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ABSTRACT

A non-standard method for the electroacoustic
reciprocity calibration of a Condonscr microphone is
theoretically developed and experimentally employed to
calibrate a W.E.&440AA laboratory standard microphone. The
average experimental calibration so obtained was found to be
in absolute agreement with a pressure coupler comparison
calibration of the same microphone made aé the National
Bureau of Standards to within an experimental uncertainty
(sigma) of ~ .03 dB over the frequency range of 2435 to 1470
Hz using & 70 cm. plane wave resonant cavity, and to within
an experimental uncertainty (sigma) of ~ .06 dB over the
frequency range of 735 to 1470 Hz using a 23 cm. plane wave
resonant cavity. Above 1470 Hz, the difference between the
resonant plane wave reciprocity calibrations and the
pressure coupler comparison calibration increased linearly
with frequency to a maximum of ™~ .61 dB at 5145 Hz.

Beginning with theory previously published by Isadore
Rudnick, reciprocity equations for the open circuit voltage
receiving sensitivity are optimized for experimental
measurements in a plane wave resonant cavity to include the
effects of finite microphone compliance and the

non—-adiabatic boundary conditions. Two right cylindrical
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plane wave resonant cavities of different dimensions were
constructed to provide a self consistency check on the
method.

A preliminary comparison of the theory for a free field
reciprocity calibration, a pressure coupler reciprocity
calibration, and a plane wave resonant reciprocity
calibration is made to illustrate the common physics
pertinent to the reciprocity principle that underlies the
three methods. .

Experimental calibrations based upon free field
reciprocity were made alternately with plane wave resonant
reciprocity calibrations to provide an ongoing experimental
comparison when combined with published diffraction effects
for a standard mounting of a W.E.540AA laboratory standard
microphone. The National Bureau of Standards comparison
calibration was based upon an absolute pressure coupler
reciprocity calibration and was aobtained shortly after the
resonant reciprocity calibration measurements were

complete.
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THESIS DISCLAIMER

The reader is cautioned that computer programs developed
in this research may not have been exercised for all cases
of interest. While every effort has been made, within the
time available, to ensure that the programs are free of
computational and logic errors, they cannot be considered
validated. Any application of these programs without

additional verification is at the risk of the user.
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1. THE_PRINCIPLE OF ACOUSTICAL RECIPROCITY

A. INTRODUCTION

In any experiment requiring absolute acoustic
measurements there exists a need for an accurate calibrated
standard microphone, or its equivalent, to be used to
directly measure acoustic data or to be used as a
sensitivity reference. The primary sﬁbjoct of this paper is
an unconventional method for obtaining such a calibration on
a standard licroéhono. First described by Isadore Rudnick
[Ref. 11, this unconventional method results in an
acoustical reciprocity pressure calibration of a standard
microphone. It is unconventional in that it uses a plane
wave resonant cavity instead of a free field or a small
pressure chamber for the calibration. The method of plane
wave resonant reciprocity calibration [Ref. 1] has been
satisfactorily employed by G.W. Swift, A. Migliori, S.L.
Garrett, and J.C. Wheatley, to calibrate a dynamic pressure
transducer from O to 400 hertz in a 1-MPa helium gas. The
dynamic pressure calibration so obtained was experimentally

verified by another calibration method baced upon a mercury
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manometer to within an instrumental uncertainty of one
percent [Ref. 2].

Conventional methods for obtaining acoustic pressure
calibrations of microphones are published by The American
National Standards, Inc. (ANS1)[Ref. 31, and include
pressure coupler reciprocity calibration and free field
reciprocity calibration. These two acoustic reciprocity
microphone calibration techniques are well reported in the
literature [Refs.4,5,6,7,8,9,10,11,12].

In this dissertation, the application of acoustical
reciprocity to microphone sensitivity calibrations will
include theory for all three types of acoustical reciprocity
calibrations and experimental measurements of microphone
sensitivity based upon plane wave resonant reciprocity, free
field reciprocity, and pressure-reciprocity calibration
performed in a closed coupler. The coupler calibrations
provided here were performed by the National = Bureau of
Standards. Essential to the derivation of the general theory
for a plane wave resonant reciprocity calibration is a
"microphone that feels no impresased prcssﬁrn" [Ref. 1]. This
describes a perfectly rigid microphone for which the
mechanical impedance is infinite. Here, the finite
impedance of the microphone is included and a correction to
the plane wave resonant reciprocity calibration is predicted

and experimentally verified at low frequencies.
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When calibrating microphones in a gas it is interesting
to note, and wilf be shown, that all three methods of
acoustic reciprocity calibration require (to within a
multiplicative constant) the measurement of experimental
variables that can be expressed in a similar way. These
variables are; a volume, the frequency of sound, the
barometric pressure, the ratio of specific heats, and basic
electrical measurements. As a consequence of this common
descriptive set, acoustical reciprocity calibrations are
classified as primary methods of acoustic microphone
calibration after Bobber [Ref. 10), where a primary method
is defined as requiring only basic measurements of voltage,
current, electrical and acoustical impedance, length,
mass (or density), and time(or frequency). Secondary methods
are those in which a microphone, or some other reference,
has been calibrated by a primary method and is used as a
reference standard.

To appreciate the impact that acoustical reciprocity
calibrations have had upon acoustical science, it is useful
to review the history of acoustical reciprocity in the
context of historical attempts to measure acoustic pressure,

particle displacement, and particle velocity.
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B. HISTORY

The acoustical reciprocity principle was introduced
first in Lord Rayleigh’'s (John William Strutt) paper on
“Some General Theorems relating to Vibration"[Ref. 13] in
1873. In that paper he gave the +following example of
reciprocity and credited Helmholtz with a proof in the case
of a uniform fluid without frictions

"In a space occupied by air, lot.A and B be
two sources of disturbance. The vibration excited
at A will produce at B the same relative amplitude
and phase as if the places were exchanged."[Re¢f.
13: p. 1811
In 1877, in his treatise on The Th.ory of Sound (Ref. 141,
Lord Rayleigh gave as an example of the reciprocity theorem
in acoustics the following:
"let A and B be two points of a space occupied
by air, between which are situated obstacles of
any kind. Then a sound originating at A is
perceived at B with the same intensity as that
with which an equal sound originating at B would
be perceived at A."(Ref. 14: Vol I, p. 1341
In various examples, Lord Rayleigh applied the reciprocity
principle to a harmonic transverse force and a resulting
displacement in a bar [Ref. 14: Vol I, p. 1531, and to

periodic electromotive forces and the resultant currents in

electrical circuits [(Ref. 14: Vol I, p. 1551,
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Lord Rayleigh proposed to measure the acoustic particle
velocity in a sound field with the "Rayleigh disk" in 1882
(Ref. 93 p. 1481]. When the theory for the performance of
the Rayleigh disk was set down by Koenig [Ref. 9: p. 1481,
it became widely used as a tool in acousti~al measurements.
Other investigators measured the acoustic particle amplitude
but in general these techniques yielded measurements which
were accurate to within a few percent at best [(Ref. 9: pp.
159-1601. :

A primary source of sound was invented by Gwozdz [Ref.

9: p. 1691, a Russian engineer, in 1907 when he used a wire

heated by electricity as a source of sound. This

thermophone was improved on by Lange [Ref. 13] when he
invented a thermophone with substantial acoustical output in
1914. H. D. Arnold and 1. B. Crandall (Ref. 16], developed a

quantitative theory to explain the workings of the

thermophone, and both S. Ballantine [Ref. 17] and E.C. Wente Aﬁi
(Ref. 18] improved upon the theory. The thermophone remains :fhgj
today as a primary sound source with accuracies on the order .3:
of 1 dB re 1V/ubar [Ref. 9: p. 1711. In 1917, developments ~ﬁﬁ:1
in the field of vacuum tube amplifiers with their high input ;2
impedance made the design of a condenser microphone by Wente \a
[Ref. 191 practical. The first calibration of Wente's f:?
condenser microphone was accomplished using a thermophone of ;;f
his own construction [Ref. 19]. It remained for MaclLean i;:
et
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{(Ref. 4] and independently, Cook [(Ref. 3] to first apply

Rayleigh's reciprocity theorem to the electroacoustic system
in a manner such that absolute acoustic reciprocity
calibrations of the receiving (and transmitting) sensitivity
of a microphone were obtained.

6.S.K. Wong and T.F.W. Embleton L[Ref. 121, have
predicted the best accuracies for a condenser microphone
calibration to date using the pressure coupler reciprocity
calibration method, with the uncertainty of the absolute
open circuit sensitivity level expected to be less than .00S
dB re 1iV/ubar. This dissertation will theoretically and
experimentally explain the calibration of the open circuit
receiving sensitivity obtained with the method of plane wave
resonant reciprocity for a sfandard Western Electric 640AA

condenser microphone.
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In the photograph above, a W.E.&640AA one inch laboratory

standard condenser microphone is shown on the left, in the
center is a Knowles type BT 1751 subminiature transducer,
and on the right is a General radio type 1434 condenser
‘ microphone. Both the W.E.440AA and the GR 1434 condenser
microphones have locally made electrical connectors for BNC
- connectors partially visable in this photo.
)
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C. A GENERAL THEORY OF ACOUSTICAL RECIPROCITY

Prior to discussing acoustical reciprocity, the . S
following symbols are defined:

velocity potential due source "A"

RS
|

¢a— velocity potential due source "B" -
.f% - acoustic pressure field due source "A"
. fb - acoustic pressure field due source "B" SRR
i Y .-

'uﬁ -~ acoustic particle velocity due source "RA" :{:ﬁ

acoustic particle velocity due source "B"

- wvolume velocity of source "A" PO

it

Ug

[ ]

La

L T
LJ; volume velocity of source "B" L
(’, - equilibrium density of acoustic medium

w

- angular frequency of either mancfrequency source el

€ - open circuit receiving voltage :j%f jjf;
E - short circuit transmitting current }
Z - general term for impedance [acoustic or electricall .i*ﬂ
? rno - open circuit receiving sensitivity 2:13
S[ = transmitting sensitivity (current) .
J- - reciprocity factor (acoustic transfer admittance)
y - ratio of specific heats for the acoustic medium Fw_;
)& - ratio of specific heats for medium corrected for :;i
non-adiabatic boundary conditions and for .o
the effects of relative humidity. S
03 - equilibrium (ambient) pressure iﬂ:i
VQ - cavity volume used 1n recilprocity scheme é:
) - acoustic wavelength 'i“‘?
- 34 - sl
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AL - acoustic phase speed in unbounded medium

Za s

time averaged energy density

‘®
2\
™
Y4
|

Qw - quality factor of the Nth resonance

DL - energy dissipated per cycle

L. - length of cylindrical plane wave resonator

Ao - end cross sectional area of cylindrical plane wave '_:::f ,.".»:-
resonator T

h) - the mode number of the longitudinal resonance

F. - fundamental frequency of longitudinal resonances

Af - frequency {Hz}

Jk - wavenumber, equal to (2#pi)/ (wavelength)

’kﬂ - modal wavenumber {(for rigid boundary conditions in
the ends of the cylindrical resonant cavity, equal
to (mode number#*pi)/(length of tube)}l

A theory of passive linear electroacoustic transducers

was developed by L.L. Foldy and H. Primakoff in a two part

paper published in 1945 (Ref. 20) and in 1947 [Ref. 21]. In

their theory, the pressure and normal velocity at each point
on a transducer’'s surface and the voltage and current at a
transducer 's electrical terminals were shown to be related
by a set of linear integral equations. Solving the wave
equation using Green’'s functions for the medium i1n which the
transducer was immersed and using the equations defining the

electrical termination of the transducer, they showed that

the behavior of a transducer could be completely
characterized 1in terms of four parameters. These four
-39 -
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parameters were shown to be: the voltage across the
electrical terminals of a transducer, the current flowing
into these terminals, the acoustic pressure at any point on
the surface of the transducer, and the normal velocity of
the surface at every point on the face of the transducer
[(Ref. 201. In part II of the paper, L.L. Foldy and H.
Primakoff developed the conditions necessary for the
validity of the electroacoustic reciprocity theorem in a
wide variety of physical systems. They found that,
"transducers possessing: electrostatic
coupling only, or electromagnetic coupling only,
obey the ‘reciprocity relations’ providing that

the polarizability, the susceptibility, the
Hooke’'s law, and the conductivity tensors are

symmetric; an the other hand, transducers
possessing piezoelectric coupling only, or
magnetostrictive coupling only, demand in addition
(for the satisfaction of the ‘reciprocity
relations’'), the equality of the direct and
inverse piezoelectric and magnetostrictive

coupling tensors. The symmetry and equality of
the tensors under discussion is always satisfied
at sufficiently low frequencies; whether or not it
holds in general depends on the detailed physical
mechanism of the medium and of its electroacoustic
coupling, in particular, on whether or not
dissipative phenomena of the ‘relaxation’ type are IR,
present..."(Ref. 211 LT

®

PR

The four parameter transducer description of L.L. Foldy and o]
H. Primakoff is used for a condenser microphone in this -#
paper. | ®

To demonstrate resonant reciprocity in a cavity,

consider the volume shown in figure 1.1. The walls are rigid
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and there are two reciprocal transducers flush mounted in
the walls. In the ensuing discussion each transducer wilil
be used altermnately as a sound source and as a sound

receiver.

END AREA = A0

> CYLINDRICAL

C} PLANE WAVE '
RESONATOR
e MIC "8
MIC A LENGTH = L

When the sound fields witnin the cavityvy are
irrotational, the acoustic particle velocity 1s given by the
gradient of the velocity potential. Following rinsler,
Frey, Coppens, and Sanders (Ref. 11: p.1585S1, we apply a
vector identity to the two velocity potentisis associated

with the two sources to obtain,
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V‘(¢Av¢s) = V¢A'V¢a t ¢A Vt¢8 Equation 1.1

When the vector identity 1is again applied, after reversing

the order of the velocity potentials, we obtain,

s V‘(¢BV¢H) - V¢OV¢A + ¢B V%q Equation 1.2

These two equations are now subtracted and the result 1s
integrated over the volume shown 1n figure 1.1, This vyvields

the i1ntegral equation,

Equation 1.7

Vel .

[7-(4mos-070) & = [ (B9 -0T4)
Vel

If the divergence theorem 1s applied to the left si1de we

cbtain Green’'s Theorem,

é@ﬂ% - %V@) WNdS = f(¢nvl¢c - ¢5Vz¢') dy fqation .. a'

Su r'ch& Yol.
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where N is the unit vector normal to the surface. Now, if

we operate both sources at the same Trequency,

Vz¢A == 'kz q>/\

Equation 1.5

and,

2 - 1
- h ¢5 Equation 1.6 T

Vz¢a

upon substituting equations 1.5 and 1.6 into equation 1.4,

we obtain,

§( Cb.\V% - ¢&v¢ﬁ) NS = 5 (CPA E)tz¢,;l - (I)BE X (b:l) dv

vol. Equiation 1.7
sunlace

and on the left side of equation 1.4, all that remains is

the integral.

@ (¢AV¢B - Cbbv(bg : Q a5 = o

Equation 1.8
Su«4kaa
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The acoustic particle velocity and the acoustic velocity

potential are related by,

-—
wu = V¢ Equation 1.9

and from the linearized Euler equation in a medium with

constant density, we have,
0 L TW 4)
= € N 36 Equation 1.10

Now, prior to substituting equations 1.9 and 1.10 into
Equation 1.8, if we consider the integral in equation 1.8 to
consist of one portion over the rigid wails and the other
portion over the surfaces of each simple source exposed to

the inside cavity volume, equation 1.8 can be simplified,

J(u8,-avd) 1ds « § (4745 b,76,)-hdS =0
RI&D SimpLE Equation 1.11
walls SOURES
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Since the normal component of the particle velocity is zero
at the rigid walls, the integral over the surface of the
walls is zero and we are left with the integral over the
exposed faces of the transducers. For harmonic velocity
potentials, equations 1.9 and 1.10 are substituted into

equation 1.8 where we obtain,

(P - $80a)-ndS = O

SOURCE
faces

Equation (.12

With the definmition of the following parameters,

-
Pab(r) = pressure at ﬁﬁ” when "B" is transmitting as a funct:ion
of position, r, on A's surface.

-
Pbat(r') = pressure at ”g" when "A" 1s transmitting as a function
of position, r', on B’'s surface.

- t
ua(r!) = velocity of the "face" of source "A" as a function
of position, F.

-
Tb(r') = velocity af the “iace“ of socurce "B" as a function
of position, r’.
And provided the acoustic pressure over the face of the
transducer acting as a receiver 1s uniform, we are able to
write the following form of the statement of acoustic

reciprocity:
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-— > ’ ‘ -— . N
__\___‘ 5 ’u%(f'§-§(\58 T — 'u.(r\-Nc{S‘ Equation 1.13
G Faal ") fouce

When only simple sources are involved and each integral of
the normal component of the velocity over the face of the
source is replaced by the respective volume velocity this

becomes,

Llg _  Ua
- - Equation 1.14
‘PAE, 'PsA

This 1s analogous to Rayleigh's statement:

"....the vibration excited at A will produce
at B the same relative amplitude and phase as 1f
the places were exchanged.'"[Ref. 121
The principle of acoustic reciprocity will now be applied to
electroacoustic transducers so that we can obtain what 15

termed a reciprocity calibration of the microphone open

circuit receiving sensitivity.
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When we describe the general properties of a simple RO
source it is often correct to consider the simple source as

a linear two port electroacoustic network [Ref. 201],

P

U
0
e
—0

i
o-—
TRANSDUCER
o—1 |

Figure 1.2 Electro-fAcoustic Two Port Network.

From Foldy and Primakoff C(Refs. 20, 211, the equations

-—p——
describing the relationship between the open circuit :i
receiving voltage, e, the pressure at the receiver surface, -
p(:). the transmit current, i, and the transmitter normal o

velocity, Uh(?), at the face of the transducer are,

......
At
.....
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.....

Sukfhce N Equations 1.1% if;¥
. el
Pz fh@] +  JEEAWREE :
SuR¥rce
The reciprocity relations that are required of any p
transducer used in a reciprocity calibration are [Ref. 21]: R
Lot . S
a - e vl A (‘ey.\ -Quuc'& \ON‘/ -~ .
’HP)/)\(F’) T T 2 v dependentugon F.
‘Equations 1.16 ff
- 2y r—: (‘) -.
zee,8y = 2 (7
.o
The variables used above are defined by L.L. Foldy and H. ':
g ‘
Primakoff to be [Ref. 21]: T
Zb = the blocked electrical impedance of
the transducer :
h(:) = the speaker transfer impedance o
h'(Fr’) = the microphone transfer impedance fﬂ
Z(F,F’) = the generalized open circuit normal RO
acoustic impedance of the transducer ey
surface. —
The first equation simply states that the speaker transfer h;;
impedance and the microphone transfer impedance are equal in l”ﬁ-}
magnitude and the phase angle between them is the same at ) -
all points of the transducer surface. -
- 44 - g
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T When equations { 1S are recast in matrix form, h(r) and

h'(r’) are equal ‘to 21 and 112 respectively, the
generalized acoustic impedance is constant over the
transducer’'s surface and is replaced with 222, the integrals
of the normal velocity over the transducer surface are
replaced by the volume velocity 0, and Zb is replaced with
Z11.
c ;}H ;Ztl L
- tl Equations 1.17
P 2., Zax
In particular, with the voltage—pressure and current-volume
- velocity formulation shown above, if 2112 equals (+,-)Z21

then the transducer is said to be a reciprocal(+) or an
antireciprocal (-) transducer [(Ref. 22]. The impedances are

now described by:

Zi11 = open circuit voltage / short circuit current Zﬁf:q

12 = open circuit voltage / volume velocity -
221 = received acoustic pressure / short circuit current 155:
122 = received acoustic pressure / volume velocity

When two such transducers are connected by an acoustic

medium, a four port network will represent the system,
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Cal . P T T T S T e te e tete it - . P

Aa tmdafalednd e ad et Aadalliod aletie Anld el ey




Figure 1.3 Four Port Electro-Acoustic Network

If we choose all the receiving sensitivities to be the open
circuit voltage receiving sensitivities and all the
transmitting sensitivities to be the current transmitting

sensitivities, we have the following definitions:

MA = ei/Pa | Equation

Sﬁ - Ps/ti Equation

Equaticn
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_ P2/,
Sb - /L4~ Equation 1.21

Dividing equation 1.18 by 1.19 we obtain,

Ma - €4 i
Sa Pa. £3

Equation 1.22

and dividing equatiomn 1.20 by equation 1.21, we obtain,

Mg e4 14
Sy P3P

R

Equation 1.23

i Where we define:
: el = ogpen circuit voltage at port(l) when transducer "&"
30 1s transmitting.
1l = input current at port (1) when transducer "A"

is transmitting.
° P2 = acoustic pressure at port(2) when transducer "E"
. 1s transmitting.
;ﬁ P3 = acoustic pressure at port(l) when transducer "A"
- 1s transmitting.
N e4 = gpen circult voltage at port.4) when transducer "A"
! 1s transmitting.
\'.
-
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i4 = input current at port(4) when transducer "B"
18 transmittaing.
Now, If both of the transducers and the medium are
“reciprocal”, meaning that Z12=221, 223=232, and I34=143,

the equations representing the reciprocal system are,

— g -
e EX 2y L
= Equations 1.24

e 4 ¢, Zut || VF

11 14
[, —

ﬂ

ol RECIPROCAL ELECTRO-

ACOUSTIC SYSTEM e4

[ — O

By definition, el and 11 do not cocexist 1n time. Similarly,
ed4 and 14 do not coexist 1n time. Thus 1+ 1 recei1ves when 4

transmits,




0
e = [_Z\\ °> Y [2"4] [-H-] Equation 1.25

and when 1 transmits and 4 receives,

o

e4 = [2.+J [li] + ‘—_24 (0> - Equation 1.26

I1f the network described by equation 1.22 is reciprocal or

antireciprocal, then Z14 = (+-) 7141 so that,

a4y

. N Equation 1.27
L4 ‘-i

This 1s the electrical analog of Rayleigh’'s statement of
acoustical reciprocity ([(Ref+. 141. Substituting this 1nto

equations 1.22 and 1.22Z we abtain,

My _edid _ e4ise _ Mg

L
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Folliowing L.L. Beranek [Ref. 9] and R.J. Bobber [Ref. 101 we
define this ratio as the reciprocity factor, "J" and we

have,

A _ Ma = J
- S Equation 1.29
Sa 8 _
Provided that the medium and both transducers are

reciprocal, and if both transducers are ideal, we have shown
that the reciprocity factor "J" depends only upon the medium
(including 1its boundaries) and is 1i1ndependent of the
transducers used.

To obtain a comparison between the two transducer s
receiving sensitivities, a separate sound source 1s used to
generate the same acoustic pressure that in turn 1s sampledg
at the same position by each of the receiving microphones.
The ratic of the received voltages vields the desired

comparison.

_ Ve o Ve
f(SAme) T Ma Ma

Egquatiorn 1.24¢
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Va and Vb are the open circuit receiving voltages of
transducers "A" and "B" respectively when the third separate
sound source is transmitting. Equations 1.29 and 1.30 yield
two expressions for Ma which we multiply together to obtain
the square of the open circulit receiving sensitivity for

transducer A.

(MA)‘L = (ME’ \iji ( SA .J—) Equation 1.3t

1L @

Applying the definitions of Sa and ™Mb found 1n equations
1.19 and 1.20, we obtain the solution for the open circuit

receiving sensitivity for microphone “A".

ey Vv ‘/&
- (ST
MA - Li \/'3 Equation .ZC

Using a similar procedure for transducer "B" we obtain,

M& = _L-L—" V; / Eguation 1.20

P
k. -

P




If the voltages and currents in equations 1.32 and 1.33 can
be measured, the only parameter remaining to be calculated
in order to obtain a complete solution for the receiving
sensitivities Ma and Mb is the reciprocity factor, "J". The

physical meaning of the reciprocity factor "J" will be

explained in the next section.
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The second equation has a zero on the left because there is

.

i lo 2. General Determination of The Reciprocity Factor, "J"

:; - When the dimensions of the reciprocity factor, "J" are

&‘ considered, we find that it can be interpreted as having

. dimensions of volume velocity over pressure. This is an
acoustic admittance. After Rudnick [Ref. 1], we proceed to
determine the solution for the reciprocity factor by

i considering as our reversible transducer one that is small

B compared to a wavelength, and is so noncompliant that its

E introduction at a point in the sound field never alters the

;' sound pressure at that point. By the same token, when used
as a speaker its volume velocity is independent of the
acoustic load. Let both transducers be identical and of

Ei e this type. The restriction t?at they be identical can be
lifted trivially by the introduction of a third receiver as
was done previously in the development of equation 1.30. For

ii "AY transmitting and "B" receiving we obtain, using

5; equations 1.17 for transducer "A",

X ‘ :

® el = Zu\L o+ 2 U

| o - Z;\ \LL N za&\—\& Equations 1.34

.

°

no impressed pressure and the ideal transducer does not feel

the pressure that is self generated. For transducer "B" we

_53_
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have, ' 0 ;f:,
e4= Zyds) + Fwa LI3
(2] . |
P3 = Z}((:S + 2‘33 U3 Equation 1.3S
since we have identical transducers in this example,
ﬁ = M = M": _;-_Z_‘_l - z Equation 1.36 ‘--'
3 ° £y %33 . ....'

and,
S A = e— Equation 1.37 SR

We solve the second equation in 1.34 for the current, il,

-

Za\ A

Equation 1.38

Substituting the result for i1 into equation 1.37 and
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(;“ manipulating the terms, we obtain equation 1.3J39 and thereby
S~

have shown that the reciprocity factor “J” is the acoustic

transfer admittance.

w

Mpg W2 o _ O

on——

|

Equation 1.39 7f;:

W)
K
[ 34
’0
W
'0

Since the acoustic transfer admittance depends upon the

medium through which the acoustic signal moves, and on the

p; boundaries of this medium, the solutions obtained for the

& microphone voltage receiving sensitivities will only be

the duration of the experimental measurements.

*i PY valid 1if the medium and its boundaries are unchanged over
‘

b-

} When setting out to calculate an analytical form far the

3

reciprocity factor, different geometries of the medium
between the two transducers will result 1n apparent

differences 1in the forms found +or "J". However , as

mentioned earlier, it 1s important to note that (to within a
multiplicative constant) all of these =zolutions Tor “J7 will
1; have the same form; The product of a volume and a frequency

divided by the adiabatic bulk modulus of elasxticity for the

) ]

:f medium. To shaow this, three different "volumes" as shown :1n .
Q figure 1.1 wi1ll be wutilized. For a gas medium, the

L ‘_..-_..
6’ adiabatic bulbk mocdulus 1s expressed as the proguct of the Tt

S - 35 -
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barometric pressure and the ratio of specific heats. Short L
_——t A
descriptions of the dimensions involved in these different ‘w-

physical environments follow:

Volume 1: All dimensions are much smaller than
the acoustic wavelength [Refs. 3, 9, 121]. AEAE

Volume 2: Free field [Refs. 4, 5, 7,8, 9, 10, RS
111. 2

Volume 3I: One dimension is greater than or Qf
equal to half an acoustic wavelength with the e
other two dimensions smaller than an acoustic i
wavelength (cylindrical cavity) [(Refs. 1,2]. T
The solutions to be obtained for "J" in the next section
will allow the equations for Ma and Mb to be defined in
terms of basic electrical and physical measurements. '5}? f:f
- 56 - :
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a. The Calculation of “g" for a Pressure Coupler
Reciprocity Calibration

For all dimensions much smaller than an acoustical

wavelength, "volume 1" in the previous section, the
magni tude and phase of the pressure will be essentially the
same everywhere within the cavity. Using the adiabatic form

of the ideal gas law,

9= o

Equation 1.40

we take the natural log of both sides and differentiate,

4& +Yéy—=©

F V Equation 1.41

;’ If the acoustic pressure is harmonic then it can be written
-

1_ Jwll ii?
° AP = P = Toe T

= Equation 1.42
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then considering the change in acoustic pressure witn !r,

respect to time,

f .

—_— = dw f Equation 1.43

t

o

¢ Recognizing that the volume velocity may be expressed as the
time rate of change of the volume we can write the time

*[ derivative of equation 1.41 as,

HH
O

Tl \5\*)-P v Y -)EL_

€ \/O Equation 1.44 £ .~
o .

consequently,

g —_— = Equation 1.45 -
P ¥ & ‘
@ Thas 1is the recaiprocity factor for a “"small'" cavity. -

Without any manipulation 1t 1s seen to follow the general

form given earlier for "Jdv.

———
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"." b. The Calculation of “J* for a Free Field Reciprocity
Calibration

For the free field we make use of equation 1.14 which

shows that the ratio of the acoustic pressure at the face of

a transducer acting as a receiver to the volume velocity of

that transducer acting as a source is the same for any

simple source. We are therefore able to choose a simple

sphere to represent the source. It can be shown [Ref. 11:

p. 1641, that for an oscillating sphere of radius "a",

where "a" is much less than a wavelength, we have,

3 (ut-J\r)
’f(rjt) = <3 &Cu- (%‘-5 (kq'\ S Equation 1.46

49

The volume velocity for the simple spherical source will be,

s wt

o

(4T ) U e

[
)

Equation 1.47

Combining equations 1.46 and 1.47 to obtain a form of the

acoustic transfer admittance, we have,




. _ = Equation 1.48 ]
!! 13 fLQ“J{ v

substituting,

v el el
J"\: % Equation 1.49 i

we obtain for the magnitude of the +free field reciprocity

factor “J%,

—_— = Equation 1.30
G C

When the numerator is multiplied by the wavelength, and the
denominator is multiplied by the phase speed divided by the

frequency, we see that,

03 af [Nl

—

Pal ¥ &

Equation 1.351
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® This also is the general form given earlier for "J", where
the effective volumé is a rectangular solid with length and

width equal to a wavelength and a height of 2r.
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c. The Calculation of "J" for The Plane Wave Resonant
Reciprocity Calibration

To illustrate the final case where the acoustic
wavelength is much larger than two dimensions and equal to
or smaller than twice the third dimension of the cavity, a
plane wave cylindrical resonator is used. For this case,

the reciprocal transducers are mounted in the ends.

END AREA = A0

L CYLINDRICAL
Q ] PLANE WAVE
RESONATOR
o MiC “B"
MIC "A LENGTH = L

Solutions of the wave equation within such a cavity predict
three kinds of resonance modes; radial, azimuthal, and
longitudinai. When the dimensions of the cylinder are
chosen so that the lowest azimuthal and radial resonance
modes occur at frequencies higher than the highest

longitudinal resonance in the frequency range of interest,

- &2 -
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then below this frequency, only longitudinal (or plane wave)

resonances can occur. For a cavity with rigid walls and

ands, the pressure field within the resonant cavity is given
I by,
jwl

o ) T ) e

S (m6) cos

Lo 2%

f)(r)e)z) « S

Equation 1.52

; Here, Jm() refers to a cylindrical Bessel function and not

to the reciprocity factor.

From Morse [Ref. 22: P.3981, the ratio of the

fundamental azimuthal mode to the fundamental longitudinal

s mode is found to be .3586 times the length to radius ratio of

the cylindrical cavity,

The ratio of the fundamental radial

mode to the fundamental longitudinal mode

is

found to

be

1.22 times the length to radius

ratio

of

the

cylindrical

cavity.

A photograph of the cylindrical plane wave resonant

f cavity used to experimentally observe the different resonant

modes

voltage output

is shown next.

All three different

modes

are

then

in

figure 1.6, as a relative plot of

vs frequency.

A Knowles

the microphone

Type BT-1751

..........

subminiature

mounted on the curved wall of the 23.3 cm long cylindrical

............

transducer

acted

- 63

as the

microphone

and was

.................
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' cavity shown in the photograph. The sourca was a W.E.640AA

B condenser microphond, Serial #1248, mounted on one end.
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Photograph 1.2 Right_cylindrical resonant _cavity

used_to_obtain_the_modal resonances_shown_in_fiqure_1.6
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PLANE WAVE AND
AZIMUTHAL MODES

PLANE WAVE MODES

PLANE WAVE, AZIMUTHAL,

AND RADIAL MODES

:

RELATIVE AMPL1TUDE

1

FREQUENCY IN KHZ

19,

—
.
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Figure 1.4 Modal resonances_in_a 23.3 cm, air filled brass

Following G.W. Swift,A. Migliori, S.L. Garrett, and J.C.
Wheatley [Ref. 2], the calculation of acoustical transfer

admittance is as follows:

The dot product of the acoustic particle velocity with
both sides of the linearized Euler equation of motion

vields,

%69t = U (-VP)

Equation 1.33
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Next, the equation of continuity of mass, written to first
order in the acoustic density, is multiplied on both sides

by the acoustic pressure,
'f> (eTlcl) %{ = £ ("V'ﬁ> Equation 1.54

adding equations 1.52 and 1.54 we have,

l.. f - .
R .u € u 4 — = 74( Vf +P(VU Equation 1.5S
o5t | pet Qf
)
this equation can be rewritten as,
T
O (1, - -
a{ 56014 4 —_—-—P 1 :-V'(‘Pu) Equation 1.Z6 N
: }6%6 RS
This is an equation of continuity for energy density. The
terms 1n the leftmost bracket are the kinetic energy censity
and the potential energy density respectively. The product
T - 67 -
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of acoustic pressure and acoustic particle velocity is the
acoustic intensity. . This equation is integrated over the

volume within the resonant cavity to obtain,

[2(5 o <~ fro00

Equation 1.57
VoL vol. q

Applying the divergence theorem to the right hand side of
this equation and reversing the order of integration and

differentiation on the left hand side, the equation becomes,

%{' ( E-n;rm-) s:‘é“;? wen dS Equation 1.358

For plane waves at a longitudinal resonance, the acoustic
pressure amplitude is uniform over each end of the
cylindrical cavity. Additionally, with the ideal receiving
microphone (the mechanical impedance is infinite), the
integral of the normal component of the particle velocity
over the rigid wall of the cavity volume is zero everywhere

except on the surface of the source microphone,
_65_
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Equation 1.59

. LA
d P U -NdS
_Y_En“k = — lenNd
C*t Soyncf
FACE
Taking the average over one cycle yields, ;
T -
T \ P Rty
-i dE'r = - ? \—lEND CH:
p— END .
- i ] Equation 1.4&0
T +
o 0
Here we have obtained the incremental change per cycle of
the plane wave energy within the cavity due to the work per
cycle done by the source microphone.
\ \ T
- | = P\ at
AE = _gi T S (ENBUE"D} Equation 1.61
0
energy dissipated per cycle equals
source when a steady
Thus, the

Within the cavity, the
is maintained.
enerqy available above as a

the work done per cycle to drive the
resonance

state longitudinal

change in the total plane wave

result of the average work done by the source over one cycle
cycle required to sustain the

per

must be the energy input
_69_
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plane wave resonance. Here the energy dissipated per cycle PN 5&2
is expressed in terﬁs of the source pressure, the source
volume velocity and the sound frequency.

I1f the velocity of the driving face is considered to be

harmonic and if the acoustical system being driven is at a

longituuinal resonance, then the acoustic impedance at the

source is purely resistive and the particle velocity and il

,’rrmw-
N v .
«
o
!
LI

acoustic pressure are in phase at the face of the driving fﬂfﬂ

transducer. In this case we have,

‘rv—rv s
) e .
e LN
!,
v
« ! .
' v,

= P, (‘_es(w'k) 3‘-'.1\‘5

Ll CbS(th) Equation 1.62
]

Perr

BEN

‘_. -
e e
'™

=",

Now the energy per cycle required to sustain the resonance

can be written as,

DE Volo Fems D
— = —_
:5;&E - 2 f_ Equation 1.63

The terms for energy density found in equation 1.36 can
now be used to calculate the total acoustical energy found

within the cavity. Consider a differential volume of length




Eat N

(Gl 2

dx and cross sectional area equal to that of the cylinder

located at position."x" within the tube.

dx
A &

differential volume
under consideration

. T . it G D i s S . B e e S S0 S Sy e e ke S

For rigid ends, the pressure standing waves due to

longitudinal resonances within the cavity are given by,

Juut
?(7().{,> = Po COS (hu X) c

Equation 1.64

From the linearized Euler equation in a medium with constant

density we have,

od - _yp
€0 bt

Equation 1.4S
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Taking minus the gradient of equation 1.&64 we obtain,
Jwwt

__V-P = 'fohw S"J ()?.,.;X) 6 Equation .66

Substituting into equation 1.65 and solving for the

derivative of the particle speed with respect to time,

St |
b\'{ = 'f°_)i:' SN ()L.:X) € Equation 1.67

—— -

t e
Integrating, we obtain the acoustic particle speed,

J Wt
fo e e (R e

Equation 1.8

U(Y4) = Y

eeping the real part of the complex acoustic particle speed

we have,
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€ZCo Equation 1.&9

From equation 1.64 the real part of the complex acoustic

pressure is,

pixy) = £o Cos(hox) Cos(Wst) Equation 1.70

The total mechanical energy within the differential
valume shown is the sum of the differential kinetic energy

and the differential potential energy contained within.
Er = d&e + df .
T - KE PE Equation 1.71

The differential kinetic energy from equation 1.36 1s given

by,

"

Equation 1.72

dgKE i 60’241:40 d

S e e e e e e e e e FO S e T L S S P AP
PR IR RS I W W W A AT S - R P PN W VST I WA I DAL PR, W Py T

Al

Il’
I

3

e ST DN
&4
.
’
2
22

S e L 8




R BhIORUMMY S

and the differential potential enerqy from equation 1.56 is

given by,

£ pd

#
le}ﬁ - 1 Equation 1.73

20t

Combining equations 1.69, 1.70, 1.72 and 1.73, tne
differential of the total mechanical energy of the standing

waves within the small slice of volume is abtained,

“()" N ,.X)Sw\ Wy *
%_eo Sin(h ( *)]Aoén( +

o E e:to

s .
Equation 1.74 S
s V" Cos (Jeox) Los(wnt) A dx
2 0,0
Integrating over the cavity volume we obtain the i1ntegral
form of the total mechanical emnergy within the plane wave
resonant cavity,
X=k
£ - Pvo S’ [5,,1(@ tfiont) +CasTHer) Cos w.+\] dx
T po X Equation (.73
e’ X< 0
'
----- e e e i e e T S e
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;:&i For rigid ends within the plane wave cavity, the modal wave
e number is,
R
va
P R, 55
L v - Equation 1.76
Upon substitution into equation 1.75 and 1i1ntegration we
obtain, -
?
E - ?D AD\-—
T ° Equation 1.77
40oCo
@

Using the root mean square value for the acoustic pressure,

P Aol

t.-
20 Co

T

Egquation 1.78

Where "B" 1s the quality factor of the plane wave

longitudinal resonance we have [(Ref. 111,

AE/CHLL. ) &n— Equation 1.79
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we can substitute the values previously determined to
obtain,
o
Pams Aol
26 C*
Qu _
a v ?Rms WV ems Equation 1.80
In
From the ideal gas equation of state, we have,
A
fox - C" C’ Equation 1.81

Since at a longitudinal resonance in a plane wave resonant
cavity with rigid ends, the pressures at each end are ®squal
in magnitude, we can write for the magnitude of the

acoustical transfer admittance of the plane wave resonator,

_\_.__)é - k'\T\/o -QN
P @ox Q"‘

Equation 1.82
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Inasmuch as the quality factor for the Nth resonance is
dimensionless and is computed from a set of basic electrical
measurements at frequencies in the vicinity of resonance, we
have once again the general form given warlier for "J".

The complete representation of the reciprocity equations
which may be considered for experimental implementation in

all three different geometries will next be summarized.

e T )
.
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3. A_Summary of The Three Reciprocity _Methods _Compared__in %
b This_Experiment |
; a. Plane Wave Resonant Reciprocity Calibration
. For the case of the plane wave resonant cavity
2 reciprocity calibration, we can combine equations 1.32 and
‘1 1.82 to obtain,
y A
P\ — ed VYa T Vo 4;) )
. A L VB K)o\/ Qs Equation 1.83
L ]
This is the initial form of the solution for the open
i circuit voltage recoiving sensitivity found using the plane -’

wave resonant reciprocity method of microphone calibration.

In chapter 11, thoi difficulties associated with

experimentally obtaining the required measurements of the

basic electrical and physical parameters used in the above

equation will be addressed.

WP W < PN AR T S ST T P W W W W WS W WO WY Py U e




b. Free Field Reciprocity Calibration
For the case of the free field reciprocity calibration,

equations 1.32 and 1.50 yield,

fas

JV\ = S VA a)\r > E ti 1.84
A ki VB XN quation 1.

This is the solution for reciprocity caliﬁfation that was
initially obtained by W.R. MaclLean [Ref. 41 and

independently by R.K. Cook [Ref. 3] in 1940.

..........
......




€. Pressure Coupler Reciprocity Calibration
Finally, for the case of the pressure coupler
reciprocity calibration, combining equatio's 1.32 and 1.45

t; we obtain,
S
!

l/g\

Equation 1.85

— et Ya  awtVe
M L Vo 5.9

With these pedagogical solutions for the open circuit

receiving sensitivity complete, we are now able to consider

the form of the solution shown in equation 1.83 with regard
to the experimental methods used to obtain the basic
electrical and physical measurements which, when substituted

into equation 1.83, ultimately yield Ma.
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II. EXPERIMENTAL CONSIDERATIONS FOR A

A. INTRODUCTION

The form of the equations derived in Chapter I for the
microphone open circuit voltage receiving sensitivity found
using the method of plane wave resonant reciprocity was not
optimized for experimental implementation. - Consider the
following equations:

!
e4 Va VLo /L
A Vo QoY Qn

"

Ma

Equations 2.1

)
el Vg w\ ‘CN /:"
V4 \/F o X Qv

Mg,

To reduce the amount of experimental erro- 1ntroduced b, “he
method of the experiment, it 1s wuseful to consider the
1mpact of practical considerations upon the analytical form
of equationsAZ.l. There+tore, the following questicons will be
addressed in this chapter:

1. How can the ratio Ya/VYb best be measured to reduce
evperimental error?
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; 2. How can a self consistency check on the experimental °
results be incorporated into the experiment? =

3. Is it possible to reduce the number of basic electrical

L)

- measurements experimentally made?

i 4. What is the correction required in the experimentally

: obtained value for the open circuit voltage receiving
sensitivity as a result of the nom-ideal character of
the compliant microphones used in the experiment?

I Additionally, the experimental measurement of the quality

factor of the nth resonance can be very difficult to obtain
with any accuracy. Only with the experiment’ under computer

control using a technique such as that developed by D.V.

.

y Conte and S.L. Garrett [Ref. 231 or by J.B. Mehl [Ref. 241 -
is this source of error reduced. -

i With these considerations in mind, we will proceed 1n Py :

the development of the equations required to experimentally

T

Dy g o}

measure the open circult voltage receiving sensitivity of a

. e .
[

microphone wusing the method of absolute plane wave

reciprocity calibration.
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‘1.' B. DEVELOPMENT OF THE EXPERIMENTAL PLANE WAVE RECIPROCITY
b EQUATIONS USING CYLINDRICAL GEOMETRY

When the method to be used in measuring the ratio Vasvb .
Ll St
ARy

is considered, two basic approaches are possible. In the VA

first, the voltage ratio is measured as an experimental

event unique unto itself. The final result is the ratio L.
Va/Vb. The difficulties associated with this experimental
approach are primarily related to the difficulty to be found
in the precise repositioning of the microphones on one end

of the resonant cavity to obtain the same reference pressure

generated by a source at the other end. It is preferable to
49 design a “hands-off" experiment that will eliminate the L. 9
introduction of any such re-positioning error and will allow

computer control of all the experimental measurements

including those used to determine the quality factor, Q.
When the reference source is mounted at a third port in the
wall of the resonant cavity, the "hands-off" experiment is
possible. However, there already exist two such sources of
sound within the resonant cavity in the form of the
reciprocal - transducers mounted at each end. An
experimentally productive alternative is to mount instead, a
receiving microphone as a reference in the third port. Yl

will be shown that by mounting a reference microphone in the

wall of the resonant cavity, not only will we be able to

- 83 -
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measure the ratio Va’/Vb, but we can alsoc also obtain a
comparison calibration of the reference microphone and a six
way round-robin self consistency check of the experimental
precision of the calibration for each mode. The
calibrations of microphone receiving sensitivities 0
obtained will be as follows:

Ma -~ based upon absolute plane wave reciprocity.

Mb - based upon absolute plane wave reciprocity.

Mca - A comparison calibration of the reference
microphone based upon the absolute reciprocity
calibration of microphone A.

Mcb - A comparison calibration of the reference
microphone based upon the absolute reciprocity
calibration of microphone B.

Mab - A comparison calibration of microphone A based
upon the absolute reciprocity calibration of

microphone B.

Mba - A comparison calibration of microphone B based upon

the absolute reciprocity calibration of microphone A..

The modifications required for equations 2.1 which yield
an analytical solution for resonant plane wave reciprocity
sensitivity calibrations and which use a reference receiver
mounted in the wall of the resonant cavity will now be
derived.

When the development of the four port acoustical

-

reciprocity network is expanded to include the comparison

microphone mounted in the side of the cylinder, some

Y IR
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-

T
P R R
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modifications to the analytical development for the solution
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of Ma are necessary. Consider figure 2.1 below. o

Y

1,
e

5
~x

Figure 2.1 Modified four_ port network.

The relationships between the receiving and transmitting
sensitivities for the two reciprocal microphones mounted on

the ends can still be represented as beforae,

& Ma = SaJ s
T

Equations 2.2 _*ij

To obtain a comparison between transducer "A" and transducer

"B" with the geometry shown above, it is necessary to relate

the pressure at the face of microphone “"C" to the pressure iwfi
_85_
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at each end. Thus, when "A" is tranasmitting,

Me = ‘\-/3“

FQA Equation 2.>

-~

and when "B" is transmitting,

Vea

C = Equation 2.4
M Pep

At a longitudinal plane wave resonance, the rms acoustic Z .

pressure at the right end of the cavity can Be related to
the rms pressure "felt” by the comparison microphone, with a
pressure standing wave correction factor, Gln), which
depends upon the frequency of the plane wave resconance, and

the position of the caomparison microphone 1n the tuoe.

-~ =

Equation 2.7%

Poa = (P31 LaAM]

The pressure standing wave correction factoar, Gl'no 19

nbitaitned oy spatially averaging the longitudiai viErlations
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(‘“‘ in acoustic pressurs at a planes wave resonance over the face

of the reference 'microphonn assuming the microphone
sensitivity is indepsndent of position over the face.

It is worth noting that even though the comparison
calibration of the microphone "C" sensitivity obtained with
the previous assumption may be in error, this assumption has
no effect upon the mneasurement of the absolute sensitivity

of microphones "A" and "B". Refer to figure 2.2.

x=b Vo
R N b-a\t *
[PS]G’I‘“F me [Cﬁ({!)][(_;) ‘(x— ‘%“L)l d*  Equation 2.6
KeA
/' Y microphone
O 1\ dX diaphragm
>l &

> X

(longitudinal axis)
(of plane wave resonator)
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In the figure above, the curvature of the sides is not
involved since the spatial variation of the acoustic
preasure occurs only in the longitudinal direction at a

plane wave resonance.

£ .-
Photograph 2.1 In_this photograph, the "ports" for
the comparison _microphone_ are mounted on_the side wall of_ the ,
cylinder i
o

The side wall mounts in. the “long"” tube were unused in -
the finel experimental measurements since there was room to

mount the Knowles subminiature transducers in tre ends

alongside the one inch condenser microphones. The side wall -—

- 88 -




mounts in the above photograph are entirely functiocnal and
were used in prelihinary experiments using electret and
dynamic microphones. In the "short" tube, the side wall
mounts were necessary when a 1/2 inch microphone was used as
the comparison microphone.

To evaluate the relationship between the pressures at
the two ends of the resonant cavity consider the general
solution for standing plane waves in a cylinder driven at
the left end at X=0 by transducer "A", with mechanical
impedance Ima, and terminated at the right end at X=L by
transducer "B", with mechanital impedance Zmb. The acoustic
pressure in the cylindrical cavity can be represented as the
superposition of a left going wave and a right going wave

and will then be of the form,

S(WEARMXD)  (wt-RE-<D)
P(X,‘H = Ae + Be

Equatiocn Z.7
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Referring to figure 2.3 above, when microphone "A" 1is useo
as the source, the ratio of the pressure at X=0, (P2') to L. ..
the pressure at X=L, (P3), will be,
’ JRL - RL
P Ae + Be
——— .
F3 A + B Equation 2.8

Since the force on the termination 1s pressure times the

cross sectional area and the particle speed for a plarne

acoustic wave 1s given by,

-90-
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W U = Fo ax Equaticn 2.9

We can use the definition for mechanical impedance to solve
for the ratio of A/B in equation 2.8. For the microphone
mounted in a rigid end, the mechanical impedance will be in

general,

-porc_a APPLIED
Tesulhing SQeed .

N
"

Equation 2.10

4@ which upon substitution of equations 2.7 and 2.9 into

T equation 2.10 at X = L, becomes,

A + B
Zmﬁ - fOtAB A' - R Equation L.ii

Where Ab is the cross sectional area o+ wmicreophone E.

Solving for the ratio A/BE we obtain,

ZN\B - f%(t AB

Equation .12

o>
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Substituting into the equation for F2'/F3 we obtain,

r
P22 eos (RV) +4 LN ED

-
_-—‘-

Fb Zme

Equation Z.17

Where P2 is the pressure at X=0, and P33 1s the pressure at
x=l. when transducer “A" is transmitting. With a similar but

symmetrical development with transducer "B" transmitting we

obtain,
4’_'. =
P3 ' eoCAA hiu
° - 4+ 0P ISIN
- ¢°S(hL> J - Equation Z.14
P ~h ,
Where PT' is the pressure at the right ena and PZ 1s tne T
'l - —.T".v‘!
pressure at the left end when transducer “Bv 13 R
transmitting. Considering the previous sketch of the zwo AT}
different situations, the open circuit receiving sensitivity o
4
for microphone C can be found 1n each case, e
Vo _ Ve
Zguat 2,153
en quaticen .
P Pea
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When the standing wave scale factor is used to express the

pressure at the offset comparison microphone as a function

of the pressure at the end for both values of Mc, we have, Pl

i VCA - VCB Equation 2.16
P3 GL(w) Py GL(N)

Solving for the pressure ratio as a function of wavenumber,

_Pé - ,V_.CA_ C oS (/hL\ +:) Mﬁ. S‘N(hL) Equation 2. 1% ’
P~ Ves L g

This pressure ratio will allow the ratio Ma’/Mb to be
expressed in terms of voltage ratios alone, provided the
term in the brackets in equation 2.17 is equal to unity. I€
KL is equal to some multiple of pi, as it is with perfectly
rigid ends, then this assertion is correct. Experimentally, Eifj:
the deviatioﬁ of the value of KL from an exact multiple of
pi is determined at a plane wave resonance by examining the =T

harmonicity of the modal resonances in the plane wave

resonant cavity. [See Appendix A.] If they are multiples of

- e




the fundamental then KL will be a multiple of pi with fﬁf
sin(KL)=0 and cos(kL)=(+-)1. From the theory shown in °
Appendix A., the values of KL at resonance are exact

multiples of pi only in the case of a perfectly rigid

boundary or in the 1limit when the frequency goes to
infinity. When the fundamental of the highest plane wave
resonant frequency measured was calculated and compared to
the lowest plane wave resonant frequency, the ratio so found
was an estimate of how close the worst case KL came to being
an exact multiple of pi. As shown in Appendix A., the worst
case occurred as expected at the 1lowest plane wave
resonance. In this worst case, the value of KL was measured
as .9927%pi, to four significant figures. Since the vol tage
ratio used in equation 2.18 comes in under the square rooct
in the calculation for microphone sensitivity, the value of
unity for cos(KL) will introduce an approximate .001 db re 1
V/ubar worst case error. Since other experimental
uncertainties will be shown to be larger than this value by
at least one order of magnitude, equation 2.17 will be used ;kf

in the form shown below.

P Va

P Vee

Equation 2.18
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f:;* Now the ratio of Ma/Mb becomes,

(2 = (S0

- —_— ] P Ved Equation 2.19
Ma Pa/\ e+ e

Combining Equations 2.2 and 2.19 we obtain for the square of

Ma,

2 ed\(Vall} S, T
M.& = MB(@)(\/& h Equation 2.20

When the definitions for Sa and Mb are substituted into

equation 2.20 and we solve for Ma, we obtain,

ZQ\
el Ve
Mk = S>> ¥ 7

ii Vm Equation 2.21

Similarly,

C4 Ve

Equation 2.22

.................
................................................
........................................
...............................................
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By using the reciprocity relationship; e4id elil, we can

eliminate the requirement to experimentally measure i4,

|
e+\(et) [ Vem) 7 /a
M& = ei LL Ven Equation 2.27

Having considered the practical consequences and
experimental advantages of the method chasen to measure
vVa/Vb, the consequences of a compliant microphone with

regard to the calculation of the voltage ratio representing

Ma/tb, and having Jjust reduced the number of basic

electrical measurements required by one, consideration must

now be given to the experimental determination of the
reciprocity factor, "J". Consider the fTorm of the acoustic ﬁif

transfer admittance derived i1n Chapter 1. .5}

’ = Y Equation 2.24 :'."‘t
6>o Qw

[

The temperature, pressure and density of the medium within

v

2
L
PR

the resonart cavity were found to vary over the duration o+
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the experiment. Since the reciprocity factor "J" represents

. :-:R:‘q:\l
the acoustical transfer admittance of the medium within the Eﬂ}i
-:.;\:{-'.
resonant cavity during the measurement of parameters used to }fEﬁ
calculate a plane wave resonance reciprocity calibration,
some modification in the value used for “J" must be made to RN
s o
a properly account for medium changes. When "AY 18 ¥
.
h transmitting this becomes, ° L(
- :
- L] -
3 ua i\ VO -t” ._'«:'_:-r.:
. g - :.".‘.'-..
F - Equation 2.25
o P oY Qavsa

Cashar g o

. Where the subscripts "ATBR" stand for "A transmitting and B T

e receiving”. When "B" 1s transmitting we obtain,

[J:s - 'YT'\)D‘QNJ fg;ﬁ

- Equation Z.2o ST
;L 6?0 E/ G)GTAK N

Where the subscripts "BTAR" stand for "B transmitting and A
receiving". -Now Equations 2.21 and 2.25 are used to obtain

‘ the open circuit receiving sensitivity for transducer "A",

|
e4d Vea T Vo ‘CN /l
MA’ = Lﬁ. \JCB @0 X &ATQ“\ gquation 2.27
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Similarly, equations 2.23 and 2.26 are used to obtain the

open circuit receiving sensitivity for transducer "B".
[ P
/9~ i
Moz [L+ €+ Ven T Vo {n ] ] L
= . o quation 2.2 FENAEY

e4 L Ven € ¥ Quan L

Equations 2.27 and 2.28 are the solutions we set out to

aobtain for a plane wave reciprocity calibration which uses a gj}g

reference microphaone mounted i1n a third port in the resonant

cavity. R
It is experimentally significant that the solutions for S

Ma and Mb using the method of plane wave reciprocity appear

to be 1ndependent of the position uysed Tor the mounting ot I

the refterence microphone within the resonant cavity when :1n

fact they are not. This 1s because 1t 15 possible to select K
a location for the reference microphone 1n the wal! of tne e
q

plane wave resonant cavity that will cause large
experimental errors to occur in the soclutions for Ma and Mb.

Additionally, the error 1n the absolute calibration will

-
cause any comparison calibration made 11n s1tu and based upon
the absolute reciprocity calibration to be :n error as
well, These sources of poctential errar ani the solutions
- 98 - JON
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The need for a Qix way round-robin in situ experimental
check on the precision of each modal calibration requires
careful consideration of the experimental methods and
Calculations used to obtain any calibrations of the
reference microphone. From an analytical point of view, two
comparison calibrations of the reference microphons can be
obtained that are based upon the absolute reciprocity
solutions for Ma and Mb. Combining fh. reciprocity
calibration obtained for Ma, the definition of Mc, and the
pressure standing wave correction factor, we obtain Mc as a

function of Ma and refer to this calibration as Mca.

Ma (_V_C_‘}__

Mes = (_@I

G\i ) Equation 2.29

Similarly, wusing the reciprocity calibration for Mb we

obtain,
M <m5> Vea
B’ - ey é\i (N) Equation 2.30
- 100 -
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' ‘;' The difference in these two values for Mc is a measure of
the experimental precision obtained.

With regard to the reference microphone, two different

sizes and positions were used at different times. The first
referance microphone was a B&K type 4134 condenser
microphone which had a 1/2 inch diameter while the second
I was a Knowles subminiature transducer type BT-1751 with an
outside diameter o0f.055 inches. In separate configurations,
both were used initially in the side of th- cylindrical
! resonant cavity. The final configuration used the type
BT-1731 mounted adjacent to the one inch WE&640AA. This
position was used in the larger cavity where the cavity
i .9 inner diameter was sufficiently large to accomodate both
4 microphones in the end cap. Experimental considerations
yield two pragmatic reasons for selecting the end mounting
‘ in preference to the side mounting. When the cylindrical

plane wave resonant cavity is driven at a longitudinal

resonance, the standing waves within such a cavity, (when

AR I B R}

the ends are ™ rigid) will vary as cos(Kx), where x gives
the longitudinal position, K equals n#pi/L, n is the mode
number, and L is the length of the cylindrical cavity. At
) the fundamental mode, there will exist an acoustic standing
: wave pressure node at x = L/2. When higher modal resonances
occur, there will be "n" nodes found along the longitudinal

) axis of the tube. If the location of the reference
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microphone is at one of these pressure nodes, then no

4

P S S
’,’ A
P

7
2y
“x

comparison voltages representing Ma/Mb can be obtained for

o
(4

"
e,

that frequency. Additionally, if the microphone is mounted

l’{ ¢

X

",
a

in the end, G1(n) becomes identically one, otherwise, there
is a finite error associated with the calculation of Gil(n)
for any reference microphone position. While the end
mounting removes the problem of finding a node at the SRR
reference microphone’s position and the inaccuracies
associated with computing G1(n), an additiona& but removable
problem arises. The placement of the reference microphone
in the end cf the cavity next to one of the reciprocal
microphones will cause a decrease in the acoustical
impedance at that end. For a given source strength, this
will result in a decrease in the signal amplitude for the
larger microphone. This situation will appear to yield a
lower sensitivity calibration for the reciprocal microphone
than that obtained in the absence of the immediate presence
of the reference microphone. If the reciprocity calibration
on which the comparison calibration is based is taken from
the microphone mounted separately, this potential error is

avoided.

An estimate of the magnitude of this effect can be made

O o
l"“‘.l!__tA PSS

by comparing the volume velocity in this problem to the

»

analogous current in an electrical circuit. Because the

PV

transverse dimensions in the end are much less than a
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| (;ﬂ' wavelength, the lumped parameter analogy to the electrical
circuit is pnssibli. When the reciprocal microphone is

alone in one end, mounted in the rigid supporting wall, then

the volume velocity through the plane of this end occurs
only as a result of the motion of the diaphragm of this
microphone. This is analogous to a curreant source providing
; all its output to a single impedance placed across its
output terminals. When the additional reference microphone
"C" is introduced adjacent to the reciprocal microphone "B",
the situation is analogous to the electrical current source
having a second impedance placed in parallel across the
first. When this is done, by current division, the
| ,e magnitude of the current through the first impedance is
reduced. Referring to uqua;ion 1.35, it is seen that the

open circuit signal voltage is directly proportional to the

i volume velocity of the microphone. Since the magnitude of

the signal voltage is one of the measured electrical ‘f,

parameters used in the calculation of Mb, the value so
obtained for Mb is lower than that obtained when only
microphone "B" is mounted in the end. Since the change in
the calculated microphone sensitivity is found to be
proportional to the change in the acoustical impedance in
the end of the cavity, the relative change in acoustic
impedance is used to approximate the relative change in the

calculated microphone sensitivity.
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Equation 2.31
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If the assumption of rigid walls is correct and if there are
no leaks in the mountings used for the microphones, and if
the transverse dimensions of the microphones are much less
than a wavelength, then the solution above is valid. To
obtain an estimate of the magnitude of the relative change
in sensitivity, consider the following:- Since both
transducers are operating well below their respective
mechanical resonances, they are both operating in the
stiffness control region. The stiffness of the volumé of
the Knowles subminiature transducer is modeled as that of a
small Helmholtz Eesonator (Ref. 11: p.226), and the
stiffness of a W.E.640AA condenser microphone is well known
in published literature [Ref. 3: p. 32]1. When the
mechanical impedance found using the stiffness is divided by
the square of the cross sectional areas, the resulting
acoustical impedances can be substituted into equation 2.31

to yield,

A%

\/o(meLt's)
AM ~ 1 -— Equation 2.32

7o
M R (o) :
Vp (xvowles)
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Since the volume within the Knowles subminiaturé microphone
has roughly the same dimensions as the neck of the Knowles
subminiature type BT-17351 transducer which is cylindrical in
shape with a neck diameter of 1.4mm and a neck length of
1.57mm, and the acoustic impedance of a W.E.540AA condenser
microphone is “1.64E+12 NM"~=-5 (the stiffness of the &640AA)
divided by the angul ar frequency,[Ref. 3: p.32]
substitution into equation 2.32 using a density of 1.21

kg/M~3 and a sound speed of 343 m/s yields,

i e AM
| M

= O. 0t Equation 2.33

This corresponds to an expected decrease of 0.24 db re
iv/ubar in the calculated microphone "B" sensitivity when
microphone "C" 1is mounted alongside. Experimentally, a
decrease of 0.22 (+-)0.10 db re 1v/ubar was obtained by
comparing the first ten plane wave reciprocity modal
calibrations for W.E, 640AA serial#815 with and without the
Knowles type BT-1731 subminiature reference transducer
mounted alongside. With this observed change, care must be

made in the comparison calculations for Mc, to use only the
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reciprocity calibrations obtained where the reciprocal
microphone is mounted alone. The next two photographs show
the relative sizes of the microphones involved in the

calibration experiment.

