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Introduction 
Purpose of the Instrument. 
The Microphone Calibration Apparatus Type 4142 is primarily designed for 
precision calibration of the B & K "one inch" Condenser Microphones, or 
similar types of cylindrical shapes with diameter o.936 inch (thread o.910/l, 
60NS2), by the reciprocity method defined by the American Standard Associa
tion (Z. 24.4-1949) for laboratory standard pressure microphones. In addition 
to the normal 20 cm3 coupler, two other couplers are provided for special 
purposes: 
(a) A 3 cm3 coupler allowing the calibration to be made at higher frequen

cies in air and with a 16.4 dB higher level than with the 20 cm3 coupler. 
The higher level may be used for carrying out comparison measurements 
between a reciprocity calibrated microphone Type 4132 and the less 
sensitive B & K half-inch and quarter-inch microphones (eventual volume 
change must be taken into account). 

/ Coupler Adaptor Ring DB 0111 

V2" Adaptor DB 0225 

1/1." Adaptor DB 0264 

20cm3 Acoustic Coupler DB 0157 

Insulation Ring DB 0301 

0,3 crrf Acoustic Coupler DB 0381 

Insulation Ring DB 0159 

Yoke XB 0027 

Yoke XB 0063 

Extension Contact DB 0158 

Extension Contact DB 0327 

Connecting Coble AO 0013 

Coupler Adaptor Ring DB 0111 

3 cm3 Acoustic Coupler DB 0148 

Actuator UA 0033 

Actuator UA 0023 

Microphone Cartridge 4131 (4132-33-34) 

Fig. 1. Tile Accessory Case of Type 4142. 

l6059.f. 
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(b) A o.3 cm3 coupler which is used when it is wanted to carry out the 
absolute calibration of a microphone in air at frequencies of up to 
20 kHz. This coupler fits the half-inch microphone cartridge Type 4134 
which has a flat frequency response up to 20 kHz. 

The high frequency calibration of condenser microphones is, however, more 
easily carried out by the non-standardized eleotrostatic actuator method com
pleted by an absolute calibration made in the most favourable· frequency 
range (low frequencies). This facility is therefore also provided in the 
apparatus. 

General Description. 
The apparatus consists of a "Main Unit" and an "Accessory Case". The ':Main 
Unit" contains the high tension supply for polarization of an electrostatic 
actuator, a transmitter microphone base, and a pre-adjusted series capacitor 
for the microphone current me·asurements as part of the reciprocity tests. 
The accessory case contains :-

2 Electrostatic Actuators: UA 0023 for use with the Microphone Cart
ridges 4131 or 4132, and UA 0033 for use with the Cartridges 4133 or 
4134. 
3 Acoustic Couplers: DB 0148 ( 3 cm3) for calibration of cartridges with 
a diameter of 23.77 mm, DB 0157 (20 cm3) for calibration according to 
A.S.A. standard Z 24.4, and DB 0381 (o.3 cm3) for calibration of lh" 
microphones. 

3 Coupler Adaptor Rings DB 0111. 
2 Microphones Adaptors: DB 0225 which adapts the lh" microphone to 
a Ring DB 0111. 
1 Adaptor DB 0264 which dimensionally transforms a 1,4," microphone 
into a lh" microphone, for use of the UA 0033. 
1 Yoke XB 0027 with springs for mounting the Cartridge 4131 (or 4132) + 
Cathode Follower 2612 (or 2613) on the Couplers. 
1 Yoke XB 0063 for mounting the Cartridge 4133 (or 4134) + Cathode 
Follower 2614 (or 2615) on the couplers. 
1 Microphone Cartridge Type 4131 (or 4132, 4133, 4134 when specified 
on ordering). 
Note: In general the type 4132 is recommended for · use as a precisely 
calibrated standard. 

2 Insulation Rings: DB 0159 for use with the Cartridges 4131 or 4132 and 
DB 0301 for use with the Cartridges 4133 or 4134. 
2 Extension Contacts: DB 0158 (6 mm) and DB 0327 (9 mm) . 
Connecting cables, manual, fuses and scale lamp. 

The complete calibration is normally carried out in three steps:-
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1. The determination of the absolute sensitivity of the microphone by 
means of the reciprocity method at fixed frequency. 



2. The determination of the pressure frequency response by means of an 

electrostatic actuator. 

3. Correction of the pressure frequency response by means of the free-
field correction curves, Figs. 17 and 18. 

The reason for only using the reciprocity pressure calibration method a1 
low frequencies is, that at higher frequencies, wave motion will appear 
in the acoustic coupler and disturb the uniformity of the pressure distribu· 
tion in the. coupler volume. At low frequencies the method ensures a very 
high degree of accm;acy when it is carefully carried out. This particular 
method is based on the measurement of voltage ratios only, as well as a few 
fixed parameters which may be predetermined with a high degree of 
accuracy once and for all. To carry out the calibration three B & K Micro
phone Cartridges and one Cathode Follower are used. 
The measurement of the pressure frequency response of the microphone is 
made by means of art electrostatic actuator, the polarization of which is 
800 V, and is supplied from the "Main Unit". The electrostatic actuator 
may also be used for other types of relative measurements, such as the 
change in microphone sensitivity versus temperature or ambient pressure, 
since it is unaffected by environmental conditions. Both one-inch and half
inch actuators are supplied. The half-inch actuator may also be _used for 
respons~ calibration of 1,4" microphones, provided that the 14" <;artridge 
is mounted in the adaptor DB 0264. 

Standard Definitions. 
The American Standards Association Standard Z 24. 4.-1949 uses the follow
ing definitions: 

Open-Circuit Voltage. 
The root-mean square open-circuit voltage of a microphone at a given single 
frequency is the voltage appearing at its terminals when the microphone is 
working into an effectively infinite electrical impedance. 

Pressure Response. 
The pressure respons.e of a microphone at a given single frequency is 20 
times the logarithm to the base 10 of the ratio of the RMS open-circuit 
voltage, to the RMS sound pressure when the sound pressure is uniformly 
applied over the surface of the pressure-sensitive element (diaphragm). 
The ratio of the open-circuit voltage to the sound pressure causing it, is 
generally a complex number. The pressure response is 20 times the logarithm 
to the base 10 of the · absolute value of this complex ratio. Cgs. units: dB 
relative to 1.00 Volt dyne-1 cm2 (Volt microbar-1). 

Pressure-Response Phase Angle. 
The pressure-response phase angle of a microphone at a given single fre-
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quency is the phase angle between the open-circuit voltage and the sound 
pressure uniformly applied over the surfaces of the pressure-sensitive 
element (diaphragm). 

Unit: Degree. 

Free Field. 

A free field is a field (wave or potential) in a homogeneous, isotropic 
medium free from boundaries. In practice it is a field in which the effects 
of the boundaries are negligible over the region of interest. 

Note: the actual pressure impinging on an object (e. g. electro-acoustic trans
ducer) placed in an otherwise free sound field will differ from the pressure 
which would exist at that point with the object removed, unless the acoustical 
impedance of the object matches the acoustical impedance of the medium. 

Free-Field Voltage Response. 

The free-field voltage response of an electro-acoustical transducer used for 
sound reception is the ratio of the voltage appearing at the output terminals 
of the transducer when the output terminals are open-circuited to the free
field sound pressure existing at the transducer location prior to the intro
duction of the transducer in the sound field. 
The free-field voltage response is usually expressed in decibels, viz. 20 times 
the logarithm to the base 10 of the quotient of the observed ratio divided by 
the reference ratio, usually 1 Volt per microbar. The free-field response is 
defined for a plane progressive sound wave whose direction of propagation 
has a specified orientation with respect to the principal ax'is of the trans
ducer. 

Cgs. unit: dB relative to 1.00 Volt dyne-1 cm2 (Volt microbar-1). 

Acoustical lmpe_dance of a Microphone. 

The acoustical impedance of a microphone at a given single frequency is the 
complex ratio of the sound pressure uniformly applied over the surface of 
the pressure-sensitive element (diaphragm) to the volume velocity. 

Units: Acoustical Ohm (dyne sec. cm-5 ). 

Equivalent Volume of a Microphone. 

In dealing with closed cavity measurements (coupler measurements), it is 
convenient to express the acoustical input impedance of a microphone of the 
type described in terms of the acoustical impedance of an equivalent volume 
V e of a gas enclosed in a rigid cavity by use of the following relation. 

v-~ 8
- j W Za 

6 



where 

r = ratio of specific heats of the gas 
P. = ambient pressure 
z. = acoustical impedance of the microphone 
w = angular frequency 

Reversible Microphone. 

Cgs System 
number 
dyne cm-2 

dyne sec. cm-5 

sec-1 

Consider a linear, passive electro-acoustical transducer. Let p = pressure 
applied to the diaphragm and E = voltage applied to the electric terminals. 
Both p and E are sinusoidal and of the same frequency. Let u = diaphragm 
volume velocity, and i = current through the electric terminals. ThP 
equations of the transducer are: 

zui + znu = E 
Z21i + Z22U = p 

where z22 is the acoustical impedance looking into the transducer when the 
electric terminals are open, and z11 is the electrical impedance looking into 
the transducer when the mechanical motion is stopped (diaphragm blocked). 
The transducer is said to be reversible if the transduction coefficients zn 
and z21. when expressed in a consistent system of units, are such that z12 = 
Z21· 

Practical Definitions. 
For practical work with the B & K Condenser Microphone Cartridges which 
are designed to be used with a cathode follower, it is more convenient 
simply to use the output voltage from the complete condenser microphone 
cartridge + cathode follower in the definitions of sensitivity instead of using 
the open-circuit voltage from the cartridge, as prescribed by the standard 
definitions. The definitions for the pressure response and free-field response 
will then be: 

Pressure response, T, of a complete condenser microphone at a single fre
quency is the ratio of the output voltage from the cathode follower to the 
sound pressure when the sound pressure is uniformly applied over the 
diaphragm. The values are given in decibels relative to 1 Volt/ ,ubar or in 
millivolts per ,ubar. 1 ,ubar = 1 dyne/cm2. Both sound pressure and voltage 
have to be measured in the same RMS, average, or peak values. 

