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with a 340 m aperture PARRAY are presented which demonstrate that the experi- "
mental PARRAY is ambient noise limited in Lake Travis (Texas). 3
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I. INTRODUCTION

The parametric acoustic receiving array (PARRAY) exploits the
inherent nonlinearity in the pressure density relationship of water to
achieve directional reception of low frequency acoustic waves using only
two small high frequency transducers and some associated electronics.
Characterized as a volumetric, virtual array synthesized in the water
column between the two high frequency transducers, denoted pump and
hydrophone, the directional response function of the PARRAY is similar
to that of a continuous end-fire array of length equal to the distance
between the pump and hydrophone. The maximum response axis of the
synthesized array lies along the directed line segment from the hydro-
phone to the pump. A more complete description of the PARRAY and a
summary of its major characteristics are given in Section II. References
to earlier analyses and investigations are provided for those who desire

more detailed information.

A brief summary of the appendices, which constitute the major
portion of the report, is given in Section III. The appendices are
several papers on various phases.of the PARRAY that were presented at
scientific and technical meetings by scientists and engineers of ARL:UT.
These papers were produced in the course of research and development on
a large aperture PARRAY for detection of low frequency signals; addi-

tinng%ﬂigfgrmation is provided in a companion technical report,

/

. R

Some of the papers contained in this report have been expanded in
scope and submitted for publication in the archival journals. Others of
these papers will be similarly expanded and submitted for publication as
time permits; however, it seems appropriate to collect these papers in
one document and distribute it at this time to make the results available

without further delay.




II. DESCRIPTION OF THE PARRAY

The parametric reception concept was first proposed by Westervelt and
2,3
A

number of theoretical and experimental investigations followed, most of

shortly thereafter it was demonstrated experimentally by Berktay.

which emphasized demonstrating the existence of the phenomenon and develop-
ing and validating mathematical models to describe the basic physics of

the process."-13

The operation of the PARRAY is illustrated schematically in Fig. 1.
A continuous, high frequency acoustic wave, symbolized by the closely
spaced, concentric arcs, is projected from one of the transducers (pump)
to the second transducer (hydrophone), which is located a distance L from
the pump. A low frequency acoustic wave, represented by the widely spaced
diagonal lines, propagates through the area and interacts nonlinearly with
the pump wave to generate modulation sidebands of the pump signal. The
phasing of this interaction process is such that a continuous, end-fire
array of length L is synthesized in the interaction volume between the
pump and hydrophone. The maximum response of the synthesized end-fire
array is in the direction of a line extending from the hydrophone through
the pump. It is this end-fire array effect that provides the directivity
of the PARRAY and hence its ability to discriminate against low frequency

ambient noise that otherwise masks the signal wave.

Ideally, the pump signal is a pure sinusoid of frequency fp; however,
in practice, the characteristic spectrum of the pump signal is similar to
that shown in the box at the upper left. The level of the sideband noise
is dependent on the quality of the signal generation equipment, i.e., on
the spectral purity of the pump electronics. As a result of the nonlinear
mixing in the water, the pump signal spectrum is modulated by the signal
frequency spectrum and contains the signal frequency information in the
upper and lower sidebands (fpzfs), illustrated in the box at the lower

right of Fig. 1.
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The directional response of the PARRAY, which is similar to that of

a continuous, end-fire array of length L, is given by6

B - (l-cos6) sin[(kL/2)(l-cosb)] (1)

D(6) = B (kL/2) (1-cos8) :

o g TS T Y

where
6 is the plane angle measured from the line joining the pump and

hydrophone,

k is the acoustic wave number of the signal to be detected,
L is the pump-hydrophone separation, and
B is the coefficient of nonlinearity of the medium, approximately

equal to 3.5 in sea water.

S i b et

The value of B is approximately 8% less in fresh water than in sea

water.u"15

The directional response of the PARRAY is symmetric about the line

joining the pump and hydrophone, i.e., the PARRAY has a conical beam :
pattern. The half-power beamwidth of the PARRAY, in degrees, is given i

O

approximately by
8 = 105vA/L s (2)

where A is the acoustic wavelength of the signal to be detected. These
characteristics are illustrated in Fig. 2, which shows the directional
response of the PARRAY for a kL of 33n. Since the directional response
of the PARRAY is symmetric about the line joining the pump and hydro-
phone, the beam pattern is the same in both the vertical and horizontal

T

planes.

The detection of low frequency signals from a distant source is
closely related to the ability of the acoustic sensor to discriminate
; against low frequency ambient noise and thus to improve the signal-to-

ﬁ noise ratio (S/N) compared to a simple, omnidirectional sensor. One
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measure of the S/N improvement of an acoustic sensor is spatial

processing gain (SPG). The SPG of an acoustic sensor is given by

/ N(6,9)dR
bt

b(8,¢4) N(8,¢)dQ

3

SPG =

where b(08,¢) is the directional response function of the acoustic sensor,
N(6,¢) is the noise power per unit solid angle, and the integral is over
4n steradians. If N(6,¢) is a constant, i.e., if the noise is isotropic,
Eq. (3) reduces to the familiar expression for the DI of the acoustic
sensor,

DI = 10 log n

b(6,4)dQ
(R4

Although the ambient noise field is rarely isotropic, the DI is a
convenient and useful measure for the first order comparisons of

different acoustic sensors. The DI of the PARRAY is given by
DI = 10 log[1.86+4L/)]

The lower curve in Fig. 3 shows the DI of the PARRAY as a function of

the pump-hydrophone separation in wavelengths.