W.E.640AA
microphone
diaphragm

Knowles BT-1751
microphone
diaphragm

In the photograph above, the relative position of the

small Knowles subminiature transducer is approximately at

the "three o’'clock"” position relative to the ocne 1inch -

WEL40AA condenser microphone. The end mount shown here was -
intended for use only in the larger (70 cm) plane wave . :ﬁ
resonant cavity. The inner diameter of the smaller (“23 cm) i._!

plane wave cavity did not allow sufficient room for both to

be mounted in the same end. As previously described, the
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ryervw
te .
PRI
I

acoustic impedance in the end of the resonant cavity is
slightly changed when the subminiature transducer is
included alongside the larger one inch condenser

microphone.

o S e e e s S S e S S S G e S 7 P P D S D D e S it S S e

——— — —— . ot . S e 1 gt e e e . . . e S0 S S S . S S 2 S o S e S e S s S

In this photograph, the previous end mounting is removed
and the microphone casings and diaphragms are visable. The
subminiature transducer’'s FET preamplifier (inherent to the
"type BT-1751"as obtained <from the manufacturer) is in the
extended case behind the neck and opening leading to the

diaphragm. It is this portion that was previously modeled
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as a small Helmholtz resonator to estimate the change in
acoustic impedance at.thn end.

To complete the data required for a six way round robin
check on the experimental precision for wesach modal
calibration, we will next consider the comparison
calibration of each reciprocal microphone based upon the
absolute reciprocity calibrations already obtained for Ma

and Mb.
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In order to complete the six way round robin comparison
check on the experimental precision, comparison calibrations
of the reciprocal microphones based upon each other are
needed for each modal calibration. Refer to Equation 2.18,
which gives the ratio MasMb. Solving in turn for each open

circuit receiving sensitivity we obtain,
“ ( el VC_AS
MAB = Mg e4 )l Ve Equation 2.34

and,

1

e4\ [ \es
’\'\A (—@—ZB \/'(_A Equation 2.35

Mo

The apparent change in sensitivity +for microphone "B"
resulting from the change in acoustical impedance at the end
containing both microphones as described in the previous
section, will not adversely effect the round robin precision
of an individual modal calibration. The values of Mba and

Mab shown above are still based upon e4, the measured signal
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voltage of microphone "B". As such, the value for Mba will
still be the "sam;” as that found for Mb. Similarly, Mab
will be the "same" as Ma since while the apparent value of
Mb goes down as a result of the change in the acoustical
impedance, the ratio of el/e4 will go up a proportionate
amount. The relative precision of the experiment is
determined by computing either (Ma-Mab) 7/ (Ma+Mab) ,
(Mb-Mba) / (Mb+Mba) , or (Mca-Mcb) / (Mca+Mcb). All three
computations result in the same value of th- experimental
precision.

While the equations developed for Ma, Mb, Mca, Mcb, Mab
and Mba will allow a six way round robin consistency check
of the experimental precision for each modal plane wave
resonance, there remains one sgimplifying assumption upon
which these equations are based, that remains to be
discussed. This is the assumption, necessary for the
solution for "J" given in Chapter I, that the microphones
used “feel no impressed pressure". When the solution fér
"J" is modified to account for a microphone with a finite
mechanical impedance, a correction to the solutions for Ma
and Mb is required. This is the subject of the next

section.
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c. THE IMPRESSED PRESSURE CORRECTION

When the acoustic transfer admittance that 1is used 1n
the reciprocity calibration was derived 1in chapter 1, the
derivation was unique to a microphone that felt no impressed
pressure. The assumption of "zero pressure sensitivity" was
then incorporated in equations 1.34. This was the same as
saying that the mechanical 1mpedance of the microphone was
infinite. However, real microphones have a finite
mechanical i1mpedance and the effect of this finite impedance
upon the reciprocity calibration must be considered. Refer
to figure 2.4 for an illustr;tion of twao different but

reciprocal condenser microphones mounted in the ends of a

plane wave resonant cavity.

11 14
el "A P2 P3 "B” e4
h- —O n—o

-
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Referring to Egquations 1.17, with interpretation of

coefficients as shown by Beranek [Ref.9:p.1171 for the

general case of both acoustical and electrical excitation,

we can write for each reciprocal microphone,

v o= @ + (5ha) pena 45
' ou e
pr’ = (b) (1) & (222)(U)
(2] O 4 ING uations 2.36 S
G (Lu’)) :C:lu;\v:; - o Y

()7 + (24 (A o

el =
P

Dividing the third and fourth equations, we obtain for Ma,

Where: 212 = 121 = b, the transduction coefficient.
V1 = voltage across the transducer s electrical
terminals when the transducer is used as a p,
speaker. )
Il = current flowing in the transducer when it 1s -
used as a speaker.
P2/ = pressure at the speaker end of the resonant
cavity when the driving frequency 1s at a
longitudinal resonance.
el = open circult recei1ving voltage.
F2 = acoustic pressure at face of receiving
. microphone.
2 = volume velocity of speaker.
U2‘ = volume velocity of microphone. R
711 = blocked electrical 1mpedance plus the electrical q
load (or generator) 1mpedance. BUSENS
122 = the open circuit acoustical i1mpedance plus R
acoustic radiation 1mpedance as seen at acoustic 1#
port #2. R
b

Mas 2
A - Fgquation .27
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Solving the second equation in equations 2.36 for 11,

: | P2’ - (2a3) 13
' WA =

t) Equation 2.38

Substituting this value for il into the definition for Sa we

obtain,

S, = f_?’. = P3 . ) e
‘. L (P - @)UY/ b FaaTen 2 )

We now define the previously derived transfer admi.tance fcr

the longitudinally resonant plane wave cavity tao be,

.Ll?: - ™ VO‘QN
Fs @o XE &N

Jo

Equation 2.40

Where "n"” 1s the mode number of the longitudinal ~escnance.
Since, J equals Ma/Sa and at resonance within the olane wave

resonant cavity, F2° and FZ are equal 1n magnituile, equaticn
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2.39 can be substituted into equation 1.29 and reduced to,

F i S N RS

A L . '

”“" st L4
PR

- | f’a’)

L . —5 _l;é

= — /=43 {- 22!

- \) = '—_3‘ (Ee) Equation 2.41
3

The first part of the above equation for the reciprocity
factor "J", is the transfer impedance as derived 1n chapter

one. Note however, that the assumption of a '"rigid" ideal!

microphone i1s the same as stating that Z22 1s i1nfinite. In

e TTTTTT T~ v« 7 v v v

this ideal case, the correction term goes to zero without

the assumption that P2’ is necessarily zero. In fact, 1n a
plane wave resonant cavity, as previous:} shown 1n equaticn
2.13, this 1s not the case. With a finite 1mpedance, 1t
remains to be shown that the correcticn term multiplving
(-02/F3) is small. To do so requires the determination ot
the value of Z22 as shown 1n the canonical equations wher
the reciprocal microphone 15 termirated with an  accust:c
plane wave resonator.

The normal acoustic i1mpedance (I22) 15 shown by Eeranev
[Ref.9:p.117]1 for the general case of simultaneous electric
and acoustic excitation, as being equal to the sum cf tne
open circuilt normal acoustic 1mpedance and the acoustic

radiation 1mpedance. [n the case o+ plane2 wave resonant

reciprocity, the resonant acoustic Tavity can be shcwn to be
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"loading" the faces of the microphones mounted at each end.
This impedance load for the transducer attached to a plane

wave tube is given by [(Ref. 11: p.2011]:

2mu . '|_§
Zmo - 6 C Ar Yod Te (h
 CAr + ) Zme j .
: 1 e h tAn (kv

Equation 2.42

where,
zmo = mechanical impedance of the tube seen at X=0
in the plane wave resonant cavity.

zml = mechanical impedance at the X=L termination.
A = gas density
c = sound speed
k = wavenumber [w/c]l
k/ = complex wavenumber [k - jal

a absorption coefficient
L = length along the longitudinal axi1s of the
resonatar.
At = cross sectional area of tube & diaphragm.
If the cavity 1s a multiple of a half wavelength and :1s
made to resonate longitudinally, the value of kL has been
shown (appendix A.) to be an 1ntegral multiple ot 1.

Additionally, 1f there 1s a low loss thigh @) acousti:

system so that hyperbolic sine and cosine are well

represented by the first term 1n a series expansion, then

the mechanical impedance looking 1nto the resonant tube 1s

approximately equal to the mechanical 1mpedance found at the

opposite end. f;lff
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When this load impedance 1s added ¢to the open circult
mechanical 1mpedance of the microphone and then expressed 1n

terms of acoustical 1mpedances, we have for 122:

Z&g..g 2*(7(7’0\ + ZA (7(:1—\ Equation 2.44

s
when thi1s 1nterpretation of ZI22 1s combined with the results
shown 1n egquation 2.13, equation 2.4! 1s reduced to:
—_———
- o Z.Q-l 0 Equation 2,49
The Juantity ! oL e ' 1 the rati . . f the normal
ETREIRVIES 4F BN 251 I ERAR A LAY 4 (R ) - ot e at alouctl cort #. v
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(Q change in microphone sensitivity as compared to that
expected for a perfectly rigid termination. If '"Mao" 1s

used to identify the magnitude of the open circuit receiving

i /a

W - - 23 do

sensitivity calculated using equation 2.27, we have:
M* 1 - Equation 2.46

It is important to consider the acoustic system as a
whole when the value of 722 is determined. The following
considerations are in addition to those previously presented

| L@ ‘ where the diaphragm area is equal to the tube area.
= When equations 2.36 were employed to determine the
impressed pressure correction, the four port network used as
i the system model, required 222 (or J22) to be associrated

with acoustic port #2. This means that the influence on 222

of the difference 1n the cross section area of the tube and

the area of the microphone diaphragm must also be
considered. This difference 1in areas will act as an
acoustic transformer and will serve to increase the acoustic
1npedance of that port over that which would occur if the
tube and diaphragm areas were the same [Ref.?:p.1251. The
multiplicative correction to Imic that accounts +0or  t©tnis

Increase 1N acoustic 1mpedance at the end 15 the ratic of

Ll - 17 -
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the tube area to the dxéphragm area. Consider the seqguence

of acoustic terminations shown i1n the next figure:

Figure 2.3 Different terminations_fcor_ the plane

wave tubes.

In the first tube, the area ot the tukbe matches the ar=a

of the diaphragm, The acoustic 1mpedance at the end of thi

il

tube 1s simply the acoustic 1mpedance aof tne microphone. in
the bottom tube, the majority of the end 13 a ri131d wall.
In thi1s case, the limit of the acoustic iapedance Y=2nds tc
tnfinity as the ar=2a cf the large tube GLecomes nuch Jreater

than trke arz2a of the diaphragm. While an 2 . per.dent  Witd
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| ‘. either the first or last situation is possible, 1t 13 the
termination shown in tube #2 that 1s of practical interest
in the plane wave resonant cavities used 1n this
experiment. To 1llustrate the influence of the different
terminations, the definition of mechanical impedance 1s

anplied to the acoustic port at the end of the tube,

i [ $aa
| END PEND AT

2M (eud) = =
U

Equation 2.47

where: zm = mechanical 1mpedance of the acoustic
. port at the end of the tube.
| +® Fend = acoustic pressure at the end of the tube.
) W = the resulting speed.
N At = cross section area at the end of the tube.

Since the only resulting speed at port #2 1s that of the

- RS

microphone diaphragm, and rewrliting equation 2.47 11 terrs
of the acoysti: 1mpedance of the m.crophcone, w~e nas
Peny Ad Ar
E——
z, . Ad Ar
— - —
= = Za

M

2 Ad Equat:ion Z.48
(ENB\ Ad (MIC\
)
wher=, G = Ir 233 sectiorn area ot tha Juaphr agm,
Ja = aconstic ompedancz,
)
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When the effects of the acoustic transformer action due to2
the different areas (Beranek [Ref.%:p.125]1 and equation X
2.48) and the 1loading due to longitudinal resonance .
(equation 2.43) are included 1in the value of 2223 and
provided that the "non-diaphragm" areas in the ends are .
approximately rigid, then: 3
Av 2 Ar
~ | Za | + A
Z&A = Adia (M) Adk Equation 2.3%
(MILO
It 15 this form of the value of Z22 that must be used 1n the
computed correction to Mao. To illustrate the magnitude o+f

this correction,
are
to the

2qual diaphragm

assumptions,

I

23y

Where the subscript "a

parameters assacrated with
¥

the acoustical 1mpedanc

P P PP Ay

2 Ra WM =

PR S R P

identical and that the cross section area of the tube

area. With these

R

reters to the lumped

the microphone teing
e of

a4 microphone 195

120 -

Fnown

assume for simplicity that both microphones

13

simplifying

Equation .50

acoustica.

~on=i1dered.

for tn

1




frequen

cy range of interest, J22 = 1/Z22 can be calculated

and the value of J22/Jo can be determined.

When the various reciprocity factors representing the

different experimental geometries are examined, it is

apparen
correct

below.

To

To

t that the magnitude of the impressed pressure

ion will be different. Refer to equations 2.S51

Ln
gonﬁsl“e% = (&“Vq ( o e

Plave \ _ ‘\TVo» _“L\
:EE:SA'\O?— - Q'J @O (E

Equations 2.51

3, (5= = (aen) (o)

The par
compari
Ra

Ma
kK.a
Po
Je
fn
c
r
n

Vo
Vo

''''''''''

ameter values to be wused for a rough numericatl

son are given below:

= 3.27E+7 NSecM™-S5 (acoustic resistance, [(Ref.I: p. 2]
W.E.540AA)

= 4.77E+2 KgM~-4 facoustic mass [Ref.Z: p. Z23

= 1.64E+12 NM™-5 (average acoustic sti1iffness [same refl)

= 101330 pa (Yatmospheric pressure)

= 1,39 (ratio of specific heatsliRef 231

= 2430 Hz (10th modal resonance 1n long tube)

= 343 M/sec (phase speed 1n unbounded medium)

= .20 - .40 M (separation distances for free f.eld»

~ 163 (quali1ty factaor for 7J cm plane wave
resonant cavity)

~ 6.498E-4 M©T (volume of plane wave resonant Zavit,)

~8,6E-7 M3 (volume of pressure cougler {(FRef. =

p.121)
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The case of the pressure coupler i1s similar to that of tne
plane wave resaonant cavity. In the first case, due to the
small dimensions of the cavity, KLY0, whereas in the plane
wave rescnant cavity KL ™~ N#pi. In the case of the +free
field calibration, the correction must use a different value

{ for 1/222. Substituting the appropriate values 1nto equation

2.446 yields:

~ Press Coupler
ANy s :Tf) ¢ N

~ 99 Plane whe fesoudlic o
MAO ' ) (K\_= N“) gEquations 2.352
Fip e -¢@ﬂc\ ]

A \'00} (Vu"\.o.h\t K°>

As expected, these quantitatively different results simply vf{;,

reflect the fact that the effect of the compliance aof t-e
acoustic system 1s the greatest 1:1n the small pressure ! 
coupler cavity, least 1n  the +ree fi1eld gsometry, and
somewhere 1n between 1n  the larger plane wave resonant
cavity geometry. Thecse fracticnal compliance correction=s,
1¥ 1gnored, corr-espond to microphone sensitivity cranges of

Y =.45, Y -.10, and ¥ -, 001 dh re (V/ubar regpectivel .
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Since the parameter values used to obtain this
comparison are only approximate, a different method of
computing "J22/J0" will now be used in the case of a plane
wave resonant cavity to obtain a further comparison.

Consider the analytical form of the transduction
coefficient found in the literature for an condenser
microphone when the open circuit mechanical impedance of the
microphone is so much greater than the radiation impedance

that the radiation impedance is negligable [Ref. 11: p3501:

b’—'» G Es

l_“__R eo P(Q.Ac\ Equation 2.53
Where: Co = microphone capacitance.
Eo = condenser microphone bias voltage.
fn = modal frequency of resonance.
€o = permittivity of free space.
Ae = the effective backplate area of the
condenser microphone.
and Ad = the diaphragm area of the microphone.

If we can include the influence of the acoustic load due to
the plane wave resonant cavity in the above solution for the
electroacoustic transduction coefficient, we can use the
previous equation determined for "Jo" to obtain an

analytical form for the ratio "1/722%#Jo".
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With constant snvironmental conditions (atmospheric
pressure, temperature, humidity, and density) the absolute
pressure sensitivity under open circuit electrical
conditions is a property of the microphone [Refs. 3 and 291.
Under the free field conditions that result in the value for
"b" shown above, the value of Z22 used in equation 2.37 is
the open circuit acoustic impedance of the microphone. For
identical microphones at each end of the plane wave resonant
cavity, the invariance of Ma rcquires. a [2%#At/Ad]
multiplicative correction to equation 2.53 to cancel a
similar increase to the open circuit acoustic impedance as
shown in equation 2.49. When this is done, the value of Ma
calculated in equation 2.37 remains the same. The magnitude

of the ratio "1/222#Jo" becomes:

i = MA @o XE éo Ae A:\ &N
Zaado As Co B, Vs

Equation 2.54

Since the quantities involved in equation 2.54 are known or
can be experimentally measured, an estimate of the magnitude
of this ratio and its effect upon the value computed for Ma

can be made.
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Given: Ae ~ 1,296 E-4 M2 (effective backplate area for a
W.E.b40AA cbtained from engineering drawings)
(See the above figure.)

2.693 E-4 M~2 S
101330 Pa. W
S2e-12 F. e
200 V.D.C. bias voltage.

-8.85E-12 F/M (permittivity of free space) R
1.39 (ratio of specific heatsfRef. 251) -
.0355 V/Pa (-49 db re 1| v/ubar 1 khz)
6.498E-4 M~3 (volume of long tube)

165 in the "long" cylinder (freq of 2450 hz.)

Ad
Po
Co
Eo

Y&
Ma
Vo
Gn

[N JAE NN BNY NN BN 2T 2N 4
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When the ratio "J22/Jo" is now calculated for the long
tube and substituted into Equation 2.46, we obtain
essentially the same result as calculated previously (™ 1 %

relative change).

MA = 0.9 8} P\adEWAVE Equation 2.55
Mo REsonaT n(,hLz loTI)

These different impressed pressure corrections may be

significant if calibration accuracies to within (+-) ~ 0.5

db re 1V/ubar or better are desired. A more careful
comparison between experimental results obtained using
different cylindrical dimensions for the plane wave

resonator will be discussed in the chapter on experimental
corrections. In these discussions the ratio of areas given

by At/Ad will be included in the calculation of Z22.
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III. EXPERIMENTAL PROCEDURES

A. INTRODUCTION

The experimental procedures and equipment required for
two different methods of absolute reciprocity calibration of
microphones are presented in this chapter. The method of
primary interest was the plane wave resonant reciprocity
calibration. The secondary free field comparison
calibration, when corrected for diffraction [(Ref. 3: p.311,
was used as a low frequency consistency check for the
results of the primary method.

The separate apparatus built for these two methods are
described +first. The resonant reciprocity part ot the
experiment used two different right circular cylindrical
cavities to oaobtain a self consistency chect on the
associated plane wave resonant reciprocity calidratiors.
The free field calibration used a microphone translatcr that
operated under computer control. Both methods used
commercial electronics equipment which will be described in
the appropriate section.

Following the description of the apparatus, the
procedures and signalflow are presented for botnh calibration

methods. Both a plane wave resonant reciprocity cal:bration
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‘ of a laboratory standard type W.E.540RA condenser microphone
- and a standard free field reciprocity calibration for an

electrodynamic microphone are described. The free field

. reciprocity calibration of the electrodynamic microphone 1n
turn yielded a <comparison calibration of the previously

calibrated W.E.540AA condenser microphone.

3

r The basi1c experimental parameters obtained from RS,
measurements which occur in the experiment are; vaoltage,

current, resistance, frequency, capacitance, temperature,

length, barometric pressure, and relative humidity. The i}f”
uncertainties in experimentally measured electrical and ngj
physical parameters are presented 1in an error analysis of

ii these fundamental measurements. The propagation cf error 1n {. -
the computed microphone open circuit voltage receiving -

% sensi1tivity 1s then made resulting 1i1n an estimate of

.! probable error. In addition, the experimental methods used

3; ta cetermine the system linearity, vol tage t-ansfer

;; functiont(s), and the stability of di1fterent L Tage

o amplifiers will be explained. C..perimental procadures w«hicn
result 1n a reduction of systematic error will be discussed

§ whenever applicable. The final results for probatle error

, will be summarized 1n the last section of this chapter.

;n
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B Ve B. EXPERIMENTAL APPARATUS

1. Plane_Wave Resonant Cavities
. Two differently dimensioned plane wave resonant cavities
were built to measure the self consistency in . the sethod of
plane wave resonant reciprocity calibration. Since the
calibrations occurred at frequencies corresponding to
longitudinal resonances, the first cavity was made one third

the length of the second. Thus, the frequency of every

third longitudinal resonance in the "long" tube matched the

frequency of a longitudinal resonance in the “short" tube.
For each plane wave reschant calibration, three
microphones were required. In the final calibration
configuration, only two different size microphones were
A | used, although each right circular cylindrical cavity was
made of brass with ports constructed for the mounting of
. three different sizes of microphones. Two, one inch
diameter reciprocal W.E.&640AA condenser microphones were

mounted in the opposite ends of the cavity while a one

" eighteenth inch (1.41 mm) diameter comparison microphone was
mounted in one end (for the long tube) or in the side of the
cylinder wall (for the short tube). The comparison

microphone was a Knowles type BT-1751 subminature transducer

which had a small preamplifier built into the transducer
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case. These brass tubes and the mounting ports for the !~- .
various microphones are shown in the following photographs. i
i
| A" T e
S . &'
o
1 Photograph 3.1 The_70.12 cm_brass tube used as_a N
plane wave resonant cavity. N
In this photograph, the left mount for the WEL40AA e
@
microphone is dismantled and is shown in front of the tube. 5'*71

The tube itself is placed upon two wooden supports used for
stability on the lab table. The rubber O-ring seal is
easily seen in the dismantled mount and was provided for

eventual calibrations in different gas media. The small

pipe inlet in the center of the tube is intended for the
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“‘~ introduction of these different gases into the cavity.
Since this capability was not employed in this experiment,
the small hole intended as a gasport at the base of the
center inlet pipe (radius ™~ .0004 meters) served only to
increase the acoustic losses during resonance measurements.
The large ports for the 1/2 inch comparison microphcnes are
easily seen towards each end of the tube and are shown
closed with the brass plugs shown in greater detail 1in

photograph 3.2. .
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Photograph 3.2 Mounting ports_ - _end view

P} BT e —— e

Here, one of the plexiglass mounts for the WEG640AA 1 inch
condenger microphone 1is shown dismantled. The port for the
1/2 inch comparison microphone is also shown in a dismantled
state. The nuts and bolts used to fasten the mount andg.
WEL40AA to the end are nonconductive nylon. The O-ring seal
and grove are easily seen. The markings shown 1inside the
0-ring grove were used as reference marks for diameter
measurements made using a calipers. In the final
calibration configuration, the 1/2 1inch microphone ports

were sealed with the plug shown 1n the 1ower right
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foreground of photograph 3.2 and a Knowles type BT-1751
subminiature transducer was mounted in the end, alongside

the WEL40AA condenser microphone.

Photograph 3.3 The_'"short" tube.

Here is an end view of the short plane wave resonant
cavity. Both the 1 inch plexiglass mount and the 1/2 inch
microphone mounts are removed. A gasport is placed in the
center of the tube as it was with the long tube. During the
final calibrations, the 1/2 inch microphone port was again
plugged and the Knowles type BT-1751 subminidture transducer
was mounted in the wall of the cylinder. Slightly out of

focus, the Knowles subminiature can be seen at the far end
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of the above photograph. The markings on the near end were e

used as references when the major and minor axes of each end '-_
were measured with a calipers.
K
-» ..“‘
R
PR |
- e
-
¢
B ‘1
- -
o
e
T
R
- P
.__" _'.'j
: e
- . AR
- .9
I- - .‘-‘:‘
P Here the Knowles subminiature transducer is shown mounted 1n <
® - .
3 .8
- the wall of the short tube. Most of the casing shown houses e
[ - the preamplifier that is an integral part of this type  _jf
b : T
i BT-1751 subminiature transducer. Th& microphone is held in
L]
-
: place only by the tape holding down the signal and power
E leads to the preamplifier.
g
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Photograph 3.5 The_microphone_port_in_the_wall of

the_short_tube.

This hoie in the wall of the cylinder was machined so as to
just allow the microphone opening to be flush with the inner
wall of the cylinder with the casing of the preamplifier
providing contact support. This is illustrated in the
previous photograph. Notice that each microphone had its
own plastic mount, the one shown in the photograph being
designated "1082" which is for the WEL40AA microphone of

this serial number.
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Here the end views are shown for both the short and the long "
tubes. In the long tube, sufficient room at the end of the ;
cavity remained for the Knowles type BT-1751 subminiature 3
. transducer to be mounted alongside the 1 inch WE640AA fivf
E whereas in the short tube, no such room existed and the f;:;

Knowles was mounted in the wall of the cylinder.

-
> .
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2. The Microphone_Translator for Free Field Calibrations

Two experimentai difficulties are hidden in the theory
developed for the free field reciprocity calibration derived
in chapter one. First, the free field theory requires that
the source transducer appear as a point source in the far
field of the receiving microphone. This does not appear to
require more than one measurement of separation distance
between source and recéiver CRefer to equation 1.841].
Secondly, it is assumed that the reciprocal hicrophone will
have sufficient strength to project sound at an adequate
signal to noise level in the far field. These experimental
facts are related as outlined below.

In the. first case, free field reciprocity theory
requires a point source so that the acoustic pressure
amplitude falls off as 1/R where R is the "distance" between
the source and the receiver. Experimentally, after anechoic
conditions are obtained in the laboratory, the measured
separatioﬁ distance between the source face and the receiver
diaphragm does not normally vary as 1/R! For a given
operating frequency, a small difference is found between the
physical separation distance and what is called the
"acoustical separation distance",R’. The received pressure
amplitude does fall off as 1/R°’. Experimentally, this
requires a correction to the measured physical separation

distance that is unique to a source/receiver pair and varies
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as a function of fregquency. The theoretical and —
experimental necessity of obtaining this 1/R’ dependence
requires the measurement of several received signals at

different distances. A least squares error fit to the

measured signal voltage versus the measured separation
distance will vyield the correction to the measured

separation so that the acoustical separation distance may be PR

calculated. The computer controlled microphone translator g
! was constructed to increase the precision in the )
a experimental measurement of the acoustical separation “QQ}
- distance. e
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Notice the meter stick on the table next to the translator.

The total length of the translator was just over three
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This device provides an electronic pulse to the HP-5613
counter for each bur;t of light <from an LED source that
shines through a disk containing 1000 slits or ‘'spokes',
This provides a "count" measuring the total angular rotation
between successive calibration measurements where each
"count” represents 1/1000 of a revolution. Measurement of
the 1initial and final positions during any series of
calibration stops allows each position to be precisely
located after the fact. While the drive ﬁotor and the
optical shaft encoder are shown in the schematic to be on
opposite ends, they were actually both located on the same

end as is shown in the next photograph.
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had a screw drive and is shown (on the

The drive motor
bottom) mounted orthogonal to the threaded (13 threads/inch,
60 degree pitch, 1/2 inch diameter, 10 feet long) translator
shaft. The gear box used to couple the screw motor to the
shaft can just be seen through 1ts housing. The Hewlett
Packard HEDS-6000 incremental optical shaft encoder appears
as a small black disc with a lead of computer ribbon cable
looped over the top. The center shaft 1is the threaded
translator shaft with precision ground stainless steel upper
and lower shafts used to guide and support the moving
microphone mounted on a precision ball carriage. The
equipment rack with the equipment used in the previous

schematic is shown in the next photograph.
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Thre

mobile rack was

equipment between the
reciprocity laboratory.
VHF switch
equipments allowing the

the receiver and vice

equipments shown are:

e et et e e et S e I
[P GPS, V00 L O VS, PR R TR v

used to conveniently transport the

anechoic chamber and the resonant

Missing in this photograph is the

used in resonant reciprocity to digitally switch

previous reciprocal source to become

versa. From top to bottom, the
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Princeton Applied Research Model S204 lock—-i1n analy:zer
HP-3325~A synthesizer/function generator

HP-Z436A digital voltmeter

HP-5316A universal counter

[blank space where HF-98307A VHF switch was normally located)
HP-85 computer

HP-7470A graphics plotter

Irterface wiring for the HP-3497A [two panels]

HP-3497A data acquisition and control unit

On the floor to the right of the rack are two HP-447 power
amplifiers used to amplify the HP-3325A signal for the Altec
electrodynamic source.

The correction to the measured separation distance 10
free field reciprocity 1s 1illustrated i1n figure I.31 where
the measured separation distances and the acoustical
separation distances are both plotted for tne 490 H:z
microphone calibration measurement. This necessity to ary
the range between source and receiver to determine the
acoustic separation distance :s the 1ndirect cause of the

second experimental problem.

When the received microphone signal soltage :3 neasurec

at 1ncreas:ng ranges, the low source leve. of the  WIZid el
condenser microphone results 1n a very low signal g  no1sE
ratio 1n this far field. This low signal to ncise level carn

introduce significant measurement errors .:n the cal:bratizn
procedure. The use of a different reciprocal scund source

with an 1ncreased acoustic output solves the probiem cf =

low signal to noise ratic 1n  the rece.:.2d sighul. In crnis
2 peri1ment «an  Altec 88 electrocdyiamic miorcphore gas
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selected as the reciprocal source since i1ts acoustic cutput
1s significantly éreater than that obtained fcr the
concenser microphone. The schematic diagram of the setup
within the anechoic chamber used to obtain the comparison
calibration between the Altec and WE&40AA micrcphones 1s

shown below.

1

- - - e . == -y

ANECHOIC CHAMBER ,
WE640AA|Blas boxll

—

HP-467A
power
amp

HP-3325A PAR 5204A
-<]— synthesizer/ Tock=-1n
function gen analyzer
| = ——

P-34G7A
HP=85 COMPUTER L1 415 acquisition

32K and control

I

Figure 3.2 The_comparison_calibration_petw~een the

fThe e:peri1mental results obtained with the above setup w..!
te Jd.scussed [(ater 1n the arror analysis or the rree +121¢

Compar tson Ccallibration.
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C. SIGNALFLOW AND COMPUTER CONTROL WITH PLANE WAVE
RESONANT RECIPROCITY

The schematic diagram shown below illustrates the signal
paths used for computer control of data acquisition. The
basic data so acquired was then used to compute a plane wave
resonant reciprocity calibration of the microphone open

circuit voltage receiving sensitivity.

nr-3459A HP-85 computer
— digital 35
voltmeter K
p—
HP3 A5 7A princeton | [GP-3325A
data — appired :
acquis:tion research synthesizer
o ,
l ]ockl—]n fUﬂCthtﬂ
analyzer generator
Baratron 4 -
pressure
sensor -
HP-G83U7A
| vhf switch

AAA Y

X10
s1ge A __l I_SIOe B
8

switching/ switching/

Dr2s box mic C ic» bias box

Right circular cylindrical I

2] j plane wave resonant

QP Thermistor mic B

PSP 2R A 12— 2 2SR5 F_ 32— PP A4 T4
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The controlling computer software was written to make
the experiment entx}ely automated after the initial data is
given to the computer. The following 1is a discussion of
this procedure:

The computer program (see appendix B), written to
control the plane wave reciprocity experiment, performs the
following steps beginning sequentially with the highest mode
of i1nterest and ending with the lowest mode of interest.
Each of these steps (except for the initigl input) are
performed at each mode.

The initial input is obtained by operator responses to
program questions. The program asks for the following data:

- the relative length of tube used (short or long tube)

- the starting relative humidity (assumed to remain constant)

- the highest mode of interest

- the lowest mode of interest

- the initial frequency band to search. This will be
around the highest mode.

~ the time constant for the PAR 5204 lock in analyzer.

- the voltage scale for the PAR 5204 lock in analyzer.

After this initial input, the computer begins the
following sequence of equipment configuration and data

acquisition subroutines:

Step 1. Set all egquipment to the proper drive voltage and
frequency. Then switch microphone "A" to transmit and
microphone "B" to receive.

Step 2. Perform a preliminary selection of the drive
voltage amplitude so that the mid frequency range initial
amplitude is approximately twenty percent of the lock in
analyzer 's full scale deflection.
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Sample 26 data points over the initial input e
frequency band. This band must bracket the center .
. frequency of the mode of interest. Store the frequency and NN
g amplitude data and then analyze the data for the resocnant LIS
frequency, F?, the peak amplitude, P1l, and the quality factor of :
the resonance, Q1. These preliminary values are used as 1nitial
, inputs to the least square error "Ravine" fit to a Rayleigh line .
shape. (Most initial values were found to be within approx-
imately one or two percent of the final value.)

PORICH Step 3.

Step 4. Computing the
the resonant frequency
quality factor, adjust
only plus or minus one
frequency. Adjust the
is operating at ninety

"bandwidth" as the initial value for
divided by the initial value of the

the frequency band of interest to include
"bandwidth" arocund the initial resonant
drive voltage so that the lock in analyzer
percent of max scale at the modal

resonance. Again sample 26 data points and store the data both
in a memory array and on magnetic tape. OStore both the average
temperature and average atmospheric pressure found during the R
26 point sample.

-

Select microphone "B" to transmit and microphone
Ferform steps 2, 3, and 4 for this

Step 5.
"A" to receive.
configuration.

i R Step 6. Perform a ravine search [Ref 26: p.2073, to find
K the least square error optimum values for F?, Pl, and @! for both R
h sets of data. Store thuse values on magrnetic tape and 1n a RN
memory array. =
. Step 7. Select microphore "A" to transmit using the N
l previously obtained value for resonant frequency and the drive - !‘

voltage selected when “"A" trarnsmitted earlier. Celec: S

microptona "C" to receive. Measure the comparison voltage Voa

PR ) - - .
g stores b,

: Ttep 2. Select microphone "B" to tramsmit using the ravined
) value previously obtained for resonant frequency and the drive @
voltage selected when "E" transmitted earlier. Leave micropnore o f
"C" 1n receive and measure the comparison voltage Ycb and store 1
it. )

Step 9. Using the equations developed for the six way round

) robin self consistency check, compute the six different open
circurt receiving sensitivities. Store these values on magnetic
tape and print these values for operator viewing.

Ttep 10. Compute the frequencies of 1nterest for the next
lower mode and begin anew at step ! until all the modes of
) interest have been sampled.

Q

- 147 -

PP Wiy P Py W TPRE Uiy Uik WD e W L U, S S R U, AL A ‘-'-Li».L‘L.Jn

AR S GAP R ST ST GRS W S PRI P WE R PR WA W P WD U oy




Ldinsh Al et h e Bl Dt S s B Aad A It Mk -
N Dl it e .

When these logical routines are completed, the computer ;
automatically sthchés all experimental equipment i1nto tne
standby mode and awaits the next "ini1tial" input of the

cperator. If the operator elects to stop data acquisit:ion

at this point, printouts of the experimental measurements
and computations just completed are 1mmediately available.
The magnetic tape data base 1s available for future analysis 4
and/or comparison when such a need develops. ;,!k
The magnitude of the improvement in experimental
precision using computer control as compared to manual 'i-i;
measurements 1s illustrated in the table 'shown on the next :
page. Using measurements cbtained for the 735 Hz. resonance ,Eﬁfvl

(as a comparison sample), the percent reiative change 1n the

source amplitude, resonant frequency, and computed qualit,

factor were computed fraom cne run to the next. The time

required for the manual measurements (ger resonance’
averaged 23 minutes. The time reguired for the computer

contralled measurements (per resonance) was <cslightiy 1=2s=

than 4 minutes.

~ rfﬁvvf_vv--r, Lag
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®

i percent relative change
from one run to the next
in measured data.

1117111171777 777777777
parameter used manual computer / ratio of manual to/
to measure the measurement measurement / computer results /
relative change / /

/ /
{source amplitudel - 037 . 004 / 9.25 /

/ /
{measured resonant « 273 . 022 / 12.5 /
frequency (mode 3)1 / /

/ /
fcalculated quality 1.92 . 026 / 73.8 /
factor] 1111111177117 7177177777

Table 3.1 Parcent relative change from run_to run
under _manual control as_compared to computer control for a
selected sample.

It is apparent that a rough improvement in precision of
from one to two orders of wmagnitude occurred due to the

computer control of measurements. This was the typical

result of using computer control of data acquisition.
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D. THE CALCULATION OF EXPERIMENTAL ERRKROR

1. Introduction

When equation 2.27 for a plane wave resonant reciprocity
calibration for the open circuit receiving sensitivity 1s
examined, seven experimental variables exist and need to be
measured. The method of their measurement and their place
in the amalytical formulae will determine their individual
effect upon the total experimental error. Using the

equation developed as the plane wave resonant reciprocity

solution for Ma as an illustration,

Vo

Equation 3.1

M, = ed VN T Vo £u
A= v4 Vew T Ye Qw

straightforward error analysis [Ref. 261, yields for the

relative error,

t
iy (e}U) T (SVea Y7 SVe
NI
SMa_ & (%) Vil °
Max - 2 2 N 1y Equation 3J.2
§4w N éﬁ’o N _S_!E . SQw /1
£v Go X( Qw
The variables are,
el/it - The ratio of the received signal voltage found

across microphone A" when 1t :1s used as a recelver

_lso-

-—n.'-h.-,.~v.l-b P . T T T O A R T
PPV, S SR N Sl TN W S W S S W T S T ¥ S0 G P PO VU P, PO U PGP WS DROwe. )
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S to the current driving microphone "A" when it is
N Yb used as a sourcae.

-2 Vca/Veb - The ratio of the received comparison voltages
> seen by comparison microphone “C".

- Vo - The product of the effective cross-sectional
) area of cylindrical cavity times its length.

Po - Atmospheric pressure within the cavity.
xg - gamma, the effective ratio of specific heats for the R
. gas within the cavity, (accounting for the relative Lat ezl
humidity and the non—adiabatic conditions at the
boundary of the resonant cavity.)

@n - The quality factor of the Nth resonance.

Fn - The frequency of the Nth resonance. el

These values and their individual probable errors must

be determined and included in the calculation of the

fA 40 probable error for Ma.

f The necessity of obtaining absolute measurements of el
and il prior to computing their ratio was avoided by using -t
the lock—-in detector to measure both el and (indirectly),

il. Experimentally, the ratio el/il was calculated as

el/ (2xpixfxCxvi). The variable C is the capacitance of the
® condenser microphone, vl is the voltage drop measured across
the condenser microphone when it is acting as a source, and
el is the voltage across the condenser microphone when it is
® . acting as a receiver. In this chapter, the term "“condenser
microphone" is used in the sense that includes the BNC

electrical connection between the microphone cartridge and

the external electronics. The frequency transfer
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characteristics of the 1lock—-in analyzer will cancel out in

the ratio of the measured voltages. Any error involved will

result from nonlinearity in the 1lock~in analyzer and the Nty

.. inability to exactly measure capacitance and frequency. N f
%1 The methods used in measuring these parameters and the .

. determination of their individual contribution to the RO
!ﬁ overall experimental error is presented next. A summary of ff?
the individual contributions to the probable error in the

plane wave resonant reciprocity calibration is shown later 153

. in this chapter (in section D, part 5). e

= R
t;l; R

c Lo nn
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a. The Electrical Circuit

Figure 3.4 illustrates the signal flow involved in the

determination of el, and figure 3.5 is the schematic of the

circuit used to measure el. 3;‘
HP-85 Computer B
32K e
Digital R
[ signal R
HP-3497A )
Data acquisition vdata o
and control unit &
] DC volts
PAR 5204A ng_-.‘i‘
fﬁﬁtrol Lock~1n R
ne analyzer S
| e
VHF
Switch
Vout
el vin

.]‘ Bias
I EEQ Box G

Signal Pre-amp

Figure 3.4 Receiving Signal Flow_ Chart.

Here we see the signal path from the received signal to .
the measured voltage. In electrical terms the input circuit L
is:
- 153 -
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C [0 Afe-d
3 _CIT‘ ) ik
z

11
(@)
Iz
T)

1t
1
L P

ol
v 1

L
()]

g Rb o

i - vout e
- ; Clo
Ri S
N - h RN
. = [
h. e
b

o

Microphone Bias box Signal preamplifier

Figure 2.5 Receiving_3Signal_ Input Circuit

The circuit elements (with approximate values) and the -

parameters of 1nterest found 1n thls circuit are:

el - Signal voltage desired. i
. Vout - Output voltage of the Signal Freampiifier. el
Rb ~- Current limiting resistor 1n the dias VYoltage
- Supply. (Y1{megohm) M
Cc - D.C. Blocking capacitor 1n the Bias Voltage -
Supply. (™.01uf)
Cb - Battery bypass for battery noise. (~.0luf) K
_ Cli - Connecting cable capacitance. (~40 pf!
® CTlo - Connecting cable capacitance. (80 pf) .
: 1 - Preamplifier 1nput capacitance. (20 pf? :fi*
E1l - B1as voltage (“116 volts) o
F1 - FPreampitrfier 1nput resistance. (~10 Megorm:
Vin - Irput voltage to the preamplifier.

G - Gain of “he preamplifi2r, (™1
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Figure 2.5 is an abstract electrical model of the resal
physical system uséd to process the electrical <cignal
generated by the condenser microphone. It represents «
compromise between conflicting factors of simplicity and
accuracy that must be addressed from both the experimental
and the theoretical standpoint. Numerically, using
available computer software, it is possible to determine the
"transfer function" of such a lumped parameter circuit with
relative ease. The difficulty arises when accurate model ing
is attempted and every stray capacitance, resistance, and
inductance is measured and included 1in the model.
Experimentally, such an approach is difficult to apply and
is not necessary in every casa.

The circuit analysis 1s simplified wnen the relatively
small drop 1in signal voltage across the blocking capacitor,
Cc, in figure 3.5, is accounted for ty a cne time correction

to the firnal microphone sensitivity. To <ee how thi1s 13

done, refer Lo figure 3.5 and consider the signal voltage
that would be measured on each side of the D.L. blocking
capacitor, Cc. The effect of the bloching capacitor
impedance on the magnitude of "Yin" depends upon  the

magnitude of the input impedance of the signal~preamglifier
formed by the parallel combination of "Clo*, "Ci", and "F.".
By simple voltage division, asing the lump2d ogarameter

values given for *hese devizes under figwe 7.2, the ratio
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of Vs/Vin remains constant to within ~.01 dB cver the —lels
|

frequency range used in this experiment. The dE signal loss

across the plocking capacitor Cc is calculated 1n Appendix E

and shows an approximate ~ .03 dB loss across the entire

X frequency range used. This means that the blocking

capacitor Cc may be ignored in the circuit analysis if a one

ii time correction to the open circuit voltage receiving Ll
sensitivity of +.03 dB 1s made at the end. Thus, by
measuring the bias box 1input capacitance (when 1t 13

disconnected from the circuit), the cable capacitances, anag L

the 1nput capecitance of the signal preamplifier, the

ud

circuit model can be simplified as shown 1n filgure

below.
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"
Cm
Vout
GD :J:Ce %Rb '_J: Ci gm
Microphone Bias box ‘ Signal preamplifier

Figure 3.6 Simplified_ input circuit for _acoustic_signal

Here, the measured capacitances of the connecting
cables, the bias box, and the input of the signal
preamplifier can be combined. The capacitances cf the
connecting cables and the bias boxes were measured directly
with a General Radio Type 1615A capacitance bridge in turn
calibrated with reference to a General Radio type 1404
reference standard capacitor serial #2507. This reference
capacitor had a specification of 10 picofarads(to 20 ppm)
for 1khz at 23Z(+-1) deg C. In addition, the zero bl1as

voltage capacitance values for the different W.LE.54ARK
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laboratory standard microphones were measured with a HrRwlett ;\}\
. Packard 4192A LF Impedance analyzer calibrated to the same :iﬁ;:
. reference. The results of these measurements are listed 1n :éﬁs
z table 3.2 below. f:&f%

precision
[sample sigma (pf)]

Bias box "A" plus the cable

capacitance (BTAR Ct)...ccvuev- 1S1.900 p¥f L0028 (n=6)

Bias box "B" plus the cable

capacitance (ATBR Ct)......... 150.070Q pf 012 (n=35) B
W.E.640AA Serial #1248......... S2.160 pf  .0G2 (n=1D L
(with the “#1248" BENC connector) NN

W.E.&640AA Seri1al #1082, ..c0ccees. 951.974 pf L0002 (n=130
(with tnhne "#1082" BNC connector)

W.E.640AA Serial #081S........... 49.9E3 pf 003 n=170)
(with the "“#0815" BNC connector)

P 4
____________________________________________________________ S~
Table 3.2 Measured capacitances of bias boxes_ard
i microphones.
S1nce  the 1nput capacitarmce of the signal preanpll i er
will vary from amplifier to amplifier,; the tcliowing ne-h2c
)
was used to calculate the 1nput Zapac:tanIe ror eazn
preamplifier used :1n the experiment,
)
)
- 158 - -
)
T T S S T P P T SO A S SN S P A SRS TP S VAT R AT G S PR e




b. Measuring The Input Capacitance of Preamplifiers

The specifications of the preamplifiers used in this
experiment gave the input capacitance as a nominal 20 to 30
picofarads. Since the capacitance of the W.E.640AA
condenser microphone was approximately 30 picofarads, any
error in the determination of the preamplifier input
capacitance on the order of 1/10 picofarad was significant
and the rough value given in the equipment specifications

was grossly inadequate. Refer to the circuit shown below.

Straightforward voltage division will yield a splution for
Vo. When this solution is combined with the gain,

Vg=Zi#Va*G/L[2i+Zvl. When this solution is inverted,
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Equation

Iv is the impedance of the variable capacitor i1n the input (
1/0jwCv] )y and Zi is the i1nput impedance of the cable and
preamplifier combination ( Ri/[1 + Ri#*#jw*{Ci+Cl3] ). Typical

circuit parameters used for this circuit were:

frequency = 1000 Hz,.
Cl ™~ 4 p¥
Ci ™~ 29 pf
G ~ 10
Cv ™~ 4 - 60 pf [gee table 3.3]
vg ~ variable
Ve ~ variable, on the order of 10 millivolts.
R1 ~ 10 megohm, uncertainty estimated at 1%.
This 1s the <form of the equation for a straight line,
Y=axX+b. I[f 1ndividual values of 1/Vg and 1/Cv are fit by the

-east squares error method to a straight line, the values of

"a" and "b" can be calculated. The resultant absclute valu=

of the ratio of a/b equals the magn:tude of 1/0Jwlr .

Individual "boxes" with different values of Cv were

constructed and calibrated so that as large a range cf

values as possible would be available for the least square

error analysis. The +following table lists the capacitarce

values measured far these 1ndividual boxes using the same

GCeneral FRadio Type 1651SA capacitance bridge previously vsec

to obtain the bias bo: capaciltances.
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Box # capacitance(pf) Precision
(average) (Sigma using
two samples)
1 3.6128 . 001
2 ?.7036 . 0005
3 11.0213 . 0031
4 11.9826 . 0003
S 13.9351 . 002
) Not usaed due to thermal instability.
7 14,9932 « 0005
8 20. 3958 « 003
9 22.5042 « 0003
10 61.4590 = 0005

PR3 PR PR et 22— — PP — AP
. . S A R . e s S S D YD D S o S . S D D S . S S S S et . e Sy e et e s s e . ey e e B, s s e S e e e S B e

The capacitors listed above were selected for their
thermal stability and were observed to remain stable to
within the precision obtained above for the laboratory
temperature range of 19-22 degrees centigrade.

wWhen the values for "a" and "b" are obtained via least
square error analysis, the solution for the total input

capacitance is given by:

o> l 3~
C,‘r = <—E> - ( w Ry ) Equation 3.4
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T~ uncertainty in the result obtained for Ct is given by

/a

[Ref. 28: Eqn. 3-211

() (s ) ([ SR:)’

gCT " + . N 1 Equation 3.5
o @RI

The results obtained with the least square error linear fit
using the method described above are given in the tables ;?fﬁ?
below. The ultimate uncertainties in Ct are due largely to

the 1% estimated uncertainty in Ri.

The following data have
~ 3 significant figures
and are in picofarads.

]
L

N
¥
e

Ithaco 1201 Ser.#63594 data run #1 data run #2 |
(X10 setting, Ri™~100 Mohms) R
chan "A" fasbl= 22.9081 22.9463 e

chan “B" [a/bl= 24.6444 24,6597 L

Ithaco 1201 Ser.#61783 ) 's
(X10 setting, Ri~100 Mohms) T
chan "A" Lasbl= 23.6920 23.6938 RN

chan "B" La/bl= 26.0170 26.0228 A

Hewlett Packard .
Type 465A Lab Serial # 95 fjj
(lab B side X10 satting) Lasbl= 29.6300 29.6302 ..
Hewlett Packard I
Type 465A Lab Serial # 93 ’ .
(lab A side X10 setting) Lasbl= 28.93561 29.0806 ’Q?
Note: The value of the "cable" capacitance, Cl = 1.926 Pf. e
_____ - ———— ———— T
Table 3.4 Measured ratios for_ [La/bl :
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With the experimentally determined values for [as/bl, the
value of the preimplifier input capacitance, Ci can be

determined.

Signal Preamplifier/Ci (pf)/sigma(pf)/"standard sigma"/P.E. (ppm)
values of Ci have ™ 3 significant figures

Ithaco 1201 Ser.#63394 '
(X10 setting) iﬁZi‘

chan A 20,946 . 088 20 ppm ~ 4201
chan B 22.67S . 088 20 ppm ~ 3880
Ithaco 1201 Ser.#561783 :
(X10 setting)
chan A 21.793 . 088 20 ppm ~ 4038
chan B 24.045 . 088 20 ppm ~ 3660

Hewlett Packard

Type 465A Lab Serial #95 :

(lab B side X10 setting) 23.067 .148 20 ppm ~ 6416
Hewlett Packard

Type 465A Lab Serial #93

(lab A side X10 setting) 22.338 .145 20 ppm ~ 6491

Average probable error for the input capacitance ™~ 4780 ppm

When the signal preamplifier input capacitances so
determined are included in the circuit anmalysis, the circuit
can be further simplified as shown in the following

section.
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c. The Calculation of el

Referring back to figure 3.6, the total input resistance

and the total input capacitance can be combined in a complex

impedance, Zt. The value of Zt is given by,

Equation 3.6

M
-
1
r.—\
+
C.
12
P
¢

The values for Rt and Ct are given by,

Q. = S T R
T Re + Re ’ ‘

Equation 3.7

Now the circuit becomes,

.
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The sclution for the ratio of Yin/e! i<s given by:

Vi _ L
E-j_ - im“‘l + ) inmac\mmﬂ

Egquat:ion .3

part 1s given by,




PR A

SR TR h B A e Al ke et ekt S M M o) e IRAGMA MU B A AT A AR AN A ooa 26s Su it ‘ale SO b inl it s nst et Pl R AR AR S g CEA ST A S S el (08 6

- (5
{“-EB\-‘S - i + /Cm Equation 7.9 .;.-t...
and the imaginary part is,
v,
EINAG\NAR\@ = Equation 3.10 s
w Ry Qm R
The solution for the magnitude of e! for this circuit is, Sere
\ 2
/s, ‘
T 'i k) e
- V. |+ Cr 4 | —mmm—— S
e«_ - N Cvn w Rer CM Equation I.11 e
l;r' S rrviw
RO
RSN
Nominal values for the parameters in this equation were: NN
Ct ™~ 170 pf. ~¥;ﬁ
Cm ~ SO pf. RO
- Ri ~ 10 Megohms. AN
g Fefer ahead to figure 3.9 to relate the signal amplifier —
input to the final "“voltage" sent via the "Hewlett Fackard .
1; Interface Bus" (HPIER) to the HF-B83 computer. The output of : o
o the signal amplifier 1s equal to the input multiplied by the -,
amplifier gain. This same ampli1fier ourtput voltage, Voun, fli:

- 1= then the analog 1nput voltage to the S204 loct in




analyzer where it 1is scaled by the gain setting of the FAR
5204 lock-in analyzér. "B", and sent to the data acquisition
system. Due to the design of the lock-in analyzer, the gain
setting of "B" is selected so that the acquisition input has
a range of values of from O to 1.15 volts. This data
acquisition system is HPIB compatible and is in turn sampled

toc provide the digitized output, Vdata, to the HP-8%

computer. HP-85 Computer
32K :
Digital
l signal
HP-3497A
Data acquisition Vdata
and control unit
] DC voits
PAR 5204A
control Lock-1n
line analvzer Manual gain setting, "B
]
VHF
Switch
Vout
el Vin

' B’
||| em—g=]—{

Signal Pre-amp

The inverse of this path gain 1s computed to determine
the value of Vin when Vdata 1s known. Thus, the analag
voltage "G*Vin" 1s obtained by multiplying "vdata" by the

gain setting, "B”.
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Solving for Vin and substituting into equation 3.11 we

r€ obtain the received signal val tage in terms of

experimentally measured parameters:
y o

. . s
o B Vdara { + ¢t Z+ -4 _ t

W RTCM Equation 3.13

-~
N

b

Il

{

{a 4L¢

j Prior to computing the ratio =21/i1, we must next discuss -f{}' Qigj
& the calculation of the transmitting current, 11. s
- . AL S
- - ,"‘.f‘

.
tet,

'
.




d. The Calculation of i1

s, '4""

(;T‘ The drive current for the source microphone is estimated
from a knowledge of the microphone capacitance, the bias
voltage, and the drive voltage seen across the source

terminals.

L1 = J w Qh\\c. \/AVNQ

- Equation 3.14

Using a constant value of capacitanc; to model the
microphone neglects the effnc@ of the motional impedance on
the ratio of [el1/il] for the condenser microphone. (After
the fact, it was determined that the value of i1 should have

}_ 1@ been experimentally measured and not calculated. Howaver,
the following explains what was actually done.)

The drive voltage across the source microphone’'s
terminals that is used for the computation of il is not the
drive voltage that the computer program "asks" for but

rather is a resultant of the "asked" for voltage and the

- signal path transfer function between the signal function
. generator and the microphone. This discrepancy is corrected
by using an  experimentally determined least squares fit to

"ask"” vs "get" data. The circuit shown below is the circuit

Lt . T !
> b AR
" . Lo

used to obtain the "ask" vs "get" data needed. ?;”y;

ity
Y
TR
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Digital
Analog R "gegt"
get
~| 5204 | [HP-
1 1ock-in |1 3497A
analyzer |
Resonant Y
Plane Wave Micj_:l’ HP-85
Cavity
32K
“ask” .
. HP467 | |HP-3325A
Bias
box | Pwr M Function f=
amp generator

Using the data experimentally measured 1n this

fashion,

we have a seri1es of ecstimates of "Vget" that use acceptatle

straight l:ne appro:imations tu the transfer function $or

short segments of frequency.

Equation form: Vget { (%) I#Vask

O hz<f< S20 hz Jget [.9278 +4,979E-S*f 1xVask
(probable error ™ 450 ppml

S20 hz<f11020 hz vget = [.9516 +4,163E-6%f]1#Vask
\probable error ~ 210 ppm’

1020 hz<f 1310 hz vget = [L.,9841 +1.714E-6xf1xVash
{probable errcr ™~ 410 ppm;

1319 hz I f 2800 h:z Jget = [,7S558B +6,122E-7%#f1+Vask
{probable error ~ IB6 ppmd
2800 h:  $19999 K= Jget = [.2968 +2,224E-7%+f1%Vask

{prooable error ~ 2169 ppml
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The next cérrection we must 1i1nclude 1i1n order to
accurately calculate the drive current 1s the observed
increase in capacitance of the source microphone which
occurs with an increase in bias voltage.

While the capaditance of the source microphone 1is
primarily a function of its dimensions, the electrastatic
force between the backplate and the diaphragm of the
condenser microphone as a result of the applied bias
voltage, will cause a displacement of the microphone
diaphragm away from the unbiased equilibrium position. This
change 1in the separati;n between the diaphragm and the
backplate will cause a slight increase 1in microphone
capaciténce relative to the '"no bias" capacitance. This
slight crange (¥.3%) i1s easily measured and 1is tabulated
bel ow. The data were obtained using the 1nternal bias
supply voltage and the standard functions available on the
Hoewlett Sacharc HP-4192A LF i1mpedance analyzer.

Approximate solutions for Mo are obtained for “he
W4.E.630RA microphones using the change i:n capacitance vs
bias voltage data. The theory and results of such a

calculation are shown in Appendix F.
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B B O

uLll

laboratory stanaard microphones,

For W.E.540AA TYPE
Measured values are uncorrected HP-41923 readings.

Bias Measured C/delta C Bias 2
g (volts D.C.) (all values 1n Ff.) volts 2
o W.E.640PA Serial #'s
- #1082 #1248 #0815
! =38 56.790/.030 S56.990/.045 04.842/.072 1225
- -30 S56.785/.02S 56.980/.035 S4.820/.050 GO
E -25 56.780/.020 56.970/.025 54.805/.035 625

-20 56.770/.010 S56.960/.015 54.790/.020 400
: -15 56.7635/.005 56.9557.010 54.785/.015 225
E =10 56.763/.003 36.950/.003 S4.775/.005 100
- 0 56.760/.000 56.945/.000 54.770/.000

+10 56.763/.003 56.950/.005 S54.775/.005 100

+15 S56.765/.005 $6.955/.010 54.788/.018 225

+20 56.770/.010 S56.9587.013 54.793/7.023 G
S +25 56.775/.015 S$6.970/.025 54.308/.9038 523
) +70  56.780/.020 S6.9807.035 S4.823/.082 00
o +I5  56.790/.030 S6.9%0/.045 S4.842/7.075 12028

correction tor mounting trachet = -4.7C4 (g

correst 1l . Ty il iheration of HF-4192A4 = +0,008((pf)

Toatal correction required =

Due to the possibility of damaging the HF-3t9ZA ¥

1mpedance analy/zer, 1t was 1mpractical to measure the Zhar;=

1n capaci1tance due to the applird bias when the W.E.&4d70w
J
' microphones were biased at their euperimental bHias ot 115
volts. A linear least squares t:t to the data shown acc .=
o was used to extrapoclate an estimate of the chenge 10
d
. microphone capactitance which resul ted trum the asppiied Lias
= .21l tAage. The equatiuns so abtained had the orao,
4
- - 172 -
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Alw = a{Veins] ¥ b Equation 3.16

:: Individual correlation coefficients of .985, .996, and .999
i were obtained for the bias voltage capacitance correction
equations given below for W.E.640AA microphones with serial
numbers #1082, #1248, and #0815 respectively. The
l uncertainties in the slopes and intercepts so obtained are

given as "delta a” and "delta b"” respectively.

- delta C1 = [2.4731 E-SI#V"2 + 3.1648 E-4 (pf)
) (#1082) delta "a" ~ 1.2E~-6, delta "b" ™~ 8.03E-4

. T TEmEme e mEEEm mE EEe o I
: delta C2 = (33,6615 E-S51#V"~2 + 11,0404 E-3 (pf) Equations 3.17
(#1248) delta "a" ~ 1,6E-6, delta "b" ™~ 1.1E-4
T delta C3 = [5.9254 E-51#V~2 + 2.3190 E-4 (pf)
i ° (#0815) delta "a" ~ 8.2E-7, delta "b" ~ S5.SE-4

At a nominal bias voltage of ~ 117 volts, the

capacitance corrections expected due to the bias voltage are

Y S

on the order of one percent and are significant to the
overall calibration.

