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1. INTRODUCTION

This paper describes a multi-element acoustic array designed to operate at a

frequency of IOOkHz with a controlled sidelobe level performance. The array

was specified to have a beamwidth of 5 degrees by 20 degrees with a sidelobe

level approaching -30dB. This specification resulted in the construction of an

array containing in excess of loo-elements shaded by a Dolph—Chebyshev window

function. Each element consisted of a bar driven in a transverse manner. An

iterative optimization procedure was used todiscard elements and to minimize

the number of weights used in the final design.

2. THEORETICAL CONSIDERATIONS OF TRANSVERSELY DRIVEN ELEMENTS

In a transversely driven piezoceramic bar, the bar is poled and electrically

driven across its width, but its resonant frequency is determined by its length.

The advantage of this is that a piezoceramic element, nominally resonant at

100kHz, can be simply and relatively cheaply obtained, without the need for a

sandwich structure. The coupling factorfor the transverse drive is less than

for the conventional drive, but this is not a limitation in narrow band

applications.

The equivalent circuit of a transversely driven bar is given elsewhere [1]. In

the derivation of this equivalent circuit the assumptions made are, that the

lateral dimensions of the bar are small as compared with its length and that the

lateral boundaries are stress free. The resonant frequency of the fundamental

length mode of an air-backed bar of length l becomes:-

where c, is the bar velocity in the piezoceramic, which is given by:—

C = J I
0 “Nil
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For PIT-4 [2]:-

'p,,=7.5x103 kg m‘3

& sf,=12.3x10"2 m2 N"

Therefore the velocity in the PZT-4 bar becomes:-

cl,=3.29)<103 m s"

and the resonant frequency per mm length is:-

f°=1.65 MHz mm"

So a bar of length 16.5 mm would give 100kHz. In practice a standard bar of ..
15mm was readily available, which gives a predicted unloaded resonance of

109.8kHz. This met the frequency specification for the particular application
and sovthe standard bar was selected. -

The 15mm length bar chosen had a square cross-section with a 'side dimension of
5mm. The radiation impedance, ZR , for an isolated element of square

cross—section in a baffle is given by [3]:- ‘

2R=pwcwntmkfii+jxt<kfin

where mum/7) & Lam/7) are piston impedance functions, k is the

wavenumber, A is the face area and pwcu, is the specific acoustic impedance of
water, For a face area of 25 mm2 and for a frequency of 110 kHz, then
kfl=2.3 and the piston impedance functions become:-

R1=0.628

Xl ='o.675'

Therefore the radiation impedance becomes:-

Z, = 23.6+ j25.3 mech.fl.
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When mounted in an array the impedance would be expected to be somewhat

different to this. However, for the array layout used the packing factor,

defined as the ratio of the area of the element to the area of the array

occupied by the element, is low, typically 0.25 and therefore the above value of

the impedance will be assumed approximately applicable.

The loaded Q-factor, QL , may be shown to be expressible as:—

  

    
 

  

where Qz =ggi? and Q0 is the unloaded Q-factor.

  

  

    
        

    

    
      

   

    
  
    
   

Figure'la shows thecircle diagrams for a PZTv4, 15mm bar in air and water and

figure lb shows the corresponding conductance values. -The measurement in water

was taken-with the front face of the bar just slightly immersed and left

overnight to ensure it was properly wetted. From these measurements the

unloaded Q-factor, Qo , is 291 and the resonant frequency in air, f0 , is

107.2kHz. This latter value is within 3% of the value predicted previously.

The radiation mass may be calculated from the impedance; using this, the mass of

the bar and the measured unloaded resonant frequency, the resonant frequency in

water is predicted to be 105.8kHz. This is in good agreement with the measured

value of 105.6kHz.

For PZT-4 the value of Q2 becomes 25.8. Using this and the measured unloaded

Q-factor the loaded Q-factor, employing the expression quoted above, is

predicted to be 37;2, which compares favourably with the measured value of 39.9

taken from figure lb. From these air and water measurements the unmounted

efficiency of the element was estimated to be 85%.

The elements were mounted in suitably machined expanded PVC and a thin layer of

epoxy resin was used to cover the front face. Details of the array

construction will be outlined during the presentation, but figure 2 shows a

cross-sectional view ofthe mounted array. The lateral loading of the bar by

the PVC was not expected to modify unduly the performance of the element.
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3. TWO-DIMENSIONAL SHADING FUNCTIONS

The transducer housing and element mounting was machined on a numerically

controlled milling machine. This, combined with the low-cost of the

transversely driven elementsenabled a large number of elements to be used in

the design. Conversely, a large number ofelement weights is both costly and

technically difficult to produce. The design procedure was therefore to select
a Dolph-Chebychev weighting function and a large number of elements to produce

an overly optimistic performance, to discard and combine groups of elements

until the performance was reduced to a pre-defined level. The ultimate

sidelobe level performance was to be dictated by the random amplitude and phase

variations of the elements.