The front-to-back ratio (F/B) of the PARRAY is also a function of
the acoustic aperture. For kL>1, the ratio of the maximum response of
the PARRAY to the envelope of the back lobes is given by (in decibels)

F/ = 20 log(7kL/3)

Bis
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The F/B of the PARRAY is shown in the upper curve in Fig. 3. It should
be noted that both the DI and the F/B of the/PARRAY are functions of the

acoustic aperture and hence do not depend upon the pump frequency.

Several desirable characteristics derive from the fact that the
PARRAY is essentially a continuous, end-fire array synthesized in the

water.

+ Vertical Directivity - Since the directional response is
symmetric about the line joining the pump and hydrophone, the

PARRAY provides vertical as well as horizontal discrimination

against noise,

* No Grating Lobes - Grating lobes are not generated as the signal

frequency increases because the PARRAY is a continuous end-fire

array.

- * Good Sidelobe Behavior - The sidelobes are well behaved and
decrease monotonically to a minimum on the back side of the

PARRAY.

4  High Front-to-Back Ratio - The PARRAY is relatively insensitive
1

to signals arriving from the back side.

* Wide Bandwidth - The PARRAY is inherently wideband because the
heterodyne process translates the absolute bandwidth of the high

frequency transducers to the low frequency signal region.

Lo st i

* Minimum Number of Transducers - Two relatively small high

frequency transducers are required to form the PARRAY because

{ the nonlinearity of the water is exploited to synthesize the

array in the region between the transducers.




III. SUMMARY OF APPENDICES

Although a number of researchers investigated the parametric
reception process in the decade following Westervelt's proposal, by the
end of that period parametric reception was considered by most researchers
to be an academic novelty. It was recognized, however, that if the PARRAY
were to become more than an academic novelty, systematic methods would
have to be developed to select optimal parameter values within the con-
straints of existing engineering technology. Studies conducted at Applied
Research Laboratories, The University of Texas at Austin (ARL:UT), by one
of the authors addressed this problem. Techniques and analytical models
were developed to permit selection of optimal parameter values within the
existing engineering state of the art for electronics and transducers. A
paper describing these techniques was presented at The 88th Meeting of
The Acoustical Society of America in St. Louis, Missouri, on 4-8 November

1974. The text of this paper is included as Appendix A of this report.

As a result of the investigation of optimal parameter selection
techniques, four major technology areas were identified in which signifi-
cant development of the state of the art was required. To test the
hypotheses involved in the parameter selection process, an experimental
PARRAY was assembled at Lake Travis Test Station (LTTS) of ARL:UT. Some
new electronic equipment was constructed and some existing equipment was
modified for the purpose. Experiments were performed that confirmed the
importance of one of the parameters, namely, spectral purity of the pump
signal. Results of these experiments were reported at The 89th Meeting
of The Acoustical Society of America in Austin, Texas, on 8-11 April 1975.

The text of this paper is included as Appendix B.

As a result of the above studies, a program to develop an experimental

large aperture PARRAY was begun at ARL:UT. The effort was structured as




an integrated program of -analysis, experiments, hardware design,

fabrication, lake testing, and sea testing. Four major hardware develop-
ment areas were addressed: high spectral purity pump signal generation;
commensurate power amplification; high efficiency, high power transducer
element and array design; and detection of sideband signals with very

small modulation indices.

A band elimination processor was developed to suppress the high
level pump (carrier), amplify the low level sideband signals, and detect
the information in the sidebands. The processor is capable of detecting
signals with carrier to sideband ratios approaching 180 dB. This receiver
was described in a paper presented at The 92nd Meeting of The Acoustical
Society of America in San Diego, California, on 16-19 November 1976. The

text of this paper is included as Appendix C.

In the PARRAY, the equivalent input noise (and hence the minimuq
signal that can be detected) is dependent upon the spectral purity of the
pump signal source. Since commercial oscillators with adequate spectral
purity were not available, a high spectral purity, crystal controlled
oscillator was developed for the experimental PARRAY. Spectral purity of
this oscillator is approximately four orders of magnitude better than
commercially available oscillators in the 65 kHz frequency region. A
paper describing this oscillator was presented at The 92nd Meeting of
The Acoustical Society of America in San Diego, California, on 16-19

November 1976 and is included as Appendix D.

The PARRAY places a premium on high efficiency transducers capable
of continuous operation at high power levels. In addition, the trans-
ducers must not generate spurious noise that will degrade the spectral
purity of the pump signal and mask the low level sideband signals. A
simple, efficient transducer element design was developed and several
transducers consisting of up to 432 elements were constructed for use in
the experimental PARRAY. A paper describing this development was

presented at The 92nd Meeting of The Acoustical Society of America in
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San Diego, California, on 16-19 November 1976. A somewhat revised

version of this paper was presented at a specialists meeting of the

Underwater Acoustics Group, The Institute of Acoustics, at The

10 W SR

University of Birmingham, Birmingham, England, on 15 December 1976 and ﬁ

—

was published in the Proceedings of that meeting. Copies of these |

papers are included as Appendices E and F, respectively.

To develop an optimum design for a PARRAY receiver preprocessor, it
is important to have an analytical model of the parametric reception
process expressed in familiar signal processing terms. Since there was
some diversity in the modulation processes expressed in the different
published forms of the parametric reception models, experiments were

performed to directly measure the modulation processes involved. The

i et R sl ek e

results of these measurements were presented at The 92nd Meeting of The
Acoustical Society of America in San Diego, California, on 16-19 November

% 1976. A copy of this paper is included as Appendix G.