Thus, we can calculate the value of ii as,

1,

: Con

: W= (lW‘CN) [K(m VAS“ C°"‘"+ 5 _l Equation 3.18
4

ﬁ and the equation for el/il becomes,

]
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L —[1“4'“1 Eﬁ (ﬂ VASK] [ Com + Aﬁml Equation I.17

X 27!
%*;é; B aw] [ (4 &) (=) ]2

'-.-

The probable error in the ratio el/il may now be calcul ated

- provided the probable errors associated with the
j: preamplifier gain, G, the measured resonant frequency, fr,
g“ and the non-linearity in eil/vi due to the lock—-in analyzer
- are available. An analysis of these probable errors will be
%. included in the next four sections.
b

RN

v

vrTTYe '_‘v._;r" ” ‘V.Wl*"".. e i) r —
. . . LI

- ,ﬁ'vw

- 174 -




@. Memasuring The Signal Preamplifier Gain, 6

Two different signal preamplifiers were availaﬁle for
use in this nxpcrim;nt. These were the Hewlett Packard type
465A amplifier and the Ithaco model 1201 low noise
preamplifier. Both amplifiers were used at a nominal gain
of "10" but were experimentally observed to have different
gain stability characteristics. Since the duration of a
typical experimental "“run" averaged eight hours, it was of
paramount importance that the drift in the signal gain be
minimized over this time period. Both -amplifiors had
exparimental advantages; the HP-465A had the lowest drift
rate and was selected for use in the plane wave resonant
reciprocity experiment. The Ithaco 1201 had an internal
battery power supply which greatly reduced cross talk and &0
cycle hum during the later free field reciprocity
calibrations. The circuit used to measure the gain
experimentally was controlled by the HP-85 computer and is

shown below.
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HP-3325A PAR-5204 R RS

Function Lock - in : ;*—‘- :=-

Generater Analyzer 1

’..._:-

—=0o— i

HP-34G7A

- Data Acquisition }_';5

HP-465A and Control I

or Vo

[thaco 1201 o

- signal ‘ HP-85 e
- Figure 3.11 Circuit used_to_measure_amplifier ;__
gain. 7

In the above circuit, after establishing a constant rms

Y
voltage output, the function generator was directed by ;ﬂ X
computer to step through the frequency range of interest
(200-6000H2) at i1ntervals of 100 Hz. At each frequency the
output voltage was measured by the lock-i1n analyzer/data T
acqulsition anc cantrol un:t and storea 1N a computer ﬁﬁ;
P array. Next, the amplifier was i1nciuvged i1in the circuit and :
.
N the procedure was repeated. The entire procedure was [
}  repeated several tines to obtain an estimate ot precision .
g“ for the array data. The gain of HP-4465A amplafiers was EJQ
i; ca.cul ated by comparing the two arrays and tte results are ?f?
;E shown 10 figures J.12 and .12 below. :f
P
5 - 176 - RSt 3
) S
-




D " e A St S e N AN A S i i A i At S N N Vi i Sl NP (".F;’\_FW. ~ m Aade el e 4 pad & Aa Aum e end eads e o el Sunt Bind Ak it M i

9.65 N . R R N A N A -

9.64 ; »
10 Sept 1983

1o/ <

Gain

©
o
W
°

o < Aabdaaa,ady
9.621 a OOXQQZAAAAAA a®

¢ 19 April 1984 |

Serial #95
N
o
>
O
_—‘.
©
oo
>

9.6

0 1200 2400 3600 4800 6000
: Frequency (hz)

Figure 3.12 Measured gain_<for HPF-445A_serial #93
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\
S

T
o

p—

',r—;w

Serial #93 Gain

10.08 ———

L

10.07 | | | ~

10.06{ o 20 April 1984 < _
| oooocoo o o .
0000000000000000000 0%09

10.051° ", |

| o 19 April 1984 |
10.04 | '

1003 750 2400 3600 4800 6000
Frequency (hz)

Since the drift of measured values over a single day is
roughly 1/3 the drift observed over an ei1ght month gerica,
the latter 1= used as the worst case sstimate of uncertainty
in G, while the former 1s used as tha best case estimatse.
Thus, the range of precision 1n this data is from ~26Jppm to
~1300 ppm. Since the computer controlled circuilt measures
the relative gain, the systematic error included i1n any ane

measurement is cancelled out and the precisicn of the data

13 used as the estimate for probvanle error 1N thls
parameter. The gain analysis +tor the [thaco amplitiers wili
- 178 -




be included later when the free field reciprocity experiment
K;A- is discussed.

Next, the non-linearities associated with the lock-1n

detector signal path will be discussed.
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f. Measuring Non-Linearity in The Lock-in Detector

The non-linearity in the lock-in detector was measured L 2
using the circuit shown in figure 3.14 below.
HP-3497A SR
HP-3325A St
Synthesizer/| |PAR Model 5204 Data
. Lock-in Acquisition B
Function Ana]yzer and Control -k
Generator unit : q
o—1 o
A
Gertsch HP-85 T
Ratio Computer L
Transformer 32 K L
o
Figure 3.14 Circuit used to determine
non-linearity in_the lock-in_detector.
Experimental determination of the linearity of the lock-in

detector found that the +fractional error varied as a - n:f
function of what portion of the scale was used to measure o
the data. Since the computer program dynamically sought to
run the source until the receiver was at ™~ 90 7 of full
scale, the linearity at that scale position was measured and
used in the error calculations. Two different ratio

transformers were used to determine the linearity of the
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system and the measured results are shown in the following

i
.
lam L7.'

i;u:- tables.

T -

L

)

B ) ‘

f All data was obtained at 1000 hz, so that the limits of the
- ratio transformers would not be exceedead.

s

Transformer serial#% 304

A~

B

N transformer ratio voltage ratio fractional error (ppm)
.1 .097117 - 29700 T
.2 . 206257 + 30300 Sueoes

i .3 . 307339 + 23900 (
.4 . 398773 - 3080 S
.5 . 497208 - 5620 et
.6 . 5976465 - 3910 -
.7 . 698417 - 2270 -

: .8 . 800050 + 063

® .9 . 900181 + 201

Table 3.7 Linearity data_obtained using ratio

s o e e e e s e e s i e i e e iy S et e et i e e S . e T v —

4 ,©
' transformer serial #_304
As shown on the next page, a different ratio transformer was
used to obtain a comparison.
o N
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: All data was obtained at a frequency of 1000 hz so S “Fﬁéﬁ
‘ that the limits of the ratio transformer would not
be exceeded. . ?v'ag
p. . J:;l
8 Transformer serial# 572 o0
. i
. transformer ratio voltage ratio fractional error (ppm) -
.1 . 096869 - 32300
5 .2 . 199362 - 3200
: .3 . 300154 + 3000
A .4 . 399208 - 1980
- S5 . 499039 - 1926
' .6 . 598614 - 2315
.7 .700138 + 197
.8 . 798215 - 2236
.9 . 898320 - 1870

Since the linearity of these ~atio transtformers s

nominally is on the order of 19 ppm, the fractional error

due to nonlinear:ity 1n the signal flow through the lock-1in
detector 1s from ~200 to ™~1890 ppm  depending upon ahich
ratio tramsformer 1s accurate. AN estimate of 1300 ppm will
be used ror the probable eerror iin the linearlty of the

system near full scale and ~ Z700 ppm near half scale.
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g. Computation of The Probable Error in el/il
(éjr For the purpose of error analysis, the effect of the
Cw*Rt#Cm] term in oéuation 3.19 is relatively small since
the neglected term is at worst one order of magnitude
smaller and normally two orders of magnitude smaller than
the [1 + Ct/Cm] term. As a result, its contribution to the
overall error will also be smaller. Equation 3.19 is

therefore rewritten for the purpose of error analysis as:

\/C(M‘A ) ( 1 -Q_—‘-_j .
ii =~ < )(K(ﬁ Yasx Lr C S

b
7 = Equation 3.20 -~ .Y
L e
aw Ly Cm

LQ,» The relative error in e1/il1l can now ba more easily computed

Vc T
_§}E 2;, 5(~u:2> + §¥“
5(¢) B Ndada Lo

Nget

é Equation 3.21

= <gg 2 <g[c;,‘ P Y‘
? * [ Col + Gy C2Y)

When it is noted that the contribution to the error due to

the resonant frequency will not apply to the total error in

the open circuit receiving voltage sensitivity, Mo, due to a

cancellation from the resonant frequency in the numerator of

Jo, we can exclude the relative error due to the resonant

frequency, note that the scale factor B is a constant, and
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(
.
2
A

rewrite the relative uncertainty in (els/111 as, Sy,
/
) Sfuie) |2 2 g x
§( _i’) 34 N Slemtser )
. = Vdata - - N < oo
(_‘_‘1 (.;.,—a—;r) C1 (cm“"cfcml) Equation 3.22
L

The error in the voltage ratio will come from two sources;
the uncertainty in VYget, as a result of the inexactness of
K(f)#Vask, and the uncertainty due to the nonlinearity 1in
the voltage ratio resulting from the non-lgnear1ty in the
lock-in analyzer. Using the results from the previous

section and the experimental determination of the

1nexactness found for K(f)*Vask (shown in equatiocns 23.13),

we have, ‘ff
)
VAATA h
S Vger 2 1
= ([1000mm) +[3uSeom] | = 44 Pom
VAATS Equation Z,273
< Vaer
The uncertainties due the capacitance terms are computed
next. Let the result, W, be defined as: .
.8
. -\ -1 ‘.-‘-
W - CW\ + C'T CW‘ Equation 3.2 '.'.'_
__8
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Straightforward error analysis yields,

/
DI\ - AN
SW = aCM oy ) Equation 3.2S

with,

Con " Equatian I.24
and,
OW _ Ah

DCT Equatian 3.27

~ -

Substitution of equations 32.26 and J.27 intc equation .

—_—
-

and subsequent division by equation T.24, the fractional

uncertainty due to capacitance terms is obtained.

o llstaee) s 5] -

~V_V— (C,;' + C‘r Cm-a)

Eguation .23
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With nominal values of Ci, Cm, delta Ci and delta Cm talen

from the combination of of data within tables 3.2 ancd Z.4 we :lﬂh
obtain,
CT ~ 178 pf (total of Clo, Cli, and Cm ref. figure 2.9
Cm ~ S92 pf
delta CT ~ .15 pf
delta Cm ~ .002 pf
Upon substitution into the equation for the relative
uncertainty due to the capacitance terms, these figures
vyield:
SW o
—_— = (p(;CD £PMm
VV‘ Equation I.29

Calculating the uncertainty 1n el/il due to uncertainty Sl
in capacitance, uncertainty in the wvoltage ratio and
uncertainty i1n the preamplifier gain, we abtain,

l
S(8) /ol () (e
L -
- ((,(,03 + (N"l'ﬂ + (780) =710 ppm

(gﬂ = Equation . Tl

,

\

Ll

Next we will consider the measurement of the voltage

ratio Vca/Vecb.
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3.

Refer to the comparison voltage signal flowpath shown in

figure 3.3 and reproduced below.

:P‘.?‘S(’A HP-85 computer
igita
voltmeter 32K
HF3AS7A princeton | [fp-3325A
acquisition ?-3%e'ae.9cn synthesizer
I lock-in function
e analyzer generator
Baratron L
pressure ]
sensor
HP-98307A
vhf switch
X2
X10 X10
side A side B
switching/ —-l L‘switching/
bias box mic C i bias box
Right circular cylindrical
At fplane wave resonant & |
mic A CaV]ty . '
9 Thermistor mic B

Since the signal path for the measurement of

both “Veca”" and
"Yeb" is identical, only the ratio of these measured
voltages is important. As such, the non-linearity of the
lock in analyzer will determine the error contributed by

this ratio. When the non-linearities measured

using the

Gertsch ratio transformers are examined in table 3.7 and
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table 3.8, the average non-linearity is much worse than that ;ji;

obtained at a scale reading of 0.9. The previous use of the Q*'

non-linearity associated with a 0.9 scale reading for the

ratio of Vdata/Vget in the calculation of el/il was possible

only because the controlling program dynamically adjusted

the transmitting sources until the receiving microphone gave

an output in this scale region. No such dynamic adjustment L

was achieved for the comparison voltages VYca or Vcb and they . *%

typically were at half scale. Since the probable error due

to non-linearity in the system at half scale is ™~ 3770 ppm, iifij

this is the value of probable error used for the ratio - i:g

Vca/Vcb. i ;
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Refer to equation 2.40 which is reproduced immediately

below.

) \/o 'FN
jo = @o \(e QN Equation 2.40

Experimental calculation of the reciprocity factor, Jo,
required the measurement of five experimental parameters.
These are the atmospheric pressure, the resonant frequency,
the quality factor of each modalA resonance, the ratio of
specific heats for the gas within the cavity, and the cavity
volume. Tuﬁ other experimental parameters varied over the
course of the experiment and required measurement in real
time. These parameters were the temperature and the
relative humidity. The relative humidity and temperature
will cause a change in the ratio of specific heats [Ref.251,
and any temperature change affects the speed of sound and
hence the resonant frequency obtained. A discussion of the
means used to measure all of these parameters will be

presented next.
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a. Measuring Atmospheric Pressure

Changes in the ambient pressure were monitored using a
high precision MKS Baratron pressure head sensor, model 270
with a HS6~-1500 purifying diffusion pump, type 162 all of
which then was calibrated by comparison to the ambient
pressure at the experimental altitude. The absolute
reference was provided as data determined by the
Meteorological Department at the Naval Postgraduate School.
The data was available at 15 minute intervals and was
compared over roughly one weeks time. The " correction so
determined was applied to the output of the Baratron's
associated electronics. signal as measured by the Hewlett
Packard 34546A digital voltmeter. Refer to figure 3.15 below

for a sketch of the pressure sensor signal path.
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32K

Figure 3.15 The_pressure_sensor_signal path.

The data used to obtain the calibration for the output

of the baratron pressure head is plotted in figure 3.16 and
1is a plot of the output ‘of the Baratron system over
approximately one weeks time. The output of the MES
baratron pressure head is scaled to i1ndicate mmHg (Tarr) sC
that the correction calibration of +5.58 mbar becomes +4.2%

mmHg in the software implementation of this calibration.
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Figure 3.16 Pressure senscr Vvs. pressure

reference

The precision of phis pressure reading 1S observed as
deviations from the least square fit to a straight line.
The deviations range from ~ .1 mbar to ™~ 1.2 mbar and tre
average value 1s ™~ .25 mbar. I¥ the systematic error 1s
taken as the claimed accuracy of the Naval Fostgraduate
School reference, {*.2 mbar} the probable error in pressure

1s ~ 319 ppam.
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b. Uncertainty in Resonant Frequency and Quality Factor

Plane wave longitudinal resonances in the "short"
cylindrical cavity Qere sampled and analyzed using the least
square error ravine process referred to in step 6 of part C
in this chapter. The inaccuracies found in measuring the
quality factor generally increase with the sharpness of the
resonance. Since the short tube had higher Q‘'s for its
modal resonances, it was selected for this experimental
determination of the precision of Fn and Gn. As such, the
fractional error in @Gn found using the shdft tube will be
the upper bound on the determination of the fractionmal error
in @n for the experimental calibration. There is no
experimental reason to expect any difference in the
precision found for Fn d-terminod‘in the long tube compared
with that determined in the short tube. It must be noted,
however, that the fractional error in the determination of
resonant frequency does not enter into the calculation for
the open circuit receiving voltage sensitivity shown in
equation 3.1 since the resonant'frequancy in the denominator
of the ratio found for el/il is cancelled by the resonant
frequency found in the numerator of the reciprocity factor,
J. The analysis that follows for the probable error in Fn is
included only for completeness. The transducers used as
source and receiver for these measurements were type
W.E.540AA condenser microphones mounted in the ends of the

plane wave resonant cavity.
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Normally, the computer program that controlled the
sxperiment caused first one condenser microphone to act as a
source and the ntﬁer as a receiver and then switched the
roles of source and receiver so that reciprocity data could

be obtained. To determine the precision of the numerical

algorithm that obtained a least mean square error fit to a Efifﬁ
Rayleigh line shape, two such sets of data were still o
obtained but the program was not allowed to switch roles .
between source and receiver after the first data set was

sampled. See figure 3.17 below for an illustration of how

the Rayleigh line shape was sampled arocund resonance.
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With no change in the source or receiver, two such data

sets were obtained one after the other. After both data
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sets were ravined, an immediate comparison in resonant
frequency and quality factor for the mode under inspection
was made. When several mades were sampled many times,
sufficient data was available to determine the precision of
the ravine technique by direct comparison. Since the

relative humidity varied within the laboratory on a time
scale of hours while the temperature within the laboratory
changed noticeably every few minutes, only the change in
average temperature as measured by the thermistor shown in
figure 3.3, was important for comparison purposes as the
mean time between data set 1 and data set 2 was
approximately 45 seconds. The fact that the speed of sound
in an ideal gas is proportional to the square root of the
absolute temperature was used to normalize all the ravined
resonant frequencies to a common temperature of 20 degrees
celsius for comparison purposes. These normalized resonant
frequencies and the associated quality factors for three

selected modes are given in table 3.9 below.
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i Data set 1 Data set 2 . SO
. Fnl (Hz) Qn1 FR2 (hz) an2 L
- Mode & .
4418.31468 136.0039 4418.375% 136, 5GBO
4418.3466 135.9561 4418. 3059 135.98%0
4418.2921 135.9326 4418, 2692 135.9386
4418.272S 135.8651 4413.2368 35.8540
4418.2727 135.9193 4418.2443 135.9010
4418. 2624 135.9017 4418.247S 135.8697
10
7371.14629 127.7876 7371.3382 127.7575
7371.4691 127.7841 7371.4724 127.7952
7371.5582 127.8270 3I71.5237 127.8268
73I71.5865 127.8205 7371.5533 127.8211
7371.637S 127.8591 Z71.6006 127.8483
7371.6222 127.8077 7371.5953 127.8442
7371.6297 127.8777 7371.5867 127.88173
7371.6051 127.8772 7271.5731 127.8668
7371.6250 127.9132 7371.5900 127.9086
- 371.6005 127.8899 7371.5709 127.9129
- 7371.603%9 127.8869 7371.5771 127.3824
: 73271.6055 127.9279 7371.5650 127.9199
- v3I71.46589 127.8962 7I71.6269 127.7822
j 7271.64647 127.7987 7371.6507 107.3922
= 7I71.6837 127.9431 7371.66786 127.9454
8 Mode 22 A~
) 16164.72499 184.852 16164.56200 123,204 : NG
16165, 1759 124,274 TLIES. DTG 124, 25448 )
16165, 477" 134.27ST 161565.4553 184, 246070
‘ 156165, 6858 184. 5545 16165.6152 134,773
. 16165.7S57 185.2799 16155.7371 tIELTTT
g 15eT. 0517 125.75L7 1L1465,.3177 {24, 000
ctTmL L uEn 124.7847 161L5. 5702 126,474,
15165,0549 186.9020 16165.7344 186,977,
15165.93772 187.47S32 16163, 600 137.%¢=1
: 16165.9794 187.94694 165195.377S gL a0
»

—_——a s S S e L L L L L A T A L L.

different modes.
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horizontal axis 1is taken from gaussian probability paper
[Ref. 28: p.67] and is plotted as the percent of readings at
or below the value féund on the vertical scale. Such a plot
illustrates the distribution of a data set with a gaussian
distribution as a straight line. By calculating the
correlation coefficient of the plotted data as a function of

an arbitrary linear horizontal scale, the correlation to a

straight line is determined.
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All the data shown 1p table 2.9 was used. Since both of

tne probability plots seem to roughly f1t & straight line,
the canclusion 1s that the data sets have roughl,/ a gaussian
distribution and as such, the standard deviat:iarn 1s taken as
a measure of the precision of the tecthni gque. For the
quality factor, the prabable error 15  then ™ 180 ppm. For
the resonant freguency, the above results 3how a probable

arror of ~ 7 ppm.
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c. Calculating The Effect of The Non-adiabatic Boundary

‘.:’.

LA .4

L Conditions Upon The Stiffness of The Gas Within The Resonant

Cavity

In chapter one, two methods of calculating the bulk
modulus of elasticity of the gas within the plane wave
resonant cavity are shown in equation 1.81. The starting
point of this analysis is the adiabatic form of the bulk
modulus of elasticity given as the product of the
atmospheric pressure and the ratio of specific heats of the
gas within the cavity. It will be shown th;t the effective
ratio of specific heats of the gas within the plane wave
resonant cavity will be determined by the gas content, the
thermal properties of the physical boundaries, and the ratio

«9® of volume to surface area for the physical cavity.

The temperature and relative humidity change the ratio
of specific heats in an empirical equation determined by
Wong and Embleton [Ref.25]. Their result is given below.
The relative humidity (the mole fraction of water vapor in
bumid air divided by the mole fraction of water vapor in
saturated humid air) is given by "h" and the temperature in

degrees centigrade is given by "t".

139984 — A (h ¥ 0135)

Il

S

- -s 7y -3 3 .
Saxip + F¥0t +78x01 + 450t Equation 3.31

=g
]
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This equation will provide the value for gamma (the ratio of
specific heats, ;p/cv) for free field reciprocity
calculations.

In order to consider the effect of the non—-adiabatic
conditions along the boundary of the plane wave resonant
cavity, the influence of the thin layer of air in contact
with the wall upon the stiffness of the gas within the
cavity must be examined. Since the wall of the cavity is
made of brass, with a thermal conductivity <four orders of
magnitude greater than air, and the heat cgﬁacity of the
brass tube is four orders of magnitude greater than the heat
capacity of the air contained within, the condition along
the thin layer of air next to the wall is approximately
isothermal. The ‘stiffness of this small layer is therefore
slightly less than that of the remainder of the air volume
within the cavity. The overall bulk modulus must therefore
be reduced slightly to account for this effect.

Since the ratio of specific bheats given by Wong and
Embleton is valid many thermal layer depths away from the
wall and the ratio of specific heats for the isothermal case
is equal to one, the effective gamma is +first approximated
by volume weighting the thermal layer with a gamma of one
and the remaining air column with the value of gamma given
in equation 3.321. To first order in thermal layer depth,

this yields an effective gamma as shown below,
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Ye = Yu - &(XH‘Q %

Equation 3.32

[ 8]
~

Here, the thermal layer depth is given by [Ref. pp-

225-61,
/
2R .
ST = 6 W ‘C,p Equation 3.33

wWhere,

K = thermal conductivity [J/sec*M*degk]

€ = air density [Kg/M"3]

vae = gpecific heat at constant pressure [(J/Kg*degkl

w = 2¥pr*frequency [rad/secl
thus,

§T ~ (2.S5E-3)/sqrif) (meters]

Co = 1.256E-2 M{short tube}, 1.718E-2 M{long tube}
1¢f the end effects are not neglected, equation .77 must o= Tfff+
modi1fied as shown below where "L" 15 the length of the ﬂi

o

cavity. - T

fo-a(ht) (£ F) () ]

. < L ) S‘r << L Equation .74

0

[

Ye
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When the ends are accounted for to first order 1n thermal
layer depth, the relative change in the corrected value of
gamma over that which 1s calculated when the ends are
neglected is .003 percent and .01 percent for the long and
short tubes respectively. Since the simple model used to
obtain equation 3.32 vields an approximate correction to
gamma on the order of 0.5 percent, the ends are neglected in
the following analysis.

Ta verify that the preceding analysis 1s correct to
first order 1n thermal layer depth, a more precise analysis
1s required. When the change from adiabatic to 1sothermal
1s modeled as an exponential change follawing the known
thermal characteristics within the right circular cylinder
(Ref. 281, and when the boundary value for gamma 15 matched
both at the wall of the cylinder and within the volume, then
the volume weighting of the adiabatic bulk modulus 15

retlected 1n an effective value of gamma given by,

Y. - 2N P[X,\-((u-ﬁf_ 1ae o
E T wd AzeA Equation T.IS
=0

And to second order 1n thermal layer depth, the solution (=,
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This solution agrees with that of equation 3.32 to

order in

thermal layer depth. This correction 1s

below as a function aof frequency in figure 3.20.

e . A 2 " b
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This correction, applied to the value of gamma and used
with ambient pressure to calculate the adiabatic bulk
modulus , provides the correction to the adiabatic bult
modulus of elasticity due to the non—-adiabatic boundary
conditions within a specific (the "long" tube) right
circular plane wave resconant cavity.

When the restrictions given for equation 3.34 apply, the
effective ratio of specific heats, valid to first order 1in

thermal layer depth, can be put in a more general form:

K I Suedace Mes
YE = K\\ * (i -X“\ T‘;p € J.? Volume[lgquation 3.27

In general, the independent parameter used to plot the
magnitude of this correction to the open caircuit voltage

receiving sensitivity is given as "B", where:

K h Surtace Aves

T /tp (’ \[F VO\\AML

B =

Squation 2.78

- -

The correction described by equation 3.327 in terms of "B" 1s

shown 1n the figure below.
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Figure 3.21 The_correction_to Mo _due tc_the_change

The correction shown above doese not caorrect for

reat Tl
conduct:on losses at the boundary of the tube. Heat jhi
conduction losses, as well as any acoustrical loss, will be R

determined in the experimental measure of &n which 1s then
directly employed 1n the calculation of the acoustical

transfer admittance, Jo.

Since the paper of Wong and Embleton was not availanls

when the computer program controlling the enperimert was
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written, a correction to the preliminary experimental
results is needed. The experimental data that was obtained
using the program in appendixx B, used a less accura‘e
correction to the ratio of specific heats to account for the
effects of changes in temperature, humidity, and the effect
of the non-adiabatic boundary layer (See appendix B, lines
3770-3810). This approximate solution for the ratio of
specific heats must be corrected to that obtained by Wong
and Embleton and the associated correction to the open
circuit receiving sensitivity must also be made.
Analytically, when the range of experimental temperatures 1s
varied from 19 to 21 deqrees centigrade and the range of
experimental relative humidities is varied from 40V to 65%,
the experimental result for the absolute value of the open
circulit voltage receiving sensitivity, Mo, must be correcteud
by +.007dB throughout the frequency range used as a result
of using the ratio of specific heats in equation 3.21. Wnen
this correction is used, the experimental uncertainty 1n the
ratio of specitic heats 1s that obtained by Wony aid

bt —4

Embleton and 1s given as 400ppm (Ref. (2S1.
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d. Volume Measurements in The Plane Wave Resonant

Cavities

Two different right cylindrical cavity resonators were
used in the plane wave resonant reciprocity calibrations.
The lengths were selected so that the resaonant fundamental
in the long tube was one third the resonant fundamental in
the short tube. This allowed direct comparison of
experimental results obtained with two different resonant
ctavities at every third modal resonance of the long tube.

The actual experimental volume was measured in a
straightforward way with a slight negative correction
necessary due to the small protrusion of the W.E.640AA type
microphones into the cavity. The microphones were adjusted
in position so that the longitudinal equilibrium positions
of the diaphragms were flush with the plane of the physical
end of the cylinder. Since there were three different
microphone pairs each with their own volumetric protrusion
into the main volume, three different experimental
corrections were measured and applied to the basic volume
found for each resonant cavity. The results obtained using
two different gauge calipers {(one Peacock caliper and one

Kanon caliper} are shown below in table 3.10.

- 207 -

.................

-~ ——



- -
x5
i
’.l}l‘\‘
'

.

'

’

»

.

.

O

.

.

'

»

N

¥

N

r

L4

v
o

e e e -t - ————— — —— = T - S— " - - —— T — o - —— " o ——————— — - _— —

]
v
(3

- Long Cylindrical Cavity vs. Short Cylindrical Cavity %fi;
i{ End area shape ~ Circular ~ Elliptical
- average eccentricity e <.033 e ™~ .094
EL The following data have four significant digits:
‘ End area 9.2758E-4 M2 4,9577E-4 M2 o
2 Length 7.0120E-1 M 2.3372E-1 M ;?
ii Basic volumes 6.5042E-4 M3 1.1S87E-4 M3 P
{

Individual microphone volumetric protrusions.

W.E.640AA Seri1al - protrusion

- 1248 3.407E-7 M2 S
o 1082 3.084E-7 M2 (
X 0815 3.370E-7 M2 T
o Serial pair Long tube volume Short tube volume
. W.E.640AA s corrected value corrected value
(: 1248 -~ 1082 6.4977E-4 M3 1.1522E~-4 M3 3
g 1248 -~ 0815 &.4974E-4 M3 1.1519E-4 M2 RADED
= 1082 - 0815 6.4977E-4 M3 1.1523E-4 M3 -v
g Table I.10 Volume measurements _obtained for the
plane_wave cavity resgonators
.A When the relative error in each of these volumes 1s .-;
calculated, the values obtained depend essentially upon
which resonant cavity 1s being used. Since the thermal jf?f
o expansion coefficient for brass 1s ~1.9E-S/deg C and the T
; temperature range 1n  the laborator, was +-om .9 ts 22
:E degrees centigrade, the ftracticnal gerrocr 10 langth Jdue to nf}k
thermal effects was ~ ) ppm. 3Si1nce the uncertainties 1n - y
- RSN
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measuring the length of the long tube at least one order of

N ~
c‘ magnitude greater, the thermal effects were neglected for

calculations of volume.

For the long cavity, refer to equation 3.329.

h,

SVo _ ) (2$m\* §_’:)’-

Vo

Din. L Equation 3.39

The uncertainties in the individual measurements were found

e to be,

The average length of long tube = 7.012 E-1 M

¥ r.‘ r’ "-’

.

- The standard deviation in length = 2.08E-4 M, based -
N on three measurements made with a kanon vernier calipers SR
ser.#3K014 from the USNPGS Mechanical Engineering Dept. i

......

e The average diameter of long tube = 3.437E-2 M
The standard deviation in diameter = 2.85E-5 M, based
on eight measurements made with a Peacock vernier
calipers from the USNPGS Physics Dept.
Next, use 1s made o+ the fact that with a rardcem

distribution of error in the measurements, the standard

deviation divided by the square root of the number of

samples is the standard deviation in the estimate of the

. sample mean. With these considerations and including the

systematic error 1nvolved 1in neglecting the effects of

- thermal evwparsion, the uncertainty :(n  th2 volume measured

- for the large tube was found to be ™~ 612 ppn.



When careful measurements of the dimensions of the small
!- cavity were made, the model used to calculate the end area
had to be that of an ellipse since definite major and minor
“i axis were measured at esach end of the tube. Using equation
.. 3.40, the uncertainty in the volume was calculated. The
‘ semi-major axis is given by "a" and the semi-minor axis is
given by "b".
& a
S _ b &

a b L

Equation 3.40

The data used to calculate the experimental uncertainty in
the volume of the small tube was measured exclusively with

the Peacock gauge calipers and is shown below.

The average length of the small tube = 2.337 E-1 M

The standard deviation in length = 5.63 E-5 M, based upon
twel ve measurements made using the Peacock calipers.

The'average semi-major axis of the end = 1.259 E-2 M,
based upon twelve measurements made using the Peacock
calipers.

The standard deviation in the semi-major axis = 4.85 E-S5 M ;Q}:

The average semi-minor axis of the end = 1.254 E-2 M, 4:3_&
based upon fourteen measurements made using the Peacock T e
calipers. . PR

R

The standard deviation in the semi-minor axis = S.18E-5M, i -
based upon fourteen measurements made using the Peacock e
calipers.

t
. .
L e
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Using the above values, the uncertainty found for the
small tube is calculated using equation 3.40. As expected,
the relative error was greater with the smaller volume and
the uncertainty in the volume measured for the small tube
({including the systematic error involved in ignoring thermal

expansion) was calculated as ~ 1569 ppm.
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@. Mmasuring Temperature and Relative Humidity
I Since both the temperature and the relative humidity
. found within the lab directly affected the ratio of specific
heats as shown by equation 3.31 and the temperature change
. affected the thermal expansion of the brass cylinder, these
experimental parameters were also measured.

The measure of temperature occurred under program

R

control before and after each basic 26 point data set was
obtained. The two values were averaged and this value was
stored with the acoustic data. Since the two temperature
: samples were obtained symmetric in time around the sample
obtained for the center frequency of the modal resonance,
the average value obtained is the estimate of temperature
i associated with that modal ?esonance. The equipment used to
automate this measurement of temperature was a HP-3454A
digital voltmeter sampling the output of HPOB37-1064
I thermistor ¢ directed by the HP-85 computer. The equipment
could easily track relative temperature changes on the order
of .001 degree centigrade. The useful temperature range for
' this setup was -80 to 130 degrees centigrade, well beyond
the normal range of 19 to 22 degrees centigrade found in the
laboratory. The thermistor was sealed and placed into a
i bath of icewater where its output was observed to be +.20
degrees centigrade which was then calibrated to the criple
point of water (.01 degrees centigrade at 1 atmosphere) by

) subtracting .19 degrees,. Thus, the fractional error in
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absolute temperature sampled b5y the =ystem 13 estimated toc

R

&. be (+-).01 degrees absoclute or ™~ T4 ppm for a stancard
TA V'_".'.
laboratory absolute temperature of 292 cegrees. ;xﬁ
I
e
The percent relative humidity was samnpled only, at the k“&
&

beginning of each prcgram run and was assumed to be ccnstant
faor the duration of each run. A Duroctherm relative humnidit,
gauge built by Sussp Co. of West Germany was used to observe
the value of relative humidity to ™~ t%. This observed value
was then manually i1nput to the computer where it was used
for all the calculations. During the course of severs:
months, the range of relative humidities within the

laboratory was observed to vary from 40 toc 6S percent

relative humidity. An average daily variation of ~ (+-: & % i
@ occurred during those porticns of the day that experimentsi )

data was normally cbtained. Qver the course of ary one
program run, the largest change 1n relative humidity .
observed was 4 Y%, with an average change of 1%. khen the
largezt cnhange 135 e€onsicered using eqguation  T.7(, tine
fracticral error intrcduced 1nto tre oJpen circurt rezeiviing

sensi1tivity by considering the relative numidit, *to 2 “

&)

known but constant value for the duration of thne e periment

was 28 ppm.
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In addition to the sources of error previously

discussed, two more sources were considered. First, the
open circuit receiving sensitivity is directly proportional
to the bias voltage used to bias the condenser microphones.
The battery power supplies built to bias the condenser
microphones provided an approximate D.C. voltage of.~ 120
volts. Since the battery voltage depended greatly upon the
temperature, real time sampling of the bias voltage was done
with each basic 26 point data set using the HP-3456A digital
voltmeter. The specifications of the digital voltmeter
claim a measurement accuracy of 40 ppm traceable to the
National Bureau of Standards and this is the probable error
used for the bias voltage.

Second, since the frequency of 1longitudinal resonance
will vary linearly with the square root of absolute
temperature, slight differences in the calibration frequency
of the "Nth" mode were observed due to temperature
variations within the laboratory from one day to the next.
The range of temperatures in the lab was from “~19 to ~22
degrees centigrade which results in an potential 0.5%
maximum shift in the calibration frequency associated with a
particular mode. The average slope of the open circuit
voltage receiving sensitivity versus frequency for the

highest 10 modes was ~ -.00024 dB/Hz. For comparison
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purposes, this corresponds to roughly a .Q07 dB difference
in sensitivity over a 28 Hz maximum frequency shift at tne
23rd mode. This temperature dependent systematic error 1is
neglected during measurements of experimental precision
since this possible shift 1s roughly an order of magnitude
smaller than other observed uncertainties.

A summary of the probable error found 1n experimental
parameters 1s shown below 1n table 3.11. Equation 3.2 has
been modified by deleting Fn and adding the uncertainty
caused by the bias voltage to calculate the overall praobablie
error. The result shows the relative uncertainty 1n the
open circurt voltage receiving sensitivity and i1s given 1in

equation 3.41.

g_y\_ﬁ:'!‘ N Vi ARV
N\ﬁ g‘ (%\J (-_CC%) VO Eguation Z.41!

L
S s L= ‘SG% 2 .é}é t $C§~ 2 A\

| gl I + +| T
b\ﬂ. 0 XE Q N
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(I SRS
parameter probable error ippm) :*—*
expected vs. range
1. ratio VYcasVecb {scale™.35} 3800 (1900-5600)
{non-linearity’
2. ratio et/i1 1800 (F00-2500)
a. ratio {Vdatas/Vgeti; 1450 ppm
b. system capacitance; 660 ppm
c. preamplifier gain; 780 ppm
2. atmospheric pressure 320 (220-1200)
4, quality factor, Gn 180 (80-310)
S. resonant frequency, fn 7 (S-9
6. ratio of specific heats 400 N.A.
7. cavity volume, long tube 1200 (&10-1730) R
3. cavity volume. small tube 3600 (1600-5700) B
9. bias voltage &0 (40O-E0? ':4&1
_____________ S T e - q

“1th these probable errors, the

"he "long tube" plane wave resonant

1s roughly 22¢0 ppm or ©~

Ly

up to 3300 ppm or ~ .02 dB

the expected  uncertainty 1n the

reciproctity calioratian

.13 dB e lVsubar with a range of

druabar., withen trie

2. per1imental results 15 precented
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Iv, 1t will be seen that this e:xpected experimental
uncertainty is of the same order of magnitude as the

precision observed i1n the experimental results.

The absolute accuracy of the final calibration w:ll
still require corrections to the raw program output ¢to

account for:

- the caompliance of the microphones,

- the maotional impedance of the microphones,

- the non-standard definition of the capacitance of the
WEL40AA microphone which i1ncludes the capacitance of the BNC
electrical connector extending the microphone cartridge,

- the change of stiffness of the gas within the caviiy due to
non—adiabatic boundary conditions, and

— the corrections associated with accurate measurements of
capacitance for the cables, the bias circuits, and the
microphones (opposed to the approximate values used :n the
computer program).

In the next section, the experimental procedure and
assocliated uncertainty i1in the comparison calibration will ve

examined.
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SIGNAL FLOW AND COMPUTER CONTROL FOR THE FREE FIELD
1PARISON CALIBRATION

1. Introduction

The intent of this portion of the experiment was to
obtain an accurate low frequency free field calibration for
the W.E.640AA condenser microphone as a check on the
absolute accuracy of the resonant reciprocity calibration.
At very low frequencies, the diffraction correction goes to
zero [Ref. 3: p.33, Fig. A2] and the free field results are
useful for comparison with the plane wave resonant
reciprocity calibration and the standard pressure coupler
calibration. Since the W.E.&440AA condenser microphone had
such a low acoustical output in the frequency range of
interest, a free field reciprocity calibration for this
microphone was not obtained. Instead, sufficient data was
obtained to compute a free field reciprocity calibration for
an Altec type 688 electrodynamic microphone which was then
used to compute a free field comparison calibration for the

W.E.540AA condenser microphone.
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a___Free _ Field

The free field reciprocity equations developed in
chapter one are difficult to use directly with a condenser
microphone when used as a speaker at low frequency due to
the 1low acoustic output of a condenser microphone. The
Altec type 4688 elactrodynamic microphone performs well in
this frequency range when used as a speaker. Using this
feature to advantage, a free field comparison calibration
for the W.E.640AA condenser microphone is more easily
cbtained.

Starting with equations 1.30 and 1.84, we have,

Voo _ Ve

—

Ma Mo

Equation 1.30

and,
L
M, = eg YA AT
AT tL Yo GC

Equation 1.84

Let "Ma" refer to the Altec type 688 electrodynamic
microphone and "Mb" to the W.E.b40AA condenser microphone.
Then, solving equation 1.30 for Mb and substituting the

solution for Ma into the result, we obtain,
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When the standard relationship between density, atmospher.c _f
pressure and temperature [Ref. 9: p.40] 1s substitutec i1ntc ;.ﬂ
equation 3I.42, we are able to cbtain the Tform of the 2;;
equation used in the exsperiment to obtain the +tree <+i1e2ic -f
camparison calibration for the W.E.5640AA condenser ﬂVﬁ
microphone. The equation used i1in the computer program 1in _f
append1ix D ci1ffers only 1n the scale factor necessary, €for
the units used. '
é. -
3
€4 Ve T € ;@o e
m - ) —— —— ————— ~— E — 4- \'.‘ -~
b N gquaricn ., K e
% L Va @ + fs To <TP Neet
Here we have, 1n addition to the definmiticns ised <-o.n -
chapter 1:
Tk = temperatur= 1n degrees relvin, ;ff
To = standara temperature. (272 geg +) RS
F = atmgospreric pressure. o
Fo = standard atmocspher:c pressure, 1 ~timas;™L 0178 Fs

& = dersiiy Ct+ 21r at sftandarg preesire ang bte2mper -t o9,

[ :‘:‘--'\VS % 3 4|

r S =N raion 1 meRter 3 DaRlweeT 2 L I8 A0 MICT e 70 e
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i; The above calibration was accomplished i1n two separate
steps. First, a separate acoustic source was used to
provide the same pressure field within an anechoic chamber

for each of the frequencies of 1i1nterest for the later

comparison calibration. The program that facilitated the

Zas -

f measurement of these ratios was called "VRATIO" and 13 2
_ listed in appendix C. These comparisons were stored 11n  an -
array used in a subsequent computer program called "N28"

that controlled the translation of the W.E.&640RA condenser

microphone while the 688 electradynamic microphone performed
as a stationary source. Program "N28" 1s listed 1n appendix

D. The second step then consisted of runmning praogram "N28"

at each frequency of interest. The next sections describe

the operation of these two programs. jx;ﬁ
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The ratio of the W.E.440AA open circuit vol tage
receiving sensitivity to the Altec type 6488A open circuit
voltage receiving sensitivity {(M(640R)/M(688R)} was measured
using the circuit shown in figure 3.22 in the first part of
a two step experiment ¢to obtain the comparison calibration
of the W.E.b440AA condenser microphone. The <figure shown
below illustrates the the signal flowpath for the electrical

equipment involved.

ANECHOIC CHAMBER = (———
WEB40AA| Bias bo—xJ'

il '

1
A) 71

' Smeters '

HP-467A
power

ampy  [AP-3325A PAR 5200A
-<::}-'syntne512er/ lock-in
function gen analyzer

I 1
HP-3497A
HP-85 COMPUTER L1 4ata acquisition

32K and control

| I

1

SOURCE

—

ingside the anechoic chamber.

oalall

~ .
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The requirement that a free field calibration be carried out
in a space that 1is free from surfaces which cause
appreciable reflection of sound and free from background
noise which may obscure the received signal [Ret 3: g£.191]
was met by using the anechoic chamber located at the Naval
Postgraduate School, Monterey, California. It was found to
satisfy the dimensional requirements [(Ref.3: p.191 for a
measurement error aof less than ~0.1 dB. As will later te
shown, a variation of calibration sensitivity due to
suspected reflections from apparatus in the anechoic chamber
were observed to be on the order of ~0.48 dB.

Each receiving amicrophone was hung at the same spat:al
location with a three wire support refer=rced to the frort
face of the microphones about five meters from the2 scund

source. This was ravghly three and gne half wavelengths

s2paraticn at the lawest frequency of interest. The neareas=t
surface within the anechoic chamber was ~cughl, tws meter=
away from the three wire mounting poin-.

Fragram "VRATIO" worked as fcllows:

“tep 1. The first microphone was mounted 1n gosilticn 1n the
anechoi1c chamber and all visable motion was alilocwed %o subsica2.
frep 2. Frogram "VYRATIO" was et 17t operaticr. /A ceparatd
~peslar scurce 13 turned on by the compuler progr.an. e T
samples the received 31gnal &«nd avarages Swehity -1 .= -abtd oo
rer treguency of irntarest. These a.erag~ .aluves ar= =t
3~ array labeleo H:.1,M).
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Step 3. When the program has completed sampling the +1rst o
microphone, it pauses and asks the operator to mounrt the second ©
microphone. When the first microphone is removed and the saccnd
mounted, and all swaying stops, the operator 1ndicates tnat the
microphone exchange is complete by pressing CONT.

3tep 4. The program samples and averages twenty five data
points per frequency of interest and stores the average values 1n
the array A(Z,M).

Step 5. The program calculates and prints the ratso
A(1,M)/A(2,M) and stores the result in array R¢(i). The standard
deviation for each ratio is printed as "SQR(S)" and the prcgram
run 1s complete.

The results of the first step are given below.

6() N A . N N N A . :
results obtained in an anechoic
1 chamber using a speaker source |
50 | at a distance of five meters L

XbX
N

g 7|

A

40

XbX

30 X 1

X
201 &% éxx" R
% * +/- 3 o plotted
0 1600 3200 4800 6400 8000
Frequency (hz)

Sensitivity ratio 640r/688r

10

e 2 2 L L L I L Ll s e - -
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To check the above results, consider the known sensitivity

levels for type W.E.540AA and Altec type 6BBA microphones,

g

it

shown below.
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When the response of the 488 electrodynamic microphone is
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divided point by point into the response of the 640
condenser microphone, quantitative agreement with the
experimentally determined ratios shown in figure 3.23 is
obtained. The values so obtained did result in the expected
response for the condenser microphone. The actual free
field calibrations obtained for the W.E.640AA serial#1248
condenser microphone are shown as the larger circles in the

W.E.540AA sensitivity plot)
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‘Q. 4. Free Field Reciprocity Measurements
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A sketch of the experimental equipment used to make the

final free field reciprocity measurements is given in the

figure below.

HP-85 computer
synthésizer . 52 ?5&&;3
function
HP-3497A
generator i data3 9 SAR 5204
HP467 acquisitionH lock-1n
pwr amp /control analyzer
~reference Signal ,
HP68262 J 1tnaco
_ current measuring model /X10
Bi-polar resistor 1201
pwr-sup source WEB40AA
Altec 688 recelver
Q
9. (e ceccree it
3 O
- computer controlled shaft <
encoder
dgrive motor microphone transiator

M — AL P A

A description of the operation of this final step in the

free field comparison calibration is given below in the

description of the operation of the controlling program.

The third ccrmputer program given in appendix D, was

written to control the second half of the free field
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comparison calibration based upon a reciprocity :Lﬁl

calibration. After the initial operator inputs are made,
the data is sampled, analyzed and stored on magnetic tape.
Separate computer runs are required for each frequency of
interest. The operator must remain present during each data
run to respond to interactive computer inputs.

The initial operator inputs are:

- insert comparison ratios for each frequency of interest

into the program. (See Appendix C for the program used

to obtain these ratios.)

- input the plane wave tube modal number of the resonance

frequency desired. This will allow later comparison with

the plane wave pressure calibration results after the
diffraction effects of the free field calibration are
subtracted out.

- input the driving voltage to be used by the synthesizer/
function generator.

- input the 3204 lock in analyzer’'s sensitivity scale.
- input the 5204 lock in analyzer’ ‘s time constant.

- measure and enter the starting separation distance (cm)
between the source and the receiver.

- measure and enter the 4 - wire current limiting resistor
used in the driving circuit. (ohms)
The computer program will then perform the following steps;
Step 1. The function generator/synthesizer is set to the proper

drive voltage and frequency. The source is turned on and the
receiver output is monitored.
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Step 2. The program samples the peripheral equipment for
atmospheric pressure, ambient temperature, and the receiver bias
voltage. These are temporarily stored in computer memory.

Step 3. The counters for the optical revolution counter are
initialized. (The resolution is 1000 "counts" per 1 complete
turn. One complete turn of the threaded drive shaft moves
the receiving microphone about 1/8 of a centimeter.)

Step 4. The driving voltage for the main drive motor is turned
on for exactly six seconds and then removed.

Step 5. The system waits fifteen seconds for all transverse
motion to damp out. Then the program then takes thirty sequential
samples (at intervals of three electronic time constants) of

the received voltage. After averaging, the data is temporarily
stored.

Step 6. When the eighth drive interval is complete, and the

sequential sampling is complete for that interval, the program

asks the operator to enter the anechoic chamber and measure

and input to the program the separation between source and

receiver, This will allow a spot check on the relative error
4® of the measuring technique used by the operator.

Step 7. Return to step 4 and continue until twenty separation
distances have been sampled. At the end of twenty intervals, the
source is turned off, the bias voltage, ambient temperature, and
atmospheric pressure are sampled and averages are obtained with
the data obtained in step 2. These averages are then stored on
magnetic tape.

Step 8. The program asks the operator to enter the anechoic
chamber and measure the final separation and enter it into the
computer.

Step 9. The initial and final operator entered distances allow
the program to scale the counter registers. Arrays containing
scaled values of received voltages and scaled values of the
related separation distances are displayed to the operator and
stored on magnetic tape.

L
Step 10. The program then performs a least squares fit of the °
received data to ( V(r) = EO/Lr + al } r is the computer
measured distance corresponding to V(r), and "a" is correction to :;g
the separation distance needed to obtain spherical spreading. S
Step 11. The values for EO and "a" obtained by the least squares ) :
fit are printed for operator use and stored on magnetic tape. ISR
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ﬁ Step 12. The program prints a plot of V(r) vs r for operator L
-. viewing.

Step 13. The program prints a plot of loglV(r)] vs loglrl for
S operator viewing. Here a straight line indicates the region in
e the data array where [1/r] spherical spreading occurred.
Step 14. The program calculates, prints and stores on magnetic
tape the receiving sensitivity for this particular frequency as a
function of range.
- Step 15. The program shuts down awaiting a new set of initial
B operator inputs to go to the next frequency of interest.
The following three figures illustrate the output available
to the operator as the above program is run. The data shown
below was obtained for the 735 hz comparison calibration for

W.E.540AA serial #1248. The 4-wire resistance measurement

obtained previously for the calculation of the source

‘&

current, il, is output just before the raw data is printed.
The parameters, "VO", "a", and the correlation coefficient,
"R" refer to the least squares fit to VO/(r+a) for this data
used by the progranm. "N" is the number associated with a
particular distance; "RUN" refers to the distance in cm.
travelled since the last measurement; "R(CM)" refers to the
separation distance in cm. between source and receiver for
a particular measurement; and "VOLTS" refers to output
voltage measured across the microphone at a particular

distance.
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) 1 .SEG &2 .4c141E-60=
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N
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qenerator i1n millivolts .
A + At this point a log/-log plot ‘. ":!
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L +* the far field is a straight S
L i line with slope equal to +1,
! 4+ then the data is Ok.
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=492 &= 40se

ik 1L Here the last nine
calibration measurements
are shown with:

32 333 2 alte A3 2
OB RE 1Y UBRZOBVELAS= distance(cm) ~sensitivity

=43 1213253334 (at ™~ 116 V bias)
S - T e v 1 ¥ o~
Dg@pgqinfugsgggag?ss_ and sensitivity level in
-49;158&%3?I§é1u 2 di¥ re 1 V/ubar (at 200 V biras)
42.507 2 . 9131E~-GD2
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-43 13732322473
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i

=49 12716319844 11 = the measured transmitting
1t= Cwrrent

3 .93RST 63403k~
gé= ;éjé*n W) = least square error

3= =R~ RN

reference voltage Gotermined
SaArl e,

M=
RUGDE 1V - UERZARVE LRSS e
42 1 IETY43304 DR

TICHA=
1 2312837429 E-4 average rati1o determned with
PRTIN= 20T program VRATIO.
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At sach frequency there were twenty measured values of Mo ;ﬁj: ;;;;
L
corresponding to the twenty different measurement
distances. The statistics shown at the end were computed
using all twenty data points although the last figure only iﬁiﬁ
LN
shows the last nine calibrations. el
Before the final results can be plotted and interpreted,
error analysis and potential corrections need to be ;
]
considered. This will be done next. LT
Lo
.
)
]
b
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.i F. EXPERIMENTAL ERROR FOR THE FREE FIELD COMPARISON CALIBRATION

< 1. Introduction

F The equation used for the receiving sensitivity based ARG
upon a free field reciprocity calibration is derived in the ?:ff
previous section and is given in equation 3.43 which is S
reproduced below. S

> ' g

- 45\ e

6 T © a2 & o

- MB = e% \/6 ° Equation 3.43 o

- 4 Y% § §f e

N o

- o The source current, il, is not directly measured but is j 1

\ determined from the voltage drop across a resistor in the -

speaker circuit and a four wire measursment of the

\ resistance of this resistor. When the ratio V(drop)/R4 is -_.
substituted for i1, we have, .

. m’b ~ (4-‘305> = A \"B TK = Equation 3.44 T

; Varop Va7 F A :

. The expected probable error based upon this equation will be

somewhat different than the probable error found for plane

wave reciprocity.
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The variables 1n equation 3.45 are defined as:

e4d - the received voltage measured with the PAR S204
lock=1n analyzer.

Vdrop - the voltage drop across the current limiting resistor
found 1n the driving circult. Used to measure tne
driving current., This was measured with an HF-T438A
digital multimeter.

R4 - The current limiting resistor used 1n thé speaker circult
This was measured with a 4-wire resistance measurement
using the HP-3456A digital voltmeter.

vb/Va

Comparison voltage ratio measured by the program
"VRATIC" described previously. Both of these vol:agea‘};—

were measured on the FAR S204 lock-1in analyzer. ;
T ~ Temperature 1n degrees centigrade. The HF-~-3456s dig: ta.
voltmeter was us=2d 1n conjunction with a thermistor
(accessory No. 44414A) to sample temperature.

r - The measured separation distance corrected +or aIdusx: il
Ienters,

Fo - Atncspheric pressure (mmHG) mon:tored ang a.&7.4.3-3d
Jur:iig the data run. N1 parameter ~&s Jbtdalned wusioog
the same experimental s2tup as was used &nd descritcec
in the previous section +or plane wave r2sonant
reciprocity. ’

+ - The frequency (hz) of the source signal. These
frequencies were selected as multiples of 245 Hz +or
ease Of comparison with the plane wava rescnant
reciprocity cailliorations.

Eblas - The Hi1as voltage useg tcr the W.k.oduRA concerser
micraophone.

- 236 -




These parameters and their calculated probable errors
must be measured and 1ncluged i1n the calculation for “mMb™.
The error analysis for the value of the atmospheric
pressure, the temperature, and the frequency are the same as
previously done in the case of the plane wave resonant
calibration. The experimental methods used to measure the

remainder of these parameters is presented next.
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a. Analysis of The Electrical Circuit Used to Measure
o4

The received microphone voltage was measured in the
manner shown in figure 3.25. The simplified circuit shown in
figure 3.6 still applies to the analysis of the received
signal. However, due to the different cables and cable
capacitances involved, the values obtaied for the transfer
function will be slightly different. Equation 3.11 is still
used to calculate magnitude of the received voltage. The
value "el" has been replaced with "e4" to conform to the

notation used in the free field experiment.
1
/2

Equation 3.11

e = (2)() (1 SARC

Since the L[w*R#Cm] term in the calculation of e4 is
negligible for the purpose of error analysis, it will be

neglected. The error analysis for e4 is given below.

/o
Cet STBVA)] ™ F SG) i’g(ug b
Sl || =\
e, B Veata & L) = Equation 3.46
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Since the fractional uncertainty in the capacitance term
may be calculated from previous uncertainty analysis (with
Ct~255 Pf.), and specifications for the PAR 35204 claim an
uncertainty in the B#Vin product to be ~1%(although
experimental measurement of consistency between attenuators
and amplifiers showed a 0.2% accuracy), only the uncertainty
in the amplifier gain for the Ithaco 1201 preamplifier
remains to be be determinnd prior to calculating the total

fractional uncertainty in e4.
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b. Determination

1201 Preamplifier

of Gain Uncertainty for The Ithaco

The Ithaco preamplifier was used in the anechoic chamber

because of its self contained battery power supply. In the

anechoic chamber, severe

electrical noise was preventing

experimental progress until the Ithaco preamplifier was

employed. Acoustically,
Electrically, it had 60
is a plot of the gain

Ithaco preamplifier when

operation with the internal battery.

the anechoic chamber was quiet.
cycle interference. The following
characteristics obtained for the

operated on AC paower as compared to




i%?l

20.04 —_— Tl
lthaco gain using normal a.c. S

I
nﬂﬂnnn
ﬂunn
nﬂ
LR X py
ek B A KX

j; 2.()'4 *.* *.*1r*_*‘* !!z

8" ****
*

Fo.98- o L
| ® lthaco gain using battery

19.96
'R

a9 1 994 v v v T v e v ~—
- 0 1200 2400 3600 4800 6000
Frequency (hz)

When the battery was fully charged, the galn agcrasimaceds
that obtained using AC power. Rfter several gass Ase, a
noticeable drop to the extent shown was obser/ec. The
fractional difference between battery powear ard AC powar 13
seen to be roughly 0.08%. This 820 ppm fractional change 1s
used as an estimate for the uncertainty 1 e hattery

cowered gain.
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I c. Computation of The Uncertainty in The Measure of e4 g
The following are a 1list of specifications/parameter

averages for use in equation 3.46 to estimate the probable

I error in e4.

- typical value for @4 ~ 1.0 E-4 volts (obtained from figure

3.26)
~ preamplifier gain, G ~ 10
. -~ uncertainty in gain, delta G ~ 800 ppm
i - scale factor x volts in product, BVin ™~ 6.1 E-5 volts

- total capacitance, Ct ™~ 255 p¥f

- microphone capacitance, Cm ™~ 50 pf

- although the PAR 5204 specifications claim an uncertainty in
BVin product to be delta Bvin ™~ 1% (if the magnitude option
is factory installed), experimental measurement of the
consistency found between attenuators and amplifiers shows
an accuracy of 0.2%.

- uncertainty in Ct obtained from previous section, delta Ct
~.13 pf

- uncertainty in Cm obtained from the previous section, delta
Cm ~ .002 p+

) 2. .
When these values are used to calculate the components of

equation 3.46, an estimate for the probable error in e4 is

i obtained.
i Sk
ey 2 .
) "E; = (Q.CRDO\ r <8/OL) * <§_g\y> Equation 3.47

) Thus, the total probable error in e4 is estimated to be

P

~ 2220 ppm.

o

Next, the analytical considerations for the experimental

' K B
e e .
DI

al® g

determination of the measure of [(Vdropl will be discussed. - T

Sl b L
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3. Analytical _Considerations__for__The_ _Measurement _of

vVdrop
a. The Measure of Vdrop
The voltage drop across the current limiting resistor
was continuously monitored using a HP-34698 digital

multimeter included across the circuit. See figure 3.30

below.

————
m——

cm——
m—
a——n.

688T S

AP 3698 2R~ 66 OHMS

DIGITAL
MULTIMETER s
P 467
X |

HP 3325A
HP 8% SYNTRESIZER -
FUNCTICN GEN

e s e s £ e e e s e

The determination of this vol tage drop was
straightforward and was done for each frequency of
- 243 -
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interest. Unfortunately, unacceptable cross talk occurred
when any attempt was made to use the same equipment in both

sides of the system under computer control. As a result,

the lock in analyzer could not be used in the transmitting
circuit as it was already employed in the receiving
& circuit. To avoid the cross—-talk problem, the voltage drop
Fﬁ ) was calculated from a 1linear 1least square error +it to

experimental measurements of ([(Vdrop = a®*Vask + bl measured
at each frequency of interest. The values of "a" and "b" so

found are shown in appendix D in lines 4000 to 4070. The

Y

uncertainty in the voltage measured as "Vdrop" was taken
from the equipment specifications as (0.29 plus 11&63/freq)%

and is calculated as ~ 5120 ppm at 735 Hz.
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4. Analytical Considerations Made in The Measurement of

The current limiting resistor was specially chosen for
its low temperature coefficient over the temperature range
expected within the anechoic chamber. It was mounted in a
shielded box with permanent electrical connections wired in
to facilitate a four-wire resistance measurement. Based
upon the equipment specifications of measurement accuracy of
(.0045 + 4/resistance)’ for the four wire resistance
measurement obtained using the HP-36358 digital voltmeter,
the probable error in R4 was calculated to be ~ 651 ppnm.
The thermal instability of the resistor used over the
temperature range of 17 < T < 22 degrees centigrade was
experimentally measured and the data was fit using the
method of least square error. The result is given below

where T is measured in degrees centigrade.

(s_zasamé*ﬁ r G LS8 T Shms
Equation 3.48

R =

When the range of temperature from 17 to 21 degrees
centigrade is used, the probable error due to the neglect of
temperature variation in the value of R4 ™~ 1460 ppm. Thus

the total probable error in R4 is ™~ &70 ppm.
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a. Introduction

The distance between the faces of the microphones was
measured three times during each run of program "N28". The
starting distance between the faces of the microphones was
the first distance measured and manually input to the
computer. A steel tape measure was attached to the source
microphone support and could be rotated into position for
distance measurements. When the acoustic data was being
sampled, the steel tape was positioned behind the source
microphone and did not significantly interfere with the
acoustic data by introducing additional scattering in the
system. The second distance was measured approximately
halfway through the computer controlled spatial translation
of the W.E.&40AA microphone. The program stopped taking
acoustical data and requested the opefator to enter the
anechoiec chamber, rotate the steel tape into position,
measure the distance, stow the tape, and seal the anechoic
chamber. When this distance was manually entered into the
computer, the program continued with the translation of the
W.E.540AA and the acoustic sampling. The final distance was
measured at the end of each translation run and manually
entered into the computer. The spot check of measured
distance as shown in figure 3.27 normally indicated a sgsmall

discrepancy between the computer calculated distance which
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was based upon the operator entered initial and final
distances, and the measured distance at that point. The
results usually were on the order of a few tenths of one
percent relative error. An average value of this
discrepancy was ™~ 0.5% . This value is used as the estimate
of the precision in the measurement of "acoustic

separation”.
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b. Determination of Spherical Spreading e
A direct plot of V(r) versus r does not yield the
desired (1/rl] spreading loss. When a correction is added to

the measured separation distance, r to obtain the

.

"acoustic" separation distance, r’, a plot of this fﬂﬁ
"acoustic"” separation versus VI(r) vyields a perfect [1/r’'] :
plot. The correction, "a", to the measured separation
distance is obtained by a linear least square error fit
applied to the inverse of V(r)=Vo/lr+al. Here "r" is the “
measured separation distance and [(r+al is the "acoustic"
separation distance. V(r) is the received open circuit }q¢

signal voltage. The slope of the least square error fit to

a straighf line equals [1/Vol and the intercept equals e

NN

La/Vol. The correction "a" is obtained by dividing the

"intercept" by the "slope". If this correction is not made,

the fractional error in the free field calibration will be
significantly larger. A plot of V(r) versus both the
measured separation distance and the acoustic separation
distance is seen in the figure below for data measured at iﬂf

490 Hz.
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The least square error
icorrection to the measured »
microphone separation is

[
0
N

o minus 1.19 cm.
2 .
S-8.6 | e
€ a 490 hz data * =
-9 | 4o v
s
(@2}
_0__9.4. L
{The corrected slope is —=1.00165 } -
-9.8 —
2.7 2.9 3.1 3.3 3.5 3.7
log of mic separation in cm

e B e i s o e eyt e v ) s S s S . Y S S D i S e o S S S o

The uncertainty of the correction applied to the

measured distance was found to vary approximately ~ 5.0%Z
from one run to the next. With a correction magnitude of a Y
about ¥ 2 em., this yields an uncertainty in this correction
of ™~ 0.1 cm. The resolution of the tape measure was

estimated to have a systematic error of ~ 0.05 cm. Finally,

for a typical distance of 30 cm., the measured precision of
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the separation distance of ~0.5% yields a calculated

uncertainty of ™~ 0.13 cm.
The total

probable error for the measure of the

separation between microphones is calculated to be the

square root of the sum of the squares of the uncertainty in
r, the uncertainty in the correction, and the estimate of

systematic error.

) E ( gr\" + (S&\l + (5 S‘f-“f"‘"“t\j\/z

! ! Equation 3.49

Thus, the total probable error in the measure of the

acoustical separation between microphones at a typical

separation of 30 cm. was estimated to be ™ 5240 ppm.
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The procedure used to measure this voltage ratio has
already been discussed in section C.2. As was seen, the
precision of the measure of this ratio varied from frequency
to frequency. Figure 3.23 is reproduced below for
convenience.

