showed the typical new product curiosity.
soon became apparent that the price and accuracy
were not overshadowed by the small size, light
weight, high output and frequency response; thus,
the unit had less than the desired degree of success.

It

At this point the diffused diaphragm transducer was
reevaluated. The original design goals were found
to be lacking so a new set of goals would have to be
decided upon. From the many inquiries received from
our sales people as well as potential customers over
the past years, the following design goals and
markets were chosen.

Industrial customers are looking for a more reliable,
rugged, low-cost, dependable, accurate transducer.
These requirements and customers then became our
goals and the necessary changes to the FPT series
transducer were begun. The first goal was to reduce
the cost. A cost reduction was achieved by relaxing
certain parameters, redesigning and simplifying the
housing. (See Figure 7.) The new design was well
accepted b{ the industrial customer who was willing
to.pay a slightly higher price than the other
transducers presently being.used, as long as
dependability could be guaranteed, since the other
types of transducers do not survive adverse environ-
mental conditions. With some degree of assurance
that our goals and markets were in the right
direction, it was decided to proceed further to
improve and reduce cost of this series transducer.

In order to further improve the FPT series trans-
ducers in performance as well as further lower the
price, the fabrication of the diffused Wheatstone
bridge was investigated. The original mask design
for the diffused transducer was completed in 1960;
since then the dynamic semiconductor manufacturers
have come a long way in improving growing silicon
ingots, photographic techniques, X-ray technology
and silicon processing, as well as use and develop-
ment of epoxies to be used with semiconductors.
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excited by constant voltage source.
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