The PARRAY erhibits sensitivity to motion of its transducers in a
manner significantly different from that of conventional linear arrays. |
This sensitivity must be understood to evaluate those applications of .
the PARRAY where the transducers may be subjected to vibration. A theory

was developed that relates motion of the PARRAY transducers to signal out

IV ————

E | of the PARRAY and experiments were performed to verify the analytical

model. The results of this investigation were reported at the 1978 IEEE

International Conference on Acoustics, Speech, and Signal Processing at
Tulsa, Oklahoma, on 10-12 April 1978. A copy of the paper was published

in the Record of that conference and is included as Appendix H.

g An experimental PARRAY with a 340 m pump-hydrophone separation was
% installed in 45 m of water in Lake Travis (Texas). The PARRAY operated
j over the 35 to 800 Hz frequency range and demonstrated that the self-

; noise level of the experimental PARRAY is below the ambient noise level

in this environment. Some of the results of measurements with the

13
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ﬁ ; experimental PARRAY were reported at The 96th Meeting of The Acoustical '
Society of America in Honolulu, Hawaii, on 27 November - 1 December 1978.

E These same basic results were presented at the 1979 IEEE International .
; Conference on Acoustics, Speech, and Signal Processing in Washington, DC,

on 2-4 April 1979. A copy of that paper was published in the Record of

that conference and is included as Appendix I.
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Paper T3, Presented at The 88th Meeting of The Acoustical Society of America

4-8 November 1974, St. Louis, Missouri

PARAMETER SELECTION CRITERIA FOR PARAMETRIC RECEIVERS

Tommy G. Goldsberry
Applied Research Laboratories
The University of Texas at Austin
Austin, Texas 78712
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ABSTRACT

S ———————

Selection of parameters for a parametric acoustic receiver
is complicated by the fact that the basic parameters are not
independent. The parametric receiver is an active device;
hence, there is a self-noise contribution to the output which
is a function of the selected parameter values. A systematic
procedure has been developed for selecting optimum values of
these parameters by minimizing the total self-noise output of
the parametric receiver. Equations were derived that define
the impact on self-noise of the basic parameters that are not
independent. These equations were evaluated to obtain optimum
3 parameter values for specified sets of boundary conditionms.

' The results of this analysis and examples of the parameter
selection procedures are presented and discussed.

L

19

ey = DO g R 2 1 e T et

P— -
Dt Aionoch T AT b il s




TN

i TP T S

—

Paper T3, Presented at The 88th Meeting of The Acoustical Society of America
4-8 November 1974, St. Louis, Missouri

PARAMETER SELECTION CRITERIA FOR PARAMETRIC RECEIVERS

Tommy G. Goldsberry
Applied Research Laboratories
The University of Texas at Austin
Austin, Texas 78712

Just a little over a decade ago, Westervelt proposed nonlinear
interaction of a high frequency pump wave with an incoming low frequency
acoustic wave as a method of obtaining highly directional reception of
the low frequency wave, i.e., a parametric receiver.1 Since that time a
number of theoretical and experimental investigations of the parametric

receiver have been conduct:ed.z-9

The emphasis in these studies was on
demonstrating existence of the phenomenon and on developing and validat-
ing mathematical models to describe the basic physics. Beam patterns
were obtained and the acoustic pressures of the interaction components
were measured. As is typical with basic measurements using available
laboratory equipment, the incoming low frequency signals were relatively
high amplitude signals to assure adequate signal-to-noise ratios for

reliable measurement.

Parameters for the earlier experiments were selected for compatibility
with existing equipment rather than to optimize the parametric receiver
design. However, if the parametric receiver is to progress from the status
of an academic novelty to that of a useful tool in underwater acoustics,
methods must be developed to select optimum parameter values within the
constraints of present engineering technology. This is the problem that I

wish to consider.

In many respects the parametric receiver is analogous to a heterodyne
communications receiver--a radio. In each case the incoming signal is fre-
quency translated and amplitude shifted to a more hospitable frequency region

for further processing. In each case we wish to obtain a more sensitive

21




receiver in exchange for the added complexity of the heterodyne receiver.

The parametric receiver is illustrated schematically in Slide 1. The low ;
frequency signal to be detected, symbolized by the widely spaced vertical

lines, is assumed incident from the left of the figure. The high fre-

quency pump wave, symbolized by the closely spaced concentric arcs,

radiates from the pump transducer and mixes nonlinearly with the signal

wave in the region between the pump and hydrophone, labeled the interaction

volume. The phasing of the interaction process is such that a virtual

end-fire array is formed in the region between the pump and hydrophone. It

is this end-fire array effect that provides the directivity of the parametric

receiver and hence its ability to discriminate against the low frequency

ambient noise that otherwise might mask the signal wave.

The parametric receiver pump is analogous to the mixer oscillator in
our radio. Ideally, the pump, or mixer oscillator, signal is a pure
sinusoid of frequency fp (or perhaps a perfect square wave of fundamental
frequency fp). However, in practice the characteristic spectrum of the .
pump signal is similar to that shown in the box at the left of the figure. A
The level of the sideband noise is dependent upon the quality of the signal q
generation equipment. The water column between the pump and hydrophone is
the nonlinear element in the parametric receiver. It is analogous to the
mixer diode in the radio. Unfortunately--or fortunately, depending upon
one's viewpoint--the water is weakly nonlinear. Thus, where conversion
efficiencies of near 100% are common in radio mixers, conversion efficiencies

of 17 or less are the norm for the parametric receiver.