60 — e -

results obtained in an anechoic
chamber using a speaker source

50] at a distance of five meters

Xb X

' | X
40 1 R

XbX

30 1
5 X %

X X §
20] ¥ g & X ¥
fx% ¥ | +/- 3 o plotted
0O 1600 3200 4800 6400 8000
" Frequency (hz)

Sensitivity ratio 640r/688r

10

The precision of the different values measured for [Vb/Val

is seen to vary with frequency. When the average of the
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b

different precisions is taken as an estimate of the probable
error and the average fractional error is taken to represent
the experimental uncertainty, delta [(Vb/Val was calculated

as roughly ™~ 6300 ppm.
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i Ve 7. A_Summary _of Experimental Error_for__The__Free Field

The probable error for each measured parameter is

summarized in the table shown below.

: parameter probable error
(in ppm)

#+ frequency 7
4+ pressure 320
* temperature 34

# Ebias 60

5 *a 2220

. vdrop , 5120

a . |

S R4 670

; r (acoustic) 6240
Vb/Va 6300

# These probable errors are explained in an earlier chapter
on error analysis for plane wave resonant reciprocity.

- The total error in the free field sensitivity EREOE
gj calibration is given by the equation shown below. Note that Ziii
E; the uncertainty in the bias voltage is included as it was in g;ﬁ;
b} the previous section for the plane wave resonant reciprocity :€;£;

calibration.




LIRS NN SEE RN

oy, 0 T e .
L L

+

’~+(SR‘¥Y N S(‘%\

SMe = 1 (35~ (55)

et Ve

va

Yo

(é_‘__-‘.)l.}. KSP) (gf (S& ( éfi\‘u Equation 3.50

The total calculated probable error in the free field
comparison calibration is taken as one half the square root
of the sum of the squares of these individual probable
errors and is calculated to be approximately ~ 5,300 ppnm.
This is on the order of ~0.05 dB re { volt/ubar when applied
to the sensitivity calibration.

However, one additional experimental uncertainty was
cbserved when the free field sensitivities were plotted with

respect to the distance, r.
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Figure 3.33 The _variation of the 490 H=z.

The spatial variation observed in this plot is cyclic over

roughly ~ 18 cm. This is not explained by standing waves
between the source and receiver nor by reflection +from any

reflecting surface located along the acoustic axis. This

suggests a more complex but unknown interference pattern as
the source of this variation. When this observed variation
of approximately “.035 dB (roughly 4040 ppm), is included
with the 5,300 ppm probable error previously obtained, the
overall uncertainty in the free field comparison calibration

is calculated to be ~6,700 ppm or .06 dB re 1 volt/ubar.
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! IV. _SELF_CONSISTENCY_ QF _THE PLANE_WAVE -

[
P R RN

vy
B

A. INTRODUCTION

: Three different "experimental calibrations" of the same :fgﬁ
i microphone were examined to experimentally obtain the :
precision associated with the plane wave resonant X
:5 reciprocity calibration provided by the output of the ;&jf
!, domputer program listed in appendix B.

First, the external electronics package normally
connected to the side "A" microphone was switched with the

external electronics package normally connected to the side o

o “B" microphone. The precision associlated with this :

- electronics "swap" was then experimentally observed. This R
.. exchange 1s 1llustrated 1n the figure below.

) -

J

~ B

’ - 256 - SRR g
’ e
. X
- e
R T R L AT, W S, WL D TSI L L D U, U, G PN U S PV T  Tiy D W ) 1§ W, Yy g ST T W Vs WA S0 DA IA DI VY 2




_i ‘. —:@ Plane wave resonant B
- ‘ cavity
i swap
switching/ switching/
bias box bias box
including .
- cabies
®
[} VHF SWITCH
- T

further signal processing
with the same signal path

? ’?"; Figure 4.1 An_1llustration of the "electronics_swap”

E Secaong, two physically diftrerent right circular

. cylindrical plane wave resonant cavities wers each used to

ﬁ Ccalibrate the same microphnones. Here thne pracisicn

5 associated with the mecnhanical details 6f the CORSTructlon

i of the cavities and tne physical remountirg ot s
microphones was observed. A comparison between these two

plane wave resonant cavities 15 1llustrated 1n ths rigure

® below. Note that every third harmonic of the 1ong cavity 15
- matched with the narmonics assccirate2a wiltn tha  srhIrt
. cavity.

.

"

4

- - 257 -

4

£




Fo = 245 hz

LONG PLANE WAVE
RESONANT CAVITY

length = 70.12 cm

inside diameter = 3.44 cm
material = brass

F

a
v

[«]

=735 hz

length = 23.37 cm
Inside diameter = 2.5) cm
material = brass

Figure 4.2 The_ relative sizes_of_plane_wave

Third, the reference microphone was cal:brated

reciprocat microphones of significantly

over the frequency range corsidered.

Finally, whatever the configuration, each tine

T

described 1n chaptsr Lo, [n %hi13 prac=gure, twd

calibratiaong wers ab%Tai e ror

1N
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here, thi1s difference 1n sensitivity leval was rocuajlnly 4 Gk
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AN L P

(: involved 1in every piane wave ra2sonant recipracin,

/

calibration. One calibration was based upon the abspl.4=

plane wave resonant reciprocity calibration of wmicrophone »
i and the other calibration was basad upon the absolute plane
wave rescnant reciprocity calibration of microphone E. The

entire "set” is listed below:

Ma - plane wave resonant reciprocity calibration of

. mic "A",
. Mab - comparison calibration of mic "A" based upon the
’ reciprocity calibration of mic "B".
Mb - plane wave resonant reciprocity calibration of
» mic "B".
- Mba - comparison calibration of mic "E" based upon the
. reciprocity calibration of mic "A",
: Mca - comparison cal:ibration of mic "CY based upon =he
reciprocity calibration of mic "A",
Mcb - comparison calibration of mic "C" based upcn the

reciprocity calibration of mic “E".

Five different electromechanical configurations wera2
necessary to aobserve the pracision or these axper.meniai
catinrations. A discussichn of hrnese corlGarations and the

resalts gbrained will be givern next.
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The five

below:

——————— &

sarial numbers

calibrations

electromechanical

B. THE OBSERVATION OF EXPERIMENTAL PRECISION

configurations used to

Knowles

mel Il Knowles

_short tube:

1248A

(]

1248A

L Wl

refer

obtained

S to t

microphone in a particular calib

using t

08158

m“‘llKnowles

short tube {s)
L ul 10828

he external

configuration of bias box and preamplifier

ration run.

he above
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determine the experimental precision are shown in the figure

The "A" or "B" subscript to the WE640AA condenser microphone

electronics
used for that
Throughout the

configurations,
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microphone serial #1248 was the "reference' micrsphcone wicss

plane wave resonant reciprocity calibrations were ultimatei,

compared with a pressure coupler calibration obtained for
the same microphone at the Natiomal Bureau of Standards. In

row 1. of figure 4.3 above, the WE&40AA microphone serial

#1248 was calibrated in the lIonpg tube using side "“B"
electronics. In row II. of figure 4.3, the refersnce
microphone was calibrated uwusing side "A" electronics. I

row III. of figure 4.3, the reference microghone 1s pairad
opposite WEL40ARA serial #1082 which is appraoximately four dB
less sensitive than the WE640AA serial #815 previcusly
used. In rows IV, % V. of figure 4.2, the short tube 1is
used to pair the reference microphone with the serial #E15
and serial #1082 microphones, respectiveiy. A compilation
of the ‘"raw calibraticn" program ocutput for these different

configurstiors is tabulated below.
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(All calibration values are for WEL40AA seri1al #.:243 1n B re 1
volt/ubar.)
(The frequency of the calibration equais the mode # t:mes 243 t=z-

Long tube Short tube
average
mode # Configurations/average Configuration/average long-
: & sigma & sigma average
¥ short
I. II. I.-II. III. Iv. V.
1. -48.98 -48.93 -.05 -48.89/-48.9=
. 0S
S 2. -48.93 -48.93 .00 -48.93/-48.93
= .00
- I. —-48.87 -48.89 +.02 -4L.88/-48.88 -48.87 -49.35/-45.85 .Uz
.0t LO1
4. -48.90 -48.88 -.02 ~-48.88/-48.39 s
: .01 N
S. -48.87 -48.87 +.04 -48.84/-48.85 A
.02 -
6. —48.88 -438.84 -.02 -48.85/-48.86 -48.31 -49.81/-48.81 -5 R
02 . 0 B
7. -48.77 -48.80 +.0I -48.81/-438.79 I 2
.02 el
8. -48.77 -48.74 -.0Q7 -48.73/-48.7S
.02
F. —-48.63 —-48.467 +.06 -48.67/-48.486 -48.71 -43.468/-48.70 +,04 RS
L O LO2 Tt
10, -48.71 -48,469 -.02 -48.67/-48.469 - -
LD EIRIFRN
11, —48.60 —48.66 +.06 -48.64/-48.67 L
WSS S :.‘
12. —-48.867 —-48.61 —-.02 —-48.450/-483.61 -423.&)1 —-42.36/-4&. o0 ol
L2 N
17. -48.33 -48.98 +.0% -48.97/-42.%56 e
LOT S
14. -48.58 -48.58 .00 -48.55/-42.57 O
.01 s
15. -48.55 -48.58 +.03 -48.56/-48.56 -48.50 -48.57/-43,43 -.8 R
.02 B -
16. -48.57 -48.5%6 +.42 -48,52/-48.%54
L2
17. -43.54 —-48.S8 +.4 ~43.55/-48.26
18. -48.51 -43.S¢ .S AL ST -an ST 48050 4z 4l mdUL 4s
P .09
12, 48,5/ 4.2 +.0% -42.¢ G T .
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N A A T R N T T T T A R T T e I T o = vy GRS AT L
o RSy

N pay
LAY

RENE A 20. -48.55 -48.63 +.08 -48.59/-48.59
E’.. . 04
i 21.%-49,48%-48.71 —-.77 —-48.77/-48.74 —-48,70 —-42,88,; -ut. o> -,
U4 0l
22. -48.75 -48.78 +.0U3 -48.85/-48.79
.05
23. -48.96 -48.95 -.01 -49.00/-48.97
.OZ

note 1: The data for mode #21 1n column I 1s i1gnored 1n the
statistics for that row as bad data.

note 2: The various configurations of microphones and
preamplifier systems (I., Il., etc,...) are found 1n figura 4.2.

S — — —————— — —— o o oy kT o . " ol e Bk T o o S > o o — . == T _— ——————— o = = v o — o ——

Wwhen the statistics of the above data are determined, thea
sigma of the average modal rcalibration level 1s ~.02 dB for
both the long and short tube data. Additionally, with the
exception of the data obtainea at mode %9 (2205 hz), the

short tube calibrations averaged ~.095 dE greater sensitivit

.,

level when compared to the lcng tube calibrations. This 1

th

10 the direction expected since the aegative correaction

necessary LYo aczZount for the fini1te caomglilanc=2 of e

14

micrap .he LS greater 1n magnitude ‘as =Ehown ar e TE Lt

chapter) when the microphone 1s mounte? 1n The saaller 5. ane -
wave resocnant cavit,.
Next, the round-robin preclision &ssoclated with e2adn

modal calibration 1s discussec.
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C. THE PRECISION FOUND FDOR THE ROUND-ROBIN COMPARISON ST
ataly
) ] {
- - F\\:.:
For each of the configurations shown in figure 4.7, the siu Q&}}
BN
AR
way round robin self consistency check was cbtained by »:H{
xS -'-:"I
. . . L
comparing the two different calibrations obtained for any - .

one of the three microphones 1nvolved. The following taple

lists the results obtained for the relative error between j{vﬁ
these two calibrations. The relative error obtained using - ]
configurations II, III, and IV 1s presented balow =<.r >ffﬁ

comparison. As shown 1in figure 4.3, configurations ! and

IIT used the long tube while configuration IV used the short

tube. In each case, the relative arror was calculated as,

e, .
R&‘F‘\\)Q (6/ ) = MA — MB i 00 Egquatian 3.1 '
Eraon \'° Mp + Ma 3

Moce # frequency (hzy Jonrtigarabl oo

e relatise 2r-or

il. I i..
1 243 -. 240 [V IR
2 420 +.:08S +., 008
= 7725 +, 019 +. 0.2 o ld
3 g soT07T 40 RO
5 e L1 w1 '
5 147y s PR .22
7 1715 Sy L 0g
Z Lo oS IR Gt
=] LY 1 “u e o0l LT T
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10 2430 -.009 +.004

11 269% -.144 ~.000
12 2940 -.017 ~.001 -.070
13 3185 -.006 -.001
14 3430 -.016 -.009
15 3675 -.006 +.004 -.023
16 3920 -.017 ~.005
17 4145 -.003 +.055
18 4410 -.011 -.001 -.022
19 4655 -.011 -.001
20 4900 +.060 +.058
21 5145 -.021 -.008 -.010
22 5390 -.012 -.009
23 54635 -.009 -. 065

- i s st . i . . e

The worst comparison between Ma and Mab was found for
configuration Il at mode 11. For this worst case, the
fractional error was 0.144 7. This corresponds to a
calibration difference of ~.013 dB in the sensitivity levels
obtained for Ma and Mab. The average value of

(Ma-Mab) /7 (Ma+Mab) was found to be 0.026 % which corresponds

to an average calibration difference in sensitivity levels

of ™~.002 dB. Thus, the round-robin self consistency check
shows an average difference between ifa and Madb of ™~.004 JdB. R
_w,,!

The next examination of experimental precision will deal

with that precision found when the external combination of

preamplifier and bias boxes on sides "A" and "B" are

exchanged,
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B D. THE PRECISION ASSOCIATED WITH THE SWAP OF SIDE “A" AND SIDE ©. . e
. "B" EXTERNAL ELECTRONICS o
¥ In table 4.1, a comparison of the results found for o
configurations I and II will vyield an estimate of the
experimental uncertainty due to inaccuracies in the
electronics systems calibration. From the data so obtained,
it is impossible to determine if there was a significant
systematic error applied equally to the calibrations of both
electronic systems. Any such error will appear in the
absolute comparisons which will be given in chapter five.
The average difference between configurations I and Il was

-.018 dB. The standard deviation of this quantity was .035

- dB. This indicates that the experimental limit in the 2. . .
- temperature independent calibration of the electronics was - ;
reached. Any systematic error introduced as a result of E;
calibration differences existing between the side "A" and ;;;7¢

side "B" electronics was masked in the standard deviation of

Ma(1248) minus Mb(1248).

Next, the precision of the "A" side serial #1248
microphone calibration is determined as the microphone on ;;é
the "B" side is changed to one of significantly different |

sensitivity,

-




:
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v

Lt e e,
@ e e e e e

£E. THE PRECISION OBTAINED BY REPLACING THE SIDE "B’ RECIFFOCAL
MICROPHONE WITH ONE HAVING A SIGNIFICANTLY DIFFERENT SENSITIVITY
(4 DB)

When the results obtained with contfigurations Il and III
shown in table 4.1 are compared, the experimental
uncertainty due to exchanging the side "B" reciproccal
microphone is oaobserved. The average difference here was
-.01 dB with a standard deviation in this difference of .27
dB. Again the observable systematic error shown by <ths
average difference was less than the statistical uncertainty
in the procedure. This result shaows that there was no

statistical difference in the calibration of the referasnce

microphone as the sensitivity of the sids "BY microphona was
changed.
Next, the precision associatad with replacing the lcng o

tube with the snhort tube is discussed. o,
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F. THE PRECISION ASSOCIATED WITH REPLACING THE LONG TUBE WITH
THE SHORT TUBE AS THE PLANE WAVE RESONANT CAVITY S
When the results obtained with the 1long tube were

t compared with the results obtained with the short tube, the

' average absolute difference in calibration was .05 dB with a
standard deviation of .03 dB. In six of the seven
frequencies used for comparison of the calibration results

i (configuration IlI data vs configuration IV data), the md
sensitivity obtained using the long tube was less than that

obtained using the smaller tube. This relative difference

W,

in raw sensitivities is expected as shown by the calculated
magnitudes of the impressed pressure correction which are Ej‘t
provided.in chapter five. :
i In the following section, a summary of the experimental ., :’if
N

precision found for the plane wave resonant reciprocity R .1Y,ﬁ
methaod will be presented and the average uncertainty in the

. experimental precision will be computed.




I ‘.;‘ G. A SUMMARY OF THE EXPERIMENTAL PRECISION FOUND FOR THE FLANE |
) b WAVE RESONANT RECIFPROCITY CALIEBRATION METHCD } o
N ',"‘ \
- The summary of experimental results is shown 1in the e
' table below. All calibrations values are in dBE re
j fvolt/ubar and are for W.E.640ARA serial #1248.
i all dB re 1V/ubar
‘ Observation Average (dB) Sigma (dB)
) Electronics swap
» 1248A/813B minus
" 815SA/1248B ~.018 .03S
. Side "B" exchange of
- reciprocal microphone
T 1248A re 815B minus
I PY 1248A re 1082ZB -.010 . 029
- - Long tube vs. Short tube
N 1243A/815B re long minus
- 12480/8158 re short -.032 .028
I Round robin self consistency
comparisons for configurat:ons
T, 111, % (V.
. ats ( (Ma~-Mab) /7 (Ma+Mab) ) L0l RIS
Table 4.3 A_summary of precision_in_plane wave
resonant reciprocity calibrations
> From the data summarized 1n the above table, 1t 1S
f obvious that the comparison between Ma and Mab 1n hthe se.f
; cansistency cheact for all the pilane WA r2=cnant
i calibraticns 1s an order of magniltude smalier tnan the octhar
T - 269 -
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observed uncertainties. This suggests that the L]

repositioning of microphones and equipments in the different

Y 4
)

configurations may be a major source of the uncertainties.

Y
.
M,

.-
-
I
b
!
>
’

Since systematic differences are expected when comparing the
long vs short tube results, the sigma for this difference is
not a part of the overall uncertainty. The square root of
the sum of the squares of the sigmas for the electronics
swap and the exchange of side "B" microphones will be the
experimental estimate of the overall precision. This
estimate of the experimental precision for the method of
plane wave resonant.reciprocity is ~ .045 dB.

In the next chapter, corrections that are necessary for

the absolute comparison of the plane wave resaonant

e

reciprocity calibration to the results of other calibration
technigues will be discussed. The microphone used for all
these absolute comparisons will be the WEL40AA serial #1248

condenser microphone.




-
:
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V. ABSOLUTE_ ACCURACY_ OF EXPERIMENTAL RESULTS

A. INTRODUCTION

With the self consistency 'of the calibrations using
plane wave resonant reciprocity established in chapter four,
several corrections to the raw computer output must be made
before comparisons can be made between plane wave resonant
reciprocity calibrations and NBS pressure coupler comparison
calibrations. The raw computer output shown belaw was
obtained using experimental configurations 1 through V
listed in chapter four, figure 4.3. These are plane wave
resonant reciprocity calibrations for the W.E.&440AA serial

#1248 condenser microphone.
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Freq (hz)

To cobtain the final values for the absolute plane wave
resonant reciprocity calibration, four corrections must be
made to the "raw" program calculation of Mo. The first two
are general corrections to the "ideal" resonant reciprocity
calculations incorporating equation 3.1 into the computer
program. The third results from the experimental procedure

emplovyed. The forth has three parts and corrects for
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deliberate errors introduced into the program for

experimental convenience. All the corrections are

summarized below.

.. e e
LS N )

The _impressed_pressure_correction. The
correction due to the finite compliance of the
microphone. (~.001 to “.14 dB)

The_correction to the ratio _of_specific_heats.

The correction to the bulk modulus of elasticity for the
air volume within the cavity due to the non-adiabatic
boundary conditions at the walls of the cylindrical brass
cavity expressed as a change in the ratio of specific
heats. In this case, a correction of “.007 dB is needed
at all frequencies to correct for the inaccurate
calculation of this correction that was used in

the computer program.

The driving point electrical impedance_correction.

The driving point impedance correction for the Thevenin
equivalent circuit used to represent the condenser
microphone. (~ negligible)

Corrections to_program_calculations.

a. A standard electrical definition for the microphone
must be used prior to comparison with other
calibration results. It igs therefore necessary to
subtract out the capacitance of the BNC electrical
connection used as part of the microphone during
this experiment. (~2.8pF) A correction to Mo due
to this change in microphone capacitance will
result. (~,15% to ~.36 dB including the correction
described next in part 4b.)

b. For experimental convenience, the values of the

bias box and cable capacitances were fixed early

in the writing of the operational computer program
and are listed in lines 670-760 of the program in
appendix B. Subsequent, more accurate measurements
of these capacitances require a correction to Mo.
{*.16 to .36 dB including the correctirmrn described
above in part 4a.)

c., The drop in signal voltage across the D.C. blocking
capacitor in the bias box of the microphone
preamplifier signal path was temporarily ignored in
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chapter three. As shown in Appendix E, this loss is
approximately independent of frequency over the ranqyﬁ\
of frequencies employed in this experiment. The Y
correction required for Mo to account for this o
"loss" in signal is roughly *~ + 0.03 dB.

The effect of the compliance of the microphone on the
plane wave resonant reciprocity open circuit voltage

receiving sensitivity calibration will be discussed first.

7‘ | 2Rk e Sl g g0 g

e
AR
Rl

e
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B. CALCULATION OF THE IMPRESSED PRESSURE CORRECTION

Using the standard method of pressure. coupler
reciprocity calibration [(Ref. 31, the egquivalent volume
correction is required whenever the equivalent volume of the
pair of microphones within the cavity exceeds 0.4 percent of

the physical volume within the coupler [Ref. 3: p.131., This

accounts for the effect of the acoustic impedance of the _'i

microphone on the pressure coupler microphone calibration.
This correction requires the accurate determination of the
equivalent volume of the microphone under calibration or the f i!
functional equivalent, 1its acoustic impedance [Ref. 3:

p-.81. The method of plane wave resonant reciprocity

calibration requires the determination of the acoustic ;;.!
impedance for any microphone under calibration regardless of

the volume of the cavity.

In part C of chapter two, the correction required to .-,ij

account for the finite mechanical impedance of a microphone

was derived. This impressed pressure correction

accomplishes the same task for plane wave resonant _;_3
reciprocity as the equivalent volume correction accomplishes

in pressure coupler reciprocity. A systematic error in the

v..
® '

plane wave resonant reciprocity calibration of condenser A-|

L P 4
-

v

micraophones on the order of ™~ 0.001 to .14 dB re 1v/ubar may

result if the impressed pressure correction is ignored.
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The correction is shown in equation 2.46 and the o

Larirs
" acoustic driving point impedance is given in equation 2.49. e
i Both equations are reproduced below.
X 1
{ 2
MA -_ MAO 1 —-— Equation 2.46
Z22 J

a A e
ZZL = Equation 2.49 e 'fj.
‘Z%M\f. & AALA“& (AM\L g\ AA (ﬂll q

. )

The acoustic impedances, Za(mic A) and Za(mic B), shown in

equation 2.49 must be exactly measured if the correction is o ) i
to be accurately determined. In the absence of an accurate L
determination of these acoustic impedances, an average value
for the acoustic impedance of a WE&L640AA laboratory standard

microphone was obtained from the ANSI standard method for

the calibration of microphones [Ref. 31. This value was used

for both Zat(mic A) and Za(mic B) in the determination of the

magnitude of this correction at one frequency when it was

_ illustrated in chapter two. While this will allow an

‘ approximation to be made in calculating the impressed ST
- pressure correction, no insight 1is obtained with regard to 'b

B the possible range of corrections that result from extreme i

® L
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samples (due to different values of Za) of the W.E.b640AA
microphone population. The '"equivalent volumes" of two
W.E.540RAA microphones that represent such extremes and which
will provide such insight are provided below in table S.1
{Ref. 29]1. The term "equivalent volume" is often used in
pressure coupler calibrations as a matter of convenience.
It is simply another way to express the acoustic impedance
of the microphone in a manner which simplifies pressure
coupler reciprocity calculations. As such, it will
generally have both a real and an imaginary part
representing the dissipative and reactive portions of the
microphone impedance. The exact relationship [Ref. 3: p.81
between the "equivalent volume" and "Za" must be used to
derive the final impressed pressure correction as it is

shown in equation 5.2.
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Equivalent volumes of two condenser microphones (Ref.

W.E.640AA Serial# 4646

- all units M

Frequency (Hz) Re.volume - Im. volume
{multiplied by} <(E-7} {E-92
50.0 1.2207 = 93636
100.0 1.2207 -1.8728
200.0 1.2203 -3.7458
300.0 1.2196 -5.619S
400.0 1.2187 -7.4940
500.0 1.2176 -9.3697
600.0 1.2162 -11.247
700.0 1.2145 -13.125
800.0 1.2125 -15.006
900.0 1.2103 -16.889
1000.0 1.2078 -18.774
1500.0 1.1909 -28.234
2000.0 1.14640 -37.751
2500.0 1.1321 -47.284
3000.0 1.0878 -56.746
4000.0 . 926365 -74.797
5000.0 . 78900 -89.957
6000.0 57288 -99.723
7000.0 .34154 -102.28
8000.0 « 12923 -97.767
9Q000.0 -.038557 -88.254
10000.0 -. 15406 ~76.476
11000.0 -.22358 -64. 609
12000.0 -.25897 -53.866
13000.0 -.27171 -44, 4698
14000.0 -.27059 -37.116
15000.0 -.26157 -30.940
16000.0 -.24846 -25.938 -
17000.0 -.23356 -21.866 -
18000.0 -.21825 -18.529 -
19000.0 -.20327 -15.902 -
20000.0 -. 18903 -13.6%1 -

291.

|

W.E.&540AA Serial# 151

KS, M3 -

Re. volume -
{E-73
« 43979
.43976
« 43965
. 43946
. 43919
. 4388S
. 43843
.43794
. 43737
- 43673
. 43601
.43131
. 42477
. 4164646
- 40645
. 38168
35134
. 31659
. 27874
« 23925
.« 19954
. 16094
. 12456
. 091201
. 061398
. 035386
.0131465
. 0054385
. 020718
. 033032
« 042759
. 050276

Im.volume

{E-93
~.24779
-« 49557
-. 99101
-1.4862
-1.9809
-2.4751
~2.9687
-3.4614
-3.9332
-4.4439
-4,9333
-7.3576
-9.7314

-12.038 -

-14,262
-18. 400
-22.034
-25.073
-27.454
-29.148
=30.166
-30.550
-30.373
-29.726
-28.709
-27.421
-25.9352
-24,381
-22.770
=-21.167
-19.609
-18.119

# The above values have only ™~ three significant digits.[Ref¥f.
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RESE In addition to these values, the measured acoustical

K J

impedances for four particular W.E.&40AA laboratory standard

type "L" microphones were obtained from the literature (Ref.

301.
W.E. 640AA Acoustic parameter
Serial# Stiffness Mass Resistance
(NM~=5) (kgM~—-4) (NsecM™-5)
1087 1.95E+12 584 3.80E+7
1121 1.88E+12 47% 3.43E+7
. 1134 1.67€+12 473 3.12E+7
3 0904 1.52E+12 434 3.16E+7
- - design 1.2 E+12 420 2.63E+7
*! parameters
4 _ [Ref. 301

When equation 2.24 and equation 2.49 are combined, two
analytical forms of the impressed pressure correction for
plane wave resonant reciprocity may be computed. Choice

betweeﬁ the two equations shown below is strictly a matter

of convenience. The first expresses the correction using
the acoustic impedance, and the second uses the equivalent

volume of the microphone. In each case, it 1is assumed that

wave rescnant cavity.

, identical microphones are mounted in the ends of the plane -
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:’__. — quation S.1
conR At V, w Za
-
E? or,
|
— ] /3-

— Equation 5.2

1. . Pﬂ& Qu \AL
Core = J TR Ve

:7 where we define:
Ve = equivalent volume ; E1§PDJ/EJwZa]
Xg = ratio of specific heats
fn = frequency of Nth modal resonance {.Fﬁ
Za = acoustic driving-point impedance UG
of the microphone
@n = quality factor of Nth modal resoconance
Vo = volume of plane wave resonant cavity
At = area of tube cross section
Ad = area of microphone diaphragm

Provided the resonant frequencies and modal guality factors
are available, the correction factor can be calculated for
the case of plane wave resonant reciprocity calibrations.
Using equation 5.2, the range of the impressed pressure
corrections can be calculated °‘using experimental data for
the quality factor of the modal resonance while the data

provided by the National Bureau of Standards is used for the
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equivalent volumes of the two extreme samples of the
W.E.5440AA population. The atmospheric pressure is also

provided to facilitate use of equation S.1.

All values MKS units; Vo(short) ™~ 1.159E-4, Vo(long) ~ &.S04E-4,
Ad/At (short) ~ .5435, Ad/At(long) ~ .2903

{ # long tube | #*# short tube! serial#646 | serial#l1S5l
freq (Hz)! Po Qn i Po an ! real imag | real imag
! ; } (E-7) (E-9)1i (E-7) (E-9)

735 { 100007 97.5 | 99843 42.4 | 1.21 -13.8 | .438 -3.63
1470 ! 100027 116.8 | 99838 76.0 | 1.19 -27.7 | .432 -7.21
2205 { 100081 153.0 | 99862 103.0 ! 1.15 -41.7 | .421 -10.68
2940 ! 100106 193.7 | 99872 115.1 | 1.09 -55.6 | .408 —-14.00
3675 { 100076 218.7 | 99886 117.0 | 1.00 -68.9 | .390 -17.00
4410 i 100082 229.8 | 99898 116.1 | .892 -81.0 | .369 -19.89
5145 ! 100039 239.5 | 99910 114.0 | .758 -91.4 | .346 -22.48

# 2 May data tape, records 26-446 (see appendix G)
*# 22 Nov data tape, records 24-33 (see appendix G)

short tube dB
correction

! long tube dB
H correction

—— we =

freq (Hz)! Ref #6446 Ref #1351 spread! Ref #4646 Ref #1351 spread

73S i -.0013 -. 0003 .001 | -.0053 -.001S .0039

1470Q i —.0031 -. 0008 .0023 ! -.0195 -. 0053 .0142

2205 i ~.0061 -.0016 .0043 | -.0406 -.0108 .0298

2940 i -.0104 -.0026 .0078 | —-.0622 -.0159 .0463

3675 i =-.0146 -.0036 .0110 | -.0802 -.0199 .0603

4410 i —-.0180 -.0044 .0136 | -.0951 -.0232 .0719

5145 P -.0212 -. 0052 .0160 | -.1068 -.0259 .0809

. ...

Table 5.3 Tabulated values of_the_impressed

[

. :
o .
o te lezw_w
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~-0.024 1 Correction (dB) ®a - 2
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-0.03
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The above corrections are calculated using an average value

of Za obtained from table 5.2, and experimental data for the

other parameters in equation S5S.1. When the same proceedure

is used for corrections to Mo found using the "small"

Q cavity, both the magnitude and the range of the corrections

are slightly larger.




Short tube
Impressed Pressure

-0.121 Correction (dB)

o

-0.15

0O 1200 2400 3600 4800 6000
Frequency (Hz)

resonant_reciprocity calibration, [3_sigma_shownl

The impressed pressure correction for the short tube
(figure 5.3) is larger than that obtained for the long tube
(figure 5.2). The impact of this difference on the absolute
calibration results will be discussed in the next chapter.

The next section will discuss the correction to the bulk
modulus of elasticity for the air within the resonant cavity

due to the non-adiabatic boundary conditions.
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C. THE CORRECTION TO THE BULK MODULUS OF ELASTICITY WITHIN THE - - .
PLANE WAVE RESONANT CAVITY DUE TO THE NON-ADIABATIC BOUNDARY . T

CONDITIONS o R

In chapter three, the form of the adiabatic bulk modulus

of elasticity for the air within the resonant cavity was

given as the product of the atmospheric pressure and the

¢ ratio of specific heats. The general correction to account
%ﬁ for the change in stiffness of the volume of air within the e
P - resonant cavity due to the non-—-adiabatic boundary conditions

was given in equation 3.37 as a correction to the ratio of

specific heats obtained under free field conditions of B

temperature and humidity. A correction to the sensitivity

level that incorporated this correction was given in figure

3.21, In general, to account for effect of the change in

N

stiffness of the volume of air within the resonant cavity e iﬁ}ﬁ
‘ AL

due to non-adiabatic boundary conditions, the sensitivity ﬁﬁ}ﬁ
level must be corrected by adding: 'z‘i

XH SN

Equation S.3

Xe | il.’

corn = |0 LaG

When the solution for the effective value of gamma is first

obtained using the program soiution, and next using equation

3.37, the program soclution is found to be ~.007 dB too low 1ﬁf$
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ig;: across a percent relative humidity and temperature range of
o
o 40% < H < 65% and 19 deg C. < T < 21 deg C.

% The raw sensitivity levels plotted in figure 3.1 must
8 therefore be increased by ~.007 dB to correct the program
¢ results for the fundamentally wrong, but only slightly

inaccurate solution for the effective gamma programmed in

lines 3I770-3810 of the program shown in appendix B.
-

4 {

0 v
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THE ELECTRICAL DRIVING POINT IMPEDANCE CORRECTION

D.

When the electrical model for the W.E.&540RA serial #1248
condenser microphone was chosen, the effect of the medium
upon the motion of the microphone diaphragm and consequently

upon the electrical driving point impedance was assumed to

be negligible. Thus, neglecting the electrical resistance
of the dielectric in the back volume of the microphone, the .

electrical model chosen was that of a simple capacitance: oo

1

Y
ZEB — JUJ CM(L.. Equation 5.4

I

L

The validity of such an assumption rests upon two
conditions., First, that the length of the tube loading the :2;5
diaphragm at a plane wave rescnance is a multiple of a half L
wavelength. Second, that the termination at the opposite :
end of the tube is for all practical measurements, rigid.

These conditions illustrate one method used (o obtain the L
blocked electrical impedance (“~capacitive) of a condenser

microphone. I¥f the termination at the opposite end 1Is

absolutely rigid and if the system has low -dissipation (high '
@), then the motion of the diaphragm 1s effectively blocked

[see equation 2.431 and Zeb can be measured [Ref. 29]. Since
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the plane wave resonator was anticipated to operate under
these conditions, the assumption seemed reasonable.
However , even though the system used had low dissipation
-, (high @), the termination at the opposite end was a finite
impedance resulting from the combination of another
W.E.440AA and a semi-rigid plastic mount. The desired
blocked mechanical conditions provided by an absolutely
rigid end were not achieved.

A calculation of the motional impedance of the

microphone and an analysis of the required correction (if

! any) is therefore necessary to examine the validity of the
assumption that the experimental termination is essentially
rigid.

r ﬁgt
—LZE = ZEB + -z-ZN\OT Equation 5.5
where,

- Ze = electrical driving point impedance.
@ Zeb = blocked electrical impedance.
Zmot = motional impedance
When equation 2.21 was employed to calculate Ma, the
6. value of el was calculated using equation 3.13 which in turn

was based upon figure 3.8 and the simple electrical madel

given in equation 5.4. Using figure 3.8,
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Vo wy ZT

- ei Equation 5.6

G\ 2 * ZEQ

where,

G = gain of signal preamplifier
Zt = total input impedance at the preamplifier.
Zeb = blocked electrical impedance (1/jwC).

In terms of It and Zeb, the program solution for el was,

i ) i
|€i‘ —_ V_O‘l\" 1 ..', Z €8 Equation 5.7 | \
(PROGRAM) a L £ L . LEDE

If the actual electrical driving point impedance had been
measured and used in the calculation instead df Zeb, the
solution for el would have been:

\

| B!
VOQT i 4 Ze Equation 5.8 m

&4 =g Z

(LoRRECT) — L

where Ze is the electrical driving point impedance and is

defined as the ratio of the voltage across the input
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terminals of the microphone divided by the input current
when the microphone is operating under the load of the plane
wave resonant cavity.

The correction to the calculated value of Ma obtained
using equation 3.13 which accounts for the effect of the

motional impedance upon the computed value of el is:

B L+ Ze \/l
4
CorR To v\k - — T Equation 5.9
(Aue Ay T
i 4 Z€e
. EET

When similar considerations are made for the correct
calculation of il using Ze instead of Zeb (using equation

3.14), the correction to Ma becomes:

Z. |
CoRR TO N\A — e Equation S5.10
(due I4) Zea

The product of these two corrections vyields the total

correction:

Ze \4
Ze \/2 L+ = \®

corr 1o Ma - 2r
- Equation S.11

due Zmn Z'EB [ 2_53
eT
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1f Ze, Zeb, and Zt were available, this correction could be é&y
'_:-"‘-"
W o
calculated. However, only Zeb and Zt are available. While Sk
this does not allow an exact correction to be computed, a ?{;3
close approximation can be determined.
Equation S.11 can be rewritten slightly to be of the
form: {
/
‘4' (iﬁkor) A
Lot To Ma o Tmor 2y
Aue. Zmor + Z_ - Equation S5.12
€s ( l + 283
Since the real part of [Zeb/Zt] can be computed and can be 5?53 T
O S
shown to be very much greater than 1, the correction ;}E}_
RSNy
L.
becomes: ,::'-i ‘

Equation S.13

ot = B
Aue Zmot i + ZE 8

Beginning with equations 2.36 and dividing V1 by Il, the
determination of Ze yields a solution for ZImot. This is the
method shown by Hunt [(Ref.34:p.96]. The traditional value of

Zmot as obtained by Hunt [-b"2/Z22], is seen to be modified
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by the square of the impressed pressure correction. When
these results are combined with the transduction coefficient
previously determined (see the text befors equation 2.354),

equation 5.13 is of the form:

i Comn ToMa = |4 + J(amco)( c(,s,\z (TMP)”

due Fmet WA\ €he)  Za Equation 5.14

Here the term IMPC refers to the impressed pressure
correction previously derived. Since the largest magnitude

of the impressed pressure correcticn is ~ 0.98, it is the

L’_, magnitude of othar terms found in the transduction
- o coefficient and the acoustic impedance which will determine
the magnitude of this correction. When the phase of the
impressed pressure correction is ignored, the remaining
terms yield the value of the maxisum possible correction due
to Zmot. This worst case magnitude is approximated by
substitution of the following values into equation S5.14:

Eo ~ 117 volts

Co ™~ 49.14 pf

At/Ad ™~ 3.44

Ae ~ 1.29E-4 M2

Ra ~ 3.43 E+7 NSM~-5
Ma ~ 492 KgM~-4

Ka ~ 1.76 E+12 NM~-5 e
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A straightforward computation shows this correction to

be much less than .001 dB and therefore negligible.
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At an early stage in the experiment, it was decided that ifii
Lotnds

the electrical definition of the "microphone" would for Gegnd
simplicity include the BNC connector that was fabricated for §S.A

b*e.
LA
' the electrical connection to the W.E.440RA microphone NN
cartridge. This resulted in the capacitance of the Foan

"extender" contributing to a slight increase in the

capacitance measured for the "W.E.440AA microphone" and at

the same time contributing to an equal decrease in

capacitance measured for the external system capacitance. 53}?.
When this "extender” capacitance is taken into account in E&Eﬁ
. the sensitivity calculations, a correction results for the ;§§l
Fflj open circuit voltage receiving sgnsitivity for the 33;;
microphone. ;ﬁig

Additionally, a considerable time passed from the first
measurement of microphone capacitance and the final result.

Consequently, the values of capacitance used for various

capacitance terms in the analytical solutions for "Mo" that ;ﬂ;;(
were programmed on the computer were "frozen" for

computational purposes, knowing full well that a later

correction would be necessary. These corrections and the b}gﬁ
"extender" correction were made using equation 5.15 below. Eiif?
Equation S5.15 is obtained from equation 3.11 and the fact E:EE
that the open circuit voltage receiving sensitivity 1is Eﬁ&?
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, / ‘.“'v‘l', *y
I directly proportional to the received signal vcltage, =l1. Y

| 3
B ",z 4 L /9- v
. ( L "' —-T ) 4+ I \ "‘:
i Ma(eorted) _ Con'! wR Cm R

oy Equation S5.15 5;1?
z Aoy "G (S )

Here we define,

Ct = program value used for the cable and bias supply
. capacitance. (BTAR: 177.28pf, ATBR:176.053pf)
- Ct° = corrected experimental measure of Ct.
- ct - Ct’' corrected to include the "extender" capacitance.
(BTAR:173.22pf, ATBR:171.42p+¥)
Cm = program value used for the microphone capacitance.
N (Serial #1248: 52.722p¥)
- Cm’ = corrected experimental measure of Cm.

i Cm’’” = Cm~’ correctgd to exclude the "extender" capacitance. L
. (Serial #1248: 49.41pf) (#1248 BNC Connector = 2,75 pf) 7.7
. R = parallel combination of the bias blocking resistor and ~.°

the input resistance of the signal preamplifier.

- (BTAR: ¥50470500hms, ATBR:v4987470chms)

w = 2%pi*Fn

. Since there were Six experimental combinations of
- microphone-system pairs, there were six different sets of
corrections that were calculated. As shown below, the

magnitude of the correction required depended primarily upon

the ccrrection to the microphone capacitance.
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Figure 5.4 The _microphone plus bias_box

capacitance correction plotted_for_all_six_ experimental

cambinations.

This correction would be unnecessary for experimental
setups where the magnitude of the electrical parameters were
well established and properly 1ncluded 1n the controlling
computer program.

The final correction to be considered is a result of the
approximation of the circuit shown 1n figure 3.3 by the
circuit shawn in figure 3.4. This coupling capacitance
correction 1s derived 1n appendix E and will be summarized

1n the mext section.
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F. THE COUPLING CAPACITANCE CORRECTION Purdar

l When preliminary solutions for the received signal . _
. transfer function given by equation 3.11 were made, it was
; convenient to note that the signal loss due to the blocking
' capacitor Cc in the circuit shown in figure 3.3 was roughly

constant across the <frequency range of the resocnant

reciprocity calibration. The correction for the drop in the
i signal voltage across the blocking capacitor which was s
temporarily neglected and must now be included. In Appendix ‘
E, the calculation of the magnitude of the required
correction was shown to be roughly constant at ™~ +0.03dB for

the calibration frequencies used in this experiment. The

tabulated corrections are shown in the next table.

] - - (.

Frequency (Hz) correction (dB)

245 .039 A

490 .032 .
I 735 .031 )

980 - 2695 .030 -~

2940 - 5635 . 029 o

average = ,030, sigma = .002

This concludes the descriptions of the corrections necessary .aﬁf

to obtain an absolute calibration. -
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6. THE ABSOLUTE PLANE WAVE RESONANT RECIPROCITY CALIBRATION

1. Introduction

When the values obtained by the computer program for the
open circuit voltage reciving sensitivity are corrected as
indicated in three of the preceding four sections, the
calibration is compared with a National Bureau of Standards
pressure coupler calibration obtained for the same
microphone. The lower six modal calibrations (below ™~ 13500
Hz) obtained using the long tube have an average discrepancy
of ~.03 dB when compared with the NBS calibration data. The
lower two modal calibrations (below “1500 Hz) obtained using
the short tube have an average discrepancy of “0.06 dB when
compared with the NBS calibration data. Above the
frequencies indicated, the difference between NBS and plane
wave resocnant reciprocity calibrations are seen to increase
beyond the experimental uncertainty of the plane wave

resonant reciprocity calibrations.
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2. Experimental Results _for__The__Plane__Wave Resonant °

—_———— e

The previous corrections are applied in the table shown below:

All dB re 1 V/ubar, all corrections in dB.

| etnntttt corrections #44445844885%% ]

freq! #1248 iratio of |# extender! IMPC | Cc | final!%*% NBS
(Hz) ! prog ispecific | & Ct : { corr! cal |
: output Iheats i corr : : i H
(sigma) (.03 range)

{ 245 }-48.93(.05) |+,007 P+.32 1—.000:+,039!-48,.56:-48.55

1 490 i-48.93(.00) ! " Vo +.27 1=.0011+.0321-48.621-48.39
735 1-48.88¢(,01) ! " ! +.26 i-.001:+.031:-48,58:1-48.58

o 980 1-48.89(.01) ! " I +.26 1—.002!+.0301-48.60i-48.61

. 1225:-48.85(.02) | " ! +.25 i~.003: * 1-48.561-48.61

g 1470:-48.86(,.02) ! " : " 1 =~.003: " 1-48.571-48.63 DR

- 1715:-48.79(.02) ! " : . 1=.004] " {-48.511-48.63 B
1960:1-48.75(,02) ! " : " 1—-.005! " 1-48,4561-48.63 L
22051 -48.66(.03) ! " ' " 1-.007¢ * 1-48.381-48.44 p) ’
24501-48.692(.02) | " : " i~.0081 " -1-48.411-48.65 - - |
24951-48.63(.03) | " i " {-.010! " 1-48,35!-48.47 - -
29401-48.61(.02) ! " : " 1=-.0111+4.0291-48.33!-48.67
3185:-48.56(.03) ! " : " i-.013} " 1-48.281-48.70
3430:1-48.57(.01) | " : " i~-.015! " 1-48.301-48.73
346751-48.56(.02) " ! " 1-.016! " 1-48.29:-48.74
3920:1-48.54¢(.02) | " ! " 1-.018!1 " 1-48.271-48.79
414651-48.56(.02) | " { " 1~.020! " 1-48.29:-48.84
4410:-48.53(,03) | " H " i—.0211 " 1-48.26!-48.90
446551-48.60(.03) | " ! " 1-.023: " 1-48.331-48.96
4900:1-48.59(.04) | " : " {~-.024 " 1-48.331-49.02
5145:1-48.74(.04) ! " : " 1~ 0261 " 1-48.48:1-49.10
5390i-48.79(.05) | " i " i—-.0281 " 1-48.531-49.20

S56351-48.97(.03) i " ] " 1-.029! " 1-48.711-49.30
# The value of this correction depends upon the configuration
used. #* interpolated from original data. See table 5.7.

N

Table 5.5 Absolute plane wave resonant reciprocity K
calibrations obtained using_the 70 cm_tube compared with the NBS

comparison_calibrations. o
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i (;g“ A similar table showing the corrections applied to the

raw program output for the short tube is next.

« All dB re I V/ubar, all corrections in dB.

1 e nnnnenr Corrections #»esasaese)

b freq! #1248 {Ratio ofi% Extender! IMPC! Cc | Final !»»® NBS

: (Hz) i} prog ispecific! & Ct H ! corri cal. !

v i ocutput [heats ! corr i i ! i

g (sigma) (.03 range)
735 i-48.86(.01)! +,007 |} +.27 1-.0061+.0311-48,55 |-48.
1470:!-48.81(.00) " i +.26 1-.0211+.030:-48.53 (-48.63
2205:~-48.70(.02) | " : +.26 1-.0451 " 1-48.44 !-~-48.
29401-48.60(.02) | " ! +.26 {-.0711+.0291-48.37 |-48.67
I6731-48.48(. 02) | " ! +.25 1-.095!1 * 1-48.28 |-48.
4410:1-48.46(.06) | " : " i-.118¢ " 1-48.28 !-48.90

514351-48.69(.01) | " " 1-.139¢ " 1-48.53 (-49.
# The value of this correction depends upon the configuration
used. #% interpolated from original data. See table S5.7.

————— s e e o, . e S i S S ey e oy e i s s e o o e e S e et S i e S S e e e e e

When the results of the short tube and long tube are plotted
with the NBS data, the agreement between both plane wave

resonant reciprocity tubes is apparent.
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Figure 5.5 Plane_wave resonant reciprocity

The triangles plot the NBS péessure coupler comparison'
calibration, the stars plot the long tube plane wave el
resonant reciprocity calibration and the diamonds show the T
short tube resonant reciprocity calibrations. The

experimental uncertainties obtained for the data shown in

the above figure is tabulated in the next table.
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freq
Hz

S50
100
200
245
300
490
500
700
735
980
1000
1225
1470
1500
1715
1960
2000
2203
2430
2500
2695
2940
3000
3195
3430
3675
3920
4000
4165
4410
4653
4900
S000
S145
5390
S635
6000

NBS data ##»

run#i

-48.48
-48.51
-48.355

-48.38

-48. 61

-48.61

-48. 64

-48.66

-48. 45

-48.69

-48.79

-49.42

run#2

-48.46
—48.48
-48.33

-48.56

-48. 60

-48.62

-48. 66

-48.80

-49.06

-49.47

)
L
[]
]
[]
¢
1
]
[]
[
[]
'
]
[}
]
L
1
1)
)
'
1
[
1
]
[}
1
t
]
’
[}
1]
[
]
]
[}
[
?
[}
1
'
E
'
)
[
[}
)
t
)
3
[}
[]
[}
L]
1
)
[
[)
1
[}
]
1]
'
1]
]
[]
'

## The certified NBS

figures.

W.E.540AA Serial #1248

| upper
{ limit

! Average resonant
! reciprocity cal

(+sigma)
*RuRRNREARNANRE Al]l dB are re 1| Volt/ubar #&ERRERREREEERRER

CLong tube datal

-48.51

-48. 61

-48.359

-48.54
-48.535

-48. 49
-48. 44

-48. 39

-48.32
-48. 31

-48.25
-48.29
-48.27
-48.25

-48.28
-48.23
-48.30
-48.28

-48.44
-48.49
-48. 48

-48.62

-48. 58

-48.356
-48.57

-48. 51
—-48.46

-48.38
—48.41

-48.33
-48.33

-48. 28
-48. 30
-48.29
-48.27

~48. 29
-48. 26
-48. 33
-48.32

—-48. 48
-48.71

-48.61

-48.63

-48.359
-48.61

-48. 58
-48. 59

-48.53
-48. 48

~-48.41
~48.43

~-48. 38
-48.35

~-48.31
~-48.31
~-48.31
-48.29

~-48. 31
~-48. 29
~48.36
-48.36

-48.54
-48.58
-48.74

data

lower
limit

(-sigma)

[Short tube datal

-48.350

—48. 35

-48.24

-48.13

-48.04

-48.38

-48.55

-48.353

-48.44

-48.36

-48.28

-48.28

-48.53

-48.58

-48.356

-48.53

-48.48

-48.43

-48.52

-48.468

calibration specified only 3 significant

The above data is before the roundor:f provided in the

formal report and shows the individual comparison calibrations
actually obtained as referenced to two separate
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microphones used for this purpose at the NBS ([(Ref 291.
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The upper bound is one "experimental sigma"” above the
average sensitivity shown in the center column for both the
long and short data sets. The lower bound is one
“experimental sigma” below the same average. For each data
set at each different calibration frequency, the sigma used
is the square root of the sum of the squares of the
experimental sigma found for Ma. The long tube results agree
with the NBS calibration to within ~.03 dB up to 1470 Hz and
the short tube results agree with the NBS calibration to
within ~0.06 dB up to 1470 Hz. Above this frequency, thé
resonant reciprocity calibrations disagree with the NBS
comparison calibration beyond the experimental uncertainty.
However, both resonant reciprocity tubes provide consistant
results throughout the range of frequencies used in the
experiment.

Since the diaphragm area of the microphone occupies a
significant portion of the cross sectional area of the short
tube (547 as compared to “29%Z in the long tube), any
deviation from the assumption that Za(mic A) equals Za(mic
B) will adversely effect the accuracy of the impressed
pressure correction in the short tube to a greater extent

than the corresponding correction for the impressed pressure
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= BGR in the long tube. Additionally, the fractional error in the
(.
N - volume of the short tube is greater than that obtained for

the loné tube (the tube volume is used in calculating "Jo*

in the impressed pressure correction). Both of these

> contributions to increased absolute uncertainty apply for ,5,{
. .: R -. i .‘
' the short tube calibration. For these reasons, the ?iﬁﬁ
- l..-\‘ 8
“ microphone calibrations obtained using the long tube N

geometry are believed to be the more accurate of the two .
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H. THE CORRECTED FREE FIELD COMPARISON CALIBRATION

There were only two corrections to the free <field
comparison results given by program "N28". The first is
calculated using equation S.15 with a change of value for Ct
and Ct’'’ to 255.0 pF. When this is done the correction is
essentially the same for all the frequencies sampled and is
equal to <+0.354 dB. The second correction is for the
diffraction of the microphone and mount and is given in

appendix A to reference 3. With both of the corrections

applied, the diffraction corrected (pentagon plot) free

field (star plot) comparison calibration is superimposed
upon the NBS pressure coupler (triangle plot) calibration.
In addition, the uncorrected free field results are shown
with Professor Medwin’'s calibration results in figure 3.24.

The corrected results are shown on the next page.
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Since the diffraction correction obtained +from data in
reference A is accurate only for a standard microphone mount
and the mount used in this experiment was not standard, the
diffraction correction so obtained was only approximate.
This is seen in the ™~0.5 dB agreement between the NBS
pressure coupler results and the diffraction "corrected"

results,.
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Figure 5.7 Low_frequency detail in_the_corrected -
free field comparison_calibration. -
The data plotted in the previous two plots is given in the

table below.
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R
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C e !
l (A:.,. L A
; All data in dB re | Volt/ubar e
. PR
NBS data Free field data for Serial #1248 e
. (pressure coupler) A%y
¢ Freq run #1 run#2 Free Ct Free diffraction diffraction RN
I Hz field Corr field correction® corrected e g
: "raw" cal. calibration Y
200 -48.53 -48.33
24% -49.54 0.354 -49.00 «0 ~-49.54 -
. 300 -48.58 -48.34 C
| 490 -49.19 0.54 -48.65 -.1 -48.75 o
§ S00 -4B.61 -48,.56 Q’{
K 700 -48.61 -48.54
i 735 -49.13 0.54 -48.59 ~.11 -48.70
- 980 -49.00 0.34 -48.46 -.19 -48.65
7 1000 -48.64 -48.59
) 1470 -48.63 0.54 -48.09 -.48 -48,.357
T 1300 -48.66 -48.60
~ 2000 -48.65 -48.61
j: 2203 -47.86 0.54 -47.32 -1.135 -48.47
. 2430 -47.33 0.354 -46.79 -1.44 -48.23
- 28500 -48.66 -48.62
i o 2695 -47.42 0.54 -46.88 -1.77 -48. 65 —
- 3000 -48.69 -48.66 NS
' 3188 -46.50 0.54 -45.96 -2.44 -48. 40 }iaj
3920 -45.51 0.354 -44.,97 -3.40 -48.37 AN
4000 -48.79 -48.80 s
. 4635 -44.37 0.54 -43.83 -4.48 -48. 31 It
§ 5000 -49.03 —49.06 .
. 5390 -43.63 0.34 -43.09 -5.59 -48. 68
6000 —-49.42 -49,.47
7000 -49.97 -50.01
Ay 73595 -42.07 0.54 -41.53 -8.48 -50.01
- 8000 -350.35 -50.33
) 9000 -51.48 -51.59
9800 -43.06 0.54 -42.%52 -9.46 -48.52 N
> 12250 -46.55 0.354 -46.01 -9.23 -55.24 S
. 14700 -50.63 0.54 -50.09 -8B8.49 -58.58 C
# L.R. interpolation to data listed in appendix A of Ref. 3 :‘_f.':;-'_
' . ————
t::x::s‘.
- AR
_: Table 5.8 NBS_vs Free field data. XY
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Since the anechoic chamber is designed to be reflection-free
for plane waves, the normal specific acoustic impedance of
the walls is intended to be the "rho-c” product for air.
This is not a perfect impedance match to spherical acoustic
waves which have a reactive component. The specific

acoustic impedance of a spherical wave is given below.

_ a¢
3A - ﬁ_'_ ijg( Equatior <. .c

When the speaker and microphone are ‘'relativei, :[.ose

the wall, meaning kr is small, there will be re¢ . ec*. & .
to the impedance mismatch even i1n a peréec*.. asrec-
room. These reflections cause an error 1n tre .a&a e - =~
Additionally, the requirement [(Ref. I:p. 19, *r e . -
frequencies the acoustic 1mpedances ot t'e « & -
within 2r ' /r percent of '"rho-c" where r .e "re -
separation distance from the surface to the m.. - .- . .

is the microphone separation, is not met. The .-at..

meet these restrictions within the anechoic cramber . s see

in the discrepancy in Mo observed at low frequenc.,.
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I. A SUMMARY OF PLANE WAVE RESONANT RECIPROCITY CALIBRATIONS

The plane wave resonant reciprocity calibrations shown
s0 far have been those obtained for the W.E.640AR serial
#1248 condenser microphone and were used for comparison with
the NBS pressure coupler calibration. Additional
calibrations for two more W.E.440RAA condenser microphones
and one small electret "hearing—-aid" subminiature transducer

were obtained.

A A - " A e P e
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000000099
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The absolute experimental uncertainty is essentially the
same for all WEL40RA microphones, ™~ 0.03 dB below 1470 Hz,
while abové this frequency the difference between the
resonant reciprocity calibration and the NBS comparison
calibration climbs toc a maximum of ~.5 dB.

The theory for resonant reciprocity calibrations has
been shown to absolutely agree with standard methads of
calibration only for the case of plane wave resonance at low
frequency. Experimental results that extend calibration
frequencies into the region of radial and azimuthal
resonances are expected to fail in accuracy. To illustrate,
the calibration data plotted on the next page shows the
agreement between short and 1long tube calibrations out to
the 23rd modal resonance in the long tube (™5635 Hz) which
is the upper limit for plane wave resonances in that tube.
The effect on the calibration due to the interference of
radial and azimuthal modes with plane wave modes is apparent
above the 23rd mode. Here the discrepancy between short and

long tube calibration results i1s seen to sharply increase.
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Figure 5.9 The effect_of_radial_and_azimuthal

These calibrations are listed as approximate since they are
the "raw" program output.

The type BT-1731 Knowles subminiature transducer was
used as the comparison microphone and the

following

comparison calibration was obtained:
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+ Comparison calibration for

Type BT-1751 subminiature
1+ transducer (re WE640AA#1248)[
5O 1200 2400 3600 4800 6000
Frequency (Hz)

|
()]
W

The sigma of the experimental precision 1s smaller than the
size of the plotting symbols i1n this calibration. When this
calibration is compared with the manufacturer specifications
for this device, the sgnsitivity appears to be about “~1.S5 dB
too low. However, the variations in the D.C. supply voltage
for the Type BT-1751 preamplifier were not monitored. FfFrom
Knowles technical bulletins, a change of just a few tenths

of a volt (1.25 Volts to 1.0 volts) can cause roughly a “1.0
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dB drop in sensitivity. Since the battery used to power the
BT-1751 D.C. supply was not replaced during that portion of

the experiment (~12 months), such a drop is probable.
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Figure 5.11 Manufacturer's calibration curves for

This concludes the free field comparison and the plane

wave resonant reciprocity calibration experiments.
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VI. CONCLUSION

A. SUMMARY

In chapter 1, the general subject of acoustic
reciprocity calibrations of electroacoustic transducers is
reviewed and the effect of the medium and boundary
conditions surrounding the transducer are considered for
three different experimental environments. Solutions for
the acoustic transfer admittance for a pressure coupler
calibration, a free field calibration, and a plane wave
resonant reciprocity calibration are shown to differ only by
a multiplicative constant. Derivations «of the open circuit
voltage receiving sensiti&ities are provided for all three
techniques. In chapter 1II, considerations are made
regarding experimental techniques used to implement plane
wave resonant reciprocity calibrations. The resulting
reciprocity equations provide a six way round robin check on
experimental precision (plus or minus .002 dB) and the

number of experimental parameters required for the

‘calibration is reduced by one. The derivation of a plane

wave resonant reciprocity calibration is extended to include
necessary conditions relating the acoustic impedance of the

reciprocal microphone, the frequency, the speed of sound
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‘. within the gas, the gas density, and the dimensions of the v
plane wave resonant cavity. An impressed pressure

correction is derived from the canonical equations for an

electroacoustic transducer by making the reasonable
assumption that the diaphragm of a condenser microphone does

"move" under the influence of an acoustic pressure. This

wsiata

consideration of the finite impedance of the microphone
results in a correction to the theoretical sensitivity of an

ideal microphone and is shown to depend upon the ratio of

the driving point acoustic admittance of the microphone to

the transfer acoustic admittance of the medium. In chapter

111, the improvement in experimental precision due to 3*'f
computer control of the data acquisition is measured and the
prabable errors associated with experimental measurements

and calculations are determined. In chapter IV the self

consistency of the plane wave resonant recipfocity
calibrations are obtained and the overall experimental A

precision is found to be ~0.045 dB. In chapter V,

calculations necessary to determine and correct for the
impressed pressure, the effect of the non-adiabatic boundary
conditions on the stiffness of the gas within the resonant
cavity, circuit analysis approximations, and corrections to
values of program constants in the computer program
controlling the plane wave resonant reciprocity calibration

are obtained. When the raw experimental calibration data is
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corrected as outlined above, the absolute plane wave
resonant reciprocity calibrations have close experimental
agreement below ™“1500 hertz (with an average absolute
discrepancy in the 1long tube of ~.03 dB and in the short
tube of ~ .06 dB) with that portion of a pressure coupler
comparison calibration performed in air (and hydrogen) on
the same microphone by the National Bureau of Standards.
Beyond this frequency, the difference (in dB) between the
NBS comparison calibration and the resonant reciprocity
calibrations increases linearly with frequency with a linear
correlation coefficient of r = 0,991.

Both the long and the . short tube resonant reciprocity
calibrations have an average absolute difference of ~ .029
dB (.018 dB sigma) from 735 to 5145 Hz, the common frequency
range of both calibrations. Although the average absolute
difference in the resonant reciprocity calibrétions and the
diffraction corrected free field comparison calibrations
(from 1470 to 5390 Hz) is ™~ 0.12 dB (sigma ~ .09 dB) and the
average absolute difference in the NBS comparison
calibration and the diffraction corrected free field
comparison calibration is ™~ 0.32 dB (sigma ~ .22 dB), the
failure to use experimentally an exact replica of the
standard mounting C(Ref.3:p.21]1 for the WEL40AA results in an
unknown uncertainty for the diffraction correction and hence

calls into question the validity of the absolute agreement
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(irq (sigma ~ .09 dB) with the free field results observed from
1470 to 5390 Hz. ATy

In conclusion it can be said that the results of this

L B B
e -"l
MY

experiment show that the method of plane wave resonant
-3 reciprocity calibration is in absolute agreement with other
o laboratory standard techniques at low frequency, is under
computer control, and has the potential of becoming a fully
automated laboratory standard technique of reciprocity

calibration for electrostatic transducers.