Free-field response, F, of a condenser microphone at a given single frequency 
is the ratio of the output voltage from the cathode follower to the free-field 
sound pressure existing at the microphone location with the microphone 
removed from the sound field. The microphone should be placed with a 
given orientation with respect to the sound waves. Values are expressed in 
decibels relative to t Volt/,ubar or mV/,ubar . 



For every m~crophone type there is a unique connection between the 
pressure response and the free-field response, the difference depending on 
the ability of the microphone to diffract sound waves and the sensitivity 
distribution over the diaphragm area, and therefore dependent on the 
dimensions of the microphone and the wavelength of the sound. It is 
possible to establish a definite relationship between the pressure response 
and the free-f~eld response.*) 
When one of the quantities is known, it is a simple matter to derive the 
other. However, as accurate microphone calibration is easier to carry out by 
the pressure calibration. method, only this method will be discussed. The 
free-field response is then found by adding the correction curves given in 
Figs. 17 and 18. 

*) See B & K Technical Review No .. 1 and :.!, 1959: A New Condenser Microphone. 
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Reciprocity Calibration 
Principle of the Absolute Microphone Calibration by the Reciprocity Method. 
For the reciprocity method of absolute microphone calibration two micro
phones are used. The two microphones are acoustically coupled in a small 
closed chamber where one of the microphones is used as a transmitter and 
the other as a receiver. It is possible by this method to find the product of 
the absolute sensitivities of the microphones T1 and T2, when the volume of 
the coupler and the current through the transmitting microphones are known. 

lf · the simple determination of the ratio of ~~ of the two microphones 

is made, the absolute sensitivity of the individual microphones can be readily 
calculated. By using three microphones coupled in turn to each other, the 
measurement of the current may be eliminated. It should be emphasized that 
in the following calibration procedure the complete microphone consisting 
of Microphone Cartridge and associated Cathode Follower is being calibrated. 
The transmitter cartridge is loaded by a capacitor which is adjusted to equal 
the capacitance of a hot cathode follower input circuit. In the final formulae 
the attenuation effect of a normal B & K Cathode Follower is included. The 
open circuit response of the cartridge may then be obtained by insert voltage 
measurement. 

Brief Theory and Definitions. 
In order to show how condenser microphone's can be calibrated bv the 
application of the reciprocity theorem it is nece~sary to consider Fig. 2 ~here 
two microphones are coupled by a closed rigid cavity of known physical 
dimensions called a coupler. This coupler is filled with a gas having a known 
ratio of specific heats. 
The following symbols are used in this description: 

P. =ambient air pressure measured in ,ubars where 1 atmosphere is 
taken to equal 1.01 X 106 ,ubar. 

y = ratio of the specific heats of the gas in the cavity (for dry 
air= 1.402 and for hydrogen= 1.408 at 25°C). 

V = volume of cavity measured in cm3 + equivalent volume of both 
microphone cartridges also in cm,3*). 

------
*) If all the cavity walls are rigid, their acoustic impedance will be very large compared 

to that of the volume of the gas in the coupler. However, the micrqphime diaphragm 
has a small influence on the impedance of the coupler, and when the Condenser Micro
phones Type 4131 and 4132 are used in this test, they have diapfiragm movements 
corresponding to the compression of an air vdlume of approximately o.15 cm8 each 
(N.B. The equivalent volume of a condenser microphone is constant in the linear range 
of the pressure frequency response). 
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Pol. Voltage 

istray + ic . = i1 

Cstray+Cs=Cp 

Fig. 2. Electro-acoustic network valid for reciprocity calibration under 
acoustic pressure conditions. 

p = RMS sound pressure measured in ,ubar. 

u = RMS volume velocity measured in cm3/sec. 

z. =impedance of the cavity = _Y PaV measured in acoustic ohms = 
J (() 

dyne sec cm-5. 

w = angular frequency = 2 n f. 

ec = RMS voltage across the capacitor C. 

E1 = RMS value of the voltage of a frequency f applied to micro · 
phone 1 used as a transmitting transducer (E1 > > ec). 

e2o = RMS voltage of cartridge 2 when loaded with cathode follower. 

e2 = RMS voltage of cathode follower output when looking into a 
practical infinite impedance. 

i1 =current through C, representing the current through the micro· 
phone 1 (Catra:v + Ca = Cp). 

CP = input capacity of the cathode follower with a condenser micro 
phone cartridge mounted. 

fJ = ~ = ~ =attenuation of the cathode follower . 
e2 et 

p = sound pressure produced in the cavity: 
y P. u 

p = uz. = -.-
JWV 
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·By the definition used in this booklet the pressure response T2 of micro 
phone 2 which is the receiving microphone is:-

therefore: 

T2 = _ e_2- Volts/,ubar 
p 

r P. u 
e2 = T2 -.--

J (.() v 
The reciprocity theorem can be expressed as follows: 

(2) 

In a passive, linear, reversible microphone the ratio of input current i1 to 
the open circuit volume velocity u of the diaphragm for the microphone 
used as a transmitter, is equal to the ratio of the open circ~it (blocked) 
pressure p to the open-circuit voltage e1o developed across the electrical 
terminals of the microphone, when the microphone is used as a receiver. 

That is to say: 

_ i_l - __ P_ X 10-7 = l0-7p ~2_ (3) 
u e1o 1.08 e1 1.08 T1 

where e1 is the output voltage from a B & K cathode follower Type 2612/13 
The factor fJ = 1.08 accounts for the attenuation of an average B & K 
Cathode Follower Type 2612/13. (See also Fig. 6). 

T1 is the microphone sensitivity in V/p,bar: T1 = _ e_l_. 
p 

The conversion factor 10-7 is used here because p and u are in c.g.s. units, 
while i1. e10 and e1 are measured in practical electrical units. 
From (2) and (3) an expression is obtained for the product of the preswre 
response of the two microphones. 

_ T T 1.08yP.it X 107 
e2- 1 2 jw XV (4) 

The difficulty here is the precise measurement of i1. *) 

By connecting the transmitter microphone as shown in Fig. 3, in series with 
a known capacity C, which is large when compared with the condenser 
microphone capacity Cm, and measuring the voltage drop ec over C with 
the same input voltage E1 as used for the reciprocity measurements, i1 can 
be calculated from 

which, when substituted into 

e2 
ec 

il = jw c ec 
(4) gives 

1.08 y P.C X 107 
=T1T2 V 

(5 

(6) 

*) ASA standard Z 24. 4 suggests a rather complicated Wagner grounded Schering bridge 
for measuring the capacity as function of frequency. From measurements of the voltage 
the current through the transmitter cartridge is then calculated. However, Dr. A. Kjer
bye Nielsen describes a very good method in: "A simplified Technique For the Pressure 
Calibration of Condenser Microphones by the Reciprocity Method", ACOUSTICA vol. II, 
p. 112 1952. 
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As the normal sensitivity of the Condenser Microphones Type 4131 or 4132 
is around 46 dB below 1 Volt/ ~tbar, it will be convenient to choose the 
capacity C so that e2 = ee, when both microphones will have a sensitivity of 
exactly -50 dB (3.16 mV/~tbar). 
That is to say v 

')' Pa lOX 

')' = 1.402 
Pa = 1.013 bar 

where C is measured in farads and 
v 

'Y P. 
in c.g.s. units. 

With the ASA standard coupler of 20 cm3 the corresponding value of C is 
o.132 ~tF , and with the small coupler of 3 cm3 the corresponding value of 
C is o.0196 pF. In the Microphone Calibration Apparatus Type 41_42 the 
built-in capacitor C is o.0196 ftF. The voltages e2 and ec are then compared. 
If they are equal and the 3 cm3 coupler is used, the average response of the 
microphones will be -&0 dB. If e2 is found to be n dB above ec, the average 

n 
sensitivity of the microphones will be -50 + 2 dB with reference to 

1. Volt/~tbar. As seen from Figs. 2 and 10 the voltage ratio n is obtained 
merely by switching ·between two positions ("Condenser Microphone': and 
"Direct") on the B & K Microphone Amplifiers. Thus n can be read directly 
in dB to a very high degree of accuracy. 

It should be pointed out that it is important when using the B & K amplifiers 
with individual sensitivity adjustment for "Condenser Microphone" and 
"Direct lnput" that the sensitivity is adjusted to exactly the same value be
fore the calibration takes place. See Operation p. 20. 

If the 20 emS ASA coupler is used and C = o.0196 ~tF, the average sensitivity 
of the two microphones will be --41.8 dB with reference to 1 Volt per ~tbar 
when ec = e2. 

If the special o.3 cm3 coupler for calibration of the lh"' Microphones 4133 
or 4134 is used, the corresponding average value is -60 dB re 1 VI ~tbar 
when e2 = ec. 

The ratio of the sensitivities of the two microphones 1 and 2 is then found 
by using a third microphone as a transmitter and making successive com
parative measurements*). If microphone 1 is found to be m dB more sensitive 
than microphone 2, the sensitivities are 

Microphone 1 = T1 =-50+ ; + ~ dB with reference to 1 Volt/~tbar 

and 

Microphone 2 = T2 =-50+ _E._ m dB with reference to 1 Volt/~tbar. 
2 2 

*)A Pistonphone Type 4220 can be used instead of the third cartridge. 
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For conversion to open-circuit sensitivity of the microphone cartridge, and 
for corrections when the conditions of a calibration deviate from the values 
specified above, see p. H to 18. 

Description of the Measuring Arrangements for Reciprocity Calibration. 
Fig. 3 shows a schematic diagram of that part of the main unit which is 
employed when reciprocity measurements are carried out. A Beat Frequency 
Oscillator, for example, a 1022, is connected to the screened socket marked 
"BFO" on the top of the main unit, which feeds the transmitter cartridge. 

Cartridge 

oo-----------T-_.-=-_c_-____ 1 :~plifier 
T 158073 

Fig. 3. Schematic diagram of the "transmitter" part of the Reciprocity 
Calibrator. 