As a result of the nonlinear mixing in the water, at the hydrophone

the pump signal spectrum has been modulated by the signal frequency spectrum,

and contains that information as the upper and lower sidebands (fptfs), as
illustrated in the box at the upper right. To complete the analogy, the
hydrophone and receiver electronics serve the purpose of the IF amplifier,

detectors, etc., in processing the signal frequency information for display. -3

In light of the poor conversion efficiency of the parametric receiver,

many researchers have dismissed it as an interesting academic novelty without

22
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practical application. The reason that the parametric receiver can be
attractive in spite of the poor conversion efficiency is illustrated by
Slide 2. A typical ocean ambient noise spectrum is shown in this figure.
The abscissa is frequency in hertz and the ordinate is spectrum level
acoustic ambient noise in dB re 1 yPa. The curve is a typical curve;
however, it is in general agreement with published ambient noise data,

(- T Wenz.10 The low frequency region is dominated by shipping noise.

The mid-freguency range is the characteristic wind dependent noise which
decreases at the rate of approximately 5 dB per octave. This noise level
is extrapolated until it intersects the thermal noise which increases

with frequency at the rate of 6 dB per octave.ll The heterodyne principle
is employed in the radio because it permits the receiver to be easily

tuned over a broad frequency range while the bandwidth of the IF filters

is minimized to eliminate noise competing with the signal; i.e., to
increase the sensitivity of the radio. One hopes to exchange the conversion
loss of the parametric receiver for a more benign ambient noise environment

at the higher pump frequency.

A significant step toward developing a procedure for selecting
optimal parameter values was taken by Berktay, Muir, and Shooter.6'7 They
developed simplified closed form expressions'for three important quantities,
which are shown on Slide 3. The half-power beamwidth of the parametric
receiver is given by the expression at the top. Here AS is the wavelength
of the incoming low frequency signal, and L is the pump-hydrophone separation.
If a particular beamwidth is desired at a given signal frequency, this
specifies the pump-hydrophone separation.

Berktay and Mu:lr6 define the "relative acoustic sensitivity" of a
parametric receiver as the ratio of the amplitude of the interaction (sum
or difference) frequency component at the hydrophone to the amplitude of
the incoming low frequency signal. This is then the conversion efficiency
of the parametric process, and it is given by the expression in the
middlz, The term B/Zpoc°3 is just a constant of the medium, P is the

acoustic pressure of the pump at unit distance, w, is the sum or difference
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is the absorption coefficient of the water at the sum or

frequency, o,
difference f;equency, and L is the pump-hydrophone separation. Pump excess |
:
is defined as the ratio of the amplitude of the pump frequency signal to
the amplitude of the sum or difference frequency signal, both measured at
the hydrophone. Pump excess is given by the bottom expression where
the first term, L, and w, are as defined above. The acoustic pressure of
the incoming signal is d;noted Ps. Pump excess is a measure of the pump
rejection requirements of the receiver electronics and of the spectral

purity requirements for the pump signal.

An examination of the equations for Oup> Sp» and e, illustrates the
conflicting design requirements of the parametric receiver. The conversion
efficiency increases with pump frequency (for a specified signal frequency)

until absorption dominates. Conversion efficiency also increases as the

pump-hydrophone separation is decreased, but so does pump excess and the
half-power beamwidth. Pump excess is inversely proportional to the

acoustic pressure of the signal wave.

To provide a method of evaluating tradeoffs in the parameter values,
we will develop an expression for the plane wave equivalent noise of the
parametric receiver referenced to the input to the parametric receiver,
i.e., the equivalent low frequency plane wave noise at the pump. As a
first step, consider the equivalent plane wave noise at the face of the
hydrophone from four sources as shown in Slide 4. The first expression
represents the wind dependent ambient noise pressure squared divided by
the directivity factor of the hydrophone dH' The implicit assumption is

that the wind dependent noise is isotropic, which is not generally true.

However, this is an acceptable approximation for the present development.
The second ekpression is the square of the thermal noise pressure as
formulated by Mellen,11 again divided by the directivity factor of the
hydrophone.
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The third expression gives the equivalent plane wave noise pressure
squared corresponding to the electronic noise of the receiver electronics.
The equivalent input noise, in volts, of the receiver electronics, with
the impedance matched to the hydrophone, is designated ¥ . The open
circuit voltage sensitivity of the hydrophone is represented by m. The
factor 4 results from the fact that the hydrophone is impedance matched

to the receiver.

The last expression shows the sum or difference frequency noise
at the hydrophone due to the sideband noise of the pump signal. As before,
P is the pump frequency acoustic pressure at unit distance from the pump,
L is the pump-hydrophone separation, and o _ is the absorption coefficient
at the sum or difference frequency. The s;mbol q, represents the ratio
of the sideband noise in a 1 Hz bandwidth about tae sum or difference

frequency to the amplitude of the pump frequency signal.

Summing these uncorrelated noises yields the expression at the top
of Slide 5 for the equivalent noise pressure squared at the hydrophone in
a l-Hz bandwidth about the sum or difference frequency. This equivalent
noise at the hydrophone can then be referenced to the input of the
parametric receiver by dividing by the conversion efficiency of the
parametric receiver, sr. Performing the indicated operations yields the
last expression. This is then the noise pressure at the signal frequency
which is equivalent to the self-noise of the parametric receiver from the
specified sources. The expression does not contain the low frequency
ambient noise. The spatial distribution of the low frequency noise and
the directivity function of the parametric receiver define the plane

wave equivalent low frequency ambient noise.