Nl
.
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B. FURTHER EXPERIMENTS AND THEORETICAL INVESTIGATIONS -

In the future, the practical convenience of combining
under computer control all of the data acquisition necessary
to calculate the w»icrophone’s acoustical imspedance, the

driving point electrical Ispedance, and the plane wave

resonant reciprocity calibration is the 1logical correction
to and extension of this experimental method.

A more detailed experimental and theoretical study of
the impressed pressure correction is needed with regard to

-f. more compliant electrodynamic microphones (and other

transducer types), different gas atmospheres, a wider range

of length to diameter ratios, and a wider range of diaphragm q
diameter to tube diameter ratios for the resonant cavities. N §ﬁ}'
Any further experiment may also extend the upper ﬁsﬁf

-‘.:__ u‘

b R

frequency limit of plane wave resonant reciprocity !

calibrations by examining the selective employment of t;f}

"clean" plane wave resanances in the region of azimuthal

modal resonances and/or the use of highly symmetric : '7
mountings of the microphones on precisely machined
cylindrical cavities. This squéstion is a result of two
experimental observations. First, several higher frequency
"short" tube plane wave resonant reciprocity calibrations
appear to be asymptotically approaching the correct pressure

calibration. The particular modes (twelve through sixteen)
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used for these calibrations are seen in figure 1.6. The
plane wave resonant reciprocity calibrations which result e
from the use of these modes are shown in figure 5.9 and tend 3in T
towards agreement with the NBS pressure coupler comparison
calibrations even though they exist in a frequency domain
where azimuthal resonances are expected. Secondly, extended
plane wave resonances were observed exclusive of any
observable azimuthal or radial modes up to ~ S0 Khz when
highly symmetric electret microphones were used in the early
stages of the experiment. In 1light of the aforementioned
experimental indications, these apparently "clean" plane
wave resonances may possibly be employed with success.

The application of plane wave resonant reciprocity to a
system of transducers coupled through a water filled
cylindrical cavity with a "prcssur.-roloaso"_ (styrofoam)
boundary is another avenue of experimental and theoretical
investigation which may be both interesting and
significant. A preliminary investigation has already begun
(Ref. 351 by applying the method to a "slow wave resonant
calibration" where a compliant wall and fluid filled
waveguide are used to obtain a low frequency reciprocity

calibration in water.
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APPENDIX A
HARMONICITY IN PLANE WAVE RESONANT RECIPROCITY CALIBRATION

When the condenser microphones are mounted in the ends
of the brass cylindrical cavity, the acoustical load at the
ends is affected by the mechanical impedance of the
microphones and the assumption that the microphones are
non—-compliant must be more carefully examined.

If the microphones were perfectly rigid, the boundary
conditions at each end of the cavity require that the
gradient of the acoustic pressure be equal to zero. I+ this
is the case, then the resonant frequencies observed +for

modes greater than the first will simply be multiples of B

A

". [ '*.

this fundamental resonance (KL = n#*pi). This appears tao be
the case when the resonant frequencies-are plotted opposite
the mode number of the resonance. Since the 1nformation
plotted below was obtainmed over a ten hour peri1od, tne
- resonant frequencies were obtained at different laboratory
temperatures over a range of roughly 19 degrees centigrade
to 22 degrees centigrade. Since the speed of sound in air
at normal atmospheric pressure varies as the square root of
the absolute temperature, and since the frequency of a plane
progressive sound wave varlies as the free space sound speed,

s the frequency of resonance vari1es alsao as the square root of
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the absolute temperature within the plane wave resonant
cavity. For comparison purposes, the temperature dependence
of the different resonant frequencies was removed by

referencing all the resonances to 20 degrees centigrade
A
|

Equation A.1

using equation A.1 shown below.

q3.\6
-g(se.‘).o'c) = frem| — 2
23306 + T

1f this plot of the "corrected" resonant frequency vs. mode
number were exactly a straight line, then the modal
resoﬁances would be perfect multiples of the fundamental
resonance and the ends of the tube would be '"rigid"”(perfect
harmonicity). This appears to be the case when figure Al

is "eye integrated".
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RESONANT FREQ (D CORRECTED TO 20 OEC C
i Figure A.1 Resonant frequency re. 20 deqg C_vs Mode
. Number
;' As is seen above, any lack of ‘“harmonicity" or deviation
. from a straight line is not readily apparent. The

terminations in the plane wave resonant cavity appear
. essentially "rigid" with regard to their 1nfluence upon the
resonant frequency obtained for the acoustic pressure. Ir
the condenser microphones were abdsolutely noncompliant, then
they would not function as microphones as there would be no
change 1n capacitance with impressed acoustic pressure.
Functionally, the microphones cannot be "rig.id". To se=2 the

-~ magni tude of the deviation +from true harmonicity, the data
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is normalized by dividing all the individual resonance
frequencies by the "apparent" fundamental associated with
the highest resonant frequency obtained (simulating the
rigid limit), the non—-harmonicity at the low resonant modes
becomes apparent as a deviatiaon from a value of one provided

the scale is properly chosen. See fiqure A.Z2.
t.0t

] HARMONICITY PLOT - ¥, E.G40AA SERTAL#1248 - BIAS 0 118.9 V
.00 .}
(4
E 1008 L
é 1.004 L
'™
3 .0
g
T8 o v
\t 00.0.0""...
8 we L o °
w ¢ 1 ] o ©
g .08 L o
.W‘ .
T
o
.w e
. + } ' f t { t t {

5410 .
e 0]

g % B 3 § §

RESONANT FREQ D CORRECTED TO 20 CEGC €

1a0
[ - ¢]
1280

With regard to the effect this measured non-harmonicity
has upon the value of the receiving sensitivity 1n the plane

wave reciprocity calibration, recall equation 2.132.
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sin(Ke)

ZMB Equation 2.13

Here we see that at modal resonances, for the compliance
of the condenser microphones to be a negligible effect, we

require that:

| 6,CAg Sin (m.)/ << /Zma/

cos (vL) = 4

Equations A.2

In figure A.2, the ratio of the resonant <frequency for
the lowest maoade to the normalized resonant frequency found
for the highest mode was calculated to be .9927. This
represents an estimate of how close the boundary conditions
correspond to a value of KL equals pi for the fundamental
mode (worst case). When we express Eguation 2.13 1n terms

of acoustic impedances, we see that,

/ .
Pa. | Zalte) SV K)‘L) Equation A.3
3 oas fhe) + 3 Za (em)
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I (;t“ Since the ratio of the acoustic impedance of the medium
(air) to that of the semi-rigid composite ends (microphone
plus rigid mount) is much less than one, we have upon

substitution for Cos(kl) and Sin(kl) in Equation A.3,

V4
/’2 Ao 99T =z —.Q‘H?

; —— -y
l

£3

Equation A.4

This Jjustifies the assumption that the microphones are

’
essentially non-compliant with regard to their effect on the
pressure distribution within the resonant cavity. Since the
i ) ratio of the pressures comes imn under the square root i1n the
calculation fér the microphone open circuit vol tage
) receiving sensitivity, this assumption will introduce, at
i the lowest mode, roughly a 20log(sqrlCos{.9927#pi}]) or .001
? dgb re iV/ubar error. Errors 1ntroduced due to this
; assumption are significantly lower at the higher modal
; resgnances as seen 1n figure A.2.
.
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APPENDIX B

ONE EXAMPLE OF THE COMPUTER PROGRAM USED FOR

PLANE WAVE RESONANT RECIPROCITY CALIBRATIONS

A. INTRODUCTION

The computer program shown on the following pages was
written in Hewlett Packard series 80 Basic. It was used on
the HP-85 and completed data acquisition and sensitivity
calculations for three microphones at one modal resonance
roughly every twenty minutes. The most time consuming
portion of the program was that part which calculated the
three parameter least mean square error fit to a Rayleigh
line shape. Actual data acquisition was completed in
roughly three minutes.

A careful examination of the particular program shown in
part C below shows that it 1is but one of six almost
identical programs used to accommodate the various
combinations of preamplifiers and microphones that were
experimentally used. The decision to write six "different”
programs was made for operational simplicity. Such
variables as volumetric protrusion into the main cavity

depended upon which two microphones were in place. The

_________
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voltage transfer for each "end" of the cylindrical cavity
depended upon the amplifier and microphone combination
used. Thus slightly different programs were used to
accommodate (referencing W.E.&640AA serial numbers) ;
1248-1082, 1248-815, 1082-815, and three more similar

microphone setups with the "electronics” reversed. The

particular program discussed in this appendix is the one

with microphone #1248 with the "A" side electronics and

microphone #1082 with the "B" side electronics.

‘_ The following pages are separated into three different
- parts for ' convenience. First, there is a functional
. description of the program shown in table B.1. Next, there
@ is the program 1listing and last there is a list of

. ‘definitions for the variables used in the program. The

functional outline for the program is shown next.
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2010
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2750
252¢
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2630

-870
2880

22440

150
it

2450

UNCTIONAL DESCRIFPTION OF THE FPROGRAM

The main program 13 divided 1nte ei1ght subsect:ors

1ned below.

1. Ini1tial setup.

2. A transmit, B receive data. (ATBR)

3. B transmit, A receive data. (BTAR)

4. A transmit, C receive comparison voltage.

5. B transmit, C receive comparison voltage.

6. Numerical analysis of all data.

7. Calculation of six difterent values of open circult
vaoltage receiving sensitivity.

8. Subroutines (17)

e e1ght functiocnal descriptions are more fully descri:oed

able B.1 below.

nning line rnumber - Functional description

Fraogram 1ni1tial.zation anc greliminary equipment zetupd.
Magrnetic tape 1ritialization.

Cperator 1nguts tor data run.

Dimension arrays and i1nput measured capacitances, load
rasistances and numerical corrections for the si1de mcuitec
microphones.

Input cavity vclumes for dicferent configurations ans
rearrange data.

Begin program run. SwWwitch system o RT3R,

Search for 1nitial drive .3l*aje t3r 11r3t 3atia SANEL v,
irirtial data sanple.

Anaiyse cata for rough U, F,uA,

Obtain recei1ver bi1as voltage anc calacualate the ra3ul =20
correction to micraphone capacl-ance.

With the preliminary val.i2s of &,F,%A, sbtai1n the first
maodal data set with sicde B receiving. Chtain raugn @4F 0=
for this data set.

Switch system to BTAR.

Obtain bias voltage for side 4 110 receive onfd . caluuians
the required correction to the microphone Capacilancea.
Sample trhe modal resonance ror side - recet.iog. Lta.
rough O,F,%A far tmis ata =ern.

Guto Ravine ~.brL.t1ae b AVhiF Z2ata. SUTrE raLared LA 2.
Goto Ravine subroutine fur BIaR data. 3tore rav.n=2u va.ues.
Bazed upon the reguested criv= “oitage, Jaiculate toe

transmit cLrrent used +or tre A" mivroprnche ir o w-ThRL .
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3670 Switch and obtain the ATCR comparisan voltage.

3720 Switch and obtain the BTCR comparison voltage.

3760 Calculate the effective value for specific heats used 0
correct the bulk modulus of elasticity for boundary
conditions.

3820 Change atmospheric pressure from mmHg to MKS.

3860 Calculations for six way round robin determination of
Ma(reciprocity), Mb(reciprocity), Mab(comparison),
Mba(comparison), Mca(comparison), & Mcb(comparison)

4020 Store results on magnetic tape and print out results for
operator.

4390 Check for end of data runs desired.

4400 Based upon the quality factor for the (N+1)th mode,
calculate the expected bandwidth of Nth resonance to be wseaq
in the next computer controlled calibration.

4530 Subroutine used to ravine the modal data for accurate values
of @, F, &A.

S470 Subroutine used to calculate the mean square error witn
regard to the Rayleigh line shape.

3580 Subroutine used for initial data collection.

S760 Subroutine used to adjustment the initial drive voltage and
control the preliminary data sampling.

6270 Subroutine used to make a raw data computation of Q, F, ¥A.

7020 Subroutine used to sample temperature.

7120 Subroutine used to sanple atmospheric pressure.

7220 Subroutine used to obtain side A bias voltage.

7320 Subroutine used to obtain side B bias voltage.

7410 Subroutine used to select system to RTEK.

7540 Subroutine used to select system to BTAR.

7690 Subroutine used to select system to ATCK.

7810 Subroutine used to select system to BTCK.

7920 Subroutine used to sample voltage Yca.

8080 Subroutine used to sample voltage Vco.

8220 Subroutine used to relate preamplifier gain, SZ204 scals,
and capacitive voltage division to the siginal. voitage Ya,

8310 Subroutine used to relate preampliitier gain, 3204 szaje,
and capacitive voltage divis.on to the signai voltage .t.

4840 End after all cesired modes are sampled.

e e i — — —— —————— ——— ————— —— — —— = ———— — ——— — - " ————— " ——— — o — o
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PROGRAM LISTING

1) CLEAR ! t1248-"A":;1082-"B"

20 ' INPUT TIME IF NOT ALREADY

30 OPTION BARSE 1

40 L4=0

S0 DIM G2(26),G4¢26),81¢30),T1¢(90),T3¢(30),T4(30),V1(2),T5¢(2)
PO ,K1(2),69¢2) LA7(2) ,A1(2,48)

60 DIM GS5¢2.26),F5(2,26) ,F7¢4Y,€1(5),A2¢2),61(2,50)

70 DIM F(26),A€26),F1¢(26),B(3,3),X(3>,C(3),V(2),0(2>,D0(90) .K
(3),F2¢2),6¢90).7T¢(3),v2¢(2,3),A3(26)

80 DISP "SETTIME H«3600+M=60,MDD;...ONLY IF NECESSARY"

30 ! REVISED 28 APRIL 84

100 ' RECIPROCITY PROG GI1A

113 ' PRELIMINARY SETUP

111 ¢ 1248-1082 SETUP

120 QUTPUT 717 ;"AM",1,"MR"

130 PRINT "PROGRAM G91A OF 27 APRIL 84"

140 PRINTER IS 701,80

éSO IMAGE 2AR.2X,7A,X.BA X, 7A . X, 7A. X. 7R, 4X, 4R, 7X,4A,9X,2A,1X.
A

'60 PRINT USING 150 ; "N","Freq HZ","TdeqC","GR"."QB","<MA>"
UCMBY T CME> T % L "RECORD”

170 IMAGE 2D,.x,PDDDD.DD.X,DD.DDD.X,0D0D.0DD.X,DDD.DDD,X,D.DDD

E.X.D.JDDE,X.D.DDDE.X.D.DDD.X,DD £
130 DISP "THIS PROG PERFORMS A RECIPROCITY CAL AT DESIG MODA S
L FREO? AND PUTS DATA ON TAPE" SO

130 BEEP

2°0 Ci=1 ' CAVITY V0OL-1248-1082

220 DISP "INPUT DDMMYY"

230 INPUT T(3)

240 ' INPUT TAPE STATUS

250 DISP "ENTER 1=ERASE,REWIND &FORMAT: 2=-TAPE ALREADY READY

0 BEEP

0 INPUT U7

0 IF U7=1 THEN 290 ELSE 400

0 DISP "™ARE YOU CERTAIN YOU WANT 7O ERASE THE TAPE??2272"

G DISP "i=YES,2=NQ"

310 INPUT U7

320 IF Uu7=1 THEN 330 ELSE 400

320 ERASCTAPE @ BEEP Lo

340 ! PREPARE TAPE SR

356 CREATE "DATI”,100.96 RS

360 CREATE "DAT2',100.96 R

370 CREATE "DATV",100.800 R

380 CREATE "DATF",100,800 AR

330 ! ENTER RUN PARAMETERS e

400 DISP "SHORT OR LONG TUBE?" i

410 DISP "SHORT=1,L0ONG=2" -

420 BEEP A

430 INPUT C ! R
~

b

War~e

240 DISP "ENTER STARTING RECORD#" il
450 INPUT L4 ! INIT RECORD NUMEER e
430 QISP "SNTER HIGH M0DE # ¢ S

L rean
. N a ._' -
S EREN
N AL
.
LT o -
.-.'\ A SLY
o
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DO

3

‘5 .‘-. e,

> . _ __x T AEN

,V
oo
PR
Y e
[R N
o v
T
g

D
S
et

INPUT L
DISP “ENTER LOW MODE #"

DISP “ENTER THE LOW FREQ (HZ) FOR HIGH MODE"

DISP "ENTER THE HI FREG (HZ)

DISP. “ENTER 5204 TIME CONSTANT(SEC)"

INPUT T

TteTi=1000
DISP "ENTER THE 5204 SENSITIVITY IN VOLTS™

INPUT B

M9=15 ' MAX ¢ OF RAVINES
DISP “"ENTER REL HUMIDITYY"
BEER - - .

?NPUT R1

! DIMENSION ARRAYS
! DATA ARRAYS

]

.......................

C1(1)=52,722 ' PF#1248
C2=C1(1)

C1(2)=177.2802 ! PF BTAR SYS
C1¢3)=53.123 ' PF#1082
C3=C1(I)

C1¢4)=176.0527 ' PF ATBR SYS
C1¢5>=50.212 ! PF#815
C5=C1(%)

]

R8=5047050 ! A SIDE R EFF LOAD
R9=4987470 ' B SIDE R EFF LOAD

! GEOMETRY CORRECTION
! FOR SHORT TUBE
D¢1>=,965115 !
D(2>=.863218
D(3)=,702132
D(4)r=,494203
D(5)=.255249
D¢6Y=,00325317
De7)=.243115
D(8)=.466004
D(9)=.649739

.782323

.855722
12)=.866966
13)=.817927
14)=.,715056
15)=.568673
1
1
1
1

o
-~
—_0
~ o~
[ ]

6)=.391959
7)=,139753
8)=.007256483
9)=.171237

DODODODDUOCO
P e
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RS 2

LE Rl DACHERE RS
e . .
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4
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LA

...................




T T TR T T R TR TR TR T v e,

S

A 20 Thdiciink Jhat S St e

980 D(20)=~.323466
390 D(21)+~.440099

1000

D(22)~=.515326

1010 RAD ! CORR FOR SMALL OFFSET

1020
1030
1040
1050
1060
1070
80
1]
14

—_

10
10
1
111
R
"
I

(18 mw»nog
COoOO0OOOOOE

OONOOOHODODDOD

[ e
PNRIPIPIRIA) & — — -2 —
Now — oW~
o000

1260
1270
1280
1230
1300
1310
132

1330
1340
1350
1360
1370
1280
1330
1400
1419
1420
1430
1340
1450
1460
1470
1480
1490
1500

! GOTD 1070
FOR N=t TO 22

D(N) =ABS(COS(N=PI#1.46/23.37))

NEXT N .

t LONG TUBE GEO CORR...

G¢1)=.99602

6(2)=.984117
6(3)=.964383
Gt4>=.936999

0 G(5)=.9022062

G(6)=.860311
G(7)~.81168049
G(8)=.75674208
G(9)=.6959764
G(10)=,629914!1
G(11)=.5591307
12)=.4824135
13)=.4058343
14)=.3247655
15)=.2415518
16)=.15639648
177=,0717239
18)=,01345009
19)=.09784211
20)=.18074880877
21>=.2614853
22)=.3393913
23)=.413837
(24)=.48422887
G(25)=.5500143
G(26>=.6106872
G(27)=.66579
G¢28)=.7149249
G(29)=.757743%5
G(30)=.7939622
G(31)=.8233586
G(32)=.8457732
G¢33)=.8611109
G(34)=.3693409
6(35>=.870496!
G(36)>=.8646722
G(37)=.852026
G(38)=.8327731
6(39)=.8071849
G(40)=.7755856
G(41)=,7383485
G(42)=~.63958912
G(43)~.6486715
G(aa)=.597182S

A A e e
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Il

“ '

1510
1520
1530
1540
1550
1560
1980
1990
2000

Y4 g Y PR Y CRIOORE B AN A T URTOW

G(45)=,541947"
G(46)+,4835125
6(47)=.,4224453
G(48)=.3533248
6(49)«.2947382
G(50)=.2292741
G2=1
A7(1)=.20134
A7(2)=,147528

‘< 2010 V2(1,1)=,0001152232
2 2020 v2(1,2)=.0001151946
" 2025 V2(1,3)>=.0001152269
J 2030 V2¢2,1>=.0006498109

2040 v2¢2,2>=.0006497823

METERS"3
va2(C,C
Cl=1:1248-1082
C1=2:1248-815
C1=3;1082-815

s

P s

I

,.l.'f.'l.l'l".

L )

’

B R

.~a
S

o

Al “~

Nt

BN e L

dod

.......

2045
2050
2060

.t > e s

V2(2,3)=.0006497779
F9=1

19=1 -

FOR M=t TQ S0
G1(2,M)=G(M)
NEXT M

FOR M=1 TO 22
GI (T M)=D(M)
NEXT M

FOR M=23 70 50
G1¢1,M)=0 :
wEXT M

! BEGIN PROGRAM
PRINTER IS 2

PRINT "TIME DATE"
IMAGE 2X,2D.2D.4X, 4D
FOR R=L TO Lt STEP -1
PRINTER IS 2

iRéNT USING 2200 ; TIME/3600.DATE
PRINT " "

IF C=1 THEN U7=3»{ ELSE U7=L
DISP "MODE NUMBER IS",L

DISP "LOW FREQ (HZ) IS™,F1

DISP "HI FREQ (HZ) IS™,F2

DISP "S204 SCALE SENS(W)IS",B
CLEAR @ BEEP

DISP "SELECT ATBR SWITCHING"
GOSUB 7400 ! SELECT ATBR

BEEP

DISP “GET INITIAL DRIVE VOLTAGE™
! VOLTAGE

Ji1=0

A1=5

! INITIAL SEARCH FOR

QUTPUT 717 ;"FR",(F2+F1)/2,"HZ"
QUTPUT 717 :"AM",A1,"MR"

WAIT T1=3

P-III-60
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2430 QUTPYT 709 $UVT3"

2440 ENTER 709 ; Q3

2450 IF 09> 25 THEN 2470 ELSE A1=A1+25

2460 GOTO

2470 IF 09< 35 THEN 2430 ELSE At=A1-20

2480 GOTQ 2410

2480 BEEP

2500 DISP "PRELIH DATA SAMPLE"

2510 DISP "USED TO EST BANDWIDTH" '

2520 GOSUB S570 !t INITIAL DATA COLLECTION

~ 2530 BEEP
[ 2520 DISP “ANALYIZE SAMPLE"
- 2550 GOSUB 6260 ! DATA ANALYSIS
-~ 9560 BEEP
D 2570 DISP “GET "B’ BIAS"
2580 GOSUB 7310 ! GET r2."B BIAS"
2590 DISP "'B’ BIAS=",E2

2610 C1¢3)=C3+.00016584+.000024894#E2°2 ! CORR FOR BIAS ON 1

2620 BEEP -

2630 DISP "GET ATBR DATA".

2640 GOSUB 5750 ! GET DATA ATBR

2650 GOSUB 4450 ! VHF TO NEUTRAL

2660 PRINT "ATBR DRIVE(MV)=* A1

2670 DISP "ATBR AVG TEMP=",TS(1)

2680 DISP “AVG ATMOS PRESS MMHG=" PS(1)

M CANRANEF AL W ol SRR
'1!

oh, 8, .l' PARN i.'c et
o
[+0]
[N

2690 DISP “SAVE & SCALE DATA" 4
2700 Ag=AT £
2710 A2=A1 ! SAVE ATBR DRIVE S

2720 FOR N=1 TQ 26

2730 GOSUB 3300 ! GET B2

2740 GS(1,N)=A(N)=B»B2

2750 A(N)Y=GS(1,N)

2760 NEXT N

2770 BEEP

2780 DISP "ANALYIZE ATBR DATA"
2790 GOSUB 6260 ! DATA ANALYSIS
2800 ! SAVE ROUGH VALUES

2810 ! OBTAINED WITH DATA

2820 ! ANALYSIS ROUTINE-11 POINT FIT
2830 V(1)=P1

2840 Q1)=Q1

2850 F2(1)=F9

0 BEEP
2870 DISP "SWITCH TQ BTAR"
2880 DISP "GET A" BIAS"
2890 GOSUB 7530 ! SWITCH BTAR
2900 GOSUB 7210 ! GET E1,"A BIAS™
2910 DISP "‘A’ BIAS=",El
2320 C1¢1)=C2+.0012485+.000036329=€1°2 ! CORR FOR BIAS ON 12

EA ]
o
o
"l

,':';‘
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2930
2940
2950
2960
2970
299

299¢
3000
3810

DISP “GET BTAR DRTA"

GOSUB S7S0 ! DATA COLLECTION
PRINT "BTAR DRIVE(MV)=", A}

DISP "BTAR AVG TEMP=",T5(2)

DISP “AVG ATMOS PRESS MMHG=",PS5(2)

8 ! SAVE AND SCALE DATA

FOR N=1 TO 26
GQSUB 8210 t GET B1
GS5€2,N)=A(N)»B»B1
AN =G5(2, N>

XT N

GUSUB 6260 ! DATA ANALYSIS
f SAVE ROUGH VALUES
V€2)=P1

Q¢2)=Q1

F2¢2)=F9

! RECALL ATBR DATA
Qi=q¢ty -

F3=F2(1

Pl=y(t)

FOR N=1 TO 26

ACN) =GSCT,N)

NEXT N

DISP " RAVINE ATBR DATA“
Q5-Qt

GOSUB 4510 ! RAVINE DATA
! SAVE RAVINED ATBR

! VALUES

Q1)=q1

F2(1)=F9

V{1)=P1

GOSUB S460 ! GET MSE

! NORMALIZE MSE
K1C1)=K(1)/P1°2 t END ATBR

! RECALL BTAR DATA
Q1=

F3=F2(2)

P1aV(2)

FOR N=1 70 26
AR(N)=GS(2,N)

NEXT N

DISP " RAVINE BTAR DATA"
Q5=Q7

GOSUB 4510 ! RAVINE DATA
! SAVE RAVINED BTAR

! VALUES

Q2> =21

F2(2)=F9

V(2)=P1

GOSUB 5460 ! GET MSE

! NORMALIZE MSE
KI(2)=K¢(1)/P1"2 ! END BTAR
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! GET CORRECT DRIVE

! CURRENT FOR "A" MIC,...
HERE FOLLOW A SERIES OF
! STRAIGHT LINE FITS TO
3500 ! ACTUAL DATA,ASK VS GET.
3510 IF F2¢2)<S20 THEN 3515 ELSE 3520 ! P-III-80

3515 B6~.92775+.00004979592=F2(2)

3517 GOTO 3550

3520 IF F2(2)<1020 THEN 3525 ELSE 3530

3525 B6=.9516+.000004163265+F2(2)

3527 6070 3550

3530 IF F2¢2)<1510 THEN 3535 ELSE 3540

3535 B6=.95412+.000001714286#F2(2)

3537 GDTQ 3550

3540 IF F2¢2)<2500 THEN. 3545 ELSE 3549

3545 BB=.95577+6.122449E-7#F2(2)

3547 6470 3550

3549 B6=.9568022+.000000222449=F2(2)

3550 A2=A2=B6

3640 [1=2=PT=F2(1)=A2=,001%(C2+.00124885+.0000363329«E1"2)=,
000000000001

3650 DISP “A TRANS CURRENT(A)=",I1
3660 BEEP

3670 DISP “GET ATCR COMPARISONY
3680 GOSUB 7680 ! SWITCH ATCR
3530 GQsSuB 7920

3700 DISP ™ATCR VOLTAGE=",V1(1)
3710 BEEP

3720 DISP "GET BTCR COMPARISON"
3730 GOSUB 7800 ! SWITCH BTCR
3740 GOSUB 8070

3750 DISP "BTCR VOLTAGE=",V1(2)
3760 ! CALC RATIO OF SPECIFIC

3770 FOR Net TO 2
3780 0=R1/100».625=10"(23,84-2948/(273.16+TS(N))-5.03»LGT(27
3.16+TS(NY M

3790 GO=«O=1.324+(1000-0)»1,402432)/1000

3800 GI(N)=G0-2=(G0-1)»A7(C)/SQR(F2(N))»+2»(G0-1)=AT7(C)"2/F2¢(
N)

1810 NEXT N

3820 ' CHG PRESS TD MKS

3830 FOR N=1 TO 2

3840 PS(N)Y=PS(N)=101330/760

3850 NEXT N

3860 ' OPEN CIRCUIT SENSITIVITY
3870 ! M1=MA (ADJUSTMENT MADE SO

3880 ! M2=MB C=1~SHORT TUBE
3930 ! M3=MCA C=2~LONG TUBE
3300 ' M4=MCB

3310 ! MS=MAB Ci=1=12487/1082R

(%)

o

~

o
-t s o

HEATS J=1=BTAR,2=ATBR

CALCULATIONS
REF BIAS IS 2060 vOLT

- 336 -

';‘.;' et e e e L

-' ‘l 'I .‘l‘."l‘.'d
[} .« 1 . 12

g ..‘ a ¥ » * I. l' b

XY,

2

-

{s

¢

ey
A
e % s e e

phale ey

o
L)




. - N - . o Tt - - - - L e ™ ~. CURE - T et . .~ - -"-‘-‘.-_-" Lo 4-‘.-'-. .'.‘ ..“4~“_"-
PRV R R ST i Wl i gy T T T T e T T T e T T T T o "\

A L T W, N T S TR T T T T

- . - . e it i et it R - d

DA Sl Jha U ol gl T S R — e oG g Sihy SO are R o g

-
BIPAEN
".&'—‘J
-

3920 ! MB=MBA

3938 H1;SQR(V(2)-V1(1)-PI'V2(C.C1)-FZ(I)/(I!'VI(Z)-GS(i)'PS(
1>=Q¢1)))

3940 MZ=SGR(V(1)=V(1)»V1(2)aPIwV2(C,C1)»F2(2)/(11=V(2)aV1(D)
»G3(2)#PS(2)»Q(2)))

3948 G1=G1<¢C,L)

3350 IF C=2 THEN Gl=1 ! LONG TUBE HRS THE REF MIC IN THE END

3960 M3I=H1eV1(2)/(V(2)=G1)
3370 Ma~M2eV1 (1) /CV(T)=G1)
2000 MS=M2aV(2)wV1(1)/(V(1)=V1(2))
4010 MBaM1eV(T) a1 (2)/(V(2)=YT(1))
4020 ' STORE RESULTS ON TAPE
4030 BEEP

4040 BEEP

4050 PRINTER IS 2

4060 PRINT "MODE #=",L

4070 PRINT "FREQ=",F2(1)
4080 PRINT "MA=" ,Mi

4090 PRINT “MAB=",MS

4100 PRINT "MB=" M2

4110 PRINT "MBA=",M6

4120 PRINT "MCA=", M4

4130 PRINT "NCB=".M3

4131 PRINT “Ef=",E!

4132 PRINT "E2=" E2

8150 PRINT “K1(1)=",K1(1)
4150 PRINT "K1(2)=",K1(2)
2150 PRINTER IS 701,80

PY 4130 ASSIGN# 1 TO “DATI™
2. 3208 PRINT# 1,L4 ; L,MI,M2,M3.M4,M5.M6,P5(1)>,P5(2>,T5(1),T5¢(
»A-_‘.‘-A' ﬁ)l

4210 ASSIGN= 1 TO “DAT2"

4220 PRINT# 1,L4 3 A2,V1C1),V1(2),69¢(),69(2),v(1),V(2),Q¢(1)
LQ(2) F2¢1),F2(2),Ci

4230 ASSIGNs 1 TO "DATV™

4240 PRINT# 1,L4 : GSC.)

425Q ASSIGN# 1 TO "DATF™

4260 PRINT# 1.L4 : FSC.)

4270 Ul=(M1+M5)/2

4280 U2=(M2+M6)/2

4290 U3=(M4+M3)/2

4300 U4=C(M1-MS)>=100/(M1+M>)
4310 PRINT USING 170 ; L,F2¢(2).T5(2),G¢1),3¢2).Ut,u2,U3.U4,L
4

4320 !

4330 : ITERATE RECORD# AND

4340 ! CHECK FOR END OF RUN
4350 L4=L4a+1

4360 GOTO 4330

4370 ' CHECK FOR LAST MODE

4380 ! OTHERWISE END

4390 IF L=! THEN 4440 ELSE 4400
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. 4400
. 4410
4420
l 4430
4440
4450
4460
4470
4480
4490
’ 4500
i 4519
4520
4530
4540
4550
4560
4570
4580
4530

4620
4630
4640
. 4650
o< 4660
I 4670
4680
4630
4700
4710
4720
4730
4740

g 4760
. 4770
- 4780
4730
4300
4310
4320

4340
4350
4860
. 4870
- 4380
S 4890

4900
: 4910
' 4920

I9=(L-1)=F9/L
F1=19-2+19/¢(Q1=SAR(II/FI))
F2=19+2=19/(Q1=SQR(I3/FIN)
NEXT R

END

g PUT VHF SW IN NEUTRAL

QUTPUT 716 USING “28" : "A3"
QUTPUT 716 USING "2A" ; "B3"
RETURN

RAVINE SUBROUTINE
RAVINE @

FOR M=1 TO M9

Q4=Q1/200

Q3=Q1+Q4

Q2=Q1

Q1=Q1-Q4

K(1)=0

FOR N=1 TO 26
K1=(F(N)/FS-FI/F(N))"2#Q1»Q1+1
K2=SQR(K1)
K(1)=K(1)+(A(N)-P1/K2)"2

NEXT N

K(2)=0

FOR N=1 TO 26
K1=(F(N)/F3-F9/F(N)) "2=Q2=Q2+1
K2=SQR<K1)
K(2)=K(2)+(A(NY-P1/K2)"2

NEXT N

K(3)=0

FOR N=1 TO 26
K1=(F(N)/FS-F3/F(N))"2=Q3=Q3+1
K2=SQR(K1)
K(3)=K(3)+(A(N)-P1/K2) "2

NEXT N

'
!
!
!
'

K=Q4m (K(3)-K(1))/(2#(2=K(2)-K(1)-K(3)))

Q1=Q2+K

!

! RAVINE PEAK AMPLITUDE
1]

P4=P1/500

P3=P1+P4

P2=P1

P1=P1-P4

K(1)=0

FOR N=1 TO 26
Kis(F(N)/F3-F3/F(N)) 2= 1=Q1 +1
K2=SQR (K1)
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| 4930 K(1)=K(1)+(ANI-P1/K2)"2
4940 NEXT N .
4950 K(2)=0 o
4960 FOR N=1 TD 26 B
4970 K1=C(F(NY/FI-FQ/F(N))“2uQ1»Q1+1 L
4980 K2=SQR(K1) .
4930 K(2)=K(2)+(A(N)-P2/K2)"2
- S000 NEXT N R
| S010 K(3)=0 s
5020 FOR N=1 TO 26 ‘ :
S030 K1s(F(N)/FI-FI/F(N))~2#Q1=Q1+1
5S040 K2=SQR(K1) :
5053 K(3)=K(3)+(AN)-P3/K2) "2
S060 NEXT N
5070 K=Pan(K(3)-K(1))/(2%(2eK(2)-K(1)-K(3)))
S080 P1=P2+K

!
) 5100 ! RAVINE FREQ

5120 F8=F9/(Q1=2000)
S130 F7=F9+F8§
S140 F&=F9
S150 FS=F9-F8
X 5160 K(1)=0
; S170 FOR N=1 TO 26
i . S180 K1=(F(N)/FS5-FS5/F(N))"22Q1»Q1+]
KRR 5190 K2+=SQR(K1)
S200 K(1)=K(1)+(A(NI-PI/K2) 2
5210 NEXT N
5220 K(2)=0
: 5230 FOR N=1 TQ 26
: S240 KI1=(F(N)/F6-F6/F(N)) 2nQ1=Q1+1
$250 K2=SQR(K1)
} 5260 K(2)=K(2)+(ANI-P1/K2) *2
5270 NEXT N
5280 K(3)=0
5290 FOR N=1 TO 26
5300 K1=(F(NY/F7-F7/F(N)) 2= 1»Q1+1
5310 K2=SQR(K1) :
5320 K(3)=K(3)+(A(N)-P1/K2) "2
R 5330 NEXT N
) 5240 K=F8u(K(3)-K(1))/(20(22K(2)-K(1)-K(3)))
- S350 F9=FB+K
S360 IF ABS((Q1-G5)/Q1>>.001 THEN 5370 ELSE 5410
5370 Q5=Q!
5380 DISP "G=",Q!
5390 NEXT M
S400 GOTO S450
- 5410 !
) 5420 DISP “SMOOTH Q=",Q! .
. S430 DISP "SMOOTH Fa",F9
5440 DISP "SMOOTH A= .21
3450 RETURN

[ et
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SAB0 ! et
5470 ' MSE SUBROUTINE
5480 !
5490 !
5500 K(!)-O ! SUB TO GET MSE
5510 FOR N=1 TQ 26
5520 K1= (F(N)/FQ FI/F(N))"2=Q1=Q1 +!
5530 K2=SQR(K1)>
5540 K(1)=K(1)+(ANI-P1/K2)"2
5550 NEXT N
5560 RETURN
5580 ! INITIAL DATA COLLECTION
5530 ! SUBROUTINE
5600 !
5610 AS=0Q
5620 D1=(F2-F1)/25
5630 F=F1
5640 QUTPUT 717 "FR",F,"HZI"
S650 QUTPUT 717 ;"AM",A1,"MR"
5660 FOR N=i TO 26
5670 F(N)=F
5680 OUTPUT 717 ;" FR",F(N), "HZ"
S690 WAIT 4=T1
5700 QUTPYUT 709 ;"vT3"
5710 ENTER 7039 : A(N)
5720 F=F+D1
S730 NEXT N
5740 RETURN
S750 1 i e e
5760 ! DRIVE ADJUSTMENT P
5770 ! AND DATA COLLECTION AN
5780 1 L i e
5730 QUTPUT 717 ;"FR",F9,"“HZ"
5300 IF A1>3455 THEN 5810 ELSE 5830
5810 QUTPUT 717 :“AM",34SS,’
5815 A1=345%5
820 GOTQ SS10
5330 OUTPUT 717 ;"“AM",A1,"MR"
S840 WALT 8=T1
S850 QUTPYT 709 ;"VT3"
S560 ENTER 709 ; QS ' FRACTIONAL VOLTAGE QUTPUT FROM 5204-70

5370 IF 39>.35 THEN 58390 ELSE A1=A1+2S
5830 GOTC 5800

<330 IF @9<.95 THEN 5310 ELSE A1=A1-20
5900 GOTQ s800

5310 DISP "DRIVE VOLTAGE(MY)IS”, Al

5920 D1=(F2-F1)/25

5930 PRINT "REQUESTED DRIVE VOLTAGE =" At
5940 F=F1

5350 OQUTPUT 717 :"FR"™.F."HZ"

5360 QUTPUT 717 :"AM" A1,"MR"

n
n
~
=)
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GQSUB 7110 ! GET PRESS=P
PS(J)=P

T8=TINE/3600

GQSUB 7010 ! GET TEMP=T
TS¢J)=T

FOR Ne1 TOQ 26

AIN) =0

F(N)=F

FS¢J . N)=F

OUTPUT 717 ;"FR",F(N),"HZ"
WAIT 8«T1

FOR QB=1 TO 16

QUTPUT 708 ;*VT3”

ENTER 709 ; B1(36)
A(N)I=A(N)+B1(Q6)

NEXT Q6

ANI=A(N) /16

FeF+D1

NEXT N

QUTPUT 717 :"AM™,1,"MR".
GOSUB 7010 ! GET TEMP=T
TS(H=(T5(J)+T)/2 1 AVERAGE

' T9«TIME/3600

T(J)=(T8+79)/2

GOSUB 7110 ! GET PRESS=P
PS(J)=(P+P5(J))/2 ! AVERAGE -
PS(JI=1002PS(J) 1 ADJ=MMHG
PS(J)«PS(J)+4.2646 ! CAL

.........................

! RAW DATA ANALYSIS
z SUBROUTINE

AS=AMAX(A)

FOR X=1 TO 26

IF A(X)=AS THEN 6340 ELSE 6330
NEXT X

AG=X

X1=0

X2=9

X3=0

X4=0

Y1=0

Y20

Y3=0

FOR Net 70 7
FI(N)=F(AG-4+N)-F(AB-I)
AN =ALAG-a+N) -A(AB-3)
NEXT N

FOR I=1 TQ 7

X4=X4+F1 (1) 4
X3=X3+F1¢0) 3

T e T e e N e e T e S
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TEMP DURING DATA
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7010

______________

X2=X2+F1(I)"~2
X1eX1+F1 (D)
Y1=Y1+A3(])
Y2=Y2+A3([)=F 1<)
Y3=Y3+A3(D)F1 ()2
NEXT I

B¢1,1)=X4
1,2)-X3

«3)=X2

C(3)=Y1

MAT X=SYS(B,C)

FQe=(X(2)/X(1)».5)+F(AB-3)

P1eX(3)+A(AB~=3)=X(2)~2/(4nX (1))

H7=P1/SQR(2)

FOR I=1 TO A6

IF ACI)<H? THEN 6730 ELSE 6790

IF H7<A(I+1) THEN 6740 ELSE 6790

F3=F(D

H3=ACD)

FaerF(I+l)

Ha=A(I+1)

GGTQ 6800

NEXT I

FOR N=AG TQ 26

IF A(N)>H7 THEN 6820 ELSE 6880

IF H7>A(N+1) THEN 6830 CLSE 6880

FS=F (N>

HS=A(N)

FE=F(N+1)

HE=A(N+1)

GOTO 6830

NEXT N

F7=F3+(H7~H3)=(F4-F3)/(HE-H3)

FBaFS+(HS~H7)»(FB~FS)/(HS5-HB)

Q1=F3/(F8~-F7)

IF J1=0 THEN 6930 ELSE R950

F1=F3-F9/Q1

F2=F3+F9/Q1

J1=J1+1}

CLEAR 9 BEEP

DISP "ROUGH G=",GQ1

DISP "ROUGH F=",F9

DISP "ROUGH A="* P1

?ETURN ! END OF RAW ANALYSIS
......................... H7
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! SUBRQUTINE TO GET TEMP

7030 ! DEGREES CENTIGRADE IN
! VARIABLE = T

7050 ! ..., Cereseraesrasaas

7070 QUTPUT 722 ;"F4R1METI™
7080 WAIT S000

7090 ENTER 722 ; T

7100 ?ETURN

7120 1 SUBRQUTINE TO GET ATMOS
;:28 ; PRESSURE IN MMHG = P
7150 QUTPUT 709 ;"DCA,.1"
7160 QUTPUT 709 ;"DD4,2"
7170 OUTPYT 722 ;"FIRIMOTI"™
7180 WAIT 1000

7190 ENTER 722 ; P

7220 ! SUBROUTINE TO GET SIDE
7230 ' A" BIAS VOLTAGE = E1
7240 !

7250 DUTPUT 709 ;"DC4.1,2" °
7260 QUTPUT 709 :"D04,3"

7270 OQUTPUT 722 ;"FIRIMOTI™
7280 WAIT 60000

7290 ENTER 722 ; E!

SRR 7320 ! SUBROUTINE TO GET SIDE
A 7330 ! "B" BIAS VOLTAGE = E2
7340 !

7350 QUTPUT 708 ;"DCa,1,2,3"
7360 QUTPUT 722 ;"FIR1MOT1™

7370 WALIT 60000

7380 ENTER 722 ; E2

7400 1 i i
7410 ! SELECT
7420 ! ATBR

7430 QUTPUT 709 ;"AR™

7440 QUTPUT 709 ;"D04,7.12,13"

7450 QUTPUT 709 :"DC4,4,10.11"

7460 DISP "A-TRANS, B-RCV"

7470 QUTPUT 716 USING "2R" : "A4"

7480 OUTPUT 716 USING “2AR" ; 'B4"

7490 WAIT 10000 ! ALLOWS TRANSCIENTS T0 DIE OQuT

J=1
7510 QUTPUT 709 ;"AC1"
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8060
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! BTAR
! SWITCHING

'

guUTPUT 709 ;"AR"

QUTPUT 709 ;"D04,4.10,11"

! SW SOURCE TO B, PWR ON B
QUTPUT 709 ;"DC4,7,12,13"
DISP "B-TRANS,A-RCVR"

QUTPYT 716 USING "2A" ; "A1"
QUTPUT 716 USING "2A" ; "B1”

HALT 10000

Jd=

QUTPUT 703 :"ACI10"

RETURN

v ATCR SWITCAING T

QUTPUT 709 :"AR"

QUTPUT 709 ;"D04,0,7,12,13"
QUTPUT 709 ;“DC4,4,10,11"
QUTPUT 716 USING "2A™ ;- A2
QUTPUT 716 USING "2A™ ; “B2"

! ATCR

QUTPUT 709 ;“AC1™

WAIT 10000

RETURN
1Ty
! BTCR SWITCHING

'

QUTPUT 709 :"AR"

QUTPUT 709 ;"D04.4.10,11"
guTPuT 709 :"0C4,7,12,13”
QUTPUT 716 USING “2A" ; “A2"
9”;?%; 716 USING “2a™ ; "B2"

QUTPUT 709 ;"AC10™

WAIT 10000

RETURN

bt i it e et o ans
! SUBROUTINE TO GET

! ATCR=YI()

QUTPUT 717 :"FR",F2¢1),"HI"

QUTPUT 717 :"AM",R9,"MR"
S5=0

FOR N=1 TO 36
WAIT 8eT1

QUTPUT 709 :"VvT3"
ENTER 709 ; S4
$5=55+S4

NEXT N

$5=55=8/G2
V1(11=55/36
RETURN
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8080 ! SUBROUTINE BTCR=V1(2)
8090 QUTPUT 717 ;"FR",F2(2),"42"
8100 OgTSUT 717 ;" AM" . AT,"MR"
3120 FOR N=1 TO 38

8130 WALT 8eTI

8140 QUTPUT 709 ;"vT3"

8150 ENTER 709 ; S6

8160 S?-??*SG

NEXT N
8180 S7-S7=B/G2
8190 V1(2)=87/36
8200 RETURN
8210 ! ....... Ceertiassanes, .
8220 ! SUBROUTINE TQ RELATE
8230 ! MIC “A"1248 RECEIVED VOLTAGE TO S204 I

§235 IF FS(2,N)<300 THEN 8240 ELSE 8250

8240 BB=10.05431

8245 GQTO 8270

8250 IF F5(2,N)<1200 THEN 82SS ELSE 8265

8255 B6=10.0683817-.00001030612=F5(2,N)

8260 GQTO 8270

8265 IF FS(2,N)<S5500 THEN 8268 ELSE 8268

8266 BE=10,062585-.00000262425#F5(2,N)
GQT0 9270

8268 B6=10.071968~.00000452463=FS(2.N)
8270 B3=(C1(2)/C1(1)+1)°2 ! C1(2)=BTAR PF;C1(1>=1248+BIAS PF

3271 BA=(1/(2#P1eF5(2,N)=R8=C1(1)=.000000000001))"2
8272 BS=SQR(B3+84)
8279 B1-B5/86
3280 ! B1=A1(1,U7)/B6 ! XTRA
RETURN

8300 ! L. i i,

8310 ! SUBROUTINE TO RELATE

8320 ! MIC “B"1082 RECEIVED VOLTAGE TG 5204 INPUT
8325 IF FS(1.N)<300 THEN 8330 ELSE 8340

3330 D6=9.62515

8335 6QTQ 8370

8240 IF FS(1,M)<1100 THEN 8345 ELSE 8355

8345 06=9.642248-.00001940816=F5(1,N)

8350 GQTO 8370

8335 IF F5(1.N)<5500 THEN 8360 £LSE 3366

8360 D6=9.627574-,000003284514«F5(1,N)

8365 GOTQ 8370 :
266 D6-9.638486-.000005069388»F5¢1,N)

8370 D3=(C1(A)/C1()¢1)"2 1 C1(4)=ATBR PF;C1(3)=1082+ BIAS P T T

3371 DA=(1/(2+PIFS(1,N)=R9eC1(3)=.000000600001)) 2
8372 DS=SQR(D3+D4)

8379 B2=D5/D6

8380 ! B2=A1(2,U7)/D6 ! XTRA

8390 RETURN

@
-
—
o
v

- 345 -

........................

e



e

,
L

.
l'.l.u'l" 2
UL P )

I
PURIE R

LY
et

~

LN

','."("

]

oy e
o
ol

2t
S

e W a
e % T N Y,

Wt

MM

AL

KERR

D. VARIABLE DEFINITIONS USED IN THE PROGRAM

All

As

)

Al
A1L]
AL, ]
A7C]

Ab
AIC]
A2

AZL]

Bl
BC,1

Ri1C1

o
r

c2
CC3
CS

C1

il

The microphone signal voltage corrected for the i1ncut
transfer function to the lock-in analyzer and the
analyzer 's sensitivity. The argument is the number of
one of the 26 data samples seen at each mode.
Initi1alized variable always equal to zero.

Temporary storage for drive voltage in millivolts.

The drive amplitude desired 1n millivolts.

not used.

nct used.

AN array used in the program correction to the ratio of
specific heats. The argument 1s "C".

Temporary variable used i1n the raw data analysis rsut:ine
to indicate the data location of the peak signal ootainea.
Storage of statistics 1n raw data analysis routine. s
Temporary staorage for drive voltage in millivolis.

not used.

The PAR S204 sensitivity in volts.

not used.

An array used to store variables used in a least sguar
error fi1t to a second order poalynoaimial.

A temporary accumulator for the =zignal averaging
assoclated with each data point in the 28 point sampie.
A4 temporary output us2d 1n relating the "A side" signal
voltage to the PAR S204 input vcltage.

Used 1n the subroutine calculating drive current. B2é
multiplied by the "asked for" voltage yielids the “get”
criving voltage for "BTAR".

Ucsed as a temporary varliapig 170 Uhg i gdes Lfmais. e
runcticn relating the "BIAIY micrignone i, gral tc T =t -
S04 input.

< temporary output used 10 relating =
/C.tage to the PAR Soud 1rput vieli' age
A program i1ndicator of short tube (C=
(C=21.

A dummy variable for microphane #1248 capacitance.
Storage of statistics 1n raw data amaiysis routine.
A dummy variable for microphone #5135 capacitance.

v v ..
AR
¢ .

[}

¥
’
ol

..

i

e A s Tte =g A

Y or long tube

An indicator of cavity volume = 1248-1087
corraction with regard to which 2= 1248-381%9
microphones are mounted 10 the ends. T= log82-3'C

N Array containlng aeascred micr ophone Tar4atiftiroge Al
System cCApacrlLances. HJe@d later TiL 3TU0Ce U LIt Spn Lo ie
CAPATILANCES COrrected ror Dras L0l tage.

A Auminy vartabla2 +or mirrsrhone w1830 capan: TAanc®,
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DC1

DS
D4

D1
D6

El
E1C)]
E2

FC1
F8

FS

FSC, 1
Fa

Fo

F1

F1C3]
F7

F7C1
Fé

-
-

£

An array containing the geometrical correction t+or the
Knowles subminiature microphorne mounted in tte wall aof

the short tube. The array argument 1s the mode number.
Temporary variable used 1n calculating the 'ATBR" sign=l
transfer to the input of the PAR 5204.

Temporary variable used in calculating the "ATBR" sigral
transfer to the input of the PAR S5204.

The frequency increment in the initial data sample.

"D&" multiplied by the "asked for" voltage yields the "get”
driving voltage for "ATBR".

Used as a temporary variable in the signal transfer
function relating the "ATBR" microphone signal to thre
S$204 input.

"A side" bias voltage.

not used.

"B side” bias voltage.

The frequency in the 1nitial data collection routine.
Temporary storage used in initial data collection.
Upper half power point calculated for the raw data
analysis.

Temporary variable used in the raw data analysis for the
quality factor Ql.

not used.

Temporary variable used in the raw data analysis for the
quality factor Q1.

Current best estimate of resonant frequency. tiised aisc
as the unperturbed value of frequency in the Ravina2
subroutine. :

The initi1al estimate of the low frequency boundary ot thne
first modal resonance of i1nterest. Later used as a
program calculated estimate for the lower freguency

of the 1nitial search band for the the next lower mooai
resonance.

Storage of statistics 10 raw data analysis rouhins,

Lower half power point calculated tor the raw gat.
Analysis.

not used.

Unperturbed frequency 1n the favine subroutine.

Temporary variable used 1n the raw data analysis ravzire.
The initial estimate of the high fr2quency bourdary of
the first modal resonance of 1nterest. Later used as &
program calculated estimate for the higher frequency c+
the initial search band for the next lower modal
resonance.

Staorage array for the ravineg estimate of frequency, f-r =
nodal resonance.

n
1>
yi)

The geometrical correction for the {7 1rnz> o~ -
mounted 1n the wali o+ = [ a3rs o - o= .
FRhe o . to- - DI RS
3 RS TN o LTonsgE canplet ot osach N
P o Rme Lisinlt, Tf oA Lt -
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G901

G4C1]
G1

61C,1-

G2
G2C1
GO
HS

H4

H7

H&

Ji1

t1)rs =M
[a ]
—d

I

argument - . =t 1 = 2TIF Lhiie T = BTAR ang nhe secor
argument 1s the point number of the data sample (1

The effective gamma as calculated by the computer
program. The argument is "C".

not used.

Temporary storage for G1[,] 1n the calculation of the
various microphone sensitivities.

A temporary storage for geometrical correction factcrs.
81L2,m1=GCm] and Gi({l1,mI=DLlml. M = mode number.

Always equal to one.

not used.

Temporary variabie used 1n the program correction to the
ratioc of specific heats.

Used in initial determination of gquality factor, 21,
resonant frequency, F?, and peak amplitude for the
resonance, P1.

Used in inmitial determination of quality factecr, 71,
resonant frequency, F?, and peak ampl:itude for ‘e
rescnance, F1.

Half power amplitude used in the raw data arnai,sis used
for the i1nitial determination of gquality factas , wi,
resonant frequency, F7, and gpeak amplitude for tne
resanance, 1L,

Used i ivitial determinaticn of guality factor, &1,
resonant frequenc,, F%, and peatl mpiitude fur tne
resonance, Pl. )

Used i1n 1nlti1al determination af guality rtactor, Q1,
resonant frequency, F?9, and peak amplitude for the
resonance, P1.

A program counter.

The center frequency calculated for the next lower modal
rescnance.

The transmitting current calculated using the capalit. .=
model for the microphone and the diriving vaitage a.lr 3=
the micropnone terminals.

A program flag used 1n the switching subroutlines anc
later used to i1ndicate BTAR or ATBFR :1n the data.

A flag used to 1ndicate when the 1n1tial data Satnple 13
complete or nmot. [f J1 : 1, tnen the initial sample i3
over.

Used in the Ravine subroutine as a temporary Ca.cuiaztiis
of the "st=p" correction to ei1ther F1, i, Oor F Jue ti "=
previous perturbation.

Mean sqguare error output by MSE subroaurine.

Jsed 1n the Ravsine subroutine as a “enparary ca'Taiat.or.

Normalized mnearn sqguare 2rror. dJsed 1. Tev e oD tiine,
Usad 10 tha Fa.1ne sucroutine as a “zagara. Sl AL .
The i t.al haigh acde cuaner .

A coant2r 438c T3 1ndicat2 the i grest TedDs 0 L outE

1l 12w moce nuimber.
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iy ol 4 > s 4 & SO A Kt -
L.h."- “.‘
A
-g;.»_:.-,
AR

|
',_-‘- -
L

:

: A MS -~ Comparison calibration of Mic "A" based upcn the

t i reciprocity calibration of Mic "B".

. e M4 - Comparison calibration of Mic “7" Sazzd oo = .=

' reciprocit, calibration of Mio 2",

. M - Thz saciswn nuaber of “ravinmes" desir=ac in btz laazt
' square errar analysis of F; &, ard A using & Ta,le.,
v line shape.

i M1 -~ PReziprocit, calibratiszre for "2 zide" microphone.

. M - Comparison calibration of Mic "B" based upon the

reciprocity calibration of Mic "A".

M3 ~ Comparison calibration of Mic "C" based upon the -~
reciprocity calibration of Mic "A"

M2 - Reciprocity calibration for "B side" microphona.

N - A program counter.

G - The mass of water in the atmosphere per unit volume a=
calculated by reference to the temperature ang relat:.z
humidity. This 1s used in the computer correction to th.e
ratioc of specific heats due to the non-adiabatic bouncar s
conditions within the resonant cavity.

) P - The output variable in the subroutine used ta measure

atmospheric pressure.

PSL] - The average atmospheric pressure obtained over one modal
data sample. Used also as the initial pressure obtained
before the data sample is obta:ined.
F4 - The amount by which the peak voltage i1s perturbed 1n the
i 40 Ravine subroutine. : )
a homlns PI - ™~ 3.14139
N e F1 - The best estimate of the peak signal voltage. The iower
. perturbation i1n the signal voltage in the Ravine
N subroutine. '
" "3 - The higher perturbation of the peak voltage 1n the Ravine
. subrotutine.
i P2 - The previous best estimate of the peak voltage and the
- current unperturbed value for the peak voltage 1n the
o Ravine subroutine.
Pr1 - Storage array for the ravined =2stimate of the qQuality N
3 tactor for a modal resonance. )
; Qs - Temporary storage for quality factor used 1n Ravinz ;“‘““
~ subroutine.
Q4 - The size of the perturbation of "Q" used 1n the Iavine
subrautine. -
09 - A sample of output voltage used i1n the search for tre N
optimum imitial drive voltage. I
; 06 - A counter 1n the signal averaging associated with cne f“‘
2 point data sample. PR
y a1 - The current best estimate of the "2", The lower 'xj&ﬁ.
g perturbatiocn of the value for "G@" 1n the Ravinea H:ﬁi‘
. subroutine, oy
- n= - The higher perturbation of thne value ro- "R" 1n the Ravi-= S
‘ scbroutine. Sl
= Bl - The cravicus best astimate and current urnperturbed valiu=
A . - 349 -
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R 2N PR R SR FY  TINCRN RC

s4 -

S7
g

TiCl -

T3C1 -
: rey -
rg -

| TSCI -

T4acl -
TT -
T9 -
ua -
Ut -

ARy . |

LSO

U3 -

~ -
<

Y]

A

vitl

Y2C] -
vai,1-

R A R T RO

(A

ey

AN,

for the value of "@" 1n the Ravine subroutine. e ;x:v
A program counter for mode number under consicerstion. AN AP
.‘— ~ -

"A side" effective resistance i1ncluding the 1np.it preamp ﬁwkg
resistance and the bias blocking resistor. R .'

"B side" etfective resistance 1ncluding the ingut preanp .~ﬂ'
resistance and the bias blocking resistcr. ol
The relative humidity observed at the beginning of the A
experiment.

An accumulator in
vol tages.

A sample variable
vol tages.

An accumulator 1i1n
vol tages.

A sample variab:.e
vol tages.
Temperature variable 1n the “Get Temp" subroutine.
as the temporary storage for the value of temperature
obtained Just arter a data sample has been obtained.
The average temperature obtained over one maodal data
sample.

not used.

noct used.

The time in decimal ncurs at the Degxnnlng of a 2ata
sample.

The value of modal temperature before the data samples
are taken. Also used to store the average value of S
temperature associated with a modal calxbrat1on.

the subroutine obtaining comparison
in the subroutine obtainxng comparisan
the subroutine cobtaining compar:scn
in the subroutine obtairning ccanparisce

cses

not used.

The FPAR S204 time constant (sec.).

The time i1n decimal hours at the end of a ogata sample.
The percent uncertainty between Ma and Mao.

The average value of Ma ana Mab.

A program tlag; 1+ J7=1, than erase the tape; 1+ _7=_,
then do not erase the tape. Later 1n the program, 'his
13 used as a counter (see line 2250 logicailly re.atea -3
either the long or shaort tube as a count o+ mode number
The average value of Mca and Mcob.

The average value of Mb and Mba.

Storage array tor ravined signal voltage at
resonance.
Storage array for
1 = Veca, I = Veb.
rct used,

AN array storing the corrected volumes.

madal

the comparison vol tages;

are "C" ang "Cl".
Juarput C+ MAT~-1% +unction 1M1 raw aQta anal,Tis r2.ilne.
Storage ot 3tat1StiCS 1M raw CAata AnR&i,=iS routine.
Storage o+ =tatistics 1n raw dafta aral ,s1s rocunire
storage o+ statlstliZs 10 raw cata anail ;$1s routl e,
- 350 - -
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X2 - Storage of statistics in raw data analysis routine:
Y1 - Storage of statistics 1N raw data analysis routine.
Y3 - Storage of statistics 1n raw data analysis routine.
Y2 - Storage of statistics 1n raw data analysis rcutine.

Note: A number of iterations of this program were written totn
1n its development and to accommodate the tive different
electroacoustic configurations described i1n chapter four. As a
result, not all the original variables were empiloyed in the +final
program. Since computer memory was not a problem, the dimension
statements for these variables were left uncnhnanged to facilitate
returns to older configurations. This is why some of the
variables are listed as "not used" in this particular version.
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APPENDIX C

DESCRIPTION OF THE PROGRAM USED TO OBTAIN
THE COMPARISON RATI1O, Vb/Va IN THE FREE FIELD

COMPARISON CALIBRATION

A. INTRODUCTION

The computer program written on the following page was
written in Hewlett Packard series 80 basic. It was used on
the HP-85 and obtained the comparison voltages for the free
field reciprocity calibration.