The design procedure started with a two-dimensional Dolph—Chebyshev weighting
function with a sidelobe level of —40dB. To avoid the appearance of

diffraction secondaries in the 20 degree axis an inter-element spacing of 0.66x

was used. The resulting design required an array of 6 x 22 elements. The

symmetrical weighting function would require a total of thirty—three separate
amplitude weights.

The second stage was to iteratively discard elements at the corner of the array

with a small contribution and to group elements together on a least-mean-squares

basis until a degraded sidelobe performance level of -35dB was achieved. The
original weights of the elements h’. (l <L'<:33) were grouped into a new set of
weights 6; (1 <j<< 33). Where:

I i-b

= ____. p/.
6’ b_al-a I

where a.b are the first and last indices representing the members of the group.

Thus, the mean-squared error for a single group introduced by this operation is
l-b

mean- squared error(j) = Z (Wi— GI.)z
i-a

The members of each group can then be chosen to ensure that the mean-squared

errors of each group are approximately equal and that the sum of the errors for

all the groups is minimized. Such an iterative procedure is complicated by the
discrete nature of each of the element weights, h/p A multi-dimensional

search procedure over the possible element groupings is required to minimize the

total error for the array weighting function.
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The resulting output from the iterative combination and discarding operation is

shown in figure 3. The beam pattern would be expected to be that of an array

weighted by the discarded values and the error in the weights convolved with the

original ideal array. The discrete nature and symmetry of this error

beam—pattern would be expected to result in a number of identifiable sidelobes

rather than that of a general sidelobe background. The equivalent error beam

pattern for the horizontal axis is shown in figure 4. A total of twenty

elements were diScarded at the corners of the array, leaving an array populated

by elements as'shown in figure 5. The elements were assembled into a total of

fourteen groups which was considered to be the maximum practical limit for the

multi-tap transformer used to derive the amplitude weighting function. The

amplitude weight-to-error ratio of this configuration was 33dB.

The ultimate performance of such an array would be expected to be determined by

the amplitude and phase errors of the individual elements. Reference [3]

provides a description for the performance of an array subject to such errors:
2

[62+A2] I 3(214/1)
SIG where. G

00(9) is the error free beam pattern, <1)(e)> is the actual beam pattern and

A,o are the fractional amplitude and phase errors which are assumed to be

uniformly distributed.

<Dz(o)'>‘ =' 03(9) +

The characteristics of each of the elements were measured and were found to be

approximately normally distributed. The fractional amplitude errors, based on

conductance measurements, were of the order of 0.008 and the prediction for the

fraction phase errors was 0.12. Converting these values to a form suitable to

predict the sidelobe level and using a value for G of 66 results in an expected

sidelobe.level of -35dB. Thus theerrors introduced by the random amplitude

and phase errors of the elements should be of the same order as the errors

introduced by discarding and grouping the elements.

4. RESULTS

Figures 6a and 6b show the beam patterns of the completed array meaSured at

lOOkHz. __The horizontal ~3dB beamwidth was 18.8 degrees and the vertical

beamwidth was 5.0 degrees.( These values compare well with the design values of

20 degrees by 5 degrees. The horizontal sidelobe level was approximately -26dB

and the vertical sidelobe level was approximately -27dB.
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These sidelobes are of greater magnitude than the design aim of -30dB.

However, the rotation gear used for the measurements has a large metallic

structure which is within the pulse length dimension used for the measurements

and the measured sidelobes may be due to near-field influences.

5. CONCLUSIONS

The array described in this paper uses a large number of transversely driven

elements shaded by a Dolph-Chebyshev weighting function. The performance of a

single element agrees closely with the theoretical predictions of performance.

An iterative elimination and grouping technique was used to reduce the

complexity of amplitude shading function, the reduction in sidelobe level being

matched to the expected performance resulting from the random amplitude and

phase variations of the elements.
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Figure 1a: Circle Diagram of Unmounted EIeIIIent
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Conductance v Frequency of Unmounted ElementFigure 1b
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PZT4 E1ement
Thin Epoxy Layer  

 
Figure 4: Errors Introduced in the Horizontal Ax1s
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Figure Ga: Measured Beam Pattern in Horizontal Axis
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figure 6b: Measured Beam Pattern in Vertical Axis
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NOISE FLOOR OF WIDEBAND PLANAR PVDF TRANSDUCER ARRAYS
Nicholas P. Chotiros and Lewie M. Barber

Applied Research Laboratories
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Austin, Texas 78713-8029, USA.