The expression for equivalent input noise provides a connection
between the various parameters in the parametric receiver. Thus, the
gain to be achieved or the loss to be sustained from changing a parameter
value can be evaluated. The last three slides very briefly illustrate

this process.
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3 The equivalent input noise of the parametric receiver as a function

of pump frequency for three different pump-hydrophone separations is shown

vt e i

in Slide 6. The abscissa is the pump frequency in kilohertz and the

g >

ordinate is the equivalent input noise of the parametric receiver obtained

T

by evaluating the expression on the previous slide. The values of all
parameters except the pump-hydrophone separation (array length, L) are
the same for each of the curves. It may be seen that there is an optimum
pump frequency for each array length. We also note that the equivalent

| input noise increases and the optimum pump frequency decreases as the

pump-hydrophone separation increases.

The effect of pump source level on the equivalent input noise is
illustrated in Slide 7. The format is the same as in the previous slide
4 except that the pump-hydrophone separation remains constant and the
pump source level is allowed to vary. We note here that the equivalent
input noise decreases as the pump source level increases, as expected.
The optimum pump frequency also shifts upward slightly with increasing

pump source level.

The effect of pump spectral purity is illustrated in Slide 8.
Again, the format is the same as for the previous two slides except
that the pump sideband noise level is the parameter that is varied.
As one would expect, the equivalent input noise decreases as the pump
sideband noise level is reduced. The optimum pump frequency also shifts

downward slightly as the spectral purity of the pump signal is improved.
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SUMMARY AND CONCLUSIONS

A systematic procedure has been presented that permits selection of
optimum parameter values for the parametric receiver in the context of
a specified set of boundary conditions. Not all noise sources have been
explicitly considered in the analysis. For example, noise due to pump
reflections from boundary surfaces or scattering by inhomogeneities in
the medium are ignored in the present analysis. The procedure can be
extended in a straightforward manner to account for these noise sources
when models for these effects are developed. The expression for
equivalent input noise as developed applies to spherically spreading

pump waves. Again the extension to collimated pumps is straightforward.

[This work was supported by the Office of Naval Research, Code 4l1.]

35




L abc R

10.

11.

REFERENCES

P. J. Westervelt, "Parametric Acoustic Array", J. Acoust. Soc. Am. 35,
535-537 (1963).

H. O. Berktay, '"Parametric Amplification by the Use of Acoustic
Non-Linearities and Some Possible Applications", J. Sound Vib. 2,
462-470 (1965).

H. O. Berktay and C. A. Al-Temimi, '"Virtual Arrays for Underwater
Reception", J. Sound Vib. 9, 295-307 (1969).

W. L. Konrad, R. H. Mellen, and M. B. Moffett, "Parametric Sonar
Receiving Experiments'", NUSC Tech. Memo. PA4-304-71, Naval Underwater
Systems Center, 9 December 1971.

G. R. Barnard, J. G. Willette, J. J. Truchard, and J. A. Shooter,
"Parametric Acoustic Receiving Array", J. Acoust. Soc. Am. 52,
1437-1441 (1972).

H. 0. Berktay and T. G. Muir, "Arrays of Parametric Receiving Arrays",
J. Acoust. Soc. Am. 53, 1377-1383 (1973).

H. O. Berktay and J. A. Shooter, "Parametric Receivers with Spherically
Spreading Pump Waves", J. Acoust. Soc. Am. 54, 1056-1061 (1973).

P. H. Rogers, A. L. Van Buren, A. O. Williams, Jr., and J. M. Barber,
"Parametric Detection of Low Frequency Acoustic Waves in the Nearfield
of an Arbitrary Directional Pump Transducer", J. Acoust. Soc. Am. 55,
528-534 (1974).

J. J. Truchard, "A Theoretical and Experimental Investigation of the
Parametric Acoustic Receiving Array'", Applied Research Laboratories
Technical Report No. 74-17 (ARL-TR-74-17), Applied Research
Laboratories, The University of Texas at Austin, May 1974 (also PhD
dissertation, The University of Texas at Austin, May 1974).

G. M. Wenz, "Acoustic Ambient Noise in the Ocean: Spectra and
Sources", J. Acoust. Soc. Am. 34, 1936-1956 (1962).

R. H. Mellen, "The Thermal Noise Limit in the Detection of Underwater
Acoustic Signals", J. Acoust. Soc. Am. 24, 478-480 (1952).

37




S D i, /S s

e

it s

L ek S

APPENDIX B

|

% NOISE IN PARAMETRIC RECEIVERS

3 e g et

39

T I T WM. iy e o e TR T ERTMGI R A 0t i o




A R AN

A NS RIS 0

Paper II 6, Presented at The 89th Meeting of The Acoustical Society of America

8-11 April 1975, Austin, Texas

NOISE IN PARAMETRIC RECEIVERS

Tommy G. Goldsberry
Applied Research Laboratories
The University of Texas at Austin
Austin, Texas 78712

ABSTRACT

Interfering noise sources that limit the sensitivity of a
parametric receiver were discussed at the last meeting of this
Society [T. G. Goldsberry, J. Acoust. Soc. Am. 56, S4l (Fall,
1974)]. The individual noise sources in an experimental
parametric receiver have been measured to test the hypotheses
presented in that paper. The predicted effect of these noise
sources on sensitivity is compared to the measured performance
of the parametric receiver. Factors that limited the sensi-
tivity of the experiiental parametric receiver are discussed.
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NOISE IN PARAMETRIC RECEIVERS
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Tommy G. Goldsberry
Applied Research Laboratories
The University of Texas at Austin
Austin, Texas 78712

