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Theory
[1].

Configuration (b)

Reciprocity Parameter

Configuration (a)

is the adiabatic bulk modulus of the fill fluid (castor oil)
is the coupler volume

is the acoustical compliance of the coupler fluid medium



Practice

Configuration (a)

Configuration (b)

Reciprocity Parameter

is the adiabatic bulk modulus of the fill fluid (castor oil)
is the coupler volume

is the acoustical compliance of the coupler fluid medium

[1].

is capacitance



Systematic Errors & Corrections
Phase
• Preamplifier (Itaco 1201)
• Capacitor / Isolated Amplifier
• Sequential sampling skew

Magnitude
• Coupler compliance
• Transducer compliance
• Acoustic wavelength 

Preamplifier

Capacitor  &
Isolated Amp.

0.25 to 0.33 dB



Uncertainty

Type A
• Random errors modeled using a 

bivariate normal distribution for the 
real and imaginary parts of the 
complex sensitivity.

• Semi-major    and semi-minor    axes 
of elliptical uncertainty bound given by 
largest and smallest eigenvalues of 
covariance matrix,

where   is a coverage factor given by

V/Pa

V/
Pa

V/Pa
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Uncertainty

Type A

• Rotation angle of covariance ellipse 
given by correlation of real and 
imaginary parts of measurements.

• Type A component of uncertainties in 
magnitude and phase of the complex 
sensitivity calculated from covariance 
ellipse boundaries.



Uncertainty

Type B

• Magnitude
• Speed of sound in castor oil
• Volume of reciprocity coupler
• Voltage measurements
• Capacitance
• Density of castor oil

• Phase
• ±0.5◦ for HP35565 signal analyzer 

used to correct phase shift in the 
differential amplifier.



Uncertainty

Type B

• Magnitude



Results

Low-frequency coverage extended 
by more than a decade

Primary phase calibration and 
combined expanded uncertainty



Conclusions

A primary calibration method was demonstrated to obtain both the 
magnitude and phase of the complex sensitivity for a Type H48 
hydrophone at frequencies between 1 Hz and 2 kHz. 

The combined expanded uncertainties of the magnitude and phase of 
the complex sensitivity at 1 Hz were 0.1 dB re 1V/Pa and 1◦, with the 
uncertainty in phase decreasing to 0.5◦ at 4 Hz (and above). 

The combined expanded uncertainty in magnitude was controlled by 
the (Type B) fractional uncertainties for sound speed in castor oil, 
volume of the reciprocity coupler and reciprocal transducer voltage 
measurements.
The combined expanded uncertainty in phase (above 4 Hz) was 
controlled by the specified phase tolerance (Type B) of the HP35565 
signal analyzer used to measure the phase response of the differential 
amplifier and to correct the measured data. 
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