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Abstract 

Bistatic scattering measurements were carried out under the Coastal Benthic Boundary Layer (CBBL) program. The 
results presented here are for a carbonate sand-silt-clay, and the data were collected in Februar) 1995 near Key West, 
Florida. The experiments used a directional source operating at 40 kHz in conjunct~on wtth a mobrle, steerable, direc- 
tional receiver. The data set obtained is much larger than previous sets collected via the same general procedure. The 
experiment is briefly outlined, and the improvements resulting in the larger data set are htghlighted. A model that accounts 
for scattering due to interjace roughness and volume inhomogeneities is then summarized. Finally, the bistatic scattering 
results are compared with this model. The parameters needed in the model were measured by other CBBL researchers 
during the same time period and in the same area as the acoustic experiments. [This work was supported by ONR through 
the CBBL program.] 

1. Introduction 
Recently there has been increased interest in acoustic scattering geometries where the transmitter and receiver are not CO- 
located. This interest led to the development of a bistatic scattering model [I] that includes contributions to scattering from 
both the rough sediment interface and inhomogeneities within the sediment. Tests of this bistatic model require both 
acoustic experiments where specified geometries can be accurately realized and concurrent determination of the environ- 
mental parameters required by the model. Such was the case in the experiments described in 12-41. Those experiments are 
the predecessors of the work described here. 

Section 2 outlines an experiment carried out in February 1995 as part of the Coastal Benthic Boundary Layer Special 
Research Program (CBBL, managed by the US Naval Research Laboratory) near Key West, Florida. Further details of the 
experimental procedure can be found in [2-4]. Improvements relative to those previous experiments are highlighted. 

The fundamental quantity predicted in the model [I]  is the bistatic cross section. Section 3 presents the form of the 
bistatic cross section as well as the environmental inputs and gives an equation for the scattered intensity as a function of 
time which incorporates the bistatic cross section. This scattered intensity is the quantity that most directly relates the 
model to the experimental data, and the use of this expression in facilitating datalmodel comparisons for the bistatic scat- 
tering cross section is summarized. 

A comparison of model predictions and experimental results is given in Section 4. A fundamental part of this compari- 
son is knowledge of the environmental parameters needed for the model. All the environmental parameters used here were 
determined either in situ or via diver cores taken by Naval Research Laboratory, Stennis Space Center, personnel as part of 
the CBBL program. It is important that the measured parameter set is complete, that is, there are no free parameters in the 
modelldata comparison. 

2. Experiment 
Figure 1 shows a simplified diagram of the experimental arrangement. The two essential acoustic components were the 
sonar housed on the bottom-mounted tripod (this sonar/tripod system is referred to as the Benthic Acoustic Measurement 
System (BAMS)) that operates at 40 kHz and the ship-deployed receiv~ng arrays. The BAMS sonar was a planar trans- 
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mitter array mounted on a rotator mechanism at the top of the 5-m-high tripod. All BAMS operations were under ,control 
of an onboard computer. A BAMS "scan" involved a series of 5" steps, with each step followed by a pulse transmission. 
Each scan covered a full 360" in 72 steps. The horizontal directivity pattern (full width at 112 maximum power) was 6.5". 
The vertical directivity pattern had a full width of 14" at 112 maximum power. The level of the first sidelobes relative to 
the main lobe was down 13-15 dB for the various directivity patterns. The maximum response axis of the array was 
pointed downward at a depression angle of approximately 12.5" below the horizontal. The time interval between rotational 
steps was 5 s, of which about 2 s were required to achieve the change in direction. The remaining time allowed the trans- 
mitter array to come to complete rest before each transmission. The transmitted signal was an FM waveform having a 
constant amplitude over its 2-ms duration. During this 2-ms interval, the frequency was swept from 39 kHz to 41 kHz with 
a source level of 217 dB re 1 pPa. 

Figure 1. A simplified diagram of the experimental arrangement. The two essential acoustic components were the sonar 
housed on the bottom-mounted tripod and the ship-deployed receiving arrays. 

The ship-deployed linear receiving array was divided into four sections, or "quads," each about 32 cm long. The hori- 
zontal and vertical beamwidths of each quad were 8" and 3 7 O ,  respectively. The bistatic results shown here were acquired 
using one quad at two different gains to increase the dynamic range. It was necessary to have a ship-deployed receiving 
array in order to obtain scattering from different regions of the bottom as required to develop the ensembles implicit in the 
model. The array was deployed over the side of the ship after it was put in a four-point moor near the bottom-mounted 
tripod. In the data to be presented, the horizontal distance between BAMS and the receiving array was always less than 
70 m. A data set in the experiment consisted of data taken by the mobile array during a 360" rotation of the tripod array. 
The receiving array was steered so that the centers of the transmit and receive beams intersected each other on the bottom 
such as to realize different bistatic scattering angles (defined in the following section). 