At the last meeting of this Society, equations were presented that

permit the self-noise of a paramettic receiver to be predicted from

BT

measurements of the noise characteristics of the component parts of the
parametric receiver.1 At that time an analogy was drawn between the
parametric receiver and a heterodyne radio receiver; i.e., pump-mixer

oscillator, water-mixer diode, pump rejection filters-IF filters,

iy ) A

demodulator-detector, etc. The sensitivity of a radio is characterized
in terms of an equivalent noise level at the input that produces a noise
level at the output equal to the sum of the noise sources within the
radio. In a similar fashion, the equivalent noise pressure at the face
of a conventional hydrophone is that plane wave noise pressure that
e produces a noise voltage at the output terminals equivalent to the

internal noise generated within the hydrophone. Combining these ideas,
since the parametric receiver is an active device, leads to the concept

of an equivalent input noise for a parametric receiver. Thus the equiva-

lent input noise of a parametric receiver is defined as the plane wave
noise pressure at the input of the parametric receiver (i.e., at the pump)
that produces an output noise equal to the sum of the noise sources within

the parametric receiver.

The development of any equation to describe a physical phenomenon

has behind it the intention of performing an experiment to test the

validity of the equation. Such an experiment was performed to test the

validity of the equations developed in the earlier paper. To discuss
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the results of that experiment an intermediate result from that paper is
F! required. The first four expressions in Fig. 1 describe the plane wave
equivalent noise pressure at the face of the hydrophone due to the labeled
noise source. The numerator of Eq. (1) is just the usual wind dependent
noise which decreases with frequency at approximately 5 dB per octave.

In this equation, f+ represents the pump frequency, dH represents the

hydrophone directivity, and Aw5 is the constant primarily dependent upon
the wind speed. The equivalent plane wave noise pressure at the hydro-

? phone due to thermal noise is given by Eq. (2), which is just the thermal
noise expression derived by Mellen2 divided by the directivity of the
hydrophone. The equivalent plane wave noise pressure at the face of the
hydrophone due to the electronic noise of the receiver electronics is
given by Eq. (3). The open circuit voltage sensitivity of the hydrophone
including any impedance matching network is represented by Mh’ and Ve
represents the equivalent electronic noise at the input to the receiver
electronics. The factor 4 results from the fact that the hydrophone is

impedance matched to the receiver electronics.

The effect of spectral purity of the pump signal is shown in Eq. (4),
which is an expression for the plane wave equivalent noise pressure at the
face of the hydrophone due to the sideband noise of the pump. The ratio
of the amplitude of the sideband noise at the sum or difference frequency
to the amplitude of the pump signal is denoted by q,, the pump amplitude
at unit distance is represented by P, the pump-hydr;phone separation is
represented by L, and oy is the absorption coefficient at the sum or
difference frequency. In the specification of 9, a bandwidth is implicit

and that bandwidth is taken as 1 Hz.

- The noise sources above are uncorrelated; therefore, the plane wave
: equivalent noise pressure at the face of the hydrophone due to all of
‘ these sources is given by the expression in Eq. (5). This expression can
! be used to select parameter values to minimize the self-noise of the
parametric receiver. Conversely, if the parameter values are fixed and
| subsystem characteristics are known, the self-noise of the parametric

receiver can be calculated from the expression in Eq. (5).
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El The latter situation existed for our experiment. A block diagram
of the experimental system is shown in Fig. 2. The crystal oscillator,
power amplifier, transducers, and the crystal filters used in the
receiver were from earlier Doppler signature studies. The availability
of these pieces of equipment dictated the pump frequency, maximum source
level, and spectral purity of the pump signal. The signal source was a
i 60 kHz single frequency crystal oscillator. The power amplifier was a
solid state class AB amplifier with an output of approximately 100 W.
Three lead-acid storage batteries served as the power supply for the
amplifier. The vertical and horizontal beamwidths of the transducers
were 3.0° and 4.7°, respectively. The crystal filters were bandpass
filters with a nominal 3 dB bandwidth of 250 Hz. A balanced modulator
and low-pass filter were used to translate the sideband signals to base-
band for spectral analysis. Narrowband analysis was performed by a

spectrum analyzer with a nominal bandwidth of 1 Hz over the analysis

range of 1 Hz to 500 Hz. The output of the analyzer was displayed on an

oscilloscope and recorded on an X-Y recorder.

The experiment was performed at Applied Research Laboratories Lake
Travis Test Station (LTTS). The test station and the geometry of the
experiment are shown in Fig. 3. The small railroad car and the railroad
that runs down into the water near the center of the picture are used to
transpert large transducer arrays to the test barge in the center of the
picture. The pump was mounted on the side of this rail car which was
lowered to approximately the position marked by the arrow "T1". The
hydrophone was mounted on a column on the side of the barges at the

right of the picture at the point marked by the arrow "T2". Off the

picture to the right about 600 m away is a large dam and hydroelectric
plant. Off the picture to the left, the shore line runs approximately
parallel to a line through the pump and hydrophone for about 2000 m and
then curves back to the left. The pump-hydrophone separation was 66.3 m
and the pump and hydrophone were each 4.5 m below the surface. The pump
was attached to the side of the rail car and was about half a meter to a
meter off the bottom of the lake. The lake bottom slopes down toward
the hydrophone location and the water depth beneath the hydrophone was

approximately 15 m.
46
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The sound pressure level of the pump signal was measured at the

hydrophone with a type H-23 standard hydrophone. The sensitivity of the
- hydrophone was measured in place at the pump frequency of 60.004 kHz and
at 59.800 kHz by comparison with the H-23. The usual open circuit voltage

sensitivity of the hydrophone was measured and, in addition, the voltage

sensitivity of the hydrophone was measured with the hydrophone connected

to the receiver electronics. [
|

In an experiment of this type, we would like to isolate, identify,
and independently measure as many noise sources as possible. This is
easily accomplished for the receiver electronic noise. Simply discon-