1. INTRODUCTION

The sellnoise ct wideband planar PVDF
hydrophones is analysed tor the frequency range
1 to 500kHz. The advantages 01 using PVDF
include wideband caverage and simplicity oi array
construction. Its noise characteristics are dillerent
Irorn that ol PZT ceramic materials. At certain
trequencies PVDF may be more noisy due to
limited thickness and a relatively high impedance.
Total system seltnoise is dependent on the
amplifier chosen. Direct comparisons are made
between PVDF and PZT-4 plates. Supponing
experimental data are shown.

2. INTRINSIC SELFNOISE

The intrinsic noise of the transducer material
is represented by the electrical loss tangent. The
material parameters used in computing the noise
are given in Table I.

TABLE I

Material PVDF PZT-4
Manulacturer Raytheon Channel ind.
Loss tangent .015 .004
Dielectric constant 29 1 300

933 (V-rn/Nl .50 .0245

931 (v'm/N) '21 -.0105

932 (v-m/N) -.03 -.0105

c - sound speed(m/s) 1581 4166

For simplicity. let us consider a simple plate
hydrophone one quarter cl a wavelength thick.
The sensitivity M is given by.

M a 0259th

wherel is lrequency, c the sound speed at the

161.

material. and the hydrostatic sensitivity gh is given

by the sum,

gh=g33*931+ 932

It is noted that 9,, is less than 93‘a because at the

negative values in gs1 and 932. In practice. the

reduction due to the negative terms may be
eliminated. For PZT, this is done with pressure
release battles, and Ior PVDF by using still
electrodes. The maximum sensitivity that can be
obtained in practice is

M = 0.259330”

The equivalent series resistance R9 is given by,

_ tan(e)
R9— ( 21rfC )

where tan(e) is the loss tangent. t the lrequency, C
the plate capacitance. Hence, the equivalent
isotropic noise spectmm level N9 is given by

N9 = 10Log(4kTFIe ) - M + DI

where k is Boltzmann's constant. T the absolute
temperature, and DI the directivity index. The
result is independent cl plate area because the
area terms in C and DI cancel. Intrinsic seltnoise
and ocean ambient noise at sea states 0 and 6 are
compared in Fig. 1 Ior 9,, and 933 sensitivities. By

taking the necessary steps to achieve the 933

sensitivity, the noise levels at both types at
sensors can be made lower than ambient noise.

For the remainder of this paper. the
sensitivities given by 933 will be assumed since

they are cleany the mere preferable.
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Figure 1. intrinsic seltnoise oi quarter wave plates

N7
I

E6
I“
D.

56
2
$40
u't
mo
2
02

100 1000

O

.. EA STATE
' 3:, 6     O

O

IS
OT

BO
PI

O
O

O
O

1 10

FREQUENCY - kHz

100 1000

Figure 2. Loss tangent noise 01 515p PVDF and

PZT-4 of equivalent thickness

Unlike PZT. the PVDF is only available in a

very small selection of thicknesses. The Raythecn

PVDF is available as 515]; thick tiles. The loss

tangent noise at PVDF is compared to that ct PZT

at an equivalent thickness in Fig. 2. The thickness

limitation raises the intrinsic noise oi the PVDF

Proc.|.O.A. Vol 12 Part 4 (1990)

above that of sea state 0 in the band trom 20 to

300 kHz.

3. WIDEBAND SYSTEM NOISE FLOOR

In narrow and medium bandwidth

applications, the imrinsic noise iloor is realizable in

a hydrophone circuit through the use of resonant

networks designed tor minimum noise within a

specitic band. For wideband applications. resonant

networks are inappropriate. The transducer must

be directly coupled to an amplifier.

Let us consider two representative low noise

amplifiers employing bipolar and FET input stages.

The selected bipolar device is the LT1028 from

Linear Technology, The FET input device is the

TL02201B from Texas Instruments. These

devices were selected for their low noise

characteristics. The critical specifications at the two

amplifiers are shown in Table II.

Table II. Amplifier specifications

Amplifier LT1028 TL62201 B

Voltage noise - nvNHz 0.9 8
Current noise - tANHz 1000 0.6
Input oltset current - pA 25000 500

The system noise equivalent circuit is

shown in Fig. 3. The input ctiset currents dictate

that the input bias resistance Ftb not exceed

approximately 1M9 and 50Mfl. for the LT102b

and TL02201 B. respectively; vb is the thermal

noise oi the bias resistor; Cc is the capacitance at

the conductor between the sensor and amplifier;

vn and in are the voltage and current noise sources

in the amplifier.

 

Figure 3. System noise equivalent circuit
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3.1 HALF-WAVELENGTH APERTURES

Unlike the intrinsic noise. the system noise

will not be independent of aperture. Let us stan by

by examining the system noise at a constant DI, i.e.

the aperture varies with the wavelength.