The polarization voltage for the microphone cartridge on the main unit is 
taken from the Microphone Amplifier Type 2603 or 2604 (Fig. 10) at the 
socket marked POLARIZATION VOLTAGE and is connected to a similar 
socket on the main unit. The polarization voltage for the microphone cartridge 
on the cathode follower is taken from the normal cathode follower connection 
on the 2603 or 2604. In this way an exactly equal polarization voltage which 
is normally 200 Volts is supplied to both the transmitting microphone in the 
main unit and the receiving microphone on the cathode follower. 
The capacitor Ce is a small trimmer which has been adjusted so that C6 + 
Cstrar equal the input capacity of the cathode follower when this has been 
warmed up to its normal operating temperature. The capacitance is adjusted 
during the manufacture of the instrument to 3 flflF, which is the nominal 
value for the input capacity of the Cathode Follower Type 2612/13 used with 
a Cartridge Type 4131 or 4132, or the Cathode Follower 2614/15 with 
Cartridge 4133 or. 4134. When used with cathode followers other than those 
mentioned a readjustment of the capacitor will probably be found necessary. 
(See page 24). The input capacity of the preamplifier or cathode follower 
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Fuse ---+---1 

0 
••.--+- - - Power 

·o. 

Electrostatic Actuator Polarization Voltage 

B. F. 0. ---+--t-- - -+--+---Amplifier 

f59N8 

4142 
Fig. 4. The main unit of the Microphone Calibration Apparatus Type 4142. 

influences the effective sensitivity of the complete microphone. If the sen
sitivity is desired as an open-circuit sensitivity for the cartridge only, a 
correction of the microphone sensitivity will have to be made. See page 18. 
Three couplers are supplied with the instrument:-

1. A 20 cm3 coupler of the type recommended by the American Standards 
Association according to Standard Z 24.4-1949 "Pressure Calibration of 
Laboratory Standard Pressure Microphones". 

The volume of the coupler is made up of 19.7 em~ plus twice the 
equivalent air volume of the Microphone Cartridges Type 4131 or 4132 "). 
The coupler is supplied with tubes for filling the cavity with hydrogen 

Coupl e r Adap tor Ring 
DB 0111 

___ union Nut 

Coupler Adaptor 
Bon 

Microphont Bou 

"""' 
Fig. 5a. The 20 cm3 Coupler. 

if required (see Fig. 5a). The 
coupler is so designed that the 
volume is determined by a single 
ring. By taking the coupler apart , 
the dimensions of this ring, and 
hence the coupler volume can be 
measured very accurately. If the 
ring is replaced with alternative 
rings of different dimensions, 
other coupler volumes are obtain· 
able. The influence of the leakage 
through the capillary tubes is neg
ligible above 20 Hz . 

• l Allowance can be made by means of the formula given on p. 17. 

14 



Fig. 5b . The 3 cm3 Coupler. 

Microphone L133-3 L 

,- 1/l .. Adoptor 0 8 0225 

Extension Con t ac t 0 8 0158 

Fig. 5c. The o.3 cm3 Coupler. 

Adaptor 
Bose 

2. A 3 cm3 coupler, the volume of 
which is made up of 2.7 cm3 plus 
twice t~e equivalent volume of the 
Microphones 4131 or 4132, is also 
supplied, but this coupler has no 
facilities for hydrogen filling. See 
Fig. 5b. Owing to the smaller 
volume the sound pressure inside 
the coupler will be 16.4 dB higher 
than for the ASA coupler, which 
facilitates measurements in noisy 
surroundings. 

3. A o .3 cm3 coupler for calibration 
of the %" Microphones Type 4133 
and 4134. The actual volume of the 
coupler is o.284 cm3 *) which to
gether with the equivalent volume 
of two 4133 (or 4134) ,constitutes 
the desired o.3 cm3. (The equi
valent volume of the %" Micro
phone Cartridge is o.008 cm3). 
The coupler is supplied with capil
lary tubes for hydrogen filling and 
can be used for reciprocity cali-

bration of the % "microphones at frequencies up to 60kHz (20kHz when 
air is used as acoustic medium). At high frequencies corrections should 
be made for the change in equivalent volume of the microphones when 
highly accurate results are desired. See the Microphone Instruction 
Manual where the variation in equivalent volume is described since 1963. 
To avoid " leakage" at low fr equencies it is recommended to cover all 
" joints" in the m echanical calibration se t-up with a thin film of grease. 

Note: The gas contained in the coupler will also fill the microphone cartridge. 
If the gas density differs markedly from that of air at atmospheric pressure, 
the cartridge sensitivity may be altered above 2 kHz because of the change 
in internal damping. It is possible, however, to isolate the cartridge interior 
from the coupler cavity by means of some grease or wax in the side hole of 
Type DB 0111 in the case of the 1" cartridges, and by means of a small 
amount of grease be tween the diaphragm rim and the hole of the DB 0225 
adaptor in the case of the 1h " cartridges. 

Correction Factor Determination. 
For exact determination of the microphone s~nsitivity, the infl,:uence of a 

*J Th <.! exac t vo lume being dependent on the mounting, it is r ecommended to measure it 
each time absolute mea surements ar e made. 

In 
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Fig. 6. Measuring arrangement for obtaining the attenuation of the cathode 
follower. 

number of factors which may cause inaccuracy in the final result should be 
taken into account. 

Correction for Cathode Follower Attenuation. 
In the calculati0n of the numerical value of the capacitor C (Fig. 2) , the 
cathode follower attenuation f3 has been assumed to be 1.08 times or 0.7 dB 
(normal average value). If a cathode follower having another attenuation 
(h is used with the cartridge a correction 

t• = (3- (31; ({J and /31 in db) 
2 

should be adqed to the measured microphone sensitivity. The actual attenua
tion is measured as shown in Fig. 6 as the difference (in dB ) between the 
voltage on the AMPLIFIER INPUT and the signal terminal on the CON
DENSER MICROPHONE input. Before these measurements are carried out, 
however, it should be ensured that the amplification of the amplifier is 
correctly adjusted (i.e. the meter pointer should deflect to the red line on 
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Fig. 7. Curve showing the correction factor plotted against the C!tmo.-:pheric 
pressure. 

1 Atmosphere = 1.013 X 1()6 pbar = 760 mm Hg = 1.033 kg/cm2 = 
1.013 X 105 Newton fm2 = 29.92 inches Hg = 1 Torr. 

the scale when the METER RANGE switch is set to position "Ref.", both with 
the INPUT SWITCH in position "Direct" and in position CONDENSER 
MICROPHONE). 
If the actual attenuation /h is o.9 dB the correction will be:-

o.7-o.9 1 dB 
v = 

2 
= -o. 

which should l:>e added to the measured microphone sensitivity {which in this 
case becomes o.1 dB lower than when measured without correction'). 

Correction for ambient pressure: 

H 
" = 10 log (~) 

where H is the actual atmospheric pressure in mm Hg. 
In Fig. 7 is shown a conversion curve for deriving the correction factor 
directly from the measured atmospheric pressure in mm Hg. 
The factor " should be subtracted from the measured microphone sensitivity. 

Correction for coupler heat conduction: 
At low frequencies the pressure changes in the coupler will not be com
pletely adiabatic as presumed in the derivation of the reciprocity formulae. 
This may be corrected by means of the formula given in Fig. 8. The actual 
correction factor deduced should be divided by 2 and added to the measured 
sensitivity of each microphone. For measurements at frequencies qigher than 
100 Hz the influence of heat conduction is less than o.025 dB. 

Correction for variations in equivalent volume of the microphonet~: 
The equivalent volume of each microphone cartridge Type 4132 is in
dividually measured at the factory and stated on the calibration chart 
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Fig. 8. Corrections for coupler heat conduction. The curves are 
20 cm3 coupler, in air at normal conditions. 

valid for the 

Upper curve: plwse correction. 
Lower curve: sensitivity correction. 

supplied with the microphone. To minimize correction the volume of the 
20 cm3 and 3 cm3 couplers supplied by Briiel & Kjrer include an equivalent 
microphone volume of 2 X o.15 = o.3 cm3. If the equivalent volume of the 
actual microphone deviates from this value, the following correction factor 
should be added to the measured microphone sensitivity: 

Equivalent volume correction = 10 X log ( 19.7 + LlVt + LlV2) 
20 

where LlVt and L1V2 are the equivalent volumes of the two microphones. 
This correction is normally lower than o .02 dB for the 20 cm3 coupler and 
Type 4131 and 4132 microphones. 
The equivalent volume of the Microphone Cartridges Type 4131 and 4133 is 
not measured at the factory, because these cartridges are specially designed 
to be used in free-field. When it is desired to determine the equivalent 
volume of the microphone a measuring arrangement such as the one describ
ed in the B & K Technical Review No. 1-1959 can be used. 

Effect of Capillary Tubes for Hydrogen Filling: The disturbing effect of the 
capillary tubes of the 20 cm3 coupler upon the measured sensitivity is ex
tremely small above 10 Hz (tube diameter: o.3 mm - o.0'12", tube length: 

18 



• 

) 

toBFo~~~------~ 

Insulation 

1022 2603 

161903 
Fig. 9. Arrangement used for determining the open circuit voltage sensitivity. 

25 mm - 1"). If m easurements are carried out a t frequencie s b elow 10 Hz the 
disturbing effect can be checked by closing the openings of the capillary tube, 
e.g. by means of two fingers. (Similar remark for the o.3 cm3 coupler). 

Conversion · to Open-Circuit Voltage Sensitivity. 
The sensitivity T is previously defined as the ratio between the output 
voltage from the cathode follower and th e sound pressure. This figure is the 
value used for most practical purposes. If it is desired to compare micro
phone cartridges of differ ent manufacturers, independent of the cathode 
follower , the open-circuit sensitivity To can b e u sed. According to the ASA *) 
standards the open circuit sensitivity To is the ratio between the output 
voltage from the microphone cartridge and the sound pressure. 
To convert the measured results into "open-circuit voltage sensitivity" a 
correction must be made. 