The +following pages are separated into three different
parts <for convenience. First, there is a functional
description of the program shown in table C.1. Next there is
the program listing and last there is a list of definitions
for the variables used in the program. Figure 3.2 in the
beginning of chapter III illustrates the equipment setup
controlled by this program.

The functional outline is shown next.
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iﬁ:% B. FUNCTIONAL DESCRIPTION OF THE FROGRAM
v This praogram i1s divided 11nto six subsections cutlired
i below:
I 1. Initial setup using W.E.640AA microphone.
2. Calculation of voltage division for condenser microphorna.

3. Speaker transmit, W.E.&40AA receive data.
4, Secondary setup using Altec 688A electrodynamic

microphone.
S. Speaker transmit, Altec 688A receive data.
6. Calculation of ratio 640R/688R vs. frequency.

These six functional descriptions are more fully descriped

1in the table below.
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- Beginning line number -~ functional description v ibi;
:' : :‘ :::'::.r-
o 10 Program 1nitialization and equipment setup. The condernser i}iﬁ
e microphone must be set up before proceeding with the run. M,
- 40 This operator modifiable line dictates the frequencies that sal

will be examined for a signal voltage. 1In this e<ample, we
start with mode 19 and proceed through mode 31. These
maodes refer to the longitudinal resonances obtained 1n tne
long tube with plane wave resonant reciprocity.

32 Here the circuit variables i1nvolved in the voltage divisiaa
associated with the condenser microphone are used to
calculate the signal transfer function.

60 Twenty five samples at each frequency of interest ar=
averaged to reduce the error associated with a low sigral
to noise ratio. The average and standgard deviation are

s calculated and stored.

. 170 The operator is cued to enter the anechoic chamber to
remove the condenser microphone and replace 1t with tre

. Altec 688A electrodynamic microphone. A three wire support

was used to spatially relocate the Altec i1n the same S

" position. : B

’ 210 Data sampling for the Altec &688A begins in the same fashiar R

K described in line 60 above. PR

T T80 The HP-85 begirs calculating anc printing the resul iz —. 2.

- let the operator Lrnow that the prc-edure 13 finished. e

.- Both the average ratio and the standard deviation cf the

3 ratio are computed.
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o . FROGRAM LISTING
:'.l
' 19 CPTI0N SASE !
N 20 DIM ACZ.40),R¢40),5¢3,40)
i 30 QUTPUT 717 :"™AM",125,"MR"
e 40 FOR M=19 TD 31 STEP 3
- 53 S=0
- 51 Q=0
' 52 E1=116.12
. 53 (C=52.722+.0012485+.000036329=E1"2

S4 R8=3247663
- 5SS B4=(1/(2#P[=2454M+R8=C».000000000001)>)"2
56 G1=SQR((255/C+1)>"2+B4)
60 FOR N=1 T0 25

o 70 QUTPUT 717 ;“FR" ,M=245,"HZ"
v 80 WALT 500
o 90 QUTPUT 709 :”VT3”

92 ENTER 709 ; SI
105 S1=S1=.001%G1
- 110 S=5+S1
115 @=0+S1°2
o 120 NEXT N
5 130 ALT,M)=5/25
" 135 SC1,M)=(Q-25#AC1,M) 2)/24
N 140 PRINT " R
- 145 PRINT “FREQ=" M=245 -
A : 150 PRINT "AC1,M>=" AC1,M) R
160 NEXT M ) S
170 CLEAR @ BEEP ' g
9 180 DISP "SET UP NEXT MIC NQW” >
S 190 DISP "PRESS CONT WHEN DONE" ool
- T 200 PAUSE T
N 210 FOR M=19 TO 31 STEP 3

220 $=0
225 Q=0 :
= 230 FOR N=1 TO 25 ]
. 240 QUTPUT 717 ;"FR", M»24S,"HZ" e
250 WAIT 500

- 260 DUTPUT 709 ;"VvT3"
- 270 ENTER 709 : S!

- 275 S12S1+.001 L
.- 295 $25+S1 s
- 255 Q=0+S1°2 ot

- 290 NEXT N

c 200 A(2,M)=5/25
® 305 S(2.M)=(Q-254A(2,M)"2)/24
i 316 PRINT "

Ny 315 PRINT “FREG=".M=245
. 320 PRINT “AC2.M)=",A(2,M)
330 NEXT M
~ 340 PRINT ™

o 350 PRINT "AVERAGE RATIOS"

. 360 PRINT **
PY 370 FOR M=19 TQ 31 STEP 3

T 380 PRINT "FOR",M#245,"HZ, R=",A01 ,M)Y/A(2,M)
% 390 PRINT "
- 335 PRINT "SQR(S)=" ,SQR(S(1,M)+S(2.,M))

400 NEXT M
4] CLRrR b BERP

v 620 DISP "THE END™
. 430 2D
AT

- - 3335 -




AL, 1]

B4

El

G1

sC, 1

{

Storage array used to store the individual values of the
ratio. The first argument is 1| = condenser mic; 2 =
electrodynamic mic and the second argument 1s the mode
number , "M".

Temporary storage for a portion of the tramsfer funct.on
of the input acoustic signal.

The bias voltage corrected value of capacitance for the
condenser microphone.

This is amn operator modifiable value of the measured
bias voltage for the condenser microphone.

The calculated value of the transfer function at the
frequency of interest.

Mode of interest.

Sample counter.

Parallel combination of the bias blocking resistor and
the input resistance of the signal preamplifier.
Accumulator for sample voltage.

Sample voltage.

Array storage for individual ratioc sigmas. The
arguments are the same as used for AL,].

Accumul ator for sample voltage sjuared.

D. VARIABLE DEFINITIONS USED IN THE FROGRAM "Vratio" °




APPENDIX D

DESCRIPTION OF THE PROGRAM USED TO

OBTAIN THE FREE FIELD COMPARISON CALIBRATION

A. INTRODUCTION

The computer program shown on the following pages is
written in Hewlett Packard series 80 basic. It was used on
the HP-83 and completed data acquisition and a comparison
sensitivity calibration for the W.E.540RAA serial #1248
condenser microphone. The most time consuming portion of
the program is that associated with operator interaction.
The operator is directed to enter the anechoic chamber and
measure the separation distance between the diaphragm of the

condenser microphone and the shielded front end of the Altec

688A electrodynamic speaker microphone at the beginning of -

the run, at a check point in the middle of the run, and at
the end of the run. After these operator measured distances
and a few other parameters are entered into the computer,
the program does the rest.

At the end of each series of measurements at ever
increasing separations, a "quality control” plot of the data
is provided for operator viewing. Two plots are provided to

the operator. The first is a simple plot of signal voltage
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vs range and appears as a 1/r type plot. The second plots
the log(v) vs -log(r). If the slope of the log/-log plot is
exactly one, the spreading is spherical. Of course, the
slope is never exactly one, but variations due to standing
waves and other difficulties are esasily seen and prompt
experimental repair prior to taking additional data.

The following pages are separated into three different
parts for convenience. First, there is a functional
description of the program which is listed in table D.l1.
Next, there is the program listing and last there is a list
of definitions for the variablesAused in the program.

The functional listing for the program is next.
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‘9' E. FUNCTIONAL DESCRIPTION OF THE PROGRAM
The main program is divided into seven subsections as
cutlined below:

1. Imitial program setup with operator inputs. The
W.E.6400A is the micraphone and the Altec &B8BA
is the speaker.
2. Motor drive activation and sequential sampling at
intervals of separation begins.
3. Program stops and cues operator to enter the anachoic
chamber to obtain a "check" distance. , (
4, Motor drive is activated and sequential sampling at .
P intervals of separations continues toc the end of
- ‘ the data run. Total time is ™~ 45 minutes per fregq.
: S. The operator is again cued to enter the chamber
and obtain the final distance.
6. After the operator enters the final distance, the
program enters the calculation phase and outputs
the "check" plot.
7. I+ the operator observes an absence of obvious
standing waves and desires to use the sampled data,
> then he answers a query regarding the type of
electrodynamic microphone used (ei1ther &88A or 633),
1nputs a check value for the curr=nt measuring
resistor, and the program calculates the comparison
calibration for the W.E.540RA. A sample of tMms
output is shown in figures 3.26, 3.27, and I.28.

ll ': .lV "At’
"
Al

ey

“hese sevenr ftunctional descripticns are more fully cuzl:i==za

in the table Lelow.




Beginning line number - Functiaonal descraiption

10
40
50
&0

110
180

190

&

(1]
[N

I I T

o
. Fa S A A
PRI PN Y IR W )

Program initialization and equipment setup tbegins.

The counter is reset to prepare for the new run.

The computer control is directed to send a "motar off”
command.

The operator 1s asked to set in the time if 1t is tne
first run of the day.

The arrays are dimensioned.

The subroutine to set up the recording magnetic tape
18 run.

The subroutine storing the preamplifier gain is run
loading this info i1nto the array ACLl.

The least square error fit solutions relating

"asked for'" driving voltage to “measured” drive
current through the current measuring resistor are
read i1nto the proper arrays.

The operatcr i1is asked to enter the i1nitial "record"
number where the data will be stored on the magnet:c
tape.

The first "run" prior to the first data sample (N=1)
1s begun.

Note: regardless of what setup exi1sted, the program
printed "633 Trans, 640AA recel1ve"” due tc the fixed
value of K1 finaily adopted 1n line 315. A later
gquery actually determines the value for “Vratic"

which wi1ll be used.

Biras voltage 1s obtained.

Operator 1s as<xed to enter des:red mncd
IriJing voitage to be used.

Lpjerator :13 ashed to enter the desired drising .o.tage
tor the speaker.

Operatcr 1s asked to enter the voltage drcp across the
current measuring resistor.

Subroutine entering the values of vbs/Va Jdeterminec :in
the program "Vratio"” initializes the necessary arrays.
Operator :1s asked to enter the FAR SI04 semsitivit, o
volts.

runher arna

i

Operator is asked to enter tre "S5 Z2.4 Soiis cemiicodits
Cperator (o 2. 20 Lo 2rlel i@ 1iilcld@a Sepos abliod
Lathecm. W2 Zaaps. agil Of ThE cohgRnNser GlorZpe.o 3

arna LT@ @leClrud, MaN1I Mid! Gpiioive

B R N S - i S Z aita cada

e e L. . Z2LL nmadullvn, CTR8S13LU0r. S1hc8 o
“iTE zazLreMment 13 used and & Later neasurement L=
mada, the a.zarage valuae 1€ evertually usazd to zomper s«

for any siight temperature cegerdent changes +cuna 2
the rasi1stance.
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L5, A, 4,

e 800 The bias voltage is sampled. +‘holdover from previous
o version)
810 The tabulated frequency dependent gain for the
preamplifier :s read into an array.
20 The "counter” output from the optical shaft enccdar 1s
initialized.
830 The temperature is sampled.
840 The atmospheric pressure is sampled.
) 870 The bias voltage 1s sampled.
3 ?10 Data sampling loop begins. The drive motor 1s activated,
) allowed to run Tl m:lliseconds, and turned off. A
’ delay of fifteen seconds is observed to allow swaying
to cease.
970 Thirty data readings are sampied at this separation.
1120 At the eighth interval, the operator 1s asked ta enter
the anachoic chamber and obtain a comparison segarat.cn
measurement. After this is entered in the program, Li.=
- remaining separation messuraments are made by the
' camputer.
1189 After all data has been measured, the bias voltage is
again sampled.
1190 Again the atmospheric pressure is sampled.
200 Again the temperature is sampled.
1210 The averages are stored for the bias, pressure, and
temperature.
i L!h 1254 The operator is asked to measure and enter the 4-wirs
el current measuring resistor and the final distance.
1450 The data is printed for operator viswing and stored on
2 magnetic tape. .
. 1760 An ordinary data plot is provided for operator
evaluation.
1790 Details of operator measurements ara printed.
2010 A log/log plot is provided for aperator =valuation.
2040 The aperator 1s asked to decide 1¥f the rum was good 2
- or if 1t must be rapeated. f.
[ 3

i gl i

3
A

.
el

LR
R
50,

2080 Calibration sensitivities are srinted aih /s

=
range with statistics 1ncludec. (313ma 18 ir V/Fa:
242C The final form of the sensitivity calioraticone are
" stored on tape. ‘
2500 Subroutine to get least squares fi1t for 1.+ data. fﬁ\gj
2760 Subroutine to get temperature. RRAOS
2830 Subroutine to get atmospheric pressure. Hfﬁt:
2920 Subroutine to get bias voltage. Sty
T000 Subroutine to get plot of cata. q
g T470 Subroutine o get aricay with preamp ga:in. Eﬁfzs
- 7690 Subroutine to get voltage disision far W.oE.847 23 AN
N T770 Subraubine to =2fup nagheric tapa.
2 4306 Subroutine tI j2r Coefiizients caed e calcu.ane .
- SO0 Bubrovhtine tL GRt arrays ~ltn TUratiot outsn e lm.
) ) - 361 -




Table D.1 Fumchtic,.al_ progiadm_ 1 ing_for_free

1

This  praogram was  in.tially written +to control  data
azzuisition for three separate free field reciprocity
calculations. In this final version, two different
camparison calibrations based upon the data necessary for
one reciprocity calibration are possible. The firnal

comparison calibration is based upon either the Altec &4E3&

m

2lectrodynamic microphone or an older "637 type saltcshtal
electrodynamic microphone. The comparison caiiorat.on
rasults finally used are refarenced to the Altec 683A.

“he program listing i1s next,
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.
!

C. PROGRAM LISTING , . s

10 ! REV 19 MAY 8
20 ! PROG N28- INVERSE R DATA COLLECTION. CPU CONTROLS MOTOR

30 ! AND DATA STORAGE/PLQOT
40 QUTPUT 720 ;"RE" ! RESETS COUNTER
S0 QUTPUT 709 :"D04,14,15" ¢ MAKES SURE VOLTS TQ MOTOR ARE O

80 CLEAR
i DISP “SETTIME?? H»3800+M»60.MDD"
DISS "PRESS CONT IF OK"

E
70 DISP "HOOK UP MOTOR VOLTS™

90 BEEP
100 BEEP
110 OPTION BASE 1
120 DIM B(20),V(20),C(20),M0C20) ,AC40),E1(2),T1(3),P1()
DIM B1(20),V1¢(20),B8(20)
140 DIM B7(20),Y7¢20),V8¢(20)
150 DIM $4(9)>,E3(20),E4(20),A2(40),B2(40) ,R5¢40) ,RE(40)
e ) 160 ¢ B WILL STORE RANGE
o 170 t C WILL STORE DELTA RANGE
. 130 GOSUB 3770 ! TAPE SETUP
— 190 GOSUB 3430 ! PREAMP GAIN
i 195 GOSUB 4000 ! INITIALIZE I1

A SPLFALFMWWTIRS SN
}
Yy
"‘l

ARAE ORI
M
N -

"' ':' .f .“ e
—
(3}
o

@ 200 DISP "ENTER BEGINNING RECORD NUMBER FOR “DAT1’ STUFF™
- A 210 INPUT L4 T
T e 220 FOR N=1 TO 20 o
230 MO(N)=0 Y
0 240 B1(N)=0 ST
- 250 VI(N)=Q AN
5 260 B7(N)=0 o
- 270 V7<(N)-0 b
B 380 B8(N)=0

290 VB(N)=0

300 NEXT N

310 ! FOR R1=1 TQ 3

315 R1=1

320 ' Ri=1; 633T640R

330 1 R1=2: 5B88T640R

340 1 R1=3: 688T633R
QUTPUT 720 ;"RE"™ ! RESETS COUNTER
360 QUTPUT 709 :"DO0A, 14.15" ! MAKES SURE VOLTS 10 MOTOR ARE

370 IF R1=1 THEN GOTOD 400 ! 6337640R
. 380 IF R1=2 THEN GOTO 440 ' 588T640R
v 390 IF R1=~3 THEN GOTQ 480 ! 688T633R
- 400 PRINT “B633A TRANS,B40AA RCV"
410 PRINT "*
420 DISP "633A TRANS,640AA RCV"
430 6070 S10
441 PRINT ''688 TRANS,640AA RCV"
450 PRINT &

thal
w
a
o

","!' 'l"'-._'-._"’."l,"'."Y. ‘J'

v
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DISP “688 TRANS,640AA RCY"

T0. 510
PR%R; "688 TRANS, 633A RCV“
R "o
DISP "688 TRANS, 633A RCV®
C1=32,722 ! PF #1248
RB8+9247663 ! OHMS
GOSUB 2920 ! GET BIAS
C2=255 ! PF
%£§5T"%0NG TUBE PLANE WAVE MODE NUMBER FOR FREQ™

F9eF
 FeF=245 ! FOR LATER COMPARISON WITH TUBE RECIPROCITY DAT

DISP “INPUT DRIVING MV"™ -

INPUT AD ! ASKED FOR DRIVING VOLTAGE IN MV

IF R1=1 THEN V2=RQ

Y VO=A2(FI)=V2+B2(F9I)

DISP “INPUT V DROP"

INPUT VO

GOSUB 5000

DISP "ENTER 5204 SENS IN vOLTS"

INPUT BO

DISP "ENTER 5204 TIME CONSTANT™

INPUT T2

T2=72=1000

DISP "MEASURE AND ENTER THE START DISTANCE FOR MIC B,MIC
T MIC B FACE(CM)™

INPUT D1

T1+10000 f INTERVAL OF DRIVE(MOTOR) TIME IN MILLISEC

M1=20 ! #POQINTS,MAX=20"

'

]

QUTPUT 717 :“FR".F,"HZ"

QUTPUT 717 :"AM",A0,"MR"

IF Ri=1 THEN 760 ELSE 800

DISP "MEASURE/ENTER 633 4~WIRE CURRENT LIMITING RESISTAN

INPUT R9(1)

! R9=74.705 ! OHMS

PRINT "4WIRE-R(OHMS)=" ,RI(1)
IF R1<3 THEN GOSUB 2920 ! GET BIAS
GOSUB 3630 ! GET Gi

T=0 ! INITALIZE TOTAL COUNT
GOSUB 2760 ! GET T3

GOSUB 2830 ! GET P

IF R1=3 THEN 890 ELSE 870
GOSUB 2920 ! GET BIAS
E1(R1)=E}

P1(R1)=P

TI(R1)=T3

FOR N=1 TO M1 ! GET DATA
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: 920 QUTPUT 720 ;“FN12" N
2 330 QUTPUT 709 ;"DC4,14,15" A
940 WALT T1 AN
' 350 QUTPUT 709 ;“D04,14,15" : 7
! 960 WAIT 15000 ! STOP SWAYING —
" 970 ENTER 720 ; A1 ! COUNT THIS RUN R
980 V(N)=0 ! INITALIZE VOLTS
990 T=T+Al
1000 FOR M=! TO 30 ! AVG 30 READINGS
, 1010 QUTPUT 703 ;"VT3"
1020 WALT 3=T2 ! WAIT THREE 5204 TIME CONSTANTS
I 1030 ENTER 709 ; E
: 1040 V(N)=V(N)+E
“ 1050 NEXT M
1060 V(N)=Y(N)/30
1070 BC(N)=T t CUMULATIVE COUNT
1080 C(N)=A1 ! COUNT NTH RUN
90 DISP AT,T,N,V(N)
BEEP
QUTPUT 720 ;"RE"
IF_N=INT(M1/2.3) THEN 1130 ELSE 1160
BEEP 50,505
DISP “MEASSENTER DIST(CM)" .
INPUT D7 ! CHECK DIST.
NEXT N ! END OF GET DATA
PRINT “TIME=", TIME/3600
PRINT “DATE=",DATE
IF R1=3 THEN 1180 ELSE 1130
GOSUB 2920 ! GET BIAS
GOSUB 2830 ! GET P
60SUB 2760 ! GET T3
IF R1<3 THEN E1(RDI=(E1(R1)+E1)/2
P1(R1)=(P1(R1I+P)/2
TI(R1=(T1(R1)+T3)/2
BEEP 50,505
QUTPUT 717 ;“AM™,1,"MR"
IF R1=1 THEN 1254 ELSE 1260
1252 DISP "MEASURE/ENTER 633 4-WIRE CURRENT LIMITING RESISTA

1255 INPUT R9(2)

1256 PRINT "WIRE RESISTANCE=",R9(2)
R3=(RI(1)+R9¢2))/2

PRINT "AVG 4-WIRE OHMS=".R9
DISP_“MEASURE AND ENTER THE FINAL DIST(CM)
INPUT D2 ! FINAL DIST
L=ABS(D2-D1) ! TOTAL DIST(CM)
_ 1290 FOR N=1 TO M1 ! SCALE DATA

- 1300 V(N) =V(N) »BO=G1

. 1310 IF D1>D2 THEN 1320 ELSE 1340
- 1320 B(N)=D1-B(N)wL/T

- 1330 GOTO 1350

. 1340 BCN)=D1+B(N)=L/T

> 1350 C(NY=C(N)=L/T

N, VOV RRNRAEE
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1360 NEXT N * END OF SCALE DATA

1370 IMRGE 2D,1X,3D.DDB,1X,4D,.0bD, 1X,D.DDDODE

PRINT * "N RUN = R(CM) WwOLTS®

1390 FOR N=1 TO M1 ! PRINT BATA

1400 PRINT USING 1370 ; N,CN),B(N) . V(N)

1410 NEXT N ! END OF PRINT DATA

1420 GOSUB 2500 ! GET L2 FIT

) 1430 ASSIGN# 1 TO “DATI"

e 1440 IF R1<3 THEN 1450 ELSE 1480

H} 1450 PRINT# 1,L4 ; VO ,BO ,E1(R1),P1(R1),T1(R1),V0,RS,F,A,B,

<, 1460 La=La+1
1470 GOTO 1500
1480 PRINT# 1,4 ; VO ,BOL,ET(2),PIC(RT), TI(RT) ,VO,RS,F,A,B.H

1490 La=L4+1
1500 !

1310 IF Rt=1 THEN 1540 ! STOREDATA

1520 IF R1=2 THEN 1610

1530 IF R1=3 THEN 1680

1540 FOR N=1 TO Mt ! 633T-640R

1550 B1(N)=B(N)

1560 VI(N)=V(N) .
1570 NEXT N

1580 v6~1/R

1590 A6=B/A

1600 GOTC 1750

1610 FOR N«1 TO M1 ! 688T-640R

1620 B7 (N)=B(N)

-‘..
.

roroe
‘l‘l
S
w

VT

e
&
o

A

iV
I
.

A

1830 V2 (N> =V(N) £
1640 NEXT N e

1850 V7=1/A Vet
1660 A7=B/A .

1670 GOTQ 1750

1680 FOR N=1 TQ M1 ! 688T-633R

16390 B8(N)=B(N)

1700 VB(N)»=V(N)

1710 NEXT N

1720 v8=1/A

- 1730 AB=B/A
o 1740 1 END STORE DATA
o 1750 !
- 1760 GOSUB 3000 ' PLOT DATA
X 1770 COPY ! END PLOT 1/R DATA
- 1780 PRINT ™"
(3 1790 PRINT "* ' RECORD DETAILS
b~ 1800 PRINT "# OF MEASUREMENTS="' M1
& 1810 PRINT “MEAS CHECK(CM)=",D7
1 1820 PRINT "CALC DIST (CM)»=",BCINT(M1/2.3)) N
e 1830 PRINT . 'tvvivvnnrrerennnne . S
: 1840 PRINT “DIST ~%ERROR=",(B(INT(M1/2.3))~D7)«100/07 RN,
1850 PRINT . vivvrevvnnnronnss " A
1860 PRINT "START DIST(CM)=",D1 Taet
A.-‘\'.
RN
< AR
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4, 1870 PRINT “"END DIST(CM)=",D2
1880 PRINT *S204 SENS =",B0
1890 PRINT “717 MVOLTS=" A0
1900 PRINT "TOTAL COUNT=",T
1918 PRINT “FREQ (HZ) =", F
1320 PRINT "* { END RECORD DETAILS
1330 FOR Ne1 TO M1 ! SWAP LOG DATA
1940 E3(N)=1/B(N)
1950 EA(N)=V(N)
1960 NEXT N
1970 FOR N=1 TQ M!
1980 B(N)=ABS(20=LGT(EI(N)))
1990 V(N)=ABS(20=LGT(EA(N))) .
. 2000 NEXT N
. 2010 GQSUB 3000 ! PLOT SUBROUTINE
o 2020 COPY ! END PLOT LOG DATA
- 2030 GCLEAR @ BEEP
2040 DISP “RERUN LAST DATA ? ENTER 1= RERUN, 2+NO, CDNTINUE'
2050 INPUT 239
4 2080 IF 29=1 THEN R1<R1-1
., 2070 ' NEXT R1
: 2075 Ri=1
. 2080 PRINT "MO(G40) VS RNG(CM»"
: 2090 PRINT **
v 2100 IMAGE 30.DDD.1X,D.DDDDE
» 2110 PRINT " RANGE(CM) MOCB40)"
- ° 2120 M9=0 ! SUM MO
s 5130 R3+0 ! SUM R
Lk 2120 R4=0 ! SUM R2
L - e 2150 K9=0 ! COUNTER
- 2160 M8~=0 ! SUM MO"2
X 2170 ' FOR M=INT(M1/2) TO M1
: 2180 ' Va=1/(BI(MY/VT+QA7/VT)
. 2190 ! V3=1/(B1(M)/VB+AB/VB)
2200 ! R3=R3+V4/y3
2210 ! RA=R4+(V4/V3)"2
X 2220 !t K3=K3+1
3 2225 ' PRINT "RATIO=",V4/V3
>, 2230 ' NEXT M
s 2240 ' RS=R3/K9 ' AVG R + SIGMA
) 2250 ' R6=SQR(ABS(R4-KJ=RS"2)/(KS-1))

N 2254 BEEP

: 2255 DISP "INPUT V DROP IN VOLTS"

) 2256 INPUT VO

i 2257 DISP “INPUT 1-640R+633T"

N 2258 DISP "INPUT 2640R+688T"

. 2253 INPUT N

= 2260 IF N=1 THEN RS=RS¢F3) ELSE RS=R6(FI)
2265 FOR N=1 T0 M1

2270 Sh=V1(N)

2280 1 It=(A2(FI)=V2+B2(FI))/RI

2384 I1=VO/R -

s
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2290 21=E4#RS=4,303561%(273.16+T1(1))=(B1(N)+R6) Y 2

2300 22=11#P1(1)=100=F .
2310 MO(N)Y=SQGR(Z1/22)

2320 “RINT USING 2100 ; BT(N)Y,MOCN) . S

2325 PRINT "“DB RE 1V/UB8200VBIAS=",20«LGT(200=MO(N)/E1(1))-2 }g}ﬁ

0
2330 M3=MI+MO(N) ! FORM STATISTICS
2340 MB8=MB+MO(N)"2 ! OF MO(N)

NEXT N e
2355 PRINT "I1=",I1
2356 PRINT "v0=",V0 -
2357 PRINT "R9=",RS .
2360 M7=N9/M1 ! <MOU(N)> o
2370 PRINT "<MO>=" M7
2375 PRINT "AVGDB 1V/UB@200VBIAS=",20»LGT(200=M7/E1(1))-20
2380 ME~SQR(ABS(MB-M1=M7°2)/(M1-1))

2390 PRINT "SIGMA=",M6
2400 RAINT "<RATIO=>",RS
2405 t PRINT "PRQG RATIO=",RS(FI)
24108 ! PRINT "SIGMA R=",R6
2411 GOSUB 2420
2417 DISP “END"
BEEP

END
2420 ASSIGN 1 TO "DAT2" Ry
2430 PRINT# 1.,L4 ; F,MO(O) ,M7,M6 R
2340 ASSIGNS 1 TO = R
2450 PRINT "~ L.

2510 Xi1eg !
2520 X2=0 !
2530 X3=0 ! SXY
2540 Yis=0 ¢
2550 Y2=0 !
2560 Y3=0 ' N

2570 FOR N=1 TO M1

2580 X1=X1+B(N)

2590 X22X2+B(N)=B(N)
2600 X3=X3+B(N)/V(N)
2610 Yi=Y1+1/W(N) )
2620 Y2=Y2+1/(V(N)=V(N))

2630 Y3=Y3+1 -~
2640 NEXT N S
2650 A=(Y3#X3-X1=Y1)/(Y2InX2-X1=X1) -
2660 B=(Y1#X2-X1#X3)/(Y3nX2-X1»X1) R
2670 Q5=Y3#X3-X1eY{ O
2680 Q6-SQR(Y3eX2-X1"2)
2630 Q7=SQR(Y3wY2-Y1"2) RS
2700 R=0GS/(06=07) Lo
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PRINT "V0=(VOLTS)",1/A
PRINT ™a=(CM)",B/A
PRINT "R=",R
RETURN
- SUBROUTINE T0 GET TEMP'
QUTPUT 709 ;"DO4,1"
OUTPUT 722 :"F4RINET1"
WAIT 5000
ENTER 722 ; T3 ¢ TEMP DEG C
RETURN
' SUBROUTINE TO GET PRESS
QUTPUT 709 ;"DCa,1"
QUTPUT 709 ;"D04,2"
QUTPUT 722 ;"FIRIMOTI™
WAIT 5000
ENTER 722 ; P ! PRESS
P=100»P+4,2646 ! SCALE + CAL MMHG
RETURN
v SUBROUTINE TO GET BIAS
QuTPUT 709 ;"DC4,1,2"
QUTPUT 703 :"D04.3" A
QUTPUT 722 :“FIRIMOTI™ s
WAIT 5000 s
ENTER 722 ; E1 ' BIAS FOR 640 RIS
RETURN

.......................... PLOT SUBROUTINE
GCLEAR ! PLOT 1/R DATA
V=0 ' V WILL BE MAX VOLTAGE
FOR N=1 TO M1
IF Y>V(N) THEN 3050 ELSE 3040
VeR(N)
NEXT N
2=100000000000
FOR N=1 TO M1
IF Z<V(N) THEN 3100 ELSE 3090
Z=V(N) Y Z WILL BE MIN VOLT
NEXT N
L1=ABS(B(M1)-B(1))/10
IF B(1><B(M1) THEN 3140 ELSE 3130 .
PRINT "PLOT IS BACKWARDS" S
SCALE B(1)-2mL1,B(M1)+2n1,Z-2%¢V-2)/5 . V+(V=-2)/5 R
L1=ABS(B(M1)-B(1))>/10
XAXIS Z,L1,B(1),B(M1)
YaxXIs B(1),«v-2>/10,Z,V
MOVE B(1)+L1#5,Z2+3=(V~2)/10
LDIR 0
LABEL "RANGE.CM"
MOVE B(M1)-Sw={ 1 Y+(V-2)/10
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3500
3510

LABEL "VMAX=",V

PENUP

MOVE B(1),v(1)
V1=ABS((V-Z)/30)/2
H1=ABS((B(M1)-B(1))/40)/2
FOR I=1 TQO M1

MOVE B(I),v(D)

IDRAKW H1,0

IDRAKW -(2#H1),0

IDRAW H1,0

IDRAW 0,V1

IDRAK 0,-(2=V1)

NEXT I

LDIR S0

FOR X=B(1) TO B(M1) STEP L1
MOVE X,2-2.5«(V-7)/10
LABEL VALSC(INT(X))

NEXT X

LDIR 0

?ETURN

..........................

AC1)=9.34366
A(2)=9,39608
A(3)=9,39776
A<(4)=10.00223
A(5)=10.0051
A(B)=10.00272
A(7)=10.00388
A(B>=10.00242
A€9)=10.00343 ! 272777
AC10)=10.00181
AC11)=10.00178
A(12>=9.99894
A(13>=9.99823
A(14)=3,99744
A(15)=9.997
R(€16)=9.89744 ' 277
A(17>=9.99681
AR(18)=9,93361
A(19)=9.99248
A(20)=9.33084
A(21)=9,9896
A(22)=9.398785
A(23>=9.98611
R(24>=3,98511
A(25)=9.98411
A(26)=9.38311
A¢271=9,383
A(28)=9,9825
A(29)=9.382

.........




7 A2(8)=.0007169636

1 B2(11)=,0002854545

O
A(30)=9,9815 &
A(31)=9,9812%

A(32)+3.381 e
A(33)-3.38075 D
AL34)=3.9805 o
A(35)=3.38025 L
A(36)=9.38005 SR
A(37)=3.37995 B
RETURN

! UBLTAGE DIVISTON FoR 84
C=C1+.0012485+. 000036329~ 1°2
B3+(C2/C+1)"2
BA=(1/(2P=F~R8C=.000000000001))"2

BS=SQR(B3+B4)

IF R1=23 THEN G1=1/A(F9) ELSE G1=BS/A(F9)

RETU N

DISP "ENTER 1= ERASETAPE,.2=0K TAPE"

INPUT U7

IF U7~1 THEN 3800 ELSE 3870 .
DISP “ARE U CERTAIN U WANT TD ERASE THE TAPE?7772"

DISP "1=YES,2=N0O"

INPUT U7

IF U7~t THEN 3840 ELSE 3870
ERASETAPE @ BEEP

CREATE ""DAT1",92,480

CREATE "DAT2",31.184

RETURN

! SUBROUTINE TO SETUP COEFFICIENTS USED TG CALC I!
A2¢(2>=,0007352517
A2(6)>=,0007374895
A2(14>=,0007321923
A2¢18)=,0007241014
A2(9)=,0007159909
B2(3)>~,00055091

B2(8)=,0003581818
A2(11)=.,0007124636
A2(10)=.0007133881

A2(12)>=.0007128545
82(12)=-.,000672727
A2¢23)=0
B2(2>=-.Q000713636
B2(6)=,0001151515
B2(14)=-,0002686667
B2€18)=+,0003%75758
B2(101~,0001727273
B2¢(23)20

RETURN
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- 5000 ! SUBROUTINE FOR RATIOS
1!
- 5002 ! 640R/633R
- 5003 1
e 5010 RS(S)=47.04
- 5020 RE(G)~52.556
> 5030 RS(7)=50.03
5040 R5(8)~52.53
= 5050 R5(9)=49.6
X 5060 RS(10)=42,76
5070 R5¢11)=33.24
5080 R5(12)=37.92
5090 RS(13)=38.18
5100 R5(14)=34.83
5110 R5(15)=32.17
5120 RS(16)=28.92
- 5130 RS(17)=27.25
‘ 5140 R5(18)+28.83
- 5150 R5(19)=21.33
- 5151 R5(20)-18.38

5153 g §40R/688R
4

60 R6(1)=14.57

61 R6(2)=15.3

62 R6(3)=20.71

63 R6(4)=16.3

64 R6(5)=18.9

70 1 R6(5)=17.603

180 ! RE6(6)=16.389

5181 R6(6)=18.16

5190 R6(7)=20.158

. 5200 R6(8)=21.659

. 5210 R6(9)=22.463

- 5220 R6(10)=24,728
5230 RG6(11)=21.587

- 5240 R6(12)=18.36

- 5250 R6(13)=22.276

- 5260 R6(14)=26.309

5270 R6(15)=23.404

5280 R6(16)=27.752

5290 R6(17)=25.069

5300 R6(18)=27.4935

5310 ! R6(19)=26.237

5320 R6(20)=26.742

5321 R6(19)=27.03

5322 R6(22)=27.23

5323 R6(25)=33,42

5324 R6(28)=41,82

- 5325 RE(31)=45.5]

- 5330 RETURN
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D. VARIABLE DEFINITIONS USED IN THE PROGRAM

AC]
A8
Al
A7
Ab
AZ2C1

A0
BC1

B8L1]
B7LC1

BO
chl

(@] O

e

)
]

¥
v

2
v 1 e

*
"-.'?' »

v,
]
7

"A" coefficient obtained using the least square error
data fit to [1/V] plotted vs "r"; [1/V(rid = (r/vcl -
tb/Vel 3 "A" = 1/Vo, "B" = D/Vo.

-

Storage array for the previously measured preamplifier B$nﬁ
gain as a function of mode number. (multiples of 24SHz) S
Not used. -}f}:

Sample count during am i1ndividual run. QOutput from the

.

optical shaft encoder via the electronic counter and tne e
HFIB. {
Not used. P
Temporary storage for the ratio “"B/A" obtained with tre -

least square error fit to the measured data. ?

Storage array for the coefticients used to caicuiate =he <

source current I1. TN
The "asked for'" driving valtage 1n millivolts. ‘
Variable used in the plotting routine equal toc the total RGN
distance travelled at a particular calibration point. o
Least square error determined "Y" i1ntercept as described EE}}
under "A" description. Sgual to D/Vo where "D" 1s the ﬁ,f}:
correction to the measured separation applied to obtain g?ﬂﬁ
the acoustic separation and Vo 1= the least square error *ﬂ~4

voltage when the separation has magnituce of one.

Not used.

Nct used.

Variable used 1n the voltage division calculation for the
condenser microphone. )
Variable used 1n the voltage division calculat:ion for tre
condenser microphone.

Yariable used 1n the voltages division calculation for th=
condenser microphone.

Starage array for the coetficients uvs2c to —alzul
source current.,

FAR S204 scale semsitivity 10 volte.

Storage array for the i1ndividual run distances. The
distance travelled oetween 1ncividual calibration
measurements.

Variable used in the voltage division calculation for t-oe
condenser microphon=2,

The program value of the W.E.540AR microphone capacitancs

ooy -

m

1n picofarads. This value i1ncludes the BNC ‘'e:xtender” R
used 1n the aexper)nent. .}ﬁf
The measursd system capacitarcs f0r fthe aIoustic s:3ial :53}
input tar the condgerser mlorophore. SR
The starting separation 2138ance Detwesn The S IRo8r Ser

M. CrapnonN® £ glagnragn and one tAaTs Gf The SUTEC ¢ owidm,

The ~peratar measur=d “oh@ce " dl =2 ance.
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E4C1]
El

El1L1]
E3C1]

F9

G1

H1

I

Ke
L4

M&

O]

103

DG om
[V

I

The final distance the operator measures and

the program. (cm)

Temporary storage for one sample of signal

=nters 1o

woltaga. e

Thirty such readings are abtained before any .adivicual

"data” point

is considered complete.

Temporary storage for the signal voltage used 1n the

calculation of Mo.

Temporary storage array used prior to plotting data.

Sample starage faor bias voltage.

Array storage for values of bias voltage.
Temporary storage array used prior to plotting cata.

The mode number
particul ar experimental run.

(multiple of 245 Hz

) d

Program modified to be

esired for a
the

actual frequency of the former mode number.

Temporary storage for
245 Hz)

llFu ’

the mode number
desired for a particular experimental run.
Numerical value obtained by subroutine calculation
magni tude of the voltage division transfer function

(multiple of

sQr
tor

the condenser microphone input circuit.

Variable used in the plotting routi

ne.

A counter used 1n the plotting routine.

Computer calculated value of driving current ucsed

calculation of Mo.
A counter used

The operator entered "record numter

end for a particular data run. -cm)

One tenth the tctal distance travellied i1n a

calibration run.

Used 1n the statistical
squares of individual values of Mc.
A Lounter.

‘Jsed 11 the statistizal
g vidual values of Mo.
Thne rumber of "different segaratioan
measurements desired. Normally set
Temporary storage ftor the open circ
sensi1tivity calculated 1n
Sigma for "M7" over the sequence ot
particular *requency.

o€

L]

aralys:

Array storage ¢for the i1ndivicual values of

A counter fcr Do loops.
Array storage for the final value o
pressura used
Famplie value for atmospheriac preccn:
.2rl1able used lPa=t
Tempcrary we-riatcle ased 17 [Pazt =
Tenporar, variable used in least =
Tre paraliel combinatior 5+ t=e 105
Ithaco 201 gr=amplifrer (7

Teapocr ar s 1

]
3

SMegain
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in the statistical amnalysis of Mo.

* used to i1derntity
where on the magnetic tape storaje 1s desired.
The total distance between the beginning positicn ans g
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L blocking resistor (~10 Megohms).
‘. R5C1] Storage array for the previously measured values cf
b ' "Vratio” obtained for 640R/&63IZR.

N R4 - Used in the statistical analysis of Mo.

- RS - Temporary storage for the average value of the currant

. measuring resistor.

. R9L]1 - Storage array for the beginning and ending values of
4—-wire resistance measurements obtained for the current
measuring resistor.

R ~ The linear correlation coefficient for the least sguare
error data fit of [1/V(r)] plotted vs range, r.

R1 - Originally used to distinguish which part of the three
way reciprocity calibration was 1n use. Set = 1 for the
comparison calibrations.

- RS - Not used.

it R& - Not used.

- R6{1 - Storage array for the previously measured values of

- "VYratio" obtained for 640R/&88R.

) R3 - Used in the statistical analysis of Mo.

T1 - The 1nterval of drive motor "on” time in millisec.

TiC(l - Array storage for the average temperature observed during
a particular data run.

- T3 - Storage for temperature obtained before a data run.

T - Accumulator for total count from optical shaft encoder.

T2 - PAR S204 time constant, enterad in seconds with progran

49 conversion to milliseconds.

.. s J7 - QOperator entered cue; if U7 = 1, the magnetic tape is

- T erased. Otherwise it is not era-ed.

. Y - Variable used 1n the plotting routine. The max signa.

N voltage measured in a particular data run.

v Y[l - Variable used in the plotting. routine.

va8 - Not used.

" v3L1 - Not used.

- P - A variable used in the plotting routine.

d Y101 - Mot used.

. V7 - Not used.

ul V7CL3 - Not used.

) - Temporary variable used to store "Ll/A" from the ii1near
regression analysis.

vz - Temporary storage for the "asked for" driving voltage i
millivolts.

Vo - Operator entered voltage drop across the current

. measuring resistor.

X - Variable used in the plotting rout:i:ne.

% x1 - Used 1n the statistics caliculat:orms for the least sgla =

- fit of data to a 1/r plot. The =zum of X values.

" X2 - Used 1n the statistics calruiations for the laast = .ar -3

- fit =St data o a v glaot. The 2. of 27 prodocts

- X2 ~ Used 1n the 3 :n13%10% caifilativ.,s o7 L@ (233l = fu o~ ==
fit of dsta to a t/r glst. The sun of SGUArad vAL L

: - A Counter.
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Used in the statistics calculations for the least sGu-" &afas
fit of data to a 1/r plot. The sum of Y valu=z=. e
Used in the statistics calculations far the least sguares
fit of data to a 1/r plot. The ccunter.

Used in the statistics calculations for the least squares
fit of data to a 1/r plot. The sum of Y squared values.
Operator entered decision variable; if = 1, then data run
must be redone.

Tempaorary variable used in the calculation cf Ma.

Temporary variable used in the calculation of Mo.

Variable used in the plotting routine. Equal ta the
minimum signal voltage measured 1n a particular gata r:ia.
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AFFENDIX E
THE D.C. BLOCKING CAPACITOR CORRECTION

Calculation of the signal loss due to the D.C. blocking
capacitor Cc shown below and in figure 3.3, was accomplished
by comparing two different numerical solutions for the ratic
Cel/Vinl. These solutions were obtained for the two
different circuits using circuit analysis software. The
first numerical soclution used a homegrown circuits soclution
on the HP-15C hand held calculator using the complek ~mode.
The significance of the complex mode on this particular hand
held célculatcr is that complex number:= can be direczi,
employed in the impedance calculations. The second soluticn
WAS obtaihed on an IBM XT microprocessor using the “Pspice”
circurt  analysis software made available bty the Electrical
Engineering Department at the United States tNaval w®cocademy.
Hoth sojutians were 1n substamtial agreemert wilth arn averag=
discrepancy of.001 dB. The 1nput circult for the acoustic

signal 1s shown below:




Microphone Bias box Signal preamplifier

signal.

For -—omparison purposes, the first circuit analyvsis neglects
both Cc and Cb. In the second analysis both of these “Y.(l4
uFarad capacitors are included.

The first solution for the signal veltage el’ gi1ven
as a function of the ‘"observea" voltage, Vin, using the
signal transfer aobtained for “he circuilt chown ancve

regjlecting Cc =#ng  Ct. Thi1is analvsis para:lels <he sclut on

nsed 1n the comput=r program, In the seceond coamputatioc.
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both Cc and Cb ire included and the signal voltage is given
by et’’.
The correction to the program solution for Mo is given

below in equation E.1

1l
CoreeeTiv T0 = 45 Lo —_—
Mo due Ce,Cy g ef’ Equation E.1

If we define individual impedance terms as follows:

im - microphone impedance, 1/jiwCm

Zc - coupling capacitor impedance, 1/jwCc

21 - load impedance consisting of Ci, Clo, and Ri.

Zb - bias impedance consisting of Rb, Cb, and Cli.

Zl'—- modified load impedance consisting of Ri, Rb, Ci, Clo,
and Cli. .

Zt = (Z1 + 2Zc) in parallel with Zb.

Then the corraction may be rewritten as:

Zm Ze
Lo Zo)(Le Z)

dorngerien To _ 9 (O uation E.
Z/

This correction is solved numerically with the program

listed in table E.1.
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Register usage Program Listing ﬁﬁ;
for HP-1Sc hand-held I
register scientific calculator oY
Variable - number pf#&
(read top to bottom, left to right)
Ct (140pF) - .0 F LBL B RCL .3 + STO I *
#Wo - .2 RCL .2 FCIl FCI2 R/S I
Cb ¢(.014uF)- .3 X 1/X o] GSB 2 L
Rb (10Mohm)- .4 STD O + RCL .9 RCL I —
Clo+Ci (40pF) - .5 RCL O 0 FLI2 g CF 8 _
Cc (.0i4uF)~ .6 sTO X .0 RCL .5 X g RTN
Cli (100pF) - .7 RCL O FLI2 STO S F LBL 1 OBDAS
Ri (10Mohm)- .8 §TO X .5 + RE: IM RCL O S
Cm (SOpF) - .9 RCL © 0 STO 6 X e
w (mode*Wo)— O STO X .7 RCL .9 1 CHS ST
re{Zm/zt} -1 RCL .3 FLI] RCL 1 17X e
im{Zm/Zt3 - 2 GSB 1 X + g RTN o
re{Zc/Z1} - 3 sTO .3 STO 1 RCL 2 F LBL 2 RGNS
im{Zc/213 - 4 RCL .6 RE: IM FLI1 RCL © S
re{Zm/z1'> - 3 GSB 1 sTO 2 1 STO / .0
im{(Zm/Z1'Y - & STO .6 RCL .8 RCL 3 RCL O
Ri*Rb/(Ri+Rb)—- 9 RCL .9 1/X + STO 7/ .S
GSB 1 RCL .7 RCL 4 RCL © L
STO .9 Ft11 FLI2 STO 7 .7 T
# Wo = 245»pi*2 " RCL .8 0 X RCL .3 st
~ 1539.3804 1/X RCL .6 1 GSB 1
RCL .7 FLI] RCL S STO .3
FLI2 X + RCL .6
1/X STO 3 RCL & GSB 1
0 RE: IM FLI1 STO .6 PR
RCL .6 STO 4 / RCL .9 A
FCI2 RCL 9 R/S GSB 1 s
+ 1/X RE: IM STO .9 R
17X RCL .S R/S g RTN IO
RCL .4 RCL .7 g ABS '

## program instructions are described in the HP-135C owners
handbook. The entering argument in the "x" register is the mode
number of the longitudinal resonance desired. The output gives:
the real component, the imaginary component, and finally the
magnitude. From the magnitude, the correction in dB is obtained.




Q. A comparison of the correction obtained using the above
program was made with a numerical solution obtained using

2 the IBM XT microprocessor and the "Pspice" circuit analysis

software made available by the Electrical Engineering -
X P
N Department at the United States Naval Academy. The parameter ';?ﬂ

variables were the same as listed in table E.l1 with the
exception that Cc and Cb were given values of .01 uF for

simplicity. The tabulated comparison of results is given in

i table E.2.
L -
" Mode # - HP-1Sc corr - IBM-XT corr -~ discrepancy :
- solution(dB) ° solution(dB) (dB) :
- 1 .054 . 056 -.002 :
" 2 . 045 . 045 o
4 .o 3 . 043 .044 -.001 .
T 4 .042 .044 -.002 3
=] . 042 .044 -.002
6 0 042 - 043 e 001 :.t‘:.::’.
7 .041 . 040 +.001 e
8 .041 . 040 +.001
9 .041 . 040 +.001
10 . 041 . 040 +.001
*xaant no further change through mode #23 *xEkeextes
® Table E.2 Comparison_calculations_between the L
g HP-1Sc_and_the IBM-XT with Cb_and Cc_=_.OiuF. e
R :
f A plot of the proper correction is shown in figure E.Z2. iﬁ%ﬂ
® -
g The correction due to the temporary neglect of Cc in the o
wT
> analytical solution for (el/Vinl is constant to within a O

value less than .01 dB.
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This concludes the calcuiation e LTeE S orrect)
account for the acoustic s1gia. dropped
blucking capacitor. The correction (s = 4:inest Corsiant

+.07 dH.
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APPENDIX F

AA IS4
(X
e

2

Chu ot B 2 4

2.
vy,

THE OPEN CIRCUIT VOLTAGE SENSITIVITY

. CALIBRATION OBTAINED FROM OBSERVING A

. v
v

)
.

o

CHANGE IN MICROPHONE CAPACITANCE WITH A .

2 CHANGE IN BIAS VOLTAGE Vo

When the received signal voltage from a condenser
microphone is simulated by a small change in the bias
voltage and when the definition of the microphone open j

? -

circuit voltage sensitivity is considerad,

-

oV & ot vt

- SV _ oV & _ oV ot oV
R - zﬁz v

Q

Equation F.1

=<
o
i
Sl
=
|
Q,
(\
o

Next, the force on a parallel plate capacitor due to the

charge on the plates is given by [Ref. 361:

qu

2 éo A Equation F.2

F =

The electrostatic pressure is simply the force divided by

NI
»

the effective backplate area. This electrostatic pressure

SORE - 383 -




28 Vs
2P PN

v
P

L

is used to simulate the acoustic pressure.

2

s @
= jK-::c,w\‘;\'g_) - o} €o Az(hmf“t\

Equation F.3

The electrostatic pressure shown here only acts on a small
portion of the microphone diaphragm; where the charge is
concentrated opposite the backplate. Since it is an
acoustic pressure that is being simulated, an interpretation
of the "area" in the above equation is necessary. If the
electrostatic pressure were applied equally to the entire
diaphragm,'this would be a proper simulation of the acoustic
pressure. Since the electrostatic pressure is only applied
to a portion of the diaphragm, the use of the diaphragm area
in the above equation results in a low estimate for the
simulated acoustic pressure. Similarly, since the acoustic
pressure is actually applied to an area greater than the
backplate area, use of the backplate area in the above
equation results in a high estimate for the simulated
acoustic pressure. As an initial estimate, the average of
the two areas is used with the appropriate uncertainty to
simulate the acoustic pressure.

When the definition of capacitance as C=@Q/V is

substituted into equation F.3, we obtain,

- 384 -
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Coz VOL

*= 26& Ao

Equation F.4

When C = Q/V is differentiated, we aobtain,

Vo ~

— Equation F.S
oC Co

Solving equation F.4 for the square of the bias voltage,

\/ol. 2 éaa/\e?- f)

=
C,L' Equation F.é6
°

The partial derivative of V"2 re P is given by:

OVI _ 26 Ae,z

0P er

Equation F.7

The slope of the experimental straight line fit obtained 1in

equations 3.17 vyields the magni tude of the partial
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» . :\v o ),
derivative of C with respect to the square of the bias 9
:; voltage. Thus, the magnitude of the open circuit voltage
Q_ receiving sensitivity for a condenser microphone is given by
combining equation F.!, equation F.5, the experimental
S slope, and equation F.7.

.i‘ Mo~ % (a2 60
0 do AV ‘:f:ﬁ;,:m‘_ Equation F.8

mMEASUreD
DATS

The fractional uncertainty in this sensitivity will be:

g 1

. l v/ &
2 SMy ) [ SW\" [, 8¢, [Lsur\t [ g .
2o ), (388 [0 ) SA
: = Co sLofs e Equation F.9 L

M, °

fﬁ Table F.1, shown below, gives the computer program used to
:j evaluate the above equation.
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Register usage HP-15Sc scientific hand-held
calculator program #*

«0 = Vo (200volts) F LBL A X g LOG
«1 - Co #» RCL .1 RCL .2 2
<2 - Eo (8.85E-12F/M) 3 x o]
eI - Am ##% Yo% RCL .3 X
«4 —-dC/dV"2 a» 1/X% g X*2 2
RCL .O X 0o
X RCL .4 -
2 X g RTN

# Program instructions are described in the HP-1Sc owners
handbook.

*% The W.E.b440AA microphones had the following basic
capacitances (excluding the BNC connectors) and measured
values of [dC/dV~2] (see equations 3.17):

Mic. "Co" w/o extender - LdC/dVv~2] sigma C[1]
Serial #1082 - 49.37 P+ 2.47e-17 1.2E-18

Serial #1248 - 49.41 Pf 3.66E-17 1.6E-18
Serial #8135 - 46.48 Pf - S5.92E-17 B8.2E-19

#4% Aw is the effective area estimated by obtaining the average
of the backplate area and the diaphragm area. The
average fractional uncertainties in the above variables are:
Ae ~.38, slope ™~ .04, Co ™~ <.01, Vo assumed exact.

The values of Mo that result from the above equation

are:

W.E. 640AA CdC/dv~2] Mo 245 Hz ™~ Mo
{figure 5.81]

Serial #1082 -—————~ -55¢ ¥ -50 <-45 dB ~ -49.5 dB

Serial #1248 - —-—=—-—- -52¢ ~ -47 <-42 dB ~ -48.4 dB

Serial #8115 -—-—-———- -46< ~ -41 <-36 dB ™~ -45.7 dB
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These rough calculations are seen to be
more accurate calibrations shown above

figure 5.8.
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APPENDIX G

A PRINTOUT OF RAW DATA
FOR THE PLANE WAVE RESONANT
RECIPROCITY CALIBRATION IN

BOTH A LONG AND A SHORT TUBE

After data acquisition, the computer program listed 1in
appendix B stored data on a magnetic tape. The data so
stored is printed in this appendix without consideration of
significant figures.

The format used in the different data sets is given below:

l.!- L7 - The mode number of the longitudinal resonance.
v:Qf M1 - Reciprocity calibration for the side A microphone
) {(V/pal}. '
M2 ~ Reciprocity calibration for the side B microphone
{V/paZ.
M3 - Comparison calibration of "C" microphone based upon M1
{V/pal.
M4 ~ Comparison calibration of "C" microphone based upon M2
{vs/paX.
M3 - Comparison calibration of the side A microphone tsased
upon M2 {V/pai.
Mé -~ Comparison calibration of the side B microphone pase=d

! upon M1t {(V/pal.
PSL1,N] - Atmospheric pressure {pa> for midtime of side A data.
PSC2,N] - Atmospheric pressure {(pa} for midtime of side B data.
TSC1,N] - Temperature {deg C3} for midtime of side A data.
TSL2,N] - Temperature {deqg C) for midtime of side B data.

C - {long tube data} System identifier used 1n program. RN

' C - {(short tube data} A side bias voltage {(Volts’. Lo
A2 - Drive voltage i1n RMS millivolts. R
V1C(1,N] - Comparison voltage, Vca {(Volts}. NI
V1{2,N] - Comparison voltage, Vcb {(Voltsl. S
G9L1,N]l - Calculated effecti:ve gamma at midtime of A side cata.

t G9(Z,N] - Calculated effective gamma at midtime of B side data.

! vL1,N]J] - Ravined signal voltage, A side receive {RMS Volts}.

. V[2,N] - Ravined signal voltage, B side receive (RMS Volts}.
1 - 389 -
v




@Ci1,N]}] - Ravined quality factor, A side receive.
GCL2,N] - Ravined quality factor, B side receive.
F2{1,N] - Ravined resonant frequency {(hz}, A side receive.
F2L2,N] - Ravined resonant frequency {(hz}), B side receive.
Cci - {long tube data} System identifier used 1n program.
c1 - {short tube data} B side bias voltage {(Volts).

The data that follow are grouped in seven sets. The

first five sets list "long tube data" and the last two list
"short tube data". At the beginning of each data set, the
following library data is provided:

CNAME OF STORAGE TAPE] C[ARRAY LOCATION ON TAPE]

(LONG OR SHORT TUBRE] [MODE NUMBERS OF DATA IN SET]

{SERIAL # OF SIDE A MIC] [SERIAL # OF SIDE B MIC]

#{SIDE A BIAS VOLTAGE} {(SIGMA SIDE A BIAS VOLTAGE}
*#{SIDE B BIAS VOLTAGE> {(SIGMA SIDE B BIAS VOLTAGE?