Measuring all the geometrical parameters needed to determine the bistatic angles obtained during each data run re- 
quires several supplemental devices, including compasses, ranging transducers, and inclinometers. One primary data 
analysis effort concerned the determination of these angles from the data set. The bistatic scattering strength results given 
in Section 4 were derived from comparisons of the pressures received at the face of the mobile arrays with the results of 
simulations of the experiment that incorporated the bistatic model described below, the experimental geometry, the trans- 
mitted pulse length, and the beampatterns of the receiving and transmitting arrays. 



There were three major improvements relative to the previous bistatic experiments [2-41. All three were aimed at better 
control and determination of the geometries obtained. The first improvement was mentioned above: The ship was placed 
in a four-point moor. Previously, a single-point moor was used which worked adequately during periods of light, steady 
weather but caused problems under variable conditions. The four-point moor allowed the ship's position to be altered with 
a minimum of effort. The second improvement was the development and use of a heave-compensation system that decou- 
pled motion of the ship's aft deck from the ship-deployed array. This pneumatic system's efficiency was examined at one 
point in the experiment; aft deck vertical variations of over 1 m resulted in array vertical motions of less than 15 cm as 
measured by a pressure sensor and an altimeter housed on the array. Lastly, a transponder was placed on BAMS, and a 
separate excitation signal was sent by an omnidirectional transducer (co-located with the receiving array) 100 ms before 
each BAMS transmission. This allowed the transponder signal from BAMS to be recorded within the data-acquisition time 
window but isolated in time from the bottom-scattered signal. This transponder signal thus gave an accurate measure of 
range separation at the time of each transmission. Previous experiments also used a transponder onboard BAMS, but it was 
exercised independently of the transmission cycle and measurement of range was carried out approximately every 10th 
transmission. 

3. Model 
Using the bistatic angles defined in Figure 2, the model developed in [I]  gives the bistatic scattering strength 

The scattering cross section is decomposed into a interface roughness component, ob,, and a volume component, ob,. The 
interface cross section, Obn appearing in (1) is formed by smooth interpolation between the Kirchhoff cross section near 
the specular direction and the surface-perturbation-theory cross section elsewhere. The volume-scattering cross section, 
ob,,. is based entirely on perturbation theory. The volume perturbations are variations in density and compressibility pro- 
duced by biological and hydrodynamic reworking. The environmental parameters needed to drive this model are shown in 
Table 1. Several are carried over from the backscattering model [5] that forms the precursor to the bistatic model. The pa- 
rameter values used in the model results shown in Section 4 are given in the right-hand column of the table and were de- 
rived from NRL environmental measurements. 

The scattering cross sections in (1) were used in an expression derived to determine the scattered intensity as a function 
of time for the arrays, geometries, and incident pulses of the experiment. That expression is the time convolution of the 
pulse emitted from the transmitter with the bistatic scattering "impulse" response. This impulse response is 

In (2) o is the summation of the surface- and volume-scattering cross sections, a is the attenuation of sound for the fre- 
quency of interest in decibels per unit length, b, and b, are the beampatterns of the transmitter and receiver, respectively, 
and R, and R, are the distances from the source to the scattering point on the bottom and from the receiver to the scattering 
point on the bottom, respectively. The integrals are over the elliptical area of the bottom that is scattering energy to the 
receiver between time t and time (t + dt). Equation 2 and its convolution with the transmitted signal were implemented 
numerically and used, as described in the next section, in obtaining experimental values for the bistatic cross section. 

Figure 2. The incident and scattered wavevectors, k, and k,, are shown and the bistatic angles defined; 8, is the incident 
grazing angle, 8, is the scattered grazing angle, and 4, is the bistatic angle. 
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Symbol Definition Shon Name Values for Sec. 4 

Ratio of sediment mass density to water mass 
density 
Ratio of sediment sound speed to water sound speed 
Ratio of imaginary wavenumber to real wavenumber 
for the sediment 
Exponent of sediment inhomogeneity spectrum 

Strength of sed~ment lnhomogene~ty spectrum 
(cm3) at wavenumber ( 2 7 ~ )  I h = I cm-I 
Ratio of compressibility to density fluctuations 
in the sediment 
Exponent of the bottom relief spectrum 

Strength of bottom rel~ef spectrum (cm4) 
a wavenumber (2n) I h = I cm-I 

Density ratio 

Sound speed mtio 
Loss parameter 

lnhomogeneity exponent 

lnhomogeneity strength 

Fluctuation ~.atio 

Spectral exponent 

Spectral strength 

Table 1: Bottom parameters used as model inputs. 