To= T X fJ 

*) Open ci r cuit sensitivity ca libra tion according to the insert vo ltage meth od of ASA 
standards can be eas ily ca rried out w ith the B & K Cathode F ollower Type 2617. 
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where 
To = open circuit voltage sensitivity of the microphone cartridge in 

mV/ftbar. 
T = measured sensitivity of the complete microphone in m V j ftbar . 
<5 =correction factor. (This factor includes the loss caused by 

the cathode-follower stage (termed (J ) plus the loss caused 
by CP (see Fig. 2) loading the microphone cartridge). 

The correction factor <5 is measured by screwing an insulating ring between 
the cartridge housing and the cathode follower housing and comparing the 
microphone amplifier reading for the same voltage applied across the micro
phone and applied directly to the microphone amplifier input (see Fig. 9) : 

<5=~ 
ecm 

where ema is the voltage measured on the amplifier when the oscillator output 
voltage is applied directly to the "Amplifier Input" , and ecm is the voltage 
measured on the amplifier when the oscillator output voltage is applied to the 
input of the amplifier via the microphone cartridge plus the cathode follower. 

The ratio~ may be read directly from the instrument in decibels and 
ecm ' 

added to the sensitivity of the microphone. 
As the attenuation in the B & K Cathode Followers is kept within narrow 
tolerances, the number of dB to be added to the complete microphone 
sensitivity to obtain the open circuit sensitivity is mainly affected by the 
cartridge capacity. 
The table below gives typical values for different cartridge capacitites 
assuming a cathode follower input capacity of 3 pF: 

Attenuation 4131-32 4133--34 
in the 

cathode 103-72171-57 1 56-46 23.3-21.2 

I 

21.1-19.4 

I 

19.3-17.8 
follower pF pF pF pF pF pF 

o.7 dB I 1.0 dB I 
1.1 dB 

I 
1.2 dB 1.8 dB 1.9dB I 2.0dB I 

o.8 dB 1.1dB 1.2dB 1.3 dB 1.9 dB 2.0 dB 2.1 dB 

o.9 dB 1.2 dB 1.3 dB 1.4dB 2.0dB 
I 

2.1 dB 2.2 dB 

Operation. 
The calibration frequency is not critical, but 200'-----400 Hz is recommended 
because this frequency always falls on a linear portion of the frequency 
response curve. At higher frequencies wave motions in the coupler cavity will 
disturb the accuracy of the measurements. At lower frequencies the assembly 
of the different couplers and cartridges must be made very carefully to avoid 
errors due to leakages between coupler and cartridges. (See specifications 
p. 35). 
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Screened cable 

Socket marked B.F.O. 

Bushing marked 

"Polarization Voltage" 

Fig. 10. Measuring arrangement for the reciprocity calibration of the B & K 
Condenser Microphones. 

To carry out a complete reciprocity measurement a Cathode Follower Type 
2612 or 2613 and three microphone cartridges (o.ne of which is supplied with 
the Microphone Calibration Apparatus Type 4142) are necessary*). Since the 
power supply on the main unit is required only ·for the electrostatic actuator, 
which is not in use in this test, it is recommend~d that during the reciprocity 
calibration the apparatus should be disconnected from the power line, in 
order to avoid the disturbing effects of hum. 
Fig. 10 shows a suitable arrangement for making the reciprocity measure
ments, and in Fig. 11 is shown the condenser microphone mounted on the 
Calibration Apparatus Type 4142. 

General Procedure in the Case of the One-Inch Microphones 
(Types 4131/32 + 2612/13). 

1. Unscrew the protective grids on the microphone cartridges, and screw 
on in their place the coupler adaptor rings. Do not touch the microphone 
diaphragm. 

2. One of the microphone cartridges, which will be identified as (M1) is 
screwed on to the calibration apparatus. 

3. The acoustic coupler is mounted on the main unit and fastened with the 
union nut (Fig. 5). 

4. Another microphone cartridge (M2) is screwed on to the cathode follower 
and placed in the coupler as shown in Fig. 11. Extreme care should be 
exercised when assembling the coupler to ensure that no excess air 
pressure is brought about which can press on the diaphragms. (A little 
grease may be applied to the edges of the coupler adaptor rings to assist 
in the assembly). 

*) A Pistonphone Type 4220 operated at the calibration frequency may be used instead of 
the third cartridge for the determination of n2 (See items 12-15). 
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Fig. 11. The Microphone Cartridge + Cathode Follower when correctly 
mounted on the main unit of the calibration apparatus. 

5. Make the following connections (Fig. 10): 
(a) Cathode follower to the input of the microphone amplifier. 
(b) Socket marked "BFO" on the main unit to the ouput marked 

ATTENUATOR on the BFO. 
(c) Socket marked AMPLIFIER on the main unit to AMPLIFIER INPUT 

of the microphone 'amplifier. 
(d) The sockets both on the main unit and the microphone amplifier 

m,arked POLARIZATION VOLTAGE should be connected together. 

6. Allow at least 6 minutes warming up time. 

7. On the microphone amplifier adjust the SENSITIVITY CONDENSER 
MICROPHONE to give reference deflection exactly to the red mark on 
the meter scale. 
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The INPUT SWITCH should be in position "Condenser Microphone", the 
METER RANGE switch in the "Ref." position and the RANGE MULTI
PLIER switch in the "0 dB, x 1" position. 



8. Repeat instruction 7 for the SENSITIVITY AMPLIFIER INPUT with the 
INPUT SWITCH in the "Direct" position. 

9. Adjust the frequency setting of the BFO to 400 Hz. 

10. With the INPUT SWITCH of the microphone amplifier in the "Con
denser Microphone" position, the OUTPUT VOLTAGE potentiometer of 
the BFO is adjusted until the full-scale deflection on the meter of the 
microphone amplifier is obtained . An output voltage from the BFO of 
1-3 Volts is suitable. 

11. Set the INPUT SWITCH of the microphone amplifier in the "Direct" 
position, and note the decrease in the meter reading of the microphone 
amplifier in decibels. Call this value n1. 

12. Remove the condenser microphone and the · coupler, and replace the 
transmitter cartridge (M1) with the third cartridge (M3) . 

13. Mount the coupler and the cm ... denser microphone once again on the 
main unit, and repeat items 10 and 11. The decrease in meter reading 
so obtained is then called n2. 

14. Remove the condenser microphone from the coupler and replace the 
microphone cartridge (M2) with the cartridge first used as the trans
mitter cartridge (M1). 

15. Remount the condenser microphone on the coupler, and repeat items 
10 and 11. The decrease in the meter reading is, this time, called n 3. 

16. Tabulate as follows: 

I n2 
~---ll3- ill = m2 

ml + m2 + m3 = 0. 

The uncorrected sensitivity of the three Microphone Cartridges is now: 

A. When the 3 em 3 coupler is used: 

T1 =-50+~-~ (dB 
2 2 

with reference to 1 Volt/ ,ubar) 

T2 = -50+~-~ (dB 
2 2 

with reference to 1 Volt/ ,ubar) 

T3 = -50+~-~ (dB with reference to 1 Volt/,ubar) 
2 2 

B. When the 20 cm3 coupler is used: 
ill ml 

T1 = -41.8 + --
2

- - -
2
- (dB with reference to 1 Volt/,ubar) 

T2 = -41.8 + +- -~2 (dB with reference to 1 Volt/,ubar) 

T3 = -41.8 + ~-~ (dB with reference to 1 Volt/,ubar) 
2 2 
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A cbeck on the accuracy o.f measurements may be made by reversing 
the roles of the microphones in a new series of measurements. 

Eventual corrections should be ma.de as described on p. 14-17. 

The figures so obtained indicate the sensitivity in decibels with reference 
to 1 Volt!,ubar. Often, however, the sensitivity may have to be quoted in terms 
of mV/,ubar. The conversion is made by adding 60 to the figures calculated 
above, and converting the decibels into an absolute value. Minus 60 dB "' 
1 mV/,ubar, minus 50 dB "'3.16 mV/,ubar, and minus 40 dB "' 10 mV/,ubar. 
Again, if it is required to know the open circuit sensitivity of the microphone 
cartridges, this can be found by taking the loading of the cartridge by the 
cathode follower into account. See "Conversion to Open-circuit Voltage", 
page 18. 

Example of Reciprocity Calibration. 
In the following example the 3 cm3 coupler was used for the measurements 
and the calibration carried out according to the aforementioned operation 
procedure. 

The results of the measurements at f = 400Hz were as follows: 
111 = 4.0 dB 
112 = 6.3 dB 
na = 5.4 dB 

Ill= 4.0 

I 
02 = 6.3 113 = 5.4 

m1 = o.9 I m2=1.4 m3 = -2.3 

The actual attenuation of the cathode follower was found to be 1.08 so that 

no correction for attenuation was needed. Therefore, v = /3- pt = 0. 
' 2 

The atmospheric pressure was 772 mm Hg, and consequently: 
772 

x = 10 log ~ = + o.08 dB 

For practical purposes this correction is so small that it may be neglected. 
The sensitivities of the microphone cartridges with the cathode followers 
employed in the measurements were: 

+ 4.0 o.9 
Tt = -50 --

2
- - --

2
- -o.08 = --48.53 dB with reference to 1 volt/ ,ubar, or 

St = 3.74 mV/,ubar. 
6 3 1.4 

T2 =-50+ --~- - - -
2

- -o.08 = -47.63 dB with reference to 1 volt/,ubar, or 
S2 = 4.15 mV/,ubar. 

54 -2.3 
Ts =-50+ --; - - --? - -o.08 = --46.23 dB with reference to 1 volt/ ,ubar, or 

Sa= 4.88 mV/,ubar. 
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Calibration of half inch Microphones (Types 4133/34 + 2614/15). 