Let us consider a hall wavelength square

aperture oi 515p. PVDF and PZT-4 at an

equivalent thickness. Neglecting the conductor

capacitance. the equivalent Isotropic noise

spectrum predicted tor the bipolar device is shown

in Fig. 4. The system noise is clearly much higher
than the intrinsic noise. Above 8 kHz. the noise is
particularly high for the PVDF due to a combination

oi high transducer impedance and high current

noise in the bipolar device. The corresponding
results tor the FET device are shown in Fig. 5.
Here the situation is reversed. The PZT-4 circuit is

more noisy due to the relatively higher voltage
noise ot the FET device.
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Figure 4. 0.5). aperture and LT1028 (bipolar ).

1000

ln Fig. 6. the two quietest combinations are

compared. It appears that. below about 20 kHz, the
noise levels are almost identical. At higher
trequencies, the PVDF-FET combination is
quieter.
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Figure 6. Comparison of 0.5). aperture PVDF and

TchzotB with PZT-4 and LTt 028

1000

Betore going on. it is worth noting that

above 100kHz, the capacitance at the PVDF halt-

wavelength square element is quite small. The

added capacitance of a Scm length oi shielded

twistedpair conductor between sensor and

amplitier would have a significant effect on its high
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frequency noise floor as shown In Fig. 7. The

implication is that for some high frequency

applications, it is necessary to imegrate sensor and

and amplifier. The PZT—4, however,' having a much

higher dielectric coefficient is unaffected by the

added capacitance.
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Figure 7, The effect of a 5 cm length of a shielded

twisted pair conductor at 250pF/m

3.2 LARGER APERTURES

Both the directivity index and capacitance of

the sensor are lunctions ol the aperture. It is their

interaction with the amplifier noise sources that

determines the final system noise liocr. As an

example. the noise floor of the 4-wavelength

square aperture PVDF with bipolar and FET

devices are compared in Fig. 8.

In contrast to the half-wavelength aperture.

the bipolar device gives lower noise levels over

most of the band of interest. Clearly. the intuitive

assumption that a FET device should be used with

a high Impedance sensor such as PVDF is not

always correct. The larger apertures give

correspondingly larger capacitances. hence lower

impedances. The transition between 'low' and

'high' Impedance can occur at quite moderate

aperture sizes.
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Figure 8. System noise of 4-wavelength square

PVDF sensor with TLC2201B and LT1028.

3.3 FIXED APERTURES

Finally, let us examine practical cases where

the aperture is fixed. For example. consider a

10cm square PVDF plate. Assuming a 5cm length

of shielded twisted pair conductor, the predicted

system noise with the bipolar and FET devices are

compared in Fig. 9. It is seen that above 20 kHz the
bipolar device gives the lower noisefloor.

A 10 cm square PVDF transducer was

constructed and connected to a LT1037 bipolar

device. which is similar to but cider and noisier than

the LT1028. The transducer-amplifier combination

was calibrated against a standard hydrophone

using a chirp signal. A linear FM chirp covering the

band of interest was projected towards the test

transducer and the standard. The received signal

spectra were computed using standard FFT

algorithms. The sensitivity of the test transducer

was computed from the diflerence. in decibels.

plus the sensitivity of the standard hydrophone.

The system noise was estimated by adding the

calculated DI to the measured the output noise

spectrum and subtracting the sensitivity. A

167

 



[—— 

  

Proceedings of the Instituteof Acoustics

NOISE FLOOR OF WIDEBAND PLANAR PVDF TRANSDUCER ARRAYS

comparison of theory and experiment is shown in

Fig. 10. The measured noise levels appear to be
somewhat higher than the predicted curve. The

difference is probably due to other sources of
noise in the laboratory.
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Figures. System noise of a torn square PVDF

sensor with TL022018 and LT1028

4. CONCLUSIONS

The intrinsic noise of both PVDF and PZT-4

plates can be reduced below the level of thermal

noise. In the case of PVDF. this is accomplished by

the use of still electrodes; For PZT, it requires

pressure release baffling, is. air gaps, The PVDF

has the disadvantage that it is only available in a
few thicknesses, while the need for air gaps may

limit the operating depth of the PZT.

The wideband system noise that is obtained

when the sensors are directly connected to

amplifiers are somewhat higher than the intrinsic

noise. Low noise FET and bipolar devices were

both examined. The lowest noise combination is a

function of the sensitivity and capacitance of the

sensors, and the noise characteristics of available

amplifiers. The capacitance of the conductor

between a PVDF transducer and its amplilier may

be a significant factor in certain circumstances.
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Figure 10. Predicted and measured noise spectra

ol two samples of 10cm square. 515p. thick PDVF
transducers potted in polyurethane and amplified
by LT1037 bipolar amplifiers.
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