J necting the hydrophone and shunting the receiver input with an appropriate
resistor provides a measure of the electronic noise of the receiver. The
next step would be to connect the hydrophone to the receiver electronics,
but leave the pump turned off. Assuming the electronic noise level is

low enough, this provides a measure of the plane wave equivalent of the

é ambient noise at the pump frequency sideband. Finally, with the pump on,

the noise level of the parametric receiver can be measured. The results

of the above sequence of measurements are shown in Fig. 4. The abscissa
is the frequency in hertz relative to the pump frequency. The ordinate
is sound pressure level at the face of the hydrophone, in dB re 1 uPa/vHz.
The lower trace in this figure represents the receiver electronic noise,

with input shunted by a resistor, referenced to an equivalent noise

ST P e

pressure level at the face of the hydrophone. The receiver noise is

equivalent to a noise pressure level of approximately 10 dB re 1 yPa/VHz

i over the receiver bandwidth. The curve just above this represents the
plane wave equivalent noise pressure at the hydrophone due to the ambient

noise at the pump frequency sideband. Over the bandwidth of the receiver,

| this level is approximately 14 dB re 1 uPa/VHz. The top trace represents

the noise pressure level of the parametric receiver at the face of the

hydrophone. The pump source level is 221.5 dB re 1 uPa at 1 m, and the
pump-hydrophone separation is 66.3 m. Since the noise level of the

parametric receiver is some 50 dB above the equivalent plane wave noise
pressure level due to the pump frequency ambient noise and the receiver

electronic noise, it is clear that the sensitivity of this parametric

49
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receiver is not limited by receiver noise nor is it limited by pump

frequency ambient noise.

The above conclusion was not unexpected since laboratory measurements
on the crystal oscillator, power amplifier, and receiver electronics
had identified pump spectral purity as the factor that would limit the

sensitivity of the experimental parametric receiver. In this case the

expression for the plane wave equivalent noise pressure at the face of
the hydrophone reduces to the form shown on Fig, 5. The equation has
been converted to a sound pressure level format for computational conve-
nience in handling measured quantities. The curve at the top of the
figure represents the noise pressure level at the face of the hydrophone
predicted from this equation. The curve was obtained by measuring the
sideband noise current into the pump transducer. The ordinate at the
right is the level of the sideband noise referenced to the current at

the pump frequency. Since the pump source level agd the pump-~hydrophone
separation were also measured, the reference sound pressure level for the

curve could be determined from the equation.

The predicted noise of this parametric receiver is compared to the
measured noise of the experimental parametric receiver in Fig. 6. The
format of the figure is the same as for the previous figure. The upper
curve represents the noise pressure level at the hydrophone predicted
from measurement of the spectral purity of the pump source. The lower
curve represents the measured noise pressure level referenced to the
face of the hydrophone. The hydrophone sensitivity at 59.800 kHz (200 Hz
from the pump frequency) was used to determine the reference sound pres-
sure level for this curve. The similarity of the curves is obvious. The
difference in level is 1 to 4 dB over the bandwidth of the receiver.

This is well within the expected experimental error.

Summary and Conclusions

An experimental parametric receiver with a pump-hydrophone separation

of 66.3 m, and a pump source level of 221.5 dB re 1 yPa at 1 m at a pump
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frequency of 60 kHz was set up at Lake Travis Test Station, Applied
Research Laboratories. Measurements were made with this system to test
the validity of equations, developed previously, that permit the self-
noise of a parametric receiver to be predicted from measurements of the
noise characteristics of the component parts of the parametric receiver.
The measurements have shown that the equations are valid for the param-

eters of the experimental system.

The spectral purity of the pump source was shown to be the limiting
factor in the self-noise of the experimental system. For the parameters
and conditions of the experiment, no detrimental effects due to the

medium or to pump-boundary interactions were observed.

[This work was supported by the Office of Naval Research, Code 411.]
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A BAND ELIMINATION PROCESSOR FOR AN EXPERIMENTAL
PARAMETRIC ACOUSTIC RECEIVING ARRAY

D. F. Rohde, T. G. Goldsberry, W. S. Olsen, C. R. Reeves

Applied Research Laboratories
The University of Texas at Austin
Austin, Texas 78712

ABSTRACT

In the Parametric Acoustic Receiving Array (PARRAY), a low
frequency acoustic wave modulates a locally generated high
frequency carrier wave. The information in the low frequency
signal wave then appears as low level, modulation sidebands of
the carrier. The function of the receiver electronics is to
suppress the high level carrier while simultaneously amplifying
the low level, near-sideband signals. A band elimination
processor has been developed that is capable of detecting
signals with carrier to sideband ratios approaching 180 dB.
Cascaded crystal filters and low noise amplifiers provide the
high order of carrier suppression. Additional circuitry is
incorporated to permit independent observation of the upper
and lower sidebands. The band elimination processor is
described in detail and test data for sideband signals 40 Hz
to 4 kHz from a 65 kHz carrier are presented.
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Since Westervelt proposed th: parametric acoustic receiving array as
a method of obtaining highly directional reception of low frequency
signals, the existence of the phenomenon has been demonstrated and math-
ematical models have been validated. Most of these basic measurements
were obtained using available laboratory equipment with relatively high
amplitude s:lgnals.l-9 In order for the parametric receiver to progress
from the status of an academic novelty to that of a useful tool in under-
water acoustics, methods were developed at Applied Research Laboratories,
The University of Texas at Austin (ARL:UT), for selecting optimum param-
eter values within the constraints of present engineering technology.10
Using these parameter values, special purpose electronic hardware has
recently been developed at ARL:UT. This paper describes one electronic
subsystem of the parametric receiving array, the band elimination receiver,
so that design documentation will be available for future underwater

experimenters.