The lh '" Microphone Cartridges Type 4133 and 4134 can be calibrated b) 
means of the Calibration Apparatus Type 4142 but obtaining an accuracy of 
o.2 dB then requires much more care than in the case of the 4131-4132. 
Because of the relatively low sensitivity of lh·" Cartridges the o.3 cm3 
Coupler is recommended for the calibration, although the 3 cm3 coupler may 
be used when proper corrections are made for the difference in equivalent 
volume between the one-inch cartridges and the 1h" cartridges. To perform 
the calibration the 1h" cartridges must, by means of the Adaptors DB 0225, 
be mechanically transformed into one-inch cartridge sizes to fit the coupler 
and base of the Main Unit in Type 4142. 

The effective coupler volume should be determined for each microphone. 
The distance between the diaphragm and the plane of the DB 0225 adaptor 
should be measured by microscope or micrometer watch. 

The calibration procedure is similar to the one described above. 
When the measured results n have been tabulated, the following formulae 
should be used to determine the microphone sensitivity (valid fo~ the o.3 cm3 
coupler): 

T1 = -60 + + - ~1 (dB with reference to 1 Volt/t-tbar) 

T2 -60 + + - ~2 (dB with reference to 1 Volt/t-tbar) 

T3 = -60 + + - ~3 (dB with reference to 1 Volt/t-tbar) 

Corrections should be made as described on p. 14-17. 

Calibration of Condenser Microphones other than Type 4131/4132/4133/4134. 

When the reciprocity calibration of microphones other than the B & K types 
4131/4132/4133/4134 is to be made, the following points must be borne in 
mind: 

Fig. 12. Sectional view of the microphone holder of the Microphone Calibra
tion Apparatus Type 4142, showing the ring "A" and its most important 

dimensions. 
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1. The diameter and thread of the microphone cartridge must be suitable, 
and the necessary ring manufactured to replace the ring marked "A" on 
Fig. 12. Suitable acoustic couplers must also be made to fit the dia
meter of the new microphone. (For the convenience of users of this 
apparatus the dimensions of ring "A" and its associated thread are 
shown in Fig. 12). 

2. The input capacity of the warm cathode follower must be known in 
order to make an adjustment of the trimmer capacitor C6 possible. If 
this value is not known it may be found by comparing the output voltage 
e when a fixed voltage is fed to the input of the cathode follower via 
a capacitor of approximately o.005 ,uF, and the voltage ec when the 
same voltage is applied via · the capacity Cc of the catridge, the exact 
value of Cc can be measured on a capacitance bridge. 
The input capacity Cr of the warm cathode follower is then calculated 
from: 

the small trimmer C6 on the circuit di~gram Fig. 3, and shown as C6 
in Fig. 14, should now be adjusted to e,qual the input capacity of the 
warm cathode follower Cr. The trimmer is readily accessible through a 
hole in the bottom plate of the main unit and can be adjusted as follows. 
The output voltage from the oscillator eo is first applied directly to the 
input of the measuring amplifier and the value noted. The same voltage 
eo is then applied to the calibration apparatus by connecting the output 
from the oscillator to the microphone contact pin on the main unit. The 
voltage across the capacitor C is then measured at the amplifier output. 
The voltage e.& can now be varied by adjusting the capacity of the 
trimmer C6. It should be set to a value obtained from the following 
relationship: 

_ e_o_ C 
e.& Cr 

Microphone Calibration Apparatu,s Type 4142 Used for Calibration of 
Condenser Microphone Type 4111. 

If it is desired to use the Microphone Calibration Apparatus Type 4142 for 
calibrating the Condenser Microphone Type 4111, proceed as follows: 
The ring marked "A" shown in Fig. 12 should be replaced by a similar ring 
Type DB 0118, which is made for use with the Microphone 4111. 

The 3 cm3 coupler should be replaced by coppler DB 0190. 

The electrostatic actuator for use in calibrating the Condenser Microphone 
Type 4111 is known as Electrostatic Actuator Type UA 4113. For detailed 
instruction on the use of this actuator reference should be made to thP 
instruction manual for the 4111, page 23. 
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Frequency Response Calibration 
Principle of the Electrostatic Actuator. 
At high frequencies, pressure calibration of condenser microphones according 
to the reciprocity test using an acoustic coupler, or a pistonphone, is not 
feasible because of wave motions in the coupler cavities. However, the 
electroslatic actuator is almost ideal for determination of the frequency 
response over the entire frequency range. *) After the absolute sensitivity 

10Mn 

icrophone 4131 or4132 

160~97 

Fig. 13. Principle of operation of the Electrostatic Actuator: The forces pro
duced by the electric field between. the actuator and the microphone diaphragm 
will bring the diaphragm into motion and this movement is similar to that 

produced by impinging sound waves under pressure conditions. 
------

*) Due to the physical difference between the electrostatic attraction ·and a sound field 
which surrounds the microphone, the electrostatic actuator should nOt be used for fre
quency response calibration below approximately 5 times the acoustical lower limit
ing frequency of the microphone being tested. The acoustical lower limiting frequency of 
the microphone is the frequency at which the pressure inside the microphone itself is 
equalized through the pressure equalizing arrangement ca using a 3 dB change in 
response. For further information on low frequency measurements see B & K Technical 
Review No. 1-1960. 
If the microphone being tested is of such a physical shape that its mechanical properties 
(resonance) are influenced by the actuator the actuator must, of course, also be taken 
into account during frequency response measurements. 
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has been obtained by means of the reciprocity calibration method, or a 
Pistonphone Type 4220. 
The two actuators provided with the 4142 (Type UA 0023 for microphones 
4131/32 and Type UA 0033 for microphones 4133[34) are of similar con·
struction and operated in the same way. 
Fig. 13 shows Type UA 0023. It consists of a fixed slotted plate made in such 
a way that it lies in close proximity to the diaphragm when mounted on a 
microphone. An alternating signal voltage together with a DC polarizing 
voltage is applied between the slotted plate and the diaphragm as shown 
in Fig. 13. 
The electrostatic force F between two plates with an area S, placed parallel 
to each other at a distance d, is:-

. Er2 X S 
F.= 8 :rr d2 

where E~ is the electrical potentia] difference between the plates measured 
in electrostatic volts. All lengths given are in em. 

This corresponds to an attraction 

Er2 
p + Po = 8 :rr d 12 X 9 X 104 

(Eo + e1 sin w t) 2 
2 

8 :rr d12 X 9 X 104 dyne/em 

The potential Er, as shown in the arrangement Fig. 13, is a combination 
of the actuator polarization volt'age Eo (approximately 800 Volts) and an 
alternating voltage e = e1 sin wt of a peak value of 10-40 Volts. 
w = 2 :rr f = angular frequency. 

The alternating attraction simulating the sound pressure is therefore, since 
2 sin2 wt = 1-cos 2 wt: 

Eoe1 . e12 
p = 4:rrd12 X 9 X 104 smwt- 16:rrd12 X 9 X 104 cos 2 wt. 

where the first term corresponds to the fundamental frequency and the 
second term corresponds to a sound pressure with double frequency. 

The constant attraction between the diaphragm and the actuator is 

2 
Eo2 + _ e_l _ 

2 
Po = dyne/cm2. 

8:rrd12 X 9 X 104 

This steady force attempts to attract the diaphragm away from the back 
electrode, thus reducing the microphone capacity. However, when the 
electrostatic actuator is used under normal operating conditions, this 
attraction amounts to only about 3 % of the total attraction between the 
diaphragm and the back electrode. By far the largest part of the total 
attraction is solely that due to the polarization voltage of the microphone. 
The second harmonic distortion of the voltage produced by the microphone 
is equal to:-
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d 2nd = e 12 X 4 n d 12 X 9 X 104 
16 n d12 X 9 X 104 Eoe1 

l t is thus seen that if this distortion has to be kept smaller than, for example, 
2 .% , the ratio Eofet should not be less than approximately 12. Her·e· e1 is 
the peak value of the audio· frequency voltage. 
The ampli.tude of the alternating sound pressure of frequency f on the 
diaphragm is:-

_ 8.85 Eoe 
1 2 ( ) 

P - 107 d 12 
dyne em ,ubar 

where both sound pre·ssure and voltage e are expressed in RMS values. In 
practice, by taking e = 30 to 40 volts with the 800 volts DC bias provided by 
the 4142 an equivalent sround pressure of the order of 5 to 20 dyne/ cm2 (88 to 
100 db) is obtained. 

Operation without Bias (Eo = 0). 
Referring to the above calculation, the sound pressure is then at double 
frequency (without any distortion) and this may be an advantage in the 
case of the calibration of the half-inch microphone 4133 from a 1022 gene
rator, the latter covering then 40 Hz to 40 kHz. The equivalent sound 
pressure obtained may, however, be insufficient in noisy places. The 
maximum obtainable (with e = 120 V) is about 1 to 4 dynes/cm2 (74 to 
86 dB). 

Operation. 

Adjustment of the DC bias. 
The necessary DC polarizing voltage for the electrostatic actuator is supplied 
by the microphone calibration apparatus main unit and is accurately 
adjusted to 800 Volts. It is normally not necessary to check this voltage, but 
if for some reason it is necessary to check it or to alter its value proceed as 
follows: 

1. Unscrew the four cup nuts and the two centre screws on the bottom 
plate of the main unit, and remove the cover. 

2. Connect a precision voltmeter with a current consumption not exceed
ing 50 p,A between the socket marked GROUND and point "A" shown 
in Fig. 14. 

3. Switch the main unit on and allow a few minutes to warm-up. 
4. Adjust the potentiometer shown in Fig. 14 until the voltmeter reads 

the desired voltage. 

Measuring set-up. 
A convenient arrangement for frequency response calibration measurements 
using the electrostatic actuator and other associated instruments is shown in 
Fig. 15 while Fig. 16 shows the recorded results of this test with the 
Automatic Frequency Response Recorder Type 3308 which consists of a BFO 



for 

Cs 
Fig. 14. View of the main unit of the Microphone Calibration Apparatus 

Type 4142 with the base removed to show various components. 