*# This format 1s 1ncluded only for the long tube data.
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2 MAY DATA TAPE, ARRAY STORAGE 1 to 23
LONG TUBE MODES 1 TO 23

A SIDE = 815 w/ET , B SIDE = 1248
A SIDE BIAS = 116.334 VOLTS, SIGMA
B SIDE BIAS = 118.464 VOLTS, SIGMA

2"

.
P~

M .‘ . _a
AT N
P . -

o e
e e
«

Ear-s,

.001 VOLTS
.007 VOLTS

"
LY
s al
o3, 2
%

',',‘/.l (PR §
[ PR |
{' ’ .I'J 'l
ot
KA
. &t
AR )
L ]
v 0o

vl
[}

2

L?= 2 AZ2= 22388 @72292552
Mi= 2 23S73I373I33FE~-2 W1¢1l, 21 »= 1.449323055556E-
Mz2= 2.13248930972E~2 vicz, 21 »= 1. 146578388805—-
M3= 7.34398356556E-3 G9¢1, 21 >= 1. 39735156029
M4= T Q477S87T2626E-3 Goc2, 21 = 1.39735283145 .
MS= 2. 383538172137E-2 Vrl, 21 >= 2.83888R6692E-3 R
M6= 2.13281794138E~-2 V{2, 21 >= 4.Q49818927983E-3
PS¢1. 21 »= 19980983 .38767S Q1. 21 >= 97 .28B8984344
P5¢2. 21 »= 198@v88 . 387774 RC2, 21 >= 37 .926452025% AR
TS¢1. 21 »= 21.877 F2¢1. 21 >»= 734.0873886471 T
TS¢2, 2 = 21 . 8€25 F2¢2, 21 »= 7324 .081667125 e
AN =2 Ci1= 2 -
- L?= 2 A2= 3283 .7298R27% R
Mi= = 24Q4Q9Q2187E-2 Widl, 22 »>= 1.183%49638889E-3 Y
M2= 2 1177&8953768E-2 Vi¢2, 22 Y= 9.29853611111E-4 .
M3= 7. 374137111396E-3 G241, 22 1= 1 39633713741 St
M4= 7. 342S24094245E-3 G2(2, 22 »= 1.336387K3I73E e
MS= 2 3489235589773E-2 Wel, 22 )= 3 4303407436E-3 e
M6= Z.117457R4879E-2 Wi2, 22 »= 2.59764483367E-3
PS¢1. 22 »= 199968 . 188175 RC1., 22 3= 78 235574673213
FS(2. 22 = 1009968 521437 BCZ., 22 )= T3 9377948321
TS5¢1. 22 »= 21.828S F2¢1, 22 Y= 439 255304347 e
TS(2., 22 = 21.822% F2¢(2., 22 »= 498 .299979%84 SRRV
c= 2 Cl= 2
L?= 1 . A2= 2247 . 32380553 S
Mi= 92305130265 W1dl, 23 »= 7 .25253444444E-4 T
M2= 2 1AZ92166786E-2 vi¢2, 23 o= s.ssna? 7777SE-4 . .
MI= 5. 74570R23414E-3 G9v1, 23 »= 1 41%645558
M4a= S 73PR427SHSE-3 G(2. 23 = 1.-341 2796276
MS= $B28446237375 W(l, 23 )= 2.65132270293€E-3
M&= 0°1ae_:43 9% V2, 23 )= 2.82478R32222E-3 R
PS{1. 23 Y= 1A@P28 139491 R(L, 23 d)= £2.19217484385 W
PS¢2, 23 = 1@99ZZ2 523611 B2, 23 )= B2 4378251541 LD
TSc1. 23 »= 21 773 Fz<1, 22 »= 243 £65338871 IO
TS¢2., 23 »= 21.7735 F2(2, 27 1= 243 €17485753 R
= 2 f1= 2 srete
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. L?= 7 A2= 22S3.32152213%

‘ Mi= 2 .29133297339%E-2 W11, 17 = @B816837175

. M2= 2.15715482913E-2 Wi¢2, 17 »= 1.28130833323E-

' M3= 9. 208138244216E-3 G2(C1, 17 >= 1 .39884317379

‘ M4= 9@ 20627313626E-3 G2¢(2. 1V »= 1.39884363516
MS= 2.89879944909E~-2 WL, 17 >= 3.23612196973E-3
M6= Z2.15760141654E-2 Yr2, 1?7 )= 4.82334948033E-2
PS<1, 17 Y= 198895 38728 RCL., 17 D>= 124 . 88730830655
PS(2, 17 »= 109889 .928793 BC2, 17 Y= 124 .861326%958

; TS{1. 17 »= 22.8965 F2¢1., 17 »= 1717 .392839615

i TS<2, 17 »= 22.88S Fa2c¢2, 1?72 »= 1717 .8653353S5
c= 2 cit= 2
L7= € A2= 242/ 30781372
Mi= 2. 38317S79399€E-2 Wi1cl, 13 )= 1.57981388289€E-3
M2= 2 13BETTE144TE-2 Y1C2, 12 »= 1 2253722222Z2E-3
M3= 2 7380977R344E-3 G3c¢1, 18 »= 1 39851713723

. M4= 8 73738372942E-3 G2C2, 12 »= 1 3986173237

) MS= 2.38894159371E-2 V1, 18 )= 7.8524939282E-3

l ME6= 2.136825827384E-2 V{2, 18 »= 4 BS158635785E-3

. P5<1, 18 »= 1928128.1198 a¢1. 18 >= 117 .488419287

: PS(2. 13 »= 130123 3853811 @¢2, 13 >= 117.4981780843

. TS(1, 18 = 22 .942 Fa71, 18 = 1471 7617245

I TS<2, 13 »= 22.8335 F2¢2, 18 »= 1471 .88133572

- c= 2 ci= 2 e

: A
LT= S R2= ZS14 £6BEITAS et
Mi= 2 3SW117328357E-2 Wi1dCl, 12 = ai1S3sls

. M2= . A21424Z226476 VI, 13 )= 1. .212586855536E-7

- M3= 2 S63R3A64812E-3 G3C1, 12 = 1 . 39383226Q9872

| Md= & SE617784289E-3 39¢2, 18 )= 1.33832648124

: MS= 2 24943441254E-2 Wdal. 19 Y= 3 2419623822E-7
M&= 2. 14294T545S3E-2 ez, 19 »= 4 AZ3S7185297E-3
PSc1, 12 »= 190894 653371 FC1. 19 >d= 112.79237a321
PScZ, 19 »= 1391323 1271328 DCZ2., 19 = (132 . 749615412
TSct, 12 >»= 21 98¢ F2¢1l, 139 »= 1225.52283759
TS(2. 19 »= 21 .377 Fa(2, 19 = 1225.43515133%
t= 2 Ci= 2
L7= 4 A2= 2722 4623237
Mi= 2. 25S0795919232Q7E-2 W11, 29 d= 1. 48943722222E-73
M2= 2.12592932119%E-2 Vi(2., 28 >»= 1. 1645%333133E 3
M3= 2 193322377736E-3 G2(1, 28 H>= 1.39793289953
Md= g 19398732336E-3 A2, 28 »= | 3ZITI225725°9
MS= 2 85598921786E-2 W(l, 29 »= 2 8627864925644E-
ME= 2. 1242521613ZE-2 V2, 20 )= 4 QS991667 38?E—a
FS21, 29 )= 1368039 3287923 QL. 20 >= 105 92713413
PS(2, 29 = 1808B24 787629 Ri2. 20 Y= 106 BEI?20487
TS41, 29 »= 21 227 Fadl., 29 = 329 122541844
TSC(Z2., 2 = 21 .918 F2¢2, 26 »= 980 158880589
=2 ct= 2

N
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L?= 11
Mi= 2 86A731392474E-2
M2= 2.2Q185596773E-2
M3= 1.99269360678E-2
Md4= .B1092486924
MS= 2.96574242632E-2
ME= 2. 28148446412E-2
PSC1., 13 >= 1908114 253325
PSC(2. 13 »= 119166 .986899
TS(1, 13 »= 21.984
TS(2, 12 »= 21 9¢ge

= 2

c= 10
Mi= 2 26292212892E-2
M2= 2.173934995A7E-2
M3= 1 . B2523157664E-2
M4= | B2675S24251E-2
MS= 2.96278843736E-2
Me= Z.17402381138E-2
PSC1, 14 >= 1Q9976.187312
PSC(2. 14 = 18RAY9 121149
TS<1, 14 >= 22.433
TS5(2, 14 »= 22 .8345
c= 2
LvV= @
Ml= 2 3Z201Q44723ASE-2
M2= 2 13265522434E-2
M3= 2 34252S7T4353E-3
Md= 2 Q481579517 7VE-3
MS= 2 271754647 14E-2
ME= Z 191413282Q22E-2
PSC1., 1S = 109197 726172
FS5¢2 1S »= 189182 5878@43
TS, 19 Y= 22 .8347
T2, 15 »= 22 .97
c= 2
L7= 2 .
Ml= 2 3359@A2356821E-2
M2= 2 1572%1@e156E-2
M3= 9.432788194775E-3
M4= S 432512157234E-3
MS= 2 9334932/59331E-2
ME= 2 1S766727035E-2
FS71, 16 = 1920119 7386478
FSC2. 16 Y= 106185 186953
TSc1l. 16 Y= 22 1295
TSY2, 18 »= 22 12395
c= 2
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AZ2= 1448 .251621353

Vidt, 13 = 1.98711111111E-3
V1<2, 13 = .861483875
G991, 13 3= 1.3994235428
Go<(2. 12 »= 1.3994233822S
Vetl. 13 D= 3 84229614104E-3
ez, 13 >= 4 .0829598488S7E-3
GCl, 13 >= 185.385432342
RC2, 13 >= 13q 473935825
Fa2d<l, 13 = 2701.12873789
F2¢(2. 132 O= :?81 16197878
Cl= 2
A2= 1680 .61735241
Vidl., 14 = 1 .38147777772E-3
Vi1¢2, 14 = 1 .329241111111E-3
G3(1, 14 »= 1.39931823153
Ge(2. 14 o= 1 3993218133248
Wil., 14 )= 21434966286E-3
Yz, 14 H= 4.917°19’ﬂ??2E 3
RCL, 14 )= 168.14219522
(2. 14 >= 162, 1558398
F2(1, 14 >= 2454 53613366
F2¢2. 14 >= 2454 .€5568BE73
ci= 2

2= 1775.463214A55

W11, 15 »= 1 74553895556E-3
Y142, 15 = 1.36%948611111E-73
Gadl, 15 = 1.33913144366
G2, 19 = 1 .3991884244
Wat, 15 d= 3. 25A37765747E- o
Viez, 15 )= 4 A3553417014E~
@Cl, 1S5 5= 192.428535912
QCZ, 1S5 3= 153.255761587
F2i1. 15 2= 2299 .32219476
F2¢2., 1S »= 22683 . 94999724
Cl= 2

A2= 28B38.25134857

Widl. 16 = 1 582982777 73E-3
Vi(2, 16 »= 1.23143611111E-3
G2¢1. 16 2= 1. 399092535384
Ged2., 16 = 1 39582689343
A1, 15 Y= 32 21576365137E-3
V2. 16 >»= 4. @17186888643E-3
1. 16 d= 134 255157787

GuL2. 16 »= 1324 331062283
Ferl. 16 = 1254 3358954
F2¢2., 16 "= 1964 421331604
ci= 2
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Coet St
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3.8\2223122172E-2
2.21320655%033E-2
1.312377080B52€E-2
1.21179550475E-2

839202919295

2.21398667203E-
, 9 = 1090?5.78?938
, 9 )= 108031.254412
. 9 )= 21.8285
2 )= 21.824
14
7. 3200429435 1E-2
2 2RSH4RS13SIE-Z
1. 25384879625E-2
1 257785171@9E-2
3. 91942729813E-2
2 .208549865352E-2
.19 )= 100990 928751
. 1@ = 18@A%2 98735
. 18 Y= 21.8255
, 13 = 21 .833%
13
Z 99543494721E-2
2. 21601118171E-2
1 202572320324E-2
1.2R242964513E-2
2.99511243239E-2
2 2185236956 99E-2
.11 )= 199163 252632
11 b= 190108 237116
, 11 Y= 21 835
L 11 y= 21.213%
12
3. AB24S€IAS86E-2
2.1932433349784E-2
1. 13759272296E-2
1.13735946377E-2
3. B0104ASA497E-2
2 19397347 149E-2
, 12 %= 190115 926663
.12 7= 193114 S86543
12 "= 21 9655
12 = 21959
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R2= 12v1.8150921¢6

W101, 3 2= 2.297955555956E-3
V1C¢2, 9 = 801766125

G?(l, 2 = 1.39975669961
G9(2, 9 )= 1.332973654545
Vi1, 9 o= 3. 87666246879E-3
V2, 9@ = 4 B67152799@7VE~Z
@1, 9 = 2135 9bb4(5391

P2, 9 = 219.14798362

Fzil, 2 >= 3A83. 584?949

2¢2, 9 >»= 3633.58578833

cil= 2

A2= 1242 €248744

Widl., 18 o= 2.235 7222222E-73
Vi(2, 1@a »= 1. 63646944444E-2
G2¢1, 18 »= 1.33963825038
GS(2. 18 = 1.33968799535
Wol. 1@ »= 3.36754623137E-3
Y(2, 18 )= 4. 072522654231E-3
RC1, 189 >= 211.858445003
RC2. 18 >= 211.133499315
F2:1, 1@ »= 3437.8572222
Fe(2, 1@ »= 3437.88274335
c1= 2

A2= {272 .492134258

W1d1, 11 Y= 2 97042315666 7E-3
Y12, 11 >= PB1seI123

G2¢1. 11 »= 1 3996@317622
GoC2, 11 = 1 399%c@332115
Werl, 11 = 221324567 706E-3
Yoz, 11 d)= 4 9ABSES5234931E-3
@ol. 11 Y= 204 965312927
ez, 11 = 20% aipa3sls
Fzotl. 11 »= 3192 A322034s
FRc2, 11 »= 3122 1371321:
c1= 2

A2= 13263 16474913

Widl. 12 = 2.99592055556E-3
Y1¢2, 12 2= 1. S424972222Z2E-3
Gecl. 12 = 1.39952119947
GS¢Z. 12 »= 1.329952158Z226
Wel, 12 = 7 26534986101E-3
Vo2, 12 >= 4 AT112332376E-3
NC1. 12 »= 194 7621277682
Py, 12 )= 124 7ar2zznlz
F2ul. 12 = 2347 45346239
F2C2, 12 1= 2347 49152057
C1= 2




4 LYY= 19 R2= 1106 3R39956391 b e
Mi= 3 .91641379712€-2 WiCl, S )= 2.21228833333E-3 "?i:ﬂ
M2= 2. 28735582868E-2 Vi1¢2, S >»= 1 .7833055555€E-3 -ﬁggq
M3= 8128130851934 G%<1, S »= 1.49998241921 Y
M4= | . 2794A493205E-2 G9¢2. S5 >= | .40060189154 .:gpﬁ
MS= 3 .31194657396E-2 U(1, § 2= 3 .81672829368E-3 o
ME= 2.21063410568E-2 V(2, 5 )= 4.09988381666E-3
PS(1, 5 >= 1984129, 852813 QC1, S >= 234 .828428378
PS(2. 5 >= 18912£.519524 R¢2, § >= 235.54581929%

TS(1, 5 »= 21.127 F2{1, 5 )>= 4660 .20006043

TS¢(2. § >»= 21.1595 F2¢2, 5 Y= 4650.5887627%2

t= 2 Ci= 2

L?= 13 A2= 11301853652

Mli= 2 B2552322692E-2 Wi¢l, & >»= 2.22498333333E-3

M2= 2. 22333321491E-2 Ui1c2, € )= .Qa12v88

M3I= 1. 343697 2382E-2 G2(1. & Y= 1.39994372128

M4a= 1 34 295493532E-2 G9¢2., € >= 1.39994754351

MS= 3. 82419757066E-2 Wil, €6 )= 2.84995778394E~3

ME= 2.224353Q7267E-2 V(2. 6 Y= 4.6855127382322E~3

PS{1, 6 >= 183129.852839 G¢(l, 6 Y= 229.695268876

PS(2. 6 »= 188120 .78€64495 DC2, € d= 2292 . 937779421

TS¢1. & >»= 21.283 F2i1, 85 = 4416 .596934¢6

TS(2, & >= 21.3211S F2¢2, & )= 4416 .82232224

c= 2 o= 2

L= 17 A2= 1138 .1216283%

Mi= 2.6318391€82?E—- Yidt, 7 = 2. 22721382883€E-3

M2= 2. 21529609877 E- YiC2, 7 >= 1 .7887V53555556E-3

M3= 1. 35447260Q37E- 2 G231, 7 »= 1.32989177449

Ma=-1 3S261157434E-2 Go(2, 7 »= 1. 3995906227

MS5= 2 3276S5730932%E- 2 YCt. 7 2= 2.81214669251E~-3

Me= 2.2183#;43388E—ﬂ UCZ, 7 2= 4.903291348678E-3

P5¢1, 7 = 189096 . 328583 Q¢ T 0= 227 735353394

FS(2., 7 »= 129985.38?6@9 B2, 7 )= 223 400036321

TSdt1, 7 >= 21.411S F2d1. 2 = 4171 43937225

TS5(2, 7 = 21.4375 F2¢2., 7 >= 4171 . €83111°7

c= 2 ci= 2
7= 1E AZ2= 1153 . 99972942

Mi= 2 P323432935154E-2 Wi(1, 2 )= .BA23177S

M2= 2.217473060835E-2 Vic¢2, 3 2= 1 . ?e1638333333€E-3 T
3= 1.335141453287E-2 GEC1, B )= 1. 23983168342 AR
Md4= 1 351807413A7E-2 GU(2, & 1= 1 F9982985271 o T
MS= 2 B338547195851E-2 Wi, 8 >»= 3 80424?46814E ﬁf:}[

Me= 2. 218146 B6Q04E-2 ve2, 8 )= 4 /a7 355u4355-« Mo

FSC1, 3 = 199670 . 293083 QCl, 8 >= 222. 087421882 =
<2, & Y= 198852 521828 RC2, 8 )= 222 25684186 Trwf!
TS5C1, 3 »= 21.5225 Fz¢1., 8 )= 3327 . 16996571 e
IS¢~ 8 »= 21.5495 FZ(2, 8 )= 3927 . 20577465 U
== C1= C
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- A2= 1173.41941527 AN
- LT= 23 Wi(l, 1 >= 1 S389839855556E-3 s
K Ml= 2. 39595393 243E-2 V1C2, 1 »>= 1.21223333333E-3 e
X MZ= 2.11154351835E-2 G9¢1, 1 >= 1.46816?95388 N
7, M3= 2.53438711913E-3 G9(2. 1 >»= 1. 4009168791638 | akd
« M4= €.629528614632E-3 YIS T W 3 88815482475E-3
MS= 2 90837891855E-2 V(2, 1 )= 4.68551905224E-3 N NA
M6= 2.11270467838€E-2 R(1, 1 )= 243 562616681 A
PS{1, 1 )= 199132 186136 QC2. 1 >= 243.839245121 SN
PS<2, 1 »= 1081325 452953 F2¢1, 1 >= 5641.98967503 o
TSC1., 1 Y= 20 9415 F2¢2. 1 >= S641.3532321 o
TSC2, 1 = 20.92&< c1= 2 ot
c= 2 [
.. A2= 1130.44221511 o
- 7= 22 W11, 2 »= 1| .75539722222E-3 i
- Mi= 2 9191S51228326-2 W1¢2, 2 »= 1 .371S3611111E-3 -
-l M2= 2. 15335930323 E-2 G3(1, 2 >= 1.49913807529 e
" M3= 9. .962P24640Q35£-3 G9C2, 2 >= 1.40913858673 N,
. Md= S 95999985911E-3 W(1, 2 )= I.21422475641E-3 e
MS= 2 . 91729161904E-2 V(2, 2 )= 4 .01760688383E-3
XS ME6= I . 1639877821 E-2 QC1, 2 >= 242.511154852
- PSC1. 2 >»= 18A121 786412 R(2, 2 Y= 242.639154503
; PS(2. 2 )= 103117 919675 F2(1, 2 >= 5395.92587741
3 TSCl, 2 Y= 29 2ys F2¢2, 2 Y= 5395.71060223
- TS(2, 2 >= 2B.73% Ci= 2 .
s Cc= 2
r AZ= 113@ 37312047 b
- L7= 21 Yict, 3 )= 091962375 SRR
- Ml= 7 2SB36265€37Z-2 Y1¢2. 3 >= 1 26923@555S6E-3
> M2= 1.928252iRiciE-2 G2¢1, 3 >= 1.483109394676
< M3= | AB5E43SQAL IEE-2 G9(2, 3 )= 1.40R1903468322
> Md= 1 DASS1278 i7E-2 W(l, 3 )= I.87496259914E-3
- MS= 3.25123029-13E-2 V{2, T >= 4 AE9ITHTIRGIE-Z
ME= 1 937751137 32E-2 RCL, 3 »= 240 797451398
PS{t. 2 = 103:3: 3286063 RCZ, I )= 240 554458231
PS(2. 3 = 1992131 .719413 Fzcl, 3 )= S143 22262136
TSe1l, 3 »= 20,714 F2(2., 3 >= 5143 03290547
TS¢2, 3 »= 28.725 Ci= 2 i
o= 2
AZ= 113A.714142@9
L?= 20 . W11, 4 )= 2 131416666K7E-3
Mi= 2 324€690E2Q2E-2 V1¢2, 4 d= 1 5655388388%E-3
M2= 2.21096732066E-2 G9C¢1. 4 >= 1 4920541889
M3= Q12152321397 G9(2, 4 )= 1.42P85234895
Md= 1. 213S6c12172E-2 W(l, 4 >= I 228317744898E- o
MS= 2.98@43730455E-2 Vi2, 4 >= 4.9929681532SE~
ME= 2. 2141855S554E~-2 ACl, 4 = 235 2335898517
PSy1, 4 )= 100136.852699 B, 4 )= 236 625182832
: PS.2. 4 d= 1pA134 Sa5991 F20C1l. 4 >= 3334 51348533
- TSu1l, 4 >= 206.9355 F2(2. 4 »= 4935.15054914
Iy TS(2. 4 »= 20.28465 Cl= 2
) c= 2
MR
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2 2 MAY DATA TAPE, ARRAY STORAGE 24 to 46 ;.' 7
» LONG TUBE MODES 1 TO 23
L A SIDE = 1248, B SIDE = 815 w/ET
A SIDE BIAS = 115.307 VOLTS, SIGMA = UNK,
B SIDE BIAS = 118.495 VOLTS, SIGMA = UNK.
LTS 3 nowaz{27291E-2 2= 2964 2125775
M= 5 5262123749 7E-2 Y101, 44 )= 1.09761722222E-3
M3= 7 9337391316E-3 vicz, 44 )= 0014767
M4= T 93BEE766195E-3 G9C1, 44 >= 1.397384708459
MS= 2 B89€1962688E-2 G2¢2, 44 >= 1.39?38_455126
ME= 929083246071 V(1, 44 >= 4 B1254666592E-3
PS(1. 44 )= 109887 .256846 vez, 44 H= 3.89088744138E-3
L PS(2. 44 )= 1089966 .856859 QC1. 44 >= 97.5462863633
- ® TSC1, 44 %= 22 5785 {2, 44 >= 97.6161281857
- _."_.-"?' ) T5¢2. 44 >= 22 .679 F271., 44 >»= ?3498495885?
S cx 3 F2(2, 44 >= 734 944170726
" Cil= 2
"(: :'.'71'2 % ¥S1RBT22S5TE-2 A2= 3289 .248820855
M?2= = £95{5R3eES3E—2 Hi¢l, 45 )= 9.86248611111E-4
MI= 7 2624614715E-3 wicz, 43 »= 1.22408277778E-3
3 M= 7 ZSER1254187E-3 GS'(.I; 45 1= 1.39633(69932
K MS5= 2 D7T429849A3FE-2 GQ(E‘, 45 :“—'_'139_63\."??@??-5
- M6= 2 9BBN7766622E-2 aile 43 2= 3. 3558119628283
- FSC1. 45 >= 99964 7915763 Wez, 43 )= 3 4568337910363 :
: PS(2. 45 )= 99967 2581618 BCl. 43 2= 78.57566760724 Ot
Toell 42 3 23750 BC2, 45 D= 75.84840088155 R
- TS¢2, 45 = 22 .71¢ Feil, 45 7= 498 .937688613 pv-—-—(
ma 5 : F2¢(2, 45 )= 439.991414937 SR
== < - Cl= 2 RS
3= 5?3379@1?959E-3 01(12; 46 )= 7 .48126944444E-4 o
: Mas 5 3o alSTERSEE-3 G3(1, 46 )= 1 39413835471
; M52 2 D3183354994F—_2 GY(2, 46 )= 1.39413747889
: Moz 5 89594M3EB29E -2 U1, 46 Y= 2 ?T9092475P9E-3
PEC1, 46 »= 29987 2998329 V(2. 46 3= 2 T1459457633€-3
X PS(2, 46 Y= 99332 5243263 QC1. 46 2= £2.43684846
» TSc1, 46 Y= 22 7225 Q2. 46_.>= t:2.;-2r?5254_5:‘
IS¢(2, 46 »= 22 733 F2¢1, 46 »= 244 234526313
ma 5 ‘ F2¢2, 46 )= 244.194758@33 T
. - Ci= 2
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Le= ¢ A2= 2223.79634234
Ml= 2.11258378137E-2 Y121, 4@ »= 1.22211944444E-3
M2= Z.9609177I43I9E-2 V1(2, 48 »= 1.659741666K7E-3
M3= 9.1985808082337E~3 GO(1., 49 »= 1.39881117756
M4= ©.17434857798E~3 G9(2, 4@ >= 1.39881889802
MS= 2.19887310918E-2 V(1. 48 )= 3.94425302151E-3
N Me= 2.96613049169E-2 V(2, 4@ >= 2 .81518593856E-3
. PS(1, 48 >= 1999837 .8553839 Qc1, 48 >= 122 183802767
PS(2, 49 )= 100038.589149 2¢2, 49 >= 1232.614970889
TS5C1, 4@ >= 22.5275 F2¢1, 48 »= 1719.85398422
T5(2. 48 >= 22.533 F2(2, 48 >»= 1719.83029107
=2 Ci= 2
L= € A2= 23%6.39615@3
Mi= 2 B3822232204E~-2 Vicl, 41 »= 1. 1?“1305555&&-«
M2= 2.939945609383E~2 Yi1(2, 41 >= 1.69018855556E-3 A
M3= 2.76362393335E-3 G(1. 41 >= 1.39853141163 e
M4= 8.762915832435E~-3 G9(2. 41 >= 1.39858111401 fote?
M5= 2 §9812134832€-2 Wel, 41 )= T, 95492393362E-3
M6= 2. 9392861083I69E~2 V(Z, 41 >= 3.83134226245E-3 KR
PS(1, 41 >= 190927.456182 0c1, 41 >= 116.788992196 e
PS(2, 41 )= 199022 389632 QcZ, 41 d= 116.810795597 o
TS{1, 41 »= 22 568 F2¢1. 41 >= 1472.24567161 T
TS(2. 41 = 22.576 F2(2. 41 »= 1473.91731456 by
c= 2 Ci= 2 ' flnf,;‘;
TN L"‘.""
L?= % A2= 2450 .9€A42T49 fﬁy. e
Ml= 2.@356832323238E~-2 W11, 42 Y= {. 15738722222E~ vat A
M2= 2 91520729207E~2 Vi¢2, 42 »= 1.56031388839E~ "
M3= 2.54422853536E-3 GY(1, 42 )= 1.3982263123 o
M4= £ .5439476Q576E~3 Gar2, 42 Y= 1.392285985A2
M3= 2. 83322322249E-2 M1, 42 )= 3.95425164688E-3 For
M6= C 91923S76456E-2 Vo2, 42 )= 3 .S267SS39311E-3 e
FS{1, 42 »= 108214 856596 A1, 42 )= 112 2720568 e
P53¢2., 42 = 19089218 856754 g2, 42 3= 113 .323541935 el
TS:1, 42 »= 22.604 F2cl., 42 )= 1226 . 67383845 RO
TS¢2. 42 2= 22.81 F2¢2. 42 »= 1225.64862342 e
=2 Ci= 2 DA
L= 4 A2= 2704 58925242 ——
Ml= 2. @3874443563E~-2 WiCl., 43 )= 1 12335194444E-3
M2= 2.91852156€34E-2 Vic2, 43 = 1| S13916666ATE~-3
M3= 3.21422216433E~3 GAC1, 43 H= 1 39788845262
M4= ©.21385891395E~3 GAC(2, 43 >= 1.329788821132
MS= 2 PODI4835662E~2 W1, 43 )= 3.9399862524E-3
ME= 2.916993389494E~2 W(Z, 43 >= 3.85333240Q76Z2E-3
FS5C1. 43 >= 190918 7893 RC1, 43 Y= 105 6593A5642
PS(2. 43 7= 109022 856333 02, 43 >= 195 6329264703
TS01. 42 4= 22 642 F2¢1, 43 = 2391 293892849
TSeZ2, 43 1= £2.64%95 F2(2., 43 »= 981.261179511
r= 2 Ci= 2
3 SRS
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L?= 11 A2= 1440 .8923621 gy
Mi= Q2142321727 W1C¢1, 326 )= 1.43269166667E-3 el
M2= 3.@49088163326E-2 vi¢2, 36 = 1.95788833332E-3 e
M3= 1.838981462196E-2 G9¢1, 36 >= 1.39939@98723 A
M4= 1.03216504233E-2 G292, 36 >= 1.2993200961
MS= 2.14918117845E-2 V(l, 36 >= 3.99975623851E-3 ';ﬂp
ME6= 3.04028642683E-2 V(2, 36 >= 3.85103469993E-3 ey
PS(1, 36 )= {Q0112.726043 Q¢1, 36 Y= 185.671412738 e
PS5(2, 36 >»= 100098 .853833 RC2, 36 >= 184.6258190845 S
TSC1, 36 >= 22.431 F2¢1, 36 )= 2703.3984521
T3(2: 36 »= 22.45 F2¢2, 36 »= 27083.37485933
c= 2 Ci= 2
L7= 1@ R2= 1680.061566161
Ml=  @213797VZ29615 Yicl, 37 )= 1.3554638888%E-3
M2= 2.8112924c083E- V1(2. 37 >= 1.84958333333E-3
M3= 1.82747261267E- 2 Ga(1, 37 = 1.39928675872
M4= 1.827€5967332E-2 G9(2, 37 >= 1.39%28155952
MS= 2.13834348499%E-2 V(l, 37 d»= 3.97266459027E-3
ME6= 3.01137857137E-2 V(2, 37 )= 3.84862730931E-3
PSC1, 327 >= 109879.854484 R¢1. 37 d= 160.124713248
P5¢2, 37 »= 100887 .987524 G¢2, 37 )= 168 . 853685161
TSC1, 37 M= 22.48935 F2¢1, 37 >= 2455.35723168
TS(2, 37 »= 22.3%92 F2¢2, 37 )= 2456.33937859
C=2 Ci= 2
Ay
L7= 2 AZ= 1TS1.S35T78314 Ty
Mi= 2. 132397679752E-2 W1{1., 38 »= 1.3P481944444E-3 R
MZ= 2.@0621730156E-2 W1(2, 38 = 1.76941666657E-3 N
M3= 5. 92624344121E-3 G9¢1, 328 >»= 1.39915115823 RSN
M4= 9 92729004118E-3 GAC2. 33 Y= 1.39915033247 v
MS= 2.1332227V3253E-2 W(l, 38 >= 7. .95192208304E-3
ME= 2. 0AS2T16225VE-2 Yi2, 28 Y= 3T 2M1263118659€E-7 v
PS<1l, 38 )= 166081 45448S Del. 38 d= 152 9657785481 ."{
PS(2. 3& »= 188@a7z 92538A17 0.2, 38 d= (52 945337591 AR
TSe1, 38 »= 22.4425 Fz(l, 38 >= 2211.41355737 e
TSCZ2. 38 = 22.4475 F2(2, 32 »= 2211 41117555 o
= 2 Ci= 2 S
L7= € AZ2= 2014 42205837 B
Ml= B21256924143 W1C1, 329 )= 1. 247BASSSSSEE-3 AR
Mz= 2.98595£38279E-2 VI1C¢2, 29 >= 1.696B3@55556E-3 Ll
M3= 9.457£5195391E-3 G3¢1. 39 >= 1. 39393690553 RO
M4= 9 . 4561717269%E-3 Gac¢2, 29 )= { 39899672177 A
M3= 2.12526232495E-2 W1, 39 )= T.237647@7274E-3 :
ME= 2.98642558999E-2 U(2, 22 »= 2.811820831435€-3 A
PS{1, 39 >= 199858 .655155 Bl. 329 Y= 134 3292430612 e
PSC(2., 33 »= 190952 3212 DCZ, 39 )= 134 348475149 e
TSel, 39 = 22 489 F2¢1, 32 »= {285 .S2773857 -
T5¢2, 33 = 22 454 F2(2., 3% ¥= 1285 59339715 o
C=2 cl= 2 e
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L7= 15 A2= 1177 .87S49572 {})ﬁ
Mi= 2 164790Q12927E-2 W11, 322 »= . AD1679775 oo
M2= 3 @94326742726E-2 V1C2, 32 Y= 2.321394444444E-3 7T
M3= 1 .31307999314E~-2 G9¢1, 32 )= 1. 3997206294
Ma= 1 31321628027E-2 Go(¢(2. 32 »= 1.39972831649
MS= 2 16582965641E-2 Y{l, 32 >= 3.95809976185E~-3
ME= 3.89402508323E-2 V(2, 32 >= 3.81487681868E-3
PSC1, 32 )= 188076.45457 R(1, 32 >= 218.664849973
PS(2, 32 Y= 180875 .937218 QRC2, 32 >= 2128.61987343S
T5<¢1, 32 >»= 22.3485 F2¢1, 32 = 3686.895849835
T5¢2, 32 >»= 22.3555 F2¢(2, 32 »= 3686.92524198
= 2 Ccl= 2
L?= 14 A2= 1225 .€2664151
Mi= 2. 164496323636E-2 Ji¢1, 22 ¥= § . 51733333333E-3
MZ2= 3. 92150201 74Z2E-2 W12, 33 »= 2.226638883R9%E-3
M3= 1 25957931979E-2 G2(1., 33 »= 1 .39965111119
M4= { . 25998528341E-2 G(2, 33 »= 1.39965089852S
MS= 2.1651940A561E-2 Wel1, 33 >= 3.9554556K692E-3 -
ME= 3.880659916€38E-2 Y(2, 33 )= 3.82631863989E-3 O
PSC1, 33 »= 1080888.92208826 R¢l. 33 d= 219.9298525 S
PSC2. 33 )= 100968 7208833 QC2, 33 >= 218 .796273059 N
T5¢1, 33 »= 22.3278 F2¢1, 33 »= 3441 14351279 S
T5¢2, 33 »= 22.381 F2¢2., 23 »= 3441 137343%4 S
C= 2 Ci= 2 st
b.v ot
L?= 13 A2= 1273 .4922852 ?ﬁjf A
Mi= 2.164€3193028E-2 Wicl., 34 »= { S552213888&89E- .
M2= 3 BETS7I9IS2S4E-2 V1¢2., 34 »= 2133 3166666{E—-
M3= A120259339736¢ Go¢1. 34 >»= 1. 39°5?416425
Md4= | 28224130423E-2 G2, 34 = 1.399574A45358
MS= 2. 16493312446E-2 Yel. 34 Y= 3T 3846?7°531*E 3
M&= 2 PBE721423932E-2 Wiz, 34 >= 2 84AT3IF333E6S5E-Z
PS(1, 24 = 1090185 .52623 RCL., 24 Y= 295 325252391
PSC2., 34 = 198182 98713 DC2, T4 Hd>= 2085 . 283ITA9133
TS¢1l. 34 = 22.399 F2(1, 324 »= 3195 B36493229
TS(2. 34 »= 22.481% F2¢2. 34 »= 3195.85267226
c= 2 c1= 2
7= 12 AZ= 1345 2220:553
M= 2 15635“9 132E-2 Widt, 35 )= 1 45932222222E-3
M2= 3.859594732142E-2 V1¢2, 35 )= 2.018944434444E-3
M3= 1. 133"381”955 2 G271, 35 »= 1.393438031381
M4= 1. 1397655442SE-2 G2C¢2, 35 = 1.399483784836
MS= 2. 15698133169E-2 WY1, 35 Y= 3 34425982111E- 3
Me= 3. 85E8S7902021E-2 V(2. 35 »= 2.81702319812E-
PS¢1, 35 Y= 148106 .453533 R{l., 35 Y= 133 ?41039115 -
PSC2. 35 >z 199193 .187024 RC2, 325 )= 192 621263999 :
TS¢1. 35 »= 22 425 F2¢1, 3% = 2949.33586225 <.
TS¢2, 25 "= 22.4295 F2(2, 35 »= 29349 93324736 -
= 2 1= 2 -
{
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L?= 19 A2= 11086 . 2862632 )
Mi= 2. 15502298526E~-2 Uid1, 28 = 1.65452777778E-3
M2= 3. a 6325834749E~2 V1¢2, 28 >= 2.27393888889E-2
M3= .912344072484 G3(1, 28 >= 1,39994365514
M4= 1. 28467788478E-2 G9(2. 28 »= 1.39994279627
MS=. 2. 155476087548E-2 V(i, 28 >= 3.9621V2131982E-3
M6= 3.07571218466E-2 V(2, 28 >= 3.815291708086E-3
PS(i, 28 >= 198853.855313 QC1, 28 >= 235.506738316
P5(2. 28 »= 190966 .188241 Q¢2, 28 = 235.389245916
TS5¢1, 28 Y= 22.2855 F2¢1, 28 >= 4689 3974373
TSC¢2, 28 >»= 22.22S F2(2, 28 >= 4£663.5004€6784

C= 2 Cci= 2

L7= 13 A2= 1130.18803411

Ml= 2 {790R5962135E-2 Uid1, 29 >= 1.735236855556€E-3
M2= 3.998222195B4E-2 V1(2, 22 = 2.38692855556E-3
M2= | 34193552548E-2 G3(1, 29 Y= 1.33989329289
Md4= 1 242232414632E-2 G922, 29 >= 1.39989314313
MS5= 2 17854864931E-2 Y(i, 29 >= 3.99561680731E-3
M6= = 98952735833E-2 U(2, 22 )= 3.8399929960866KE-3
PSC1, 29 >= 108982.72123 A1, 29 >= 229.748996147
PS(2, 29 >= 19897S5.587932 Ql2. 29 )= 229 666704901
TSC1, 29 1= 22.2765 F2¢1, 29 >»= 4424 63728158
TS¢2, 29 »= 22.28 F2(2, 2% )>= 4424 .69771342

c= 2 Ci= 2 :

L7= 17 A2= 1130 12335839

Mi= 2. 16424526223E-2 V11, 20 = 1| ?3719722222E-3
M2= 3. @995T74S7473E-2 W1(2. 3@ >»= 2.39621388882E-3
M3= 1. 359G7227716E-2 G3C1, 38 = 1.399340886 7
M4= 1. 359145228A3E-2 G3(2, 3R = 1.39984875255
MS= 2.16496210164E-2 Udcl. 38 )= 2.96224269935E-3
ME= 3. B99RAT2RTPI24E-2 V(2, 208 >= 2.81589044923E-2
FS<1. 38 )= 133859 92173 GCl. 38 )= 227 723646324
PS(2 329 )= 100@55.721918 G(2., 3@ >= 227 717159374
T5¢1, 2@ »= 22 2955 Fzdl, 38 »= 4173 23834292
TS5¢2. 3 »= 22 2985 E%(Es 33 = 3178 . 34447102

o= 2 ci= 2

L7= 1g A2= 1154, GEAS2222

Mi= 2 {7974127441E-2 Vid1, 31 2= 1. ’2411338939E 3
M3= | 35982138857E-2 521, 31 )= 1 39Q?2344354
M4= 1. 35127985796E-2 GO(2, 31 »= 1.39978334322
MS= 2.17147797659E-2 Y1, 31 3= 3.95342088345E-3
M6= 2. 10137399327E-2 Vi(Z, 31 >= 2.82565217337E-3
PSC1, 31 )= 1090983 .521094 QC1. 21 )= 222.@41338965
PS(2. I1 >= 198975.854516 fea, 31 >= 221.912331883
TS¢1, 31 >»= 22.325 FZel., 31 »= 3932.39774768
TSC(2, 31 »= 22.3275 F2¢2, 31 = 3932.94949%7

C= 2 ci= 2
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: NLY
- o3
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N
" ARCSAS
| o
N L7= 22 AZ= 1154 461@4323 ‘ Ty
- Mi= 920752112469 Y1¢1, 24 »= 1. 164 9638889E-3 bt
2 M2= 2. 95593224368E- V1(2, 24 >= 1.59583955556E-3 DO
. M3= 3.70011953897E- 3 G9¢1, 24 >= 1. 48612160888 NI
N M4= 8 7@161677855E-3 G9C2, 24 1= 1 46012173332 At
. MS= 2.97556946669E-2 Y(1. 24 >= 3.95544252194E-3 A
M6= 2.95542164991E-2 V(2, 24 >= 3.88648293712E~3
- P5¢1, 24 >= 99978.3211289 QC1, 24 >= 243 558919769
PS(2. 24 »= 99978.7911158 QcZ, 24 >= 243 .571713981
TS{1. 24 >= 21.7425 F2¢1, 24 »= 5€49.51063903
TS(2. 24 >= 21.74 F2(2, 24 >= S55649.64119488
_ c= 2 Ci= 2
. L?= 22 2= 1130.44525713
. Mi= 2.11653342419E-2 Y1¢1, 25 >= 80131495
M2= 2. 98136R51213E-2 V1¢2, 25 )= 1.78586944444E-3
I= 9. 2A1€2545S47SE-3 GOC(1. 25 )= 1.49683351237
M4= 9 908416989633E-3 G9¢2, 25 >= 1.49088254171
3 MS= 2.117038630853E-2 Vi1, 25 )= T 9S55667@916E- 3
) M6= 2 980ES7S9S513E-2 V(Z, 25 )= 3.81733964395E-
: PSC1, 25 >= 129813 .656636 RCL, 25 >= 241.831716762
- PS(2. 2S5 >= 100024 856267 Q¢2, 25 >= 241.696810496
. TSC1, 25 >= 21 3@7 F2¢1, 25 Y= 5404 43815415
- TSC2. 25 »= 21.829 F2¢2, 25 >= 5404 .63294035
; c= 2 ci= 2
i 7= 21 A2= 1130 38033167 [ LT
¥ Mi= 2 132202121677E-2 WI1C1, 25 3= 1.45973444444E-3 W00 Mol
' M2= I @2639B40477E-2 V142, 26 Y= 1.99241666667E-3 7 il
M3= 1.10186940291E-2 G9¢1, 26 Y= 1 49094839822 T
: Md= 1. 1@0232143878E-2 GS¢2. 26 »= 1 48PB3939679 T
: MS= 2 13375621958E-2 Yil, 26 )= 4 10?821806@26—3 A
] ME= 3 .82514935325E-2 Vi2, 26 )= 3.8567B7S8541E-3
. PS¢1. 26 Y= 100939, 189129 B¢1. 26 >= 233532771319
" PSC2. 26 1= 120844 322293 @iZ. 26 >= 239.335471192
- TSwl. 25 Y= 21.927 F2il, 26 o= 5153.47’16106
g TS(2, 28 »= 21.95 F2(&. 26 »= S159.574@712
= c= 2 ~1i= 2
» LT= 2@ A2= 110E Z€34237%
g Mi= 2. 154476127B4E-2 W11, 2? »= 1.56541111111E-3
M2= 2. Q4€SIEARESIE-2 Y1(2., 27 »= 2. 1419a833333E-3
. M3= 1.214@85224578E-2 3901, 27 >»= 1.39999191569 Ll
X M4= 1. 2126917@8217E-2 GH(2, 27 >= 1. 29993136194 ey
MS= 2. 15190196962E-2 W(l, 27 »= I 93293315566E-3 SRR
. ME= 3.850180427Q1E-2 Y2, 27 )= 3.20106406994E-3 TeTeie
. PS(1. 27 Y= 190031 .122723 @1, 27 >= 235.827172982 3
s PS(2, 27 »= 1@a9334 455951 GcE, 27 )= 236 394750082 R
. TSY1. 27 »= 22 1965 F2(1, 27 >= 4915 93131944 RGN
' TS(2., 27 »= 22.113% F2(2, 27 %= 4915 33645211 NI
o= 2 1= 2 P i)
l-':r.':"";‘
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2 MAY DATA TAPE, ARRAY STORAGE 47 to 69
LONG TUBE MODES 1 TO 23

A SIDE =

1248, B SIDE =
A SIDE BIAS = 116.333 VOLTS, SIGMA
B SIDE BIAS = 118.513 VOLTS, SIGMA

'ﬁ'-:. i Az - A2= 3
1= 2 99325171977E-2 R2=°
M2= 1. 27193282253E~2 el
M3= 7.92414997113E~3 viez,
Md= 7 922148670A6E~3 L3l
MS= 2.B9272330225E-2 Gacz.
Mé= 1 97158852555E-2 pls
PSC1, 67 >= 99935 7925303 ea
PS(Z. &7 )>= 99929 8594124 Q1
TS¢1, 67 )= 22.745 uies
T5(2. 67 )= 22 7285 FSel:
= 2 -— e
- Ci= t
L7= 2 -
Mi= 2 ASEE7TI14419E€-2 R2= 3
M2= 1.9729a747116E-2 V11,
MZ= T 35376562207E-3 wiez.
Md= 7 35884595944E~3 G2l
MS= 2.93041912226E-2 Gz,
M6= 1.97323405623E~2 Mol
PSc1. £3 )= 9992219297 vee,
PS5(2, 68 = 39921 6596618 Qel,
TS(1. 63 >= 22.6585 M.
TS(2. 63 )= 22.638S F2el
= 2 aelas
== c ‘ C1= 1
7= 1 ae =
Mi= 2 99135921231E-2 He= 2
M2= 919532342351 w1l
M3= 5. 71365228097E-3 ulez.
Ma= S 71959324204E-3 pacls
MS5= 2 99133732353E-2 G2z,
ME= 1 95395416256E-2 wel
PS(1, 69 )= 29949 7257013 veds
PSC2. 63 )= 33335 9257525 gel.
TSc1, A9 Y= 22 574 Qlz,
T5(2. €3 = 22.5615 Esel
- C1= 1

|
E )
o
“
t

1082 w/ET

= .002 VOLTS
= .003 VOLTS
298 .725224718
67 Y= 1.23136388889E-3
67 = 1.17574338E89E-3
67 »= 1.39731598881
67 »= 1 39731652428

67 >= 2.86371454356E-3
67 )= 3.1@585768612E-3
67 )= 932 4860016173
67 »= 98 4529957501

67 Y= 735.26082848494
67 = ?35.184882141

2292 .86544AB¢
68 )= 9.101752777?78E-4
€3 )= 8 .71214722222E-4
53 1= 1.39635452414
68 = 1.39635539628
€3 )= 2.44R279932938E-3
A3 )= 2.46301089043E-3
€3 »= 79 .057332995K7
€ >= 79 8871987842
58 = 451 .P27c35377
63 »= 491 .883814133
247 . 22352845
69 >= 5.54873611111E-4
69 = 5.31316686667E-4
63 = 1 394158792139
69 = 1. 35415834817
63 >= 1 .29556558516E-3
9 = 1 . 942729996E3E-3
63 = £2.5935583854
53 )= §2.5799A18712
69 = 244 .231190194
69 = 244 16436844z
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L7= 7 A2= 32026 53279551 )
Ml= & 103S&722572E-2 WVi1c1, 63 »= 1. 74226944444E-3
M2= . Az2Za172924493 VI(2, 63 >= 1.67639444444E-7
M3= 9.165361?9493E-3 G3¢1., 63 >= 1. 3283834805598
M4= 9 1852€417411E-3 GQ(2, 62 »= 1. 3983875591
MS= 2.11414819493E-2 V(l, 63 )= 3.32643844545E-3
ME= 2 .912927408243E-2 W(2, 62 >= 3.95851318101E-32
PS(1, 63 )= 89871 .3946289 Q1. 63 >= 127.426135131
FPSC2, €63 >»= 93857 .1284513 (2, €3 Y= {26.89872426€9
TS{(1. 63 Y= 22.367 F2¢1, 63 »= 1729.19316764
T5(2., &3 »= 22.91°7 F2¢(2. €3 »= 1720.1561286
C= 2 Ci1= 1
L= § AR2= 32385 21551291
Mi= 2 18908454047 38E-2 W1C1, B4 H>= 1 5649444444473
M2= | . 99928212525E-2 Y12, €4 »= 1 . 60BB81E5HKEeTE-T
M3= 2 .7588771€307E-3 G941, 64 »= 1.393857741296
M4= £ .76S52059736E-3 G992, 64 Y= 1.3985773141%
MS= 2.184376389153E-2 W(1, &4 )= 3 73539469083 2E-3
ME&= 1.99592221418E-2 Uz, 64 >= 2.82431214098%E-3 .
PS<{1, R4 »= 9389w 32735932 Qcl, 64 >= 119 582763732
FS{(2. €4 »= 99890 2686947 Pz, €4 d= 113 29297801
TS<{1, B4 = 22.97 Fzdil., A4 = 1474 911532273

l S{2, 64 »= 22.9745 F2:2. €4 = 1474 12274979

= 2 Cl= 1 e

L= S AZ= 3393 754505253
Mi= 2. R97325SARSYV1IE-2 Widl, A5 >= 1 S627A3I282389E-3
MZ= B198g25252539¢& U1¢2, 65 >»= 1 424011 11111E-3

) 3= 3 .52313297302E-3 52¢1, B85 »= 1 39822664159

| M4= © SZ&42%6101E-3 G2, €5 »= 1. 39€22728B734
MS= 2 A23RAZTAPERTE-2 Va1, 85 = 2 E33ITOBERIZ2E-~-3
MEe= 1 . 92292109C15E-2 Yz, 65 2= 3.87425216602E-3

S(1, A5 = 29934 32925763 @Cl., &5 2= 1195 .5494153273

PSi2., &5 = 929932 7257671 RIZ2. 6% Y= 1195 .SE2RQ83933
TS%1, AS »= 22 3145 F241. RS »= 12237 .52293
TS<(2, €% »= 22.92 F2:i2. &5 1= 1227 4483921€
c= 2 1= 1
L7= 4 R2= 33201 .260347 44
Mi= 2 B9247222831E-2 Wi1el1., 86 2= 1 324916666 7E-2
Meg= { 97727829432E-2 Vicz, €6 = 1.327?@833333E—3
M3= 2 .2812611551E-3 G%¢1. 66 = 1 39739449398
M4= £ 201080Q015741E-3 G2, B85 = 1 39789493393
MS= 2 A9233A34663E-2 W1, 66 >»= 7 74765444188E-3
Me= 1. 977312795473E-2 Viz, 66 )= 2 28745426334E-3
FSC1, AE& »= 29935 725858 (KNS Y 56 Y= 1897 . @A9521594!
PSc2, €5 = 99932 45938356 P2, &K 2= 187 11057272
TS571 AR = 22 827 Fa2:1 g6 = Q21 75227152
TS« 65 = 22 .8195 F2(2. &6 »= 921 8839?1?@8



IS

o
L= 11
Mi= .82151548578
M2= 2 .06169233354E-2
M3= .98108875338287
Md4= | B3754087834E-2
MS= 2.151£5610818E-2
M6= 2 951877513132E-2
PS(1l, 59 )»= 99354 128SS
PS(2, 59 >»= 29851 .195313:
TS{1l, 59 »= 22.64S
TS(2, 53 >»= 22 .6565

= 2

L7= 1@
Mi= 2.144128213Q2E-2
M2= 2.84225234824E-2
M2= 1 B268B2235162E-2
Md= | O2673IVI4236TE-2
MS= 2.144224538474E-2
ME= 2 . 094249248715E~-2
PS{1, BB >»= 99241 3622268
PS(2. 6A »= 93832 33592316
TSC1, 83 »= 22.706
TS{2, 68 = 22.7215

o c= 2

7= 8
Ml= 2. 143751431 83E~-2
M2= 2.832929237c5S31E-2
M3= 9 . 22074149494E-3
M4= G Q2PF41921P4E-3
MS= 2. 143739326938E-2
ME= 2 . B32994123773E-2
PSC1. A1 = 233246 5621239
PSC2, w1 Y= Q9853 7285¢32
TS{1. B8l »= 22.782
TS<2., &1 = 22.791%5
c= 2
L7= 8 ‘
Mi= 2 1234293€453e-2
M2= 2.82428357THBEE-2
M3= 9 44P93457638E-3
Mm4= 9 47°l”°°343°E 3
MS= 2 12288S573166E-2
Mé6= 2 02481258686E—2
PSil1, 62 »= 33261 4616421
PSc2., 62 »= QQ’S‘.“QSISEE
TSC1., B2 »= 22 .3%95
TS72., 82 Y= 22 .3&93S
- 405 -
RPN, R N S S N NP

2= 1267 .4€45993¢

Widl, 59 »= 2.8280277°7778E-Z
Vi¢2, 59 »= 1.95821111111E-3
Ge(1l, 59 »= 1.3953943a8927
G9(2., 59 »= 1.39939438673
U1, S9 »= 3 . 83969374569E-3
Ve ez, 52 d)= 2.3874242322S3E~-3
@¢l, SS9 )= 192 .23372262

¢z, 99 = 192 2873?9213
F2{¢1, S92 »= 2784 . 16353928
F2¢2, 52 »= 2704.188B58459
Cl=1

A2= 2302.2454251S

Vict, &8 »= 1 21124722222E-3
yi¢z2, 6a = 1. 8454?22d223E -3
GeC1l, €9 = 1.3932214742
G2, 68 >»= 1. 79Q28U3964f
Wel, 64 >= Z.2801632820758E-3
Yyrc2, 88 >= F.853399433Z%E-3
Q¢i, 69 )= 154 724920786
GC2, 8@ >= 1K4 831979241
F2¢1, &8 »= 2457 .430528245
F2¢2., 60 Y= 24357 .52225536
cl1= 1

A2= 2421 S2T324513

Widt, &1 = 1| . B88343@55556E-3
V12, €1 »= 1 . 7896388883%E-73
GR{1, 81 >»= 1. 39914953117
GRC2, &1 »= 1.33991438913%
Uil, &1 = 2. .231857923223E-3
Y(z, 61 >= 2 26728977089 5E-3
gl 61 = 152 1351120842
NCZ, &1 H= 152 12723145:7
F2¢1. 61 >= 2212 .52136817
F2{2. €1 = 2212.582435329¢6
ci= 1

A2= Z7ER B1a0B145

Widl, B2 1= . AB1779625

Wi142, €2 »= 1 .70€41323883%E-7
G201, B2 »= 1.3398324Q47955
G2, €2 »= 1.3989936847)
V(1. B2 »= Z.737432323716E-3
JL2, €2 )= T.848%7410@9RE-3
RC1. A2 >= 132 451673362
Re2, B2 Y= 132 .54915945%
F2ol, B2 2= 1368 72763274
F2¢2., 62 = 1968 832132735
Ci= |

L T e T TN SRR
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L7= 1S A2= 1524 265913278
Mi= 2. 17827163555E-2 V1{1, S5 )= .RA082354425
M2= 2.1159204€764E-2 Wi(2, 85 >= 2. 325227777 78E-3
M3I= 1 21234268587E-2 G2¢1, 55 »= 1 39973179225
Md= | 31224426399E-2 G9(2, 5% )= 1. 39Q?313369
MS= 2. 178A9895113E-2 V(1. 89 »= 7.81258204459E-3
M6= 021169388408 V¢z2, 55 H= 3.84538113812E-"
PS¢1. S5 >»= 99831 . 3626158 BCl, 55 )= 222 .864767296
PS(2., 55 »= 99828.8627145 Gz, S5 )= 222.913484947
TS¢1, S5 3= 22.3985 F2:¢1, 55 >= 32635.29442119

, TS<2. 55 »= 22.497 F2¢2, 55 »= 3686.97913331

' C= 2 Ci= 1
LP= 14 AZ= 162A.53145857
Ml= 2 17R342159824E-2 Vicl, S6 1= 2.29239444444E-3
M2= Z .B3655136634E-2 W12, S8 = 2.449188o3¢3¢E-«
MI= 1.25?663324845—2 G321, 56 »= 1.33966854575

' Md4= 1 257287522921E-2 G2, 56 Y= 1.39%659284¢1¢

. MS= 2.17B872212668E~-2 V(l, S6 >»= 3.2398267RB7SE-3

) ME= 2. 99610351851E 2 VUr2, S& )= 3.881423648%94E~
PS<{1l, S& »= 331 .3959645 A<1. S6 Y= 215 3299410869
P5¢2. 58 >= 99821.@629?11 GCz2, S& Y= 218.8832279221
TSC1., S6 »= 22.4665 F2:01, S5 >= 441 48738a37

. TS5¢(2. S& »= 22.4825 F2(2. 56 >= 3441 .582356932

| C= 2 . Ci= 1

- L?= 13 A2= 1722 311858183

i Mi= 2. 162S4711763E-2 V1idl, S7 >= 2.19438111111E-3

. M2= 2.99627110123E~-2 V142, S7 = 2. 13262222222E-3

i M3= 1.282159413537E-2 G201, 57 »= | 3935515893
Md= | 2A2122122865SE~-2 G242, 87 »= 1 T9LS529327T1S

l MS= 2 1R3EAR1ISTSSE-2 Wal., ST Y= 7.31529351331E-3

E ME= 2 A9B17422319E-2 W(2, S7 )= 3 .2438761168112E-3
PS(1. 57 »= 29329 8626316 mil. 57 >= 212 .723229@33

R PSC2., S7 = 39838 .85626553 P2, S7 Y= 212.7154432314
TSi1, S7 = 22 533 F2¢1. SV Y= 3135.528524646
TS(2. 57 »= 22.55 Fz(2, 57¢ »= 3125.57831732
o= 2 Ci1= 1
LP= 12 ‘ A2= 1247 235604013
Mi= 2 16131269459 F -2 Uidl, S2 = 2 @9772222222E-3
MZ= 2 @Q77445T1271E-2 VIC(2., 58 Y= 2 .84271944444E-3
M3= 1. 13771E55727VE-2 G2(1. S3 »= | 39349411134
M4= 1 1377220327 RE~2 RQC2, S8 >»= 1 39249370323

) MS= 2.16125253738E-2 W1, S8 »= 3. 239324S5167E-3
M&= 2 QA774Q739741E-2 V(2, S2 »= 2 38144925427E-3
PS¢1. S3 Y= 29334 3625171 Rdc1. 53 >»= 201 911029095
PS(2., S3 = 239339 73S6a2 Q2. S€ 2= 281 Ar9e5£AS3
TS:1, 523 »= 22 5995 F2(l, S2 Y= 295959 58475295

S22, B2 = 22 .8 F2¢2., S8 Y= 2958 65331257

o= 2 ci= 1

—4%-




L7T= 1% H2= 1441 54334577
Mi= 2.16167662545E- Wid¢1l, 51 = 2.28237222222E-3
M2= .821689293942 Vi¢2. S1 »= 2.30902777778E-3
M3= 1.28397221515E-2 G2¢1, 51 »= 1.399896683598
M4= 1 .28399818036E-2 G9¢(2. 51 Y= 1.3999658982329%
MS= 2.1617121623%E-2 V(1. 51 )= Z.285536648809E-3
M6= 2.153277625SVE-2 Yz, S1 Y= 3.887442885%533E-3
PSCl, S51 )= 99921 7263263 0¢1l. S1 >= 242.9751229@2
PS(2, S1 1= 99923.1929447 G2, S1 >= 248.9738892@2
TS¢1, S1 Y= 21.374 F2¢1, St >»= 45867 .841934873
T5¢2. St >= 21.9%6 F2¢2, 51 )= 4667 .267%1731
c= 2 Ci= 1
L?= 12 R2= 1465 .4127VS233
Mi=  RA21723424702 V141, S2 Y= 2.375983611111E-3
M2= 2.154179528651E-2 Yi¢2, 52 )= 2.37994722222E-3
M2= {.33977986338E-2 G231, S2 >»= 1.399914838914
M4= 1 33978R21668E-2 G2, S2 »= 1.39991293862
MS= 2. 17337343299E-2 V1, S52 »= 2.32023632653E-3
MG= 2.15415428187E-2 Uz, 52 Y= 3.86952287542€E-3
FS<1, S2 )= 399991 3269974 RC(1. S2 Y= 242 .536284956
PS(2, S2 »= 992833 .32735895 Qr2, S2 d= 242.584852651
TS5¢1, 52 Y= 22.182 F2<¢1, 52 >»= 4422 386627432
TSC2, S2 »= 22.1285 F2¢2, S2 2= 4423.@893@7435
c= 2 ci= 1
7= 17 R2= 1489 27242753
Mi= 2 1T24379226%E-2 Vidl, 53 »= .8034286
M2= 2 .1418728274ZE-2 Y12, 83 »= 2.3991527P777C8E-3
I= { . 32573ITHTIS5595E-2 G2(1, S3 >= 1 39985761351
M4= | 32SSSTITEZVEE-2 G23{2, 53 »= 1.39985675191
MS= 2. 17Q18182964E-2 Wil. S32 Y= T 3048€336312E-
ME= 2. 14423736422E-2 Ve(z2, S3 Y= 3.8396894437 E—Z
PSc1. S2 >= 9925€.4618065 QC1. S3 >= 239.549173092
PS¢2. 53 Y= 9985&.9953197 BC2, S3 O= 24@'13113539
TS¢1. 53 »= 22.214%5 F2v1, 532 Y»= 4177 27617474
TS(2. S3 >»= 22.2345 F2¢(2. S3 "= 4177 .427286174
c= 2 ci=1
L= 1& . A2= 1S37 0718074
Mi= 2 172QS5212768E-2 WI(l, S4 1= 2. 439341 866K7E-3
M2= Z 13966562333E-2 V1¢2. S4 = 2. 38613@55S56E-3
M3= 1 348747385823 E-2 G221, 5S4 )= 14339?Qb95282
M4= 1 34887377219E-2 G2, 54 »= 1.392979623743
MS= 2 173263717V11E-2 Ucy. 54 H= 3_3@5?15355435—5
M6= 2 128459353616E-2 iz, 84 2= 3 25651517137E-3
FSc1, S4 Y= 99337 52903961 NC1. S4 Y= 233 173314243
PS (2, S4 Y= 99824 3951347 G72, S4 d= 232 167256147
s¢1, S94 w= 22 3192 Fzr1, S4 3= 322332 5108634831
TS5¢2. 54 »= Z2.335S% F2(2, B4 »= 3332 64953667
.= 2z Ci= 1
~ 407 - e
%
. i
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e e S e S e e e S
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4oL

AW

- = 23 2= 1417 92328402
W Mi= 2 BEC9E722452E-2 Wicl, 47 2= 1.51123555556E-2
b M2= . B221RA452P4% V1¢2., 47 = 1. sscuasssqSuE-:
< M3= 2 .833833233767E-3 G3¢1., 47 »= 1.400108888515
M4= € 7O728364856E-3 G2(2. 47 »= 1.48610895631
. MS= 2 9B63568135681E-2 V(1l, 47 >»= 2.836380B26831E-3
. M&E= 2 .2075€911252E-2 Y2, 47 >= 32 .87179243498E-3
N FSC1, 47 )= 99923 93596158 R{L. 47 d>= 259. 2!—.9?661:\8
PS(2. 47 »= 99924 7928921 0¢2, 47 D= 258 57548997
S TS(1, 47 »= 22.336 Fzi1l, 47 »= 565&.1044°?98
'i TS5(2, 47 »= 22.3335 F2¢(2. 47 »>= 5655.79993889
c= 2 C1= 1 AT
: 7= Zz AZ= 1417 .847366
: Ml= . GB218085977938 Wi{¢l., 42 "= | TIVEISIGRBIE-T
" M2= 2.19814794736E-2 V1(2, 42 = 1 84296944444E-73
2 3= 9 2947356V6K32E-3 G3¢1, 42 >= 1.49983279221
® M4= 9 89C047S22115E-3 GAC¢2, 48 y= 1.4PAESS532494
r. M5= 2 13995£40055E-2 W(l, 43 >= T . 26331578826E-3
" M= 2 13777275124E-2 ViZ2, 458 Y= 3 .91171292809E-3
- FS{1. 48 = 99920.7263592 Q¢1, 43 )= 257.584117458
- PS(2, 4% )= 99918 . 593083x1 Q2. 48 >= 257 .477934435
C T5¢1, 42 >»= 22.1235 F2¢1. 48 Y= 5487 .46763503
' TS{2. 48 "= 22 .9e4 F2(2. 45 »= S485.97879215¢
gi c= 2 Ci= 1 Z . .
r L?= 21 A2= 1417 TESS425S
: Mi= 2 113031475 5E-2 Wict1, 49 3= | 23I7541RE6667E-3
3 M2= 2.132932126034E£-2 VI1C2, 43 = 2 . P2299444444E-3
MZ= 1 1@17<283276E-2 5951, 492 = 1 4008565563
M4= 1 1@31942Q3793E-2 GQ(2, 49 Y= 1. 4;3@@;91419J
MS= 2. 11343320261E-2 Wil. 49 Y= I SS7E7024215E-3
M= & 193€24@5275E-2 Vi 2, 4% o= 3.8989582122?E—3
FSC1., 42 1= 239923 2526292 M(l., 43 = 255 471355727
FSC2. 43 3= 39931 123175 G2, 42 >= 255 391129914
Suvl. 49 = 21354 Fzel, 43 »= S158 TSEAT3I4S
TSi2. 43 »= 21.317 FZv2, 4% 1= S1S8. 44522425
Cc= 2 1= 1
L= 2n A2= 1417 £2461448
Mi= 2 1£331293304E-2 W1d1. S@ = 2 1323SIP77VEE-T
M2= Z.12312473728E-2 Y12, S@ = 2 1721168666A7E-2
M3= .812148242154 GA(1. SA )= | 499316952311
. Md= 1 21267617972E-2 G2(2, SA = | 4ABB1SR273S
MS5= 2. 16142339129€-2 U1, S@ = 3 22123 'S8348E-3
Me= 2. 17570230379CE-2 VeZ, SB oY= 3 27146493ATSE~3
PS7 1, S@ )= 23999 2933739 (1., S Y= 249 9P262913
PSS 2., S = 99917 5264¢45 Gz, Sm o= 299 4765373827
TS(1., S@ Y= 21 229 F2{1. SO Y= 4912 325519833
TS(2., S& >= 21 5555 FZi2., SA 1= 4912 63668843
c= 2




2 MAY DATA TAPE, ARRAY STORAGE 70 to 92

LONG TUBE MODES 1 TO 23

A SIDE = 1082 w/ET, B SIDE = 815

A SIDE BIAS = 116.355 VOLTS, SIGMA = .004 VOLTS
B SIDE BIAS = 118.530 VOLTS, SIGMA = .002 VOLTS

A2= 3083.
.935S5544347E-2 vicl. 99
.97471€99A458E-2 Vid2. 94 1.58916€66667E-3
26027427 219E-3 52<1, 90 1.39723271782
.95798572267E-3 Go¢2, 9A 1.39723154199
.93586922324E-2 Wi, 98 )>= 4 8B745340315E-3
.97557109874E-2 VU2, 98 H>= 3.864108817764E-3
99 »= 18R122 319728 Q{1, 98 )= 93.8261805388
99 = 179117 712879 (2, 96 >= 93.08847719863
29 = 22.924 Fadl, 98 = 735.446721475
98 >= 22.94¢ F2(2. 98 »= 735.4282945E5
Ci= 3
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1

1
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1
P6163888389E-4
S5163722222E-3
9626185748
396261381?J
7.41759023771E-3
. 28653332864E-3
$841318133
A334545903
.3235Aa5933
.387215374
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(U T T I
thJUIJ\

A e s
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f.