In the Parametric Acoustic Receiving Array (PARRAY), a low frequency
acoustic wave modulates a locally generated high frequency carrier wave.
As shown in Slide 1, the high frequency pump wave radiates from the pump
transducer to the receive hydrophone. Low frequency signals, represented
by the widely spaced diagonal lines, interact nonlinearly with the pump
signal to form intermodulation products in the interaction volume. The
phasing of the interaction process forms a virtual end-fire array that

provides the directivity of the parametric receiver.

The signal spectrum at the hydrophone is illustrated in Slide 2. As

a result of the nonlinear mixing in the water, the pump signal spectrum
has been modulated by the signal frequency spectrum, and contains the
signal frequency information as the upper and lower sideband fptfs. Since
the in-water mixing process is weakly nonlinear, the intermodulation
products are very small in relation to the pump signal (carrier). In
many practical experimental systems the sidebands may approach 160 dB
below the level of the carrier. The ratio of the amplitude of the pump

signal to that of the sum or difference signal is the pump excess.7 In

addition to the intermodulation products of the signal frequency spectrum,
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the sideband noise of the imperfect pump generator is also present. The
relative level of this near-sideband noise of the carrier determines the
level of the signal necessary for detection for a given conversion effi-

ciency of the parametric process.

In a parametric acoustic receiving array the function of the
receiver electronics is to suppress the high level pump signal carrier
while simultaneously amplifying the low level near-sideband signals. A
band elimination receiver processor has recently been developed at ARL:UT
which is capable of detecting signals with carrier to sideband ratios
approaching 180 dB. The signal from the hydrophone is connected directly
to the input of a band elimination crystal filter whose frequency response
is shown in Slide 3. The crystal filter was manufactured by McCoy
Electronics and its notch characteristics are -1 dB at 65,000 *40 Hz and
-40 dB at 65,000 +10 Hz. The signals are then amplified with a low noise
amplifier as illustrated in the block diagram of the band elimination
receiver in Slide 4. Additional elimination of the carrier and amplifi-
cation of the near-sideband signals form an output which has double
sideband suppressed carrier characteristics. The carrier suppression
with this method is greater than 140 dB. In order to separate the side-
band signals, the double sideband suppressed carrier signal is coupled
into a pair of balanced modulators operating in phase quadrature.11 The
phase locked loop oscillator which provides the phase quadrature signals
to the balanced modulators may use one of several reference signals for
operation: (1) the pump oscillator, (2) an external frequency synthesizer,
or (3) pump carrier signal from the hydrophone. The frequency translated
signals out of each balanced modulator are then low pass filtered to
extract the difference frequency components. Each signal is then phase
shifted by a quadrature phase shift network. These phase shift networks
utilize an all-pass design with resistors and capacitors in an operational
amplifier circuit. This network has less than a 1° error over a range of

frequencies from 40 Hz to 4 kHz.12’13

The phase error of the signal is
directly related to the amount of spurious sideband suppression. The

output from the phase shift circuits are then summed with appropriate
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polarities to yield both the upper and lower sideband signals
simultaneously. This receiver processor allows the independent analysis

of the upper or lower sideband signals.

The single sideband signals observed at the output of the receiver
processor contain the intermodulation products as well as noise from the
pump oscillator and the receiver electronics. The receiver electronics
should contaminate the signals as little as possible since the noise will
only mask the signal energy in the sidebands. The self-noise of the band
elimination receiver was measured and is illustrated in Slide 5. The
output noise of the upper sideband is given referenced to the input for
a receiver sideband gain of 100 dB. The noise was measured using a
spectrum analyzer with 1 Hz BW resolution for 256 ensemble averages. The
self-noise of the receiver is approximately ~150 dB re 1 V over the
frequencies shown. Since the maximum power dissipation for the input
crystal filter is 1 mW, which corresponds to a maximum voltage level of
+29 dB re 1 V, the receiver should be able to display signals 180 dB

below the maximum carrier level.

Using the noise measurement system illustrated in Slide 6, the signal
from a 65 kHz low noise oscillator is impedance matched to the input of
the band elimination processor. The 65 kHz carrier signal is removed and
the near-sideband noise is frequency translated to baseband by the
receiver and monitored by a narrowband spectrum analyzer. With this
measurement scheme the sideband noise levels from a low noise pump signal
generator were measured in the laboratory. In Slide 7, the sideband noise
level relative to the carrier level is presented. The noise level is
more than 165 dB below the carrier for frequencies greater than 200 Hz
from the 65 kHz carrier. The noise level for frequencies to 800 Hz and
greater is very near the receiver self-noise. Higher input signal levels
would allow observation of larger carrier to sideband ratios. The 60 Hz
harmonic line components are present in the oscillator noise and should
be reduced with better shielding and isolation. The low noise oscillator
was developed at ARL:UT and is discussed in detail in the next paper of

the session.14
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Summary and Conclusion

In conclusion, a band elimination processor has been developed which
is capable of detecting both upper and lower sideband signals in an
experimental parametric receiving array with carrier to sideband ratios
approaching 180 dB. By using this basic receiver processor along with

properly selected parameter values, it should b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>