Type 1022 and a Level Recorder Type 2305 mounted together in a suitable 
console. 
When a B & K Level Recorder is used to record the results a 25 dB potentio
meter is recommended. If extremely accurate measurements of the flat part 
of the frequency response characteristic are required a 10 dB potentiometer 
may be used. 
The following simple procedure is applicable for the instrumentation 
arrangement shown in Fig. 15. 

1. Unscrew the protective grid of the cartridge and carefully blow away*) 
any dust or other foreign matter from the surface of the diaphragm. 
Place the Electrostatic Actuator with extreme care onto the micro
phone cartridge as shown in Fig. 13. 

2. Connect with Screened Cable AO 0013 the "BFO" socket of the 
Calibration Apparatus to the terminals marked LOAD on the BFO. 
The "hot" pin on, the screened plug should be connected to the 
terminal on the BFO marked with the white dot. The wire on the 
cable termination with the banana plug should be inserted in the 

*) The diaphragm may he dried off with cotton-wool or a very soft paint-brush, using great 
care, and if necessary a proper solvent. The diaphragm will not normally corrode, but 
any appreciable added mass will change the frequency response. 
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Fig. 15. Measuring arrangement for recording the pressure response of a 
condenser microphone automatically. The 3308 consists of a BFO Type 1022 
(frequency range 20 Hz-20 kHz) and a Level Recorder Type 2305. For 
measurements at higher frequencies, the UA 0023 may be fed directly from 
the BFO without bias (doubling of the frequency) or a BFO Type 1013 

(200 Hz- 200 kHz) may be used. 

other terminal. Then connect the GROUND on the Calibration Appa
ratus to the ground socket next to AMPLIFIER INPUT on the Micro
phone Amplifiers. The ELECTROSTATIC ACTUATOR socket should 
next be connected to the electrostatic actuator with the special thin 
cable provided. Finally the RECORDER socket of the microphone 
amplifier should be connected to the POTENTIOMETER INPUT of the 
Level Recorder. 

3. Switch the instruments on and allow at least six minutes to warm-up. 
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Fig. 16. Recordings obtained with the arrangement shown in Fig. 14 showing~ 
(a) Pressure response of tlze Microphone, and 
(b) The frequency characteristic of the combined B.F.O., Microphone Ampli

fier and Level Recorder. 
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4. Set the MATCHING IMPEDANCE switch on the BFO to the position 
marked "600 [)" (with high background noise level the "6ooo !1" 
position should be selected). 

5. Adjust the frequency scale of the BFO to 400 Hz and the OUTPUT 
VOLTAGE to give 30 Volts on the BFO meter. (With a high background 
noise level, 100 Volts should be chosen). 

6. With the INPUT SWITCH of the microphone amplifier in the position 
marked "Condenser Microphone" and the METER SWITCH in the 
RMS position both the METER RANGE and RANGE MULTIPLIER 
switches are adjusted until a suitable deflection is obtained on the 
indicating meter of the microphone amplifier. Normally it will be 
found that suitable settings are METER RANGE on "100 mV" and 
the RANGE MULTIPLIER on "x 1". (With high noise level the METER 
RANGE switch could be changed to 1 V and x o.3 on the RANGE 
MULTIPLIER). 

7. Check the complete arrangement by pressing the OSCILLATOR STOP 
button on the BFO. The deflection on the meter of the 2603 should then 
show zero or at least a reading 20 dB lower. (During this test increase 
the amplification 20 dB on the 2603). 

8. For the recording of the frequency response characteristic, adjust the 
INPUT POTENTIOMETER of the level recorder until a suitable de
flection is obtained on the recording paper. 

9. Set the frequency scale pointer of the BFO to 20 Hz, and the stylus 
of the recorder on the 20 Hz line of the recording paper. 

10. Set the AUTOMATIC SCANNING of the BFO to "On" , and engage the 
gear knob for 3 mrn!sec paper speed. 

11. The recording of the frequency response is then made by starting the 
motor of the level recorder. 

Some practical remarks, which may be of assistance to users of this arrange
ment are added here. 
A prior check on the frequency response of the BFO + microphone amplifier 
+ level recorder can be carried out by recording the frequency characteristic 
of this combination. It is important that the positions of the METER RANGE 
switch, the RANGE MULTIPLIER switch of the microphone amplifier and 
the level recorder sensitivity are unchanged when, for comparison purposes, 
the recording of both the check response and the measured response curves 
are recorded on the same spectrogram. The recording at the same time of the 
frequency response of the microphone together with the check response 
curve is a distinct advantage, as a possible correction is readily evaluated. 
As mentioned previously the recorded frequency characteristic of the micro
phone is the pressure characteristic. To evaluate the free-field frequency 
response for sound waves impinging on the microphone diaphragm at 
different angles of incidence, or at random incidence, the pressure increase 
curves shown in Fig. 17 and 18 should be added to the measured result. 
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Fig. 17. Conversion curves showing the correction to be added to the 
pressure response to obtain the free-field response of a Condenser Microphone 

Type 4131 (or 4132) at different angles of incidence. 
(a) Curves valid for the microphones with protecting cover. 
(b) Curves valid for the microphones without protecting c/over. 
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Fig. 18. Conversion curves showing the correction to be added to the pressure 
response to obtain the free-field response of a Condenser Microphone Type 

4133 (or 4134) at different angles of incidence. 
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Specifications 
Frequency Range for Reciprocity Measurements: For the 3 cm3 coupler the 
frequency range is 20-5ooo Hz under normal atmospheric conditions. 
For the 20 cm3 ASA coupler the frequency range fulfills the American 
standard Z 24.4-1949 which specifies a tolerance of ± o.1 dB up to 15 kHz 
when filled with hydrogen at an atmospheric pressure of 760 mm Hg at a 
temperature of 25°C. 
For the o.3 cm3 coupler the frequency range is 20 to 20ooo Hz under normal 
atmospheric conditions. When filled with hydrogen, the useful frequency 
range is extended upwards to 60 kHz. This coupler is primarily intended for 
pressure frequency response calibration of lhn microphones at high fre
quencies. 

Polarization Voltage for Actuator: 800 volts. 

Accuracy: A probable error of ± o.2 dB may be expected for 1" microphones 
and for careful measurements at a given polarization voltage. lf extreme 
careful examination is given for each single source of error and microphones 
type 4132 having approximately the same sensitivity are used a probable 
error as low as ± o.05 dB is obtainable. 

Measurement of the Current through the Transmitter Cartridge: By the series 
capacitor method of Dr. A. K. Nielsen (see footnote on page 10). 

Dimensions of the Calibration Apparatus: 
Main Unit: 

Dimensions I Height 
I 

Width I 
Depth excl. dials and knobs 

Centimetres 

I 
8 I 18 I 25 

Inches 3 I 7 I 10 

Weight I 5.5 kg l 12lbs. 

Accessory Box: 

Dimensions I Height I Depth I Width 

Centimetres 

I 
5 I 22 I 28 

Inches 2 I 9 I 12 

Weight I approx. 2 kg 
I 4lbs. 
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Appendix 
The Decibel 

The decibel is based on the use of logarithmic scales. A logarithmic scale 
enables a wide range of ratios to be conveniently covered with relatively 
small numbers. For example a 100 dB is equal to a power ratio of 
10,000,000,000: 1. The decibel is defined as:-

pl 
M = 10 log1o ---p;; dB 

where P1 and P2 are the two amounts of power to be compared. 

If the powers are measured, as for example voltages (E1 and E2) across the 
same or equal impedances, the ratio between the voltages may be used to 
express the power ratio, the corresponding ni.tmber of db being:-

El 
N = 20 log10 - E- dB 2 . 

Table for Decibel Conversion (Table 1) 

The following table has been prepared to provide a rapid means of con
verting voltage, current, pressure or power ratios into the commonly used 
ratio unit, "The Decibel". In order to find the number of decibels that are 
equal to a given voltage, current or pressure ratio, read voltage ratio in left 
and top columns and find the number of dB at the crossing of the horizontal 
and vertical columns corresponding to the voltage ratio. 

Example:-
Voltage Ratio: 2.26. 
Find 2.2 in left column and 0.06 top column and read 7 .082. 

When the power ratio is known, proceed as outlined above, but divide the 
number of decibels read from the table by two. 
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Example:-
Power Ratio: 2.26. 
From table the figure 7.082 is found, which should be divided by 2 to 
give the correct number of dB, i.e. a power ratio of 2.26 is equal to 
3.541 dB. 



TABLE 1 

Voltage .00 .01 .02 .03 .04 .05 .06 .07 .08 .09 
Ratio 

--------------- --- ------
1.0 .000 .086 ."172 .257 .341 .424 .506 .588 .668 .749 
1.1 .828 .906 .984 1.062 1.138 1.214 1.289 1.364 1.438 1.511 
1.2 1.584 1.656 1.727 1.798 1.868 1.938 2.007 2.076 2.144 2.212 
1.3 2.279 2.345 2.411 2.477 2 .542 2.607 2.671 2.734 2.798 2.860 
1.4 2.923 2.984 3.046 3.107 3.167 3.227 3.287 3.346 3.405 3.464 

1.5 3 .522 3 580 3.637 3.694 3 .750 3.807 3.862 3.918 3.973 4.028 
1.6 4.082 4.137 4.190 4.244 4 .297 4.350 4.402 4.454 4.506 4.558 
1.7 4.609 4.660 4.711 4.761 4.811 4.861 4.910 4.959 5 .008 5 .057 
1.8 5.105 5.154 5.201 5.249 5.296 5.343 5.390 5.437 5 .483 5 .529 
1.9 5.575 5.621 5.666 5.711 5.7561 5.801 5.845 5.889 5.933 5.977 

2.0 6.021 6.064 6.107 6.150 6.193 6.235 6.277 6.319 6.361 6.403 
2.1 6.444 6.486 6.527 6.568 6.608 6.649 6.689 6.729 6.769 6 .809 
2.2 6.848 6.888 6.927 6.966 7 .008 7 .044 7.082 7.121 7.159 7.197 
2.3 7.235 7.272 7.310 7.347 7 .384 7.421 7.458 7.495 7.532 7.568 
2.4 7 .604 7.640 7.676 7.712 7.748 7.783 7.819 7.854 7.889 7.924 