2=
1¢1
ViC2.,
G2(1.
Go(2,
i
2.

5
3
3
a1
51
21
21
3
3

.9-9uc4644?qE 9

21 »= 189113 .926668
21 = 199188 .5868E46
31 Y= 232 <

a1 G
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EREY
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. 184 452???79E -4
£8546388233°%E -4
. 39495957927
.2946583522¢%
S?37993425E~-3
0514?534875—3
.473g322122
4Q174156r

34 45793446938

4 41536835

. 7521750274%E-3
.7951€41883701E-3
.B1923467027195
.Q484q254814E -2

32 1991¥931 987332
22 10AB32 494372
32 23.1545
oz 23,1665
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T X . TV I S PN
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on

ZI I
CAPY = =3
wownn

3
4
Hn

N

Lo g 4
ll\U\T
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-m»mmm
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NN 5 RSN |
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L9E3ITRATIN24E-2
.B251470A2S48E-2
.215"85?9981E-3
.218721295087E-3
97ASA269274E-2
.824@5247416E-2

86 >= 1801108.4353451
86 »= 1881688 .6353511

86 )= 22.945
268 »= 22.957

.95552420912E-2
.98592466619E-2
.7VBT7I4432167E-3
.(b899’ 9938E 3
96513402086E~-2

829856173594
87 »= 1861685.9286332
87 = 180186.386918
37 »= 23 .989
87 = 22.997

ﬁ144 1593586

.RAAB3ZL5808%9E-2
.585593?4512E—3
.6ABBBE22524E-3
.24361322697VE-2
.93581488355E-2

83 = 1839118.519853
b= 168117 786543

)
38 »= 22.942
22 »x= 22.923%

1043?(?<139be-'
979R14393283E-2

39 )= 100184 786971
59 o= 1881092 3280326

3

22 x= 22 271
1 = 22 .8675
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A2=
YL
Y1
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277 .23973132

836 = 1.209268833333E-3
86 1= .@O1V7EIES

36 = 1.398738646189

86 = 1.39873098B6754

86 )= 3Z.946390875Q%E-3

86 >= 3.78962914126E-3

86 )= 125.261842163

36 >= 126.171562957

86 = 1729 59732656
836 »= 17208.5882%431

444 23 ave
37V )= .8811529%
87 »s= 1.69825555556E-12
37 = 1.39842976534
87 »= 1.328500453383
27 »= 3.94258234415E-3
87 >= 2.88579577883E-3
87 >= 119.499711957
87 »= 119 .5522085202
3?7 )= 1474 348808695
27 Y= 1474 .41758852
SE2 . 68177872
838 r= 1.1333782777RE-73
838 »= .@V1672175
88 = 1.398208931432
83 »= 1 .329821864773
88 3= 3.95357837799E-3
28 )= IT.79856557263E-3
83 »= 115.142785742
2% = 114 73208562237
88 = 1227.71271513
88 = 1227.6508656%55
@B 16553539
89 2= 1.18087472222E-7
89 = .8@161838
29 = 1 .39721728%46
89 »= 1 .397817V52694
£3 >= 2 972361132687E-3
g9 >= 3 . 232720817°67VE-C
§3 >»= 106.848328571
29 1= 186 2325637415
82 = 2321 273226344
89 )= 821 %a3vze0A3
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b AL,
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u....*-
L7= 11 A2= 1464 .22307 5 e
Mi= 2. 91687608206E-2 W1C1, 82 >»= 1.33846944444E- i*}
M2= 3.18667928687E~-2 Vi1(2, 82 >= Z2.0863561666667E~ 3 ﬂ??v
M3= 1.089427269724E-2 G3(1, 82 >»= 1.39931683914
Md4= 1.0894539A7941E~2 G9(2, 82 )= 1.33931581967
MS= 2.81717157783E-2 _ V(1, 82 >= 3.96932685138E-3
ME= .@31862149883 Y2, 82 >= 3.89681983?81E-3
P5<1, 82 >= 190155.451971 QCLl, 82 >= 137.556769771
PS(2. 82 »= 1808152.8520883 R¢2, 82 = 187 .5mH97299a7
TSC1, 82 >»= 22.7363 Fa2¢l, 22 = 2785.1861243
TS(2, 82 »= 22.741 F2¢2, 82 )= 2785.2088149535
c= 2 Ci= 3 -
Lv= 18 A2= 17@A3. 949533522 NN
Mi= 2. 9A975237217V61E-2 Y1dl, 283 = 1. 31928333333E-3 ol
M2=  B3IAE7I271754 VI1C(2, 82 = 1.94187777778E-3 SN
M3= 1. 829872280022E-2 G9¢1., 83 »= 1.39928438482 L
Ma= 1 .@227372256SE-2 G2C2, 83 »= 1 399208520641 ~ex
MS= 2.98743420831E-2 ’ W(1, 83 >= 2 33035161764E-3 el
Mé= 3 .95817019282E-2 (g, 83 i= 78539751984E-3 "
FSC1, 33 »= 1808132.852714 RC1. 83 d)= 162.429651864 Ry
PSC2. 83 = 188123 .25383 B2(2, 83 )= 162.4726795472 oy
TSC1., 23 »= 22.748 F2¢1, 33 »= 2458.18198338 Igtz
TSC(2. 83 »= 22.732 F2(2, 83 »= 24%538.193897552 -
= 2 Ci= 3 ;gq
7= @ A2= 1799 3349473 RN
Mi= 1 2333SA323RVE-2 Widl, 24 >»= 1 23355388389E-73 et
M2= 2 .@7%7238B835E-2 Vi1¢2. 84 »= 1.98342222222E-7 ;
M3= 9 323582687192€6E-3 G9<1., 34 2= 1.39987448795
M4= 9. .935918002327E-3 G8(2. 84 = 1 399B73579
MS= 1 23353434123E-2 Ul 34 1= 2 36338136157E-
MG= 2.87945352873E-2 V(z2, 84 »= 3. 91ﬁ89@s45h5—‘ e
PSC1, 34 >= 130129 286142 @C1. 284 = |55.291537983 e
PSC2, 34 = 1Bﬁ1?6 252932 RE2. 24 H= 153.369?63412 -
TS5¢1, 324 »= 22.78 Fzel, 24 »= 2213 .1823376S e
TSC2. 84 = 23.862 F2¢2., 24 = 2213.11783487 S
C= Ci= 3 —
L?= & R2= 2082 27284136 o
Ml= 1.99129 SS“SBIE—E Wiol, B85 Y= 1 22859722222E-3 o
M2= Z2.03655674102E-2 V102, 85 5= | . 79825833333E-32 -
M3= 9 44533570269E-3 G201, 85 »= 1.33891808545 o
M4= 9 45B€1638627E-3 LGRC2. 85 »= 1. 322591775991 B
MS= | 22221449973E-2 Y(1, 85 )= I.33793920573E-3 e
ME= . QA2035020433% W2, 285 >= 2.7207759¥50B11E-T L
PSC1, 85 Y= 109129 926433 @c1l. 85 Y= 137 . BS97542632 A
FS(2, 85 )= 1008117 719879 B(2Z. 25 »= 136.269253454 Do
TS¢1. 25 »= 22.8732 F2{1, 25 Y= 1957 18953946 R
TS5¢2. 85 = 22.2805 F2¢2. 85 »= 1367 19421295 IR
c=2 Ci= 3 b
- 411 - .




» <
L?= 1S RZ= 12@1.8170743% 0
Mi= 2. 864235350822E-2 M1Cl, 7S J= 1. 65664166667E-3
M2= 3. 13197261019E-2 Vi(2, 78 »= 2.4V7930B55556E-3
M2= 1.31993950698E-2 G9(¢1, 78 »= 1. 39963791214 Prey
b Ma= 1.31126939855E~-2 G9¢(2, 78 >»= 1.39963756338 RO
. MS= 2. Q6472479749E-2 W(1, 78 >= 3 335689576€12E-3 By
o Mé= 3.13118466274E-2 U(z, 78 >»= 3.72152745744E-3 e
o PS(1., 78 >= 108122 .453857 RC1. 78 )= 2208.9873856@2 Tl
o PSC(2, 723 )= 128124 .58632 QCzZ, 78 )= 220.794256901 KA
i TS(1, 78 >»= 22.817 F2<1, 78 >»= 365@4.55020761
-I TS¢2, 78 »= 22.3824 F2¢2. 78 »= 369%.58630459 CAC
- c= 2 Ci= 3 e
Eﬁ LT= 14 A2= 1273.56603716 o
- Mi= 2.857423372298SE-2 Vicl, ?9 »= 1 59973888839E-2 , e
. M2= 2. 123€2S5739SE-2 V1(2, 79 >»= 2.3368383333Z3E-3 £h
- M2= | 26046258688E-2 G2(1l., 79 >»= 1.39956842594 S
N Md= 1. 26867939625E-2 G2, 7?9 »= 1.39956246152 RO
- MS= 2 .9857R3763662E-2 W(l, 79 )= 3.96384798627E-3 :
- M6= 8312278883764 Wiz, V9 >»= 3.814510868682E-3 AR
< PS(1, 73 Y= 129138.919182 @C1, 79 >= 210.9830962814 o
.- PS¢2., 79 )= 1A@145.25232a7 0c2, 79 )= 289 346683801 e
3 TS¢{1. 79 »= 22.244 F2¢1, 73 »>= 33444 55745679 -
TS2. 79 »= 22.843% F2(2, 79 »= 3444 591892924 S
g l:= 2 C.l= 3 oo ._..-"
- 7= 17 A2= 1237 .430E5625 T
oS Miz 2 R417ADS2971E-2 W11, 38 »= {.52758333333E-3 o
ro M2= . @3122923892S V12, 81 »>= 2.24641323883%E-3 SLRY
: M3= 1.2032849643394E-2 G3(1, 88 »= 1 39949522376
Ma= 1 203€234065%E-2 G2, 88 = 1. 3929495391756
MS= 2. 841371723264%5E-2 W(l, 83 »= 3 971153401 22E-3
ME&= 2. 129S6£311341E-2 V(zg, 8B )= 3 R28386558293E-3
- PSY1, 88 )= 180142 . 119076 Rel, 33 >»= 2087 .716858081
PS5¢2. 83 »= 188145 3285636 Gez2, 28 >= 247 7531£58z24 e
TS¢1, 38 »= 22.7385 F2(1, 29 »= 31537 .873342932
TSC(2., 8@ »= 22.7745 F2¢2. 8% »= 3197 79836135 —
c= 2 Cil= o
7= 12 A2= 132€%.16€2A358 o
Mi= 2 .93311'"124559€E-2 W1dl, 21 >»= 1. 44937222222E-3 N
M2= 3.103067c445ZE-2 V1(2. 81 »= 2.12444722222E-3 jﬂu
M3= 1. 13965999515E-2 G2<1, 31 >»= 1 39941391436 e
M4= 1 139983923782E-2 G@(2, 81 »= 1. 39941324551 anin
MS= 2. 93362226315E-2 Wel, 81 o= 3 9454944qlqu a Sl
ME= . A316212352772 Vea, 281 Y= 3 79326909417 OGS
PSc1, 81 = 190162.318412 e, 21 = 19?.663:01?’5 Sl
PS(2. €1 »= 19D1E2 985057 DCZ. 21 Y= 137 .546753041 ned
TSC1, 31 »= 22 7159 F2¢1, %1 »= 2952 928186732 o
TS(2. &1 »= 22.728%5 F2{2. 81 »= 22352 Bd456314
- L= 2 cl= 3 AN
- 412 - ) R




¢
< ,~.fi
0
> L7= 19 AZ= 1139 25325181 -
x Mi= 2.11345611812E-2 Widl, 74 »= 1 . B67179555556€E-3
- M2= 3 .086734514896E-2 V1¢2, 74 >= 2.3165777?7778E-2
M3= {.27979A55436E-2 GS9<{1, 74 Y= 1.39986234515
M4= 1| _ 27993562966E-2 GS(2. 74 )= 1.329986172985
MS= 2. 11879122852E-2 U{l, 74 = 4 00602455314E-3
M6= 2 B6655131636E-2 V¢z2, 74 O= ’ .83465437505E-3
PS(i, 74 Y= 198864 . 588293 QCl., 74 >= 236.631983?6?
PSC2. 74 >= 190862.6556024 Riz, V4 2= 2365.6153882858
TS(1, 74 Y= 22.5575 F2<1, 74 >= 4674 .87117252
TSC2. 74 1= 22 67 F2{2, 74 = 4674.17020793
C= 2 Ci= 3
LT= 12 A2= 1138.183212527
Mi= 2 1@374323541E-2 Y141, 79 = 1.7814638888%E-3
M2= 3 11924612321 1E-2 Vic2, 75 »= 2.416328888889E-7
M3= 1| . 348B6577781E-2 G9(1, ?5 )= 1.39921276225
M4= 1 3249535183Q95E-2 G2(2, 75 »= 1.39981255338
MS= 2 184R8471192E-2 V(1. ?3 >»= 3.94764703575E-3
ME= 2.19915014419E-2 JV(z, 75 d)= 3 .7927206708831E-3
PSC1, 7?5 >»= 108681 .52107 0¢1, 75 >= 231.634355632
PSc2, 75 »= 1@BAE3 . 854326 @cg, 75 »= 231.529467089 I
TS¢1. 7S Y= 22 7855 F2¢1, 75 »= 4428 73388986 RO
‘ TS¢(2, 75 = 22.71 F2¢2. 795 »= 4428.85467371 R
l..? = 2 Ci= 2
L7= 17 A2= 1154 @E7T3I295 e
3 Ml1= 2 39220SQA8931E-2 Y141, 7?6 = 1 73343333333E-3 Tere.
) M2= 3.11757S82403E-2 V1(2, 76 = £.46839444444E-3 wTal
s M3= 1.35039n796368 -2 G2C¢1, P& = 1. 39975212411 S
Md= 913537772846 9C2, 76 )= 1.329975893597 N
MS= 2 993402727 79E-2 UWil, 76 >= 2 923496549815E-3 AR
ME= 3 115695?°Rﬂq5 -2 V{ag, V6 »= 3 Q189821@084E-3
FS¢1, 76 r= 109893 .3220682 Pl 76 2= 229 623355866
s PSc2, 76 1= 180993 254017 Rz, VE D= 227 .45634182%
S¢1, 76 %= 22.74%2 FZil, 76 »= 4182 709822933
TS¢2. 7R »= 22 7?52 F2(2., 78 >= 4182.37124233 -
c= 2 gi= 3
e
L7= 18 . R2= 1177 .947386655 el
Ml= 2 BB3IE2283S2RSE-2 Wil, P7 2= 1. 71223444444E-3 N
M2= 3.13137152476E-2 V12, 77 »= 2. 47325555S56E-3
M2= | 3S@31388263E-2 G201, 77 =1 3997@117327 PRTAR
Md= . @1350€232505 G2, V7 x»= 1.39970111874 St
MS= 2 B38412323123%E-~-2 W(l, 77 y= 3 958971538550 2€E~ 3
ME= 3 13951519663E-2 VeZ, TF »= 3 .815405551132E- AR
PSc1, 77 >= 1989Y93 187133 QL. FT )= 224 9225601883 e
PS¢Z, 77 1= 1GQR%6 787234 P2, PT = 223.983523533 S
TS/1, 77 %= 22 736 Fael, 77 Y= 3235.75521671 N
TS«2. 77 »= 22.7875 F2(2, 77 »= 3938 .81374938 R
o= 2 ol= 2
T NS
oo - 13 - N




\J
> - oz,
- Lv= 22 A2= 1178.41458438 NS
) Ml= 2 15013131273E-2 W1¢1, 78 = 1.238741665867E-3 AN
- M2= 2.75934881927E~-2 Vi(2, 78 »= 1.56026943444E-3 o
s M3= 8.654126673148E-3 G9(1, 70 >= 1 42682718932 Eaae
<. M4= 8.65948502126E~-3 G9(2, 78 >= 1.400028@1448 ot
MS= 2.15451531539E-2 Y1, 78 >= 3.24725478007E-3 :
- ME= .@27537339449 U(z, 78 >= 3.38201423749E-3 s
o PS(1, 7@ )= 29989 9240229 RC1. 78 Y= 245 596253114 SR
N PS(2. 7?9 = 99994.5985951 (2, 78 Y= 244.585624644
o TS(1, 7@ )= 22.5867 Fz¢l, 78 y= $658.83117857
N TS(2, 7@ )= 22.4905 F2(2, 7@ >= S£53.88057826
N = 2 Ci= 3
T= 2z A2= 1138.44721955
Mi= 2 130D2637374E-2 Wi¢1, 7?1 »= 1.33547777773E-3
MZ2= .@A2335319322 V1¢2., 71 >= 1.76586944444E-7
M3= 9.397Q1274673E-3 GC1, ?1 y= 1.39999207575
M4= 9.9QE67979672E-3 G2(2. 71 )= _ 1,39399163°2“
~ MS= 2.13933285761E-2 Y¢t, 71 d= 7.9564554812E-
ﬁ M6= 2.93502361194E-2 ve2, 71 o= 3.~ossd25181?s
2 PS(1, 71 )= 108823 8563 RC1, 71 d= 242 959542151
- PS(2, 71 »= 10EOV27.856135 QCZ, 71 >= 242.874196319
- TS:1, ?1 M= 22.564 F2(1l, 71 >= 5412.82774354
TS¢2, 71 >= 22.513 F2(2, 71 >= 5412 18912263
- c= 2 Ci= 3

N
-
J
I
oA
g

r= 21 A2= 113A 3Z226592¢& N DS Y
- Ml= _QA2133360298 W11, 72 Y= 1 4R591€66K67E-2 LA gbts
- 2= 2.923974495218E-2 W1(2, 72 x»= 1 .995978333333E-3 e
: M3= 1| B232943T23I89E-2 G3(1, 72 »= 1.33995156524 e
. M4= 1 993205323565E-2 G2, 72 = 1.33935167944 o
. MS= : 13?8 A34337E-2 Wetr, 72 )= 2 2969333@312E-3 S
i ME= B238aR316449 Yoz, 72 »= 3 823378777 1E-3 :w«!
PSSOt ?2 Y= 1986838 255225 RCt, 72 2= 241 343211853 ST
PS{(2. 72 »= 109841 583n5 RC2, T2 d»= 241 23167724 el
T5¢1, ?2 »= 22559 F2el., 72 »=-S168 13247219 e
TSC(2., T2 »= 22.969 F2¢2, 72 3= S166 19637857 -
c= 2 cil= 2 .
L?= Z@a AZ= 1130 212824214 *"J
Mi= 2 129312A2332E-2 W1ol, 73 0= 1 . 59435111111E-2 ’
M2= 2 .0P42514732311€E~-2 WI1C2, T3 »= 2.13714722222E-3
: M3= 1.2136£3233533E-2 GRCL1. 73 >»= 1. .39599829951
- M4= 1| .213633322073E-2 G2, 73 1= 1.3999a79333294
= MS= 2.12971958263E~2 Wil, 73 Y= T 92BR37T25745E-3 -
. ME= 2 Q42SZ2785974E-2 V2, 73 »= 2 R23858283A0%1E-3 et
S FSC1, 73 >»= 199838 355149 Ncl, 732 Y= 237 .817758215 L
< PSe2. 72 = 1AGBES 521596 @2, 73 Y= 23V _8ATTS1ILZ
~ TSv1., 73 »= 22 .615 F2r1l, 73 H= 4221 /591336
N TS5¢2. 73 »= Z2 BZ2% F2¢2, 73 = 4922@ 7742539
. f= 2 Cci= 3
X - 414 - R
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22 NOV DATA TAPE, ARRAY STORAGE 1 to
LONG TUBE MODES 1 TO 23

A SIDE =

[ RV R FN ] Gl fo

RO B

A SIDE BIAS = 116.386 VOLTS, SIGMA = .001 VOLTS
B SIDE BIAS = 118.565 VOLTS, SIGMA = .001 VOLTS

A2= 3298 .378366373
991932035 Wi(1, 21 =1 06 873444444E-3
6451332z2E-2 Y1¢2. 21 >= 1 . 61354166667E-3
A7TAS5141E-3 G9¢1. 21 »= 1.3 ?“4@2’461
3A949357E-3 Go(2. 21 )= 1.329724101233
I7499273E-2 Yel, 21 )= 7.322688709735E-2
64773621E-2 u¢e, 21 2= 77H 6629131>E-“
Y= 109131.5 e, 21 = 3162354683
y= 181135 . v ec2, 21 )= 3?944342?5
y= 23 .4953 F2(1. 21 >= 736.0942085636
Y= 22 .4765 F2¢2. 21 »= 735.929256€62%

C1= 3

R2= 32292 34449357
44232291 Myol, 22 »= T .255058838385E-4
SI%17A11E-2 W1(2., 22 += 1. 206SE611111E-3
S5297S5E-3 Gacl., 22 = 1 33627973494
S1¢4Q233E-3 GH(2, 22 = 1 326281R6952
15652031E-2 W1, 22 = 3.122951353765E-3
23518666E-< Y2, 22 d= 3.@19819908313E-3
"= 129144 585662 R(L. 22 >»= 79 2673271481
+= 194152.252067¢6 @e2, 22 >= T8.290518%53
v= 22 491 F2e1. 22 >= 431 .503538R49
+=, 23 38 Fe(2, 22 Y= 491 546384541

Ci= 32

RZ= 2247 424781353
TE41259%E-2 Wlet, 23 r= 4 03 953955%355 -4
139231 255E-2 w102, 23 o= T 3RG7QA2PVTVSE-4
TSA’77R3E-3 532¢1. 23 1= 1.“94@db8q528
78761845€-3 Gar2. 23 ¥= 1. 394@567a3vV
12211248E-2 Wit 27 = 2 4312370n521E-
16316413E-2 VeZ, 2T 0= 2. 273897A3VVS —5
= 129158 7834 Rl 27 Y= A2 9244457716
2= 19A1%1 1187 Bz, 23 Y= 22 1129211437
»= 23 313 F2e1, 23 = 244 463106958
v= 227 288 F2¢(2, 23 Y= 244 49428427

ci=
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T TS '

L= 7

Mi= { SVR7I471865E-2

M2= 823377286478

M3= 9.13488430655E-3

M4= 9 137A775279E-3

MS= 1.877135320944E-2

Mé= 2 .937R2348915E-2
PSC1, 17 »= 188158.718793
PSC(2, 1V = 194143 452366
TS<1, 17 = 232.92415

TS5(2, 17 »= 23.951

c= 2

L?= £

Ml= 1.85377281535E-2

M2= 2.2189281c412E-2

12= 8.71752746794E-3

Ma= €. ?17€T 411?°4E 3

MS= 1.335373431393E-2

M6= 2.918%1191833E-2
P5C1, 18 »= 188131 3860896
PSC2. 18 >= 188125 386233
TS<(1, 18 >»= 23.88S

T5¢(2, 1& »= R23.853

c= 2

Lv= S

Ml= 1.393328322132SE-2

M2= 2 833175975 24E-2

M3= 3 .52823902846E-3

Md= 3 S517595318R3E-3

MS= Q18327262845

ME= 2. 824073Z2QES3E-2
P371, 19 »= 1080Q126 926241
PS(2, 12 »= 1089122 919798
TSC1, 19 »= 23 .741

TS5¢2, 19 »= 22.72

c= 2

Lv= 4

Mi= 1 24R37252746E-2
M2=  BAZ2381£57453e

M3= 2.17125483295E-3
M4= € 17125515219E-3

MS= 1.24837263133E-2
Mé= 2 8R1€572378EE-2
FSY1, 28 Y= 188132 B52741
P3C(2. Z@a >= 186125 319629
TSfi., 2@ »= 27 828

SC2. 28 »= 227 6vES

c= 2

- 416 -~

|-'l4."
]
<y ”

A= 2492 52852838

Widl, 17 = 1.22722186867E-3

Vi1¢2, 17 »= 1.85594166657VE~-3

G9¢1, 17 »= 1.32871668539

Go9(z2, 17 >= 1.3259871617043

V(. 17 >= 2. 924595523281E-3

V2, 17 >= 2.81297676549E~3

RCL, 17 >= 124 686721288

PC2, 17 »= 124.548R45964

F2¢1, 17 »= 1722.82113544

Fa¢2, 17 »= 1722.79419113

Ci1= 3

AZ2= 26832.40T17341

Yicl, 13 >= 1.18424444444E-3

Wiz, 18 »= 1.7961388882%E-3

GAC1, 13 »= 1.398492686743

Ga(2, 12 »= 1.39849349215

W(1, 12 >= 2.95433499438E-3

Vcz, 18 Y= 3.83179982045E-3

QC1, 12 = 1128.132917229

QRC2, 18 >»= 118.1406618017

F2¢1, 18 »= 1476 208438483

F2(2, 12 »= 1476 .233A83K¢

~1= 3

R2= 2273 . 4€133034 - f

W1l 19 2= 1 17B237083333E-3 v

Wid2, 13 »= 1.76421944444E-3

G311, 139 »= 1. 398295946606

G2¢2, 13 »= 1 .3982068918Z

Wil., 19 3= 3 277442643A3E-3

Yz, 19 0= I 24 9914125 E-3

o1, 13 5= 111 5655588133 ST

Pz 1% 5= 111 ?3838*6‘ N

Fa2d1 19 = 1223 B2266787

F2¢2, 19 "= 1228.926%272¢

Cl= 3

A2= 3386 52450A11

Ji<l, 20 = 88112543

WiC2., 20 »= 1.69856E5668TE-3

GAC1, 20 >= 1 .3378157m8

GR(2, 28 »= 1 3373166448

Wi, 289 = 3. 968o266884E 3

V(Z, 29 2= 3 .341947835724E-3

@1, 28 Y= 1984 201488584

GCz, 2@ H>= 164 211063544

F20l, 2@ Y= a22 .231193224

FRe2, 2@ >= B322.8556K2560

cCl= 13
TN
Wy
NS




..........

L7= 11
Mi= 1. 93325€79623E-2
M2= 3 . B177€6S74265E-2
M3= 1.8872928099941E~-2
M4= | @8826478535E-2
MS= 1.9399104R2034E-2
MEe= .83Q1€74892
PS(I; 13 »= 199887 .987524
PS(2. 13 Y= 106988.187517
TS<(1, 13 >»= 23.7443
T5(2, 13 »= 23.7275
c= 2
L= 18
Ml= . @13212222494
M2= 2 . 988A%S415976E-2
M3= 1 B243927Q622E-2
Md4= 1 02472129508E-2
MS= | . 32277528474E-2
M6= 2 .986233356818E-2
P5¢1, 14 >»= 198111 .1208896
PS5¢2., 14 »>= 128189 . 720142
TS71. 14 »= 23 737"
TS(2, 14 = 22 7S¢
c= 2
L= 2
Mi= 1.9315323c39731E-2
2= 2.98%00A721955cE-2
M3= 9 S85759226594E-3
M4= 9 8398135257 21E-3
MS= 1 921871293293 E-2
ME6= 2. 9789324033287 E-2
FS5Y1. 1S »= 1898132.71332386
PS¢ 15 »= 121137 .852576
TS 1 19 »= 23 .8865
T5¢2. 13 »= 23 .81°7
c= 2
L= S
Mi= 1. 32620S220Q37E-2
M2= 2 .9583604642CE-2
M3= 9 4144686936599E-3
Md= 9 4140A0105231E-3
MS= Q1392€7132571
M&= 2. 9958S939A21%E-2
FSd1. 16 »= 1291432 1190473
PSY2, 16 = 10QA142 1128376
TSel, 18 »= 22 887
TS(2. 16 »= 23 39235
o= Z
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RZ2= (S84 .50438743E
Wi1c1, 13 5= 1.42665111111E-3
VIiC2, 13 >»= £.142458333233E-3
G9(1. 13 »= 1.399391406678
GS(2, 13 >»= 1.3992826612%
V(1. 13 >»= 2.9561410B38339E-3
UCz, 13 = 3.3819088636491E~3
Qp¢1., 13 »= 185.188165891
¢z, 13 >= 185.860975121
F2¢1. 13 )= 27A8.77837687
F2c2, 13 >= 2v@3.7464275%
cCl= 3
A2= 1871.475654231
Widl, 14 >= 1 35820833333E-3
W1(2, 14 = 2. 84467222222E-3
G9{1, 14 Y= 1.39213653218
G(2, 14 »= 1,329918961585
Wel. 14 »= 2.96049157224E-3
Uiz, 14 >= 3.8355995858E-3
BC1, 14 >»= 159.935%64283
<2, 14 >= 159.811254933
Feil, 14 >»= 2461 . 33417326
F2¢(2., 14 »= 2451 .433943212
2l= 3
AZ= 19¢n . £9558323
w101, 15 »= 9813133
1(2, 15 »= 1. 9V1I73333333E-3
2¢1, 15 »= 1.393985284645
2¢2. 19 = 1 39595838773
1. 195 »= 7 .935760441272E-3
(2, 15 »= 2.82162683884E-3
L. 19 3= 152.22345389
Ge2. 1S5 »= 152.3883427V4z2
F201, 15 »= 2216 .84380227
F2¢2, 15 "= 2216.85438451
Ci= 3
AZ2= 22532 .£7347432
W1C1l, 15 = 1 25795833333E-3
Vid2. 18 »= BR19813
G2¢1, 18 »= 1.39590312184
Ga{2. 16 >»= 1. 323891825858
W1, 16 »= T .35314429473E-3
Wz, 16 2= 3T 238E69564972E-3
QC1. 15 >= 135 926389132
PC2. 16 )= 135 617477173
Fzel, 1B 2= 1353 7A885151
F2C2. 15 >= 13863 79647325
ci= =

o

r- J'.
(N




(?’.;‘5\
L
L?= 1S AZ= 1297 .53852151
Mi= .913315332121 Wic1, 9 3= A91695675
M2= 3.873220169458E-2 V1(2., 5 )= 2.522641666657E-3
M3= 1. .30745269155E-2 G9C¢1. 9 >= 1.32963344934
M4= 1. 3@75£013726¢E-2 G9C(2, 9 )= 1.39963449481
MS= .919317874453 W(l, 9 )= 3 .98533989236E-3
ME= 2.07290215938E-2 Yz, 9 )= 7 .84264478991E-3
PSC1, 9 >= 190¥49 988938 Q¢1, 9 )= 217.885486936
PS(2, 9 >= 1999256.455425 Ri2. 2 Y= 217.747951%6¢
T5¢1, 9 >= 23.6125 F2(1, 9 Y= 2694 43735697
TS¢2. 9 >= 23.5915 F2¢2, % >= 3594 .3352525¢%
c= 2 Ci= 3
L7= 14 AZ= 1245 2847249¢
Mi= 1 32323296220K4E-2 Wi1Cl., 18 Y= | 62447777775E-3
M2= 2 BEPT4T287I6E-2 V142, 1@ »= 2.42633888239E-3
M3= 1. .25420575928E-2 G9C1, 18 >= 1.29956435861
M4= 1| 25467922129E-2 G2(2, 1@ »= 1.33956363114
MS= . 919823879616 LBil, 1B )= T 96285828945E-3
ME= 2.8598376264438E-2 V(2. 18 >= 2 .83555416841E-3
PSC1, 10 = 1939863 . 78832 R(1, 19 )= 218 .728236843
F5(2, 18 >= 100863 .654991 P2, 18 >= 210.5%8183632
TS«1, 18 >»= 22 631 F2¢1l., 19 »= 3447 92636748
TS5¢2. 1A »= 23 6455 F2¢2. 1a >»= 3447 97513539
C= 2 Cl= 2 9
<<
L?= 132 A2= 13932 18338288 it
Mi= 1 .97252012015€E-2 Wivl. 11 = 1 .5545@833333E~-3
M2= 3.0432293722245E-2 W1¢2, 11 Y= 2.31283888829E-1
M3= 1. 128€03542395E-2 G2¢1., 11 = 1. 399423635829
Md4= 1. 13893336639E-2 GRc2. 11 »= 1 3394259533
MS= 1. 2730S3S1328E-2 Wel, 11 Y= 7 3451159S278E-3
ME= 2. .04245A793SAZE-2. We2, 11 D)= I 8961910742 7E-3
PSY1. 11 »= 100857 .588524 (L. 11 Y= 204 832612799
FS<2. 11 = 192@59 2213 0v2, 11 »= 204 712177213
TS:1, 11 »= 22 _A72 F2ol., 11 »= 32981 . 3522314
TSC2. 11 »= 22 6805 F2¢2. 11 >= 32081 3I7529737
o= 2 Ci= 3
T= 12 ) A2= 1512.78£3435
Mi= 1.354993SA124E-2 Wivl, 12 »= 1 498732055556E-3
M2= 2. 037067351 34E-2 Wic2, 12 Y= 2 241408533333E-3
M3= @©11324755117S GA{1. 12 Y= 1.39939963855
Md= 1.13521423314E-2 G2, 12 Y= 1.329939997319
MS= 519557244392 ML 12 Y= 7 33811117163E-3
ME= I @ISTTI7RISEE-2 W2, 12 Y= I . R36157212046E-3
PSC1, 12 Y= 189393 137451 D¢1, 12 »= 192 727472494
FS(2, 12 2= 100387 254214 BUZ, 12 Y= 192 S2176A6473
TSq1l. 12 Y= 22 7495 2¢1. 12 = 2355 7226025
TS(2, 12 »= 22 721 F2(2, 12 »= 2955 80052643
Cc= 2 Ci= 3
- 418 - B
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LT= 13 AZ2= 1172.1476187¢E
Ml= 2 B3ISS292S447E-2 Mi1c1., S5 >= 1. .65431111111E-
M2= 7 @551B6572B31E-2 V1C2, S »= 2.39576944444E-3
M3= 91°?8b1:’898 G9¢1. S >= 1 239843718349
M4= 1.27820941362E- G2(2, S Y= 1 .39984433395
MS= 2. A3723452426E~- 9 Wel, S = 3.96512443203E-3
ME= 3 .06464642807E-2 Yz, S5 >= 2.81822452062€E-3
PS<1, 35 >= 99925 .32388SS BCl. S )= 234 967884442
PSC2, S )= 39936 .6571947 Q¢C2, 5 s= 233.992532191
TS(1, 9 »= 23.7375 F2¢1, S >»= 4521 .51275575
T5C¢2. S5 = 23.725 F2(2. 5 >= 4631 .4449685=2
o= 2 Ci= 3
L7= 12 AZ2= 1202 .9249204%
Ml= 2. .332391032324E-2 Wtél, A Y= 1 TR2294166667E-3
M2= T .971€323835423E-2 V1¢(2, € Y= 2 SA76VBSSSS5SEE-3
M3= 1. 233132056091 E-2 G2(1, 6 )= 1 323379374169
Ma= | 33334338325E-2 39¢2. & »= 1. 3°9’9904? 23
MS= 2.8482c44208121E-2 V(1. 6 >= 3.9A914598876E~-
M&e= 3 .871132625542E-2 viz2, & >= 3.237 992445365-5
S{1, 6 >= 1099B6 299138 (1., 6 >= 228.3812638555
P5{2, 6 Y= 19080813 .456642 PC2, 6 d= 228.71954956¢6
TS{1., & Y= 27 594 F271, & >= 4435 15329727
TS(2. & »= 23 857 F2¢2, & )= 4435 @8969699

- c= 2 Ct= 3
L?= 17 R2= 1225.£2928584
Mi= . AZAZAS247353 Wlet, 7 2= 1 743395SS5556E-3
MZ2= 7 . @83561448471E-2 ViC2., 7 2= 2 .S5€2858323333E-3
M3= 1 . 35144522387E-2 5%¢1, 7 = 1 23974339328
M4= 1 35201328742E-2 GA(2, 7 >= 1 .39974835733
MS= 2 A21372S4398E-~-2 W1, T o= 3. Q7727241157E-3
ME= 3 9322877 98PRIE-~Z Wiz, 7 >= 2.232136785303E-2
PSct1. T Y= 192027 S22846 L, T M= 226 119777332
PSC2, ¥ = 18A@A20 2S841:2 L2, T 3= 229 94404A9412
TSe1, 7T = 23 6835 F2c1., 7 Y= 4137 . THB861976
TS(2. 7 »= 2387 F2(2, 7 Y= 41237 71916146
L= 2 1= 3
LT= 1% AZ2= {242 77108725
Mi= 2 AIRZTITAR273ZE-2 Wiy, 3 = 1 TITE4722222E-3
M2= 2 B85154463SO1E~-2 VI1(2, & d= 2 54706661668 TE-3
MZ2= 0134372228569 G2C1., 8 »= {1 32999373916
M4= | 3449572255SE-2 G2R(2, & »= 1 32369338279
MS= 2 9147 4QU3Q4E-2 Wit., 2 »= 3 93353921122E-3
Me= 3 @8.@4 '51884E-2 U2, 2 Y= 3T 21844a71731E-3
PS<l, & 2= 199@26.322886 @rl1, 8 »= 220.3413249234»
PS(2, 2 »= 18Q33a.1227¢1 g 3 Y= 220 752519253
TScl., 2 Y= 23 54 F201 3 = 7341 32168031
TS«2. 2 »= 23 636 FZ(2, & >»= 3341 2793551
= 2 C1= 3
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- L7= 273 A2= 1202 .3T47BR3ISE
; Mi= .0202A24S2DR7 Vi1¢1, 1 2= 1.16174972222E-3
| M2= Z.93121729376E-2 WiC2, 1 )= 1.632591111111E-3
| M3= 3 GR89673151E-3 Ga(1, 1 )= 1. 323997726256
Ma= € E22905E1683E-3 GeC2., 1 >»= 1.399576975%uv4
MS= 2 .9PA951032978E-2 W(l, t 1= 32.354918@75532E-3
ME= 2.94€2TS72641E-2 W¢z, 1 )= 2.88539953327E-
PSC1, 1| >= 109APB3.5903 R(1, 1 )= 279.473942561
. FS(2, 1 »>= 293997 5934974 Pc2, 1 >= 242.878186122
] TS:1. 1 )= 24 296 F2¢1, 1 >= SA73.25498425
- TS5¢2. 1 "= 24.2125 F2(2. 1 )= S873.68531421
C= 2 Ci= 3
L7= 22 A2= 1172 35194516
Mi= 2 B321231S338E-2 W1¢l, 2 = 1.20336111111E-3
M2= 2.96T7EVRRT?SBEE-2 V1C(2, 2 = . BRIB37123S
M3= 9. 22423783595E-3 53¢1, 2 >= 1.3299958738599
M4= 9 32470330742E-3 GR2(2, 2 »= 1.39995228891
MS= 2 .93221942278E-2 Wi{l, 2 >»= 3 932687525446E-3
ME6= 2.967465A949ZE-2 Yz, 2 3= 3 . 590PS481196E-3
PSCl, 2 >»= 99947 8571553 RCL, 2 = 240.514195395
PSc2. 2 >= 100921 .92%6353 @<z, Z Y= 240 456578832
i TSc1., 2 Y= 24 035 F2¢1, 2 »= 5425 29679151 ST
TS¢2. 2 Y= 24 99E& F2{2, 2 >= S424.97292363 S ]
= 2 Ci= 3 — ] 3
Ly= 2t AZ= 1179 29328975
Ml= .9ZI3IE2T19195 Widl, 3 >= 1.44223388889€-3
MZ= Q36 1S8E53 V1(2., 3 )= 2.085318233839E-3
i M3I= 016932792543 G011, I o= 1. 3999198731
M4= 1 @3IIEEQ9ISAZE-2 G¢2. 3 >= 1 29952143733
MS= 2 .43 1A1415E-2 WEl, 2 3= 3 3726%444511E-3
M= 2 .91 SR6S35E-2 We2, I )= 2 AZ49927621E-3
FSi1, 3 1906929 523438 (1. 3 »= 233 . 566453573
pse2. 3 190045 . 598201 GCZ, 3 )= 238 622672065
TSc1. 3 23 a F2il. 3 )= S176.51265623
TSz, 3 23.877 F2(2. 3 »= S517E . E€37523366
C= 2 Cl= 3
L?= 29 ¢ AZ= 11732 215472243
Mi= 2 RA42729654357 E-? Widl., 4 = | STI2H166657E-3
M2= 3. P30779827SZE-2 (2, 4 D)= 2 26036944444E~3
) MZ= 1 288592009327 E- 4 22¢1., 4 Y= 1 323958490227 "
‘ Ma= 1 24543 naqzs1e-2 GO(2, 4 Y= 1 329983603704 e
MS= 2 D4A26211THEE- VWi, 4 »= 7 470541372369E-3 > "1
ME= 2 @3452409096E- a V(2. 4 d>= 3T 82819443516E-3 N
FS.1. 4 >= 29937 3968322 @1, 4 »= 235 274738721 Nd
PE{(2. 4 d= 89334 1242737 Qe¢Z, 4 »= 235 8615822138 Al-riny
TS 4 d= 23 7985 F271, 4 »= 49292 43453578
! TS/2. 4 »= 23 76€ F2(2. 4 >= 4929 3345386
. ~= 2 : 2




M Nl TSN I IEL AL I A L e et 4 s et i Rt ‘a-—_ T

q
[ R N
"_':'.:\j
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22 NOV DATA TAPE, ARRAY STORAGE 24 to 33
SHORT TUBE MODES 1 7O 10
A SIDE = 1248, B SIDE = 815 (ET ALONGSIDE)
L= & A2= €SAa S252227V11
i Py Mi= 2.13221182293E-2 M1C1, 32 )= | . A77BRO27773E-2
f‘ M2= 2.97542379447E-2 Y1C2., 32 »= 1.47042611111E-2
. y M3= 2 56287950 1324E-3 G2(1, 32 »= 1.33746594243
M4= € 67468954435’3 G2, 32 »= 1.39:46649@15
MS= 2 11992434778E-2 Yeg, 32 d>= 2. 998213738266E-3
. M6= 2.97377683449E-2 Viz, 32 )= 3 8T7299@59521E-3
- PSc1, 32 Y= A337.729088935 QL. 32 )= 75.2935912485
1 PS(2. 32 >= 99231 .8626158 (2. 3z )= 7S.91290ES1Z27
TSul, 32 = 22.454 F2¢1., 32 Y= 1379.12444511
TSC(2. 32 »= 22.442 F2¢2, 322 »= 1479.1123733¢
C= 118 4113 C1= 118.5741
L?= 1 AZ= 1193.11€Q425¢6
Mi= 2. 9352S732982E-2 Wicl., 33 »= | AF97P02777RE-Z
M2= 2.9514143849%E-2 Vi¢2, 33 »= A014€85695
M3I= 2.921892113@7E-3 G2¢t, 33 = 1 33574304228
Ma= £ ©3841715247E-3 Go¢2. 33 = 1,«94?454335
MS= 2.1Q122830717E-2 Uel, I3 d>= 4 04212€45632E-3
ME= 2.94527626303E-2 VeI, 23 = 2 .91417119582E-3
PS¢i, 33 »= 29842.9289134 Q°1, 33 Y= 42.4283685067
PSc2. 33 Y= 39344, 39560324 Q¢Z, 33 )= 42. 2581786382
TS¢1., 33 v= 22.4235 F2¢1, 33 Y= 738 445363436
TS¢2, 23 w= 22 .3¢8 Frv2, 23 = T738.3958834537
C= 116 . 4992 Cl= 113.56R7Z
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V= 6 Az2= 2
Mi= 2. 18313SB7746E-2 yi1c1,
M2= 2 .09835425827E~-2 Vid{2,
M3= 1.990181‘q4? E-2 G3(1.
Md4= 1.29874215502E~2 Gacz.,
MS= 2.18913724531E~-2 Wt ,
M&= 3.99700722513E~-2 vz,
FSC1, 28 )= 99897 .7937383 1,
PSC2., 28 >»= 99898 1937671 Qe
TSC1, 28 >»= 23 .3885 F271.
TS¢2, 22 »= 22.3765 F2¢2.

= 116.4155 Ci= 1
L?= S AZ= 3
Ml= 2 133226S0R7ZE-2 Vicdt,
Mz= 2 . RA3S122598393E-2 Uyid{z2.,
M3= 1. 2887362887 1E-2 GoCt,
Md= 1 26937957462E-2 Go2.
MS= 2.18323573824E-2 Wot,
ME= 2 . ©93768991414E-2 vz,
PSC1, 292 >»= 933886 .3608¥66 R,
PS(2, 29 »= 233875.1943521 Bc2,
TSc1, 29 »= 232.87895 Fa2¢1.,
TS(2, 23 »= 23.8285 F22.
C= 116 41€5 ci= 1
LY= 4 AZ2= 4
Mi= 2. 1605Q153545E-2 Wit
M2= . B3QEASSZ3I2E V12,
M2Z= 1.194a5172331E-2 G201,
Mda= 1 18355@994762E-2 G2,
MS= 2. 1B83S2332762E-2 Yitl,
M&= 3 .85657713162ZE-2 Ve,
PSe1l. 28 »= 99372 .1346224 @y,
PSC2, 3A = 9QCRT . T281v:Z6 L,
TSdCl, 329 »= 22.373 201,
TS(2. 3@ = 22.337 Fz2(z.
C= 116 41952 ci=1
LV= 3 A2= 4
Ml= 2 137579525395E-2 Uict,
MZ2= 3 B1ESIEITISE-2 Vidc2.,
M3I= 9 . KEKTATIRSIIE-3 53,
M4= 9 674201757S5SE-3 Gac¢z2
MS= 2 132232471AQ€E-2 Wwil,
Me= Z . 014210112035C8E-2 Wz,
PSd1, 321 »= 29362 .6616026 Py,
FPSCZ. 31 »= 29284 3232145 ez,
TS41, 21 Y= 22 60815 Fa241,

S22, 31 = 22.9%99 F2:¢2
= 116.41727 o1l= 1
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a7 . e/asss9213
28 Y= 5. 23321666567E-4
23 »= £ .€05938R38=8%E-4 Y
22 )= 1 .39913663613
23 »= 1.39912676211
28 )= 3.894455472812E-3
28 Y= 32.80946145986E-3
28 >= 115.877297381
22 >= 115.968916996
2% Y= 43447 53712346
22 )= 4447 330853342
13 5722
87 .832422382
29 M= 9 .04637222222E-4
2% >= 1 .23596111111E-3
29 »= 1 39897073318
29 »= 1 .329897388%592
29 )= 7 .26206788887E-3
29 >)= 2 .33446895976E-3
29 Y= 117 .8655824283
292 >= 11£.5945425871
29 Y= 3703.24199335
2% Y= 3I7B2.87523621
18 5777
7 SR
11 72152523 )
30 Y= 1 .83213194444E~3
g = 1 41388611111E-3
29 »= 1 .329365812863
38 = 1 .392669372148
39 = 4 A39574043QA9E-3
70 )= 3.2115126518E-
SR 1= 115125137633
30 Y= 114 .7%791312%
39 Y= 2381 11596582
In = 2268 83353234
13.57%2
23 .3439321931
21 = 1.183471328839E~-73
31 = 1.51@523B55556E-3
31 = 1 39822366634
31 »= 1.22€22368234
21 )= 4 1374383587483E-3
71 )= 4 .08245412733E-3
31 )= 1Q2 98232924233
21 )= 102 3814952167
71 = 2212 111657091
31 = 2213 9VV22217
18 §°73




Lv= 1d

Mi= 1.94823237771E-2

M2= 2.35678373428SE-2

M3= 4.12823089873E-3

M4= 4. 1193567080B8E-3

MS= 1 .94786391211E-2

Me= 2 .35128283345E-2
PS(1, 24 >= 99961 .12508363
PS(2., 24 »= 99951 .85866284

TS<1, 24 »= 23.3125S
T5¢2, 24 »= 23.849
= 116.4991

.BARREIZRBVIRE-2
.687927303@801E-2
.61943499822E-3
.6171@94395E~3
.BBS577766427E-2
.608157349832E-2
PS(1. 25 >= 99929 63593987
P52, 25 )= 8%325.@53535
25 »= 22.799

2
(53]
i
PRI AL I

T5¢2., 25 >»= 22.68

C= 116.4143

Ly= ¢

Mi= 1 .55143042546E-2

M2= Z.€9432358761E-2

M3= .5924173223933

M4= 522655088641

MS= 1.6584142%213E-2

M6= 3 69€55292511E-2
PSC1. 26 )= 933225 7928532
P5(2, 26 = 33226.2593145
T5¢1, 26 )= 22.6225

T5(2., 26 »= 23.662

C= 116.4121

Le= 7 ‘

Mi= 2. 137€2449534E-2

M2= 2.96977971842E-2

M3= .81093225933242

M4= 1.093242213698E-2

MS= 2.138128997432E-2

M6= 3 .H6914689267E-2
PZL1, 27 »= 29210 3933638
PSC2, 27 »= 99517 4538
TSe1. 27 »= 22.529

T5¢2. 27 »= 22.5885

2%

. 72B44166667E-4
.16833888839E-4
Go<1, 24 )= 1.399?6586644
G2¢2, 24 »>= 1.39978899995
Y(i. 24 = 4 .R6583781948E-3
V(2, 24 >= 3.92286921822E-3
Qr1, 24 )= 118.3793406747
R(2. 24 >= 118.42745199%
F2(1, 24 »= 7431.31692558
F2(2, 24 »= 7430.5097933%¢
Ci= 118 5833

)

RZz= SO7.893R42353

$1¢1, 25 )= 1.69542222222E-4
y1(2, 25 »= 2.96661111111E-4
G2{1. 25 >»= 1.39951444381
Go(2, 25 = 1.399613586542
V(1. 25 >= 4 0848508436865E-3
V(2, 25 >= 3.918641058A3E-3
RCl, 25 »= 114.45331137

RC2, 25 >= 114 .5484775%94
F2¢1, 25 »= 6682 .397516396
F2¢(2. 25 >= 6£82.69631431
Ci= 113.5821

2= 452 890354481

Widl, 26 »= 4 431156666667E-S
V1(2, 26 = 9.42152777778E~S
G8{1, 26 »= 1.39943588378
G2(2, 26 »= 1.329943973557
W(l, 25 = 4 WB6913306825E-3
Wig, 26 )= 3.33116463373E-3
2¢1, 26 2= 112.71508269

Ri2, 26 »= 112.8524387332
F2<1, 26 = 5335.935189154
F2¢2. 26 »= 523356.7334631

Ci= 113 .521

f2= 411.9210533355

Midl, 27 = 2.77497222222E-4
V1¢2, 27 »= T.84483380283%E~-4
G2¢1, 27 >= 1 39935863064
GA(2, 27 »= 1 39935978343
Wil. 27 Y= T .93818175096E-3
W(2, 27 = 3 .3422225%63E~-3
GCL, 27 = 1134.285884511
(2, 27 »= 113.9514568&2

F2(1. 27 >»= 5191 78968126
F2(2, 27V »= 51921 .568638598
Ci= 113.5282
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22 NOV DATA‘TAPE, ARRAY STORAGE 34 to 43
SHORT TUBE MQDES 1 TO 10

A SIDE = 1248, B SIDE = 1082 (ET ALONGSIDE)

L7= 2 A2= 961 . 442532391 £ivm e

Mi= 2 11B63673S13E-2 Wi¢l, 42 = 1.59862777772E-2 o

M2= 1.9238391S261E-2 V1¢2, 42 »= 1 489177777 78E-3

M3= 2.541415220SE-3 39¢1, 42 >= 1.39733043776

M4= € S4152515999E-3 G9(2, 42 >= 1 297379514a15 :

MS5= 2 11971299883E-2 Wel. 42 )= I.29704232524E-3 %

M&= 1 92321439279E-2 Wiz, 42 )= 2 G293622322E-3 —

PSC1. 42 937161997539 (1. 42 Y= 7T 5553475994 TR

PS(2., 42 )— 99714 9997934 PC2, 42 2= 77 SSEBEETSII T

TS(1. 92 >= 23.1375 2¢1, 42 »= 1431 16097955 o

TS(2. 42 23.155 F2(2., 42 >= 1421 22987582 T

cz 116 414 Cl= 113 S641 e

L7= 1 A2= 1255 402092641 —

Mi= 2.10198220532E-2 Wi¢l, 43 0= 1 S9363611111E-3 R

M2= 1.89718549347E-2 V1¢2, 43 >= 1 451638S5556E-3

M3= 7.9602320Q12SE-3 Gc1, 43 = 1.39565757376

M= 7 .96091996144E-3 Ga¢2. 43 >= 1. 3956572473

MS= 2 10122574224E-2 W(l, 43 )= 3. .87217973566E-3

Mé= 1.89716424818E-2 W2, 43 >= 3.99758428727E-3

PSc1, 43 Y= 99639 .1339776 Q1. 42 )= 43 34852983099

P5(2, 43 Y= 995631.13424883 (2. 43 )= 49 4847813162

TSc1. 43 »= 23 1935 F2¢1., 42 3= 749 17746519

TS(z, 42 »= 22.19¢ FZ(2, 43 )= 746126653099

C= 116 4154 Cl= 113.5654 .
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. L7= & A2= 483.683904774 KSR
- Mi= 2 20319437451E-2 Wwi¢1, 38 )= .@088867785S K
- M2= 2.1312&6772985E-2 V1C(2, 32 )= 5.44009444444E-4 S
M3= 1. .22642744875E-2 GS(1, 38 >= 1 39916292925 DR
M4= Bl°2b4 27611 G9¢(2, 38 »= 1.3991€126622 ;
MS= 2.20927621119€E-2 Y1, 33 H= T.935908663662E-3 iy e A
Mé= 2.1312889?203E—2 V(2, 38 »= 3.96799928882E-3 e
PS<1, 38 >»= 93747 .73285 RC(1. 33 >= 134.862315597 A
PS(2, 38 >= 99747 . 3987276 72, 38 >= 134.661544924 el
T5¢1, 33 >»= 22.?855 F2(1, 38 >»= 4439.8833079%¢ e
TS5¢2. 38 »= 22.7395 F2(2, 33 = 4440 . 16588913 AR
C= 116.48¢61 Cl= 118.3572
L?= S - A2= 587 .541445324 ,
: Mi= 2.19476185489E-2 Yicl., 39 »= 1.298841656667E-3
. M2= 2.@Q72€7RACBZ7RE-2 Vid2, 39 »= 1.23526328888%E~3
. M3= 1.228€62392345E-2 G2(1, 39 »= 1.32892433635
M4= 1 .22849651964E-2 G922, 32 >= 1.39892264547
MS= 2.19453427147E-2 Va1, 39 >d= 3.94185532265E-3
ME= 2.87228555782E-2 Vi2, 39 >= 3.96932166216E-3
PS(1., 32 )= 92768 .7316224 R¢i, 39 Y= 132.429168548
PS(2. 39 = 9375@8.8649513 92, 39 2= 132 462968727
TS<1, 39 »= 22.8725 F2(1, 39 »= B.389506116
TS(2, 33 »= 22.96635 F2¢2, 39 = ?ne 486232342
- .2 = 116.4873 cl= 113.5571
T L?7= 4 A2= S555.3273082625
Mi= 2. 162384512138E-2 $1¢1, 49 >= 1 . 50B22888889E-2
M2= 2. .81338525736E-2 V1¢(2, 48 = 1 .49485277778E-3
M3= .B107V2367539 G9¢1, 48 »= 1| 39859660948
Md4= 1. @7843725198E-2 GA(2, 41 = 1 392868557941
MS= 2 16812475268E-2 Vi1, 48 = 32 2A597777402E-3
ME= 2.091323132208E-2 V(2, 48 = T 29341895203E-73
PS<1. 48 >»= 237A2Z .TI9R2211 2C1, 48 >= 126 755413494
PS(2, 49 = 537862 .4@643118 PGi2. 46 >= 128 752226131
TSC1, 48 = 22.9375 F2¢1, 48 >= 2959 .355892137
y TSC2. 4n = 23.6185 F2(2. 41 = 23€8 9779958
C= 116.4093 Ci= 113.9557
Lv= 3 A2= €50 .8420325157
Mi= 2. 141823232632E-2 Wi{l, 41 »= 1 S5S161111111E-3
M2= Q19626250164 102, 41 = 0814325
M3= 3 49164994974E-3 532¢1. 41 Y= 1 33814643243
M4= 9 .481283908276E-3 G2, 41 = 1.392€14547794 e
MS= .821413095992 VWiel, 41 Y= 2 35859355462E-3 meet
M6= | 9637AR21649E-2 Viz, 41 >= 3 282713152386E-3 ——
- PSC1, 41 »= 23741 . 4655895 R{1, 41 >= 109 4260146693 Al
- PSC2, 41 >»= 99733.3652395 P2, 41 2= 103 445018972 S
. TSd¢1l, 41 »= 27 .87VSS Fadl., 41 »= 2228 55788819 RO
- TS5¢(2, 41 »= 23 .9945 F2e2, 41 = 2228 .g608112731 e
- = 116.4124 C1= 113.561S N
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5 7= 18 A2= €@3 82332723248 :ﬁ
- Mi= 1.92045975469E-2 W1C1, 34 y= 3.21725277772E-4 3
- M2= { 99817850931E-2 V12, 24 Y= 3. 3I7506656667E-4 NN
- M3= 4.31495883396E-3 G9¢1., 34 >= 1.39971917232 e
¢ M4= 4 .31216735804E-3 G9(2, 34 »= 1.399720863214 )"
MS= 1.91921735183€E-2 Y(l, 34 >)= 3.90359199425E~3
- ME= 1.99946482289E-2 Y(2, 34 >= 3.93326498791E-3 SO
>3 PS(1, 34 >= 99751 .2652671 @C1, 34 >= 130.541202897 %S
o PS(2, 34 >= 93751.6652539 RC2. 24 >= 13B8.695168595 A3
o TS(1, 34 M= 22.4855 F2¢1., 34 >= 7497 .33566674 ACS
= TS¢2., 34 )= 22.455S F2¢2. 34 »= 7406.68396456 A
C= 116.4853 Cl= 118.5636 e
o
54 7= 9 A2= S71.84775157¢% "
g Mi= 2.9S51746Q32481E-2 Widl, 35 = 2. 13761666667E-4 o
. M2= 2.11654991038E-2 V1(2. 35 = 2.22191944444E-4 o
" M2= £.98593242915E-3 G2(1, 35 >= 1.3996244959 e
g M4= 6.08835932888E-3 39¢2. 35 »= 1.3996247795% -
R MS= 2.85256216996E-2 W(l, 35 >= 2.22363623468E-3
o ME= 2.1157B833306E-2 Y(2. 25 >= 3.85271521916E-3 I
o PS5¢1, 35 >= 293765.9981158 QC1, 35 )= 123.408652005S KO0t
= PS¢(2. 35 Y= 9976£.9980171 R:2, 2T d>= 122.291737452 Sl
" TS(1, 35 »= 22.346 F2¢1., 35 )= £&£62.82519347 o
N T5¢(2, 35 »= 22.339 F2¢2, 35 >= 6662.36791147 por
-, C= 116 4942 Ci= 118.5617 s
r -
7= £ A2= SA7.E@3IATILTE L5
Mi= 1. 3I7392572789E-2 W11, 356 = 3.22394444444E~ N Fp:
Mz= 3. 36?2:474°34E 2 Y1(2., 36 »= 2 66566666657E- q Lo
- M3= 591423532043 G2¢1, 36 Y= 1.39958761204 fi
= M4= .SB1@93339222 G9(2, 36 »= 1.39958791&74 £
o M5= 1. 372@1298536E-2 W(l. 36 )= I .92273239175E-3 b
ME= 3.36329044E0B3E-2 Y2, 36 Y= 3.95463795482E-3 ~—~—
e PSC1, 36 »= 39759.2656@33 @C1. 26 >= 122.932814312 oS
. PS(Z. 3€ »= 39754 9384776 2. 36 >= 129 18268275 g
. TSel. 36 = 22.283 Fzil. 35 >= S319.33221932 N
- T5¢2. 35 "= 22.27¢ F2(2, 35 »= 5919%.53682%16 ol
o C= 116.4943 Cl= 113.95€23 o
L?= 7 AZ= 423 7€622R6S1 —
Mi= 2 14233755347E-2 Yi(t, 37 = 2.41965555556E-4 L
MZ= 2,22257704577E-2 Wi1(2. 37 »= 2 .S7270833333E-4 -
_ M3= 97 898094220721E-3 39¢1, 37 >= 1 3993508942 :
3 M4= 9 .89384627112E-3 G9(2. 3I7 »= 1.39934854791 2
T MS= 2 14142209471E-2 W(1, 37 >= 3.9260S33392E-3 N
ME= 2 .22352897864E-2 Ye2, 37 »= 2.95281028353E-3
= PS(1, 37 >= 39744 3654776 RC1, 37 >= 132.143242952 ENC
o PS5(2, 37 Y= 92746 6654184 i, 37 0= 132.263992382 S
o TS¢1., 37 >= 22.52S5 F2¢1, 37 Y= S179.2:368816 o
- TS¢2. 37 »= 22.572% F2(2, 37 »= S173 63587382 YO
- C= 116.49473 T1= 113 5585 Lo
- B
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