4. Model /Data Comparisons 
The objectlve IS to obta~n exper~mental values for the bistatic scatterlng strength and compare them w~th  model predlc- 
tlons For each transmlsslon, the geometry lnformat~on recorded at the tlme ot transmlsslon, the attenuat~on In water, the 
beampatterns of the source and recelver, and the values for the blstat~c cross sectlon pred~cted uslng Table I were used In 
(2) to obtmn an tmpulse response by numer~cal Integration. T h ~ s  result was convolved wtth the transm~tted waveform to 
obtain a predlchon of the magn~tude and temporal structure of the intens~ty scattered trom the bottom Into the recelver. 
Thls pred~ct~on was compared wtth ~ t s  exper~mental counterpart. The regton ot the bottom that contr~buted stgn~ficantly to 
the Integral was also examlned If the scattertng was local~zed on the bottom enough that a detintte set of b~s ta t~c  angles 
could be assoc~ated wtth the bottom-scattered lntenslty near the tlme of tts peak ampl~tude, the btstattc angles were deter- 
m~ned and the d~fference between the theoret~cal pred~ctton and the data was used to arrtve at an exper~mental value for the 
b~s ta t~c  scatterlng strength [2]. 

The result~ng data set 1s In the form of scatterlng strength values (I)  associated wlth the trlplet ot angles in Flgure 2 
Datalmodel compansons for other sites [2,3] have been prev~ously displayed vla three-d~mens~onal plots However, a 
simpler vlew 12-41 of datatmodel comparlson w~l l  be used here All data for tnc~dent and scatterlng angles wlthln spec~t~ed  
ranges were grouped and plotted as a funct~on of $, Model pred~ct~ons were then calculated uslng 0, = 8, tor the lower and 
upper ends of each range In the top left panel of F~gure 3, for example, the upper curve 1s tor B, = 0, = 15" and the lower 
curve IS for 8, = 0, = 5" T h ~ s  techntque ellmlnates data where the Incident and scattertng angles are not slm~lar but suffices 
to dlscuss datahodel comparlscns 

An ~ n ~ t t a l  examtnatlon of the datalmodel comparisons in Figure 3 Indicates very good overall agreement throughout the 
entlre $, range for all the grazmg-angle ranges examtned ( S o  to 30") It IS worthwhtle to remember that the model has no 
free parameters There are several polnts of deta~l that are s~gn~ficant In thts datalmodel comparlson 

Two s~gn~ftcant potnts come from the extra control and expanded data set poss~ble wlth the new exper~mental proce- 
dure. F~rst, the data polnts shown are actually averages of lndlv~dual data potnts These averages were pertormed by b ~ n -  
nlng the data Into $, blns of 5" A mean value was determined tor all the data In each b ~ n ,  and a 90% cont~dence Interval 
was establtshed assumtng that the lntenslty and thus the scattering strength were Independent samples trom a chi-squared 
d~str~bution [6] .  The verttcal llnes assoc~ated w~th  each data polnt In the figure lndtcate the 90% conttdence level for each 
$, bin. Second, the data in the vicinity of $, = 0 (near forward scattering) were not obtainable in previous experiments. It is 
easy to see the need for these near-forward-scattering data in testing the overall viability of the model, since the model 
predictions vary significantly in this region. 

The other points concern the details of the datalmodel comparisons and the values of the environmental parameters 
given in Table 1. First, the data points in the top right panel seem to have an overall oscillation in the region of 70 I $,, 
5 180 not seen in the model. Furthermore, in the same panel, the model seems to overpredict the scattering cross section in 
the region of 30 < I$, < 70. Second, there is some indication in the bottom two panels that the model underpredicts the 
scattering in the region of 130 <I$.T S 180 for the higher grazing angles of those panels. This second behavior has also been 
seen in backscattering data from this region 171 (this reference also discusses in more detail the sediment-property meas- 



urements leading to the values given in Table 1). The reason for these differences between the model and data is unknown 
at present; however, one possibility is that the environmental processes and resulting gradients in sediment parameters 
need to be modeled in more detail. In particular, the values for density and sound speed given in Table I are actually the 
"surficial" values, i.e., the values within 1-2 cm of the waterlsediment interface. The sedimentation process is known to 
result in a gradient of these parameters over the first 5 cm [?I. The next level of sophistication for the model could be a 
two-layer view of the sediment with rough interfaces both at the waterlsediment interface and at an interface 5 cm deep in 
the sediment. Regardless of whether this two-layer model would improve the datalmodel agreement, the fact that argu- 
ments about detailed comparisons between the model and the data can be carried out implies that understanding of bistatic 
scattering has progressed considerably both experimentally and theoretically. 

Figure 3. Model predictions of bistatic bottom-scattering strength compared with experimental data points from the Key 
West carbonate sand-silt-clay bottom. Model predictions, shown as curves, are for the upper and lower values of the graz- 
ing angles given at the bottom of each panel of the figure. (See Table 1 for site parameter values.) 
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