2.5 7.959 7.993 8.028 8.062 8 .097 8.131 8 .165 8.199 8.232 8.266 
2.6 8.299 8.333 8.366 8.399 8.432 8 .465 8.498 8.530 8.563 8.595 
2.7 8.627 8.659 8 .691 8.723 8.755 8 .787 8 .818 8.850 8.881 8.912 
2.8 8.943 8.974 9.005 9.036 9 .066 9.097 9.127 9.158 9.188 9.218 
2.9 9 .248 9.278 9.308 9.337 9 .367 9.396 9.426 9.455 9.484 9.513 

3.0 9.542 9.571 9.600 9.629 9.657 9.686 9.714 9.743 9.771 9.799 
3.1 9 .827 9.855 9.883 9.911 9.939 9.966 9.994 10.021 10.049 10.076 
3.2 10.103 10.130 10.157 10.184 10.211 10.238 10.264 10.291 10.317 10.344 
3 .3 10.370 10.397 10.423 10.449 10.475 10.501 10.527 10.553 10.578 10.604 
3.4 10.630 10.655 10.681 10.706 10.731 10.756 10.782 10.807 10.832 10.857 

3.5 10.881 10.906 10.931 10.955 10.980 11.005 11.029 11.053 11 .078 11.102 
3.6 11.126 11.150 11.174 11.198 11 .222 11.246 11.270 11.293 11.317 11.341 
3.7 11.364 11.387 11.411 11.434 11.457 11.481 11 .504 11.527 11.550 11 .573 
3.8 11 .596 11 .618 11 .641 11.664 11.687 11.709 11 .732 11.754 11.777 11.799 
3.9 11.821 11 .844 11 .866 11 .888 11.910 11.932 11.954 11.976 11.998 12.019 

4.0 12.041 12.063 12.085 12.106 12.128 12.149 112.171 12.192 12.213 12.234 
4.1 12.256 12.277 12.298 12.319 12.340 12.361 I 12.382 12.403 12 .424 12 444 
4 .2 12.465 12.486 12.506 12.527 12 .547 12 .568 12.588 12.609 12 .629 12.649 
4.3 12.669 12.690 12.710 12.730 12.750 12.770 12.790 12.810 12.829 12.849 
4.4 12.869 12 .889 12.908 12.928 12.948 12.967 12.987 13.006 13.026 13.045 

4.5 13.064 13.084 13.103 13.122 13.141 13.160 13.179 13.198 13.217 13.236 
4.6 13.255 13.274 13.293 13 .312 13.330 13.349 13.368 13.386 13.405 13.423 
4.7 13.442 13.460 13.479 13.497 13 .516 13.534 13.552 13.570 13.589 13.607 
4.8 13.625 13.643 13.661 13.679 13 .697 13.715 13.733 13.751 13.768 13.786 
4.9 13.804 13.822 13.839 13.857 13.875 13.892 13.910 13.927 13.945 13.962 

5.0 13.979 13.997 14.014 14.031 14.049 14.066 14.083 14.100 14.117 14.134 
5.1 14.151 14 .168 14.185 14.202 14.219 14.236 14.253 14.270 14.287 14.303 
5 .2 14.320 14 .337 14.353 14.370 14 .387 14.403 14.420 14 .436 14.453 14.469 
5.3 14.486 14.502 14.518 14 .535 14.551 14 .567 14.583 14.599 14.616 14.632 
5.4 14.648 14.664 14.680 14.696 14.712 14.728 14.744 14.760 14.776 14.791 

5.5 14 .807 14.823 14.839 14.855 14.870 14.886 14.902 14.917 14.933 14.948 
5.6 14.964 14.979 14 .995 15.010 15 .026 15 .041 15.056 15.072 15.087 15.102 
5.7 15.117 15 .133 15.148 15.163 15.178 15.193 15.208 15.224 15.239 15 .254 
5.8 15.269 15 .284 15.298 15.313 15.328 15.343 15.358 15.373 15.388 15.402 
5.9 15.417 15.432 15.446 15.461 15.476 15.490 15 .505 15.519 15.534 15.549 

6.0 15.563 15.577 15.592 15.606 15.621 15.635 15.649 15.664 15.678 15.692 
6.1 15.707 15.721 15.735 15.749 15.763 15.778 15 .792 15.806 15 .820 15 .834 
6.2 15.848 15.862 15 .876 15 .890 15.904 15 .918 15 .931 15 .945 15.959 15.973 
6.3 15.987 16.001 16.014 16.028 16.042 16.055 16.069 16.083 16.096 16.110 
6.4 16.124 16.137 16.151 16.164 16.178 16.191 16.205 16.218 16.232 16.245 
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TABLE 1 (continued) 

Voltage 

~~~ .02 ~~~ .05 ~~~ .08 .09 Ratio 

6.5 16.258 16.272 16.285 16.298 16.312 16.325 16.338 16.351 16.365 16.378 
6.6 16.391 16.404 16.417 16.430 16.443 16.456 16.469 16.483 16.496 16.509 
6.7 16.521 16.534 16.547 16.560 16.573 16.586 16.599 16.612 16.625 16.637 
6.8 16.650 16.663 16.676 16.688 16.701 16.714 16.726 16.739 16.752 16.764 
6.9 16.777 16.790 16.802 16.815 16.827 16.840 16.852 16.865 16.877 16.890 

7.0 16.902 16.914 16.927 16.939 16.951 16.964 16.976 16.988 17.001 17.013 
7.1 17.025 17.037 17.050 17.062 17.074 17.086 17.098 17.110 17.122 17.135 
7.2 17.147 17.159 17.171 17.183 17.195 17.207 17.219 17.231 17.243 17.255 
7.3 17.266 17.278 17.290 17.302 17.314 17.326 17.338 17.349 17.361 17.373 
7.4 17.385 17.396 17.408 17.420 17.431 17.443 17.455 17.466 17.478 17.490 

7.5 17.501 17.513 17.524 17.536 17.547 17 .559 17.570 17.582 17.593 17.605 
7.6 17.616 17.628 17.639 17.650 17.662 17.673 17.685 17.696 17.707 17.719 
7.7 17.730 17.741 17.752 17.764 17.775 17.786 17.797 17.808 17.820 17.831 
7.8 17.842 17.853 17.864 17.875 17.886 17.897 17 .908 17.919 17.931 17.942 
7.9 17.953 17.964 17.975 17.985 17.996 18.007 18.018 18.029 18.040 18.051 

8.0 18.062 18.073 18.083 18.094 18.105 18.116 18.127 18.137 18.148 18.159 
8.1 18.170 18.180 18.191 18.202 18.212 18.223 18.234 18.244 18.255 18.266 
8.2 18.276 18.287 18.291 18.308 18 319 18.329 18.340 18 .350 18.361 18.371 
8.3 18.382 18.392 18.402 18.413 18.423 18.434 18.444 18.455 18.465 18.475 
8.4 18.486 18.496 18.506 18.517 18.527 18.537 18.547 18.558 18.568 18.578 

8.5 18.588 18.599 18.609 18.619 18.629 18.639 18.649 18.660 18.670 18.680 
8.6 18.690 18.700 18.710 18.720 18.730 18.740 18.750 18.760 18.770 18.780 
8 .7 18.790 18 .800 18.810 18.820 18.830 18 .840 18.850 18.860 18.870 18.880 
8.8 18.890 18.900 18.909 18.919 18.929 18.939 18.949 18.958 18.968 18.978 
8.9 18.!188 18.998 19.007 19.017 19.027 19.036 19.046 19.056 19.066 19.075 

9.0 19.085 19.094 19.104 19.114 19.123 19.133 19.143 19.152 19.162 19.171 
9.1 19.181 19.190 19.200 19.209 19.219 19.228 19.238 19.247 19.257 19.266 
9.2 19.276 19.285 19.295 19.304 19.313 19.323 19.332 19.342 19.351 19.360 
9.3 19.370 19.379 19.388 19.398 19.407 19.416 19.426 19.435 19.444 19.453 
9 .4 19.463 19.472 19.481 19.490 19.499 19.509 19.518 19.527 19.536 19.545 

9.5 19.554 19.564 19.573 19.582 19.591 19 .600 19.609 19.618 19.627 19.636 
9.6 19.645 19.654 19.664 19 .673 19.682 19.691 19 .700 19.709 19.718 19.726 
9.7 19.735 19.744 19.753 19.762 19.771 19.780 119.789 19.798,19.807 19 .816 
9.8 19.825 19.833 19.842 19.851 19.860 19 .869 19 .878 19.886 19.895 19.904 
9.9 19.913 19.921 19.930 19.939 19.948 19 .956 19.965 19.974 19.983 19.991 

Voltage 0 1 __ 2_, __ 3_ 4 _s_l_6_ 7 8 9 Ratio 

10 20.000 20.828 21.584 22.279 22.923 23.522 24.082 24.609 25.105 25.575 
20 26 .021 26.444 26.848 27 .235 27.604 27.959 28.299 28 .627 28 .943 29 .248 
30 29.542 29.827 30 .103 30.370 30.630 30.881 31 .126 31.364 31.596 31 .821 
40 32 .041 32.256 32 .465 32 .669 32 .869 33 .064 33.255 33.442 33 .625 33 .804 

50 33.979 34.151 34 .320 34.486 34 .648 34.807 34.964 35 .117 35 .269 35.417 
60 35.563 35 .707 35.848 35 .987 36.124 36 .258 36.391 36.521 36.650 36.777 
70 36 .902 37.025 37 .147 37.266 37 .385 37.501 37.616 37.730 37.842 37.953 
80 38 .062 38.170 38.276 38 .382 38.486 38 .588 38.690 38 .790 38.890 38.988 

Table for Ratio Conversion (fable 2) 

The following table converts a given number of dB into the corresponding 
voltage, current or pressure ratio. For the sake of convenience the power ratio 
is also given. 

If the number of dB to be converted into r a tios are n egative, this means 
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that the ratio is between 1 and 0. For ratios greater than 1 the number of 
dB is always positive. The table includes ratios grea ter than 1, as well as 
r atios smaller than 1. 

The number of decibels to be converted is read in the center column. If 
the number is negative, r ead ratio in left column. If the number is positive, 
read right columns. 

Examples:-

1. Convert - 2 dB to the equivalent ratio. 
Read 2 in center column and find 0.7943 to the left. 

2. Convert - 2 dB to the equivalent power ratio. 
Read 2 in center column and find 0.6310 to the left. 

3. Convert 2 dB to the equivalent voltage ratio. 
Read 2 in center column and find 1.259 to the right. 

4. Convert 2 dB to the equivalent power ratio. 
Read 2 in center column and find 1.585 to the right. 

TABLE 2 

- -t- - + 
Power Voltage dB Voltage Power Power Voltage dB Voltage Power 
Ratio Ratio Ratio Ratio Ratio Ratio Ratio Ratio 

----------- ----------· ------
1.0000 1.0000 0 1.000 1.000 .5012 .7079 3.0 1.413 1.995 

.9772 .9886 .1 1.012 1.023 .4898 .6998 3.1 1.429 2.042 

.9550 .9772 .2 1.023 1.047 .4786 .6918 3.2 1.445 2.089 

.9333 .9661 .3 1.035 1.072 .4677 .6839 3 .3 1.462 2.138 

.9120 .9550 .4 1.047 1.096 .4571 .6761 3 .4 1.479 2 .188 

.8913 .9441 .5 1.059 1.122 .4467 .6683 3.5 1.496 2.239 

.8710 .9333 .6 1.072 1.148 .4365 .6607 3 .6 1.514 2.291 

.8511 .9226 .7 1.084 1.175 .4266 .6531 3.7 1.531 2 .344 

.8318 .9120 .8 1.096 1.202 .4169 .6457 3.8 1.549 2.399 

.8128 .9016 .9 1.109 1.230 .4074 .6383 3.9 1.567 2.455 

.7943 .8913 1.0 1.122 1.259 .3981 .63,10 4.0 1.585 2.512 

.7762 .8810 1.1 1.135 1.288 .3890 .6237 4 .1 1.603 2.570 

.7586 .8710 1.2 1.148 1.318 .3802 .6166 4.2 1.622 2.630 

.7413 .8610 1.3 1.161 1.349 .3715 .6095 4.3 1.641 2.692 

.7244 .3511 1.4 1.175 1.380 .3631 .6026 4 .4 1.660 2.754 

.7079 .8414 1.5 1.189 1.413 .3548 .5957 4.5 1.679 2.818 

.6918 .8318 1.6 1.202 1.445 .3467 .5888 4.6 1.698 2.884 

.6761 .8222 1.7 1.216 1.479 .3388 .5821 4.7 1.718 2 .951 

.6607 .8128 1.8 1.230 1.514 .3311 .5754 4.8 1.738 3.020 

.6457 .8035 1.9 1.245 1.549 .3236 .5689 4 .9 1.758 3 .090 

.6310 .7943 2.0 1.259 1.585 .3162 .5623 5.0 1.778 3.162 

.6166 7852 2.1 1.274 1.622 .3090 .5559 5.1 1.799 3.236 

.6026 .7762 2.2 1.288 1.660 .3020 .5495 5.2 1.820 3.311 

.5888 .7674 2.3 1.303 1.698 .2951 .5433 5.3 1.841 3.388 

.5754 .7586 2.4 1.318 1.738 .2884 .5370 5.4 1.862 3.467 

.5623 .7499 2.5 1.334 1.778 .2818 .5309 5.5 1.884 3.548 

.5495 .7413 2.6 1.349 1.820 .2754 .5248 5.6 1.905 3 .631 

.5370 .7328 2.7 1.365 1.862 .2692 .5188 5 .7 1.928 3.715 

.5248 .7244 2.8 1.380 1.905 .2630 .5129 5.8 1.950 3 .802 

.5129 .7161 2.9 1.396 1.950 .2570 .5070 5 .9 1.972 3 .890 
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Table 2 (continued) 

- -+ - + 
Power Voltage dB Voltage Power Power Voltage dB Voltage Power 
Ratio Ratio Ratio Ratio Ratio Ratio Ratio Ratio 
--------------- - - -------

.2512 .5012 6.0 1.995 4.074 .07079 .2661 11.5 3.758 14.13 

.2455 .4955 6.1 2.018 3.981 .06918 .2630 11.6 3 .802 14.45 

.2399 .4898 6 .2 2.042 4.169 .06761 .2600 11.7 3.846 14.79 

.2344 .4842 6.3 2.065 4.266 .06607 .2570 11 .8 3.890 15.14 

.2291 .4786 6.4 2 .089 4.365 .06457 .2541 11.9 3.936 15.49 

.2239 .4732 6.5 2 .113 4.467 .06310 .2512 12.0 3.981 15.85 

.2188 .4677 6.6 2.138 4.571 .06166 .2483 12.1 4.027 16.22 

.2138 .4624 6.7 2.163 4.677 .06026 .2455 12.2 4 .074 16.60 

.2089 .4571 6.8 2 .188 4.786 .05888 .2427 12.3 4.121 16.98 

.2042 .4519 6 .9 2.213 4.898 .05754 .2399 12.4 4 .169 17.38 

.1995 .4467 7.0 2.239 5.012 .05623 .2371 12 .5 4 .217 17.78 

.1950 .4416 7.1 2.265 5.129 .054'95 .2344 12.6 4 .266 18.20 

.1905 .4365 7.2 2.291 5.248 .05370 .2317 12.7 4.315 18.62 

.1862 .4315 7.3 2.317 5.370 .05248 .2291 12 .8 4 .365 19.05 

.1820 .4266 7.4 2.344 5.495 .05129 .2265 12.9 4.416 19.50 

.1778 .4217 7.5 2.371 5.623 .05012 .2239 13.0 4.467 19.95 

.1738 .4169 7 .6 2.399 5.754 .04898 .2213 13.1 4 .519 20.42 

.1698 .4121 7.7 2.427 5.888 .04786 .2188 13.2 4 .571 20 .89 

.1660 .4074 7 .8 2.455 6.026 .04677 .2163 13.3 4.624 21.38 

.1622 .4027 7.9 2 .483 6.166 .04571 .2138 13.4 4 .677 21.88 

.1585 .3981 8.0 2.512 6.310 .04467 .2113 13.5 4 .732 22 .39 

.1549 .3936 8.1 2.541 6.457 .04365 .2089 13.6 4.786 22.91 

.1514 .3890 8 .2 2 .570 6.607 .04266 .2065 13 .7 4 .842 23 .44 

.1479 .3846 8 .3 2.600 6.761 .04169 .2042 13.8 4 .898 23 .99 

.1445 .3802 8.4 2.630 6.918 .04074 .2018 13.9 4 .955 24 .55 

.1413 .3758 8 .5 2 .661 7.079 .03981 .1995 14.0 5.012 25.12 

.1380 .3715 8 .6 2.692 7.244 .03890 .1972 14.1 5.070 25 .70 

.1349 .3673 8.7 2.723 7.413 .03802 .1950 14 .2 5.129 26.30 

.1318 .3631 8 .8 2 .754 7.586 .03715 .1928 14.3 5.188 26.92 

.1288 .3589 8 .9 2 .786 7.762 .03631 .1905 14.4 5 .248 27.54 

.1259 .3548 9.0 2.818 7.943 .03548 .1884 14.5 5 .309 28.18 

.1230 .3508 9 .1 2 .851 8.128 .03467 .1862 14.6 5.370 28 .84 

.1202 .3467 9.2 2.884 8.318 .03388 .1841 14.7 5 .433 29 .51 

.1175 .3428 9 .3 2 .917 8.511 .03311 .1820 14.8 5 .495 30.20 

.1148 .3388 9.4 2 .951 8.710 .03236 .1799 14.9 5.559 30 .90 

.1122 .3350 9.5 2.985 8.913 .03162 .1778 15.0 5.623 31.62 

.1096 .3311 9 .6 3.020 9.120 .03090 .1758 15 1 5 .689 32.36 

.1072 .3273 9.7 3 .055 9.333 .03020 . ~738 15.2 5.754 33.11 

.1047 .3236 9 .8 3 .090 9.550 .02951 .1718 15.3 5.821 33.88 

.1023 .3199 9.9 3 .126 9.772 .02884 .1698 15.4 5 .888 34.67 

.1000 .3162 10.0 3.162 10.000 .02818 .1679 15.5 5 .957 35 .48 

.09772 .3126 10.1 3 .199 10.23 .02754 .1660 15 .6 6.026 36.31 

.09550 .3090 10.2 3 .236 10.47 .02692 .1641 15.7 6.095 37.15 

.09333 .3055 10.3 3.273 10.72 .02630 .1622 15.8 6.166 38 .02 

.09120 .3020 10.4 3 .311 10.96 .02570 .1603 15.9 6 .237 38 .90 

.08913 .2985 10.5 3 .350 11 .22 .02512 .1585 16.0 6.310 39.81 

.08710 .2951 10.6 3 .388 11.48 .02455 .1567 16.1 6 .383 40 .74 

.08511 .2917 10.7 3 .428 11.75 .02399 .1549 16.2 6.457 41 .69 

.08318 .2884 10.8 3 .467 12.02 .02344 .1531 16.3 6.531 42.66 

.08128 .285.1 10.9 3 .508 12.30 .02291 .1514 16.4 6.607 43 .65 

.07943 .2818 11.0 3.548 12.59 .02239 .1496 16.5 6.683 44.67 

.07762 .2786 11 .1 3 .589 12.88 .02188 .1479 16.6 6.761 45.71 

.07586 .2754 11.2 3 .631 13.18 .02138 .1462 16.7 6.839 46.77 

.07413 .2723 11.3 3.673 13.49 .02089 .1445 16.8 6.918 47.86 

.07244 .2692 11.4 3 .715 13.80 .02042 .1429 16.9 6.998 48.98 
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